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Introduction

Microring resonators as photonic devices are formerly passive, ring-shaped
optical cavities where a waveguide in closed-loop configuration is coupled
to one or two bus waveguides. Buses constitute interfaces between optical
inputs and outputs, and the cavity.

Origins

Such resonant photonic devices were first proposed approximately fifty
years ago as optical filters: when optical waves are coupled to the buses
inputs, multiple-wave interferences occur at the buses outputs producing
a strong dependency of the transmitted intensity, or transmittance, on the
optical frequencies of the input waves. In the simplest single-bus config-
uration, particularity of the transmittance is in the presence of resonant
optical frequencies, or wavelengths. Near these resonant wavelengths, a
minute variation of the input wavelength can result in a variation of the
transmitted intensity from 100 to 0%.

Resonances sensitivities

Because of the strong variations of transmittance near the resonant wave-
lengths of the optical cavity, their positions can be measured very accu-
rately. For a given microresonator, position of each resonant wavelength
1s strongly dependent on the phase velocity of the wave propagating in the
closed-loop. Due to evanescent-waves, located near the core of the waveg-
uide, and accompanying the propagation of light in the cavity, the phase
velocity not only depends on the core material, but also on the refractive
index distribution in the vicinity of the core, specifically in the cladding
region.

17
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Detection applications

Values of the resonant wavelengths of a microring resonator strongly
depend on the refractive index distribution in the cladding, and can be
measured very accurately with simple techniques. As consequence, such
devices are very well suited for the detection of very small variations of the
refractive index distribution, which can be related to many physicochem-
ical quantities. This is the basic principle of multi-sensors instruments
integrating ring resonators.

Presentation of Label-Free Sensing (LFS)

The main applications of these instruments are in label-free biochem-
ical sensing. In label-free sensing, the surface of the microresonator is
functionalized so that specific molecules, or targets, brought by a solu-
tion dropped or flown over the closed-loop waveguide, bind to functional
groups on the surface. These functional groups, or receptors, can either
be present on the surface of the optical core material, or on a recogni-
tion molecular layer previously deposited on the optical surface during its
functionalization. When binding event occurs, because of the increasing
concentration of binded molecules near the surface of the waveguide, the
refractive index distribution is progressively modified, and resonant wave-
lengths of the resonator are shifted. The real-time measurement of the
resonant wavelengths thus provide a signal which is an image of binding
events on the surface.

LFS as a powerful biochemistry tool

Depending on the experiment, expected results of the analysis of the
detection signal can be values of the binding selectivity and affinity of a
molecular interaction, between target and receptor, or more importantly its
stoichiometry, kinetics, and more generally thermodynamics. However, the
determination of these parameters is made difficult by numerous parasitic
effects biasing the detection signal. As consequence, the main challenge of
label-free detection is to extract the relevant information, task that as to do
with both nature of the sensing scheme and the detection signal analysis.
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Specificity and microfluidics for LFS

In the dominant configuration where the receptor is a specific biological
or chemical entity bound on the waveguide surface, the relevant informa-
tion is related to the only binding events between the receptor entity and the
target. Consequently, a first bias of the detection signal are detected unspe-
cific binding events, occurring between targets and third-party molecules
or binding sites, those of the core material for instance. Unspecific bind-
ing events also integrate events that are not related to a chemical bound, but
simply due to contact between targets and third-party molecules. The bind-
ing specificity, rate between specific and unspecific binding events, has a
dominant role in the reliability of the measurements, and its optimization
is one of the keys for achieving a proper label-free biosensor. First, com-
bination of the waveguide surface state and the nature of the interaction
under study naturally affects the binding specificity. Thus, control and ad-
justment of the surface state is an important factor. Secondly, when the
solution is not just put in contact, but flown over the waveguide, the bind-
ing specificity is improved as targets are less likely to just deposit on the
surface by mechanical effect. This function is efficiently performed when
integrating the resonator with microfluidics, resulting in optofluidic sensors
with low biochemical material consumption. In the dominant configuration
of optofluidic sensors, target is brought to the surface of the optical cavity
via a micro-channel fed by an intricate system of pumps and valves. The
addition of microfluidics not only reduces detection bias, but makes it also
possible to perform repeated, automated experiments. This functionality
is particularly important in label-free biosensing to guarantee reliable and
reproducible results.

Diffusion in Optofluidic LFS (OLFS)

However, the use of microfluidics comes at a price. Since the solution
containing the targets is directly preceded and followed by a buffer solu-
tion in the microfluidics circuitry, targets are free to diffuse to the buffer,
making the concentration of targets inhomogeneous. Because of these con-
centration gradients near the interfaces of the sandwiched solution, the rel-
evant detection signal is temporarily displaying a transient behavior, more
difficult to analyze than the stationary binding curve obtained when the
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concentration of the solution flown over the resonator becomes homoge-
neous. As consequence, the microfluidics should be designed to reduce
diffusion effects.

A main issue of OLFS: homogeneous effects

Besides biases related to binding events, another class of biases apply-
ing to the detection signal is formed by homogeneous effects. Homoge-
neous effects stand for all variations of the refractive index distribution near
the waveguide that are not related to binding events. Since homogeneous
effects modulate the refractive index distribution, they are responsible for
parasitic variations of the resonant wavelengths.

Origins of homogeneous effects

A first homogeneous effect is due to the variation of bulk refractive in-
dex between the solution and the buffer. This difference in index is, in
most instances, solely from the presence of the targets in the solution -
base of the solution being the buffer. A second effect is related to tem-
perature variations. To some extent, refractive indexes of all materials
depend on their temperature. As consequence, variations of temperature
tend to modify the refractive index distribution. Furthermore, because of
thermal expansion, geometry of the waveguide - width and height - is also
temperature-dependent. These two temperature-related effects combined,
resonant wavelengths can be strongly shifted due to temperature varia-
tions. In the same fashion, geometry and refractive index distribution are
pressure-dependent, hence a potential bias due to pressure variations.

Pressure-related homogeneous effects

Amongst these three homogeneous effects, the one due to pressure is the
most difficult to analyze. Variations of pressure near the waveguides could
result from vibrations, discontinuity of the flow rate in the microfluidic
channel, or variations of viscosity between buffer and solution.

Temperature-related homogeneous effects
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In comparison, effects of temperature variations are easier to observe.
They are essentially of two natures. The first is related to variations of
the room temperature, affecting the optical device, the solution and the
buffer. It generally results in a slow, linear variation of the signal re-
ferred to as thermal drift, and can be easily corrected. A second effect
occurs when temperature of the solution does not match the temperature of
the buffer, and/or that of the waveguide. This results in fast variations of
the detection signals that are, compared to the thermal drift, very difficult
to correct. Although these temperature variations can be largely reduced
by adequate measurement procedures, the main issue occurs when target
molecules need to be introduced at colder temperatures in order to preserve
their functionalities.

Concentration-related homogeneous effects

Concentration-related homogeneous effects are also easily observable,
and specifically occur at buffer-solution transitions. The particularity of
this effect is that it is intrinsically related to the measure.

Reducing the influence of homogeneous effects

As homogeneous effects can have larger contributions to the detection
signal than specific binding events, it is necessary to reduce them as much
as possible. To do so, two philosophies can be applied: one related to the
waveguide, the second, more general, to the structure of the instrument.

Waveguide optimization scheme

The geometry of the closed-loop waveguide forming the optical cavity,
and the materials it is made from, as a lot to do with sensitivities of the
detection to homogeneous effects. As consequence, reduction of the con-
tribution of homogeneous effects to the detection signal can be achieved
by proper design of the optical waveguide.

Multi-sensor scheme



22 LIST OF FIGURES

The second approach is quite different. The core principle is to re-
place the single optical cavity by two or more cavities, each one having
a specific sensing task. For instance, in a three-cavity scheme, one cav-
ity can be designed to be specifically sensitive to temperature variations,
another to concentration-related homogeneous effects, and the final cavity
to binding events at its surface. In such configuration, detection signals
from the first two cavities provides specific information on the variations
of temperature and of bulk refractive index of the solution. Combination of
these sensing capabilities result in a multi-sensor instrument for label-free
detection. With proper calibration of this multi-sensor instrument, most
homogeneous effects can be deduced from the detection signal of the third
cavity. This corrected detection signal, obtained thanks to the multi-sensor
scheme, is highly correlated to specific binding events.



Chapter 1

Generalities on optofluidic and
label-free sensors

Introduction

Over the last two decades, integrated optofluidic sensors have been inten-
sively researched and developed. This mainly comes from the fact that such
sensors are used in several fields related to health: fundamental interactions
and macromolecular systems in biology [1], medical diagnostics, drug dis-
covery [2], environment monitoring, food and water safety [3], efc .... In
this general context, they can be referred to as biosensors. For such appli-
cations, the most appealing characteristics of integrated optofluidic sensors
are their accuracy, rapidity, robustness, versatility, multiplexing capacity
and cost efficiency. More importantly, the great promise of such devices
comes from their unrivalled ability to detect and quantify specific, targeted
biomolecules in very low concentrations, down to the single molecule res-
olution.

Because of their tremendous potential, the research on optofluidic de-
vices as biosensors is extremely rich and diversified. A proof is the remark-
able amount of optical phenomena, materials, configurations, fabrication
techniques, surface chemistries, detection formats, sensor interrogations
and data analysis techniques that were proposed over the years to improve
specific or overall performances of biosensors [4]. Biosensors can also
rely on non optical transducers [5]: mechanical, piezoelectrical, electro-
chemical, etc ...Overall, many combinations of physical phenomena and
technical solutions can be applied to biosensing, and hundreds have been
proposed.

23
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In this context, establishing a hierarchy between systems can prove ex-
tremely difficult, not only due to the wide variety of existing systems and
applications, but also from the lack of consensus and clarity in the evalua-
tion of key performances. It is also noticeable that despite the multiplicity
of devices that were proposed, very few of systems have been commer-
cialized [1]. This constitutes a major motivation to design a biosensor in-
strument achieving a good trade-off between performances and practical
considerations. In consequence, the paradigm for the design of our inte-
grated optofluidic biosensor instrument was focused on the development of
a device combining excellent sensing performances with simplicity, versa-
tility, reliability and cost efficiency.

In order to understand most aspects related to sensing, a first section
of the chapter is dedicated to elements of sensor theory. A second sec-
tion introduces measuring instruments referred to as label-free biochemical
sensors, and more specifically optofluidic label-free biosensors. The third
and final section focuses on the choice of polymer microring resonators as
transducers for such instruments, and other potential applications.

1 Elements of sensor theory

1.1 Introduction

1.1.1 What is a sensor ?

A sensor can be defined in a very general manner as a device that receives
and responds to a signal, or stimulus. A stimulus can be understood as any
quantity, property or condition.

In their vast majority, modern sensors are not standalone devices. They
are part of larger systems that may incorporate other detectors, signal con-
ditioners and processors, memory devices, data recorders and transducers.
In consequence, sensors need to provide a signal which is readable by all
other elements of the system they are incorporated in. This is why in the
overwhelming majority of artificial systems, information on the stimulus,
first carried by the sensor’s response, is processed and transmitted as an
electrical signal: a voltage, a current or a charge. This electrical signal
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can be further described typically in terms of amplitude, frequency, and/or
phase. Therefore, the most common definition of a (man-made) sensor is
[6, 7]:

"A sensor is a device that receives a stimulus and responds with
an electrical signal."

1.1.2 Measuring instruments

Many devices only uses sensors internally: information from the sensors
is used to monitor operation of the device, and is never made available to
the user. In opposition, devices whose purpose is to record and/or display
information provided by the sensor on the stimulus are measuring instru-
ments, or measurement systems. In the context of measuring instruments,
the term stimulus is often replaced by the more quantitative notion of mea-
surand.

1.1.3 Sensors, transducers and actuators

A sensor can be interpreted as a device that converts any form of energy
to electrical energy. Consequently, sensors are a subclass of transducers,
which are simply defined as energy converters, from one kind into another.
Devices referred to as actuators also constitute a subclass of transducers,
and are the dual objects of sensors: they convert electrical energy into an-
other kind.

1.1.4 Direct and complex sensors

When one or more transducers are necessary to convert the initial stimulus
into an electrical signal, the system formed is a complex sensor. In opposi-
tion, a direct sensor uses physical effects for straightforward conversion of
the stimulus into an electrical signal generation or modification.

1.1.5 Passive and active sensors

According to sensor theory [6, 7], all sensors can be classified into two
large categories: passive sensors and active sensors. An active sensor
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requires an external source of energy, referred to as an excitation signal,
whereas active sensors directly generate an electrical signal in response to
a stimulus, without the need for an external excitation.

Since their own properties, described by internal parameters, are mod-
ified in response to an external effect, active sensors can be referred to as
parametric sensors. In these sensors, the variations of one or more internal
parameters modulate the excitation signal. Such modulation carries infor-
mation on the stimulus, or measurand. Examples of active or parametric
sensors are capacitive contact sensors, based on capacitors. A capacitor is
an electronic component characterized by a capacitance C, which can be
designed so that the value of C' is sensitive to a finger’s touch, for instance.
The capacitance of the sensor, carrying information on skin contact, can
be deduced from the response of the capacitor to an electronic excitation
signal.

In opposition, photodiodes are typical examples of passive sensors, or
more generally passive transducers: energy carried by optical waves is di-
rectly converted into a voltage (solar cells), or a current (photodetectors)
depending on the operation mode, also called polarization of the photodi-
ode.

1.1.6 Absolute and relative sensors

Sensors can also be separated into absolute and relative sensors. An ab-
solute sensor detects a stimulus in reference to an absolute physical scale
that is independent on the measurement conditions. Comparatively, a rel-
ative sensor produces a signal that relates to the difference between the
measured stimulus and a reference stimulus.

1.1.7 Further classification

A further classification of sensors can be achieved by considering all of
their properties [8]: stimulus, targeted applications, specifications, physi-
cal effect(s) for transduction, type of energy conversion, materials, etc. ..
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1.1.8 Sensor and instrumentation

For ultra-sensitive scientific instruments, performances are a resultant of
the quality of the sensing instrumentation and the properties of the sen-
sor(s). In an optimal instrument, both need to be related, and matched at
some level. In this respect, it is important to evaluate the overall quality
of an instrument from quantitative criteria that integrate both sensor and
instrumentation. Otherwise, it could result in mislead design priorities.
A related matter is to know if the limitations of the performances of the
instrument come from the sensor, or the application, or both. This is chal-
lenging, mainly because of the interactions between instrumentation and
sensors (cf.§3.3.3). As a result, a deep understanding of the independent
and combined limitations from the sensor and its instrumentation is neces-
sary.

This chapters focuses on sensors properties and specifications, only to
analyse the performances of both common systems, and on newly reported
optofluidic sensors and label-free sensors. In further chapters, specifica-
tions of sensors integrating microring resonators will be considered, from
theoretical analysis to experimental studies.

1.2 Sensor characteristics

1.2.1 Introduction

Sensor characteristics or specifications take many forms. Some, such as
the span or the sensitivity apply to all sensors, when others only apply to
very specific devices. In this part, we present very general specifications of
sensors and measuring instruments !. Other terms, only relevant to optoflu-
idic and label-free sensors, will be introduced in subsequent sections.

1.2.2 Transfer function

An ideal sensor would be a sensor that always provide the true value, or
simply value [9], of the stimulus. The ideal input (stimulus e) versus out-
put (electrical signal .5) relationship of an ideal sensor is described by the

'Tt is important to point out that on some occasions, terms used as sensor specifications, are also used as
specifications of a measuring instrument that integrates the sensor, therefore creating ambiguity.
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transfer function S = T (e). Depending on the sensor, the transfer function
T can take many forms. However, it can be written in most cases to one
linear or nonlinear scalar function.

In the simple case of a linear and scalar transfer function 7, the signal
S can be written as S = «a + (e where « 1is the linear intercept and (3 is
the slope, also referred to as the sensitivity. Depending on the sensor, e
may be any physical quantity, and S may be an amplitude, an intensity, a
frequency, a phase, etc ...

Nonlinear transfer functions are generally more difficult to handle for
the characterization of the input/output relationship of a sensor. For many
devices, the nonlinear transfer function is linearized on a neighborhood of
a specific input value ej. For values of e near ¢, a linear relation S(e) =
S(eg) + B(eg) - (e — ep) can be written, where [(eg) is defined as a local
sensitivity around e, and calculated from:

Bleo) = %(60) (1.1)

The validity of the linear approximation of a nonlinear transfer function
T naturally depends on the function itself, but also on the span, corre-
sponding to the extent of values that the input e can take around e.

aep) |

7/
4

Figure 1.1: Local linearisation of a nonlinear transfer function.
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1.2.3 Span

The span of a device, also called input full-scale, can be defined as the dy-
namic range of stimuli or measurand that can be converted by the sensor. It
relates to the highest input value that can be applied to the sensor without
causing inaccuracy Over requirements.

The same definition applies for measuring instruments. The only differ-
ence 1s that the span of a measuring instrument depends on both sensor and
instrumentation. In many instruments such as optical spectrum analyzers,
sensor and instrumentation can be configured at each spectrum acquisition
to perform an analysis on a specific frequency span, within the span of the
Sensor.

1.2.4 Accuracy

Depending on the reference, accuracy can be a qualitative [6] or quanti-
tative [7] view of the inaccuracy, or error, accompanying any measure-
ment. Inaccuracy or measurement error can be defined for one measure-
ment point as the largest difference expected between the measured value
and the "real" value.

The measurement error results from two classes of contributions that
are very different in nature. The first class of contributions are system-
atic errors, which can always be related to another measurable quantity.
Therefore, systematic errors may always be corrected, to some extent, by
calibration of the sensor and/or that of the measuring instrument, or by the
control of environmental conditions.

The second class regroups random errors. Assuming that all systematic
errors are corrected, and all measurable physical quantities are perfectly
stable, random variations of the measured value around an average point
occur. These random variations are due to noises, which can be of different
natures depending on the sensor: thermal noise, shot noise, flicker noise,
burst noise, efc. .. In particular, thermal noise affects all electronic circuits,
hence all artificial sensors and all measuring instruments.
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The accuracy can be specified as standard deviation of the error sig-
nal, 1.e. the difference between real and measured values. However, in
an attempt to build an universal system for the specification of sensing
performances, the general recommendations [9] are to use accuracy as a
quantitative term, and uncertainty to quantify accuracy.

1.2.5 Noise

All sensors produce some output noise in addition to the output signal S(e).
In some cases, the noise of the sensor is less than the noise of the next el-
ement in the instrumentation, or less than the fluctuations in the physical
signal. In such case, the noise produced by the sensor is not important.
Many other cases exist where the noise produced by the sensor limits the
performances of the system integrating the sensor.

Noise i1s generally distributed across the frequency spectrum. For in-
stance, thermal noise shows a white distribution, characterized by a frequency-
independent spectral noise density in Vzass/vHz. A white distribution
adds noise to a measurement with amplitude proportional to the square
root of the measurement bandwidth A f. Noise in the output signal can be
reduced by signal integration, or averaging. Averaging or integration act on
the signal as a low-pass filter, limiting the bandwidth of the measurement,
hence proportionally reducing the total amount of noise in Vgzysg over the
bandwidth. A related thumb rule is that the noise decreases with the square
root of the measurement time.

1.2.6 Calibration

Calibration of a sensor can be defined as the determination of the param-
eters of the sensor’s transfer function 7. Referring to the example of a
scalar and linear transfer function, the role of calibration would be to mea-
sure precisely what are the values of the sensitivity S and the intercept
o, instead of applying values found in the sensors specifications. Indeed,
values of these coefficients can slightly vary from one sensor to another
because of deviations in the fabrication process. If the accuracy required
1s high, an individual calibration of each sensor is necessary to limit sys-
tematic errors related to the misevaluation of the sensitivity and the linear
intercept.
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Systematic errors due to environmental factors can also be corrected
via calibration. These specific errors come from the dependence of param-
eters of the transfer function on environmental physical quantities, such as
room temperature, pressure, and humidity. A first approach for correcting
these effects is to directly measure the transfer function, from a calibration
routine. In the case of a linear transfer function for instance, o and [ are
determined at each calibration, thus zeroing systematic errors. However,
this correction is temporary, since after calibration, environmental factors
can vary and modify once again values of the parameters of the transfer
function, re-creating systematic errors. As calibration routines require rel-
atively long durations, during which the sensor is not available, this simple
approach is far from being optimal.

A second approach, much more powerful, is available for instruments
incorporating multiple sensors, referred to as multi-sensor instruments. A
multi-sensor instrument is based on a primary sensor, the sensor that con-
verts the stimulus the instrument is designed to measure, and secondary or
auxiliary sensors whose purpose is to measure environmental factors in a
broad sense, e any measurable quantity that may cause systematic errors
on the output signal of the primary sensor.

An 1nitial calibration of a multi-sensor instrument will provide a model
describing how each value measured by auxiliary sensors relates to val-
ues of the parameters of the primary sensors. Then, during operation of
the instrument, the transfer function of the primary sensor is constantly re-
evaluated from measurements of the environmental factors, thus perform-
ing a continuous calibration, or real-time correction of systematic errors.

1.2.7 Hysteresis

Hysteresis is a common nonlinear property of physical systems, related to
memory effects. In sensors, because of an hysteresis phenomenon, the out-
put Sy corresponding to an input e is different depending on whether the
previous value of the input was higher or lower than ej.

Hysteresis can be considered as a dynamic effect since it depends on



32 CHAPTER 1. OPTOFLUIDIC AND LABEL-FREE SENSORS

the time growth or decay of the input e. In consequence, systematic errors
due to this effect are can be difficult to correct.
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Figure 1.2: Effect of an hysteresis on the transfer function.

1.2.8 Nonlinearity

In sensors, the term nonlinearity refers to the systematic errors caused on
large measurement spans by the linear approximation of the transfer func-
tion on a neighbourhood of an input value e.

Nonlinearity depends on the form of the actual transfer function and on
the measurement span. It is important to point out that, despite the fact
that the sensor is responsible for the nonlinearity of its response, an in-
adequate instrumentation is responsible for nonlinearity errors. In order
to obtain large measurement spans, the instrumentation needs to take into
account the nonlinear transfer function of the sensor to retrieve values of
the input signals without nonlinearity errors. This is easily done when the
transfer function is monotonous, but much more challenging when 7 has
local extrema in the measurement span. Indeed, these extrema mathemat-
ically correspond to zeros of the sensitivity. The same issue is met when
the transfer function presents saturation.

1.2.9 Saturation and dead band

Regarding the transfer function of a sensor, a saturation is defined as a re-
gion where the sensitivity, e the slope of the transfer function, monotonously
tends to zero. Wherein saturated, the output signal of the sensor will, in any
case, remain approximately constant while the input may strongly vary.



1. ELEMENTS OF SENSOR THEORY 33

Consequently, the sensor is mostly inoperative for input ranges where the
transfer function is saturated. In comparison, a dead band is a range of
inputs where the sensitivity locally tends to zero. Both saturation and dead
band effects have common consequences, but they should not be treated in
the same manner for systematic error correction.

Despite a saturation, provided that the transfer function is known, the
input can be theoretically deduced from the output. The actual issue of
saturation is the limitation of the accuracy. Indeed, in saturated regions,
variations of the output due to variations of the signal are lower and lower
as compared to the noise level. When the signal-to-noise ratio (SNR), ie
the ratio between output variation and noise level, tends to unity and below,
input variations are no longer detectable by the instrument.

The effect of a dead band is different in the sense that a zero sensitivity
for a specific input does not necessarily mean that the sensitivity cannot be
large at the vicinity of the zero. If the transfer function is a Gaussian for
instance, the sensitivity tends to zero at the peak of the Gaussian, but can
be very high not far from the peak. Following on this example, the peak
of the Gaussian can be assimilated to a "blind spot" for the sensor: small
variations of the input near the peak position cannot be detected because
of the low SNR. However, if the variations of the input around this blind
spot are sufficiently large, missing information related to the presence of
the input in the blind spot can be extrapolated from the rest of the response.

S S

T S(e) T dead bands
: : /N s
1 1
} !
, , O O
1 1
1 1 O
— ¢ > e
saturation

Figure 1.3: Saturation and dead band on a transfer function.
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1.2.10 Repeatability and reproducibility

Repeatability is a statistical evaluation, usually via a standard deviation, of
the inability of a sensor or measuring instrument to provide the same out-
put for repeated and identical excitations. As such, it can be used to track
the evolution of systematic errors in between two calibrations or adjust-
ments. It can also be used to evaluate the deviation of the output measured,
for identical excitations, right after repeated calibrations.

Reproducibility is quite similar to repeatability, used to evaluate the in-
ability of a sensor or measuring instrument to provide the same output for
identical excitations under different conditions, only after calibration.

As precise definitions of these terms may vary from one scientific com-
munity to another, a general discussion on repeatability and reproducibility
1s not trivial. In relation to how these terms are defined in this dissertation,
it can be said that repeatability can be used to evaluate the efficiency of
the calibration procedure under similar environmental conditions, whereas
reproducibility evaluates the efficiency of the calibration procedure when
environmental conditions are modified. More comprehensive definitions
of both terms can be found in [9].

1.2.11 Resolution

Resolution of a sensor or measuring instrument is generally defined as the
smallest variation of stimulus or measurand that can be detected. Because
the definition of a "detectable variation" is not clear, many interpretations
of what the resolution of a measuring instrument is exist, depending on the
nature of the stimulus.

As variations are inherently dynamic, the definition of the resolution
must relate to the time scale of the input variations, and also to the noise
level. For instance, in a experiment with a given white noise distribution,
from signal averaging, slow variations of the stimulus are much easier to
detect than fast, ze high-frequency, ones. As a direct consequence, the res-
olution of any measurement can be extremely high? if the variation occurs

2An unavoidable ambiguity comes from the fact that high-resolution (qualitatively) is achieved when
the value of the resolution is low, and inversely.
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on large time-scales, and a specified resolution would be meaningless if
not associated to a time scale.

Due to its close relation with the time scale, resolution can be quantified,
similarly to the noise, in units of signal per square root of the bandwidth
Af in frequency units (signal unit per v/Hz). In a device where the band-
width can be adjusted, the resolution can also be defined as a function of
the response time of the instrument.

In some situations, all temporal considerations have no effect on the res-
olution of a measuring instrument. This is generally due to a quantification
of the measured output voltage S performed during an analog-to-digital
conversion. For instance, a 12-bit converter can only provide 22 = 4096
distinct values on a given voltage span. If the voltage spanis 10 V, the min-
imal increment §S between two values is about 2.5 mV. Because all analog
output values are rounded to the nearest coded digital value, the resolution
is inherently limited to the ratio between 0.5 and the sensitivity 3.

1.2.12 Dynamic characteristics

Up to now, the transfer function has been treated solely has a static, ie
frequency-independent, characteristic of the sensor. Accordingly, varia-
tions of the parameters of the transfer function could only be caused by
internal or external perturbations. However, in all systems, the response
of the sensor depends on the frequency components of the stimulus. When
this dependence its critical to describe the behavior of the sensor, the actual
relationship between the time-dependent stimulus e(¢) and the correspond-
ing time-dependent electrical output S(¢) must be expressed as a differen-
tial equation.

The applicable differential equation can be identified by measuring the
response to a step variation of the input. Depending on the differential
equation, linear or nonlinear, and its order, the step response can take many
forms: delayed, overdamped, damped, ... resulting in dynamic errors. Dy-
namic errors specifically occur during the transient response of the sensor,
the extent of which being the response time. For further reference, the re-
sponse time will be formally defined as the typical time the sensor takes to
return to a stationary output after a step variation of the stimulus.
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The bandwidth of the sensor can be defined as the maximal frequency
of the stimulus for which the sensor can provide an accurate output.

1.2.13 Uncertainty

As explained before, it is generally recommended that accuracy should be
used only as a qualitative term, while uncertainty quantifies the dispersion
of measurement results. As defined before, the measurement error is the
difference between the measured value and the real value of the measurand.
Thus, the measurement error can only be quantified if the real value of the
measurand is simultaneously measured by an ideal instrument. Compara-
tively, the measurement uncertainty quantifies how large the measurement
error might be. In that respect, the measurement error can eventually be
much smaller than the uncertainty. For instance, the measurement uncer-
tainty in time for a broken watch is 12 hours, whereas the measurement
error tends to zero twice a day.

In a complex measuring instrument, contributions to the overall uncer-
tainty u. can be listed in an uncertainty budget, where each independent
source ¢ of uncertainty is associated to a standard uncertainty u;, defined
as the standard deviation of the measured value attributed to the source <.
The total uncertainty of the measurement, referred to as the combined stan-
dard uncertainty u., s usually evaluated using the law of propagation of
uncertainty [9], stating that u. can be expressed as:

1/2

N
Up = Z u? (1.2)
=1

where N is number of independent sources of uncertainty.

Estimation of some standard uncertainties® may be very difficult, and
rely on a scientific judgement that integrates many sources of information:
general knowledge, manufacturer’s specifications, calibration data, data
from previous measurements, ...In comparison, estimation of other un-
certainties*, is performed via a straightforward statistical analysis of mea-

3Type B uncertainties[9]
4Type A uncertainties
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surement data.

According to [9], in many practical measurement situations, the proba-
bility distribution characterized by the measurement result M and its com-
bined standard uncertainty u.(M) is approximately normal. When this is
the case, the empirical 68-95-99.7 rule can be applied to quantify the prob-
ability that a (real) value of the measurand M., belongs to an interval
specified by a measured value M, and a measurement uncertainty u.(M ).
This is expressed mathematically as:

P(Myeat € [My — ue(M), My + u(M)]) =~ 0.6827
P(Myeat € [My — 2uo(M), My + 2u(M)]) ~0.9545  (1.3)
P(Mreas € [My — 3uo(M), My + 3uc(M)]) ~ 0.9973

1.2.14 Limit of detection (LOD)

The term limit of detection (LOD) is often used as a synonym for reso-
lution in biosensors. It can thus be defined as the smallest variation of
biological stimulus or measurand that can be detected. It is naturally re-
lated to the uncertainty, and should be associated to a response time (cf.
§1.2.11). It is important to point out that when measuring variations of the
measurand, in opposition to the measurement of the absolute value of the
measurand, most systematic errors are corrected’. In consequence, when
relative variations of the measurand are measured, the relevant uncertain-
ties are related to the variations of the systematic errors. The uncertainty
u.(M) then combines standard uncertainties from measurement noises to
those of the systematic errors.

When measuring variations of the measurand, since systematic errors
are (to some extent) corrected, it can be reasonably assumed that the 68-
95-99.7 rule can be applied. Accordingly, various grades of LOD can be
defined, according to the probability that a real value of the measurand is
within the LOD:

Grade LOD68.3 LOD95.5 LODgg]
Expression 2u, 4u, 6u,

Table 1.1: Typical grades and expressions for the limit of detection (LOD)

Sprovided that they affect all measured values in the same manner
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In Fig. 1.4, the different grades of LOD are compared, for a given com-
bined uncertainty, in the statistical separation of a reference measured value
M and subsequent measured values M,, M, and M,.. Surface of shaded
areas represent, for each grade, the probability that a real value M., can
either be measured as M, or M; with i € {a, b, c}, hence the probability
that the measured variation between M, or M, is not related to a variation

of the measurand.

A
v

Probability

densities
A

A

— S5
>

Measurand

Figure 1.4: Statistical comparison between grades of LOD.

2 Optical evanescent-wave sensing

2.1 Introduction

2.1.1 Origins of evanescent waves

An evanescent wave is a near-field stationary® wave whose intensity de-
cays exponentially from the boundary at which it was formed. Evanescent
waves can occur in any physical situation where wave equations apply, and
are formed at the interface between two media with different wave motion

properties.

%in a transverse direction
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More specifically, in optics and acoustics, an evanescent wave 1s formed
when an incident wave propagating in a primary medium undergo total in-
ternal reflection (TIR) at its interface with a secondary medium. For the
TIR to occur, hence for the evanescent wave to be created, the phase ve-
locity of the wave in the primary medium v, ; should be lower than that
in the secondary medium v, 9. Also, the incidence angle, ie the angle be-
tween the wave-vector of the incident wave and the normal to the interface,
should be larger than a critical angle 6, whose sinus is equal to the ratio
of the phase velocities of the secondary and primary media:

sin(fc) = —22 (1.4)
Up,1
The physical reason of the existence of evanescent waves lies in the nec-
essary continuity of specific scalar or vector fields associated to the waves
at interfaces when TIR occurs. For instance, evanescent acoustic waves
ensure the continuity of the gradient of the pressure field, representing the
pressure force field.

incidence plane

v, >V, interface

Figure 1.5: Total internal reflection (TIR) of an incident wave at an interface .

In optics, and more generally for electromagnetic waves, the mathe-
matical origin of the evanescent waves lies in the continuity equations at
interfaces of the electromagnetic fields E, D, B and H. Sometimes, the term
evanescent wave 1s replaced by evanescent field in electromagnetism, prob-
ably to reflect the fact that waves are more naturally associated to scalar
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fields in acoustics than the vector fields constituting electromagnetic waves
in optics. In the dissertation however, both terms may be employed with a
similar meaning.

2.1.2 TIR induced phase-shifts

A non trivial effect of the TIR, or more generally any reflection of an elec-
tromagnetic wave at the interface between two media, is the phase shift
between reflected and incident waves that occur at reflection. The expres-
sion of this phase shift can be determined for both linearly polarized TE
and TM waves via Fresnel equations and show that the values of the phase
shift depend on the polarization of the wave, the angle of incidence and
the complex refractive indices of both media. This means that the reflected
wave, which does not exist in the secondary medium in Fresnel’s model,
carries information on the refractive index of this medium anyway, in its
phase.

Let us take the example of the reflection of a plane electromagnetic
wave at the plane interface between two dielectric media characterized by
their refractive indices n; and ne, for the primary and secondary media,
respectively. Incident wave is linearly polarized perpendicular to the in-
cident plane (TE wave). The wave-vector of the incident wave makes an
angle > 6 (cf. Eq.(1.4)) with the plane interface so that it undergoes
total internal reflection (TIR). In such situation, the amplitude reflection
coefficient r can be written as [10]:

nysin @ + j\/n? cos? 0 — n3

nysinf — j\/n? cos? 6 — n3 (1>

Because of total internal reflection, the absolute value of r is identically

equal to 1. This also means that the average power of the transmitted wave,

1.e. the evanescent wave, is identically zero. Incidentally, the complex

reflection coefficient r can be written as r = exp (—j®). The phase-shift
® induced by the reflection of the wave can then be written as [10]:

2 20 — 2
® = —2arctan [\/nl cos n2] (1.6)

nq sin 0

A similar, but not identical, expression can of the phase-shift ® can be de-
rived for a TM wave.



2. OPTICAL EVANESCENT-WAVE SENSING 41

In an optical waveguide, optical waves coupled in the core, with a re-
fractive index (RI) n; higher than the RI of surrounding cladding n. and
substrate n3 materials, undergo total internal reflections at core/cladding
and core-substrate interfaces. Because of TIR-induced phase-shifts, the
phase velocity v, of the wave propagating in the waveguide depends, amongst
other parameters, on 7.

2.1.3 Evanescent-wave sensors

According to the definitions in Sec.1, an evanescent-wave sensor is an ac-
tive, or parametric sensor. In most optical evanescent-wave sensors, the
excitation signal, a linearly polarized electromagnetic wave, is coupled to
the core of an optical waveguide in contact with a medium, usually the
cladding of the waveguide, whose refractive index ns carries information
on the stimulus, or measurand. Because of TIR-induced phase shifts, in-
formation on the stimulus is converted into the phase velocity of the guided
wave. In order to read this phase-velocity, the carrier wave is, directly or
combined with other waves, converted into an electrical signal, in the end
a voltage, via a photodetector.

In consequence, an evanescent-wave sensor is a complex sensor, where
the stimulus is first converted by a transducer, the optical waveguide, the
optical energy (or intensity) being then converted into electric energy by a
direct sensor, a photodetector.

The variety of evanescent-wave sensors comes from the many transduc-
ers that can be build. In addition, each transducer can be used in various
configurations, and associated to different excitation signals and photode-
tection schemes. The main advantage of these sensors, compared to oth-
ers, 1s the high accuracy achieved in RI measurements. The resolution of
evanescent-wave sensors in refractive index, down to 10~ RIU (Refractive
Index Unit) in recent systems [4], allows for measurements of very small
variations of the measurands.

Theoretically, all physical quantities that have an effect on a refractive
index can be the measurand in an evanescent-wave sensor. The common
quality and main interest of evanescent wave sensors in all their applica-
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tions is the high resolution they are able to provide. They also share a
limited span, which means that they will not, in most cases, be able to
measure large variations of the measurand.

2.2 Basic applications

2.2.1 Refractometers

The most obvious application of an evanescent-wave sensor is simply to
measure refractive indices. Principle of such measurement is to compare
the signal obtained with the medium to measure to a reference medium
with a known refractive index. This can be used, for example, to mea-
sure small variations of the refractive of aqueous solutions with varying
concentrations of a given chemical compound.

2.2.2 Homogeneous concentration sensors

An evanescent field sensor can be used as a highly-accurate concentration
sensor, liable to detect and to measure low concentrations of a chemical
compound in a buffer solution. For this application, calibration is neces-
sary to plot the signal response to a range of known concentrations of the
compound in solution. Generally speaking, this method for measuring con-
centrations, where the molecules to sense are uniformly distributed in the
solution is referred to as homogeneous detection (cf. Fig. 1.6).

