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ABSTRACT 

 

COUTO, F.A. Fabrication of polymeric microresonators doped with nanodiamonds for 

quantum information technologies: 2024. 107 p. Thesis (Doctor in Science) – Instituto de 

Física de São Carlos, Universidade de São Paulo, São Carlos, 2024. 

 

Color centers have attracted significant attention for their applications in quantum 

technology, making their integration into photonic structures an essential area of 

research to advance the realization of quantum platforms. In particular, resonant 

cavities offer a promising platform for enhancing the light-matter interaction of color 

centers. This work explores the fabrication of microcavities embedded with fluorescent 

nanodiamonds using two-photon polymerization (2PP). We investigate the trade-off 

between nanodiamond concentration in the photoresist and the resulting structural 

quality and cavity Q-factor. Our results demonstrate the successful integration of 

nanodiamonds into cylindrical cavities doped with 0.002 wt% concentration. These 

cavities maintain good quality factors on the order of 105 and contain one to three 

fluorescent color centers. The position of the fluorescent nanodiamonds within the 

microcavities is confirmed using fluorescence spectroscopy, laser scanning 

microscopy (LSM), and Raman spectroscopy.  Additionally, utilizing Finite-Difference 

Time-Domain (FDTD) simulations, we explore novel designs for efficient emitter-cavity 

coupling with color centers in 4H-Silicon Carbide (SiC) nanostructures. We optimized 

a double nanobeam cavity design supporting high-quality factor resonances and a 

"sawfish" cavity design for improved fabrication and light-matter interaction with color 

center in SiC. Building upon this knowledge, we discuss future directions for leveraging 

2PP fabrication to integrate nanodiamonds with novel Whispering Gallery Modes 

(WGM) cavities, aiming at achieving low mode volumes to explore the Purcell effect. 

Therefore, this research paves the way for developing integrated devices containing 

nanodiamonds and WGM cavities for quantum technology applications. 

 

Keywords: Two-photon polymerization. Color centers. Whispering gallery 

modes. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMO 

 

COUTO, F.A. Fabricação de microresonadores poliméricos dopados com nanodiamantes 

para aplicações em tecnologias de informação quântica: 2024. 107 p. Thesis (Doctor in 

Science) – Instituto de Física de São Carlos, Universidade de São Paulo, São Carlos, 2024. 

 

Centros de cor têm recebido significativa atenção devido ao seu uso em aplicações 

de tecnologia quântica, tornando importante pesquisas envolvendo sua integração em 

estruturas fotônicas. Em particular, cavidades fotônicas são uma promissora 

plataforma para aumentar a interação da radiação com a matéria usando centros de 

cor. Neste trabalho, exploramos a fabricação de microcavidades dopadas com 

nanodiamantes fluorescentes usando fotopolimerização por absorção de dois fótons 

(A2F). Investigamos o compromisso entre a concentração de nanodiamantes no 

fotoresiste e a qualidade das estruturas fabricadas. Os resultados demonstram a 

integração bem-sucedida de nanodiamantes em cavidades cilíndricas dopadas com 

0,002% em peso de nanodiamantes, mantendo fatores de qualidade na ordem de 105. 

A posição dos nanodiamantes fluorescentes dentro das microcavidades foi confirmada 

por meio de espectroscopia de fluorescência, microscopia confocal e espectroscopia 

Raman. Além disso, utilizando simulações via o método de Diferenças Finitas no 

Domínio do Tempo, exploramos novas estruturas para promover o acoplamento 

eficiente entre centros de cor em Carbeto de Silício (SiC) e nanocavidades fotônicas. 

O design de uma dupla cavidade de cristal fotônico que suporta duas ressonâncias 

com alto fator de qualidade foi otimizada, e o design de uma nova geometria (cavidade 

do tipo sawfish) foi explorado com o intuito de facilitar a fabricação e melhorar a 

interação emissor-cavidade. Utilizando os conhecimentos adquiridos, foram propostos 

caminhos futuros para empregar a técnica de A2F para a integração de 

nanodiamantes em novas cavidades fotônicas que suportam modos de galeria 

sussurrante, com o objetivo de produzir estruturas com pequeno volume modal para 

explorar o engrandecimento Purcell. Portanto, este trabalho abre caminho para o 

desenvolvimento de estruturas fotônicas integradas contendo nanodiamantes, bem 

como cavidades fotônicas para aplicações em tecnologias quânticas. 

 



Palavras-chave: Fotopolimerização por absorção de dois fótons. Centros de cor. 

Modos de galeria sussurrante. 
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1 Introduction 

  

 The field of photonics plays a major role in modern technologies, as photons 

are not only the primary carriers of information, but also serve as crucial platforms for 

data production across various applications such as radars, lidars, sensors, and 

spectroscopy. Additionally, the physical limitations of electronic devices will likely 

impact their scalability and energy efficiency in the future,1 making photonic and 

optoelectronic devices a promising alternative to push the limits in information 

processing2. In addition, the onset of quantum technology applications adds relevance 

to photonic systems, as photons can interact with spin qubits, preparing and reading 

out their spin state, enabling the realization of quantum platforms for many 

applications, such as cryptography3 single photon generation,4 and sensing5. 

 To realize these applications, it is necessary to have quantum systems with 

suitable properties to act as qubits, along with their integration into photonic devices 

capable of confining, guiding, and enhancing their emission6. Although significant 

progress has been made, an ideal scalable platform that operates at room 

temperature, and exhibiting sufficient error tolerance remains a challenge7. Therefore, 

research in material science and device engineering is of paramount importance. 

 Several systems have been explored as qubits, such as quantum dots,8 single 

molecules,9 superconducting circuits,10 and defects in crystals (also known as color 

centers). The latter is particularly interesting for applications in quantum technologies 

due to features such as high coherence times, integration with photonic materials, and 

stable emission properties. Color centers form due to point defects in semiconductors, 

resulting from a missing, substitutional, or interstitial atom in the crystal lattice. These 

defects create localized energy states, behaving similarly to isolated atoms. When 

these energy states fall within the semiconductor’s bandgap, they can interact with 

incident radiation, emitting photons that freely propagate outside the material. This 

phenomenon adds colors that would not be present in a pristine crystal lattice, hence 

the term "color center”. 

Among many color centers found in different materials, the NV- defect in 

diamond stands out as particularly promising. This defect features a spin state that can 

be optically set and read out, along with single photon emission at room temperature, 

long coherence time,11 and photo-stability since it does not present photoblinking or 

photobleaching.12-13 This color center has been used in diverse fields, including cell 
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marking in biological applications,14-15 as well as numerous studies in quantum 

information processing and single-photon generation.16–18 Besides presenting many 

interesting properties, the NV- center still suffers from a broad phonon sideband at 

room temperature,19 which reduces the coherence and emission rate of 

indistinguishable photons, necessary for many applications. To overcome these 

limitations, it is of foremost importance to incorporate these emitters into photonic 

cavities to exploit the Purcell enhancement.19 

 There are two approaches to promote such integration. One is fabricating 

cavities in bulk diamond and incorporating the color centers into the cavity by ion 

implantation. Due to its inherent hardness, fabrication in bulk diamond is complex, and 

structures often suffer from high surface roughness, which degrades their optical 

properties. Only recently high Q-factor photonic-crystal nanocavities have been 

fabricated in diamond,20 using a special V-undercut technique to promote optical 

insulation, while preserving good surface roughness. Despite the aforementioned 

progress, this approach is still challenging and requires complex and time-consuming 

fabrication techniques. Also, the placement of the defects by ion implantation has 

downsides, such as the non-deterministic positioning of the defects, implantation of 

undesirable additional defects, and strain in the material that can degrade the color 

center optical properties.21 

 The second approach, called the hybrid approach,19 consists in using 

nanodiamonds as a platform to integrate color centers into structures fabricated in a 

variety of host materials such as SiC,19 SiO2,22 and GaP.23 Hence, nanodiamonds 

integrated with photonic cavities have been the subject of intense research, such as 

polystyrene microspherical resonators,24 where the nanodiamonds are positioned 

outside the spheres using a near-field scanning optical microscopy tip, showing the 

coupling of the emission of the color center with the WGM’s of the resonators. 

Additionally, researchers have used GaP microdisks fabricated over a diamond 

substrate to couple, via evanescent wave, the NV color center emission into the modes 

of the microdisks.25 More recently, Fabry-Pérot cavities formed with diamond 

membranes were used to enhance the emission at the zero-phonon line (ZPL) of the 

NV centers up to 15 times.26-27 Other approaches, such as photonic crystals27 and 

waveguides28-29 have also been explored. Even though much progress has been 

made, it is still a challenge to position the nanodiamonds inside the volume of the 

structures and, consequently, the interaction with the color centers occurs mainly via 
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the evanescent field of the devices.19 Also, most of the aforementioned studies still 

demand complex steps and clean rooms to fabricate the resonant structures, and they 

are only feasible in inorganic materials. In addition, the methods used to integrate the 

diamond color centers with the resonators are either complex or present low control 

regarding the number of emitters. 

 In order to expand the variety of materials and methods to promote the 

integration of nanodiamonds in photonic structures, two-photon polymerization (2PP) 

is a promising technique. Two-photon polymerization is a direct laser writing (DLW) 

method that exploits the nonlinear absorption of a photoresist to produce structures 

with sub-diffraction resolution, with nearly arbitrary shapes, and has been used to 

create a variety of structures for applications in many fields, such as photonic 

crystals,30 waveguides,31 and microneedles.32 In particular, optical microresonators 

with good optical qualities can be produced via the 2PP technique.33 

 One interesting feature of 2PP is that it allows relatively simple incorporation of 

dopants into the photoresist,34 which makes it an appropriate method to fabricate 

functional structures, such as nanotube-doped structures,35 rhodamine-doped and 

graphene oxide doped microresonators.36-37 Hence, incorporating nanodiamonds into 

the resist is an interesting approach to exploit the flexibility of the 2PP technique to 

produce arbitrary structures with color centers incorporated in their volume, addressing 

an important issue of the hybrid approach. 

In this context, the main objective of this work is to study the incorporation of 

color centers into photonic cavities, including incorporating nanodiamonds into 

structures fabricated via 2PP technique, focusing on WGM resonators, and also cavity 

engineering for optimizing cavity-emitter integration. This work is organized as follows: 

Chapter 2 will explore fundamental concepts, such as the electromagnetic nature of 

the WGM resonances and its coupling properties with waveguides, the principles of 

color centers and its integration into resonant cavities, and aspects regarding the 2PP 

technique and two-photon absorption. In Chapter 3, we will describe the process of 

incorporating the nanodiamonds into the photoresist, go through the details of the 2PP 

setup and fabrication methodology, briefly explain the production of tapered optical 

fibers and the setup used to promote coupling with the resonators, and discuss the 

confocal spectroscopy setup assembled to localize and analyze the 

photoluminescence spectrum of the color centers. In Chapter 4, we will present the 

nanodiamond doped structures produced via 2PP and characterize their optical 
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properties and nanodiamond distribution. Chapter 5 describes the work regarding 

cavity engineering for color center integration, developed during an internship period. 

The motivation for cavity engineering is discussed, and we will also describe the 

numerical methods utilized and present the obtained results. In Chapter 6, we will apply 

similar methodologies to the ones discussed in Chapter 5, to numerically study the 

structures fabricated via 2PP, and propose new geometries to obtain better emitter-

cavity coupling. Finally, Chapter 7 will present the overall perspective of the results 

presented in Chapters 4, 5, and 6, and discuss future applications of the results 

obtained in this work. 
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2 Theory 

 

2.1 Fundamental aspects of whispering gallery modes 

 

Whispering gallery modes (WGM) are resonances that occur in circular 

symmetry systems, formed by a wave propagating near the rim of a circular-shaped 

reflective interface through successive reflections. The phenomenon was first 

observed in acoustics, where a person whispering at a point near a wall of a circular 

room could be heard on the opposite side. In optics, WGMs can appear in a dielectric 

structure with circular symmetry, through total internal reflections at its interface38. 

For cylindrical dielectric resonators, far from the extremities, we can neglect 

border effects and consider the resonances to be independent of the z-coordinate, 

reducing the problem to a 2D model, as depicted in Fig. 2.1. In this situation, for linear 

media without absorption and adopting cylindrical coordinates, it is possible to obtain 

an analytical solution from Maxwell equations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 - Schematics of the resonator and the vectors for the 
cylindrical coordinate system adopted, as well as 
definition of the index distribution, where n1 stands for 
index inside the resonator, and n2 for the exterior region. 
The radii parameter is defined as a. 

Source: By the author 
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Given Maxwell equations in linear lossless media: 

 𝛻. �⃗� = 0                  (2.1) 

𝛻. �⃗� = 0                (2.2) 

𝛻 × �⃗� =
−𝜕�⃗� 

𝜕𝑡
         (2.3) 

𝛻 × �⃗� = 𝜇𝜖
𝜕�⃗� 

𝜕𝑡
                                                 (2.4) 

and the constitutive relations: 

�⃗⃗� = 𝜖�⃗�                (2.5) 

�⃗� = 𝜇�⃗⃗�                                     (2.6) 

 

we will assume that the fields have harmonic temporal dependency at the form 𝑒𝑖𝜔𝑡, 

hence: 

𝜕�⃗� 

𝜕𝑡
= 𝑖𝜔�⃗� (𝑟 )𝑒𝑖𝜔𝑡                                  (2.7) 

 

Taking the curl of Faraday and Ampere/Maxwell equations and using the identity 

𝛻 × (𝛻 × 𝜙) = 𝛻(𝛻. 𝜙) − 𝛻2𝜙, we obtain the Helmholtz equations for the electric and 

magnetic fields: 

 

𝛻2�⃗� = −𝜇𝜖𝜔2�⃗� (𝜌, 𝜙) = −𝑘2�⃗� (𝜌, 𝜙)    (2.8) 

𝛻2�⃗⃗� = −𝜇𝜖𝜔2�⃗⃗� (𝜌, 𝜙) = −𝑘2�⃗⃗� (𝜌, 𝜙)    (2.9) 

 

Since 𝜇 = 𝜇0 and = 𝜖0𝑛
2 , we can rewrite 𝜇𝜖𝜔2 =

𝑛2𝜔2

𝑐2 = 𝑘2 =
2𝜋𝜆0

𝑛
. 

