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ABSTRACT 

Nonlinear Optics and Bio-sensing with Silicon Nitride 

Waveguides 

Subrata Das, Ph.D. 

The University of Texas at Arlington, 2019 

 

Supervising Professor: Michael Vasilyev 

Silicon Nitride (SiN) is a CMOS compatible optical material that can be used for both linear and 

nonlinear optics applications. SiN has high refractive index (1.99-2.0) and low two photon 

absorption (TPA) coefficient. As a result, SiN can be used as a core material to guide and bend 

light, and the development of compact on-chip SiN optical devices exploiting both linear and 

nonlinear optical phenomena is very much feasible. 

In this thesis work, two independent research projects are presented. The first work presents the 

design of a hybrid SiN/Polymer slot waveguide for second-harmonic generation (SHG) of a 1550-

nm wave at 775 nm. This is a simulation-based work where the waveguide dimensions are 

numerically optimized to fulfill the conditions required for SHG in a bended structure, i.e. 

microring. This work presents an optimum slot waveguide design with very high effective 

nonlinearity, with a critical slot dimension of 200 nm that is very much attainable in a class 100 

cleanroom facility like Shimadzu Institute- Nanotechnology Research Center, University of Texas 

at Arlington and shows prospect of developing waveguide and micro-resonator based nonlinear 

photonic integrated circuits. 
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In the second project, a microring resonator has been designed, fabricated and characterized for 

biosensing applications. The fabrication steps are discussed thoroughly so that it can be 

replicated in future research endeavors. This fabricated optical biosensor has been designed to 

work in aqueous environment, so that the presence of particular biomaterial, in this case 

Neuropeptide Y (NPY), can be easily detected and quantified according to sample concentration 

at µg/ml level.  The experimental investigations confirm that the detection limit of this microring 

resonator in a single assay system is 1 µg/ml with a sensitivity of 0.1 nm/(µg/ml). This sensitivity 

can be amplified by a factor of 3 by using sandwiched assay system, and NPY concentration at 

0.25 µg/ml level was successfully detected.  
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Chapter 1 

Introduction 

 

 

 

Over the last two decades Photonics has crossed its infancy and grew up as a matured 

technology field. From research labs to industry, photonics announces its viable candidacy 

against ‘Electronics’. From the year 2000, scientists working in Optics and Photonics has won 

Nobel Prizes for five terms for their groundbreaking works on Optical Coherence, Optical Fiber, 

Blue LED, Optical Tweezer and Optoelectronics. Yet several years will definitely be required for 

photonics to gain the supremacy over electronics. One of the main reasons behind this delay is 

the absence of a single material like ‘Silicon’, which is abundant as ‘sand’ yet works as a ‘pillar 

stone’ for the electronic industry. As a result, scientists and researchers thought, why not building 

the photonic integrated circuit (PIC) on the shoulder of silicon? They envisioned for Silicon 

Photonics [1]. This has the advantage of CMOS compatibility which paved the way to integrate 

with electronic circuitry [2.] As a result, silicon on insulator (SOI) has emerged as the basis for 

PIC where a thin layer of silicon is deposited on top of a silicon oxide (SiO2) layer [3]. The high 

index contrast between SiO2 and Si made it possible to develop waveguide-based linear optic 

devices that can guide, bend the optical signal [4].  But to become the ubiquitous technology, 

several solutions are still required to be demonstrated on industry scale and at commercial level.  

Future optical sensing, communications, and signal-processing systems will need to be 

compact, environmentally-robust, and energy-efficient. These requirements raise the need for on-
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chip integration of nonlinear-optical devices (e.g., parametric amplifiers, wavelength converters, 

and second-harmonic generators) with sources, detectors, and other linear optics components 

used in such systems. While promising (3)-based platforms are emerging continuously [5–7], (3) 

devices suffer from parasitic Raman and higher-order mixing processes degrading their noise 

properties (e.g., limiting the noise figure of a “noiseless” phase-sensitive amplifier to just over 1 

dB [8, 9]). (2) interaction is free from such noises and can therefore be attractive for future low-

noise-classical and quantum information processing applications [10]. However, the focus of (2) 

integrated photonics has largely remained on Periodically Poled Lithium Niobate (PPLN)  and 

Periodically Poled Potassium Titanyl Phosphate (PPKTP) waveguides, whose inherent losses 

and low index contrast limit the scale of integration.  

Silicon is also well known for its nonlinearity. But due to centrosymmetric crystal structure 

(2) based nonlinear effects are absence in its true form. So, to demonstrate (2) processes, i.e. 

electro-optic effect, in Si we need to break the symmetry either by strain or by introducing interface 

with other material [2]. For better (2) integration potential, a hybrid approach combining silicon 

waveguides with nonlinear polymer cladding was introduced [11, 12]. However, nonlinear-optic 

applications of silicon-based devices are limited by the two-photon absorption (TPA).  

1.1 Silicon Nitride as an Optical Material: 

Apart from continuing research in silicon photonics, other materials with similar prospect 

are also under incubation process. Among them, Silicon Nitride (Si3N4 or SiN for short) drew the 

most attention due to its familiarity in CMOS technology. SiN has been an indispensable part for 

decades in Micro-Electro-Mechanical Systems (MEMS) fabrication processes where it is mostly 

used as a passivation layer and as insulation material [13]. It has high refractive index (1.9–2.0) 

and low absorption in both telecom / near-IR and visible wavelength ranges, which makes it 
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possible to be used in compact photonic circuits with tight bending radii [14–17]. SiN has nonlinear 

characteristics like Si and it also shows centrosymmetry or inversion symmetry. But the reason 

that brought more attention into SiN based nonlinear optics research lies in its high-power 

handling capability owing to negligible TPA, while exhibiting a relatively high nonlinear refractive 

index n2 suitable for (3) applications [18–23].  

1.1.1 SiN - platform for on-chip sensing: 

 

Fig. 1-1. Comparison of different biosensing methods (from [27]). 

Here, SPR= Surface plasmon resonance; SMR= Suspended microchannel resonator; NW= Nanowire; 

LFA= Lateral Flow Assay; MRR= Microring resonator; QCM= Quartz Crystal microbalance; BBA= 

biobarcode amplification assay; IFA= immunofluorescent assay; MC= microcantilever. 

 

The light guiding facility owing to high refractive index and the CMOS compatibility can be 

extended to make SiN as a platform for on-chip sensing applications [24-25]. The need for real-

time monitoring of certain physiochemical activities in human body has created demand for low-

power wearable sensors and emerging technologies of sensors on-a-chip [26]. These 
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technologies are becoming more and more efficient and integrated these days. Based on sensing 

principle and the underlying device structure there are several biosensors available. Figure 1-1 

gives a comparative illustration between these biosensors with respect to their detection limit in 

both moles and gm/ml scale versus respective time of analysis. Here the black dashed line 

represents the state-of-the-art detection limit with respect to the time required for analysis.  

One of the very attractive on-chip sensing platforms is based on evanescent field sensing 

/refractive index sensing. In this case, the sensor surface is first functionalized with immobilized 

bio-receptors to capture the target analyte by affinity binding [28]. These sensors may utilize 

microdisk, microring, or racetrack as the resonating device [29], in which a tail of the optical mode 

spreads into the cladding region that slightly changes its refractive index when analyte attaches 

to it. It is an indirect sensing approach where the change in transmission spectra owing to change 

in effective index is being related to the concentration of the analytes. In Fig. 1-1 the pink ellipse 

represents the performance results from microring resonator-based biosensors. We see that the 

limit of detection lies in between 0.6 nM (50 ng/ml) to 6.5 pM (100 pg/ml) with an analysis time in 

the range of 2 mins to 45 mins.  

In this present work, a microring-resonator-based label-free ex-vivo optical sensor has 

been fabricated and evaluated to investigate the detection of Neuropeptide Y. Using sandwiched 

assay, we detected NPY concentration down to 0.25 µg/ml with a 30 minutes analysis time. Thus, 

we can ascertain that the performance of our device is well comparable with other micoring-

resonator-based biosensors as shown by the red box imposed on the Fig. 1-1. 

1.1.2 Second Harmonic Generation in SiN Waveguide: 

SiN can also be used for nonlinear optics applications. But due to centro-symmetry (2) in 

Eq. (1-1) vanishes for SiN. Thus, nonlinear processes like Optical Parametric Oscillation (OPO), 
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Difference Frequency Generation (DFG), Second harmonic Generation (SHG), Sum Frequency 

Generation (SFG)- are not available with SiN crystal. 

