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chirped filter based laser device (called as coreSEL). Conventional vertical cavity surface 

emitting lasers (VCSELs) are based on Fabry-Pérot arrangement where the electric field of the 

resonant mode is mainly located in the cavity region (center) and often causes undesired effects 

such as mode-jumps. However, coreSEL is based on chirped optical filter which offers a 

resonant mode with wider spatial distribution of the electric field owing to the distribution of 

the cavity over several layers of the stack. A coreSEL structure design is comparable to a short 

optical fiber, where an active material forms a cylindrical core surrounded by a chirped filter-

cladding. CoreSEL is expected to offer high output power with less susceptibility to the mode-

jumps. However, fabrication of the proposed device requires a complex multi-step fabrication 

process. In this work, a complete fabrication process for coreSEL device is developed and each 

step is investigated and optimized. Suitable dielectric materials and deposition technology are 

investigated to realize the designed chirped filter. A part of the research is focused on vertical 

structuring of the chirped filter using dry etching to obtain a hollow core. The effects of various 

dry etching parameters are investigated to develop an etching recipe to achieve precise device 

dimensions. Furthermore, challenges related to infiltration of hollow core with an active 

material are investigated and a stable infiltration mechanism is presented. Finally, optical 

characterization results of the fabricated coreSEL device are presented and discussed. 
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Titel: Dünnschichtstrukturen mit verteilter Kavität für optische Filter- und 

Laseranwendungen 

Autor:  Muhammad Taimoor 

Gutachter: Prof. Dr. Thomas Kusserow / Prof. Dr. Axel Bangert 

Kurzzusammenfassung: Das Ziel dieser Dissertation ist die Entwicklung eines 

Herstellungsprozesses zur Produktion eines auf dem gechirpten Filter basierenden Lasers 

(namentlich coreSEL). Konventionelle oberflächenemittierende Laser (VCSEL) beruhen auf 

dem Fabry-Pérot Konzept des optischen Filter. Diese Laser sind jedoch häufig störanfällig 

gegenüber Modensprünge, die durch das elektrische Feld der resonanten Mode, welches sich 

hauptsächlich in der Laserkavität (zentrale Dünnschicht) konzentriert, verursacht werden. Dem 

gegenüber steht der coreSEL, dessen gechirpter optischer Filter das elektrische Feld der 

resonanten Mode räumlich breiter aufweitet, was zur Vergrößerung der Laserkavität über 

mehrere Dünnschichten führt. Der strukturelle Aufbau des coreSEL ähnelt dem einer kurzen 

optischen Faser. Der zylindrische Kern aus aktivem Material wird von einem Mantel, bestehend 

aus einem gechirpten Filter, umschlossen. Die Implementierung des gechirpten Filters und die 

strukturelle Anordnung von aktivem Material und Filter sollen hohe Leistungsabgaben bei 

geringer Störanfälligkeit gegenüber Modensprüngen gewährleisten. Der geschilderte Aufbau 

erfordert einen komplexen mehrschrittigen Herstellungsprozess, der in dieser Dissertation 

Schritt für Schritt vollständig entwickelt und optimiert wird. Zu Beginn werden geeignete 

Dielektrika, sowie Abscheidungsverfahren zur Herstellung des gechirpten Filters untersucht. 

Anschließend soll der gechirpte Filter mittels Trockenätzen vertikal strukturiert werden, sodass 

freistehende Hohlzylinder entstehen. Hierbei wird der Einfluss von diversen Prozessparametern 

analysiert und präzise optimiert, um akkurate Hohlzylinder zu ätzen. Des Weiteren wird ein 

möglicher Infiltrationsmechanismus zum Auffüllen des Hohlzylinders mit aktivem Material 

präsentiert, der den ausgearbeiteten Anforderungen reproduzierbar entspricht. Abschließend 

folgt die optische Charakterisierung des hergestellten coreSEL und die Diskussion der 

Ergebnisse daraus. 
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1. Introduction 

aser, an acronym for light amplification by stimulated emission of radiation, is a device that 

stimulates atoms or molecules to emit light at particular wavelengths and further amplifies 

that light to produce a very narrow beam of electromagnetic radiation. A laser comprises 

of a gain medium, a pumping source, and a mechanism to provide optical feedback. A 

semiconductor laser uses a semiconductor material as gain medium. The first semiconductor laser 

was built in 1962 by Robert Hall et al. at the General Electric research laboratory [1]. 

Semiconductor lasers have been improved over the years and have achieved worldwide popular 

usage. Modern semiconductor lasers have a broad range of applications, including fiber optic 

communications, barcode readers, light beam illumination, laser printing, laser scanning, and 

optical storage devices. Due to their wide range of applications they are one of the most common 

type of lasers produced and make a large percentage of total laser market by value [2]. 

Depending on the emission direction, semiconductor lasers are generally categorized into edge-

emitting (in-plane) and surface-emitting lasers. Distributed feedback (DFB) laser and vertical-

cavity surface-emitting laser (VCSEL) are examples of the most commonly used edge- and surface- 

emitting lasers, respectively (Figure 1.1). DFB lasers provide relatively higher output power than 

VCSELs due to the large volume of the active medium. However, their highly divergent elliptical 

output beam profile requires expensive corrective optics for fiber coupling. Furthermore, edge-

emission makes dense 2D array fabrication and on-wafer initial sample characterization more 

challenging. VCSELs, on the other hand, not only provide symmetric circular output beam profile 

with low divergence for an efficient coupling to optical fibers [3], but also enable 2D array 

fabrication and easy on-wafer testing due their surface-emission property. However, a significantly 

small active volume is used in VCSELs to achieve a stable single mode operation which leads to a 

lower output power in comparison to DFB lasers [4]. 

In conventional DFB lasers and VCSELs, a single mode emission wavelength (𝜆) is obtained by 

introducing a phase shift of 𝜆 4⁄  in the periodic index grating and the dielectric layers, respectively 

(Figure 1.1). Due to this phase shift, the electric field of the resonant mode is highly concentrated 

around phase shift/cavity of the device which leads to sensitive temperature related effects (thermal 

lensing, mode-jumps) [5] and spatial hole burning (SHB) under high power conditions [3, 6, 7]. 

L 
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Figure 1.1: Comparison of a VCSEL structure and a DFB laser structure. Modified from [8].  

For DFB lasers, several complex gratings were developed to obtain better distribution of the electric 

field of the resonant mode with reduced SHB using the distributed phase shift of 2 × 𝜆
8⁄  [9], 

corrugation pitch modulation (CPM) [10], axial variation of duty cycle [11], bent waveguides to 

axially vary the grating period (chirped grating) [12], etc.. Nonetheless, previously stated 

disadvantages of DFB lasers related to the emission direction, still remain. On the other hand, to 

increase the output power of a conventional VCSEL and to avoid SHB, a different concept was 

used where the active material is not only present in the cavity, but also distributed in the individual 

layers of dielectric mirrors [13].  

Conventional VCSELs are based on a Fabry-Pérot arrangement where a localized central cavity 

represents the phase shift in periodicity. In a relatively new concept of narrowband chirped optical 

filters [14], phase shift (cavity) is distributed in parts over several periods by varying (chirping) the 

layer thicknesses of the individual layers to achieve a similar resonant behavior (Figure 1.2). 

Theoretical model calculations have shown that the new arrangement with distributed cavity offers 

better control of the mode distribution compared to Fabry-Pérot arrangement [8]. Kusserow et al. 

also proposed the idea of combining the chirped filter arrangement with an active material to 

produce a high power surface emitting laser (called as coreSEL) which could be less susceptible to 

the mode-jumps [14]. A coreSEL structure design is comparable to a short optical fiber, consisting 

of a cylindrical core of an active material surrounded by chirped filter-cladding. A specific chirped 

cladding resonant mode is guided (in vertical direction) and amplified by proper designing of the 

cylinder dimensions and selecting proper core active material. The coreSEL design addresses both 

the issues of SHB and low output power associated with conventional VCSELs. The distributed 

active material and the electric field of the resonant mode along the whole coreSEL structure reduce 

the thermal and SHB effects. In addition, a relatively large volume of active material provides high 

output power. Furthermore, the concept of coreSEL provides the flexibility to choose from a wide 

pool of available active materials and dielectric materials. 
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Figure 1.2: Schematic of a chirped filter (left) and a coreSEL (right). Modified from [8]. 

This work is mainly focused on the development of a fabrication process for realization of the 

coreSEL concept. The prototype coreSEL is designed to operate in visible region but depending 

upon the material properties it can be rescaled to operate in other regions as well. The coreSEL 

structure shown in Figure 1.2 can be realized in two different ways: (1) creating a structured active 

material layer in cylindrical shape and then depositing chirped filter on the outer side, or (2) 

depositing chirped filter, followed by structuring process to obtain a hollow core which can then 

be infiltrated with an active material. Former is technologically more challenging, therefore, latter 

is employed to fabricate a coreSEL device.  

The basic characterization of chirped filters (by simulation via the transfer matrix method) and a 

design procedure for achieving the desired spectral properties have already been shown by Reuter 

[8]. Extending this work to realize a coreSEL device, following goals were identified: 

 Selection of optimal optical materials and deposition technique to realize a chirped filter 

operating in visible range 

 Development of a structuring process to achieve precise core-cladding dimensions required 

for mode guiding 

 Mechanism to introduce an active material inside the hollow core 

 Optical characterization of the fabricated coreSEL device to study optical coupling between 

active core and chirped filter-cladding 
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In this work, CdSe/CdS/ZnS colloidal quantum dots (QDs) are used as the active material for the 

coreSEL device. They are well established and widely available active material which offer high 

quantum yield and wide range of wavelength tunability without changing the material composition. 

Furthermore, colloidal QDs are synthesized and handled in liquid state which makes them a 

preferred choice for infiltration of coreSEL device. Colloidal QDs are provided by LUMINOUS, 

center of excellence for semiconductor lighting and displays, school of electrical and electronic 

engineering, Nanyang technological University (NTU), Singapore.  

The structure of the thesis is briefly explained below. 

Chapter 1. Presents the motivation and introduces distributed cavity based surface emitting laser 

(coreSEL), its significance and the objectives of this work. 

Chapter 2. Details the fundamentals of thin-film devices including DBR, Fabry-Pérot filters and 

chirped filters. It also briefly explains the basics of semiconductor lasers and colloidal QDs as laser 

active material. 

Chapter 3. Presents an overview of the current state of research. 

Chapter 4. Details the different technological processes involved in coreSEL fabrication. Related 

characterization methods are also explained in this chapter. 

Chapter 5. Discusses the fabrication and vertical structuring of the chirped filter. Characterization 

and optimization results are also presented and discussed. 

Chapter 6. Presents an approach to introduce the active material in the core of the coreSEL device. 

Associated challenges and process optimization results are discussed. The problems related to 

infiltration of pure colloidal QDs are also highlighted in this chapter. 

Chapter 7. Presents colloidal QDs based nanocomposite as a laser active material. The optical 

characterization results of nanocomposite are presented and discussed. 

Chapter 8. Presents the infiltration results of coreSEL structures using nanocomposite. The optical 

excitation results of a complete coreSEL device are presented and discussed. 

Chapter 9.  Summarizes and concludes the work as well as proposes future research work.  
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2. Theoretical Fundamentals 

his chapter briefly explains the fundamental theory of electromagnetic waves and their 

interaction with matter. It further discusses the interference of light waves in thin-film 

systems such as distributed Bragg reflectors and Fabry-Pérot filters. Main focus is on the 

behavior of their optical properties in relation to design parameter variations. All the explanations 

are done for non-absorbing isotropic media with normal incidence of light. The chapter concludes 

with the basics of semiconductor laser physics with emphasis on the resonator types and active 

material. The explanations are based on [15–19]. 

2.1 Interaction of Light with Matter 

A brief introduction to some of the basics of the wave optics (or physical optics) is required to 

understand the optical properties of multilayer thin-film structures. Wave optics treats light as an 

electromagnetic wave, with varying electric 𝑬 and magnetic fields 𝑯, travelling in a certain media. 

Maxwell’s equations define the propagation of these plane electromagnetic waves with respect to 

a given media [15]. In general, Maxwell’s equations for matter in differential form are given as: 

∇  ×  𝑬 = − 
𝜕𝑩

𝜕𝑡
                                                                            (2.1) 

∇ ×  𝑯 =  
𝜕𝑫

𝜕𝑡
+ 𝑱𝒆𝒙𝒕                                                                    (2.2) 

∇  ⋅  𝑫 =  𝜌𝑒𝑥𝑡                                                                               (2.3) 

∇  ⋅  𝑩 =  0,                                                                                   (2.4) 

where 𝑩 represents the magnetic induction, 𝑫 is the electric displacement, 𝑱𝒆𝒙𝒕 is the electric 

current density and the electric charge density is denoted by 𝜌𝑒𝑥𝑡.  

For an isotropic linear media, we have 

𝑩 =  𝜇𝑯                                                                              (2.5) 

𝑫 =  휀𝑬                                                                               (2.6) 

𝑱𝒆𝒙𝒕 =  𝜎𝑬,                                                                              (2.7) 

where σ, ε and μ represent the electric conductivity, permittivity and permeability, 

respectively. Permittivity and permeability are further dependent on their values in free space 

(εo and μo) and relative media (εr and μr). At optical frequencies (1015 Hz), the magnetic response 

usually cannot follow up the fast oscillating magnetic field, hence, the permeability is close to 1. 

Rearrangement of Maxwell’s equations yields: 

∇2𝑬 =  휀𝜇
𝜕2𝑬

𝜕𝑡2
+  𝜇𝜎

𝜕𝑬

𝜕𝑡
.                                                          (2.8) 

Here 𝜇𝜎
𝜕𝑬

𝜕𝑡
 corresponds to damping and is also called the dissipation term. Without this term 

equation 2.8 would be just a regular wave function. By using plane waves the equations 2.1 – 2.8 

can be solved as a function of position 𝑥 and time t: 

𝑬(𝒙, 𝒕) =  𝑬∘ exp 𝑖(𝒌 ⋅ 𝒙 − 𝜔. 𝑡),                                                (2.9) 

T 
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With 𝒌 = wave vector = 2𝜋/𝜆,  𝜔 = angular frequency = 2𝜋𝜈, and 𝑬∘ = complex vector amplitude.  

Light is an electromagnetic wave which causes some polarization of the medium. The dielectric 

constant 휀𝑟 of the medium is linked to the refractive index 𝑛 and the velocity of propagation 𝑣 

through the medium by 

𝑛 = √
휀

휀𝑜
=  √휀𝑟 =  

𝑐

𝑣
                                                                (2.10) 

Where 𝑐 represents the light velocity in vacuum. For a dispersive material, the refractive index is 

usually represented as a complex function 𝑛∗: 

𝑛∗ =  𝑛 − 𝑖𝑘                                                                    (2.11) 

Where 𝑘 symbolizes the imaginary part of the complex refractive index (also known as the 

extinction coefficient) which represents absorption in the material. The wave vector 𝒌 can be shown 

as: 

 𝒌 =  
𝜔.𝑛∗

𝑐
                                                                        (2.12) 

By taking complex refractive index into account, equation 2.9 can be re-written as  

𝑬 =  𝐸0 exp (−
𝜔. 𝑘. 𝒙

𝑐
) . exp[𝑖. (𝒌 ⋅ 𝒙 − 𝜔. 𝑡)]                              (2.13) 

Here the term exp[𝑖. (𝒌 ⋅ 𝒙 − 𝜔. 𝑡)] represents a plane wave and exp (−
𝜔.𝑘.𝒙

𝑐
)shows the decreasing 

amplitude factor. Equation 2.13 shows the physical meaning of 𝑛 and 𝑘 in terms of an 

electromagnetic wave traveling through a medium with a complex refractive index. The real part 

of 𝑛∗, 𝑛, remains constant in all directions in case of isotropic material. However, the imaginary 

part 𝑘 represents the attenuation factor which decreases the amplitude exponentially as a function 

of depth 𝒙. This damping can arise from not only the free electrons absorption, but also from the 

dipole oscillation of bounded electrons and other mechanisms.   

2.2 Thin-Film Optics 

Thin-film structures are employed in a variety of optical applications including highly-reflective 

mirrors, spectral filters, antireflection coatings, beam splitters, band-pass filters, and semi-

transparent mirrors [20]. Thin-film optics involves a number of interfaces between various media, 

where each interface provides partial reflections and transmissions. Depending on the film 

thicknesses and their optical properties, the reflected waves can interfere constructively or 

destructively.   

Before a more complex case of multilayers is considered, the simplest scenario of a single interface 

is needed to be analyzed. As depicted in Figure 2.1, when a light wave is incident normally to an 

interface of two media with different refractive indices, the light wave is partially reflected and 

transmitted. Furthermore, a phase shift of 180 or  radians, for the reflected light wave (E-field), 

is observed when no < n1. Alternatively, no phase shift occurs for the reflected light wave when 

n1 < no.  
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Figure 2.1: Schematic sketch of an interface between two media of different refractive 

indices. The incident light wave is partially reflected and transmitted at t he interface. 

Assuming the interface between the two isotropic media as plane, the fraction of reflection and 

transmission as well as the phase shift at the interface can be described by Fresnel amplitude 

coefficients of reflection and transmission: 

 𝑟 =  
𝑛0 − 𝑛1

𝑛0 + 𝑛1
                                                                       (2.14) 

𝑡 =  
2𝑛0

𝑛1 +  𝑛0
                                                                       (2.15) 

It must be noted that 𝑟 and 𝑡 are amplitude coefficients and not intensity coefficients. 

A negative Fresnel reflection amplitude coefficient (equation 2.14) would indicate a phase shift of 

 in the reflected light wave. It is also evident from equation 2.14 that higher refractive index 

contrast between the media provides higher reflection.  

This behavior of light waves is exploited to design more complex systems introduced in the 

following sections. 

2.2.1 Quarter-Wave Thin-Films 

A material layer with thickness ranging from sub-nanometer to several microns is commonly 

labeled as a thin-film. The techniques and technologies to produce thin-films have evolved over 

the years due to new physical and chemical attainments. Figure 2.2 depicts a scenario where a light 

wave is travelling from a low refractive index material (no) to a thin-film possessing a high 

refractive index (n1), deposited on a substrate (n2) such that n1 > no and n1 > n2. Due to change in 

refractive indices, the light wave experiences partial reflections from two interfaces as shown in 

Figure 2.2. These reflected waves can interfere constructively or destructively depending on optical 

distance each wave has travelled and the phase shift experienced at the interfaces. Only a phase 

difference of multiple of 2 (which represents multiples of wavelength in path difference) results 

in a constructive interference. Such a scenario is depicted in Figure 2.2, where the phase difference 

of reflected light waves A and B is zero for a film thickness of 𝑑 = 𝜆 4⁄  (quarter-wave). 
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Figure 2.2: Demonstration of constructive interference of the reflected light waves from the 

interfaces of a quarter-wave thin-film. 

In Figure 2.2, since n1 > no, a phase shift of  radians is introduced for A upon reflection from the 

interface a. On the other hand, B experiences no phase shift at the interface b, however, it travels 

an extra optical path length and experiences a phase delay (2 ×
𝜋

2
). Consequently, both reflected 

light waves A and B are in phase and interfere constructively, as expressed in equations 2.16 and 

2.17:  

𝛿𝐴 =  𝜋                                                                   (2.16)   

𝛿𝐵 =  
𝜋

2
+  

𝜋

2
 =  𝜋                                                      (2.17)  

The two beam interference explanation is a nice way to describe thin-film interference, however, 

it holds true only for a film thickness of 𝑑 = 𝜆 4⁄ . A comprehensive and generic explanation can 

only be given by multi-beam interference.  

The optical path length is the product of the physical thickness and the refractive index of the thin-

film material. For normal incidence, a film thickness 𝑑 which satisfies the following expression for 

a particular design wavelength 𝜆, results in a constructive interference for reflection:  

𝑑 =  
𝑚

4𝑛
𝜆,     𝑚 = 1, 2, 3, …                                        (2.18) 

Depending on the refractive index, a quarter-wave layer can show two different kind of effects. For 

a scenario depicted in Figure 2.2 (n1 > no and n1 > n2) quarter-wave thin-film would show high 

reflection for a particular wavelength 𝜆 (equation 2.18). However, if n2 > n1 > no, both reflected 

light waves A and B would experience a phase shift of  upon reflection from interfaces a and b. 

This would produce a net path difference of 𝜆 2⁄  and results in a destructive interference for the 

reflected waves. This phenomenon of destructive interference using quarter-wave thin-films is 

utilized in some camera and binocular lenses to produce non-reflective coatings. 

2.2.2 Distributed Bragg Reflectors and their Optical Properties 

One of the most common application of highly transparent quarter-wave thin-films is in so called 

Distributed Bragg Reflectors (DBR). They are formed by stacking several quarter-wave thin-films 

with alternating sequence of high and low refractive indices. The incident light wave is partially 

reflected and transmitted at each interface of the thin-films. The unique design of the DBR i.e. 

thickness and alternating refractive index of the layers, causes a constructive interference of the 
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partially reflected light waves and their summation provides a light intensity almost equal to the 

incident light. On the other hand, the transmitted light has an intensity close to zero due to 

destructively interfered light waves. The spectral range of wavelengths where high reflectance 

occurs is known as stopband (Figure 2.4a).  

 
Figure 2.3: Schematic illustration of a distributed Bragg reflector. nhigh and n lo w are the high 

and low refractive indices of the layer materials,  and nout represents the refractive index of 

surrounding medium. 

For explanation only a few possible paths out of many have been considered, as illustrated in Figure 

2.3. Recalling equation 2.14, light waves experience a phase shift of  upon reflection from a higher 

refractive index surface, while no phase shift occurs for the light waves reflected at a lower 

refractive index surface. The phases 𝛿𝐴, 𝛿𝐵 and 𝛿𝐶 of the reflected waves A, B and C, respectively, 

can be calculated as: 

𝛿𝐴 =  𝜋                                                                   (2.19)   

𝛿𝐵 =  
𝜋

2
+  

𝜋

2
 =  𝜋                                                      (2.20)   

𝛿𝐶 =  𝜋 + 𝜋 + 𝜋 =  3𝜋                                                      (2.21)  

Since all the reflected waves A, B and C reappear in phase at the incident plane, they recombine 

constructively to provide high reflection. Furthermore, the constructive interference occur only for 

waves whose wavelength corresponds to four times the optical thickness of the layers. This 

wavelength is called the Bragg wavelength 𝜆𝐵 and the condition for in-phase interference is given 

by 

d =  
𝜆𝐵

4𝑛
 ,                                                                 (2.22) 

where 𝑛 is the refractive index of the film material. The shape of the stopband, produced by the 

DBR mirror, has generally a rectangular profile (in linear scale) with highest reflectance at the 

Bragg wavelength (at the center). The bandwidth ∆𝜆 of the stopband can be calculated using 

∆𝜆 =  
4𝜆𝐵

𝜋
sin−1 (

𝑛ℎ𝑖𝑔ℎ −  𝑛𝑙𝑜𝑤

𝑛ℎ𝑖𝑔ℎ +  𝑛𝑙𝑜𝑤
)                                               (2.23) 

where 𝑛ℎ𝑖𝑔ℎ and 𝑛𝑙𝑜𝑤 are the high and low refractive indices of the layer materials. Equation 2.23 

shows a strong dependence of the stopband bandwidth on the refractive index contrast of 

alternating materials; higher refractive index contrast yields wider stopbands. DBRs are generally 
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fabricated using dielectric thin-films of alternating refractive indices, deposited on appropriate 

substrates. The contrast between the refractive indices together with the number of periods 𝑁 

decide the reflectance 𝑅 of a DBR. Figure 2.4 elaborates this relation for several DBRs based on 

actual materials.  

    

(a)           (b) 

Figure 2.4: (a) Reflectance dependence of Nb2O5/SiO2 based DBR mirror on the number of 

periods. (b) Effect of number of layers and refractive index contrast on reflectance for  some 

commonly used material combinations . The refractive indices of the used materials (at 

λ=650 nm) are: InP = 3.2, Air = 1, Nb2O5 = 2.2, SiO2 = 1.5, Si3N4  = 1.9, GaInAs = 3.4. 

For normal incidence and neglecting absorption, the reflectance 𝑅 of a DBR can be calculated using 

[15]: 

𝑅 =   [
1 − (

𝑛𝑜𝑢𝑡

𝑛𝑠𝑢𝑏
) (

𝑛ℎ𝑖𝑔ℎ

𝑛𝑙𝑜𝑤
)

2𝑁

1 + (
𝑛𝑜𝑢𝑡

𝑛𝑠𝑢𝑏
) (

𝑛ℎ𝑖𝑔ℎ

𝑛𝑙𝑜𝑤
)

2𝑁]

2

,                                          (2.24) 

where 𝑛𝑜𝑢𝑡 and 𝑛𝑠𝑢𝑏 represent the refractive indices of surrounding medium and the substrate, 

respectively. 

2.2.3 Optical Properties of Fabry-Pérot Filters  

A Fabry-Pérot filter is based on multi-wave interference for obtaining wavelength selection. It was 

first introduced in 1897 as an optical interferometer by Charles Fabry and Alfred Pérot [21]. It 

comprises of two perfectly aligned parallel mirrors with free space (or low refractive index 

material), known as optical cavity, between them. Light wave reflections between the mirrors cause 

constructive or destructive interferences of different wavelengths within the optical cavity, 

resulting in allowed standing electromagnetic waves called modes. Modern Fabry-Pérot filters 

utilize DBR mirrors (Figure 2.5a) to achieve high reflectance and low absorption compared to metal 

mirrors. Assuming the length and the refractive index of the optical cavity material is given by 𝐿𝑐 

and 𝑛𝑐, respectively, only an integer multiple 𝑚 of half-wavelengths (
𝜆

2
) can form a standing wave 

inside the optical cavity: 
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𝐿𝑐 =  𝑚 (
𝜆

2𝑛𝑐
).                                                                   (2.25) 

Each allowed 𝜆, satisfying equation 2.25 for a given 𝑚, identifies a cavity mode. The transmission 

spectrum of a Fabry-Pérot filter has a similar transmission profile as a DBR with an exception of a 

narrow transmission line (also known as filter line) at the center of the stopband (Figure 2.5b).  

 

(a) 

   
 (b)             (c) 

Figure 2.5: (a) Schematic illustration of a Fabry-Pérot filter. (b) A typical transmission 

spectrum of a Fabry-Pérot filter. (c) Electric field distribution of the fundamental mode in 

a Fabry-Pérot filter. Plots shown in (b) and (c) are for Nb 2O5 and SiO2  material system. 

The electric field distribution pattern of a Fabry-Pérot filter can only be understood by taking into 

consideration the entire structure. Figure 2.5(c) shows the distribution of the electric field of the 

resonant mode inside the device. The electric field of the resonant mode is mainly confined in the 

cavity region of the Fabry-Pérot filter, due to the high reflectance from the DBR mirrors, and 

decaying exponentially in the DBR layers. 