Although homogeneous detection is an interesting application of evanes-
cent field sensors, the limited resolution in concentration they are able to
provide does not entirely justify the use of this class of sensors. It is mainly
because they can be much more expensive than already commercialized
sensors with similar resolutions. This limitation comes from the fact that
the effective indices of optical guided modes are only slightly dependent
on the bulk refractive index of the cladding, which is usually where the
analyte solution is present. Another way to account for this limitation is
to think about the limited spatial extent of the evanescent field, which does
not exceed the optical wavelength. In that view, the probability for the
evanescent field of a guided mode to sense the presence of a molecule in a
semi-infinite space is very low.
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Biological ———O O Q Q
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Light in —} 9 —} Waveguide core —} Transduction signal
Waveguide substrate

Figure 1.6: Principle of evanescent-wave homogeneous detection.

2.2.3 Surface concentration sensors

Considering the intrinsic limitation of homogeneous detection, surface de-
tection, where analyte molecules to sense are adsorbed at the core/cladding
interfaces of the waveguide’, is a way to achieve much more resolved de-
tection and measurement of a chemical compound in solution. In addition,
if only the analyte molecules are adsorbed at the surface, the detection is
specific. In other words, the analyte can be detected and quantified in a
complex solution, where other chemical species are present. Because of
both sensitivity and specificity, this scheme represents the most interesting
application of evanescent field sensors (cf. Fig. 1.7).

The necessity to bind molecules on the waveguide in order to detect
them requires chemical engineering of its surface. The ability to treat the
surface of a material® in order to immobilize a specific molecule’, almost
solely determines the range of applications an evanescent field sensor can
have in chemical sensing. Resolutions in refractive index (RI) of evanes-
cent field sensors are very likely to reach a practical limit in a few years
time, if not already. This means that even though research efforts will
lead to lower and lower RI resolutions, commercial sensors will eventually
have to settle for intermediary RI resolutions achieved by equipments with
reasonable practicality: user-friendliness, robustness and cost. These are

"where the evanescent field of the guided mode is at its most intense
8mainly selected for its optical properties
%this is usually referred to as functionalization of the surface [11]



44 CHAPTER 1. OPTOFLUIDIC AND LABEL-FREE SENSORS

decisive characteristics for a research product to meet a market, which is
always an important aspect to take into account in applied physics. These
are the reasons why research on optical surface functionalization will be-
come an increasingly important branch in the development of these sen-
sors, probably the most important.

Target molecule —FO O O O
O O <« Buffer
O O solution
Evanescent field Biorecognition
molecule
Light field
Light in —} Q —} Waveguide core —} Transduction signal
Waveguide substrate

Figure 1.7: Principle of evanescent-wave surface detection.

2.2.4 Temperature and pressure sensors

In evanescent-wave sensors, temperature has been primarily seen as a per-
turbation. Indeed, typical optical materials used for evanescent wave sen-
sors have thermooptic coefficients (TOC) ranging from 10~ to 10~ in
RIU/°C, and can also have large values of thermal expansion coefficients
(TEC). Accordingly, for waveguide-based sensors, temperature not only
modifies the RI of the sensing medium but the RIs of all materials constitut-
ing the waveguide, in addition to the geometry of the core. As the effective
index of the guided mode in those sensors usually depends prominently
on the RI of the core material, the sensitivity of the signal to temperature
can be very important comparatively to its sensitivity to the measurand.
For sensors functioning with RI resolutions down to 10~" RIU, effects of
small variations of the temperature can be extremely detrimental to the ac-
curacy of the measuring instrument. For this reason, different schemes can
be used to reduce the error signal induced by temperature variations, and
will be discussed in a subsequent chapter.

As evanescent field sensors can be very sensitive to temperature vari-
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ations, a quite obvious idea is to use them as temperature sensors. Of
course, simpler systems to measure the room temperature exist, and this
application would not have much interest. However, as sensitive elements
of evanescent fields sensors can be made very small, from hundreds to a
few microns large, they can be used to measure a temperature locally, in a
fluid for example, with very high resolution. Such a scheme can be used
to study exo or endothermic chemical reactions In addition, if coupled to
chemical sensor or label-free biosensor scheme, it can be used to remove
the bias due to temperature variations of the analyte solution.

RIs and geometry of waveguides can also be strongly dependent on
pressure. Consequently, ultrasound detectors on the base of an evanes-
cent field sensor were proposed [12].

It has to be noted that, since major contributions of the sensitivity to
temperature, or pressure, does not come from the evanescent optical field -
in most cases - but from the part of the field that propagates in the core ma-
terial, temperature and pressure sensors thus build are not an evanescent-
field sensor per se.

2.3 Application to label-free biosensing

2.3.1 Label-free biosensors

Applications of evanescent field sensors as label-free biosensors directly
derive from chemical sensing in the surface detection scheme. A biosensor
can be defined in a formal way as an analytical device for the detection of
an analyte that combines a biological component with a physicochemical
detector component. Label-based biosensors use fluorescent or radioactive
markers that specifically bind to the target analyte, i.e. a biomolecule of
interest, for its detection, its quantification, and/or to study its evolution in
a biological system. For that reason, most label-based biosensors are re-
lated to microscopy techniques. In comparison, label-free biosensors rely
on a specific binding of the analyte on the surface of the sensor, where
it can also be detected and quantified. Therefore, they can be viewed as
complex sensors where a specific transducer, a biochemical entity, con-
verts chemical energy into an electrical energy, directly or through two or
more transducers.



46 CHAPTER 1. OPTOFLUIDIC AND LABEL-FREE SENSORS

We can distinguish two classes of applications of label-free biosensors.
First class of applications is closely related to surface concentration sens-
ing as discussed above. The main objective is the detection and quantifica-
tion of biomolecules. With proper surface functionalization, an evanescent
field sensor with multiplexing capabilities can be designed to recognize
many analytes in a given solution. This can be used as a tool for medi-
cal diagnosis by specific recognition of one or several biomolecules that
are known to be linked to diseases. Chemical equivalent of this setup is
the artificial nose with potential to identify, for example, complex aromas
from the quantified analysis of its chemical components. Main interest
of evanescent wave sensors in these applications, referred to as end point
and/or labelled detection, is their ability to detect very low quantities of
the analyte and their compatibility with multiplexing, allowing to perform
complex diagnosis from a very small amount of biological solution.

Second class of applications of label-free biosensors is more relevant
to fundamental biology, aimed at the study of fundamental biological in-
teractions. It is often referred as label-free real-time detection. In these
experimental schemes, the aim is to study the binding kinetics between a
recognition molecule present on the surface and an analyte brought to the
surface by a fluidic system. The knowledge brought by these experiments
actively contribute to the development of biomolecular chemistry and other
modern branches of biology. Furthermore, we can expect that related dis-
coveries will result in the engineering of new generations of drugs with
targeted actions that may efficiently treat diseases with minimal side ef-
fects for the patients.

2.3.2 Performances and limitations

For label-free biosensors, the limit of detection (LOD), also called detec-
tion limit (DL), can be defined as the lowest concentration at which target
detection is possible. In systems where the primary goal of the detection is
the quantification of the analyte, the LOD (or DL) matches the definition
of the instrument’s resolution. This is the case for instance in end-point
detection.

In other cases, such as in real-time detection, the LOD can be con-
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sidered as an additional specification of the label-free sensing instrument,
defining indirectly the amount of biomaterial needed to perform the mea-
surement, related to the thermodynamics of the targeted interaction.

In order to compare label-free biodetection schemes, the first task is to
define what is an ideal instrument. An answer to this tricky question is
attempted in [5]:

"the 1deal biosensor would offer low limits of detection and short
analysis time"

The analysis time, though not clearly defined in the reference, can be
viewed as the amount of time necessary from the injection of the ana-
lyte to obtain one or several pieces of information on the specific interac-
tion. Therefore, it integrates all time constants associated to the detection
scheme: transport, incubation, time response of the sensor. The latter is the
most difficult parameter to evaluate. Indeed, the time response of the sen-
sor will undoubtedly depend on the physico-chemical quantity measured.
For instance, in order to measure the association/dissociation constant of
an interaction, the time response can very well be limited by the interaction
itself. However, if the response time is larger than the characteristic bind-
ing time of the interaction, the measure of such thermodynamic quantities
would be impossible. Such limitations might not occur in the same way for
the measurement of other quantities. As a consequence, the term analysis
time may only be used as an accurate tool only to compare performances
of instruments for the measurements of similar properties for a given class
of interactions.

The definition of the ideal biosensor such as defined in [5] does not re-
ally take into accounts those considerations. However, it can be interpreted
as resulting from the fact that, as expensive scientific instruments, most
label-free biosensing (LFB) instruments are expected to be versatile, ze to
be able to adapt to various experiments. From the engineer’s point-of-view,
two design lines can be drawn from these considerations:

1. LFB instruments can be designed to perform only one task, or a spe-
cific set of tasks. A perfect example of such systems are blood glucose
monitoring devices, where performances can be easily and clearly
identified: time of analysis as time from blood extraction to quantita-
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tive instrument’s response, resolution, and LOD as minimal amount
of blood necessary to perform the analysis.

2. As laboratory instruments, LFB are mainly designed to perform mul-
tiple tasks which are, in many cases, tasks the instruments were not
initially designed to perform. For such random utilization, what comes
to mind is that a good LFB instrument for scientific research should
be first and foremost versatile. This means that the quality of such an
instrument is more adequately defined by its limitations rather than
by its performances, the latter being mainly application-dependent,
whereas the former defines the range of potential applications. Opti-
mization of such instruments should then rely on reducing their limi-
tations. This can be achieved by reducing identified and independent
sources of limitations, and/or in the development of a adaptable in-
strument, where limitations can be modified from one experiment to
another, according to specific requirements of each.

In the scope of this dissertation, the primary objective of the research
was to develop a scientific instrument for LFB, with versatility and adapt-
ability as a key issue. To that regard, two limitations were clearly identi-
fied: the limit of detection (LOD) described earlier, and the response time
of the instrument, established independently from any consideration re-
lated to what is measured, and for which interaction. As it was clearly
established that the resolution was bound to a time scale for the stimulus
for all sensors (cf. §1.2.11), it is also clear that as a general property of
LFB instruments is that the LOD increases when the response times de-
creases and vice versa. This can be clearly identified from [5], where for
most systems, the time of analysis is most probably limited by the response
time of the instrument.

On a plane with LOD and response time as x and y coordinates, re-
spectively, the global performance of a specific LFB instrument is well
characterized by the region corresponding to all points M(x,y) where the
instrument is able to perform measurements:

e The centre of the region M, defines the typical operation of the in-
strument

e The area A defines the range of operation, and characterizes the ver-
satility of the instrument
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e The x-coordinate extent of the region ART characterizes the range of
achievable response times

e The y-coordinate extent of the region ALOD characterizes the range
of achievable LOD

e The furthest point on the left M; defines the minimal achievable re-
sponse time

e The furthest point on the left My defines the minimal achievable LOD

A ART

ALOD

Response time

Figure 1.8: LOD versus the response time.

2.3.3 Non-optical techniques

There are two families of non-optical techniques, or detection schemes, in
label-free sensing: mechanical and electrical. Electrical detection essen-
tially relies on nanowires (NW) [13]. Mechanical detection schemes are
typically based on microcantilevers (MC), suspended microchannel res-
onator (SMR) and quartz crystal monitors (QCM). A very thorough re-
view of such techniques, with performances compared to other detection
schemes can also be found in [5].
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2.3.4 Surface Plasmon Resonance (SPR) sensors

All optical detection schemes for label-free biosensing (LFB) are based
on evanescent-wave sensing (EWS). Surface plasmon resonance sensors
- commonly referred to as SPR sensors- are evanescent field sensors that
have found their main application in label-free biosensing. SPR sensors
have been under constant development in the last twenty years, and are
beginning to be a standard equipment in biology labs across the world. It
is all natural to treat these sensors as models for inspiration since numer-
ous aspects of SPR sensors investigated over the years can be transposed,
with some effort, to other evanescent field sensors. An elaborate study
of SPR sensors 1s also important to understand their intrinsic advantages
and limitations, in order to develop systems that effectively creates new
perspectives, for both fundamental and applied research, in opposition to
developing systems that are only able to reproduce what an already existing
and well established technology can do.

Working principle

As its name indicate, optical phenomenon at the most basic level of a
SPR sensor is the surface plasmon, also called surface plasmon polariton.
A surface plasmon can be considered as a limit case of a guided mode in
a slab waveguide with a width that tends to zero. From electromagnetic
theory, such an optical mode can only propagate at the interface between
a dielectric material and a metal. The particularity of surface plasmons is
that their evanescent fields are mainly present on the dielectric side'® and
represent a major part of the mode’s energy. In evanescent field sensing
terms, this means that the effective index of the plasmon is very sensitive
to the refractive index of the dielectric near the gold/dielectric interface,
hence to biological interactions occurring in this region.

SPR and SPR imagery (SPRi) sensors

Compared to other evanescent field sensors, the main difficulty of SPR
sensors lies in the retrieving of the effective index of the plasmon, quantity
that contains the information on the measurand. This 1s due to the fact that,

where the biological is introduced and adsorbed
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because of optical absorption in the metallic medium, plasmons cannot ef-
fectively propagate on long distances. It is then most difficult to retrieve the
measurand from interferometry techniques. However, effect of the modifi-
cation of the effective index can be detected indirectly via optical coupling.

In order to excite the surface plasmon properly, the effective index of
the excitation beam must match that of the surface plasmon. The incident
beam is then said to be in resonance with the plasmon, hence the name of
surface plasmon resonance. The effective index of the plasmon can the ra-
tio of the incident intensity that was coupled to the plasmon, then absorbed
in the metallic layer. Different coupling mechanisms can be used to excite
surface plasmons on a thin metallic layer sandwiched in between two di-
electric media: waveguide couplers, grating couplers and prism couplers.
In most situations though, prism couplers, where the plasmon resonance
can be sought by modifying the angle between the light source and the
metallic surface and measuring the reflected intensity with a photodetec-
tor, are preferred (cf. Fig. 1.9).

output input
wave wave

S~eo metallic
~

- layer
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biorecognition .+~ analyte
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Figure 1.9: Schematic view of a typical SPR sensor setup.

In SPRi - or SPR imagery - part of the surface of a prism coated with
a metal, usually gold, is imaged with a CCD camera. The angle of the
incident beam to the coated surface is chosen near the inflexion point of
the resonance curve, where the overall sensitivity is at maximum. The
corresponding image formed on the CCD camera is recorded and used as
reference. During the experiment, the real-time difference signal from each
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pixel of the camera can be used to map refractive index variations on the
imaged metallic surface (cf. Fig. 1.10). This makes SPRi particularly inter-
esting for label-free biosensing. Indeed, the imaged metallic surface can be
treated and spotted with different solutions. In fine, in commercial systems,
results from several hundreds of spots, each representing a surface binding
experiment, can be read simultaneously and in real time. This multiplexing
capacity is a very important aspect in label-free biosensors to achieve high
specificity in the measurements, and is the main reason of the commercial
success of these systems.

metallic __.--7 i4

o OO
measurement _.-7

SpOt Q ‘ Q

Figure 1.10: Typical view recorded by the CCD camera in a SPRi setup. Different shades
of measurement spots represent the amount of analyte adsorbed on the surface.

For further information on SPR technology, three reviews, from 1999
[14], 2007 [15] and 2012 [16] provide a very comprehensive view of the
evolution of this technology, and its future in LFB instruments.

2.3.5 Integrated optofluidic sensors

As described in the last paragraph, one of the main advantage of SPR is
probably its important multiplexing capacity. This capacity is related to the
relatively short interaction length between surface plasmons and analytes,
allowing to perform independent measures from two spots that are close-
by. However, because of this short interaction length, the LOD achieved
with SPR are quite large compared to other optical or non-optical tech-
niques [5].

Instead of using surface plasmons to produce evanescent waves, solely
responsible for the sensitivity of evanescent-wave sensors (EWS), a first
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1dea was to use regular, two-dimensional optical guided modes propagating
in straight waveguides, which can be referred to as IO-LFB, for integrated
optics label-free biosensors. In this subclass of optical LFB, the weakest
density of light/analyte interaction, due to a reduced typical length of the
modal evanescent field compared to that of a surface plasmon, is vastly
compensated by a much longer light/analyte interaction length. This is
mainly due to the fact that light can propagate in optical fibres or planar
waveguides on very large distances with very little optical loss. A classi-
cal sensing scheme associated to such sensors is the Mach-Zehnder inter-
ferometer (MZI) (cf. Fig. 1.11). Information on the analyte is obtained
from the output optical intensity, resulting from the interference between
waves from the reference arm and waves from the sensing arm, where the
core of the waveguide is in contact with the analyte [17]. In addition, two
independent orientation-related reading can be obtained from orthogonal
propagation modes TE and TM in I0-LFBs, compared to the single TM
polarization operation of SPR sensors. This makes IO-LFBs potentially
much more sensitive to conformational changes during interaction, which
is a very topical subject in biology.
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Figure 1.11: Schematic view of a MZI label-free biosensor. Information of the analyte is
carried in the transmitted optical intensity of the device.

As compared to SPR-based instruments, this technology had very lit-
tle commercial success. Despite a better theoretical LOD than for SPR, the
main issue of IO-LFB instruments is the large surface on which light/analyte
interaction occurs. Indeed, in order to achieve higher resolutions or LODs
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than SPR instruments, [O-LFB instruments use relatively very long waveg-
uides, in the cm range, with several consequences on the limitations of the
instrument. Specifically, because of the extent of the sensing area, the re-
sponse time of the optofluidic device is longer, and multiplexing capacity
is limited. Also, because surface functionalization is hardly homogeneous
over the millimetre scale, such detection scheme is not really compatible
with biosensing.

The main limitation of IO-LFB is the long interaction length they re-
quire to achieve resolutions, or LODs, that are comparable with that of
SPRi instruments. One solution to overcome this issue is to optimize the
light/analyte interaction strength in the transverse directions, in order to
work with reasonable interaction lengths, ie longer than those typical of
SPR, but not so long as to create incompatibility with biosensing. This
is the basic idea behind hybrid sensors, integrating plasmonics on regular
waveguides. Thus, they use both short and long interaction length schemes
to find an optimal configuration.

To summarize, in order to achieve better LODs than that is currently
achievable by typical SPR instruments, the issue at stake for any optical
LFB is to optimize the interaction strength!'!. Since the interaction length
should be small'? for biosensing applications, one of the key parameter to
optimize is the interaction strength in the transverse plane. Independently
from the nature of the evanescent field, this quantity can be effectively
increased, simply by multiplying the occurrences where a single guided
wave interacts with the analyte in a given region. This is achieved in optical
microresonators.

2.3.6 Microresonator-based sensors

In optical microresonators, the light propagates in a closed-loop photonic
structure, with typical sizes from few pm to 1 mm. Several microresonator
geometries exist, and are usually classified according to the type of propa-
gation.

1The interaction strength can be defined as the product of a density of interaction strength, characteristic
of the evanescent field, and the interaction length, which is the length of the waveguide in contact with the
analyte

121 mm and under
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Whispering gallery modes (WGM) resonators are high index closed ge-
ometrical structures, typically spheres, toroids, disks or polygons (trian-
gles, squares, ... ). In such resonators, light undergoes multiple TIRs along
the interface between the resonator and the cladding, usually air or water.
These resonators are characterized by very low optical loss.

Figure 1.12: Trajectory of light (green line) associated to a guided mode in a WGM
resonator (black line).

Waveguide modes (WM) resonators are based on regular waveguides,
ie optical fibres or channel waveguides. The first possible configuration
are Fabry-Pérot cavities formed by Bragg gratings imprinted on straight
waveguides. The second one is a physical closed-loop configuration of the
waveguide, typically a ring or racetrack. In such resonators, light waves are
typically reflected on both sidewalls of the waveguide. These reflections,
depending on the curvature of the waveguide, are not necessarily TIRs,
explaining in part (cf. Chap. 2) the higher degree of optical loss in such
resonators, compared to WGM resonators. In WM resonators, whispering
gallery modes can also be supported if the waveguide cross section is large
enough compared to the curvature.

Figure 1.13: Trajectory of light (green line) associated to a guided mode in a ring resonator
(black lines).
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An important parameter describing the optical loss inside a microres-
onator 1s the Q factor, defined as:

Est

= 2T ——
Q AE'cycle

(1.7)
where E; is the energy stored in the resonator and AE,,. is the energy
dissipated per cycle, which corresponds for a ring resonator to the field os-
cillation period 7y = 1/f.

In comparison to sensors based on non-resonant photonic structures, the
effective light/analyte interaction length in microresonator-based sensors
1s not determined by the geometrical length of the structure, but by the
amount of optical loss inside the optical resonator. Therefore, the effective
interaction length L.y can be expressed as a function of the Q factor [4]:

AQ

— 1.8
27TNeff ( )

Leyr =
where A is the resonant wavelength and V., the effective index of the
guide mode in the resonator.

This expression shows the potential of microresonator-based devices:
with a Q factor of 105, N, sr =145 and A = 1550 nm, the resulting effec-
tive length is L.; = 17 cm, whatever the geometrical size of the resonator.
Consequently, a large improvement can be obtained on the density of in-
teraction strength in microresonator-based devices.

Numerous configurations of IO-LFBs integrating microresonators have
been proposed over the years. Performances of such devices as compared
to other IO-LFBs are reviewed in [4]. In [5], they are compared with all
other systems proposed for label-free biosensing.

It is important here to point out that some sensing techniques, although
they show great promises in sensing experiments, cannot easily be applied
to measuring instruments. This is mainly due to important issues related
to device fabrication, device and instrumentation cost, and the compati-
bility with microfluidics. In addition, the commercial success of SPRi in-
struments outlined the importance to build multiplexed systems, allowing
to overcome specific issues in biosensing related to the specificity of the
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measurements. With state-of-the-art sensing performances, excellent mi-
crofluidics integration and multiplexing capacities, microring resonators
appear as very good candidates for label-free biosensing instruments.

3 Microring resonators in optofluidic multi-sensor instru-
ments

3.1 Introduction

Microring resonators are essentially planar waveguides bent in order to
form a closed loop in which the light can propagate in circles. With ade-
quate materials, such devices can be active'>. However, for sensing pur-
poses, passive devices are dominantly used. Since they are not optical
sources, passive microring resonators are not standalone devices. In all
configurations, such resonators operate as parametric devices, character-
ized by a transfer function between the optical input, ie the source of the
excitation of the microresonator, and an output from which the response to
the excitation can be measured. Transport of light from the input to the mi-
croring, and from the microring to the output is, in a typical configuration,
performed by a straight bus waveguide (cf. Fig. 1.14) in close contact with
a portion of the bent waveguide constituting the microcavity.

|:> Bus Waveguide E> E> |:>

Input Output

circumference L ,,

Figure 1.14: Schematic view of a ring resonator in a typical configuration.

From this close contact, light can be coupled from the bus waveguide
into the ring, and reciprocally from the ring into the waveguide. These

13as photonic devices
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exchanges typically occur in an approximate zone referred to as the cou-
pling region. Since the passive ring-shaped optical cavity needs the bus
waveguide to operate, the term microring resonator usually refers to the
standalone photonic device, resulting in the combination of the bus waveg-
uide and the ring. For further reference, the following definition will be
used:

Microring resonator = {bus waveguide + microring }

A microring resonator can be characterized either from a designer’s
point of view, either from a user’s point of view:

e From the designer’s point of view, the microring resonator is defined
by how it is build: materials of the core, the substrate, the cladding;
section of the bus and bent waveguide, coupling configuration, radius
of the ring, ... All these design parameters play an important role on
the relation between optical input and output.

e From the user’s point of view, the device is simply described by the
input/output relation. This relation defines the expected behaviour
of the microring resonator in all of its applications, optical filter or
sensor in most cases.

A variant of the microring is the microracetrack resonator (cf. Fig. 1.15).
It is essentially constituted of two half-circles linked to one another by
straight waveguide portions of length L.

|::> Bus Waveguide E> E> |::>
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Figure 1.15: Schematic view of a racetrack resonator in a typical configuration.
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The main advantage of this geometry compared to the ring is the addi-
tional independent parameter L, it offers, which is sometimes useful to
achieve an optimal design. From the only slight difference between mi-
crorings and microracetracks, the term microring is often employed for
both geometries in further reference.

3.2 Optical characteristics

3.2.1 Intensity transmittance

The intensity transmittance 7' is most commonly used to describe the in-
put/output relationship of the microring resonator. It is defined as the ratio
between the optical intensity at output /oyt and that at the input /N:

7 four (1.9)
]IN

The intensity transmittance is most simply expressed as a function of
the single-trip phase delay inside the resonator ®, which is itself a function
of the frequency (or wavelength) of the light propagating in the device. In
most experiments, 7" is measured as a function of wavelength, as presented
in Fig. 1.16.
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Figure 1.16: Idealized intensity transmittance of a microring resonator as function of

wavelength

In sensing applications, the general purpose of the detection scheme is
to track the variations of one or more resonant wavelengths, corresponding
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to the minima peaks in the intensity transmittance. This provides varia-
tions of the phase velocity of light in the resonator, carrying information
on the stimulus or measurand. Therefore, performances of the measuring
instrument are strongly influenced by the characteristics of the intensity
transmittance. These characteristics are defined hereafter. A more thor-
ough analysis of their dependencies is presented in Chap.2.

3.2.2 Resonance contrast

The resonance contrast, describing the depth of a resonance, 1s defined as:
. Tma:c - Tmin
Tmam + Tmm

In sensing, a high contrast facilitates the analysis of the resonances, and
results in lower measurement uncertainties.

(1.10)

3.2.3 Free Spectral Range

The free spectral range (FSR) refers to the period of the intensity transmit-
tance. It is defined as the typical distance between two resonance peaks.
Depending on the variable used to describe 7', it can be expressed in phase
units (rad), frequency units (Hz) and wavelength units (nm).

Depending on the detection scheme, the FSR can be an important factor
of the span of the measuring instrument integrating a microresonator.

3.2.4 FWHM and Finesse

The full width at half maximum (FWHM) describes how narrow a reso-
nance peak of the intensity transmittance is. Similarly to the FSR, it can be
expressed in phase, frequency or wavelength units. In contrast, the Finesse
F, defined as the ratio between the FSR and the FWHM, is independent
from the variable chosen to describe the intensity transmittance.

FSR
FWHM

The Finesse 1s mainly used for the characterization of microresonators
for filtering applications. The reason to define the FWHM is mainly to

introduce a simplified expression of the Q factor, already introduced in
§2.3.6.

F= (1.11)
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3.2.5 Qfactor

For values of Q factors that are large compared to unity, which is the case
for all microring resonators that are worth characterizing, this parameter
can be expressed using wavelength as:

)\7’68

@= FWHM,

(1.12)

where )\, is a resonant wavelength and FWHM), the FWHM expressed in
wavelength units.

As outlined in §2.3.6, a high Q factor is important to provide a large ef-
fective interaction length in sensing applications, particularly for label-free
biosensing. It can also play an important role in the resolution of the sen-
sor, also affecting the combined uncertainty of the measuring instrument.

3.2.6 Maximal intensity slope

The maximal intensity slope (MIS) is defined as the maximal value of the
derivative of the intensity transmittance. The MIS is attained for each res-
onance peak at its two inflection points. Using wavelength as a variable, it

can be expressed as:

dT
MIS = —(\;, 1.13
dA( /) (1.13)

where \;,, ¢ is the position of an inflection point.

As it it will be demonstrated in the following, the MIS is a ultimate
parameter to describe the measurement resolution in determining the posi-
tions of the resonances.

3.3 Detection schemes

In the following are presented the main detection schemes that are used to
collect information on the stimulus from the microresonator response. For
illustration purposes, the case of label-free biosensing is treated. However,
principles and expressions remain applicable to all other sensing applica-
tions.
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3.3.1 Detection principle

As explained before, information on the stimulus is carried in the phase
velocity of the propagation mode inside the resonator, which is also de-
scribed by the modal effective index N.ys. The single-trip phase delay ®
accumulated by an optical wave of wavelength )\ is expressed as:

2
® = TNefsLew (1.14)

where L., 1s the mean circumference of the resonator.

A minimum of transmission corresponds to the situation where @ is an
odd multiple of 7. Therefore, if )\ is the resonant wavelength correspond-
ing to an odd number p, the corresponding effective indexN,s;o can be
expressed as:

p
2Lcav

Nepro = Ao (1.15)

A direct consequence of this expression is that the variation of the po-
sition of the resonance o\ around )\ is proportional to the variation of
effective index 0V, around N,y . This is summarized in the equation:

N,
SNejs = #& (1.16)

Consequently, an increasing effective index, for instance due to the
binding of molecules on the surface of the microresonator, results in a shift
of all resonant wavelengths to the right, such as presented in Fig. 1.17.
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Figure 1.17: Ilustration of the detection principle in microring-based biosensors.

The detection principle associated to microring resonators for sensing
applications is to measure the shift of the resonant wavelengths ¢\, propor-
tional to the variation of the effective index 0 Ny, which is an image of the
stimulus or measurand. The main detection schemes used to achieve this
are the fixed-wavelength method, and the wavelength scanning method.

3.3.2 Fixed-wavelength method

In the fixed-wavelength method, light from a laser emitting with a narrow
linewidth around a wavelength )\, is coupled to the input of the microring
resonator, and the intensity at the output is measured with a fast photode-
tector. In such configuration, a shift of resonant wavelength ¢\ is measured
indirectly, since what is actually measured is the variation of transmitted
intensity 0/, induced by the shift ) A\ (cf. Fig. 1.18) on a neighbourhood of a
wavelength ). In this scheme, the wavelength A can be chosen anywhere
on the initial resonance peak, although it is better to choose A\, matching
one position of inflection point on the resonance peak. Reasons for this are
detailed in the following.
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Figure 1.18: Illustration of the application of the fixed-wavelength method (FWM) to
biosensing.

The transmitted intensity Iy = I(\g) can be written as:
Iy =T\ - Is (1.17)

where [g is the intensity of the source, assumed to be constant. Accord-
ing to the previous equation, on a neighbourhood of )y, the variation of
intensity 0/ induced by the shift )\ can be expressed as:

dT
61 = Is - (Ao - OA (1.18)

Hereafter, we assume that the transfer function between the measurand
M (t) and the time-dependent effective index N.s/(¢) can be written as:

M(t) = K - Negs(t) + M, (1.19)

where K and M are assumed to be constants.

Accordingly, the variation of the measurand d M () related to the varia-
tion of the effective index d N, s can be written as:

SM(t) = K - 6N s4(t) (1.20)

In consequence, the relation between 0 M (¢) and the variation 6/(t),
deduced from (1.20), (1.18), and (1.16), is expressed as:
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_ K Nesro

M(t) =
M) == ol

61(t) (1.21)

where py = (dT'/d\)(\).

Measurement uncertainty

Equation (1.21) provides, from measurements of all parameters dur-
ing a calibration step, and from the measurement of d/, a central value
of 0 Miea (%), the real variation of the measurand. The difference between
O Miea(t) and 0 M (t) is quantified by the combined uncertainty o (0 M) of
the measuring instrument. This can be expressed as:

SMyeat(t) = SM(t) + (5 M) (1.22)

According to §1.2.13, the combined uncertainty o (6M ) can be deduced
from an uncertainty budget, listing all sources of errors and fluctuations
of the measure. For the fixed-wavelength method, a typical uncertainty
budget is established in Tab. 1.2.

Source of uncertainty Parameter | Deviation | Uncertainty
Fluctuations of the source intensity I o(Is) o[M](Is)
Fluctuations of the emission wavelength Ao (o) a[M](No)
Photodetection noise ol o(ol) o[M](61)
Variations of linear slope K K o(K) o[M|(K)
Variations of linear intercept M, M, o(My) o[M](My)
Variations of the effective index unrelated Nesro 0(Negro) | o[M](Nesso)
to the measurand

Variations of the slope Do o(po) a[M](po)
Variations of the input intensity In o(IN) o[dA](Iin)
Variations of the typical resonance width FWHM | ¢(FWHM) | o[d\|(FWHM)
Variations of the resonance contrast C a(C) a[dA(C)

Table 1.2: Uncertainty budget related to the fixed-wavelength method (FWM).

The relation between the uncertainty o[M](A) and the deviation o(A)
of a parameter A can be expressed as:

o[M](A) = a(A) (1.23)
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According to the law of propagation of uncertainty, the combined un-
certainty o(0M) can be expressed as the square root of the sum of the
independent uncertainties squared (cf. §1.2.13). The challenge is thus to
evaluate all uncertainties listed in Tab. 1.2, primarily to establish which
sources are dominant in the combined uncertainty, and secondly to quan-
tify the uncertainty of the measurement.

It is important to point out that, amongst the uncertainty sources listed
in the budget, the first two are solely dependent on the laser source used
for emission of the input signal. The third uncertainty source is related to
the photodetector place at the output of the microresonators, and all other
sources are related to the behaviour of the microresonator.

As explained before, performances of a label-free biosensor (LFB) in-
struments are primarily defined as the operating range in terms of response
time (RT) and limit of detection (LOD), also called detection limit (DL).
The combined uncertainty on the raw output § M (¢) defines the LOD achieved
when RT is at minimum, intrinsically limited by the instrumentation. When
the signal is averaged on N acquisitions, uncertainties related to fluctua-
tions are divided by a factor /N, whereas the response time of the instru-
ment is multiplied by N. Therefore, the LOD can be reduced by averaging,
at the cost of a longer time response.

In the situation where the LOD is to be optimized, it can be considered
that with sufficient averaging, all uncertainties related to fluctuations will
tend to zero. Consequently, the combined uncertainty will then be entirely
defined by systematic errors, related to deterministic variations of all pa-
rameters listed in the uncertainty budget. It is is important to point out here
that 6/, as measured signal, is not a parameter. The deterministic varia-
tions of the parameters can be attributed either to environmental variations
(temperature, pressure, humidity, ... ), potentially affecting all parameters,
or sensing related variations, only affecting parameters related to the mi-
croresonator (K, My, Neyr.0, Do, - .. ). These variations inherently limit the
lowest achievable LOD in LFB instruments.

Because of the deterministic origin of systematic errors, further im-
provement of the LOD can be achieved independently from the response



3. MICRORING RESONATORS IN MEASURING INSTRUMENTS 67

time by calibration, where a renewed measurement of all parameters listed
in the budget limits the uncertainties due to parameter drifts. However,
such calibration cannot be performed during measurement, thus limiting
the reach of this scheme.

In comparison, an ideal solution would be to measure all parameters in
real-time. This can be easily achieved for the source intensity /g, with an
additional photodetector, and for the emission wavelength, with a lamb-
dameter, of course with additional complexity and cost of the system. In
the fixed-wavelength detection scheme, other parameters, related to the
microresonator, cannot be directly determined during operation. However,
some parameters that are known to modify their values can be measured,
such as environmental parameters (temperature, pressure, ...). Provided
that an accurate model for the transfer functions between environmental
parameters and microring parameters can be established, real-time correc-
tions of environmentally-induced systematic errors can be performed.

Amongst all systematic errors, the most difficult to deal with are related
to the sensing. In LFB instruments, these errors play a dominant role in the
limitation of the LOD, and more generally in the uncertainty of the mea-
surements. What is particularly problematic about sensing-related errors
are the local variations of the relevant physical quantities at the vicinity
of the microring. These physical quantities are typically the temperature
and pressure distributions in and near the microring, and the homogeneous
refractive index of the cladding. In addition, in to label-free sensing, non-
specific interactions occurring near or at the surface of the microresonator
can induce very strong systematic errors.

In SPRi systems, thanks to the important multiplexing capacity, sys-
tematic errors can be removed in real-time by using one or multiple refer-
ences. Measurement signals are compared to reference signals to provide
a combined signal where, ideally, all systematic errors are removed. Such
a scheme can be reproduced, using not one but several microrings, thus
providing several measurement signals and references to combine.

At this stage, the fixed-wavelength method reaches an important lim-
itation. Indeed, real microresonators, even built on the same substrate,
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with the same design, will not have, except by pure luck, exactly similar
intensity transmittances. The issue is mainly that microresonators cannot
be repeatedly build with aligned resonances. As a consequence, a multi-
plexed configuration would have to offer one source and one photodetector
for each microresonator, or two of each per microresonator if responses
from both TE and TM polarizations are studied. Compared to SPRi, where
multiplexing capacity is only a matter of resolution of the optical system
and of the density of measurement spots on the metallic surface, a micror-
ing based LFB instrument using the fixed-wavelength scheme would have
to demonstrate exceptional sensing performances to justify the additional
cost and complexity, mainly due to the necessary multiplication of the laser
sources. On the other hand, using the wavelength-scanning method, sig-
nals from any number of microresonators can be measured simultaneously
with a single tunable laser source.

3.3.3 Wavelength-scanning method

In the wavelength-scanning method, the instrumentation of the sensor is
quite similar to that presented for the fixed-wavelength scheme. The major
difference is to replace the laser source operating at a fixed wavelength )\,
by a tunable laser (cf. Chap.2). The tunable laser source emits light with a
time-dependent emission wavelength \g (), varying continuously or step-
by-step between two wavelengths A\, and An.c. Thus, a photodetector
placed at the output of the microresonator measures a time-dependent in-
tensity signal /(¢). Ideally, the evolution of the emission wavelength \g(?)
can be expressed, for a scan starting at ¢ = 0, as:

)\S(t) = Amin + Vi - © (1.24)

where V), is the scanning speed, in wavelength unit per time unit (typically
nm/s). From this, the duration 7,, of a wavelength scan between A, and

Amax 18 expressed as:
Tscan = Auax — i (1.25)
Vi
During this period of time, since the emission wavelength varies with time,
the recorded intensity /(¢) is an image of the intensity transmittance, mea-
sured on a wavelength range defined by A, and Ayax. Thus, from (¢),
a method is necessary to convert the time-scale into a wavelength scale,

in order to plot the measured intensity transmittance as function of the
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wavelength. As described in Chap.4, this can be achieved either by extrap-
olation, or by direct measurement of the wavelength.
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Figure 1.19: Illustration of the use of the wavelength-scanning method (WSM) for
biosensing.

