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Abstract

This thesis explores theoretical and experimental considerations for the

design of refractometric sensors based on optical microcavities for sensing

of gases and liquids as well as integrating sphere laser absorption spec-

troscopy for the detection of greenhouse gases. I discuss highly sensitive

refractometric sensing of fluids using a robust, inexpensive platform con-

sisting of a cylindrical microcapillary and broadband light source. Next,

I adapt this platform for performing refractometric sensing with the hith-

erto little-explored “star” and “triangle” modes of microcapillaries. When

pumped with sufficient intensity, these modes are capable of lasing and

demonstrating high sensitivity to the refractive index of fluids in the cap-

illary channel. This lasing refractometric sensor is then demonstrated for

the detection of carboxy-functionalized polystyrene microspheres binding

to the inner capillary wall. Finally, I discuss the benefits of using integrat-

ing spheres in laser absorption spectroscopy of methane and carbon diox-
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ide, and demonstrate detection of single-digit part-per-million quantities

of methane.
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manuscript. Peter West and Nathan Orlando provided temporary research
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DeCorby provided information on Fabry-Perot cavities; and Dr. Al Mel-
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Chapter 4 was originally published as W. Morrish et al. “Geometric
Resonances for High-Sensitivity Microfluidic Lasing Sensors,” Physical Re-
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“I often say that when you can measure what you are speaking about,
and express it in numbers, you know something about it; but when you
cannot measure it, when you cannot express it in numbers, your knowl-
edge is of a meagre and unsatisfactory kind; it may be the beginning of
knowledge, but you have scarcely, in your thoughts, advanced to the stage
of science, whatever the matter may be.”

—William Thomson (Lord Kelvin)

“Had to be me. Someone else might have gotten it wrong.”

—Mordin Solus

“When life give you lemons, squeeze them until you get publishable
results.”

—PHDCOMICS
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Chapter 1

Introduction

Light is universal. It reaches to the edge of known space and illuminates
all kinds of mysteries. Due to our innate ability to sense certain frequencies
of light, and our innovation in building light sources and detectors that
can detect and analyze light with an extraordinary range of frequencies,
the measurement of light is now a fundamental part of how we interact
with and understand the universe.

While the definition of “optical frequencies” can sometimes be rather
fluid, I take it here to include ultraviolet, visible, and infrared frequencies
(~1 nm − 1 mm) as in [4, 5]. Optical sensors utilize these frequencies of
light to perform measurements. They have a number of powerful features
that are advantageous for sensing applications. For example, they require
no physical medium so they can operate under vacuum conditions and
they can be readily used for remote sensing in harsh or dangerous envi-
ronments. A great deal of research has gone into producing lasers, LEDs,
broadband sources, and other types of light sources in this region of the
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1.1. OPTICAL RESONANCES IN CAPILLARIES

electromagnetic spectrum.
Optical sensors have a variety of applications. They can be inexpen-

sive and used in relatively mundane applications such as measuring the
ripeness of apples [6–8], reading data off of a DVD or Blu-Ray disc [9, 10],
determining the amount of light in a room to set the brightness of a phone
screen [11, 12], or even just measuring distance [13, 14]. However, they are
also present at the very forefront of scientific research. The Laser Interfero-
metric Gravitational Observatory is a billion-dollar kilometre-scale optical
sensor capable of detecting minute changes in the very fabric of space due
to gravitational waves [15]. However, not all cutting-edge sensors must
exist at this scale. Much smaller scale devices are capable of measuring
properties of viruses [16], molecules [17], and even individual atoms [18].

With their ubiquitous presence and substantial capabilities, develop-
ing new kinds of optical sensors and advancing existing designs is a fo-
cus for many research groups. Designing high-performance sensors with
smaller physical footprints and lower cost is important in gaining wider
industry adoption. Toward these ends, there has been much research into
microcavity optical sensors. Microcavities such as rings [19, 20], disks [21],
spheres [22–26], toroids [27–29] and capillaries [30–33] confine light to re-
gions measured on the scale of microns. Microcavities can demonstrate the
detection of single nanoparticles [34] and molecules [28], and they have
been applied to many sorts of problems such as measuring humidity [35],
solute concentration [22], temperature [36], refractive index [37], force [38],
and magnetic fields [39].

1.1 Optical resonances in capillaries

Microcapillaries are hollow, cylindrical cavities with micron-scale internal
and external radii. The work presented in this thesis deals extensively with
transparent glass capillaries. The channel through the centre of the capil-
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1.1. OPTICAL RESONANCES IN CAPILLARIES

lary provides a convenient internal surface for microfluidics and can be
functionalized for biomolecule detection [40]. There are three types of op-
tical resonances in capillaries that will be discussed here: Fabry-Perot (FP)
resonances, whispering gallery modes (WGMs), and “geometric modes”,
which have never previously been studied for sensing purposes and will
be one focus of this thesis. Simplified ray representations of these modes
are shown in Fig. 1.1.

Figure 1.1 Ray diagrams of optical cavities in a capillary. a Fabry-Perot
modes across the cavity channel. b Whispering gallery modes formed
around the outer edge of the capillary. c “Star” modes formed by rays
passing through the capillary wall. d “Triangle” modes formed by inter-
ference between a ray reflecting off the inner and outer surfaces of the
capillary. Both star modes and triangle modes fall under the class of geo-
metric modes, whose theory and sensing performance will be developed in
this thesis.

A planar Fabry-Perot (FP) cavity is formed between two flat, parallel
surfaces. Interference of light waves reflecting from these surfaces results
in optical standing waves forming inside the cavity. If the surfaces are a

3



1.1. OPTICAL RESONANCES IN CAPILLARIES

distance ! apart and separated by a dielectric with refractive index =, the
resonant wavelengths are given by �< = 2!=/<, where < = 1, 2, 3, ... is the
mode number. The spacing between the resonant wavelengths or frequen-
cies is known as the free-spectral range (FSR). The modes are regularly
spaced in frequency, allowing the FSR to be represented as Δ 5 = 2/(2!=)
[41].

Figure 1.2 Spectrum of FP modes in a cavity with varying mirror reflec-
tivity R. The Q factor increases with reflectivity as shown by the narrowing
of the modes. Figure adapted from Ref. [42].

The quality factor & is the ratio of the electromagnetic energy retained
in the cavity to that lost in each round-trip [42]. It can readily be shown
[42] that this definition leads to one that is practically measured: the &
factor is simply the centre frequency or wavelength divided by the mode
full width at half maximum. By definition, higher & modes are narrower
and thus more monochromatic as illustrated in Fig. 1.2. The quality factor
has several equivalent definitions [42]:

& =
52

Δ 5FWHM
= $2� = <�, (1.1)

where 52 is the central frequency of the mode, Δ 5FWHM is the full-width at
half-maximum of the resonance, $2 is 2� 52 , � is the lifetime of the reso-
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1.1. OPTICAL RESONANCES IN CAPILLARIES

nance, and < is the mode number. The finesse � represents the ratio of the
FSR to the spectral width and can be defined as [42]

� =
Δ 5

Δ 5FWHM
. (1.2)

The concept of an FP cavity with planar mirrors can be extended to
the case of two curved mirrors. Two-mirror systems can be categorized
as either stable or unstable resonators. If a ray is traced back and forth
between the mirrors and eventually reconnects with itself, it is a stable
resonator [43]. In unstable resonators, the ray will eventually reach the
edge of a mirror and leave the system. The condition for a stable curved-
mirror FP resonator is

0 ≤
(
1 + !

A1

) (
1 + !

A2

)
≤ 1, (1.3)

where ! is the distance between the centres of the mirrors, and A1 and A2

are the radii of curvature for the mirrors. This stability condition can be
visualized in Fig. 1.3. The planar case is on the very edge of stability, any
slight misalignment in the mirrors will cause the beam to eventually leave
the cavity.

A capillary is comprised of a series of concentric surfaces with cylin-
drical curvature. As light passes through each surfaces, there will be some
amount of reflection simply due to differences in refractive index. Both the
outermost surfaces and the channel walls form symmetric concentric cav-
ities (Fig. 1.3 d), while the pairing of a concave and convex surface form a
concentric cavity as in Fig. 1.3 c. Both of these cavity types are on the very
edge of the stable region. For modes entirely within the capillary channel
or within the wall, the resonant wavelengths are the same as in the pla-
nar case. FP resonances that incorporate multiple media inside the cavity
must take into account the refractive index of each of the layers according

5



1.1. OPTICAL RESONANCES IN CAPILLARIES

Figure 1.3 Plot of resonator stability from Eq. 1.3 where g1 = 1 Lr1 and
g2 = 1 Lr2. Shaded areas in the plot represent unstable resonators, and
symmetric systems lie along the dashed line. Diagrams display mirrors set
apart a distance L with the left mirror having a radius of curvature of r1,
and the right mirror a radius of r2. a Planar FP cavity. b Concentric con-
cave/convex cavity. c Symmetric confocal cavity. d Symmetric concentric
cavity.

to

�< =
2
<

8=#∑
8=1

!8=8 (1.4)

where # is the total number of layers, !8 is the thickness of layer 8, and =8
is the refractive index of layer 8, and the summation term represents the
optical path length (OPL).

Capillaries can also support whispering gallery modes (WGMs), where
light is confined to a circular boundary by total internal reflection (TIR)
(Fig. 1.1 b). The resonant wavelengths are approximately given by �< =

2�A=/< and the FSR is Δ 5 = 2
2�A= where A is the radius of the circular

cavity, = is the refractive index of the channel medium, and < is the mode
number [41]. For WGMs to form, it is “critical” that the refractive index of
the inner layer be higher than that of the outer layer. Thus, in a bare capil-
lary, WGMs can either form at the outermost glass-air interface, or else at
the channel-glass interface if the channel medium has a higher refractive

6



1.2. REFRACTOMETRIC SENSING

index than the glass.
In this thesis, I will show that another class of resonances, which I refer

to as “star and triangle” modes or “geometric modes”, are characteristic
of glass capillaries and can also be used for optical sensing (Fig. 1.1 c and
d). For these modes to form, light entering the capillary wall at a shallow
enough angle will be refracted and then undergo TIR at the outer glass-air
interface, reflecting back towards the centre of the capillary and again re-
fracting as it enters the channel. This process repeats around the edge of
the capillary, to eventually form a star-like ray pattern. Triangle modes,
which modulate these star modes, result from a splitting of the light rays
as they enter the glass wall from the channel, forming a triangular shape in
the corresponding ray diagram. These resonances have been only briefly
described in the literature [44] and their application towards optical sens-
ing has not been previously explored.

As stated earlier, the advantage of microcavities is that light is trapped
inside, repeatedly travelling the same path. This allows for longer effec-
tive path lengths and greater interaction between the light and analyte in
a compact sensing device. Resonances also provide the opportunity for
lasing by providing wavelength selectivity and repeated interaction with
a gain medium [30, 45]. Having briefly discussed the various resonances
in capillaries, we now turn to a short description of the principles, appli-
cations and characteristics of refractometric sensors.

1.2 Refractometric sensing

Refractometric sensing is the process of measuring changes in the refrac-
tive index of an analyte. The optical path length (OPL) is the physical
distance light travels multiplied by the refractive index of the medium
through which it propagates. As such, changes in the refractive index re-
sult in a different OPL. Since the resonant wavelengths of an optical cavity
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depend on the path length, an increase in the OPL will cause the modes to
redshift, and a decrease will cause the modes to blueshift. This principle
forms the basis for refractive index sensing in optical cavities.

1.2.1 Figures of merit

The sensitivity (() and limit of detection (LoD) are two of the most impor-
tant figures of merit for optical sensors. The sensitivity of a refractometric
sensor is the rate of change of the mode wavelength with respect to some
physical parameter; often this is the refractive index itself, but may also be
reported with respect to other properties such as chemical concentration,
temperature, pressure, etc. Herein, the sensitivity with respect to refrac-
tive index is defined as ( = d�<

d= measured as nanometres per “refractive
index unit” (nm/RIU) as is typical in the literature.

The limit of detection is the minimum change in a property being mea-
sured that produces a detectable change in the mode wavelength. A 99.7%
confidence level results in LoD = 3�/(, where � is the standard deviation
of the data over a period when the property being measured is constant
(i.e. the noise level). The sensitivity and LoD are important figures of merit
by which the performance of various kinds of sensors can be compared.

1.2.2 Types of sensors

There are a wide variety of refractometric sensors based on resonant op-
tical cavities. Some sensors employ the Fabry-Perot resonances generated
between the facets of two end-facing optical fibres to perform sensing. In
order to provide a microfluidic cavity, the fibres are sometimes enclosed
in a capillary or some other enclosure [46–48].

Photonic crystals are systems of periodically varying refractive index
in one or more dimensions. The simplest of these is the distributed Bragg
reflector (DBR), where the refractive index varies along a single dimension
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[49]. Often, the grating will be incorporated into the structure of an opti-
cal fibre (fibre Bragg grating) for use in sensing schemes [50–52]. In two
dimensions, there are a wide variety of cavity configurations that can be
used for sensing [53–55].

Ring and disk resonators are often microfabricated onto a silicon sub-
strate using UV photolithography [56], electron beam lithography [57], or
direct laser writing [58, 59]. Light can then be coupled in evanescently
from a fibre, where it circulates before eventually exiting the cavity. Mul-
tiple rings or disks coupled together can also be used to create delay lines
and add/drop filters [60].

Polymer [61] and glass [62] microspheres, either attached to a fibre [63]
or freestanding [37], have also been explored for refractometric sensing.
The potential for extremely high& factors (sometimes in excess of 109 [64])
means that they can be extremely sensitive, capable of detecting specific
proteins [40] or even a single virus particle [65] that has adhered to the
surface. A downside to microspheres is that they are more difficult to
incorporate into a microfluidic setup than capillaries or hollow core fibres
which naturally provide their own channel for fluids.

Liquid-core optical ring resonator sensors (LCORRS) are a class of cap-
illary sensors where the glass wall of the capillary has been thinned to
a thickness of 2–5 µm, typically using hydrofluoric acid [32, 66]. These
thinned capillaries are filled with fluid, and pumped by an external light
source. Light couples into WGMs at the outer glass-air interface of the
capillary, but the electric field extends to the inside channel due to the
thinness of the wall. Thus, changes in the refractive index of the channel
fluid will affect the wavelengths of the WGMs.

Fluorescent core microcapillaries (FCMs) are a similar type of capillary-
based sensor but they do not require thinning. Instead, a fluorescent, high-
refractive index layer, such as a polymer or silicon nanoparticle-doped
glass layer, is deposited on the inner channel. This device is then pumped
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by an external light source, and WGMs form at the interface between the
layer and inner surface of the capillary [40, 67, 68].

1.2.3 Tracking the resonant modes in optical sensors

Tracking the positions of the modes in refractometric sensors can be ac-
complished using several methods. “Peak picking” is perhaps the sim-
plest and involves selecting a particular peak or peaks and measuring the
position of each of their maxima over time. Alternatively, curve fitting in-
volves fitting a model to each resonant mode. However, this does require
one to have an idea of what the model might be beforehand (ideally a sim-
ple Lorentzian), as well as determining which data points should be used
in fitting the model [69]. A third method is to use Fourier techniques, such
as the Fourier shift theorem [70], to track the shift.

The resonant modes in the devices included in this thesis are regularly
spaced in frequency and, for large mode numbers <, the modes are nearly
periodic in wavelength as well. In the limit of small changes in refrac-
tive index, the mode shape remains the same and can be modelled as a
pure shift in the phase of the Fourier transform of the mode spectrum [70].
The general procedure is to apply a discrete Fourier transform (DFT) to
the data. Then, Fourier components with a power level within a certain
range of the peak power are selected to represent the periodic resonances
(Fig. 1.4 b). As further spectra are acquired, the phase of the selected
Fourier components is monitored. These phases can be transformed back
into wavelength shifts by applying the formula

�� =
Δ)

2�
Δ�
:

, (1.5)

where : is the Fourier component (with : = 0 representing the DC offset),
�� is the mode shift, Δ� is the width of the spectrum which was trans-
formed, and Δ) is the phase shift compared to the baseline.
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Figure 1.4 a Example transmission spectrum of broadband light passing
through a capillary perpendicular to the axis. b Discrete Fourier transform
of the spectrum in a. Here, only components near the expected fourier
component with power ≥ 50% of the peak component would be analyzed
(shown in red).

1.3 Laser absorption spectroscopy

While changes in the real component of the refractive index = form the
basis of refractometric sensing, changes in the imaginary component :,
also known as the extinction coefficient, form the basis for absorptive
sensing schemes. In this regime, sensing is primarily based on measuring
how much light is absorbed by some molecule of interest. Materials like
glass, water, and air have a negligible extinction coefficient at visible
wavelengths; mostly, light passes through without attenuation. However,
at certain wavelengths, molecules like water vapour, carbon dioxide,
methane, and many others have maxima in their absorption due to
molecular resonances. In these cases, incoming light will be absorbed.

Laser absorption spectroscopy (LAS) is an absorption-based technique
for measuring the presence of certain species of gases. A laser, with a
wavelength tuned to one of the absorption features of that gas, is directed
through a volume of gas and onto a detector. As either the concentration
of the gas or the length of interaction between the gas and laser increases,
the intensity at the detector decreases. An advantage of this technique is
that many common gas lines are spectrally unique, imparting an intrinsic
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chemical-specificity.

1.3.1 Rovibrational modes

The absorption features of molecular gases arise from interactions be-
tween vibrational and rotational normal modes [71]. Atoms have 3
degrees of freedom (one for each of the G, H, and I directions), so it
stands to reason that a collection of # atoms should have 3# degrees of
freedom. In a molecule, these # atoms are bound together and vibrations
result from stretching and compressing these bonds. When all of the
atoms translate simultaneously along the same axis, the bonds are not
strained. Similarly, atoms rotating about an axis in a coordinated fashion
do not strain any bonds. Accounting for these three translations and
three rotations (one for each Cartesian axis), a molecule comprised of #
atoms has 3# − 6 possible vibrational modes. Linear molecules only have
two rotational degrees of freedom, and therefore have 3# − 5 possible
vibrations.

Of the 3# − 6 (or 3# − 5) possible modes, a number of these will be
degenerate and have the same energy depending on the symmetry of the
molecule [72]. Methane is a 5 atom tetrahedral molecule which should
have 3(5) − 6 = 9 vibrational modes, but only displays 4 (Fig. 1.5). There is
a symmetric stretch of all bonds termed �1, a doubly degenerate symmet-
ric bending mode �2, a triply degenerate asymmetric stretching mode �3,
and a triply degenerate asymmetric bending mode �4 [71]. Carbon diox-
ide, a linear 3-atom molecule which we might expect to have 3(3) − 5 = 4
modes (Fig. 1.6), has a symmetric stretching mode �1, a doubly degenerate
symmetric bending �2, and an antisymmetric stretching mode �3 [71].

Not all vibrational modes result in an oscillating dipole moment in the
molecule. In order to be infrared-active, vibrational modes must have an
oscillating dipole moment that is resonant with the frequency of the in-
coming photons [73]. Symmetric stretching modes cannot absorb light as
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Figure 1.5 Vibrational modes of methane. a Symmetric stretching mode
ν1. b Doubly degenerate symmetric bending mode ν2. c Triply degenerate
asymmetric stretching mode ν3. d Triply degenerate asymmetric bending
mode ν4.

Figure 1.6 Vibrational modes of carbon dioxide. a Symmetric stretching
mode ν1. b Doubly degenerate symmetric bending mode ν2; black and blue
arrows denote two orthogonal bending directions which are degenerate.
c Antisymmetric stretching mode ν3.

there is no change in the dipole moment. As homonuclear diatomic gases
only have a symmetric stretching mode, they are not amenable to infrared
absorption spectroscopy. This also rules out the �1 modes of methane
and carbon dioxide as candidates for absorption spectroscopy. Similarly,
the symmetric bending mode of methane E2 does not have an oscillating
dipole moment.