Equation 2.25 depicts that multiple wavelengths can fulfill the resonance condition, which would 

result in multiple filter lines. In Figure 2.5, only one mode is visible because the rest of the modes 

are located outside the stopband. The wavelength difference between two neighboring modes is 

known as the free spectral range (FSR), and given by: 

𝐹𝑆𝑅 =  
𝜆𝑜

2

2𝐿𝑐
 ,                                                                    (2.26) 

where 𝜆𝑜 is the central wavelength of the nearest mode. It is clear from equation 2.26 that FSR is 

completely dependent on the cavity length. Another figure of merit for Fabry-Pérot filter is the full 
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width at half maximum (FWHM) which defines the spectral width of an individual mode and is 

calculated by: 

𝐹𝑊𝐻𝑀 =  
𝜆𝑜

2(1 − 𝑅)

2𝜋𝐿𝑐√𝑅
  ,                                                             (2.27) 

where 𝑅 is the reflectance of the mirrors. Highly reflective mirrors cause more waves to interfere, 

resulting in a narrower filter line-width. This dependence can also be seen in Figure 2.6(a). Higher 

reflectance of DBR mirrors improves the quality of the resonator and causes a stronger confinement 

of the resonant mode in the cavity. The primary figure of merit for a Fabry-Pérot filter is finesse, 

which is the ratio of FSR and FWHM. It gives the resolution of a Fabry-Pérot filter; the number of 

modes that can fit inside FSR.  

𝐹𝑖𝑛𝑒𝑠𝑠𝑒 =  ℱ =
𝐹𝑆𝑅

𝐹𝑊𝐻𝑀
=  

𝜋√𝑅

1 − 𝑅
 .                                                     (2.28) 

Another very important aspect of any Fabry-Pérot filter is the degradation of the filter performance 

with respect to the material absorption. As discussed in section 2.1, imaginary part 𝑘 of the complex 

refractive index 𝑛∗ for any material, represents material absorption. Numerous roundtrips of the 

resonant mode inside the optical cavity makes the absorption extremely critical, as shown in Figure 

2.6(b). 

     

   (a)            (b)  

Figure 2.6: (a) Effect of Nb2O5/SiO2 based DBR mirror reflectance on the FWHM of the filter 

line. (b) Effect of cavity material absorption on the filter line.  

2.2.4 Optical Characteristics of Chirped Optical Filters 

What distinguishes a Fabry-Pérot filter structure (Figure 2.5a) from a DBR (Figure 2.3) is the cavity 

layer located in the center of the device. Removal of this additional layer from the Fabry-Pérot 

filter structure would leave behind a periodic structure of DBR. Considering the layer sequence of 

a conventional Fabry-Pérot filter as grating, the resonant cavity of the Fabry-Pérot filter can be 

regarded as a phase shift of the grating function by a half period i.e. 
𝜆

4
. In 2010, Kusserow et al. 

gave a concept of an optical filter structure where they distributed this phase shift (cavity) in parts 

over several layers of the structure by varying the individual layer thicknesses [14]. Such an optical 

filter is known as chirped filter or distributed cavity filter. Here the expression “chirp” means a 
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change of thickness in a periodic layer stack layer by layer. The phase shift can be obtained either 

by increasing (positive chirp) or by decreasing (negative chirp) the individual layer thicknesses in 

comparison to the unchirped case. Chirped filters provide narrowband transmission in a highly 

reflecting stopband, similar to conventional Fabry-Pérot filters (cf. Figure 2.7b and Figure 2.5b), 

for positive as well as negative layer chirps. However, the electric field of the resonant mode is 

more spatially distributed because the phase shift given by the thickness of the extra layer is now 

distributed instead of localized at the center of the periodic structure. Since the distribution of the 

cavity can be controlled just by changing the layer thicknesses of the individual layers, the electric 

field distribution inside the device can be tailored according to the requirements of a specific 

application. This property of chirped filters can be utilized to improve the performance of VCSEL 

devices [14].  

 
   (a)            (b)  

Figure 2.7: (a) Schematic illustration of difference between a Fabry-Pérot filter and a 

chirped filter. Extra phase shift layer can be added locally or continuously distributed over 

several layers of a thin-film DBR to obtain a Fabry-Pérot filter or a chirped filter, 

respectively. (b) Transmission spectrum of Nb2O5/SiO2 based chirped filter. 

Chirped filters offer three chirp parameters (Figure 2.8a) in addition to conventional parameters in 

filter design, like the total layer number and refractive index contrasts, which leads to a higher 

flexibility in filter designing.  

The primary description is given by the so called chirp function, which defines the thickness and 

the position of each layer in the thin-film stack. The chirped functions have different shapes like 

Gaussian, triangular or Lorentzian with a central maximum (positive chirp function) or minimum 

(negative chirp function). They are defined respectively as an unchirped base DBR, such as a stack 

of quarter-wave thin-films (Figure 2.8a). Design parameters of a certain chirp function can be 

represented by so called chirp volume and chirp distribution. 

The chirp volume represents the overall thickness variation in the whole device, thus can be used 

to tune the wavelength position of the transmission line. Figure 2.8(b) elaborates the effect of chirp 

volume variation on the spectral properties of the chirped filter for a positive Gaussian chirp 

function. Increasing the chirp volume shifts the transmission line to higher wavelengths but also 

more transmission line orders appear inside the stopband. Furthermore, FSR for a certain 

transmission line order may also increase with an increase in chirp volume. Chirp volume also has 
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an impact on FWHM of the transmission line which slightly decreases for increasing chirp volume. 

It is worth mentioning that the distributed phase shift is not linked exactly to the according 

wavelength of a similar Fabry-Pérot structure and typically located significantly closer to the 

stopband edges depending on the other design parameters. The transmission line position of chirped 

filters is tunable in a much wider range compared to that of Fabry-Pérot filters, however, the tuning 

efficiency is comparatively lower. 

           
    (a)         (b)  

Figure 2.8: Overview of additional design parameters with the help of optical thickness vs. 

layer count plot for a chirped filter with positive Gaussian chirp function. (b) Transmission 

spectra of Nb2O5/SiO2 based chirped filters for varying chirp volume (Chv). Increase in chirp 

volume shifts the filter lines towards higher wavelengths positions. Here, positive Gaussian 

chirp function is used to calculate the transmission spectra of chirped filters. 

The total number of layers with varying thicknesses (chirped layers) is represented by the chirp 

distribution. When designing a chirped filter, the interplay of chirp volume and the chirp 

distribution plays a decisive role in defining the spectral position of the filter line. Solely varying 

the chirp distribution mainly affects the electric field distribution of the resonant mode in the 

device. Though, a broader chirp distribution provides a broader electric field distribution, it also 

decreases the FSR which limits the single mode operation of the device in a wide spectral range. It 

is obvious from Figure 2.9 that even smaller chirp distribution results in a relatively broader electric 

field distribution of the resonant mode than that of a conventional Fabry-Pérot filter (Figure 2.5c). 

Nonetheless, the distribution of the electric field is highly affected by the choice of chirp function 

as well. For example, for a constant chirp volume and chirp distribution, triangular chirp function 

would provide a higher value of electric field in the central region compared to the one obtained 

by using Gaussian chirp function. On the other hand, chirp distribution also has a slight effect on 

the spectral position of the transmission line. Higher chirp distributions for a given chirp volume 

shifts the transmission line to shorter wavelengths and reduce the transmission line orders.  
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       (a)        (b) 

Figure 2.9: Relation between chirp distribution and the electric field distribution of the 

resonant mode. Electric field distribution of the resonant mode for chirped filters with (a) 

smaller and (b) higher values of chirp distribution. The refrac tive index profile of thin-film 

structure is also depicted for better understanding. These plots are obtained by using a 

positive Gaussian chirp function with a constant chirp volume  for Nb2O5/SiO2 material 

system. 

Increasing the total number of layers in a chirped filter structure does not affect the transmission 

line position, however, it may help in decreasing its FWHM. On the other hand, the FSR value 

decreases with an increase in the number of layers. 

A comprehensive analysis of all the design parameters of a chirped filter and their inter-dependence 

is presented in [8].  

2.3 Basics of Semiconductor Lasers 

In semiconductors, electrons are mostly found in the valence band. Upon interaction with an 

electromagnetic wave, a number of phenomena occur. For example, in presence of an external 

energy, e.g. an incoming photon, an electron in the valence band can ascend to the conduction band 

by absorbing the energy resulting in an electron-hole pair. The recombination of this pair, on the 

other hand, releases this absorbed energy in a radiative or non-radiative way. If the electron in the 

conduction band interacts with another atom or particle and descends to the valence band by 

exchanging energy in the form of thermal vibration or Auger recombination, the resultant 

recombination is known as non-radiative decay. In radiative recombination, alternatively, the 

energy is released in the form of an electromagnetic wave (photon). Depending on the carrier 

lifetime, if the excited electron relaxes back to the valence band, independent of an external 

influence, the electron is said to have decayed spontaneously causing a spontaneous emission. The 

propagation direction and the phase of spontaneously emitted photons are random. The energy 

difference between the energy states decides the frequency of the emitted photon. Light emitting 

diodes (LED) are based on this kind of non-coherent spontaneous emissions. 

However, when electrons are already in the conduction band, an incident photon can also stimulate 

an electron‐hole pair recombination. The emitted photon in such case has same phase, propagation 

direction, frequency and polarization as that of the incident photon. This kind of radiation is called 

stimulated emission, which is essentially used in lasers. Stimulated emission can only be achieved 
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when conduction band is highly populated compared to the valence band, which is called 

population inversion. Only in this condition the net optical gain becomes positive and the emission 

is amplified. However, in a two energy state system there is as much absorption as stimulated 

emission, consequently, population inversion cannot be achieved. Therefore, three or four energy 

level systems are considered in laser dynamics. A material with the capability to achieve the 

population inversion is referred to as active material (or gain medium). Additionally, lasers require 

either optical or electrical pump source to achieve population inversion in the gain medium.  

The process of stimulated emission may be started with a spontaneously emitted photon, however, 

every photon from stimulated emission later acts as an incident photon for further stimulated 

emission. Lasers employ an optical resonator to provide feedback for photons, generated by 

stimulated emission, into the gain medium (also called the optical cavity). The operating 

wavelength of a laser is chosen by the resonant mode of the optical resonator. To design a laser for 

a desired wavelength, the optical resonator must be designed to have a resonant mode at the desired 

wavelength which must further be overlapping with the gain curve of an appropriate gain medium 

(Figure 2.10). There are, however, some losses associated with the material as well as at the 

reflectors. Thus, one important condition for lasing is to have enough optical gain, hence the 

population inversion, to compensate these losses (known as lasing threshold). Additionally, Figure 

2.10 shows that FSR of the optical resonator can strongly affect the single mode operation of the 

laser.  

 
Figure 2.10: Schematic correlation between the resonator modes and the optical gain. 

Resonant modes with optical gain above threshold are amplified (green), while the ones 

below threshold are not amplified (red). Original from [22] . 

Depending on the emission direction, semiconductor lasers are commonly categorized into edge- 

(in-plane) and surface-emitting lasers. Most commonly used laser structures belonging to each 

category are discussed below. 

Edge-Emitting Distributed Feedback (DFB) Laser 

DFB lasers are widely used in optical communication systems [23]. In DFB lasers, optical feedback 

is provided by an index grating structured over the entire length of an active material layer (Figure 

2.11a). The variable refractive index of the grating causes partial reflections and transmissions for 

the passing light waves. Only certain reflected waves (𝜆𝐵) which satisfy the Bragg’s condition add 
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up constructively in reflection to create a stopband. Bragg wavelength (𝜆𝐵) is correlated to DFB 

grating period Λ via Bragg condition: 

𝑚𝜆𝐵 =  2Λ𝑛𝑒𝑓𝑓                                                                  (2.29) 

where 𝑚 is the grating order and 𝑛𝑒𝑓𝑓  is the effective refractive index. Equation 2.29 shows that 

the spectral properties of a DFB laser are directly related to the integrated Bragg grating. The center 

of the stopband is located at the 𝜆𝐵. Such Bragg grating produces a stopband similar to a DBR, 

however, a small refractive index variation offered by the quasi-layers of a Bragg grating results in 

a comparatively narrower stopband. Moreover, a very long grating (higher number of periods) is 

required to achieve high reflection in the stopband. The complex coupling coefficient, which 

determines the strength of the interaction and the amount of feedback in the grating structure, is 

dependent on the variation of the gain and refractive index step as well as the number of 

corrugations per length in the grating. To obtain a single mode operation, a shift of 
𝜆

4
 is included in 

the middle of grating (analogous to a cavity in Fabry-Pérot filters cf. Figure 2.5a) as shown in 

Figure 2.11. However, due to this phase shift the electric field of the resonant mode is highly 

concentrated in the central part, which leads to SHB.  Consequently, not only the side-mode 

suppression is degraded but the mode wavelengths of the DFB laser also jump. Several kinds of 

grating modifications are used to obtain single mode operation with reduced SHB [17]. For 

example, bent waveguides can be used to axially vary the grating period (chirped grating) [12], 

thus reducing the SHB. The idea of thin-films based chirped filters, to produce surface emitting 

laser (coreSEL), originates from the chirped grating DFB laser. 

 

   (a)        (b) 

Figure 2.11: Schematic illustration of a (a) DFB laser structure with a rectangular Bragg 

grating showing edge-emission, (b) VCSEL structure showing surface-emission. 

DFB lasers exhibit significantly higher output power (compared to VCSELs) owing to their large 

active medium. Nonetheless, rectangular aperture of DFB lasers results in a roughly elliptical 

output beam profile which requires corrective optics for efficient fiber coupling. Moreover, edge-

emission makes 2D array fabrication and on-wafer testing more challenging. 
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Vertical Cavity Surface Emitting Laser (VCSEL) 

In VCSELs, as the name suggests, the laser oscillation is formed not along the active medium layer, 

but perpendicular thereto. VCSELs can be made by sandwiching an active medium cavity between 

two mirrors. However, unlike the DFB lasers with quasi-layers, here the light waves have to pass 

through physical layers of the mirrors. Therefore, it is technologically challenging to build such a 

laser using conventional metallic mirrors since the reflector losses would be too high. This problem 

is solved by employing highly reflective dielectric DBR mirrors to build an optical resonator. Thus, 

VCSELs are based on the Fabry-Pérot filter configuration (Figure 2.5a); two dielectric DBR 

mirrors and a cavity with a length of multiple of 
𝜆

2
. Quantum wells, as active medium, are positioned 

at the maxima (antinodes) of the resonant mode inside the cavity to achieve a high gain. 

The stopband of VCSELs is relatively larger than DFB lasers due to a high refractive index contrast 

of the layers in the DBR mirrors. The output beam profile of the VCSELs can be defined by the 

aperture of the device which in theory can take any shape. Nonetheless, VCSELs are commonly 

designed to have a symmetric circular output beam profile for an efficient coupling to optical fibers 

and other optical components [3]. Surface-emission of VSCELs enables dense 2D array fabrication 

and easy on-wafer testing, thus reducing the production costs. To achieve a single mode operation 

in VCSELs, the cavity thickness (active medium volume) of the device is kept very small (𝑒. 𝑔.
𝜆

2
) 

resulting in a comparatively lower output power than DFB lasers [24]. Moreover, strong 

confinement of the resonant mode in the cavity region of the VCSEL device leads to augmented 

stimulated recombination in this position, causing instabilities in single mode operations [25]. 

2.4 CdSe Colloidal Quantum Dots as Active Material 

An electron-hole pair (also known as exciton; a bound state of an electron and an electron hole 

which are attracted to each other by the electrostatic Coulomb force) is generated when a photon 

is absorbed by a semiconductor nanocrystal. A recombination of this pair can results in a 

fluorescence emission. The emission wavelength is linked to the energy of the exciton. When the 

nanocrystal size is decreased, the energy of the exciton is increased because photo-generated 

electron and hole are confined by the particle boundary. Due to this phenomenon, known as the 

quantum size effect, the wavelength of the emitted light can be tuned just by changing the 

nanocrystal size. However, despite their high emission efficiencies, it is difficult to use them in 

lasing technologies due to an almost exact balance between absorption and stimulated emission in 

nanoparticles excited with single exciton. This issue is solved by passivating the nanocrystals 

surface by a shell of a different band gap semiconductor. These heterostructures are able to 

separately confine electrons and holes in the core and the shell, respectively. This spatial separation 

causes a strong local electric field which alters the absorption energy of the electrons in valance 

band by the Stark effect. This way the absorption losses are significantly reduced and optical 

amplification is achieved. Depending on the core/shell materials, sometimes a middle shell of 

intermediate lattice constant is required to remove the strain in lattice mismatch between the core 

and the shell materials. The emission of such nanocrystals (or colloidal QDs) can be tuned for a 
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wide spectral range, with a high quantum yield and a narrow line width, without changing the 

material composition. 

Colloidal QDs are commonly synthesized as III-V and II-VI compounds. The colloidal QDs used 

in this work are based on CdSe/CdS/ZnS material combination. They have a diameter of 

approximately 5 nm with trioctylphosphine and oleic acid passivation (Figure 2.12a). Such 

colloidal QDs have already shown promising potential for electronic and optoelectronic devices 

including full-color displays [26], light emitting diodes [27] and lasers [28]. 
  

   

   (a)          (b) 

Figure 2.12: (a) Model of a single CdSe/CdS/ZnS Quantum Dot. (b) Fluorescence vs. 

wavelength graph of typical colloidal QDs, showing the r elation between the colloidal QD 

size and the emission wavelength [29]. 
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3. Current State of the Research  

ue to numerous potential applications, development of different kinds of laser devices 

remains a research field of high activity. This chapter gives a general overview of research 

related to this work for a better understanding of the presented work. Major emphasis is 

laid on the recent developments of active devices such as VCSELs and DFB lasers, highlighting 

several notable research works to improve the performance of laser devices. Related research on 

laser devices using colloidal QDs as active medium is also presented. 

3.1 Research on VCSEL Devices 

The credit of floating the idea (1977) and the first fabrication (1979) of VCSELs goes to the 

Japanese research group of Kenichi Iga [30]. Major advancements were made in the production of 

semiconductor VCSELs operating in red and infrared ranges till 1996. Thereafter, the major 

research focus was in the direction of green, blue and ultraviolet emitting VCSEL [31]. In 1996 

Tessler et al. [32], reported the first organic micro-cavity laser (VCSEL) which indicated the 

possibility of electrical pumping due to high charge carrier mobility [33].  

There have been relatively few studies on high-power VCSELs. Most of the studies achieved high 

output power by combining several elements into large 2D arrays [34, 35]. However, it was first 

reported by Peters et al. in 1993 that aperture size of a single device can be increased to achieve 

high output powers [36]. This idea was further improved to achieve output powers of up to 200 mW 

at continuous-wave operation at room temperature for single VCSEL device [37, 38]. 

Another approach to increase the output power was reported by Sakata et al. [39, 40] where a single 

longitudinal mode laser emission was achieved from a vertical cavity laser by doping all the layers 

(DBR layers and cavity layer) with a laser active dye. This approach resulted in a comparatively 

low laser threshold as well. A surface emitting laser by spin-coating and alternate stacking of high 

and low refractive-index fluorescent dye-doped polymers was also reported [41]. However, in such 

simple polymer-based laser the emitted light near the surface is not sufficiently confined in the 

film. Machida et al. reported an all-polymer-based surface emitting laser having an organic active 

multilayer system, with simultaneous variation of refractive index and optical gain, embedded 

between two passive organic Bragg mirrors [42]. In a slightly different approach of complex 

coupling, active layers were proposed to be placed in the Bragg mirrors in such a way that they 

overlap with the antinodes of the electric field [43, 44]. A similar approach was used by Messow 

to achieve lower lasing threshold and a better side-mode-suppression-ratio (SMSR) [13]. All of the 

above stated approaches are based on Fabry-Pérot resonator design and do not use an active 

material in a core structure, as done in this work. 

D 
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3.2 Colloidal QDs based Laser Devices 

Since the first observation of stimulated emission, colloidal QDs have shown great potential as an 

optical gain medium. The credit of making the world’s first colloidal QDs based VCSEL goes to 

Dang et al. [45]. They used a densely packed colloidal QDs film as the active cavity, sandwiched 

between two dielectric DBR mirrors to obtain single-mode lasing for both green and red colloidal 

QD-VCSELs. A similar approach was used to fabricate a frequency up-converted colloidal QDs 

based VCSEL [46]. Colloidal QDs based optically pumped surface emitting DFB lasers have also 

been demonstrated by integrating colloidal QDs on a DFB grating structure [28]. Similar structure 

was fabricated on ultra-thin flexible glass to create wavelength-tunable laser [47]. In a more recent 

work, concentric circular Bragg gratings (CG-DFB) have been utilized to obtain azimuthally 

polarized laser beam [48]. 

Some studies have also reported the use of colloidal QDs in microlasers based on whispering-

gallery-mode (WGM). Snee et al. observed WGM lasing from micrometer-sized silica 

microspheres coated with CdSe/CdZnS film [49]. However, the pure colloidal QDs film was 

replaced by hybrid colloidal QD/poly(methyl methacrylate) (PMMA) nanocomposite to obtain 

long-term stability [50]. Some colloidal QDs based ring resonators have even showed color 

switching between red and green laser emission [51]. 

3.3 Laser Devices based on Chirped Gratings 

The concept of chirped gratings has been used in laser devices, however, its application is limited 

to DFB lasers. Chirped grating in a DFB laser was first theoretically proposed by Suzuki et al. for 

decreasing the threshold gain and improving single-mode selectivity [52]. Zhou at al. [53] 

theoretically investigated a linearly chirped grating DFB laser for mode selection and SHB 

suppression properties. Later it was theoretically and experimentally demonstrated by Chen et al. 

that the line width as well as photon density distribution, of a chirped grating DFB laser, can be 

influenced by the symmetry and the chirp function of the grating [54]. Hillmer et al. employed bent 

waveguides superimposed on homogenous grating fields to axially vary the grating period to obtain 

quasi-continuously and arbitrarily chirped DFB gratings [55–60]. Various bending functions were 

studied to distribute different phase shifts. Chirped gratings resulted in more distributed photon 

density which helped in equalizing the threshold gain of several modes close to the Bragg mode, 

thus improving the threshold gain and single-mode stability.  

The concept of chirping to achieve distributed cavity has never been applied for surface emitting 

lasers. This dissertation is mainly inspired by the idea of coreSEL proposed by Kusserow and 

Hillmer [14]. Effect of different chirping parameters on optical properties of chirped filters have 

been extensively studied using transfer matrix method (TMM) based model calculations by Reuter 

at the institute of nanostructure technologies and analytics (INA) [8]. This dissertation is a 

continuity of her work to fabricate a coreSEL from a chirped filter. 
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4. Overview of Fabrication Process, 

Technologies, and Characterization 

Methods 

oreSEL is comprised of a thin-film multilayer structure having an active material in the 

core. Since it is a new idea, all the fabrication steps are needed to be developed to realize 

a working device. First task was to design and fabricate a chirped filter having desired 

spectral properties using a combination of suitable optical materials. Later this passive filter device 

is transformed into an active laser device by introducing an appropriate active material inside the 

core of the device. This entire task requires multiple fabrication steps. Figure 4.1 illustrates an 

overview of the processing steps for a coreSEL device involving thin-film deposition, lithography, 

etching and active material infiltration. As a first step, a chirped filter which consists of alternating 

dielectric layers of high and low refractive index materials, is deposited on a silicon substrate 

(Figure 4.1a). Afterwards, a lift-off process is used to introduce a patterned etch-mask to protect 

selected areas from subsequent deep vertical etching. To define the patterns on the surface, a layer 

of photoresist is spin-coated on the surface of the multilayer stack (Figure 4.1b) followed by UV 

exposure of the selected areas with the help of a photomask. Depending on the type of the 

photoresist used, UV exposure causes the exposed parts to become either soluble or insoluble. The 

soluble parts can then be removed by a photoresist developer, resulting in donut-shaped structures 

(Figure 4.1c). Next, a metal layer is deposited on the surface as shown in Figure 4.1(d). Selected 

parts of the metal layer are removed by a liftoff process (Figure 4.1e). Subsequently, dry etching is 

performed to achieve micro-cylinders of the chirped filter with hollow core, as depicted in Figure 

4.1(f). The metal etch-mask can be removed by wet chemical etching (Figure 4.1g). In the final 

step, the hollow core is infiltrated with an active material resulting in a coreSEL structure (Figure 

4.1h). 

C 
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Figure 4.1: Process overview of a coreSEL. Top-view of each step is illustrated in the 

respective inset. Please refer to the text for the description .  

This chapter presents the technologies and the devices necessary for the fabrication and 

characterization of a coreSEL device. First, a short overview of thin-film deposition is presented, 

followed by a detailed discussion of ion beam sputter deposition and vapor deposition systems. 

Pattern transfer processes, including photolithography and dry etching are presented. The chapter 

ends with an overview of some optical characterization technologies used in this work. 

4.1 Thin-Film Deposition Technologies 

Thin-films of various materials are needed for the fabrication of the coreSEL device. There are 

various deposition technologies which are capable of depositing film thicknesses in the range of 

few nanometers to several micrometers. Each deposition technology has its advantages and 

limitations in terms of film quality, cost and range of materials [61]. In general, any deposition 

technology is either chemical, physical, or both. In chemical vapor deposition (CVD), film is 

formed by chemical reactions of precursor gases on and near the surface of the substrate. On the 

other hand, atoms are directly transported from source to the substrate to form a film in physical 

vapor deposition (PVD) [62, 63].  

In this work, two different types of deposition technologies are used. Dielectric layers of the chirped 

filter are deposited using ion beam sputter deposition (IBSD), while electron beam PVD (EB-PVD) 

is utilized for the deposition of metal etch-mask. These deposition technologies are presented in 

the following.  
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4.1.1 Ion Beam Sputter Deposition 

When a solid target is bombarded with energetic particles, such as accelerated ions, surface atoms 

of the solid are scattered backward due to a cascade of collisions between the surface atoms and 

the energetic particles as shown in Figure 4.2. This phenomenon of surface material removal is 

called sputtering. Figure 4.2 depicts that many other effects also take place upon an energetic ion 

interaction with a target surface [64]. Single neutral target atoms makes up approximately 80-95% 

of the sputtered particles, while 5-20% are target atom clusters. A very small amount of 

electronically excited target atoms (1%) and ionized target atoms (1%) are also included in 

sputtered particles [65]. 

The number of ejected atoms 𝑁𝑎,  per incoming ions 𝑁𝑖 is termed as the sputter yield 𝑌. Higher 

sputter yield directly translates into faster sputtering.  

𝑌 =  
𝑁𝑎

𝑁𝑖
                                                                       (4.1) 

Sputter yield is dependent on a number of parameters including the mass, energy and the impact 

angle of the incident particles, and the mass and the binding energy of the atoms in the solid and at 

the surface [66]. In general, elements tend to have a higher sputter yield than the compound 

materials [67]. 

 
Figure 4.2: Physical sputtering process [68].  

Optical filters require thin-films of high quality in respect to optical properties, layer composition 

and the accuracy of the film thicknesses. In this work, dielectric layers of chirped filter are 

deposited using dual ion beam sputter deposition (D-IBSD) system IonSys 1000, from Roth & Rau 

(Figure 4.3). The first ion source (called primary ion source) uses a three grid system to generate 

high-energy inert gas ions (Ar+, or Xe+) that are directed at a target inside a cryogenically pumped 

vacuum chamber. Noble gases are used to avoid reactions with the target material. Since only the 

positively charged ions leave the plasma, a potential builds up between the plasma source and the 

process chamber which can lead to short circuits. Therefore, pulsing mode is used to neutralize the 

ions by periodically reversing the polarity of the grids, which allows the extraction of electrons. 