In sensing, the purpose of measuring the intensity transmittance as func-
tion of the wavelength 7'(\g) is to determine the positions of one or several
resonant wavelengths in the scanned wavelength range. Consequently, an-
other method is necessary to determine the resonant wavelengths at each
period T.,, from the measured intensity transmittance.

For this detection scheme, assuming for simplicity that only one reso-
nant wavelength is measured at each period 7y, the output signal can be
defined as the time-dependent variation of the resonant wavelength J\(¢)
around a reference value \(ty) = Ao measured at ¢t = tg:

SA() = A(t) — Ao (1.26)

Even though the measurement method is different, the signal oA (¢) is
identical to the wavelength shift deduced from 6/ (t) in the fixed-wavelength
method. Therefore, the relation between the variation of the measurand
dM (t) and that of the wavelength can be expressed as:

_ KNepo

SM(t) = =

SA(t) (1.27)
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where parameters K and N,y have the same significations as parameters
defined in the fixed-wavelength scheme.

Uncertainty budget

From Eq.(1.27), the uncertainty budget presented in Tab.1.3 is estab-
lished.

Source of uncertainty Parameter | Deviation | Uncertainty
Detection noise P a(dN) o[M](6N)
Variations of linear slope K K o(K) o[M](K)
Variations of linear intercept M M, o(Mpy) a[M](M,)
Variations of the effective index unrelated Nerro 0(Negro) | o[M](Negro)
to the measurand

Table 1.3: Uncertainty budget related to the wavelength-scanning method (WSM).

From a first analysis, the uncertainty budget seems lighter than the one
established for the fixed-wavelength scheme. More specifically, fluctua-
tions due to the source do not appear directly. The main reason is the fact
that the measurement signal is directly the wavelength shift JA(¢). How-
ever, this signal is not directly determined. It is a result of the analysis
of the recorded intensity /(¢), using one method to determine the time-
dependent value of the wavelength during a scan Ag(¢), and a second
method to retrieve the resonant wavelength \t), sampled once every pe-
110d Tgcan.

Uncertainty on the signal d\(¢)

With several independent uncertainties related to the measurement of
dA(t), a specific uncertainty budget can be established. To simplify the
calculations, similarly to the measurand 6 M, the measured signal can be
treated as a central value for the real variation of the resonant wavelength
OAreal (1), solely due to the variations of the measurand. The combined
uncertainty o(J\) is defined in the relation:

SAreal(t) = SA(t) + o (SN) (1.28)

In the evaluation of o(J\), the first source of uncertainty is related to
the determination of the time dependent wavelength of the source Ag(%), as



3. MICRORING RESONATORS IN MEASURING INSTRUMENTS 71

quantified by the deviation o(\g). The resulting uncertainty o[dA](\g) is
thus directly related to the uncertainty in the measurement of the quantity
As. The second source of uncertainty, as explained before, is in the de-
termination of the resonant wavelength \(¢) from the measured intensity
transmittance 7'(\g).

The variation of the position of the resonance A(t) can be deduced from
each scan by measuring the shift 6 \r,(¢) of the position of the intersection
between a fixed intensity threshold /7, and the recorded intensity trans-
mittance T'(\g). In an ideal situation, the relation dA(f) = Iy, (t) is
verified. The specific uncertainty on the measurement of JA(¢) introduced
by this method is written o[0A|(0Ary,). Whereas o[0A](Ag) is only de-
pendent on the method used to measure the emission wavelength of the
source, the analysis of o[dA](d A7y, ) shows its dependence on the photode-
tection noise, quantified by o(7), and by the parameters of the microring.
From Fig. 1.20, considering the ideal situation where the intensity slope
po = (dI/dX)(Arp,) is constant, and where the resonance lateral shift
i1s not accompanied by variations of the intensity levels, the uncertainty
a[0A](6Arn,) can be evaluated from:

S[ON(ONznr) = o (SAzpy) = % (1.29)

It is important to point out that o[0A](dArp,-) is not necessarily equal
to o(dAry,). For instance, a variant of the method is to measure the po-
sitions of both intersections between the threshold and the resonance. In
such case, the following relation applies: o [SA](dArp,) = V2 - 0 (6 A7hr ).

From this analysis, a comprehensive uncertainty budget can be estab-
lished for the measurement of dA\(¢). Such a budget is presented in Tab. 1.4.



72 CHAPTER 1. OPTOFLUIDIC AND LABEL-FREE SENSORS

Intensity (A.U.)
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>
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k 20(Ary) R /

Figure 1.20: Illustration of a method based on an intensity threshold to measure the vari-
ations of the resonant wavelength A. Relation between measurement uncertainties are
displayed in the zoom window.
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Source of uncertainty Parameter | Deviation | Uncertainty
Method for the determination of the time- As o(As) a[dA](As)
dependent emission wavelength

Method for the determination of 6\ ATy o(0Arhy) | a[ON(0ATh)
Variations of the input intensity I o(IN) o[0A](IiN)
Variations of the typical resonance width FWHM | ¢(FWHM) | o[6\|(FWHM)
Variations of the resonance contrast C o(C) a[dA](C)
Variations of the intensity slope Do o(po) a[dA](po)

Table 1.4: Specific uncertainty budget for the measurement of 4\ in the WSM.

During measurement, the input intensity /7y entering the microring can
vary, either from variations of the intensity of the source /g, or from varia-
tions of the coupling coefficient between the source and the microring, due
to modifications of the alignment of optical elements, for instance. For this
reason, /7y cannot be measured. In consequence, shifts of the intersection
between the intensity threshold and the resonance peak can be induced by
variations of 7y, thus biasing the measurement of §\(¢). Another impor-
tant bias introduced in this measurement technique is due to the variations
of the typical width of the resonance, which can be quantified from an
uncertainty on the FWHM. However, additional treatments of the signals
produced by the previously described measurement techniques can greatly
reduce these biases.

The first additional treatment is the normalization of the recorded output
intensity /(¢). Indeed, the maximum 7,,,, and minimum /,,,;,, of transmit-
ted intensity, defining the contrast of the resonance, are both proportional
to I7y. Therefore, if a resonance peak is normalized, by simply dividing
all intensities by [,,,,, for instance, the data is no longer dependent (ide-
ally) on I7n. In such a case, the uncertainty on the input intensity 7y is
cancelled. Further uncertainty related to variations of intensity levels are
related to the uncertainty on the contrast.

The second additional treatment was shortly discussed before, and con-
sist in using both intersections between the threshold and the resonance.
This treatment is primarily meant to reduce the uncertainty due to the vari-
ations of the typical width of the resonance. When associated to the nor-
malization described in the paragraph above, it also reduces the uncertainty
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related to contrast variations. With this second treatment, the uncertainty
on the FWHM can be replaced by a lower uncertainty, this time on the
asymmetry A, of the resonance peak, defined as:

Ay =abs (]AF, = Al = AL, = AT) (1.30)

where )\(TL,BT and A(T]z)r are the lower and higher wavelength values of the
intersections between the threshold and the resonance, respectively.

A final treatment consist in using all data available in a recorded inten-
sity, at each period 7.y, to measure key parameters of the resonance, ie
parameters that are listed in the uncertainty budget: the resonance contrast
C, the intensity slope py and the FWHM. From these measurements, un-
certainties due to variations of the values of these parameters in between
calibrations are replaced by uncertainties of the measurement methods of
these parameters, which can be significantly lower.

Taking into account those additional treatments, a comprehensive un-
certainty budget for the wavelength-scanning method (WSM) can be es-
tablished (cf. Tab. 1.5).

Source of uncertainty Parameter | Deviation Uncertainty
Method for the determination of the time- As o(As) a[M](\s)
dependent emission wavelength

Method for the determination of oA ATy o (dAThr) o[M](6 A rhy)
Measurement of the contrast C a*(C) a*[M](C)
Measurement of the typical resonance | FWHM | ¢0*(FWHM) | o*[M](FWHM)
width

Measurement of the intensity slope Po o*(po) o*[M](po)
Asymmetry of the resonance Ay a(Ay) o[M](Ay)
Detection noise P a(oN) a[M](0N)
Variations of linear slope K K o(K) o[M|(K)
Variations of linear intercept M) My o(My) o[M](My)
Variations of the effective index unrelated Nesro (Nefso) o[M](Neffo)
to the measurand

Table 1.5: Comprehensive uncertainty budget for the wavelength-scanning method.
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3.3.4 Comparison of the detection schemes

Comparison in resolution or LOD

The measurement uncertainty o (M) is directly related to the resolution,
or LOD, of the measuring instrument before signal averaging. A brief com-
parison of the uncertainty budgets shows that both detection schemes share
most of their independent sources of uncertainties. Consequently, knowing
which detection scheme is the best suited to optimize the LOD is difficult.
In addition, since some uncertainties are related to the performances of the
optical laser sources and and that of additional devices (sensors) used in
the detection scheme, a realistic comparison is all the more difficult. Nev-
ertheless, it is important to point out that the role of the intensity slope py of
the microring on the uncertainty, hence the LOD, is similar for both detec-
tion schemes. Specifically, for a constant uncertainty due to photodection
noise o(/), a higher value of the slope p, results in a lower effect of the
photodection noise on the combined uncertainty provided by the measur-
ing instrument (cf. Fig. 1.20). Consequently, a very large value of py would
cancel the effect of o (/). Then, the uncertainty of the instrument would be
limited by all other uncertainty sources, that are not related to the value of

Po-

A partial conclusion on the importance of the slope py is that it only
matters if the uncertainty is dominantly limited by the photodetection noise
o(I). However, considering a situation where all uncertainties have similar
orders of magnitudes, a higher value of py will reduce the uncertainty, but
not very significantly.

In conclusion, it is only possible to state that working with the high-
est possible slope py will improve, to some extent, the resolution or LOD
of the measuring instrument, whatever the detection scheme. The relative
gain due to a higher slope can only be quantified if all sources of uncer-
tainties of the instrument are taken into account.

However, it is quite obvious that, for a given noise o ([), very low values
of the slope py will result in dramatic measurement uncertainty. The actual
value of the py depends on two factors: the intrinsic performance of the res-
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onator, and the choice of the wavelength )y where the slope is defined!*.
Consequently, for a given resonator, with a given intensity transmittance,
the highest value of p, is achieved by selecting the wavelength )\, so that
it corresponds to the inflection point of a resonance. In such a case, py
matches the maximal intensity slope (MIS) defined before. The value of
the MIS can then be perceived as an intrinsic performance of a microres-
onator, susceptible to play an important role in the combined uncertainty
of the measuring instrument. Therefore, the MIS should be used to com-
pare microring resonators used for sensing applications, even though the
relation between the effective index and the measurand is probably more
important in the resulting LOD.

A safe conclusion on the use of fixed-wavelength method or wavelength-
scanning method to optimize the LOD would be to state that both methods
should lead to similar performances. However, their costs might be signif-
icantly different.

Comparison in span

The measurement span can be roughly defined for microresonator-based
sensors as the range of measurand that can be measured from the instru-
ment.

Using the fixed-wavelength method, the span is typically limited by the
FWHM of the resonance peak used for measurement. This is due to the
presence of a dead band, corresponding to a laser emission wavelength in
between two resonances. In addition, on such a range, the nonlinearity of
the transfer function cannot be neglected. This increases the influence of
parameter variations on the combined uncertainty. The transfer function
can only be linearised if the measurement span is limited to a fraction of
the FWHM, where the intensity slope can be assumed to be constant.

On the other hand, the wavelength-scanning method offers a virtually
infinite measurement span. This is due in part to the fact that the position of
a resonance can be tracked whatever the shift, provided that the evolution
of the resonant wavelength in time is continuous, or more generally with

14in the scheme to measure the resonant wavelength
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discontinuities'> inferior in amplitude to the FSR. In a real microresonator,
however, the span is limited because the value of the MIS of a resonance
peak can tend to zero when modifications of the effective index induced
by the measurand become too great. Specifically, when the effective index
is too low, additional propagation modes can be supported in the micror-
ing, thus modifying the intensity transmittance to a point where tracking
one resonance becomes impossible. When the effective index is too high,
close to that of the core of the waveguide constituting the microring, the
optical loss in the ring is so great that modulation from the resonator can-
not be detected at the output, corresponding to a identically zero resonance
contrast.

Comparison in bandwidth or response time

For a measuring instrument integrating a microring resonator, the band-
width can be defined as the range of frequencies, characterizing the time-
dependence of the measurand, in which the instrument can accurately op-
erate. The response time is closely related to the bandwidth, defined as the
time necessary to the sensor to stabilize to a new output after a step exci-
tation. The inverse of the response time (RT) is roughly the high cut-off
frequency of the bandwidth of the instrument.

In IO-LFB instruments, the bandwidth or (RT) is dominantly limited by
the detection scheme, and not by the dynamic properties of the transduc-
ers. In that regard, the wavelength-scan method (WSM) is more limited
than the fixed-wavelength method (FWM). The reason for this is that a
value of 47, in the FWM, can be acquired at very high sampling rates, only
limited by the signal acquisition board. Coupled to a fast photodetector,
the minimal response time can be down to 1 ps and below corresponding
to bandwidths over 1 MHz.

In comparison, with the WSM, the response time RT is limited by the
period Tycan, 1tself limited by the scanning speed V), and the availability
of the tunable source to perform a wavelength scan. The lowest achiev-
able response time is, in consequence, very dependent on the tunable laser
source.

Syariations occurring on time scales shorter than the response time



78 CHAPTER 1. OPTOFLUIDIC AND LABEL-FREE SENSORS

3.4 State-of-the-art

Microring resonators have been under intensive study from the 1970s to
date, first and foremost as integrated optical filters for telecommunications.
Over the last decade, microring resonators raised much interest as sen-
sors for measuring instruments, specifically for label-free biosensing (cf.
§2.3.6). Because of this continuous interest, many devices have been pro-
posed over the years. In sensing applications, the design of such devices
can be adjusted to work with a specific detection scheme. This results in
configurations integrating all aspects of the instrument, from the design of
the microresonator to the instrumentation. In the following, these configu-
rations are classified by coupling configuration, materials, and fabrication
technique.

3.4.1 Coupling configuration

In a microring resonator, the close contact between bus waveguide and ring
waveguide is responsible for the evanescent coupling of light between the
two waveguides (cf. Chap 2). This close contact, or proximity, can be
achieved either laterally, or by vertical superposition. These configurations
are lateral and vertical coupling, respectively (cf. Fig. 1.21).

Substrate

Bus Insulator

Substrate ( b )

Figure 1.21: Vertical and lateral configurations for evanescent coupling.

In a lateral coupling configuration, both bus and bent waveguides are
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on the same plane, ie built on the same substrate. The minimal distance
between the two waveguides is the gap separation, and is usually in the
hundreds of nm. In the vertical configuration, the straight waveguide is
build on a substrate, whereas the bent waveguide, hence the resonator, is
build on a different plane, on a material referred to as insulator because
its low refractive index prevents light propagating in the resonator to travel
to the substrate. In this configuration, the gap separation is the minimal
vertical distance between straight and bent waveguides.

The coupling configuration, although it is not obvious, is one of the key
aspect in the design of microring resonators since it often determines the
class of materials to use, and the fabrication method. More importantly,
the coupling configuration has large repercussions on the performances of
label-free biosensing instrument integrating microring resonators [18]. In
that regard, the lateral coupling configuration has two principal issues:

1. Achieving a sub-wavelength gap separation between the waveguides
through fabrication is a lot more challenging in lateral than in vertical
configuration (cf. Chap3). Consequently, the fabrication of laterally-
coupled microresonators requires more expensive equipments, some-
times using techniques that are not compatible with parallel fabrica-
tion of the devices.

2. The second issue is related to homogeneous and surface sensing. When
the analyte is introduced in the cladding of the laterally-coupled waveg-
uides, it is free to diffuse and/or bind in the coupling region, thus
modifying the cross-coupling coefficients (cf. Chap.2), describing the
amount of light that is cross-coupled from one waveguide to another.
The problem is that the lineshape of the resonances of the resonator
are strongly dependent on these coefficients. Hence, during sensing,
the measurement signal can be severely biased by the modification of
the index distribution in the coupling region. In a vertical coupling
configuration, since it is constituted of insulator, the coupling region
has a well defined refractive index, which cannot be modified by the
analyte. In consequence, measurement uncertainties related to the
resonator parameters are expected to be much lower with a vertical
coupling configuration.
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3.4.2 Materials

Lately, Silicon-On-Insulator (SOI) technology has been dominantly used
for the fabrication of microring resonators. In such devices, bus and bent
waveguides have typically rectangular sections, with silicon as core mate-
rial and silica as substrate material.

The main advantage of SOI technology for building microring resonators
1s in the large refractive index contrast it offers. This results in the possibil-
ity to build very compact!® devices while maintaining good optical char-
acteristics. However, the high refractive index of the silicon waveguide
core is at the origin of large reflection coefficients at the input and output
interfaces of the straight waveguide. This results in a relatively large mod-
ulation of the intensity transmittance from parasitic interferences, and can
constitute an important source of uncertainty.

SOI technology is also limited in the sense that the vertical coupling
configuration, presenting numerous advantages in evanescent-wave sens-
ing applications, has, to the best of our knowledge, yet to be achieved with
SOI technology. Consequently, it seems that the only coupling configu-
ration compatible with SOI technology is lateral coupling. Therefore, in
order to achieve gap separations in the hundreds of nm, the lateral resolu-
tion of the lithography technique employed to pattern the microresonators
has to be in the tens of nm. This is to achieve an accurate control of the
gap separation, and requires the use of expensive lithography techniques,
not necessarily compatible with mass production of microring resonators.

In comparison, polymer materials, recently proposed for the fabrication
of laterally-coupled microring resonators [19], are well compatible with
the fabrication of vertically-coupled devices. As an important property,
polymer-based vertically-coupled microring resonators can be fabricated
using only near UV lithographies and plasma etching (cf. Chap.3). This
makes the use of polymer materials particularly advantageous in terms of
large-scale fabrication costs, particularly if the polymers are photoresins,
which can be directly patterned.

16with radii inferior to 10 pm
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Because polymer materials have much lower refractive indexes than sil-
icon, the refractive index contrast is much more limited with polymer tech-
nology than with SOI. A direct consequence is a necessary larger scale of
microring resonators with polymer technology, limiting the density of mi-
croresonators on a single chip. A good compensation of this drawback is
the fact that the index of the polymer material constituting the core of the
waveguide can be very close to that of silica, thus making polymer micror-
ing resonators very well-suited for integration with optical fibers. This is
not only because insertion loss between fibre optics and straight waveg-
uide is potentially very small, but also because of the very small reflection
coefficients obtained at the input and output interfaces of the waveguide,
greatly reducing effects of parasitic interferences.

3.5 Microfluidic integration

One of the key aspects of all label-free biosensing instruments (cite arlett)
is the microfluidic integration, responsible for the fast introduction of the
analyte above the surface of the sensor. The liquid flow in microfluidic
channels is characterized by a very high Reynolds number, resulting in a
laminar flow. This achieves a good homogeneity of the flow rate near the
surface of the microresonator. In addition, the very small flow rates, also
characteristic of microfluidic channels, reduces the total amount of analyte
required to perform a measurement.

Some geometries of microresonators, microspheres or microtoroids for
instance, are not particularly well suited for optical integration. As a result,
in proposed sensors based on such optical cavities, the bus waveguide of
the microring resonator is replaced by a tapered optical fibre, free-standing
near the microresonator in order to achieve evanescent coupling. This con-
figuration makes microfluidics integration very difficult, mainly because of
the potential variations of the gap separation under microfluidic flow, also
because such structure can easily trap tiny air bubbles potentially present
in the microfluidic channel. In comparison, the integration with microflu-
idics of planar microresonators, and specifically microring resonators, as
integrated photonic devices, is relatively easy and robust, particularly in a
vertical coupling configuration.

In IO-LFB instruments based on microring resonators, an elementary
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cell, or optofluidic cell 1s formed by the combination of a microring res-
onator with a microfluidic channel, as presented in Fig. 6.4.

Upper cladding
of microring

Microfluidic

Upper cladding of

bus waveguide and

lower cladding of
microring

Substrate
Thermostated heater

Figure 1.22: Optofluidic cell combining a microring resonator to a microfluidic channel.

In the rest of the dissertation, chapters are dedicated to specific elements
of the optofludic cell: models, fabrication techniques and characterization
of the microring resonators; then, the instrumentation of the sensor includ-
ing, amongst other aspects, microfluidics integration and the temperature
regulation schemes. In final chapters, the focus is in the performances of
the sensor based on the presented optofluidic cell.

Conclusion

In this chapter, elements of sensor theory that apply to optofluidic and
label-free sensors are first introduced. The aim of such an introduction
was primarily to define clearly the terms relating to sensing, used in the
rest of the dissertation. To that regard, key concepts such as the measure-
ment uncertainty and the limit of detection (LOD) were presented. It was
also outlined that since the performances of a measuring instrument de-
pend on the sensor and its instrumentation, the optimization of optofluidic
label-free sensors requires a study of both aspects.
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Then, optical evanescent-wave sensors were reviewed, and compared to
non-optical devices that are also used in label-free biosensing. From an
analysis of what seems to be the main limitations of such sensors nowa-
days, a scheme to compare performances was proposed based on the limits
of detection and the response times of the instruments. This led to the in-
troduction of microring resonators as transducers for a new generation of
high-performance label-free biosensing instruments.

The final section of the chapter was dedicated to the technological as-
pects related to microring resonators: configurations, materials, fabrication
techniques, detection schemes, and their influences on their performances
as transducers. In that respect, a thorough study of what limit the LOD
for such sensors was undertaken. More importantly, the fundamental de-
sign directions adopted for the rest of the dissertation were presented and
justified, specifically the use of polymer materials combined to vertical
coupling configuration for the microresonator.
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Chapter 2

Models and simulations of passive
microring resonators

Introduction

One of the keys to achieve an optimal design for a device is a good under-
standing of the targeted applications, but more prominently, a very good
understanding on how the device operates. In the scope of the dissertation,
for all the applications described in Chap.1, the most important element is
the microring resonator. A large amount of time has been devoted to find
efficient ways to accurately describe its behavior.

In this chapter, models of passive microring resonators and simulation
methods are presented. First, a review of all effects liable to occur in
those optical cavities is presented. Then, the starting point of an analytical
model, providing expressions for the intensity transmittance and its char-
acteristics as functions of internal parameters, is described. Formulations
for internal parameters are, later, the a posteriori result of a specific study,
and justify important additions to the analytical model. Finally, the input
of numerical simulations to the study of microring resonator is thoroughly
discussed.

1 Effects occurring in microring resonators

Before the construction of analytical or numerical models of microres-
onators, the initial task was to gather information on all effects liable to
occur in such photonic devices. Because microring resonators are guided
optics elements, two categories of effects need to be taken into account:
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effects strictly related to the selected optical materials, and those strictly
related to the guiding of light. In addition, environmental physical quan-
tities, namely pressure and temperature, have relatively large effects on
both optical material properties and waveguide geometry, and thus require
special handling.

1.1 Optical material-related effects

1.1.1 Short review of proposed materials for microresonators

Many materials, displaying various optical properties, have been proposed
for the fabrication of microring resonators. From these materials, a large
amount of core/substrate configurations where successfully demonstrated:
silicon/silicon nitride [20], InP/InGaAsP [21], silica/pentatantalum dioxyde
(Ta205)[22].

Recently, the more prominent configuration has been silicon/silica, a
technology usually referred to as Silicon On Insulator (SOI). This enthu-
siasm [23] can be explained by the large index contrast offered by this
technique, resulting in the achievement of large Q factors. However, this
technology has numerous flaws in terms of fabrication cost, patterning lim-
itations, and also in its compatibility to fiber optics.

Such limitations motivated research on polymer microring resonators
[19]. Since then, numerous experiments have demonstrated that, despite a
lower refractive index contrast compared to SOI microresonators, perfor-
mances of polymer-based devices could be superior to silicon-based device
[24]. In addition, polymer materials offer numerous advantages in terms
of ease of fabrication, cost and versatility. For further information, [25] is
a thorough review of polymer materials and their optical properties.

1.1.2 Material Dispersion

At an elementary level, the dispersion of an optical medium characterizes
the wavelength-dependence of phase and group velocities of an optical
wave propagating through the bulk material. The origin of material dis-
persion lies in the medium susceptibility, and is caused by the fact that
the response of the medium to optical excitation does not decay instanta-
neously [26]. This directly results in a wavelength-dependence of the bulk
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refractive indices of optical materials, usually quantified by Abbe number
[27]. In many optical media, material dispersion is further described by
coefficients applying to Cauchy or Sellmeier empirical equations.

1.1.3 Material anisotropy

Material anisotropy describes the dependence of the optical properties of a
medium on the polarization state of the propagating electromagnetic wave.
In amorphous or quasi-amorphous optical media, material anisotropy can
be neglected as compared to the anisotropy induced by material strain or
deformation [28]. It has also been widely reported that polymer materials
display specific anisotropic properties when deposited as thin films [29].

1.1.4 Material absorption or attenuation

Another important effect to consider is material absorption, or attenuation,
of electromagnetic waves in an optical medium. Absorption describes the
loss of electromagnetic energy of the wave accompanying the propagation.
This effect is in part related to the imaginary part of the medium suscep-
tibility, whereas dispersion comes from the real part. This contribution to
absorption is strongly dependent on the frequency (or wavelength) of opti-
cal wave propagating in the medium [26]. Further information on optical
attenuation in polymer materials can be found in [30].

In many situations, specifically in passive photonic devices, material
absorption has to be minimized. As consequence, if a specific material has
to be used, the range of optical wavelengths is usually chosen in order to
minimize absorption. Alternatively, a material can be selected because of
its low absorption in a specific wavelength range required for operation.

1.1.5 Local defects

The presence of local physico-chemical defects in the bulk of a material
1s usually the source of additional absorption. For instance, the purity of
optical materials is generally a basic limitation for ultra high-Q microres-
onators [31]. In silicon and other materials, absorption can be increased
and controlled by ion implantation [32]. As compared to material absorp-
tion which is mostly intrensic to the material, defects-induced optical at-
tenuation is mainly related to material processing. The limitation of this
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specific attenuation motivates the selection of materials minimizing the
appearance of new defects after patterning, and also motivates the opti-
mization of fabrication processes.

1.1.6 Non-linear effects

Various optical non-linear effects have been reported in optical microres-
onators. In most cases, a strong non-linear behavior is obtained by proper
selection of the materials. For instance, some polymers matrices incorpo-
rating selected molecules can, after a polling step, exhibit strong electro-
optic coefficients. Such materials are used to achieve compact electro-optic
modulators [33]. However, materials used to build microring resonators
for sensing applications have, in their natural form, low non-linear coeffi-
cients, making most non-linear manifestations negligible. However, ther-
mal non-linear effects [34] may have interesting properties when it comes
to microresonator characterization [35] and label-free biosensing [36].

1.2 Effects related to the guiding of light

1.2.1 Evanescent wave

The propagation of optical waves in waveguides can be seen as a result
of the total internal reflection (TIR) at core/cladding interfaces in opti-
cal fibers, and at both core/cladding and core/substrate interfaces in planar
waveguides. During propagation, as seen in Chapt.1, each TIR is accom-
panied by the creation of an evanescent wave in the cladding or substrate,
with an amplitude exponentially decaying from the interface [27, p. 125].

1.2.2 Effective index

In waveguides, optical waves can effectively propagate if they are inter-
fering constructively in the waveguide core, which only occurs when they
are reflected at specific angles corresponding to distinct transverse propa-
gation modes [10, p. 5]. Further study, partly described in Chap.1, show
that in planar waveguides, phase and group velocities of the guided modes
depend on the refractive indices of the core, of the cladding and of the
substrate materials, on the geometry of the waveguide and on wavelength.
Thus, the notion of phase effective index Ny, i.e. the ratio between the
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speed of light in vacuum and the phase velocity of a mode propagating in
the waveguide, integrates all waveguide parameters.

1.2.3 Waveguide dispersion

The propagation time 75 of a given optical wave through a waveguide of
length L is given by 7¢ = L/vg where v is the group velocity expressed
as:

Vo = —— = ¢ } @.1)

N, dN.,
¢ [Neff — A d)\ff

In reference to pulse broadening in fiber optics, waveguide dispersion de-
scribes the variability of the propagation time 75 amongst waves suscep-
tible to propagate in the waveguide, and four dispersion mechanisms are
clearly identified [10, p. 89]:

e Multimode dispersion is due to the difference of effective indices
between the various transverse modes supported by the waveguide.
This dispersion mechanism result in the fact that the response of a
microresonator strongly varies from one transverse mode to another
(cf. Chap.3), thus complicating the analysis of intensity transmittance
in optical cavities supporting several transverse modes. This usually
motivates single transverse mode operation of microring resonators
for sensing applications [19].

e Polarization mode dispersion, contrary to multimode dispersion,
also occurs (in a general sense) in single transverse mode operation.
It is due to the difference of effective indices between orthogonally
polarized propagation modes. The corresponding waveguide birefrin-
gence, i.e. the difference between the phase effect indices of orthogo-
nal modes, is a direct result of the dependence of continuity equations
at waveguide interfaces on the orientations of the major electromag-
netic field components associated to each mode. It also integrates the
material anisotropies of the waveguide materials. Waveguide bire-
fringence may be modulated and/or cancelled by modification of the
waveguide geometry [37].

e Material dispersion was already discussed in material-related ef-
fects. For a planar waveguide, material dispersions of the core, the
cladding and the substrate contribute to a global effect of material
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dispersion, with specific weights depending on the guided mode. It
must be pointed out that material dispersion, similarly to waveguide
dispersion and unlike multimode and polarization mode dispersion,
still occur when the waveguide only support one guided mode.

e Waveguide dispersion comes from the explicit wavelength depen-
dency of the dispersion equations the guided modes are solutions of
(cf. [10, p. 16, 29]), hence applying to all modes, and is unrelated to
the material dispersion. However, the variations of the effective index
of a guided mode as function of the wavelength combine effects of
both material and wavelength dispersions.

1.2.4 Hybrid modes

Amongst planar optical waveguides, only slab waveguides support inde-
pendent electromagnetic modes denoted as TE and TM. TE modes have a
single non-zero electric field component in a direction defined as the in-
tersection between the interface and transverse plane, whereas TM modes
have a single non-zero magnetic field component along the same direction.
TE and TM modes are independent in the sense that they do not share com-
mon electric or magnetic field components.

cladding
™
core ’It w
TE
substrate

Figure 2.1: Schematic drawing of an asymmetrical slab waveguide. Directions of the
major directions of electric fields corresponding to TE and TM modes are indicated.

In comparison, TE and TM guided modes in two-dimensional trans-
verse guiding structure - rectangular waveguides for instance - are not
strictly independent. As consequence, resulting hybrid modes are usually
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referred to as quasi-TE and quasi-TM modes, or //“ modes where u is the
direction of the dominant component of the electric field associated to the
mode [10, p. 29].

cladding

...... W

core h
x,qTE

------ substrate

Figure 2.2: Schematic drawing of a rectangular waveguide. Directions of the major direc-
tions of electric fields corresponding to quasi-TE and quasi-TM modes are indicated.

A consequence of this mode hybridization is a non-zero polarization
conversion accompanying the propagation in the waveguide. This effect is
significantly enhanced in bent waveguides [38], and thus may have an im-
portant role in the behavior of microring resonators. In addition, non-ideal
planar waveguide fabrication always result in slanted vertical sidewalls,
which also contributes to further polarization conversion in the fabricated
waveguide [39].

1.2.5 Bending losses

Guided modes in bent waveguides are more accurately referred to as weak
loss modes. Indeed, the total internal reflection at work in a straight waveg-
uides does not strictly apply anymore on the internal sidewall of the bent
waveguide because of the smaller incidence. Such modes can be described
by complex effective indices, where the real part relates to the propaga-
tion constant, and the imaginary part to bending losses. In microring res-
onators, as it will be further described later in the chapter, bending losses
have important consequences on optical performances, and reduction of
such losses is one of the keys of an efficient design. For such purpose, nu-
merous schemes to understand, model, calculate and reduce bending losses
can be used [40, 41, 42, 43, 44, 45, 46].
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1.3 Influence of environmental physical quantities

1.3.1 Pressure effects

Effects of pressure applied to a polymer waveguide on a guided mode ef-
fective index are described in [47]. The two major contributions are due to
the waveguide deformation and materials elasto-optic properties, respec-
tively. Waveguide deformation due to applied pressure or stress solely
depends on the mechanical properties of the materials, specifically the
Young’s modulus and Poisson’s ratio. Elasto-optic properties of optical
materials are quantified by photoelastic constants describing the deforma-
tion of the materials’ index ellipsoid induced by stress. Photoelastic coef-
ficients thus depend on the mechanical properties, the refractive index and
Pockels coefficients [10, p. 311].

1.3.2 Temperature effects

Similarly to pressure, variations of temperature modify the effective index
through the waveguide geometry, and through the temperature-dependence
of the refractive indices of optical materials. The former effect is quanti-
fied by thermal expansion coefficients of the materials, and the latter is
described by thermo-optic coefficients[48]. Further study of temperature
effects in waveguides and microring resonators will be presented in Chap.y.

2 Analytical model: starting point

2.1 Elements of the model

2.1.1 Description

A microring closely coupled to a single straight waveguide is considered.
This configuration will be referred to as a single-bus microresonator. We
can describe the microring resonator as a directional coupler where an out-
put is optically connected to an input. Such a photonic structure can be
analyzed and modeled using coupled-mode theory (CMT) and basic elec-
tromagnetic theory to relate the transmitted optical amplitude Ej to the in-
cident amplitude F; via /3 and Fs, the amplitudes inside the ring after and
before the coupling region (Fig. 2.3). Manipulation of the fundamental re-
lations coupling these scalar fields will provide expressions of the intensity
transmittance and its characteristics as functions of internal parameters.
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Coupling zone

Figure 2.3: Schematic drawing of a single-bus microring resonator

2.1.2 Assumptions and hypotheses

e The waveguides only support the fundamental mode.

e The guided modes, propagating in the bus waveguide and the ring
resonator, are described by a single component of their corresponding
electromagnetic field. As consequence, all polarization-related effects
are neglected. Furthermore, both modes are assumed to propagate
with the same propagation constant (3.

e The directional coupler is assumed to be symmetrical which means
that cross-coupling coefficients x between ports (1) and (3), and be-
tween (2) and (4) are assumed to be identical. So are the internal
transmission coefficients 7 between (1) and (4), and between (2) and
(3). Also, it is assumed that all optical paths in the coupling region,
cross paths and direct paths, are equal.

2.2 Intensity transmittance

2.2.1 Coupled field equations

The directional coupler is treated as a lossless device (Fig. 2.4) to which
is added a lumped loss factor  referred to as the intensity-insertion-loss
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coefficient [49]. This is described by:

B £ B
[En[? + [ Esf? (2.2)
— k2 g2

’7/:

where x and 7 are the amplitude cross-coupling coefficient and the internal
amplitude transmission coefficient, respectively. The second equation de-
notes a virtual conservation of the electromagnetic energy in the coupler. In
fact, as can be seen in Eq.(2.3), only x* = (1 —7)"?xand 7* = (1—~)"/?r
have actual physical meaning.

Figure 2.4: Schematic view of amplitude cross-coupling, transmission and loss coeffi-
cients

The stationary input-output relations of the optical ring resonator are
expressed by:

B3 = (1 =) 2 [jrEy + 7Ey) &
{3 (1=7) " [jrEr + TEs] e 23)

Ey=(1—)'"?[7E\ + jrEy) el®
where @, is the phase accumulated in the coupling region. Cross-coupling
is accompanied by a 7/2 phase-shift of the optical wave, hence the factor

7 (72 = —1) in Eq.(2.3). These relations are coupled by a supplementary
equation related to the feedback loop:

FEy = Ezexp K_p + Jﬁ) me] (2.4)

where p is the in-loop amplitude attenuation coefficient, 3 the propa-

gation constant of the guided mode and L,,. is mean circumference of the

ring excluding the coupling region. In the following, we will use parame-

ters a = /1 — ye Plme, referred to as the total amplitude loss factor, and
®,,. = L, the phase accumulated over L.
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2.2.2 Transmittance

From (2.3) and (2.4) we deduce the amplitude transmittance of the optical
ring resonator:

_ qed® .
= = = (=) P r——e’™ (2.5)
1

t .
1 —arel®

where & = ¢. + ®,,, = (L is the single-trip phase delay inside the
resonator. The intensity transmittance 7' of the ring resonator can then be
written as

By (-a) (-7
(@)= F=0=7) [1 (1 — ar)® + 4ar sin? (@/2)] (2:0)

This transmittance can be rewritten in analogy to that of a Fabry-Pérot (FP)
etalon:

( A
T(@)=1-7[-Tw(®)]=01-7) |1~ 1+ Fsir?Q (®/2)

), _(-a)-7)

(1— CLT)2
F= &2
L (1 —ar)

(2.7)
where F' appears, in analogy to the FP etalon, as the coefficient of finesse
of the resonator. In addition, the factor a7 is analogous to the intensity
reflection coefficient R of a FP etalon. As shown in Fig. 2.5, the intensity
transmittance is 27-periodical and presents resonance peaks, 1.e. minima
of transmittance, when the single-trip phase delay is a multiple of 27. The
resonances get narrower when the coefficient of finesse F increases.
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Figure 2.5: Intensity transmittance vs the single trip phase delay ® for v =0, a=0.8 and
7 =0.7 corresponding to Ag = 0.948 and F = 11.6 approximately

It is also clear from Eq.(2.7) that the lineshape of the resonances is
mainly determined by a and 7. This is illustrated in Fig. 2.6. Finally, it is
noticeable from Eq.(2.7) that T'(a,7) = T'(7,a). This reveals the impos-
sibility to determine specific values of a and 7 from a fit of the intensity
transmittance. This point will be further discussed in Chap.3.