𝚸(𝒕) =  𝝐𝟎[𝝌(𝟏)𝑬(𝒕) + 𝝌(𝟐)𝑬𝟐(𝒕) + 𝝌(𝟑)𝑬𝟑(𝒕) + … … … . ]                           (1-1) 

Equation (1-1) shows the relationship between induced polarization, P(t) in a material in response 

to the application of a highly intense electric field [30]. Here, 𝜖0 is the free space permittivity,  𝜒(1) 

is the linear susceptibility and 𝜒(2), 𝜒(3) are the second and third order nonlinear optical 

susceptibility.  

Applications of (2) processes span from optical communication to molecular 

spectroscopy. Many biomolecules have characteristic footprint in certain wavelength region 

where a light source may not be readily available [21]. As a result, wavelength conversion through 

(2) process is a plausible solution in that case. Figure 1-2 shows the schematic of SHG, where 

an input signal at 𝜔1 frequency with high enough power generates an output signal at 𝜔2 

frequency through nonlinear interaction within the   𝜒(2)  material. 

 

Fig. 1-2. Schematic of Second Harmonic Generation [31]. 

 
Weak second order nonlinear processes can still be generated using SiN waveguide if the 

symmetry is broken, i.e. at the surface [31, 32] or after electric-field poling [33]. Effective (2) 

nonlinearity in SiN microrings has also been achieved in four-wave-mixing-based coherent photon 

conversion scheme [34].  

As a part of the thesis work, a hybrid SiN waveguide with nonlinear polymer material has 

been designed and evaluated for SHG at 1550 nm. The necessary conditions for generating 

second harmonic are fulfilled by optimized tuning of the waveguide dimensions.  
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1.2 Motivation: 

a) Silicon Nitride (SiN) is good optical material for both linear and nonlinear optics 

applications. 

b) SiN as an attractive alternative to Si with added benefits of high-power handling 

capability due to negligible TPA 

c) To explore (2) - based integrated devices by utilizing hybrid SiN with polymer approach 

d) Application of SiN microring structure in sensing purposes. 

 

1.3 Objectives: 

i) Investigate Hybrid Silicon-Nitride/Polymer Waveguides for Second- Harmonic 

Generation (SHG). 

ii) Development of Silicon Nitride microring resonator and demonstrate its application as 

a refractive index sensor. 

1.4 Outline of the Thesis: 

In this thesis work two independent projects has been accomplished which are related to 

the two objectives stated in previous section. The first project aims to show the nonlinear optics 

aspect of SiN by designing a slot waveguide capable of demonstrating second harmonic 

generation (SHG) at 1550 nm. The second project shows the CMOS compatibility of SiN by 

fabricating a microring resonator and shows it applicability in linear optics by utilizing that 

microring resonator as a biosensing device.  

The individual discussions on these two project-works are presented as part I (Chapter 2) 

and part II (Chapter 3) in this dissertation. The first project is mainly about exploring the possibility 
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of generating second harmonic in SiN-polymer hybrid waveguide at 1550 nm. So, part I contains 

the theoretical background on SHG conditions and simulation parameters required for designing 

and modelling of the waveguide. It also presents the results obtained from the investigation of 

single channel waveguide and slot waveguide. Finally, it discussed the effect of bending in such 

a waveguide structure. The results from this project has already been published in two conference 

papers [35,36] and in one journal paper [37]. As a result, part I contains the text from those 

publications.  

Part II is related to the second project on the investigation of Neuropeptide Y detection by 

a SiN microring resonator. So, this part of the dissertation discusses the sensing principle, 

fabrication processes and characterization techniques followed in the experiment. Also, the 

sample preparation steps and working procedures are also highlighted in the later part of this 

section. Some results from this work has already been published as two conference papers 

[26,38] and some results are yet to be published. So, this part contains texts from these 

publications. 

Finally, in chapter 4 the thesis work has been summarized under the light of the objectives 

stated in chapter 1.     
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Chapter 2 

Investigation of Hybrid Silicon-Nitride/Polymer 

Waveguides for Second-Harmonic Generation 

 

 

 

 

 

2.1 Introduction: 

SiN is a potential material for nonlinear optics applications. In this chapter, we describe 

design of a hybrid SiN waveguide with nonlinear polymer cladding suitable for making efficient 

(2)-based devices. As an example, we considered the generation of second-harmonic in this 

present work. Apart from Second-harmonic generation (SHG) there are several other nonlinear 

optics applications like sum frequency generation (SFG), difference frequency generation (DFG) 

etc all of which are based on  𝜒(2)  phenomenon [30]. Due to the central symmetry, (2) effects in 

SiN-based non-hybrid structures only manifest themselves either at the surface by breaking 

inversion symmetry [31, 32] or after electric-field poling [33] and are very weak.  

The SiN waveguide dimensions are numerically optimized to simultaneously achieve the 

phase matching and maximize the nonlinear overlap integral between the interacting waves. We 

discussed preliminary results of this study at two conferences [35,36]. The present chapter is our 

complete report on full optimization of the waveguide geometry over a wide practical parameter 

range and it has been published as a journal article [37]. Section 2.2 introduces the two important 

conditions for SHG- phase matching condition and the nonlinear overlap integral. We start by 

studying a single channel waveguide in Section 2.3, achieving the modal phase matching in both 

TM and TE cases. However, the nonlinear overlap in the polymer cladding region is found to be 
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extremely small, making the single channel waveguide very inefficient for nonlinear-optical 

applications. In Section 2.4, we turn to investigation of a slot-based waveguide and find that it 

meets the goals of both phase matching and maximizing nonlinear overlap integral. In Section 

2.4.3 we also show that the slot-based waveguide is robust with respect to bending with 

reasonable radii down to ~150 m, which permits its use in microresonators. Section 2.5 

summarizes this work. 

 

2.2 Theoretical Background: 

Device, that exploit second-order nonlinear effects, must meet two conditions:  

1) satisfy phase matching of the interacting waves, which is necessary for accumulation 

of the nonlinear effects over the entire propagation distance, and  

2) have a large effective nonlinearity, which is determined both by the (2) tensor elements 

of the nonlinear material and by the overlap integral of the nonlinear material and the interacting 

modes [35,39].  

The wave vector mismatch between the participating waves is totally zero in a case of 

perfectly phase matched condition, 

Δ𝑘 =  𝑘1 − 𝑘2 = 0                                                              (2.1) 

At this situation the generated wave remains at a fixed phase relation with the input wave and can 

extract the total energy from it efficiently. Phase matching can be attained by birefringence, quasi 

phase matching (QPM) or by Modal Phase Matching (MPM) [40]. Si3N4 is not a birefringent 

material so angle tuning mechanism [30] for phase matching cannot be carried out. On the other 

hand, special fabrication process is required to ensure the periodic inversion of crystalline axis 

required for QPM. In this present work,  modal phase matching (MPM) [39-41] between 0th-order 

mode of the near-infrared (1550-nm) fundamental wave and 2nd-order mode of the SHG wave 

(775 nm) has been employed. This technique is similar to the one previously used in SiN-surface-
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based SHG [32], and it builds upon our work on multimode parametric amplification [41-43] and 

mode-selective wavelength conversion [39, 43-46]. Propagating the fundamental and SHG waves 

in two different waveguide modes presents an opportunity to overcome the material and 

waveguide dispersions and achieve perfect phase matching by making the effective refractive 

indices of these modes equal: 

𝑛eff
𝑚,1550 = 𝑛eff

𝑛,775
            (2.2) 

where m and n are the mode orders of the fundamental (wavelength 1550 = 1550 nm) and SHG 

(wavelength 775 = 775 nm) waves, respectively. Under normal dispersion conditions, typical for 

waveguides fabricated from relatively thin SiN films (a few hundred nm thick), the phase matching 

requires n > m.  