Each vibrational mode has a ground state energy and many possible
excited states. However, it can be shown that only transitions between the
ground state and first excited state contribute to the absorption spectrum
at room temperature. The Boltzmann distribution can be used to ascertain
the ratio of molecules in two different states as

#upper

#lower
= exp

(
−Δ�
:)

)
, (1.6)
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where #upper is the population of the higher state, #lower is the popula-
tion of the lower state, Δ� is the energy difference between the states, :�
is the Boltzmann constant, and ) is the temperature [74]. While the spac-
ing between energy levels is not constant, and differs depending on the
molecule, to an order of magnitude it can be approximated as 103 cm−1

(10 µm) [71]. Assuming a temperature of 297.15 K, the ratio of the number
of molecules in the first excited state of a vibrational mode to that in the
ground state is

#�=1

#�=0
= exp

(
−6.626 × 10−34 J s · 3 × 108 m/s

10−5 m · 1.38 × 10−23 J/K · 297.15 K

)
≈ 0.008,

indicating that less than 1% of the atoms will be in the first excited state at
room temperature. As the energy difference between the ground and first
excited state grows, this ratio approaches zero. Since so few molecules
exist in an excited state at room temperature, vibrational transitions from
an excited state to an even higher energy excited state will have negli-
gible contribution to the overall absorption spectrum and can largely be
ignored.

A transition from the ground state of a mode to the first excited state
(� = 0 → � = 1) is the fundamental absorption. Transitions to higher
excited states (� = 0 → � = 2, � = 0 → � = 3, etc.) are called over-
tones. Absorptions at the fundamental frequency �8 are the strongest; the
first overtone (labelled 2�8 since it is approximately twice the frequency)
is considerably weaker, and the second overtone 3�8 is typically negligible
[71]. Resonance between two different transitions with similar frequencies
(e.g. if an overtone of one mode has similar frequency to the fundamental
of another mode) will increase the strength of the absorption. Absorption
may also occur at combinations and differences of fundamental and over-
tone frequencies but, unless reinforced by resonance between other modes
with the same frequency, their strength is negligible.
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Discussion of the fundamental and overtone frequencies seems to im-
ply that a typical molecular absorption spectrum should have, at best,
three absorption features for each non-degenerate, IR-active vibrational
mode. However, absorption spectra of polyatomic molecules, such as
methane or carbon dioxide, display many more absorption peaks. This
is due to the interplay between vibration and rotation. Transitions be-
tween states of purely rotational modes, where they exist, have energies
far below that of vibrational transitions. Due to their lower energy, many
rotational states are occupied at room temperature [74]. Combinations and
differences of vibrational and the numerous rotational transitions result in
a series of closely spaced absorption peaks arranged about a fundamental
or overtone absorption.

The allowed transitions between energy levels upon absorption
of an infrared photon can be described with selection rules. For
vibrational modes, transitions between any two states are allowed
(Δ� = ±1,±2,±3, ...), where Δ� = 1 or 2) are most common based on the
occupation of higher levels decreasing rapidly as shown earlier. Let �′′

represent the occupied rotational energy level in the lower vibrational
state (� = 0), �′ the rotational energy level in the upper vibrational state
(� = 1 or 2, usually), then the change in levels on transition is Δ�. For
vibrational modes with a dipole pointing along an axis of symmetry,
Δ� = ±1; a change in vibrational energy levels must be accompanied by
a change in rotational energy level to conserve angular momentum from
the absorbed photon. For vibrational modes with dipoles perpendicular
to an axis of symmetry, Δ� = 0,±1. In Raman spectroscopy, where a
photon is absorbed and re-emitted, the possibility of Δ� = 2 arises but will
not be discussed here. Each possible Δ� gives rise to a family of lines or
branch:

Δ�: -2 -1 0 1 2
Branch: $ % & ' (
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with the ' branch on the high frequency side of the central & branch.
The collection of lines in the & branch, when present, have very small
differences in energy and are difficult to separate spectroscopically. Some
%, &, and ' transitions are shown in Fig. 1.7.

Figure 1.7 Schematic of selected rovibrational transitions demonstrating
the P, Q, and R branches with subscripts denoting the J ′′ level of the
transition. The Q branch contains many closely spaced transitions. The
graph at the bottom shows an example relative transmission spectrum with
increasing frequency to the right. Figure adapted from Ref. [71].

The �2 mode of carbon dioxide, at 15 µm, is deep into the mid-infrared
(MIR) which is taken here to refer to those wavelengths of approximately
3 µm to 15 µm, though the definitions in the literature are somewhat mer-
curial. MIR lasers and detectors are expensive and thus currently imprac-
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tical for developing cheaper sensing technologies. The �3 antisymmetric
stretching mode (~4250 nm) and, in particular, the 2�3 mode (Fig. 1.8 b) are
of more practical interest. As the dipole oscillates parallel to the symmet-
ric axis, the selection rules dictate that Δ� = ±1. As Δ� = 0 is disallowed,
the & band is absent from the absorption spectrum.

Again, due to the high cost of MIR lasers and detectors, the �3 (~3250
nm) symmetric bending mode and 2�3 overtone of methane and the
nearby absorption features (Fig. 1.8 a) are the focus of much research for
sensing technologies. Equipment for the �3 mode is still more expensive
than for the 2�3 mode, but is still more economical than for the �4 mode
around 7650 nm. For methane, the selection rules allow Δ� = 0,±1
resulting in a fully developed & branch in addition to the P and R
branches.

1.3.2 Types of sensors

There are a variety of absorption-based optical sensing techniques that ex-
ploit the rovibrational transitions of molecules. A combination of path
length, gas concentration, and absorption strength dictate the level of in-
teraction between the light source and the gas. As the concentration of
the gas is generally out of our hands, it’s clear that the focus is on creat-
ing the longest path length and choosing the strongest absorption feature.
Cavity-based systems increase the path length by having light circulate in
a high finesse optical cavity, while non-resonant systems involve either re-
flections between several mirrors in a multipass cell, or entirely random
reflections in a diffusely reflecting integrating sphere.

Integrated cavity output spectroscopy (ICOS) is a type of cavity-en-
hanced absorption spectroscopy. It involves injecting light into a resonant
cavity such as a Fabry-Perot or whispering gallery cavity where the path
length is enhanced by the cavity effect. A tunable laser is scanned across
a narrow range of wavelengths, and the absorption is measured based
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Figure 1.8 Absorption spectra for methane and carbon dioxide calculated
from the HITRAN 2016 database [75]. a The methane absorption lines
around the 2ν3 transition (~1660 nm) and ν3 (~3320 nm). b The carbon
dioxide absorption lines around the 2ν3 overtone (~2010 nm).

on the amount of light that reaches a photodetector at the output coupler
[76]. ICOS systems can massively increase the effective path length, with
one example producing an effective path length of 4.2 km from an 88 cm
cell [77]. A compact 5.3-cm-long cell is capable of measuring as little as
2 ppb nitric oxide in human breath [78]. Combining an optical paramet-
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ric oscillator laser with an ICOS cavity, simultaneous detection of ethane,
methane, and water vapour concentrations in human breath is feasible
[79].

Cavity ringdown spectroscopy (CRDS) is closely related to ICOS. The
main difference is that CRDS is a time domain technique that monitors
the temporal decay rate of the light in the cavity [80]. A pulse of light is
injected into the cavity and the output light is monitored. The decay rate
of the light in the cavity will increase when an absorber is present inside
the cavity. CRDS can be incredibly sensitive owing to the long effective
path lengths as well as its insensitivity to fluctuations in the intensity of the
injected light [81]. Since only the rate of decay matters, differences in pulse
intensities have no effect on the result. More recent CRDS systems are even
capable of using continuous wave sources rather than pulsed sources by
utilizing an acoutso-optic modulator to rapidly interrupt the laser [82, 83].
Detection limits for CRDS can be in the parts-per-trillion level [84].

There are a few non-resonant techniques as well. Photoacoustic spec-
troscopy (PAS) involves delivering modulated optical radiation into a gas
cell. This results in a periodic expansion and contraction of the gas and
generates pressure waves in the cell. These acoustic waves are then de-
tected by a transducer of some kind—possibly a micromechanical mem-
brane acting as a microphone. The signal from the microphone is then
analyzed and is the basis of detection for PAS systems [85]. Some designs
even use a quartz tuning fork for transducing the pressure waves [86]. Us-
ing 3 different laser sources and resonators, but only a single microphone,
multiple gases can be monitored simultaneously [87]. PAS systems can
measure gases like hydrogen fluoride down to sub-ppt levels given suffi-
ciently long averaging times [88].

Open-path gas detectors place the laser source and detector far apart
in order to measure across large distances [89]; this is not practical for a
compact sensor, but can be useful for monitoring gas concentrations over
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long distances. Alternatively, one may envision folding the path length in
on itself using mirrors. A White multipass cell (1.9 a) has three concave
mirrors with two of the mirrors placed opposite a larger mirror, again re-
sulting in multiple reflections [90, 91]. The Herriott multipass cell (Fig.
1.9 b) employs two concave mirrors with small entrance and exit holes for
a laser beam [92–94]. The beam bounces multiple times between the mir-
rors depending on the entrance angle and distance between the mirrors.
Circular multipass cells (Fig. 1.9 c) have either a single, circular mirror
surface, or multiple mirrors arranged in a circular pattern and separated
by an absorbing material [95–97]. The absorbing material helps to ensure
one particular path is followed even if the beam is somewhat divergent
[98].

Figure 1.9 Diagrams of multipass cells; angles are exaggerated for clarity.
a White cell. The gradient colour is meant to help follow the reflections.
b Herriott cell. c Circular multipass cell.

Herriott, White, and circular multipass cells rely on repeated reflec-
tions between polished, precisely aligned mirrors. Integrating spheres
offer an intriguing alternative: they have random reflections with no re-
quirement for a smooth surface or precise alignment. Integrating spheres
have rough, highly reflective inner surfaces designed to reflect light ran-
domly until it reaches a detector or collection port as shown in Fig. 1.10.
These reflections extend the path length of light in the sphere, but allow
for light to travel many paths through the sphere—some are shorter, some
are longer.

While the path length enhancement tends to be less than for multipass
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cells or cavity-enhanced methods, integrating spheres are still an attrac-
tive platform because they are relatively inexpensive and easy to set up
[99]. Industrial and atmospheric monitoring of gases like methane and
carbon dioxide don’t necessarily require the sub-ppt and sub-ppb sensi-
tivity that can be achieved by ICOS, CRDS, and PAS, so more economical
designs have practical utility. Integrating spheres have been used to detect
hazardous gases such as nitrogen dioxide and sulphur dioxide [99], water
vapour and butane [100], carbon monoxide [101], and methane [102].

Figure 1.10 Diagram of light passing through an integrating sphere. An
initially collimated laser beam will be scattered upon reflection from the
surface of the sphere. The light will bounce randomly until it is either
absorbed by gas molecules in the chamber or it reaches the photodetector.

1.4 Conclusion

In this introduction, I first explored the types of optical resonances that
can exist in capillaries and how they might be applied towards refracto-
metric sensing. I also discussed some important terms as well as a brief
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overview of what other kinds of resonant refractometric sensors are be-
ing researched. The focus of Chapter 3 will be on Fabry-Perot modes in
a capillary, while Chapters 4 and 5 will focus on star and triangle modes
in capillaries and their application toward refractometric sensing. Then,
I described how resonance between rotational and vibrational motion of
molecules and electromagnetic radiation leads to absorption features at
particular wavelengths. These features have been exploited by various
types of optical absorption spectroscopy schemes. Developing integrating
sphere laser absorption spectroscopy for the measurement of methane and
carbon dioxide will be the focus of Chapter 6 of this thesis.
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Chapter 2

Experimental methods

2.1 Preparation of Fabry-Perot capillaries

Bare capillaries were prepared from Polymicro Technologies® fused sil-
ica tubing. This tubing has a nominal inner diameter of 50 µm and outer
diameter of 360 µm including a 20 µm polyimide jacket. I sectioned the
tubing into lengths of ~5 cm by scoring the jacketed tubing and breaking
the segments with tweezers. I then placed a silica boat containing a batch
of capillaries into a tube furnace. In order to burn off the coating, the tem-
perature was held at 650 °C for 45 minutes in flowing oxygen.

I then coated the channel of the capillaries with poly-pentabromo-
phenylacrylate (PBPA) obtained from Sigma-Aldrich. The PBPA was
dissolved in chloroform (1 mg/mL) and drawn into the channel by
capillary action. I heated the capillaries on a hot plate at ~70 °C for 20
minutes until the chloroform had evaporated. This left a thin layer of
about 200 nm of polymer on the inner surface of the capillary.
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Figure 2.1 SEM images of silver-coated capillaries taken on a Zeiss
Sigma 300 VP-FESEM. a Variable pressure secondary electron image of
the inner surface of a microcapillary at 2,280X magnification. b Backscat-
tered electron image of the silver layer at 6,000X magnification.

The silver-coated capillaries were prepared by Elizaveta Klantsataya
and Alexandre François from the University of South Australia. The cap-
illaries were first ashed to remove the polyimide jacket. Then, a solution
of tin(II) chloride was prepared by mixing 0.1 M SnCl2 and 0.1 M HCl.
The resulting solution was flowed through the capillary channel at a rate
of 50 µL/min for 5 minutes. This tin(II) chloride causes greater adhesion
of the silver film on the capillary walls [103]. Mixing silver nitrate (0.24
M; aqueous) with potassium hydroxide (0.25 M) precipitated silver oxide.
Ammonia (3 M) was slowly added to this solution until the silver oxide
dissolved, producing Tollens’ reagent. A mixture of methanol and 1.9 M
glucose in a 1:2 ratio was then mixed with Tollens’ reagent and the result-
ing solution was flowed through the capillary channel for 4 minutes. This
produced a layer of silver about 10-30 nm thick on the capillary wall and
served to increase the reflectiveness of the wall. This layer is relatively
rough as seen in Fig. 2.1.
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2.2 Fabrication of Tapered Capillaries

Tapered capillaries were prepared by collaborators Nicholas Riesen and
Alexandre François from the University of South Australia. The outer
coating of nominally 250 µm inner diameter and 320 µm outer diameter
capillaries was again removed by ashing in a tube furnace. Then, the cap-
illaries were heated with a graphite filament and gently pulled in a custom
apparatus until the middle tapered to the desired radius. This produced
capillaries with inner:outer radii of 52:71, 69:91, 84:114, and 99:134 µm. A
set of capillaries without modified radii were measured to have a ratio of
121:161 µm. All capillary sizes were determined by optical microscopy.

2.3 Functionalizing capillaries with PE layers

Polyelectrolyte (PE) layers were added to the channel walls to create a
layer with which to bind polystyrene microspheres to the capillary wall.
The steps are as follows:

1. A solution of 10 M NaOH was pumped through a capillary with an
inner diameter of 250 µm and 320 µm outer diameter for 2 minutes
at a rate of 0.1 mL/min. This cleaned the capillary wall and created
a slight negative charge which promoted adhesion of the first poly-
electrolyte layer.

2. Water was pumped through at the same rate of 0.1 mL/min to re-
move any excess NaOH.

3. Rhodamine B (1 mM; aqueous) was pumped through the capillary at
5 µL/min while being excited with the 500 nm light from the pulsed
dye laser. Spectra were taken every 30 seconds to establish a base-
line, and then the rhodamine solution was washed out of the capil-
lary with water.
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4. A 2.5 M aqueous NaCl solution containing 2 mg/mL polyallylamine
hydrochloride (PAH) was pumped at a rate of 20 µL/min for 5 min-
utes followed by water. The PAH had a positive charge which re-
sulted in electrostatic attraction between it and the capillary wall.

5. Polystyrene sulfonate (PSS) solution (also 2 mg/mL with 2.5 M
NaCl) was pumped for 5 minutes at 20 µL/min followed by water.
PSS has a negative charge.

6. Step 4 was repeated.

7. As in Step 3, rhodamine B solution was pumped through the capil-
lary while spectra were collected.

8. Various concentrations (0.05 mg/mL to 2 mg/mL) of polystyrene
microspheres (Polysciences; 50 nm diameter) were pumped into the
capillary along with 250 mM n-hydroxysuccinimide (NHS), and 250
mM 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide (EDC) for 30
minutes. The capillary was rinsed with water afterward.

9. Step 7 was repeated.

2.4 Collection of spectroscopic data

Spectroscopic data for Chapters 3, 4, and 5 were generally collected in a
similar manner, with a diagram of the experimental setup shown in Fig. 2.2
and photographs shown in Fig. 2.3. Once prepared, polytetrafluoroethy-
lene (PTFE) with an inner diameter slightly larger than the outer diameter
of the capillary was glued to both ends of the capillary using Norland Op-
tical Adhesive (NOA) 76. The adhesive was cured under a UV lamp for
60 seconds. The capillary with its tubing was then mounted to a custom-
made capillary stage with supports for the capillary and the tubing. Scotch
tape was used to secure the assembly to the stage at each support. One end
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Figure 2.2 Diagram of the experimental setup used for collecting spectra
from the capillaries. In the case of Ch. 3, the nitrogen and dye laser were
replaced with a broadband lamp and no longpass filter (LPF) was used.
The syringe pump forces fluid through tubing and into the capillary which
is mounted to a stage. The nitrogen laser emits 337 nm radiation which is
converted to 500 nm light by the dye laser attachment. The light source
was focused onto the capillary and the resulting emission collected by an
objective lens, and passed to a spectrometer.

of the tubing was then attached to a Nanojet syringe pump, and the other
open end was routed into a waste collection beaker. The capillary stage
was then mounted to a microscope such that the capillary was directly
above a 20 × objective lens, and the central channel of the capillary was
brought into focus. The objective lens routed the light through the mi-
croscope and into a Santa Barbara Instrumentation Group (SBIG) imaging
spectrometer with an SBIG ST-7 camera attached.

For the Fabry-Perot resonances in Ch. 3, I used 10% and 11% w/w
sucrose in water to perform the sensing measurements. The broadband
emission of the transmission light source of the microscope was focussed
onto the capillary using a condensing lens. As 11% sucrose solution was
pumped through the capillary at a rate of 5 µL/min, 30 second exposures
were taken continuously using the spectrometer system. After a sufficient
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Figure 2.3 Photographs of the capillary experimental setup. Left A
capillary was attached to tubing and then mounted to a stage. Laser light
was focused onto the capillary and the resulting emission was collected by
a spectrometer. Right A zoomed image of a capillary showing the orange
emission of rhodamine B.

number of exposures had been taken to ensure a baseline could be estab-
lished, the tubing was switched to a syringe filled with 10% sucrose. This
new solution was pumped at the same rate while the spectrometer contin-
uously collected spectral images. The analysis of these images is explained
in the next section.

The Fabry-Perot capillaries were also used to measure changes in re-
fractive index as a result of change in either gas composition or pres-
sure. Similar to the liquid solution, I alternated flowing high-purity argon
and nitrogen gas through the capillary, with argon serving as the baseline
while the capillary was illuminated by the broadband source. Here, the
tubing was connected to a Y-connection which in turn connected to a reg-
ulator on each of the two gas cylinders. The regulators for both gases were
set to 170 kPa to try to avoid any change in pressure when the gases were
switched. For the measurement of changes in pressure, I flowed the argon
gas through the capillary at an initial pressure of 301 kPa. This was held
constant as spectra were collected and then quickly, but as smoothly as
possible, the pressure was increased to 401 kPa after 25 spectra had been
collected, and then again increased to 501 kPa after the collection of a fur-
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ther 25 spectra. The spectrometer was set to automatically collect these
spectra, and was left running for the entire ~35 minute duration of the
experiment.

In Ch. 4, I used a similar method of connecting a capillary to tubing
and the stage Fig. 2.2, and placing the stage on the microscope. This time,
however, the pulsed, 337 nm output of a nitrogen laser (Photon Technol-
ogy International GL-3300) was coupled into a PTI GL-302 dye laser. A
high-power laser was necessary in order to stimulate lasing emission from
within the capillary. This dye laser had two fused silica cuvettes filled with
PL-500 dye solution. The dye laser was set to output 500 nm light, and
focussed onto the capillary mounted to the microscope stage (Fig. 2.3).
Aqueous solutions of 10% or 11% w/w sucrose and 1 mM rhodamine B
were pumped at 5 µL/min through the capillary and were excited by the
500 nm emission of the dye laser with a repetition rate of 3 Hz and ap-
proximately 220 µJ pulse energy. This energy was sufficient to promote
lasing into the geometric modes of the tapered capillaries. The 10% solu-
tion was pumped for 12 minutes to establish a baseline, followed by 11%
for 16 minutes, and then 10% again for another 16 minutes. Spectra were
collected every 30 seconds throughout the experiment.