2.3 Optical characteristics

2.3.1 Resonance contrast and critical coupling

Maximal and minimal transmittances are given, with m as a random inte-
ger, by:

(a+7)?

Tnae = T(® = 2mm) = (1 — V)W

(2.8)

Trnin = T((I) = 2mm + 7T) - (1 o 7)%
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Figure 2.6: Intensity transmittances vs the single trip phase delay ® for different sets of
parameters a and 7. For each set of plots, a7 varies between 0 (dashed blue) and a (dotted
red) where (a) a = 0.2, (b) a = 0.4, (¢) a = 0.6, (d) a = 0.8 and (e) a = 0.95. Curves
with larger values of a7 have larger values at & = +7
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Maximal transmission is achieved when all waves in port (4), the out-
put port, are in-phase and thus interfere constructively, whereas the mini-
mal transmission is achieved when waves are in phase opposition, i.e. with
phase-shifts of m modulo 27, and thus interfere destructively. The reso-
nance contrast, describing the depth of a resonance, is defined as:

Tma:c — Tmin

(2.9)

B Tmam + Tmin

1004
8ol

601 !
sl

20T

Contrast C (%)

Figure 2.7: Contrast vs the cross-coupling coefficient 7 and the total loss factor a with
7=0

Figure 2.8: Maximum of transmission 7},,, vs the cross-coupling coefficient 7 and the
total loss factor a with v = 0
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It is clear from Eq.(2.9) and Fig. 4.7 that the condition ¢ = 7 needs
to be satisfied in order to maximize the contrast, which corresponds to
Trmin = 0. This condition is known as the critical coupling condition. It is
achieved when the total intensity loss inside the resonator is balanced by
the cross-coupled intensity. As a consequence, all interfering waves in the
output port have the same amplitude, hence the maximal contrast. When
a=1=1, Ty, =0andT,,. = 1 which gives the best configuration for
the observation of the resonances.

2.3.2 Free Spectral Range

A resonance peak of the ring resonator corresponds to 7" = 7,,,;, and is
thus obtained when

2
O =pBL = 7” oL = 2mm (2.10)

We now focus on the spacing between two resonance peaks of the ring
resonator. We write the wavenumber corresponding to ® = 2mm as k
and that corresponding to ® = 2(m + 1)7 as (k + Ak). Since m is very
large (the optical path is at the very least hundred times bigger than the
wavelength), the deviation Ak of the wavenumber is small compared to k.
As a consequence, the deviation in 3 caused by the slight variation of the
wavenumber is obtained from Eq.(2.10) as

_27r

Bk + Ak) — B(k) 7 (2.11)
This relation can be rewritten, taking into account |Ak| < k as
dpg 2T
—Ak = — 2.12
dk L (2.12)

Substituting 8 = kN.sr, where N,y is the effective index of the guided
mode propagating in the structure, into Eq.(2.12), we obtain
dﬁ dNe ff dNe ff
—_— = Ne k‘ — N 2.13
dk TRy o e @D
where N¢ is the effective group index of the guided mode, not to be con-
fused with group index of the bulk material constituting the waveguide.

Since the frequency shift A f and the wavelength shift A\ are related to
the variation of the wavenumber Ak from Af = (¢/27)Ak and AN\ =
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—(A\?/27) Ak, resonance spacings in terms of the frequency and wave-
length are given by

C
Af = 2.14
I =N (2.14)
)\2
AN = — 2.1
A NgL 2.15)

Both Af and A\ can be referred to as the free spectral range (FSR).
If the modal dispersion is neglected, then Ng = N.;; and the inten-
sity transmittance T is a periodical function of f with a period equal to
Af = ¢/N.ssL. However, taking into account the dispersion, T becomes
a pseudo-periodical of the optical frequency.

2.3.3 FWHM and Finesse

The Full Width at Half Maximum (FWHM) §® is obtained after expanding
the transmittance near & = 2m. It naturally implies that /& < & which
is easily verified since m is large. This expansion gives:

2(1 —ar)
var

From 6®, we can define the finesse F of the resonator (not to be confused
with the coefficient of finesse F defined earlier) given by:

5P = (2.16)

27 T T/ aT
= — = — F =
4 ob 2 1 —ar

(2.17)

FWHMs in terms of frequency and wavelength at the resonance peaks are
given, from (2.17) and (2.10) as

C

Sf = 2.18
/ FNgL ( )
)\2
N = — 2.19
FNgL ( )
2.3.4 Q factor
The Q factor of a resonant cavity is generally defined as:
Ey
Q=2r—2 (2.20)

AEcycle
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where E; is the energy stored in the resonator and AE,, . is the energy
dissipated per cycle, which corresponds for a ring resonator to the field
oscillation period 7y = 1/ f. For large values of the Q factor () > 1), it
can be approximated as:

_ A

C0f A
From (2.19), the Q factor of a ring resonator can be expressed as a function
of its internal parameters

. NgL . NgL ™\ aT
@= A 7= A 1l—ar

(2.21)

(2.22)

Comparison between variations of Q factor and contrast C as functions
of 7 is presented in Fig. 2.9. For a ring resonator, Q cannot be thought
of as linearly dependent of L since the loss factor is proportional to the
quantity exp(—pL) where p is the amplitude extinction coefficient in the
ring, which also depends on L via the curvature of the ring. In Fig. 2.10 are
plotted the Q factor and contrast as functions of the optical cavity length
and 7.
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Figure 2.9: Q factor and contrast of a ring resonator for a linear attenuation of 1dB/cm
with a cavity length L = 1mm vs the internal transmission coefficient 7. Critical coupling
is obtained when a = 7 = (.89 but does not correspond to the highest achievable Q factor.
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Figure 2.10: Q factor (a) and contrast (b) (in percents) of a ring resonator for a linear
attenuation of 1dB/cm vs internal transmission coefficient 7 and cavity length L. Critical
coupling is obtained when a = 7, represented by the solid black line.

2.3.5 Maximal intensity slope

Maximal intensity slope (MIS) of a measured transmittance is partly re-
lated to the absolute accuracy for the determination of a microresonator
resonant wavelengths (cf. Chap.1). As a consequence, this characteristic
of the intensity transmittance is of utmost importance in sensing applica-
tions.

To determine the value of the maxima of the slope @, we first need to
determine their angular positions, corresponding to inflection points of the
intensity transmittance. This is done by deriving Eq.(2.7) a first time:

dI'"  FAy(l—~)sin(P)

— = (2.23)
d® 21+ Fsin? (2)]
and a second time:
( dzT FAO(l — ’)/)
= G(P)
dd? in? (2)]°
< 2[1+Fsm (2)] (2.24)

G(®) = 2F sin’ (%) — (3F + 2)sin? (%) +1

\
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Figure 2.11: Intensity transmissions and its first and second order derivatives; F=10.

Setting X = sin?(®/2), we solve the following equation:
2FX* - (3F+2)X+1=0 (2.25)

In the range [—, 7|, the only two solutions of this equation corresponding
to the resonance are:

1/2

3F+2—VO9F2 +4F +4

&, = P = £2arcsin Wa

(2.26)
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Figure 2.12: Angular position @~ of the maximum of intensity slope vs the coefficient of
finesse F'.
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The maximal achievable slope for a set of parameters is then given, from
Eq.(2.23), by:

(%) _ FAy(1l— ’.)/)QSH;((I)C;) 2.27)
max 2 [1 + F'sin (TC)]

The complexity of the expression of the maximal slope as a function
of a and 7 makes its analysis difficult. A graphical representation is more
suited to study the impact of loss coefficients a and transmission coefficient
7 on the maximal slope value. Such a plot is presented in Fig. 2.13.
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Figure 2.13: Contours for the Q factor and maximal slope as functions of loss coefficient a
and transmission coefficient 7. Actual values are normalized by the highest Q factor and
maximal slope, respectively. The dashed line represent the critical coupling condition.
For a = 0.9, the red, green and grey spots correspond to maximal contrast, slope and Q
factor, respectively.

In order to obtain the highest intensity slope, the coefficients a and 7
have to be chosen carefully. It is clear from Fig. 2.13 that both internal
parameters should have similar values, as close to unity as possible. For
all characteristics A of the transmittance (A = F, Q, FSR, FWHM, ...),
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A(a,7) = A(7,a). Thus, the two parameters play identical roles. How-
ever, experimental achievement of targeted values is very different on the
parameter. The transmission coefficient 7 has the particularity to be eas-
ily adjustable, from variations of gap separation, radius of curvature and
length of straight portions in microracetrack resonators. Specifically, val-
ues of 7 near to 1 are easy to obtain since they correspond to situations
where very little intensity is cross-coupled (cf. §3.4.1). In comparison, ob-
taining values of the loss coefficient a near unity requires a lot more efforts:
optical loss is the limiting factor of the performances of optical resonators.

For this reason, the design of a microresonator is first oriented towards
the reduction of optical losses. Then, the coupling coefficient must be
adjusted to the loss coefficient in order to obtain the best characteristics
of the resonator for the targeted application. As a careful noise analysis
confirms (cf. Chap.1), the transmission coefficient needs to be chosen to
obtain the highest possible slope for sensing applications. According to
the contours in Fig. 2.13, for a given value of a, the optimal value for
the transmission coefficient 7 is roughly at half distance between 7 = 1,
providing maximal contrast, and 7 = a = 0.9, corresponding to the highest
achievable Q factor. It is clear that choosing the Q factor as reference
characteristic for sensing applications would be a mistake: the highest Q
factor does not correspond to a an optimal intensity slope.

3 Analytical formulation of internal parameters

3.1 Challenges

Until now, the ring resonator and its spectral characteristics were only stud-
ied as functions of internal parameters reflecting propagation, coupling and
optical losses in the device. These parameters concentrate most difficulties
in building an analytical model for microresonators. The previous study,
although limited in many aspects, has still the great benefit to show what
should be the design goals for a ring resonator, i.e. which value of the in-
ternal parameters it is best to achieve.

In order to find the maximal accuracy in the determination of the po-
sition of a resonance, or of the maximal intensity variation when the res-
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onance shifts, the slope of the transmitted intensity at the inflection point
needs to be maximized. According to the previous study, this is achieved
for values of a and 7 near unity. For the ring, 7 can be easily adjustable by
the design and also by the fabrication, especially in the case of vertically
coupled ring resonators. As a consequence, the limiting factor is the loss
coefficient a and one of the main efforts of the design is the minimization
of the optical losses inside the ring resonator.

However, for sensing applications based on ring resonators, the accu-
racy in the measure of the resonance shift is not the sole aspect to con-
sider. The second and equally important aspect is the sensitivity to the
measurand (cf. Chap.1). In the lucky situations where the optimiza-
tion of the sensitivity to the measurand coincides with the reduction of
the losses, the design is straightforward. However, in most situations, the
optimal configuration for the sensitivity is found when guided modes are
poorly confined in the core of the waveguide, hence tending to correspond
to important optical losses, and resulting in poor accuracy. In that case, a
trade-off has to be found between the sensitivity and the resolution, based
on the optimization of the detection limit which is the ratio of the resolu-
tion and the sensitivity.

Independently, an important gain on the resolution can be achieved
through the sensing instrumentation, which means that the design paradigm
for the ring resonator should be adapted to get the highest sensitivity while
maintaining an intensity transmittance with resonance peaks compatible
with the determination of the resonant wavelengths with high accuracy.

Anyhow, a good understanding of the optical phenomenons taking place
in the ring resonator is very important to make decisive design choices. For
the sake of simplicity, most expressions allowing to quantify the losses are
written assuming that the study of a three-dimensional waveguide can be
reduced to the study of a two-dimensional effective structure determined
from the effective index method [10].

3.2 Effective index

Depending on the guiding structure, different solutions exist to determine
the parameters of the guided modes. For rectangular waveguides, at least
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two analytical methods can be used, Marcatili’s method and the effective
index method. Kumar’s method can also be used in order to improve the
accuracy in the calculations of the other analytical methods in the case of
weakly guide modes [10]. Numerous numerical solutions also exist, in
the form of commercial or homemade mode solvers. When it comes to
determine the characteristics of the guided modes for curved waveguides
as present in the ring resonator, different analytical methods exist and give
result with good accuracy, though numerical methods provide results more
easily. Calculation of the effective index and its variations will be further
studied in Chap.6.

3.3 Loss mechanisms

3.3.1 Bending losses

A basic understanding of losses in bent optical waveguides can be achieved
using the ray approximation for the propagation of light. In a straight
waveguide, the angle of incidence of rays on sidewalls are the same since
they are parallel. As consequence, if a ray undergoes total internal reflec-
tion on one side, it is also totally reflected on the other side, resulting in a
theoretical lossless propagation.

The situation is different in a bent waveguide since, because of the cur-
vature, the incidence angle is larger on the outward sidewall than on the in
the inward sidewall. As consequence, two different propagation regimes
can exist, with significant differences in bending losses.

In the first regime, light is totally reflected only on the inner sidewall
and the total internal reflection criteria is not met for the outwards sidewall.
From Fresnel laws, the ray is then only partially reflected at this interface
which makes the mode inside the bent waveguide lossy, characterized by a
complex propagation constant where the imaginary part relates to the loss
and the real part to the actual propagation.

In the second regime, the criteria for internal reflections is met for both
sidewalls and the bend losses become negligible compared to other sources
of optical losses.
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The bending loss is usually quantified by the power attenuation co-
effiecient ayy which can be be expressed as [41, 19]:

( 2v3k; exp (W)

Qpg = f(R,
Rl Y e GR s VASL)

_ B (P
- [Fn(322) e

where [ is the propagation constant in the curved waveguide [43], &y is
the wavenumber in vacuum, k,, is the propagation constant in the direction
of the bend, R. is the radius of curvature of the bend; v, is a coefficient
describing the attenuation in a transverse cut of the waveguide.

7\

(2.28)

It is easy to see from that formulation the benefit of high index con-
trast waveguides to reduce the bending losses. Also, from the exponential
term, we see the existence, for a given guiding structure, of a critical ra-
dius of curvature R, ;.o Separating the two regimes of bending losses. An

approximate but elegant expression for this critical radius was found by
Marcatili [40]:

7TNC207“€W2
Rcritical - T (229)

Another important observation from [40] is that losses can be reduced by
choosing the height of the guide large enough to confine the fields as much
as possible within the core of the waveguide in the direction normal to the
plane of curvature.

The value of this critical radius can be taken into account when design-
ing the microring and its transverse guiding structure. By choosing a radius
close to the critical value, the bending loss can be effectively reduced with-
out too much compromise on the circumference of the microring which
plays an important role in the some of its spectral characteristics. More-
over, the issue of compactness of microrings is an important one for many
applications of these devices. This motivates designers to find a good com-
promise between compactness and optical losses from the bends.
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3.3.2 Surface roughness scattering

Surface roughness scattering is also an important source for optical loss
in all waveguide portions, not only the bent ones. However, guided mode
in bent portions being slightly unconfined, bending tends to increase the
effect of surface scattering.

In analogy to the part on bending losses, the optical losses from surface
roughness scattering can be quantified in straight and bent waveguides by
attenuation coefficients avg s siraight aNd Qgps curved are given by[19]:

k ght
Qsrs,straight — 202 (NGfo - Nflad) kg g78tra,zg E‘?
straight (230)

O‘srs,curved - 02 (Nlef - Nc%ad) k(Q)M (E% + E%)
Bcurved
where o is the variance of surface roughness; F is the electric field at
the core-cladding interface in the case of the straight waveguide, and
and FE» are the electric field at the inner and outer boundaries, respectively,
in the case of the curved waveguide.

From these expressions, two important observations can be made. First,
the attenuation coefficients for both straight and curved waveguide are pro-
portional to the square of the variance of surface roughness. This confirms
how important is the quality of the surface of the microring, and the neces-
sity to select materials and fabrication processes that minimize the surface
roughness of the device in order to reduce the optical losses.

The second observation is that the attenuation coefficients are propor-
tional to the difference between the squares of effective and cladding in-
dices. Direct consequence is that surface roughness scattering will be more
important in waveguides with high index contrast, typically SOI waveg-
uides, than those with lower contrasts such as waveguides made from poly-
mer materials. Compared to optical losses from the waveguide curvature,
where polymer materials have inherently higher losses, the situation is re-
versed for surface roughness scattering losses.

At this point, it would be difficult to tell which technology, SOI or poly-
mer, will result in the lower optical losses. From the expressions mentioned
above, an actual comparison of both technologies will require to know the
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constraints on the radius of curvature, and more importantly to know pre-
cisely what is the lowest achievable surface roughness at fabrication for
each technology.

Another point to consider is that surface roughness scattering can couple
light from a mode propagating in a microresonator to a counter-propagating
mode [50]. Because of the slight asymmetry of the coupling region and the
strong sensitivity of the position of resonances to the optical path, the pres-
ence of a counter-propagating mode modifies the intensity transmittance
of the microresonator by creating a splitting of the resonances. The same
effect can also be observed when a defect from fabrication induces a strong
but local variation of the geometry of the microring.

3.3.3 Substrate and cladding losses

The origin of these losses is the physical limitation of the real guiding
structure, as compared to the ideal structure where cladding and substrate
occupy semi-infinite volumes. In that view, portions of the evanescent field
that are guided in the ideal structure can be lost in the real, limited, struc-
ture if the materials beyond the guiding structure have stronger refractive
indices than the cladding and/or the substrate materials. In most cases, this
situation occurs for devices where the substrate is a thin layer of silica de-
posited upon on a silicon wafer. However, in situations where the cladding
is a liquid flowing in a microfluidic channel built with PDMS, PMMA, or
any material that has strong index and/or that absorbs light at the working
wavelength, cladding losses can also have a strong influence on the mi-
croresonator performances.

Different methods can be used to reduce these losses. A first method is
to reduce the dimension of the evanescent field, so that less optical power
can leak. This is most effectively achieved by increasing the height of
the waveguide. However, the height of the waveguide cannot be increased
infinitely, since a larger waveguide will support more than one mode. Fur-
thermore, for applications of microresonators such as biochemical sensing,
a large evanescent field is preferable, for sensitivity issues. A better method
1s then to reduce the losses to the substrate or the cladding by increasing the
widths of these regions, since the reduction of the losses will be achieved
without modifying the evanescent field. It is also possible to choose ma-
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terials surrounding the core of the waveguide with low refractive indices
to increase optical isolation in the core. This solution is particularly inter-
esting in surface sensing where it is advantageous to have a symmetrical
waveguide, hence to have a waveguide where the substrate index is as low
as the cladding index. However, this is difficult to obtain with conventional
fabrication techniques and materials.

With several approximations, the power attenuation coefficients due to
substrate and cladding losses can be expressed as [19]:

( .
NEk2 sin?(kydeore)
Ay = 3 = €xXp (_Q’YSUbdsub)
Ncore N2 - N2 dcore
T ( core sub) (23 1)

7TSjvcore (N2 - Nglad) deore

core

Ueladding = €xXp (_2701addclad)

\

where 7., and 4, are the attenuation constants in the cladding and sub-
strate regions, respectively; d... 1s the height of the waveguide core and £,
1s the propagation constant in the direction perpendicular to the interfaces.

From the exponential decay of the loss coefficients with increasing thick-
nesses of the cladding and substrate regions d.,q and d,;, we see as ex-
pected that these optical losses can be significantly reduced with larger
zones corresponding to the cladding and substrate.

3.3.4 Absorption losses

Another source of optical loss in the waveguide is the material absorption.
The first idea that comes to mind is to select materials that do not absorb in
the wavelength range we plan on using. However, though very important
loss could be fatal to the decent spectral characteristic we aim at, optical
absorption may be an interesting property to use in order to produce ther-
mal linear and non-linear effects [35, 36].

3.3.5 Modal mismatch losses

In a bent waveguide, the distribution of modal intensity as well as the effec-
tive index are slightly modified compared to that of a straight waveguide.
This modification of the characteristics of the guided modes between bent
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and straight waveguides has two principal effects on the spectral character-
istics of the microresonator. When the resonator is a microring, the modal
mismatch between the straight bus waveguide and the bent waveguide con-
stituting the ring triggers coupling or insertion losses characterized by the
coefficient a; = (1 — ~)/? as defined before (cf. §2.2.1). One possibil-
ity in order to reduce «; is then to adopt the racetrack configuration where
coupling occurs between waveguides with similar modal characteristics.
However, in that configuration, loss is added in the microring because of
the modal mismatch at the junctions between straight and curved portions
of the microresonator. This is quantified by the junction transmission co-
efficient [51]:

-2
Bcurved ) (232)

T; = 4cos?(k,0) (1 + B
straight

where Bsirqight and Beyrveq are the propagation constants in the straight and

curved waveguides, respectively, ¢ is the lateral shift of the electric field

peak in the bent waveguide and k, is the propagation constant in the di-

rection of the bend at straight/bent interfaces of the waveguide. Different

methods can be used to calculate 9.

3.4 Coupling mechanisms

In order to calculate the coupling coefficients between two waveguides,
the characteristics of the guided modes inside these waveguides need to be
known. This makes the calculation of the coupling coefficient between a
straight waveguide and a bent waveguide quite tricky since it is difficult to
calculate the mode in a bent waveguide. For this reason, it can be more
preferable to work with rings with large radii of curvature since, in that
case, the mode in the bent waveguide can be approximated with that of the
straight waveguide with sufficient accuracy.

The choice of the racetrack geometry is also a good solution to solve
this problem, since coupling coefficients are largely determined by the
length of the straight portions, ¢.e. the parameter L, of the resonator (cf.
Chap.1). In addition, a panel of microracetrack resonators with various
straight lengths L, can be fabricated to determine the optimal value of
this geometric parameter.
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Another solution is to realize the coupling between the bus and the ring
waveguides via multi-mode interference (MMI) coupler. For the micro-
racetrack configuration with evanescent coupling or MMI coupling, the
coupling coefficient can be easily calculated from analytical models or nu-
merical methods such as BPM. This numerical method, very limited when
the waveguide is curved compared to FDTD, provide more accurate results
for straight portions of the waveguides.

3.4.1 Evanescent coupling

Let us consider two co-directional rectangular waveguides, z being the
common direction of propagation. It is assumed that the electromagnetic
fields of the coupled waveguides can be expressed as the sum of the guided
modes in each waveguide:
{?M@%+B@% (2.33)
From Maxwell equations, considering that at z=0 the initial conditions
are A(0)=A; and B(0)=0, it is then possible to show that the functions
A and B describing the coupling between the two waveguides can be ex-
pressed as [10]:

A(z) = [cos(qz) + jé sin(qz)] Agexp(—joz)
1 (2.34)
B(z) = —jg sin(qz)Ag exp(+j02)

where q is given by:

q — v/ p2 —|— 52 (2.35)
The constants p, the mode coupling coefficient of the directional coupler,
and the difference of the propagation constants between the guided modes
in each waveguides ¢ are defined by:

1 s
0= 2 (B2 — B1) = Y (Negra — Negra) (2.36)
“+00 400 . .
weg [ [ (N2 — N22) EY - Eydzdy
p=pi2=pa = —=—= (2.37)
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where p12 = po; relates to the normalization of the eigenmodes El and EQ.

From these (2.36) and (2.37), we can write the evolution of the optical
power flow along the propagation direction:

A 2
Puz) = L 1 i (g
| A )
5 (2.38)
p() = BEL o sini(g)
| Bol
where v denotes the maximum power-coupling efficiency, defined by:
P\ 1
n=\-) =— (2.39)
(Q> 1+(0/p)?

From the expression of the maximum power-coupling efficiency, we see
that an optimal directional coupler is obtained when the propagation con-
stants of the coupled modes 3; and 35 are equal, corresponding to a phase
matching. Another important parameter of the directional coupler is the
coupling length L. defined as

T T

Li=—=——— (2.40)
29 2\/p* + 62
This parameter corresponds to the minimal length of the waveguides re-
quired for the power in the second waveguide to reach its maximal value.

In Fig. 2.14 we see the different phenomena which depend on the cou-
pling coefficient p and the difference between the effective indices of the
guided modes in the coupler. It is noticeable in case (b) that a slight phase
mismatch between the coupled guided modes can limit the maximal ob-
tainable coupling coefficient, whatever the coupling length could be. Also,
from case (c) we observe a similar limitation when the coupling coefficient
gets too small. These effects are important for the design of the micror-
ing particularly because in order to achieve critical coupling, the internal

amplitude transmission coefficient 7 = |1 — nsinQ(qLC)] 2 feeds to be
adjusted to the loss coefficient a inside the ring. In the case where impor-
tant optical losses apply, the coupling efficiency 7 needs to be sufficiently
large so that is possible to find a coupling length L, achieving 7 near a,
which might be impossible because of the limitation of the power-coupling
possibilities.
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Figure 2.14: Transmitted (solid blue line) and coupled (green dashed line) optical powers
with A = 1.55 um and Ns;1 = 1.56. (a) p=0.05 um ™" and N2 = N,y resulting in 7
=1and L. =314 pm; (b) p=0.05 um =" and N, = 1.57 resulting in = 0.86 and L,
=29.1 um; (¢) p=0.01 ™" and N.s;o = 1.57 resulting in = 0.196 and L. = 69.5 um

In order to further visualize the power-coupling limitations due to the
structure of the coupling region, the maximum power-coupling efficiency
n is represented as a function of the modal mismatch ¢ and the coupling
coefficient p (Fig. 2.15).
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Figure 2.15: 3D representation of the power-coupling efficiency 7 as a function of p and
0 and associated level curves from n = 0.1 (dark blue) to n = 0.9 (dark red).
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From the contour plots, we can visualize the conditions on p and ¢ that
must be verified in order to obtain specified cross-coupling and internal
transmission coefficients x and 7. The value of the coupling efficiency 71
defines the highest value of x? that can be achieved for a coupler charac-
terized by the couple (p, 9), whatever the coupling length L. is. As a con-
sequence, the higher the optical losses, the more difficult it is to achieve
critical coupling or optimal transmission slope (cf. Fig. 2.13). Indeed,
higher losses require to obtain either higher mode coupling coefficients p
or lower phase mismatches ¢ or both.

To obtain high values of p, the distance between the waveguides must
be very small, in the range of hundreds of nanometers, or under. Increasing
cross-coupling coefficients x will be then possible to some extent but will
be inherently limited by the resolution of the technology adopted for fabri-
cation of the devices. The constraint on phase mismatch is also important.
However, it is not difficult to achieve low values of § from a careful design
of the waveguides, by matching the effective index of the guided modes.

3.4.2 MMI coupling solution

Obtaining large coupling coefficients is important for the performance of
a microring resonator. It is usually achieved by reducing the distance be-
tween the waveguides in the coupling zone to a few hundreds of nanome-
ters. In a lateral coupling configuration, this means that the resolution of
the fabrication technique for the waveguides needs be well under the hun-
dred of nanometers in order to accurately control the coupling coefficient.
This fact itself requires the use of fabrication methods such as electron-
beam (e-beam), focused-ion-beam (FIB) or nanoimprint lithographies.

Both e-beam and FIB lithographies are very expensive, and have a very
low throughput as they are serial production methods. With reduced cost
and higher throughput due to parallel fabrication, Nanoimprint lithography
1s a better solution. However, it often creates important surface roughness
resulting in significant optical losses in the microring, and requiring further
processing steps to reduce the roughness [52]. To that regard, the use of
UV lithographies is preferable but the resolution they allow is usually not
sufficient to obtain adequate coupling coefficients via evanescent coupling.
An interesting solution to this technical limitation is to replace evanescent
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coupling by creating a MMI coupler. In that configuration, the waveguides
from the bus and the resonator are in contact in the coupling zone. In this
case, during fabrication, the constraint on gap separation does not exist
anymore [53].

4 Additions to the analytical model

4.1 Modal Dispersion

In most situations, the intensity transmittance of microring resonators is
plotted not as a function of the single trip phase delay, but as a function
of the wavelength or frequency in vacuum. It is based on the following

relation:

2
@:igeﬁL (2.41)

As long as the effective index can be considered as a constant, the intensity
transmittance expressed as a function of frequency is strictly periodical,
which means that all resonances will be equally spaced. In comparison,
the transmittance expressed as a function of wavelength is not strictly pe-
riodical since the single trip phase delay is inversely proportional to the
wavelength. However, on a small wavelength range A\ as compared to
the center wavelength g, it is possible to make the following approxima-
tion:

2T

d=""N.L|1
" ff[+

A—X]1t 2r A — N
~ 2N L1 — 2.42
Ao ] Ao ( Ao ) (2.42)

Typical wavelength in this work being 1550 nm, and the typical wave-
length range being 100 nm or smaller, this equation shows that the trans-
mittance, expressed as a function of wavelength can also be treated as pe-
riodical when the effective index is constant. For guided modes inside
the waveguides constituting the microring, material and modal dispersions
will affect the single-trip phase delay via the effective index. In the situa-
tion where these dispersion effects cannot be neglected, the effective index
has to be treated as wavelength (or frequency) dependent. This is common
to fit intensity transmittance of microrings with slight dispersion over large
wavelength ranges (cf. Chap. 3) but more importantly when the dispersion
is high, in small radii silicon microresonators for instance [54].
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Figure 2.16: Intensity transmittances as functions of wavelength and frequency on corre-
sponding ranges for a cavity length L = 100 ym and N.¢; = 1.55

In such cases, the dependency of the effective index Vs on the wave-
length can be expressed in form of a Lagrange expansion, with one or
more orders depending on the dispersion and the required accuracy of the
approximation. In polymer microrings, a first order expansion is usually
sufficient to properly describe the modal dispersion:

ON,
Nepr(A\) = Negr(ho) + (A = Ag) =

o\
= Ng(No) + [ag];ff ()\0)] A

(Ao)
(2.43)

where N is the group effective index.

According to this expression, the intensity transmittance expressed as
a function of the frequency or wavelength is not longer strictly periodi-
cal. Thus, a measurable effect of dispersion in microring resonators is the
variation of the spacings between resonances 7.e. of the free spectral range
(FSR). These variations of the FSR, according to Eq.(2.14), are directly
related to variations of the group effective index. In microrings where
the dispersion coefficient is large, the group effective index can be more
than twice the effective index, which means that neglecting dispersion will
cause huge discrepancies between the required and obtained values of FSR.
Specific effects of a wavelength-dependent effective index on positions of
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the resonances are presented in Fig. 2.17, where the dispersion is moderate,
and in Fig. 2.18 where the dispersion is high.
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Figure 2.17: Effective index, single trip phase delay and intensity transmittances with
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Figure 2.18: Effective index, single trip phase delay and intensity transmittances with
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Until now, it was assumed that the only effect of dispersion on the
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intensity transmittance occurred via the single trip phase delay, affecting
only the positions in wavelength or frequency of the resonances. However,
though not explicitly, the other internal parameters a and 7 also depend
on the effective index of the guided modes, in both bus waveguide and
microresonator [55]. As consequence, dispersion will not only affect the
positions of the resonances, but also their lineshapes. As a direct conse-
quence of dispersion, there is a difficulty to achieve critical coupling, opti-
mal Q factor or optimal intensity slope for several resonances. The effect
of dispersion on the progressive deformation of the resonances lineshapes
in ring resonators can be accounted for by substituting in the expression of
the intensity transmittance the constant coefficients a and 7 by wavelength
or frequency dependent functions. Similarly to the case of the effective
index, these functions can be written in a form of Lagrange expansions:

Oa
a(A) = ald) + (A - N@W (2.44)
7(A) = 7(Ao) + (A = Ao) 51 (Ao)

Depending on the variations of @ and 7 as functions of the wavelength,
the effects on the modulation of the resonances envelope may be different.
In Fig. 2.19, the case where a and 7 have opposite slopes and cross is
presented.

4.2 Modal Birefringence

As explained before in §1.2.3, a typical single-mode waveguide supports
two quasi-orthogonal modes: a fundamental quasi-TE mode and a funda-
mental quasi-TM mode. Due to the differences in phase velocity and trans-
verse intensity repartition between these guided modes, whether within the
bus waveguide or within the microring, internal parameters corresponding
to each mode can be quite different, resulting in distinct intensity trans-
mittances. As a result, a measured intensity transmittance will strongly
depends on the polarization state of the input wave.

We can assume in a first approximation that polarization coupling and
polarization rotation effects can be neglected. This means that quasi-TE
and quasi-TM modes can be considered as completely independent from
one another. Also, as major electric field components of quasi-TE and
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quasi-TM modes are orthogonal, we can neglect interference effects be-
tween the two modes.
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Figure 2.19: On top, arbitrary variations of parameters a and 7 due to dispersion are
presented. Q factors, contrasts and transmittances as functions of the wavelength are
computed in presence (green dashed line) or without (blue solid line) these specific dis-
persion effects (variations in the positions of the resonances are not displayed). Taking
into accounts variations of a and 7 due to dispersion, the shape of the resonance strongly
varies from one extremity to the wavelength range to the other.

Let us consider the situation where light inserted in the single-mode bus
waveguide is linearly polarized in a given direction. After a short prop-
agation length in the waveguide, only guided modes remain so that is is
possible to write the input field as:

Ey = aE!" + /BE

L =oall”+ 0™
where o and 3 appear as constants describing the intensity repartition be-
tween the two modes.

After the coupler, from the hypothesis of strict modal orthogonality,

the output intensity can simply be written as the sum of two independent
contributions:

I = oll® + BIT™M = oTTP[TF 4 pTT™M [TM (2.46)

(2.45)
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where T7F and TTM are respectively the intensity transmittance for the
fundamental quasi-TE and quasi-TM modes. After normalization of the
above expression by the input intensity, we obtain an expression for the
resulting transmittance:

T = «*TTE 4 g™ (2.47)

where o 4+ * = 1, as a result of the normalization. In Fig. 2.20, the
plotted total intensity transmittance of the device is the superposition of the
transmittances of each polarization mode. As a result, the contrast of the
resonances is affected. Also, the interpretation of the transmittance is more
difficult. As we will see on the chapter dedicated to the instrumentation,
TE and TM transmittances can be measured separately using a polarization
controller before coupling to the bus waveguide. Also, both transmittances
can be measured simultaneously by controlling the input polarization state
and by separating both polarizations at the output of the bus waveguide (cf.
Chap.5).
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Figure 2.20: TE and TM transmittances as well as the total transmittance for o* = 0.3 and
g*=0.7
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4.3 Multimodal behavior

Until now, it was assumed that the bus waveguide and the microring could
only support one transverse mode. Indeed, this is a convenient situation for
sensing since the single-mode intensity transmittance can be analyzed in a
straightforward fashion. However, in some sensing applications, it can be
interesting to work with waveguides that have strongly confined fundamen-
tal modes, where most of the intensity of the guided mode is in the core.
Higher and higher confinement factor modes can be easily obtained by
building larger and larger waveguides, or increasing the index contrast be-
tween the core and the surrounding materials. The undesired consequence
of this is an increasing number of modes supported by the waveguides. It is
interesting for the design to determine if the presence of additional modes
will make the sensing by analysis of the intensity transmittance more dif-
ficult or impossible, or if the influence of higher order modes on mea-
surements is neglectable, and/or manageable. In order to do so, a model
was developed to predict measurement results of intensity transmittances
from microrings supporting two transverse modes. This model could easily
be generalized to microrings with an unspecified number N of supported
transverse modes.

In the following, the input field £ is replaced by a superposition of two
input fields with identical polarization state E\"*) and E;(B) with

B2 = a|Ey
B2 = BB (2.48)
a+pB=1

where o and 5 are modal ratios of the total input power. The field F, at the
output of the resonator can be written as a superposition of the two modes

Ei=E" + EP = t,EY 1 tpEP (2.49)

where t4 and tp are the amplitude transmittances for modes (A) and (B),
defined in §2.2.2. The total amplitude transmittance ¢ can then be written

as:
B, EYW EY

t=—= t tp =+Vat t 2.50
BB + BB Vats+ /Bt (2.50)
From this expression, we deduce the total intensity transmittance:
1 * *
T =t] = 5 [a]tA]2 + Blts|* + apB(taty + tAtB)} (2.51)



124 CHAPTER 2. SIMULATIONS OF MICRORING RESONATORS

We now define T4y = |t4]? and T = |tp|? as the independent intensity
transmittances for modes (A) and (B). In addition, we define ® 4 and ®p
as arguments of the complex amplitude transmittances ¢4 and ¢p. These
arguments are the sums of two contributions: propagation of the mode in
the bus waveguide CID(Z’VE ), and propagation of the waves in the resonator

(I)E}i%s), expressed from Eq.(2.5) as:

21
G
CDEXYB) - TNA,BLWG
(RES) TAB — aA7Bej¢A’B (252)
P, p = arg 3
B 1 — aA7B7_A,B€J A,B

where ¢4 p is the single trip phase delay in the resonator for mode (A)
and (B), respectively. From eq.(2.51), the intensity transmittance measured
by a photodetector can be written as a weighted sum of 7}, T’z and an
interference term 7'4_p.