Once the phase-matching condition is satisfied, one needs to maximize the effective 

nonlinearity. For a given choice of the material with nonlinear constant deff, this means maximizing 

the nonlinear overlap integral  of the two interacting modes and the nonlinear material 

𝛷 =
1

𝐴eff
=

|∫ ∫ 𝜃(𝑥,𝑦)𝛹𝑚,1550
2 (𝑥,𝑦)𝛹𝑛,775

∗ (𝑥,𝑦)
∞

−∞
∞

−∞ 𝑑𝑥𝑑𝑦|
2

[∫ ∫ |𝛹𝑚,1550(𝑥,𝑦)|2∞
−∞

∞
−∞ 𝑑𝑥𝑑𝑦]

2
∫ ∫ |𝛹𝑛,775(𝑥,𝑦)|2∞

−∞
∞

−∞ 𝑑𝑥𝑑𝑦
  (2.3) 

which also equals the inverse effective area Aeff of the SHG interaction. In Eq. (2.2), m,1550 and 

n,775 are the electric-field profiles of the mth-order mode at 1550 and nth-order mode at 775, 

respectively. (x,y) shows the transverse distribution of the nonlinear material: it equals 1 within 

the nonlinear polymer and 0 outside of it. Since (x,y) is typically an even function of x (x = 0 at 

waveguide’s vertical line of symmetry), n,775 must also be an even function of x; otherwise,  

becomes zero. The lowest orders satisfying both this and n > m conditions are m = 0, n = 2, on 

which we focus from now on. The normalized small-signal SHG conversion efficiency  is related 

to fundamental power P1550, SHG power P775, and waveguide length L by 

      𝜂 = 𝑃775/(𝑃1550𝐿)2 = 8𝜋2𝑑eff
2 𝛷/[(𝑛eff

𝑚,1550)3𝜆1550
2 𝜀0𝑐]                         (2.4)   
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2.3 Brief Description of the Simulation Process: 

  

(a) (b) 

Fig. 2-1. Contour map of transverse index profile for (a) slab waveguide- index varies only in Y 

direction, (b) slot waveguide- index varies in both X and Y direction. Color bar on the side represents 

the index value. 

The waveguide structure, considered in this work, is modeled by RSoft / Synopsys 

BeamPROP software, which uses finite-difference beam propagation method (FD-BPM) [47]. 

This method solves paraxial approximation of Helmholtz equation with certain assumptions to 

represent light propagation in a complex waveguide structure. The successful design of the 

structure depends on several parameter-optimizations. Some of the design issues are pointed 

out here so that interested reader may reproduce the structure for their own interest. 

▪ Global Setting Window: Here the default settings of the simulations are created 

o Simulation Tool- BeamPROP, Dimensions- 3D, 3D Structure Type- Multilayer 

▪ Layer Table Editor: It is required to define individual layers’ height and refractive index. 

o Single layer table is sufficient for structures where there is no variation of index 

horizontally, i.e. infinite length slab waveguide Fig. 2-1 (a) 

o For index variation in horizontal direction, i.e. slot waveguide in Fig. 2-1(b), more than 

one CAD structure is required and individual index table for each of the CAD has to be 

built.  

▪ All the design parameters are defined in the Symbol Table Editor. 
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▪ ‘Display Material Profile’ button shows contour map of transverse index profile as in Fig. 

2-1. 

▪ Properties of each segment can be checked by clicking right button on the CAD structure.   

o Additional component properties like “Simulated Bend” are found under the button 

“More”. 

▪ Launch Parameter button in the main window brings all parameters related to the input 

launch field. In this present case a “MultiMode” type launch field has been used. 

▪ Finally, the mode profile is calculated by using the “Mode Calculation Parameters” button.  

o There the polarization of input beam can also be set either at TE or TM.   

o Mode calculation method, boundary condition, numerical scheme, Pade Order, BPM 

vector mode, grid size- all these essential parameters are also available in this window. 

2.4 Investigation of a Single Channel Waveguide:  

 

Fig. 2-2. Schematic of the single channel waveguide. Nonlinear (2) interaction occurs within the upper-

cladding region with red dashed-line border. 

 

We first consider a simple single channel waveguide with upper cladding made of a 

nonlinear polymer, as shown in Fig. 2-2. Here the Si3N4 core guides light and the polymer material 

takes care of the nonlinearity. The waveguide’s lower cladding is a 2.5-µm-thick layer of thermally-

grown silicon dioxide (SiO2), which provides sufficient mode isolation from the Si substrate. We 

find from Sellmeier equation [48] the refractive indices of 1.998 (1.979) for stoichiometric SiN, i.e., 

Si3N4, core and 1.454 (1.450) for SiO2 lower cladding at 775 nm (1550 nm) wavelength and 

Si
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assume index of 1.46 for a generic nonlinear polymer. In effective-index and mode-profile 

calculations, the polymer nonlinearity is neglected. We start with a typical SiN waveguide with 

dimensions 1 µm  0.32 µm (W  H), which does not require growing thick SiN films. It supports 

single 1550-nm and three 775-nm spatial modes. The mode profiles at 1550 nm and 775 nm are 

shown in Fig. 2-3, where TE corresponds to the horizontally-polarized (non-zero Ex) and TM 

corresponds to the vertically-polarized (non-zero Ey) electric field. Next, we vary the width W and 

height H of the waveguide to achieve modal phase-matching separately for TE- and TM-polarized 

cases [49], with the results shown in Fig. 2-4. As can be seen in Fig. 2-4, phase-matching for TM 

polarization can be obtained by varying either width or height of the SiN core, whereas phase-

matching for TE polarization can only be obtained by varying the waveguide width. 

 

Fig. 2-3. 775-nm and 1550-nm mode profiles for (a) TE-polarized (|Ex| is shown) and (b) TM-polarized  

(|Ey| is shown) cases in a 1 µm  0.32 µm single channel waveguide. Black rectangles show the border of 

SiN core. “” symbols indicate relative signs of different lobes. 

 

  

Fig. 2-4. Obtaining modal phase-matching condition of Eq. (1) by varying single channel waveguide’s (a) 

height H or (b) width W. 
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Table 2-I. Single channel waveguide dimensions resulting in phase matching, as well as the 

corresponding effective areas. 

Waveguide dimensions W  H (μm) Polarization 
Effective area Aeff (μm2) 

1.08  0.320 TE 234 

1.00  0.275 TM 203 

0.95  0.320 TM 210 

 

The values of width W and height H corresponding to the phase-matched condition, as well as 

the resulting values of the effective area Aeff of SHG interaction are summarized in Table 2-I for 

both TE- and TM-polarized cases. The results in Table 2-I indicate that in a single-core waveguide 

structure the effective area Aeff of SHG interaction is too large (~200 µm2) to yield an efficient 

nonlinear process. The reason for this is the fact that all three lobes of the 2nd-order SHG mode 

overlap with the fundamental wave in the nonlinear polymer cladding region. Compared to the 

central lobe, the outer lobes provide opposite-sign contribution to the overlap integral  of Eq. 

(2.3), largely canceling the central-lobe’s contribution and greatly reducing  (and, hence, 

increasing Aeff). To maximize the overlap integral, it would be highly desirable to reduce the 

contribution of the outer lobes to  by reducing either their overlap with the fundamental wave or 

their overlap with the nonlinear material, while keeping the contribution of the central lobe intact. 

As we will see in the next Section, this can be achieved in a double-core waveguide structure 

(slot waveguide). 

2.5 Investigation of a Slot Waveguide:  

Slot waveguide consists of two channel cores of high refractive index, separated by a 

narrow gap (slot). The low-index slot has a width that is usually less than the decay length of the 

field extending from the cores [50]. One of the advantages of the slot waveguide is the wide range 

of dispersion engineering realizable with it [51, 52]. Perhaps, its even more important advantage 

is the possibility of a significant enhancement of the electric-field due to discontinuity at the slot-
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core interface [53, 54]. When the slot is filled by a nonlinear polymer material, this field 

enhancement can be used for nonlinear-optical applications: silicon-organic hybrid double-slot 

waveguides [12] and hetero-slot waveguides consisting of SiN and aluminum nitride [55] were 

proposed for (2) nonlinear processes in mid-infrared range. In this Section, we study a simple 

single-slot waveguide design and show its suitability for SHG by achieving phase matching and 

maximizing nonlinear overlap integral through optimization of waveguide geometry. We also 

describe the robustness of this design with respect to bending with reasonable radii down to ~150 

m, which permits its use in microresonators.  

2.5.1 Design and Optimization:  

We model and optimize the hybrid slot waveguide structure of Fig. 2-5, where upper 

cladding made of a nonlinear polymer also extends into the slot between the two SiN channel 

waveguides. We concentrate on the TE mode (horizontally-polarized electric field), because its 

electric field is significantly enhanced in the slot region, compared to the TM mode.  

 

Fig. 2-5. Schematic of the slot waveguide with two SiN cores. Nonlinear (2) interaction occurs within 

the slot region with blue dotted-line border and within the upper-cladding region with red dashed-line 

border. 

