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Abstract 

This thesis describes a study on tapered air-core Bragg waveguides for use as 

integrated micro-spectrometers in lab-on-a-chip systems. Position-dependent 

cutoff of the leaky waveguide modes results in spatial dispersion of polychromatic 

input light. These devices may be viewed as side-coupled Fabry-Perot cavities of 

varying core thickness. Chip-scale spectrometers have a number of applications, 

including point-of-care diagnostics, biochemistry, and field-deployable threat 

detectors. 

 Bragg cladding mirrors with an omnidirectional band (for TE-polarized 

light) between ~490 nm and ~570 nm were deposited using both e-beam 

evaporation and reactive sputtering. Using these claddings, tapered hollow Bragg 

waveguides were assembled using two different methods: buckling self-assembly 

and a wafer-bonding process. The tapers exhibited resolutions ranging from 

~2.2 nm to ~0.8 nm, for mode orders m = 1 to m = 8. Implementing the tapers in 

a prototype sensing system, the fluorescence spectra of individual fluorescent 

beads were successfully measured over the ~70 nm wide operating range of the 

device. 
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FluoSpheres mixed with optical adhesive, with the water evaporated, was 

inserted into the wide end of a taper (at right). The result is a much more 

uniform distribution of microspheres suspended in optical adhesive. The 

evaporation of the water also helped to increase the viscosity of the 

mixture, preventing the mixture from infiltrating too far into the taper 

cavity before being cured. ...................................................................... 108 

6.14  A single 4.1 µm Yellow-Green (505/515) FluoSphere that was lodged in a 

taper cavity. (a) The coupling point of the 374 nm laser (underneath the 

overhang), as well as the fluorescence from the microsphere are visible. 

(b) The fluorescence appears to be coupling into cutoff points for mode 

orders near where the microsphere is lodged. ...................................... 109 

6.15  Using a 20x objective lens, a 473 nm laser beam was coupled into the wide 

end of the taper. The laser was carefully focused onto a pair of closely-

spaced 4.1 µm Yellow-Green FluoSpheres, causing them to fluoresce. (a) A 

2-second exposure time causes the pair of FluoSpheres to appear as a 

single bright spot. The wide end of the taper is indicated by the illuminated 

SU-8 posts on the right side of the image. (b) An image of the pair of 

fluorescing FluoSpheres with a shorter exposure time. These two 

FluoSpheres are estimated to each contain at least 2.5 x 108 Fluorescein 

equivalents. ............................................................................................. 110 

6.16  Spectrally-resolved fluorescence from a pair of Yellow-Green (505/515) 

FluoSpheres of 4.1 µm diameter, lodged part-way into the taper cavity. 

Fluorescence associated with mode orders m = 2 to m = 5 is shown. Bright 

spots are likely due to scattering of sray light (b) Extracted raw taper 

spectra for mode orders m = 2 to m = 5. ................................................ 111 



 
 

6.17  Corrected taper spectra for mode orders m = 2 to m = 5 (see Fig. 6.15(a)). 

The raw taper spectra were multiplied by the theoretically determined 

correction function of the taper. Decreased sensitivity on the edges of the 

operating range results in a poor reproduction of the fluorescence 

spectrum in there. As well, the correction process is hampered by a low 

signal-to-noise ratio and roughness in the measured spectra. .............. 112 

 



 
 

List of Symbols and Abbreviations 

Symbols 

a,b Cladding layer thicknesses [m] 

b Half-width of a strip to be buckled [m] (Chapter 2.4) 

c0 Speed of light in vacuum [m/s] 

CCCD Camera correction factor 

Cs Correction factor to be applied to raw spectrometer data 

CT ‘Instrument response’ correction factor for a taper 

d Core thickness [m] 

dcm Cavity thickness for a mode m [m] 

DT Spatial dispersion imparted by the taper 

dz FWHM of individual laser lines [m] 

dλ Wavelength resolution [m] 

dλE Experimental wavelength resolution [m] 

E Young’s modulus [Pa] 

h Film thickness [m] 

K Phase-shift coefficient 

k0 Free-space wavenumber [m-1] 

kx Transverse component of the wave vector [m-1] 

kz Complex modal propagation constant 

m Integer 

N Integer  



 
 

n1,n2 Refractive indices of the cladding layers 

ni Refractive index of the incident medium 

ni Sine of the incident angle  for an effective index layer i (Chapter 2.3.2) 

Ni Effextive index of a layer i 

ns Refractive index of the substrate 

R Normal-incidence reflectance of the cladding mirrors 

RQWS Peak reflectance at normal incidence for an N ½ period QWS 

rT ,rB Amplitude reflection coefficients of the top and bottom mirrors 

RT,RB Reflectances from the top and bottom mirrors 

SC Corrected spectral response of a spectrometer or a reference spectrum 

SR Raw (uncorrected) spectral response of a spectrometer 

ST Absolute value of the taper slope 

ST Raw spectrum obtained from plot of pixel intensity 

zp Effective detector array pixel size [m] 

αi Intensity attenuation factor for an effective index layer i [m-1] 

αm Intensity attenuation factor for the mode [m-1] 

βm Mode propagation constant 

δ(y) Normal displacement function of the Euler buckling mode [m] 

δC Cutoff for a guided mode [m] 

δi Core height for an effective index layer i [m] 

δmax Peak buckle heat of Euler buckle [m] 

Δz Spacing between cutoff positions of two lasers [m] 

Δλ Wavelength difference of two lasers [m] 

Δλ0,1 Width of the fundamental stop band at normal incidence [m] 



 
 

Θ Angle relative to normal 

λ0 Free space wavelength 

λ0,B Free space Bragg wavelength [m] 

ν Poisson’s ratio 

σc Critical compressive biaxial stress to induce buckling in a strip [Pa] 

σo Biaxial compressive stress in film [Pa] 

ΦT ,ΦB Phase shift on reflection from top and bottom mirrors, respectively 

ω Angular frequency of mode [rad s-1] 

FSR Free spectral range in terms of wavelength [m] 

m Angle of incidence for the mode 
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µAPD Micro-avalanche photodiode 

Alq3 tris(8-hydroxyquinoline) aluminum 

Ar Argon 

ARROW Anti-resonant reflecting optical waveguide 

a-Si Amorphous silicon 

AWG Arrayed waveguide grating 

CCD Charge-coupled device 

CD Chromatic dispersion 

CMOS Complementary metal–oxide–semiconductor 

Cy3 Indocarbocyanine 

DC Direct current 



 
 

DCM 4-dicyanomethylene-2-methyl- 6-(p-dimethylaminostyril)-4H-pyrane 

e-beam Electron beam 

Ex,Em Excitation and emission 

FITC Fluorescein Isothiocyanate 

FSR Free spectral range 

FWHM Full width at half maximum 

GaP Gallium phosphide 

GD Group delay 

GFP Green fluorescent protein 

ICP-RIE Inductively coupled plasma reactive ion etch 

IPA Isopropyl alcohol 

LAL Low adhesion layer 

LCW Liquid core waveguide 

LED Light-emitting diode 

LOC Lab-on-a-chip 

LP Long-pass 

LVF Linear variable filter 

MEMS Microelectromechanical systems 

NA Numerical aperture 

PDMS Polydimethylsiloxane 

PVD Physical vapour deposition 

QE Quantum efficiency 

QWS Quarter-wave stack 

SEM Scanning electron microscopy 



 
 

Si Silicon 

SiO2 Silicon dioxide 

SNR Signal-to-noise ratio 
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1 Introduction 

This thesis describes the design, fabrication, and characterization of tapered air-

core Bragg waveguide spectrometers for lab-on-a-chip (LOC) applications. Results 

are reported for a prototype sensing system based on spectrally-resolved 

fluorescence detection. The present work stems from previous efforts of our 

research group, which were adapted here for applications in the visible band. The 

current chapter gives a basic introduction to optofluidic LOCs and applications of 

tapered Bragg waveguides, helping to frame the rest of the thesis in the context 

of the relevant literature. 

1.1 Optofluidic lab-on-a-chip devices 

Research on LOC devices has grown recently, with continued development of 

technologies that could make truly portable diagnostics systems possible. Besides 

the most obvious benefit of increased portability, LOCs offer a multitude of 

potential advantages over bulk laboratory systems, such as increased automation 

and reduced costs [1]. Ideally, a LOC device should be able to fully accomplish its 

task without the aid of external elements. This is not always possible, as it may be 

both costly and difficult to find an alternative to certain discrete components [2].  

 Optofluidic LOCs are an effort to combine microfluidic devices with optics 

to allow for on-chip imaging and spectroscopy. Optical detection methods are a 

natural choice for LOCs, as they are highly sensitive, usually non-invasive, and have 

high temporal and spatial resolution [3]. A wide variety of optical detection 
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schemes have been successfully implemented in LOC systems, including 

fluorescence detection [4]–[6], surface-enhanced Raman scattering detection [7], 

and absorption detection [8]. 

PDMS is a popular material for LOC devices, as it is easy to build complex 

systems of microfluidic channels and other components, such as PDMS 

micropumps [9]. However, there are some disadvantages to using PDMS in an 

optofluidic system. PDMS has a fluorescence response overlapping with 

fluorophores such as FITC, Cy3, and GFP [10]. In order to mitigate this problem, 

fluorophores with higher excitation wavelengths or a different substrate (such as 

glass or quartz) may be used.  

 

Figure 1.1 – Experimental setup of a fluorescence detection system in PDMS. Adapted 
from Ref. [11]. 

An example of a prototype fluorescence detection system, making use of 

PDMS microfluidics and a micro-avalanche photodiode (µAPD) array, is shown in 

Fig. 1.1. With this setup, the background photon count rate for an illuminated 

channel was as high as five times that of the dark count rate. Better filtering would 

help to reduce this problem, but an even better solution would be the use of a 
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laser excitation source paired with an appropriate filter to block the excitation 

light. This illustrates the common problem of maximizing the signal (fluorescence 

in this case) while also minimizing the noise (excitation light) at the detector.  

1.2 Fluorescence spectroscopy in LOC devices 

Many LOC systems still rely on external instrumentation for spectral analysis, 

often coupling to an external spectrometer. The implementation of a chip-scale 

spectrometer would allow for a more fully integrated and independent LOC. 

Figure 1.2 shows an example of a chip-scale spectrometer, utilizing a CMOS image 

sensor, filtered by a linear variable band-pass filter to map each pixel to a different 

wavelength. This spectrometer is aligned to a fluidic channel, in which the sample 

particles are continuously being induced to fluoresce. As the particle moves along 

the channel, each pixel is responsible for capturing a small portion of the 

fluorescence spectrum. 

 

Figure 1.2 – Example of a chip-scale spectrometer used to measure the fluorescence 
spectrum of an analyte. Adapted from Ref. [12]. 
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Figure 1.3 shows an example of another method for integrating a micro-

spectrometer into a fluorescence based LOC system. Here, an arrayed waveguide 

grating (AWG) is used to spectrally resolve fluorescence. An array of waveguides 

is fabricated with linearly varied path lengths so that there is a phase shift 

between light exiting from the different waveguides [13]. The device was designed 

such that the output channels sample the spectrum at 10 nm intervals. In order to 

increase spectral resolution, a larger array of waveguides with closer spacing 

would need to be used. As reported, such a system should be sufficient to 

discriminate multiple fluorescent species, given a large enough separation 

between emission spectra. 

 

Figure 1.3 – An example of a LOC for fluorescence detection, using an arrayed waveguide 
grating (AWG). Adapted from Ref. [13]. 

1.3 Integrated hollow waveguides 

Optical waveguides have traditionally been used for the singular purpose of 

guiding light from one location to another, relying on the principle of total internal 

reflection (TIR) to do so. Light is guided in a high refractive index core, surrounded 
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by low-index claddings. These dielectric waveguides can have extremely low loss 

and offer high confinement of light, but are limited to certain material systems.  In 

particular, total internal reflection implies that light is guided within a high index 

core material.  In LOCs, there are significant advantages to having a liquid (or air) 

core instead of a solid core. The most obvious advantage is the possibility to 

deliver excitation light to the sample within the waveguide itself, allowing for 

optimal light interaction between the light and the sample. 

 There are a number of ways to implement a liquid core waveguide (LCW), 

such as using TIR in a way that facilitates the use of a low index liquid core. For 

example, an even lower index cladding, such as Teflon AF (n ~ 1.29), may be used 

to satisfy the TIR condition in certain cases [14]. Figure 1.4(a) shows a schematic 

illustration of such a device. Another method is to add air pores (10 – 15 nm in 

diameter) to a high index cladding material, shown in Fig. 1.4(b). The pores lower 

the average refractive index of the cladding below that of the liquid core, so that 

TIR may occur.  

 

Figure 1.4 – Liquid core waveguides using refractive index guiding. (a) Teflon AF cladding, 
(b) Air nano-pore cladding, (c) Liquid cladding, (d) Slot waveguide. Adapted from Ref. [14]. 



6 

Figure 1.4(c) shows a third method, in which the sample fluid core is flowed 

between two lower index liquid claddings within the fluidic channel. A drawback 

to this method is possible mixing of the core and cladding fluids, as well as 

increased complexity in fluid flow. The use of a slot waveguide (see Fig. 1.4(d)) is 

another promising index guiding method for liquid-core waveguides. Most of the 

light is confined to a nanometer-scale liquid-core slot, allowing for picoliter or 

even sub-picoliter sample volumes [14]. 

Another option for light confinement in a hollow core is the use of 

interference-based waveguides. One type of interference waveguide is the anti-

resonant reflecting optical waveguide (ARROW), which relies on anti-resonance 

between the dielectric cladding layers for guiding. In this approach, periodicity is 

not necessarily required for low propagation loss [15].  

 

Figure 1.5 – Example of an ARROW LOC device. Adapted from Ref. [15]. 
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Figure 1.5 shows an example of ARROW waveguides being used in an 

optofluidic sensing platform. A hollow ARROW waveguide is used to carry the 

sample fluid, and is coupled to solid core waveguides to facilitate easier coupling 

to external components. A noted advantage of ARROW waveguides is that they 

facilitate coupling of light between a hollow waveguide and a solid-core 

waveguide, as shown in Fig. 1.5 [15]. 

Another type of interference waveguide is the Bragg waveguide, which is 

the principle focus of this thesis. In a periodic structure with alternating high index 

and low index layers, the reflection from each interface will constructively 

interfere. This results in high reflectance over a range of wavelengths, called a 

stop-band. As with any air-core waveguide, loss is determined by the magnitude 

of the reflection at the boundaries. While ARROW waveguides tend to operate in 

a quasi-single mode regime [15], Bragg waveguides tend to support multiple 

guided modes.  

 

Figure 1.6 – Schematic showing the process to fabricate hollow channel waveguides. 
Adapted from Ref. [16]. 
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Previously [16], our research group developed a buckling delamination 

process for SiO2/Si hollow channel Bragg waveguides, shown in Fig. 1.6. These 

channel waveguides may potentially be used to guide light and simultaneously 

confine a sample fluid. More recently, our research group has fabricated tapered 

hollow slab Bragg waveguides using a wafer-bonding process [17]. Due to the slab 

geometry of these waveguides, taking advantage of the hollow core for fluid 

handling purposes is less straight-forward. Chapter 4 discusses the development 

of methods for fluid delivery into buckled hollow waveguides as well as into slab 

hollow waveguide tapers. 

1.4 Applications of tapered Bragg waveguides 

This thesis mainly focused on the implementation and application of tapered, 

air-core Bragg waveguides as spectroscopic instruments. There are, however, a 

number of other uses for tapered Bragg waveguides, some of which are also 

applicable to LOC devices. This section gives some alternative applications of 

tapered Bragg waveguides from the literature. 

1.4.1 Linear variable filter-based micro-spectrometers 

Perhaps the most apparent use for a tapered Bragg waveguide in LOCs is as a 

micro-spectrometer. The tapered waveguide may be viewed as a Fabry-Perot 

cavity, with linearly varying cavity thickness. In this setup, the taper acts as a 

linear variable filter (LVF), filtering light according to the cavity resonance 

satisfied at a given position along the taper. Due to the angular dependence of 
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the resonance condition, collimating optics must be used to suppress off-axis 

light. This type of setup is best suited for broad-area and uniform sources, 

although moving point sources may also be detected using alternative 

approaches [18].  

 

Figure 1.7 – Example of a tapered Fabry-Perot cavity LVF. Adapted from Ref. [19]. 

Figure 1.7 shows an example of a tapered Fabry-Perot cavity LVF. In this 

case, photoresist was reflowed to create the tapered cavity layer. A disadvantage 

of this fabrication method is that, unlike the hollow waveguides, the cavity here 

may not be used as a microfluidic channel. This somewhat limits the versatility of 

these devices for LOC applications. 

Another drawback of using tapered Bragg waveguides as LVFs is that light 

outside the stop-band of the mirrors will leak through, decreasing the utility of the 

LVF. A significant advantage of side-coupled LVFs is that they do not suffer from 

this limitation [20]. Light outside of the omnidirectional band of the cladding 

mirrors is not well guided, and is therefore not expected to be significantly present 

in the measured signal.  These details are discussed further in Chapter 2. 
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1.4.2 Photonic integrated circuit components 

Tapered Bragg waveguides also have a variety of potential uses in integrated 

photonic circuits, including: tunable optical delay lines, interferometers, 

chromatic dispersion compensators, and dispersion slope compensators [21]. For 

many of these components, tunability is important. One way of accomplishing this 

is by using MEMS-based micro-mirrors as one or both claddings of the hollow 

waveguides [21]. By doing so, waveguide properties such as group delay (GD) and 

chromatic dispersion (CD) may be freely tuned and optimized for their prescribed 

purpose. 

 Because the cutoff position in a tapered waveguide is wavelength-

dependent, a multiplexer/demultiplexer may also be realized [22]. A schematic of 

how this might be accomplished is shown in Fig. 1.8. The demultiplexer (i.e. using 

a photodiode array to collect vertically radiated light) is equivalent to a side-

coupled LVF spectrometer with a CCD array to collect light. Relating to LOC 

detection systems, a multiplexer using vertical-cavity surface-emitting lasers 

(VCSELs) would be able to deliver excitation light of multiple wavelengths to a 

sample.  

 

Figure 1.8 – Schematic of potential application of a hollow tapered waveguide as a 
multiplexer/demultiplexer. Adapted from Ref. [22]. 
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1.4.3 Tunable organic microcavity lasers 

Another potential application for tapered Bragg waveguides is in a tunable organic 

microcavity laser, an example of which is shown in Fig. 1.9. Here, a tapered active 

organic layer of Alq3:DCM is embedded between two Bragg reflectors. The 

microcavity is pumped by a frequency doubled solid-state laser at 532 nm. 