Given the geometry of the problem, it is convenient to express the fields in 

cylindrical coordinates: 

 

�⃗� (𝜌, 𝜙) = 𝐸𝜌(𝜌, 𝜙)𝜌 + 𝐸𝜙(𝜌, 𝜙)𝜙 + 𝐸𝑧(𝜌, 𝜙)𝑧                (2.10) 

�⃗� (𝜌, 𝜙) = 𝐵𝜌(𝜌, 𝜙)𝜌 + 𝐵𝜙(𝜌, 𝜙)𝜙 + 𝐵𝑧(𝜌, 𝜙)𝑧     (2.11) 

 

Considering that the problem is not dependent on the z component, it is 

convenient to separate the solutions into a set of TM (where 𝐵𝑧 = 0) and TE (where𝐸𝑧 =

0) modes. In this text, we will solve the problem for the TE mode only, but it is 

straightforward to apply the same methods described below for the TM modes. 

Taking the curl of �⃗� , assuming 𝐸𝑧 = 0 and �⃗� = �⃗� (𝜌, 𝜙), we obtain: 
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𝛻 × �⃗� =
1

𝜌
[𝜌

𝜕𝐸𝜙

𝜕𝜌
−

𝜕𝐸𝜙

𝜕𝜙
] 𝑧 = −𝑖𝜔�⃗�                                  (2.12) 

 

    

which implies that: 

𝐵𝜙 = 𝐵𝜌 = 0      (2.13) 

 

Hence, the magnetic field has only the z component. 

Taking the curl of �⃗� : 

 

𝛻 × �⃗� = (
1

𝜌

𝜕𝐵𝑧

𝜕𝜙
𝜌 −

𝜕𝐵𝑧

𝜕𝜌
𝜙)𝑒𝑖𝜔𝑡 = 𝑖𝜔𝜇0𝜖�⃗� (𝜌, 𝜙)𝑒𝑖𝜔𝑡             (2.14) 

 

we can relate the components of the electric field to the derivatives of the magnetic 

field as: 

𝐸𝜌 =
−𝑖

𝜔𝜇0𝜖𝜌

𝜕𝐵𝑧

𝜕𝜙
       (2.15) 

 𝐸𝜙 =
𝑖

𝜔𝜇0𝜖

𝜕𝐵𝑧

𝜕𝜌
        (2.16) 

 

Hence, the problem is reduced to finding the solution for the z component of the 

magnetic field. To find 𝐵𝑧, we will start with the wave equation for the magnetic field39: 

(𝛻2 + 𝑘)𝐵𝑧(𝜌, 𝜙) = 0                          (2.17) 

 

 Substituting (2.11) in (2.17) and expanding the Laplacian in cylindrical 

coordinates, we obtain: 

𝜌2 𝜕2𝐵𝑧

𝜕𝜌2 + 𝜌
𝜕𝐵𝑧

𝜕𝜌
+

𝜕2𝐵𝑧

𝜕𝜙2 + 𝜌2𝑘2𝐵𝑧 = 0    (2.18) 

 

Using the method of separation of variables, where we will consider the 

magnetic field as a product of two functions 𝐵𝑧 = 𝐹(𝜙)𝑅(𝜌), substituting in Eq. 2.18 we 

have:  

 

𝜌2 1

𝑅

𝑑2𝑅

𝑑𝜌2 + 𝜌
1

𝑅

𝑑𝑅

𝑑𝜌
+

1

𝐹

𝑑2𝐹

𝑑𝜙2 = −𝜌2𝑘2   (2.19) 
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Since 𝐹 is only a function of 𝜙, we can assume that  
1

𝐹

𝑑2𝐹

𝑑𝜙2 = −𝑚2, where 𝑚 is a 

constant, hence: 

 

𝐹(𝜙) = 𝛼𝑒±𝑖𝑚𝜙                     (2.20) 

𝜌2 𝑑2𝑅

𝑑𝜌2 + 𝜌
𝑑𝑅

𝑑𝜌
+ 𝑅(𝜌2𝑘2 − 𝑚2) = 0                     (2.21) 

 

Now, it is possible to proceed with the substitution of variables 𝑥 = 𝜌𝑘, 𝑦 = 𝑅 (
𝜌

𝑘
). 

Considering that: 

𝑑𝑅

𝑑𝜌
=

𝑑𝑦

𝑑𝑥

𝑑𝑥

𝑑𝜌
=

𝑑𝑦

𝑑𝑥
𝑘                    (2.22) 

𝑑2𝑅

𝑑𝜌2 =
𝑑

𝑑𝜌
[
𝑑𝑦

𝑑𝑥
𝑘] = 𝑘2 𝑑2𝑦

𝑑𝑥2     (2.23) 

 

we can transform Eq. 2.21 in a Bessel equation, where 𝑥 = 𝜌𝑘 40: 

 

𝑥2 𝑑2𝑦

𝑑𝑥2 + 𝑥
𝑑𝑦

𝑑𝑥
+ 𝑦(𝑥2 − 𝑚2) = 0                           (2.24) 

 

At this point, it is necessary to separate the solutions for the regions inside (𝜌 <

𝑎) and outside (𝜌 > 𝑎) the cylinder, and impose the following physical considerations: 

the solutions are non-divergent, and evanescent outside the cylinder to obtain the 

confined modes. Inside the cylinder, we have: 

 

𝐻𝑧(𝜌, 𝜙) = 𝐴𝑚𝐽𝑚
1 (𝜌𝑘1)𝑒

𝑖𝑚𝜙, 𝜌 < 𝑎           (2.25) 

 

In the previous equation, 𝐽𝑚
1  is the Bessel function of first kind and 𝑘1 =

2𝜋

𝜆0
𝑛1. 

The Bessel functions of second kind are also a solution, but are discarded since they 

diverge when 𝜌 = 040. For the solutions outside the cylinder, we have: 

 

𝐻𝑧(𝜌, 𝜙) = 𝐵𝑚𝐻𝑚
2 (𝜌𝑘2)𝑒

𝑖𝑚𝜙, 𝜌 > 𝑎            (2.26) 

 

where 𝐻𝑚
2  is the Hankel function of second kind, which satisfies the evanescent wave 

condition, and 𝑘2 =
2𝜋

𝜆0
𝑛2 40. 
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To create a stationary wave, the fields must have the same amplitude after a 

round trip. Therefore, the equation 𝐸(𝜌, 𝜙) = 𝐸(𝜌, 𝜙 + 2𝜋) must be satisfied. This implies 

that the solutions are a discrete set of modes indexed by \𝑚, that must be an integer. 

Substituting Eqs. (25) and (26) in Eqs. (15) and (16), we obtain the components 

for the electric fields:  

 

𝐸𝜌 =
𝑚

𝜔𝜇0𝜖1𝜌
𝐴𝑚𝐽𝑚

1 (𝜌𝑘1)𝑒
𝑖𝑚𝜙, 𝜌 < 𝑎        (2.27) 

𝐸𝜌 =
𝑚

𝜔𝜇0𝜖2𝜌
𝐵𝑚𝐻2(𝜌𝑘2)𝑒

𝑖𝑚𝜙, 𝜌 > 𝑎        (2.28) 

𝐸𝜙 =
𝑖𝑘1

𝜔𝜇0𝜖1
𝐴𝑚𝐽𝑚

´1(𝜌𝑘1)𝑒
𝑖𝑚𝜙, 𝜌 < 𝑎        (2.29) 

𝐸𝜙 =
𝑖𝑘2

𝜔𝜇0𝜖2
𝐵𝑚𝐻𝑚

´2(𝜌𝑘2)𝑒
𝑖𝑚𝜙, 𝜌 > 𝑎        (2.30) 

 

where we used: 
𝜕𝑓(𝜌𝑘)

𝜕𝜌
=

𝜕(𝜌𝑘)

𝜕𝜌

𝜕𝑓(𝜌𝑘)

𝜕(𝜌𝑘)
= 𝑘

𝜕𝑓(𝜌𝑘)

𝜕(𝜌𝑘)
, and the definition ´ ≡

𝜕

𝜕(𝜌𝑘)
. 

Considering now that the tangential components of the fields must be 

continuous at the interface, we have 39: 

 

𝐴𝑚𝐽𝑚
1 (𝑎𝑘1)𝑒

𝑖𝑚𝜙 = 𝐵𝑚𝐻𝑚
2 (𝑎𝑘1)𝑒

𝑖𝑚𝜙              (2.31) 

𝑖𝑘1

𝜔𝜇0𝜖1
𝐴𝑚𝐽𝑚

´1(𝑎𝑘1)𝑒
𝑖𝑚𝜙 =

𝑖𝑘2

𝜔𝜇0𝜖2
𝐵𝑚𝐻𝑚

´2(𝑎𝑘2)𝑒
𝑖𝑚𝜙  (2.32) 

 

From Eqs. (31) and (32), we can obtain the transcendental equation that can be 

numerically solved to obtain the resonant frequencies as a function of the radii and 

refractive indexes for the TE modes.  

 

𝑛1
𝐽𝑚
1 (𝑎𝑘1)

𝐽𝑚
´1(𝑎𝑘1)

= 𝑛2
𝐻𝑚

2 (𝑎𝑘2)

𝐻𝑚
´2(𝑎𝑘2)

        (2.33) 

 

With similar procedures, one can obtain the transcendental relation for the TM 

modes as: 

𝑛2
𝐽𝑚
1 (𝑎𝑘1)

𝐽𝑚
´1(𝑎𝑘1)

= 𝑛1
𝐻𝑚

2 (𝑎𝑘2)

𝐻𝑚
´2(𝑎𝑘2)

                 (2.34) 

 

Since 𝐽𝑚
1  is a real function, and 𝐻𝑚

2  is complex, the solutions of interest are real 

inside the resonator and complex outside. Therefore, the resonance frequencies can 

be obtained from the root of Eqs. (2.33) and (2.34), with the condition that the imaginary 
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Figure 2.2 - (a) Graphical representation of the roots of equation (2.33). The black dots 
represent the points where the equation is satisfied, and the red-dotted line 
shows where the condition for the confined wave is satisfied. (b) Plot of the 
electric field module for the first solution. (c) Modulus of the electric field for 
the second solution. 

Source: By the author 

 

part of the right-hand side is equal to 0 when 𝜌 = 𝑎, to satisfy the boundary conditions. 

Fig. 2.2a illustrates the possible solutions for a cylinder of radius equal to 25 𝜇m and 

𝑛1 = 1.5. 

We can note from Fig. 2.2b that the successive solutions represent different 

radial orders for the electromagnetic (EM) fields. For lower radial orders, the fields are 

more concentrated at the cylinder's rim, reaching high intensities, hence they are more 

suitable for most applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We can now evaluate the conditions for the total internal reflection, which 

constrains the possible values for 𝑚. For that, we will express the wavevector of the 

incident wave as: 
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�⃗� 1 = 𝑘𝜙
(1)

𝜙 + 𝑘𝜌
(1)

𝜌                                                             (2.35) 

 

and the one for the transmitted wave as: 

 

�⃗� 2 = 𝑘𝜙
(2)

𝜙 + 𝑘𝜌
(2)

𝜌                 (2.36) 

 

To have a propagating field inside the resonator, and an evanescent field out-

side, 𝑘𝜌
(1)

 must be real, while 𝑘𝜌
(2)

 must be imaginary. Hence, we have: 

 

𝑘𝜌
(1)

= √𝑘1
(2)2

− 𝑘𝜙
(1)2

; 𝑘𝜌
(1)

∈ 𝑅                    (2.37) 

𝑘𝜌
(2)

= √𝑘2
(2)2

− 𝑘𝜙
(2)2

; 𝑘𝜌
(2)

∈ 𝐶                    (2.38) 

                                 

 Considering a wave propagating in the rim of the resonator, we can approximate 

the phase factor as the wavevector multiplied by the distance propagated by the wave: 

 

𝑒𝑖𝑚𝜙 ≈ 𝑒𝑖𝑘𝜙𝑎𝜙          (2.39) 

 

Since the parallel component of the electric field at the interface (𝜙) must be con-

tinuous41, 𝑘𝜙 is conserved. Thus, we can obtain a condition for the total internal reflec-

tion and the constraints for the 𝑚 index as: 

 

𝑘2𝑎 < 𝑚 < 𝑘1𝑎      (2.40) 

 

2.2 Quality factor and other important parameters of cylindrical microresonators 

 

 The quality factor of a resonant cavity is its figure of merit, and it is defined as 

the ratio of the total energy stored inside the resonator to the energy lost in one 

oscilation of the EM field trip38: 

 

𝑄 ≡ 𝜔0
𝑈𝑠𝑡𝑜𝑟𝑒𝑑

𝑈𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑
                             (2.41) 
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Where 𝜔0 is the angular frequency of the EM wave. 

 Since the stored energy is proportional to |�⃗� |
2
, we will consider an electric field 

with harmonic temporal dependence and complex frequency, where the imaginary part 

of the frequency is related to the losses, and it is defined as 
1

𝜏
 (the characteristic lifetime 

of the photon in the cavity). Therefore, we have: 

 

�⃗� (𝑟 , 𝑡) = �⃗� 0(𝑟 )𝑒
𝑡(𝑖𝜔−

1

𝜏
)
        (2.42) 

 

where the Q factor can be written as a function of the photon lifetime: 

𝑄 = 𝜔0
|�⃗� |

2

−𝑑

𝑑𝑡
|�⃗� |

2 = 𝜔0
𝜏

2
                (2.43) 

 

 We can also apply a Fourier transform in the field of Eq. 2.42 and obtain its 

frequency domain relation42: 

 

�⃗� (𝜔) =
�⃗� 0

𝑖(𝜔−𝜔0)+
1

𝜏

        (2.44) 

 

Note that |�⃗� (𝜔)|
2
is a Lorentzian-like curve with full width at half maximum (FWHM) 

given by 𝛥𝜔 =
2

𝜏
. With these results, we can rewrite the quality factor as a function of the 

linewidth of the resonances: 

 

𝑄 =
𝜔0

𝛥𝜔
=

𝜆0

𝛥𝜆
                        (2.45) 

  

For most applications, low radial orders are better suited because the EM fields 

are more confined to the resonators, reaching higher intensities than high radial orders. 