1
T = —|aT 1 —a)T Ty
2[04 "+ ( a)Tp + Ta_p] (2.53)

Ty g = 2\/a(1 —a)TyTgcos(Py — Dp)

Examples of computed transmittance are displayed on Fig. 2.21. The
difference between the effective indices of both guided modes is at the ori-
gin of a modulation of the enveloppe in the total transmittance. In exper-
imental transmittances, such modulation reveals the existence of multiple
modes in the microring and/or in the bus waveguide. This observation can
also be confirmed by the presence of smaller, secondary or tertiary reso-
nance peaks in the intensity transmittance.
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Figure 2.21: Transmittances of the fundamental and first-order propagation modes, and
resulting total transmittance.
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5 Numerical simulations of microring resonators

5.1 Challenges

Several numerical methods are used to simulate the behavior of light in
photonic devices. the two most prominent methods are the Beam Prop-
agation Method (BPM) where the propagation of light along an axis is
determined via transfer matrices, and the Finite-Difference Time Domain
(FDTD) method used in integrated optics to solve Maxwell equations in the
simulated structure. BPM is interesting to use for straight waveguides be-
cause it is much faster and requires less memory than the FDTD method.
For waveguides that are slightly curved such as in the arms of a Mach-
Zehnder interferometer, BPM can provide accurate results using Padé ap-
proximants operators. However, for the study of ring resonators with cir-
cularly bent waveguides, BPM is not accurate enough to obtain satisfying
simulation results. The FDTD method is currently the only method liable
to provide accurate results for the response of a microring resonator and its
application will be described in this section.

The FDTD method can be used firstly in a two-dimensional (referring
to spatial dimensions) simulation, where a 3D guiding structure is trans-
formed, via the effective index method, into a two-dimensional effective
structure. The advantage of doing so is to considerably reduce the time
of computation and the memory requirements in comparison to the direct
simulation of a three-dimensional structure. Despite this simplification, the
2D-FDTD method is efficient to accurately model radial bending losses
in the ring, and the exchange of optical power in the coupling region for
lateral coupling configurations. However, the method does not take into
account effects that are related to the vertical expansion of the evanescent
field, mainly the losses to the substrate and cladding, which are particularly
important in bended regions.

Also, the 2D-FDTD method is inherently unable to model the coupling
region when the microresonator is vertically coupled to the bus waveguide.
In such vases, where important phenomena take place in the vertical direc-
tion, only 3D-FDTD can provide accurate results. In situations when the
use of the three-dimensional method is not entirely necessary, it is still in-
teresting to some extent since this method provides higher accuracy. How-
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ever, some phenomena such as surface roughness scattering are difficult to
take into account because of the very high spatial resolution they require to
model properly. As a consequence, even if the 3D-FDTD is probably the
most accurate method for simulating microring resonator, experimental re-
sults are expected to differ from simulation results.

5.2 Application of FDTD method to ring resonators

5.2.1 Description

The FDTD method is a numerical method developed in its general formu-
lation to solve sets of spatio-temporal differential equations, and is used in
various fields of physics. In photonics, the FDTD method is used for the
full resolution of Maxwell equations with associated boundary conditions
applied to the components of the electromagnetic field. As a consequence,
this method is extremely powerful to model a wide variety of linear or
non-linear electromagnetic effects. In order to illustrate how the method
1s used, let us consider the simple case where the propagation of light in a
waveguide is simulated. Typical preparatory procedure would be:

1. The structure of the waveguide, ie the refractive index distribution,
or profile, is defined in two or three dimensions, depending on the
simulation. Also, the refractive index distribution in the structure can
be real or complex.

2. The computation grid is defined. This sets the spatial resolutions in
each direction, the total number of calculation points and, partially,
the memory requirements for the resolution.

3. The input electromagnetic field is defined. The envelope of field com-
ponents can be chosen constant or time-dependent. It is also possible
to choose between a point source or a plane source, where field dis-
tribution can be chosen to be Gaussian, or to match a mode of the
waveguide, or any other distribution.

4. Observation points and observation planes are placed in the simula-
tion window. Since the amount of memory required to record tempo-
ral evolutions of the field components during the simulation at each
point of the grid would be too great, this is only performed for spec-
ified observation points. Once the simulation is complete, all neces-
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sary information for a thorough analysis of the field structure at these
specified locations can be retrieved.

Once the preparatory procedure is completed, the actual simulation can be
launched. The final step is the analysis of simulation results. This step
is particularly important and difficult because of the existence of several
bias due to the numerical procedure. To that regard, some knowledge is re-
quired to properly interpret simulation results. In the following, the simula-
tion procedure, choice of parameters and analysis of the results are further
discussed.

5.2.2 Spectral and temporal responses

In FDTD simulations, an important choice is the control of the envelope of
the input field. It can be constant or time-dependent.

In the case where the envelope of the input field is chosen as constant
corresponds to the situation where the structure is excited by a continu-
ous wave (CW) laser working at a specified wavelength and with a narrow
spectral linewidth. These simulations are helpful to characterize the sta-
tionary phenomena, optical losses and coupling for instance, taking place
in the simulated structure around a working wavelength. More generally,
these simulations are well suited to study the distribution of light in the
structure, which is of course of interest for the study of microring res-
onators. Also, it is possible to plot the intensity transmittance of such
devices by repeating similar simulations with a varying wavelength for the
CW input. However, this method would be far from optimal since it would
require numerous repetitions of simulations that are already vastly time-
consuming.

In order to study the spectral response of a device, it is much more
appropriate to use an input field with a time-varying envelope, usually
Gaussian-shaped. This corresponds to the experimental situation where
the structure i1s excited by a pulsed laser with a specified center wave-
length, and with a pulse duration that can be chosen arbitrarily small. At
the specified observation points, the temporal evolutions of the compo-
nents of the electromagnetic field will be recorded. These signals can be
directly exploited in studying resonant structures to determine the value of
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the single-trip optical path and of the phase delay at the center wavelength,
and also to determine attenuation and coupling coefficients. Moreover, the
Fourier Transform (FT) of the temporal signal can be used to determine,
after normalization, the intensity transmittance of a structure. This method
is much more time-efficient as the one using CW input and provides the
same accuracy, provided that precautions are taken to avoid biases. Also,
with observation planes, where the temporal signals are recorded, covering
the entire structure, the simulations with a time-varying envelope induce
then in one shot the equivalent of several CW simulations with varying
wavelength. Thus, it can be used for microresonators to identify and study
resonant and anti-resonant behaviors.

Simulations with a Gaussian-shaped time envelope input are associated
with several conditions to guarantee the accuracy of the result. The first
condition is to choose a pulse width in accordance with the wavelength
bandwidth we want to study. The larger the bandwidth, the shorter the
pulse which imposes the choice of a high resolution in time.

Secondly, when computing the Fourier transform of the time-dependent
signals, the size of the time window, i.e. the time window during which the
simulation takes place at the scale of the light propagating in the photonic
circuit, is important. Indeed, from Fourier analysis it is well known that
windowing biases the actual intensity transmittance: the multiplication be-
tween the time response and the window function result in the the convolu-
tion between the intensity transmittance of the device and a sinus cardinal
(sinc) function, which is the Fourier Transform of the associated window
function. Depending on the typical spectral width of the sinc function,
inversely proportional to the width of the time window, characteristics of
the intensity transmittance can be more or less distorted. For instance, in-
tensity transmittances of straight waveguides will not be severely distorted
because of their smooth appearance. On the other hand, intensity trans-
mittances for resonant structures such as ring resonators can be strongly
biased by windowing since the narrow resonance peaks they exhibit are
particularly sensitive to the convolution with a sinc function, especially if
the sinc function is larger than the resonance peak.

Another way to understand this effect on resonant structures is based
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on the observation of the temporal signals corresponding to the transmit-
ted waves. Those signals typically exhibit equally-distanced bumps corre-
sponding to waves arriving at the observation point after traveling in the
resonator for different amounts of cavity revolutions, with amplitudes ex-
ponentially decaying with time. No matter the resonator characteristics,
if the simulation lasts (optical propagation time scale) only long enough
to see the first two waves on the temporal signal, then the calculated in-
tensity transmittance will be a sinus function, such as the one obtained in
a two-wave interferometer. In the opposite situation, with a high number
of bumps present on the simulated temporal signal, the calculated inten-
sity transmittance will be close to the result obtained in the ideal situation
where the time window for the simulation is infinitely long. An optimal
choice of time window corresponds to the situation where the last bump
before the end of the simulation window is barely above the noise level of
the simulated signal. In that case, there is a guarantee that windowing will
not affect the intensity transmittance more than numerical noise.

Because of windowing, the amount of simulation time necessary for a
resonant structure with high quality factor can be several units to several
tens of times larger than for non-resonant structure with comparable size.
The direct consequence is the very large amount of computation time re-
quired to perform optimizations with limited hardware capacities.

5.2.3 Spatial and temporal grids

The spatial grid can be defined in the FDTD method applied to integrated
optics as the set of points where the electric field is determined, while
the magnetic field is distinctly determined at intermediary points, in equal
number. In its simplest form, the spatial grid will be cubic, with equal or
distinct spatial resolutions depending on the direction. However, it is pos-
sible to build a grid where more emphasis, in terms of simulation points, is
given to specific regions that specifically require high resolution to model.
This is particularly useful to optimize memory requirements and compu-
tation time. Indeed, these physical limitations of the hardware used for
simulations make the use of FDTD difficult when resources are limited. In
order to perform simulation in a realistic time scale, it is often necessary
to make a trade-off between accuracy and resource use, and a good knowl-
edge of the simulated structure is crucial to an adequate choice of grid,



5. NUMERICAL SIMULATIONS OF MICRORING RESONATORS 131

limiting the amount of points while providing a good accuracy.

The first aspect to consider is the simulation volume, or spatial exten-
sion of the grid. The numerical bias of concern herein is that all compo-
nents of the electromagnetic field are assumed to be zero outside the sim-
ulation volume. Because of this, a simulated wave propagating towards a
border of the simulation volume will be reflected. This artificial reflection
can subsequently interact with the simulated structure, creating important
bias in the result. However, in state-of-the-art softwares performing the
FDTD method, this specific problem is solved thanks to a technique called
Perfectly Matched Layers (PML). The idea behind this technique is to au-
tomatically add thin layers at the borders of the simulation volume in order
to cancel the reflection, the system of thin layers acting as a broadband,
multilayer anti-reflector. However, PML technique does not change the
fact that the electromagnetic field is set to zero outside the simulation vol-
ume. This is a problem if, for instance, the border of the simulation zone
is too close to a waveguide supporting guided modes with large evanescent
fields. In that case, the presence of the border will have two detrimen-
tal effects to the accuracy. The first effect is that the evanescent field of
the weakly guided mode will be truncated, being arbitrarily set to zero at
the border. Secondly, in addition to this distortion of the intensity distri-
bution related to a guided mode, the presence of the border will modify
its effective index, thus biasing the temporal signals. As consequence, in
applications of microring resonators where large evanescent fields are es-
sential, the volume of simulation should be carefully chosen, for instance
so that truncated portions of the evanescent fields of guided modes do not
exceed, for instance, 1% of the total modal intensity.

The second aspect is the spatial resolution of the grid. To that regard,
ring resonators have very specific constraints to consider. If we consider
the cases of straight or slightly curved waveguides, the spatial resolutions
need to be high in the transverse directions of the waveguide, but the con-
straint is looser in the direction of propagation. Indeed, in these struc-
tures, variations of the field components along the propagation axis are
small. However, for a strongly curved waveguides such as those consti-
tuting ring resonators, variations on small length scales occur in every di-
rection. Then, if the simulated structure is a ring resonator coupled to a
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straight bus waveguide, the resolution along the propagation axis of the
straight waveguide will have to match those in the transverse directions.
Also, an inherent difficulty of simulating planar resonators evanescently
coupled to straight waveguides is that the resolution in the direction where
the waveguides are close needs to be smaller than the gap separation. If
not, the simulator will see the coupled waveguides as if they were in con-
tact, which will significantly alter the properties of the coupler. In order
to simulate a device with 100 nm gap separation, be it lateral or vertical,
this means that the resolution in the gap direction should be in the range
of 10 nm for accurate modelization and optimization. This range of spa-
tial resolution would result, in most instances, in a number of simulation
points too great to perform optimization procedures in a reasonable period
of time, the optimization of the simulation procedure itself taking poten-
tially several weeks for an ordninary computing station. Luckily, the ability
to define a simulation grid with varying resolution allows one to perform
simulations where the density of simulation points can be greatly increased
in regions of interests: coupling regions and more generally regions where
strong variations of the field components occur.

From these two considerations, we can partially conclude that in order
to perform satisfying simulations of microring resonators, the simulation
volume must be chosen large enough, and the spacings between the points
constituting the simulation grid must be small enough, at least in regions
with important variations of the refractive index distribution and/or field
components. Thanks to grids with varying space steps, an accurate sim-
ulation of the evanescent coupling zone for microring resonators seems
possible without too much influence on hardware resources consumption.
However, a particularity of the FDTD method applied to integrated optics
is the use of Yee’s algorithm to solve discretized Maxwell equations, whose
numerical stability is contingent on the respect of the Courant limit [56]:

At < !
e/ (Az)~2 + (Ay) 2 + (Az) 2

where Ax, Ay and Az are the spatial steps, or resolutions, in the X, y and
z directions respectively and At is the time step. From this expression, we
see that if one of the three spatial steps is small compared to the others,
then its effect will be dominant, and the smaller it is, the smaller the time
step will have to be. As the time step can not vary from point to point,

(2.54)
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this means that At will be chosen according to the smallest space step of
the simulation grid. For the simulation of a ring resonator where the time
duration should be chosen according to the time response of the device,
the consequence of the Courant limit is the necessity to perform simula-
tions with a very large number of time steps, increasing the actual time
consumption of the simulation but not the memory requirements.

5.2.4 Gains and limitations

The use of the 3D-FDTD method on ring resonators is mainly limited by
the high memory and time consumptions necessary to perform accurate
simulations of these devices. These limitations mainly come from a par-
ticularly bad conjunction between the necessities of the numerical method
and the accuracy requirements for the simulated devices. Because of this,
the time requirement to simulate a device with typical size of 100 microns
with sufficient accuracy on a personal computer at disposal was roughly
from several days to one week’s time. Moreover, a positive result, where
the simulated device exhibits good intensity transmittance is often not ob-
tained at the first trial. Even if finding a structure with decent character-
istics does not require good accuracy, it can still take several weeks to
achieve.

It was also noticed on several occasions that when trying to simulate
structures that were subsequently fabricated and presented good experi-
mental properties, the simulation results were very different from the mea-
surements, and vice versa; and thus despite careful and precise measure-
ments of the real structures during the fabrication process. Discrepancies
between simulated and actual structures are easily explained by the fact
that a small mismatch between coupling and losses tend to have important
repercussions on the typical resonance contrast. Then, sources of optical
losses that are difficult to simulate with FDTD, such as surface roughness
scattering, are important for device fabrication as they will modify the frag-
ile equilibrium between coupling and losses, thus creating large differences
in behavior between simulated and fabricated devices.

From these observations, the idea to optimize a device using 3D-FDTD
simulations might be wrong. In any case, related difficulties are strong
motivations to look for other efficient techniques to simulate microring
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resonators. It was also clear that in most cases, it was probably much eas-
ier and more efficient to optimize devices by repetitions of prototypes in
fabrication-characterization cycles than via numerical simulations. How-
ever, the use of simulation tools is probably relevant for further understand-
ing of various effects taking place in the structure, and can be of interest in
its applications, such as nonlinear effects. The development of analytical
tools can allow to model very specific aspects of the microrings, the sen-
sitivity to a modification of the surrounding refractive index for instance,
or optical loss sources. Indeed, simulation methods such as 3D-FDTD can
yield reference results for the validation of analytical models [57].

5.3 Numerical simulation of internal parameters

Simulations of microring resonators can be roughly reduced to the calcu-
lation of three key elements: waveguides dispersion, coupling and optical
losses. In order to quantify these effects, analytical expressions exist and
can be used to orientate the design of the device: geometry, materials,
radius of curvature, etc ... However, the accuracy of these expressions is
difficult to evaluate, making accurate predictions on the behavior of a mod-
eled device not realistic. To that regard, state-of-the-art numerical methods
such as 3D-FDTD may achieve accurate simulations, but discrepancies be-
tween the simulated and fabricated structures are too great for validation
or contradiction. Still, numerical methods might be of great help, not in
the optimization of a proposed structure, but in the test and comparison of
very different structures for microresonators. They can be used to deter-
mine which coupling configuration should be chosen, or what waveguide
or cavity shape minimizes the optical losses. The problems raised before
with 3D-FDTD, the only method that can provide accurate results for all
possible configurations, are related to computation facilities at disposal.
These limitations require to seek time and cost-efficient ways to model mi-
croresonators.

5.3.1 General approach

The overall description presented at the beginning of this chapter shows
that the knowledge of the coupling coefficient, the attenuation factor and
the waveguide dispersion are required to determine the intensity transmit-
tance of a microresonator. Instead of calculating these parameters from
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analytical expressions, it is possible to use various numerical methods to
fully or partially determine them, so that they can be injected in the analyt-
ical expressions for the intensity transmittances and related parameters: Q
factor, FSR, finesse and contrast.

5.3.2 Effective indices

The dispersion of the waveguides constituting the microresonators are prob-
ably the easiest aspect to model. Analytical models such as the effective
index method can be applied to various guiding structures: rectangular,
rib, ridge, etc ... Moreover, they can also manage to determine the com-
plex effective index of guided modes in curved waveguides [58], with a
good accuracy. But beyond the effective index of guided modes in straight
or curved waveguides, it is important for the determination of optical losses
and coupling properties to calculate the modal distribution of intensity in
the waveguides, which is in most cases only possible with numerical mode
solvers.

Among numerical methods used to solve modes, the Alternating Di-
rection Implicit (ADI) method - a finite difference method for solving
parabolic and elliptic partial differential equations - proved effective to
determine the entire modal structure of most straight waveguides. The
method, thanks to a conformal transformation [59], can be also efficiently
applied to curved waveguides.

5.3.3 Estimation of optical losses

vViaBPM The BPM method is only accurate to simulate straight or slightly
curved waveguides, with angles roughly smaller than 10 degrees. Accord-
ingly the method cannot be used to study the propagation of light and losses
in an entire ring resonator. However, the method can be easily used to
model the transmission of the straight bus waveguide, and the associated
propagation losses as well as the parasitic reflections that occur on both
ends of the waveguide.

Via FDTD The FDTD method can be used to determine the sum of bend-
ing losses, cladding and substrate losses in ring resonators by adequately
positioning observation planes perpendicular to the waveguide constituting
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the ring. Associated intensity attenuation factor is determined by compar-
ing values of the intensity distribution integral in the selected observation
planes. These simulations are fast since they do not require large amount
of points and a long propagation time. In addition, the optical loss at the
junction between a straight and a curved waveguide, in a microracetrack
resonator, can be determined thanks to the calculated value of the loss co-
efficients due to the propagation in the bended region.

Concerning the coupling losses, they can be determined by placing ob-
servation planes perpendicular to the waveguides before and after the cou-
pling region. In a method similar to the one used to calculate propaga-
tion loss, the integration of optical intensity distribution in both observa-
tion planes will provide after comparison an estimated value of the coupler
intensity-insertion-loss coefficient v (2.2).

5.4 Estimation of coupling coefficients

viaBPM BPM is efficient to model the coupling between straight waveg-
uides, which occurs in microracetrack resonators. The method can also be
used to optimize a MMI coupler replacing evanescent coupler. However,
it cannot be used to study the delicate matter of the evanescent coupling
between the bus waveguide and the curved portions of the racetrack res-
onators, or the curved waveguide forming a ring resonator, which can only
be numerically solved by the FDTD method.

Via FDTD With FDTD, calculating the transmitted and coupled intensity
at the coupler is also achieved by positioning observation planes and spa-
tially integrating the intensity distribution computed at these planes. For
the transmission coefficient, planes are positioned on the straight waveg-
uide before and after the coupler. For the coupling coefficient, planes are
positioned on the straight waveguide, before the coupler, and along the mi-
croresonator, as far as possible from the coupler. Retrieving the value of
the coupling coefficient is more complicated than the transmission coeffi-
cient since it is necessary to take into account for the latter the propagation
loss coefficients, the loss at the junctions in the case of microracetracks.
However, for boths, the accurate value is only obtained if the intensity-
insertion-loss coefficient is taken into account.
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Conclusion

In this chapter were presented models and simulations of passive microring
and microracetrack resonators. A comprehensive list of effects susceptible
to occur in such photonic devices was established, and a rough estimation
on how each effect influence the microresonators response in various situ-
ations was performed.

Following this study, typical analytical model for the microring res-
onator, providing expressions for the intensity transmittance and its charac-
teristics as functions of internal parameters, was presented and discussed.
Roles of the total amplitude loss factor a and the internal amplitude trans-
mission coefficient 7 on the main optical characteristics: contrast, Q factor
and maximal intensity slope were specifically examined. Conclusions on
the values these two parameters should have to yield the best performances
of microresonators, depending on the application, were drawn.

Since a and 7 play significant roles in optimization of the devices, parts
of the chapter were dedicated to establishing analytical expressions and
numerical simulation techniques, in order to calculate and predict their ex-
perimental values.

Analytical expressions of the internal parameters suggest wavelength-
dependent behaviors of the microresonators that are not accounted for in
a typical "starting-point" model. As consequence, additions to the initial
model were suggested, and corresponding effects were simulated.

Finally, the use of both Finite-Difference Time-Domain (FDTD) and
BPM methods applied to the study of microresonators, specifically micror-
ings and microracetracks, was discussed. One of the major conclusion
emerging from this part is the absolute necessity to confront models and
simulations to experimental results.

The experimental verification of the developed models of microring and
microracetrack resonators has to do with both fabrication and analysis of
the experimental data. These aspects are the subjects of the next two chap-
ters.
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Chapter 3

Fabrication of microring resonators

Introduction

Fabrication plays a decisive role in the performances of microring res-
onators, with consequences on the quality of the device for any kind of
application. In many cases, large defects of the guiding structure, intro-
duced during the fabrication process, require to modify the design of the
resonators. Necessary changes can be related to materials, to patterning
techniques and also to the geometry of both waveguides (height, width,
...) and microcavity (radius, coupling length, ...). Moreover, the quality
of hand-made micrometric devices can be inconsistent because of the diffi-
culty to exactly reproduce decisive steps of the fabrication procedure, such
as thin-film deposition or mask alignment. Consequently, the main chal-
lenge related to fabrication is to find a working combination between de-
sign and fabrication technique. A second challenge is then to gain enough
control of the whole fabrication procedure to obtain repeatable optical per-
formances of the microresonators. Another important aspect to consider is
the repeatability of experimental results, more specifically in bio-chemical
sensing experiments. For these applications, the physico-chemical state of
the surface is very important, and can be very easily deteriorated. In these
situations, careful handling of the devices after fabrication is equally 1m-
portant to obtain repeatable experimental behavior of the microresonators.

In order to demonstrate the relevance of a microresonator design and of
the associated fabrication procedure, performances of a device as well as
the repeatability of its behavior in application are necessary, and sufficient.
However, for the next levels of device development, towards a working
prototype that could meet potential customer needs, constraints may be
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different. For instance, the performances of a device are always to be ex-
amined in relation to its fabrication cost, which is in fine mostly dependent
on the materials and the fabrication procedure required by the design. To
that regard, though the question: "Is it really worth it ?" is difficult to an-
swer in some cases, it should be at least part of the design considerations.
Robustness of the fabricated devices can also be an important issue for tar-
geted applications.

Also, depending on the application, the microresonator can only be a
small part of a much more complex system. When the resonator is the
key element, the fabrication of the whole system is dependent on the de-
sign of the microresonator. As consequence, another design consideration
related to the fabrication should be the ease of integration, especially for
label-free biosensors, requiring an association of the optical device with
microfluidics and thus forming an optofluidic device. A design achieving
promising preliminary results but that would not be suited for integration
in larger systems would have to be rejected for most applications.

1 Fabrication Procedures

1.1 Introduction

Over the last years, numerous techniques have been proposed to produce
microring resonators. The variety of existing procedures is related to the
variety of materials that can be used, and also to the numerous options
available in terms of profiles of the waveguide geometry (rectangular, rib,
ridge, slot, . ..) and of coupling configurations (evanescent or MMI, lateral
or vertical).

In this work, for practical reasons, but also with the idea to build high-
quality and low-cost prototypes of microring devices, all fabrication pro-
cedures were based on near-UV lithographies as patterning technique. The
main limitation of near-UV lithography is the poor lateral resolution (500
nm at best) of the technique for patterning. In consequence, fabrication of
laterally-coupled microring resonator, requiring lateral resolutions in the
100 nm range, is practically impossible with this technique. As discussed
before, lateral MMI coupling configuration could however be used. This
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limitation rapidly appeared to be more of an advantage than a constraint.
Near-UV lithography is cost efficient and easy to handle, but more impor-
tantly very versatile. Indeed, there is a large variety of photoresists with
excellent optical and mechanical properties. Also, thanks to lithography
mask aligners, three-dimensional patterning of the structure is relatively
easy, specifically for the fabrication of vertically-coupled microring res-
onators. This is particularly important for bio-chemical sensing applica-
tions where the gap between the ring and the bus waveguide should not
be modified by the analyte [18]. In addition, near-UV lithography intro-
duce very moderate surface roughness, which can be the dominant source
of optical loss in the microresonator. Other lithography techniques such as
e-beam or nanoimprint, in comparison, produce much more surface rough-
ness, and usually require additional steps such as thermal reflow [52] in
order to achieve good optical characteristics of the microrings.

The fabrication of planar microresonators using UV lithography as pre-
sented in this chapter, is based on the conjunction of several procedures:
spin coating, UV lithography direct or indirect patterning, Reactive Ion
Etching (RIE) and, as an usual final step, wafer slicing.

1.2 Spin coating

1.2.1 Presentation

Spin coating is a very well established method used to deposit uniform thin
films (over 200 nm) and ultrathin films (under 200 nm) of polymer materi-
als to planar substrates. It is most often employed in the microelectronics
industry to produce photoresists films with thicknesses in the micrometer
range. A machine used for spin coating is usually called a spin coater.

Before the spin coating process, an excess of diluted solution containing
monomers, building block of the selected polymer, is first deposited on the
substrate, typically from a syringe. Then, the substrate is accelerated to a
desired, high rotation speed. Owing to the centrifugal force, the solution
flows radially and excess is ejected off the edge of the substrate. During
this ejection phase, the film thinning can be considered to be only due to
the radial, outward flow [60]. After this initial stage, the film becomes es-
sentially immobile because of a dramatic rise in viscosity due to solvent
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evaporation. Further thinning of the film is then due solely to solvent evap-
oration. Once spinning is complete, the substrate can be deposited on a hot
plate to the small quantity of solvent remaining in the thin film.

Since the thinning is related to both fluid rheology and solvent evap-
oration, the final thickness of the film will depend on numerous physico-
chemical parameters of the solution: concentration, viscosity, volatility of
the solvent, ... The final thickness will also logically depend on the three
parameters of the spin: the acceleration phase, the stationary rotation speed
and the spinning time duration applied to the substrate. Depending on these
parameters, the range of achievable thicknesses with spin-coating, depend-
ing on the material, can go from 10 nm to 200 pm.

Several models of thin film deposition by spin coating exist [60, 61, 62]
and are successful in predicting experimental thicknesses. These models
are useful in order to optimize spin coating procedures with custom made
solutions. For commercial solutions, optimization usually starts from pro-
vided technical information, where typical process is explained in details
and graphs indicate which rotation speed shall be chosen to obtain a tar-
geted thickness, with usually sufficient accuracy. Further control of the
deposited film thicknesses and quality rely on experiential knowledge.

1.2.2 Undesired effects

During a spin coating procedure, a few undesirable effects always occur
and special care is required to diminish their consequences. The first class
of undesirable effects produce defects in the films at random locations,
such as typical comet-shaped inhomogeneities. These defects can be cre-
ated by the presence of small bubbles in the solution. Also, they can occur
in the presence of impurities such as dusts or particles trapped in the film.
These are usually present initially on the surface of the substrate, or can be
introduced during the spinning steps.

In Fig. 3.1, pictures show that impurities create large local variations
of thickness, which is particularly detrimental in (b) and (c) because de-
fects are located on the waveguides. The worst case scenario is presented
in picture (c¢) where a defect on the surface caused a nitrogen (N») or air
bubble to be trapped in the deposited film during the spin coating. It is also
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noticeable that previous irregularities of the surface, for instance due to
the presence of rectangular waveguides, have a tendency to trap impurities
during the spin coating procedure, which is the most problematic point.

In Fig. 3.2 are presented examples of defects introduced by the pres-
ence of bubbles from different sizes. In picture (a), a large number of tiny
bubbles created by the syringe filter used to transfer the solution to the sub-
strate cause important surface roughness, each bubble being at the origin of
a typical comet-shaped defect. In picture (b), larger bubbles caused almost
periodic defects in an insulating thin film. Far from the waveguide, they
have little consequence, but defects located on the waveguide can cause
severe alterations of the propagation of light such as backward reflections
and strong stress-induced birefringence. A few useful precautions to re-
duce the number of occurrences of these defects are described in 3.4.

A second class of undesirable effects are related with non-uniformity of
the film thickness, and with the spatial distribution of the deposited mate-
rial on the substrate. For instance, a resist volume which 1s too small to
cover the whole surface of the wafer can result in uncoated areas on the
substrate, also called striations. A more recurrent problem is the formation
of so-called edge beads forms, ie zones located near the edges of the sub-
strate where film thickness dramatically increase because of border effects.
Edge bead formation can infer numerous detrimental effects. For instance,
it creates a variation of film thickness from the center to the outer part of
the substrate that can be relatively important. Also, for photoresist layers,
edge beads can stick to the lithography mask, making the achievement of
a minimal gap separation between the mask and the resist during exposure
impossible, with a reduced lateral resolution as a result.

Ultimately, the spin coating procedure can only work if there is enough
adhesion between the substrate and the solution, which is classically ob-
tained when both are hydrophobic or hydrophilic. Adhesion issues can
specifically occur when producing multi-layer structures, since the differ-
ent materials may not be compatible. Insufficient adhesion can result in
strong non uniformity of the thickness of the film, with regions, usually in
the outer parts of the substrate, where no material is deposited. In the worst
case scenario, no material is actually deposited on the surface. In order to
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Figure 3.1: Examples of thin film defects produced by impurities.

Figure 3.2: Fabrication steps for a SU-8 vertically-coupled ring resonator
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improve adhesion between incompatible materials, an adhesion promoter
such as Hexamethyldisilazane (HMDS) can be used. Other satisfactory so-
lutions consist in modifying the surface state of the substrate via low power
plasma treatment for surface activation.

1.2.3 Typical procedure

All polymer films produced in the scope of this dissertation where so from
commercial solutions. The thin films where fabricated from a Karl Suss
RC8 spin coater, in ENS Cachan cleanroom facility. Different class of
materials where deposited: SU-8 for negative photoresists, S18 for posi-
tive photoresists, silica sol-gels (SOG), and fluoropolymers (CYTOP). For
each solution, the starting point in finding an optimal procedure was to rely
on the technical information. Then, procedures were individually adapted
to each solution in order to meet specific requirements: optimal adhesion,
stronger solvent evaporation, better thickness uniformity, etc ... To do so,
theoretical and empirical knowledge were equally important.

In general, the SU-8 photoresist [63] was extensively used in the scope
of this dissertation. First as core material for the waveguides, it was de-
posited in thin films with thicknesses varying between 500 nm to 5 mi-
crons, then was either directly (rectangular waveguides) or indirectly (rib
waveguides) patterned with near UV lithography (see 1.3). The specificity
of the procedure optimization was in that case to control thicknesses of the
fabricated films. It was also to obtain, with good reproducibility, surfaces
with minimum defects, those being very detrimental to the waveguides, and
difficult to detect from control tools. This material was also used to build
molds for the fabrication of microfluidic channels. Compared to the "op-
tical" films, the SU-8 films fabricated for microfluidics applications were
much larger, with thicknesses between 20 and 150 microns. It implied to
use SU-8 solutions with much higher viscosities, thus requiring adaptation
of the fabrication process. However, as compared to optical elements, the
advantage of microfluidic elements is their relatively large scale, which
make the constraints on film uniformity and cleanliness less severe. Also,
defects of microfluidics elements have usually much less impact on the
overall behavior of an optofluidic device than defects on optical elements,
especially on microresonators. Finally, non patterned layers were fabri-
cated in order to perform experiments on the surface functionnalization of
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SU-8, where the thickness did not matter, but where the regularity and per-
fect cleanliness of the surface was crucial for reproducibility of the results.

In the following, a typical spin coating procedure to produce 2-pum-
thick SU-8 films for optical elements is roughly presented:

I.

The starting point of any spin coating procedure is to know which
material to deposit, and which value of the film thickness to obtain.
This questioning may extend to additional parameters, such as density
of the film and thickness homogeneity.

The targeted thickness gives usually enough information to select a
solution with appropriate monomer concentration and solvent type.
From technical information or self-obtained measurements, an ade-
quate rotation speed can then be chosen. Situations where two or
more solutions are known to provide the targeted thickness can occur.
In such case, the selected solution should be the one that achieves the
targeted thickness with the higher rotation speed, usually correspond-
ing to the solution with the higher viscosity. This choice optimizes
thickness uniformity of the film on the substrate.

As part of the preparation of spinning, the substrate is positioned on
the holder and maintained in place thanks to aspiration from a vacuum
pump. It is important to center the substrate on the holder to obtain
a thin film with radial symmetry. The solution, previously loaded
in a syringe, is filtered to remove impurities and transferred to the
surface of the substrate. Additionally, specificities of the spin coating
process (speeds and durations) are entered in the spin coater. Then,
the spinning procedure can be started.

The "spread" step is a phase where the rotation speed is low (500 rpm,
typically). The solution is spread on the wafer so that it uniformly
covers the whole substrate surface. The time duration of this "spread"
step, in the range of seconds, depends on the viscosity of the solution.
The acceleration is usually chosen as low, typically 100 rpm/s.

. The "spin" step corresponds to the phase of high speed rotation. For

the "spin", typical acceleration is chosen between 300 rpm/s and 1000
rpm/s. Depending on the targeted thickness, the stationary rotation
speed can extend from 800 to 4000 rpm. Using speeds lower than



1. FABRICATION PROCEDURES 147

800 rpm usually results in poor thickness homogeneity, whereas 4000
rpm corresponds to a limit of the spin coater. The duration of the spin
is about few tens of seconds, which is usually long enough for the
solvent to almost completely evaporate.

6. The "soft-bake" step. After deceleration, substrate is removed from
the holder and deposited on a hot plate at temperatures from 65 to
115°C, for one to three minutes. On some occasions, the soft-bake
step can be skipped but for photoresists, it is quite important for sta-
bilizing the surface and to evaporate solvent remains trapped in the
thin layer.

7. If the thin layer is meant to be kept as is at the end of the soft-bake,
the substrate goes directly into a oven for an hard-bake step, where it
is cooked at temperatures between 100°C to 200°C for durations from
30 minutes to 3 hours. The purpose is to fully cross-link the polymer
material, hence to make it very resistant to degradations from further
fabrication steps, or from utilization. However, if the film is meant to
be patterned by UV lithography, the hard bake step will be realized
after patterning.

The higher is the speed, the best is the homogeneity. The last parameter
is the duration of the coating step. This parameter has an effect on the
solvent evaporation. As a result, depending on this parameter, it is possible
to modify the amount of solvent that will remain in the layer. This has both
an effect on the refractive index of the layer and its thickness, though both
modulations are not strong (few percents).

1.3 UV lithography patterning

1.3.1 Presentation

UV lithography (also called "photolithography" or "optical lithography")
is a fast, versatile and low-cost method used in microfabrication for pat-
terning bulk substrates or thin films, typically deposited by spin coating
and with thicknesses up to 100-150 pm. It uses UV radiation to trans-
fer a two-dimensional geometric pattern previously imprinted on a "pho-
tomask", or lithography mask, to a light-sensitive chemical "photoresist",
usually a polymer, in the form of a thin film deposited on a substrate. After
exposition, the photoresist film is plunged in a developer bath, where the
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three-dimensional pattern engraved in the film is revealed. In analogy to
photography, a photoresist is said to be positive if only the portion exposed
to UV is soluble in the developer, and thus removed. In opposition, a pho-
toresist is qualified as negative when its exposed portions become insoluble
in the developer. Thus, only the unexposed parts are removed. Compari-
son between two typical negative and positive tone resists is presented in
Tab. 3.1 1.

Characteristic Microchem SU8-2000 | Shipley S18
Tone Negative Positive
Relative Cost Less expensive More expensive
Developer Base Organic Aqueous
Lateral Resolution 1 0.48

Step Coverage Lower Higher

Wet Chemical Resistance Excellent Fair

Adhesion Strength Si/Glass | Higher Lower

Aspect ratio > 20 Higher

Table 3.1: Comparison between two typical negative and positive photoresists.

Patterning positive or negative photoresists from photolithography is a
straightforward technique and can be referred to as direct patterning (cf.
Fig 3.3).

3 34+3 3 4 3+3 3

_~ Lithography mask ~,

Photoresist
Substrate

Developing
and
processing
Positive photoresist Negative photoresist

Figure 3.3: Direct patterning of a photoresist material.