Depending on the position along the taper to which the pump-beam is focused, 

the wavelength of the radiated light will change. In this way, the organic laser may 

be tuned over a range of wavelengths within the stop-band of the Bragg reflectors. 

Microcavity lasers have potential for use in LOCs as excitation sources, as well as 

in optical communications and integrated optical circuits [23]. 

 

Figure 1.9 – Schematic of a wedge-shaped microcavity used in a tunable organic laser. 
Adapted from Ref. [23]. 

1.5 Summary of thesis 

This goal of this thesis was to develop a prototype fluorescence LOC device by 

integrating tapered air-core spectrometers with microfluidics. The chapters are 

summarized below: 
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 Chapter 2 discusses background theory pertaining to tapered 

omnidirectional Bragg reflector waveguides, delamination buckles, and 

fluorescence. These concepts help lay the foundation for the remaining chapters. 

 Chapter 3 describes the development of fabrication processes for tapered 

hollow Bragg waveguides operating in the visible range. Cladding mirrors were 

deposited using reactive sputtering as well as electron beam evaporation. The 

deposition parameters were adjusted to optimize film stress while maintaining 

good optical quality. Tapers were assembled using two different methods: 

buckling self-assembly and a wafer-bonding process.  

 Chapter 4 details a variety of methods employed to interface microfluidics 

with the tapered waveguide spectrometers. Methods were developed (with 

varying success) to deliver fluorescent samples to buckled channel waveguides as 

well as to slab waveguides.  

 Chapter 5 describes experiments done to evaluate the performance of the 

slab Bragg waveguide tapers as spectrometers. Lasers of various wavelengths 

were used to assess dispersion and resolution. As well, white light sources were 

used to estimate the operating range of the tapers. Simulations of radiated power 

versus position were used to corroborate the experimental results. 

 Chapter 6 describes the results of fluorescence experiments using the 

tapered slab Bragg waveguides. The tapers were used in a conventional LVF 

configuration as well as in a side-coupled LVF configuration. 
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 Chapter 7 offers some thoughts regarding the work as a whole, as well as 

the direction that future work should take. 
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 2 Theory 

2.1 Introduction 

This chapter discusses background theory pertaining to tapered omnidirectional 

Bragg reflector waveguides, delamination buckles, and fluorescence. These 

concepts lay the foundation for topics discussed in Chapters 3, 4, 5, and 6. 

2.2 Omnidirectional Bragg reflector waveguides 

2.2.1 Leaky dielectric waveguides 

To support lossless modes, a waveguide must have perfectly reflecting mirrors. 

Theoretically, this may be accomplished by using total internal reflection (TIR), a 

perfectly conducting metal, or a lossless photonic crystal. In reality, mirror 

reflectance is always less than unity because of material absorption and interface 

roughness. Therefore, power in a guided mode will decay as it propagates in any 

real waveguide. Figure 2.1 shows a schematic illustration of loss (due to material 

absorption) and leakage (due to imperfect mirrors) of a guided mode in a leaky 

waveguide. 

 For the case of an air-core waveguide with perfectly reflecting mirrors, 

non-leaky modes are solved using the transverse resonance condition [1]: 

2 ∙ 𝑘𝑥 ∙ 𝑑 − Φ𝑇 −  Φ𝐵 = 𝑚 ∙ 2𝜋      ,   (2.1) 
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where ΦT and ΦB are the phase shifts on reflection from the top and bottom 

mirrors, respectively, kx is the transverse component of the wave vector in the 

core, and m is an integer (m=0,1,2,…). 

 

Figure 2.1 – A schematic illustration of loss (due to material absorption) and leakage (due 
to imperfect mirrors) of a guided mode in a leaky waveguide. 

For leaky guided modes, a self-consistent field must satisfy a more 

general transverse resonance condition [2]: 

𝑟𝑇𝑟𝐵exp(−𝑗 ∙ 2 ∙ 𝑘𝑥  ∙ 𝑑) = 1     ,   (2.2) 

where rT and rB are the amplitude reflection coefficients of the top and bottom 

mirrors, for a given ray incident angle, and kx is a complex-valued transverse 

propagation constant. By solving (2.2), complex modal propagation constants are 

obtained [1]: 

𝑘𝑧 = √𝑘0
2 − 𝑘𝑥

2 = 𝛽𝑚 − 𝑗 ∙
𝛼𝑚

2
    ,   (2.3) 

where k0 is the free-space wavenumber, βm is the mode propagation constant, and 

αm is the intensity attenuation factor for the mode. 
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 The attenuation factor αm for a leaky slab waveguide can be approximated 

using a ray-optics model [3]: 

𝛼𝑚 =
−ln (𝑅𝑇𝑅𝐵)

2∙𝑑∙tan 𝜙𝑚
    ,    (2.4) 

where m is the angle of incidence, RT and RB are the reflectances from the top and 

bottom mirrors, and d is the core thickness. In a tapered waveguide, the bounce 

angle will decrease as the ray propagates towards the narrow end of the taper. 

This causes the attenuation factor to increase until, at normal-incidence, the 

guided mode reaches cutoff and the power is radiated vertically from the 

waveguide. 

2.2.2 Bragg reflectors 

Consider an air-core slab waveguide with periodic semi-infinite claddings (with 

refractive indices n1 and n2). Figure 2.2 shows a schematic of such a structure, as 

well as the transverse field distribution of the fundamental mode [4]. 

 

Figure 2.2 – Schematic of an air-core slab waveguide with periodic semi-infinite claddings 
(with refractive indices n1 and n2). The transverse field distribution of the fundamental 
mode is also shown. Adapted from Ref. [4]. 
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Incident light is partially reflected at each boundary within the periodic 

cladding. Constructive interference of light within the stop band of the Bragg 

reflector results in complete reflection. The normal-incidence fundamental stop 

band is centered at the free space Bragg wavelength [5]: 

𝜆0,𝐵 = 2(𝑛1𝑎 + 𝑛2𝑏)   ,   (2.5) 

where λ0,B is the free space Bragg wavelength and a and b are the cladding layer 

thicknesses for layers with refractive indices of n1 and n2, respectively. A special 

case satisfying this condition is the quarter-wave stack (QWS): 

 𝑎 =
𝜆0,𝐵 

4𝑛1
      𝑏 =

𝜆0,𝐵 

4𝑛2
    ,   (2.6) 

This condition results in the widest and ‘strongest’ stop band for a pair of 

materials. For a QWS, the width of the fundamental stop band at normal incidence 

is given by [6]: 

Δ𝜆0,1 = 𝜆0,𝐵 ∙
4

𝜋
sin−1 |

𝑛2−𝑛1

𝑛2+𝑛1
|   ,   (2.7) 

This equation indicates that a sufficiently large index contrast is crucial for 

obtaining a wide stop band. For an N ½ period QWS, the peak reflectance at 

normal incidence is given by [6]: 

𝑅𝑄𝑊𝑆 = (
1−(
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   ,    (2.8) 
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where n2 and n1 are the layer indices, ni is the refractive index of the incident 

medium, and ns is the refractive index of the substrate (i.e. exit medium). The peak 

reflectance scales quickly with the number of periods N, and again a higher index 

contrast between materials is beneficial. 

2.2.3 Omnidirectional Bragg reflectors 

The stop band of a Bragg reflector is dependent on both the polarization and the 

incident angle of light. It is useful to make an omnidirectional band, for which any 

polarization or angle is reflected. This may be achieved with sufficient index 

contrasts for (n2/n1) and (n1/ni). Because the stop band vanishes at the Brewster 

angle between n2 and n1, the strategy is to ensure that this angle is not accessible 

by external plane waves. A projected dispersion diagram, shown in Fig. 2.3, 

illustrates this concept. 

 

Figure 2.3 – A projected dispersion diagram showing the omnidirectional band gaps of a 
Bragg mirror. The Brewster angle is inaccessible by external plane waves. Adapted from 
Ref. [5]. 
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Light entering from the external medium can only access the ω-kx region 

that lies above the light line ω=cokx (shown as red dashed lines). Since the Brewster 

angle is not accessible in this case, the band gap from ω1 to ω2 is omnidirectional. 

Due to the index-contrast requirements, sometimes it is not possible to achieve a 

true omnidirectional band. It is, however, much easier to make an omnidirectional 

band for TE-polarized light only. Figure 2.4 shows the simulated reflectance for a 

5.5-period TiO2/SiO2 mirror, with refractive indices of 2.42 and 1.50 for TiO2 and 

SiO2, respectively. By relaxing the omnidirectional band to just TE-polarized light, 

an omnidirectional band of ~80 nm is achievable using readily available materials. 

 

Figure 2.4 – Simulated mirror reflectance for a 5.5-period TiO2/SiO2 mirror, with refractive 
indices of 2.42 and 1.50 for TiO2 and SiO2, respectively. By relaxing the omnidirectional 
band to just TE-polarized light, an omnidirectional band of ~80 nm is achievable. 

2.3 Tapered Bragg waveguides 

Figure 2.5 shows a ray-optics representation of light being guided in an air-core 

tapered Bragg waveguide. As light within the omnidirectional band of the cladding 

mirrors propagates towards the narrow end of the taper, it approaches cutoff, and 
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is adiabatically transformed into a vertical cavity resonant mode [1]. Neglecting 

penetration into the mirrors, cutoff for a guided mode occurs at a core thickness: 

𝛿𝐶 = 𝑚𝜆0 2⁄    ,    (2.9) 

where m is integer mode order (m=1,2,3…) and λ0 is the free space wavelength. 

This condition is identical to the Fabry-Perot modal condition, as the waveguide 

may be viewed as a Fabry-Perot cavity of varying thickness. This condition may be 

used to map the spatial dispersion of polychromatic light radiated from the taper. 

 

Figure 2.5 – A ray-optics representation of light being guided in an air-core tapered Bragg 
waveguide. As light within the omnidirectional band of the cladding mirrors propagates 
towards the narrow end of the taper, it approaches cutoff, and is adiabatically 
transformed into a vertical cavity resonant mode. Adapted from Ref. [7]. 

Something the ray-optics perspective neglects is that the mode 

propagation constant (see Eq. (2.3)) varies rapidly as cutoff is approached, 

resulting in strong back-reflection of guided light, and causing a standing wave to 

form [1]. In order to implement a high-resolution spectrometer with these tapers, 

near-vertically radiated light should be selectively collected to the detector. This 

is achieved by placing a low-NA optic between the taper and the sensor.  
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2.3.1 Vertical Fabry-Perot cavity model 

Neglecting back-reflection and standing-wave effects, the wavelength resolution 

of the taper spectrometer can be approximated as [7]: 

  
,

1/ RRmD
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where m is the vertical mode order (m=1,2,3 …), zp is the effective detector array 

pixel size (accounting for magnification), R is the normal-incidence reflectance of 

the cladding mirrors, and the spatial dispersion imparted by the taper is given by: 
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where ST is the absolute value of the taper slope, δ is the air-core thickness, and K 

is a phase-shift coefficient [8] accounting for field penetration into the cladding 

mirrors at normal incidence.  

Using a hard-mirror approximation, the free spectral range (FSR) in terms 

of wavelength can be expressed as δλFSR ~ /(m+1). Therefore, higher-order 

modes have higher spatial dispersion and resolution, but at the expense of 

reduced FSR. Since the omnidirectional bandwidth of the cladding mirrors is 

already a limiting factor for the operating range, it is sufficient that the FSR 

exceeds the omnidirectional bandwidth. 
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2.3.2 Effective-index transfer matrix model 

The vertical Fabry-Perot cavity model gives a good approximation of some key 

taper aspects; however, it neglects aspects such as back-reflection and standing 

waves. Using an effective-index transfer matrix model takes these details into 

account. By applying a transfer-matrix model to the cladding layers, the complex 

refractive index is estimated for a given mode and range of core heights. A core 

height δi gives an effective index [7]: 

𝑁𝑖 = 𝑛𝑖 − 𝛼𝑖 (
𝜆0

4𝜋
)   ,    (2.12) 

where ni = sin (see Fig. 2.5) and αi is the intensity attenuation factor.  

The tapered slab waveguide is replaced by a stack of effective index layers 

in the z-direction, as illustrated in Fig. 2.6. For each layer, the core thickness and 

complex mode index of that layer are used to determine the effective index for 

that layer.  

 

Figure 2.6 – A schematic illustration of the effective-index transfer matrix model. Ni is the 
complex modal effective index for corresponding mirror separation δi. Adapted from Ref. 
[7]  
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The input medium is given an effective index of 1, while the output 

medium is given the imaginary part from the layer just before cutoff. Transfer-

matrices are used to determine forward and reverse field amplitudes along the 

waveguide axis. The step size of the layers along z are chosen to be relatively 

coarse near the wide end of the taper, and made smaller near cutoff to resolve 

the standing-wave features [7]. 

The model from reference [7] was adapted for the tapers studied here, and 

example code is provided in Appendix A. Figure 2.7 shows a simulation of radiated 

power of guided modes versus position, for TE-polarized light of mode order m = 2. 

The taper employs 5.5-period TiO2/SiO2 QWS Bragg reflectors centred at 550 nm 

and has a 0.7 µm/mm taper slope.  

 

Figure 2.7 – Simulation of radiated power of guided modes versus position, for a taper 
with a slope of 0.7 µm/mm and TE-polarized light of mode order m = 4. Light reaches 
cutoff for wavelengths between ~500 nm and ~570 nm. Blue-cyan-green light is well-
guided far from cutoff, while orange-red light outside of the omnidirectional band is not 
well-guided in the taper.   



26 

Light with wavelengths between ~500 nm and ~570 nm is subject to the 

omnidirectional cutoff mechanism described above. Blue-cyan-green light (i.e. 

wavelengths just below ~500 nm) is well-guided at the wide end of the taper, 

where guided rays are far from cutoff and have high incident angles on the 

mirrors. However, low normal-incidence mirror reflectance at these wavelengths 

causes the light to gradually leak as cutoff is approached. In contrast, orange-red 

light outside of the omnidirectional band (i.e. wavelengths above ~570 nm, see 

Fig. 2.4) is not well guided, even at the wide end of the taper. 

Increasing the taper slope is beneficial to maximizing the operating range 

of the device, and also helps to even out the radiated power versus wavelength. 

Figure 2.8 shows the radiated power of guided mode versus position, this time for 

a device with a 2 µm/mm taper slope.  

 

Figure 2.8 – Simulation of radiated power of guided modes versus position, for a taper 
with a slope of 2 µm/mm. The increased taper slope helps to increase the operating range, 
and also to even out the radiated power versus wavelength. 
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The increase in taper slope has increased the operating range to ~490 nm 

to ~580 nm (i.e. approximately the omnidirectional band), as well as improving 

the leakage of blue-cyan-green light approaching cutoff. Of course, the cost of a 

higher taper slope is lower spatial dispersion (and therefore lower wavelength 

resolution).  

2.4 Delamination buckles 

In order to help understand the experimental buckling results in Chapter 3, a brief 

overview of buckling delamination theory is provided here. For the case where a 

patterned low-adhesion layer defines the width of the buckle and the film is under 

equi-biaxial compression, the behaviour is usually modeled as a plate that is fully 

clamped at its edges [9]. The different types of possible buckles are shown in Fig. 

2.9. The Euler mode is dominant at the start of buckling. 

 

Figure 2.9 – Geometry and buckling analysis of different types of buckles. Adapted from 
Ref. [9]. 
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The critical compressive biaxial stress σc to induce buckling in a strip of width 2b 

is given by [9]: 

𝜎𝑐 =
𝜋2

12

𝐸

1−𝜈2 (
ℎ

𝑏
)

2

 ,    (2.13) 

where E is Young’s modulus, ν is Poisson’s ratio, h is the film thickness, and b is 

the half-width of the plate. The normal displacement of the Euler buckling mode 

is given by: 

𝛿(𝑦) =
𝛿𝑚𝑎𝑥

2
(1 + cos (

𝜋𝑦

𝑏
)) ,   (2.14) 

where the y-axis is centred on the buckle and the peak buckle height δmax is given 

by: 

𝛿𝑚𝑎𝑥 = ℎ√
4

3
(

𝜎0

𝜎𝑐
− 1) ,   (2.15) 

where σo is the biaxial compressive stress in the film. Therefore, for compressive 

film stress σo>>σC , the peak buckle height is approximately proportional to the 

buckle width. This means that the tapered hollow channels have an approximately 

linear taper for both width and height [1]. 

2.5 Fluorescence 

To help facilitate the discussion of fluorescence pertaining to experimental results 

in Chapter 6, a short introduction to fluorescence theory is included here. 

Fluorescence, a form of luminescence, is the emission of light by a substance that 
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has absorbed light. A Jablonski diagram (shown in Fig. 2.10) is a useful tool for 

describing the absorption and emission process.  

 

Figure 2.10 – A Jablonski diagram, adapted from Ref. [10] 

After light absorption, a fluorophore is excited to either the S1 or S2 

vibrational state. This is followed by a rapid relaxation to the lowest vibrational 

level of S1. Because of this, fluorescence emission is usually from the lowest energy 

vibrational state of S1 [10]. As a result, the fluorescence emission spectrum is 

independent of excitation energy.  

Upon emission, the fluorophore typically returns to a higher excited 

vibrational ground state. This, in addition to internal conversion and other effects, 

causes the energy of the emission to be less than that of the absorption. The 

difference between the maxima of the absorption and emission spectra is referred 

to as the Stokes shift. Figure 2.11 shows the absorption and emission spectra of 

yellow-green (505 nm Ex/515 nm Em) fluorescent microspheres (FluoSpheres, 

Invitrogen). The ~10 nm difference between the peak absorption of ~505 nm and 

the peak emission of ~515 nm is the Stokes shift for these particular fluorophores. 
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Figure 2.11 – Absorption and emission spectra for yellow-green fluorescent microspheres 
(FluoSpheres, Invitrogen) [11]. 

The emission spectrum of the FluoSpheres is a near mirror-image to that 

of the absorption spectrum. This comes from the fact that, for many fluorophores, 

the vibrational structure of the ground and excited states are very similar. As a 

result, similar transitions are favoured in both the absorption and emission of 

light. 
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3 Fabrication of tapered hollow Bragg waveguides 

3.1 Introduction 

This chapter focuses on the development of fabrication processes for tapered 

hollow Bragg waveguides operating in the visible range. Previously, our group 

employed a-Si/SiO2 Bragg cladding mirrors for operation in the near-infrared 

range [1]. Due to low absorption for wavelengths longer than approximately 

300 nm and relatively high refractive index contrast [2], SiO2 and TiO2 were chosen 

to form Bragg claddings in the visible band. It should be noted that the material 

choice here is one of practicality, with SiO2 and TiO2 being the best choices readily 

available. An alternative material pairing, such as SiO2 and GaP, has a higher index 

contrast [3] and could potentially create an operational band spanning nearly the 

entire visible range. The TiO2/SiO2 multilayers were deposited using either 

electron beam (e-beam) evaporation or sputter deposition. 