2.5 Analysis of capillary mode shifts

Shifts in FP and geometric modes were measured using a Fourier shift
method [70]. The first step involved taking a spectrum of a neon calibra-
tion lamp shone into the system while keeping all other settings, such as
the position of the spectrometer’s diffraction grating or the microscope’s
objective lens, the same as during the experiment. This calibration image
was imported into Mathematica, cropped to exclude regions where the
light did not land on the sensor, and the image was skewed so that the
neon emission lines were vertical in the image. This was done so that the
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pixels could be vertically binned in order to improve the signal-to-noise
ratio of the measured spectra. The emission lines of the calibration lamp
were identified either by manually comparing their intensities and spac-
ing to known neon lines, or using a custom-made automated program
which performed this routine numerically. This allowed the bright lines
from the calibration lamp in the spectral image to be assigned a specific
wavelength, and the full wavelength calibration was then obtained by in-
terpolation between the known values.

After calibrating the wavelengths, the spectral images from the experi-
ment were imported and then preprocessed in the same fashion as the cal-
ibration image, i.e. they were cropped and skewed in the exact same way,
resulting in spectroscopic images with known wavelengths. Each image
was then vertically binned to produce an array of wavelength-intensity
pairs.

This data was then analyzed using a Fourier shift method. A full de-
scription can be found in Ref. [69]. Briefly, a discrete Fourier transform is
applied to the data and the phase shift of particular Fourier components
between spectral images is calculated. These phase shifts can then be con-
verted back in to wavelength shifts.

Using this technique, I was also able to track multiple mode shifts si-
multaneously or focus only on modes of interest. In the FP capillaries
shown in Ch. 3, pairs of reflections from the four different capillary sur-
faces created by the inner and outer edge of the glass wall led to multiple
signals in the power spectrum due to multiple, overlapping modes. The
shifts of the mode of interest could be monitored by only selecting the
Fourier components with high power near the expected frequency. In the
case of the geometric modes of Chs. 4 and 5, the star modes have a much
smaller FSR and redshift with increasing channel refractive index, while
the triangle modes have a much larger FSR and blueshift as the refractive
index increases. These modes, shifting in opposite senses, were tracked
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through each spectrum and the resulting shifts were added to improve
the sensitivity.

2.6 Lasing threshold measurements

In order to verify that the increase in the peak heights and decrease in
width of the modes seen in Ch. 4 was due to the onset of lasing, I per-
formed lasing threshold measurements. An aqueous 1 mM Rhodamine B
solution was pumped into the capillary while the capillary was mounted
above a microscope objective lens as in Sec. 2.4. A rotating neutral density
filter wheel was placed between the output of the dye laser and the cap-
illary. This neutral density filter decreased from optical density (OD) 4 at
0° to OD 0 at 270°. The filter wheel was rotated between OD 4 and OD
0 in 5° increments, and a spectrum was collected at each OD. The spectra
were acquired and vertically binned as in Sec. 2.4, although a calibration
of the wavelength was not performed since the wavelengths are identical
for all of the spectra. The energy per pulse was calculated by multiplying
the unattenuated pulse energy of the laser with 10OD. The integrated in-
tensity of each spectrum was plotted against the pump energy and a linear
fit was performed to the data on either side of the “kink”. A kink in the
graph represents the onset of lasing, and the threshold can be calculated
by performing a linear fit to the data points on the high-energy side of the
kink and extrapolating back to the x-axis.
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Chapter 3

Refractometric micro-sensor using a mirrored capillary

resonator

A modified version of this chapter was published as W. Morrish et al. “Refrac-
tometric micro-sensor using a mirrored capillary resonator,” Optics Express 24
(22), 24959–24970 (2016). DOI: 10.1364/OE.24.024959. © 2016 Optical
Society of America

3.1 Abstract

We report on a flow-through optical sensor consisting of a microcapillary
with mirrored channels. Illuminating the structure from the side results
in a complicated spectral interference pattern due to the different cavi-
ties formed between the inner and outer capillary walls. Using a Fourier
transform technique to isolate the desired channel modes and measure
their resonance shift, we obtain a refractometric detection limit of (6.3 ±
1.1) × 10−6 RIU near a center wavelength of 600 nm. This simple device
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demonstrates experimental refractometric sensitivities up to (5.6±0.2)×102

nm/RIU in the visible spectrum, and it is calculated to reach 1540 nm/RIU
with a detection limit of 2.3 × 10−6 RIU at a wavelength of 1.55 µm. These
values are comparable to or exceed some of the best Fabry-Perot sensors
reported to date. Furthermore, the device can function as a gas or liquid
sensor or even as a pressure sensor owing to its high refractometric sensi-
tivity and simple operation.

3.2 Introduction

Microscale optical sensors could address important needs in fields rang-
ing from health sciences to clean energy development [104]. Optofluidic
architectures are especially interesting in this context, providing a strong
interaction between the probing light and the analyte [104]. Many optoflu-
idic sensors utilize interference effects in which the path length of light
within the device is affected by the properties of the analyte medium. No-
table types of microscale interference-based sensors include photonic crys-
tal cavities (PCCs) (e.g., Ref [105].) that can act as gas sensors [106], whis-
pering gallery mode (WGM) structures [107], and microscale Fabry-Perot
(FP) interferometers [108].

In all these devices, the presence of the analyte causes a change in the
local refractive index (RI), which in turn causes a shift in the resonance
frequencies. The sensitivity to RI changes in the analyte is typically mea-
sured in wavelength shift (nm) per refractive index “unit” (nm/RIU). In
WGM-based devices, the sensitivity depends on a variety of experimen-
tal parameters and is typically in the range of 5-50 nm/RIU [109, 110]. In
PCCs, one can obtain sensitivities as high as 500 nm/RIU [111]. FP inter-
ferometers typically have the highest sensitivities because the electric field
is predominantly in the analyte region, with values up to 900 nm/RIU
[112] or even 1160 nm/RIU [113] as recently reported at a wavelength of
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1550 nm.
The limit of detection (LoD) represents the minimum detectable refrac-

tive index change. Current typical LoDs are somewhat difficult to sum-
marize coherently since they are almost always extrapolated from much
larger RI changes. For fluorescence WGM-based refractive-index sensors,
estimated LoDs are typically in the range of 10−3 – 10−4 RIU [26, 33, 61,
114, 115]. These values can be pushed down to 10−5 RIU for PCC gas
sensors [105] or ~10−6 RIU for evanescently-coupled microspheres and
other WGM-type structures [116]. However, these devices can be difficult
and/or expensive to prepare and often require expensive precision equip-
ment to be operated, making them impractical for many applications. For
example, micron-scale Fabry-Perot cavities on optical fibers are often fab-
ricated using femtosecond machining [108, 113], fusion splicing different
fibers [48, 117], or a mix of both [118]. Alternatively, two fiber or waveg-
uide tips with a reflective coating can be positioned in close proximity to
form the FP cavity in a flow-through microchannel [119, 120].

Here, we demonstrate a simple capillary-based microfluidic sensor,
which doesn’t require any micromachining or any other complex micro-
fabrication techniques, with a sensitivity as high as (5.6±0.2)×102 nm/RIU
in the visible spectrum, corresponding to ~1540 nm/RIU at a wavelength
of 1550 nm, and demonstrate its usage for chemical or pressure sensing.
The light scattering and interference pattern from capillaries has been in-
vestigated for refractometric applications before [121–126]; here we in-
stead employ the cylindrical FP resonances for sensitive refractometric
shift sensing, which is somewhat more reminiscent of the optofluidic pho-
tonic crystal cavities reported in [127, 128]. Two different approaches have
been pursued to increase the reflectivity of the inner capillary walls, re-
sulting in higher cavity quality (&) factor. The first approach uses a high
refractive index polymer coating, enabling resonances with a sufficiently
high visibility and & to be observed in an all-dielectric structure due to
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the high refractive index contrast between the channel medium and the
deposited polymer layer. The second method used involves the deposi-
tion of a silver thin film, using an electroless plating method, onto the
inner capillary wall to produce a partially transparent silver mirror. While
the latter structure is clearly lossier, the reflectivity of the channel mirrors
can be significantly higher than in the polymer case, resulting in clearly
distinguishable resonances.

3.3 Basic structure

The devices consisted of channel-coated microcapillaries into which
broadband radiation from a tungsten lamp was directed perpendicular
to the capillary axis [Fig. 3.1]. It was impractical to measure an insertion
loss, but as the incident beam was roughly parallel and not narrowly
focused onto the capillary, the percentage of incident radiation coupled
into the channel was certainly low; despite this the signal intensity was
more than sufficient. In this orientation, the capillary can be viewed
as two concentric, low-finesse cylindrical FP cavities with the distance
between the mirrors (!) being twice the radius '. There are four interfaces
perpendicular to the capillary axis (labeled 1 to 4 on Fig. 3.1) which form
sets of different FP cavities. The strongest resonances will correspond to
those having the highest reflection coefficients and longest cavity lengths.
Of particular importance is the cavity formed between interfaces 2-3 [Fig.
3.1]; because most of the field is contained within the channel it should
have the highest sensitivity to the channel media. Cavity (2-3) also forms
a marginally stable resonator similar to cavity (1-4) (both have a radius
of curvature ' equal to half the channel length !). Additional resonances
would also exist within the thin mirror layer, but this long-wavelength
periodicity is not observable within the ~60-nm wavelength range of our
spectrometer.
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Figure 3.1 Diagram illustrating the basic structure of the capillary and
the experimental setup. Light from the tungsten lamp (LS) was roughly
collimated using a condenser lens (CL). A 20× objective lens (OL) was
used to collect the transmitted radiation and pass it to an imaging CCD
spectrometer with a nominal resolving power of 2800. Continuous ex-
posures of 30 seconds each were taken for sensorgram measurements.
Capillary interfaces 1, 2, 3, and 4 are labeled. The channel layer thickness
is greatly exaggerated for clarity.

In a cylindrical cavity of length ! = 2', where ' is the radius, the
transverse modes are degenerate and the mode spacing is simply given
by Δ 5 = 2/(2=eff!), where 2 is the speed of light in vacuum, ! is the cavity
length (the diameter in this case), and =eff is the effective index, which is
analogous to an FP cavity of the same length [129]. The quality factor is
approximately & = (2�!/(−� · ln['])) ignoring diffraction losses, where
' is the reflectance. For the high-index polymer-coated capillary, the cal-
culated & factor is ~200 for the modes defined by interfaces 2-3 (which
we will refer to as “channel modes”) with air in the channel. In contrast,
the air-glass outer interface (cavity 1-4) has a predicted & of ~1400. This
difference is mainly due to the much larger length of the (1-4) cavity.

With a silver-mirrored channel, the reflection coefficients and & factors
depend on the mirror thickness. For example, for a 30-nm coating the re-
flection coefficient is 0.88 and the calculated & factor is ~4000. Obviously
the & factor would improve with coating thickness, but thick mirrors re-
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duce the transmission through the device.

3.4 Device fabrication and characterization

The microfluidic FP cavities were prepared using fused silica microcapil-
laries (RI = 1.45) from Polymicro Technologies or Beckman-Coulter, with
inner and outer diameters of 50 and 320 µm, respectively. The 20-µm jack-
ets were removed by ashing at 650 °C.

Poly(penta-bromophenyl)acrylate (ppba; Sigma) was chosen as the
polymer to be deposited onto the capillary inner wall due to its high
refractive index (= 1.7) in the visible [130]. The polymer was dissolved
into chloroform (1 mg/mL), the resulting solution was allowed to fill
the channel by capillary action, and the solvent was then evaporated at
~70 °C for 20 minutes in atmosphere. The resulting 200-nm-thick polymer
layer can be seen in Fig. 3.2 a and 3.2 b, although its uniformity along the
length of the channel was difficult to ascertain by SEM.

Figure 3.2 a Low-magnification SEM image showing the polymer-coated
capillary channel. b A zoom-in of the interface showing the ~230-nm-thick
ppba high-index coating. a Same as in b except with the Ag mirrors. The
Ag coating appears bright against the capillary wall and is ~30 nm thick.
These images were taken by cleaving the capillary and imaging it using a
Zeiss Sigma 300 VP-FESEM operated at 25 keV in either backscatter or
secondary electron mode.

An electroless plating method was used to deposit a silver film inside
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the capillary channel via the precipitation of metallic silver from ammoni-
acal silver nitrate solution in the presence of a reducing agent (i.e. Tollens’
reaction). First, tin(II) chloride (0.1 M of SnCl2 in 0.1 M of HCl) solution
was flowed into the capillary to promote film adhesion onto the fused sil-
ica capillary walls [103] using a syringe pump at a constant flow rate of
50 µL/min for 5 min. The preparation of Tollens’ reagent started with
the oxidation of an aqueous silver nitrate solution (0.24 M) into silver ox-
ide using potassium hydroxide (0.25 M), resulting in the formation of a
brown precipitate. Ammonia (3 M) was then added dropwise to the solu-
tion to dissolve the silver oxide and produce a transparent silver ammonia
complex.

Once the silver ammonia complex became colorless, the reducing agent
(1:2 mixture of methanol and 1.9 M glucose) was added to Tollens’ reagent
to cause the reduction of the silver ammonia complex. This solution was
then pumped through the capillary for 4 minutes in order to achieve a sil-
ver channel coating a few tens of nm thick. Tollens’ reaction also success-
fully produced a capillary channel coating, with the Ag about 30 nm thick,
as seen in Fig. 3.3 c, and fairly rough, consistent with previous results on
cover slips and optical fibers [131].

The capillaries were then attached to polytetrafluoroethylene tubing
and mounted over an objective lens. Light from a tungsten lamp was fo-
cused onto one side of the capillary, transmitted through the structure, and
the spectrum was projected onto a miniature spectrometer [Fig. 3.1] with
a pitch of 0.077 nm/pixel on the CCD. The capillary was precisely aligned
parallel to the spectrometer entrance slit, which was centered along the
capillary axis. A gas tubing interface was used to force gases through the
capillary at controllable pressures while the optical transmission spectra
were being collected. Liquid experiments used a syringe pump to inject
sucrose-water mixtures into the capillary at a flow rate of 5 µL/min.

Finite-difference time domain (FDTD) simulations using the commer-
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cial OmniSim package were performed to validate the experimental data.
The domain size was 50 nm, with perfectly matched layers at the bound-
aries of the simulation domain. The emitter produces a simulated sinu-
soidal plane wave (in order to match the experiment reasonably well) with
a pulse length of 5 fs in order to give a wide spectral range. The simulated
time was at least 200 ps, by which time the electric field amplitude in the
device had decreased to negligible values. For full devices, a single simu-
lation run took ~4 hours on a 2.4 GHz PC using 15 cores.

3.5 Experimental results

3.5.1 Polymer-coated channels

The transmission spectrum for a capillary with a polymer channel coating
(with air both in the channel and outside the capillary) showed a complex
set of overlapping cavity resonances [Fig. 3.3], as expected for the four
dielectric interfaces. The Fourier spectrum contained at least four high-
power regions whose mean free spectral range (FSR) can be determined
according to Δ�spec/ , where Δ�spec is the spectral width in Fig. 3.3 and
 is the peak Fourier component number. Accordingly, one can extract
four main periodicities having mean FSRs of 3.6, 0.92, 0.72, and 0.40 nm.
The FSRs calculated according to Δ 5 = 2/(2=eff!) for cavities 2-3, 1-2, 1-3,
and 1-4 can be estimated using the mean refractive index (i.e., spatially
averaged along the path length) for =eff. This gives FSRs of 3.6, 0.91, 0.73,
and 0.41 nm, respectively, in reasonably good agreement with observation.
The resonances have a somewhat broad Fourier power spectrum because
the mode spacing is not perfectly uniform in wavelength units.

To confirm these mode identifications, mineral oil (= = 1.45, Sigma)
was used as an index matching fluid. When the mineral oil was pumped
into the channel (with air on the outside), the only observable modes had
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Figure 3.3 a Raw transmitted light spectrum showing several overlap-
ping oscillations. b Transmission spectrum taken with mineral oil in the
channel. Only the high-frequency oscillations corresponding to the cavity
defined by interfaces (1-4) are visible. c The mode spectrum for the same
capillary (with air in the channel) immersed in mineral oil in order to re-
move interfaces 1 and 4. The low-frequency oscillations with a spacing
of 3.6 nm correspond to interfaces (2-3). d A Fourier power series for
the raw transmitted light spectrum. The arrowed peaks correspond to the
cavity defined by the associated interfaces.

a periodicity of 0.39 nm, consistent with a cavity formed by the outer in-
terfaces (1-4) only [Fig. 3.3 b]. The observed & factor for these modes
(& = �0/Δ�FWHM = ~3000) appears higher than the theoretical value cal-
culated as described above & = (2�!/(−� · ln['])) = 1400, but due to
extensive mode overlap the measurement clearly underestimates the mea-
sured peak width (Δ�FWHM). To further support the mode identifications,
the capillary was next immersed in mineral oil, thus effectively removing
interfaces 1 and 4, while the channel contained air. Two holes were drilled
into opposite faces of a cuvette. The capillary was inserted through these
holes, which were then sealed with adhesive, so that a section of the cap-
illary was inside the cuvette. The cuvette was then filled with mineral oil
and capped. In this case, the only observable modes had a periodicity of
3.6 nm [Fig. 3.3 c)], confirming that they are indeed the channel modes.
The observed & factor was 225, which is similar to the predicted value of
200 for the polymer-coated channel.
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The channel modes are especially applicable for refractometric sensing
applications. To demonstrate this, Ar and N2 gas (99.998% purity) were
flowed sequentially through the capillary channel at a pressure of 170 kPa.
A channel mode spectrum was collected every 23-46 seconds and the res-
onance shifts associated with the channel modes were measured using the
Fourier shift technique [70] [Fig. 3.4], taking the main Fourier component
only to avoid possible overlaps with other modes.

Figure 3.4 Refractometric sensorgram on transitioning from Ar to N2
and back to Ar. Only the main Fourier component for interface 2-3 was
used to calculate the spectral shifts. The grey boundaries are centered on
the mean and their thickness represents the standard error of the mean.
The refractive indices of Ar and N2 are also shown, as calculated from
the Gladstone-Dale equation. The fact that the final Ar result did not
precisely return to the original one within the standard error of the mean
is likely due to a systematic (drift) error, possibly caused by mechanical
drifts that were difficult to eliminate when changing gases.

The refractive index of Ar at a pressure of 170 kPa (10 psi gauge pres-
sure) can be estimated from the Gladstone-Dale approximation of the Lor-
entz-Lorenz law given by = = 1 + �(%/)) where � is a gas-dependent

41



3.5. EXPERIMENTAL RESULTS

constant equal to 762 × 10−9 and 808.8 × 10−9 K/Pa for Ar and N2, respec-
tively [132], and % and ) are the pressure and temperature. Accordingly,
the refractive index increases by ~2.7 × 10−5 RIU on transitioning from Ar
to N2 at this pressure. This transition was readily detectable in the sen-
sorgram [Fig. 3.4], which demonstrated a mode shift of 12.6 ± 0.3 pm on
going from Ar to N2. The uncertainties were obtained from the standard
error of the mean for each step, with uncertainties for each step added in
quadrature. This yields a refractometric sensitivity, (, of (4.7 ± 0.3) × 102

nm/RIU at a wavelength near 600 nm. The relatively large error in the
sensitivity is due to the data scatter in Fig. 3.4.

The LoD is typically estimated with 99.7% certainty according to 3�/(,
where � represents the standard deviation of the wavelength shifts un-
der constant conditions. From Fig. 3.4, the LoD is therefore (1.3 ± 0.1) ×
10−5 RIU. This experimentally-detected change compares favorably with
the calculated LoD for recently-developed square capillary devices [133].
However, in typical runs in which it was not necessary to switch gases
(and thereby induce pressure fluctuations and mechanical motion), a bet-
ter 3� shift resolution was obtained, down to 3.5 pm (an example is shown
in Fig. 3.5); accordingly under conditions like those in Fig. 3.5 the device
has an LoD of ~(7.6± 0.5) × 10−6 RIU at a wavelength of ~600 nm. Despite
its simplicity, the optimum detection limit is comparable to those of the
best microscale refractometric devices such as whispering gallery mode
[70, 116] and surface plasmon sensors [134].

Finally, a polymer-coated capillary can also serve as a sensitive gas
pressure sensor. To demonstrate this, a capillary was filled with Ar at a
pressure of 301 kPa and the resonance wavelengths were monitored as the
pressure was increased to 401 and then 501 kPa [Fig. 3.5]. The modes
redshifted by ~140 pm owing to the pressure dependence of the refractive
index of argon as articulated by the Gladstone-Dale equation given above.
The results yielded a shift of 4.88± 0.01 pm/psi = 0.709± 0.002 pm/kPa at
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a wavelength of ~600 nm, which is close to an order of magnitude better
than currently-reported state-of-the-art FP-type gas pressure sensors [135]
and is similar to the exceptional response of a just-published fiber sensor
[136] that lacks the simple flow capacity shown here. The latter studies
used air, which displays similar pressure-related behavior to both Ar and
N2, validating these comparisons. From the mode shift deviations under
constant conditions, we find a pressure-related LoD of 4.96 ± 0.01 kPa.