UV lithography is also used to indirectly transfer a pattern to any mate-
rial, not just photoresists, that can be chemically etched by a liquid ("wet"

!Comparison is made from technical information and generalizations usually accepted in the MEMS
fabrication industry, physical properties of photoresists being in most instances unavailable
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etching) or a plasma ("dry" etching), using RIE for instance. In that case, a
photoresist 1s deposited on top of the layer to be patterned. A first pattern
is transferred via lithography to the photoresist. Then, the whole surface
1s put in contact with a physical or chemical etchant. During the etching
steps, only the parts of the initial layer that are not covered by the photore-
sist will be removed, the other regions being physically protected from the
etchant by the photoresist (cf. Fig 3.4). After etching, the remaining pho-
toresist is removed with an adequate solvent. The final pattern obtained on
the film is complementary to the one applied to the photoresist.

333 3

Developing
processing
_
Material to pattern
Etching
Photoresist ——
removal

_

Figure 3.4: Undirect patterning of a etchable material via negative photoresist.

1.3.2 Limitations

The actual limitations of photolithography in terms of resolution are almost
entirely related to the diffraction that takes place in the exposure system. In
maskless lithography, which includes laser writing and interference lithog-
raphy, the resolution is limited by the focusing volume. This is also the
case in projection exposure, where current state-of-the-art photolithogra-
phy systems use deep ultraviolet (DUV) light from excimer lasers with
wavelengths under 250 nm, and large NA optical systems allowing reso-
lutions down to 50 nm. Projection systems are specifically used for Very-
Large-Scale-Integration (VLSI) systems, mostly because of the large size
of the substrates that makes other techniques difficult to use.

In research, contact or proximity lithography is often employed since it
uses inexpensive hardware and can nevertheless result in high optical res-
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olution. In such lithography, the photomask, usually a square fused quartz
substrate covered with a patterned layer of chromium, is positioned in di-
rect contact or near the photoresist thin film, covering the entire surface
of the substrate. The chromium layer blocks the collimated light from the
source, thus positively or negatively transferring (depending on the tone of
the photoresist) its pattern to the thin film.

The optical resolution in contact or proximity lithography is limited by
Fresnel diffraction on the edges of the individual chromium patterns, and
can be roughly expressed as:

Az = VAD (3.1

where Ax is the lateral resolution, A is the limiting wavelength, and D is
the distance between the chromium layer and the photoresist. According
to this expression, a better resolution is obtained with shorter wavelengths,
and when the film is thin and as close to chromium as possible. Fresnel
diffraction has a typical distortion effect on the vertical edges, waveguides
sidewalls for instance, in the patterned film. In Fig. 3.5, a SEM image
partially shows the distorted sidewall of a 2 pm thick fabricated rectangular
waveguide approximately.

5.00kV 9.9mm x27.0k SE

Figure 3.5: SEM image of an edge of a rectangular waveguide produced by direct pho-
tolithography patterning
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The actual shape of the waveguide sidewall is due to a combination of
Fresnel diffraction and of the photoresist threshold, ie the minimal opti-
cal power applied to the resist so that the exposed region remains (when
negative), or is removed (when positive), during development. As a con-
sequence, distortion of the edge and lateral resolution will depend on the
resist itself, on the exposure system, on the the exposure duration, on de-
velopment duration, and finally on the thickness of the photoresist film.

When patterning is indirect, the final result will also depend on the etch-
ing method used to remove unwanted regions of the thin film or bulk ma-
terial. Naturally, wet etching is an isotropic process (for isotropic materi-
als), tending to etch the material in any direction, thus resulting in negative
sidewalls: base of the waveguide is thinner than the top. However, such
isotropic etching, well controlled by etching duration, can be used to pro-
duce waveguide pedestals in order to reduce optical losses to the substrate
for rectangular waveguides. In opposition, any plasma etching techniques,
if the parameters are chosen correctly, are strongly anisotropic and etch the
film mostly vertically, thus reproducing the pattern on the photoresist with
a better fidelity.

Besides the issue of lateral resolution, a very important aspect of this
fabrication procedure applied to waveguides is the adhesion between the
photoresist, and/or the material to indirectly pattern, and the substrate. The
quality of adhesion is generally quantified by the adhesion strength, a sur-
facic force usually expressed in Pascals (Pa). Thus, for a given adhesion
strength, the total force maintaining an individual pattern on its substrate is
proportional to its surface. Because they are usually long (few c¢m) and lat-
erally thin (1 to few pum), waveguides are particularly sensitive to any force
that may apply locally to them, such as stress due to the expansion or con-
traction of the waveguide material and/or the substrate, and even buoyancy
in the developer solution. For waveguides with widths that are too small
relatively to the adhesion strength, the insufficient adhesion will result in
a partial of full detachment of the waveguide, either during development
or during later stages of fabrication. The adhesion strength, if small, can
thus be a more crucial limiting factor to the smallest achievable waveguide
width than the lateral resolution of the lithography.
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With the equipment available in our clean room facility, the minimal
width obtained for 2 pm thick SU-8 waveguides constituting the micror-
ings was three microns, several times larger than the value allowed by lat-
eral resolution of near UV-lithography.

1.3.3 Typical procedure

Photolithography was mainly employed to pattern SU-8 or S18 films, ei-
ther directly or indirectly, using mask aligners from Karl Suss, the MJB3
for microfluidic elements and the MJB4 for optical elements, the latter
allowing easier and more reproducible alignment of different levels of pat-
terning, necessary to build vertically coupled microresonators. These ap-
paratus perform lithography by shining UV radiation, for a controlled ex-
posure duration, through a photomask (cf. Fig. 3.6) in contact with the
photoresist film. Depending on the applied pressure between the substrate
and the mask, the contact can be soft or hard. Hard contact yields bet-
ter lateral resolution but can deteriorate the mask more rapidly than soft
contact.

= ’ﬁllf-‘

Figure 3.6: Schematics of two superimposed photomasks for the fabrication of vertically-
coupled microresonator. In the bottom, marks are applied to both masks in order to align
the first green patterns to the blue patterns on the second-level mask.

In all situations, the resist films where obtained from spin coating pro-
cedures such as described in 1.2. Exposure to UV takes place right after
pre-bake of the resist where solvent remains are driven off. When needed,



1. FABRICATION PROCEDURES 153

the photomask is then aligned with patterns previously formed on the sub-
strate using alignment marks (cf. Fig. 3.6).

For a two-micrometer-thick photoresist layers, the exposure duration is
typically around ten seconds. Exposure duration is particularly important
when patterning waveguides on negative resists. Indeed, if it is too short,
corresponding to under-exposure, a thin layer of resist in contact with the
substrate will not be sufficiently exposed and will be removed during de-
velopment, thus detaching the whole waveguide. The consequence of over-
exposure is less dramatic: an exposure duration that is too long results in

a widening of the base of the waveguide due to Fresnel diffraction (cf.
Fig. 3.5).

After exposure, a second bake, the post-exposure bake (PEB), is per-
formed in order to catalyze either the chemical reactions responsible for the
cross-linking of negative resists [64], or the deprotection reactions making
the exposed positive resists soluble in their developer. SU8-2000 com-
mercial solutions are composed of SUS8 dissolved in an organic solvent,
the gamma-butyrolacton (GBL), and photosensitized with triaryl sulfo-
nium salt in propylene carbonate solvent, allowing protolysis in the wave-
length range of conventional broadband mask aligners [65]. The photo-
acid thus formed during exposure is responsible for the cross-linking of
SUS8 molecules. The reaction kinetics of the cross-linking reaction is very
slow at room temperature. The temperature of the PEB is chosen as high
enough to substantially increase the reaction kinetics, but not so high that
cross-linking may occur in unexposed regions of the film. The typical PEB
applied to exposed SU-8 films was 1 minute at 65°C' followed by 1 minute
at 95°C. In thick SU-8 structures, PEB is also known to reduce the effects
of interferences occurring in the photoresist film due to partial reflections
of the exposure light, by increasing the diffusion length of the photo-acid.

Before developing the film, it is usually necessary to let it cool down af-
ter PEB in order to avoid strong thermal variations when it is plunged in the
developer solution. Typical duration of the developer bath is one minute,
during which the developer solution can be smoothly agitated above the
film. Then, the development is stopped by plunging the film in a second
bath, isopropanol for SU-8 films and DI water for S-18 films.



154 CHAPTER 3. FABRICATION OF MICRORING RESONATORS

In the case of a direct patterning, the subsequent and final step is a hard-
bake of the resist, which is meant to further solidify the resist in order to
make it more resistant to chemical or physical degradation. In case of in-
direct patterning, the resist first undergoes an etching procedure. Potential
remains are then removed by a resist stripper. Contrary to direct patterning,
the procedure does not need to end with a hard-bake since the patterned
layer already underwent such a step before resist deposition.

1.4 Reactive Ion Etching (RIE)

1.4.1 Generalities on etching

Etching is commonly used in microfabrication to chemically remove full
or partial layers of materials from the surface of a wafer during manu-
facturing. For many etching steps, a part of the wafer is protected from
the etchant by a protective material which protects the material underneath
from the etchant. As described before in an indirect patterning procedure,
the protection layer can be a photoresist previously patterned using pho-
tolithography.

If the purpose of etching is to remove a thickness of a material, control
of the depth of the etch is achieved using the etching time and the etch rate,
known from calibration. In most situations, it is preferable that etching
does not affect the protection layer. This ability, referred to as selectivity
of the system, depends on the ratio between etch rates of the material to
etch and that of the protecting layer material.

Another issue in etching is the sharpness of the sidewalls in the etched
material. In most situations, straight sidewalls are desired to produce well-
controlled features, which means that the etch needs to be anisotropic. A
perfectly anisotropic etching will have a non-zero etch rate only in the di-
rection normal to the substrate.

Wet etching techniques, using liquid-phase etchants, are mostly isotropic
when applied to isotropic materials. This characteristic usually disqualifies
them from any use in the fabrication of optical waveguides, where the con-
trol of the transverse geometry is important. For the same reason, modern
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VLSI processes avoid wet etching, and use plasma etching instead. Indeed,
plasma etchers can control etching anisotropy by adjusting parameters of
the plasma.

Ordinary plasma etchers, with typical pressures between 0.1 and 5 Torr
(1 Torr = 133.3 Pa), produce energetic, free and neutrally charged rad-
icals that react with the surface of the wafer. The source gas for the
plasma usually contains small molecules rich in chlorine or fluorine. For
instance, carbon tetrachloride (CCl,) etches silicon and aluminium, and
trifluoromethane etches silicon dioxide and silicon nitride. Since neutral
particles attack the wafer from all angles, the etching process obtained is
isotropic. In opposition, ion milling, or sputter etching, uses lower pres-
sures, often as low as 10~* Torr (10 mPa). Materials are bombarded with
energetic ions of noble gases, such as Argon, which hit atoms from the
substrate by momentum transfer. The ions tending to approach the surface
from one direction, this process is more anisotropic than regular plasma
etching [66].

1.4.2 Description

With operating pressures between 1073 and 10~! Torr, Reactive-ion etch-
ing (RIE) can be considered an intermediate between sputter and plasma
etching, and is commonly used in microfabrication.

A parallel plate RIE system consists of a cylindrical vacuum chamber,
with a wafer platter located in the bottom portion of the chamber. The
wafer platter is electrically isolated from the rest of the chamber, which is
usually grounded.

A RIE system such as the one available in ENS Cachan clean-room fa-
cility is composed of a cylindrical vacuum chamber with a wafer platter
located in its bottom. Gas enters through small inlets in the top of the
chamber, and exits to the vacuum pump system through the bottom. Types
and amount (quantified by flowrate) of gas vary depending upon the etch
process. Typically, oxygen is used to etch polymers. The pressure in the
vacuum or plasma chamber is typically maintained between a few mTorr to
few hundreds of mTorr, integrating gas flowrates in a valve position control
of an exhaust orifice. The plasma is generated by applying a RF powered
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electromagnetic field to the wafer platter, with a power of few hundreds
Watts. Gas molecules, stripped of their electron, are ionized, creating a
plasma. From the action of the oscillating electric field, liberated electrons
are moving up and down in the chamber. Meanwhile, the movements of the
much heavier ions are not affected by the RF electric field. When electrons
are absorbed into the chamber walls, they are simply fed out to ground and
do not alter the electronic state of the system. However, electrons stripped
from the wafer platter cause the platter to build up a large positive electric
potential, typically 300 volts, due to its DC isolation. On the contrary, the
plasma develops a slightly negative charge due to the higher concentration
of negative ions compared to free electrons. Because of the large voltage
difference, negative ions tend to drift toward the wafer platter and collide
with the surface.

At this point, two etching processes coexist. The negative ions can
chemically react with the materials on the surface, or can also knock off
(sputter) material particles by impact. Thanks to the mostly vertical deliv-
ery of the ions, this technique can produce very anisotropic etch profiles,
hence sharp waveguide sidewalls. However, etch anisotropy strongly de-
pend on the many process parameters, such as pressure, gas flows, and RF
power.

RIE can also be used for the activation of the surface of a substrate,
to achieve good adhesion between the substrate and a material to be de-
posited. For this application, parameters are usually selected so that the
etch rate is low.

1.4.3 Typical procedure

Typical procedure was to etch SU8 thin films covered with S18 patterns
to fabricate rib SU-8 waveguides. This was achieved with oxygen gas. A
first step of RIE etching is to produce vacuum around 10~° Torr in order to
clean the chamber from possible remains of previous etching procedures.
This guarantees the reproducibility of the procedures. Then, the vacuum
is broken and the chamber returns to ambient pressure, at which point the
wafer can be placed in the chamber. In order to prepare for the etch, a
vacuum similar to the initial one is created again. Then, the pressure of
the chamber and the flowrate of O, were typically set at 30 mTorr and 10
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sccm?, respectively. Once these parameters are stabilized, which usually

takes one minute or so, the RF electromagnetic field is applied, which cre-
ates the plasma. The duration of the etch is measured from this moment.
The etching is stopped when the RF field is shut down, after which pressure
regulation and oxygen flow are stopped so that high vacuum can once again
be created in the chamber. After a sufficient time, vacuum can be broken so
the chamber returns to ambient pressure. At this point, the etched surface
can be retrieved.

Though not essential to the etching procedure, it can be important to
determine precisely the etching rates of the various etched materials for
each procedure, especially when new parameters are tried, but also to make
sure that the RIE system functions normally. This means that thicknesses
of the layers must be measured before and after the etching procedure.
Such measures are achieved with a profilometer (cf. 2.2).

1.5 Wafer slicing

Wafer slicing consist in breaking the silicon wafer at specific locations to
obtain an adequate size of the photonic device. This step can be very del-
icate if done manually since the wafer can easily break to multiple pieces,
making the fabricated device impossible to use. The quality of the slicing
can also be very important. Indeed, for microresonators with bus waveg-
uides in which light is coupled and retrieved at the output from microscope
objectives, or from butt-coupled fibers, the quality of the transverse cut per-
formed to the waveguides at input and output plays an important role in the
coupling loss and source to detector transmission. If the cut is sideways,
high amounts of optical power can be lost at input and output facets of
the waveguides. Also, the straightness of the cut is important for practical
reasons, whatever the coupling scheme.

2The scem flowrate unit stands for "standard cubic centimeters per minute"
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Figure 3.7: Successtul slicing of the wafer resulting in a clean break of SU8 waveguides
all along the cut.

To achieve a good slicing, we have to rely on the crystalline planes of
the silicon wafer. The best result is achieved when a cut is achieved by
propagating a break along a crystalline plane (cf. Fig 3.7), which requires
some experience. Also, it is important for a good cut of the waveguide
that these waveguides are built well perpendicular to the crystalline planes
corresponding to the slicing direction.

2 Control tools

In the development of a fabrication process, using several fabrication pro-
cedures, controlling the device after each fabrication step is particularly
important since it is the only way to control the cleanliness of the fabri-
cated devices, and also its conformity to the specifications of the design.
These verifications take time, and, as measurements are submitted to nu-
merous biases, a good knowledge of the control tools is necessary to per-
form accurate observations. Once a fabrication process is well established
and controlled, precise measurements of the thicknesses of deposited lay-
ers, width of waveguides, and other such parameters become less necessary
and time can be saved. In such case, with a good knowledge of the process,
a direct visual control between fabrication steps is usually sufficient.

Hereafter are described some the control tools used inside or outside the
cleanroom facility.
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2.1 Optical microscopy

Optical microscopy is an easy to use tool in clean room to verify if one
given fabrication step went according to plan. It is possible to accurately
check the widths of the patterned waveguides as well as the homogene-
ity of the surface. Also, small defects are usually visible with a regular
microscope with objectives from x5 to x100 magnitudes. Many illumina-
tion techniques such as cross-polarized light and dark field illuminations
improve image contrast, making the observation of defects easier.

2.2 Contact profilometer

A profilometer is a common appellation for a measuring apparatus whose
purpose is to characterize the profile of a surface, mainly to quantify its
roughness or geometry. Initially, profilometers where only contact pro-
filometers, where the relative movement of a stylus in contact with the sur-
face 1s used to characterize it. Nowadays, numerous non-contact profilom-
etry techniques exist, such as laser triangulation, confocal microscopy, low
coherence interferometry and digital holography [67]. Despite their inter-
esting qualities, contact-profilometers are usually preferred as control tools
in most microfabrication processes.

In recent contact profilometers, a diamond point (or stylus) is slowly
moved downwards until it contacts the sample to characterize. Then, the
sample moves along a given lateral direction and for a specified distance
and with a specified speed, thus scanning a part of the surface. The scan-
ning speed has a role in the lateral resolution, but also in the fidelity of the
measured steps. Lower speeds provide the best accuracy, and also prevent
the stylus from damaging the surface. This also depends on the tracking
force. The contact or tracking force is the force that maintains the stylus in
contact with the surface, and is commonly expressed in its weight equiv-
alent, from 1 to 50 mg. When the contact force is low, the stylus as less
chance to damage the surface, but then a brutal variation of the surface to
measure is more likely to make the stylus bounce.

State-of-the-art contact profilometers can work on very large vertical
ranges, from few nm to few hundreds of um, with very good vertical res-
olutions, down to 0.1 nm. Also, they allow to scan the profile of a surface
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on distances as high as few ¢m. Regarding the lateral (or horizontal) reso-
lution, it is mainly limited by the radii of the stylus, which can be chosen
in most systems from 200 nm to 25 um to meet specific requirements, the
smallest radii providing the best resolution.

3 Fabrication of vertically-coupled microresonators

The aim of this section is to present all the techniques employed succes-
sively to obtain the ring resonators that were used in most experiments
described later in the dissertation. We present here some of the fabrication
issues that can be encountered as well as tricks to obtain better quality. This
section presents a thorough fabrication procedure that others could apply
without having to understand all of its imbrications.

3.1 Materials

Main properties of materials used in the typical fabrication of the microres-
onators are presented in Tab.3.2.

| Characteristic | SU82000 | Cytop | Silica [ Silicon |
Class epoxy—ba§ed perfluoro- | amorphous crystal
photoresist polymer glass
Refractive index (at 1550 nm) 1.56 1.3335 1.444 3.48
Transmittance (% at 1550 nm) 100 100 92 poor
Specific heat (kJ/kg / K) 1.5 861 703 0.71
Thermal conductivity (W/m/K) 0.3 0.12 1.38 149
Linear CTE (ppm/K) 52 115-120 0.55 2.6
Young Modulus (GPa) 2.0 1.4-1.6 73 130-188
Tensile strength (MPa) 60 40 50 7000

Table 3.2: General properties of fabrication materials.

3.2 Description of the fabrication steps

3.2.1 Starting point

The starting point of the device fabrication is a 3 inches (7.62 cm in diam-
eter) silicium wafer covered with a 5 pm-thick silica layer. These wafers
are commercially available. Such a (relatively) thick layer of silica, with



3. FABRICATION OF VERTICALLY-COUPLED MICRORESONATORS 161

Starting Point

RIE (oxygen)

SU-8 deposit
(Spin-coating) ‘UV Exposure

SU-8 deposit

Lithography
uv Exposure‘ (Spin-coating)

mask

(waveguides)
Developing .
+ Curing Lithography
mask
(resonators)
Developing
+ Curing

Cytop deposit
(Spin-coating)

Result

Figure 3.8: Fabrication steps for a SU-8 vertically-coupled ring resonator
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a refractive index of 1.444 at 1550 nm, 1s aimed at the reduction of sub-
strate loss in bus waveguides. Some fabrication procedures include a thor-
ough cleaning of the silicon surface for process reproducibility but it was
noticed that these procedures, implemented in a lower grade clean room
facility than that of the wafer manufacturer, tends to lower the quality of
the surface. For this reason, commercial wafers were directly used without
any additional procedure for surface preparation.

3.2.2 First SU-8 deposition

A first fabrication step consist in depositing a first layer of SU-8 negative
photoresist. In fabrication procedures, three commercial solutions were
used: SU-8 2000.5, SU-8 2002 and SU-8 2005 by Microchem. This was
done in order to test different waveguides widths, and also to compare the
quality of surfaces with similar thicknesses obtained from different solu-
tions. The SU8-2002 solution, allowing typical thicknesses between 1.5
and 3 pum has been the most used, thus procedures described are adapted to
this specific solution, though they can be largely reproduced with the oth-
ers. The solution is typically transferred from a small glass bottle stored
in a dark storage cupboard to a 10 mL syringe. Though all this solution
volume is not actually needed, it is better to have large excess in order to
control bubble contamination.

A 2 pm filter is then applied to the syringe. Pressure is applied to wet
the filter until few drops of the solution go through. Meanwhile, the spin-
coater is programmed to operate two distinct cycles. The first cycle, with
the spin-coater cap shut, is the spread step. In order to obtain a 2 pm-thick
SU-8 layer, parameters of this step where an acceleration at 100 rpm/s, to
arrive at the stationary speed of 500 rpm and stay at this speed for 7 sec-
onds. Then, the spin-coater proceeds with the second cycle: cap shut, ac-
celeration at 300 rpm/s, stationary rotation speed at 2000 rpm for a duration
of 30 seconds, which may slightly vary depending on the exact thickness
targeted.

Once the spin-coater is programmed and the content of the program is
checked, the substrate, in that case the silicon wafer with the silica layer,
is deposited on the spin-coater which is designed to immobilize the wafer
thanks to a vacuum pump providing aspiration under the wafer. In sit-
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uations when the shape of the wafer does not entirely coincide with the
holder, it might be important to check on a similar trial wafer is the aspira-
tion is strong enough to maintain the wafer during the high-speed spinning,
otherwise one might risk to destroy the device. However, in the case of a
entire 3" wafer set on the 2" holder of our spin-coater, aspiration issues
where never reported.

After the wafer is placed on the holder, with careful alignment between
wafer center and spin coater rotation axis, aspiration under the wafer to
maintain it in position can be activated. This can be done by starting the
spinning procedure and stopping it immediately. In that case the machine
maintain the aspiration until the user decides to end it. The solution is de-
posited drop by drop through the filter at the center of the wafer. The rule
of thumb is usually to verse 1 mL of solution per inch of wafer diame-
ter. Once the correct volume of solution has been versed on the substrate,
it is better to wait for the solution to wet the surface from the center of
the wafer to the outer parts, progressively, in order to minimize the risk of
having small air bubbles stuck between the solution and the substrate. De-
pending on the viscosity of the solution, this works for varying areas of the
wafer and takes various amounts of time. With SU8-2002, this only takes
one minute. Also, to finalize the repartition of the solution on the whole
area of the substrate, it is possible to provide small angular momentum
to the holder via manual rotation until the solution wets the surface from
center to the extreme outer parts. That way, the user is sure of the repro-
ducibility of the spin, whereas launching the spin procedure without this
step might induce variations in the outer regions from one wafer to another.

Once the solution entirely wets the surface of the substrate, the spin pro-
cedure can be launched. During the procedure, it is always good to check
the dials for the speed values to make sure that the procedure is as planned.

After the spin procedure is complete, the wafer is retrieved from the
holder and deposited on a hot plate at 65°C for 1 minute (typically) and
then on a second hot plate at 95°C, typically for 1 minute. Different du-
rations can be applied to modulate the remaining quantity of solvent in
the deposited layer which will slightly affect the thickness and the optical
properties of the film. This step is usually referred to as the soft bake.
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What directly follows is a temporizing step where we allow the temper-
ature of the substrate to get back to room temperature. This is important to
make sure that each time the fabrication procedure is repeated, the initial
conditions before a subsequent step are the same. Typical duration is 5
minutes, which is more than enough for the temperature of the substrate to
stabilize to room temperature, and can be used to prepare following proce-
dures.

3.2.3 First lithography

This step consists in patterning the photoresist film by contact UV lithog-
raphy, using a first photomask to obtain rectangular bus waveguides. The
equipment used for this step, an MJB4 apparatus from Suss Microtec, is
switched on well before the start of the exposition to make sure that the
lamp is at its nominal temperature and thus, that the emission spectrum is
always the same.

A first sub-step is to make sure that the mask holder is well aligned with
the wafer holder, and that the angle of the z-rotation stage is set to zero.
This is important to easily produce the alignment in the second UV lithog-
raphy procedures where patterns from the substrate have to be aligned with
patterns from the second photomask.

The second sub-step is to put the photomask in place. At this point,
the cleanliness of the mask should be checked. Indeed, dust or resins from
previous exposures can remain on the mask and have undesirable effects.
In such case, photomask may be cleaned, with lots of care, in acetone, then
rinced with isopropanol and finally dried with nitrogen gas. After cleanli-
ness check, it is important for the resolution of the technique to place the
chromium patterns downwards so that they are as close as possible to the
photoresist during this exposition. Position of these patterns on the quartz
plate that constitutes the mask can be observed by looking at the sides of
the mask.

The third sub-step is to place the substrate on the wafer holder. This
positioning should also be executed with special care, making sure that
the wafer is well aligned with the circles engraved on the wafer holder. In-
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deed, a good repeatability in the positioning of the wafer makes subsequent
alignment procedures a lot easier.

The fourth sub-step is to set the z-translation stage so that once the lever
is pushed, the photoresist layer will be in close contact with the patterns
from the mask. This is achieved during a semi-automatic procedure which
is done as follow. The initial height of the wafer holder is set so that once
the contact lever is pushed, the wafer will not be in contact with the mask.
Then, the contact lever is pushed. Then, the distance between the layer
and the mask is slowly reduced until the equipment, thanks to an air bal-
loon system under the holder, whose pressure is controlled, detects that the
layer is in contact with the mask. Once this contact is realized, the lever
can be pushed back and the contact setup is finished.

In the fifth sub-step, the duration of the exposition is set. The chosen
time depends on several factors: the nature of the substrate and the thick-
ness and type of the photoresist layer. This duration needs to be very well
adjusted to achieve good geometry of the waveguides and good adhesion
to the substrate. For negative resins such as SU-8, if the exposure time is
too short, the base of the waveguide, where the intensity is lower than in
the upper regions, will be under-exposed, which means that the action of
the developer will tend to remove the base of the waveguide. Typical re-
sult of under-exposure is the observation of formed waveguides detached
from the substrate and retrieved in the developer solution. On the oppo-
site, if the exposition time is too long, because of Fresnel’s diffraction on
the chromium patterns, the sidewalls of the waveguides will be slanted.
Slanted waveguide sidewalls engenders polarization conversion (cf. Chap.
2), which can severely affect the transmittance of the final device. As far
as the adhesion of the waveguide is concerned though, it is always better
to over-expose than to under-expose, because of the dramatic effect of the
latter. For a 2 yum-thick SU-8 film deposited on 5 micron-thick silica layer
and for waveguides from 3 to 5 microns wide, an exposition time of 12 sec-
onds was found to be a good trade-off between optical quality and surface
adhesion of the waveguides.

The purpose of the sixth sub-step is to align the waveguides with the
crystalline lines of the silicon wafer. This will guarantee that when cutting
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the wafer pieces to separate the devices, the cut will be as much as possible
perpendicular to the section of the waveguide, which is very important to
get the best optical coupling efficiency from the laser source to the waveg-
uide. With the MJB4 exposition unit, possessing two separate microscope
objectives to observe simultaneously both right and left sides of the wafer,
this alignment can be achieved thanks to the following procedure: playing
with the z-rotation knob of the microscope element, separation between the
optical left and right fields can be aligned with the waveguide patterns from
the mask. The mask holder can never move from its position, so this makes
the dark line marking the field separation as a reference line for the waveg-
uides that will be imprinted on the photoresist layer. Then, the microscope
can be moved in the plane of the substrate to image the wafer notch which
is the reference line for the crystalline lines. The angle between the notch
and the field separation is then set at 90 degrees which virtually makes the
future waveguides perfectly perpendicular to the crystalline lines of the sil-

icon wafer. This is done by playing with the z-rotation knob of the wafer
holder.

After these preparative sub-steps, the actual exposure can be performed.
When processing SU-8, it is directly followed by the Post Exposure Bake
(PEB). This step was typically completed by putting the wafer on a hot
plate at 65 °C for one minute and then at 95 °C for two minutes, after
which the wafer was let to cool down to room temperature for 10 minutes.
This also allows for the surface of the layer to capture oxygen which sup-
posedly increase the quality of the patterning after developing. Letting the
temperature cool down is important for the same reason as before, so that
the initial steps of the fabrication procedure are always the same. Also,
it is important to avoid thermal shocks when immersing the wafer in the
developer solution. Thermal shocks at this stage usually provoke critical
loss of adhesion of the waveguides to the substrate. During temporization,
the developer solution is prepared. The wafer is immersed in the developer
solution for 1 minute. If the adhesion between resist and substrate is poor,
which was the case with SU-8 on silica, this step needs to be realized with
a lot of care. For the first 30 seconds, the user can let the developer work on
the unexposed photoresist. Then, the user provides a slight agitation to the
developer solution to refresh the developer solution near the waveguides.
If the adhesion is strong, at this point, the user can provide strong agitation
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to remove all the unexposed photoresist. Then, the wafer is retrieved from
the developer bath and rinsed with isopropanol to remove all the developer
solution of the surface. Finally, the substrate is thoroughly dried with ni-
trogen gas.

The quality of the patterning can then be observed either directly or
through a microscope. This step is particularly important to check if the
parameters of the exposition and the PEB were well chosen. On some oc-
casions, it is possible to see parts of waveguides that lost their adhesion to
the surface in the developer bath, then stabilized and fixated a little further
from their initial position. This is a sign that the exposure was slightly too
brief, and/or that the agitation during developing was too strong.

It is also possible to check the waveguide height at this point with a pro-
filometer. However, this is not advisable since the stylus of the profilometer
can deteriorate the waveguides during measurement. It is preferable to wait
for after the hard bake to measure the profile of the waveguides. Indeed,
this step makes the SU-8 waveguides much more resistant, and also give
their definitive shape to the waveguides.

The hard bake step consist in fully cross linking the polymeric layer. It
is realized in a oven with temperatures between 90 °C and 200 °C. Temper-
ature and duration have an impact on the roughness of the surface, which
1s important for the optical loss in the waveguide. It also plays a role on
the state of the surface. This aspect will be discussed further concern-
ing the microring patterning. Typical parameters for the hard bake of the
waveguides are 3 hours at 120 °C, without any discontinuity in temper-
ature, which means that the wafer is positioned in the oven before it is
switched on and removed when the temperature of the oven is back to room
temperature. Once the duration is over, oven is stopped and the wafer is let
to slowly cool down to room temperature in the oven.

At this point, profiles of the patterned waveguides can be measured
without risk of deterioration. Measurements at different regions of the
waveguides, and for different widths of waveguides, are useful to deter-
mine the homogeneity of the deposited layer. For reference, it is then im-
portant to mark down exactly where the heights measurements were made
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to be able to compare from sample to sample, or for the etching procedure
and gap control discussed in § 3.2.5. Once the profiles of the waveguides
are determined, wafer moves to the next step which is the deposition of a
Cytop thin film by spin coating.

3.2.4 Cytop deposition

Cytop is a perfluoropolymer material with a refractive index (RI) of around
1.3335 at 1550 nm. Because of its low R, it is optically well suited as sub-
strate material for microresonators, since it provides a good confinement
layer for the ring waveguides that reduces loss to the substrate in com-
parison to silica. Secondly, the material can be deposited in thick layers
to provide a good homogeneity of the surface despite the presence of the
waveguides, and can be then easily and accurately etched to obtain the
wanted gap separation between the bus waveguide and the ring resonator.

The inhomogeneity of the upper Cytop surface induced by the pres-
ence of waveguides is reduced as the deposited thickness of the layer gets
larger. As a consequence, the parameters of the spin-coating are chosen
so that a thick layer is obtained while maintaining a decent homogeneity
on the outer parts of the wafer. If the layer is too thin, waveguides will
create strong local variations of the height of Cytop which will create de-
formations of the ring resonators sitting on top. Also, a thin layer does not
provide a strong optical insulation of the waveguide constituting the ring
resonator, hence increasing the optical loss of the guided modes. On the op-
posite, if one wants to obtain a thick layer, the only parameter to play with
is ultimately the stationary rotation speed during the spin-coat. If the speed
is low, the layer will be thicker but the material can build up massively in
the outer parts of the wafer, because of the edge bead phenomenon. This
1s detrimental to the control of the vertical gap since because of the wedge,
waveguides have variable heights depending on their position on the wa-
ver. It is then impossible to achieve the same gap separation for all devices.
Also the wedge is problematic since it will prevent one from achieving a
close contact between the upper photoresist layer on the second lithogra-
phy mask when patterning the microresonators.

In a typical procedure, a 2 microns thick layer of Cytop was achieved
with the following parameters: 500 rpm - 100 rpm.s~! - 10s for the spread
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and 1000 rpm - 300 rpm.s~! - 20s for the spin. For waveguides with typical
height of 1.8 um, typical inhomogeneity of deposited Cytop layer due to
the waveguides was around 500 nm. The procedure for the spin-coating of
Cytop is similar to the one followed for SU-8, except that after the spin-
coating, the substrate is directly transferred to an oven for a hard bake at
180°C for two hours.

3.2.5 Cytop etching procedure

Once the Cytop film is hard-baked, it is necessary to etch it in order to
obtain a well-controlled vertical gap separation between the bus waveg-
uides and the microresonators, usually between 50 and 200 nm. This is
efficiently achieved from an RIE procedure using oxygen gaz.

For the gap to be well-controlled, it is necessary to determine accurately
how long the etching procedure needs to last. Two parameters need to be
determined: the thickness of the Cytop film above a SU-8 waveguide (cf.
Fig 3.9, and the etch rate of Cytop under selected RIE parameters.

scratch

| § A ‘l'

Figure 3.9: Thickness measurements for the control of the vertical gap separation.
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The former parameter can be precisely determined from three contact
profilometer measurements. The first measurement is that of the average
height of the rectangular SU-8 waveguides H;. Measuring this specific ge-
ometric parameter is not possible after Cytop deposition.Therefore it must
be performed beforehand, right after the SU-8 hard bake. The second mea-
surement is that of the thickness of the deposited layer of Cytop Hs. It is
performed by scratching the surface with the tip of a tweezer, preferably
in a region of the wafer where the thickness is homogeneous. After the
scratch is cleaned, the difference of height between the low surface (top of
the silica layer, too hard to be scratched) and the high surface (top of the
Cytop layer) is measured. An important trick is to try to make the scratch
as thin and short as possible and not too close to the waveguides. Indeed,
the presence of the scratch causes perturbation of the flow of the photore-
sist during the second spin-coating of SU-8 that creates local modulation
of the thickness of the photoresist near the scratch. The last measurement
is that of the thickness step Hj of the Cytop layer caused by the waveg-
uide. This shall be performed in the same region where the thickness of
the waveguides was determined. From these measurements we can deduce
the thickness of Cytop above a waveguide, hence, from the targeted gap
separation, the thickness of Cytop to be etched:

depth to etch = Hy + H3 — (Hy + gap) (3.2)

The duration of the oxygen plasma etch is then calculated from the pre-
viously measured value of the etch rate of Cytop. It is important to know
that the etch rate is not constant during the procedure. The average etch rate
for a long etching duration is lower than the average etch rate for shorter
durations. To obtain the targeted gap separation, it is then necessary to
retrieve the etch rate that was measured for procedures with comparable
Cytop thicknesses to etch. It is also possible to separate the etching pro-
cedure in two steps. First, the duration is determined from average etch
rate determined in previous procedures. Than, a first etching procedure is
performed with a duration of half what is estimated. After the first etch,
thickness of the Cytop layer is measured from the scratch used to mea-
sured H, and value of the actual etch rate is determined. Then, from this
new value, the duration of the second part of the procedure is calculated.
Though this procedure takes more time, it provides very accurate control
of the gap separation, with relative accuracy under 5%. The typical set of
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parameters used for the RIE removal of Cytop was:

e Power=55W

e Oxygen flowrate = 10 sccm

e Chamber pressure = 30 mTorr

e DC bias =300V

For a one-minute-long etching, the average etch rate obtained from this
set of parameters was around 420 nm/min. It was measured that shorter du-
rations led to larger averages for the etch rate. For example, a 440 nm/min
etch rate was obtained for a 30 seconds etching duration, and a 380 nm/min
rate was measured for a 2-minute etch duration.

The oxygen plasma, in addition to performing the necessary etch of Cy-
top, activates the surface of Cytop for the deposition of the second SU-8
layer. As a consequence, it is preferable, in order to achieve maximum
adhesion between SU-8 and Cytop, to perform the spin-coating of the pho-
toresist shortly after the etching procedure is complete.

3.2.6 Second lithography

Deposition of the second layer of SU-8 is very similar to the procedure
used for the waveguide layer. The main difference between the two proce-
dures is the alignment of the patterns imprinted in SU-8 at the level of the
waveguides with complementary patterns found on both left and right sides
of the second lithography mask (cf. Fig. 3.10) This step is very important
for the final quality of the optical resonators and will be discussed further
in §3.4. The other difference is in the exposure duration, which has to be
slightly longer during the second lithography.
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Figure 3.10: Alignment between patterns from first and second lithographies.