Tapers were assembled using two different techniques: buckling self-

assembly and a wafer-bonding process. Previously, our group developed a 

buckling self-assembly process for hollow waveguides on a chalcogenide glass 

platform, using commercially available polymers [4]. 

More recently, we translated this process to a silicon-based platform, 

utilizing a-Si/SiO2 multilayers [1]. The focus of the present research was on the 

extension of the buckling technique to TiO2/SiO2 multilayers. 
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In addition to the buckling self-assembly process, tapers were also 

fabricated using a wafer-bonding process. Recently, we described the 

development of visible-band tapered waveguides using this wafer-bonding 

technique [5]. The development of this wafer-bonding process will also be 

discussed in this chapter. 

3.2 Electron beam evaporation of TiO2/SiO2 Bragg mirrors 

The mechanism for e-beam evaporation is the evaporation or sublimation of a 

source material by heating from a beam of electrons. A schematic of a typical 

e-beam evaporation system is shown in Fig. 3.1.  

 

Figure 3.1 – Schematic of a typical electron beam evaporation system. A magnetic field 
guides an electron beam to a source material, which evaporates or sublimates upon 
heating. The material is deposited on the substrate above. 

The source material is typically held in a crucible liner (such as copper or 

tungsten), which is then placed in a water-cooled copper hearth. A hot filament 
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thermionically emits a stream of electrons, which is then guided by the magnetic 

field of a permanent magnetic, and subsequently hits the source material. Once 

sufficiently heated, the source material either evaporates or sublimates into 

vapour phase, condensing on the substrate above. 

 

Figure 3.2 – Photo of control panel for e-beam evaporation system. (a) Ion gauge 
controller (KJL 4500), (b) deposition rate controllers (Sycon STM-100 and STC-2000A, (c) 
current sweep controller (MDC eVap Programmable X-Y sweep), (d) Voltage and current 
control. 

A six pocket e-beam evaporator system was used to deposit TiO2/SiO2 

multilayer films. Two copper crucibles filled with SiO2 and a tungsten crucible filled 

with TiO2 were used as sources. Before deposition, the system is roughed to ~100 

mTorr by a scroll pump, and then pumped further with a cryopump to a base 

pressure of ~5x10-7 Torr. Figure 3.2 shows a photo of the control panel for the 

e-beam evaporator. An ion gauge is used to monitor the system pressure during 

deposition. In order to ensure stoichiometry, TiO2 layers were deposited in an 
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oxygen rich environment at ~5x10-5 Torr. Two quartz crystal microbalances are 

positioned near the substrate within the chamber, allowing for real-time thickness 

monitoring using thickness controllers (Sycon STM-100 and STC-2000A). During 

deposition, a programmable current sweep controller (MDC eVap Programmable 

X-Y sweep) was used to change the position or motion of the electron beam over 

the source material. This prevents the e-beam from drilling a hole into the source, 

which is especially important for SiO2, as it is sublimated rather than evaporated. 

The controlled buckling process (see section 3.4) relies on the top mirror 

being compressively stressed. Typically, it is difficult to evaporate TiO2 films with 

high compressive stress [6]. Reactive sputtering is a more promising method for 

creating high compressive stress and was therefore chosen for depositing mirrors 

for buckling self-assembly. Bragg mirrors deposited in the e-beam evaporator, on 

the other hand, were used for manually assembled slab waveguide tapers (see 

section 3.5). Deposition parameters for TiO2/SiO2 Bragg mirrors deposited in the 

e-beam evaporator are listed in Table 3.1.  

Table 3.1 – Deposition parameters for TiO2/SiO2 Bragg mirrors deposited in the e-beam 
evaporator.  
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A variable angle spectroscopic ellipsometer (VASE, J.A. Woollam) was used 

to measure the reflectance of TiO2/SiO2 multilayers deposited in the e-beam 

evaporator. The measured and theoretical reflectance (using transfer-matrix 

theory) of a 6.5-period TiO2/SiO2 Bragg mirror at 20° incident angle and for TE-

polarization is shown in Fig. 3.3(a). Also, a spectrophotometer (Lambda 900, 

Perkin Elmer) was used to measure the transmittance of a 6.5-period TiO2/SiO2 

mirror on a glass substrate. Figure 3.3(b) shows the measured and theoretical 

transmittance at normal incidence. Data was fitted using a fixed +0.02 offset to 

the Kim dispersion formula [7], with assumed layer thicknesses of 60 nm and 91.5 

nm and refractive indices of ~2.33 and ~1.46 for TiO2 and SiO2, respectively. These 

thicknesses and refractive indices are consistent with the expected layer 

thicknesses and indices. Additionally, a contact profilometer was used to measure 

the total thickness of the multilayer stack to be ~980 nm, in good agreement with 

the target thickness of 985 nm and the fitted thickness of 969 nm.  

 

Figure 3.3 – (a) Theoretical and experimental reflectance of evaporated TiO2/SiO2 mirrors 
for TE-polarized light at a 20 degree incident angle. (b) Normal Incidence transmittance 
of the TiO2/SiO2 mirrors. Data was fitted using a fixed +0.02 offset to the Kim dispersion 
formula [7] and layer thicknesses of 60 nm and 91.5 nm, resulting in refractive indices of 
~2.33 and ~1.46 at 550 nm, for TiO2 and SiO2, respectively. 
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3.3 Sputter deposition of TiO2/SiO2 Bragg Mirrors 

Sputter deposition is an alternative physical vapour deposition (PVD) technique to 

e-beam evaporation, offering greater flexibility in both material choice as well as 

film composition. Sputtering occurs when energetic particles collide with a source 

material (or target), causing atoms to be ejected from its surface. In sputter 

deposition, ionized gas atoms (typically Argon) are used for bombardment of the 

target.  

 

Figure 3.4 – Schematic of a typical magnetron sputtering system. A co-sputtering 
configuration is shown, with substrate rotation. When a potential is applied, the substrate 
acts as the anode and the target acts as the cathode. Sputtered source material is 
deposited on the substrate. 

Figure 3.4 shows a schematic of a typical magnetron sputtering system. A 

voltage is applied, such that the target becomes the cathode and the substrate 

becomes the anode. The collision of a high-energy electron with an Argon atom 

leads to electron impact ionization, forming two low-energy electrons and an 

Argon ion. Argon ions are accelerated towards the target, causing sputtering at 
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the target surface. Occasionally, the collision of an Argon ion will lead to secondary 

electron emission, resulting in a secondary electron being accelerated away from 

the cathode. These secondary electrons help to sustain the glow-discharge 

created by inelastic collisions between particles. For magnetron sputtering, a 

strong magnetic field is used to confine these electrons near the target, increasing 

the occurrence of electron impact ionization events. This enables deposition at 

lower pressures as well as high deposition rates [8]. 

The system used for sputter deposition was a commercial planar 

magnetron sputtering system (Kurt J. Lesker) with three sources and co-sputtering 

capabilities. For a TiO2/SiO2 multilayer film, an n-doped silicon target and a 

titanium target are mounted onto 3” diameter sputtering guns. A mechanical 

roughing pump evacuates the chamber to a pressure of ~300 mTorr, after which 

a cryopump takes over, pumping the system to a base pressure of ~2x10-6 Torr. A 

substrate heater heats the substrate to ~170 °C and, additionally, the substrate is 

rotated during deposition to improve film uniformity.  

Shown in Fig. 3.5 is an image of the control panel for the sputtering system. 

A multi-gauge controller (Kurt J. Lesker) monitors pressure readings from a 

convectron gauge (Torr range), baratron gauge (mTorr range), and ion gauge 

(µTorr range). A multigas mass flow controller (MKS 647C) was used to supply 50 

sccm of Ar, as well as 4.0 sccm and 3.5 sccm of O2 for TiO2 and SiO2 layers, 

respectively.  
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Figure 3.5 – Image of control panel for sputtering system. (a) Pressure gauges 
(convectron, baratron, ion), (b) MKS mass flow controllers, (c) DC magnetron power 
supplies, (d) pulsed DC power supply. 

Oxygen flow must be sufficiently high to ensure stoichiometry of the oxide 

layer, while being low enough such that the target is not ‘poisoned’ [9] by the 

formation of an oxide on its surface. The use of a pulsed DC power supply (AE 

Pinnacle Plus+) helps to eliminate charge build-up on the target by periodically 

reversing the potential across the target for a short time. During this ‘off-time’ the 

target attracts the opposite charge, neutralizing charge build-up at the surface 

[10]. 

Careful choice of deposition parameters—especially frequency, off-time, 

pressure, and oxygen flow rate—is necessary to get high quality optical films, 

sufficient stress, and to maintain a reasonable deposition rate. Table 3.2 

summarizes the progression of the TiO2 sputtering recipe, illustrating the effect of 
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changing certain parameters. The final recipe achieved an improved deposition 

rate and film stress, while maintaining good optical quality. The complete sputter 

deposition parameters used for the TiO2/SiO2 multilayers are summarized in Table 

3.3. The tensile stress in the TiO2 layers is not ideal, as it reduces the overall stress 

of the multilayer film. However, the relatively high compressive stress of the SiO2 

layers helps to compensate. A SiO2 monolayer of ~750 nm was measured to have 

a compressive stress of ~-229 MPa. 

Table 3.2 – Compressive stress and deposition rate of TiO2 monolayer, for different 
deposition parameters. Stress was measured using a Flexus film stress measurement 
system. 

 

Table 3.3 – Deposition parameters for TiO2/SiO2 Bragg mirrors deposited by reactive 
sputtering. 
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A 5.5-period TiO2/SiO2 Bragg mirror with stop band centered at 550 nm 

was sputtered onto a quartz substrate. For modeling, standard dispersion models 

were used for SiO2 and a slightly modified version of the dispersion relation from 

Ref. [7] for TiO2. The validity of these models was verified using VASE reflectance 

and spectrophotometer transmittance measurements. Figure 3.6(a) shows the 

experimental and fitted reflectance of the mirror, for a 20° incident angle and TE-

polarization. Similarly, Fig 3.6(b) gives the normal-incidence transmittance of the 

mirror. Using assumed layer thicknesses of 59 nm and 90 nm, the refractive index 

for a 550 nm wavelength was estimated to be ~2.42 and ~1.50 for TiO2 and SiO2, 

respectively.  

 

Figure 3.6 – (a) Theoretical and experimental reflectance of sputtered TiO2/SiO2 mirrors 
for TE-polarized light at a 20 degree incident angle. (b) Normal incidence transmittance 
of the TiO2/SiO2 mirrors. Data was fitted using a fixed +0.11 offset to the Kim dispersion 
formula [7] and layer thicknesses of 59 nm and 90 nm, resulting in refractive indices of 
~2.42 and ~1.50 at 550 nm, for TiO2 and SiO2, respectively. Adapted from Ref. [11]. 

Using a contact profilometer, the total multilayer thickness near the centre 

of the wafer was measured to be ~792 nm. The total thickness used in the model 

is 804 nm, a discrepancy of 1.5%. The main cause of this is likely due to a difference 

in film thickness between the spot used for the VASE measurement and the spot 
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used for the profilometer measurement. Slight errors in modeled layer thickness 

and refractive index also contribute to the disagreement in thickness. 

The refractive index of a reactively sputtered SiO2 monolayer was 

extracted from VASE reflectance data using a Cauchy fit. A graph comparing the 

refractive index of our sputtered film to a similar film from the literature [2] is 

shown in Fig. 3.7. The films both have refractive indices slightly higher than typical 

SiO2, which is due to the choice of sputtering parameters. Some previously 

sputtered SiO2 monolayers exhibited slightly better optical properties, but at the 

expense of process stability due to increased arcing events during deposition. 

 

Figure 3.7 – Refractive index of reactively sputtered SiO2 compared to similarly deposited 
film in Ref. [2]. Data was extracted from VASE reflectance measurements of SiO2 
monolayer using a Cauchy fit.  

The refractive index of reactively sputtered TiO2 was extracted from the fit 

in Fig. 3.6. The Kim dispersion relation [7] with a fixed +0.11 offset, was used to 

model the optical constants of our TiO2 films, as shown in Fig. 3.8. Their optical 

properties  compare well to similar films found in the literature [2]. 
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Figure 3.8 – Optical constants for reactively sputtered TiO2, determined by fitting R & T 
measurements of TiO2/SiO2 mirror. The transfer matrix simulation used the dispersion 
relation from Ref. [7] and a fixed +0.11 offset. (a) Refractive index of TiO2, compared to 
data from Ref. [2] (b) Extinction coefficient of TiO2 compared to Ref. [2]. 

Using a Flexus film stress measurement system, the stress of the 5.5-period 

TiO2/SiO2 mirror on Si was measured to be compressively stressed at ~-157 MPa. 

This film was used as the bottom mirror of a buckled waveguide sample (see 

Section 3.4). The stress in the top mirror is what determines the buckling 

behaviour of the waveguide sample, however. This stress was measured to be 

~-127 MPa, lower than that of the bottom mirror. This may be due to slightly 

different sputtering conditions or from interaction with the bottom mirror. 

3.4 Hollow waveguides formed by controlled buckling of TiO2/SiO2 
Bragg mirrors 

In order to adapt the procedure we developed [1] for controlled buckling of 

a-Si/SiO2 multilayers to a TiO2/SiO2 buckling process, it was necessary to carefully 

consider each process step. For example, piranha cleaning of the Si/SiO2 multilayer 
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was an effective method for cleaning any dirt or debris from the mirror surface. 

However, since the piranha solution contains sulfuric acid, it will attack the TiO2 

layers and destroy the TiO2/SiO2 film. A simple solution to this problem was to 

remove the piranha clean step, instead using acetone and isopropyl alcohol (IPA) 

to remove organics and debris. Fortunately, the rest of the process flow remains 

relatively unchanged between the buckling of SiO2/Si and TiO2/SiO2 multilayers.  

 

Figure 3.9 – Process flow for buckling assembly of hollow Bragg waveguides. (a) Bragg 
reflector deposited on substrate, (b) fluorocarbon low adhesion layer deposited and 
patterned by liftoff, (c)  second Bragg reflector deposited, (d) heating to induce buckling 
in low-adhesion areas. Adapted from Ref. [1]. 

Figure 3.9 shows the general process flow for buckling assembly of hollow 

Bragg waveguides. The first step is deposition of the bottom mirror, as described 

in Section 3.3. Next is the deposition of a low adhesion layer (LAL), which is 

patterned to define buckling locations. Here, we use fluorocarbon for the LAL. 

Finally, a compressively stressed top mirror is deposited. By heating the sample, 

delamination occurs where the LAL is patterned and buckling is induced. 
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Photolithography with HPR 504 photoresist was used to define the pattern 

for the LAL. Figure 3.10 shows an image of a Bragg mirror with patterned 

photoresist features. Arrays of circles and lines define locations for hollow domes 

and waveguides, respectively. Once patterned with photoresist, the sample was 

placed in an inductively coupled plasma reactive ion etch (ICP-RIE). A standard 

conditioning recipe was run for 25 cycles to prepare the chamber for processing.  

 

Figure 3.10 – Image of patterned photoresist on Bragg mirror, defining locations for low-
adhesion layer. Dome array and tapered waveguide patterns are visible. 

The passivation cycle of a Bosch etch recipe was run for 10 seconds, 

depositing a fluorocarbon layer of ~20-30 nm. The fluorocarbon was first 

deposited onto a blank wafer, which was then scratched to test adhesion. 

Processing the test wafers appears to further condition the chamber for proper 

fluorocarbon deposition. Once a test wafer passed the scratch test, the 

fluorocarbon layer was deposited on the actual sample. Table 3.4 summarizes the 

key parameters for the fluorocarbon deposition recipe. The liftoff of excess 

fluorocarbon was accomplished by sonication in acetone for ~30 min. In an effort 
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to improve smoothness of the fluorocarbon layer, the sample was annealed on a 

hotplate at 100 °C for 1 hour. Finally, the top mirror was deposited by sputtering. 

Table 3.4 – Deposition parameters of fluorocarbon deposition recipe for an ICP-RIE tool. 
A slightly modified recipe for the passivation cycle of a Bosch recipe is used. 

 

A sample was fabricated with 6-period SiO2/TiO2 bottom and top mirrors. 

By cleaving the wafer into quarters, multiple heating trials were conducted in an 

attempt to induce buckling in low-adhesion areas. Quarters 1 and 3 were placed 

on a hotplate and ramped to ~430 °C over 5 minutes. After a total of 10 minutes, 

the samples were removed from heat. The only result here was a small bubble 

forming in the alignment window of Quarter 1 after 4 minutes. Quarter 2 was then 

placed on the hotplate at ~430 °C, at which point all of the domes either popped 

off or partially buckled, as shown in Fig. 3.11 (d).  

In an effort to increase the overall compressive stress of the top mirror, a 

thin layer of ~59 nm of tungsten was sputtered on top of Quarters 1 and 4. For 

comparison, a sputtered tungsten monolayer ~400 nm thick was measured to be 

compressively stressed at ~-2.26 to -2.59 GPa. Therefore, a thin W layer should 

help to increase compressive stress in the sample. Quarter 1 was again ramped 

from room temperature to ~400 °C, over 6 minutes. Very minor buckling occurred 
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while ramping. Additionally, the silver colour of the W film changed to a rainbow 

hue during heating. Quarter 4 was placed on the hotplate at ~420 °C, causing 

immediate buckling and damage to the waveguides. After 20 seconds, Quarter 4 

was removed from heat. The result of this trial is shown in Fig. 3.11 (a)-(c).  

 

Figure 3.11 – Images of buckling results for TiO2/SiO2 hollow waveguides. (a)-(c) Partially 
buckled waveguides with thin layer of W on top to help increase compressive stress. 
Waveguides did not fully buckle and also broke off in some places. (d) Dome cavities 
either partially buckled or popped off completely. 

The waveguides have begun to buckle in many places, but not consistently 

enough to form fully buckled and functional waveguides. In addition, the sudden 

thermal shock of the hotplate caused partial delamination of the waveguides in 

some spots.  

From the buckling results above, some conclusions may be drawn. The 

compressive stress in the TiO2/SiO2 top mirror, while adequate for dome cavities, 

is insufficient for straight and tapered waveguide features to buckle. The addition 



48 
 

of a thin W layer on top of the TiO2/SiO2 mirror is a promising approach. Although 

the quarter that was already heated did not benefit from a W layer, most of the 

stress was likely already baked out of the film. The other quarter partially buckled, 

with damage to features, likely due to the choice of thermal shock rather than 

ramping. Future work should focus on improving the compressive stress in the 

TiO2/SiO2 films, as well as experimenting further with low-adhesion material 

choice. Heating procedures should also be refined to improve buckled waveguide 

yield. 