Figure 3.5 Pressure sensorgram showing the mode shifts as the pressure
was changed twice and then held for ~11 min. Only the main Fourier
component ((2-3) in Fig. 3.3) was used to calculate the spectral shifts.
The inset shows a portion of each transmission spectrum on increasing
pressure from bottom (red) to top (blue). The colors refer to the specific
spectrum indicated by the colored points on the main panel. The standard
error of the mean is < 2 pm and is smaller than the data points. The
refractive indices estimated from the Gladstone-Dale approximation are
1.00077, 1.00103, and 1.00128 for the three increasing pressures shown.

Liquid sensing is also particularly interesting for a large range of ap-
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plications. However, the mode visibility of the polymer coated capillary
dropped significantly once filled with liquid, to the point where clear sen-
sorgrams couldn’t be obtained. The poor mode visibility was attributed
to the relatively low refractive index contrast between the polymer coat-
ing and water in the capillary channel. It is negligibly influenced by the
capillary wall thickness, as one effectively satisfies the “thick substrate”
criterion for capillaries of these dimensions.

3.5.2 Silver-mirrored channels

The channel mode visibility with air in the channel was much higher for
the silver mirrors [Fig. 3.6] than for the polymer coating, due to the higher
reflectivity. The FSR was close to 3.6 nm near � = 600 nm, again consistent
with the 2-3 resonances. Transfer matrix calculations showed that the re-
flectivity of a flat, 30-nm-thick silver mirror is 87.6% and 84.8% in air and
water, respectively, yielding calculated & factors on the order of 4000. Ex-
perimentally, the & factors were ~413; these significantly lower values are
probably due to scattering induced by the high surface roughness of the
deposited silver coating as shown previously [131].

In order to test the response of the Ag-mirrored capillaries, a new pres-
sure sensorgram was taken using Ar in the channel [Fig. 3.7 a]. Here
the pressure was varied from 301 to 501 kPa in 40 kPa steps. The silver-
mirrored capillary tracked these pressure changes well; by using the Glad-
stone-Dale approximation described above we obtain a pressure sensitiv-
ity of 1.08± 0.04 pm/kPa corresponding to an RI sensitivity of (4.2± 0.2) ×
102 nm/RIU. The uncertainty comes from the linear fit to the data in the
inset to Fig. 3.7 a, where we ignore the error in the pressure measurements
as probably smaller than the relative error in Δ�. The LoD calculated from
the measured sensitivity and the optimum system resolution (most stable
run, where 3� = 3.5 pm as described above), was 3.3 ± 0.1 kPa.

Unlike the polymer-coated capillary, the silver-mirrored one can also
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Figure 3.6 Transmission spectrum through the center of a silver-mirrored
microcapillary, with Ar in the channel. The spectrum is dominated by a
set of modes with an FSR of ~3.6 nm.

readily function as a liquid sensor [Fig. 3.7 b]. Whereas for the polymer
coating the 2-3 mode visibility became too small, the Ag mirrors retained
a high reflectivity and therefore good mode visibility for liquid channel
media also. Here, the refractometric sensitivity was found to be 354.2 ±
0.6 nm/RIU for sucrose-water solutions, yielding a best-case 3� detection
limit of (1.000 ± 0.002) × 10−5 RIU.

3.6 Comments and discussion

The resonance wavelength of an FP cavity is given by �0 = 4�=! cos�/
(2�< + )1 + )2), where ! is the cavity length, � is the incidence angle, <
is the order, and )1 and )2 are the phase shifts on reflection at the two
interfaces. Accordingly, the refractometric sensitivity of an ideal capillary
FP cavity with < � 1 is given by ( = d=/d� ≈ 4'/<, where ' is the cap-
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Figure 3.7 a Pressure sensorgram for Ar gas in a silver-mirrored capillary.
The inset shows a linear fit to the mean resonance shifts, yielding a pressure
sensitivity of 1.07 ± 0.02 nm/RIU. b Sensorgram as two concentrations
of sucrose (11% w/w and 10% w/w) solution are pumped through the
capillary

illary radius as before. There is no dependence on the reflectivity of the
mirrors or the quality factor of the cavity. Mirror roughness (see Fig. 3.2)
also doesn’t matter insofar as the sensitivity is concerned, although it can
decrease the visibility and thereby degrade the mode shift resolution and
the LoD. Thus, the deciding factor controlling the refractometric sensitiv-
ity for these capillary sensors is the measurement wavelength, because it
determines < independently of the radius (in other words, for a fixed res-
onant wavelength, there are many possible combinations of ! and < but
they all have the same refractometric sensitivity).

Using ( = 4'/<, one predicts a refractometric sensitivity of 599
nm/RIU for both the polymer- and silver-mirrored channel near � = 600
nm and = = 1.002 (Table 3.1). We observed (4.7 ± 0.3) × 102 and
(5.6 ± 0.2) × 102 nm/RIU for the polymer and silver-mirrored capillaries,
respectively. The experimental sensitivities tended to be somewhat lower
than the theoretical values. One possible reason is that the Gladstone-
Dale approximation used to calculate the RIs may overestimate the RI
difference between Ar and N2 at the measurement pressure.
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A few other comments can also be made at this point. First, we see
that the refractometric sensitivity is lower with liquid in the channel as
compared to gas. At a fixed wavelength, increasing the RI of the chan-
nel medium increases the mode order correspondingly, thus lowering the
sensitivity (opposite to the case of a WGM resonator, in which the sensi-
tivity decreases for lower analyte index). These observations are also in
agreement with the general trends predicted by the analysis above.

However, some discrepancies also exist. For example, the liquid sen-
sitivity for Ag-mirrored channels (Table 3.1) is about 63% of the gas one,
but the theory implies that it should be 75% of it (according to the ratio
of channel refractive indices 1.00:1.33). Also, the lower “pressure LoD”
for the Ag-mirrored devices as compared to the polymer ones is unex-
pected; from the above discussion one would expect them to be the same.
We can’t unambiguously explain this discrepancy, but we note that the
Fourier spectra (from which the wavelength shifts are calculated) were
much weaker in the polymer case than they were in the Ag one, due to
the much lower visibility of the 2-3 resonances and the maximum-power
component was not nearly as well defined. These differences affect the
accuracy of the Fourier shift method [70] and could potentially be respon-
sible for the different observed pressure LoDs (3.3 vs. 5.0 kPa for Ag and
ppba mirrors, respectively).

A brief discussion of the error analysis appears necessary. The de-
vice sensitivities were calculated from the experimental wavelength shifts,
which were obtained as the difference in the mean values of Δ�. The re-
ported uncertainties come from quadrature addition of the standard error
of the means (SE = �/=1/2), where � is the sample standard deviation and
= is the number of measurements for each shift value. The fact that the
uncertainties are far smaller than the nominal “resolution” of the spec-
trometer isn’t inconsistent because they simply come from the noise in the
mode peak positions under constant conditions. For several of the runs,
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Table 3.1 Summary of the experimental, simulated, and calculated sensi-
tivities of polymer-coated and silver-mirrored capillaries in nm/RIU. Listed
values are for wavelengths of 600 nm and 1550 nm, and near RIs of 1.002
(air) or 1.33 (water). Units are nm/RIU.

Experiment FDTD Theory

600 nm
Poly

Air 468 530 599
Water — 420 452

Ag
Air 565 516 599

Water 354 412 452

1550 nm
Poly

Air — 1574 1547
Water — 1128a 1165

Ag
Air — 1513 1547

Water — 1222 1165
aThe FDTD result for water in the polymer-coated channel
yielded low-visibility, low-Q modes that were difficult to analyze
by Fourier methods, so the peak shift was estimated manually
by choosing the highest point.

these values were very small, with a standard deviation of less than 1.5
pm. This error analysis does, however, ignore systematic errors which we
do believe are significant but are difficult to quantify.

Since most of the Fabry-Perot fiber sensors cited in the literature were
tested at a wavelength near 1550 nm, the sensitivity in the infrared would
present a more consistent comparison with previous work. For Fabry-
Perot-type cavities, the wavelength shift under a fixed index change is di-
rectly proportional to the central wavelength. Thus, at 1550 nm the sensi-
tivity of the capillary device would be close to 1540 nm/RIU for air in the
channel. This estimate is in reasonable agreement with FDTD simulations
which gave a sensitivity of 1574 nm/RIU.

The best detection limit we could achieve was (6.3 ± 0.2) × 10−6 RIU,
taking the most stable experimental run to calculate the 3� variation in
the mode peak positions. The detection limit varies inversely with wave-
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length, due to the greater sensitivity of the proportionally smaller mode
orders. Thus, at 1550 nm (as compared to 600 nm for the current measure-
ments) the detection limit is predicted to be 2.3 × 10−6 RIU, which is also
in excellent agreement with FDTD simulations.

Temperature cross-sensitivity is an issue for many sensors [137, 138].
The response to temperature fluctuations is due to thermal expansion
which for silica is 5.5 × 10−7 K−1 [139], giving a relative change of a few
parts in 105 for a temperature change of 100 °C, corresponding to a few
pm of spectral drift. Since this is quite close to the shift resolution, one
can conclude good thermal stability over a range of ~100 °C, but for larger
temperature drifts the thermal expansion would have to be compensated.
Of course, in an open system the thermo-optic coefficient of the gas would
cause a change in the RI which may not be distinguishable from a change
in pressure; whereas in a closed system both % and ) would change
concurrently and the effects would cancel insofar as one has an ideal gas.

There are several additional features of this device. No splicing, melt-
ing, femtosecond laser ablation [113, 136], or nanolithography is required
as is usually the case for other sensors. Since the mode propagates mainly
in the channel, the elasto-optic effect, which can be a problem for fiber sen-
sors, is not important here. The compressibility of silica near atmospheric
pressure is 9.8 × 10−12 Pa−1 [140], which would cause a redshift of a frac-
tion of a picometer due to elastic expansion in this pressure range. The
compressibility of ppba is unknown but the values for related polymers
such as PMMA are on the order of 1.5 × 10−10 Pa−1 [141], and for silver it is
~1 × 10−11 Pa−1 [142]. These values are about an order of magnitude larger
than that of silica but would still cause negligibly small mode shifts as
compared to the wavelength shift resolution (i.e., the polymer film thick-
ness would change by a few parts in 105 over 200 kPa leading to a few pm
of spectral drift, around 1% of the typical changes observed).

However, similar to other FP gas sensors, gas specificity is currently
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lacking. One can envision ways to overcome this problem in the future,
such as, for example, by filling a capillary with a porous absorber. In-
deed, this concept has recently been demonstrated for fluid biosensors
[143]. Secondly, a small amount of heating is likely to occur in the sample.
We did not make any temperature-stabilizing efforts here; but since the
device only uses a comparatively weak white light source, thermal drifts
should be minimal. Indeed, after the sample was allowed to stabilize for a
few minutes we found no observable thermal drift in the reported sensor-
grams after starting an experiment.

A final question concerns the value of a capillary-type FP sensor as
compared to the fiber-optic sensors investigated previously. First, despite
its simplicity a mirrored-capillary gas, liquid, and pressure sensor hasn’t
been shown before. In fact, the simplicity of the device is an attractive as-
pect since only a very straightforward fabrication is required and it could
easily be parallelized to produce multiple devices. Secondly, sensitivity
in the visible spectrum is as good as or better than in previously demon-
strated FP devices, with predicted detection limits in the low 10−6 RIU
range at a wavelength of 1.55 µm. Third, the light source is nothing more
than a simple incandescent bulb. Finally, better mechanical stabilization
(e.g., by packaging the capillary and light source) would likely lead to a
smaller shift resolution and even better detection limits.

3.7 Conclusions

To conclude, we show a simple, robust refractometric gas sensor based
on a capillary coated with a high-index polymer or metallic silver. The
response is comparable to or better than many other optical gas sensors.
A refractometric shift of 2.7 × 10−5 RIU was tested and an optimum de-
tection limit of (6.3 ± 1.1) × 10−6 RIU was found at a wavelength of ~600
nm. These values would further improve by a factor of ~2.6 at the infrared
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wavelengths used by other detection systems. The device can also func-
tion as a gas pressure sensor with a detection limit as low as 3.3 ± 0.1 kPa
at � = 600 nm, which is comparable to the best optical pressure sensors
reported to date. The concept doesn’t require any complicated equipment
or preparation. The same concept was demonstrated for fluid sensing in
the channel as well, again with competitive sensitivities and LoDs. The
results were finally discussed in terms of the simple theory governing the
sensitivity of FP-type refractometric sensors.
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Chapter 4

Geometric resonances for high-sensitivity microfluidic

lasing sensors

A modified version of this chapter was published as W. Morrish et al. “Geometric
Resonances for High-Sensitivity Microfluidic Lasing Sensors,” Physical Review
Applied 10 (5), 051001 (Nov. 2018). DOI: 10.1103/PhysRevApplied.1
0.051001. © 2018 American Physical Society

4.1 Abstract

Microcapillaries are inherently fluidic sensing platforms that can, under
appropriate conditions, support lasing. We propose and demonstrate a
lasing microcapillary sensor based on “star” and “triangle” interferences
arising from reflection and refraction at the inner and outer microcapillary
walls. These interferences lead to distinct modal trajectories that sample
the channel medium inside the microcavity structure. Both star and
triangle resonances are therefore sensitive to the nature of the channel
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medium, yielding theoretical and experimental sensitivities significantly
exceeding those found for sensors based on conventional whispering-
gallery modes. Additional enhancement can be achieved because the two
main resonance families shift in an opposite sense, yielding a differential
sensitivity that can reach several thousand nanometers per refractive
index “unit”. These devices represent a robust, yet easily fabricated
optical sensor and capillary-based lasing system for microfluidic sensing.

4.2 Introduction

Microcavity resonators are a natural fit for sensing applications. They are
compact and can measure changes in humidity [35], temperature [36], and
force [38]. They can measure chemical reactions [144] and can be function-
alized to detect specific proteins [40], DNA [17], viruses [110], and indi-
vidual nanoparticles [34]. Microcapillaries also provide an intrinsic flow-
through capability, whereas other geometries, such as microspheres, disks,
and fiber-based resonators, require more-complicated external channels
and sampling chambers.

Two main capillary-type microcavity sensors have been proposed. Li-
quid-core-optical-ring-resonator sensors (LCORRS) are capillaries whose
walls have been thinned below 5 µm [19]. Light is then coupled into the
whispering-gallery modes (WGMs) through the use of a phase-matched
waveguide or fiber taper, which requires sub-micron positioning appara-
tus and/or a narrow-bandwidth tunable laser. LCORRS are also fragile
and their fabrication can require injection and pumping of hydrofluoric
acid.

Fluorescent-core microcavities (FCMs) are standard thick-walled mi-
crocapillaries with a high-refractive-index fluorescent layer on the inside
of the capillary channel [33]. The WGMs can be observed in the fluores-
cence emitted from the channel coating. While FCMs are more robust and
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easier to prepare, their drawbacks include low light levels, low & factors
of typically 1000, and relatively low refractometric sensitivity [30]. While
lasing FCMs can alleviate the first two issues to some degree [145], the
lasing is subject to photobleaching and does not increase the sensitivity.

LCORRSs and FCMs typically have sensitivities (() of 5–30 nm per
refractive index “unit” (RIU), although the high-order radial modes can
reach 200 nm/RIU [146] or 570 nm/RIU [147], respectively. A sensitivity of
967 nm/RIU was achieved in capillary resonators having a layered struc-
ture with outwardly decreasing refractive indices [148]. Surface-plasmon
resonators typically show comparatively lower sensitivities [134]; whereas
Fabry-Perot cavities [1, 149] and photonic crystals [150] can achieve values
near 1000 nm/RIU. Specially designed devices such as coupled optoflu-
idic ring lasers can reach even higher values [20]. The detection limit for
refractometric devices is generally defined as !3 = '4/(, where '4 is the
“resolution” of the sensor, which is based on the noise present in a given
configuration [116]. For capillaries, the detection limit ranges from 10−4 to
10−6 RIU depending on the geometry. Surface-plasmon sensors can rou-
tinely achieve detection limits of 10−6 RIU [134], the detection limits of
Fabry-Perot cavities range from 10−4 to 10−6 RIU [1, 149], and the detec-
tion limit of optofluidic ring lasers reaches 10−7 RIU [20].

Here we demonstrate a novel lasing capillary sensor that is both ro-
bust and sensitive by using geometric modes in the lasing regime. We
start by analyzing the trajectories of these modes and derive an equation
for their sensitivity. We then fabricate devices, characterize the resonances,
and measure the sensitivity experimentally. We find two families of lasing
modes that shift in an opposite sense as a function of the analyte refrac-
tive index, reaching sensitivities significantly greater than those of other
capillary-based devices.
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4.3 Theory

There are two types of resonance that can be supported. In the first type,
light travels around the full circumference of the capillary, periodically re-
fracting into the glass wall [Fig. 4.1 a]. If the path difference after one
round trip is an integer number of wavelengths, a “star-mode” resonance
will form. These modes require that the refracted ray approaches the outer
boundary at an angle larger than the critical angle. The resonant wave-
lengths obtained by geometric analysis are

�TE,TM =
2#

< − #()TE,TM,2/(2�))

(
'=2

2 sin 

=1 cos#
+ A=1 sin 

)
, (4.1)

where � is the mode wavelength, order # represents the number of points
on the star, < is the mode number (i.e., the number of wavelengths in
the optical path), )TE,TM,2 is the phase change on total internal reflection
at surface 2 for TE- or TM-polarized modes, ' is the outer radius of the
capillary, A is the inner radius of the capillary, =1 is the refractive index
inside the channel, =2 is the refractive index of the glass wall,  is the half-
angle subtended by the points of incidence for the ray that refracts into
the glass wall and returns to surface 1 [Fig. 4.1 c, line ���], and # is the
half-angle subtended by the path that reflects through the channel [Fig.
4.1 a, line ��]. The phase shifts on internal reflection from surface 2 are
calculated from the Fresnel equations.

The star modes have the constraint that #(# + ) = �, establishing a
limit on the possible values of # . For example, in capillaries with =1 =

1.348, a 125-µm inner radius, and a 160-micro m outer radius, the only
allowable values of # are integers 5–8. To find the resonant wavelengths,
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we write the angle  in terms of the other parameters:

 = sin−1
(
=1

=2
cos#

)
− sin−1

(
A=1

'=2
cos#

)
. (4.2)

Pairs of angles # and  can be calculated by solving Eq. 4.2 numerically,
and then the resonant wavelengths can be calculated from Eq. 4.1.

The sensitivity of the star modes can be determined by taking the
derivative of Eq. 4.1 with respect to =1 for either polarization. We focus
on the TE case (i.e., electric field parallel to the capillary axis), although
the TM result is similar. Since many of the variables in Eq. 4.1 are
themselves dependent on =1, the derivative has no simple analytical
solution. We therefore solve d�/d=1 numerically, finding sensitivities up
to 350 nm/RIU for capillaries with the largest A/' ratio, as shown in Fig.
4.2 a. In general, star-mode sensitivities decrease with increasing orders,
while sensitivity increases as the A/' ratio increases.

Figure 4.1 Ray diagrams showing possible resonance configurations. In-
ner and outer capillary surfaces are labeled 1 and 2, respectively, θ2 is the
angle of refraction after light enters the glass wall, and θr is the angle of
reflection at surface 2. Other symbols are defined after Eq. 4.1. a A
ray reflects off the glass-air interface five times. b, c An incoming ray is
split into two paths via Fresnel reflection and recombines after either one
reflection b or two reflections c of the internal ray.

In the second type of resonance, a wave propagating through the cap-
illary channel is incident on the glass wall, splits into a reflected and re-
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fracted component at point �, and recombines again at point � [Figs. 4.1 b
and 4.1 c]. If these rays interfere in phase, they form a “triangle” reso-
nance. Building upon a simpler analysis [44], we find the condition for a
triangle is

�TE,TM =

2
(
E
'=2

2 sin 
=1 cos# − DA=1 sin#

)
< − E )TE,TM,2

2� − D )TE,TM,1
2�

, (4.3)

where D and E are integers such that D# = E, and the phase shifts on
reflection at surface 1 are )TE,1 = � and )TM,1 = 0 when sin−1(cos)) <
tan−1(=2/=1) and � otherwise. In the case of D = E [i.e., when the two
angles are the same as in Fig. 4.1 c],

# = arccos

[
1

12A'=2
1

(2F − F2IH−1/3 − H1/3I∗)
]

, (4.4)

where F = A2=2
1 + '2=2

1 + '2=2
2, G = 9A2'4=4

1=
2
2, H = F3 − 6G + (36G2 −

12F3G)1/2, and I∗ = 1 − 31/28.