When exposing the photoresist layer to UV, the optical properties of the
substrate have to be taken into account. UV radiation is well reflected by
the silicon layer because of its high refractive index. This way the exposi-
tion of a photoresist layer directly deposited on silicon is shorter than the
exposure of the resist where a layer of silica is present between the silicon
and the resist. Typical ratio between the exposition time is 1.5 in that case,
because of the absorption of UV radiation in the silica layer. As the de-
posited layer of Cytop also absorbs UV radiation during the exposure, the
second exposure needs to be slightly longer that the first one because of the
presence of Cytop. Typically, exposition time goes from 12 to 15 seconds
from the first to the second exposure.

3.2.7 Final hard bake

After development of the resonators pattern, the wafer is finally hard-baked
at 120°C' for three hours. It was observed with FTIR spectroscopy that
temperatures under 100°C’ where not enough to further cross link the SU-8
during the hard bake process. At temperatures higher than 150°C), the poly-
mer is fully cross-linked but the surface has a higher level of roughness.
These measures, performed by Marion Salsac, Aleksandra Bernardska and
Claude Nogues from LBPA, also showed that 120°C' was an adequate tem-
perature for cross-linking, surface roughness and further functionalization
of the surface of the ring resonators which is particularly important for bi-
ological applications of SU-8 microresonators.
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After the final hard bake, the profiles of the waveguides constituting
the ring resonators are studied with a profilometer and analysis of the sur-
face and the devices, especially in the coupling region, is achieved through
microscope observation. Usually, photographs are taken to be able to link
fabrication procedure modifications to the results in terms of apparent qual-
ity of the devices. This approach is complementary to the optical charac-
terization of the devices. The final step is often the one that requires the
most care in its realization. It consist in separating the wafer in smaller
rectangles corresponding to the size of the support of the devices on the
characterization and sensing bench. To obtain the best coupling to the bus
waveguide when focusing the laser beam from the source, the cut needs to
be perfectly perpendicular to the section of the waveguide. The problem is
that manual cut, if not careful, can very easily break the wafer sideways, or
break all devices altogether. And efficient procedure for this step is as fol-
lowing. First, the position of the cuts to realize are precisely determined.
Best solution for this is to add lines of arrows on the second level of patterns
in SU-8 to precisely localize where the cuts need to be performed. With a
diamond tip, a very shallow scratch, one millimeter long, is made on the
top layer, at the extremity of the wafer. Then, this shallow scratch is made
deeper and deeper by gently applying pressure with the tip up and down
the initial scratch. After a while, pressure can be applied in the scratch, at
the extremity of the wafer, to break a small piece of wafer. This will result
in a V defect on the side of the wafer. Then, by applying a moderate pres-
sure with the side of the tip at the scratch and near the defect, a small break
along a single crystalline line will appear. By maintaining some pressure
at the same position, slowly, the break will spread in straight line from one
side of the wafer to other. At this point, even if the silicon layer is cut,
the two wafer parts are still attached because of the polymer layer. For a
clean cut of the polymer layer, the wafer can be lifted with tweezers posi-
tioned on the break. After a 10 cm fall on a hard surface, both parts will be
separate and the cut will appear very clean.
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3.3 Technical defects
3.3.1 Localized defect

In a fabrication procedure of microresonators such as described before,
most impurities present in the thin films will not affect the behavior of the
optical devices, since the overall surface occupied by the waveguides is
small compared to the size of the wafer. However, when a localized defect
such as the one pictured in Fig. 3.11 occurs, the optical transmittance of
the device will be strongly affected, often showing stress-induced birefrin-
gence effects.

Figure 3.11: Single defect localized in the coupling region of a microring resonator.

With thorough impurities removal procedures such as described in §3.4.1,
the risk of such events is minimized.

3.3.2 Waveguide breaks

There are two categories of waveguide "breaks", as depicted in Fig. 3.12.
The first category, presented on the left, is due to the presence of dust or
small bubbles in the photoresist film. Such defects can prevent some re-
gions of a waveguide to be correctly exposed. At development, the defect
is removed with the unexposed photoresist, and a permanent break of the
waveguide appears.

The second kind of break is different in nature and can be referred to as
an elongation break. It is presented in the right in Fig. 3.12. During the fi-
nal hard bake step, at high temperature, Cytop laterally expands more than
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twice as much as SU-8. This owes to the fact that Cytop has a higher coef-
ficient of thermal expansion than SU-8 (cf. Tab. 3.1). Thus, the waveguide
constituting the resonator, with Cytop as cladding, is submitted to an im-
portant stress. In the case where this stress overcomes the tensile strength
of SU-8, then the waveguide breaks. Elongation breaks can be prevented
by making sure that the device does not undergo strong temperature varia-
tions, which favor higher stress applied to the fragile microring resonators.

Figure 3.12: Dust or bubble-related (left) and elongation breaks (right) on fabricated
waveguides.

3.3.3 Vertical step

Because of the rectangular profile of the waveguides, the surface of the
Cytop film after deposition and solidification is not planar, and presents
variations of height up to 500 nm due to the presence of the bus SU-8
waveguides. This planarity defect is not modified by the anisotropic etch-
ing procedure. The presence of these steps create vertical distortions of the
ring waveguide at one side of the bus waveguide (cf. Fig. 3.13). These
defects create additional optical loss in the microresonator, and create ex-
tra stress on the resonator in the coupling region which results in induced
birefringence.
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Figure 3.13: Vertical steps of the microresonator due to planarity defect of the Cytop
upper surface.

A first effort to reduce this step consisted in replacing the rectangular
bus waveguide by a rib waveguide. Since rib waveguides have smaller ver-
tical edges, this design was successful at reducing the vertical distortion
of the resonators. However, the presence of a thick SU-8 layer close to
the resonator waveguide dramatically increased the optical loss, at a point
where no modulation of the transmittance was repeatably visible.

Subsequent efforts were targeted at increasing the planarity of the Cytop
surface built over rectangular bus waveguides. The best solution was to
deposit thicker films of Cytop to diminish the height of the vertical steps.

3.3.4 Surface roughness

A large advantage of photolithography patterning of films is the very low
surface roughness obtained on all processed surfaces. However, on rare oc-
casions, surface roughness of the Cytop layer was observed (cf. Fig. 3.14),
resulting in a small corrugation of the waveguide forming the microres-
onator. Effect of waveguide corrugation in cavity can result in counter
propagation coupling, and splitting of the resonances in the intensity trans-
mittance of the device.
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Figure 3.14: Visible surface roughness and waveguide corrugation on a fabricated device.

The origin of this surface roughness is not clear, although it may be
related to an inadequate (too fast) thermal relaxation after Cytop hard bake.

3.3.5 Lateral waveguide distortion

As pictured in (cf. Fig. 3.15), in some devices, usually those with thin
rectangular waveguides (3 pm and lower), parts of the waveguides can
be laterally misplaced due to adhesion related stress. However, from the
optical characterization of such microresonators, this phenomenon does
not seem to affect the intensity transmittance.

Figure 3.15: Lateral distortion of the bus waveguide near the coupling region.
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3.3.6 Curvature discretization

Curvature discretization, which can be observed on microrings with large
radii (few hundreds of microns), arise from the design of the photomask.
At this step, a drawing software is used to create the pattern to be physically
reported to the mask. In these softwares, circular lines are approximated by
polygon sections, with a number of facets depending on the resolution of
the drawing. This polygonal shape of the circular portions of the resonators
are reported to the mask, and finally to the resist.

Figure 3.16: "Circularly curved" waveguide with clear discretization of the bend.

The presence of these slight changes of the direction of the waveguide
should create more bending losses than a perfectly circular waveguide, but
effects are not expected to be important. However, this observation led us
to modify the resolution in the drawing software used for mask design.

3.4 Fabrication challenges

3.4.1 Avoiding dusts

Despite the fact that all fabrication steps take place in clean room, dust can
always be found and are extremely detrimental to the quality of the fabri-
cated device. Thin layers are particularly subject to dust pollution before
they are polymerized, because in this situation, dusts can be imprisoned
in the layer and are subsequently impossible to remove without destroying
the layer. The problem is mainly due to the use of two equipments that
easily collect dust: the spin-coater and the mask aligner. Most dusts accu-
mulated in the spin-coater are residuals of previous depositions of polymer
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layers. Also, tissue fibers from inadequate cleaning of the spin-coater can
be present inside the chamber of the spin-coater. To avoid the accumulation
of these dusts on the layer during polymer deposition, it is very important
to clean thoroughly the spin-coater before (and after) use. A first step in the
cleaning consists in blowing nitrogen in the chamber to remove all poly-
mer dusts and tissue fibers. Then, the chamber, especially the wafer holder
and its plate, and the cover of the chamber, need to be cleaned with specific
paper towels® wet with acetone.

High attention must be paid at the handling of the wafer near the spin-
coater. First, the wafer needs to be stored permanently in a clean Petri dish
or similar reservoir. After the wafer is deposited on the wafer holder of
the spin-coater, and before starting to put the solution on the substrate, it
is necessary to make sure that its surface is perfectly cleaned. If not, a
gentle blow of nitrogen has to be applied to the surface to remove dusts.
Then, once the spin-coating and soft bake is finished, before putting the
wafer back in the Petri dish, it is preferable to blow nitrogen in the Petri
dish to ensure its cleanliness. Thanks to this scheme, the wafer is safely
transported to the mask aligner. This kind of equipment can also attract
dust. As the operator is quite close to the wafer, there is a high probabil-
ity that the operator will bring dust to the freshly deposited layer. First
thing is to make sure that hands, arms or face of the operator are never
positioned over the wafer. For this reason, it is preferable to sit one meter
away from the equipment and to manipulate the wafer with stretched arms.
Also, the lithography mask, if not spotless, needs to be cleaned. This has
to be performed very carefully because the mask can easily be damaged
with scratches and must be replaced, which is expensive. However, pho-
tomasks can be cleaned quite efficiently only using acetone, isopropanol
and nitrogen gun. Q-tips can also be used to remove material on parts of
the mask that are not covered with chromium. Finally, dusts hidden in the
mechanical parts of the mask aligner can be also removed with nitrogen
flow.

Although all these procedures might not seem entirely necessary, their
addition to the overall fabrication procedure greatly enhanced the optical
quality and the reproducibility of the results. Moreover, techniques im-

3paper towels designed not to lose fibers during cleaning
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ported from biological engineering to produce and maintain similar surface
states had to be eventually employed on the photonic circuits destined to
biological experiments. In the surface characterization and functionaliza-
tion experiments on SU-8 surfaces realized at LBPA, it was duly observed
that the cleanliness of the surface, relative to the presence of dust, has a
significant role in the reproducibility of the tests.

3.4.2 Avoiding bubbles

Bubbles present in the solution deposited on the substrate just before spin-
ning can also be very detrimental to the optical quality of the fabricated
devices. A few tricks can be used to diminish or eradicate the presence of
these bubbles:

e The solutions used for deposition via spin-coating are usually stored
in small glass bottles which are frequently refilled from a main bottle
stored in a fridge. When the small glass bottle is refilled, small bub-
bles are formed. It is then important to avoid bringing air bubbles to
the solution used for the deposition, and to wait for a few hours for the
bubbles thus formed to disappear. Another solution is to put the glass
bottle in a sonic bath for few minutes, and then in a vacuum chamber
for 30 minutes to remove all air bubbles from the solution.

e Very tiny air bubbles, the more dangerous ones, are also produced
when the solution in the syringe is pushed through the filter. For that
reason, it is necessary to put the first drops that go through the filter
directly in the bottle. Then, as applying pressure on the piston of the
syringe creates few extra bubbles, the first two or three drops must be
emptied in the recipient surrounding the wafer holder. Only then, and
while maintaining constant pressure on the piston of the syringe, the
user can finally let the drops fall on the surface of the substrate.

3.4.3 Achieving good alignment

A good alignment between the ring resonators and the bus waveguide is
crucial for the quality of the devices. Furthermore, it is also important to
have a well established procedure for the alignment since slight variations
of the operation will result in different characteristics for the devices.

The alignment procedure on the MJB4 equipment for mask alignment is
relatively easy due to the presence of two microscope objectives to image
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simultaneously both left and right sides of the substrate. This is particu-
larly important for the setting of the angle for the z-rotation stage of the
substrate. Alignment marks are patterned on the waveguide level on each
side of the wafer and complementary patterns are present on the lithogra-
phy mask for the resonators.

The first difficulty is to have the alignment marks from the substrate
and of the mask in the same region where imaging takes place. This is
not easy since the lithography mask is not globally transparent where the
patterns are supposed to be seen. To correct this, windows were patterned
on the second lithography mask so that alignment patterns from the sub-
strate could be found more easily. The other difficulty can come from the
fact that in between the two lithographies, modifications where made on
the position of the substrate holder in regards to the mask holder. An im-
portant step before trying to align, even before placing the mask and the
substrate is to check if the equipment have visibly the same alignment as
for the first exposition. If not, the user needs to approximately reproduce
the same initial alignment as done for the first exposition. This is usu-
ally enough to find substrate alignment patterns in the windows near the
mask alignment patterns. It is important to make the alignment patterns
asymmetric in the plane of the wafer. Indeed, with symmetric patterns, it
can potentially occur that alignment marks from the substrate patterns are
matched to inverted patterns of the mask.

Conclusion

In this chapter, usual tools and techniques employed in microfabrication
were first presented. From a careful analysis of these techniques, their ad-
vantages and limitations in the fabrication of microring and microracetrack
resonators were discussed. Finally, a comprehensive method to fabricate
high-quality vertically-coupled microracetrack resonators with good repro-
ducibility is proposed.

Devices resulting from this fabrication method are optically character-
ized in the next chapter. Then, they are used to perform sensing experi-
ments in subsequent chapters.
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Chapter 4

Optical characteristics of microring
resonators

Introduction

In the two previous chapters, models of microring resonators were pre-
sented, then, fabrication methods of specifically vertically-coupled micror-
ing resonators made of SU-8 were reviewed. Before studying the sensor
applications of these devices, where sensitivity issues are crucial, it is im-
portant to focus on the basic optical characteristics of the fabricated de-
vices.

This chapter is dedicated to all aspects related to the study of passive
microresonators: characterization methods, methods for filtering and fit-
ting intensity transmittances, and methods to extract critical information
in order to further understand the physical system and to optimize it for
specific applications.

1 Characterization Methods

1.1 Cavity Ring Down (CRD) Techniques

Cavity Ring Down (CRD) Techniques are commonly used to character-
ize ultra high-Q and/or high-finesse optical resonators such as whispering-
gallery modes (WGM) resonators, microtoroids and microspheres, pho-
tonic crystal resonators, fiber-loop resonators, and mirror-based optical
cavities. A common feature of all CRD techniques is the measurement of
the time-dependent intensity response(s) at output port(s) of the resonator

183
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after excitation.

A basic CRD setup uses a tunable CW laser as input source and a fast
photodetector. First, the laser is tuned so that the emission wavelength
matches a resonance of the resonator. Depending on the output port, this is
achieved when the transmitted intensity is either at maximum, or at mini-
mum. Then, the input beam is shut down, and the resulting time-dependent
intensity is measured by the photodetector, with a signal acquisition syn-
chronized with the shutter. In most cases, shutters are electro or acousto-
optic modulators, in order to reduce the transition period.

For a microresonator coupled to a single bus waveguide, the transmit-
ted intensity is initially at its minimum and rises instantly from the moment
the shutter is on. Then, intensity decays exponentially until it reaches zero,
with a characteristic time referred to as the ring-down time 7z p. The ring-
down time characterizes the energy decay in the cavity, and thus integrates
optical losses due to the propagation in the resonator, and to coupling to
the bus waveguide. As a consequence, this basic setup can provide the Q
factor of the entire resonant device, {resonator + bus}, but cannot provide
the individual in-cavity propagation loss coefficient a and cross-coupling
coefficient.

In more recent CRD techniques, an optical pulse emitted by a pulsed
laser or a modulator, is used to probe the resonator. The analysis of the
time-dependent intensity response measured at output can then provide fur-
ther information on the propagation of light in the structure, and does not
require wavelength tuning of the laser source to reach one resonant wave-
length of the cavity. In the coupling region, the initial pulse is parted in
two: one pulse is directed towards the output, and the other pulse towards
the cavity. After a round trip, the latter pulse is parted in two: one is cross-
coupled to the bus waveguide and thus directed to the output, the other
makes a second round-trip in the resonator, so on and so forth.

The recorded intensity is a series of equally time-distributed pulses with
exponentially-decaying peak intensities. The time between the arrival of
two neighboring pulses is equal to the effective group length of the cav-
ity, which results of the product between the average geometrical length of
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the resonator and the group effective index of the resonator at the center
wavelength of the input pulse. In addition, ratios of the peak intensities
of successive pulses and typical decay time provide the values of the two
internal parameters a = /T — ye *Fme and 7 (cf. Chap.2 §2.2.1).

Let us consider [, 5 and I3, the peak intensities of the three first pulses
arriving to the photodetector, and [ the initial peak intensity in the bus
waveguide before the coupling region. To simplify the calculations, we set
ay, = e Plme as a partial in-cavity amplitude loss factor. The first pulse ar-
riving to the photodetector is directly transmitted through the coupler. The
second pulse is cross-coupled two times and makes a single trip in the res-
onator. The third pulse is also cross-coupled two times, and is transmitted
one time through the coupler, between the two trips around the resonator.
As a consequence, using 72 + k% = 1 (cf. Chap.2 §2.2.1), we can express
the peak intensities as:

Li=7"(1—=7)1
L=r"1-7 L= (1-7)"(1-)all 4.1)
Iy = k' (1 — 7)3 arly = (1 — 7'2)2 (1 — 7)3 a1l
After the first pulse, the following relation between the peak intensities of
two neighboring pulses can be written as:
L= (1 —7)d27%, = (ar)’L,, n>2 (4.2)

From Eq.(4.1) and Eq.(4.2), the normalized peak intensities I = I,/ [(1 — v) o]
of all pulses, where (n — 1) stands for the number of round trips performed,
can be deduced from:

I = 72

1 2 (4.3)
I’ = (— — 7‘) (ar)* ™V | n>2

T
We can now introduce R; and R,, two ratios that can be determined exper-
imentally, and defined by:

4
ho_ I é:a(l—TQ)
N VL T
I* /1,
Ry = Elz [::aT, n > 2

o

4.4)

\



186 CHAPTER 4. OPTICAL CHARACTERISTICS OF MICRORING RESONATORS

According to the expressions above, experimental values of a and 7 can be
deduced from:

a:\/RQ(R1+R2)

[ R, 4.5)
T Ri+ Ry

It is important to notice that from this method, a; and -y cannot be deter-
mined separately. Because only two independent equations are available,
it is only possible to determine 7 and a = /1 — ~var.

1.2 Optical Low-Coherence Interferometry (OLCI)

OLCI allows the measurement of the reflectivity or transmittivity of a pho-
tonic device as a function of the optical propagation length, with an ex-
cellent spatial resolution and a large dynamic range. For that reason, the
technique was mainly used for the detection, the localization and the quan-
tification of refractive index discontinuities in optical waveguides, and for
the determination of local absorption coefficients.

Moreover, Fourier transform analysis of the generated interferogram
provides the complex spectral reflectivity (or transmittivity) of the device
under test (DUT). Thus, it can be used to determine the intensity reflectance
(or transmittance) of a device, and the accumulated phase which is particu-
larly useful to characterize the dispersion inside optical resonators. This
ability to measure the accumulated phase is an important specificity of
OLCI.

An OLCI setup is based on a Michelson interferometer combined with a
broadband source. This source (typically 100 nm in bandwidth) is divided
via a 2x2 coupler and sent to a reference arm, in which the optical path is
scanned via a translating mirror, and to a test arm containing the DUT. This
setup can be used in two configurations: reflection and transmission modes.
In reflection mode, waves reflected from both reference and test arms are
recombined by the coupler and directed to a photodetector recording a re-
flectogram (Fig. 4.1), ie the variations of the intensity in the detection arm
as a function of the varying optical length of the reference arm. Intensity
sampling is triggered on the rising edge of a synchronization signal ob-
tained by a coupled coherent interferometer that produces self-referencing
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of optical length.

As interferences only occur when the optical path of the reference arm
matches! one optical path generated in the DUT, it is possible to analyze
the sources of optical losses very accurately. Also, provided that dispersion
is taken into account, it is possible to accurately quantify quality factors
and finesses of optical microresonators as well as coupling and loss coef-
ficients>. The reflection mode of OLCI is not suitable for specific appli-
cations such as the study of polymer-based optical resonators. Since only
a small fraction of the wave intensity (4% for a fiber or polymer waveg-
uide) is routed to the photodetector, and thus used for the measurement,
the signal-to-noise ratio (SNR) is not optimal.

Movable miror

Circulator (._E —)
Broadband T
source 3
Reference arm
3
Ref ™
Detector \| Polarization } i)&»
Sig splitter \—. !ens fiber pDUT

TE
Test arm

Figure 4.1: OLCI setup in reflection mode

In transmission mode, the reflection from the reference arm is combined
specifically to the waves exiting the DUT, which contains most of the in-
coming intensity (Fig. 4.2). Compared to the reflection mode and thanks
to the large improvement in the signal-to-noise ratio, more optical paths
generated in a resonator-based device can be observed, which leads to an
increased accuracy in the determination of the parameters of these devices.

!within the coherence length of the source
’the parameters a and 7 cannot be determined via a typical wavelength scanning method



188 CHAPTER 4. OPTICAL CHARACTERISTICS OF MICRORING RESONATORS

I\'Iovable miror

. <—
Circulator —)
A

1.

Broadband
source

Reference arm

Lens fiber 4
® 2

DUT 5

Ref

Detector
Sig

-

-~ TE
Test arm <_ .6 Lens fiber

<2 )

Figure 4.2: OLCI setup in transmission mode

The general mathematical expression of OLCI-generated interferograms
is given by:

) < Re / S(v)t(v)exp (—j27r£u> dv (4.6)
c
where v is the optical frequency, S(v) is the PSD (Power Spectral Density)
of the broadband source, ¢(v) the complex transmission (or reflection) am-
plitude coefficient of the device, x is the optical path in the reference arm
and c the speed of light in vacuum.

For a ring resonator of geometrical cavity length L coupled to a straight
waveguide of total geometrical length L, the complex amplitude trans-
mittance, is expressed as:

_ 0%
1) = (1 =) el
oL e oL “.7)
T
Or = —LUN.s¢(v), and® = —uNeff( )
C

where N, ;(v), the frequency-dependent phase effective index of the guided
mode, is assumed to be identical in both straight and curved portions of the
waveguides of the device. The expression can be rewritten using a geomet-
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( tv)=(1- 7)1/2 (7' — aej@) eI ®r Z(aT)pejp@
p=0
X = (1= (ar)y {rexp [j®,(v)] — aexp [jPyi1(v)]}

p=>0

B,() = T Nogs(v) (Lr + pL)

(4.8)
We now assume that the PSD of the broadband source is constant over its
whole bandwidth Av centered on the frequency vy. Its total power is K.
This is summarized in the piecewise expression of the DSP:

K
S(Z/):E, veEvw—Av, v+ Av |

S(v) =0, elsewhere

(4.9)

Consequently, the OLCI interferogram for a ring resonator can be ex-
pressed as:

(

I(x) = (1= (ar) 7L, (2) — alpp (@)
— (1= | 1Iy(2) — a(l — 72 ar)P~ ' (z
] =a-v) [h( )= alt =) e by >] w10
vo+AVY
I(z) = % / oS {2%' (L7 4+ pL)Ness(v) — 2] V} dv
vo—Av

\

From this expressions, I,(z) represent the intensity of waves performing p
round trips in the resonator. In the case where dispersion can be neglected,
corresponding to a constant effective index N.sf(v) = Ny, I, takes the
simpler form:

I,(z) = —Ksin, {% [L]*) — a:} Ay} COS {2% [L; — ZL’} 1/0} 4.11)

where L = (Lt + pL)Ny and sin.(z) = Sy

From this simplified expression, few observations can be made. First,
each [, function is the product of a high (spatial) frequency signal of pe-
riod T yr = ¢/ and of a low frequency signal in form of a sin. function
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with a period T . = 2¢/Avy. For a source with a 100 nm bandwidth
emitting around 1550 nm, 7 g 1s 15.5 times shorter than T ;. As a
consequence, the sin. signal appears as a low frequency envelope signal
representing interferences between the waves from the reference arm and
the waves having made p round trips.

The sin. modulation is actually the result of the Fourier transform (FT)
of the DSP, and has a typical width inversely proportional to the source
bandwidth A)X. The function /(x) can thus be viewed as the convolu-
tion between a sum () of equally spaced Dirac functions and a narrow-
envelope, peak-shaped, form factor function F(x), which is the product
between the FT of the DSP and the high frequency sinusoidal modulation:

I(x) ={F *x X} (x) (4.12)

S(x) = (1—9)" [T(s(g;) —a(l=7)) (ar)"'5(x - L))

p=1

F(x) =4{FT(DSP)}(x) cos (277'@1’)

\ C

(4.13)
A Hilbert Transform is usually applied to the recorded interferogram signal
I to remove the high frequency modulation so that the signal can be more
easily analyzed.

These results can be compared to those obtained with the CRD tech-
nique employing laser pulses as described in §1.1. The positions of the
envelope peaks provide the optical length of the resonator. Also, internal
parameters a and 7 can be deduced from the respective heights of the peaks.
In fact, the same equation system, Eq.(4.5), can be used to determine these
parameters, I?; being the height ratio between the first two peaks and R»
between any subsequent neighbour peaks.

In addition to the determination of the internal parameters, the recorded
OLCT signal also provides the intensity transmittance and the accumulated
phase shift as functions of the wavelength in a range defined by the band-
width of the source. These two functions correspond to the squared modu-
lus and the argument of the FT of the recorded signal, respectively.
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1.3 Wavelength-Scanning Method

1.3.1 Introduction

The wavelength-scanning method (WSM) was previously described as a
detection scheme to track the resonant wavelengths of a microresonator
(cf. Chap.l). In this chapter, we study the use of the same method to de-
termine the optical characteristics of the microresonator.

The WSM is straightforward to measure the intensity transmittance of a
microresonator as a function of the wavelength. Light from a tunable laser
is coupled to the bus waveguide and optical power at the output is mea-
sured as the emission wavelength of the laser varies. The wavelength scan
is either performed step-by-step, or continuously. The main advantage of
a step by step method is the absolute accuracy obtained due to measure-
ment signal averaging. The continuous method? is much faster, and liable
to measure a transmittance over 100 nm in 1 second. However, obtaining
the same accuracy* with a continuous scan of the wavelength requires very
fast acquisition channels. Also, in comparison to the step-by-step method,
where the wavelength is known at each step, the continuous method re-
quires an additional wavelength referencing system.

The choice between a step-by-step or continuous method is in fact mainly
determined by budget issues, an accurate implementation of a continuous
method being more expensive. With adequate acquisition channels and in-
ternal referencing of the tunable laser, the continuous method can provide
very accurate results for a minimal measurement duration. This aspect
is particularly important for microring resonators where the position and
shape of resonances can greatly vary with device temperature. Therefore,
if the room temperature is not perfectly stable, intensity transmittance mea-
surements of long durations, typical of step by step methods, can be largely
biased because of temperature variations.

1.3.2 Intensity transmittance of a microresonator as a function of wavelength

It was established in Chap.2 (§2.2.1) that the intensity transmittance of a
microring resonator can be expressed as:

3where the source is continuously swept between two wavelengths
“as that achieved with a step-by-step method
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T(®)=(1—7)[1—Tep(P)] (4.14)

where Trp(®P) is analogous to the intensity transmittance of a Fabry-Pérot
interferometer.

/ B AO
Ten(®) = 1 + Fsin? (9/2)
(1 — a2) (1 — 7'2)
Ay = 4.15
) ! (1-— a7‘)2 (+15)
B 4at
\ - (1—ar)’

The single-trip phase delay ® can be written either as a function either of
the optical frequency v, or of the wavelength in vacuum A:
2T 2T

b = 7VN6ff(l/)L = T eff()\)L (416)
Because ® displays a nonlinear dependence on ), it would be best to use
the optical frequency v to analyze intensity transmittances. However, in the
literature, intensity transmittances are most commonly written as functions
of the wavelength. Accordingly, in the following, the intensity transmit-
tance will be written as:

Ay
T ={=7) {1 Tl P [wNeff(/\)L//\]} @17

1.3.3 Determination of the resonant wavelengths

The measurement of the resonant wavelengths of a microresonator and
of their variations is the basic operating principle of all optical-resonator-
based sensors. The advantage of those devices in sensing applications is
the strong sensitivity of the spectral position of a single resonance to the
effective index of the mode propagating in the resonator, which is itself
sensitive to numerous physical quantities, including the nature and compo-
sition of the external medium to be characterized.

For sensing purposes, resonant wavelengths have to be measured with
a maximal accuracy. Thus, specific attention must be paid to the measure-
ment techniques. As outlined in Chap.1, a suitable technique is to measure
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the resonant wavelength® )w(ff )is to determine first the wavelengths corre-

sponding to the inflection points®, A ;, , and A ; ;. Indeed, because the
intensity slope is at its highest at these points, the accuracy in the deter-
mination of these wavelengths is maximal (cf. Chap.2). Then, from the
symmetry of the resonance, we have:

YA D YAl
)\55): m7mf2 myinf (418)

All characteristic wavelengths and intensities related to a resonance of or-
der m are presented in Fig. 4.3.

Besides sensing applications, spectral positions of the resonances can
provide interesting information on the dispersion of the guided mode in
the microresonator.
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Figure 4.3: Diagram of characteristic intensity levels and wavelengths of a resonance

From Eq. 4.17, a resonant wavelength ),, of order m, corresponding to

3"(R)" for Resonant
6"L" for Left and "R" for Right
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a local minimum of transmitted intensity, verifies the following equation:

AL
Ny Ay m+1/2

(4.19)

From this equation, and because the order of interference m cannot be

determined, it 1s clear that the effective index N, f()\q(f )) cannot be cal-

culated from the sole measurement of )\gf ), However, the spacings be-
tween the resonant wavelengths, commonly used to measure the free spec-

tral range (FSR), can be used to determine dispersion properties.

1.3.4 Determination of the FSR

In a straightforward fashion, the evaluation of the FSR can be performed
by measuring two neighbouring resonant wavelengths near the center \. of
the wavelength range:

FSR ~ FSR(A,) = ALY, — A (4.20)
The FSR value itself is, for many applications, of little interest as com-
pared to the finesse, the contrast and the Q factor. However, its relation to
the group effective index is particularly important to determine dispersion
properties. Indeed, the FSR, on a neighbourhood of a wavelength )\, can
be expressed as (cf. Chap.2):

AG

FSR()\)) = NoOoL

(4.21)

where Ng (o) is the group effective index near Ay and L is the average
geometrical length of the microresonator.

1.3.5 Determination of the dispersion properties

Generally speaking, for a measured intensity transmittance, an integer num-
ber N of resonant wavelengths can be measured; N depends on A), the
wavelength range scanned, on the FSR, and on dispersion properties. In

the following, these resonant wavelengths will be written as a series of

wavelengths {/\gR) ,)\éR) e ,)\E\lf)} in ascending order. Then, (N-1) val-

)

ues of the anti-resonant wavelengths )xf{f i , corresponding to a single-trip
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phase delay that is a multiple of 27, can be approximately’ determined
from the values of the resonant wavelengths according to:

(R) (R)
Aam) _ AmF A 4.22)
i 2
Spectral positions of the anti-resonances are merely used as indicative val-
ues, or as starting points for searching local maxima, and consequently do

not need to be determined very accurately.

The local value of the FSR at /\%1 k) can be written as:
FSR ()\%‘R)) — AW _\B (4.23)

From these equations, the group effective index can be calculated at each
of the (N-1) anti-resonant wavelength according to:

()

m ): L()\(R) _Ag;p)

(4.24)

m—+1

The phase effective index, or simply the effective index V. ;s can then de-
termined by solving the differential equation:

dNepyp

Neps —
71720

N¢ (4.25)

1.3.6 Determination of the contrast and the FWHM

The measurement of the contrast C is simply based on the measurements of
local minimum 7,,;,, and maximum 7,,,,, of intensity transmittance. These
values are injected in the expression defining the contrast:

Tmax - Tmin

C —
Tmaz + Tmin

(4.26)

In presence of parasitic modulations of the intensity transmittance enve-
lope, or of modulations due to variations of the internal parameters®, it is

"The approximation lies in the fact that, since the effective index is wavelength dependent, the actual
spectral position of anti-resonance is not strictly at an equal distance between the two neighbouring resonant
wavelengths. However, if the dispersion is moderate, it can be considered that the effective index does not
change significantly over a wavelength range corresponding to one FSR, especially if it is small.

8as described in Chap.2 §4.1



196 CHAPTER 4. OPTICAL CHARACTERISTICS OF MICRORING RESONATORS

preferable to define 7},,;, and 7},,,, locally as:

1 n (4R) 4.27)
Tmax — 5 [T (A1(n )) +T (Am—&-l)}
From these values, the calculated value of the contrast C is local, de-

pending on the chosen resonant wavelength )\,(ff ). For a further characteri-

zation of the global behavior, determining the average value of the contrast
can also be of interest. This can be easily done from an algorithm calculat-

ing all values of )\7(5/ ), )\% R), T ()\fff)) and T (A%R)), and then infers all

local values of the contrast C' ()\7(5 )). Finally, the average contrast C' can
be calculated from:

a1y (R))

C = ;;1 C ()\m (4.28)
Such averaging can also be applied to all characteristics deduced from in-
tensity transmittance - FWHM, Finesse, Q factor, ...- as described in the
following.

The extinction ratio (ER) sometimes replaces resonance contrast C' to
characterize the depth of a resonance, especially in optical filter applica-
tions. Whereas contrast is conventionally expressed in percents (%), the
extinction ratio can be expressed in ratio, decibels (dB) or percents. Is is
mathematically defined as:

ER = Tmax/Tmin
ERy, = 100 ER (4.29)
ER.5 = 10log,, (ER)

The full width at half maximum (FWHM) can be determined locally, at the

vicinity of a wavelength )\gj’ ), by searching for the wavelengths )\ﬁ:%W (cf.
Fig. 4.3) verifying:
1
T\ =3 {Tmax (A,S?)) + Toin (A,(f))] (4.30)

The local FWHM is then deduced from:
FWHM, ()\ff”)) = AR = A 4.31)
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Another method to measure the FWHM is to use the fact that, at the vicinity
of the resonant wavelength, a part of the intensity transmittance is equiva-
lent to a Lorentzian.

1.3.7 Lorentzian equivalent

In physics, the general expression of a three-parameter Lorentzian distri-
bution is:
F2

DLOT(x) - F2 + (:c — 560)2

Dy (4.32)

where Dy is the Lorentzian peak height, corresponding to x = x(. The
peak is centered on x, and its FWHM is I'.

In comparison, the part of the intensity transmittance of a microres-
onator analogous to the intensity transmittance of a FP etalon is written
as:

Ao

Ter(®) = T 2 (®/2)

(4.33)

Close to @ = 0, the following asymptotic expansion can be made :

(I)Q
sin® (®/2) ~ —- (4.34)

As as a result, Tgp can be written with near ® near O as:

440/ F

Tl p @

(4.35)

This equivalent of Tgp can be identified as a Lorentzian distribution with
Dy = Ayand I’ = 2/ V' F, which matches the expression of the phase
FWHM °, and of the intensity transmittance in Chap.2 (§2.3.3). Compar-
ison between intensity transmittance, Lorentzian equivalent, and polyno-
mial equivalents is plotted in Fig. 4.4.

‘AP
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Figure 4.4: Comparison between Lorentzian, quadratic and 4th-order polynomial equiva-
lents of the intensity transmittance for a coefficient of finesse /' = 5.

A rapid analysis of Fig. 4.4 shows that the Lorentzian equivalent is a
very good approximation of the intensity transmittance near ® = 0, and is
much better suited for curve fitting than polynomial equivalents. Since the
intensity transmittance expressed as a function of phase is 2w-periodical,
each resonance peak can be approximated by the same Lorentzian distri-
bution, translated in phase by a multiple of 27.

In Fig. 4.5, the accuracy of the Lorentzian approximation is evaluated
as a function of the coefficient of finesse F. The plots of residuals'® clearly
show that the Lorentzian approximation is better for narrower peaks, with
significant variations depending on the Finesse F = v/ F /2 of the optical
cavity.

One of the property of the Lorentzian distribution is the constant ratio
between the FWHM and the distance between the inflexion points, which
is equal to v/3. Thus, a good approximation of the FWHM can be deduced
from the positions of the inflexion points following:

m,inf myinf

FWHM, (A7) 2 V3 (A = AL ) (4.36)

10residuals are the absolute differences between transmittances and their Lorentzian equivalents
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Figure 4.5: Evaluation of the accuracy of the Lorentzian approximation as a function of
the coefficient of finesse F. In the transmittance plots, solid black lines are the Lorentzian
equivalents, and red dashed lines are the theoretical transmittances for F values ranging
from F' = 5 (largest resonance) to ' = 100 (narrowest resonance).