This can be expressed by the mode volume, defined by the integral of the electric field 

in the volume of the resonator, divided by the maximum field value42: 

 

𝑉𝑚𝑜𝑑𝑎𝑙 ≈
∫ 𝜖(𝑟 )|�⃗� |

2
𝑑3𝑟

𝑚𝑎𝑥(𝜖(𝑟 )|�⃗� |
2
)
                   (2.46) 
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Therefore, low radial modes have low mode volume, and fields can reach higher 

intensities inside the cavity. 

Another relevant parameter of the resonators is the free spectral range, the 

spectral distance between consecutive resonances, which can be written as38: 

𝐹𝑆𝑅 =
𝜆2

2𝜋𝑎𝑛𝑔
           (2.47) 

where 𝑛𝑔 is the group index of the mode. 

Since the propagation constant is given by 𝑒𝑖𝑚𝜙, we may rewrite it as: 

 

𝑒𝑖𝑚𝜙 = 𝑒𝑖𝛽𝑎𝜙                     (2.48) 

 

where 𝛽 is the propagation constant: 

 

𝛽 =
2𝜋

𝜆0
𝑛𝑒𝑓𝑓     (2.49) 

 

Hence, we can rewrite the FSR in terms of the azimuthal number as: 

 

𝐹𝑆𝑅 =
𝜆

𝑚
    (2.50) 

 

 

2.3 Light coupling into the resonators 

 

Among many methods used to couple light into cylindrical resonators, one of 

the most used consists of a tapered optical fiber that couples light into the resonators 

through evanescent wave. This method is relatively simple and permits coupling 

efficiency near 100%.43 

 The interaction of the resonators with the tapered fiber can be modeled as 

shown in Fig. 2.3, where the transmitted field is given by: 

 

𝑆 −2 = 𝑒𝑖𝛽𝑤(𝑧𝐵−𝑧𝐴)(𝑆 +1 − 𝑘1
∗�⃗� )                      (2.51) 
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In Eq. 2.31, 𝑆 −2  and  𝑆 +1 are respectively the transmitted field and the taper 

pump field, 𝛽𝑤 is the propagation constant for the field in the taper, and 𝑘1
∗ a complex 

coupling factor. �⃗�  is the electric field inside the resonator, written as: 

 

�⃗� (𝑟 , 𝑡) = �⃗� (𝑟 )𝑒
𝑡[𝑖𝜔−

1

𝜏0
−

1

𝜏𝑐
]
+ 𝑘1𝑆 +1𝑡   (2.52) 

          

In this equation, 
1

𝜏0
 is the term accounting for losses inside the resonator, 

including radiative, absorption, and scattering losses, and  
1

𝜏𝑐
  includes the losses 

induced by the taper. In the frequency domain, taking 𝜔0 as the resonant frequency, 

the field can be expressed as: 

 

�⃗� (𝑟 , 𝜔) =
𝑘1𝑆 +1

𝑖(𝜔−𝜔0)+
1

𝜏0
+

1

𝜏𝑐

          (2.53) 

 

and the field leaving the taper is: 

𝑆 −2 = 𝑒𝑖𝛽𝑤(𝑧𝐵−𝑧𝐴) (𝑆 +1 − 𝑘1
∗ 𝑘1𝑆 +1

𝑖(𝜔−𝜔0)+
1

𝜏0
+

1

𝜏𝑐

)                 (2.54) 

 

 Finally, we can write the transmittance as39: 

𝑇 =
|𝑆 −2|

2

|𝑆 +1|
2 =

(𝜔−𝜔0)
2+(

1

𝜏0
−

1

𝜏𝑐
)
2

(𝜔−𝜔0)
2+(

1

𝜏0
+

1

𝜏𝑐
)
2               (2.55) 

Figure 2.3 - Schematics of the model used to describe the taper-resonator interaction.  

Source: By the author 
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Figure 2.4 - Simulation of the taper transmittance of a particular resonance as a function of the material 
absorption coefficient. 

Source: By the author 

 

 

 One can note that factors such as the propagation constant of the taper (and 

hence its diameter), the gap between taper and resonator, as well as the absorption 

and scattering losses will define the linewidth and extinction ratio of the observed 

resonances. 

 With Eq. 2.55, it is possible to classify each resonance into three categories:  

1- Critical, when coupling losses are equal to intrinsic losses. In this case, the 

transmittance at the taper reaches its minimum. 

2- Undercoupled, when intrinsic losses are higher than coupling losses. 

3- Overcoupled, when coupling losses are higher than intrinsic losses. 

 Simulating a resonator coupled to a tapered optical fiber and varying the material 

losses (𝛼), it is possible to look at a particular resonance and observe the transition 

over the three regimes described, as shown in Fig. 2.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Nitrogen-vacancy color centers 

 

Stable imperfections in the atomic lattice of a crystal can break the crystal 

symmetries and give rise to local energy levels. When these transitions are within the 
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crystal´s bandgap, it is possible to excite these local levels, and the emitted photons 

can propagate outside the crystal. Therefore, upon excitation, some crystals that would 

be transparent without defects become colored. Hence, such defects are called “color 

centers”44.  

Many color centers present optical properties suitable for applications in 

quantum technologies, such as single photon-emission (at room temperature in some 

cases), photostability, short lifetimes, and spin states that can be optically detected. 

Color centers emission spectra are composed of a sharp line due to the pure electronic 

transition between excited and ground state, called zero-phonon line (ZPL), and a 

broad line of phonon-assisted transitions due to the coupling with vibrational states of 

the atomic lattice.44 For most applications in quantum information technologies, the 

ZPL is preferred as it is the main source of indistinguishable photons.6 Hence, it is 

convenient to define the Debye–Waller factor, which is the proportion of the photons 

that are emitted in the ZPL. 

 Among many crystals that host color centers, diamond has promising features 

for applications in quantum information technologies. Due to its high bandgap (5.5 eV 

at 300 K)6, it is transparent in a wide spectral range, hosting many bright color centers 

that can be individually addressed. Also, due to its mechanical properties, its color 

centers present high stability.45 Of particular interest is the nitrogen-vacancy (NV) 

center. It is formed by a single substitutional nitrogen atom in the atomic lattice, 

adjacent to a carbon vacancy in the ⟨1,1,1⟩ crystallographic orientation, as depicted in 

the inset of Fig. 2.5b45. This color center has attracted significant attention since it is a 

stable single-photon emitter at room temperature. It has a spin state that can be 

optically prepared and read-out. Its charge state can be either neutral, so it is referred 

as NV0, or negatively charged, referred as NV-. The latter is the subject of more studies 

since its spin state can be optically read-out, which was not demonstrated yet for the 

neutral NV.45 The emission spectra at room temperature of these color centers are 

depicted in Fig. 2.5b, where it is possible to observe the ZPLs at 575 nm for the NV0 

and at 637 nm for the NV-, as well as their broad phonon sidebands. The quantum 

efficiency of the color centers is estimated as 0.7. 44 

The electronic structure of the NV- consists of triplet ground (3A2) and excited 

(3E) states, as well as intermediate singlet shelving states. At room temperature, there 

is a zero-field splitting between the 𝑚𝑠 = 0 and 𝑚𝑠 ± 1 spin sub-levels of approximately 

2.87 GHz in the ground state, and of 1.42 GHz in the excited state. Also, there is a 



39 

 

dependency of the fluorescence intensity of the color-center with the spin projection, 

as the 𝑚𝑠 = ±1 have a higher probability to decay via the intermediate dark states, 

yielding a lower fluorescence counting when compared to the 𝑚𝑠 = 0. In addition, there 

is a higher probability for the 1A state to decay to the 3A ground state in the 𝑚𝑠 = 0 spin-

sublevel46. Therefore, uppon excitation, the system is prepared at the 𝑚𝑠 = 0 state. 

Since the 3E → 3A transition has a lifetime of approximately 10 ns, and the 1E → 1A of 

approximately 300 ns, the spin state can be optically read-out observing variations in 

the fluorescence intensity as the 𝑚𝑠 = 0 yields a higher photon count, reaching 

contrasts of up to 30%,46 which is the principle of optically detected magnetic 

resonance (ODMR). The schematics of the energy levels and decay rates are depicted 

in Fig. 2.5 a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One disadvantage of the NV- color center is its low Debye–Waller factor of 

approximately 3% at room temperature.45 This means that most photons decay 

through phonon-assisted transitions (where part of the energy is lost as vibrations in 

the crystal lattice), losing coherence. One way to overcome this issue is to integrate 

the emitter into a photonic cavity. The cavity modes alter the density of states of the 

Figure 2.5 - a) Schematics of the electronic transitions of the NV-1 color center. The solid arrows 
denote the optical transitions. The dotted lines indicate the strong (---) and weak 
(…) non-radiative transitions. b) Emission spectra of the NV0 (blue) and NV- (red) 
color centers. The inset displays a representation of the defect in the diamond 
lattice. 

Source: Adapted from RONDIN47 
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system, diminishing the excited state lifetime and enhancing the emission of photons 

in resonance. This phenomenon is known as Purcell enhancement and can be 

modeled as48: 

𝐹 = 𝜉
3

4𝜋2

𝑄

𝑉
(
𝜆

𝑛
)
3
        (2.56) 

𝜉 =
𝜔𝑐

2

4𝑄2(𝜔𝑐−𝜔0)
2+𝜔𝑐

2 (
|�⃗⃗� .�⃗� |

|𝜇||𝐸𝑚𝑎𝑥|
)
2

                                     (2.57) 

 

in which Q is the Q-factor of the cavity, V is the mode volume (Eq. 2.46), n is the 

refractive index of the medium, and 𝜉 is a factor that accounts for the spatial and 

spectral overlap of the cavity field with the emitter field. In the case of exact resonance 

and perfect dipole alignment between emitter and cavity mode, 𝜉 = 1 and the factor F 

can reach its maximum value. 

 

2.5 Nonlinear optics and multiphoton absorption 

 

In the linear regime, the polarization induced by an EM wave in a dielectric 

material is given by49: 

 

�⃗� = 𝜖0𝜒
(1)�⃗�      (2.58) 

 

Equation (2.58) describes the relationship between the electric field of the EM 

wave and the polarization it induces in the material, which gives rise to everyday optical 

phenomena such as linear refraction and absorption. 

When the electric field intensity of light is at the same order of the interatomic 

electric field (~108 V/cm), the movement of the bound charges cannot be approximated 

by a harmonic oscillator, as in the Drude-Lorentz model. Therefore, the polarization 

response of the medium will present a non-linear dependency on the electric field, 

which can be expressed as a power series49: 

 

�⃗� (𝑡) = 𝜖0 ∑ 𝜒(𝑖)�⃗� 𝑖(𝑡)𝑖                      (2.59) 

In this series, each term is responsible for particular phenomena in the light-

matter interaction. The first term accounts for the linear interaction with light, leading 

to the well-known phenomena of refraction and linear absorption. The second term is 

responsible for phenomena such as second harmonic generation (where the output 
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light has twice the frequency of the input) and the sum of frequencies (where two 

photons combine to generate a new one at a different frequency). For this work, the 

third-order term is of particular interest: 

 

𝑃(3)(𝑡) = 𝜖0𝜒
(3)𝐸3(𝑡)            (2.60) 

 

Considering the simple case of a linear polarized monochromatic electric field 

with harmonic temporal dependency 𝐸(𝑡) = 𝐸0𝑐𝑜𝑠(𝜔𝑡), propagating in isotropic 

medium, and applying it in Eq. 2.60, the third-order polarization becomes: 

 

𝑃(3)(𝑡) = 𝜖0𝜒
(3)𝐸0

3 [
1

4
𝑐𝑜𝑠(3𝜔𝑡) +

3

4
𝑐𝑜𝑠(𝜔𝑡)]               (2.61) 

 

The first term in the brackets accounts for the phenomenon of third harmonic 

generation. Using the relation of the intensity with the square modulus of the electric 

field given by Poynting theorem41: 

 

𝐼 =
1

2
𝑛0𝜖0𝑐𝐸0

2                                    (2.62) 

 

the second term can be rewritten as: 

 

𝑃,(3)(𝑡) = 𝐼
3

2

1

𝑛0𝜖0𝑐
𝜖0𝜒

(3)𝐸0(𝑡)                      (2.63) 

 

This component has the same functional form of the first-order polarizability, but 

with an explicit dependency on the intensity of the electric field. Hence, we can define 

the refractive index of the material as a sum of a linear and a non-linear component: 

 

𝑛 = 𝑛0 + 𝑛2𝐼                           (2.64) 

The real part of  𝑛2 will be responsible for the Kerr effect, which is a dependency 

of the refractive index of the medium with the intensity of the incident light.49 The 

imaginary part will be responsible for the non-linear absorption of light, so the 

absorption coefficient is written as: 

 

𝛼(𝐼) = 𝛼0 + 𝛽𝐼     (2.65) 
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Taking the derivative of the Beer-Lambert law in a spectral region where there 

is no linear absorption (𝛼0 = 0), we have50: 

𝑑𝐼(𝑧)

𝑑𝑧
= −𝛽𝐼2(𝑧)             (2.66) 

 

Therefore, the absorption rate for the 2PA depends on the square of the pump 

intensity. The non-linear absorption coefficient (𝛽) can be related to the 2PA cross-

section as50: 

 

𝜎2𝑝 =
𝛽ℎ𝜈

𝑁
         (2.67) 

 

The unit for the 2PP cross-section is the GM, a reference to the Nobel-laureate 

physicist Maria Goppert-Mayer, who first predicted the 2PA phenomenon. The GM 

units are 10−50𝑐𝑚4. 𝑠. 𝑝ℎ𝑜𝑡𝑜𝑛−1 49.  