Figure 4.2 Theoretical sensitivities of the TE-polarized modes for inner
and outer capillary radii up to 160 µm. Failure of total internal reflection
(TIR) due to the small angle of incidence prevents lasing in the upper
“forbidden” regions. The lower forbidden region has inner radius exceeding
the outer radius.

When D = 1, the inner ray path goes straight from point � to point �; if
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D = 2, there is an additional inner-wall reflection [Fig. 4.1 c]. If E = 2, then
there are two outer-wall reflections, making a “double-triangle” mode.
The triangle-mode sensitivity is the derivative of Eq. 4.3 with respect to
=1. When D = E, the sensitivity is negative and larger than for the star
modes [Fig. 4.2 b], reaching thousands of nanometers per RIU for increas-
ing A/' ratio. The star and triangle modes can also be coupled (i.e., they
can have the same resonant wavelength) as in the experiment to follow.

For both the star and the triangle modes, total internal reflection must
occur at surface 2. This places a lower cutoff for the ratio of the inner ra-
dius and outer radius of approximately 0.75 for the refractive indices used
in the experimental demonstration, although it weakly depends on the
mode orders # (star modes) or D and E (triangle modes). There is tech-
nically no upper limit to the radius ratio, although eventually one returns
to the situation in which the mode spectrum is dominated by the WGMs,
which are formed by reflections at surface 2 only.

The free spectral range (FSR) generally defines the dynamic range that
can be achieved in a sensing experiment. The star-mode FSR is

Δ 5star =
2=1 cos#

2#('=2
2 sin  + A=2

1 sin# cos#)
, (4.5)

whereas for triangle modes

Δ 5triangle =
2=1 cos#

2(E'=2
2 sin  + DA=2

1 sin# cos#)
. (4.6)

The star modes have a small spacing, similar to WGMs for capillaries of
the same size, where Δ 5WGM = 2/(2�'=2) and 2 is the speed of light.
Δ 5triangle is approximately 20 times larger than Δ 5star, implying a larger
range relative to the sensitivity.
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4.4 Experimental methods

Test devices are prepared from standard 125-µm-inner-radius and 160-µm-
outer-radius fused-silica microcapillaries (= ≈ 1.458 at 600 nm [151]). The
polyimide coating is removed by ashing under flowing oxygen in a tube
furnace at 923 K. The inner and outer radii are modified by heating the
capillaries with a graphite filament and gently pulling them until they
reached the desired radius. The A/' ratios are 52:71, 69:91, 84:114, 99:134,
and 121:161 as estimated by optical microscopy (Fig. 4.3). Each capil-
lary is connected to polytetrafluoroethylene tubing and affixed to a stage
mounted above an objective lens. The test analyte is 1 mM Rhodamine B
dissolved in aqueous solutions of either 10 or 11 wt % sucrose (=1 = 1.3478
and 1.3494 at 600 nm, respectively [152]), which are pumped through the
tubing and into the capillary channel with a syringe pump. The capillaries
are illuminated with a Photon Technology GL-302 dye laser (500 nm, 3 Hz,
pulse length approximately 1 ns), and the emission is measured with an
imaging spectrometer. The mode shifts are determined by Fourier analysis
[70].

Figure 4.3 Optical images of a vertically oriented capillary with radius
ratio of 69:91 filled with 1 mM aqueous Rhodamine B under 532 nm
CW-laser illumination (upper) and under 500 nm pulsed-laser illumination
(middle), and an empty capillary under white light (lower). The black line
is the spectrometer entrance slit.
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4.5 Results and discussion

The spectra show a set of periodic, narrowly spaced modes for the var-
ious radius ratios examined (Fig. 4.4). The narrowness of these modes
combined with the threshold behavior is indicative of lasing. Below the
threshold, no modes are visible in the spectrum because the fluorescence is
dominated by the bulk fluid in the channel. For the star modes, the calcu-
lated FSR is 0.27 nm, in close agreement with the 0.26-nm spacing between
adjacent lasing modes for radius ratio 121:161. With this identification, the
& factors for the star modes increase with capillary radius, ranging from
approximately 3800 for the smallest capillaries to approximately 6000 for
the largest as measured by dividing the central wavelength of a peak by its
full width at half maximum. The triangle modes have a much larger calcu-
lated spacing of 5.9 nm, approximately consistent with the experimental
results shown in Fig. 4.4, in which the envelope mode spacing is approxi-
mately 5.4 nm (i.e., the spacing between the groups of lasing modes). The
width of the triangle-mode envelope and the underlying star-mode struc-
ture do, however, make it hard to measure the triangle-mode FSR, possibly
explaining the difference between the calculated and experimental values.
Although the & factor of the triangle modes is difficult to estimate due to
the complicated underlying star-mode structure, the evidently low value
is expected due to low reflectivity at surface 1 [44]. Additionally, a higher-
order triangle mode [D = 2; Fig. 4.1 c] appears in the spectrum, with a
measured FSR of approximately 5.8 nm, with a fairly large uncertainty.

The sensitivities are experimentally determined by collecting a series
of spectra represented in Fig. 4.5. Triangle and star modes with differ-
ing modal parameters should produce a large set of peaks in the Fourier
spectrum, and, indeed, a complex spectrum with several maxima is ob-
served. Mode shifts are followed by monitoring the phases of the Fourier
components that agreed with the calculated modal frequencies [Fig. 4.6 a].
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Figure 4.4 Lasing spectra for capillaries of various inner and outer radii
given in micrometers. The groups of lasing peaks are star modes modu-
lated by a triangle-mode envelope. Only these coupled modes appear to
lase. The inset shows the lasing threshold for the capillary with radius ratio
of 121:161.

The phase shifts can then be recast as wavelength shifts, resulting in the
sensor read-out shown in Fig. 4.6 b. The triangle-mode envelope shows
a large blueshift and the star modes show a smaller redshift in the sensor
read-out, as predicted by the theoretical analysis.

The calculated sensitivity of these modes can also be compared with
the experimental values. The ' = 161µm capillary demonstrates sensitivi-
ties of 147 and −767 nm/ RIU for the star and triangle modes, respectively.
These correspond to calculated sensitivities of 135 and −794 nm/RIU for
# = 5 and D = 1, which appears to be reasonably good agreement given
the experimental uncertainties. Since these two sets of modes have sensi-
tivities of the opposite sign, they can be combined to achieve a sensitiv-
ity higher than either can provide alone. This yields a sensitivity of 914
nm/RIU experimentally and 929 nm/RIU from the theory.
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The sensitivity of the other capillaries is also measured, yielding star-
mode values of 111, 160, 227, and 139 nm/RIU for the devices with ra-
dius ratios of 52:71, 69:91, 84:114, and 99:134, respectively. The triangle-
mode sensitivities of these same capillaries are −856, −743, −828, and −991
nm/RIU, again in good agreement with the theoretical calculations de-
scribed above and confirming that combined sensitivities in excess of 1000
nm/RIU can be achieved. The theory shows that even better values can
be easily obtained (Fig. 4.2).

Figure 4.5 Density plot illustrating a sensing run. Two spectra are over-
laid in white. A 10 wt% aqueous sucrose solution is pumped through
the capillary, followed by 11 wt% at approximately 12 min, and 10 wt%
solution is reintroduced at approximately 28 min.

To calculate the detection limit, the wavelength resolution '4 is defined
as 3 times the standard deviation of the data during a period where no
change occurs. With the definition !3 = '4/(, the data in Fig. 4.6 b yield
detection limits of 3.4 × 10−5 RIU for the triangle modes and 2.5 × 10−5 RIU
for the star modes. The main limitation is the jitter in the data for the trian-
gle modes, which are harder to clearly isolate in the Fourier spectrum. In
the most stable runs, however, the 3� resolution is good enough to imply
a detection limit in the mid-10−6 range.

Unlike WGM-based capillary lasers that rely on organic dyes in solid
media [145], here the lasing modes show no bleaching over an entire ex-
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periment (i.e., 45 min). The fresh solution continuously pumped through
the capillary channel minimizes oxidative effects from the excitation of
triplet states common to organic chromophores. Furthermore, specific de-
tection via surface functionalization is possible in principle, since the star
and triangle modes depend on the optical properties of surface 1. The
main drawback is that the fluid must contain a lasing chromophore, which
may limit the range of analytes. However, this arrangement can also be
desirable, such as when proteins or cells are tagged with laser dyes [153].

4.6 Conclusions

The star and triangle “geometric” modes of conventional microcapillaries
can be used for a lasing sensor that demonstrates a combined theoretical
sensitivity up to several thousand nanometers per RIU at visible wave-
lengths and yields a detection limit in the range from 10−5 to 10−6 RIU, de-
pending on the stability of the experimental setup and the capillary radii.
The lasing-mode structure is shown to be the result of two sets of cou-
pled modes: closely spaced modes created as light travels in a star-shaped
path around the capillary, and more-widely-spaced ones created by inter-
ference between the reflected and transmitted waves at the channel wall.
The capillaries are also robust and require little preparation, thus repre-
senting an attractive option for microfluidic sensing in the lasing regime.
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Figure 4.6 a Discrete Fourier transform of the lasing spectrum of a
capillary with 160-µm outer radius. Colors indicate the components used
to create the read-out in b. b Sensor read-out with 10 and 11 wt%
aqueous sucrose solutions. The error bars are smaller than the data points
in most cases. The inset shows the sensor read-out of the same capillary
with TE polarization.
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Chapter 5

Functional lasing microcapillaries for surface-specific

sensing

A modified version of this chapter was published as Z. Zhang et al. “Func-
tional lasing microcapillaries for surface-specific sensing,” Optics Express 27
(19), 26967 (2019). DOI: 10.1364/oe.27.026967. © 2019 Optical Society
of America

5.1 Abstract

Lasing-based sensors have several advantages over fluorescent devices,
specifically related to the high light intensity and narrow mode linewidth
that can improve the speed and accuracy of the sensor performance. In
this work, a microcapillary-based lasing sensor is demonstrated, in which
the lasing wavelengths are sensitive to the surface binding of specific ma-
terials. In order to achieve this, we utilized lasing into the “star” and
“triangle” modes of a conventional microcapillary and tracked the mode
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positions after the deposition of a polyelectrolyte tri-layer and the subse-
quent amide binding of carboxy-functionalized polystyrene microspheres.
While the lasing mode spectrum becomes increasingly complicated by the
addition of the surface layers, careful mode selection can be used to mon-
itor the layer-by-layer surface binding in a mechanically and optically ro-
bust device. For polystyrene microspheres, the detection limits were 9.75
nM based upon the lasing mode shift, which compares favorably with
fluorescence-based devices. The methods presented in this work could
readily be extended to other surface binding schemes and lasing wave-
lengths, showing that capillary microlasers could be used for many poten-
tial applications that capitalize on stable lasing-based detection methods.

5.2 Introduction

Whispering-gallery-mode (WGM) resonators such as microrings [56, 154–
156], toroids [27–29], capillaries [31–33, 157], and spheres [25, 26, 158, 159]
have been widely investigated for various sensing applications. WGM-
based biosensing generally relies on one of two main approaches for mea-
suring the mode structure. The first approach requires an external light
source evanescently coupled into the cavity in order to track the resonance
changes that occur when a particle (e.g., a virus, protein, or a representa-
tive nanoparticle) binds to the sensor surface. Evanescent coupling meth-
ods using phase-matched tapered fibers [160], waveguides [161], or prisms
[17] are especially common. In these measurements, the cavity resonances
are probed by a tunable laser and the modes appear as “dips” in the trans-
mission spectrum. These methods are capable of measuring & factors of
109 or higher [162], and can permit single-particle detection via modula-
tion of the & factor [163] or by mode splitting [164]. However, certain
drawbacks have so far prevented the development of viable applications.
These are mainly associated with expense (i.e., for a narrow-bandwidth
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tunable laser), device fragility, and difficult experimental setup and pack-
aging. Recent work is aimed toward addressing some of these issues [165].

The second approach employs fluorescence spectroscopy to sample the
WGMs. These unlabeled sensing schemes rely on the incorporation of the
fluorescent material such as quantum dots [40, 166] or other chromophores
[167] into the cavity architecture. The fluorescence is pumped via free-
space excitation with a continuous-wave laser or light-emitting diode and
the cavity resonances appear as modulations in the fluorescence spectrum.
Measurement of WGMs via fluorescence obviates the need for expensive
equipment such as narrow-bandwidth tunable lasers and does not require
delicate or sensitive apparatus for coupling into the cavity modes. How-
ever, the light levels are extremely low in comparison to tunable laser se-
tups and the emission must be further dispersed in a spectrometer. The
& factors also tend to be low, due to the inherently wide bandwidth of
fluorophores at room temperature [168, 169]. Also, many fluorophores are
susceptible to photobleaching, although this problem can be minimized
by cross referencing schemes [170].

A WGM-based laser has several advantages for sensing applications,
including a higher & factor and more intense emission spectra as com-
pared to fluorescence-based devices [45]. Microspherical lasers have been
demonstrated for biosensing [61, 171] and, more recently, nonspecific
lasing microcapillaries have been reported [p2c12]. These devices use
laser-dye-containing layers as the gain medium. While a significant inten-
sity enhancement and mode narrowing was observed, lasing instabilities
seemed to preclude the development of biosensing applications [167]. In
related work, thin-walled capillaries containing a laser dye solution in the
channel have also been demonstrated for laser-based sensing applications
[153].

Stable microcapillary lasing can be induced relatively easily in con-
ventional thick-walled microcapillaries if the channel is filled with a gain
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medium [44]. The lasing modes are not the WGMs but are instead asso-
ciated with reflections at both the inner and outer interfaces. These “geo-
metric resonances” were recently demonstrated for non-specific refractive
index sensing with sensitivities as high as 1000 nm/RIU [2]. The geomet-
ric modes allow the use of robust, thick-walled capillaries rather than the
fragile capillaries commonly used for WGM-based sensing [172]. Capillar-
ies have the additional advantage of being inherently fluidic and thus do
not require external chambers or fluid handling systems. Thus, the object
of this work is to demonstrate and evaluate the first example of specific
surface sensing from the geometric modes of a microcapillary device.

5.3 Experimental methods

The devices were made from fused-silica microcapillaries (= ≈ 1.458 at 600
nm [151]). Glass capillaries with 125-µm inner radius and 160-µm outer-
radius were cut into ~5 cm lengths and the polyimide jacket was removed
by ashing in a furnace at 923 K in flowing oxygen. Each capillary was
connected to polytetrafluoroethylene tubing with Norland optical adhe-
sive and affixed above a 20× objective lens. The scattered emission was
measured from a direction perpendicular to the capillary axis.

The cavity geometric modes were excited using a Photon Technologies
Inc. GL-302 dye laser operated at a wavelength of 500 nm, which was
pumped by a GL-3300 N2 laser. This setup produced pulses of approxi-
mately 1 ns with energies of ~200 µJ. A repetition rate of 3 Hz was used.
The emission was collected with a 20× objective lens, sent through a 550
nm longpass filter, and it was then analyzed using an imaging spectrome-
ter (30 seconds per exposure) (see Fig. 5.1) with the entrance slit perpen-
dicular to the capillary axis. The fairly long collection times are required
by the low repetition rate and resulting low average power (~0.6 mW) of
our laser.
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Figure 5.1 Diagram of the experimental setup. A representative star
mode is illustrated in the capillary glass wall. The call-out on the right
side illustrates the PE trilayer and a PS microsphere bound to the final
PAH layer.

The capillary channel was then functionalized by using a polyelec-
trolyte layering method followed by the binding of carboxy-functionalized
polystyrene (PS) microspheres:

1. The first step was to clean the surface by pumping 10 M NaOH so-
lution through the channel of the capillary at a speed of 0.1 mL/min
for 2 minutes, followed by a water rinse. This process leaves a slight
negative charge on the channel wall [173, 174].

2. A solution of 1 mM rhodamine B (rhB) in water was then pumped
into the capillary to establish the lasing baseline measurement (see
Sec. 5.5). Note that lasing experiments are performed while the gain
medium (the rhB-water solution) is being pumped through the chan-
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nel. This was followed by a water rinse before moving to Step 3.

3. Next, a solution of 2 mg/mL polyallylamine hydrochloride (PAH)
dissolved in a 2.5 M NaCl aqueous solution was pumped at a rate of
0.02 mL/min for 5 minutes followed by a water rinse. PAH has pos-
itively charged functional groups [175] that, therefore, should bind
electrostatically to the clean capillary surface.

4. A solution of 2 mg/mL polystyrene sulfonate (PSS) in 2.5 M NaCl so-
lution was pumped into the capillary at 0.02 mL/min for 5 minutes.
The PSS has a negative surface charge and binds electrostatically to
the PAH [40].

5. Repeat Step 3.

6. A solution of 1 mM rhB in water was pumped into the capillary and
the lasing mode wavelength was then measured in order to observe
the mode shifts after the trilayer formation. This was followed by a
water rinse before moving to Step 7.

7. A solution of 50-nm-diameter PS microspheres (Polysciences;
concentrations ranging from 0.05 mg/mL to 2 mg/mL), n-hydroxy-
succinimide (NHS; 250 mM), and 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide (EDC; 250 mM) was then injected into the
capillary for 30 minutes, followed by a water rinse.

8. Finally, Step 6 was repeated (rhB solution) in order to determine the
lasing mode shifts after PS microsphere binding.

The presence of the PS microspheres was confirmed by helium ion mi-
croscopy. This method is similar to SEM, but it has an exceptionally large
depth of focus [176], making it possible to obtain focused images “looking
down” the axis of a capillary. The He ion beam was set to 30 kV and the

79



5.4. BASIC THEORY AND SIMULATION

imaging used a secondary electron detector. Charging was minimized by
using a neutralizing electron gun in the sample chamber.

5.4 Basic theory and simulation

The star and triangle modes arise from reflections and refractions that oc-
cur at the inner and outer boundaries of the capillary (Fig. 5.2 a). A ge-
ometric description of these resonances was recently developed [2]; here,
we further these ideas toward a multilayered structure (specifically, a cap-
illary with a single effective channel coating). This coating approximates
the PE trilayer described in the previous section, since each individual
PE layer is extremely thin compared to the wavelength. The free spectral
range (FSR) of the basic star and triangle modes can be written as [2]

Δ 5star =
2=2 sin�3

2#(=1=2A1 sin# sin�3 + A1=
2
2 sin  + A3=

2
3 sin))

(5.1)

and

Δ 5triangle =
2=2 sin�3

2(EA3=
2
3 sin) − DA1=1=2 sin# sin�3 − DA1=

2
2 sin )

, (5.2)

where the variable # is the half-angle subtended by the points of the inci-
dence for the ray that refracts into the PS microsphere film and return to
surface 1 (see Fig. 5.1 a),  is the half-angle subtended by the points of the
incidence for the ray that refracts into the PE layer and returns to surface
2, and ) is the half-angle subtended by the path that refracts through the
glass wall and return to the surface 3 (Fig. 5.2 b). �3 is the incident angle
of the ray travelling from the PE layer to the glass wall, and D and E are
integers describing the triangle modes [2], # is the number of points on
the star, and the refractive indices for the inner region, the layer, and the
capillary wall are =1, =2, and =3, and A1, A2 and A3 are the radii associated
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with the layered capillary (Fig. 5.2 a).

Figure 5.2 Diagram illustrating star mode and triangle modes in a layered
capillary coating PE layer. a An example star mode (orange; N = 5) and
a triangle mode superimposed in green. b Ray paths illustrating Type 1
(red) and Type 2 (green) triangle modes.

For typical capillary sizes (e.g., the 160 µm outer and 125 µm inner
diameters used in the experiment to follow and a 60 nm thick the PE mul-
tilayer), the FSR of the star and triangle modes is 0.228 and 4.86 THz, re-
spectively (or 0.27 and 5.8 nm at a wavelength of ~600 nm). The resonant
wavelengths are given by:

�star =
2#
<

(
=1A1 sin# + =2A1 sin 

sin�3
+
A3=

2
3 sin)

=2 sin�3

)
(5.3)

and

�triangle =
2
<

(
E
A3=

2
3 sin)

=2 sin�3
− DA1=1 sin# − D A1=2 sin 

sin�3

)
, (5.4)

where < is the mode number. To find the resonant wavelengths, using the
laws of reflection and refraction these angles can be related by

�3 = arcsin
(
=1A1

=2A2
cos#

)
, (5.5)
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 = arcsin
(
=1

=2
cos#

)
− �3, (5.6)

and

) = arcsin
(
=2

=3
sin�3

)
− arcsin

(
A2=2

A3=3
sin�3

)
. (5.7)

The incident angle # for the star and triangle modes can be obtained by
the constraints that #(# +  + )) = � and D(# + ) = E), respectively.