Figure 2-6 shows the TE spatial modes supported by the slot waveguide with width W = 589 nm, 

height H = 450 nm, and slot width S = 200 nm: 2 at 1550 nm and 4 at 775 nm. These modes can 

be related to symmetric and anti-symmetric superpositions of the similar modes of the two distant 
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channel waveguides. When the two channels are moved close to each other, their coupling makes 

these superpositions non-degenerate. In the symmetric (even-order) modes the fields from the 

two channels add in phase in the slot region. We will consider interaction between m = 0 mode at 

1550 nm and n = 2 mode at 775 nm, for both of which the field in the nonlinear slot is strongly 

enhanced. Note that the negative-sign outer lobes of the 2nd-order 775-nm mode do not extend 

into the field-enhanced slot region and overlap only with weak tails of the 0th-order 1550-nm mode, 

which limits their negative impact on . We optimize two cases having same linear (effective 

indices, mode structure), but different nonlinear (overlap ) properties: a) nonlinear polymer 

confined only to the slot region, whereas the upper cladding is made of a strictly linear polymer; 

b) nonlinear polymer extending to both slot and upper cladding regions. 

 

Fig. 2-6. TE mode profiles for (a) 1550 nm and (b) 775 nm beams. Black boxes (dashed lines) in the 

inserts (line graphs) show the borders of the SiN cores. 

 

We start optimization of the slot waveguide geometry from the parameters of the optimum single 

channel waveguide for the TE case (1.08 µm W  0.32 µm H), divide its width by two, and insert 

a 0.1–0.5-µm gap between the two halves (limited by practical fabrication constraints on the lower 

side [56] and by decreasing nonlinear overlap on the higher side). The height of the waveguide 

corresponds to the thickness of SiN layer, growth of which is limited by the high tensile stress 
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[57]. To optimize, we independently vary the waveguide height H and slot width S, choose each 

channel width W to satisfy the phase-matching condition for given H and S, and then finally 

calculate the overlap integral of Eq. (2.3) for each combination. Figure 2-7a shows the resulting 

effective interaction area Aeff as a function of waveguide height H for two values of slot width, S = 

200 nm and S = 310 nm. In all cases, the optimum height is near 450 nm. Next, we vary the slot 

width S while keeping the height H at 450 nm (the width W is always adjusted to obtain the phase 

matching) and plot the resulting values of Aeff in Fig. 2-7b. We see that the effective area 

monotonically increases with slot width, initially very slowly (in 100...150-nm region) and then 

linearly (after ~175 nm). Even though the smallest slot widths offer marginally smaller Aeff values, 

etching of narrow slots with high-aspect-ratio (100 nm wide  450 nm deep) is very challenging. 

 

Fig. 2-7. Dependence of the effective interaction area Aeff (a) on waveguide height H for fixed slot 

widths S = 200 nm and S = 310 nm and (b) on slot width S for optimum waveguide height H = 450 

nm. At every point, the channel width W is optimized to satisfy the phase-matching condition. 

 

We choose S = 200 nm as the smallest practical slot width, and, according to Fig. 2-7b, it yields 

Aeff within 20% from its global minimum value. For the optimum combination of height H = 450 nm 

and slot width S = 200 nm, the phase matching is achieved at channel width W = 589 nm. Figure 

2-8a shows effective indices neff of various 775-nm and 1550-nm modes versus slot width S at 

optimum values of H = 450 nm and W = 589 nm. The curves for 0th-order fundamental mode and 

2nd-order SHG mode almost overlap in a wide region around design value of S = 200 nm, 
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indicating nearly non-critical phase-matching that is robust to fabrication errors. Figure 2-8b 

shows the wavelength dependence of the effective index for the optimum slot waveguide (W = 

589 nm, H = 450 nm, S= 200 nm) in the vicinity of the phase-matching wavelength. Detuning from 

the design wavelength changes the effective index by neff  0.015 per 100 nm of wavelength 

change. This can be used to estimate the shift of the phase-matched wavelength owing to 

fabrication errors. 

  

Fig. 2-8. (a) Slot-width dependence of the effective indices of all supported TE modes of the waveguide 

with optimum height H = 450 nm and width W = 589 nm. (b) Effective refractive index of the optimum slot 

waveguide (S = 200 nm) as a function of wavelength. 

 

2.5.2 Results and Discussion:  

The results of the optimization are summarized in Table 2-2. For polymer that fills both the 

slot and the upper cladding, we have obtained the minimum effective area Aeff = 22.1 µm2. The 

effective area can be further reduced by using polymer only in the slot region and filling the rest 

of the upper cladding by a linear polymer (or by SiO2). In that case, the overlap-reducing 

contribution of the two negative outer lobes of the 2nd-order SHG mode (red curve in Fig. 2-6b) 

completely vanishes [there is no nonlinear polymer, i.e., (x,y) = 0, in the  region of the outer 

lobes], and the resulting effective area is reduced to Aeff = 15.9 µm2. For comparison, we also 

show the optimized values of the effective area for TM-polarized case. Unlike TE wave, TM wave 

does not benefit from the field enhancement in the slot, and its effective area is comparable (more 

precisely, somewhat larger) than that in the single channel waveguide case. The optimized TE 
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case compares favorably to typical values of Aeff  25 µm2 and Aeff  60 µm2 for SHG in single- 

and two-mode [45,46] PPLN waveguides, respectively. The nonlinear polymers have high deff  

100–500 pm/V [11, 58]. Even for a conservative value of deff  20 pm/V, Eq. (2.4) yields conversion 

efficiency  = 730% / W / cm2 for TE case with Aeff = 15.9 µm2, which is an order of magnitude 

more efficient than single-mode PPLN (  70% / W / cm2). With low SiN loss (< 0.5 dB/cm) [6], 

cm-scale waveguides are feasible. 

Table 2-2. Optimized slot waveguide dimensions resulting in both phase-matching and minimized 

effective areas. 

Optimized waveguide 

dimensions W  H  S (µm) 
Polarization 

Effective interaction area Aeff (µm2) 

Nonlinearity in both 

slot and cladding 

Nonlinearity in slot region 

only 

0.589  0.45  0.20 TE 22.1 15.9 

0.5  0.3  0.33 TM 404 308 

 

2.5.3 Effect of Bending: 

To explore the use of the hybrid SiN / polymer slot waveguide in microrings, we analyze 

the effect of bending on the optimum slot waveguide (W = 589 nm, H = 450 nm, S = 200 nm) by 

employing the simulated bend method of RSoft BeamPROP [47]. This method maps a bent 

waveguide onto a straight waveguide by a coordinate transformation. The waveguide length is 

taken as a quarter arc with a radius R = c / (2 neff ) = 146.7 m, corresponding to a microring 

with free spectral range  = 200 GHz and phase-matched effective index neff = 1.6274. We 

consider TE case only and find that bending slightly shifts the phase-matching wavelength. This 

shift can be compensated by either a small change in the waveguide dimensions (e.g., ~3 nm 

change in channel width W) or by a slight (< 10 nm) shift of the slot position towards the center of 

curvature [59], as shown in Fig. 2-9a. In Figure 2-9a the slot position is varied with respect to the 

center of the structure in a range from –100 nm to 100 nm, which corresponds to the movement 

towards outside and inside of the bend, respectively. Such shift of the slot does not significantly 
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impact the effective area Aeff of Eq. (2.3), as shown in Fig. 2-9b. 10-nm shift of the slot reduces 

Aeff  by about 2.1% when the polymer is only in the slot region and by about 1.7% when the 

polymer is in both slot and upper cladding regions. These results prove the robustness of the 

hybrid SiN / polymer waveguide to bending. 

       

Fig. 2-9. Effects of the slot position in a bent waveguide (a) on the effective indices neff of the interacting 

modes and (b) on the effective interaction area Aeff. 