3.5 Air-core slab Bragg waveguide tapers fabricated by wafer 
bonding 

Waveguide tapers were assembled using a wafer-bonding technique, as outlined 

by the process flow in Fig. 3.12. The TiO2/SiO2 mirrors were either sputtered or 

evaporated onto the substrate: a glass slide, quartz wafer, or a Si wafer. Next, 

photoresist (SU-8, 2010, Microchem) was diluted with cyclopentanone solvent, 

allowing for possible thicknesses from 2 µm to 20 µm. The recipes used for 

fabricating 5.9 μm and 2.1 μm posts are shown in Table 3.5. SU-8 was spun-cast 

onto the mirror surface of the substrate and patterned to leave rectangular posts 

(100 µm x 50 µm) and scribe lines at pre-defined locations. A protective layer of 

HPR 504 was spun-cast onto the substrate prior to dicing. Then, the substrate was 

diced along these lines into ~3 to 6 mm long pieces. The substrate was diced such 

that there was a linear array of posts along one of the edges. The posts were 
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aligned lengthwise and spaced ~150 µm apart. After dicing, acetone and IPA were 

used to remove the protective photoresist layer. 

 

Figure 3.12 – Process flow for wafer-bonding assembly of air-core tapered slab Bragg 
waveguides. (a) Bragg mirror deposited on substrate, (b) SU-8 spun-cast and patterned 
onto mirror, (c) substrate diced along predefined lines, (d) a patterned and blank piece 
clamped and bonded with UV-curable epoxy. 

Table 3.5 – Recipe for patterning SU-8 posts of 5.9 μm and 2.1 μm height. The parameters 
work for a substrate with a TiO2 top layer. Posts with 2.1 μm height require longer bake 
times to improve adhesion and a hard bake to repair cracking due to extended bake times. 
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Only one of the two pieces in a wafer-bonded taper requires SU-8 posts. 

The other piece is diced from an unpatterned mirror. For the fabrication of 

glass-silicon and quartz-silicon tapers, the silicon substrate was chosen for SU-8 

patterning. This is because the silicon dicing saw (Disco DAD 321) has a cut width 

of ~50 µm, compared to ~325 µm for the dicing saw (Diamond Touch) used for 

glass and quartz. The narrower width allows for greater accuracy when aligning 

the dicing saw beside a line of SU-8 posts. This prevents possible damage to the 

post array, as well as providing a smoother, more uniform edge. In the case of 

quartz-quartz tapers, one quartz substrate is spun-cast, while only half is exposed 

under a mask aligner. 

 Finally, a patterned piece and an unpatterned piece were aligned, mirror 

coatings facing inward, so that the patterned edge was flush with the edge of the 

other piece. This ensures that the unpatterned piece is propped up by the SU-8 

posts along one side, since the glass and Si dicing saws have a cut width mismatch. 

Plastic tweezers were used to clamp the two pieces together. Using an UV-curable 

epoxy (NOA-61, Norland) and a needle for application, the two pieces were 

bonded together along the narrow end of the slab taper.  

Figure 3.13(a) shows a schematic illustration of a taper assembled using 

the wafer-bonding technique. Slab waveguide tapers formed this way were 

analyzed using optical and scanning electron microscopy (SEM). An SEM image of 

the end facet (wide end) of a taper is shown in Fig. 3.13(b).  
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Figure 3.13 – (a) Schematic illustration of a tapered slab Bragg waveguide fabricated by 
bonding a glass substrate to a pattered Si substrate. (b) SEM image showing the end facet 
(wide end) of a taper. For scale reference, the spacing between adjacent SU-8 posts is 150 
µm. Adapted from Ref. [5]. 

Wafer-bonded tapers were assembled in a variety of ways. Initially, tapers 

were fabricated using Si wafers and glass slides as substrates, as shown in Fig. 

3.14(a) and 3.14(b). The rigidity of these substrates ensures a highly linear taper 

slope. However, inclusions in the glass create difficulties in optical experiments, 

because they cause light to scatter. Alternatively, tapers were fabricated entirely 

using quartz pieces, as shown in Fig. 3.14(c). The superior optical quality of the 

quartz compared to the glass helps to reduce light scattering due to inclusions.  

One drawback in an all-quartz taper design is that the taper slope is slightly 

nonlinear, due to the relatively flexible quartz substrates. The taper slope was still 

approximately linear over the length of an individual mode, however. Tapers were 

also made using Si and quartz pieces, as shown in Fig. 3.14(d). By replacing one of 

the flexible quartz pieces with a rigid Si piece, the taper slope becomes much more 

linear. 
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Figure 3.14 – Images of manually assembled tapers with (a) glass and silicon substrates 
with mismatched length, (b) glass and silicon substrates with matched length, (c) quartz 
substrates with overhangs at front and back, and (d) quartz and silicon substrates with 
overhang at front. 

Some tapers were fabricated using pieces with a length mismatch, such as 

a 4 mm long Si piece and a 6 mm quartz piece. This leads to an overhang of the 

quartz, at one or both ends. One benefit of this configuration is that any scattered 

light at the end facets is blocked from reaching a camera positioned above the 

taper. Additionally, this overhang offers functionality as an insertion point for an 

analyte species into the taper. 

3.6 Conclusions 

Tapered waveguides were fabricated for operation in the visible range. TiO2/SiO2 

mirrors were deposited using both e-beam evaporation and reactive sputter 

deposition. While both deposition methods produced Bragg mirrors of good 
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optical quality, sputter deposition is better suited for fabricating buckled hollow 

waveguides. Initial buckling experiments with TiO2/SiO2 films resulted in only 

minor buckling in the waveguides, indicating that compressive stress in the TiO2 

films may need to be increased further.  

We also developed a taper fabrication process by manually assembling 

slab Bragg waveguide tapers by wafer-bonding. This process has proven to be 

more reliable and versatile than the buckling self-assembly process. Mirrors may 

either be evaporated or sputtered onto glass, quartz, or silicon substrates. The 

taper dimensions are also easy to change, allowed for tailoring to the wavelength 

range of the mirrors.  
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4 Integration of tapers with microfluidics 

4.1 Introduction 

Optofluidic LOC systems require the implementation of fluidics to deliver an 

analyte species to the device. There are a variety of ways to accomplish this, such 

as PDMS platforms and microfluidic channels  [1],[2], buckle delamination [3], or 

hollow waveguides [4], to name a few. It is desirable to create a high level of 

integration between the optical and fluidic elements, which often increases the 

coupling efficiency of the analyte signal. Additionally, on-chip integration of 

optical elements and fluidic elements in a LOC device helps to reduce the overall 

size and cost of the device platform [5]. 

 In order to carry out fluorescence experiments with the slab waveguide 

tapers, several fluidic interfacing methods were explored: PDMS reservoirs, glass 

capillaries, and direct insertion of fluid into the taper. As well, attempts were 

made to create a PDMS microfluidic platform directly on buckled hollow 

waveguide chips. 

4.2 PDMS microfluidics integrated on-chip with buckled waveguides 

Initial microfluidics efforts focused on creating a separate PDMS microfluidic 

platform, to which a buckled waveguide chip could be bonded. The PDMS 

platform consisted of two open wells, each with a microfluidic channel leading to 

the PDMS-Silicon interface. The buckled waveguide chip is aligned face-down on 
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the PDMS, such that the end facets of two hollow waveguides line up with the 

PDMS capillaries. A microscope is used, allowing for relatively simple alignment of 

the buckled waveguides with the PDMS capillaries. A schematic of the PDMS 

microfluidic platform is shown in Fig. 4.1. 

 

Figure 4.1 – Schematic of a PDMS microfluidic platform for delivering fluid to a buckled 
waveguide chip. PDMS capillaries connect the inlet and outlet wells to the buckled 
waveguide channels. The waveguide chip is bonded face-down to the PDMS platform. 

The PDMS platform and the hollow waveguide chip are bonded by 

exposing the PDMS surface to an oxygen plasma, then clamping the platform and 

chip together once aligned. However, repeated fluid flow trials revealed that the 

PDMS-Silicon interface of the microfluidics platform is prone to significant 

leakage. Figure 4.2 shows an image of an attempt to deliver blue fluid from a 

PDMS well into the buckled waveguides. Leaked fluid is clearly visible near the top-

left of the silicon chip. Optical adhesive (NOA 61) was used to try to form a better 
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seal between the PDMS and the silicon. It proved difficult to avoid plugging the 

waveguide channels and PDMS capillaries while also forming a complete seal. 

 

Figure 4.2 – Photo of a PDMS microfluidic platform interfaced with a hollow waveguide 
chip. Fluid leakage is a major problem at the PDMS-silicon interface. 

In an attempt to alleviate the PDMS-silicon leakage problem, the PDMS 

platform was redesigned to be fabricated directly on top of the silicon waveguide 

chip. Here, the inlet and outlet wells are positioned at either end of a buckled 

waveguide, removing the need for PDMS capillaries. Small brass posts of ~1.64 

mm diameter and ~4 mm height were used to define the wells. The bottoms of 

the posts were dipped in melted Crystalbond 555 and positioned on the 

waveguide chip before cooling. The Crystalbond prevents the posts from being 

knocked over during processing in addition to stopping the PDMS from flowing 

beneath the posts during fabrication. A schematic showing typical placement of 

posts on a buckled waveguide chip is shown in Fig. 4.3. The posts need to be placed 

a few millimetres apart so that the PDMS barrier between wells is robust enough 

to withstand fluid flow trials and handling.  
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Figure 4.3 – Schematic of metal post placement, defining the inlet and outlet wells of the 
PDMS fluidics. Crystalbond is used beneath the posts to prevent PDMS from leaking 
underneath during PDMS pouring. 

For the PDMS process, a silanized silicon wafer is put in a PDMS pouring 

mount. Up to three waveguide chips are placed on the wafer, spaced evenly apart. 

In some cases, it was beneficial to use Crystalbond to attach the waveguide chips 

to larger pieces of silicon. The larger surface area helps to prevent delamination 

of PDMS from the sample and is also easier to handle. The optimal PDMS thickness 

for connecting syringes and tubing to the wells was obtained using ~20 g of PDMS. 

After curing the PDMS, the metal posts are carefully removed before the 

Crystalbond re-solidifies. A razor is used to cut the samples out. Figure 4.4 shows 

a photo of buckled waveguide chips with PDMS wells integrated on-chip. Partial 

delamination of the PDMS is visible in non-essential areas for samples 1.03, 1.06, 

and 1.07.  
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Figure 4.4 – Photo of hollow waveguide samples with PDMS wells fabricated on top. 
Partial delamination of non-essential areas is visible for samples 1.03, 1.06, and 1.07. The 
addition of an oxygen plasma step during fabrication eliminated this problem, shown in 
samples 1.01, 1.04, and 1.05. 

To encourage adhesion, later samples (1.01, 1.04, and 1.05) were exposed 

to an oxygen plasma just prior to pouring the PDMS. An unforeseen result of this 

added step was increased adhesion to the posts, making it difficult to remove 

them without damaging the PDMS. A possible fix to this problem would simply be 

to expose the sample just before placing the posts. 

 A variety of fluid flow tests of the on-chip PDMS hollow waveguide samples 

were performed. For these tests a syringe is connected to a well, either directly 

with a syringe tip or via tubing. The syringe is then used to attempt to force water 

into the other well. The results for this vary significantly between samples. In some 

cases, even high amounts of pressure did not result in fluid reaching the other 

well. This indicates that the hollow waveguides in these samples may be blocked 

at some point, perhaps due to a collapse or PDMS blockage. For other samples, 



 

60 
 

fluid was found to travel from one well to another, at least partially via the hollow 

waveguides. Repeated fluid flow attempts with food colouring revealed that liquid 

would sometimes leak under the PDMS when subjected to a high enough fluid 

pressure. There are also inherent problems with manually exerting the fluid 

pressure using a syringe. Figure 4.5 is a photograph of a sample with liquid that 

has leaked under the PDMS between the two wells. For this sample, pressure was 

gradually increased until fluid appeared in the second well. As pressure was 

increased further, leakage became visible. The use of Crystalbond during 

processing results in a slight PDMS overhang in the well. This makes it difficult to 

confirm whether the initial fluid flow came from the waveguide or was also from 

leakage. 

 

Figure 4.5 – Fluid flow attempt for sample 1.05, in which a syringe was used to force fluid 
from one well to the other. Fluid has leaked between the silicon substrate and the PDMS 
layer, due to the pressure exerted at the interface. 

Alternatively, some fluid flow trials involved placing a drop of liquid in one 

well, while using a syringe to create a vacuum in the other. In this case, the 
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likelihood of fluid leaking under the PDMS is significantly reduced. Almost every 

sample yielded no result for this test. However, once the syringe was removed 

from sample 1.05, a small amount of liquid was visible at the end of the hollow 

waveguide. This result indicates that fluid will flow within the hollow waveguides, 

however it requires relatively large pressures to do so. 

 Future work with the on-chip PDMS platform should focus on reducing the 

force required to pump fluid through the hollow waveguides. This would also 

reduce the occurrence of fluid leaking under the PDMS. The method for defining 

the wells has room for improvement. For example, the small posts are difficult to 

manipulate and place accurately, resulting in a less reliable fabrication process. An 

alternative fabrication process could involve using photolithography to define the 

locations of the inlet and outlet ports [6]. 

4.3 Microfluidic integration for slab waveguide tapers 

4.3.1 PDMS reservoirs 

PDMS reservoirs were designed for the slab waveguide tapers. A schematic of this 

design is shown in Figure 4.6. The taper is placed in the PDMS holder, with the 

wide end pressed against the PDMS wall to form a seal. Ideally, this will restrict 

the sample fluid to the small reservoir and the inside of the taper. The PDMS 

reservoirs are fabricated using a similar method to that in Section 4.2. Two 

rectangular pieces of glass are placed together on a silanized wafer, defining the 

shape for the PDMS reservoir. Once the PDMS is cured, the glass pieces are 
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removed and the shape cut out, along with a blank piece of equal size. The two 

pieces are then exposed to an oxygen plasma and held together under weight for 

a few hours, forming a permanent bond. Fabrication of PDMS basins is easily 

customizable, allowing for different basin shapes as well as the incorporation of 

PDMS microfluidic capillaries. 

 

Figure 4.6 – Schematic of PDMS basins used to hold fluid at front of tapered waveguide. 
This configuration relies on the taper itself to form a quasi-seal for the liquid sample. 
Capillary action draws a thin layer of fluid beneath the taper, limiting the practical benefits 
of the PDMS basin setup.  

Photographs of fabricated PDMS basins are shown in Fig. 4.7. A different 

style is shown in Fig. 4.7(a), where PDMS microfluidic capillaries were used instead 

of a small reservoir for fluid at the front. Figures 4.7(b) shows a slab waveguide 

taper in its PDMS holder, while Fig. 4.7(c) also shows a similar sample but with a 

fluorescent dye in its reservoir and under laser illumination. These PDMS 

reservoirs are significantly easier to fabricate than the on-chip PDMS samples 

discussed in Section 4.2. There are drawbacks though, similar to those for the 

microfluidic PDMS platform (Fig. 4.1). As intended, the fluid is initially contained 
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to the small reservoir and inside the taper. However, over the course of a few 

minutes the fluid is slowly drawn beneath the taper, forming a thin film of fluid. If 

the taper has two quartz substrates, it will act as a linear variable filter for this thin 

analyte film. In order to avoid this, a taper with a silicon substrate should be used. 

 

Figure 4.7 – Photos of PDMS reservoirs. (a) PDMS microcapillaries are used to deliver fluid 
to the wide end of the taper chip. (b)-(c) Slab waveguide tapers are placed against the 
front edge of the PDMS basins to form a weak seal. The fluid analyte is temporarily 
confined to the small reservoir at the front. 

Another practical drawback of the PDMS reservoirs is that they hold far 

more fluorescent analyte than is required, contributing additional signal noise. In 

addition, the reservoirs and tapers are usually permanently contaminated by the 

analyte. This is especially problematic since the analyte tends to leak beneath the 

taper. Glass capillaries and integrated fluid platforms are promising alternatives, 

offering solutions to some of these problems. 

4.3.2 Glass capillaries 

Glass capillaries were used to hold the sample analytes in some fluorescence 

experiments. Using capillaries has several advantages compared to the other fluid 

handling methods covered in this chapter. For example, confining the sample to a 
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capillary prevents the tapered waveguide from becoming contaminated. This 

increases the taper’s reusability. Glass microcapillaries (Drummond Microcap 10 

μL) were cut into ~ 1 cm lengths. The capillaries were then filled with dilutions of 

fluorescent microspheres and sealed at both ends with an UV-curable epoxy 

(NOA-61, Norland) to prevent the solutions from evaporating. A capillary is 

positioned either beneath or along the wide end of a taper, as the schematics in 

Fig. 4.8 illustrate. With the capillary placed beneath the taper, the taper acts as a 

conventional linear variable filter. Fluorescence from the taper is spatially filtered 

into Fabry-Perot resonant modes. Alternatively, the capillary may be placed along 

the wide end of the taper. In this case, fluorescence within the omnidirectional 

band of the mirrors is adiabatically transformed from a guided mode to a vertical 

Fabry-Perot mode at cutoff [7]. 

 

Figure 4.8 – Schematic illustration of a tapered waveguide in a conventional linear 
variable filter configuration. Sample fluorescence is spatially filtered into Fabry-Perot 
resonant modes. (b) Schematic illustration of ray guidance in a slowly tapered hollow 
Bragg waveguide. Fluorescence within the omnidirectional band of the mirrors is 
adiabatically transformed from a guided mode to a vertical Fabry-Perot mode at cutoff. 
Adapted from Ref. [8]. 
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The glass microcapillaries offer a simple and effective fluid handling system 

for fluorescence experiments; however, there are some drawbacks. For example, 

the optical adhesive used to seal the capillaries exhibits minor fluorescence when 

under direct laser excitation. This is remedied by ensuring that excitation laser 

light is focused away from the ends of the capillary. The biggest problem 

associated with using glass capillaries is that the glass walls are relatively thick, 

leaving a significant gap between the fluorescent microspheres and the taper end 

facet. As well, there is an inherent spatial mismatch between the ~0.7 mm inner 

diameter capillary and the ~6 µm tall taper opening. This leads to very high signal 

loss, with only a very small fraction of fluorescence entering guided modes of the 

tapered waveguide. 