In a quantum mechanics approach, the nonlinear  absorption can be interpreted 

as a multiphoton absorption, where two photons with individual energies not high 

enough to promote an electronic transition are absorbed in a single quantum act, such 

that their added energies is sufficient to promote the transition, as depicted in Fig. 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 - a) Schematics of the linear absorption, where one single photon promotes an electronic 
transition, and the 2PA, where two photons with half the required energy to promote the 
transition act together to promote an electron to the excited state. b) On the left, there is 
an example of linear absorption, where the induced fluorescence by the pump laser can 
be observed in all the light path. On the right, there is an example of non-linear 
absorption, where the fluorescence is observed only at the focal point, and the pump 
photons have lower energy than the fluorescence photons. 

Source: Adapted from TOMAZIO44 
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The probability for the 2PA to occur is much lower than the linear absorption, 

and can only be observed at high intensities of the EM field. In fact, the 2PA cross-

section of most molecules is on the order of GM. We can estimate the order of 

magnitude of 𝛽 (unit of 𝑐𝑚.
𝑠

𝐽
) for a transition with an energy equivalent of a photon with 

a wavelength of 1𝜇𝑚 (ℎ𝜈 ≈ 10−19𝐽), and with a concentration of absorbers (𝑁) on the 

order of 1 Mol/L: 

 

𝛽 = 1020 (
𝑝ℎ𝑜𝑡𝑜𝑛

𝑐𝑚3
)10−50(𝑐𝑚4. 𝑠. 𝑝ℎ𝑜𝑡𝑜𝑛−1)1019 (

1

𝐽
) = 10−11𝑐𝑚.

𝑠

𝐽
 

 

Hence, intensities in the order of 108 𝑊

𝑐𝑚2 are necessary for the nonlinear process 

to become comparable to the linear one. The first observation of the 2PA phenomenon 

was in 1961, one year after the first demonstration of a laser source.38 

 

2.6 Two-photon polymerization 

 

Two-photon polymerization is a versatile DLW technique that exploits the non-

linear absorption of a photoresist to fabricate 3D structures with sub-wavelength reso-

lution. The photoresist, a light-sensitive material that hardens when exposed to specific 

wavelengths, is a mixture of monomers (building blocks for the polymer) and a pho-

toinitiator. When the photoinitiator absorbs light, it triggers the polymerization process 

by forming free radicals that break the double bonds in the monomers, generating ac-

tive centers for the polymer chain formation50. This process is illustrated in Fig. 2.7.  
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When the photoresist is irradiated with a pulsed laser focused by a microscope 

objective, in a spectral region where the photoinitiator will only present nonlinear ab-

sorption, it is possible to adjust the laser intensity so that the 2PA will occur only in the 

focus, hence limiting the polymerization process to a small volume in the photoresist. 

  

The smallest polymerized structure is called a voxel, and its size and shape are 

determined by the laser properties and objective numerical aperture (NA). Given the 

intensity of a Gaussian beam41: 

𝐼(𝑟, 𝑧) = 𝐼0 (
𝑤0

𝑤(𝑧)
)
2
𝑒

−2(
𝑟

𝑤(𝑧)
)
2

    (2.68) 

 

where 𝑤0is the waist at the focus, defined as the distance from the center in which the 

intensity decays by a factor of  𝑒−1, 𝐼0 is the peak intensity, r and z are the radial and 

progation coordinates, and: 

 

𝑤(𝑧) = 𝑤0
2 [1 + (

𝑧

𝑧0
)
2
]
1/2

                                   (2.69) 

 

     

with the definition41:  

Figure 2.7 - Schematics of the photopolymerization process. 

Source: Adapted from TOMAZIO38 
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𝑧0 =
2𝜋𝑤0

2

𝜆
                    (2.70) 

 

We can write 𝑤0 as a function of the objective NA50: 

 

𝑤0 =
𝜆

𝜋𝑁𝐴
√𝑛2 − 𝑁𝐴2      (2.71) 

 

where 𝑛 is the refractive index of the medium, and 𝜆 the wavelength. 

Since the nonlinear process will occur only above a given intensity threshold 

(𝐼𝑡ℎ), and accounting that the two-photon absorption is, in fact, proportional to the 

square of the intensity (Eq. 2.66), we can estimate the radius (𝑅𝑣) and length (𝐿𝑣) of a 

voxel from Eq. 2.68 as: 

𝐼2(𝑟, 𝑧 = 0) = 𝐼𝑡𝑠ℎ
2 = 𝐼0

2𝑒
−4(

𝑅𝑣
𝑤0

)
2

              (2.72) 

𝑅𝑣 =
𝑤0

2
√𝑙𝑛

𝐼0

𝐼𝑡𝑠ℎ
                   (2.73) 

and: 

𝐼(𝑟 = 0, 𝑧) = 𝐼𝑡𝑠ℎ
2 = 𝐼0

2 (
𝑤0

2

𝑤(𝑧)2
)
2

= 𝐼0
2 1

[1+(
𝐿𝑣
2𝑧0

)
2
]
2          (2.74) 

𝐿𝑣 =
4𝜋𝑤0

2

𝜆
√(

𝐼0

𝐼𝑡ℎ
)

1

2
− 1          (2.75) 

 

Hence, one can note that 𝐿𝑣 has a quadratic dependency on 𝑤0, while 𝑅𝑣 has a 

linear dependency. Also, the increase of 𝐿𝑣 with the ratio (
𝐼0

𝐼𝑡𝑠ℎ
) is slower as compared 

to 𝑅𝑣. 

For a microscope objective of NA = 0.25, it is possible to estimate the pixel size 

as a function of the proportion  
𝐼0

𝐼𝑡𝑠ℎ
. The results are presented in Fig. 2.8. For a 

reasonable proportion of 1.25, the voxel has a diameter of approximately 0.2 µm and 

a height of 5 µm, considering a 0.25 NA objective and laser excitation at 800 nm. 

It is possible to relate 𝐼0 with the laser parameters pulse duration and repetition 

rate, and the mean power obtained by a power meter. Considering a beam with a 

Gaussian profile, its power is given by51: 
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𝑃 = 𝑃𝑝𝑒𝑎𝑘𝑒
−4𝑙𝑛2(

𝑡

𝜏𝑝
)
2

𝐽 𝑠⁄      (2.76) 

 

The energy per pulse can be estimated as: 

 

𝐸𝑝 =
𝑝

𝑓
                   (2.77) 

 

where 𝑓 is the laser repetition rate and  𝑝 is the average power, measured by a power 

meter. 

Since 𝐸𝑝 = ∫ 𝑃𝑑𝑡, the peak power as a function of the temporal width is: 

𝑃𝑝𝑒𝑎𝑘(𝜏𝑝, 𝑓) =
𝑝

𝜏𝑝𝑓
√

4𝑙𝑛2

𝜋
               (2.78) 

 

Finally, the peak intensity can be approximated considering a circular area of 

radius 𝑤0: 

𝐼0 =
𝑃𝑝𝑒𝑎𝑘

𝜋𝑤0
2                                                   (2.79) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 - a) Dependency of the voxel diameter (blue) and height (orange) with the ratio of 
the threshold intensity and excitation laser intensity. b) Voxel cut in the (x,z) plan 
as a function of 𝐼0. 

Source: By the author 
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3 Experimental methods 

 

3.1 Two-photon polymerization setup 

 

The two-photon polymerization setup consists of a Ti:Sapphire oscillator 

delivering 100 fs pulses centered at 780 nm, at an 86 MHz repetition rate. The laser is 

sent to a half-wave plate and a polarizer to control the intensity, then to a pair of 

galvanometric mirrors, and finally to a 0.25 NA microscope objective that focuses the 

beam into the sample. To perform the fabrication, a software controls the 

galvanometric mirrors, that define the x and y positions of the beam, and a motorized 

stage sets the z position of the sample.34–37 A schematic of the 2PP setup is depicted 

in Fig. 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 - Schematic of the setup used to fabricate the structures via 2PP. 

Source: TOMAZIO29 

 



48 

 

3.2 Fabrication methodology 

 

 In this work, we leverage a fabrication method demonstrated in previous 

works.38 This method involves building structures layer-by-layer using a vectorization 

strategy consisting of a superposition of concentric circles. This approach has been 

shown to be effective in achieving low surface roughness and high Q-factors for 

cylindrical structures. 

 The free parameters for the fabrication are the number of concentric circles, the 

final radius of a given layer, the radial increment of each circle, the number of layers in 

z-direction, and the step between layers. The first parameters determine the final 

radius of the structures, voxel (volumetric pixel) overlap in the radial direction, and the 

wall thickness for the cylindrical cavity. For instance, if we configure the final radius to 

be 30 μm, the number of concentric circles to be 5, and the radial increment to be 1 

μm, each layer will result in a hollow cylinder with an outer radius of 30 μm and wall 

thickness of approximately 5 μm. 

 The number of layers in the z-direction controls the height of the structure, and 

the step parameter defines the amount of voxel overlap, which is crucial to keep the 

resonator wall smooth. Figure 3.2 shows an example with different overlapping values. 

One can notice that for exceedingly large steps in the z-direction, the voxels will not 

overlap properly, resulting in rough surfaces that can scatter light and introduce optical 

losses. For an objective of 0.25 NA, it was experimentally observed that a step of 5 μm 

would provide a good voxel overlap, and hence smooth walls.38. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 -  Representation of a wall of a cylindrical structure in the z-direction, considering 
two different z-step parameter values. It is possible to note that a non-ideal 
parameter leads to a wall with high surface roughness, which can scatter light and 
introduce optical losses. 

Source: By the author 
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3.3 Photoresist preparation 

 

The photoresist consists in a mixture of dipentaerythritol pentaacrylate (SR399 

– Sartomer®) and tris(2-hydroxy ethyl)isocyanurate tryacrylate (SR368 – Sartomer®) 

monomers, at the proportion of 90/10, and 3% in excess weight of Lucirin TPO-L as 

the photoinitiator. The former, due to its long chains, provides flexibility to the final 

structures and reduces the inherent shrinkage of the fabrication process. The latter 

confers rigidity.50 The proportion of monomers has been optimized in previous works38 

for an optimum compromise between rigid structures and low shrinkage during the 

fabrication process. 

 To dope the photoresist, a solution of nanodiamonds in deionized water in a 

concentration of 1 mg/mL is incorporated into the monomers and photoinitiator, and 

the whole mixture is submitted to magnetic stirring at 50 °C until homogenization and 

complete evaporation of the deionized water. The mean diameter of the nanodiamonds 

is 40 nm, as informed by the vendor (Adámas Nanotechnologies).52  

To calculate the quantities of dopant to add in the mixture, we first determined 

the desired nanodiamond concentration in weight percent (wt%). Then, we weighed a 

drop of the photoinitiator, and the weight of each monomer is then determined to obtain 

a 90/10 SR399/SR368 with 3 wt% of photoinitiator. The weights are defined as: 

 

𝑤𝑡 =
𝑤𝑙

0.03
                                                           (3.1) 

𝑤399 = (𝑤𝑡 − 𝑤𝑙)0.1(3.2) 

𝑤368 = (𝑤𝑡 − 𝑤𝑙)0.9                                                (3.3) 

 

where 𝑤𝑡, 𝑤𝑙, 𝑤399 and 𝑤368 are, respectively, the total, Lucirin, SR399 and SR368 

weights. 

Subsequently, to obtain a given P proportion of nanodiamonds in wt%, the 

volume of solution (𝑉) to be added to the mixture is defined as: 

 

𝑉 = 𝑤𝑡 (
100

𝑃
− 1)

−1
                                                 (3.4) 

 

In this definition, 100 g of doped resist at a concentration of 1 wt% will consist 

of 1g of nanodiamonds and 99g of pure resist. 
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3.4 Tapered optical fiber preparation and coupling system. 

 

To analyze the quality factor (Q factor) of the structures, a 2 µm diameter 

tapered optical fiber is used to couple light from a tunable laser source into the 

resonators via evanescent wave.  

 For the tapering optical fiber fabrication, we follow the modeling proposed in 

ref.53, where we slowly stretch an optical fiber while keeping an approximately constant 

heat region. In this model, we assume that the total mass of the fiber is conserved. 

Considering an initial hot length 𝐿0 and that the fiber is stretched by a distance x, we 

define the final length of the taper as a constant region with size 𝑙𝑤, and two transition 

regions with length 𝑧0at each side of the constant zone. A schematic of this model is 

shown in Fig. 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Considering a constant heat zone (𝐿0), we have 𝐿 = 𝐿0 and 𝑧0 = 𝑥/2. In this 

case, the shape of the transition region is given by53: 

 

𝑟(𝑧) = 𝑟0𝑒
−

𝑧

𝐿0                                                      (3.5) 

 

 

 

Figure 3. 3 - Schematics of the tapered optical fiber model. 𝑟𝑤 is the taper radius, and 

𝑟0 the initial fiber radius. 
Source: BIRKS53 
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where 𝑟0is the length of the hot zone, and the final size of the tapered fiber is53: 

𝑟(𝑧 = 𝑧0) = 𝑟0𝑒
−

𝑥

2𝐿0                                                         (3.6) 

 

 

Hence, the final radius is a function of the hot zone length and the total stretched 

distance. 

 

The setup which implements this process consists of an oscillating flame, that 

creates an approximate homogeneous heat zone, and a steeper that is responsible for 

driving a pair of fiber supports apart, as depicted in Fig. 3.4. The free parameters are 

the total distance in which the fiber is stretched (x), and the length of the flame brushing 

(𝐿0). With this method, tapers with diameters on the order of 500 nm can be produced, 

as shown in Fig. 3.4 b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To promote the cavity-taper coupling, the setup depicted in Fig. 3.5 was 

assembled. This setup consists of a 3D stage, where the sample is positioned so that 

the structures are parallel to the floor. Another 3D stage is assembled over a rotatable 

stage, to control the position of the fiber and keep it aligned with the structures, so it 

Figure 3.4 - (a) Picture of the setup used to fabricate tapered optical fibers. (b) SEM micrograph 
of a fiber with radius below 1 µm. 