2.6 Summary:  

We have discussed the design and optimization of a SiN waveguide with polymer cladding 

layer to generate second harmonic of a 1550-nm wave. We have shown that a single channel 

waveguide can be optimized to achieve the phase matching condition between 0th-order 

fundamental and 2nd-order second-harmonic modes, but the effective nonlinearity in this case is 

very low due to a poor nonlinear overlap integral. In contrast, an optimized slot waveguide with 

nonlinear polymer filling either the slot or both the slot and upper cladding has an order-of-

magnitude higher nonlinear overlap integral. We have shown that both phase-matching condition 

and the nonlinear overlap integral are robust with respect to fabrication errors and to waveguide 

bending with radii as small as ~150 m, which is promising for the development of waveguide- 

and microresonator-based nonlinear photonic integrated circuits. The conversion between a 

fundamental Gaussian beam and a higher-order waveguide mode can be easily done by a phase 

plate or a spatial light modulator [45,46]. 
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Chapter 3 

Investigation of Neuropeptide Y Detection by a Silicon- 

Nitride Microring Resonator 

 

 

 

 

 

 

3.1 Introduction: 

In this chapter, investigation of Neuropeptide Y (NPY) detection by a Si3N4 microring 

resonator is presented. NPY is commonly associated with human stress. It is a 36-amino-acid-

long neuropeptide involved in cardiovascular physiology, feeding, anxiety, depression and 

epilepsy [60]. The underlying physical principle of the detection method is the Evanescent Field 

sensing technique [28]. The microring resonator is thus required to be designed in such a fashion 

that a significant amount of the mode extends into the cladding area and demonstrate its 

sensitivity to cladding’s refractive index change. Thus, the performance of this sensor solely 

depends on the well optimized designing of the waveguide structure and its fabrication steps. 

In this present work, the waveguide structure is modelled and designed by using 

BeamPROP, a Beam Propagation Method (BPM) based commercially available design tool from 

RSoft/ Synopsys [47]. Figure 3-1 shows the schematic of the waveguide structure. The 

dimensions of the waveguide are optimized so that it supports only the fundamental mode at 1550 

nm of wavelength.  
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Fig. 3-1. Device schematic with normalized intensity profile along device height (X-Z cross section). 

 

The red and green curves depict the mode profiles for air cladding and DI water cladding, 

respectively. The extension of the mode tail into the upper cladding layer depends on the index 

contrast between the cladding and the core- the lesser the index difference the higher the 

extension of mode tail into the cladding area. As a result, in Fig. 1 we can observe that green 

trace (DI water) expanded more into the cladding area compared to the red one (air) and it is 

because DI water offers less index contrast compared to air with respect to the same core 

material- Si3N3.  This variation in mode profile is the resultant of the effective index variation of the 

waveguide. As a result, the resonance wavelength of the microring will change as λ/λ =

𝑛eff/𝑛eff [29]. In case of a sensor, the amount of shift in resonance wavelength can be related 

to the concentration of any substance in a solution.  

Before going into the detail of NPY detection the fabrication steps of the microring 

resonator and its sensitivity analysis as a sensor are required to be discussed. Using standard 

CMOS technology facilities, Si3N4 microring resonator with thick (> 1 µm) SiO2 upper cladding 

and Q factor ~105 was previously fabricated in our research group [61]. In this present work, only 

a very thin top coat of SiO2 (thickness ~20 nm) has been deposited, so that the mode can 
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evanescently interact with the analyte. The Q factor obtained with the present device is between 

5000 and 8000 due to the thin cladding layer, which makes it more sensitive to surface roughness 

and environmental perturbations, increasing the losses. 

3.2 Fabrication Process of Microring Resonator 

The microring resonator has been fabricated on silicon wafer utilizing several CMOS 

processes steps. Silicon wafers with thermally grown oxide layer of thickness 5 µm was 

purchased. This thick oxide layer works as the bottom cladding layer, which is essentially thick 

enough to isolate the mode from the substrate. These wafers are then cleaned and prepared for 

CMOS processes required to develop the target device. 

3.2.1 Low Pressure Chemical Vapor Deposition (LPCVD): 

A stoichiometric Silicon Nitride layer of 280 nm is 

deposited over the oxide (SiO2) layer by LPCVD process. 

The optimized thickness is chosen based on two 

considerations:  

1) Maximize core thickness to accommodate about 70% 

-80% of the beam width of the fundamental mode. 

2) Minimize SiN core thickness to avoid high tensile 

stress [57]. 

The cleanroom at Shimadzu Nanotechnology Research 

Center, University of Texas at Arlington (UTA) has both 

the PECVD and LPCVD facilities to develop Silicon Nitride layer. LPCVD is preferred over PECVD 

to avoid probable stress in nitride layer and to obtain better uniformity. The low pressure onto the 

 

Fig. 3-2. LPCVD System for Si3N4 layer 

deposition located at UTA Cleanroom [62]. 
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reactant molecules helps them to be densified on the surface with very low defects.  The Tystar 

TYTAN 3600 equipment for LPCVD, as shown in Fig. 3-2, can create film thickness in the range 

of 0.1- 2 µm. Due to low deposition rate (3-3.5 nm/min) film uniformity is also high [62]. The 

process parameters are stated in the Table: 3-1.  

Table 3-1. Process parameters for SiN LPCVD 

Gas Mixture Ratio Dichlorosilane (DCS): Ammonia (NH3) → 1:3 

Furnace Pressure 250 mT 

Temperature 770o C. 

The gases in the furnace participated in the following chemical reaction to create Si3N4 layer onto 

wafer surface: 

                    4 NH3 +3 SiH2Cl2 → 6 HCl+ Si3N4+ 6 H2                                          (3.1) 

The deposition has been carried out in two steps at the rate of 25 Å/min and the wafers were 

cooled down to room temperature between the two steps to avoid stress at high temperature. The 

uniformity of the deposited SiN layer is verified by using reflectometer and the deviation in the 

uniformity is found to be less than 3%. The wafers are then diced into 12 mm x 12 mm pieces and 

cleaned for next processing step. 

3.2.2 E Beam Lithography: 

The E Beam lithography process consists of three sub steps: 

a) Spin Coating of E beam resist: The end target of the E Beam lithography is to create 

ridge waveguide of SiN as shown in the Fig. 3-3. To achieve this, negative E Beam resist 

(ma-N 2405) is used in present case [63]. The sample is first cleaned in acetone for 5 mins 

with ultrasonic agitation followed by a 2min long ultrasonic agitation in methanol. Finally, 

the samples went through a 10 min long ultrasonic agitation in deionized (DI) water and 



25 
 

dried up by N2 gas purge system. The cleaned samples are then baked for 20 mins on hot 

plate at a temperature of 150o C. As a result, the moisture evaporates from the sample 

surfaces. The samples are then spin coated with negative resist ma- N2405 at 3000 rpm 

for 30 sec and subsequently kept on hot plate at 95o C for 2 mins. According to the 

datasheet [63] a 0.5 µm thick resist is deposited and it is confirmed under profilometer by 

creating a scratch at a corner.  

 

 

 

 

 

 

Fig. 3-3. Schematic of the E Beam lithography process 

 

b) CAD design in NPGS (Nanometer Pattern Generation System): As we are going 

to pattern in E Beam lithography we do not need any mask rather we need a CAD file 

containing the design pattern which we want to be replicated on to the samples. NPGS is 

a simple yet well capable CAD design tool. In its simplest form the final device consists of 
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a ring resonator and a bus waveguide that couples light in and out from it. Figure 3-4 

shows the schematic of the structure. First a design area of 12 mm X 12 mm has been 

considered. The length, L of the bus waveguide, which is the longest dimension in the 

design, is set to be 4 mm. It is better to get a longer bus waveguide that makes it easier 

to manually cleave the sample at the final stage using tweezer, but with a price to lower 

the magnification scale of the writing to fit the total pattern within the field of view. After 

creating the pattern file, the maximum allowable magnification can be obtained by using 

the MaxMag feature of NPGS which is a library function that calculate the maximum 

microscope magnification allowed to fit the pattern within the writing field for an optimized 

working distance value [64]. The schematic shown in Fig. 3-4 is replicated 8-10 times with 

a variable Gap, g within a range from 100-500 nm. This variation of gap is done to check 

the light coupling efficiency from the bus waveguide to the ring. The position of the ring is 

also moved to right and left from the center. The width of both the bus waveguide and the 

ring is set to 1 µm and the ring radius is 150 µm.  