4.3.3 Integrated platform for fluid insertion into taper 

Instead of using external microfluidics, fluid may be inserted directly into the 

tapered waveguide itself. One advantage of this is the highly integrated and 

simplified nature of this setup, as shown in Fig. 4.9. By including an overhang at 

the wide end of the taper, the application of a fluid sample is simplified, and the 

amount of stray fluorescence reaching the CCD is reduced. Since the fluorescent 

microspheres are physically inside the taper cavity, a high fraction of fluorescence 

enters guided modes of the waveguide. This leads to much higher efficiency 

compared to when PDMS reservoirs or glass microcapillaries are used. 
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Figure 4.9 – (a) Schematic of fluid insertion using integrated platform. The sample is 
placed at the wide end of the tapered slab waveguide. (b) A taper with quartz substrates 
and an overhang at both the wide and narrow ends of the taper. The overhang helps to 
limit stray fluorescence and facilitates fluid insertion at the wide end. 

The fluid is naturally drawn inside the taper towards the narrow end. It is 

desirable to contain the fluorescent microspheres to the front of the taper, so that 

vertical cavity modes come exclusively from adiabatically transformed guided 

modes of the taper. One way to achieve this is to use microspheres with a 

diameter large enough to prevent infiltration more than part-way into the taper.  

FluoSpheres with a 4 μm diameter were inserted into the wide end of a taper with 

starting height of ~5.9 μm. Here, the FluoSpheres are restricted to the first third 

of the taper cavity.  

In an attempt to restrict smaller microspheres (~40 nm diameter) to the 

wide end of the taper, a long strip of SU-8 was used as a barrier. This was done by 

leaving the SU-8 dicing line beside the SU-8 posts intact during fabrication of the 

tapers. Due to defects in the SU-8 line, however, this barrier was insufficient in 

blocking these smaller microspheres. Therefore, using larger microspheres is a 

more reliable and practical method for confining the microspheres to the wide 

end of the taper. 
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4.4 Conclusions 

A variety of microfluidics schemes were investigated for use with buckled 

waveguides as well as with tapered slab waveguides. For the buckled waveguides, 

a separate PDMS microfluidics platform and on-chip PDMS fluidics were 

investigated. Both of these setups suffered from fluid leaking at PDMS-silicon 

interfaces, and have plenty of room for future refinement. PDMS reservoirs were 

found to be less than optimal for fluid containment at the front of the taper. They 

did, however, provide unforeseen functionality for LVF experiments, creating a 

thin uniform film of analyte on the underside of the tapered waveguides. Glass 

microcapillaries are a simple and convenient method for containing an analyte 

solution, preventing taper contamination and sample evaporation. Still, the most 

promising setup for the slab tapers is direct fluid insertion into the taper cavity. 

The collection efficiency of fluorescence here is greatly improved over other 

methods. 
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5 Visible band taper spectrometer1 

5.1 Introduction 

Lab-on-a-chip (LOC) devices have attracted much interest, with a multitude of 

potential applications such as point-of-care diagnostics, environmental 

monitoring, and industrial process control. Optical detection methods are 

particularly useful as they are highly sensitive, are typically non-destructive, and 

can produce nearly real-time results. However, LOC and optofluidic micro-systems 

often rely on bulky off-chip optical components such as lenses and spectrometers 

for detection. There is therefore a growing demand for compact 

microspectrometers that can be integrated on-chip, to increase portability and 

potentially reduce the cost and complexity of these systems. Portability is 

especially important in applications such as point-of-care diagnostics and field-

deployable threat detectors. On-chip spectrometers are also advantageous 

because they are aligned on-chip, eliminating the need to align the optical 

components before each measurement. 

Fabry-Perot filters are a compelling choice for LOC applications, with 

nanometer resolution achievable over a wide operating range [1]. The choice of a 

linear variable filter (LVF) coupled with simple optics allows for the direct imaging 

of spatially dispersed wavelengths onto a CCD array [2]. One drawback of such a 

system is the angular dependence of the filtered wavelengths of light [3], 

1Portions of this chapter were published as a paper in Optics Express, vol. 20, pp. 23906-23911, 2012. Other 

portions were published in Proc. SPIE 8726, Next-Generation Spectroscopic Technologies VI, 87260V, 2013. 
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necessitating the use of a low-NA optic. Furthermore, higher resolution is 

correlated with lower throughput of light reaching the detector [4]. Perhaps most 

limiting, a traditional LVF spectrometer requires illumination by a broad-area and 

uniform source, although alternative strategies for moving point sources have also 

been described [4].  

We have previously reported chip-scale micro-spectrometers based on 

tapered air-core Bragg waveguides with omnidirectional Bragg claddings [5]. 

Position-dependent cutoff results in spatial dispersion of a polychromatic signal. 

By tailoring the Bragg cladding materials, we have fabricated prototype devices 

operating in the visible range, exhibiting operational bandwidths of ~70 nm and 

resolution on the order of 1 nm. These microspectrometers may be viewed as 

side-coupled LVF filters [5]. This input coupling strategy addresses some of the 

issues already mentioned, in addition to providing unique functionality. Here, we 

describe the characteristics of these air-core waveguide spectrometers, with 

regard to application in a sensing system based on spectrally-resolved 

fluorescence detection. 

5.2 Device concept and design 

A schematic illustration of an air-core, slab Bragg waveguide taper is shown in Fig. 

5.1(a), including a ray-optics depiction of light guidance for wavelengths within 

the omnidirectional band of the cladding mirrors. As a guided mode propagates 

towards the narrow end of the taper, it is adiabatically transformed into a vertical 
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cavity resonant mode at cutoff [6], [7]. For integer mode ordering (m = 1,2,3…) 

and neglecting field penetration into the dielectric mirrors, cutoff occurs at core 

thickness dcm = mλ/2, where λ is the free-space wavelength. Thus, polychromatic 

light is dispersed by the taper, and its spectrum can be extracted from the spatial 

distribution of the light radiated at cutoff. As discussed in detail elsewhere [5], the 

guided mode is subject to back-reflection, so that a standing wave radiation 

pattern is observed on the input side of the cutoff point. However, a high-

resolution spectrometer can be implemented by placing a low-NA optic in front of 

the detector, in order to preferentially detect the near-vertically radiated light 

associated with the cutoff point.  

 
Figure 5.1 – (a) Schematic illustration of ray guidance in a slowly tapered air-core Bragg 
waveguide. Light within the omnidirectional band of the mirrors is adiabatically 
transformed from a guided mode to a vertical Fabry-Perot mode at cutoff. (b) Predicted 
reflectance of evaporated TiO2/SiO2 mirrors (silicon substrate), for TE polarized light at 
incidence angles of 0, 20, and 75 degrees. Layer thicknesses were assumed to be 61 nm 
and 90 nm for TiO2 and SiO2, respectively. The symbols are experimental data at 20 
degrees. 

Owing to the limited index contrast available from transparent materials 

in the visible range, it is a practical challenge to fabricate Bragg mirrors possessing 

a truly omnidirectional reflection band [8]. As discussed in Chapter 2, however, an 

omnidirectional band for TE-polarized light is more easily realized. Initially, we 
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employed 6.5-period TiO2/SiO2 Bragg mirrors (starting and ending with TiO2) 

deposited by electron beam evaporation onto glass and silicon substrates. 

Subsequently, we used 5.5-period TiO2/SiO2 Bragg mirrors deposited by sputtering 

onto quartz substrates. Details on the deposition of these mirrors can be found in 

Chapter 3.  For modeling purposes we used standard dispersion models for SiO2 

and the dispersion relation from Kim [9] for TiO2. Optical constants extracted from 

variable angle spectroscopic ellipsometry (VASE) measurements confirmed the 

validity of these models. For the evaporated films, the refractive index at 550 nm 

wavelength was estimated to be ~1.46 and ~2.35 for SiO2 and TiO2, respectively. 

Similarly, the sputtered films were estimated to have refractive indices of ~1.50 

and ~2.42 for SiO2 and TiO2, respectively. The target layer thicknesses were 

accordingly chosen to produce a normal-incidence stop-band centered at this 

same wavelength. 

As shown in Fig. 5.1(b), these mirrors provide an omnidirectional reflection 

band for TE polarized light, spanning the wavelength range from ~490 nm to ~570 

nm (using a >98%-reflectance criterion). Thus, visible wavelengths in the cyan, 

green, and yellow ranges are expected (for TE-polarized modes) to be subject to 

the vertical out-coupling mechanism described above. Bluer (i.e. shorter 

wavelength) light is well-guided at the wide end of the tapers, where guided rays 

are far from cutoff and have high incidence angles on the cladding mirrors. Since 

the mirrors are not highly reflective for normal-incidence in this range, blue light 

will leak out more gradually and radiate less vertically as cutoff positions are 
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approached. On the other hand, longer wavelengths outside the omnidirectional 

band (e.g. in the orange and red range here) are not expected to be well-guided, 

nor significantly present in the mode cutoff radiation of interest. Figure 5.2 shows 

a schematic to illustrate this concept. 

 

Figure 5.2 – Schematic illustration of how different wavelengths of light tend to behave 
in a tapered Bragg waveguide. (a) Light inside the omnidirectional reflection band of the 
mirrors radiates in a near-vertical direction at cutoff. (b) Bluer light is well-guided at the 
wide end of the taper (far from cutoff) but, due to poor normal-incidence reflectance in 
this range, leaks more as cutoff is approached. Longer wavelengths outside of the 
omnidirectional band (orange and red light here) are not well-guided by the taper, leaking 
significantly so that very little light actually reaches cutoff. 

If the standing-wave radiation pattern is mitigated as described above, 

then the wavelength resolution of the taper spectrometer can be approximated 

as [5]: 
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where ST is the absolute value of the taper slope, and K is a phase-shift coefficient 

[10] accounting for field penetration into the cladding mirrors at normal incidence. 

Here, we are implicitly assuming that the reflectance and phase shift are 

approximately equal for the upper and lower mirrors. Typically, K is slightly less 

than 1, and for our mirrors K ~ 0.9 [10]. Finally, the free spectral range (FSR) in 

terms of wavelength can be expressed FSR ~ /(m+1). Thus, completely 

analogous to the well-known properties of a diffraction grating, higher-order 

modes provide higher spatial dispersion and resolution, but at the expense of 

reduced FSR. In any case, the omnidirectional bandwidth of the cladding mirrors 

ultimately limits the operating range. Thus, it is sufficient that the FSR exceeds the 

omnidirectional bandwidth. For these tapers and assuming TE-polarized modes, 

the omnidirectional bandwidth is ~80 nm centered near 530 nm; the lowest 5 

mode orders are expected to have FSR that exceeds this bandwidth. 

5.3 Taper Dispersion and Wavelength Resolution 

Various laser sources and a broadband super-continuum source (Koheras SuperK 

Red) were used to test the devices. Light was coupled into the wide end of the 

tapers, either as a collimated free-space beam or via an optical fiber. Light 

radiated from the top surface (i.e. through the glass substrate) was collected by 

an objective lens (5x, with NA = 0.12) and delivered to a silicon camera (Thorlabs 

model DCC1645C-HQ). As mentioned, use of a low-NA objective lens suppresses 

the standing-wave radiation leading up to the cutoff point, thereby improving 

resolution. 
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To illustrate the spatial dispersion provided by the taper, Fig. 5.3 shows 

camera images captured with white light coupled into the taper. As evident from 

Fig. 5.3(a), and in agreement with the discussion above, ~20 ‘rainbow’ bands of 

radiation are observed. The position of particular mode orders was established 

using the green lasers described below. Near the left (i.e. wide end), the bands 

overlap due to the smaller FSR of the higher mode orders. Nearer the right (i.e. 

small end) of the taper, the bands become clearly resolved, as shown for example 

in Fig. 5.3(b). Bands associated with the lowest ~5 mode orders are free of overlap 

from adjacent orders, and contain yellow (somewhat), green (especially), and 

cyan-blue light. These facts are entirely consistent with the theoretical description 

in Section 5.2. Note that the bright spots of scattered light in Fig. 5.3 are primarily 

due to inclusions in the glass slide used as the transparent substrate for this 

sample. 

 

Figure 5.3 – (a) Microscope photograph showing a taper in its entirety, with white light 
coupled into the wide end of the taper, at the left side of the image. Approximately 20 
partly overlapping rainbow bands are visible, each one associated with cutoff of a 
particular mode order (see text). The two lowest mode orders at the right appear dimmer 
because they are partly obscured by epoxy. (b) A higher magnification image of some 
‘rainbows’ is shown. For sufficiently low mode orders on the right, the FSR is large enough 
such that the full range of colors (yellow, green, cyan-blue) within the cladding 
omnidirectional band is well resolved. 
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To assess the resolution of these tapers (which were assembled from 

mirrors evaporated on glass and Si), we employed a pair of green lasers with peak 

wavelengths of ~532 and ~543 nm, respectively. These lasers were simultaneously 

launched using a free-space coupling method, with a slight angle between the 

beams. Figure 5.4(a) shows the cutoff radiation associated with ~ 20 mode orders 

along the entire taper length. From Eq. (5.2), the spacing between the cutoff 

positions for the two lasers is expected to scale with the mode order. This was 

experimentally verified and is illustrated in the plot of Fig. 5.4(b). Fixing 

Δλ = 11 nm, this plot provides an estimate of the average taper slope, ST ~ 1.1 

µm/mm, in good agreement with the value predicted from the taper dimensions. 

 

Figure 5.4 – (a) Camera image of the light radiated from the taper with simultaneous 
input (at the left) of 532 nm and 543 nm wavelength laser light. Each pair of lines 
corresponds to the cutoff position of a particular mode order; mode order decreases 
towards the right. (b) Plot of the spacing (Δz) between cutoff positions of the two lasers, 
versus the mode order. 

Figure 5.5 shows representative plots of pixel intensity versus distance, 

extracted from images similar to that shown in Fig. 5.4(a). Column-wise averaging 

of pixels was used to reduce noise. The camera images were scaled using 

photolithographic features of known dimension, enabling a mapping between 

pixel number and spatial coordinate z. The experimental resolution can be 
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approximated from the FWHM of the individual laser lines (see the labels in the 

plot of Fig. 5.5(a)), as dE ~ dz / (z/), where  = 11 nm is the known 

wavelength difference of the two lasers. For the plots in Fig. 5.5, we estimate an 

experimental wavelength resolution dE ~2.1 nm and ~2.3 nm for modes 6 and 7, 

respectively. Similar resolution (typically within +/- 0.5 nm) was estimated for 

most of the mode orders. Note that a complete spectrum spanning the entire 

omnidirectional band is available from the cutoff radiation for a single low-order 

mode. Consistent with Eq. (5.2), the results show that spectral content can be 

extracted, with ~2 nm resolution over ~80 nm operating bandwidth, by imaging a 

section of the waveguide only ~100 μm in length (e.g. For cutoff of the m = 6 

mode). 

 

Figure 5.5 – (a) Column-wise averaged pixel intensity versus z, for the m = 6 cutoff lines 
of the simultaneously launched 543 nm and 532 nm lasers (b) As in part (a), but for the 
m = 7 lines. 

For the evaporated mirrors used here (see Fig. 5.1), the predicted normal-

incidence reflectance is R ~ 0.992 and ~ 0.996 for the Si and glass substrates, 

respectively. The effective pixel size for our detection system is zp ~ 1.2 µm (the 

actual pixel size is 3.6 µm, and the collection optics have net magnification ~ 3x). 

Using an average R ~ 0.994 and ST ~ 1 µm/nm, Eq. (5.1) predicts dλ ~ 2 nm for m = 1 
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(in good agreement with the experimental values), but also predicts that 

resolution increases with mode order. For example, dλ < 1 nm is predicted for 

m = 6. 

Several factors likely contribute to these discrepancies between theory 

and experiment. First, it should be noted that Eq. (5.2) is an approximate model 

only, and does not account for standing-wave effects that effectively broaden the 

radiation region near cutoff [5]. This is reflected by the asymmetry in the line-

shapes from Fig. 5.5. Second, it is probable that the mirrors have lower-than-

expected reflectance, due to absorption and scattering. Third, camera non-

idealities such as pixel cross-talk might also play a role in reducing the 

experimental resolution. Finally, the relative insensitivity of the experimental 

resolution with respect to mode order suggests that the collection optics play a 

limiting role. Notably, the relatively thick glass substrates introduce scattering and 

distortion, making it difficult to focus reliably on light radiating from the air core 

of the waveguides. We expect the results could be improved by the use of higher 

quality quartz substrates, or by implementation of channel tapers using buckling 

self-assembly [5]. 

Using the method described above, we also assessed the resolution of the 

tapers made from films sputtered on quartz substrates. Figure 5.6(a) shows the 

cutoff radiation associated with the first ~8 mode orders along a taper ~5 mm in 

length. Pixel intensity information was extracted from images such as shown in 

Fig. 5.6(a), and this data was used to estimate the experimental resolution. From 
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Eq. (5.1), the resolution is expected to increase with mode order. For the quartz 

tapers case, this trend was experimentally verified and is illustrated in the plot of 

Fig. 5.6(b).  

 

Figure 5.6 – (a) Camera image of the light radiated from the taper, with waveguide-
coupled input of 532 nm and 543 nm wavelength laser light from the left. Each pair of 
lines corresponds to the cutoff position of a particular mode order; mode order increases 
towards the right. (b) Plot of the resolution (dλ) versus mode order, determined by the 
FWHM and spacing of the laser lines for a particular mode order. Experimental resolution 
is lower than theoretical predictions, in part due to the use of a simple vertical Fabry-
Perot cavity model in the derivation of Eq. (5.1). 

Although the general trend of the experimental results agrees well with 

the theoretical resolutions, the measured resolution is on average ~1 nm lower 

than that of theory. For example, Eq. (5.1) predicts dλ ~1.1 nm and ~0.2 nm for 

modes 1 and 8, respectively. In contrast, the experimental resolutions for modes 

1 and 8 were found to be ~2.2 nm and ~0.8 nm, respectively. This discrepancy may 

be attributed to a combination of factors, most important of which is uncertainty 

in the mirror reflectance. The theoretical data points in Fig. 5.6(b) assume a best-

case reflectance of 0.995, in turn estimated from the material indices and 

neglecting residual absorption and scattering loss. As is well-known, experimental 

verification of near-unity reflectance is challenging. We hope to explore this in 

greater detail in future work.  
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As with the evaporated mirror tapers, standing-wave effects, pixel noise 

and pixel cross-talk are also possible contributing factors to the discrepancy 

between the theoretically predicted and measured wavelength resolution.  

Due to the highly multimodal nature of the tapers, we did not attempt to 

experimentally assess the light throughput efficiency. However, based on our 

previously reported analyses [5], we anticipate throughput as high as ~0.05 is 

possible with optimal input coupling. 

5.4 Taper operating range 

To assess the operating range of the tapers, light radiated from the top of a taper 

was compared to the spectrum collected using a commercial spectrometer 

(USB4000, Ocean Optics). This commercial spectrometer requires calibration to 

normalize the spectral response of its CCD array and the spectral efficiency of its 

diffraction grating and associated optics. As per the instructions provided by the 

manufacturer [11], this was accomplished by approximating the output of a 

tungsten halogen light source (HL-2000, Ocean Optics) as a blackbody source with 

a colour temperature of 2960 K.  