Source: By the author 
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does not hit the substrate before reaching the structure. The coupling procedure is 

imaged in real time with a stereo microscope and a CMOS camera. Images of this 

process are shown in Fig. 3.5(c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optical fiber is excited by a tunable infrared (IR) laser source, with resolution 

of 0.005 nm. Before reaching the tapered region, the fiber passes through an optical 

fiber polarizer, that induces birefringence by stress. After interacting with the structure, 

the transmitted signal is directed to a photodiode. The spectrum is obtained by 

sweeping the frequency of the tunable laser source, at first in a normalization run, 

where the fiber is not in contact with the resonator, obtaining a 𝐼0(𝜆) spectrum. Then, 

the resonator is put in contact with the tapered optical fiber, and another sweep is made 

to obtain a coupled transmittance spectrum 𝐼𝐶(𝜆). Finally, the transmittance is defined 

as 𝐼𝐶\𝐼0. The data acquisition process is automated. 

The light coupled is seen as a dip in the fiber transmitted spectrum, and the 

FWHM at each resonance is estimated through a Lorentzian fit: 

 

𝑇(𝜆) =
𝐼0

[1+
4(𝜆−𝜆0)2

𝛥𝜆2 ]
                                               (3.7) 

Figure 3.5 -  (a) Picture of the coupling system. (b) Zoom at the tapered 
optical fiber and sample. (c) Image of the fiber coupled 
structure. 

Source: By the author 
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 Experimentally, some resonances are not symmetric, hence the 𝛥𝜆 definition is 

given as follows. 37,54 

 

𝛥𝜆 =
2𝛥𝜆0

1+𝑒𝛼(𝜆−𝜆0)                                              (3.8) 

where 𝛼 is the asymmetric parameter, and 𝛥𝜆0 is the FWHM of a symmetric Lorentzian. 

The asymmetries can arise from two main factors: spectral position changes caused 

by rapid resonator heating (faster than the scan speed) or Fano resonances induced 

by the interaction with the tapered optical fiber. 

 

3.5 Confocal spectroscopy setup 

 

 To collect and analyze the nanodiamonds emission, a confocal fluorescence 

spectroscopy setup was assembled. The setup consists of a microscope objective that 

is used to both excite the sample with a diode laser emitting at 532 nm and collect its 

fluorescence. A dichroic mirror is used to separate the excitation light from the 

fluorescence, which is then sent through a flip mirror. When the flip mirror is lifted, the 

signal is directed to a CMOS camera, to obtain a real-time image of the sample. Before 

reaching the camera, a pinhole is placed at the focus of the signal to cut out-of-focus 

light and establish a confocal configuration, achieving a better spatial resolution. To 

observe the nanodiamonds fluorescence, it is necessary to keep the integration time 

of the camera around 100 ms. A picture of the system is presented in Fig. 3.6 
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 When a fluorescent spot is located, the flip mirror is lowered, so the signal is 

collimated and focused on an optical fiber via a microscope objective. The optical fiber 

is either connected to a spectrometer, for fast analysis, or to a monochromator (1800 

lines/mm grating), for higher spectral resolution. In the latter, the spectrally separated 

light is sent to a photomultiplier tube. A chopper and lock-in amplifier are used to 

increase the signal to noise ratio. A schematic of this setup is presented in Fig. 3.7.  

 

 

 

 

  

 

 

 

Figure 3.6 - (a) Picture of the laser path (represented in green) to the objective in the confocal 
spectroscopy system. (b) Picture of the signal path to the CMOS camera (right) 
and to the optical fiber (left). (c) Typical images taken by the system, where the 
nanodiamond fluorescence can be seen as a small white spot. 

Source: By the author 
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One important consideration is the integration time used in the lock-in amplifier. 

As can be observed in Fig. 3.8, for a given lock-in integration time, the signal takes 

about 4 times this integration time to fully decay. Therefore, to avoid crosstalk between 

adjacent measurements and ensure a spectrum with high resolution, after changing 

the wavelength at the monochromator it is necessary to wait for this decay time before 

reading the lock-in signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 - Schematics of the setup used to localize the nanodiamonds and 

measure the fluorescence of the NV color centers in the 
microresonators. 

Source: By the author 

Figure 3.8 - Decay time of the lock-in signal for different integration times. 

Source: By the author 
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Another important issue is to compensate the transmission of the dichroic 

mirror. Since it is a thin film dielectric mirror, its transmittance spectrum presents a 

characteristic modulation, as shown in the inset of Fig. 3.9. As one can observe, the 

raw signal will have distortions due to the mirror transmittance, that must be 

compensated to obtain the real signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The data acquisition process is automated; thus, the monochromator sweeps 

the fluorescence at a given spectral region, with a predetermined step, and the signal 

from the lock-in amplifier is collected after the appropriate time as discussed above, 

and compensated by the mirrors transmittance. 

To further confirm the presence of the nanodiamonds in discrete positions in the 

structures, Raman and photoluminescence measurements were carried out with a 

LabRAM equipment, using 532 nm and 633 nm excitation wavelengths, and a 100 x 

objective to focus the laser. Also, laser scanning microscope (LSM) measurements 

were carried out to map the nanodiamonds in a broad area. 

 
 
 
 
 

Figure 3.9 -  In black, the raw spectrum presenting distortions due to the transmittance of the dichroic 
mirror (inset). In red, the processed data that compensates for the mirror transmittance. 

Source: By the author 
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4 Nanodiamond doped structures fabricated via Two-Photon Polymerization 

 

4.1 Doped photoresist Characterization 

 

 Different concentrations of doped photoresist were prepared. Figure 4.1 shows 

the visual characteristics for different concentrations of UV-cured photoresist, where it 

is possible to observe high scattering for high concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Thereafter, the fluorescence of the UV-cured doped photoresist was analyzed 

for different nanodiamond concentrations. A reference spectrum was obtained by 

analyzing a drop of the nanodiamond solution on a substrate. It is possible to observe 

in Fig 4.2 that the emission spectrum of the nanodiamonds in bulk photoresist overlaps 

with the emission spectrum of the residual photoinitiator, so only at high concentrations 

(0.5 wt%) can the characteristic NV spectrum be distinguished. Although this is an 

issue for bulk photoresist, it is less relevant for the microstructures, as the amount of 

polymer irradiated is lower than that irradiated from the bulk. Furthermore, due to the 

nonlinear nature of the 2PP process, the photoinitiator in the fabricated microstructures 

is expected to be consumed more efficiently than in the UV-cured bulk photoresist. To 

improve the nanodiamond signal, a high numerical aperture objective is used in 

conjunction with a pinhole placed at the focal point before coupling the fluorescence to 

the optical fiber. This configuration minimizes the out-of-focus signal, which is primarily 

unwanted photoresist fluorescence. 

Figure 4.1 –  Drop of UV cured photoresist doped with different 
concentrations. 

Source: By the author 
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 As a reference, Fig 4.3 shows the emission and absorption spectrum of  

the nanodiamonds solution, as given by the vendor. 52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 - Fluorescence spectrum of the photoinitiator, bulk resist for different concentrations 

and nanodiamonds dispersed in a glass substrate. 
Source: By the author 

 

Figure 4.3 - Absorption (green) and emission (red) spectrum of the 
nanodiamonds, as reported in reference52. 

Source: By the author 
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The losses induced by the presence of the nanodiamonds were investigated 

with absorbance measurements, carried out in 0.5 mm thickness films of UV-cured 

photoresist, and the absorption coefficient was determined through Beer-Lambert law. 

In the results presented in Fig. 4.4, one can note that the doped photoresists have a 

general offset compared to the pure one, showing no features of the absorption of the 

NV color center (Fig. 4.3). Therefore, the losses are attributed mainly to scattering of 

the nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

To investigate the feasibility of the fabrication with the doped photoresist, we 

attempted to produce cubic structures with different concentrations, and analyze each 

structure through SEM micrographies, and investigate the presence of nanodiamonds 

through Raman and confocal spectroscopy. As can be seen in Fig. 4.5, for 

concentrations of nanodiamonds above 0.5 wt%, the structures cannot be fabricated. 

For lower concentrations, although the 2PP fabrication is achieved, there is a high 

presence of agglomerates. The presence of NV centers within the agglomerates is 

confirmed using both fluorescence spectroscopy and Raman spectroscopy, as detailed 

in Fig. 4.5. 

 

 

Figure 4.4 - Absorption coefficient of the pure photoresist (orange line) and of the photoresist 
doped with nanodiamonds at the proportion of 0.02 wt% and 0.002 wt%. 

Source: By the author 
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 To estimate the nanodiamond distribution in the resist, a film doped at 0.002 

wt% was fabricated via spin-coating. The film was irradiated with green light 

illumination focused by a 40x objective in a confocal microscope, and the signal was 

integrated for 60 seconds after passing through a low-pass filter, to form the image 

presented in Fig. 4.6(a), where several fluorescent spots are observed. Additionally, 

ODMR measurements at zero field were carried out in the same film, where the typical 

contrast centered at 2.87 GHz resonance can be seen in Fig. 4.6(b). The two dips, 

separated by 16 MHz, indicate that the degenerate state of the 𝑚𝑠 ± 1 spin projections 

are lifted, which can be attributed to strain in the diamond lattice. This splitting agrees 

with results obtained in the literature for nanodiamonds,55 and its value is lower than 

Figure 4.5 - (a) Cubes fabricated with doped photoresist with different 
concentrations. (b) Photoluminescence and Raman (inset) spectrum 
of an agglomerate, where it is possible to observe the NV PL 
spectrum and the Raman line of the pristine diamond lattice around 
1333 cm-1. 

Source: By the author 
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those reported for bulk diamond processed by femtosecond-laser sources,46 indicating 

that the polymeric matrix is not inducing additional strain or surface effects into the NV 

centers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Cylindrical resonators 

 

Firstly, the quality of the resonators as a function of the concentration of 

nanodiamonds in the photoresist was investigated. Scanning electron microscopy 

(SEM) was used to analyze the fabricated resonators qualitatively. As discussed 

before, for concentrations of 0.5 wt%, the fabrication via 2PP was not achieved. For 

concentrations ranging from 0.01 wt% to 0.05 wt%, fabrication is possible, but the final 

structures are not well formed and present many agglomerates, which can compromise 

their performance for applications in photonics and quantum optics. For proportions 

lower than 0.01 wt%, the fabrication of clean and well-formed cylindrical structures was 

achieved. Some of these structures, with different proportions of dopants, are 

presented in Fig. 4.7. 

 

 

 

Figure 4.6 - (a) Fluorescence image of a film of photoresist obtained under green light 
illumination. (b) ODMR spectrum at zero-field for the same film. 

Source: By the author 
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 To further confirm the presence of nanodiamonds in specific locations in the 

resonators, Raman spectroscopy measurements were carried out in a previously 

characterized resonator, doped with a concentration of 0.002 wt%. The excitation was 

set at 633 nm, to avoid the fluorescence of the NV centers. As depicted in Fig. 4.8, the 

measurements were carried out in two different locations, one where a fluorescence 

spot was previously found with the confocal setup presented in Chapter 3.5, and the 

other in a neighboring location, where no fluorescence was detected (blue line – 

Fig.4.8(a)). Figure 4.8(b) illustrates the position in which each Raman spectrum was 

measured. As seen in Fig. 4.8(a), the Raman spectra are similar for both points (due 

to polymer bands) except for a small band at 1332 cm-1 (magnified in the inset of Fig. 

4.8(a)), characteristic of the pristine diamond atomic lattice,56 which is only visible at 

the point where the fluorescence was previously found.   

 

 

 

 

Figure 4.7 - SEM micrography of cylindrical microresonators fabricated with photoresists doped 
with different proportions of nanodiamonds. 

Source: By the author 
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To analyze the performance of these structures as resonant cavities, their Q 

factor was studied in the near-infrared region using a tapered optical fiber and a tunable 

laser source, as described in chapter 3.4. In Fig.4.9(a), one can observe a broadening 

in the WGM resonances of the cylindrical resonators when the concentration of dopant 

is increased, as well as a decrease in the number of visible resonances.  

Figure 4.9(b) shows the dependence of the average Q factor on the 

nanodiamond content, considering the five most intense resonances for each 

concentration, where a rapid decay of the Q factor with the increase of the dopant in 

the photoresist can be seen. Hence, for high concentrations, the Q factor may be too 

low for most applications. On the other hand, for concentrations of 0.005 wt% and 

0.002 wt%, it is possible to achieve a Q factor that is less than one order of magnitude 

lower than for the non-doped ones, and close to the theoretical maximum value 

estimated for this photoresist, around 105 37, as shown by the inset in Fig. 4.9(a).  

  

 

Figure 4.8 - (a) Raman spectra for two different points in a resonator doped with 0.002 wt% of 
nanodiamonds. The inset displays a zoom-in of the diamond peak at 1332 cm-1, 

only in the point where the fluorescence was found. (b) Image from the setup 
depicted in Fig.9, while the fluorescent nanodiamond is excited with a 532 nm 
laser source focused with a 100 × microscope objective, illustrating the positions 
in which the Raman spectra were measured. 

Source: By the author 
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To estimate the position and number of emitters in the resonators and collect 

their emission spectra, the confocal setup depicted in Chapter 3.5 was used to sweep 

the structures and map the positions where the NV color center fluorescence was 

located. For concentrations of 0.01 wt% and above, points with fluorescent spots can 

be easily found in many locations in the structure's volume. For concentrations of 0.005 

wt% and below, almost all studied structures present one to three emitters. It is worth 

noting that, according to the nanodiamonds vendor, the NV color centers are present 

in about 70% of the nanoparticles.52 Figure 4.9 shows an example of a structure doped 

with a concentration of 0.002 wt%, where three fluorescent points were located (Fig. 