 

Fig. 3-4. Schematic of NPGS CAD design 
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c) E Beam Writing: Obtaining a highly focused and precious beam is the root of success 

with E Beam writing. First, we create a marker on the wafer surface by scratching at a 

corner keeping in mind that the central area of the wafer should not be exposed. This 

marker helps to focus on the surface plane at high magnification ~ 200kX. The wafer is 

then loaded into the vacuum chamber and the marker is brought under the crosswire to 

adjust the focus at different magnification level, i.e.  300x, 1kx, 20kx etc. As per the manual 

[65], the system works best at a working distance of around 6.1 mm. At all the 

magnification levels other focusing parameters- focus wobble, stigmatism should be 

checked as well. The X-Y coordinate value of the four corners should be taken carefully 

which will ultimately help to position the beam at correct position during writing. The beam 

current at the ‘Faraday Cup’ is also required to be recorded and a value around 35-40 pA 

is good to get nice features. Table :2 shows all the parameter value used during the E 

Beam writing. One individual waveguide and ring take around 30 mins to write. The total 

pattern may take several hours depending on its size. After that the wafer is unloaded 

from the chamber and brought to cleanroom for development. According to the CAD 

design only the waveguide and the ring were exposed to the electron beam. As a result, 

the unexposed resist washed away when we keep the wafer in developer solution Ma-D 

525 for 60 seconds. The beaker containing the developer solution slowly agitated every 5 

seconds. After 1 minute the wafer is checked under optical microscope to see whether 

there are still any resist remaining on the wafer specially in the gap between the ring and 

straight waveguide as shown in Fig. 3-5. 

 

Table 3-2. Process parameter for E Beam Lithography 

Parameter Value 

Acceleration Voltage (EHT) 
25 KV (maximum is 30 kV) 

Beam Current 
35 pA- 40 pA 

Working Distance 
6.1 mm- 6.9 mm 
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Aperture Number (size) 
3 (10 µm) 

Writing Magnification 
90X- 100X 

Faraday Cup Current 
35 pA- 40 pA 

Exposure Dose* 
250-280 µCcm-2 

*Check the e beam resist datasheet [63] for the suggested dose. 

 

 

 

 

 

 

Fig. 3-5. Optical microscope image of the microring resonator after resist development 

Sometimes due to proximity effect the resist in the gap area may also be exposed and may remain 

on the wafer even after developing. In this case agitation in the ultrasonic bath for 5 sec would be 

helpful. But this should be done carefully as the ultrasonic agitation may also detach the exposed 

resist that create the pattern. The wafer is then baked on hot plate for 5 mins at 145o C. 

3.2.3 Deep Reactive Ion Etching (DRIE): 

To etch out the Si3N4 a recipe has been developed for the TRION DRIE system. This tool 

works on the principle that a high-power RF signal (13.56 MHz), creates plasma by ionizing the 

etchant gas, in this case it is CHF3 [66,67]. This unstable reactant then etches away Si3N4 by 

subsequent chemical process shown below: 

𝑒− + 𝐶𝐻𝐹3 →  𝐶𝐻𝐹2
+ + 𝐹 + 2 𝑒−                                                   (3.2) 
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𝑆𝑖3𝑁4 + 12 𝐹 → 3 𝑆𝑖𝐹4 + 2 𝑁2                                                     (3.3) 

The etch rate of the nitride layer depends on the fluorocarbon produced as byproduct in the 

chemical process. This fluorocarbon creates a thin polymer layer on Si3N4 and on the chamber 

wall and thus decreases the etch rate. To get rid of this fluorocarbon layer small amount of O2 is 

also introduced into the reaction chamber. This O2 oxidizes the fluorocarbon and creates CO or 

CO2 which evaporate easily. The overall effect is the increase in nitride etch rate. This O2 also 

creates volatile oxides of nitrogen that also play positive role in Si3N4 etching through active 

surface reactions. [68,69]. 

 

 

Fig. 3-6. DRIE etch process 

The optimized recipe for this etching process is stated in Table:3-3.  

Table 3-3. Process parameter for DRIE process of Si3N4 layer 

Parameter Step 1 Step 2 

Chamber pressure (mT) 16 150 

RIE Power- lower electrode (W) 13 0 

ICP Power- Upper electrode (W) 2340 0 

He Press 3  0 

He (sccm) 10 70 
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O2 (sccm) 2  0 

CHF3 (sccm) 21 0 

To find out the etch rate of Si3N4, the recipe was run for one minute and the thickness of the 

remaining nitride layer was measured using reflectometer. Essentially the etch under this recipe 

was found as 300 Å/min. The set parameters in the DRIE system fluctuates from time to time. So, 

it is always advisable to run with test wafer first to verify the etch rate.  

3.2.4 Thermal Annealing: 

The next step in the fabrication process is thermal annealing. This process is quite simple 

yet highly important. The samples went under DRIE process are cleaned properly with acetone, 

methanol and rinsed in DI water. The samples are then dried up on hot plate at 1500 C for 10 

mins. This annealing step is required to break the dangling N-H bonds in nitride layer [70] 

otherwise these bonds have absorption peak in the 1550 nm wavelength range of interest. As a 

result, the samples are kept under N2 environment in Minibrute Diffusion Furnace for several hours 

at very high temperature [71]. Both the temperature and the time was optimized after several 

characterization of several samples. As a result, it was quite tedious to check each and every 

waveguide performance under illumination at 1550 nm. Finally, we obtain very good IR light 

coupling by annealing at 1140oC for seven hours. The other way to avoid this long process is to 

avoid NH3 at the very beginning of LPCVD Si3N4 deposition and to use SiH4 and N2 instead [20]. 

But the present available LPCVD system at our cleanroom facility supports only the gas mixture 

of DCS and ammonia (SiH2Cl2 and NH3).  

3.2.5 Upper Cladding Layer Deposition: 

As stated in the introduction section, the upper cladding layer affects the performance of 

the evanescent field sensing technique. This cladding layer is to be thick enough to protect the 
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core layer from environmental disturbance and at the same time thin enough to allow the mode 

tail to interact with the analytes dispensed on top.  In our first few samples we deposited a 20 nm 

thin SiO2 layer using PECVD system.  

Table 3-4. Process recipe for SiO2 deposition using PECVD system 

Step: 1 

Pressure (mT) 700  

ICP (W) 0 

RIE (W) 0 

Process Time (sec) 180 

Temp (oC) 360 

Gases (sccm): N2O 102, N2 140, Ar/SiH4:  12 

Step: 2 

Pressure (mT) 700 

ICP (W) 400 

RIE (W) 30 

Process Time (sec) Variable 

Temp (oC) 360 

Gases (sccm): N2O 102, N2 140, Ar/SiH4:  12 

Step: 3 

Pressure (mT) 250 

ICP (W) 0 

RIE (W) 0 

Process Time (sec) 240 

Temp (oC) 360 

Gases (sccm): N2 250 

SiH4 and N2O gases were used for this purpose and a very slow deposition rate 350 Å/min was 

obtained. Table:3-4 presents the active parameters in this PECVD process. The samples are then 

cleaved with tweezer to obtain a nice, sharp facet suitable for light coupling. Some of the images 
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of the final device is presented in Fig. 3-7. In Figure 3-8, SEM images of the final device is 

presented. In some of our recently fabricated devices the upper cladding layer is switched to a 

thin TiO2 layer using sputtering technique to match the surface chemistry of the biomaterials.  

   

(a) (b) (c)  

Fig. 3-7. (a) Waveguide facet before cleaving, (b) Waveguide facet after cleaving, (c) Final device 

dimensions compared to tweezer tip. 

 

Fig. 3-8. Scanning electron microscope (SEM) image of the fabricated microring resonator. (Right) Detail 

view of the coupler area. 
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3.3 Characterization of Microring Resonator 

With these SiO2 coated samples we characterized the waveguide properties- propagation 

loss, FSR (Free Spectral Range) measurement and waveguide Q factor.  

3.3.1 Experimental Setup: 

 

Fig. 3-9. Schematic of the free space set up for light coupling – red line resembles Visible light and Yellow 

line resembles IR light at 1550 nm 

 

The experiment has been carried out in a free space coupling set up, as shown in Fig. 3-9, with 

Tunable Laser Source (TLS), ANDO- AQ 4321, as a source for 1550 nm light beam. This source 

has a bandwidth from 1480 nm- 1580 nm. The maximum power output from this source is 8 dBm. 

Alongside we use a He-Ne laser as a visible light source to check the light propagating through 

the waveguide. Both these sources are aligned collinearly by using a set of adjustable mirrors. 