Figure 5.7(a) shows the raw spectrum and the corrected spectrum for the 

halogen light source. Taking the ratio of the corrected spectrum to the raw 

spectrum gives an approximate correction factor for the spectrometer: 

)()()(  RCS SSC      (5.3) 
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where SR is the raw (uncorrected) spectral response, SC is the corrected spectral 

response, and Cs is the correction factor to be applied to raw spectrometer data 

as shown in Fig. 5.7(b).  This correction is necessary because the grating and 

detector array inside the commercial spectrometer have peak efficiency near 

550 nm wavelength, while the efficiency falls off away from that wavelength.  As 

shown below, the tapered waveguide spectrometer exhibits an analogous 

spectrally-dependent ‘instrument response’ function. 

 

Figure 5.7 – A tungsten halogen light source (HL-2000, Ocean Optics) was approximated 
as a blackbody source (color temperature T = 2960 K) to calibrate the spectral response 
of the spectrometer (USB4000, Ocean Optics). (a) The raw and corrected spectrum of the 
tungsten halogen source. (b) Approximate correction factor (normalized to a peak value 
of 1) for the spectral response of the spectrometer in the 400-800 nm wavelength range. 

Now, consider the extraction of spectral response from the images of light 

radiated at cutoff from the tapered waveguides.  As with the commercial 

spectrometer, a correction factor is needed to account for the spectrally 

dependent quantum efficiency (QE) of the CCD array in the camera and also to 

account for the spectral efficiency of the dispersive element (which in this case is 

the tapered waveguide, instead of the diffraction grating).  First, consider the 

response of the primary camera (Coolsnap ES, Photometrics) employed in the 
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measurements that follow below.  The spectral dependence of the camera is 

almost entirely attributable to the wavelength-dependent QE of the detector 

elements, so that we can define a camera correction factor as follows: 

QECCCD /1     (5.4) 

Figure 5.8 shows the QE of the CCD when the camera is operating in ‘normal’ mode 

[12]. Since the QE is relatively flat over the wavelength range of interest for the 

tapers discussed below (i.e. ~490-560 nm), the camera correction factor has only 

a minor impact on the shape of the spectra extracted from camera images.  Note 

that the quantum efficiency of the detectors is taken into account by the 

calibration and correction procedure described for the taper spectrometer below, 

as part of the overall ‘instrument response’. 

 

Figure 5.8 – Quantum efficiency (QE) of the CCD in the camera (Coolsnap ES, 
Photometrics) when operating in ‘normal’ mode. The QE data was taken from the camera 
manual [12]. 

The commercial spectrometer was used to measure the spectrum of a 

super continuum white light source (SuperK Red, Koheras), and the result is shown 

in Fig. 5.9(a). The spectrum shown was corrected using the instrument response 

function discussed above (see Fig. 5.7(b)). Using a 20X objective lens, the same 
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white light source was then coupled into the wide end of a taper. The taper 

(sample H4.2) had a starting core height of ~5.9 μm and a taper slope of 

~1.5 μm/mm. A sputtered mirror on a ~4.7 mm long quartz substrate and an 

evaporated mirror on a ~4 mm long Si substrate were used to fabricate the taper. 

In this case, an optical fiber (core diameter of 1 mm, NA = 0.22) was aligned 

directly above the taper to collect light radiating from mode orders m = 2 to m = 5. 

Figure 5.9(b) shows the resulting spectrum measured by the commercial 

spectrometer. The spectral content of the radiated light lies primarily in the ~490 

nm to ~560 nm range, in agreement with expectations based on the TE-polarized 

omnidirectional band of the mirrors employed (see Section 5.2).  

 

Figure 5.9 – (a) Super continuum white light source (SuperK Red, Koheras) spectrum 
obtained using a commercial spectrometer. (b) Spectrum of white light radiating from top 
of taper, contributed by mode orders m = 2 to m = 5. The light was collected using an 
optical fiber (core diameter of 1 mm and NA = 0.22) and delivered to the same commercial 
spectrometer. 

Next, a zoom lens (Edmund optics, 0.7x – 4.5x with NA < 0.09) was used to 

collect the light radiated from the top surface of the taper and deliver it to the 

CoolSNAP camera. As discussed earlier, the low-NA zoom lens helps to suppress 

standing-wave radiation from waveguide modes approaching cutoff. A camera 

image of radiated light belonging to mode orders m = 2 to m = 5 is shown in Figure 
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5.10(a). From the discussion in Section 5.2, the taper provides a spectral to spatial 

mapping of light within the omnidirectional band of the cladding mirrors.  Thus, 

the spectral content of the light radiated at cutoff (within this omnidirectional 

band) can be extracted from the spatial intensity profile of light (associated with 

a particular mode order) captured by the camera.  The column-wise averaged pixel 

intensity of this image was used to extract the spectra for mode orders m = 2 and 

m = 3, shown in Fig. 5.10(b) and Fig. 5.10(c), respectively. 

 

Figure 5.10 – Super continuum white light source coupled into wide end of taper using 
20X objective lens. (a) Camera image of light radiating through top of taper. Mode orders 
m = 2 to m = 5 are shown, from left to right. (b)-(c) Extracted spectra of white light source 
for mode orders m = 2 and m = 3, respectively. These spectra compare well to the 
spectrum collected by the optical fiber, delivered to the commercial spectrometer.  

The extracted spectra for mode orders 2 and 3 shown are both in good 

agreement with the spectrum collected by the optical fiber and measured by the 

commercial spectrometer. The bright spots seen in the camera image are due to 



85 

defects in the quartz substrate being lit up by stray light from the super continuum 

source. This leads to signal noise in the extracted spectra, evident in the roughness 

of the curves. Note that pixel intensity data was mapped to wavelength by using 

the cutoff lines of the 543 nm and 594 nm laser sources for scaling. 

It is important to note that the plots shown in Fig. 5.9 and 5.10 correspond 

to the spectrum of the light radiated in the (nearly) surface-normal direction from 

the taper, and not to the spectrum of the input white light source.  These results 

clearly illustrate that, as a spectrometer, the taper has both a fixed operational 

range (limited by the omnidirectional band of the mirrors) and an ‘instrument 

response’ (caused by the spectral dependence of the efficiency of vertical 

radiation at cutoff). To use the taper as a spectrometer, input signals should be 

restricted to this operational range, and a calibration procedure is necessary to 

account for the spectral dependence of the taper within this range. 

To assess the operating range and spectral ‘instrument response’ of the 

taper, the spectrum obtained from the taper (i.e. from direct mapping of pixel 

intensity to wavelength) was compared to a reference spectrum obtained using 

the commercial spectrometer (and corrected as described above).    Analogous to 

the correction procedure for the commercial spectrometer, we define an 

‘instrument response’ correction factor for the taper as follows:  

      TCT SSC      (5.5) 
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where ST is the raw spectrum obtained from a plot of the pixel intensity and SC is 

the reference spectrum (known, or obtained using the commercial spectrometer). 

Note that CT implicitly takes into account both the spectrally dependent quantum 

efficiency of the camera and the spectrally dependent radiation from the taper.  

Figure 5.11 shows a plot of the correction factor extracted for a particular taper, 

using light from a super continuum light source (see Fig. 5.9). From this plot, the 

taper appears to have an operational bandwidth of ~70 nm, centered at ~520 nm. 

The source does not have significant power below ~490 nm, however, which 

makes it difficult to assess the instrument response in that range. 

 

Figure 5.11 – Plot of the correction factor extracted for a particular taper, using light from 
a super continuum light source. Operating range is centered at ~520 nm, with a 
bandwidth of ~70 nm. Data is unreliable below 490 nm due to low signal. 

To better determine the operating range of the tapers, a white light source 

covering the entire operational range of the tapers is required. Using the same 

taper (sample H4.2) and camera setup as above, a white LED (model # C503B-

WAN-CBaDa231, Digikey) was coupled into the wide end of the taper. Data was 
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extracted from a camera image of the light radiated from the taper, using the 

same procedure as above (see Fig. 5.10). Figure 5.12 shows the extracted 

‘instrument response’ correction function for mode orders m = 2 and m = 3 of the 

taper. The operational bandwidth is ~70 nm, with peak sensitivity at ~520 nm. 

Since the white LED emission covers the entire operating range of the taper, the 

correction factor appears to be reasonable for all wavelengths of interest.  

 

Figure 5.12 – A white LED (model # C503B-WAN-CBaDa231, Digikey) was used to estimate 

the correction function CT() for mode orders m = 2 and m = 3 of a taper. Operating range 
is centered at ~520 nm, with a bandwidth of ~70 nm. Unlike the case with the super 
continuum light source, the ratio is reasonable for all wavelengths of interest. 

To help validate the experimental results for the operating range of the 

tapers, the radiated power versus position of the taper was modeled. The optical 

properties of the evaporated mirrors on silicon and sputtered mirrors on quartz 

were used (see Chapter 3). For a taper slope of 1.5 μm/mm and for TE-polarized 

light of mode order m = 2, the radiated power versus position along the taper is 

shown in Fig. 5.13. For wavelengths between ~490 nm and ~570 nm, light reaches 



88 

cutoff and is radiated vertically from the taper. Radiation at cutoff is strongest for 

light with a wavelength of ~520 nm.  

 

Figure 5.13 – Simulation of radiated power of guided modes versus position, for a taper 
with a slope of 1.5 μm/mm and TE-polarized light of mode order m = 2. Light reaches 
cutoff for wavelengths between ~490 nm and ~570 nm, with peak sensitivity at ~520 nm. 

 

Figure 5.14 – Plot of the correction function CT(λ) for a taper, estimated using the 
simulated relative power of light radiated at cutoff, for different wavelengths. Also 
plotted is the correction function obtained using the white LED data. There is good 
agreement between the experimental and simulated results, confirming the validity of 
the method for measuring the operating range of the tapers. 
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By taking the relative power of the radiated light at cutoff for each 

wavelength, the operating range of the taper may be estimated. Figure 5.14 shows 

a plot of the correction function CT() for a taper, estimated using the simulated 

relative power of light radiated at cutoff, for different wavelengths. Also plotted 

is the correction function obtained using the white LED data, from Fig. 5.12. There 

is good agreement between the experimental and simulated results, confirming 

the validity of the method for evaluating the operating range of the tapers and 

estimating a correction factor to account for the ‘instrument response’ of the 

tapers. 

5.5 Conclusions 

To determine the performance of the slab Bragg waveguide tapers as 

spectrometers, a variety of experiments were carried out. Lasers of various 

wavelengths were coupled into the tapers to assess dispersion and resolution. 

Spacing between cutoff positions was verified to increase with increasing mode 

order, according to the dispersion relation from Eq. (5.2). For tapers made from 

evaporated mirrors, most mode orders exhibited resolutions of ~2 nm, exhibiting 

a relative insensitivity regarding mode order. On the other hand, tapers fabricating 

using mirrors sputtered on quartz had experimental resolutions ranging from 

~2.2 nm to ~0.8 nm, for mode orders m = 1 to m = 8.  

 White light radiated from the taper was compared to the spectrum 

measured using a commercial spectrometer. The ratio of the two spectra gives the 
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operating range of the taper as well as the correction factor for scaling the 

spectrum. The operational bandwidth was measured to be ~70 nm, with peak 

sensitivity at ~520 nm. A simulation of the radiated power versus position along 

the taper was in good agreement with the experimental result. 
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6 Fluorescence Experiments1 

6.1 Introduction 

This chapter focuses on the implementation of a prototype sensing system based 

on spectrally-resolved fluorescence detection. Efforts towards integrating air-core 

waveguide spectrometers with microfluidics are described. Whereas Chapter 5 

assessed the capabilities of the tapers as visible-band spectrometers, this chapter 

explores some of the practical challenges involved in setting up a fluorescence LOC 

device. The tapers were used in a conventional linear variable filter (LVF) 

configuration, as well as in a side-coupled LVF configuration. Fluorescent 

microspheres (FluoSpheres, Invitrogen) were chosen as test particles because 

they typically suffer minimal photobleaching [1] and are available in various 

diameters.    

6.2 LVF fluorescence experiments 

Figure 6.1 shows a schematic illustration of an air-core, slab Bragg waveguide 

taper in a conventional LVF configuration. The fluorescent microspheres may be 

held in a glass capillary (Fig. 6.1(a)) or placed in direct contact with the underside 

of the taper (Fig. 6.1(b)). In this mode of operation, the taper acts as a Fabry-Perot 

interferometer of varying cavity thickness, sometimes called a Fizeau 

interferometer [2]. Incoming polychromatic light is spatially filtered, based on the 

Fabry-Perot modes associated with the cavity thickness at each position. The 

1Portions of this chapter were published in Proc. SPIE 8726, Next-Generation Spectroscopic Technologies VI, 

87260V, 2013. 
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modal condition (m=1,2,3…) for the cavity, neglecting field penetration into the 

dielectric mirrors, occurs for cavity thickness dcm=mλ/(2cosθ), where λ is the free-

space wavelength and θ is the angle relative to normal. In order to implement a 

high-resolution spectrometer, low-NA optics must be used to mitigate the angular 

dependence of the mode condition. If this condition is satisfied, the spectrum can 

be mapped directly from the position-dependent, vertical Fabry-Perot resonance.   

 

Figure 6.1 – Schematic illustration of a tapered slab Bragg waveguide in a conventional 
linear variable filter configuration. The taper spatially filters polychromatic light into 
Fabry-Perot resonant modes. (a) Fluorescent microspheres positioned beneath the taper 
in a glass capillary. (b) Fluorescent microspheres placed in direct contact with the 
underside of the taper, forming a thin film between the taper and the PDMS basin. 

6.2.1 Fluorescence from a glass capillary 

To assess the spectroscopic capabilities of the tapers in a traditional LVF 

configuration, a capillary filled with a 0.5% solids (8.2 x 1013 particles/mL) solution 

of ~48 nm diameter Orange FluoSpheres (540 nm peak excitation wavelength/560 

nm peak emission wavelength) was placed beneath a taper. The taper (sample 
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6.5) had a starting core height of ~2.1 μm and a taper slope of ~0.6 μm/mm. 

Sputtered mirrors on quartz substrates ~5.7 mm and ~3.7 mm in length were  used 

to fabricate the taper. 

 

Figure 6.2 –  (a) Camera image of spectrally-resolved fluorescence from Orange (540/560) 
FluoSpheres, for the case of a capillary placed below the taper. Mode orders m = 1 to 
m = 4 are shown. The discrete green lines are due to scattered light from the 532 nm 
excitation laser. (b) The extracted emission spectrum of the Orange FluoSpheres for mode 
order m = 1. Compared to the spectrum collected by a commercial spectrometer 
(USB4000, Ocean Optics), there is significant discrepancy at longer wavelengths. 

The capillary was oriented perpendicular to the axis of the taper, such that 

it uniformly illuminated multiple modes. A zoom lens (Edmund Optics, 0.7x – 4.5x 

with NA < 0.09) was used to collect light to the camera (Coolsnap ES, 

Photometrics). Figure 6.2(a) shows an image of the filtered light, with excitation 

of the microspheres by a 532 nm laser beam aligned with the capillary. Within 

each mode order, both the broad emission spectrum of the microspheres and 

discrete lines associated with scattered light from the excitation laser are visible. 

Note that an attractive property of LVF filters for fluorescence applications is that 

the emission spectrum is inherently isolated from the excitation light, reducing 

the requirement for separate laser line rejection filters. In order to map the pixel 

positions of the image in Fig. 6.2(a) to specific wavelengths, two or more lasers of 
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known wavelength (e.g. 532 nm and 543 nm) were coupled simultaneously. Based 

on such calibration, the extracted emission spectrum of the Orange FluoSpheres 

is plotted in Fig. 6.2(b).  

 

Figure 6.3 – Transfer-matrix simulations of the LVF cavity transmittance. The LVF is 
relatively transparent outside of the stop-band of the mirrors, and light in that range 
causes interference at the detector. 

While the peak of the emission spectrum is in good agreement with data 

from a commercial spectrometer (USB4000, Ocean Optics), there is significant 

discrepancy on the long wavelength side of the spectrum. This can be attributed 

to the relative transparency of the LVF for wavelengths above ~600 nm (i.e. 

outside the stop-band of the mirrors, see Chapter 3), resulting in weaker filtering 

of this light. In fact, the transfer-matrix simulations (shown in Fig. 6.3) of the LVF 

cavity transmittance in this range reveal broad, low Q-factor resonance peaks, 

with the  transmitted wavelengths dependent on position (i.e. on the air-core 
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height). In simple terms, the LVF is only able to resolve a spectrum within the high-

reflectance stop-band of the mirrors.  

The relatively low reflectance for wavelengths above ~600 nm results in a 

smearing of the spectrum in that range. To address this limitation, conventional 

LVF filters either require very complex, high-layer-count mirrors [3] or use 

separate filters to suppress out-of-band light [2]. A significant advantage of the 

side-coupled configuration (i.e. waveguide configuration, see Chapter 5) is that it 

inherently suppresses spectral content outside of the operating range of the 

taper. 

6.3.2 Fluorescence from a thin film of microspheres in solution 

In a second experiment, a small volume of a 0.5% solids solution of Orange 

FluoSpheres was placed in direct contact with a taper. The taper (sample 5.5) had 

a starting core height of ~2.1 μm and a taper slope of ~0.5 μm/mm. Sputtered 

mirrors on quartz substrates ~4.7 mm in length were  used to fabricate the taper. 

The FluoSpheres were placed by applying a small volume of solution to the surface 

of a PDMS holder, and then pressing the taper chip onto this surface. This 

produced a thin and approximately uniform film of fluorescent microspheres in 

intimate contact with the LVF. In this geometry, a much smaller volume of 

microspheres contribute to a particular mode order. Figure 6.4(a) shows an image 

of the microspheres fluorescing in this configuration, with cutoff positions of a 

532 nm laser visible for mode orders m = 2 to m = 6. The resulting emission 

spectrum of the microspheres for mode order m = 4 is graphed in Fig. 6.4(b).  
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Figure 6.4 – (a) Camera image of fluorescence from a film of Orange (540/560) 
FluoSpheres placed directly in contact with the underside of the taper. Mode orders m = 2 
to m = 5 are shown. (b) Emission spectrum of Orange FluoSpheres for mode order m = 4. 
Compared to the spectrum collected by a commercial spectrometer, there is significant 
discrepancy at higher wavelengths. 

As above, the peak of the emission spectrum agrees well with the 

spectrum obtained from a commercial spectrometer. Notably, the spectral 

deviation at higher wavelengths is much less pronounced here, likely due to the 

decrease in analyte volume. Even with this improvement in the measured 

spectrum, the inherent limitations of a LVF configuration are evident. 