Adding an effective layer (i.e., a single layer meant to approximate the
channel coatings) to the channel wall increases the number of reflections
and possible paths for the triangle modes. Since there is now one more
boundary, there are at least two “sub-modes” that can form: Type 1, in
which the path difference is given by ΔOPL1 = 2(��˘��) and Type 2
which has a path difference ΔOPL2 = 2(��˘��) (Fig. 5.2 b). These path
differences shift in an opposite sense as the film thickness, C, increases.
Thus, a careful selection of the specific lasing modes permits an observa-
tion of either a redshift or a blueshift upon the binding of a surface layer.

Considering the ray paths contributing to the Type 2 triangle modes,
the path difference can be written as

ΔOPLtriangle−2 = 2

(
A3=

2
3 sin)

=2 sin�3
− A1=1 sin# − A1=2 sin 

sin�3

)
. (5.8)

Setting ΔOPLtriangle−2 = <�, letting < = 100, establishing the condition
for a triangle mode that # +  = 0, and applying the laws of reflection
and refraction, the resonant wavelength is 617.06 nm for a film of optical
thickness 88.8 nm (this was selected to be relevant to the experimental
results described below). In contrast, in the absence of the film this same
mode number corresponded to a wavelength of 617.49 nm, showing that
the Type 2 triangle mode is blueshifted owing to the presence of a film.

For the star modes, the film increases the round-trip path length, lead-
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ing to a redshift. The magnitude of the redshift is expected to be small,
since the mode order corresponding to a similar wavelength would be
much larger than for a triangle mode. The optical path increase ΔOPLstar

in a layered capillary is

ΔOPLstar = 2#

(
=1A1 sin# + =2A1 sin 

sin�3
+
A3=

2
3 sin)

=2 sin�3

)
. (5.9)

Based on the condition for the star mode that #(# +  + #) = �, setting
ΔOPLstar = <�, and letting < = 2165, the resonant wavelength is 617.27
nm for the film of optical thickness 88.8 nm. By comparison, in the ab-
sence of the film this same mode number corresponded to a wavelength
of 617.18 nm, showing that the star mode is indeed redshifted due to the
presence of the film.

The ray picture derived above gives the basic character of the geomet-
ric modes of a layered cylindrical structure. In order to visualize the mode
field, the device was modeled with 2D finite-difference-time-domain
(FDTD) simulations using Lumerical FDTD Solutions. The cell length was
100 nm and perfectly-matched boundaries were used. In order to match
the experiment, the structure had to be much larger than the simulation
cell size, so each simulation required approximately 1 week on a 2.6 GHz
computer with 8 cores and 72 GB of memory. The exciter was a dipole
placed 2 microns from the inner wall and the simulation time was 105 fs.
The layer is too thin to be accurately simulated in a reasonable timeframe,
but the layer is not crucial for simply visualizing the resonant mode fields.

The resulting spectrum shows the star and triangle modes (Fig. 5.3 a).
A CW simulation was performed on a single, narrow mode at 610.97 nm
(one of the “black dotted” modes in Fig. 5.3 a). The resulting spatial inten-
sity distribution was clearly consistent with a star mode (Fig. 5.3 b) that
circles three times before returning to its starting point. While the simple
geometric calculation assumes a one-cycle closed path, a large number of
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related modes can clearly also exist and their strength depends on the po-
sition and orientation of the excitation dipole. By changing the refractive
index of the inner medium, the sensitivity of both mode types were deter-
mined. The sensitivity was 67 nm/RIU (refractive index unit) for the star
mode and 863 nm/RIU for the triangle mode in Fig. 5.3. These values are
consistent with those calculated from the geometric equations for the two
mode classes.

Figure 5.3 a Simulated FDTD spectra for a capillary of radii r = 125 and
R = 160 µm for two different refractive indices in the channel (1.3300 vs.
1.3303). The star modes are marked by the black dots, and the triangle
mode envelopes are represented by the Gaussian fits as shown by the blue
and purple lines and described by the mean value, µ. b A star mode
resonance at a wavelength of 610.97 nm. The blue lines represent the ray
diagrams shown in Fig. 5.2, while the corresponding field intensities are
shown on a scale from light green to black.

5.5 Results and discussion

The FDTD results described above clearly identified the star and triangle
modes, producing results that were consistent with the theoretical sensi-
tivity of the various mode types. The geometric analysis was extended to
account for the presence of a surface layer on the channel wall. The star
modes are expected to redshift while the triangle modes will subdivide
into two types whose resonant wavelengths shift in opposite directions.
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The lasing mode spectrum for a bare capillary with an rhB solution (Ex-
perimental Step 2; Fig. 5.4) consists of a set of narrowly-spaced modes sep-
arated by ~0.28 nm underneath a more widely-spaced envelope that, to-
gether, formed groups of resonances similar to those reported previously
[2]. The lasing threshold was ~6.5 µJ/mm2. The FSR of the narrowly-
spaced modes agreed well with the star modes of Eq. 5.1 (0.28 nm), but
for the triangle modes the experimental FSR was ~2.5 nm, which is about
half the expected value for a single mode family with D = E = 1 in Eq. 5.2.
This suggests that we observe multiple “orders” of triangle modes with
different numbers of reflections inside the capillary wall (i.e., different D
and E parameters), as well as the presence of Type 1 and Type 2 triangle
modes.

The mode spectrum shifted after deposition of the polyelectrolyte tri-
layer and again after the PS microsphere binding (Fig. 5.4; Experimental
Steps 6 and 8). Since the spectrum consists of a complicated set of overlap-
ping mode families that are expected to shift in different directions, visu-
ally tracking the shifts is difficult. The shift of the envelope function (i.e.,
one the triangle modes) can, however, be visualized by taking the peaks
of the underlying star modes and fitting them to a Gaussian function (Fig.
5.5), in which a shift of the envelope after each step becomes more appar-
ent. The mode shown is therefore most likely a blueshifting triangle mode
of Type 2.

In order to create a sensorgram of the lasing mode response, Fourier
shift theorem [70] was used to track the wavelength shifts. This method
measures the phase shift of selected Fourier components, weighted pro-
portionally to their power. For a theoretical mode spacing of 0.27 and 5.8
nm for the star and triangle modes, the corresponding Fourier components
in the spectrum are expected to be near 160 and 15, respectively. We there-
fore took these Fourier components and tracked their phase shifts over a
multilayer deposition sequence (Fig. 5.6). Here, we first examine the PE
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Figure 5.4 The lasing spectra of the initial blank capillary (Experimental
Step 2), after PE trilayer deposition (Step 6) and after PS microsphere
binding on the PE trilayer (Step 8).

layer deposition by building three PAH-PSS bilayers – that is, Steps 1-2,
(3-4-6), (3-4-6), (3-4-6), with the sensorgram measurements done at Step 2
and Steps 6. A well-defined sensorgram results, in which the star modes
slightly redshift as predicted by the theory in the previous section, and the
triangle modes showed a large blueshift consistent with the presence of
Type 2 modes. Type 1 triangle modes were also present in the spectrum
and could be identified by selecting slightly different Fourier components
which yielded the expected redshifts.

The layer thickness can be extrapolated by comparing the magnitude
of the mode shift to the geometric theory in the previous section. The
refractive indices of the PE bilayers are not well known but have been
estimated to be around 1.5 [177, 178]. Using this refractive index, a single
bilayer needs to be ~20 nm thick to generate the observed shift. This is a
reasonable value given the high saline concentration used to form the PE
layers [179].
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Figure 5.5 Zoom-in of part of the emission spectrum after the synthesis
steps shown in the legend. The triangle modes (blue lines) are found by
Gaussian fits of the star mode maxima.

We next ran a full sensing experiment following all the steps in the ex-
perimental section, monitoring the star modes and Type 2 triangle modes
in the sensorgram (Fig. 5.7 a). The measurements were performed in Steps
2, 6, and 8. Once again, there is a stable sensorgram with clear shifts in the
expected directions. For a PE trilayer deposition, the star modes shifted by
34 pm, and a further 81 pm subsequent to the microsphere solution being
pumped into the channel (note that all measurements – Steps 2, 6, and 8 –
are done with only the rhB solution). For the triangle modes, we observed
a blueshift of −0.47 and a further −0.68 nm in Steps 6 and 8, respectively.

Binding of the microspheres produced well-defined mode shifts in the
sensorgram (Fig. 5.7 a). While the randomly-distributed microspheres
might be expected to have a complicated effect by causing scattering losses
and changing the ray paths in arbitrary directions, the sensorgram never-
theless showed clear, stable mode shifts after microsphere binding. Qual-
itatively, the overall effect of the microspheres would be to increase the
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Figure 5.6 a Discrete Fourier transform of the spectrum of a capillary
with 125-µm inner radius and 160-µm outer radius with PAH-PSS bilay-
ers. The red and orange Fourier components indicate the phases used
to calculate the wavelength shift of the triangle modes and star modes,
respectively. b Corresponding sensorgram for 1-bilayer, 2-bilayers and 3-
bilayers of PE functionalization.

path length of the star modes, since the rays are more likely to travel
through high-index (= = 1.59) polystyrene than otherwise. A similar qual-
itative argument implies a further blueshift for the Type 2 triangle modes,
as observed experimentally.

A blank run was also conducted to see if the microspheres had bound
specifically to the functionalized capillary surface. The same steps were
repeated as before, except the PE functionalization was left out (Steps 3-
5). A small shift was still observed (approx. 5 pm for star modes and −80
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pm for the Type 2 triangle modes), suggesting that there is ~8% nonspe-
cific binding, as estimated from the magnitude of the mode shifts. The
HIM micrographs showed that an ~22% microsphere surface coverage on
the functionalized capillaries, whereas only a few microspheres could be
found on the blank (see Fig. 5.7 (insets)).

In order to determine the detection limits for these capillary microlaser
sensors, the experiments were repeated with microsphere concentrations
ranging from 0.05 to 2 mg/mL (corresponding to a molar concentration
range of 1.2 to 48.3 nM). In every case, the capillaries were first PE func-
tionalized (Step 5) the lasing modes were measured (Step 6), the micro-
spheres were pumped through the capillary for 30 minutes (Step 7), and
then the mode positions were measured again (Step 8). The functionaliza-
tion steps were the same in every case and resulted in similar lasing mode
shifts for both the star and triangle modes (Fig. 5.8 a).

The shifts after microsphere binding varied monotonically with the
concentration. The sensitivity was estimated by a linear fit of the wave-
length shift as a function of the microsphere concentration (Fig. 5.5 b),
yielding a sensitivity of ( = 15 pm/nM for 50-nm-diameter PS micro-
spheres. To obtain the detection limit (DL), the wavelength resolution ('4
= 15 pm) was defined as 3 times the largest standard deviation of shifts ob-
served under steady-state conditions in Fig. 5.8 a. This yielded a detection
limit of DL = '4/( = 9.75 nM or 0.41 µg/mL for these lasing capillary sen-
sors with 50-nm PS microspheres. While these values are technically only
comparable for the same analytes, the DL is similar to those for capillary-
based WGMs in the literature [40] while providing a more robust sensor
with much easier synthesis. This number could likely be increased, for ex-
ample, by combining data from mode shifts of opposite sense, obtaining a
better signal-to-noise ratio by using a higher average power of the pump
laser (which was ~0.6 mW in this work), and by minimization of mechan-
ical vibration via better device packaging, as has been recently shown for
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delicate WGM-type sensors [165].
Additionally, lasing intensity or threshold measurements can be even

more sensitive than the lasing model shift measurements reported here
[180]. However, intensity-based measurements are sensitive to photo-
bleaching or other instabilities in the lasing gain medium as well as fluc-
tuations in the excitation, and can require a laborious or time-consuming
data collection routines.
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Figure 5.7 a Sensorgram showing the Type-2 triangle (red points) and
star (orange points) mode shifts after the PE bilayer and subsequent mi-
crosphere binding. The inset shows a representative HIM image of a group
of microspheres bound to the surface. The overall surface coverage was
22%. b Sensorgram for a “blank” run in which the PE trilayer was not de-
posited (red points indicate star and blue points indicate triangle modes).
A small shift was observed, suggesting that some microspheres can bind
non-specifically to the capillary wall. The inset shows a representative HIM
image, in which a few microspheres can indeed be found in the capillary
channel. The error bars represent the standard deviation of the data in
each section.
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Figure 5.8 a Sensorgrams showing the mode shifts after exposure to
the PE tri-layer and a subsequent PS microsphere binding step, using 0.05
mg/mL (purple), 0.5 mg/mL (blue), 1 mg/mL (yellow) and 2 mg/mL
(red) microsphere solutions. b Plot of the magnitude of the total Type-2
triangle mode shifts after PS binding, as a function of the concentrations
of 50 nm PS microsphere solution. The slope yields a sensitivity of 15
pm/nM. The error bars in a and b represent the standard deviation of the
data for the four different concentrations.
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5.6 Conclusions

This work developed the concept of the geometric capillary resonances for
specific surface sensing. We first developed the theory for the geometric
modes in a layered capillary, and showed that the mode structure becomes
significantly more complicated due to the formation of new ray paths in
the capillary walls. We then built and tested a lasing device in which
polyelectrolyte multilayers were deposited on the capillary channel, fol-
lowed by the amide bonding of carboxy-functionalized PS microspheres
as a proof-of-concept system. Good sensorgrams could be obtained by a
Fourier analysis of the lasing mode shifts. The magnitude and direction of
the shifts were consistent with the theoretical analysis. These resonances
offer an intriguing alternative to fluorescent WGM-based sensing schemes
with several specific advantages. Since the resonances are defined by las-
ing modes, the emission intensity is much stronger than for WGMs, and
since the lasing medium is continually refreshed, the emission is stable
indefinitely (i.e., no bleaching was observed). The bulk sensitivities are
higher than for conventional WGMs and they show good response to sur-
face binding, with the shifts of the triangle modes on the order of 0.7 nm
after 22% sphere surface coverage.
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Chapter 6

Integrating sphere laser absorption spectroscopy

6.1 Introduction

Greenhouse gases such as methane and carbon dioxide are believed to
be major contributors to climate change [181–183]. Thus, detecting the
presence and concentration of these gases—in the atmosphere and at their
sources such as pipelines and power generation facilities—has become a
growing area of research interest. As with many other applications, such
as those already discussed in this thesis, optical methods are well-suited
for detecting and quantifying these gases. Optics provides opportunities
for remote sensing [89], offers a high-sensitivity [90, 184], and many opti-
cal sensing devices have compact footprints [185–187].

As detailed in Section 1.3, laser absorption spectroscopy (LAS) involves
tuning a laser to one of the absorption features of a gas. Methane and
carbon dioxide both have absorption features in the near-infrared (NIR)
region, taken here to mean wavelengths from 0.7 µm to 3 µm, created by
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rovibrational transitions in the molecules, as discussed from a theoretical
perspective in Chapter 1. The basic premise of LAS is that greater numbers
of molecules absorb more of the laser light, resulting in reduced intensity
at the detector. However, there are some important variations on this basic
scheme.

Tunable-diode laser absorption spectroscopy (TDLAS) involves scan-
ning the wavelength of a diode laser over an absorption peak [90, 184–
187]. This is done by modulating the input current to the laser with a ramp
waveform. This has the effect of changing both the wavelength and inten-
sity of the laser emission. At the edges of the scan, outside the absorption
peak, there will be no absorption from the gas and all of the laser intensity
will be transmitted to the photodetector. These absorption-free portions
of the scan allow for the overall spectrum to be corrected for the ramping
intensity of the laser and the resultant absorption can be extracted.

A further modification to this scheme is wavelength modulation spec-
troscopy (WMS) [188–192]. The ramp waveform is supplemented by a
sinusoidal waveform at a much higher frequency, causing the laser wave-
length and intensity to rapidly oscillate on top of the slower ramp signal.
Lock-in detection methods can then be applied to extract the second har-
monic of the signal, greatly reducing noise as well as offsets caused by the
ramp signal. This extracted signal can then either be integrated and corre-
lated to the gas concentration, or a fitting routine can be used to match the
concentration. Such a fitting routine involves modelling the absorption
spectrum as a function of concentration, simulating the intensity of the
modulated laser after it passes through the gas, and simulating the lock-in
detection process. The initial concentration is then adjusted until the re-
sultant simulation matches the experimental spectrum. This method can
even be used to extract the temperature and pressure of the gas by adding
them as modelling parameters.

Both TDLAS and WMS are often performed in multipass cells (Section
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1.3.2). While substantial path lengths can be achieved in these cells, they
require precise alignment between the laser, the mirrors, and the detec-
tor. They also tend to be quite expensive (on the order of $5000USD from
ThorLabs). In contrast to multipass cells, integrating spheres have highly
reflective internal coatings designed to reflect all the emitted light from a
source inside the sphere. When laser light is injected into the sphere, re-
flections from the diffusely reflecting walls can substantially increase the
average path length of the laser compared to a direct path between the
laser and detector. Such a device requires no special alignment and the
sphere itself provides a chamber to contain sampled gas for analysis. In
this chapter, I describe my work to develop an integrating sphere LAS de-
vice using TDLAS and WMS for sensing methane and carbon dioxide.

6.2 Theory

The path length of the laser through the gas is a critical factor affecting the
sensitivity of an LAS device; longer path lengths mean greater absorption
of the laser light by the gas. In order to model the flux of light passing
through a multipass cell in the presence of an absorbing gas, we can use
the Beer-Lambert law, Φ = Φ0 exp(−2;), where Φ is the transmitted flux,
Φ0 is the input laser flux,  is the absorption coefficient of the targeted
absorption feature, 2 is the mole fraction, and ; is the path length.

In an integrating sphere many, paths are possible as rays trace a ran-
dom path through the sphere from emitter to detector. The average path
length through the sphere !eff is given as

!eff =
2
3
"�, (6.1)

where � is the diameter of the sphere, and " is called the sphere multi-
plier. The factor of 2�/3 represents the average distance across the sphere
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[99]. The sphere multiplier represents the average number of reflections a
ray will experience and is given by

" =
�

1 − �(1 − 0(�))(1 − 5 ) , (6.2)

where � is the reflectance of the sphere’s surface, 5 is the fraction of the
sphere’s surface covered by ports or other non-reflecting elements, and
0(�) is the attenuation for a typical pass through the sphere [193]. For
measurements of methane and carbon dioxide in the atmosphere, this at-
tenuation is negligible.

The most common atmospheric constituents include N2, O2, water
vapour, Ar, Ne, He and H2 [194]. Of these, the atoms and diatomic
molecules do not have vibrational absorption lines and I confirmed that
there were no interfering absorption features between methane, carbon
dioxide, and water vapour by modelling the absorption with absorption
data from the HITRAN 2016 database [75] using the HITRAN Application
Programming Interface (HAPI) [195]. Similarly, I modelled O3, N2O, CO,
NO, SO2, NO2, and H2S as possible contaminants and found that they
had no strong absorption features at wavelengths which would interfere
with CH4 and CO2. Additionally, their concentration in the atmosphere
is orders of magnitude less than either methane or carbon dioxide [196],
thus the IR attenuation at the wavelengths characteristic of CO2 and CH4

under atmospheric conditions is negligible.
In order to model the path of rays through an integrating sphere and

verify the model of Eq. 6.1, I developed a Monte Carlo simulation in Math-
ematica; the code is listed in Appendix A. This simulation launched rays
straight down from the top of the integrating sphere. When they reached
the bottom of the integrating sphere, a series of conditions were checked
to determine if the ray was absorbed, and if not then it was reflected at a
random angle. This process was repeated until the ray is either absorbed
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or reaches the detector.
There are a number of conditions for absorption. First, the Beer-

Lambert law is applied to determine the probability that the ray was
absorbed during the path it travelled across the sphere. If the ray strikes
any of the ports, or a thin ring around where the two halves of the sphere
seal together, it is assumed that the ray is lost. There is also a chance
that the ray is absorbed even if it doesn’t strike one of the ports. The
reflectivity of gold, calculated for normal incidence from the Fresnel
equations, is 99.4% at 1654 and 2004 nm, and 99.5% at 3260 nm. Finally, if
the ray strikes the detector at an angle outside of its angle of acceptance of
35° (for the detector used in the experiments to follow) then it is also lost.
The path length for each ray which passes these checks and reaches the
detector is then calculated.