The light beam from the TLS passes through a fiber polarization controller (FPC) and is collimated 

before passes through the Dichroic Beam Splitter(DBS) that passes both the visible and the 1550 

nm light beam. The 1550 nm beam is transmitted while the visible light is reflected by the DBS.  
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A Polarization Beam Splitter (PBS) has also been inserted along the light path to pass only the 

TE (Vertical with respect to waveguide dimension) polarized light into the waveguide. The device 

is placed on an aluminum bar and positioned on a 3-axis piezoelectric controlled nano positioner 

stage. A microscope objective of 63x and 0.95 NA is placed to focus light from the free space 

onto the input facet of the waveguide. First, we use another microscope objective at the output of 

the bus waveguide to observe the mode profile of both the visible and IR light beam on a 

Hamamatsu camera as shown in Fig. 3-10. 

 

(a) 

 

(b) 

Fig. 3-10. Mode profile of (a) Visible light beam and (b) IR light beam at 1550 nm 

 

As both the light beam are co propagating we can focus the light beam, either the visible or IR, 

on the camera just by adjusting the Z axis position of the stage. After observing the single mode 

profile of the light beam as shown in Fig. 3-10, we switched the arrangement from Fig. 3-9 to Fig. 

3-11 to obtain the transmission spectrum on an Optical Spectrum Analyzer (OSA). The output 

objective has been replaced by a Standard Single Mode Fiber (SSMF) to connect the OSA into 

the arrangement. 
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Fig. 3-11. Schematic of optical arrangement to observe transmission spectrum on OSA of incoming 1550 

nm light beam passing through the fabricated waveguide 

 

3.3.2 Waveguide Performance: 

The width of the 1550 nm light beam has been characterized using knife edge method and the 

spot size was found to be well matched with the waveguide dimension.  

 

Light Power Measurement: 

After that the light power at different location along the free space path has been measured using 

optical power meter. It is found that the waveguide shows around 10-15 dB of total loss between 

the input and output facet as presented in Table 3-5. 

Table 3-5. Optical Power measurement 

Position of Power Meter Head Optical Power (dBm) 

Input Power 8 dBm 

At the output of collimator 5.2 dBm 

waveguide input facet (output of input objectives) -13 dBm 

Waveguide output facet using SSMF -25 dBm 
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Free Spectral Range (FSR) and Quality Factor (Q): 

The qualitative parameters of the fabricated waveguide are then evaluated from the transmission 

spectrum presented in Fig. 3-12. It shows FSR value of 1.38 nm, equivalent to 172 GHz. The 

quality factor, Q, of the resonance peak is also calculated as Q ≈ 5500 as presented in Fig. 3-13. 

𝑄 =  
𝜆0

𝜆1−𝜆2
                                                                            (3.4) 

where 𝜆0 = 1543.569 nm, 𝜆1 = 1543.6993𝑛𝑚 𝑎𝑛𝑑 𝜆2 = 1543.4192 𝑛𝑚 

 

Fig. 3-12. Transmission spectrum of the IR light beam propagated through the ring resonator 
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Fig. 3-13. Q factor measurement of the fabricated waveguide at a resonance at 1543.569 nm 

 

3.3.3 Sensitivity Analysis of the Fabricated Microring Resonator: 

The next important aspect of the device is the quantification of the sensing ability with 

respect to the variation in refractive index of the upper cladding. To evaluate this characteristic, 

we compared the transmission spectrum both in air (n=1) and DI water (n= 1.33) cladding as 

shown in Fig. 3-14.If the upper cladding material is changed the overall effective index of the 

waveguide structure will be changed. This variation in effective index, neff will be translated as a 

shift in the resonance condition stated in Equation (3-5). As a result, the resonance peaks will be 

shifted accordingly [72]. 

𝑚𝜆 = 2𝜋𝑛eff𝑅                                                                   (3-5)  

Here, m= 1,2,3,…. , R= ring radius  

Thus shift in resonance,                     ∆𝜆/𝜆 = ∆𝑛eff/𝑛eff                                                            (3-6) 
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For the case presented in Fig. 3-14, ∆𝜆 =  𝜆 2 − 𝜆1= (1547.178-1546.647) nm= 0.531 nm. 

 

Fig. 3-14. Comparison of Transmission Spectrum with upper cladding as air (Blue Trace) and DI water 
(Maroon Trace). 

 

In connection with Fig. 3-14, we conducted an experiment with DI water. The result of this 

experiment is included in one of our publications [26]. This publication focuses the performance 

of the fabricated microring resonator in aqueous environment. Here it has been shown that we 

can conservatively estimate its sensitivity by comparing the resonance frequencies with either air 

(n=1) or deionized (DI) water (n=1.33) as the top cladding layer. Figure 3-15 shows the transmitted 

spectrum for the microring resonator with air (red trace) and DI-water (green trace, region A) 

claddings. We observe free spectral range of 1.38 nm for DI-water cladding and a resonance shift 

of 0.47 nm between the air and DI-water cladding spectra. However, the 0.47-nm-shifted 

resonances do not belong to the same resonance order. To determine the number of free spectral 

ranges, by which the resonances of the same order are separated on these spectra, we have 

evaporated the DI water in the process of taking the green-trace spectrum in Fig. 3-15. The 

beginning of the spectrum (region A) corresponds to completely intact DI-water cladding, whereas 

the end of the spectrum (region C) corresponds to practically all DI water evaporated (the 
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resonances almost coincide with air-cladding resonances). The rate of OSA sweep has been 

chosen to be intentionally slow, so that the process of evaporation of the DI cladding is manifested 

in 18 resonances moving from right to left while the OSA is sweeping from left to right (region B 

in Fig. 3-15). This is expected, as the evaporation of the DI water reduces the effective waveguide 

index, shifting the resonances to higher frequencies (shorter wavelengths). The total resonance 

shift between the DI-water and air cladding cases can then be estimated as 17 × (1.38 nm FSR) 

+ 0.47 nm = 23.93 nm. Dividing this number by the 0.33 refractive index difference between the 

water and air, we obtain sensitivity estimate of 72.5 nm / RIU. This is a conservative estimate, 

based on large refractive index change from air to water, whereas the sensitivity to small index 

changes around the DI water index value is expected to be higher, owing to the longer reach of 

the mode tail into the water cladding, compared to the air. 

 

Fig. 3-15. Measurement of sensitivity of the sensor 
 

 

Phase 
Transition 

sensitivity 
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DI Water Air  
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3.4 Investigation of NPY Detection:  

3.4.1 Sample Preparation and Functionalization of the Device Surface: 

Here in this experiment with Neuropeptide Y (NPY) detection, we considered affinity-

based immobilization methods such as protein G coupling [73]. The TiO2-coated microring surface 

is functionalized with NPY attracting layer, represented by protein G, bound to the anti-NPY, and 

serving as NPY receptor [74]. The result presented in this section are a part of one of our 

conference publications [38]. The experimental steps are stated as follows: 

1) The microring resonator surface is first cleaned with acetone and methanol, followed by 

DI water rinse. Then 5 µL droplet of protein G (Abcam ab7458) of 50 µg/ml concentration is 

dispensed on the surface. With protein G added, the transmission spectrum is observed carefully 

and waited until the resonance peaks became sable- no more shift in wavelength. After over 30 

minutes the device is rinsed with deionized (DI) water and with N2 gas flow to remove any residue. 

Finally, DI water is added to obtain the steady state transmission spectrum for protein G. The 

spectrum is recorded, and DI water is blown away using N2 gas flow. 

2) In next step anti-NPY (Abcam ab112473) with a concentration of 10 µg/ml has been 

dispensed on top of the device. In similar way, continuous transmission spectrum is obtained to 

locate the wavelength shift over a time span of more than 30 minutes. After rinsing with DI water 

and dried up, final steady state transmission spectrum with anti NPY attached is obtained with 

added DI water. 

3) In final step NPY (Abcam ab120208) solution at varied concentration is added on the 

device. The device already contains a layer of both protein G and Anti NPY.  The transmission 

spectrum for NPY attachment is obtained and recorded. Finally, after more than 30 mins the 

device is rinsed in DI water and dried up with N2 flow. The final steady state shift due to NPY 
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attachment is obtained in added DI water. All these biomaterials were dissolved in DI water and 

5 µL of each solution were dispensed for the experiment. 

  

3.4.2 Detection of NPY Concentration:  

After all the tramission spectra are obtained, the final spectra in DI water for both Anti NPY and 

NPY are compared to measure the shift in resonace due to NPY attachment as shown in Fig. 3-

16 for NPY concentration of 4 µg/ml where we see a resonance shift of 0.39 nm for over a time 

period of 45 mins.  

 

Fig. 3-16. Resonance shift due to NPY attachment over time [38]. 
 