6.3 Waveguide coupled spectrometer 

Fig. 6.5 illustrates the air-core taper operating in a waveguide configuration, 

where light within the omnidirectional band of the cladding mirrors propagates 

along the tapered waveguide. The fluorescent microspheres may either be held in 

a glass capillary aligned near the wide end of the taper (Fig. 6.5(a)) or inserted 

directly into the taper cavity (Fig. 6.5(b)). 

  As a guided mode propagates towards the narrow end of the taper, it 

approaches cutoff, where it is adiabatically transformed into a vertical cavity 

resonant mode [4]. Neglecting field penetration into the dielectric mirrors, cutoff 
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for a guided mode occurs at a core thickness dcm= mλ/2, where m is integer mode 

ordering (m=1,2,3…) and λ is the free-space wavelength. Note the intimate 

relationship between Fabry-Perot modes and guided modes of the waveguide. A 

guided mode experiences partial back-refection as it approaches cutoff, creating 

a standing wave radiation pattern [5]. To realize a high-resolution spectrometer, 

it is necessary to detect only the near-vertically radiated light. To suppress light 

radiated into off-normal directions, a low-NA zoom lens (NA ~ 0.09) was placed in 

front of the camera. 

 

Figure 6.5 – Schematic illustration of ray guidance in a slowly tapered hollow Bragg 
waveguide. Light within the omnidirectional band of the mirrors is adiabatically 
transformed from a guided mode to a vertical Fabry-Perot mode at cutoff. (a) Capillary 
filled with microspheres aligned near wide end of the taper (b) Fluorescent microspheres 
inserted into the taper cavity. 

6.3.1 Fluorescence coupled from a glass capillary 

To evaluate the performance of the tapers as  waveguide-coupled spectrometers, 

a capillary filled with a 0.4% solids (6.8 x 1013 particles/mL) solution of ~48 nm 

diameter Yellow-Green (505 Ex/515 Em) FluoSpheres was aligned near the wide 

end of a taper and excited with a 445 nm laser. The taper (sample H4.2) had a 
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starting core height of ~5.9 μm and a taper slope of ~1.5 μm/mm. A sputtered 

mirror on a ~4.7 mm long quartz substrate and an evaporated mirror on a ~4 mm 

long Si substrate were used to fabricate the taper. 

Table 6.1 shows the Fluorescein equivalents for Yellow-Green FluoSpheres 

of different diameters. Using the tabulated value for the Fluorescein equivalents 

of the 0.04 µm particles, the approximate molarity of the Yellow-Green 

FluoSphere solution was calculated: 

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 =
350 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑖𝑛 𝑒𝑞𝑢𝑖𝑣𝑠.

1 𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒
∙

6.8 ∗ 1016 𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒𝑠

𝐿
∙

1 𝑚𝑜𝑙

6.022 ∗ 1023
 

𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 = 0.0395 𝑚𝑀     (6.1)  

Table 6.1 – Fluorescein equivalents for yellow-green FluoSpheres of different sizes. 
Adapted from Ref. [1].  

 

Due to the relatively low coupling efficiency for fluorescence from the 

capillary into the wide end of the taper, a 500 nm long-pass filter (FELH0500, 

Thorlabs) was placed in front of the camera to suppress scattered laser light. 

Figure 6.6(a) shows an image of the guided fluorescence reaching cutoff for mode 

orders m = 2 to m = 5. A 543 nm laser was used in conjunction with a 594 nm laser 
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to map the pixels to their respective wavelengths. The raw taper spectra for these 

mode orders, taking the QE of the CCD into account, are plotted in Fig. 6.6(b).  

 

Figure 6.6 –  (a) Spectrally-resolved fluorescence from a capillary filled with Yellow-Green 
(505/515) FluoSpheres, aligned near the wide end of a taper. Fluorescence associated 
with mode orders m = 2 to m = 5 are shown. (b) Extracted taper spectra for mode orders 
m = 2 to m = 5. Compared to a reference scan of the capillary, the extracted taper spectra 
are modified by the ‘instrument response’ of the taper. 

Compared to the emission spectrum collected by a commercial 

spectrometer, the raw taper spectrum is missing spectral content for wavelengths 

above ~570 nm. This is due to the inherent suppression of out-of-band light due 

to very high waveguide loss. Therefore, unlike the conventional LVF configuration 

above, the spectrum produced by the taper is not affected by out-of-band leakage 

of light at longer wavelengths.  
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To reach the cutoff point, (especially for the lower order modes) light must 

lie within the omnidirectional band of the mirrors. As discussed in Chapter 5, the 

operating range of the taper spectrometer is defined by the radiated power of the 

guided modes at cutoff. This creates a pass-band for light delivered to the 

detection point (and strong suppression of out-of-band light), which is a significant 

advantage of the waveguide geometry. This pass-band is not flat however, a fact 

which must be taken into account when comparing the taper spectrum to the 

commercial spectrometer spectrum. Recall from Chapter 5 that the shape of the 

pass-band may be accounted for by defining an approximate ‘instrument 

response’ correction function for the tapers: 

      TCT SSC      (6.2) 

Here, ST is the raw spectrum obtained from a plot of the pixel intensity and SC is 

the reference spectrum (known, or obtained using the commercial spectrometer). 

  

Figure 6.7 – Plot of the correction function CT(λ) for a taper, estimated using the simulated 
relative power of light radiated at cutoff, for different wavelengths. Also plotted is the 
correction function obtained using the white LED data.  
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Figure 6.7 shows an estimate of the correction function for a particular 

taper (sample H4.2), using light from a white LED (repeated from Fig. 5.14). Also 

shown is a theoretical estimate of the correction function, using a simulation of 

the radiated power for a guided mode at cutoff (see Chapter 5). In a completely 

analogous fashion, raw data collected by a commercial spectrometer is multiplied 

by a correction factor: 

)()()(  RCS SSC     (6.3) 

where SR is the raw (uncorrected) spectral response, SC is the corrected spectral 

response, and Cs is the correction factor to be applied to raw spectrometer data.  

 

Figure 6.8 – Extracted taper spectra for mode orders m = 2 to m = 5 (see Fig. 6.6(a)). The 
reference scan of the capillary was divided by the correction function of the taper to help 
assess the validity of the results. The modified emission spectrum and experimental data 
agree well for the mode orders shown. 

To first verify that the raw taper spectrum results are reasonable, the 

reference emission spectrum was divided by the correction function for the taper. 
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This allows for a direct comparison with the raw taper spectrum. The results for 

several mode orders are shown in Fig. 6.8. The modified emission spectrum is in 

good agreement with all of the graphed mode orders. 

For practical use of the taper as a spectrometer, it is actually the opposite 

normalization process that needs to be carried out.  In other words, the raw taper 

spectrum needs to be multiplied by the taper correction function. This removes 

the ‘instrument response’ of the taper from the spectrum, hopefully providing an 

accurate representation of the emission spectrum of the FluoSpheres. The results 

of such a normalization, using the experimentally determined taper correction 

function from Fig. 6.7, are shown for mode orders m = 2 to m = 5 in Fig. 6.9. 

 

Figure 6.9 – Corrected taper spectra for mode orders m = 2 to m = 5 (see Fig. 6.6(a)). In 
this case, the raw taper spectra were multiplied by the experimentally determined 
correction function of the taper to obtain a more accurate representation of the 
fluorescence spectrum. Within the operating range of the taper, the extracted spectra 
agree relatively well with the spectrum measured by a commercial spectrometer. Near 
the edges of the operating range, decreased detection sensitivity leads to a less accurate 
representation of the spectra. 
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Within the operating range of the taper, the emission spectrum collected 

by the taper mostly agrees well with the spectrum measured by the commercial 

spectrometer. However, spectral content measured close to the edges of the 

taper operating range are much less reliable due to the low sensitivity of the taper 

spectrometer there.  Specifically, since the normalization involves the 

multiplication of the raw data by the taper correction function data (on a point-

by-point basis), the result becomes unreliable in the wavelength range where the 

correction function begins to change rapidly. 

 

Figure 6.10 – Corrected taper spectra for mode orders m = 2 to m = 5 (see Fig. 6.6(a)). The 
raw taper spectra were multiplied by the theoretically determined correction function of 
the taper. In this case, the extracted spectra are in agreement with the commercial 
spectrometer measurement over a wider wavelength range compared to the results in 
Fig. 6.9. Nevertheless, decreased detection sensitivity near the edges of the operating 
range still hampers the ability to reproduce an accurate spectrum there. 

Figure 6.10 shows the extracted taper spectra, this time using the 

theoretically determined correction function (see Fig. 6.7) to normalize the raw 
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data. In this case, the extracted spectra are in agreement with the commercial 

spectrometer measurement over a wider wavelength range. However, decreased 

detection sensitivity near the edges of the operating range still hampers the ability 

to reproduce an accurate spectrum there. 

6.3.2 Fluorescent microsphere insertion into taper cavity 

In an attempt to increase efficiency, rather than collecting fluorescence from a 

glass capillary, microspheres were inserted directly into a taper cavity. This taper 

(sample 5.6) had a starting core height of ~2.1 μm and a taper slope of 

~0.7 μm/mm. Sputtered mirrors on quartz substrates ~4.7 mm and ~3.7 mm in 

length were used to fabricate the taper. In a first attempt, a 0.5% solids (8.2 x 1013 

particles/mL) solution of ~48 nm diameter Orange (540 Ex/560 Em) FluoSpheres 

was inserted into the wide end of the taper, shown in Fig. 6.11.  

 

Figure 6.11 –  A 0.5% solids (8.2 x 1013 particles/mL) solution of ~48 nm diameter Orange 
(540 Ex/560 Em) FluoSpheres was inserted into the wide end of the taper. A long strip of 
SU-8 and a row of rectangular Su-8 posts are visible on the right side of the image (i.e. the 
wide end of the taper). The image is filled with a yellow tinge due to stray fluorescence. 
The FluoSpheres were not confined to the wide end of the taper (as intended), instead 
collecting towards the narrow end. 
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Towards the right side of the image, a row of rectangular SU-8 posts and a 

long SU-8 strip mark the wide end of the taper. A 532 nm laser was used to excite 

the FluoSpheres and a 550 LP filter was placed in front of the camera to suppress 

excitation light. This image illustrates some practical challenges associated with 

using these tapers for a fluorescence LOC device. First, the entire image has a 

yellow tinge to it. This is due to stray fluorescent light from the edges of the taper 

chip, as well as from fluorescent microspheres that have not been successfully 

inserted into the taper core. Subsequent taper chips incorporated an overhang 

(see Chapter 4, Fig. 4.9) at the wide and narrow ends of the taper to help suppress 

the stray fluorescence. 

Another problem was that the FluoSpheres were not successfully 

contained to the wide end of the taper cavity by the long SU-8 strip. Over the 

course of a few minutes, the microsphere solution was slowly drawn in and 

collected at the narrow end of the taper. This is evident in the change in spacing 

of the fluorescent bands towards the centre of the image, indicating a change in 

core refractive index.  The boundary between the air- and fluid-filled taper regions 

is indicated for the particular case shown in Fig. 6.11. 

To better confine the fluorescent microspheres to the wide end of the 

taper a second experiment was conducted. This time, the 0.5% solids solution of 

Orange FluoSpheres was mixed with an UV-curable optical adhesive (NOA 61, 

Norland) rather than with distilled water. An image of the resulting fluorescent 

bands is shown in Fig. 6.12. The taper (sample 6.6) used here was fabricated with 
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overhangs on both ends to help reduce stray fluorescence, as mentioned above. 

The taper had a starting core height of ~2.1 μm and a taper slope of ~0.6 μm/mm. 

Sputtered mirrors on quartz substrates ~3.7 mm and ~5.7 mm in length were used 

to fabricate the taper. 

 

Figure 6.12 –  A 0.5% solids solution of ~48 nm diameter Orange (540 Ex/560 Em) 
FluoSpheres was mixed with an UV-curable optical adhesive (NOA 61, Norland) instead of 
distilled water, then inserted into the wide end of a taper (at right). Clumping of the 
microspheres is made apparent by the presence of bright spots. As well, the microspheres 
infiltrated farther into the taper cavity than desired.  

Clumping of the microspheres in the adhesive-water mixture causes the 

fluorescing microspheres to appear as bright spots. A more uniform distribution 

of microspheres may be achieved by letting the water in the mixture evaporate 

before insertion into the taper cavity. Even with the optical adhesive mixture, the 

microspheres infiltrated farther than desired into the taper cavity. Curing the 

optical adhesive faster would help to fix this. Incorporating these improvements, 

another taper sample (sample 6.5) was prepared and infiltrated with an adhesive-
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microsphere mixture. A 532 nm laser and a 550 LP filter were again used in this 

setup. An image of the resulting fluorescent bands is shown in Fig. 6.13.  

 

Figure 6.13 – A 0.5% solids solution of ~48 nm diameter Orange (540 Ex/560 Em) 
FluoSpheres mixed with optical adhesive, with the water evaporated, was inserted into 
the wide end of a taper (at right). The result is a much more uniform distribution of 
microspheres suspended in optical adhesive. The evaporation of the water also helped to 
increase the viscosity of the mixture, preventing the mixture from infiltrating too far into 
the taper cavity before being cured. 

The adhesive-microsphere mixture was successfully confined to the wide 

end of the taper in this case, maintaining an air-core cavity for the lowest few 

mode orders at the left side of the image. This is crucial in order to take advantage 

of the benefits of a waveguide-coupled spectrometer, such as strong rejection of 

out-of-band light. 

A more straightforward way to keep the microspheres at the wide end of 

the taper is to simply use microspheres with a large enough diameter so that they 

get lodged towards the front of the taper cavity. Yellow-green (505 Ex/515 Em) 

FluoSpheres with a diameter of 4.1 µm were chosen for experiments involving 
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tapers with a starting core height of 5.9 µm. Therefore, the microspheres are 

expected to be confined to the first third of the cavity.  

A solution of the 4.1 µm FluoSpheres was diluted to a concentration of 0.57 

particles/µL, so that only a few individual FluoSpheres would become lodged in 

the taper cavity. The taper (sample H4.1) used in this experiment had a starting 

core height of ~5.9 μm and a taper slope of ~1.5 μm/mm. A sputtered mirror on a 

~4.7 mm long quartz substrate and an evaporated mirror on a ~4 mm long Si 

substrate were used to fabricate the taper. Extrapolating the Fluorescein 

equivalents data from Table 6.1, each 4.1 µm FluoSphere contains at least 2.5 x 108 

Fluorescein equivalents (less than 1 femtoMole).  

 

Figure 6.14 – A single 4.1 µm Yellow-Green (505/515) FluoSphere that was lodged in a 
taper cavity. (a) The coupling point of the 374 nm laser (underneath the overhang), as 
well as the fluorescence from the microsphere are visible. (b) The fluorescence appears 
to be coupling into cutoff points for mode orders near where the microsphere is lodged. 

Figure 6.14 shows a single FluoSphere being excited by a 374 nm laser. The 

yellow-green fluorescence from the microsphere, as well as the laser coupling 

point, is visible in the image in Fig. 6.14(a). In Fig. 6.14(b), it appears that the 

fluorescence from the microsphere is reaching cutoff for mode orders with cutoff 

points near where the particle is positioned. Unfortunately, the sensitivity of this 
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particular setup was not sufficient to extract any fluorescence spectral data from 

the image.  

Another taper (sample H4.2) was prepared, again with a few 4.1 µm 

Yellow-Green FluoSpheres lodged about a third of the way into the taper cavity. 

Using a 20x objective lens, a 473 nm laser beam was coupled into the wide end of 

the taper. The laser was carefully focused onto a pair of closely-spaced 

FluoSpheres, causing them to fluoresce, shown in Fig. 6.15. The pair of 

Fluospheres appear as a single bright spot in Fig. 6.15(a), due to a 2-second 

exposure time. The wide end of the taper is indicated by the illuminated SU-8 

posts, which are visible on the right side of the image. Figure 6.15(b) shows an 

image of the pair of fluorescing FluoSpheres with a shorter exposure time. As 

mentioned above, these two FluoSpheres are estimated to each contain at least 

2.5 x 108 Fluorescein equivalents. The known post array dimensions were used to 

set the scale for the images in Fig. 6.15. 

 

Figure 6.15 – Using a 20x objective lens, a 473 nm laser beam was coupled into the wide 
end of the taper. The laser was carefully focused onto a pair of closely-spaced 4.1 µm 
Yellow-Green FluoSpheres, causing them to fluoresce. (a) A 2-second exposure time 
causes the pair of FluoSpheres to appear as a single bright spot. The wide end of the taper 
is indicated by the illuminated SU-8 posts on the right side of the image. (b) An image of 
the pair of fluorescing FluoSpheres with a shorter exposure time. These two FluoSpheres 
are estimated to each contain at least 2.5 x 108 Fluorescein equivalents. 
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Figure 6.16 – Spectrally-resolved fluorescence from a pair of Yellow-Green (505/515) 
FluoSpheres of 4.1 µm diameter, lodged part-way into the taper cavity. Fluorescence 
associated with mode orders m = 2 to m = 5 is shown. Bright spots are likely due to 
scattering of stray light (b) Extracted raw taper spectra for mode orders m = 2 to m = 5. 

The microsphere fluorescence coupled into guiding modes of the tapered 

waveguide, reaching cutoff for modes towards the narrow end of the taper. Using 

a 500 nm long-pass filter to block excitation light, Fig. 6.16(a) shows an image of 

fluorescence associated with mode orders m = 2 to m = 5. The bright spots are 

most likely due to stray light scattering in the quartz substrate. These will cause 

noise in the extracted spectra. Figure 6.16(b) shows the extracted taper spectra 

for mode orders m = 2 to m = 5. As before, the extracted taper spectra are 

modulated by the correction function of the taper. Successfully removing this 



112 

‘instrument response’ from the data should provide a more accurate 

representation of the fluorescence spectra.  

Figure 6.17 shows the corrected taper spectra for mode orders m = 2 to 

m = 5, where the extracted spectra were multiplied by the theoretically 

determined correction function (see Fig. 6.7). In this case, the correction function 

has actually decreased the quality of the extracted spectra. As before (see Fig. 

6.10), decreased sensitivity on the edges of the operating range results in a poor 

reproduction of the fluorescence spectrum there. In addition, a lower signal-to-

noise ratio (SNR) and low amplitude of the detected signal further decreased the 

reliability of using the correction factor. Collecting a cleaner fluorescence 

spectrum (i.e. eliminating scattering centres in the quartz) and increasing 

collection efficiency would help to improve the quality of the measured spectra. 