The distribution of the rays seems to closely follow that of an expo-
nential distribution, �4−�G , where G is the path length and the mean path
length of rays that reach the detector is 1/�. The mean path length seems
to closely match that given by Eq. 6.1, agreeing to within 0.5% for 1 million
rays cast. The average path length through the integrating sphere with a
radius of 38.1 mm and reflectivity of 99.5% integrating sphere is 2.428 m
from Eq. 6.1, and 2.442 ± 0.006 m from the simulation. The histogram in
Fig. 6.1 shows the distribution of path lengths from one such simulation.

To estimate the limit of detection (LoD) of the sphere, we assumed that
the minimum detectable change in light incident on the detector (Δ)min)
would be equal to the noise equivalent power (NEP) of the detector multi-
plied by the bandwidth; accordingly, ΔΦmin = NEP·

√
�, where � = 0.35/�r

and �r is the manufacturer-specified rise time of the photodiode [197]. The
radiant flux at the detector is

Φ3 =
Φi�dΩ

��s
", (6.3)

where Φi is the laser power injected into the sphere, �d is the exposed
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Figure 6.1 Histogram of the distribution of path lengths through an inte-
grating sphere generated by the Monte Carlo simulation. One million rays
were simulated with approximately 10% of those reaching the detector.
The solid line represents the exponential distribution with λ equal to the
inverse of the mean path length, and the dashed line indicates the mean
path length.

area of the detector, �s is the surface area of the sphere, and Ω is the solid
angle describing the field of view of the detector [198]. Thus, the minimum
detectable change in the light flux is

ΔΦmin = Φd(1 − 4−2min!eff), (6.4)

where  is the absorption coefficient, 2min is the minimum detectable mole
fraction of the gas, and !eff is the path length calculated above. Rearrang-
ing, we find that

2min = −
1

!eff
ln

(
1 − ΔΦmin

Φd

)
. (6.5)

A summary of the expected LoDs for a sphere with a radius of 38.1 mm
and 99.5% reflectivity are given in Table 6.1. The main factors that affect
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Table 6.1 Specifications and theoretical detection limits for the FGA21
(1654 nm), FD10D (2004 nm), and VL5T0 (3260 nm) photodiodes used
in this work. A Φi of 10 mW was used for the first two detectors, and 1
mW for the third.

Wavelength (nm)  (cm−1) NEP (W·Hz−1/2) �r (ns) 2min (ppm)

1653.73 0.37 6.0 × 10−14 25 0.09

2003.50 0.14 1.0 × 10−12 25 16.25

3260.23 50.40 8.0 × 10−11 120 1.24

the detection limit are the strength of the absorption feature and the noise
equivalent power of the photodetector. Comparing the methane detection
limits at 1654 nm (2�3'3) and 3260 nm (�3'4), the absorption coefficient is
more than two orders of magnitude greater at 3260 nm, but the NEP of the
FGA21 detector used for 1654 nm light is more than 3 orders of magnitude
smaller than the MIR detector used in the experiments to follow.

6.3 Designing and building integrating spheres

We next designed and built a custom-made integrating sphere that is com-
pact, easy to take apart, has an inlet and outlet for gas, ports for a laser and
detector which were positioned without a direct view of each other, and a
fibre port for sampling the light inside the sphere if necessary. Ultimately,
we designed a sphere with a 38.1 mm inner radius which we manufac-
tured using three different systems: 3D-printed from acrylonitrile butadi-
ene styrene (ABS) on two different kinds of printers, and CNC-machined
from aluminum.

The first model was 3D-printed on a Prusa MK3S from white ABS plas-
tic filament; this sphere will be referred to as model V1. A second one was
printed on a Stratasys J750 printer (V2), also from ABS plastic, and a final
one was machined from aluminum in the Department of Physics machine
shop (V3). The V1 sphere was sanded to remove imperfections from the
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printing process, and the aluminum sphere was sand-blasted to roughen
the surface and produce more diffuse reflections. The Stratasys sphere
had no noticeable imperfections, but seemed to be rough enough to pre-
vent specular reflection. The printed and machined spheres are shown in
Fig. 6.2. All three models were printed or machined to the same dimen-
sions, and their expected detection limits are shown in Table 6.1 assuming
98.5% reflectivity of the sphere surface.

Figure 6.2 Images of the integrating spheres. Left A sphere 3D-printed
from ABS on a Prusa MK3 and then electroplated in copper (V1). Cen-
tre A sphere machined from aluminum and shown with the laser cooling
radiator attached (V3). Right A sphere 3D-printed from ABS on a Strata-
sys J750 printer (V2). All spheres have the same design.

In order to increase the reflectivity of the surface, films were either elec-
troplated or thermally evaporated onto the surface of the spheres. The V1
sphere was coated with a layer of conductive silver paint. The sphere
was then placed into a bath of Caswell copper plating solution (primarily
Cu2SO4), and the cathode was attached to the sphere, contacting the sil-
ver paint. A copper anode was placed into the bath without touching the
sphere, and the anode and cathode were connected to a DC power supply.
The power supply was set to 0.85 A and 16.8 V in current-limited mode.
The plating was allowed to run for 4 hours to produce a copper layer ap-
proximately 0.1 mm thick, and excess solution was then rinsed off with
water. Finally, the copper coating was lightly sandblasted to roughen the
surface.
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Sphere V1 then had gold coated on top of the copper layer using
Caswell’s 24 ct gold tank plating solution, a gold anode, and the same
electrical conditions as for the copper. This time the plating was only run
for about 2 hours, until a thin layer of gold formed completely over the
surface of the copper. The sphere was rinsed with water and then dried
with air to avoid contamination of the gold surface. Figure 6.3 a and
b show the V1 sphere before and after gold plating. The initial copper
film was primarily to test the reflective properties of copper, however
the gold film was a better long-term solution due to its greater stability
against oxidation. Sphere V2 received only a copper coating using the
same electrical parameters as V1.

The aluminum sphere, V3, was first roughened by sandblasting, and
then a layer of gold was thermally evaporated onto the surface by phys-
ical vapour deposition. Figure 6.4 shows SEM images of the sandblasted
surface of sample aluminum swatches. I tried layering silicon and/or sil-
icon dioxide over the gold layer to try and increase the reflectivity of the
swatches. However, due to the hemispherical shape of each half of the
integrating sphere, it wasn’t possible to accurately measure the film thick-
ness so I just deposited gold. The mass of gold calculated to coat a hemi-
sphere with a 38.1 mm radius in a uniform 100-nm-thick layer was placed
into a tungsten/molybdenum boat and the evaporation continued until all
of the gold had been deposited. The gold appeared to adhere well to the
aluminum, forming a film that followed the contours of the sandblasted
aluminum (Fig. 6.3 c, d).

6.4 Experimental Setup

Tanks of methane at concentrations of 496.2±9.9 ppm (nominally 500 ppm)
or 3.755±0.020%) or carbon dioxide with a concentration of 97.2±4.9 ppm
(nominally 100 ppm) and 99.999% nitrogen were procured from Praxair. In
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Figure 6.3 Images of the interiors of integrating spheres V1 and V3.
a V1 sphere 3D-printed from ABS on a Prusa MK3S and then electroplated
in copper. b Same as a but with an electroplated gold layer on top of the
copper. c The V3 machined aluminum sphere after sandblasting but before
physical vapour deposition of the gold film. d Same as c but with the gold
film deposited.

the case of the methane and carbon dioxide cylinders, the remainder of the
gas was nitrogen. These cylinders were regulated to 100 ± 5 kPa and con-
nected to either a high-rate (Dwyer VFA-6) or low-rate (Swagelok VAF-G1-
01M) gas flow controller. The flow controllers joined at a T-junction which
was then connected to the inlet port of an integrating sphere. An addi-
tional port on the sphere served as the gas outlet port. Sapphire windows
were installed on all 3 optical ports which served to make the integrating
sphere airtight. One optical port was meant for fibre coupling in case we
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Figure 6.4 SEM images of sandblasted aluminum swatches with an 8
nm base chromium layer, followed by an 80 nm gold layer, and then a 454
nm silicon layer. Films were deposited via electron beam physical vapour
deposition after sandblasting. Due to the difficulty of measuring layer
thickness in a sphere, I ended up only using a gold layer on the V3 sphere.
a Secondary electron (SE) image at 50X magnification. b SE image at
150X magnification. c In-lens image at 50,000X magnification.

needed to connect a spectrometer or other optical device. Of the remain-
ing two ports, the top port was used to mount the laser, and the final port
was where the sensor was mounted. A diagram of the experimental setup
is shown in Fig. 6.5.

Three distributed feedback (DFB) lasers in TO packages were pur-
chased from Norcada: 1654 nm and 3260 nm for methane, and 2004 nm
for carbon dioxide. A Thorlabs TED200C thermoelectric temperature
controller (TEC) was connected to the laser for temperature stabilization,
and a Thorlabs LDC205C laser diode controller (LDC) provided power
to the laser. The pin connections between the laser and controllers are
shown in Table 6.2 for the TEC, and 6.3 for the LDC; diagrams of these
connections are also shown in Fig. 6.6. The output of the laser was
scanned over a small wavelength range (2-3 nm, typically) in order to
sample an absorption peak. This was achieved by applying a combination
of two voltage signals from a Liquid Instruments Moku:Lab waveform
generator to the LDC. The LDC current output was modulated based on
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Figure 6.5 Diagram of the setup for laser absorption spectroscopy ex-
periments. Tanks of high purity nitrogen and one of the two greenhouse
gases are combined by flow controllers and flow into the integrating sphere.
The Moku device provides up to two waveforms (ramp and sine) which are
combined and sent to the laser diode controller. Both the LDC and ther-
moelectric controller (TEC) are connected to the laser diode. The emitted
radiation bounces off the walls of the spheres until it enters the photodiode
which is connected to a data acquisition module (DAQ).

the input signal according to the formula

� = �SET + �MAX ·
*MOD

10 V
, (6.6)

where � is the output current, �SET is the base current with no modulation,
�MAX is the maximum current of 500 mA, and *MOD is the time-varying
modulation voltage from the waveform generator.

Detection of the laser light at the output port of the integrating sphere
was performed by either an FGA21 InGaAs photodiode for 1654 nm light,
an FD10D InGaAs photodiode at 2004 nm, or a VL5T0 HgCdTe photo-
voltaic detector at 3260 nm, all purchased from Thorlabs. These detectors
were connected to a Resolved Instruments DPD80 USB data acquisition
(DAQ) device which streams 14-bit information at 20 MSamples/s to a
computer.
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Table 6.2 Pin arrangement for connecting thermoelectric controller to
the laser.

TEC Pin Laser Pin Purpose

2 2 Thermistor +

3 8 Thermistor -

4 1 TEC +

5 9 TEC -

Table 6.3 Pin arrangement for connecting laser diode controller to the
laser. The laser cathode pin was connected to ground to run in cathode-
grounded mode.

LDC Pin Laser Pin Purpose

3 3 Ground

3 5 Laser Cathode to
Ground

8 7 Laser Anode
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Figure 6.6 Pin diagrams for the thermoelectric controller (TEC), laser
diode controller (LDC), and the laser. The ground of the LDC (pin 3)
was connected to both the cathode (pin 3) and the ground (pin 5) of the
laser.

6.5 Procedure

The integrating spheres were initially tested with only a copper coating
on the V1 sphere, and bare ABS and aluminum for the V2 and V3 spheres.
These tests were performed with both the 1654 nm and 3260 nm lasers
and methane gas. Summaries of the settings for these runs are shown in
Table 6.4. The reflectance of the V2 sphere with no copper coating was too
low to get any usable results. The V1 and V3 spheres were then coated
with gold films and the experiments were run again to analyze any im-
provement in the detection limit.

The thermoelectric temperature controller (TEC) was set to a resistance
of 10 kΩ to keep the 1654 nm laser at a temperature of 25 °C, 12.49 kΩ
to keep the 2004 nm laser at 20 °C, or 26.87 kΩ (4 °C) for the 3260 nm laser
based on the manufacturer’s data sheet for each laser. The laser diode con-
troller (LDC) was then powered on and slowly ramped to the base current
listed in Table 6.4. A ramp waveform with a frequency of 25 Hz and the
associated peak-to-peak voltage was generated by our Moku waveform
generator and delivered to the LDC, resulting in an output current given
by Eq. 6.6.
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Table 6.4 Summary of the settings used for methane and carbon dioxide
LAS experiments. Spheres V1 and V2 had a copper coating, V1 later had
a gold coating applied over the copper, and V3 was either bare aluminum
or had a gold film. LDC current is the base current supplied to the laser
from the laser diode controller and was modulated by a ramp waveform
with the listed peak-to-peak voltage.

Sphere Wavelength
(nm)

Current (mA) Ramp (Vpp) Gain

V1 w/ Cu 1654 nm 55 1.3 2

V1 w/ Au 55 1.3 2

V2 w/ Cu 55 1.3 2

V3 55 1.3 2

V3 w/ Au 55 0.8 2

V1 w/ Au 2004 nm 110 0.25 3

V3 w/ Au 110 1.0 2

V1 w/ Cu 3260 nm 150 1.3 4

V1 w/ Au 165 0.95 4

V2 w/ Cu 165 0.95 4

V3 160 1.0 4

V3 w/ Au 160 1.3 4
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Measurements for methane at 1654 nm were taken over the widest
concentration range due to the weaker absorbance of methane at that
wavelength. Measurements covered the range from 0 ppm to 37,550 ppm
by mixing the flow from either a 500 or 37,550 ppm source cylinder with
high purity nitrogen. The gain of the FGA21 photodiode was set to 2 as in
Table 6.5 through the DAQ device’s interface, and 2 seconds of signal was
collected at each concentration corresponding to 40 million data points.
The gain settings 1–4 on the Resolved Instruments DAQ correspond to
a transimpedance amplification of 3.3 kV/A, 33 kV/A, 330 kV/A, and
3.3 MV/A. These settings result in amplification of the optical power by
0 dB, 10 dB, 20 dB, and 30 dB compared to gain level 1.

The much higher absorbance of methane at 3260 nm meant that much
less light reached the VL5T0 detector, so the detector gain was set to 4,
its maximum. The concentrations ranged from 0 to 37550 ppm initially,
but response of the sensor tapered off at high concentrations as nearly
all the light was absorbed. Later experiments ranged from 0 to 500 ppm.
Collection times were identical to the 1654 nm case.

Carbon dioxide measurements at 2004 nm were made over concentra-
tions ranging from 0 to 10,000 ppm by mixing 1% CO2 with high-purity
N2. Based on the level of light reaching the photodetector, the gain was
set to 3 which corresponds to an amplification of 330 kV/A as discussed
above.

6.6 Results and Analysis

The raw data collected for each concentration consists of 40 million 14-
bit numbers collected from the Resolved Instruments DAQ and takes 2
seconds to collect. A representative sample is shown for a 3260 nm ex-
periment in Fig. 6.7 a. The data was imported and filtered with a zero-
phase, second order Butterworth filter with a cutoff frequency of 3 kHz.
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The zero-phase filtering was achieved by applying the filter to both the
forward and reversed datasets and averaging them. The data for each
concentration was partitioned into sets of 800,000 points, representing a
single ramp of period 0.04 s, and then the middle 48 partitions were aver-
aged; the first and last partition were discarded to avoid edge effects from
the filtering. A linear fit was performed to the background of the data for
each concentration to remove the effect of the ramp signal. Then, a cubic
polynomial was fit to the zero concentration dataset and subtracted from
all of the datasets. This was done to account for the nonlinearity of the
laser response to the input current. The result of this process is shown in
Fig. 6.7 b.

The area under each curve, such as in Fig. 6.7 b, was integrated, and the
detection limit calculated as follows. In the case of the 1654 nm methane
data (Fig. 6.8 a) and 2004 nm carbon dioxide data (Fig. 6.8 b), a linear fit
was performed to the integrated area as a function of concentration. The
linear fit for methane was performed on the data with concentrations less
than or equal to 500 ppm. In order to measure above 500 ppm, it was nec-
essary to switch to a more concentrated gas cylinder and this sometimes
caused jumps in the data between 500 ppm and the next higher concentra-
tion. The detection limit was calculated as 3 times the uncertainty in the
y-intercept divided by the slope of the fit.

In the case of 3260 nm data (Fig. 6.8 a), a different model was needed
because the much larger absorption coefficient at 3260 nm means that at
high concentrations, no light reaches the detector at all. This results in the
integrated area eventually saturating such that an increase in concentra-
tion produces no increase in the magnitude of the apparent absorbance.
Since the integrated area represents the absorbed light, the model was de-
veloped by subtracting the predicted optical power at the detector (Eq. 6.3)
from the power when the concentration is zero. The model I used to fit the
absorbance-concentration data was a slight modification of the formula in
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Figure 6.7 a An example of the raw data collected with the 3260 nm
laser for a methane concentration of 850 ppm. The dashed black line is
a representation of the ramp signal meant to guide the eye. b Plot of
the data from a 3260 nm methane experiment from 0 to 850 ppm after
corrections. The data was collected with the V3 sphere with a gold film
applied.

Tranchart et al. [100]. The fractional absorption is given by

�0 − �
�0

= 0
2!eff

1 − �(1 − 2!eff)(1 − 5 )
+ 3, (6.7)
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where � is the intensity of the signal, �0 is the intensity of the signal at zero
concentration, 0 is a scaling constant, 3 is an offset, and , 2, !eff, 5 are
the absorption coefficient, molar concentration, effective path length, and
port fraction, as previously defined. The port fraction for the spheres was
calculated to be 0.0016. In this case, the detection limit was taken to be 3
times the uncertainty in the y-intercept divided by the slope at 0 ppm.

The results are summarized in Table 6.5. In every case, the detection
limit for methane was better at 3260 nm than 1654 nm. This was what
I had hoped to see when starting this project, as the absorption strength
at 3260 nm is over 100 times greater. However, this does not appear to
agree with the increase in the theoretical detection limit as we move from
1654 nm to 3260 nm (Table 6.1). There is no obvious a priori reason why this
should be the case, so a few possible reasons for the disagreement between
the theoretical LoD and the much worse ones obtained experimentally are
given below.

First, the bandwidth of the photodetector is given by

� =
1

2�'f�
, (6.8)

where 'f is the transimpedance amplification and � is the capacitance of
the diode [199]. Thorlabs does not provide the capacitance for both the
FGA21 and VL5T0 photodiodes, but the transimpedance amplification of
the photodiode system is two orders of magnitude greater for the VL5T0
(3.3 MV/A) which runs in gain mode 4 than for the FGA21 (33 kV/A)
which runs in gain mode 2. As bandwidth decreases with increasing tran-
simpedance amplification, the greater amplification when running in gain
mode 4 may explain why the detection limits are better at 3260 nm when
the model, which calculates bandwidth from the manufacturer’s specified
rise time, indicates detection limits should be better at 1654 nm.

The reflectance from the gold coatings might be lower than predicted
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Figure 6.8 a Fits to the data for 1654 nm and 3260 nm methane exper-
iments in the V3 sphere with gold coating. The 3260 nm data has been
scaled down by a factor 108 and the 1654 nm data has been scaled down
by 106. b Best-fit line to the data for a 2004 nm carbon dioxide experi-
ment in the V3 sphere with gold coating. Vertical error bars are smaller
than the markers in the above plots.

on the basis of the published optical constants. Fitting Eq. 6.7 to 3260 nm
data from the gold-coated V3 sphere gives an experimental reflectance of
(91.2 ± 0.7) %, which is substantially lower than the theoretical 99.5% re-
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flectivity for gold. Reducing the reflectivity used in the theoretical LoD
calculation from 99.5% to 91.2% results in a 30-fold increase of the LoD,
which would be in good agreement with the experiment. As the films
deposited through electron beam physical vapour deposition looked to
be of high quality from a visual inspection, it seems unlikely that the re-
flectance would be that much lower than the theoretical value due to film
defects alone. Labsphere [200] and NewPort [201], which manufacture in-
tegrating spheres commercially, claim a reflectance of around 95% for their
gold-coated spheres at the wavelengths explored in this thesis; this coating
would provide approximately a 3-fold improvement of the LoD.