The potential of the ion source can be alternatively changed at a frequency, ranging from 100 Hz 
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to 10 kHz. It enables the extraction of a beam consisting of either ions or electrons. The ratio 

between ion and electron beam is given by the pulse width. This way, energy and flux of the ions 

can be controlled independently. These ions create a sputter cloud in front of the target. Layer 

growth occurs when sputtered atoms are transported to the substrate and condense on the substrate 

surface. A secondary ion source (or assist ion source) is used to create energetic inert or reactive 

ions that are directed at the substrate to assist the growth. This so called ion assisted deposition 

(IAD) is particularly desirable for oxide and nitride films because it improves the stability, density, 

mechanical and optical properties of the deposited films [69]. 
 

 
Figure 4.3: A Schematic view of a D-IBSD system. Original from [70]. 

There are several deposition parameters, including the sputtering ions energy and their incidence 

angle on the target, sputtering ion flux, substrate position, flow of the reactive gas (oxygen in this 

case) and substrate tilt angle, which can influence the deposition rate [71–74]. A profound 

knowledge of the sputtering mechanism is required to elaborate the effect of each deposition 

parameter on the deposition rate. An ion beam incident on a material target creates a cloud of 

sputtered particles having different flux and energies in different directions [75]. Figure 4.4 shows 

a typical angular distribution of a sputtered material. This distribution is dependent on the energy 

and angle of the incident beam, the mass of the target atom and the surface topography of the target 

[76]. In general, the sputtered material cloud has a 𝑐𝑜𝑠𝑛𝛼 function-like shape, where 𝛼 is the angle 

between the target normal and the incident ion beam. The angular distribution has under-cosine 

shape along the target normal for low ion energies at normal incidence. On the other hand, emission 

is mainly specular for grazing incidence. For intermediate energies and medium to heavy ions, the 

angular distribution takes a cosine-like shape. An over-cosine shape, peaked in the direction of the 

target normal, is observed for high incident energies [76]. It is obvious from Figure 4.4 that 

substrate position, and its tilt angle strongly influence the deposition rate. Moreover, these 

deposition parameters also influence the homogeneity and mechanical properties of the deposited 

films [74]. Therefore, the substrate holder assembly provides adjustable position and tilt. During 

deposition, the substrate is usually allowed to rotate to achieve better homogeneity of the deposited 

film. 
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Figure 4.4: A typical angular distribution of a sputtered material and the reflected ions 

[77]. 

Variation in incident ion energy and the incidence angle influences the sputtering yield and hence 

the deposition rate of the target material. In general, the number of sputtered atoms rises with 

increase in the energy and flux of the incident ions. However, films deposited at high ion energies 

tend to have high surface roughness, leading to optical scattering of the films [78, 79]. On the other 

hand, increasing the angle of incidence increases the sputter yield before decreasing again [80]. 

Therefore, deposition parameters should be optimized for individual materials to achieve higher 

deposition rate with good film quality. 

An oxide film is formed by chemical reaction between the material sputtered from the target and 

the reactive ions generated by the secondary (assist) ion source. The actual reaction takes place 

only at the surface of the substrate. Pure metal and silicon are commonly used as target materials 

in this so called reactive sputtering. The relative gas flows of the inert and reactive gases can 

significantly modify the stoichiometry and the deposition rate of the deposited film. However, the 

reactive gas (oxygen in this case) introduced in the vacuum chamber also reacts with the surface 

of the target, and the state of the oxidized target surface classifies the sputtering process. Figure 4.5 

shows the typical behavior of deposition rate for varying reactive gas flow. Absence of reactive 

oxygen results in formation of metallic films with high deposition rates, designated as metal mode. 

Increasing the oxygen flow leads to a point where stoichiometric oxide is formed. However, further 

increase in the oxygen flow would form a permanent oxide layer on the target surface due to the 

fact that the films are already saturated with oxygen. This oxide layer on the target surface must be 

first sputtered away to sustain the reaction, thus the sputter yield of an oxidized target (oxide mode) 

is fairly low compared to pure metal target. Upon decreasing the reactive gas flow, on the other 

hand, the deposition rate gives a hysteresis curve. After a critical point, further decrease in gas flow 

causes a rapid increase in the deposition rate. This point implies that the oxidized layer on the target 

is sputtered away and pure metal surface is reached. A deposition process operating in the transition 

region from oxide to metal mode (Figure 4.5) can achieve low absorption with high deposition rate. 
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Figure 4.5: Hysteretic behavior of the deposition rate as a function of reactive gas flow 

[81]. 

4.1.2 Electron Beam Physical Vapor Deposition 

As the name suggests, EB-PVD uses a high-intensity beam of electrons (e-beam) to heat up and 

eventually evaporate a solid source material. The evaporated atoms are transported from the source 

to the substrate, where they condensate to form a film. The whole assembly is located inside a 

chamber which is kept at high vacuum condition (~10-6 - 10-7 mbar) to ensure a long mean free 

path. The electron beam is periodically guided over the material surface to achieve a homogeneous 

evaporation of the material [17]. A shutter is employed to control the deposition time and thickness 

of the deposited film. The deposition rate can also be controlled by varying the electron emission 

flux, however, it can also impact the film force of the deposited film. The physical properties, e.g. 

stress, of the deposited films can be varied by changing the substrate temperature as well [80]. To 

improve the homogeneity of the deposited film, the substrate holder keeps rotating during the 

deposition process. 

 
Figure 4.6: Schematic diagram of the EB-PVD process. Original figure from [82] . 

The main advantage of using a PVD system is that nearly any kind of inorganic solid material can 

be deposited without involving any chemical reaction. Furthermore, unlike CVD, deposition in 

PVD is directional which can be used to achieve a non-conformal deposition by adjusting the tilt 
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of the sample. For example to support a lift-off process (Figure 4.1d), it is desired to have a low 

sidewall deposition which can only be possible with a PVD system.  

In this work, the deposition of metal etch-masks was performed using a Pfeiffer PLS 500 EB-PVD 

system. This system provides both e-beam and resistive evaporation. 

4.2 Photolithography 

Photolithography is a pattern transfer technique used for transferring pattern from a photomask 

onto a photoresist layer. This technique has been used in this work for structuring the metal etch-

mask (Figure 4.1) and to facilitate the infiltration process of the active material (Figure 6.1). The 

process of optical lithography is typically carried out in the following sequence: photoresist spin 

coating, prebake, UV exposure of selected areas with the help of a photomask, post-exposure bake, 

and development.  

There are two types of photoresists which are commonly used for optical photolithography, namely 

positive photoresist and negative photoresist. Upon UV exposure, a positive photoresist becomes 

soluble while a negative photoresist becomes insoluble in the developer. Therefore, the resulting 

pattern is dependent on the selection of photoresist (Figure 4.7). Furthermore, parameters like UV 

exposure time, prebake time and temperature, post-exposure bake time and temperature, and 

development time play a crucial role in shaping the resultant profile of the patterned regions [83, 

84]. The lithography process usually takes place in a yellow room to protect the photoresist from 

undesired exposure to UV light during processing. 

 
Figure 4.7: Transferring a pattern on the substrate by photolithography using negative or 

positive photoresists.  

In this work, spin coater Spinner Module Delta 20BM AK 99300 from SÜSS MicroTec is used to 

obtain a uniform layer of photoresist on the surface of the substrate. Photoresist used in this work 

is provided by MicroChemicals. Their photoresists are standardized for a particular rotation speed. 

However, the layer thickness is still controllable by varying the rotation speed. The layer thickness 

is usually proportional to the inverse square root of the rotation speed. The layer thickness of any 

photoresist layer can also be decreased by diluting the photoresist [85, 86]. 
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In order to transfer patterns from a photomask to the photoresist layer, a mask aligner is required 

to properly align the sample and the photomask. In this work, Karl Süss MA4 mask aligner system 

from Karl Süss is used.  

4.3 Dry Etching  

Removal of material(s), known as etching, is an important process widely used in the fabrication 

of electronic and optical devices. In dry etching, substrate material is etched using a plasma which 

can contain either reactive species, inert ions or a combination of both. Dry etching is used when 

smaller features with vertical sidewalls are of key importance. A vacuum chamber is required for 

all kinds of dry etching processes. In a typical process, the patterned layer of photoresist or metal 

is used as a mask for etching into an underlying material. A high etch rate ratio between the material 

and the etch mask, termed as selectivity, is required to etch into a material with high aspect ratios. 

In dry etching, depending on the composition of the plasma, material is etched either by chemical 

etching, physical sputtering, or a combination of both. In chemical etching, substrate is exposed to 

a plasma containing only reactive etchant atoms or molecules. The surface atoms of the substrate 

chemically react with the etchant and form volatile products which can be removed via pumping. 

Chemical etching is highly material selective, because it is sensitive to difference in chemical 

bonds, and isotropic in nature (except for some crystals with preferential etch directions). Physical 

sputtering (Figure 4.8a), on the other hand, occurs when the etching plasma constitutes of inter 

ions. A bombardment of high energy ions onto the substrate surface knock out the surface atoms 

from the sample material. Since the energy of the impinging ions is very high compared to surface 

bond energies, this kind of etching provides low selectivity. Furthermore, the resultant etch profile 

is anisotropic but the sidewalls are not completely vertical (Figure 4.8a) because the sputter rate 

depends on the angle of the incident ions. Reactive ion etching (RIE) (Figure 4.8a) combines 

chemical etching and physical sputtering using a plasma which supplies both reactive etchants and 

high energy ions. Ion bombardment enhances the chemical etching process by breaking bonds, 

making the material more accessible and the surface more reactive to the reactive species. Such 

etching provides anisotropic etch profile with better control of the sidewall profile and selectivity 

by changing the balance between ion bombardment and chemical etching. 

Figure 4.8(b) shows the effect of different dry etching principles on the etch rate of silicon [87]. 

When silicon is etched using pure chemical etching (by the F radicals), the etch rate is low. 

However, etch rate increases by almost a factor of 10 when this chemical reaction is assisted by 

inert Ar+ ions (RIE). Moreover, the etch rate decreases drastically when the supply of chemical 

part (XeF2) is halted and only physical sputtering by ions is used. This experiment clearly shows 

that the etch rate achieved by RIE is much higher than the sum of the individual etch rates obtained 

by chemical etching and physical sputtering. Since ions come in on the substrate surface vertically, 

the etch rate in the vertical direction (by ion assisted reactions) is faster than the etch rate in the 

horizontal direction (by radicals), resulting in anisotropic etching.  
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(a) 

 
(b) 

Figure 4.8: (a) Dry etching mechanism, illustrating chemical etching, physical sputtering 

and reactive ion etching. (b) Experimental resul ts of dry etching of silicon using XeF2  and 

Ar ions. Three regions show difference in etch rates for chemical etching, reactive ion 

etching and physical sputtering. Original figure from [87] . 

In this work, vertical structuring of chirped filters (Figure 4.1f), to create hollow micro-cylinders, 

is carried out using an inductively coupled plasma-reactive ion etching (ICP-RIE) system called 

Plasmalab 100 from Oxford Instruments (Figure 4.9). It contains a coil, having 4 to 5 turns, wound 

outside the plasma chamber walls which is connected to a 13.56 MHz RF power supply to generate 

a high-density plasma. By RF biasing the substrate-electrode, the ion energy can be controlled 

independently of the plasma density.  

The choice of the reactive gas(es), and hence the reactive species that are generated in the plasma, 

is influenced by the material(s) that is desired to be etched. In addition to that, there are several 

other etch parameters, such as gas flow, RF power, ICP power, substrate temperature and  process 

pressure, which play a crucial role in defining the etch selectivity, etch rate, the degree of anisotropy 

and stability of the process. A high RF power generates ions with high energy leading to increased 
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vertical bombardment on the surface of the substrate, which can increase the etch rate and 

verticality of the sidewalls. This process can be assisted by a low pressure to achieve a relatively 

longer mean free path for the ions to achieve an anisotropic profile with high etch rate even for fine 

patterns [89]. In contrast, a low RF power and high pressure favor chemical etching which promotes 

isotropic etching with decreased etch rate. This drop in etch rate is higher for fine patterns, thus 

making the etch rate pattern-dependent. There are two main aspects to be considered when selecting 

a value of process pressure. Firstly, the utilization factor which is the ratio of etch rate of a material 

and the input flux of the reactive gas molecules. It gives the fraction of the reactive gas converted 

to a volatile etch product. At very low process pressures, the reactive species are pumped away 

before they get the chance to chemically react with the etched material (low utilization factor) [90]. 

On the other hand, higher chamber pressures can increase scattering collisions leading to either 

formation of more neutral molecules which do not contribute to etching or creating ions with higher 

angular distribution in all directions resulting in less anisotropy. 
 

  
Figure 4.9: Schematic layout of the Oxford Plasmalab 100 system. Original from [88]. 

The plasma density can be controlled by the ICP power of the system. A denser plasma, produced 

by a high ICP power, can increase the etch rate. The etch profile and critical dimension (the final 

dimension after the etching is complete) are strongly influenced by the re-deposition of reaction 

byproducts on pattern sidewalls. The substrate temperature does not only affect the chemical 

reaction rate, but also the sticking coefficient of gas species and reaction byproducts to the substrate 

surface [91]. Therefore, both etch rate and anisotropy of the etch profile can be influenced by the 

temperature. Apart from those factors, the choice of the wafer material (Figure 4.9) is important 

because it influences the amount of reactive species that are available for etching. For example, 

using a silicon wafer in fluorine-based plasmas can reduce the reactive atomic fluorine which 

results in less chemical etching of the substrate, and thus improving the anisotropy of the etch 

profile. 
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Dry Etching Using Fluorine-based Plasmas 

Perfluoro-compounds (PFC) such as CHF3 are commonly used for etching dielectric films. The RF 

energy, applied by the ICP-RIE system, dissociates PFC to free fluorine and CFx radicals. Fluorine 

is usually the dominating etch specie while CFx is responsible for producing unsaturated 

compounds leading to (fluorocarbon-) polymer formation. These polymers create a barrier which 

prevents the reactive species from reaching the material surface as well as hinders the removal 

process of the volatile etch products. This results in a competitive etching and deposition behavior 

as shown in Figure 4.10. Fluorine-to-carbon ratio (F/C) in the etch chemistry plays an important 

role in determining the plasma-chemical behavior, where a higher number of active fluorine leads 

to etching. Oxygen, both from the dielectric layers and added in the etching gas mixture, helps in 

oxidizing the active carbon compounds to form CO or CO2 thereby reducing the polymer formation 

by increasing F/C ratio [87].  

 
Figure 4.10:  Illustration of the influence of fluorine-to-carbon ratio on plasma-chemical 

behavior. Addition of H2 tends to consume reactive fluorine to form HF and increase polymer 

formation. Excessive O2 oxidizes the active carbon to make CO and CO 2 . Redrawn from [87]. 

Chemical reactions may also produce etch products which have high evaporation temperatures and 

their removal is difficult. In this case, an ion bombardment can help in sputtering away these non-

volatile etch products as well as fluorocarbon polymer. Therefore, high etch rates can be achieved 

with a combination of chemical and physical etching.  

4.4 Optical Characterization Methods 

Confocal Fluorescence Microscope 

Fluorescence microscopy is widely used in biology and medicine applications. A conventional 

fluorescence microscope illuminates the sample (having fluorescence capability) with a specific 

wavelength(s) which is absorbed by the fluorophores. These excited fluorophores subsequently 

emit light (fluorescence signal) of a different wavelength than the excitation light. This 

fluorescence signal can be filtered using selective optical filters to form an image. However, such 

widefield epi-fluorescence microscope illuminates a large volume of the sample at once. 

Consequently, the fluorescence signal originating from areas above and below the focal plane 
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obscures the features that lie in the objective focal plane, which reduces the resolution and image 

contrast [92]. This problem worsen for thicker samples. 

A confocal fluorescence microscope, on the other hand, not only focuses a beam of light at a 

particular point on a focal plane but also suppresses the out-of-focus fluorescence signal. It is 

achieved by using pinhole apertures in front of light source and detector (Figure 4.11). A light beam 

is scanned across the sample in a desired focal plane (x-y plane) to acquire its complete 2D image. 

As a result images with high resolution and contrast can be acquired. Furthermore, 2D images 

acquired at focal planes of different depths can be further processed into a 3D representation of the 

sample using volume-rendering computational techniques [93]. This useful feature of confocal 

fluorescence microscope provides a non-destructive approach to investigate the infiltration 

behavior of the active material. However, it must be ensured that adequate number of 2D images 

are acquired at appropriate axial (z-step) intervals so that the actual depth of the sample is reflected 

in the 3D image.  

 
Figure 4.11: Working principle of a confocal microscope. Redrawn from [94] . 

Confocal fluorescence microscope TCS SP1 from Leica Microsystems (available at cell biology 

department of University of Kassel) is used in this work to observe the infiltration behavior of the 

active material. It incorporates two tunable excitation lasers. Since illumination and signal 

detection are done from the same side of the sample, thin glass substrates of 150 µm thickness are 

used. 

Optical Gain Measurement 

One of a relatively straightforward approach to measure the optical gain in thin-film active media 

is by using the variable stripe length (VSL) method. This method was first demonstrated by Shaklee 

et al. in 1971 [95]. In this method, a sample with a thin-film of active material is optically pumped 

with a homogenous stripe-shaped laser beam and the emission from this excited stripe is collected 

as a function of the excited stripe length. The photoluminescence spectrum of shorter excited stripe 

lengths is broad. However, increment in excited strip length changes the photoluminescence 

spectrum in a way that the FWHM drastically decreases to a significant smaller value with a nearly 

exponential increment in the emitted intensity. A similar behavior is observed by increasing the 
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pump energy for a constant excited stripe length. This behavior is caused by a phenomenon called 

amplified spontaneous emission (ASE). The photons produced by spontaneous emission are 

amplified many times while passing through the gain medium before the final emission. The 

bandwidth of the resulting (ASE) emission is much narrower than the bandwidth of spontaneous 

emission and shows a threshold-like behavior for increasing stripe length as well as pump energy 

(Figure 4.12b and c). 

 
(a) 

    

(b)         (c) 

Figure 4.12: (a) ASE intensity dependence on stripe length. Inset: Schematic of the VSL 

method [96]. ASE intensity vs. wavelength at different stripe lengths of InGaN pumped at 

4.3 mJ/cm2: (b) absolute intensity and (c) normalized intensity (with respect to ASE peak) 

[97]. 

The drastic increase of the emitted intensity with the increase of excited stripe length can be used 

to determine the optical gain of the material. It can be done by treating the excited area as a one-

dimensional optical amplifier, i.e. the influence of the stripe width can be neglected since it is very 

small compared to the length. Let us consider a cylindrical shape with length 𝑙 and cross sectional 
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area 𝑠 representing a one-dimensional amplifier. Assuming an ASE emission in both z-directions, 

the solid angles seen from zero position and differential element 𝑑𝑧 are given by 𝛺 and 𝛺(𝑧), 

respectively (Figure 4.13).  

 
Figure 4.13: ASE along excited strip. Adapted from [97]. 

The emission 
𝑑𝐼

𝑑𝑧
 from the differential element 𝑑𝑧 consists of ASE and spontaneous emission which 

contributes to ASE signal. The emission can be written as [18], 
𝑑𝐼

𝑑𝑧
= 𝑔𝐼 + 𝐴𝑠𝑝𝑁∗ℎ𝜈

Ω𝑧(𝑧)

4π
                                                              (4.2) 

Where 𝑔 shows the modal gain, 𝐴𝑠𝑝 denotes the spontaneous emission rate, 𝑁∗ is the excited state 

population density and ℎ𝜈 shows the energy of the emitted photon. 

Since the emitted photons from the differential element near to 𝑧 = 0 gives the maximum gain, it 

can be assumed that Ω𝑧(𝑧) = Ω. By integrating equation 4.2 using the boundary condition 𝐼(0) =

0, the ASE emission 𝐼𝐴𝑆𝐸(𝑧) can be written as, 

𝐼𝐴𝑆𝐸(𝑧) =  
𝐽𝑠𝑝(Ω)

𝑔
(𝑒𝑔𝑧 − 1)                                                            (4.3) 

Where 𝐽𝑠𝑝(Ω) represents the spontaneous emission intensity emitted within the solid angle Ω and 

𝑔 is the net modal gain of the material. The net modal gain of an active material can be calculated 

by fitting the experimental data to equation 4.3. 

The one-dimensional optical amplifier model presented above is based on the assumption that the 

ASE intensity constantly increases with an increase in excitation stripe length. However, in reality 

the gain is saturated after a certain strip length, known as the saturation length. Therefore, equation 

4.3 only provides a good fitting between threshold (Lini) and saturation lengths (Lend) shown in 

Figure 4.12(a).  

In recent years this issue has been addressed and some improvements for the fitting procedure have 

been suggested to achieve more accurate gain measurement [98, 99]. In order to consider the gain 

saturation effects, the constant optical gain 𝑔 and the population density 𝑁∗ in equation 4.3 are 

considered to be varying as a function of the ASE intensity (and hence the stripe length):  

𝑔(𝑧) =  
𝑔0

1 + 
𝐼(𝑧)
𝐼𝑠𝑎𝑡

      𝑎𝑛𝑑   𝑁∗(𝑧) =  
𝑁0

∗

1 +  
𝐼(𝑧)
𝐼𝑠𝑎𝑡

                                      (4.4)  

Where 𝑔0 and 𝑁0
∗ are small signal gain and small signal population density, respectively, for a 

stripe length less than the saturation length. 𝐼𝑠𝑎𝑡 represents the signal saturation intensity. 

Equation 4.2 becomes: 
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𝑑𝐼

𝑑𝑧
=   

𝑔0𝐼

1+ 
𝐼(𝑧)

𝐼𝑠𝑎𝑡

+  (
𝐴𝑠𝑝𝑁0

∗ℎ𝜐Ω(z)

4𝜋
 ) (

1

1+ 
𝐼(𝑧)

𝐼𝑠𝑎𝑡

).                                        (4.8) 

Analytical solution of the rate equation for linear saturation model gives [98]: 

𝐼𝐴𝑆𝐸 =  
𝐼𝑠𝑎𝑡

1 + 𝐶𝑠𝑎𝑡 exp (−𝑔𝑜𝑧)
+  

𝐼𝑠𝑎𝑡

1 + 𝐶𝑠𝑎𝑡 
                                            (4.6) 

where 𝐶𝑠𝑎𝑡 is the saturation constant. 

An example for the influence of gain saturation effect for an InGaN sample is shown in Figure 

4.14. It is obvious that both fitting functions (equation 4.3 and equation 4.6) are fitting very well 

below the saturation length. However, equation 4.3 does not follow the experimental data above 

the saturation length and keeps on increasing exponentially. On the other hand, equation 4.6 gives 

a logistic growth function fitting above threshold length and thus provides better fitting even above 

the saturation length. 
 

 
Figure 4.14: Gain calculation without and with saturation effects for InGaN. The data points 

are fitted according to equations 4.3 and 4.6 for two different energy fluencies  [97].  

In this work a custom-built gain measurement setup, based on VSL method, is used. This setup 

was built by Mr. Mohammed Abdul-Awwad and Mr. Hans Wilke. It uses a frequency tripled 

Nd:YAG pulsed laser, with an operational wavelength of 355 nm, for optical pumping. The energy 

of the pump laser is controlled by a combination of rotatable retardation half-wave plate and a 

polarizer. Since the laser emission has a Gaussian beam profile, cylindrical lenses based laser beam 

shaping system is used to obtain a homogeneous line. The stripe length variation is achieved by a 

movable shutter carried by a motor-driven translation stage. The sample is placed inside a chamber 

which is capable of providing nitrogen and vacuum environments for active materials with 

photodegradation issues [100]. With the help of biconvex and collimating lenses, the ASE emission 

from the edge of the sample is collected and coupled into the optical fiber which is further 

connected to a spectrometer. A LabVIEW® based program on a remote computer is used to control 

the entire setup. 



37 

 

Photoluminescence (PL) Spectroscopy 

In this work a custom-built µ-PL setup (Figure 4.15) is used to detect any kind of optical coupling 

between the active core and the chirped filter-cladding. This setup has been built and characterized 

by Künne at INA [101]. It has the capability to switch between a continuous-wave (CW) (UV-F-

355nm-10mW) and a pulsed (frequency tripled Nd:YAG) laser to be used as excitation source. The 

excitation light is focused on the sample, placed on a piezo driven sample stage, with the help of 

exchangeable microscope magnification lenses. A bisecting beam-splitter allows the monitoring of 

real time excitation power while gathering the experimental PL data. A LabVIEW® based program 

on a remote computer is used to control the entire setup. 
 

 
Figure 4.15: Working principle of custom built µ-PL setup [101]. 
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5. Fabrication and Structuring of the 

Chirped Filter 

his chapter is divided into two parts. First part provides a comprehensive overview of the 

fabrication process of a chirped filter. A comparative study of various optical materials, 

commonly used for optical devices in visible and near infrared ranges, is presented. Nb2O5 

and SiO2, deposited using IBSD system, are selected as high and low refractive index materials 

respectively, for the fabrication of chirped filters. The optimization of the deposition recipe with 

respect to the deposition rate and the optical quality of the deposited films is also discussed. A 

comparison of optical characterization results of the deposited chirped filter and the theoretical 

simulations is given. Second part of the chapter covers the lateral and vertical structuring of the 

deposited chirped filters. The deposition and lateral structuring of the chromium etch-mask is 

investigated. The main focus of this part is on the dry etching characteristics of Nb2O5 and SiO2 

layers using fluorine based etch chemistries in an ICP-RIE system. Several etch parameters such 

as gas ratios, RF power, ICP power, chamber pressure and process temperature are investigated to 

optimize an etching recipe for Nb2O5/SiO2 based multilayer structure. All scanning electron 

microscopy is carried out using Hitachi s-4000 SEM system. 

5.1 Chirped Filter Fabrication 

The whole fabrication procedure of a chirped filter is shown in Figure 5.1. As an initial step, 

appropriate optical materials are selected which can be used in realization of the chirped filter. 

Once the optical materials and their deposition technology, IBSD in this case, are selected, the 

deposition recipe is optimized to obtain high deposition rate with low absorption in the desired 

spectral range. It is accomplished by depositing test layers of individual materials (approximately 

100 nm thickness) on silicon substrate followed by ellipsometric optical characterization. On the 

basis of the obtained optical properties (i.e. 𝑛, 𝑘, and thickness), the deposition recipe is optimized 

by varying the IBSD process parameters. The next step involves the design of chirped filter with 

the help of theoretical simulations to achieve desired spectral properties. The designed chirped filter 

is deposited using IBSD system and are further characterized using spectrophotometer for better 

comparison of spectral properties of the deposited chirped filter with the theoretical simulations. 

Each step is discussed in detail below. 

T 
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Figure 5.1: An overview of the steps involved in chirped filter fabrication.  

5.1.1 Dielectric Material Selection 

The chirped filter used in this work is designed for the visible range. It is composed of alternating 

dielectric thin-films of high and low refractive index materials with varying layer thicknesses. In 

order to achieve a high reflectance in a broad stopband with only a few periods, materials which 

possess high refractive index contrast and low absorptions in the desired spectral range are 

preferred. Additionally, instabilities associated with long deposition process can be avoided by 

selecting materials with high deposition rates.  