 

Figure 6.17 – Corrected taper spectra for mode orders m = 2 to m = 5 (see Fig. 6.15(a)). 
The raw taper spectra were multiplied by the theoretically determined correction 
function of the taper. Decreased sensitivity on the edges of the operating range results in 
a poor reproduction of the fluorescence spectrum in there. As well, the correction process 
is hampered by a low signal-to-noise ratio and roughness in the measured spectra. 
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6.4 Conclusions 

The air-core waveguide taper spectrometers described in Chapter 5 were 

implemented in a prototype fluorescence sensing system. The tapers were 

employed in both a conventional LVF spectrometer configuration and a 

waveguide-coupled spectrometer configuration. In both cases, low-NA collection 

optics are required in order to optimize resolution. As a LVF, the tapers are able 

to reproduce a reasonably accurate emission spectrum within the normal-

incidence high-reflectance band of the mirrors. However, without external filters, 

leakage of out-of-band light is a major issue. In the waveguide configuration, out-

of-band light is not well guided, and is thus inherently suppressed prior to the 

detection point, without the need for external filters. Using waveguide-coupled 

fluorescence from a capillary, the spectrum measured within the operating range 

of the taper agreed reasonably well with that collected by a commercial 

spectrometer. Additionally, methods were developed for infiltrating solutions of 

microspheres into the taper cavity, as well as lodging individual microspheres near 

the front of the cavity. Using waveguide-coupled fluorescence from a pair of 

microspheres lodged in the taper cavity, raw extracted spectra within the taper’s 

operating range agreed fairly well with the spectrum from a commercial 

spectrometer. However, due to low SNR, the correction function of the taper did 

not help to improve the accuracy of the extracted spectra. Additionally, there is 

significant scope for the implementation of mirrors with a wider omnidirectional 

band, as well as the use of more sophisticated fluidics and improved collection 
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optics. Future work should focus on exploring some of these details and also to 

further quantify the detection limit of the taper LOC setup. 
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7 Conclusions 

7.1 Summary 

The goal of this thesis was to develop tapered air-core Bragg waveguides for use 

as integrated micro-spectrometers in lab-on-a-chip systems. This project resulted 

in several relevant contributions to the future development of these systems, 

including: 

 Adapting the hollow waveguide buckling technique previously reported by 

our group [1] to use TiO2/SiO2 multilayers for operation in the visible range; 

 The fabrication of novel tapered air-core waveguides using a versatile 

wafer-bonding process; and 

 Integrating the tapered air-core Bragg waveguides into a prototype 

fluorescence sensing system, where the fluorescent spectrum of individual 

FluoSpheres was successfully measured within the operational band of the 

tapers. 

7.1.1 Fabrication process for tapered air-core waveguides 

Tapered waveguides were fabricated for operation in the visible range. TiO2/SiO2 

cladding mirrors were deposited using both e-beam evaporation and reactive 

sputter deposition, outlined in Chapter 3. Both deposition methods resulted in 

films of good optical quality; however, the sputtering recipe was tailored to grow 

compressively stressed films for waveguides fabricated by buckling self-assembly. 
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These sputtered films showed promise in buckling experiments, but current 

samples have insufficient compressive stress to produce fully-buckled, usable 

hollow waveguides. 

 We also developed a taper fabrication process by manually assembling 

slab Bragg waveguide tapers by wafer-bonding. This process is both versatile and 

reliable, allowing for the use of evaporated or sputtered cladding mirrors, 

deposited onto glass, quartz, or silicon substrates. Additionally, the taper 

dimensions are easy to change, allowing for optimal tailoring to the 

omnidirectional band of the Bragg mirrors. 

 By bonding two cladding mirrors with substrates of differing length, a fluid-

insertion platform was formed at the wide end of the taper. By simply placing a 

droplet of solution containing fluorescent microspheres here, the fluorescent 

sample is drawn inside the taper cavity. The sample may be confined to the wide 

end of the taper cavity either by defining a barrier with a long strip of SU-8 or by 

choosing microspheres large enough to become lodged in the cavity. 

 Fluidics platforms were also developed for the buckled hollow waveguide 

chips, summarized in Chapter 4. Although the buckled hollow waveguides offer 

unique functionality for lab-on-a-chip systems, developing an appropriate 

microfluidics platform has proven difficult. Two PDMS wells were fabricated 

directly on a buckled waveguide chip, with one positioned at each open end of a 

buckled waveguide. By placing a syringe in one well, fluid was successfully 



117 

transported through the hollow waveguide channel into the other well. However, 

the applied force required to do so was enough to cause non-trivial leakage 

problems between the Si and PDMS substrates. Further improvements in the 

fabrication of this PDMS platform are required. 

7.1.2 Tapered air-core waveguide spectrometers for lab-on-a-chip devices 

There are a variety of optical sensing methods available to use in lab-on-a-chip 

systems, but fluorescence detection is by far the most ubiquitous. The Bragg 

claddings of our tapered air-core waveguides were designed for operation in the 

visible range for this reason. By using a TiO2/SiO2 periodic multilayer and a quarter-

wave-stack condition, these mirrors provide an omnidirectional reflection band 

for TE-polarized light, covering the wavelength range from ~490 nm to ~570 nm. 

For tapers made from evaporated mirrors, most mode orders exhibited 

wavelength resolutions of ~2 nm, with a relative insensitivity regarding mode 

order. On the other hand, tapers fabricated using mirrors sputtered on quartz had 

experimental resolutions ranging from ~2.2 nm to ~0.8 nm, for mode orders m = 1 

to m = 8, respectively. Subsequent experiments with white light sources 

determined a usable operational bandwidth of ~70 nm, with peak sensitivity 

centred at ~520 nm. Simulations of radiated power of guided modes versus 

position along the taper corroborated these results. These resolutions and range 

of operation are in line with, and sometimes better than, similar chip-size 

spectrometers this author found in the literature [2], [3]. 
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 The air-core waveguide taper spectrometers were implemented in a 

prototype fluorescence sensing system. The tapers were first used in a 

conventional LVF configuration, where some of the drawbacks of this setup 

became apparent. Interference from out-of-band light caused a large discrepancy 

in the measured spectrum for longer wavelengths. A short-pass filter to suppress 

the out-of-band light would help to improve the measured fluorescence spectrum.  

The tapers were also used as side-coupled LVFs. In this configuration, out-

of-band light is inherently suppressed and is not significantly present in the 

collected fluorescence spectrum. Using waveguide-coupled fluorescence from a 

capillary, the measured spectra agreed well with the reference spectrum within 

the operating range of the taper. As well, using the fluorescence from a pair of 

4.1 µm FluoSpheres lodged inside the taper cavity, fluorescence spectra were 

successfully measured. In this case, lower SNR resulted in slightly poorer 

agreement with the reference spectrum. 

7.2 Future work 

7.2.1 Improvements in operating range and taper fabrication processes 

There is significant scope for improving the operating range of the tapers, as well 

as refining both the wafer-bonding and the buckling self-assembly taper 

fabrication processes. Firstly, SiO2 and TiO2 were used for the cladding layers 

because they were the best choices readily available. A different pairing, such as 

SiO2 and GaP has a higher index contrast [4] and could help create an operational 
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band spanning nearly the entire visible range. In the same vein, a quarter-wave-

stack design was chosen for its relative simplicity. A wider operational band may 

be achieved by choosing a more complex multilayer design with more layers. 

 For future work, our research group may want to focus on improving the 

buckling yield of the visible band hollow waveguides, namely by increasing the 

compressive film stress. One potential way to do this would be to increase the 

deposition temperature or to thermally anneal the films [5]. Alternatively, we 

have had limited success with increasing film stress in the TiO2/SiO2 multilayers by 

depositing a thin W layer on top. Experimenting with the type of metal used and 

the layer thickness could lead to improved buckling results. There is also merit to 

exploring alternatives to the fluorocarbon low-adhesion layer, such as patterning 

a thin photoresist layer to define the waveguides, then performing sacrificial 

etching to induce buckling. 

 Some fluorescence experiment results suffered from scattering of stray 

light in the glass or quartz layers. The addition of an aperture at the wide end of 

the taper would help to prevent light from coupling into the glass and quartz 

substrates. One possible method for accomplishing this would be to deposit a 

patterned metal film on the side edges of the glass and quartz substrates  

7.2.2 Fluorescence experiments  

 There are still a number of interesting experiments that could be done with the 

prototype fluorescence sensing device. For example, the mainly TE-polarized 
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nature of these tapers could be exploited to isolate excitation and emission light 

[6]. As well, detection limit experiments should be done to quantify the sensitivity 

of the fluorescence detection setup. There would also be some utility in setting up 

an experiment to try to distinguish two different fluorescent signals. 
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Appendix A: MATLAB code 

Shown below is the MATLAB code used to simulate the radiated power versus 

position along a tapered hollow Bragg waveguide, using an effective-index 

transfer matrix model: 
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This main MATLAB script calls upon other scripts to perform the simulation. The 

script names as well as brief descriptions of what each piece of code does, are 

commented in the scripts themselves, shown below: 
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Appendix B: Electron beam evaporator procedure 

The following is the deposition procedure used for the 6-pocket electron beam 

evaporation system housed in CCIS: 

To vent system: 

 Check that cryopump temp is less than 12 K idle, 14 K running (Regenerate If 
above 20-25 K). 

 Make sure cryopump gate valve closed, scroll pump off, roughing valve 
closed. 

 Open vent switch to vent. Wait until sound dies down. 

 Before opening bell jar, break seal. Turn power to hoist on. Start at 20% 
speed, then full speed. Steady bell jar when raising. 

Loading the system: 

 When loading system, work top down. Chamber & chamber tools are glove 
clean. 

 Use grounding wand to ground hearth, filament, anode, cathode, etc. 

 Check xtal monitors for life. Might replace if at 87% or less. May change each 
time for oxide films. 

 Clean hearth & crucibles if necessary. (Further instructions in Unloading the 
system section). 

 Mount substrate onto holder in laminar flow hood. Briefly clean with N2 gun. 

 Screw in substrate holder, insert thermocouple. Water cooler may be 
attached to side. 

 Make sure shutter positioned correctly. 

 Refill target liners if necessary, insert into pockets and label. 

 Wipe down metal where O-ring meets. Lower bell jar at 100%, then 20% for 
last part. Position windows facing forward. 

Pumping down: 

 Make sure vent switch closed. Turn scroll pump on, then wait 30 sec. Open 
roughing valve fully (upwards of 10 min to see pressure on TC controller).  

 Pump to 100-300 mTorr. Close roughing valve and turn off scroll pump. 
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 Open gate valve slowly. When belljar pressure starts dropping, stop. Let 
pressure drop slowly to 1 mTorr, then fully open gate valve.  

 After a few min, turn on ion gauge by pressing “ion”. Once below 5x10-5 Torr, 
press “Degas” (takes ~25 min) to degas ion gauge. May want to degas 2x. Ion 
gauge must cool to read properly. 

 Pump down for ~4 hours or overnight until in 10-7 readings. 1.2x10-6 highest 
acceptable base press. 

Deposition (requires 2 people): 

 Water cooling: open return (top) then supply (bottom) valves for belljar, e-
gun, 2 xtal monitors: 

_ _ | | | | _ _ 

 For oxide films, 1x10-5 Torr (ion gauge), no more than 5x10-5 Torr O2 needed, 
tank at “5”. 

 Flip voltage and control breakers up. Turn power key, then turn on main 
power. Wait 30 sec. 

 Press “reset” to reset interlocks. All lights should be on.  

 Turn high voltage on (wait 10 min before turning on source 1) 

 Zero xtal monitors. Right monitor main monitor, left backup. 

 Turn on e-beam sweep controller. Turn DC on. Set X,Y offset at 0,0. Sweep 
settings may be adjusted.  

(Sample settings for SiO2: 1.2 sweep ampl., spiral, 0 phase, fast, profile 1).  

 Check monitors & settings: Verify film density, z-factor, 100% tooling for 
films. For STC-2000A press “start” to activate next film.  

 Turn filament control to 0. Press “on” (under source 1 panel).  

 Change X,Y offset until beam centered. 

 If “cutback” flashes, turn down filament a little.  

 Make sure pressure never above 1x10-5 Torr. 

 For Cu, adjust filament control until blue/sparks. Wait for dep. rate to 
incr. Melts all at once. 

 For SiO2, turn spiral sweep on. Slowly increase filament current until 
rate reached. 

 Once dep. rate stabilized, open shutter & zero xtal monitors. Close shutter 
when thickness reached. 



136 

 Decrease filament current to 0 (quickly for SiO2, slowly for copper). Turn 
filament off. 

After Deposition: 

 Turn sweep off. Turn Dc off. Turn off sweep control. 

 Turn off high voltage. Wait 5 min, then turn main power off. 

 Turn key, pull out, put on top of X,Y. Flip down high voltage and control 
breakers. 

 Close O2 tank. Close cryopump. 

 Let system cool to near room temp. or overnight. 

Removing the sample: 

 Water cooling: close supply (bottom) then return (top) valves. 

 Turn off ion gauge. Then close gate valve (snap!). 

 Open vent valve, wait until sound stops. Tip bell jar to break seal. 

 Slowly raise bell jar. Use grounding wand. 

 Start at bottom of system, work your way up. 

 Remove sources. Use Allan key to remove holder. Place holder in laminar 
flow hood. 

 Use dremel with steel brush (use goggles, gloves, and mask) to abrade hearth 
& pockets. Dremel not glove clean. Don’t push too hard. Use scotch-brite 
afterwards. 

 Use handheld vacuum to remove particles. Then use 40 psi N2 gas to remove 
particles from cracks, near filament, feed through, anode, cathode, etc. 

 Wipe down abraded area with acetone, then methanol. Final N2 blowout. 

 Change xtals if failed/bad. Can use Al or Ag coated (instead of Au). 

 Wipe sealing surface, lower bell jar until chains slack. 

 Turn off vent valve. Turn off joist. Turn on scroll pump. Wait 10 sec, open 
roughing valve fast. 

 Pump to 500 mTorr, close roughing valve, turn off scroll pump. (Empty 
system held at rough vacuum). 
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Appendix C: Sputter System Procedure 

The following is a customised procedure for reactively sputtering films with 

Sputtering System #2 (Doug) in the nanoFAB:  

Opening and loading an empty system: 

 Press “emis” on multi gauge controller to turn off the ion gauge then press 
“channel” until TC1 is shown and nothing on the bottom right. 

 Close the Baratron valve, then close the cryo gate valve. Make sure the cryo 
temperature is below 20K before proceeding. 

 Flip up the chamber vent switch, close when 7.6x102 Torr is reached (1 atm).  

 Press the button on the hoist to lift top of chamber and swing top away when 
substrate holder is high enough. 

 Use gloves for inside of chamber; chamber is glove clean. 

 N2 gun, then load desired targets. Gun 3 is prone to mechanically damaging 
fragile Si targets. Switch power supply cables to guns as necessary (cable 3 for 
built-in pulsed supply, ext. cable for external pulsed supply, cable 1 & 2 for DC 
supplies 1 & 2). 

 Check inside of chamber for flaking and debris; vacuum if required. 

 If glass view port is coated with metal, pull out and replace with fully IPA-
cleaned glass slides. 

 Make sure dark space shield is spaced properly. Keep out of notches for ¼” 
thick targets and in shallowest notch for 1/8” targets. Verify an open circuit 
between target & shield using voltmeter. 

 Test and close the shutters. 

 MARK SUBSTRATE(S) WITH SHARPIE, then load.  

  If system will be heated, replace mount ring with cryo heat shield ring. 

 Lower the top of the chamber. 

Pump down: 

 Open chamber roughing valve one full turn and rough until 3.5x102 Torr is 
reached, then open roughing valve all the way. Rough until 3.0x10-1 Torr is 
reached, then close the roughing valve. 

 Open the cryo gate valve. 
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 Open the Baratron valve. 

 Press “channel” on the multi gauge controller until BA1 is shown in the lower 
right of the display, then press “emis” to turn on ion gauge.  

 If heating, turn on heater 5 minutes into cryo pumpdown. It will take at least 
90 minutes for system to reach 2x10-6 Torr. 

Deposition setup: 

 Press “emis” on the multi gauge to turn off ion gauge filament, then press 
“channel” until aux1 (Baratron gauge) is shown in the lower section of the 
display. 

 If display on the gas control panel is dark press any button to activate it. Press 
“ON 1” to activate Ar (50 sccm). If using O2, set flow rate but do not turn on 
yet. 

 Close the cryo gate valve about 3.75 turns to reach 7.0x10-3 Torr. 

 If using pulsed power supply, set parameters. Verify correct cables are 
connected to guns. If using external pulsed supply, plug in power, gun cable, 
and interlock cable. Flip breaker on back & set parameters. 

 If using power supply 1 or 2, flip up the appropriate light switch & set 
parameters. 

 Turn on substrate rotation using switch on right side, to “3”. 

 

Deposition: 

 Press “on” or “start” on power supply and ramp/burn-in for specified time. In 
last 1 or 2 minutes of burn-in (if voltage stable), change pressure to specified 
deposition pressure & turn on O2 by pressing “ON 3” if using it. 

 Open shutter for specified deposition time, then close.  

 If ramping down, change power set point to 0. Otherwise, press “off” or “stop” 
on power supply.  

 If O2 is on, turn off by pressing “OFF 3”. Change pressure to 7.0x10-3 Torr. 

 If depositing SiO2/Si multilayer, Ti getter during SiO2 ramp-down and during Si 
ramp-up. Make sure O2 is off while gettering. Turn off Ti getter before lowering 
pressure for Si deposition. 

 Ext. power supply ramp-down does not work, so use for Si (instead of for SiO2). 
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After last layer: 

 Turn off heater. Turn off substrate rotation. 

 Turn off Ar flow. Zero O2 flow setpoint. 

 Zero pulsed power supply settings, return ramp-time to 20s. 

 Open cryo gate valve all the way and pump for 5 minutes. 

 Close the Baratron valve. 

 Close the cryo gate valve. 

 Flip up chamber vent switch for a split second, letting in a few Torr of N2. Wait 
5 minutes. 

 Flip chamber vent switch and vent to atm. pressure. Hoist top of chamber & 
swing away.  

Removing the sample & targets: 

 Put on gloves. 

 Use cleanroom wipe to remove hot dark space shield. Remove targets, N2 gun, 
and inspect before placing into storage container. Place target ring and shield 
back onto gun. 

 Carefully remove (hot) substrate(s).  If cryo heat shield was used, replace with 
normal substrate mount ring. 

 Check chamber for particulates, test shutters, double-check for parts not 
placed back in system. 

 Lower the top of the chamber & rough to 3x10-1 Torr, with valve fully open 
immediately. 

 Close roughing valve. 

 Open cryo gate valve. 

 Open Baratron valve. 

 Press “channel” on the multi gauge controller until BA1 (ion gauge) is shown 
in the lower right of the display, then press “emis”.  

 Record parameters in logbook & log out. 
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