Now tracking back a single resonance peak and plotting its location over time we can obtain the 

Fig. 3-17 that shows the NPY association for 4 µg/ml of concentration. We see the resonance 

shift due to NPY attachment reached its maximum value of 0.55 nm in 45 mins. After flushing the 

device surface with DI water, the final steady state shift due to bounded NPY molecules is found 
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to be 0.39 nm. This same procedure has been carried out for other NPY concentration, i.e. 1 

µg/ml, 2 µg/ml and 6 µg/ml as shown in Fig. 3-18.  

 

Fig. 3-17. NPY association curve for 4 µg/ml of concentration [38]. 

 

Fig. 3-18. Association curve for different concentration level of NPY 
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In Figure 3-19 the steady state values of resonance shift in DI water are plotted against each 

concentration of NPY, which conclusively states that the sensitivity of the fabricated sensor is 

about 0.1 nm/ (µg/ml). 

 

Fig. 3-19. Sensitivity analysis of the microring resonator with response to NPY detection 

3.4.3 Experimental Limitations:  

Some of the limitations observed in this experiment are: 

1) Detection limit up to 1 µg/ml- NPY at concentration 0.5 µg/ml was unsuccessful. 

2) Room temperature effect- the total procedure takes 6-8 hours of time duration. At some 

point the biomaterials got evaporated and left residue on the surface. Thus, experiment 

had to abandon. To overcome this problem, the ambient temperature was kept at 65o F 

(the lowest possible using room thermostat) in later experiments to reduce the evaporation 

rate of the solutions. So that the solutions do not dry up before steady state resonances 
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are obtained. The other way is to reduce to biomaterials’ binding time by varying the 

concentration of surface functionalization layer. 

3.5 Amplification of NPY Attachment Response 

To address some of the limitations stated in previous section, the experimental procedure 

has been extended by including some extra steps as mentioned as sandwich assay [75]. These 

extra steps are mainly at the beginning and at the end of the procedure stated in section 3.3.1. 

Also, higher concentration of protein G at 100 µg/ml has been used to reduce the association 

time. Here two layers of anti NPY are used to sandwich the NPY. The first layer of anti NPY is 

called capture antibody and the later one is called indicator antibody [76].   

 

Fig. 3-20. Detection of NPY concentration of 0.25 µg/ml utilizing sandwiched assay technique 

 

After cleaning the sensor surface with acetone and methanol, the device surface is inundated with 

3% (3- Aminopropyl) triethoxysilane (APTES) in methanol solution to make the surface more 

hydrophilic [75]. Caution has been taken so that this solution does not touch the input facet of the 

waveguide. Solution droplets were dispensed carefully on the surface with a pipette. After about 

30 mins, the device is rinsed with methanol and Di water. The three steps as stated in section 
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3.4.1 are then carried out.  Finally, after obtaining the steady state shift due to NPY attachment 

in DI water, second layer of anti NPY at 10 µg/ml concentration is dropped on the device surface 

and the transmission spectra is recorded. After reaching the stable state of resonance shift, the 

device is rinsed and final spectrum in DI water is obtained. At this time the target is to detect NPY 

concentration lower than 1 µg/ml, so NPY at concentration 0.25, 0.5, 1 µg/ml has been used. The 

sensor response with respect to 0.25 µg/ml of NPY concentration is plotted in Fig.3-20. Here, the 

resonance shift for NPY association is almost negligible as in previous experiment with single 

assay, but we observe a total shift of 0.1301 nm for 0.25 µg/ml NPY concentration when the 

indicator anti NPY layer is added.  

 

Fig. 3-21.  Association curve for different NPY concentration in sandwiched assay technique. 

We also carried out baseline correction, where all the procedural steps has been followed 

with 0 µg/ml (simply DI water) NPY- DI water is added in between the two anti NPY layers as if it 

is a solution of 0 µg/ml of NPY. In that case we saw a 0.06 nm of overall shift. This error can be 

associated with day to day temperature variation and/or unsaturation of protein G layer by first 

anti NPY layer. Taking this correction into account, we can state that in double assay technique 

the 0.25 µg/ml of NPY created a 0.07 nm of resonance shift, whereas in previous experiment the 
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minimum detection limit was 1 µg/ml with 0.11 nm of resonance shift. We continued this 

experiment with other concentration of NPY- 0.5 and 1 µg/ml as shown in Fig. 3-21.  

Table 3-6. Comparison between single sided anti NPY assay and double sided anti NPY assay 

NPY 

Concentration 

(µg/ml) 

Resonance shift after 

NPY Association in 

single assay (nm) 

Resonance shift after 

NPY Association 

In double assay (nm) 

Total Resonance shift with 

indicator anti NPY attachment 

in double assay (nm)  

(after baseline correction) 

0.25 N/A 0.01 0.07 

0.5 0 0.02 0.18 

1 0.11 0.15 0.33 

The steady state value of resonance shift in DI water after the NPY association and after the 

indicator anti NPY layer for the double sided anti NPY assay are tabulated in Table 3-1. Table 3-

1 also included the result from our previous experiment of single sided anti NPY assay. Comparing 

the results, we can conservatively ascertain that this sandwich assay technique amplified the 

signal almost by 3 times as shown in Fig. 3-22. 

 

Fig. 3-22. Comparison between simple assay and sandwiched assay technique 
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3.6 Summary: 

To summarize, we have designed, fabricated, and functionalized a silicon-nitride microring 

resonator for detection of Neuropeptide Y (NPY) in aqueous environment. The device shows a 

sensitivity of ~0.11 nm/ (µg/ml) concentration of NPY in single-sided anti-NPY assay. This 

experiment indicates that the concentrations down to ~1 µg/ml should be easily measurable. It is 

also shown that the detection limit can be extended into sub µg/ml concentration of NPY by 

utilizing double-sided anti-NPY assay.  Using this sandwiched technique, the sensitivity is 

increased by three times- ~ 0.33 nm/ (µg/ml) concentration of NPY.  
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Chapter 4 

Conclusions 

 

 

 

The vision of this thesis work was to establish Silicon Nitride as a promising material for both 

linear and nonlinear optics applications. As an exemplary application in nonlinear optics, SiN 

waveguide with polymer cladding layer has been designed and optimized to generate second 

harmonic of a 1550-nm wave. We have shown that phase matching condition between the 

participating waves- 0th-order mode of 1550 nm fundamental wave and 2nd-order mode of 775 nm 

wave is achievable in a simple single channel waveguide, but the effective nonlinearity is very low 

due to a poor nonlinear overlap integral. On the other hand, a slot waveguide with optimized 

dimensions (589 nm x 450 nm x 200 nm) and nonlinear polymer filling either the slot or both the 

slot and upper cladding has an order-of-magnitude higher nonlinear overlap integral, Aeff ~ 16 µm2. 

We have also shown that both the conditions of phase matching and nonlinear overlap integral 

are robust to fabrication tolerance for a waveguide bending with radii as small as ∼150 μm, This 

result is definitely promising for the development of waveguide- and microresonator-based 

nonlinear photonic integrated circuits. 

We also demonstrated the applicability of SiN microring resonator within the regime of linear 

optics by fabricating and characterizing a refractive index sensor. The fabrication is carried out by 

CMOS processes: LPCVD, E-beam lithography, DRIE, Annealing and PECVD. The microring 
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resonator shows a Q factor of 5500, which is quite reasonable for a thin upper cladding layer of 

20 nm. The sensor surface is functionalized with protein G to utilize affinity based immobilized 

detection technique for neuropeptide Y (NPY), a 36 amino-acid neuropeptide involved in several 

physiochemical activities in human body. The experiment has been carried out in free space 

coupling setup with tunable laser source at 1550 nm. The attachment of the NPY on the device 

surface has been confirmed by observing shift in resonance peaks of the transmission spectrum 

on optical spectrum analyzer (OSA). We then relate this shift in resonance to the concentration 

of NPY and found a sensitivity of 0.1 nm/(µg/ml). The sensitivity is further amplified by a factor of 

3 when we use sandwich assay, and NPY concentration down to 0.25 µg/ml is easily detected, 

with the detection limit imposed mainly by the OSA. 

In conclusion, we have demonstrated great potential of silicon nitride as a common platform for 

optical device integration for both nonlinear-optics (e.g.,SHG) and linear-optics (e.g., NPY 

sensing) applications. This research work will hopefully help future researchers to explore more 

intriguing devices on silicon nitride platform.   
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