There are a number of other factors that enter into Eq. 6.5 which could
affect the LoD. The LoD scales inversely with the laser power; if the lasers
were not outputting their full power, it would result in worse LoDs. For
small changes in the port fraction 5 , the detection limit scales linearly.
However, it seems unlikely that the port fraction is off by even a factor
of 2, which would only result in doubling the detection limit. The LoD
is proportional to the inverse square root of the detector area. While a
larger detector could provide some improvement, the value is supplied by
the manufacturer and should not contribute to the lower-than-predicted
LoDs. If the photodiode was set back more than expected from the sphere
or the detector port was smaller than expected, the solid angle over which
the photodiode can collect light would be decreased. The detector port
is designed to hold multiple photodiodes with different physical dimen-
sions, so it’s possible that the detector is not held at exactly the right dis-
tance. In determining the theoretical LoD I assumed a half-angle of 35◦,
but this could be as low as 24◦ in the worst case (a difference in position of
5 mm) which would roughly double the LoD.

The photodiode and DAQ also play a role in determining the LoD.
Smaller values of noise equivalent power (NEP) mean lower detection lim-
its. The NEP used in calculating the theoretical detection limits was just
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the manufacturer’s quoted value for the bare photodiode. It’s possible
that the setup contributed noise above that level, resulting in worse LoDs.
The NEP and the LoD scale with the square root of the bandwidth. Since
the bandwidth can take on a wide range of values from Hz up to MHz, it
can have a substantial effect on the LoD. Since the exact bandwidth of the
DAQ/photodiode system is not known, future work might involve char-
acterizing the bandwidth and reducing it as much as possible to get the
best LoD.

As expected, based on the higher theoretical infrared reflectance of cop-
per, the spheres coated with copper coatings outperformed the bare alu-
minum one. The experimental reflectances of the spheres were estimated
by fitting to Eq. 6.7 and the uncertainty was given by the standard error
of the reflectance parameter; the results showed that copper was more re-
flective than aluminum at 3260 nm. The copper-coated V1 sphere had a
reflectance of (87 ± 1) % and copper-coated V2 was (87.0 ± 0.6) % reflec-
tive, compared to (84 ± 5) % for bare aluminum. Interestingly, the detec-
tion limits appear to be worse for the V1 sphere after the gold coating was
added. They go from 28.4 ± 1.0 ppm to 37 ± 2 ppm at 1654 nm, and from
7.6±0.8 ppm to 11±2 ppm at 3260 nm, though the large uncertainty at 3260
nm precludes any firm conclusion. I suspect that this was due to the dark
areas visible on the gold coating in Fig. 6.3 b. However, for the aluminum
spheres, the gold coating always results in an improved detection limit.

While only two experiments were performed with carbon dioxide
(spheres V1 and V3 with gold coatings) I was able to achieve a detection
limit well below the atmospheric level of around 405 ppm [202]. These
measurements also show that gold deposited onto a sandblasted alu-
minum surface through physical vapour deposition produced a better
coating and lower detection limits than the electroplating method did.
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Table 6.5 Summary of the detection limits (DL) for methane and carbon
dioxide LAS experiments. Spheres V1 and V2 had a copper coating, V1
later had a gold coating applied over the copper, and V3 was either bare
aluminum or had a gold film.

Sphere Wavelength
(nm)

Theoretical
DL (ppm)

Experimental DL (ppm)

V1 w/ Cu 1654 nm 0.09 28.4(10)

V1 w/ Au 37(2)

V2 w/ Cu 31(1)

V3 85(9)

V3 w/ Au 13.2(3)

V1 w/ Au 2004 nm 16.25 396(11)

V3 w/ Au 99.3(8)

V1 w/ Cu 3260 nm 1.24 7.6(8)

V1 w/ Au 11(2)

V2 w/ Cu 12.0(5)

V3 22(7)

V3 w/ Au 3.4(3)
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6.7 Conclusions

Integrating sphere laser absorption spectroscopy offers a path to more eco-
nomical sensors which are capable of detecting small quantities of green-
house gases. I have demonstrated that a small aluminum sphere with a
thin gold film is capable of detecting 99.3 ± 0.8 ppm carbon dioxide—well
below the atmospheric level of 405 ppm [202]. This same sphere can also
be used to detect methane by switching the laser source and detector to
either 1654 nm or 3260 nm, and demonstrates detection limits of 13.2± 0.3
and 3.4 ± 0.6 ppm, respectively. Additionally, I found that a 3D-printed
sphere with only a copper coating was capable of achieving detection lim-
its of 28.4 ± 1.0 and 8 ± 2 ppm at 1654 nm and 3260 nm, respectively.

Demonstrating detection of sub-atmospheric levels of greenhouse
gases is a substantial first step to creating a commercially viable sensor,
but there are likely still some improvements that can be made. Dur-
ing initial tests with depositing gold films onto quartz wafers (with a
chromium adhesion layer) we measured a reflectance of over 99% at 1654
nm using a reflectance setup with an NIR spectrometer. Experimentally,
the reflectance of the integrating sphere appears to be around 91% at its
highest as measured by fitting the experimental data to Eq. 6.7. Improving
the reflectance of the coating to the theoretical value of 99.5% would
decrease the LoD by a factor of 30, while improving the reflectivity to 98%
would still offer a 10-fold improvement.

Ultimately, investigating the reflectance of the film and the bandwidth
of the photodetector seem like the most important next steps. The re-
flectances measured from fitting data to Eq. 6.7 seem quite low. Design-
ing a setup specifically for direct measurements of the reflectance might
provide better data. If the reflectance really is lower than expected, then
experimentation to improve the reflectance would be a logical step. Lab-
sphere [200] claims a reflectance of over 99% at 1650 nm using a Spectralon
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coating. While Spectralon’s reflectance drops off at MIR wavelengths, us-
ing Spectralon could provide a substantial improvement for NIR measure-
ments.

Improvements to the photodetector and signal acquisition would also
improve the LoD. Either increasing the area of the detector or increasing
its collection angle with a larger port would allow for more light to reach
the detector. Adding our own thermoelectric cooling system to the photo-
diode or purchasing a cooled photodiode such as the Thorlabs PDA10DT
would result in lower NEP. The PDA10DT also offers greater control over
the gain and bandwidth compared to the current setup employing the
FD10D photodiode for 2004 nm measurements. Additionally, the power
response of the photodetector should be determined so that the noise level
can be measured. If the NEP of the system is much higher than the NEP of
the bare photodiode, steps could be taken to reduce the noise such as pack-
aging the photodiode directly in the DAQ to reduce interference, filtering
the signal on the DAQ, or selecting a different DAQ for the photodiode to
connect to. Implementing the WMS protocol to filter the signal received
from the photodetector should also further reduce noise and improve the
detection limits.

The most expensive component of this LAS system is the DFB laser.
DFB lasers in the mid-infrared are relatively recent, and I expect that their
power will increase and cost will decrease over time; at any rate, the cost
of the laser would be the same for other types of gas sensors like cavity-
enhanced absorption spectroscopy and LAS with a multi-pass cell, but the
cost of an integrating sphere, particularly a 3D-printed one, is substan-
tially less.

In addition to improving detection limits through the aforementioned
methods, there exist a few other lines of inquiry that might be interest-
ing. The effect of the surface roughness on the integrating sphere was
not explored in the current work; I simply used sandblasting to create a
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rough surface. However, it’s possible that a surface with smaller features
might be more (or less) diffusely reflective. Hanssen [203] showed that
bead-blasted, gold-coated integrating spheres diverged substantially from
being ideal Lambertian reflectors. Instead, they used a plasma spray tech-
nique to apply nickel followed by an electroplated layer of gold. Exploring
such methods for generating a diffusely reflecting coating could improve
detection limits.

Detection of molecules dissolved in water would also be interesting
because the integrating sphere provides a natural fluidic cavity. Current
methods for gases like methane involve headspace measurements where
the dissolved methane is allowed to diffuse into the air above the water
in an enclosed space for some time. The methane concentration in the
headspace is then measured and the concentration in the water is deter-
mined indirectly [204, 205]. Directly detecting methane in water would
allow for more rapid, real-time determination of the dissolved concentra-
tion.
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Chapter 7

Conclusion

7.1 Main results

In Chapter 3 I described the development of a refractometric sensor
exploiting the Fabry-Perot modes of a silica microcapillary. By shining
broadband light from the transmission light source of a microscope onto
a microcapillary, FP modes are created in the channel. These modes are
sensitive to the optical path length across the channel, and an increase
in the refractive index of the fluid in the channel results in an increase in
the optical path length causing a redshift of the modes. After travelling
through the capillary, the light was collected by a spectrometer and the
positions of the modes in the spectrum were analyzed with a Fourier
technique, and we demonstrated sensitivity to the pressure of the gas in
the capillary, the composition of the gas, and the presence of a sucrose
solute in water. This simple device had a refractometric sensitivity of
(5.6 ± 0.2) × 102 nm/RIU, and could detect pressure changes as small as
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3.3 ± 0.1 kPa.
I demonstrated, to the best of my knowledge, the first example of

employing “star” and “triangle” resonances for refractometric sensing
in Chapter 4. Star modes are formed when a ray travels around the
circumference of the capillary, reflecting off the outer glass-air interface in
a manner similar to a whispering gallery mode, but it reflects at such an
angle that it travels through the capillary channel before again reflecting
at the outer interface. These show up as a series of closely spaced peaks
in the spectrum of the device, and are modulated by an envelope created
by triangle modes—interferences generated between light light travelling
through the channel meeting up with light which reflected from the outer
glass-air interface. Shifts of these modes were again analyzed with a
Fourier technique and we found that star modes redshift with increasing
refractive index, but triangle modes actually blueshift. Combining these
opposite shifts yielded refractometric sensitivities in excess of 1000
nm/RIU.

In conjunction with Professor Zhihong Zhang, we then put these
modes to the test in detecting the specific binding of polystyrene micro-
spheres to the capillary wall in Chapter 5. Using the same style of glass
microcapillary, we deposited polyelectrolyte layers of PAH and PSS on
the capillary channel. We then excited a rhodamine B solution using a
high-power nitrogen laser, resulting in lasing star and triangle modes. We
measured the spectrum before and after pumping carboxy-functionalized
polystyrene microspheres into the capillary and binding them to the
electrolyte layer through reaction with EDC and NHS. The shift in the
mode positions showed that the system was sensitive to different amounts
of microspheres bonded to the walls and showed that a refractometric
sensor using these modes could be made specific to a particular analyte.

Finally, I worked to develop an integrating sphere laser absorption
spectroscopy platform for the measurement of greenhouse gases, as out-
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lined in Chapter 6. I discussed the design of the integrating sphere and
explore different materials, such as 3D-printing from ABS or machining
from aluminum. These spheres can be produced much more economi-
cally than multi-pass cells, and require no alignment as laser light injected
into the sphere reflects randomly until it reaches the photodetector or is
absorbed by the gas. The wavelength of the laser was scanned across ab-
sorption features of either methane or carbon dioxide, and I demonstrated
that the integrating spheres were capable of detecting as little as 3 ppm
methane and 100 ppm carbon dioxide.

7.2 Future work and outlook

The techniques described in this thesis have shown the utility of refracto-
metric sensing and laser absorption spectroscopy, but there remain further
challenges and opportunities. Simulations show that the FP microcapillar-
ies would have greater sensitivity at telecommunications wavelengths of
1550 nm. Efforts to functionalize the capillaries as we did for the geomet-
ric modes of Chapter 5 could also help to remedy the lack of specificity in
these sensors, though the relatively small interaction length at the surface
of the capillary in FP modes compared to geometric or whispering gallery
modes might render this method inefficient. Finally, adapting this plat-
form to a lab-on-a-chip configuration could allow for both smaller analyte
volumes and a more compact device.

The integrating sphere LAS system could benefit from higher reflectiv-
ity films which should result in lower detection limits. It would be inter-
esting to explore the effects of different kinds of surface coatings and the
roughness of those coatings on the detection limits. Limiting the band-
width of the photodetector would also improve the LoD. A logical next
step for the project would be to test wavelength modulation spectroscopy
(WMS) in the integrating spheres and compare the detection limits to the
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direct detection results outlined in this thesis. A further benefit of WMS
would be that the pressure and temperature of the gas could be extracted
from the fitting results.

As the sphere is a closed system, it would be interesting to expand its
capabilities to liquids. A possibility would be to explore the detection of
gases such as methane and carbon dioxide in water. Integrating spheres
have previously been applied to the task of measuring microalgae and
other dissolved organic materials [206], so measuring gases seems like a
logical step. However, water has non-negligible absorption at infrared
wavelengths, and the absorption is very high in the mid-infrared. Greater
absorption by the water means a shorter mean path length and worse de-
tection limits. There are some methane absorption features near 887 nm,
where water is still relatively transmissive, but they are far weaker than
the ones explored in this thesis.

In this thesis, I have attempted to demonstrate the power and versa-
tility of optical sensing technologies. They provide a competitive or even
state-of-the-art solution to a wide variety of challenging problems, includ-
ing the detection of single viruses or nanoparticles, humidity, refractive
index, and greenhouse gases. With the fields of photonics and nanofab-
rication mixing to produce nanoscale photonic chips and optomechanical
devices, and lasers and photodetectors improving all the time, I must con-
clude that we will continue to see evermore impressive optical sensors at
ever-decreasing sizes. While this thesis only shines a light on one small
corner of the field, I hope it has been illuminating nevertheless.
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Appendix A

Code for Monte Carlo integrating sphere simulation

A.1 Simulation Code

This is the code that was discussed in Sec. 6.2 which was used to provide
a distribution of path lengths for rays travelling through the integrating
sphere. The resulting array cases contained the path lengths for rays
which struck the detector, and this array was then used to examine the
distribution and the mean path length.

1 (* Helper function to determine when a

2 ray intersects with the sphere. *)

3 intersectionCompile = Compile[

4 {{o, _Real, 1}, {u, _Real, 1}, {r, _Real}, {c, _Real, 1}},

5 o + ((-2*u . (o - c) +

6 Sqrt[(2*u . (o - c))^2 - 4*u . u*((o - c) . (o - c) - r^2)])/

7 (2*u . u))*u,

8 CompilationTarget -> "C"

9 ]
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A.1. SIMULATION CODE

10

11 (* Helper function for multiplying quaternions. *)

12 qm = Compile[

13 {{a, _Real, 1}, {b, _Real, 1}},

14 Module[

15 {vec = {0., 0., 0.}},

16 vec = a[[1]]*b[[2 ;; 4]] + b[[1]]*a[[2 ;; 4]] +

17 {a[[3]]*b[[4]] - a[[4]]*b[[3]],

18 a[[4]]*b[[2]] - a[[2]]*b[[4]],

19 a[[2]]*b[[3]] - a[[3]]*b[[2]]};

20 {a[[1]]*b[[1]] - (a[[2]]*b[[2]] +

21 a[[3]]*b[[3]] + a[[4]]*b[[4]]),

22 vec[[1]],

23 vec[[2]],

24 vec[[3]]}

25 ],

26 CompilationTarget -> "C"

27 ]

28

29 (* The main function which fires rays

30 and returns their lengths. *)

31 traceCompile = Compile[

32 {{start, _Real, 1}, {direction, _Real, 1}},

33 Module[

34 {orig = start, lastOrig = start, dir = direction,

35 len = 0., x, y, z, p, pquat, theta, phi, rand, axis,

36 axisnorm, q1, q1inv, q2, q2inv},

37 While[

38 True,

39 {x, y, z} = orig =

40 intersectionCompile[orig, dir, 0.0381, {0, 0, 0}];

41 (* Test for various cases. If the ray is absorbed,

42 the length is set to zero. *)

43 Which[

44 (* Ray entered the photodetector. *)

45 ArcCos[orig .

46 {-0.026941, 0., 0.026941}/

158



A.1. SIMULATION CODE

47 (Sqrt[orig . orig]*0.0381)] < 0.171442 &&

48 ArcCos[orig . dir/(Sqrt[orig . orig]*Sqrt[dir . dir])]

49 < 0.610865,

50 len += Sqrt[Total[(orig - lastOrig)^2]]; Break[],

51 (* Ray entered a gas port. *)

52 y^2 + z^2 < 0.0016^2,

53 len = 0.; Break[],

54 (* Ray struck the laser. *)

55 x^2 + y^2 < 0.0025^2 && z > 0,

56 len = 0.; Break[],

57 (* Ray struck the fibre port. *)

58 ArcCos[orig .

59 {0.026941, 0., 0.026941}/

60 (Sqrt[orig . orig]*0.0381)] < 0.013124,

61 len = 0.; Break[],

62 (* Ray struck the detector at the wrong angle. *)

63 ArcCos[orig .

64 {-0.026941, 0., 0.026941}/

65 (Sqrt[orig . orig]*0.0381)] < 0.171442,

66 len = 0.; Break[],

67 (* Ray struck the ring where the two hemispheres meet. *)

68 -0.00025 < z < 0.00025,

69 len = 0.; Break[],

70 (* Ray was absorbed by the gold coating. *)

71 RandomReal[] > 0.995,

72 len = 0.; Break[]

73 ];

74 (* Add the length of the pass across the sphere to the

75 ray's total length, and choose a new direction to propagate

76 if none of the above conditions were met. *)

77 len += Sqrt[Total[(orig - lastOrig)^2]];

78 p = -orig/Sqrt[orig . orig];

79 pquat = {0., p[[1]], p[[2]], p[[3]]};

80 theta = RandomReal[{-0.99*(Pi/2), 0.99*(Pi/2)}];

81 phi = RandomReal[{-Pi, Pi}];

82 rand = RandomReal[{0, 1}, 3];

83 axis = {rand[[2]]*p[[3]] - rand[[3]]*p[[2]],
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84 rand[[3]]*p[[1]] - rand[[1]]*p[[3]],

85 rand[[1]]*p[[2]] - rand[[2]]*p[[1]]};

86 axisnorm = axis/Sqrt[axis . axis];

87 q1 = {Cos[theta/2],

88 Sin[theta/2]*axisnorm[[1]], Sin[theta/2]*axisnorm[[2]],

89 Sin[theta/2]*axisnorm[[3]]};

90 q1inv = q1*{1, -1, -1, -1};

91 q2 = {Cos[phi/2], Sin[phi/2]*p[[1]],

92 Sin[phi/2]*p[[2]], Sin[phi/2]*p[[3]]};

93 q2inv = q2*{1, -1, -1, -1};

94 dir = qm[qm[q2, qm[qm[q1, pquat], q1inv]], q2inv][[2 ;; 4]];

95 lastOrig = orig;

96 ];

97 (* Return the length the ray travelled if

98 it hit the detector; return zero otherwise. *)

99 len

100 ],

101 CompilationOptions -> {"InlineExternalDefinitions" -> True},

102 CompilationTarget -> "C",

103 RuntimeOptions -> "Speed"

104 ]

105

106 (* Call the main function to find the lengths of some rays. *)

107 lens = Table[traceCompile[{0, 0, 0.0381}, {0, 0, -1}], 1000000];

108

109 (* Take only lengths greater than 0 m. *)

110 cases = Cases[lens, _?Positive];
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Appendix B

Applicability of the Gladstone-Dale equation

B.1 Gladstone-Dale Equation

The Gladstone-Dale equation is given by = = 1 + �(%/)) where = is the
refractive index, � is a gas-dependent constant, % is the pressure, and ) is
the temperature. In Ch. 3 I use this equation to determine the refractive
index of argon and nitrogen at 170 kPA and 294.15 K (Fig. 3.4) and the re-
fractive index of argon when its pressure is varied (Figs. 3.5 and 3.7 a)
with a temperature of 294.15 K. The so-called gas-dependent constant,
�, is also dependent on the wavelength. I was unable to find a compre-
hensive calculation of the values for different wavelengths and thus used
the values for argon and nitrogen of 762 × 10−9 and 808.8 × 10−9 K/Pa, re-
spectively, found in Ref. [132] which are valid for 632.8 nm. However,
since the refractive indices of argon and nitrogen vary in nearly the same
way over the visible and NIR wavelengths, the Gladstone-Dale equation
should be valid over this wavelength range which includes the relatively
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narrow wavelength range explored in Ch. 3 (~570 to 630 nm). I use only
differences in refractive index to characterize the Fabry-Perot refractomet-
ric sensor; since the refractive indices, and therefore �, display the same
dispersion relationship, the difference in refractive indices between the
different gases or the same gas at different pressures should be valid.

Figure B.1 Plot of the refractive indices of nitrogen and argon at
2988.15 K showing that both gases display the same dispersion relation-
ship over visible and NIR wavelengths. The data for nitrogen comes from
Ref. [207] and the argon data comes from Ref. [208]. Both sets of data
were retrieved from RefractiveIndex.info.
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