4.9(a)), as well as one fluorescence spectrum (Fig. 4.9(b)). The Q factor for that 

specific resonator was also measured, and it is on the order of 104. Therefore, for many 

applications, the concentrations of 0.005 wt% and 0.002 wt% may be the best options 

since they present a real likelihood of finding at least one emitter per structure, while 

maintaining a Q factor greater than 104. To validate these results, laser scanning 

microscopy measurements were also carried out. In Fig. 4.10, it is possible to observe 

a) b) 

Figure 4.9 - (a) Spectra of resonances for resonators doped with different nanodiamond 
concentrations. In the inset, an example of a resonance modeled as an 
asymmetric Lorentzian function to estimate its Q factor. (b) Mean Q factor as a 
function of dopant concentration. 

Source: By the author 
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three emitters in the volume of a single resonator doped in a proportion of 0.002 wt%, 

which agrees with the measurements shown in Fig. 4.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 - (a) LSM micrography of three resonators doped with 0.02 wt%. b) 
LSM micrography of the top plane of one resonator doped with 0.002 
wt%. (c) 3D image obtained via LSM where it is possible to observe 
the three fluorescent spots depicted in (b) at the volume of the 
resonator. 

Source: By the author 

 

 

Figure 4.10 -  (a) Fluorescence spectrum of a NV center inside a resonator. (b), Nanodiamond 
emission in three different spots of a single microresonator. 

Source: By the author 
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To obtain a PL spectrum with better signal and spectral resolution, the same 

setup used to perform Raman spectroscopy (LabRAM) was used to measure the 

fluorescence of the nanodiamond, at the same points where the Raman 

measurements were carried out, using a 532 nm laser source. We can see in Fig. 4.12 

that the NV PL spectrum is present only in the point where the Raman signal of 

diamond is observable (blue line) and absent in the neighboring point. In Fig. 4.12, the 

broad background that corresponds to the NV center emission can be seen, similar to 

the one presented in Fig. 4.10, as well as the Raman peaks of the polymer (575, 577, 

583, 625 - 639 nm). Superimposed to this background, low-Q oscillations that are 

attributed to Fabry-Perot transverse modes along the microring diameter can be seen, 

with a FSR of approximately 11 nm and FWHM of 5 nm. Such FSR would be expected 

for a Fabry-Perot cavity of 29 µm, which corresponds to the resonator diameter (30 

µm). As for the NV center emission coupled into the ring resonator modes, in principle 

a fraction of them would be scattered or radiated into the spectrometer objective and 

would appear as sharp peaks separated by about 3 nm, considering the lower radial 

orders of a cylindrical resonator with radius of 15 µm and refractive index of 1.5 57. The 

absence of these peaks is further discussed in Chapter 6. 

 

 

 

 

 

 

 

 

Figure 4.12 - Photoluminescence measurements carried out with the LabRAM equipment at two different 

points of the structure. In the blue line, the PL signal of the NV center is observable, 
decorated with the Raman signal of the host material and other modulations in the PL 
spectra, induced by the resonant cavity. 

Source: By the author 
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5 Cavity engineering for color-center interaction in SiC 

 

5.1 Introduction 

 

 Another relevant material for quantum technologies applications is Silicon Car-

bide (SiC), a technologically mature semiconductor that hosts a diverse family of spin-

active point defects (color centers), which exhibit high coherence times. However, their 

brightness is often limited by shelf state transitions. Additionally, due to vibrational in-

teractions with the crystal lattice, spin-conserving transitions typically constitute a small 

fraction of the overall emission. To address these challenges, integrating these quan-

tum emitters into photonic cavities becomes imperative to leverage the Purcell effect 

(Eq. 2.56). 

 In this chapter we will discuss the work done during an internship at Prof. Evelyn 

Hu group at Harvard University, where we explored the design of nanophotonic cavities 

for efficient cavity-emitter coupling of color centers in 4H-SiC. We will start by present-

ing the nature of 1D photonic crystal cavities, which are the main object of this chapter. 

Next, we will discuss the numerical methods used to simulate and optimize such struc-

tures. Finally, we will discuss the design process and results of the crossbeam and the 

‘sawfish’ nanocavities. 

 
5.2 1D photonic crystal cavities 

 

 Photonic crystals are periodic structures with unit cells at scales close to the 

wavelength of light. Under these conditions, Bloch modes of EM waves can propagate 

through the periodic medium without scattering. Due to this periodicity, the allowed 

frequencies for the Bloch modes form a discrete set. A typical band diagram 

(wavevector as a function of frequency) of a photonic crystal is shown in Fig. 5.1. It is 

important to note that such band diagrams only need to be calculated in the first 

irreducible Brillouin zone. This zone represents the boundaries of the first unit cell in 

the reciprocal space, which is a transformation of real space but uses wavevectors 

instead of positions. The first irreducible Brillouin zone has the smallest rotational 

symmetry among all Brillouin zones.58 
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It may happen that, for a given range of frequencies, no solution exists for a 

propagating wave, as can be seen in Fig. 5.1. In such conditions, the medium is 

perfectly reflective for EM waves at these frequencies, forming what is called the 

photonic bandgap. If one adds a point defect in a perfect crystal lattice, it will create 

new energy states within the crystal's bandgap, and hence confine light at frequencies 

within the photonic bandgap. 

At first glance, a 3D photonic crystal, a structure periodic in all three dimensions, 

would be necessary to form a cavity. Such structures, however, are very complex to 

fabricate. As an alternative, 2D and 1D photonic crystals have been explored to form 

cavities,59 in which the confinement at the non-periodic directions is due to total internal 

reflection.  

 Considering the simplicity of fabrication, high-quality factors and tight 

confinement of the EM mode, 1D photonic crystals have recently attracted more 

attention for use in emitter-cavity coupling applications.4,27,60–62 The traditional 

structure, often called nanobeam cavity, consists of a slab waveguide with hole unit 

cells inscribed.60 As can be seen in Fig. 5.2, a stack of unit cells at each side will act 

as Bragg mirrors and promote the confinement in the x-direction. In the central part of 

the structure, there is a tapered region where the unit cells parameters are adiabatic 

Figure 5.1 -  Band diagram of a 2D photonic crystal presenting a complete bandgap. In 

the inset, representation of the first Brillouin zone, and in blue, the 
irreducible Brillouin zone. 

Source: JOANNOPOULOS et al.58 
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changed to slowly move the bandgap position, forming a cavity region to accommodate 

the EM mode at the desired frequency.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A straightforward approach to creating a cavity might involve simply removing 

the unit cells at the center of the structure. However, this abrupt change in the 

periodicity would lead to light scattered in the free space, since it would be prone to 

generate components in the frequency domain with k-vectors that do not fulfill the 

conditions for the total internal reflection at the non-periodic interfaces63. On the other 

hand, a gentle envelope of the EM field avoids the generation of components with low 

k-vectors, as illustrated in Fig. 5.3, greatly improving the cavity Q-factor.  

 

 

 

 

 

 

Figure 5.2 - (a) xy view of a typical nanobeam photonic cavity, depicting 

the mirror and taper regions. (b) Electric field profile at the 
xy and plane. (c) Field profile in the xz plane. 

Source: BRACHER62 
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5.4 The Finite-Difference Time Domain (FDTD) method 

 

 Due to the high parameter space of typical nanocavities, combined with the cost 

and time expenses of fabrication, it is not practical to optimize such devices in a try-

and-error approach. Instead, it is useful to numerically solve Maxwell equations to find 

optimal parameters for a given structure. A common method to achieve this is the 

Finite-Difference Time Domain (FDTD) method, which consists of numerically solving 

the Maxwell equations using the Finite-Difference method, explicitly calculating its 

evolution in time with small steps.64 

 The FDTD method consists in discretizing the computational volume in a 

uniform grid, and solving the time domain evolution of the fields: 

 

𝜕𝑩

𝜕𝑡
= −∇ × 𝑬 − 𝑱𝑩        (5.1) 

𝜕𝑫

𝜕𝑡
−= ∇ × 𝑯 − 𝑱        (5.2) 

where 𝐽𝐵 is an artificial magnetic current, useful for magnetic dipole sources. 

Figure 5.3 -  (a) Simplified model of a cavity formed by perfect mirrors. (b) The electric field inside such 

cavity, where the abrupt change in the electric field leads to leak components in the FT 
spectrum shown in (c). (d) Electric field profile with a gentle envelope function, suppressing 
the leak components in the frequency spectrum (e). 

 Source: GERSHGORE63 
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FDTD simulations have some advantages over other methods, namely Finite-

element methods (FEM), such as a high parallelization, less memory consumption (as 

it does not rely on linear algebra), and can naturally handle non-linear materials.65 

 Another feature of FDTD is the possibility of obtaining the frequency domain 

fields over a broad spectral region in a single run, by the Fourier transform of the time 

domain fields. This is particularly interesting for simulating resonant cavities as one 

cannot know beforehand what would be the exact resonant frequency after changing 

cavity parameters. Hence, one can excite a resonator with a broad Gaussian pulse 

and analyze the resonances in the frequency domain. However, there is one sublet: 

The Fourier transform of the time-domain fields would only be equivalent to the 

frequency domain fields in the limit that all field components go to zero. As an example, 

it is known that the Fourier transform of an exponential decaying oscillating field is a 

Lorentzian curve. On the other hand, for a truncated field, the Fourier transform 

becomes a Sinc function, as can be seen in Fig. 5.4, where the side oscillations in 

frequency domain are artifacts due to the truncated fields. As running simulations until 

the fields totally decay is unpractical for resonant cavities, the Fourier transform is not 

an appropriate method to calculate the Q-factors. Also, care must be taken to calculate 

other quantities, such as the mode volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 - Time and frequency domain spectrum of a full (orange) and truncated (blue) 

exponential decaying signal. 
Source: By the author 
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 For the Q-factor calculation, it is preferable to use the Harmonic-inverse 

algorithm66, which assumes that the signal is an exponential decaying field, and 

decompose it as a discrete series of exponential components, with the form of: 

 

𝐸(𝑡) = ∑ 𝑒−𝑓𝑖𝛼𝑖
𝑖              (5.3) 

 

where 𝑓𝑖 is the resonant frequency for a given component, and the Q-factor can be 

derived from the decaying constant 𝛼. Different from a Fourier transform, which is a 

generic approach, the Harmonic-inversion algorithm makes a strong assumption about 

the fields and can yield accurate results with less data points. To ensure that the signal 

will fall under the algorithm hypothesis and achieve accurate results, it is necessary to 

start the analyses after the full decay of the source. 

 An alternative method for Q-factor calculation is to accumulate the fields in all 

simulation volume at the final steps and calculate the flux leaving the simulation domain 

in all its 6 faces, during a time window equivalent to one oscillating period. The total 

energy is calculated as the temporal mean: 

 

𝑈 =
1

Δ𝑇
∫|𝐸(𝑡)|2𝑑𝑡          (5.4) 

 

and the Q-factor can be directly calculated by its definition: 

 

  𝑄 = 2𝜋𝜈
𝑈

𝑈𝑙𝑜𝑠𝑡
                                 (5.5) 

 

 Although this method is more computationally expensive than the harmonic 

inversion algorithm, as it needs to accumulate field data in all simulation domain for 

several time steps, while the harmonic inversion algorithm only demands a 1D field, 

this approach allows one to estimate the directional Q-factors, and hence gather 

information about what directions are the main source of losses. As an example, if the 

main source of losses is in the x-direction, a simple increase in the number of mirror 

unit cells can be enough to greatly improve the Q-factor. Also, some applications, such 

as tapered fiber coupled cavities,4 demands cavity engineering to direct losses to the 

optical fiber. A third time-domain method for Q-factor calculation is to directly fit the 

exponential envelope of the decaying field. Although this method yields similar results 
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to the harmonic inversion, its implementation is complex and offers no advantage. 

Figure 5.5 shows a benchmark of the three methods. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 For mode volume calculation, the temporal mean of the fields is computed at 

the end of the simulations (eq. 5.4), and the definition of Eq. 2.46 is calculated. 

 Finally, it is important to define the boundary conditions (BC) to truncate the 

simulation space to a limited volume. To simulate open boundaries, it is necessary to 

have a computational domain where the EM wave is fully absorbed without reflection 

before reaching a perfect electric or magnetic boundary, which would reflect incident 

EM fields. This is achieved by the Perfect-Matched Layer (PML), an artificial medium 

that absorbs EM radiation without reflection. A simple implementation involves adding 

a stretch factor (𝑠(𝑥)) in the wave equation, so it becomes: 

 

[(
1

𝑠(𝑥)

∂

∂x
)
2

+
∂2

∂y2 +
∂2

∂z2 −
1

𝑐2

𝜕2

𝜕𝑡2]𝐸 = 0                              (5.6) 

 

where: 

𝑠(𝑥) ≡ 1 + 𝑖
𝜎

𝜔𝜖0
, 𝑥 > 0                                            (5.7) 

 

Figure 5.5 - Comparison of the Q-factor calculation of three different methods. 

Source: By the author 
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Considering the simple case of a plane wave, we have: 

 

𝐸(𝑥) = 𝑒𝑖(𝒌.𝒓−𝜔𝑡)𝑒
−

𝜎

𝑐𝜖0
𝑥
                                        (5.8) 

 

 So, inside the PML region, there is an exponential decaying term independent 

of the frequency and incidence angle, as illustrated in Fig 5.6: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, it is important to note that the PML is perfect only in the limit of a 

continuous grid, so the discretization adds spurious reflections, which must be 

mitigated by adding multiple layers of PML, as well as a tapered 𝜎(x) factor.67 Also, the 

PML implementation previously presented will only absorb propagating fields. Although 

there are more complex implementations that can handle evanescent fields,67 it is good 

practice to place the structures at enough distance from the PMLs. 

 Another important BC is the Bloch periodic boundary condition. This technique 

involves copying the fields from the opposite boundary, but with a specific phase shift 

to account for the wave's angle of incidence. This ensures that the wave leaving one 

boundary seamlessly re-enters from the opposite boundary, mimicking an infinite 

periodic system. Bloch periodic boundary conditions are particularly useful for 

simulating plane waves propagating with some given angle, and band-diagram 

simulations. 

Figure 5.6 - Example of an angled plane wave incident in a PML layer (x > 0). 