IBSD is used in this work because of its ability to produce high quality films in respect to optical 

properties, layer composition and the accuracy of film thicknesses [102, 103]. The well controlled 

process of IBSD gives a stable deposition rate, resulting in good reproducibility of the optical film 

properties. Table 5.1 compares the refractive indices and deposition rates of potential dielectric 

materials, with negligible absorption in the visible and near infrared range, deposited at room 

temperature on a silicon substrate by IBSD.  Nb2O5 and SiO2 are chosen as high and low refractive 

index materials for chirped filters in this work. These materials not only provide high refractive 

index contrast (with lowest absorption in the desired spectral range) and relatively high deposition 

rates but also tend to be more economical (Appendix A.1). In recent years, this combination of 

materials has been also used to fabricate nano-spectrometers [104]. 
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Table 5.1: Refractive indices and the deposition rates of oxide thin-films deposited by IBSD1. 

The optical properties and thicknesses are measured using ellipsometry. 

Material 
Refractive index 𝒏 

at 630 nm 

Deposition rate 

(nm/min) 

Usable spectral range 

SiO2 1.48 7.2  Near UV, visible, NIR 

Nb2O5 2.26 2.22  Visible, NIR 

TiO2 2.4 2.38 Visible, NIR 

ZrO2 2.13 1.1  Near UV, visible, NIR 

Ta2O5 2.11 2.26 Visible, NIR 

Al2O3 1.66 2.652  Near UV, visible, NIR 

5.1.2 IBSD Process Optimization for Nb2O5 and SiO2 Films 

In optics, a deposition process is generally optimized for two essential properties; the deposition 

rate and the optical quality of the deposited films. IBSD process provides an optimum solution to 

deposit multilayer thin-film stacks, however, its very nature makes it a very slow deposition rate 

process. Longer deposition processes are susceptible to instabilities caused by variations in 

deposition conditions. Therefore, it is of vital importance to optimize IBSD process to achieve high 

deposition rates. As discussed in section 4.1.1, several deposition parameters including the 

sputtering ions energy and their incidence angle on the target, sputtering ion flux, substrate position, 

flow of the reactive gas (oxygen in our case) and substrate tilt angle can influence the deposition 

rate and film. Deposition rates and optical properties of Nb2O5 and SiO2 films, deposited using 

IonSys 1000 D-IBSD system, have been comprehensively investigated for various incident ion 

energies, ion fluxes, incident angles, substrate positions tilt angles and oxygen flow rates in 

previous works at INA [80, 105]. To summarize, the highest deposition rate for both Nb2O5 and 

SiO2 is obtained at substrate position of 25 mm (with respect to target normal) with a substrate tilt 

angle of 45°. Moreover, sputtering ion flux is limited by the grid openings in the ion sources and 

higher ion flux is possible as the grids worn off (the size of the holes of the grids gets larger) due 

to usage.  

A higher deposition rate is generally preferred but the actual deposition rate is dependent on the 

desired optical properties of the deposited film. For example, an adequate amount of oxygen is 

required to fully oxidize the deposited film, thus reducing the absorption. However, higher oxygen 

flows decreases the deposition rates [80]. Therefore, there is always a compromise between the 

deposition rate and the absorption of the deposited film. Furthermore, when depositing a multilayer 

structure such as chirped filter, the deposition recipe should involve least amount of variations in 

the deposition process parameters (such as gas flow or sputtering energy) for individual materials. 

Any change in the process parameters changes the deposition conditions and system requires some 

time to stabilize the parameters.   

                                                 

1 Data taken from Institute of Nanostructure Technologies and Analytics.   
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An optimum deposition recipe for both Nb2O5 and SiO2 films has been summarized in Table 5.2, 

which provides low absorption, acceptable deposition rate and reduced process parameters 

adjustments. Here ionized oxygen is preferred since it is more reactive than the molecular oxygen, 

thus requires relatively lower gas flow to achieve complete oxidation of the sputtered material. 

With optimized deposition recipe, deposition rates of 1.686 nm/min and 6.27 nm/min are 

achievable for Nb2O5 and SiO2, respectively. The refractive index and absorption plots, measured 

by ellipsometer, of both Nb2O5 and SiO2 films are given in Appendix A.2. These values are further 

used in theoretical simulations of chirped filters.  

Table 5.2:  Optimum IBSD process parameters for Nb2O5 and SiO2 films. 

Deposition parameters for Nb2O5 Deposition parameters for SiO2 

Target material Niobium Target material Silicon 

Sputtering gas Ar+ Sputtering gas Ar+ 

Sputtering gas flow 6 sccm Sputtering gas flow 6 sccm 

Sputtering gas ion energy 800 eV Sputtering gas ion energy 800 eV 

Sputtering gas ion flux 100 mA Sputtering gas ion flux 100 mA 

Target incident angle 55 Target incident angle 55 

Substrate position 25 mm Substrate position 25 mm 

Substrate tilt angle 45 Substrate tilt angle 45 

Reactive gas O+ Reactive gas O+ 

Reactive gas flow 10 sccm Reactive gas flow 10 sccm 

Reactive gas ion energy 200 eV Reactive gas ion energy 200 eV 

Reactive gas ion flux 2.5 mA Reactive gas ion flux 2.5 mA 

5.1.3 Design, Simulation and Deposition of the Chirped Filter 

Chirped filters are designed and simulated with the help of a TMM based script, developed in 

Matlab®, by Reuter [8]. It is capable of simulating multilayer structures with varying design 

parameters including chirp function, chirp volume and chirp distribution (see section 2.2.4).  

Material files (with values of 𝑛 and 𝑘) obtained by ellipsometric measurement of the deposited 

films (Nb2O5 and SiO2) can be loaded into the script to define the layer material. Spectral properties, 

both in wavelength and frequency domains, and electric field distributions for the designed 

multilayer structure are obtained as output results.  

To fabricate a laser device, the spectral properties of chirped filter should match with the gain 

response of the active medium (Figure 2.10). Key properties for designing a chirped filter are 

transmission line position, FSR, FWHM and distribution of the electric field of the resonant mode. 

As discussed in section 2.2.4, several design parameters can influence more than one chirped filter 

property. Design strategies for a chirped filter with desired spectral properties was thoroughly 

investigated in [8]. In this work, these strategies have been benefited from to design the desired 

chirped filter. 
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Figure 5.2(a) illustrates the optical thickness of the designed chirped filter consisting of 35 layers. 

Gaussian function, distributed over all the layers, is used to obtain smooth electric field distribution. 

A small value of chirp volume (1.7 of QWOT) is used to achieve strong reflectance and high 

resonator quality [8]. By incorporating negative chirp function, the phase shift (chirp) is introduced 

by decreasing the thicknesses of individual layers, which reduced the deposition time and cost of 

the chirped filter. Transmission spectrum of the simulated chirped filter (red) is shown in Figure 

5.2(b). Spectral position of the transmission line is selected in accordance with the 

photoluminescence response of the active material used in this work (Figure 6.16a). Although it is 

possible to achieve high reflectance with even fewer number of Nb2O5 and SiO2 layers, a higher 

number is chosen to increase the resonator feedback since the light waves do not pass through the 

physical layers of the chirped filter in a coreSEL. Furthermore, the electric field of the resonant 

mode has a significantly broader distribution (Figure 5.2c). The actual values of optical and 

physical thicknesses are given in Appendix B.  
 

    

   (a)               (b)  

     

   (c)               (d)  

Figure 5.2: (a) Optical thickness plot of designed chirped filter.  Nb2O5 and SiO2 are used 

as high and low refractive index materials, respectively. (b) Transmission spectra of 

simulated (red) and deposited (blue) chirped filters. (c) Illustration (simulation) of the 

electric field distribution of the resonant mode along the physical length. (d) SEM 

micrograph of a FIB cross-section for a fabricated chirped filter. 
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The transmission spectrum (blue) shown in Figure 5.2(b) is obtained when the simulated chirped 

filter is fabricated using IBSD on a float-glass substrate. Transmission measurements of the 

deposited chirped filter are carried out using Lambda 900 spectrophotometer from Perkin Elmer. 

As a whole, the transmission spectrum of the fabricated filter is in good agreement with theoretical 

simulation apart from few minor deviations.  The transmission line position of the deposited filter 

is slightly shifted towards the longer wavelength. This can be caused by slight variations in the 

deposition rate and the optical properties of the deposited materials during the deposition 

process [8]. IBSD provides very slow deposition rates and hence the process conditions may change 

during a deposition of several hours. Slightly lower transmission values of the filter line and side 

fringes (Figure 5.2b) for the deposited filter can be attributed to the material losses.  

The cross-section of a fabricated chirped filter, prepared by focused ion beam (FIB) milling, depicts 

the layer thickness variations according to the designed chirped function. The total thickness of the 

deposited chirped filter is approximately 2.8 µm. 

5.2 Vertical Structuring of the Chirped Filter 

The TMM based theoretical simulations of chirped filters consider structures in one dimension 

only; layer stacks of infinite lateral dimension and only the vertical mode distribution is considered. 

However, a coreSEL structure design is comparable to an optical fiber, consisting of a cylindrical 

core of an active material surrounded by chirped filter-cladding. It is known from fiber optics that 

the diameter size of a micro-structured cylinder influences the resonance. Therefore, 3D theoretical 

simulations are required to investigate the influence of cylindrical shape of coreSEL device on the 

overall mode guiding. Only then a coreSEL with appropriate lateral dimensions can be designed. 

The goal of this work, however, is to optimize a generalized fabrication process which is capable 

of fabricating coreSEL structures with any lateral dimensions. The lateral dimension of a coreSEL 

is defined by the photolithography process. Hence, a photomask having donut-shape structures 

with varying inner and outer diameters was designed (Appendix C). The donut-shapes have 

dimensions ranging from 3 μm to 10 μm for inner diameter and from 7 μm to 22 μm for outer 

diameter. The inner diameter defines the size of the core while the outer diameter defines the 

chirped filter-cladding dimension. This section emphasizes on the vertical structuring process of 

chirped filters to achieve micro-cylinders with hollow cores (Figure 4.1 b-g). 

5.2.1 Selection, Deposition, and Lateral Structuring of the Etch-mask 

Before the actual vertical etching is performed, an etch-mask is required to be deposited and 

patterned to protect desired areas from vertical etching. This etch-mask should possess good 

adhesive properties and be resistant against the chemical reactions as well as physical sputtering. 

In addition, post-etching removal of the etch-mask should be simple and nondestructive to the 

layers underneath. Photoresists are widely used as etch-masks for shorter etching processes due to 

their easy single step structuring. However, for deep vertical etching, they lack the required 

selectivity and the post-etching removal is challenging due the cross-linking of the photoresist 

[106]. Alternatively, metallic etch-masks (also called hard-masks) such as aluminum, chromium, 
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nickel etc., offer better selectivity but their patterning requires multiple processing steps. A 

chromium based etch-mask is used in this work since it is widely used in dry etching processes 

involving fluorinated chemical reactions. It has very good adhesion properties with high etch 

selectivity to the dielectric layers and post-etching removal is nondestructive to Nb2O5 and SiO2 

layers [107].  

The structuring process needs to be defined before we can proceed to discuss the deposition of the 

chromium etch-mask. The chromium layer can be structured either by wet chemical etching, dry 

etching or using a lift-off process. The wet chemical etching process involves etching the metal 

layer chemically by immersing it in a chemical etchant. Although it is fast, the main drawback of 

this method is the isotropic etching effect. The isotropic etching is responsible for sloped sidewalls, 

corrugated features and difficulty to obtain fine-line patterning with critical dimensions (Figure 

5.3). The chromium chemical etchant used for wet etching is a mixture of 4.25% perchloric acid 

(HClO4), 10.9% ceric ammonium nitrate (NH4)2[Ce(NO3)6], and 84.85% water (H2O) provided by 

Micro Chemicals. The metallic etch-mask can also be structured using a dry etching process. This 

is accomplished by first patterning a photoresist layer on top of the metal layer to serve as an etch-

mask and then using ICP-RIE to transfer the pattern to the metal layer by Ar sputter etch (the dry 

etching process parameters are given in Appendix D.1). 

                       
   (a)               (b)   

Figure 5.3: SEM micrographs of chromium etch-mask with (a) wet and (b) dry etching 

approaches. The dry etching was performed using Ar gas. 

The desired structuring results are obtainable with dry etching, nonetheless, sputtering of the metal 

leads to contamination of the etching chamber due to the residues of the sputtered metal. This 

causes unstable behavior of the ICP-RIE system and provides misleading measurements, making 

it nearly impossible to reproduce the desired results. Therefore, the structuring method eventually 

used in this work is based on a lift-off process. Unlike the first two approaches, the metal layer is 

deposited on top of pre-patterned photoresist layer which is then dissolved in NMP, leaving behind 

only patterned metal layer. The lateral patterns on the photoresist layer are defined with the help of 

a photolithography process. For this purpose a negative photoresist AZ®-nLOF 2070, diluted by a 

resist thinner AZ-EBR in the ratio of 3:4 was used. However, SEM characterization of the sample 

showed that structures with outer diameters less than 10 µm were not realized (Figure 5.4). This 

can be caused by the undercut profile of the negative photoresist and it is assumed that most of the 

smaller structures are washed away during the development step. 
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Figure 5.4: SEM micrograph of entire donut-shape structures array after photolithography 

process. Structures with outer diameters less than 10 µm are not realized. A development 

time of 50 seconds was used.  

It is well-known that development time has a major influence on the amount of undercut in the 

final structures, therefore, long development time could be a probable cause of the problem. Unlike 

other photoresists, AZ®-nLOF 2070 does not show any photobleaching upon UV-exposure and 

retains its UV-absorbing nature which causes an exponential decay in the exposure dose for 

increasing depth. This limits the penetration depth of the UV-light, thus the deeper we go the less 

crosslinked photoresist is. Longer development time causes these semi-exposed parts of the 

photoresist to remove quicker, resulting in an isotropic etch profile of the photoresist layer. To 

realize smaller structures and achieve comparatively vertical sidewalls of the photoresist, 

development times of 50, 40 and 30 seconds were investigated.  

   

(a)                     (b) 

Figure 5.5: SEM micrographs showing the sidewall profile of the p hotoresist structures 

obtained after photolithography process using development time s of (a) 30 and (b) 

50 seconds. A negative slope can be observed for the photoresist structure s developed for 

50 seconds. The photoresist structures after 30 seconds of development time show nearly 

vertical sidewalls.   

It is obvious from Figure 5.5, that undercut can be reduced by employing shorter development time. 

A nearly vertical sidewall profile of the photoresist layer can be achieved for a development time 

of 30 seconds. This also help in obtaining a near vertical sidewall of etch-mask because the sidewall 

profile of the photoresist layer later defines the sidewall profile of the metal etch-mask. Although 
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shorter development time greatly helps in realizing smaller structures, it also leaves behind some 

unwanted residue of the photoresist which affects the adhesion of the chromium layer. As a result, 

some structures (in random order) are washed away after the lift-off process. To overcome this 

issue, samples are treated with oxygen plasma ashing after the photolithography process to remove 

the unwanted residue of the photoresist. Figure 5.6 shows that entire donut-shape structures array 

is realizable using this optimized recipe. The optimized recipe for photolithography is given in 

Appendix D.2. 

 
Figure 5.6: SEM micrograph of an entire donut-shape structures array after 

photolithography process. A development t ime of 30 seconds was used.  

As discussed in section 4.1.2, deposition via evaporation method can results in non-conformal 

deposition which can be helpful for a lift-off process, thus EB-PVD was used in this work to deposit 

the chromium layer. However, the resultant layer possesses a relatively lesser packing density and 

a thick layer of chromium is required to withstand the long etching process (the actual thickness of 

the etch-mask is determined by the etch selectivity of the etch-mask to the dielectric layers together 

with the desired etching depth). A thicker chromium layer has higher residual stress which leads to 

film rupture and bent edges of the chromium etch-mask. This issue has been addressed for various 

layer thicknesses in previous works [13]. Several techniques, including multi-step post-deposition 

rapid thermal annealing (RTA), chromium deposition rate variation, and contamination (Cr2O3) 

prevention via longer pre-deposition time, were investigated in these works to achieve rupture free 

chromium layer. The main cause of the problem is found to be the long process time and thermal 

stress caused by the difference in the thermal expansion coefficients of the substrate and the 

chromium layer. The thermal stress can be reduced by depositing a thick chromium layer in 

successive steps with growth interruptions [107]. These interruptions give chromium atoms 

adequate time to arrange in a better relaxed layer. However, this approach still resulted in chromium 

etch-masks with up-bent edges (Figure 5.7a). This can be caused by an insufficient adhesion of 

chromium with the oxide surface. Metals deposited on oxide surfaces generally form thin-films via 

Volmer-Weber growth mode, where bonding between the deposited atoms is stronger compared to 

the bonding of the atoms and the surface [108, 109]. The nucleation process takes place onto the 

surface and it grows in three dimensions to form islands of the deposited material. Adhesion to the 

surface can be improved by introducing more (chromium) condensation centers (islands) on the 
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surface for the subsequently deposited chromium atoms [110]. Therefore, the oxide surface is 

artificially pre-sensitized with nuclei of chromium (approximately 1 nm) after the photolithography 

process. Subsequently, a thick layer of chromium can be deposited with growth interruptions to 

achieve bent-free chromium etch-mask with acceptable sidewall profiles.  

   
(a)            (b) 

Figure 5.7:  SEM micrograph of chromium etch-mask, deposited by EBPVD on Nb2O5  

surface; (a) without and (b) with artificially pre-sensitized surface by approximately 1 nm 

of chromium [111]. 

5.2.2 Vertical Etching using ICP-RIE 

The aim of this work is to formulate a dry etching recipe to achieve a single-step etching of 

Nb2O5/SiO2 based chirped filter. The recipe should be optimized for a high etch rate, good 

selectivity, and vertical etch profile. The quality of multilayer optical devices is often dependent 

on the high aspect ratio of the etch profiles. Vertical sidewalls of the etched multilayer structure 

are very crucial for mode guiding in the active core of the coreSEL device. Vertical structuring of 

silicon and its oxides by dry etching is widely used in microelectromechanical systems technology 

and several studies have reported dry etching of SiO2 using fluorinated gas based plasma [106, 107, 

112-115]. On the other hand, achieving smooth and vertical sidewall profile for niobium and its 

oxides using dry etching is quite challenging and thus very few investigations have presented dry 

etching of Nb2O5. Some of the earliest studies used CF4-O2 and CF4-H2 gas mixtures for dry etching 

of Nb2O5 [116, 117]. Although Boucher et al. presented CHF3 gas-based dry etching recipes for 

etching individual layers of Nb2O5 and SiO2 [112], however, alteration of etching parameters for 

individual thin-films during the vertical structuring of a multilayer stack is hardly a viable option. 

This problem becomes more critical for non-periodic multilayer stacks such as chirped filters. 

Besides, the difference in etch rates for each material would cause lateral etching and would create 

undercut in the material etching faster, resulting in an uneven sidewall profile of the multilayer 

structure. 

The ICP-RIE system available at INA offers the possibility of using CHF3, SF6, C4F8, O2 and Ar 

gases for the dry etching process. By taking into account the F/C ratio graph (Figure 4.10), there 

are several gas combinations, for example SF6 and Ar, C4F8 and Ar, CHF3 and Ar, etc., which can 

be used to etch Nb2O5/SiO2 layers. Some preliminary etching tests were performed with all the 

possible combinations to select a suitable combination for further investigation. The preliminary 
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etching results are given in Appendix D.3. An etching recipe based on SF6 and Ar etch chemistry 

is chemically very reactive due to large number of F radicals. Since chemical etching is highly 

material selective, with this etch chemistry lateral etching was observed due to high difference in 

etch rates for individual materials. On the other hand, etch chemistry based on C4F8 and Ar causes 

too much polymer formation on the sidewalls of the etch structure due to its low F/C ratio. 

Therefore, the etching recipe investigated in this work is based on CHF3 and Ar gases, where CHF3 

is acting as a chemical etching component and Ar provides the physical etching.  

This section is divided into two parts. Initially, the etching characteristics of single layers of Nb2O5 

and SiO2 are investigated. Based on the findings of the first part, optimization of a dry etching 

recipe for Nb2O5/SiO2 based chirped filter is presented in the second part.  

5.2.2.1 Single Layer Etching 

The effects of ICP-RIE parameters on the etching behavior were investigated on samples with a 

500 nm thick layer of either having Nb2O5 or SiO2, deposited by IBSD on a silicon substrate. A 

chromium etch-mask with 150 nm thickness was used to determine the selectivity between the 

chromium etch-mask and the etched materials. Selectivity is the ability of the etching process to 

differ in etch rate for different materials. Selectivity and etch rate can be determined with the help 

of a surface profilometer. The profilometer used in this work is XP-100Plus from Ambios. Given 

the etching time, pre- and post-etch thicknesses of the etch-mask and the height of the etched 

dielectric layers are known, the etch rate and the selectivity can be calculated by: 

𝐸𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 (
𝑛𝑚

𝑚𝑖𝑛
) =

𝐸𝑡𝑐ℎ𝑒𝑑 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑛𝑚)

𝐸𝑡𝑐ℎ𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛)
              (5.1) 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐶𝑟/𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  
𝐸𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑡𝑐ℎ 𝑚𝑎𝑠𝑘

𝐸𝑡𝑐ℎ𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
 .             (5.2) 

Longer etching processes may increase the sample temperature due to constant ion bombardment 

which can influence the characteristics of etch chemistry. Therefore, a helium-backside cooling 

was maintained for all the dry etching experiments. Furthermore, the etching chamber was cleaned 

and conditioned before every experiment to improve the reproducibility of the etching process and 

to reduce equipment failure. The effects of the ICP-RIE parameters on the etch rate and selectivity 

are investigated in the following.  

Influence of Gas Ratios 

The etching gas mixture used in this work has both reactive (CHF3) and physical (Ar) etching 

components, and their ratio can have a direct influence on the etching characteristics. To investigate 

this influence, Ar flow was varied from 3 sccm to 30 sccm while keeping CHF3 flow constant at 

10 sccm. The ICP-RIE etching parameters used for this investigation are given in Table 5.3.  
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Table 5.3: ICP-RIE etching parameters used to investigate the influence of gas ratios on the 

etching behavior.  

Process Parameters  Values 

ICP Power (Watt) 1500  

RF Power (Watt) 100  

Ar flow rate (sccm) 03, 10, 20, 30  

CHF3 flow rate (sccm) 10 

Process pressure (mbar) 8   

Process temperature (℃) 20  

 

Figure 5.8 shows the etching behavior of Nb2O5 and SiO2 for varying Ar flows. It is noticeable that 

higher Ar flow decreases the etch rates and selectivities for both the materials. The Ar ions which 

are responsible for non-selective physical etching dominates the etching mechanism at higher Ar 

flows which creates an overall deficiency of reactive etching component in the plasma.  It is also 

obvious from Figure 5.8 that excessive sputtering at higher Ar flow also decreases the difference 

between the etch rates of individual materials. Although the etch rates for higher Ar flows shows a 

drop in Figure 5.8, analysis of series of SEM micrographs for this experiment revealed that higher 

Ar flows resulted in more vertical sidewalls due to increase in highly directional ion bombardment.  

 
Figure 5.8: Etch rates (  , ) and selectivities (  , ) of Nb2O5 and SiO2 over chromium 

(Cr) etch-mask as a function of Ar flow [111]. 

Influence of RF Power 

A higher RF power is expected to increase the etch rates (see section 4.3). The influence of RF 

power on the etching behavior was investigated by varying the RF power from 50 W to 150 W. 

The ICP-RIE etching parameters used for this investigation are presented in Table 5.4.  
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Table 5.4: ICP-RIE etching parameters used to investigate the influence of RF power on the 

etching behavior. 

Process Parameters  Values 

ICP Power (Watt) 1500   

RF Power (Watt) 50, 75, 100, 150  

Ar flow rate (sccm) 4  

CHF3 flow rate (sccm) 10 

Process pressure (mbar) 8   

Process temperature (℃) 20  

 

The etching behavior for varying RF power can be seen in Figure 5.9. An increase in RF power 

increases the etch rates for both Nb2O5 and SiO2. The etch rates at RF power of 150 W show an 

increase of approximately 80% compared to that at 50 W. However, etch rates reach a plateau 

between 100 W and 150 W. The polymerization is believed to be the cause of this behavior. 

Previous works have shown that increasing the RF power over 200 W results in a sharp increase in 

the etch rates [114]. Nevertheless, the RF power values over 150 W were not investigated in this 

work due to the fact that the reflected power in ICP-RIE system is too high for RF power value of 

200 W. Any reflected power value over the tolerance limit of ICP-RIE process controller makes 

the process unstable. Analysis of SEM micrographs for the experiment showed that the verticality 

of the sidewalls improved with higher RF powers. 

Figure 5.9 further shows that Cr:Nb2O5/SiO2 selectivity decreases with increasing RF power 

because of physical etching of the etch-mask surface by high energy ion bombardment. Slight 

erosions on the etch-mask surface are also created due to milling by high momentum ions at higher 

RF power. Consequently, there has to be a compromise between the etch rate and selectivity.  

 
Figure 5.9: Etch rates (  , ) and selectivities (  , ) of Nb2O5 and SiO2 over Cr etch-mask 

as a function of RF power [111]. 
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Influence of ICP Power 

The ICP power was varied from 500 W to 1500 W to investigate the influence of ion density on 

the etching behavior. The ICP-RIE etching parameters for this experiment are given in Table 5.5. 

Table 5.5: ICP-RIE etching parameters used for to investigate the influence of ICP power 

on the etching behavior.  

Process Parameters  Values 

ICP Power (Watt) 500, 1000, 1500 

RF Power (Watt) 150  

Ar flow rate (sccm) 4  

CHF3 flow rate (sccm) 10 

Process pressure (mbar) 8   

Process temperature (℃) 20  

 

The effect of ICP power on the etching characteristics is shown in Figure 5.10. As expected, with 

a denser plasma at higher ICP power values, higher etch rates are achieved without damaging the 

surface. Figure 5.10 shows that etch rates for both Nb2O5 and SiO2 nearly doubles when the ICP 

power is increased from 500 W to 1500 W. Though at higher ICP powers, the inter-material 

selectivity (Nb2O5:SiO2) is slightly worse which may affect the etch profile of Nb2O5/SiO2 based 

multilayer structures due to lateral etching. Previous studies have reported that very high ICP 

powers (over 2000 W) may also lead to downward trend in the etch rates due to shortened mean 

free path of the plasma molecules [115]. Furthermore, selectivities decrease with an increasing ICP 

power (Figure 5.10). This is caused by a higher incident ion flux which results in excessive 

sputtering of the etch mask [106]. 

 

Figure 5.10: Etch rates (  , ) and selectivities (  , ) of Nb2O5  and SiO2  over Cr etch-mask 

as a function of ICP power [111]. 
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Influence of Process Pressure 

The etching behavior of Nb2O5 and SiO2 was investigated by varying the process pressure from 

5 mbar to 40 mbar. Table 5.6 presents the ICP-RIE parameters used for this experiment.  

Table 5.6: ICP-RIE etching parameters used to investigate the influence of process pressure 

on the etching behavior.  

Process Parameters  Values 

ICP Power (Watt) 1500 

RF Power (Watt) 150  

Ar flow rate (sccm) 4  

CHF3 flow rate (sccm) 10 

Process pressure (mbar) 6.6, 13.3, 26.7, 40  

Process temperature (℃) 20 

 

Figure 5.11 shows the etching behavior for different values of process pressure. The etch rates 

show overall downward trend for an increasing pressure which is expected with a shorter mean 

free path. The etch rates drop to nearly half when pressure is increased from 6.6 mbar to 40 mbar. 