Source: By the author 

 



75 

 

5.3 Double nanobeam cavity optimization 

 

 As the Purcell effect can enhance the emission at a sharp spectral band, it be-

comes a valuable tool for resolving a specific defect from a broad emission spectrum 

composed of many emitters. Given that many defects are only bright in a specific 

charge state, leveraging the Purcell effect offers a valuable resource for studying the 

charge dynamics of these emitters. In particular, the VSi color center in 4H-SiC exhibits 

a bright state only in the VSi
- charge state, while the VV defect is bright only in its neutral 

state. This phenomenon has been explored in different papers,68-69 where variations in 

the fluorescence intensity of VSi color centers over time were observed under continu-

ous light excitation, as depicted in Fig. 5.7: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 From Fig. 5.7, one can observe an enhancement in the emission of the Vsi 

center until a saturation point, which is reached more rapidly under green illumination. 

A hypothesis for this behavior is that the illumination may promote electrons from other 

defects into the conduction band. These electrons are then captured by neutral Vsi 

centers, whose energy is close to the SiC valence band, causing them to transition 

from a dark state to a bright state. The faster saturation time observed with the green 

laser can be understood by referring to the energy diagram of defects within the 

bandgap of SiC, as illustrated in Fig. 5.8: 

 

Figure 5.7 - Fluorescence over time under continuous red (A) and green(B) illumination.  

Source: Adapted from GADALLA 69 
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From the diagram, it is noticeable that laser irradiation at 532 nm provides 

enough energy to ionize more defects than irradiation at 785 nm, thereby explaining 

its faster saturation time. One way to directly investigate this mechanism can be 

realized with a cavity having two resonances in the same mode volume, allowing for 

the monitoring of fluorescence dynamics from two defects simultaneously. One 

potential structure for this purpose is the "crossbeam" cavity, comprising two 

orthogonal nanobeam cavities that are independently tuned. While feasible, designing 

this structure is not trivial, given that each nanobeam represents a potential leakage 

path for the other. 

 This structure has been previously studied, and one approach to mitigate leak-

age from the orthogonal cavity involves using square holes instead of the traditional 

elliptical holes found in nanobeam cavities.62 This modification allows for a larger die-

lectric-air region, facilitating better light confinement. While progress has been made, 

as illustrated in Fig. 5.9, achieving a deterministic method for tuning the cavities to 

specific wavelengths while maintaining reasonable Q factors remained challenging. It's 

noteworthy that inverse design approaches were also explored (Fig. 5.9(b)), and alt-

hough successful in tuning the cavities, Q factors were insufficient for practical exper-

imental applications.  

 

Figure 5.8 - Energy diagram for different color centers in 4H-SiC, within the bandgap of the sem-
iconductor. 

Source: Adapted from GADALLA 69 
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To further improve the Q-factors and tunability of such structure, FDTD solvers 

were employed to simulate the cavities, and computational algorithms were explored 

to automatically search for optimal parameters, enabling the tuning of the cavities for 

specific wavelengths, particularly 916 nm (VSi) and 1074 nm (VV). 

 The first step involves optimizing independent nanobeam cavities for the desired 

wavelengths. To achieve this, we begin by optimizing the unit cell parameters to obtain 

a large photonic bandgap centered at the desired resonant frequency. We simulate a 

single unit cell with Bloch periodic BC in the x-coordinate (the direction of periodicity) 

and PML BCs in the other directions. To excite a broad range of modes, 5 point-dipoles 

are randomly distributed within the computational volume. Additionally, five field mon-

itors are also randomly placed to collect the fields and retrieve the resonances. Figure 

5.10 shows a typical resonance map for a 1D-photonic crystal. Here, we can observe 

the Bloch modes below the air cone and the bandgap at the edge (last point) of the 

Brillouin zone. To reduce computational cost and simplify the analysis, during optimi-

zation steps only the resonances at this last point are calculated. 

Figure 5.9 - (a) SEM micrography and photoluminescence spectrum and of a crossbeam de-
signed with forward design. (b) Photoluminescence spectrum of the cavity pre-
sented in (a). Q factors are on the order of 2,000. (c) SEM of a crossbeam de-
signed with inverse design. (d) Spectrum of the cavity presented in (c). Q factors 
on the order of 500. 

Source: Adapted from BRACHER 62 
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The next step consists in optimizing the tapered region of the resonator, which 

is a region where the unit cells are gently modified, to slowly detune the photonic 

bandgap, forming a cavity region. As shown in Fig. 5.11, the dimensions and lattice 

constant of the unit cells are then modified according to a polynomial function until they 

reach a predefined factor, which is a free parameter to be optimized. 

 

 

 

 

 

 

 

 

 

 

 The choice of the number of unit cells in the cavity region was taken from the 

Figure 5.10 -  (a) Schematics of the computational model used for band diagram calculation. The arrows rep-
resent the position of each point-dipole source. The blue region represents the material (SiC). 
The yellow area represents the symmetry plane. (b) Map of the Fourier transform fields for each 
𝑘𝑥 value, where the frequency of the Bloch-modes can be seen as peaks in the Fourier transform. 

Source: By the author 

 

Figure 5.11 - (a) Size variation of the lattice constant (blue) and hole size (orange). (b) Cross 
section of the structures tapered region. 

Source: By the author  
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Literature.60 To excite the resonant modes, a point dipole source is placed in the middle 

of the cavity, with a Gaussian time dependency. This approach allows for the simulta-

neous investigation of a broad frequency range. 

 The next step involves crossing the independent nanobeams and optimizing the 

free parameters to achieve the desired resonances. To prevent overlap between the 

first unit cells of the crossed nanobeams, an additional free parameter is introduced: 

the cavity gap. This gap defines the distance between these first unit cells.  

Due to the large parameter space for this problem (eight parameters for each 

nanobeam), we categorized the parameters into two groups, as illustrated in Fig. 5.12: 

cavity parameters, primarily responsible for confining the fields and directly contributing 

to achieving high Q factors and low mode volumes, and mirror parameters, which con-

trol the photonic crystal bandgap and are mainly responsible for the resonance fre-

quency. 

 

 

 

 

 

 

 

 

 

 

 

 Since the computational volume is large, it is important to take full advantage of 

the problem symmetries. Hence, mirror symmetries are applied in all three dimensions, 

reducing eight times the computational cost, as shown in Fig. 5.13. One issue is that it 

is necessary to simulate each cavity separately since the field symmetries are different. 

For the horizontal cavities, the symmetries are even in x and z-direction, and odd in y-

direction, while for the vertical cavity, they are even in y and z-directions, and odd in x-

direction. 

 

 

 

Figure 5.12 - Schematics of the model and parametrization of the crossbeam. 

Source: By the author 
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 Owing to the large parameter space, a gradient-based optimization algorithm is 

not practical. Therefore, the simplex algorithm70 was employed to find optimal param-

eters that minimize the given objective function: 

 

𝐹 = 𝑄𝑝𝑒𝑛𝑎𝑙𝑡𝑦√(100000)
𝑉𝑥𝑉𝑦

𝑄𝑥𝑄𝑦
𝑒(Δ𝜆𝑥+Δ𝜆𝑦)              (5.8) 

𝑄𝑝𝑒𝑛𝑎𝑙𝑡𝑦 = min(𝑄𝑥, 𝑄𝑦)                  (5.9) 

Δ𝜆 = 𝛼√(𝜆𝑡𝑎𝑟𝑔𝑒𝑡 − 𝜆𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑)
2
             (5.10) 

 

The term Qpenalty is introduced to prevent significant improvement in the Q-factor 

of one cavity at the expense of the other. The term (VxVy)/(QxQy) enforces a high Q/V 

ratio for the cavities, and the parameter Δλ is the detuning penalty, weighted by the 

parameter α. It was observed that the most effective approach is to initially set α = 0, 

allowing the parameters to freely optimize for the highest possible Q factors without 

constraint on the resonance frequency. After the Q-factor optimization, each nano-

beam is scaled in to be resonant with the desired frequencies. Since Maxwell equa-

tions are scale-invariant, this approach would work perfectly for a single nanobeam. 

However, since this is a coupled problem, the Q-factor and resonance frequency of 

one cavity depend on the other. Also, the height is a fabrication constraint, hence  

cannot be modified. Nevertheless, this approach allows the cavities to get closer to 

their intended resonance frequency, while keeping high Q-factors.  

Figure 5.13 - Computational model of the crossed nanobeam, depicting the proper symmetries 
for simulating the resonances at the horizontal cavity. 

Source: By the author 
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 Subsequently, the optimization is rerun with a gradual increase in the parameter 

α, thereby slowly constraining the cavities to the desired resonant frequencies. After 

several optimization steps, a cavity tuned to the desired wavelengths with Q factors on 

the order of 104 was achieved. A plot of the electric field profiles of such cavity are 

shown in Fig. 5.14: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To broaden the applications of such a design, we explored convenient methods 

for tuning the optimized cavity. As illustrated in Fig. 5.15, the fields of one cavity exhibit 

low penetration into the orthogonal one. Therefore, only the parameters of the central 

unit cells are crucial for providing confinement of the fields of the orthogonal one. 

Hence, starting from a previously optimized crossbeam, it becomes possible to 

decouple both cavities by maintaining these unit cells constant. 

 

 

 

 

 

 

 

 

Figure 5.14 - Plot of the electric field of the optimized crossbeam structure. 

Source: By the author 
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To investigate this approach, simulations were conducted by keeping the central 

unit cells constant while varying the lattice constant of one of the nanobeams. As 

depicted in Fig. 5.16, the resonant wavelength of one of the beams is tuned, while the 

Q factor of the orthogonal beam does not abruptly change. Conversely, if the 

parameters of the central unit cells are also altered, the Q-factor of the orthogonal 

nanobeam is significantly affected, as shown in Fig. 5.16(a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 - (a) Cross-section of the electric field at the xy and yz planes. (b) Scheme of the 
free unit cells to decouple the nanobeams. 

Source: By the author 

Figure 5.16 - Q factor variation of one nanobeam while tuning the other, keeping the central 
unit cells constant (blue line) and changing the central unit cells (orange line). 

Source: By the author 
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In conclusion, we have successfully designed the crossbeam cavity for experi-

mental applications and developed a straightforward approach to tune each cavity. For 

future development of the design, other optimization approaches, such as genetic al-

gorithms, can be considered. The cavities are currently in fabrication, and a recently 

fabricated structure is displayed in Fig. 5.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4 Sawfish cavity and edge coupler design sawfish 

 

While nanobeam cavities have been successfully used for emitter-cavity coupling, 

there are some downsides to using this structure. The small size of the holes makes 

them prone to proximity effects during the electron beam lithography. Additionally, 

varying sizes of the holes in the tapered region pose extra challenges for optimization 

in various steps of fabrication processes. Finally, a hole-based lattice constant will act 

as a mirror for TE-polarized light (electric field confined in the plane of the cavity)58, 

which is not ideal for defects such as VSi, where the electric dipole moment has a larger 

component oriented in the z-axis.  

Figure 5.17 - SEM image of a partially fabricated crossbeam cavity. 

Source: By the author 
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Recently, a new nanocavity design called the "sawfish" cavity was proposed71. 

The sawfish cavity is a type of 1D photonic crystal cavity where the lattice constant is 

formed by sinusoidal structures around a thin waveguide, as depicted in Fig. 5.18. This 

structure holds promising advantages for applications in SiC, as it displays larger 

features that could potentially ease the requirements for electron beam lithography. 

Additionally, it accommodates TM modes, allowing for better cavity-dipole alignment for 

VSi centers. 

To explore this type of device, we conducted simulations using SiC parameters, 

aiming for resonances near the VSi ZPL (around 916 nm). Additionally, to avoid 

breakage and anticipate difficulties in the fabrication process, we aimed to optimize the 

structures for larger sizes of the central waveguide. Using similar methods described in 

the previous chapter, we were able to design cavities presenting theoretical Q factors 

on the order of 105, with central waveguide sizes up to 100 nm. 

 

 

 

 

 

 

 

 

 

Figure 5.19 - Model of the ‘sawfish’ cavity. The inset represents the unit cell model. 

Source: Adapted from BOPP 71 

 

 

A useful method for light extraction of nanobeam cavities is using side-couplers that 

allow for efficient interaction and controlled light extraction. Although it has been 

explored in traditional nanobeams,72 due to the large size of the lattice constant of the 

sawfish cavities, new approaches to incorporate edge couplers to these structures are 

necessary.  

One possibility is a sawfish-like coupler, with the photonic crystal phased from the 

nanocavity, as depicted in Fig. 5.19(a). In this approach, the lattice constant on the left 

Figure 5.18 - Model of the ‘sawfish’ cavity. The inset represents the unit cell model. 

Source: Adapted from BOPP 71 
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side of the coupler acts as a mirror, while the phase difference allows placing the 

coupler in proximity to the cavity to interact with the evanescent wave. 

Another approach involves an asymmetric tapering in the cavity region of the 

nanocavity, creating space for a sinusoidal-like coupler to interact via evanescent wave, 

as illustrated in Fig. 5.19(b). Both designs seem promising for out-coupling light from 

the resonances, presenting theoretical coupled Q factors on the order of 105 while 

directing most of the losses to the coupler. 

 

 

 

 

 

 

 

 

 

 

 

A slightly different simulation is carried out to estimate the coupling efficiency. Instead 

of exciting the mode with a point dipole source at the center of the structure, a guided 

mode is launched at the right side of the coupler, and its reflectance spectrum is 

analyzed. Field monitors inside the cavity track the resonance frequency and Q factors. 

The coupling efficiency can be defined as73:  

 

𝜂𝑐 = √
𝑃𝑅

𝑃0
             (5.11) 

 

where 𝑃𝑅 is the reflected power and 𝑃0 is the injected power.  

Hence, 100% efficiency is attained when the reflectance dip drops to 0. An 

example spectrum is depicted in Fig. 5.20(c), where a broad reflected spectrum caused 

by the photonic crystal bandgap is seen, with a dip in the middle due to light coupled to 

the cavity. As one can see in Fig. 5.20 (a) and (b), the steady-state field profiles using 

the point dipole and the guided mode are equivalent. 

c) 

Figure 5.20 - (a) and (b) Different designs of edge couplers for the ‘sawfish’ cavity. (c) Representation 
of the asymmetric tapering at the coupling region. 