However, the selectively shows an opposite trend and it increases nearly threefold for higher 

pressure value. Since chromium etch mask is mainly etched due to sputtering by energetic ions, at 

higher pressure values bombarding ions lose their kinetic energy due to collisions which reduces 

sputtering and thus a high etch-mask selectivity is obtainable. Nonetheless, analysis of SEM 

micrographs for the experiment showed that the degree of anisotropy for the etched profile 

improves as the pressure value decreases. 

 
Figure 5.11: Etch rates (  , ) and selectivities (  , ) of Nb2O5  and SiO2  over Cr etch-mask 

as a function of process pressure [111]. 
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Influence of Temperature 

The effect of temperature variation was investigated for temperatures between 10 °C and 30 °C. 

The ICP-RIE etching parameters for this experiment are tabulated in Table 5.7. 

Table 5.7: ICP-RIE etching parameters used to investigate the influence of process pressure 

on the etching behavior.  

Process Parameters  Values 

ICP Power (Watt) 1500 

RF Power (Watt) 150  

Ar flow rate (sccm) 4  

CHF3 flow rate (sccm) 10 

Process pressure (mbar) 8 

Process temperature (℃) 10, 20, 30 

 

Figure 5.12 shows the effect of temperature variations on the etching behavior. There is a slight 

change in the etch rates for both Nb2O5 and SiO2 in the investigated temperature range. The primary 

etch products in these etching processes are believed to be NbF5 and SiF4 for Nb2O5 and SiO2, 

respectively. NbF5 has a very high evaporation temperature (230 °C) while SiF4 has it well below 

0 °C. Therefore, the temperature variation between 10 °C and 30 °C has no significant influence 

on the etching behavior. However, SEM analysis of the samples etched at higher temperature show 

slight improvement in the smoothness of the sidewalls due to reduction in re-deposition of the other 

etch products. 

 
Figure 5.12: Etch rates (  , ) and selectivities (  , ) of Nb2O5  and SiO2  over Cr etch-mask 

as a function of temperature [111]. 

5.2.2.2 Vertical Etching of Nb2O5/SiO2 based Chirped Filter 

In the light of etching investigations presented in section 5.2.2.1, intensive experimentation was 

carried out with all the important ICP-RIE etching parameters to develop a single-step etching 
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recipe for Nb2O5/SiO2 based chirped filter. Experiments revealed that a chromium etch-mask with 

a thickness of 300 nm should be sufficient for etching the entire depth of chirped filter. The ICP-

RIE etching parameters are chosen which give the best results in terms of verticality and 

smoothness of the sidewalls. The optimized parameters of this newly developed etching recipe are 

presented in Table 5.8. 

Table 5.8: ICP-RIE etching parameters for the optimized etching recipe.  

Process parameters Values 

Ar (sccm) 30 

CHF3 (sccm) 10 

RF power (W) 150 

ICP power (W) 1500 

Process pressure (mbar) 8 

Process temperature (°C) 30 

 

With the etching recipe tabulated in Table 5.8, a reasonable etch rate of 62 nm/min is achievable. 

This etch rate is comparatively less than some of the etch rates shown previously in section 5.2.2.1, 

since our emphasis is on verticality and low roughness of the sidewalls. SEM analysis of the 

samples showed that with higher etch rates these properties are compromised.  

An optimum balance between the chemical and physical etching is achieved with gas flows of 

10 sccm and 30 sccm for CHF3 and Ar, respectively. A high value of RF power is selected to 

increase the etch rate and anisotropy of the etching process. Though, slight erosions are observed 

on the etch-mask surface due to high RF power, a selectivity of 26:1 between the multilayer stack 

and etch-mask makes them insignificant. Using the optimized etching recipe, a 300 nm thick 

chromium etch-mask is theoretically sufficient for etching a Nb2O5/SiO2 based multilayer stack of 

7.8 µm thickness. If desired, this selectivity can be increased by reducing the ICP power given in 

Table 5.8. However, an ICP power of 1500 W is recommended to obtain high etch rate. Although, 

Figure 5.10 indicates that the difference between etch rates of Nb2O5 and SiO2 increases with 

increasing ICP power, it is suspected that etch product NbF5 is masking SiO2 layer from the side 

and thus making SiO2 etch rate comparable to that of Nb2O5. A low pressure value combined with 

high temperature is used to achieve high etch rates and smooth sidewall profiles. This newly 

developed single-step ICP-RIE recipe is equally efficient for both periodic (e.g. DBRs) and non-

periodic (chirped filters) multilayer structures based on Nb2O5 and SiO2. Figure 5.13 shows a SEM 

micrograph of a Nb2O5/SiO2 based chirped filter etched with the optimized etching recipe. The 

etched structure has very smooth surfaces and nearly vertical sidewalls. Furthermore, no lateral 

etching in the etch profile suggests that inter-material etch selectivity (between Nb2O5 and SiO2) is 

near to 1. 

As discussed earlier, CHF3 forms fluorocarbon polymers which not only reside on the sample 

surface but on the walls of the etching chamber as well. These contaminants can influence the 

reproducibility of the etching process. To ensure that identical etching conditions exist before the 

etching process starts, the chamber should be cleaned and conditioned with the help of SF6 and O2; 

where oxygen oxidizes the residual polymer and SF6 helps in removing Si-based residuals. 
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Figure 5.13: SEM micrograph of a Nb2O5/SiO2 based chirped filter etched with the optimized 

etching recipe presented in Table 5.8. 
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6. Infiltration Methodology and 

Challenges  

n coreSEL design, an active material in the core of the device provides the optical amplification 

of the desired resonant mode upon pumping. Therefore, hollow cores of the chirped filter must 

be infiltrated with an active material to complete the coreSEL device. As discussed previously, 

CdSe/CdS/ZnS colloidal QDs are used as an active material in this work. They are commonly 

synthesized in a solvent such as toluene, n-hexane or chloroform. Due the liquid nature of colloidal 

QDs, the infiltration approach used in this work is primarily based on drop-casting and capillary 

action. The concept of using capillary action for polymer filling of deep-etched trenches has been 

demonstrated for silicon vias applications by Duval et al. [118]. However, filling the hollow core 

of a coreSEL structure with colloidal QDs is more challenging due to the presence of a fast 

evaporating solvent and agglomeration of colloidal QDs (section 6.4). Moreover, there are certain 

aspects that need to be considered for introducing an active material in the hollow cores: Firstly, 

whole inner volume of the device core must be filled with a solid active layer without having any 

cracks, inhomogeneity or separation between the active volume and the chirped filter walls. Filling 

the hollow cores till the top (without any wall separation) is necessary to attain sufficient feedback 

from the chirped filter cladding surrounding the active volume. Therefore, the filling height must 

be controllable to avoid any over or partial infiltration. Secondly, the infiltration mechanism must 

not leave any residues of active material outside the core otherwise it will not only change the 

overall refractive index profile of the device but may also cause problems while pumping the 

coreSEL device. 

An overview of the infiltration approach used in this work is illustrated in Figure 6.1. To assist the 

infiltration process and exclusively infiltrate the hollow core of the device, a sacrificial protective 

layer with funnel-like openings is created on the whole sample. It covers the whole sample surface 

except for the hollow core of the micro-cylinders (Figure 6.1c). This layer is addressed as funnel-

layer subsequently. This funnel-layer is required to have a thickness higher than the overall 

thickness of the chirped filter, i.e. >2.8 µm, as well as an easy structuring mechanism to create 

circular holes (funnels) of different sizes. Furthermore, the removal process of such layer should 

be non-destructive to the layers underneath. A photoresist can easily meet these requirements and 

thus is used in this work as the funnel-layer material. Although, metal as a funnel-layer is also a 

possible option, it would lead to a higher complexity of the fabrication process.  

As shown in Figure 6.1, a photoresist layer is spin-coated (b) and structured in a funnel-like shape 

above the hollow core by a photolithography process (c). Subsequently, active material solution is 

infiltrated inside the hollow core by drop-casting (d). A capping layer is deposited using IBSD on 

the filled-core (e). The capping layer serves two functions: (1) it protects and retains the colloidal 

QDs inside the core during a subsequent lift-off process (e  f). (2) The facet reflections can lead 

to a standing wave (higher order mode) inside the active core which will compete with the single 

mode generated by coupling of chirped filter cladding. Therefore, capping layer also works as an 

I 
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antireflection coating to prevent mode generation in active core due to facet reflections. However, 

in this work the antireflection property of the capping layer is not addressed. Finally the photoresist 

layer is removed using a photoresist stripper, leaving behind a complete coreSEL device (f). 

 
Figure 6.1: An overview of active material infiltration approach for a CoreSEL  device. Top-

view of each step is illustrated in the respective inset.  

This chapter provides a comprehensive investigation of above stated steps. Both positive and 

negative photoresists are investigated as funnel-layer materials. Since colloidal QDs are generally 

dispersed in solvents, the compatibility of each photoresist with various polar and non-polar 

solvents is investigated. Initial part of this chapter is focused on the optimization of the 

photolithography parameters to achieve the desired funnel shape and size. For the proof of concept, 

infiltration of fluorescent dyes, mixed in both polar and non-polar solvents, as dummy active 

materials is investigated using a fluorescent confocal microscope. Few issues regarding the 

selection of the capping layer material and photoresist strippers are also addressed. Finally, the 

infiltration of actual colloidal QDs and some associated challenges are discussed.  

6.1 Photoresist Compatibility Test 

The infiltration method proposed in Figure 6.1 is mainly relying on the shape and the chemical 

properties of the funnel-layer. In order to achieve a successful infiltration with no deterioration of 

the active material, the funnel-layer material should be chemically resilient to the active material 

and its solvents. In this work AZ®-nLOF 2070 (negative photoresist) and AZ®1518 (positive 

photoresist) as funnel-layer materials are investigated for compatibility with polar and non-polar 

solvents, including water, chloroform, n-hexane and toluene, commonly used in colloidal QDs 

synthesis. It is worth mentioning here that the negative photoresist AZ®-nLOF 2070 used for funnel-

layer fabrication is diluted by the resist thinner AZ® EBR in a ratio of 5:1 to achieve the desired 

layer thickness. The compatibility test is carried out by first introducing patterns of each photoresist 



58 

 

on a silicon substrate, followed by immersion of the sample in the solvent. Samples are observed 

for physical changes with the help of microscope inspections and profilometer measurements 

before and after the tests. The profilometer measurements were used to calculate the difference 

between photoresist layer thicknesses before and after the tests. A percentage difference, 

((𝑝𝑜𝑠𝑡 − 𝑡𝑒𝑠𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑝𝑟𝑒 − 𝑡𝑒𝑠𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠⁄ ) × 100) is also calculated to get a better idea of 

thickness variation for each photoresist. A photoresist is considered compatible with a particular 

solvent if the percentage difference is less than 5%. Furthermore, each combination of photoresist 

and solvent is tested for short (at least 6 minutes) and extended (at least 24 hours) immersion 

durations. Two different durations are tested since the evaporation time for every solvent is 

different.  

Table 6.1 shows the compatibility test results of photoresists and various solvents for short and 

extended immersion durations. A ‘-’ sign before the thickness difference value implicates that the 

post-test thickness is greater than the pre-test thickness.  

Table 6.1: The compatibility test results of photoresist and various solvents for short  and 

extended immersion durations. 

Solvent/resist Difference in 

thickness (nm) 

Immersion 

duration = 6 min 

Percentage 

difference 

(%) 

Difference in 

thickness (nm) 

Immersion 

duration = 24h 

Percentage 

difference 

(%) 

Chloroform/Neg.  -490 14.41 -705 20.74 

Chloroform/Pos. 1563 91.94 1612 94.82 

N-hexane/Neg. -20 0.59 -28 0.82 

N-hexane/Pos. -85 5.00 -249  14.64 

Toluene/Neg.  8 0.24 49 1.44 

Toluene/Pos. -15 0.88 -562 33.06 

Water/Neg. -12 0.35 -25 0.74 

Water/Pos. -81 4.76 -87 5.12 

 

It is obvious from Table 6.1 that the positive photoresist is less compatible with solvents compared 

to the negative photoresist. This behavior is even more obvious for extended immersion durations 

where the percentage difference values for combinations involving positive photoresist have 

increased significantly. Considering from solvent point of view, chloroform provides high 

percentage difference values irrespective of the photoresist material and hence is considered 

incompatible with both positive and negative photoresists. This notion is further validated by the 

microscopic inspection of the photoresist samples treated with chloroform, as shown in Figure 

6.2(a). Any deformation or a change in thickness is believed to be caused by the chemical reactions 

between the solvent and the photoresist, however, the exact chemical reaction cannot be described 

because the chemical composition of photoresists are industry secret. On the other hand, 

microscopic inspection of the combinations involving negative photoresist with n-hexane, toluene 

and water (Figure 6.2bd) showed no deformation of the photoresist structures for both short and 

extended immersion durations.  
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(a) 

  
(b) 

  

(c) 

  
 (d) 

Figure 6.2: Microscopic images of negative photoresist structures on silicon substrate 

before (left) and after (right) the treatment with (a) chloroform, (b)  n-hexane, (c) toluene 

and (d) water for 6 minutes. 
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Although, no visual deformation is observed in Figure 6.2(bd), solvents can still chemically 

modify the photoresist which may results in an unsuccessful lift-off step (Figure 6.1ef). 

Therefore, combinations presented in Figure 6.2(bd) were further tested for the lift-off process. 

This was accomplished by immersing each sample in NMP at 80 °C for approximately 12 hours. 

The microscopic inspection revealed that all of the above stated combinations provide a successful 

lift-off and no residual of photoresist remained on the substrate surface. In the light of these 

investigations the negative photoresist was chosen as the funnel-layer material.  

Moreover, experimental results showed that the substrate material has no influence on the 

compatibility test results. Hence, the results above shown are valid for other substrates such as 

glass, which is required for observing the infiltration behavior using a confocal fluorescence 

microscope. 

6.2 Funnel-Layer Optimization 

The funnel-layer is created by photolithography process. The primary objective of this lithography 

is to align a funnel-like opening exactly on top of the hollow core while covering the rest of the 

surface (Figure 6.1c). It is desired to obtain a funnel size which is comparable to the size of the 

hollow core, else the top surface of the micro-cylinder will be partially covered by the active 

material layer during the infiltration process (Figure 6.1d). 

One of the most crucial part of this photolithography process is the alignment of the photomask 

and the sample. Any misalignment between the sample and the photomask may results in unwanted 

photoresist residues in the core of the structures, which can later block the infiltration of the active 

material. Therefore, two alignment markers, above and below the structures array, on the 

photomask are used to facilitate the alignment step. Furthermore, for funnel-layer experiments the 

exposure mode which offers the closest possible distance between the sample and the photomask 

is used. This reduces the scattering and enables the transfer of precise hole-dimensions from the 

photomask to the funnel-layer. Each sample was treated with oxygen plasma ashing after the 

photolithography process to remove any unwanted residue of the photoresist. The shape, dimension 

and the slope of the funnel are investigated with the help of SEM. A thin layer of gold (20 nm) was 

sputtered on the samples to avoid any kind of charging effects during SEM investigation. 

The photomask used for the photolithography process has an array of disc-shaped structures with 

diameters corresponding to the core sizes of the micro-cylinders. The smallest and the biggest 

structures have diameters of 3 µm and 10 µm, respectively. The difference between the diameters 

of the funnel and the hollow core is evaluated by calculating the ratio (𝑅) of funnel diameter 𝑑𝑓𝑢𝑛𝑛𝑒𝑙 

to structure diameter 𝑑𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒:  

𝑅 =  
𝑑𝑓𝑢𝑛𝑛𝑒𝑙

𝑑𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
                                                                    (6.1) 

The funnel and structure sizes are measured from SEM micrographs (top-view) of the sample using 

ImageJ software. 

During the optimization process two different kinds of patterns of unwanted photoresist residues 

in the hollow cores were observed. Firstly, stalagmite-like unwanted photoresist residues (Figure 
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6.3) appeared in the center of the hollow cores. Primarily, the structures with core diameter size of 

3 µm were affected by such stalagmite-like residues. This problem arise more frequently for the 

values of ratio 𝑅 near to 1. The diffraction of light is believed to be the cause of these stalagmite 

formations. Due to diffraction the light intensity during the exposure is not homogenous, instead 

depending upon the structure size and distance from the photomask it can have a minima or maxima 

in the center of the core causing certain parts of the photoresist to be less/more exposed than the 

rest. 

              

(a)          (b) 

Figure 6.3: (a) Graphical representation of stalagmite-like unwanted photoresist residue 

inside the hollow core of the structure.  (b) SEM micrograph of a stalagmite-like unwanted 

photoresist residue inside a hollow core of 3 µm diameter. These stalagmites can be as high 

as the surface of the funnel-layer (~3.5  µm). 

The second kind of problem was the so called flow-in problem (Figure 6.4). The primary cause of 

this problem is misalignment and values of 𝑅 below 1 (indicating that the funnel diameter is smaller 

than the diameter of the hollow core). On samples with flow-in problem a pit in the photoresist 

surface is visible but no sharp boundary between the funnel and the structure exists. Therefore, 

proper alignment during the exposure step is very crucial, especially for funnels with small 

diameters. 

   
(a)          (b) 

Figure 6.4: (a) Graphical representation of flow-in problem. (b) SEM micrograph of a 

structure with flow-in problem caused by misalignment. 

The influences of some important photolithography parameters are investigated in the following. 

At first, effects of each parameter are investigated. Later, an optimized photolithography recipe is 
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developed by combining the results of these investigations and taking into account the inter-

dependence of each parameter. Photolithography recipe given in Appendix E.1 was used as the 

starting recipe. With this recipe a photoresist layer thickness of nearly 3 µm is achievable. In order 

to save resources every sample is reused up to five times. This is achieved by stripping away the 

funnel-layer by NMP after each SEM investigation. 

6.2.1 Effect of Prebake Time 

The prebake process must be optimized to provide complete removal of solvents from the 

photoresist layer. The thickness of the photoresist is usually decreased by 25% during the prebake 

process. Increasing the prebake time can lead to a harder photoresist layer which is not collapsing 

inside the hollow cores. The influence of prebake time on the properties of the resultant funnels 

was investigated by varying the prebake time from 1 to 8 minutes.  

          

 (a)              (b) 

Figure 6.5: (a) Effect of prebake time on the ratios of funnel and hollow core diameters. The 

plot illustrates the ratios for the biggest structures  R(10 µm), smallest structures R(3 µm) 

and an average value of both R(avg). (b) Relationship between the prebake time and the 

number of structures with unwanted photoresist residues.  For every data point three samples 

were measured and the error bar is calculated by mean standard deviation.  

Figure 6.5(a) shows that there is a slight increase in the funnel to core ratios for longer baking times 

due to shrinkage of the photoresist. However, increasing the prebake time densifies the photoresist 

layer, making the sidewalls of the funnel more stable. SEM micrograph analysis of the samples 

with longer prebake time showed fewer or no problems with photoresist residues inside the core. 

This can be seen in Figure 6.5(b) as well. Nevertheless, baking steps in the photolithography 

process have influence on the development rate and thus they should be seen together with the 

other photolithography parameters to formulate an optimum recipe. 

6.2.2 Effect of Exposure Time 

The negative photoresist AZ®-nLOF 2070 contains a cross-linker which is activated during 

exposure step. Therefore, optimum exposure time depends on the desired degree of cross-linking 
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as well as the required sidewall profile of the resultant structure. The exposure time was varied 

from 4.5 to 7.5 seconds to investigate its influence on funnel to core diameter ratios for both 3 µm 

and 10 µm structures. Due to the absorbing nature of AZ®-nLOF 2070, the intensity of the UV-

light decays exponentially with increasing depth. Therefore, shorter exposure time is insufficient 

to adequately cross-link the exposed areas, leading to increased funnel to core diameter ratios 

(Figure 6.6a). Although, the funnel to core diameter ratios can be decreased by a longer exposure 

time, it can also lead to unintentional exposure of adjacent ‘dark’ photoresist areas which can make 

thorough development of small core sizes difficult and leads to photoresist residue problems in the 

core. This behavior is plotted in Figure 6.6(b) for varying exposure time by counting the number 

of structures with flow-in or stalagmite problems. The number of structures with residue problems 

increases when the exposure time is increased from 4.5 seconds to 7.5 seconds. The value of the 

number of structures with problems is 0 for an exposure time of 4.5 seconds because the funnel 

ratios are too big. At large, it can be concluded from Figure 6.6 that an optimum value for exposure 

time can found between 5 and 7 seconds. 

         
(a)          (b) 

Figure 6.6: (a) Effect of exposure time on the ratios of funnel and hollow core diameters. 

(b) Relationship between the exposure time and the number of structures with unwanted 

photoresist residues.  

6.2.3 Effect of Post Exposure Bake (PEB) Time 

The PEB step is necessary for the crosslinking mechanism initiated in the photoresist during the 

exposure step. A longer PEB time increases the degree of crosslinking which makes the photoresist 

structures more stable in developer. Therefore, a reduction in the funnel to core ratios is expected 

with an increment in the PEB time. The effect of PEB time on the ratio 𝑅 was investigated by 

varying the PEB time from 60 to 210 seconds and the results are shown in Figure 6.7(a). As 

expected, the funnel to core ratio decreases with an increasing PEB time. This effect is more 

prominent for funnels with small diameters. With PEB times over 150 seconds, one can obtain ratio 

values which are very close to 1, indicating that the diameter of the funnel is nearly equal to the 

diameter of the core. However, this trend should be seen together with the number of realizable 

structures as shown in Figure 6.7(b). A decreasing funnel size, due to an increase in the PEB time, 

results in more structures with problems. Here, unlike Figure 6.6(b), flow-in effect was the main 
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cause of the problem. As the value of 𝑅 approaches 1, the probability of funnel’s inner wall to 

collapse inside the hollow core is higher. On the other hand, a PEB time of 60 seconds provides a 

bigger funnel size which leads to a problem-free array of structures with good reproducibility. 

        

(a)          (b) 

Figure 6.7: (a) Effect of PEB time on the ratios of funnel and hollow core diameters. (b) 

Relationship between the PEB time and the number of structures with unwanted photoresist 

residues. 

6.2.4 Effect of PEB Temperature 

Any variation in the PEB temperature affects the crosslinking and hence the development rate of 

the photoresist. An experiment was carried out by varying the PEB temperature in steps of 5 °C 

from 100 °C to 120 °C. Figure 6.8 shows the influence of PEB temperature variation on the stability 

of the funnels. In case of PEB temperature values of 100 °C and 120 °C, all 72 structures in the 

array showed problems. To be precise, the photoresist layer was completely washed away during 

the development step, for the samples processed at a PEB temperature of 100 °C. Whereas, a PEB 

temperature of 120 °C results in flow-in effect in all the structures. This underlines the large impact 

of thermal energy on the crosslinking mechanism. A value of PEB temperature above a certain 

threshold makes the whole photoresist layer nearly insoluble due to the crosslinking of even 

unexposed regions. In contrast, a value of PEB temperature below this threshold does not provide 

enough crosslinking to withstand the development step.  
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Figure 6.8: Relationship between the PEB temperature and  the number of structures with 

unwanted photoresist residues.  

While working in the acceptable crosslinking range, higher PEB temperatures can lead to more 

crosslinking on the molecular scale and hence reduce the development rate of the photoresist which 

can help in reducing the value of 𝑅. This effect was investigated for PEB temperatures between 

105 °C and 115 °C.  

    

(a)          (b) 

Figure 6.9: (a) Effect of PEB temperature on the ratios of funnel and hollow core diameters. 

(b) Graphical illustration of crosslinking model. UV-exposure is depending on the 

gathered UV-intensity increasing the energy of the photoresist. The arrows represent 

the introduction of thermal energy during the PEB step.  

Figure 6.9(a) depicts that the value of 𝑅 decreases with an increasing PEB temperature. This 

behavior is more prominent for small funnel sizes. It can be explained by studying the crosslinking 

model of the photoresist (Figure 6.9b). Both the UV-exposure and the PEB are correlated and hence 

a delicate balance exists between them. UV-sensitized photoresist can be crosslinked with a 

balanced amount of thermal energy, however, introduction of excessive thermal energy into the 

photoresist reduces the energy difference for crosslinking in the exposed and unexposed 

photoresist. For small structures, energy difference of partially exposed photoresist is marginal 

which results in higher sensitivity to PEB temperature variations. Taking everything into account, 
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the photolithography recipe with a PEB temperature of 115 °C gives the best results in terms of 

funnel size and reproducibility. 

6.2.5 Effect of Development Time 

Development is an extremely critical step in the processing of photoresist. The development time 

can significantly influence the dissolution of partially exposed regions of the photoresist, i.e. 

regions near the boundary of the funnel wall, which can affect the funnel size. Furthermore, erosion 

(unexposed resist film thickness solved / development time) in photoresist also limits the 

development time. Therefore, with shorter development times, smaller funnel sizes should be 

obtainable. It should be noted that the starting recipe used a development time of 50 seconds 

(Appendix E.1). To investigate the effect of development time on the funnel behavior, it is 

decreased in steps of 5 seconds to a point where the development time is insufficient to form a 

proper funnel. Insufficient development time results in unwanted residues inside all the hollow 

cores in the form of flow-in or even with structures completely covered with the photoresist layer. 

Figure 6.10(a) shows the trend of funnel to core ratios with decreasing development times. As 

expected, the relationship between 𝑅 and the development time is nearly linear and with shorter 

development times the funnel size is shrinking. This effect is more prominent for the small funnels, 

because for small funnels even a small partially exposed region would make up a large portion of 

overall structure area.  

        
(a)               (b) 

Figure 6.10: (a) Effect of development time on the ratios of funnel and hollow core 

diameters. (b) Relationship between the development time and the number of structur es with 

unwanted photoresist residues.  

On the other hand, with decrement in the development time the number of structures having 

residues problem, with flow-in effect being the major cause, increases due to a decrease in the value 

of 𝑅 (Figure 6.10a). It must be mentioned that the baking and exposure steps have a significant 

influence on the development rate, therefore, the development time should be adjusted according 

to other parameters to achieve smallest 𝑅 with an acceptable stability and reproducibility. 
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6.2.6 Optimized Photolithography Recipe for the Funnel-layer 

The aim of this work is to develop a photolithography recipe to achieve a funnel free of any residue 

(related) problems with size comparable to the hollow core. Intensive experimentation was carried 

out for all the key parameters to optimize a photolithography recipe for the funnel-layer. The 

parameters of the optimized recipe and achievable values of  𝑅 are tabulated in Table 6.2. The 

prebake and PEB temperatures of 115 °C together with a development time of 45 seconds yield the 

best values of 𝑅. The complete photolithography recipe is given in Appendix E.2. With this 

photolithography recipe, residue-problem free structures with good reproducibility can be 

achieved. 

Table 6.2:  Photolithography parameters and 𝑅 for the optimized funnel-layer recipe. 

Parameters Values 

Prebake temperature (°C) 115 

PEB temperature (°C) 115 

Development time (seconds) 45 

𝑹(𝟏𝟎 μ𝒎) 1.11 ± 0.02 

𝑹(𝟑 μ𝒎) 1.12 ± 0.02 

𝑹(𝒂𝒗𝒈) 1.115 ± 0.02 

 

Figure 6.11 shows the SEM micrograph of the biggest and the smallest funnels obtained by using 

the optimized photolithography recipe. A small undercut in the funnels is due to the nature of 

negative photoresist and cannot be avoided. Nonetheless, even with the optimized 

photolithography recipe, the funnel size is still 1.4 µm (for the biggest structure) and 0.3 µm (for 

the smallest structure) bigger than the hollow core, which may cause some complications during 

the infiltration process. 

         

(a)          (b) 

Figure 6.11: Funnel-layer on (a) the biggest and (b) the smallest structures, created by the 

optimized photolithography recipe (Appendix E.2). The residue inside the structure is from 

the previous experiments.  

Our experience with previous investigation revealed that the method in which the developer is 

applied to the sample has a huge impact on the stability and reproducibility of the overall 
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photolithography process. By and large, the sample is submerged and constantly stirred in a 

developer during the development step. The use of an ultrasonic agitator at 20% power during the 

development step significantly improves the accuracy of the process because compared to stirring 

it provides an even development on the whole sample. The general results shown previously remain 

the same but stability and reproducibility is improved. One must, however, take care of the 

development time error which is very crucial for shorter development times.  

6.3 Infiltration Methodology: Proof of Concept 

The main objective of the funnel-layer is to provide assistance during the infiltration process. To 

verify the feasibility of the infiltration methodology, several fluorescent dyes as dummy active 

material were tested for infiltration. The infiltration behavior of the fluorescent material was 

analyzed using a confocal fluorescence microscope. However, in order to use a confocal 

fluorescence microscope, the samples have to be prepared in a different way which can be 

summarized in the following three points. (1) A glass substrate of 5 cm × 5 cm dimensions is used 

instead of silicon substrate which led to some deviations in the structures since all the processes 

are optimized for silicon substrate. (2) The glass substrate is very thin (150 µm) and showed a 

bending due to highly compressed layers of deposited chirped filter, therefore, some adjustments 

were required during the processing steps. (3) For the sake of simplicity, the chirped layers are 

replaced by a single SiO2 layer of equal thickness. 

The infiltration experiments were carried out in collaboration with the cell biology department of 

University of Kassel, Germany. For better precision, drop-casting of the fluorescent dyes was 

performed using micro-liter pipette. Three different kinds of fluorescent dyes were investigated 

during this experiment; FITC/TRITC in water, LD540 in n-hexane and Fluoresbrite® YG 

Microspheres 0.5 µm (provided by Polysience Inc.) in water. These dyes use both polar and non-

polar solvents which provides a prefect emulation of the actual active material mixture. 

FITC/TRITC and LD540 provides fluorescent signal only while in liquid state and hence with these 

dyes the infiltration behavior is investigated in liquid state. However, with fluorescent 

microspheres Fluoresbrite® YG, it is possible to observe the infiltration behavior even after the 

solvent is evaporated. For better understanding, infiltration behavior was investigated both from 

top and cross-sectional views using the confocal fluorescence microscope. 

At first, the infiltration of FITC/TRITC and LD542 fluorescent dyes was investigated. The results 

showed that both the combinations were able to infiltrate all the structures of the array. Figure 6.12  

shows the top and cross-sectional views of a small and a big micro-cylinder, respectively, infiltrated 

with FITC/TRITC.  



69 

 

    
  (a)        (b) 

Figure 6.12: Confocal fluorescence microscope images of the (a) top- and (b) cross-

sectional views of a small and a big micro-cylinder, respectively, infiltrated with 

FITC/TRITC fluorescent dye. 

The red fluorescence signal is strongest inside the core (Figure 6.12a) because this focal plane is 

focused. The outer edge of the structure and the edge of the funnel are visible as well. The 

misalignment of funnel is clearly visible in the cross-sectional view. The edge of the funnel is not 

very sharp since the photoresist shows a slight fluorescence in this wavelength as well. Similar 

results were obtained for LD542 fluorescent dye.  

These experiments verified that infiltration of fluorescent dyes mixed in both polar and non-polar 

solvents is possible. However, to validate the complete infiltration approach, the photoresist layer 

needs to be removed after securing the infiltrated material in the core via a capping layer (Figure 

6.1e and f). This cannot be investigated with FITC/TRITC and LD542 since they lose their 

fluorescence upon evaporation of the solvent and a capping layer cannot be deposited on a liquid 

surface. To verify the complete infiltration method, some experiments were carried out using 

fluorescent microspheres. These microspheres have a diameter of 470 nm.  

Figure 6.13 shows the top and cross-sectional views of the micro-cylinders infiltrated with such 

fluorescent microspheres. The infiltration of the core with microsphere is clearly visible and the 

boundaries between the structure and the funnel are also evident. It is noticeable that the funnel 

size looks relatively larger than the optimized size presented in section 2.2.8. This deviation is 

attributed to the change in the substrate material. As a whole the infiltration is successful, however, 

it shows that the fluorescent microspheres are forming a bilayer both inside the core and on the 

surface of the structure. Several layers of microspheres (with a diameter of 470 nm) are required to 

achieve a complete infiltration of the core. Moreover, a precise height of the microsphere layer 

cannot be estimated due to the glow effect. However, outside the structures, distinct evidences of 

formation of the multiple layers of microspheres were found. 
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    (a)            (b) 

Figure 6.13: Confocal fluorescence microscope images of the top- (a) and cross-sectional 

(b) views of micro-cylinders infiltrated with Fluoresbrite ®  YG Microspheres. 

To achieve higher infiltration inside the core, infiltration experiments were performed by varying 

the concentration of the microspheres in the solvent. However, no significant improvement in the 

infiltration was observed. Another infiltration experiment was carried out by mixing detergent in 

the solvent to decrease the surface tension, but it damaged the funnel-layer. Eventually, the 

behavior of fluorescent microspheres was investigated by drop-casting them on a plain glass 

substrate. The microscopic inspection showed a self-assembled layer of fluorescent microspheres 

upon evaporation of the solvent. When inspected with naked eyes, the microsphere solution made 

a coffee like stain. Such inhomogeneous distribution upon evaporation of the solvent is often 

dependent on the geometry of the dissolved particles; round particles tends to form inhomogeneous 

surfaces [119]. 

Capping Layer Deposition and the Lift-off Process 

One of the purposes of the capping layer is to protect the infiltrated material during a subsequent 

lift-off process. To verify the effectiveness of the capping layer during the lift-off process, capping 

layers of SiO2 and Si3N4 were tested. These layers were deposited by IBSD. The thickness of the 

capping layer is very crucial due to the significantly large size of the fluorescent microspheres 

which provide an uneven surface and can lead to cracks in the capping layer. Figure 6.14 depicts 

two scenarios where the capping layer is either very thin or thick. When the deposited layer is very 

thin (Figure 6.14a), the photoresist striper (NMP) not only remove the funnel-layer but small 

openings in the capping layer allow the NMP to affect the fluorescent material as well. To perform 

a successful liftoff, the photoresist striper should have access to the photoresist structure (funnel) 

dissolve it. A very thick capping layer (Figure 6.14b) locks the sidewalls of the funnel which leads 

to an unsuccessful lift-off process. Moreover, choice of capping layer material is also important 

because fluorescent microspheres lose their fluorescence capability upon oxidation. In this 

experiment both oxide and nitride layers were used as capping layers. 
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                 (a)          (b) 

Figure 6.14: (a) Illustration of a thin capping deposited on an infiltrated micro-cylinder. 

Small cracks in the capping layer allows the NMP to reach the fluorescent microspheres , 

causing them to lose their fluorescence capability. (b) Illustration of an excessively thick 

capping layer deposited on an infiltrated micro-cylinder. The capping layer is covering the 

whole funnel-layer surface making the lift-off impossible. 

After a successful infiltration of the cores with the fluorescent microspheres, samples were capped 

with a 300 nm thick layers of SiO2 and S3iN4 on separate samples. The IBSD recipe used for the 

deposition of these layers is similar to the one given in Table 5.2 just with a slight difference. To 

achieve less conformal deposition, a substrate tilt angle of 90 (with respect to the target) was used 

during the deposition. After the capping layer deposition, the samples were submerged in NMP to 

complete the lift-off process. However, no fluorescence signal was detected after the lift-off process 

even though the SEM micrograph of the samples showed a successful lift-off process. The loss of 

fluorescence capability of the fluorescent microspheres can be caused by either the capping layer 

material or the photoresist striper. To identify the definite cause, drop-casting of fluorescent 

microspheres on five different samples was performed.  Two of these samples were used to 

investigate the effect of capping layer material by depositing a 100 nm thick layer of SiO2 and 

Si3N4 on each sample. On the other three samples, the influence of different photoresist stripers, 

such as NMP, DMSO and acetone, was investigated by submerging them in the photoresist stripers. 

The fluorescence was detected using a fluorescence microscope. The investigation results are 

summarized in Table 6.3. 

Table 6.3: Results of photobleaching experiments.  

Materials Fluorescence signal 

SiO2  Yes 

Nb2O5  Yes 

NMP No 

DMSO No 

Acetone  No 

 

It is obvious from Table 6.3 that fluorescent microspheres lose their fluorescence capability 

primarily due to photoresist stripers. This implies that the capping layer used in the infiltration 
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experiment was unable to protect the infiltrated material and hence NMP chemically reacted with 

the fluorescent microspheres which led to loss of fluorescence signal. This could be caused by an 

insufficient thickness of the capping layer. Therefore, capping layers of SiO2 and Si3N4 with layer 

thicknesses varying from 400 nm to 500 nm were investigated to obtain the desired results. 

Fluorescence microscopic analysis revealed that the samples with both 400 nm and 500 nm thick 

capping layers were still not giving any fluorescence signal even though the light microscope 

images showed that the capping layer had successfully contained the microspheres in the cores.  

Regardless of loss of fluorescence signal, the infiltrated structures can still be investigated by FIB 

cross-section micrographs. The possibility of milling the structure using FIB makes it feasible to 

evaluate the infiltrated material inside the core. The sample with 500 nm thick SiO2 capping layer 

was investigated in FIB and the results are shown in Figure 6.15. It can be clearly seen that only 

the core is filled with microspheres indicating that the lift-off process was successful. In the center 

of the core, the microspheres have formed at least a trilayer system while near the wall of the 

structure they have nearly the same height as the structure. The tiny particles on the sample surface 

are produced by the sputter deposition of platinum which is used to improve the image quality by 

reducing charging effects. The capping layer is identifiable on top of the structure and the 

microspheres. However, the size and the self-assembly of microspheres is causing some voids 

leading to cracks in the capping layer. To exclude the possibility of cracks formation in the capping 

layer due to the residual stress of the capping material, a 600 nm thick SiO2 capping layer was 

deposited with IBSD using a stress optimized deposition recipe [104].  FIB analysis of this sample 

still showed cracks in the capping layer validating that the residual stress is indeed not the cause of 

the cracks.  

  
       (a)             (b) 

Figure 6.15: FIB micrographs showing (a) the top and (b) the cross-sectional views a micro-

cylinder infiltrated with fluorescent microspheres. The results are taken after the lift-off 

process. 

In conclusion, during the lift-off process NMP is able to penetrate through the cracks on the capping 

layer surface, and at the interface of the microsphere and the structure causing the fluorescent 

microspheres to lose their fluorescence capability. However, the actual active material, colloidal 

QDs, has a significantly smaller diameter of a few nanometers. Thus, it is expected to provide a 

more homogeneous solid surface enabling a crack-free capping layer deposition which can 

completely cover and protect the infiltrated material from the photoresist striper. 
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6.4 Active Material (Colloidal QDs) Infiltration Challenges  

This part discusses the infiltration of coreSEL structures with CdSe/CdS/ZnS colloidal QDs 

(section 2.4). To influence the emission in a coreSEL design, the resonant mode of the chirped 

filter-cladding must be overlapping with the gain curve of the colloidal QDs-core (Figure 6.1f). 

The photoluminescence (PL) spectrum of an active material provides a rough estimation of the 

wavelength of the maximum gain. Figure 6.16(a) shows the relation between the PL spectrum of 

the colloidal QDs and the deposited chirped filter. The chirped filter has a transmission peak at a 

wavelength of 628.4 nm while the maximum of the PL spectrum is also in the range of 620 nm to 

640 nm. The actual FWHM of colloidal QDs PL emission is 23 nm. Furthermore, a high value of 

FSR is ensuring that no other chirped filter mode is amplified by the gain medium. 

The CdSe/CdS/ZnS colloidal QDs used in this work are synthesized in toluene and transferring 

them from dispersion to solid form is challenging due to their tendency of self-assembly upon 

evaporation of the solvent (Figure 6.16b). This behavior between colloidal QDs is governed by 

various interactions including van der Waals interaction (vdW), steric effect, electrostatic 

interaction and capillary forces. Furthermore, colloidal QDs have the tendency to organize in the 

form of large group of molecules, often described as agglomeration. The process of agglomeration 

is primary driven by the nucleation of these groups of molecules. 

  

                (a)         (b) 

Figure 6.16: Plot showing the overlapping between the resonant mode of the deposited 

chirped filter and PL response of CdSe/CdS/ZnS colloidal QDs.  The PL spectrum is measured 

using the µ-PL setup (introduced in section 4.4). (b) Microscopic image of colloidal QDs 

drop-casted on a silicone substrate.   

A simple drop-casting of these colloidal QDs makes a non-uniform patterned surface with large 

number of QDs ending-up at the edge or in the center due to rapid evaporation of the solvent (Figure 

6.16b). This self-assembly of the QDs is regulated by the flux and the density of the fluid, and the 

surface tension gradients. Although, simple drop-casting is a popular approach due to its simplicity 

and speed, it is difficult to control the flowing properties of colloidal QDs. Using standard drop-

casting method for the infiltration purpose results in an uneven colloidal QDs layer leading to 
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partial or over infiltration of the core, as shown in Figure 6.17. The infiltrated volume not only 

shows cracks and inhomogeneity but also wall separation which is believed to be caused by the 

shrinkage of infiltrated volume upon solvent evaporation. Therefore, a better control over the filling 

properties is required. 

             
(a)                                                                         (b) 

Figure 6.17: FIB micrographs showing the cross-sectional views of (a) over and (b) partially 

infiltrated device core with colloidal QDs for standard drop-casting method. 

Various techniques are used to manipulate the self-assembly of colloidal QDs. For example, by 

chemically modifying (functionalizing) the substrate surface the interaction of chemical 

compounds, and hence the layer formation, can be controlled. Another technique is by applying 

external electric or magnetic field to influence the self-assembly of the colloidal particles. These 

techniques, however, aim for achieving a monolayer of colloidal particles and thus are not helpful 

in the infiltration process of a coreSEL device where uniform height of several microns is desired. 

The drop-casting method falls into the category of fluidic self-assembly process where capillary 

forces, evaporation and surface tension play a dominating role. Although surface tension and pH 

value can be modified to achieve better results with drop-casting, pervious experiments 

(section 6.3) showed that this is hardly a viable option since the funnel-layer is damaged by the 

chemicals used for these modifications.  

Some possible solutions to achieve controlled infiltration, and their outcomes are discussed below. 

Effect of Colloidal QDs to Solvent Ratios 

Colloidal QDs used in this work are delivered in a toluene solution with a concentration of 

100 mg/mL, which is considered as a very high concentration for the colloidal QDs. The 

concentration can be varied by removal or addition of toluene in the mixture. Varying the 

concentration changes the packing density of colloidal QDs which may help in the infiltration of 

the device cores. To investigate this effect, colloidal QDs concentration was varied from 

100 mg/mL to 30 mg/mL. Microscopic image of the sample drop-casted with a concentration of 

44 mg/mL showed a slight improvement in the overall coverage of the sample (Figure 6.18). 

However, the infiltration height could not be controlled and many cracks were present in the 

resultant colloidal QDs layer.  
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Figure 6.18: Microscopic image of a micro-cylinders array infiltrated with colloidal QDs 

(having a concentration of 44 mg/mL) by drop-casting. 

Ultrasonication during Solvent Evaporation 

One way to disrupt the self-assembly of colloidal QDs is by providing an external force in the form 

of shaking during the evaporation process of the solvent. An agitation at a high rate may not only 

help in homogeneous dispersion of colloidal QDs but also reduce the non-uniformity of the 

resultant layer by avoiding agglomeration of colloidal particles. To investigate this effect, the 

sample was placed in an ultrasonic bath right after the drop-casting and during the evaporation 

process. Figure 6.19 shows the infiltration results of this experiment. Ultrasonication during the 

solvent evaporation results in a relatively uniform coverage of the whole micro-cylinder array. 

However, confocal fluorescence microscope images as well as SEM micrographs showed that the 

infiltration depth can still not be controlled. 

             

   (a)                                                    (b)    (c) 

Figure 6.19: (a) Microscopic image of a micro-cylinders array infiltrated with colloidal 

QDs by drop-casting and ultrasonication during solvent evaporation. Confocal fluorescence 

microscope images of (b) the top- and (c) cross-sectional views of one of the micro-cylinders. 

To improve the homogeneity and the infiltration, another approach was used where the infiltration 

process was performed in two steps. In the first step, an infiltration experiment was performed by 

drop-casting and evaporation under ultrasonic bath. Once the solvent is completely evaporated then 

a second infiltration experiment was carried out on the same sample by drop-casting and 

evaporation under ultrasonic bath. It was believed that the second drop-casting would make 

colloidal QDs layer more uniform not only by filling the voids from the first infiltration experiment 

but also by partially dissolving the first layer and rearranging it in a better way. However, the 
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infiltration results of this experiment did not show any significant improvement, as shown in Figure 

6.20. Most of the structures resulted in over-infiltration and only 20% of the structures retained the 

infiltration material after the lift-off process. The resultant layer showed lots of cracks as well. This 

two-step infiltration was also performed without using the ultrasonication, however, it did not show 

any improvement in the resultant layer. 

             

  (a)                                                     (b)    (c) 

Figure 6.20: (a) Microscopic image of a micro-cylinders array infiltrated with colloidal 

QDs by two-step drop-casting and ultrasonication during solvent evaporation. Confocal 

fluorescence microscope images of (b) the top- and (c) cross-sectional views of one of the 

micro-cylinders after the lift-off process. 

Infiltration by Spin-coating 

Spin-coating is one of the commonly used techniques to produce colloidal QDs layers on plain and 

patterned surfaces [28, 120]. It falls into the group of physical colloidal self-assembly techniques 

which is mainly dependent on shear forces, adhesion and surface structuring [121]. Spin-coating 

parameters like spin speed, acceleration and spin time play a crucial role in defining the resultant 

topography. Furthermore, viscosity of the liquid also dictates the thickness of the coated layer. In 

the light of previous works, infiltration experiments were performed in single and multiple spin-

coating steps. Figure 6.21 shows the results achieved after two-step spin-coating experiment. The 

microscopic image of the sample (Figure 6.21a) depicts that the colloidal QDs are forming small 

clusters in a random order over the entire surface of the sample and gives the impression that the 

material has infiltrated the hollow cores. However, results obtained from confocal fluorescence 

microscope (Figure 6.21b and c) negated this hypothesis. The colloidal QDs distribution inside the 

core is believed to be caused by a combination of many effects including capillary forces, surface 

wetting and evaporation, and due to insufficient amount of colloidal QDs in the solution. To 

improve the infiltration results, spin-coating speed in the range of 200 rpm to 2000 rpm with 

varying colloidal QDs concentration was investigated. However, no significant improvement was 

achieved. 
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    (a)                                                     (b)     (c) 

Figure 6.21: (a) Microscopic image of a micro-cylinders array infiltrated with colloidal 

QDs by two-step spin-coating. Confocal fluorescent microscope images of (b) the top - and 

(c) cross-sectional views of one of the micro-cylinders. 

Variation of Evaporation Temperature 

In pervious experiments it was observed that the distribution of colloidal QDs on the sample surface 

was influenced by the way toluene spreads on the sample surface. When a drop of colloidal QDs-

toluene solution is casted, at first it spreads evenly over the sample surface and then the evaporation 

of toluene takes effect. During this evaporation, the toluene volume is decreased and the spreading 

becomes in-homogenous as leftover toluene volume shrinks into a smaller area. It was observed 

that the colloidal QDs also follow the flow of toluene and only a small fraction of QDs stick to the 

sample surface from where the toluene has already evaporated. When the evaporation process has 

finished, it was found that most of the colloidal QDs are located in the areas from where the toluene 

was evaporated in the last. Hence, it was concluded that the rate at which the solvent is evaporated 

plays an important role in defining the final colloidal QDs layer and the homogeneity of the 

colloidal QDs layer may be improved by varying the toluene evaporation rate. The evaporation rate 

can be influenced by varying the temperature during the evaporation process. The evaporation 

temperature was varied from -15 °C to 40 °C for several colloidal QDs concentrations to investigate 

its effect on the infiltration behavior. The experiments were performed using LTS120 Peltier system 

from Linkam scientific instruments. It uses a 40 × 40 mm Peltier element to control the temperature.  

       
(a)                                                                                               (b) 

Figure 6.22: (a) Microscopic image of a micro-cylinders array infiltrated with colloidal 

QDs (having a concentration of 44 mg/mL) by drop-casting at an evaporation temperature 

of 17 °C. (b) SEM micrograph of one of the micro-cylinders showing the crack going through 

the core. 
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Microscopic analysis of the samples infiltrated with varying evaporation temperature showed a 

strong influence of evaporation rate on the colloidal QDs coverage. In general, at higher 

temperatures (high evaporation rate) the colloidal QDs showed more agglomeration due to fast 

shrinkage of toluene volume which did not provide sufficient time for the colloidal QDs to settle 

down and stick to the sample surface. In contrast, at lower temperatures shrinkage of toluene 

volume was slowed down which provided colloidal QDs adequate time to settle down and 

eventually form a comparatively uniform layer on the sample surface. However, lowering the 

temperature too much causes condensation of water vapors from the air on the surface and results 

in a very non-uniform colloidal QDs layer.  Figure 6.22 shows the infiltration results obtained by 

drop-casting of colloidal QDs, with a concentration of 44 mg/mL, at an evaporation temperature 

of 17 °C. It is obvious from Figure 6.22(a) that a significant improvement in the overall coverage 

is obtained compared to the standard drop-casting approach (Figure 6.16b). However, many cracks 

can be seen in the resultant layer. The depth of these cracks could not be determined just by 

observing the microscopic images. Nonetheless, SEM micrograph showed that the cracks running 

along the surface of the colloidal QDs layer had also affected the infiltration of the core making it 

impossible to achieve a uniform filling (Figure 6.22b). Furthermore, a close inspection of infiltrated 

cores showed that the filling height was different for each structure.   

Colloidal QDs in a Host Medium 

Since the commonly used physical and fluidic techniques for manipulating the self-assembly of 

colloidal QDs did not provide the desired results, a new approach was investigated. Instead of using 

pure colloidal QDs, they can be embedded in a host medium to create a so called nanocomposite 

to facilitate the infiltration process. This idea is similar to the one shown in [122] where colloidal 

QDs were embedded in a polymer medium to create large-area freestanding films of colloidal QDs 

by drop-casting method. 

Preliminary results of drop-casting colloidal QDs mixed in a polymer medium followed by an 

immediate UV-exposure showed that a uniform layer thickness of the resultant layer can be 

achieved (Figure 6.23). To avoid agglomeration and evenly distribute the colloidal particles, 

nanocomposite was placed in an ultrasonic bath before performing the drop-casting procedure. An 

immediate UV-exposure cross-links the host polymer and by this fixing the location of the colloidal 

QDs so that they cannot agglomerate anymore. Although, the resultant layer thickness is few tens 

of microns, it can be tuned by varying the ratio of polymer to colloidal QDs solution as well as 

using spin-coating. 
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Figure 6.23: Microscopic image of colloidal QDs embedded in a polymer, drop-casted on a 

silicone substrate with an immediate UV-exposure. 

The option of using colloidal QDs based nanocomposite for laser applications is further explored 

in the subsequent chapter.  
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7. Nanocomposite: Processing and Optical 

Characterization 

A host medium not only prevents re-agglomeration of the homogenously dispersed colloidal QDs 

but also protects them from environment induced photochemical alterations which may lead to 

permanent photobleaching. This chapter provides an overview of chemical and optical properties 

of nanocomposite. 

 
Figure 7.1: Graphical depiction of a nanocomposite model. The colloidal QDs (blue spheres) 

are embedded inside a polymer (yellow).  

7.1 Selection of a Suitable Host Medium 

The chemical and optical properties of the host medium are pivotal in achieving application specific 

characteristics of the nanocomposite. There are several commercially available polymer materials 

which can be used to form a colloidal QDs based nanocomposite for coreSEL application. 

However, some important factors needs to be taken into account while selecting the suitable host 

medium. It needs to be chemically compatible with the colloidal QDs and should not have a major 

impact on their optical properties. It should also provide low losses in the visible region since the 

coreSEL is designed for this wavelength range. Furthermore, some polymers may require very high 

temperatures in subsequent process steps to remove the solvent and solidify the polymer layer. 

However, the use of a higher temperature is limited by the thermal stability of colloidal QDs since 

higher temperatures may not only cause optical degradation of the colloidal QDs but also 

detachment of ligands. 

In this work mr-NIL210, AZ®-nLOF 2070, PMMA and mr-UVCur-06 were investigated as potential 

host media. These materials are widely used in a variety of applications to create uniform layers 

over different surfaces. Both mr-NIL210, and AZ® -nLOF 2070 are UV-curable and do not require 

a very high temperature for baking steps, nevertheless, they show absorption in the visible range 

which can hinder the performance of the laser device. Additionally, it is challenging to mix these 

materials with colloidal QDs solution. Several mixing approaches, including ultrasonication and 

vortex mixing, were employed, however, majority of the colloidal QDs always stayed at the bottom 

of the solution, separated from mr-NIL210 and AZ®-nLOF 2070. On the other hand, PMMA 

provides acceptable results in terms of mixing of colloidal QDs solution and layer formation, 

however, it requires e-beam for curing which is hardly a viable option for the infiltration 

methodology used in this work. Moreover, PMMA requires a very high temperature (180 °C) for 
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prebaking step which caused permanent optical degradation of the colloidal QDs. From the tested 

materials, only mr-UVCur-06 as a host medium satisfies the above stated requirements and 

provides a nanocomposite suitable for coreSEL application. 

The selected polymer mr-UVCur-06 was subjected to some further investigations to ensure the 

fabrication process feasibility for the coreSEL device. The infiltration approach shown in Figure 

6.1 is mainly relying on the capillary forces. The selected polymer mr-UVCur-06 has a 

considerably high viscosity which may hinder the overall infiltration process. Therefore, an 

investigation was carried out by infiltrating the hollow micro-cylinders (Figure 6.1a) with pure mr-

UVCur-06 using drop-casting. The filled micro-cylinder was then cut with the help of FIB to 

observe the infiltration behavior. Figure 7.2(a) shows that the smallest core (3 µm diameter) is 

completely infiltrated with mr-UVCur-06. The infiltration behavior for the smallest core size was 

observed because it is more susceptible to infiltration failure due to high viscosity of the mr-

UVCur-06.  

      
(a)                                                                         (b) 

Figure 7.2: (a) FIB micrograph showing the cross -sectional view of the smallest core 

infiltrated with pure mr-UVCur-06 using drop-casting method. (b) SEM micrograph of a 

150 nm thick SiO2  layer deposited using IBSD on UV-cured mr-UVCur-06 surface. 