Source: By the author 
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Figure 5.21 - (a) and (b) show the simulations where a mode is launched from the waveguide and 
coupled to the cavity. (c) reflectance spectrum of the coupler. 

Source: By the author 

c) 
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6 New geometries for better cavity-emitter interaction 

 

6.1 Mode volume analysis 

 

 Considering the results presented in Chapter 4, no Purcell enhancement was 

observed in the cylindrical structures fabricated via 2PP. In Chapter 5, the importance 

of the Q/V factor while designing structures for cavity-emitter coupling is discussed. The 

issue of optical insulation is an object of many studies regarding the designing and 

fabrication of photonic cavities for cavity-emitter applications, 74-75 aiming to improve Q-

factor and reduce mode volume. Typical nanobeam cavities reach mode volumes on 

the order of  1 (
𝜆

𝑛
)
3

, achieving Purcell enhancement of 50 to 80-fold, for cavities 

presenting Q-factors on the order of 103  48,76. 

For the structures presented in Chapter 4, although Q-factors of 104 can be 

easily achieved, the issue of confining the mode to a small volume is not addressed. In 

order to investigate the magnitude of the mode volume of our structures, we simulated 

cylindrical resonators with different heights, and calculated their Q-factors and mode 

volume using the same methods presented in Chapters 4 and 5. Due to the large size 

of the resonators, we constrained the simulations to structures with a fixed radius of 5 

𝜇m, and heights ranging from 1  𝜇m to 10 𝜇m, and structures with fixed height of 2 𝜇m, 

and radius varying from 5 𝜇m to 15 𝜇m.   

The results, shown in Fig. 6.1, reveal an approximately linear increase of the 

mode volume as a function of the height, which can be understood by the electric field 

distribution in the z-direction, depicted in the inset of Fig. 6.1. Projecting the results for 

a typical structure with 20 𝜇m radius, and 50 𝜇m tall, we can estimate that mode volume 

can be higher than 1000 (
𝜆

𝑛
)
3

, which agrees with values already reported in the literature 

for WGM resonators77. Hence, Purcell enhancements around 100 times lower than 

typical reported values would be expected, yielding emission enhancements too low to 

be observed in experiments. Also, the low contrast index between the polymer and 

glass substrate (~1.5) may pose another factor to increase mode volume. 
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6.2 Disk cavity fabricated with 0.25 NA objective 

 

To enhance cavity-emitter coupling, it is necessary to modify the geometry of the 

tall cylinder resonator to obtain a better confined mode. A possible approach to achieve 

this, that leverages the already optimized fabrication protocol, is implementing a 

variable radius as an exponential function of the z-coordinate, defined as: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑅𝑡𝑟𝑎𝑠𝑖𝑡𝑖𝑜𝑛(𝑧) = 𝑅0 + (𝑅 − 𝑅𝑏𝑎𝑠𝑒)𝑒
𝛼[(𝑧−𝑧0)−𝐿𝑡]        (6.1) 

 

 

In Eq. 6.1, 𝑅0 is the radius at the base, 𝑅 is the final radius, 𝑍0 is the z-coordinate 

of the start of the transition region, and 𝐿𝑡 is the length of the transition region. This 

transition is necessary to sustain an upper disk that will form the resonant cavity. A 

schematic of such geometry can be seen in Fig. 6.2(a).  

To confirm that such structure can confine a mode at the upper disk that will not 

leak into the transition region, FEM simulations were carried out to compute the cavity 

modes. The result for a structure with disk radius of 5 𝜇m and disk height of 2 𝜇m can 

be seen in Fig. 6.1, where (b) is the xz-plane, and (c) the xy-plane. The resonant modes 

Figure 6.1 - Mode volume of a first-order resonance of a cylindrical resonator as a function of 
height (orange) and radius (blue). In the inset, field profile in the xy and xz planes. 

Source: By the author 
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exist for structures with 𝛼 values as low as 0.5, indicating that a smooth transition can 

host a confined mode. The calculated mode volume is 20 (
𝜆

𝑛
)
3

, and Q-factor on the 

order of 104. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

To fabricate these new geometries, the fabrication algorithm is modified to 

implement Eq. 6.1. Figure 6.3 shows the xz-plane for structures with a transition length 

of 50𝜇m fabricated with different values of 𝛼. 

 

 

 

 

 

 

 

 

Figure 6.2 - (a) Schematics of the proposed structure. (b) Electric field profile at the xz and xy 
(c) planes. 

Source: By the author 



90 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 - Optical micrographies of xz-plane of structures fabricated with increasing values of 𝛼 
parameter.  

Source: By the author 

 

Subsequently, we estimated the minimum disk height that can be achieved. 

Figure 6.4 shows structures fabricated with final radius of 30 𝜇m (a) and 15 𝜇m (b), 

where the disk was built with only one layer, so its height is constrained by the voxel 

size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 - SEM micrographies of structures with disk radius of 30 𝜇m (a) and 

15 𝜇m (b). 
Source: By the author 
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To estimate the minimum height that can be fabricated with the 0.25 NA 

objective, similar structures as shown in Fig. 6.4(a) were fabricated using different laser 

powers. By measuring the disk height as a function of the laser power (𝑃), it is possible 

to fit the data with an adaptation of the function given by Eq. 2.75: 

 

𝑍(𝑃) =
4𝜋𝑤0

𝜆
√(

𝑃

𝑃𝑡𝑠ℎ
)
0.5

− 1            (6.2)  

 

where 𝑃𝑡𝑠ℎ (2PP threshold power) and 𝑤0 (beam waist) are free parameters. The fitting, 

shown in Fig. 6.5, yields 𝑃𝑡𝑠ℎ = 79 ± 1𝑚𝑊 and 𝑤0 = 2.48 ± 0.03𝜇m. As can be seen 

in Fig 6.5, the minimum voxel length (and therefore disk heigh), is about 10 𝜇m. To 

further reduce the mode volume, a lower 𝑤0 is necessary, which demands a higher NA 

objective. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3 Disk cavity fabricated with 0.65 NA objective 

 

Figure 6.6 shows a structure fabricated in the same conditions as structures 

presented in Fig. 6.4, using a 0.65 NA objective. The step in the z-direction is 5 𝜇m 

higher than the voxel height, which is around 2 𝜇m. Therefore, this NA is suitable for 

Figure 6.5 - Data points and curve fit of the voxel height as function of laser power. 

Source: by the author 
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fabricating structures that can significantly decrease the mode volume, although it 

requires re-optimizing fabrication parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results indicate that a smaller step in the z-direction is necessary to 

fabricate these structures. However, due to the limitations of the step motor resolution, 

achieving complete overlap between each layer may not be possible. To investigate if 

a single layer with partial overlap between adjacent slices could support a confined 

mode, avoiding losses due to propagation into the lower layers, FDTD simulations 

were conducted. Results shown in Fig. 6.7 indicate that a structure of 3.5 𝜇m disks, 

with a 1 𝜇m overlap in the z-direction, and radius difference greater than 1𝜇m would 

allow high Q (> 105) WGM resonances at the top disk, with mode volumes around 100 

(
𝜆

𝑛
)
3

. 

 

 

 

 

 

 

Figure 6.6 - SEM image of a structure fabricated with a 0.65 NA objective, with step between 
layers of 5 𝜇m. 

Source: By the author 
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To fabricate these structures, we used a photoresist doped with 0.002 wt% of 

nanodiamonds. The design incorporates ten transition layers with 𝛼 parameter set as 

0.9 𝜇m-1. This value was chosen to support an upper disk with a radius around 5 𝜇m 

smaller than the previous one. Figure 6.8(a) shows a SEM micrograph of such 

structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 - xy (a) and xz (b) transversal planes of a WGM resonance in a disk.  
Source: By the author 

Figure 6.8 - (a) SEM micrograph of the disk structures fabricated with doped photoresist taken at a 
45-degree angle. (b) LSM over green light irradiation of the structures, where 4 
fluorescent spots can be identified. 

Source: By the author 
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To map the fluorescent nanodiamonds in the structures, we imaged the 

structures under green light illumination using a LSM microscope, integrated over 60 

seconds. The results, presented in Fig. 6.8(b), show at least four fluorescent spots. 

Their spectra were analyzed using the setup described in Chapter 3.5 and are shown 

in Figure 6.9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In Fig. 6.9(a), spectra a and c show no distinct features compared to a regular 

NV- spectrum, while (b) and (d) exhibit peaks at 631.6 nm and 606.5 nm, respectively. 

Comparing with the results presented in Fig. 4.12, the peak in (b) (631 nm) can be 

related to a Raman peak attributed to the polymeric matrix. To further confirm this, 

spectrum d was acquired using the 514 nm line of an argon laser. The energy 

difference between the peaks in spectrum (b) and (d) (632 nm and 603 nm) matches 

the energy difference for the excitation (532 nm and 514 nm). The absence of the 

Raman peak in spectra (a) and (d) is due to their higher fluorescence, suggesting a 

higher number of NV centers at these locations. 

The measurements presented in Fig. 6.9 were taken using a spectral resolution 

exceeding 0.8 nm. Consequently, resolving resonances with linewidths smaller than 

Figure 6.9 -  (a) Emission spectra of each fluorescence spot from disk structures 
fabricated with a 0.65 NA objective. (b) Fluorescence image of nanodiamond 
a. (c) Fluorescence image of nanodiamond b. 

Source: By the author 
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0.05 nm (corresponding to Q factors greater than 104) would not be possible. Figure 

6.10 compares the spectrum (b) of Fig. 6.9, measured using the confocal setup 

described in Chapter 3.5, with the spectrum obtained with a commercial LabRAM 

equipment (Fig. 4.12). It is possible to note that the peak at 631.6, which exhibits a 

linewidth of about 4 nm in the LabRAM equipment, can be resolved by the confocal 

setup. However, the peaks at 583 nm and 586 nm, with linewidths lower than 0.5 nm, 

remain unresolved despite having similar intensities to the resolved peak at 631.6 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nevertheless, we have demonstrated the feasibility of fabricating disk structures 

containing NV centers that theoretically possess a Q/V factor exceeding one hundred. 

This suggests that further optimization of the fabrication process to achieve higher Q-

factors, along with employing a system with superior spectral resolution, could enable 

Purcell enhancement to be experimentally observed. 

 

 

 

 

 

 

 

Figure 6.10 – Normalized spectrum obtained with LabRAM equipment (black line) and homemade 
confocal setup (Blue line). 

Source: By the author 
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7 Conclusions and outlook 

  

This work investigated novel approaches for incorporating color centers into 

photonic structures and explored innovative cavity designs to achieve efficient cavity-

emitter coupling. We implemented these strategies in two distinct platforms: polymeric 

structures doped with nanodiamonds fabricated via two-photon polymerization (2PP) 

and silicon carbide (SiC) nanobeams realized through traditional lithographic and 

etching processes. 

We successfully demonstrated the feasibility of fabricating photonic structures 

containing NV color centers embedded in nanodiamonds using the 2PP technique. By 

exploring the trade-off between nanodiamond concentration and resulting structural 

quality, we found that concentrations ranging from 0.005% to 0.002 wt% in the 

photoresist yielded structures containing 1 to 3 fluorescent spots per 8 × 104 μm³ 

(cubic micrometers). These structures exhibited good structural quality and high Q-

factors on the order of 104 to 105. Raman and PL measurements confirmed the 

presence and specific positioning of fluorescent nanodiamonds within the fabricated 

structures.  

Additionally, we explored, via FDTD simulations, novel designs for efficient 

emitter-cavity coupling with color centers in 4H-SiC nanostructures. We optimized a 

design for a double nanobeam cavity that can host two independent resonances, each 

one with Q-factors on the order of 104 and mode volumes on the order of 1 (
𝜆

𝑛
)
3

, and 

explored efficient ways for independently tuning each resonance. We also explored a 

new ‘sawfish’ cavity design, which has promising features that can ease fabrication 

issues of nanocavities in SiC and promote a better cavity-dipole alignment with the VSi 

color-center. Additionally, different optimized edge coupler designs for this nanocavity 

were proposed. These results help to augment the range of applications of color 

centers in SiC in quantum technologies. 

Leveraging the expertise gained from optimizing SiC cavities, we explored new 

designs for improved cavity-emitter coupling with nanodiamond-doped resonators 

fabricated via 2PP, aiming to achieve an experimentally observable Purcell 

enhancement. A critical challenge for achieving strong coupling is isolating the cavity 

from the substrate due to the low refractive index contrast between the polymer and 

the substrate. We addressed this challenge by proposing a fabrication protocol that 
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leverages existing techniques to fabricate cylindrical resonators to produce disk-like 

cavities. These disk resonators aim for better field confinement and hence a lower 

mode volume. Structures containing disks of 6 𝜇m radii and 3𝜇m height were 

successfully fabricated, and simulations showed a theoretical Q/V factor on the order 

of 100 (
𝜆

𝑛
)
−3

, indicating a possible two orders of magnitude improvement for the 

cylinder resonators fabricated with the 0.25 NA objective. 

The results presented in this work pave the way for exploiting the versatility of 

the 2PP technique to a wider range of quantum technology applications with color 

centers in nanodiamonds. Further optimization in fabrication parameters can produce 

polymeric cavities with high interaction with NV color-centers, using a simple and fast 

fabrication technique. Also, exploring higher NA objectives and characterizing the 

optical properties of smaller structures is a possible continuity to this work. Additionally, 

the fabrication protocol that creates optical insulation between resonator and substrate 

holds promise for applications beyond the current research. 

Moreover, the doping protocol and characterization of the photoresist developed 

in this work set the stage for applications of 2PP in quantum sensing applications. As 

an example, studying the effects of strain in the polymeric matrix in the ODMR signal 

of the NV center can be explored as a pressure sensor. Other structures, such as 

waveguides, can be potentially explored. Additionally, the versatility of 2PP and 

biocompatibility of the polymer form a promising platform for biological sensing 

applications. Finally, this work can be a starting point for exploring the incorporation of 

other color centers in diamond and other materials into the photoresist. 
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