As shown in Figure 6.1(e), the capping layer is deposited directly on top of the infiltrated active 

material (nanocomposite) in a subsequent step, therefore, it is important to discuss the compatibility 

of mr-UVCur-06 with this deposition step. In this work, the capping layer is deposited using IBSD. 

Due to the nature of the deposition process, the deposited layers are generally compressively 

stressed. If the surface of UV-cured mr-UVCur-06 is not solid enough then the subsequently 

deposited capping layer may deform leading to wrinkles. Therefore, various capping layer 

materials including SiO2 and Nb2O5 were deposited using IBSD on individual silicon samples 

having a UV-cured layer of mr-UVCur-06 on the surface. The SEM analysis showed that a smooth 

and wrinkle-free layer of various materials on UV-cured mr-UVCur-06 surface is achievable 

(Figure 7.2b) which indicates that the UV-cured layer of mr-UVCur-06 is solid enough to provide 

a firm base for the subsequent layer deposition.  
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7.2 Nanocomposite Mixing and Layer Formation 

To achieve a homogenous dispersion of colloidal QDs inside the nanocomposite, a profound 

knowledge of the chemical composition of individual components is required. The nanocomposite 

consist of three parts: colloidal QDs, toluene and mr-UVCur-06. Toluene has a higher evaporation 

rate which makes the precise concentration control more challenging. Concentration control is very 

important to achieve better reproducibility. In contrast to the first two components, the exact 

chemical composition of mr-UVCur-06 is unknown. Since it is a commercially available material 

from Micro Chemicals, the chemical composition is considered an industry secret. There exist some 

models which explain mixing of complex solutions, however, the unknown chemical composition 

of mr-UVCur-06 makes the whole mixing process an empirical black box. An exemplary mixing 

model for a ternary solution of water, oil and amphiphile is shown in Figure 7.3. Amphiphile is a 

chemical compound which forms a basis for copolymer like PMMA. It shows that the mixing 

behavior of a ternary solution is dependent on the relative concentrations. Every point inside the 

triangle is a mixture of the three components. With deviations in the subareas, similar results are 

to be expected for other mixing solutions. 

 
Figure 7.3: Phase diagram depicting the physical aspects of micro -emulsion formation for 

water, oil and amphiphile based ternary solution [123].  

Nanocomposite with various concentrations of colloidal QDs, mixed using various mixing 

methods, were investigated to achieve a smooth layer with uniformly dispersed colloidal QDs. The 

spin-coating is preferred over drop-casting because it provides better control over the layer 

thickness. Table 7.1 summarizes the investigated colloidal QD concentrations in nanocomposite 

and the resulting layer characteristics. The colloidal QDs to polymer ratio was gradually increased 

till the point where highest possible concentration of colloidal QDs is achieved with process 

feasibility of the polymer. Each sample was analyzed with the help of fluorescence and light 

microscopes as well as atomic force microscope (AFM). It was found that the miscibility gap 

(Figure 7.3) of this complex material system covers substantial parts of the mixing triangle. The 
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amount of solvent (toluene) plays a crucial role in determining the surface characteristics of the 

spin-coated layer. 

Table 7.1: The investigation results of various colloidal QDs concentrations in 

nanocomposites, spin-coated on a silicon substrate. The first column shows the mass fraction 

percentages of colloidal QDs in the nanocomposites.  

𝒎𝑪𝑸𝑫𝒔

𝒎𝑵𝒂𝒏𝒐𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆
 

[%] 

Remarks 

1.18 Agglomeration 

8.92 Agglomeration 

90.00 Smooth and no cracks 

 

Low colloidal QD concentrations tend to agglomerate (Table 7.1) and hence provide 

inhomogeneous distribution in the nanocomposite causing high surface roughness of up to 300 nm. 

The agglomeration of colloidal QDs for low concentrations occurs regardless of the mixing method 

and time, and immediate UV-curing. However, a smooth and crack free layer of nanocomposite is 

obtainable for very high concentrations (e.g. mass percentage of 90% colloidal QDs in 

nanocomposite). The fluorescence microscope image of the sample having a spin-coated layer of 

nanocomposite with concentration of 90% mass fraction ratio (Figure 7.4a) shows an evenly 

glowing layer indicating a homogenous dispersion of colloidal QDs. Further increase in colloidal 

QDs concentration is counterproductive because the quantity of photosensitive polymer becomes 

insufficient to fix the location of the colloidal QDs and prevent agglomeration. To achieve better 

mixing and to prevent agglomeration, nanocomposite is subjected to ultrasonication for 20 minutes 

before the spin-coating step.  

In order to carry out optical characterization via ellipsometry and VSL method, it is required to 

have a thin (<200 nm) homogeneous layer of nanocomposite material with small surface roughness 

to prevent scattering. The nanocomposite film thickness, however, is not only dependent on the 

rotation speed during spin-coating, but the concentration of the colloidal QDs as well. Furthermore, 

other process parameters are needed to be adjusted accordingly. For example thicker films require 

more thermal energy in the pre-baking step to evaporate the solvent of mr-UVCur-06, allowing 

polymerization during the subsequent UV-exposure step. A nanocomposite layer created by spin-

coating at 7000 rpm for 30 seconds and prebaking at 80 °C for 2 minutes provides the desired layer 

properties. The AFM micrograph of the resultant nanocomposite layer shows a low root mean 

square roughness of 9.89 nm (Figure 7.4b).  
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(a)                                                                    (b) 

Figure 7.4: Fluorescence microscopic image (a) and AFM micrograph (b) of a 165 nm thick 

nanocomposite layer with concentration of 90% mass fraction ratio, created by spin-coating 

at 7000 rpm on a silicon substrate. CP-II AFM system from Veeco is used for surface 

roughness measurements.  

7.3 Optical Characterization of Nanocomposite by Ellipsometry 

The nanocomposite provides better control over the layer formation, however, its optical properties 

may differ from pure colloidal QDs due to the inclusion of polymer material and hence needs to be 

investigated. To simplify the problem of investigating a complex nanocomposite material, first, its 

individual components (mr-UVCur-06 and colloidal QDs) were investigated using spectral 

ellipsometry. These investigations are discussed in the following. At the point of this work there 

were no ellipsometer measurements for colloidal QDs based nanocomposite available. SENpro 

spectroscopic ellipsometer from SENTECH is used for all the ellipsometric measurements in this 

work. 

mr-UVCur-06 

A 100 nm thick layer of mr-UVCur-06 was obtained by spin-coating at 10000 rpm for 40 seconds, 

followed by ellipsometric measurement to acquire Δ and Φ data. The optical modeling of the 

obtained data is carried out with the help of Tauc-Lorentz model since it is widely used to model 

amorphous and transparent materials such as polymers. In this model the imaginary part of the 

dielectric function is described by oscillator(s) having an amplitude 𝐴, broadening 𝐶, oscillator 

peak energy 𝐸0 and the optical bandgap energy 𝐸𝑔: 

휀𝑖 =  
𝐴𝐸0𝐶(𝐸 − 𝐸𝑔)2

(𝐸2 −  𝐸0
2)2 +  𝐶2𝐸2

 .
1

𝐸
                                                 (7.1) 

 

Where, 𝐸 represents the photon energy. Equation 7.1 is valid for 𝐸 > 𝐸𝑔 (i.e. absorption), for 

𝐸 <  𝐸𝑔 the material is assumed to be fully transparent, i.e. 휀𝑖 = 0. The real part of the dielectric 

function is obtained by Kramers-Kronig transformation [124]. 
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Since mr-UVCur-06 is expected to be transparent in the visible range and absorbing in UV range 

[125], only one oscillator in the UV-range is sufficient for modeling and fitting the experimental 

data. The fitting values for this model are shown in Appendix F.1. The modeled results for Δ and 

Φ were found to be in good agreement with the experimental data showing a MSE value of ~4. 

Figure 7.5 shows the refractive index profile for mr-UVCur-06 at different wavelengths. The 

refractive index decreases from 1.56 to 1.52 while going from UV to NIR wavelength ranges. An 

increasing refractive index for shorter wavelengths hints towards absorption in the UV range which 

is expected since mr-UVCur-06 is cured by UV-exposure. Furthermore, the value of refractive 

index is 1.53 at 629 nm, the wavelength of the transmission peak of the chirped filter. 
 

 
Figure 7.5: The refractive index of mr-UVCur-06. 

CdSe Colloidal QDs 

In the form of colloidal QDs we have a very complex structure with three different materials 

(CdSe/CdS/ZnS) and ligands which makes them a complex medium to characterize using 

ellipsometry. Although, absorption is generally related to the density of states, however, many 

complex interactions are possible due to size and shape of colloidal QDs. With such a complex 

material it is highly unlikely that it would provide just a Lorentz shaped absorption (similar to 

Figure 7.5), instead several absorption peaks are expected. The group (LUMINOUS, NTU, 

Singapore) which provided us colloidal QDs also carried out linear absorption coefficient 

measurements for the supplied colloidal QDs [126]. However, these measurements were performed 

using optical absorption spectroscopy, hence no data regarding the refractive index is available. 

Figure 7.6(a) shows the linear absorption coefficient of the supplied colloidal QDs where, as 

expected, several absorption peaks are visible. Therefore, to model the data obtained by 

ellipsometric measurement, the complex dielectric function is defined by several individual 

oscillators matching with each of the resonances. The optical modeling for the colloidal QDs is 

done using the Brendel oscillator model which is has the ability to fit line-shapes between a 

Gaussian and a Lorentzian profile by changing the width of the Gauss-distribution and the oscillator 

damping. The Brendel model uses a dielectric function 휀 of the form: 
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휀(𝜈) = 1 + ∑ 𝑥𝑘(𝜈)

𝑚

𝑘=1

,                                                         (7.2) 

Where 

𝑥𝑘(𝜈)  =  
1

𝜎√2𝜋
∫ 𝑒

(𝑥−𝜈0𝜈)2

2𝜎2  .
𝜈𝑃

2

𝑥2 − 𝜈2 + 𝑖𝜈𝑡𝜈
𝑑𝑥

∞

−∞

.                               (7.3) 

 

Here 𝜈0 is the resonance frequency, 𝜈𝑡 is the oscillator damping, 𝜈𝑃 is the oscillator strength and 𝜎 

is the standard deviation. The integral solution for the parameter 𝑥 can be found in [124]. 

The final optical model used for colloidal QDs consists of six oscillators in UV and visible ranges. 

The resultant complex refractive index spectrum is shown in Figure 7.6(b). Since the linear 

absorption coefficient 𝛼 is connected to the imaginary part of the refractive index 𝑘 by 𝛼 = 4𝜋𝑘/𝜆, 

the ellipsometry model for the colloidal QDs (Figure 7.6b) can be considered in good agreement 

with the absorption spectrum provided by LUMINOUS (Figure 7.6a). The real part 𝑛 of the 

refractive index shows a fundamental Lorentz shape with the presence of some absorbing states. 

The complex refractive index of colloidal QDs at 629 nm is 1.82+0.01i. The fitting values for this 

model are given in Appendix F.2. 

        

(a)          (b) 

Figure 7.6: (a) Linear absorption coefficient and photoluminescence spe ctrum of supplied 

CdSe colloidal QDs [126]. (b) The complex refractive index of CdSe colloidal QDs fit with 

Brendel model.  

Nanocomposite 

Finally, ellipsometric measurements were taken for a nanocomposite layer, spin-coated on a silicon 

substrate, to determine its optical properties. To model a more complex behavior, we employed 

effective material approximation (EMA) model using the Maxwell-Garnet function, which defines 

particles in closed volumes in a host medium, to describe the colloidal QDs in the polymer [127]. 

We used as a background material for the Maxwell-Garnet model, the results from mr-UVCur-06 

as starting values and for the inner volume, colloidal QDs results as the starting values. The 

modeled results for Δ and Φ were found to be in good agreement with the experimental data having 
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a mean squared error (MSE) of ~17. Due to a high concentration of colloidal QDs inside the 

nanocomposite, the complex refractive index of nanocomposite (Figure 7.7a) has a profile 

comparable to the pure colloidal QDs (Figure 7.6b) with slightly decreased values for both 𝑛 and 

𝑘 in the measured spectral range. When the value of 𝑛 was compared with the average value of 

individual refractive indices for mr-UVCur-06 (Figure 7.5) and colloidal QDs (Figure 7.6b) in 

10:90 ratio, it was found that the refractive index value of nanocomposite is approximately 2% 

lower than the latter. However, no wavelength shift in the absorption peaks were observed. The 

complex refractive index of nanocomposite at the desired wavelength of 629 nm is 1.75+0.01i. The 

complete data set for the entire model is given in Appendix F.3. 
 

      
(a)       (b) 

Figure 7.7: (a) The complex refractive index of CdSe colloidal QDs based nanocomposite . 

(b) Distribution profile of colloidal QDs in the nanocomposite layer  used in the model. 

Though, ultrasonication before the spin-coating step disperses the colloidal QDs in the 

nanocomposite (section 7.2) and UV-curing helps in keeping them dispersed, the actual distribution 

of the colloidal QDs in the nanocomposite layer is unknown.  Therefore, the distribution of 

colloidal QDs inside the nanocomposite was also investigated using a so called distribution 

function. The default distribution function for EMA model in the ellipsometer software 

SpectralRay/3 is a constant value which is usually used for defining the surface roughness. 

However, any distribution function is possible to describe the actual concentration profile of 

colloidal QDs in a nanocomposite layer. The distribution is investigated by selecting 17 points at 

fixed relative heights inside the nanocomposite layer and fitting their concentration values with the 

parameters of the selected distribution function. Various distribution functions including linear, 

arctan, exponential, error, double exponential, quadratic, Gaussian and double Gaussian functions 

were investigated. It was found that distribution functions without a maxima worsen the fitting. 

The lowest MSE value is obtained with a double Gaussian-function based distribution function 

(Figure 7.7b). 
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7.4 Gain Measurement of Nanocomposite 

The gain measurements were carried out using VSL method (section 4.4). For this purpose a sample 

with 160 nm thick nanocomposite layer on an oxidized silicon substrate was used. The experiment 

was performed by increasing the illuminated stripe length from 0.1 mm to 0.45 mm (in step of 

0.005 mm) for a constant energy fluence of 3 mJ/cm2 and the obtained peak intensity values of the 

output ASE signal were plotted against the corresponding stripe lengths to observe the gain. An 

exemplary plot is shown in Figure 7.8(a). The graph shows a nearly exponential increase of peak 

intensity values with increasing stripe length due to the gain provided by the nanocomposite. As 

discussed in section 4.4, the actual value of the modal gain is obtained by fitting the experimental 

data with an appropriate fitting method.  

Section 4.4 presented two fitting methods which either did (equation 4.6) or did not (equation 4.3) 

consider the gain saturation length. However, it was difficult to estimate the saturation length from 

the experiment data shown in Figure 7.8(a), therefore, both fitting methods were used in the 

beginning to fit the experimental data. In linear scale (Figure 7.8a) both fitting methods are giving 

fits that are visually in good agreement with the experimental data. However, plotting the 

experimental data and fittings on a logarithmic scale (Figure 7.8b) provides a better estimation of 

the fitting limitations and reveals fitting errors in a better way. It can be estimated from 

Figure 7.8(b) that the saturation length for nanocomposite is approximately 0.38 mm. Moreover, 

the fitting function which does not consider the saturation length (equation 4.3) is unable to follow 

the measurement data in the saturation region and hence it is not suitable for the gain investigation 

of nanocomposite. One the other hand, fitting method based on equation 4.6 provides better fitting 

results, hence is used in this investigation. 
 

      

   (a)        (b) 

Figure 7.8: Peak intensity vs. stripe length plots for an energy fluence of 3 mJ/cm2 for 

630.2 nm wavelength. A comparison of two fitting approaches (equation 4.3 and equation 

4.6) for gain estimation in (a) linear and (b) logarithmic scale for the same experimental 

data is shown as well.  

Similar experiments were performed for several wavelengths between 620 nm and 640 nm. This 

wavelength range is selected by taking into account the photoluminescence spectrum of colloidal 
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QDs (Figure 6.16a). The obtained wavelength dependent gain values are then plotted in relation to 

the wavelength resulting in a gain versus wavelength graph, as shown in Figure 7.9. The highest 

modal gain is found to be at a wavelength of 628.8 nm. Noticeably higher gain values at lower 

wavelengths are attributed to fitting errors. 
 

 
Figure 7.9: Gain spectrum of nanocomposite material, measured by VSL method for energy 

fluence of 3 mJ/cm2.  

To have a more comprehensive analysis of the gain spectrum for nanocomposite, above stated 

experiments and fitting procedures were performed for a higher energy fluence of 5 mJ/cm2 as well. 

These experiments provided a modal gain profile similar to Figure 7.9 with slight variation in the 

value and wavelength position of the maximum gain. The value of modal gain at our desired 

wavelength of 629 nm is 273 ± 20 cm-1 (or 27.3 ± 2 mm-1). Due to the high concentration of 

colloidal QDs inside nanocomposite, its modal gain is comparable to those of pure colloidal QDs 

(288 ± 14 cm-1). Furthermore, the wavelength for the maximum gain is also matching to the 

maximum peak of the photoluminescence spectrum for pure colloidal QDs (Figure 6.16a). 

7.5 Threshold Measurement of Nanocomposite 

The setup discussed in section 4.4 was employed for stimulated emission threshold measurements 

of nanocomposite. The experiment was performed by measuring the peak intensity and FWHM 

values of the output ASE signal, generated by illuminating a constant stripe length of 

nanocomposite for varying energy fluences. The threshold energy is defined by either a significant 

decrease in FWHM for increasing excitation energies or a variation in slope for relation between 

peak intensity and excitation energy.  

The measured peak intensity of the ASE signal and its FWHM are plotted as a function of the 

energy fluence in Figure 7.10. It can be easily observed that the peak intensity of the ASE signal 

increases with rising energy fluence of the pump laser (Figure 7.10a). At the beginning the peak 

intensity shows just a small increase, but with higher excitation energy the peak intensity of the 

ASE signal increases rapidly due to increased stimulated emission. The threshold value is 

determined by fitting the strongly rising part of the plot with a linear function. On the other hand, 
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FWHM versus energy fluence plot shows a sigmoidal behavior (Figure 7.10b). At low excitation 

energies the ASE signals are very broad due to excessive spontaneous emission. However, with a 

slight increase of the energy fluence the linewidth of the measured spectra decreases rapidly (more 

stimulated emission) and makes a step from a relatively large FWHM value of 30 nm at 0.1 mJ/cm2 

to 5 nm at an excitation energy of 0.13 mJ/cm2. The value of FWHM remains nearly constant for 

larger energy fluences. The fit-function in Figure 7.10(b) is similar to a sigmoid function. The 

energy fluence value at the intersection of the tangent (blue) and the linear fit of FWHM values 

(green) determines the actual threshold energy. Both of these methods lead to a threshold energy 

of 111 ± 2 µJ/cm² for nanocomposite which is slightly higher than the literature value of 90 µJ/cm² 

for pure colloidal QDs [45]. The difference of 21 µJ/cm² is believed to be caused by the presence 

of a passive compound mr-UVCur-06 inside nanocomposite. The nanocomposite not only has a 

lower concentration of colloidal QDs compared to pure colloidal QDs (section 7.2) but mr-UVCur-

06 also shows absorption in the UV region which is overlapping with the wavelength of the 

excitation light. Therefore, some of the excitation energy is lost and thus a slightly higher energy 

fluence is required to achieve stimulated emission in the nanocomposite. 
 

      

(a)       (b) 

Figure 7.10: Threshold determination by (a) linear plotting of integrated intensity and (b) 

FWHM for increasing energy fluences. Both methods yield similar threshold results. 

The investigation of pure colloidal QDs and nanocomposite for their optical properties (𝑛, 𝑘, gain, 

threshold) have shown that there is only a minor change which provides an option to use 

nanocomposite for other applications in a same way like the pure colloidal QDs. 
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8. Final Fabrication and Optical 

Characterization Results of CoreSEL 

Structures 

This chapter focuses on the infiltration of 2.8 µm thick micro-hollow cylinders of chirped filter 

with nanocomposite material. The infiltrated coreSEL structures are then optically excited to 

investigate for any possible optical coupling between the active core and chirped filter-cladding. 

Both infiltration and optical characterization results are presented and discussed.  

8.1 Thickness Tuning of mr-UVCur-06 

The nanocomposite layer used previously for ellipsometric (section 7.3) and gain measurements 

(section 7.4) has a thickness of 160 nm and it was spin-coated on a plane sample without having 

any structures. The goal of this work, however, is to infiltrate coreSEL structures having a thickness 

of 2.8 µm. Although, a sample with several arrays of coreSEL structures is expected to behave 

differently to spin-coating speed and time than a sample with plane surface, it is still useful to have 

an estimated value of spin-coating speed and time to achieve a nanocomposite layer thickness of 

2.8 µm on a plane surface. However, the colloidal QDs are supplied in small quantities and must 

be treated with care to avoid any wastage. Taking that into account, as a first step various spin-

coating experiments were conducted for pure mr-UVCur-06 on a plane silicon substrate to observe 

its layer formation behavior. For this purpose, the spin-coating speed was decreased from 

10,000 rpm to 1,000 rpm and the resultant mr-UVCur-06 layer thickness was measured using 

ellipsometer. Each experiment was repeated several times in order to calculate the statistical error. 

Figure 8.1 shows the relation between spinning speed and the thickness of the resultant mr-UVCur-

06 layer. It is evident that with decreasing spinning speed, the layer thickness increases, however, 

the desired height of 2.8 µm is not reached even with the slowest investigated spinning speed of 

1000 rpm. It can also be seen that slower spinning speeds are more susceptible to thickness 

fluctuations. Nonetheless, the relation presented in Figure 8.1 gives an idea of the behavior of the 

nanocomposite during spin-coating.  
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Figure 8.1: Relation of spin-coating speed and the resultant layer thickness of mr -UVCur-

06. 

To roughly estimate the spinning speed required to achieve a thickness value of 2.8 µm, the 

experimental data given in Figure 8.1 can be extrapolated by fitting a hyperbola function. The 

relation between spinning speed (𝑣) and layer thickness (𝐻) is given by [125]: 

𝐻(𝑣) = 𝑎. (𝑣 − 𝑏)−𝑐 + 𝑑                                                       (8.1) 

Where, fitting parameters 𝑎, 𝑏, 𝑐 and 𝑑 represent the amplitude (nm/rpm) , a shift on the velocity-

axis (rpm), the steepness of the slope and the asymptotic minimum layer thickness (nm), 

respectively.  Equation 8.1 was used to fit the experimental data shown in Figure 8.1and it was 

found that a spin-coating speed of 95 rpm is sufficient to create a mr-UVCur-06 layer with a 

thickness of 2.8 µm. However, the fitting errors were rather high even when several experiments 

were conducted to reduce the statistical error. Therefore, this value can only be taken as a rough 

estimation. Furthermore, the resultant layer thickness is highly affected when spin-coating is 

performed on a sample having structured surface. Figure 8.2 shows a comparison of resultant layers 

when spin-coating is performed on a plane and a structured surface. A layer with uniform thickness 

is obtained by spin-coating on a plane surface. On the other hand, the overall spreading of the 

coating material is changed when spin-coating is performed on a structured surface. Although, the 

resultant layer thickness is uniform outside the structures, it shows an increase near the structures 

and can even have a higher thickness inside small cavities (size dependent). The layer thickness on 

top of the structure walls is usually thinner than other areas on the sample.  

   

(a)                     (b) 

Figure 8.2: Comparison of spin-coating on (a) a plane and (b) a structured surface. 
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8.2 Infiltration of CoreSEL Structures with Nanocomposite 

This section discusses the infiltration of coreSEL structures with nanocomposite. The samples used 

in these experiments are not plane but contains an array of coreSEL structures (see Appendix C) 

and a funnel layer on the top to facilitate the infiltration process. 

As discussed earlier, nanocomposite contains colloidal QDs solution alongside mr-UVCur-06 in a 

high mass fraction ratio. Since the colloidal QDs solution has a different viscosity than mr-UVCur-

06 and the spin-coating experiments are performed on a structured surface, variations in the 

thickness of the resultant spin-coated layer are expected. Nonetheless, as the starting point an 

infiltration experiment with a spinning speed of 95 rpm (for 30 seconds) was performed on a sample 

with an array of hollow coreSEL structures. The thickness of the resultant nanocomposite layer and 

the infiltration behavior was investigated using an electron microscope. An ellipsometric 

measurement for layer thickness could not be performed because of structured surface (Figure 

8.2b). Despite having a lower viscosity of nanocomposite (due to a high ratio of toluene) compared 

to mr-UVCur-06, the SEM micrograph revealed that the resultant nanocomposite layer was 

excessively thick and it had buried all the coreSEL structures. Such a spinning speed leads to 

inhomogeneous layer thickness over the whole surface. Furthermore, a spinning speed of 95 rpm 

is insufficient to create a substantial centrifugal force to spread the nanocomposite material on the 

surface of the sample. The excessive thickness does not allow the nanocomposite layer to solidify 

even after subsequent baking and UV-exposure steps which also makes handling of the sample 

more challenging. 

To tune the layer thickness of nanocomposite inside the infiltrated structures and achieve better 

homogeneity, several experiments were carried out by increasing the spinning speed from 100 rpm 

to 1000 rpm for different spinning durations. Figure 8.3 shows a comparison between the 

infiltration behaviors of nanocomposite for two different spinning speeds. The SEM micrographs 

are obtained by precisely cleaving the individual samples at the center of the infiltrated coreSEL 

structures. With a spinning speed of 500 rpm, the structures are still over-infiltrated (Figure 8.3a) 

and the thickness of the resultant layer is found to be non-uniform over the surface of the sample. 

On the other hand, spinning speed of 1000 rpm improves the overall uniformity of the spin-coated 

layer, however, it not only reduces the layer thickness but also substantially increases the concavity 

of the surface profile of the infiltrated nanocomposite inside the coreSEL structure (Figure 8.3b).  

To have a better understanding of the concavity behavior of the nanocomposite inside the coreSEL 

structures, the height of the nanocomposite layer with respect to the distance from the structure-

sidewall was measured (Figure 8.3c) with the help of ImageJ software. It can be seen that the 

thickness of the nanocomposite layer processed at 1000 rpm is significantly less than that of the 

one processed at 500 rpm, with the maximum difference found to be in the center of the coreSEL 

structure. Additionally, a relatively higher centrifugal force produced by the higher spinning speed 

pushes more nanocomposite towards the sidewalls of the resonator structures, giving the 

nanocomposite layer higher concavity (higher slop for 1000 rpm in Figure 8.3c). Further 

experiments showed that the viscosity of the spin-coating solution plays a crucial role in defining 

the amount of concavity. 
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(a)       (b) 

 
(c) 

Figure 8.3: Comparison of the infiltration behavior of nanocomposite material inside a 

coreSEL structure for spinning speeds of (a) 500  rpm and (b) 1000 rpm. (c) The analysis of 

concavity behavior of (a) and (b). In (b), some nanocomposite came off during the cleaving 

process. 

On the one hand, simple drop-casting of nanocomposite provides a layer thickness of few tens of 

microns (see section 6.3), but on the other hand, spin-coating is resulting in either over-infiltration 

or higher concavity of the nanocomposite layer inside the core. Since both these infiltration 

methods were not providing the desired results, a new infiltration approach was developed. This 

new approach combined drop-casting and spin-coating to obtain complete infiltration of 2.8 µm 

thick coreSEL structures with nanocomposite. In this two-step infiltration approach, the actual 

infiltration is performed by drop-casting while spin-coating is merely used to remove the excess 

material. After the drop-casting of nanocomposite a delay of 30 seconds is introduced which serves 

two purposes: (1) it allows enough time for the nanocomposite to infiltrate in the hollow cores, (2) 

it increases the viscosity of the nanocomposite because of toluene evaporation. Once the hollow 

cores are infiltrated then a short spinning cycle of 1 second with a spinning speed of 900 rpm is 

sufficient to achieve the desired results in terms of infiltration thickness and uniformity. The 

concavity of the nanocomposite layer inside the core is eliminated due to an increased viscosity of 

nanocomposite. Complete infiltration recipe is given in Appendix G. With the optimized 

infiltration recipe, more than 90% of the coreSEL structures in an array can be infiltrated.  
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To protect the infiltrated nanocomposite during the subsequent lift-off process of funnel layer 

(Figure 6.1e-f), a capping layer with a total thickness of 170 nm was deposited on the surface using 

IBSD. SiO2 and Nb2O5 are chosen as the capping layer materials by taking into account the 

refractive index of the nanocomposite. It is crucial that the coreSEL structures are not over-filled 

with the nanocomposite, since overfilling would prevent a physical connection between the capping 

layer and the coreSEL structure leading to a lift-off of the whole capping layer. Without a capping 

layer the infiltrated nanocomposite would be washed away during the subsequent lift-off step 

(Figure 6.1e-f). On the other hand, if the coreSEL structures are partially filled, the capping layer 

may alter the chirped filter characteristics. In conclusion, only those coreSEL structures which are 

completely filled, i.e. neither over- nor partially- filled, with nanocomposite would ensure a 

successful lift-off and provide desired device characteristics. 

After depositing the capping layer, the sample was submerged in NMP solution at a temperature 

of 80 °C for 12 hours to remove the residual nanocomposite outside the core of the coreSEL 

structure (Figure 6.1f). Figure 8.4 shows SEM micrographs of two coreSEL structures, with 

different core sizes, having their cores successfully infiltrated with nanocomposite. Some residues 

of nanocomposite can be found outside the core of the coreSEL structure as well. However, 

characterization with fluorescence microscope showed that the fluorescence signal is coming only 

from the core of the coreSEL structure and the residues outside have already lost their fluorescence 

upon interaction with NMP. Hence they do not affect the optical properties of the coreSEL device. 

These residues were found to be insoluble both in toluene and NMP.  

Characterization of the sample with a µ-PL setup (section 4.4) revealed that 37% of the coreSEL 

structures in an array remained infiltrated after the lift-off step. Moreover, the successfully 

infiltrated coreSEL structures were randomly distributed inside the coreSEL structure array, 

indicating that the dimensions of the coreSEL structures have no major influence on the success of 

infiltration and lift-off process. 

  
(a)      (b) 

Figure 8.4: SEM micrographs of complete coreSEL devices with (a) small and (b) large core 

sizes. The infiltrated cores have a 170 nm thick capping layer of SiO2/Nb2O5 as well. 

8.3 Optical Excitation of Infiltrated CoreSEL Structure 

The fabricated coreSEL structures were optically characterized using the µ-PL setup (section 4.4). 

This setup gives the flexibility to use either a CW (UV-F-355nm-10mW) or a pulsed (Nd:YAG-
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355nm) laser as the excitation source. However, the actual spot size (diameter) of either laser on 

the sample was unknown. Without the knowledge of the actual spot size, the amount of excited 

area on a coreSEL device cannot be controlled. Therefore, the spot sizes of the excitation lasers 

were characterized using the knife-edge method [128]. For this purpose, a 200 nm thick aluminum 

layer was deposited on a silicon wafer and further structured using lift-off as well as by FIB-milling. 

The experiment was conducted by moving a focused laser spot over the edge of highly reflective 

aluminum layer onto the lower reflective silicon wafer. From the measured intensity profile the 

laser spot size was calculated. The spot sizes of CW and pulsed lasers are found to be 4.3 ± 1.2 µm 

and 5 ± 3 µm, respectively. A high error value for the spot size of the pulsed laser is due to the 

statistical error. 

For a coreSEL device to function, optical coupling of the chirped filter cladding with the active 

core (nanocomposite) is required. For excitation energies below the lasing threshold, optical 

coupling is indicated by an additional peak in output PL-spectrum of the device. The spectral 

position of this additional peak is dictated by the wavelength of the filter line, as shown in Figure 

8.5 [48]. 

   

(a)      (b) 

Figure 8.5: Emission spectra of colloidal QDs having (a) no coupling and (b) a coupling 

with resonator below and above the lasing/ASE-threshold. Intensities are normalized to 

maximum PL intensity value [48]. 

An experiment was carried out by optically exciting an infiltrated coreSEL structure (with 5 µm 

core size) using the CW laser and measuring the output PL-spectrum. To have a comprehensive 

analysis, the excitation power was step-wise increased from 0.1 mW to 3.6 mW. The experiment 

was limited to an excitation power of 3.6 mW because any excitation power above 3.6 mW caused 

photodegradation of the nanocomposite material. This was an unanticipated observation because 

our previous experiments with pure colloidal QDs did not show any photodegradation, hence this 

photodegradation can be attributed to the polymer host medium. 

It was found that at an excitation power of 3.6 mW, the output PL-spectrum of a coreSEL structure 

deviates from the PL-spectrum measured at lower excitation powers, as shown in Figure 8.6. The 

output PL-spectrum of the coreSEL structure for higher excitation power is shifted to higher 

wavelengths and the FWHM value is also increased. However, the PL-intensity decreases for 
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higher excitation power. To be precise, the peak of the output PL spectrum shifts from a wavelength 

of 621 ± 1 nm to 630 ± 3 nm when the excitation power is increased from 0.1 mW to 3.6 mW. 

There is a possibility that it could be caused by optical coupling with the chirped filter which has a 

transmission peak at a wavelength of 628.4 nm (Figure 5.2b). 
 

      

    (a)                 (b) 

Figure 8.6: (a) Effect of excitation power on the output PL-spectra of a coreSEL structure 

with 5 µm core size. The PL values given in (a) are normalized (to area under the curve)  for 

better understanding in (b). A CW laser was used as the excitation laser.  

To have a better insight, each individual coreSEL structure in the array (see Appendix C) was 

excited by the CW laser with 3.6 mW excitation power and the corresponding output PL-spectra 

were measured. It was found that all coreSEL structures show some deviation in wavelength and 

FWHM for the output PL-spectra. However, the coreSEL structures having a core size comparable 

to the spot size of the excitation laser give largest wavelength shift and broadest FWHM of the 

output PL-spectrum.  

To validate the hypothesis that the wavelength shift and peak-broadening is caused by chirped filter 

alone, the PL-spectrum for plain 2.8 µm thick nanocomposite layers were measured as well. Figure 

8.7 shows an exemplary PL-spectrum of nanocomposite layer. It shows overall similar trend as the 

PL-spectrum of coreSEL structure (Figure 8.6b). Therefore, it can be concluded that the red-shift 

of the peak wavelength is not an effect caused by the chirped filter but merely based on increasing 

excitation power. PL-intensities are not comparable because an additional filter was used in the 

setup to prevent the saturation of the spectrometer for the latter experiment and therefore different 

integration times were used for different excitation powers.  
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Figure 8.7: Normalized PL-spectra of a 2.8 µm thick nanocomposite layer for different 

excitation powers. 

However, a closer inspection of output PL-spectra (similar to Figure 8.6b) for each coreSEL 

structure in the array revealed a small asymmetry, a plateau, at approximately 630 nm. Taking this 

asymmetry into account, the optical coupling between the active core and the chirped filter has to 

be very weak if existent.  

For further investigation of this plateau, the PL-values of pure nanocomposite layer are subtracted 

from the PL-values of the coreSEL structures. To reduce the noise, both PL-spectra are also fitted 

using a three peak Gaussian-function. The resultant graph obtained after subtraction is shown in 

Figure 8.8. A “plateau” at approximately 630 nm is evident. The trend of the experimental data 

subtraction (black) is in good agreement with the subtraction of the fit-functions (red), giving the 

possibility to determine the real position of the “plateau” which is found to be at 631.6 nm. An 

average intensity increase of 4% at plateau-wavelength could be indicating a very weak optical 

coupling between the active core and the chirped filter cladding.  
 

 
Figure 8.8: PL-values subtraction of nanocomposite layer from coreSEL structure. The blac k 

graph is the subtraction of both experimental data, while the red graph shows the subtraction 

of respective fit-functions. The PL-values of the coreSEL structure are obtained from a 

coreSEL structure with 4 µm core size and a ring width of 3.5 µm (see Appendix C). Both, 

coreSEL structure and nanocomposite layer are excited using a CW laser with an excitation 

power of 0.1 mW.  
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Another method to inspect the suspected “plateau” is by comparing right and left flanks of the PL-

signal shown in Figure 8.6(b). Considering the peak wavelength as the reference position, intensity 

values of the left flank are subtracted from intensity values of the right flank for matching 

wavelength distance from the peak wavelength. A similar procedure is repeated for PL-signal of a 

pure nanocomposite layer as well.  Finally, the resultant graphs obtained by both these procedures 

are compared and their difference, according to equation 8.2, is plotted in Figure 8.9. 

𝛿𝑓𝑙𝑎𝑛𝑘(𝑐𝑜𝑟𝑒𝑆𝐸𝐿) −  𝛿𝑓𝑙𝑎𝑛𝑘(𝑛𝑎𝑛𝑜𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)                                   (8.2) 

Figure 8.9 shows the graph obtained in accordance to Figure 8.6(b), Figure 8.7 and equation 8.2. It 

shows a small plateau at 630 nm as well. Both Figure 8.8 and Figure 8.9 indicate a slight variation 

at the wavelength position near the filter line of the chirped filter (Figure 5.2b).  
 

 
Figure 8.9: A subtraction of flank comparison of nanocomposite from coreSEL with al igned 

PL-peak wavelength. The peak wavelength is taken as the reference position to obtain 

relative wavelengths. The PL-signal of the coreSEL is obtained from a coreSEL structure 

with 4 µm core size and a ring width of 3.5  µm. Both, coreSEL and nanocomposi te layer are 

excited using a CW laser with an excitation power of 0.1  mW. 

Colloidal QDs usually require strong pulsed laser for optical excitation to achieve lasing. Therefore, 

all above presented experiments were re-conducted with a pulsed laser in order to check for a 

coupling, however, output results similar to CW laser were obtained. Furthermore, a very high 

excitation power results in degradation and sometimes even evaporation of the nanocomposite 

material. 

In conclusion, the excitation of coreSEL device did not show any significant change in the emission 

spectrum. Although, slight variations in the emission spectrum at wavelengths near the chirped 

filter lines were observed, it cannot be established if this effect was caused by an optical coupling 

of the chirped filter-cladding and the active core or is merely the inherent noise of the spectrometer. 

There can be two possible causes of absence of any significant optical coupling between the core 

and the cladding: (1) the light wave travelling in the core of the device does not pass through 

physical layers of chirped filter but quasi-layers of alternating refractive index having a small 

refractive index contrast. The amount of feedback provided by these quasi-layers insufficient for 

generating a standing wave (mode). (2) It is known from fiber optics that the dimensions of the 
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core are very crucial for proper mode guiding. However, inner sidewalls of our coreSEL device are 

not perfectly vertical which may have affected the mode guiding in the active core.  
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9. Summary and Outlook 

his work was aimed at the development of a fabrication process for realization of a novel 

coreSEL device operating in visible range. Fabrication of the proposed device required a 

complex multi-step fabrication process. All the involved fabrication processes and steps 

were developed and optimized in the context of this work. 

A Nb2O5/SiO2 based chirped filter having a negative Gaussian chirp function with a chirp volume 

of 1.7 times the QWOT provided a high reflection in the desired visible range with a transmission 

peak at a wavelength of 628.4 nm. Nb2O5 and SiO2 were selected as layer materials due to their 

high refractive index contrast and low absorption in the desired spectral range. IBSD was used for 

deposition of the chirped filter due to its ability to produce high quality optical films along with 

stable deposition rates. The deposition parameters were optimized to achieve acceptable deposition 

rates (1.686 nm/min and 6.27 nm/min for Nb2O5 and SiO2, respectively) and minimize the process 

parameters adjustments. The optical characterization result of the fabricated filter was found to be 

in good overall agreement with the theoretical simulation. Nevertheless, slight deviations in the 

transmission wavelength and its value were observed which were attributed to variations in the 

deposition rate due to long deposition process and the differences between the actual and simulated 

value of the material absorption. 

A part of this work was dedicated to optimize a structuring process to create hollow micro-cylinder, 

in the chirped filter, with precise dimensions. A special focus was kelp on development of a single-

step etching process for Nb2O5/SiO2 multilayer structure. Previous dry etching recipes showed 

acceptable results for etching individual layers of Nb2O5 and SiO2, however, alteration of the 

etching parameters for individual thin-films during the etching of a multilayer stack was hardly a 

viable option. Therefore, a new dry etching recipe using an etching gas mixture of CHF3 and Ar 

was investigated. Extensive research on various etching parameters such as gas ratio, RF power, 

ICP power, process pressure, and temperature was carried out. Based on these results, an etching 

recipe was optimized to achieve a vertical etch profile. However, it provided a slightly sloped (96°) 

sidewall profile of the etched multilayer structure and further improvement was not possible with 

the investigated etch chemistry.  

A process has been developed to introduce an active material inside the device core. Since colloidal 

QDs are synthesized in a solution, the infiltration approach used in this work has primarily been 

based on drop-casting. To assist the infiltration process a sacrificial layer of photoresist with funnel-

like opening (aligned with the hollow core) was created with the help of photolithography process. 

The influences of photolithography parameters were investigated and results were applied to 

achieve a funnel free of any residue (related) problems with a size comparable to the hollow core. 

Controlling the filling of hollow core with colloidal QDs was a major challenge due to self-

assembling (agglomeration) behavior of colloidal QDs upon evaporation of the solvent. 

Techniques, like ultrasonication, spin-coating and evaporation temperature variation did not show 

any significant improvement. To overcome the agglomeration problem and facilitate the infiltration 

process, colloidal QDs were embedded in a polymeric host medium (mr-UVCur-06) to create a so 

T 
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called nanocomposite. A part of the research was focused on optical characterization of the 

nanocomposite to determine its complex refractive index, gain properties and lasing threshold. 

These investigations showed that there is only a minor influence of polymeric host medium on the 

optical properties of the colloidal QDs, which makes nanocomposite a highly potential active 

material for other applications as well. Controlling the infiltration height even of nanocomposite 

using conventional methods (spin-coating, drop-casting) was found to be very challenging due to 

a high evaporation rate of the solvent. To overcome the infiltration issue a new two-step infiltration 

approach was developed which combined the drop-casting and spin-coating to obtain complete 

infiltration of the hollow core with the nanocomposite. A high infiltration yield with good 

reproducibility was obtained by employing this two-step approach.  

The final part of this work was focused on optical characterization of the fabricated coreSEL device 

using a µ-PL setup which employed a CW and a pulsed lasers to observe possible optical coupling 

of the chirped filter-cladding with the active core. With enough excitation power, the output PL-

spectrum of the coreSEL device showed a slight variation at the wavelength position near the filter 

line of the chirped filter. However, it could not be established if this effect was caused by an optical 

coupling of the chirped filter-cladding and the active core. Two possible reasons have been 

identified for the absence of any significant variation in the emission spectrum of coreSEL device. 

Either the amount of feedback provided by the surrounding chirped filter quasi-layers was 

insufficient for generating a standing wave in the active core or the sloped inner sidewalls of the 

coreSEL device have affected the mode guiding in the active core. 

In conclusion, this work has paved the path to fabricate a coreSEL device. All the technological 

steps and processes have been optimized yet there may exist aspects that can be improved as 

perfection cannot be claimed in technology. It is known from the DFB laser theory that accurate 

lateral and longitudinal dimensions are essential to provide mode confinement and adequate 

feedback. Therefore, 3D theoretical simulations can be carried out to investigate the influence of 

cylinder dimensions on the overall mode guiding inside the coreSEL device and to find the 

optimum device dimensions. Instabilities associated with long deposition process of IBSD can be 

avoided either by selecting a faster deposition method such as magnetron sputter deposition or by 

incorporating in-situ monitoring of thin-film deposition process for deposition rates, film thickness, 

optical constants and uniformity. Verticality of the sidewalls of the etched structure can be 

improved by investigating other dry etching chemistries. Mr. Sven Henning at INA is currently 

investigating a dry etching process to etch Nb2O5/SiO2 multilayer structure with a combination of 

CHF3, SF6 and Ar gases. In this regard chlorine based etching mixtures can also be considered. 

Furthermore, the concentration of colloidal QDs inside the nanocomposite can be controlled more 

precisely by direct immersion of dried colloidal QDs into mr-UVCur-06. To achieve better 

infiltration yield, selected areas on the coreSEL device can be functionalized to control the colloidal 

QDs layer formation. 
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Appendix A  

A.1 Comparison of IBSD target materials 

Target 

material 

Dia. x Th. 

(mm) 

Purity 

(%) 

Price 

(Euro) 

Price per 

mm (Euro) 

Silicon  D 300 x 12 99.999 1280 106.7 

Niobium  D 300 x 6 99.95 1365 227.5 

Titanium  D 300 x 8 99.99 1985 248.1 

Zirconium  D 300 x 6 99.99 5795 965.8 

Tantalum D 300 x 6 99.95 5295 882.5 

Table A-1: Comparison of IBSD target materials in terms of purity and price 2. 

A.2 Optical properties of Nb2O5 and SiO2 

     

(a)       (b) 

Figure A-1: Refractive index and extinction coefficient of (a) Nb 2O5 and (b) SiO2.  

 

  

                                                 

2 Data taken from the product quotations of MicroSystem GmbH. 
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Appendix B 

B.1 Layer thicknesses of the designed chirped filter 

Layer no. 

Material 

H=Nb2O5 

L=SiO2 

Normalized 

chirp factors in 

λ/4 

Refractive 

index n 

Optical 

Thickness 

[nm] 

Physical 

Thickness 

[nm] 

1 H 1.00000000 2.308 155.25 67.26 

2 L 1.00000000 1.491 155.25 104.10 

3 H 0.99999999 2.308 155.25 67.26 

4 L 0.99999994 1.491 155.25 104.10 

5 H 0.99999948 2.308 155.25 67.26 

6 L 0.99999638 1.491 155.25 104.10 

7 H 0.99997831 2.308 155.25 67.26 

8 L 0.99988874 1.491 155.24 104.09 

9 H 0.99951162 2.308 155.18 67.23 

10 L 0.99816533 1.491 154.97 103.91 

11 H 0.99410158 2.308 154.34 66.87 

12 L 0.98377108 1.491 152.73 102.41 

13 H 0.96178622 2.308 149.32 64.69 

14 L 0.92299363 1.491 143.30 96.08 

15 H 0.86719646 2.308 134.64 58.33 

16 L 0.80399421 1.491 124.82 83.69 

17 H 0.75242632 2.308 116.82 50.61 

18 L 0.73238138 1.491 113.71 76.24 

19 H 0.75242632 2.308 116.82 50.61 

20 L 0.80399421 1.491 124.82 83.69 

21 H 0.86719646 2.308 134.64 58.33 

22 L 0.92299363 1.491 143.30 96.08 

23 H 0.96178622 2.308 149.32 64.69 

24 L 0.98377108 1.491 152.73 102.41 
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25 H 0.99410158 2.308 154.34 66.87 

26 L 0.99816533 1.491 154.97 103.91 

27 H 0.99951162 2.308 155.18 67.23 

28 L 0.99988874 1.491 155.24 104.09 

29 H 0.99997831 2.308 155.25 67.26 

30 L 0.99999638 1.491 155.25 104.10 

31 H 0.99999948 2.308 155.25 67.26 

32 L 0.99999994 1.491 155.25 104.10 

33 H 0.99999999 2.308 155.25 67.26 

34 L 1.00000000 1.491 155.25 104.10 

35 H 1.00000000 2.308 155.25 67.26 

Table B-1: Optical and physical layer thicknesses of the designed chirped filter.  
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Appendix C 

C.1 Photomask for coreSEL device 

 
(a) 

 
(b) 

Figure C-1: (a) Microscopic view of the photomask with donut -shape structures array. (b) 

Inner and outer dimensions each donut -shape structure on the photomask.  
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Appendix D 

D.1 Chromium etch-mask structuring using dry etching process 

ICP-RIE Parameters  Values 

ICP Power (Watt) 1000   

RF Power (Watt) 200  

Ar flow rate (sccm) 50  

Process pressure (mbar) 6   

Table temperature (℃) 10  

Table D-1: Ar sputtering recipe for transferring patterns to the Cr hard mask using ICP -

RIE system 

D.2 Photolithography steps for etch mask structuring using lift-off 

process 

01- Cleaning with acetone and isopropanol.  

02- Drying with nitrogen.  

03- Drying for 10 minutes on a hot plate at 120 ℃.  

04- Ti-prime spin coating, 4000 rpm for 40 seconds.  

05- AZ®-nLOF 2070 (4:3) spin coating, 4000 rpm for 40 seconds.  

06- Prebake for 5 minutes on a hot plate at 100 ℃.  

07- UV-exposure in MA4 mask aligner for 14.5 seconds.  

08- Post exposure bake for 1 minute on a hot plate at 110 ℃.  

09- Re-hydrogenation for 2 minutes at room temperature.  

10- Development by AZ®826(MIF) for 30 seconds.  

11- Neutralization in water for 30 seconds 

12- Nitrogen stream for drying  

13- O2 ashing at 50 W for 5 minute. 
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D.3 Preliminary etching results for different etch chemistries 

 
Figure D-1: SEM micrograph of a Nb2O5/SiO2 based chirped filter etched with a combination 

of C4F8  and Ar gases.  

 
Figure D-2: SEM micrograph of a Nb2O5/SiO2 based chirped filter etched with a combination 

of SF6 and Ar gases.  
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Appendix E 

E.1 Starting photolithography recipe for the funnel-layer 

01 - Cleaning with acetone and isopropanol. 

02 - Drying with nitrogen. 

03 - Drying for 10 minutes on a hot plate at 120 ℃. 

04 - Ti-prime spin coating, 4000 rpm for 40 seconds. 

05 - AZ®-nLOF 2070 (5:1) spin coating, 4000 rpm for 40 seconds. 

06 - Prebake for 1 minute on a hot plate at 110 ℃. 

07 - Exposure in MA4 maskaligner for 4.5 seconds. 

08 - Post exposure bake for 3.5 minutes on a hot plate at 110 ℃. 

09 - Re-hydrogenation for 2 minutes at room temperature. 

10 - Developing by AZ 826(MIF) for 50 seconds. 

11- Neutralization in water for 50 seconds 

12- Nitrogen stream for drying  

13 - O2 ashing at 50 W for 5 minute. 

E.2 Optimized photolithography recipe for the funnel-layer 

01 - Cleaning with acetone and isopropanol. 

02 - Drying with nitrogen. 

03 - Drying for 10 minutes on a hot plate at 120 ℃. 

04 - Ti-prime spin coating, 3000 rpm for 20 seconds. 

05 - AZ®-nLOF 2070 (5:1) spin coating, 4000 rpm for 40 seconds. 

06 - Prebake for 1 minute on a hot plate at 115 ℃. 

07 - Exposure in MA4 maskaligner for 7 seconds in hard contact mode. 

08 - Post exposure bake for 1 minute on a hot plate at 110 ℃. 

09 - Re-hydrogenation for 2 minutes at room temperature. 

10 - Developing by AZ 826(MIF) for 45 seconds with ultrasonic agitator on 20% power. 

11- Neutralization in water for 50 seconds 

12- Nitrogen stream for drying  

12 - O2 ashing at 50 W for 5 minute. 
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Appendix F 

F.1 Tauc-Lorentz model for mr-UVCur-06 

Fit Parameter Fit value 

𝑒1(∞) 1 

𝐸𝑔(0) [𝑒𝑉] 6.527 

𝐴(0) 131.571 

𝐸0(0) [𝑒𝑉] 10.063 

𝐶(0) [𝑒𝑉] 4.399 

Table F-1: Fitting parameters and values of Tauc-Lorentz model for mr-UVCur-06. 

F.2 Brendel model for colloidal QDs 

Fit Parameter Fit value 

𝑒1(∞) 1 

𝑉0(0) [𝑐𝑚−1] 63095 

𝑉𝑡(0) [𝑐𝑚−1] 2863 

𝑉𝑝(0) 72584 

𝜎(0) [𝑐𝑚−1] 0 

𝑉0(1) [𝑐𝑚−1] 26940 

𝑉𝑡(1) [𝑐𝑚−1] 0 

𝑉𝑝(1) 7345 

𝜎(1) [𝑐𝑚−1] 10134 

𝑉0(2) [𝑐𝑚−1] 16484 

𝑉𝑡(2) [𝑐𝑚−1] 419 

𝑉𝑝(2) 758 

𝜎(2) [𝑐𝑚−1] 433 

𝑉0(3) [𝑐𝑚−1] 18164 

𝑉𝑡(3) [𝑐𝑚−1] 477 

𝑉𝑝(3) 464 

𝜎(3) [𝑐𝑚−1] 303 

𝑉0(4) [𝑐𝑚−1] 55880 

𝑉𝑡(4) [𝑐𝑚−1] 0 

𝑉𝑝(4) 17109 

𝜎(4) [𝑐𝑚−1] 18452 

𝑉0(5) [𝑐𝑚−1] 33307 

𝑉𝑡(5) [𝑐𝑚−1] 0 
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𝑉𝑝(5) 7569 

𝜎(5) [𝑐𝑚−1] 10063 

Table F-2: Fitting parameters and values of Brendel model for colloidal QDs.  

F.3 EMA model for nanocomposite 

Fit Parameter Fit value 

Minimum fraction (cQDs) 0.637 

Maximum fraction (cQDs) 0.936 

Thickness/𝜎1 6.014 

Thickness/𝜎2 0.981 

Center/thickness 0.296 

Table F-3: Fitting parameters and values of EMA model for nanocomposite.  
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Appendix G 

G.1 Nanocomposite mixing 

1 - Clean two small close-able container with isopropanol. 

2 - Fill small amount of mr-UVCur-06 in one of the containers. 

3 - Fill the second container with 100 µl of colloidal QDs solution (100 mg/ml concentration). 

4 - Transfer 1.08 µl of mr-UVCur-06 from the first container to the second. 

5 - Place the container filled with the mixture in ultrasonic bath (100% power) for 15 minutes. 

6 - Use the nanocomposite directly for infiltration. 

 

G.2 Optimized infiltration recipe 

01 - Cleaning the sample with isopropanol. 

02 - Drying with nitrogen. 

03 - Drying for 10 minutes on a hot plate at 120 ℃. 

04 - Ti-prime spin coating, 3000 rpm for 20 seconds. 

05 – Dispensing the nanocomposite on the sample and waiting for 30 seconds. 

06 – Nanocomposite spin-coating, 900 rpm for 1 second 

07 - Prebake for 2 minute on a hot plate at 100 ℃. 

08 - Exposure in nitrogen rich environment under UV-lamp for 10 minutes. 
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