1.3.8 Determination of the Q factor and the finesse F

The Q factor can be almost directly calculated knowing the value of the
FWHM, from the expression:
(R)

Q (A;{f)) - 13[’;1 (Aﬁ) 4.37)

Finally, the local finesse F )\Sf )) can be directly evaluated from the
local values of the FSR and the FWHM, from:
FSR (A1) \(AR) L (AR)

m—+1 m

(4.38)

d (Agf)) ~ FWHM, (Aﬁ))  FWHM, ()\ff”))
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1.3.9 Determination of the internal parameters

In the expression of the intensity transmittance, as in the expressions of
all its characteristic factors, the internal parameters a and 7 play perfectly
symmetrical roles. Thus, unless the critical coupling condition is satisfied,
resulting in @ = 7, no measurement or fit of a single intensity transmit-
tance can provide the actual values of a and 7. This constitutes a basic
limitation of the wavelength scan method for the characterization of pas-
sive microresonators.

However, as it will be demonstrated, a quantity that can be determined
uniquely from the single knowledge of the transmittance is the product
a7. In addition, it is possible to determine two numerical values o and 3
(a < B), that relate to a and 7. More specifically, either a = o and 7 = £3,
or 7 = « and a = (3. Still, it is impossible from the sole analysis of the
intensity transmittance to know if it is the first or the second situation that
applies!!.

The a7 product, and o and 3 values can be determined from two meth-
ods. The first one is based on a numerical fit of the intensity transmittance,
providing directly the values of « and 3, then ar = «/f. The fit can be
performed on a single resonance to provide local values of the parameters.
For that purpose, the full expression of the intensity transmittance, or its
Lorentzian equivalent near resonance, can be used.

It can also be of interest to study how these internal parameters vary
with wavelength. Then, a first method could be to provide wavelength-
dependent expressions of the parameters used in the intensity transmittance
to perform a fit on a large wavelength range. However, this implies a pre-
vious knowledge of the form of the wavelength-dependent expressions. A
better method is to fit each resonance independently to determine all local
values of the internal parameters, directly providing their wavelength de-
pendence with a sampling period equal to the FSR.

""The former situation corresponds to under-coupling, whereas the later is characteristic of over-coupling.
Because of this, knowing if the resonator is under or over coupled allows the determination of @ and 7. Such
knowledge may be acquired by comparing the properties of two or more microresonators which differ from
each other by only their optical loss or by their cross-coupling coefficient. This can be achieved, for instance,
by building two neighbouring microracetrack resonators with a small difference in their respective coupling
lengths.
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The local values of «, 8 and a7 can also be calculated without the use of
a fitting algorithm. This can be achieved using several schemes. The most
efficient scheme is to determine a7 from a local value of the finesse, then
« and S from a local value of the contrast. Further details on the necessary
calculations are presented below.

At this point, it is preferable to perform a variable change, setting X =
at. The finesse can be expressed as:

WX
1—-X

(4.39)

Knowing F, X appears as a solution of the following quadratic equation:

2
X2—<2+%>X+1:0 (4.40)

With a positive discriminant A, the two distinct solutions of this equation

arc:
2

Xy =14+ + T \Jap2 (4.41)

2F2  2F?
Because X = a7 needs to be inferior to unity, the only solution and final

expression is:
ar =1+ QLP [w Y= wﬂ (4.42)

Then, the contrast C can be written as a function of X and 7:

(X +7)*(1-X)?— (X —7m)*(1+ X)?

s TP — X T (X211 X)

(4.43)

This equality can be re-written as a fourth-order equation where 7 is the
unknown, and C' and X are parameters. The positive solutions of this
equation are « and 3, expressed as:

'a_[1+\/1—C2}X+2(JX2+[1—\/1—02])(3
- VC +2X + CX?
4.44
<5_[1+\/1—C2}X+2CX2+[1+\/1—CZ]X3 (4
(- VC+2X +CX?
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1.3.10 Fourier transform analysis of the intensity transmittance of a ring resonator

In order to determine the Fourier Transform of the transmittance, we will

start by calculating the FT of the following function:

(1-a)1-7)
(1 — at)? + 4aT sin?(z)

h(z) =

This function is 7m-periodical and can accordingly be written as:

/2
+00
. 1 .
h(z) = Z c,et2in? . where ¢, = - / h(2)6_2jnzd2
== —m/2

To determine the expressions of the ¢, coefficients, we set:
Yip = acy 1+ Bep +yepi1, NEZ

From Eq. 4.46, this quantity can be written as:

/2 . ) )
s (1—a*)(1-7? / e~ 2nz [046+2]Z + 5+ 76_232}
" (1 — at)? + 4ar sin?(z)

s
—7/2

where sin?(z) can be written in a complex exponential form:
1

sin?(z) = ~21 [e*7% + %7 — 2]

The denominator of the rational fraction can then be written as:
1+ (at)? — ar [€¥? + e 7]

To simplify the fraction, we have to set

a=v=—ar
B =1+ (ar)*

so that the final expression of >, is

) ) /2
1—a?)(1 - .
5, = Lz /6_2J”Zdz, neZ

v
—7/2

dz

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)
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From that expression, values of >.,, are determined:

p=0, neZ 4.53)
Yo = (1—a*)(1—77 '
For n € Z*, c, verifies the characteristic equation (C):
acp—1 + Be, + ¢4 =0 (4.54)

We know then that ¢, is of the form ¢,, = )\rlln| + m"{” where r and ry are

the solutions of (C). We can rewrite the characteristic equation as:
—arX?+ [1+ (ar)’] X —ar =0 (4.55)

After expanding and refactoring, the discriminant of (C) can be expressed
as:

A=[1-(ar)?)’ (4.56)
In this expression, a and 7 only have a physical meaning if their values
range between 0 and 1, which means that in our case, A is always superior

to 0. The two solutions of (C) can then be deduced from:

[1 - (a7)2}2 ¥ [1 — (CLT)2}
2art

(4.57)

rie =

After simplification, we find 11 = (a7)™! and ro = a7. 71 being superior
to 1, ¢, has only a physical meaning if A = 0. which means that ¢, =
(at)™!. We use then the value of 3, to determine the expression of the
constant

So=(1-a*)(1—7°) =2ac + By = p [-2(ar)* + 1+ (zy)*] (4.58)
The final form for ¢,, is then

(1—a?)(1 -7
1 — (ar)?

(ar)", nez (4.59)

Cn:

From this expression, the phase-dependent intensity transmittance of a
micro-resonator can be written as its Fourier series:

T@) = (1= 9[- M2 = Y de™® 60

n—=—oo
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where we simply have

do = (1—=7)(1 - )

(1—-a?)(1—-7?% (4.61)
dy = —(1— Il Z*
( 7) 1 — (CLT)2 (CLT) ) n e
Since the intensity transmittance 7'(®) is a real function, d,, = d_, is

verified. We can then finally write the intensity transmittance as function
of the single-trip phase delay:

T(®)=(1-—7) {1 _a —1612)((;7)—2 ) 1+2 f(ow)” cos(n(I))] }
4.62)

n=1

1.3.11 Spectrum of recorded intensity transmittance

From Eq. 4.62, the unilateral spectrum of the intensity transmittance is
composed of equally spaced Dirac functions. However, the actual spec-
trum from the measured intensity has to be related to wavelength, and not
to the single-trip phase delay. Also, because of a windowing effect, the
limited wavelength range on which the intensity transmittance was mea-
sured will bias the calculated spectrum.

In order to simplify calculations, the use of the wavenumber o = A1 is
preferred in the following. The single-trip phase delay ® can be written as

a function of o:
®(0) =210 LN s4(0) (4.63)

The optical power at the output of the tunable laser does not usually depend
on wavelength. Therefore, the spectral density Zg of the optical source can
be defined for o € R as a boxcar function:

dlg
Islo) = &

Zs(o) =0 elsewhere

1
(0) =1y = —O, o € [o1,09)

Ao (4.64)

where o1 and o9 are the lower and upper limits of the measured wavenum-
bers. When the spectrum of the intensity transmittance is calculated from
a FFT algorithm, the signal to consider is the transmitted intensity Z7, de-
fined as:

Irr(o) =Mod(o)T(0)Zs(0) (4.65)



1. CHARACTERIZATION METHODS 205

where Mod(o) is a envelope modulation function from the photodetector.

A calibration of the transmittance from the source to the photodetector
can be performed so that this modulation can be removed. At this stage,
the measured intensity transmittance can be written as:

TMeas(O) = %fsw (466)

In the Fourier domain, the reciprocal variable of the wavenumber o is the
optical distance x, ie the product between a phase index and a geometrical
length. Because of the limited wavelength range of the measurement, the
Fourier transform (FT) of the measured intensity transmittance will result
from a convolution between the FT of the transmittance and the FT of the
source spectrum:

~

T(z) ® Is(x)
Iy

T]Weas (l‘) - (467)

The actual form of the spectrum will finally strongly depend on the wave
dispersion in the resonator.

Case of zero dispersion

Zero dispersion corresponds to N.s¢(0) = Ny = constant. This sce-
nario is the most simple to solve since all waves travel at the same speed.
For all wavenumbers, the optical distance corresponding to a single trip
inside the resonator is xy = LNy. From Eq.(4.60), the spectrum of the
transmittance T’ can be written as:

400
T(z) = Z d,,0(x — nxy) (4.68)

The windowing effect, result of the convolution, now appears in the ex-
pression of the measured spectrum:

400
Trteas(x) = Z dy, sin, [7(z — nzy)Ao] (4.69)

n—=—oo
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Figure 4.6: Spectrum of the transmitted intensity when dispersion is neglected. a = 7 =
0.6 and v = 0.

Case of non-zero dispersion

This scenario is more subtle to understand since each wavenumber has
an associated optical distance xy(c) = LN,;s(o) corresponding to a sin-
gle trip in the resonator. As a result, the spectrum of the transmission is
a superimposition of the spectra of zero dispersion transmission for each
wavenumber:

+00 72
T(z) = ALO' Z dn/5(a: —nxo(o))do (4.70)

01

After integration of the distribution, the spectrum of the transmission can
be expressed as:

+00

NI‘ _ dn e ZC—TLSU()(O'())
T =2, n [zo(o2 (01)]R t{ } @70

S ) — %o n[zo(02) — zo(o1)]

where oy is the center of the bandwidth.
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2 Measurement setup

2.1 Basic Setup

2.1.1 Presentation

The key element of our basic setup for intensity transmittance measure-
ments is a TUNICS tunable laser source working in the 1500-1640 nm
wavelength range. Its output is connected to a SMF-28 optical fiber. The
output of this fiber is collimated by a x20 NACHET NIR!? microscope ob-
jective. Then, the polarization of the beam is controlled with a polarizer
(P) and half-wave plate (\/2).

The polarizer defines the linear polarization state, and the half-wave
plate is used to rotate the direction of the linear polarization after the po-
larizer. The beam is then coupled to the DUT, more precisely to the bus
waveguide coupled to a microresonator, with a x40 NACHET NIR micro-
scope objective. The silicon wafer on which the DUT was built is placed on
a temperature-controlled mount to prevent temperature drift effects during
characterization. The beam at the output of the bus waveguide is colli-
mated by a x20 NACHET NIR objective, then directed to a photodetector,
such as an optical power-meter or a photodiode.

2.1.2 Tunable laser source

The basic component of the tunable laser sources of the Tunics series is
an external laser cavity in a modified Littman-Metcalf configuration (cf.
Fig. 4.8). The emission wavelength, among others resonant wavelengths of
the external cavity, is spatially selected by the incidence of the collimated
beam on the diffraction grating. The controlled rotation of the dihedral
reflector modifies the cavity length and simultaneously shifts the selectivity
of the grating so that the order of the laser mode remains constant while
the emission wavelength is tuned.

I2NIR for near infrared
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Figure 4.7: Schematic diagram of the basic setup for intensity transmittance measure-
ments.

This configuration ensures a mode-hop free operation when tuning the
emission wavelength, continuously or step-by-step. Some performances
of the tunable laser are particularly relevant to the intensity transmittance
measurements:

e The absolute wavelength accuracy (AWA) can be defined as the res-
olution on the emission wavelength after self-calibration. The wave-
length error follows, on the whole spectral range, a normal distribu-
tion. The AWA is equal to three times the standard deviation of the
emission wavelength. Consequently, the probability that the emission
wavelength is within the displayed wavelength + the AWA is approx-
imately 99.7 %. Depending on the tunable laser source, the AWA can
vary, from a few pm to a few tens of pm.

The AWA is important for the absolute characterization of resonance
positions of a microresonator. It combines uncertainties on the emis-
sion wavelength due to both systematic and random errors. However,
if the aim of the wavelength scans is to measure the variations of the
resonant wavelengths, then, as described in Chap.1, the uncertainty
on the wavelength variation is not directly related to the AWA.
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e Wavelength stability (WS) measures the drift with time of the emis-
sion wavelength from the user-specified value. This drift is caused
by temperature variations of the room and/or by internal temperature
variations of the optical elements. The value of WS applies to de-
scribe the uncertainty for the measurement of resonant wavelength
variations. With Tunics laser source, values of WS is typically a few
pm per hour.

e The tuning range (TR) is the wavelength range on which the tunable
laser source can achieve mode-hop free operation. it is essentially
dependent on the output optical power, whatever the source. Both
FSR of the microresonator under study, and TR of the laser sources
define how many resonances can be measured in one scan.

optical power dependent emission wavelength range that can be se-
lected without presence of mode hop. With the FSR of a microres-
onator, the TR defines how many resonances can be observed.

e The spectral width (SW), defined as a FWHM, is the typical linewidth
of the laser emission around the selected wavelength. The SW defines
the coherence length of the radiation, and can have an influence on
parasitic modulations due to interferences from partial reflections in

the DUT.

Bulk grating

Collimating
lens

Output Laser

A.R. coating Dispersed

= wavelengths
AN

Dihedral reflector Selected lasing wavelength

Figure 4.8: Schematic diagram of the self-aligned external laser cavity in a Tunics-Plus
tunable laser source.
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2.1.3 Polarization control

The polarization controller, composed of a polarizer (P) and a half-wave
plate (\/2), is necessary to define the polarization state of the input field,
which is particularly important for the characterization of guided optics
devices such as planar microresonators where the anisotropy is strong.

The role of the polarizer is to deliver a linearly polarized field from the
slightly elliptical output of the optical fiber connected to the tunable laser.
The ellipticity of the polarization state mainly comes from stress-induced
birefringence in the fiber. It can be corrected by a slight twist applied to
the connector of the fiber, in order to optimize the optical power after the
polarizer.

The half-wave plate rotates the linear polarization after (P). It is thus
used to control the polarization direction of the field coupled to the DUT.
This direction can be chosen to exactly match the specific dominant field
direction of TE or TM modes of the DUT. It can also be chosen so that
both TE and TM modes of the DUT are excited. Rotation of the half-wave
plate can then be used to control the intensity ratio between excited TE and
TM modes.

In order to limit parasitic reflections, both polarizer and half-wave plate
are coated with anti-reflective layers for 1500 nm. In addition, the half-
wave plate is specifically chosen with highly a spectrally flat retardance
so that input polarization state does not depend on the wavelength on the
measurement bandwidth.

2.1.4 Temperature-controlled mount

The temperature-controlled mount was designed to reduce effects of exter-
nal temperature variations on the intensity transmittance of the microres-
onators, especially on the resonances positions. The thermal regulation
system is composed of a thermistor, two thermo-electric (Peltier) actuators
and a controller. In real-time, the controller measures the temperature-
dependent resistance of the thermistor and compares it to the resistive
equivalent of the temperature set point.
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The difference is fed to a proportionnal-integral-derivative (PID) con-
troller whose output controls a symmetric current amplifier connected to
the two thermo-electric devices in series configuration. This system can
both cool down and warm up the microresonators. PID coefficients are set
so that their response time is minimal, but with sufficient phase and gain
margins so that the system remains stable under all circumstances.

The thermistor is in contact with the silicon wafer. A thin film of ther-
mal paste between the copper plate and the silicon wafer, and surrounding
the thermistor, ensures optimal thermal conduction between the different
elements. As the silicon is a very good thermal conductor, temperature
variations of microresonators are quickly detected by the controller. The
thermo-electric devices are placed under the copper plate where the silicon
wafer is placed. Copper was chosen for its high thermal conductivity, so
that the response delay is minimal.

This thermal regulation setup, very efficient to stabilize the temperature
of the DUT, was also used to measure the sensitivity of microresonators
to temperature. This was done by modifying the temperature set points
and measuring the intensity transmittance in both transient and stationary
regimes.

2.1.5 Photodetector

The photodetector employed was either a large aperture commercial power-
meter based on a Germanium photodiode, or a small aperture photodetec-
tor integrating a InGaAs photodiode. Both photodetectors can be used to
perform step-by-step measurements, characterized by slow intensity vari-
ations. However, continuous measurements, with wavelength scanning
speeds up to 100 nm/s, required the much higher bandwidth of the small
aperture photodetector. Because of the small aperture, a 50 mm lens was
specifically coupled with the fast detector to focus the output beam on the
photodiode.

2.1.6 Data acquisition

Analogous signals from the temperature controller, from the laser source
and from the photodetectors where routed to a National Instruments BNC-
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2120 connector block, itself connected to a PCI-6133 data acquisition board,
embedded in the control PC via a PCI port. The maximum sampling rate is
2.5 MSamples/s per channel, with a 14 bits resolution. A software was de-
veloped from the NI LabWindows environment to perform intensity trans-
mittance measurements, controlling both the laser source and the data ac-
quisition from the board.

2.1.7 Beam alignment

Because of the small section of the waveguides, a good alignment of all
optical elements is necessary to achieve good source-to-detector transmis-
sion. Using the setup described and the alignment scheme developed in the
following, an overall transmission rate up to 12 % were achieved.

The source block, where the beam 1s collimated first, needs to be ad-
justed so that the beam is parallel to the optical table (constant height), and
parallel to one of the direction defined by the screw holes grid of the table.
Then, the photodetector can be positioned on the course of the beam at the
other end of the setup, and an iris can be placed in front to materialize the
right position of the beam. Then, the elements of the polarization controller
can be placed.

The x40 objective is placed so that the light intensity on the focusing re-
gion shows a good radial symmetry. For that purpose, parasitic reflections
can be used to align the objective axis with the beam. The second objec-
tive can then be placed and aligned so that the output beam hits precisely
the aperture hole. This scheme ensures a permanent alignment of the two
objectives.

2.1.8 Optimization of the output intensity

Once the position of the focusing objective is defined, it shall not be moved
when trying to couple the beam to the bus waveguide. Indeed, this would
deteriorate the alignment between the beam and the optical axis of the ob-
jective. Instead, it is better to search for coupling by moving the wafer,
hence the bus waveguide input, laterally and/or vertically.

A good alignment between the focusing objective and the input of the
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bus waveguide is important for several reasons. The first reason is that the
overall transmission will strongly depend on it. But, more importantly, a
non-optimized alignment will result in a biased estimation of the resonance
contrast in the measured intensity transmittance. This happens specifically
if the focusing point is too close or too far from the input of the waveguide
in the direction of the optical axis. In such a situation, light is coupled in
the waveguide, but also in the silicon layer which acts as a slab waveguide.
This results in measurement of optical power that did not propagate in the
DUT. Moreover, light from the input beam can be reflected on the surface
of the wafer, resulting in additional optical transmission. Because of this
effect, all measured intensity levels are biased, which makes the observa-
tion of critical coupling impossible.

Before measuring the intensity transmittance from a device, the beam is
routed via a mirror placed on a flip-mount to an IR camera with a 50 mm
lens. Combined to the x20 collimation objective, a microscope is formed,
allowing the observation of the distribution of IR radiation at the output of
the waveguide. A good alignment of the waveguide is obtained when only
light coming out of the waveguide is detected.

2.2 Acquisition method

2.2.1 Step-by-Step Scan

In a step-by-step scan, the emission wavelength is modified by discrete
steps 0\ at every period T between a start wavelength \,+ and a stop
wavelength \,,. After the instruction to change the wavelength is re-
ceived, the source takes a typical duration 7j to tune and stabilize to the
new wavelength. The value of 7, depending on the wavelength step 6\
and on the scanning speed, can be determined from an analog output pro-
viding a signal proportional to the set wavelength. The minimal value of
T'; for our tunable lasers was around 100 ms, and applies to all wavelength
steps under 100 pm, being an intrinsic limit due to the motor. Because of
this delay, acquisitions with high resolutions on large wavelength ranges
would last several hours.

The acquisition of the data is triggered so that after proof that the in-
struction was properly received by the source, and after a time 7, a num-
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ber N,,, of samples of the transmitted intensity are acquired. These sam-
ples are directly averaged to produce one measurement point of the inten-
sity transmittance as function of the wavelength. After the data points are
recorded, a new wavelength setpoint is sent to the source. The other com-
ponent of the measurement point to determine is the actual wavelength
corresponding to the measured intensity transmittance. The wavelength
can be precisely measured by an external lambda-meter. However, the
characterization of planar microresonators with limited Q factors does not
require a very high wavelength accuracy. In step-by-step measurements,
the wavelength of the measured point was assumed to be equal to the set
wavelength.

2.2.2 Continuous Scan

In a continuous scan, the emission wavelength is continuously swept from
Astart 1O Asiop, With a speed defined as the scanning speed (d\/dt), which
can be up to 100 nm/s. Then, after a specified time delay of at least 100
ms, the wavelength is continuously swept back, from Ay, t0 Agrgre. After
stabilization at \,,+, a new cycle can be launched after a minimal delay of
100 ms.

In such a measurement scheme, the duration of the measurement de-
pends on the wavelength range A\ = |Agqrt — Asiop|, but does not depend
on the wavelength resolution 6\. The wavelength resolution, depending
only on the scanning speed and the sampling rate of the acquisition board,
can interestingly be set at much lower values than the wavelength setting
resolution of the source.

During a continuous scan, the analog output providing the set wave-
length is not operational since it is continuously modified during the cycle.
The challenge is then to trigger the acquisition, and to measure or extrapo-
late the wavelengths corresponding to the acquired transmitted intensities.

Continuous scan without wavelength referencing

The first developed method for continuous scan did not require an ex-
ternal wavelength measurement module. The idea was to trigger the ac-
quisition of the intensity data from the rise of a synchronization signal,
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corresponding to the voltage applied to the motor. An average time delay
between the rising edge of this signal and the start of the sweep was evalu-
ated, and was used to determine the instant, in the acquired data, where the
wavelength was equal to \4,,+. The wavelength corresponding to each ac-
quired intensity was than calculated from the scanning speed, assumed to
be constant during the scan, and from the value and position (in samples)
of the start wavelength.

The main problems encountered with this technique is that the scanning
speed is not constant during the scan: in the beginning, the motor accel-
erates to its nominal speed, and the motor slows down before arriving to
Astop- This means that the actual scanning speed is lower than the nominal
scanning speed at the beginning and at the end of each scan. Because the
wavelength points are calculated from the nominal speed, the record in-
tensity transmittance is importantly distorted in wavelength near A+ and

/\stop .

The second problem of this technique is the repeatability of the deter-
mination of the wavelength. Indeed, each wavelength position relies on the
time delay between the rise of the synchronization signal and the beginning
of the sweep. Because this time delay is never exactly the same for each
scan, the estimated wavelength positions are randomly varying around the
actual wavelength positions, with a typical amplitude around 20 pm. This
is particularly detrimental to sensor applications of microresonators where
the accuracy in determining the position of the resonance has a strong in-
fluence on the sensing performances.

Continuous scan with wavelength referencing

Wavelength referencing in continuous measurements of intensity trans-
mittances as a function of the wavelengths solves the two problems related
to the inhomogeneity of the scanning speed during a scan, and to the in-
consistency of the time delay from one scan to another. In a new setup, a
wavelength referencing module inside a Tunics T100-R tunable laser pro-
vided an analog signal proportional to the wavelength during continuous
scans.
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The wavelength referencing is based on a Michelson interferometer in-
tegrating an acetylene cell. During a continuous scan, the analog signal is
at OV (V for volts) when A = Ay, and at 5V when A = Ay,,. Due to
the limitation of the resolution of the internal referencing module, the ana-
log signal could only take a limited number of values from O to 5V. This
separates the use of the continuous scan into two categories:

1. The first category of scan corresponds to the situation where the re-
quired resolution in wavelength for the acquisition of the intensity
transmittance is larger than the resolution of the internal wavelength
referencing. In that situation, the intensity transmittance as a function
of the wavelength can be directly plotted as a XY plot of the measured
intensity and the measured wavelength.

Because of the direct measurement of the wavelength, motor accel-
eration and deceleration phases have no effect on the plot and the
repeatability of the measured wavelength is not affected by variations
of the time delay, allowing very good accuracy on the determination
of the position of a resonance.

2. In the second category of scan, the required resolution is lower than
that of the internal referencing. In such situation, because the actual
wavelength is rounded up to the nearest level, the measured wave-
length signal is a staircase function and cannot be directly used to
plot the intensity transmittance.

A solution to match the resolution was found by applying a linear re-
gression to the staircase function, thus reconstructing the actual wave-
length values. The only limitation of this technique is related to the
non-uniformity of the scanning speed (d\/dt) along the scan dura-
tion, resulting once again in a wavelength distortion of the plot near
Astart and Agop. This was partially solved by limiting virtually the
range of the source. When a scan between Ay, and Ay, 1S required,

the source actually scans the wavelength between Aj,,,, and A}, de-
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fined as:
start — )\start - V. A : A/\a : MN
A max (4.72)
* —\ + V)\ A)\max M
stop — “‘stop V)\,max AN N

where V) is the specified scanning speed, V) maxls the maximal scan-
ning speed; AN = |Astart — Astop| 1S the specified scanning range and
AAmax 18 the maximal scanning range; My is a nominal margin, equal
to 5%, 10%, 20%, ... depending on the allowed level of wavelength
distortion.

3 Optical characteristics

3.1 Experimental characterization of a microring resonator

3.1.1 Presentation

In this part, we present the method for characterizing a microring resonator
from its measured intensity transmittance. The measured microresonator is
a vertically-coupled microracetrack resonator with R = 180 pum and Ly, =
120 pm, with 18 MS2 de-ionized (DI) water. It is a good example to study
because of its single-mode behavior over the whole wavelength range of
the source.
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Figure 4.9: Photodetection voltage measured at the output of the DUT for an input optical
power of 10 mW and a TE polarization state.
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3.1.2 Smoothing the data

The intensity transmittance of the DUT was measured from a continuous
wavelength scan, roughly between 1510 nm and 1620 nm with a resolution
of 0.5 pm. With this very high resolution, noises from numerous sources
are visible in the signal. From that point, smoothing the data can be use-
ful to prevent noises from interfering with the algorithms that are used to
determine the characteristics of the microresonators from intensity trans-
mittances.

In Fig. 4.10, where different spans are used in the moving average filter
for smoothing the data, specific results for the filtered signal are presented.
In the raw data, a specific high frequency noise is detected. This noise can
come from the optolectronic detection chain, and/or the intensity transmit-
tance itself, from parasitic reflections of the waves. In the signal filtered
with a span equal to 20 points, corresponding to 1 pm, the high-frequency
noise disappears, and a lower frequency modulation, with a period of 40
pm, becomes obvious.
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Figure 4.10: Photodetection voltage around a maximum of transmitted intensity and
smoothed signal from a moving average filter with various spans.

This period corresponds to an interferometer with an optical length of
approximately 6 cm while the geometric length of the bus waveguide is
approximatelys 2 cm. The group effective index of propagation in the bus
waveguide being near 1.5, this modulation appears to come from the inter-
ferences between waves travelling directly out of the bus waveguide and
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waves reflected on both output and input before being directed to the re-
flector.

The small amplitude of the modulation is also consistent with the low
reflection coefficients at the SU-8/air interfaces (4.8% at normal incidence).
With the higher spans of 50 and 100, corresponding to 25 and 50 pm,
respectively, the high-frequency modulations disappear and only the low
frequency modulation remains, with a decreasing amplitude. When the
moving average filter has a span of 100 points, its cutoff period as low-
pass filter is 50 pm. As a consequence, the phase of the modulation with a
period of 40 pm, under the cutoff period, is shifted by 7.

It would be tempting to increase the span even more in order to get rid
of the external perturbations and noises, and so to reveal the behaviour of
the microresonator alone. However, as can be seen in Fig. 4.11, the moving
average filter has a slight effect on the position of the resonances, and on
their depths. Hence, the span of the filter should be adjusted so that high-
frequency noise is removed, and so that the filtered signal remains roughly
centered on the noise of the raw signal. In subsequent treatments, the span
was set at 35.
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Figure 4.11: Influence of the span of the moving average filter on the measured signal
near resonance.
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3.1.3 Peak detection

The peak detection relies on a peak finding algorithm applied to the smoothed
data. Local minima are found as being the zeros of the first-order differ-
entiation of the data. Because of external modulations and noises, many
irrelevant minima can be found by the algorithm. This issue is answered
by filtering the peaks by height and periodicity constraints. A specified
level sets a threshold value for "real” minima, ie for a maximal height that
minima can have and which can be still considered as corresponding to a
resonance peak. The periodicity constraint corresponds to a minimal dis-
tance separating the peaks. From these two additional parameters, the al-
gorithm finds the most relevant peak system (cf. Fig. 4.12). Such a scheme
can also be used to filter sets of resonances that are due to higher-order
guided modes in the resonator.

From the positions of the resonances gathered from the peak finding al-
gorithm, the positions of the anti-resonances can be deduced, and a second
algorithm can easily find the values and positions of the local maxima of
transmitted intensity (cf. Fig. 4.13).
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Figure 4.12: Smooth signal and resonant wavelengths found from a peak finding algo-
rithm.

It is noticeable that the positions of the anti-resonances deduced from
the positions of the resonances does not correspond to the local maximum
of transmitted intensity. This shift can be explained in part by dispersion,
with a group index decreasing with the wavelength. However, the main
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contribution comes from the modulation of the envelope of the resonance
peaks, well visible in Fig. 4.9 and Fig. 4.12.
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Figure 4.13: Positions of the resonances, anti-resonance and maximum of intensity deter-
mined from the smoothed signal.

3.1.4 Normalizations

Until now, the data was presented as a photodetection voltage providing
the measured transmitted intensity. As a consequence, the data, smoothed
or not, integrates the input optical power, which may depend on the wave-
length, the responsivity of the photodetector and finally the intensity trans-
mittance of the bus waveguide.

Assuming a linear behaviour, these functions are not related to the mi-
croresonator response, and should be divided by the measured signal to
obtain the true intensity transmittance of the microresonator. In this part,
we discuss which normalizations can be applied to retrieve some specific
aspects of the microring response.

First Normalization

If we assume that the optical power of the source is constant over the
whole measured wavelength range, a first normalization (N;), resulting in a
curve (C;) where the overall maximum is set to 1 and the overall minimum
is set to 0, provides a transmission curve which does not depend on the
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input power. It is described by:

Co(A) — min(Cp)
max(Cp) — min(Cj)
where C is the raw or smoothed signal. It can be noticed that the multipli-
cation of Cy by a factor K does not modify C;.

Ci(A) = (4.73)

This simple normalization can be used to compare data gathered with
different input powers, and could specifically be interesting to track non-
linear effects related to the level of input power. However, the responsivity
of the photodetector and the transmittance of the waveguide are still present
in (C;), resulting in a modulation of the envelope of the resonances.

Second Normalization

A second normalization (N5) consist in putting all minima at 0 and all
maxima at 1, thus providing a normalized curve C, which is a lot easier to
fit from a numerical model of the microresonator, and also easier for the
determination of FWHM, Q factor and finesse from an algorithm.

For this normalization, the method described forthe normalization (N;)
is applied sequentially to each wavelength range A\, corresponding to a
resonance )\;R), in between the two surrounding maxima. After these lo-
cal transformations, all local minima are at 0, but the resulting signal Cy)
shows discontinuities at local maxima.

For each wavelength range A\, a linear correction is then applied: the
equation of the straight line joining the two neighbouring maxima is de-
termined and a corresponding value is subtracted to Cq); so that after cor-
rection, all local maxima are equal in the Cy» signal. However, the linear
correction slightly modifies the value of the minima.

In order to obtain the final normalized signal Cs, the transformation ap-
plied to Cy to obtain Cy,; is re-applied to Cy)2. In Fig. 4.14 are compared
C; and C,.

Application of the local normalizations and linear corrections does not
modify the position of the resonances from Cy to Cy. However, (N») sets all
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the contrasts of the resonances to 100 %, making the retrieving of the inter-
nal parameters from C, impossible. In comparison, the values of FWHM,
Q factor and finesse are not affected by (N3) and are easier to determine
than from C;.
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Figure 4.14: Comparison between partially normalized (dashed red line) and fully nor-
malized (solid blue curve) signals C; and Cs.

Third Normalization

The idea behind the third normalization (N3) is to retrieve an envelope
function from the maxima and the minima and to divide the data by an in-
terpolated curve of the retrieved envelope. Whereas the second normaliza-
tion proceeds to linear corrections of the envelope, the correction applied
in (N3) is from a cubic spline interpolation of the envelope, providing a
more accurate result in terms of true resonance shape.

From the expressions of the maxima and minima of transmittance are
inferred the functions representing the values of the maxima and minima



224 CHAPTER 4. OPTICAL CHARACTERISTICS OF MICRORING RESONATORS

of measured intensity:
(

[a(\) +7(N) ]°
1T+ a7 |
o) TN ]

Iin(A) = [1 — (A
\ ( ) [ f}/( )] _1_a()\)T(A)_
where I()\) is the product between the intensity response of the source,

the intensity transmittance of the bus waveguide, and the responsivity of
the photodetector.
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Figure 4.15: Upper (red dot-dash line) and lower (blue dash line) envelope of the trans-
mitted intensity interpolated from the positions of the maxima and minima, respectively.

In these expressions, it appears that Iy(\) cannot be directly retrieved
from the upper and lower envelopes of the resonances. Indeed, the mod-
ulation of the envelope potentially comes from variations of the internal
parameters a, 7 and v as functions of the wavelength. Proof of the dis-
persion of internal parameters can be observed in Fig. 4.15: if the internal
parameters were constant, upper and lower envelopes would have identical
variations, which is clearly not the case.

In order to obtain a normalized curve C3 similar to C,, but with a better
correction of the shape of the resonances, the signal Cj is first divided by
the upper interpolated upper envelope. The resulting signal Cs),; has all its
maxima at 1. Then local normalizations are performed in the wavelength
ranges A\;. The resulting curve Cjs is displayed in Fig. 4.16 and compared
to CQ.
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Figure 4.16: Comparison between the results of the second (dotted blue line) and the third
(red solid line) normalizations C, and Cs, respectively.

A general observation of the curves show that both normalizations have
very similar results where envelope variations are not large: the linear cor-
rection matches the cubic spline interpolant. In the case of are large enve-
lope variations, differences between the two methods appear clearly. It is
noticeable that the result of the third normalization, Cs, is flatter than C,
near anti-resonances, thus with further resemblance to an ideal behaviour
of the microresonator.

In addition, the correction with the cubic spline interpolant has the
specificity to modify the positions of maxima. In Cs, these positions are
shifted to the left and are closer to their expected position of the maxima,
approximately at half-distance between two resonant wavelengths. The
appearance of Cs is very close to that of a ideal intensity transmittance.
However, the result is limited in fidelity by the presence of a shallow mod-
ulation due to the presence of resonances from a second-order mode. Be-
cause the effective index of the second propagation mode differs from that
of the fundamental mode, an additional envelope modulation is due to the
beating between the two sets of resonances.

Because of this phenomenon, more sophisticated methods would have
to be employed to study both modes separately. Such a method may be
based on a curve-fitting algorithm liable to identify all resonances, specif-
ically those that are hidden behind the resonances from the fundamental
mode.
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3.1.5 FSR and effective group index dispersion

The FSR values can be easily deduced from the positions of the detected
resonances. Results for the DUT are presented in Fig. 4.17.
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Figure 4.17: Wavelength-dependent Free Spectral Ranges for the DUT.

From the measured values of wavelength-dependent FSRs, and from the
estimated circumference of the microresonator, the dispersion of the group
effective index is obtained, and presented in Fig. 4.18.
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Two contributions are visible in the variations of the group effective
index. The first contribution corresponds, as expected, to the typical dis-
persion in an optical waveguide. It is well fitted by a linear or quadratic
curve. The second contribution, a slight modulation of the group index
around the expected behavior, is more difficult to explain.

Because of their apparent periodicity, the most probable origin of these
oscillations is the presence of resonances from a second propagation mode
in the microresonator. The oscillation period can then be correlated to
the difference of effective indices between the two modes. Because of
secondary resonances, the measured positions of the resonant wavelengths
corresponding to the fundamental mode are slightly modified as compared
to their actual values.

3.1.6 FWHM, Q factor and Finesse

The determination of the FWHM of each resonance peak is easily made
by the normalizations (N3) and (N3). By applying a zero-finding algorithm
to the curve C, = (C3-1/2) for instance, all wavelengths at half-resonances
are determined and subtracted to calculate FWHMs. From these values
and those of the FSRs, the Q factor and the finesse for each resonance are
calculated. Results are presented in Figs. 4.19 and 4.20.
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Figure 4.19: Wavelength-dependent Q-factor for the DUT.
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<Finesse> = 3.18
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Figure 4.20: Wavelength-dependent Finesse for the DUT.

Similarly to the group index, the wavelength dependence of Finesse and
Q factor seem to have two origin: a slow, almost linear variation, and fast
oscillations with a noticeable periodicity, estimated to 11 nm at 1550 nm.

Assuming that another set of resonances corresponding to a higher-
order propagation mode is hidden by the first resonance peak, its period
will be defined by F'SRy = \?/Ng L. The beating between the two sets
of resonance will produce two new periods:

,
X

L Ngi+ N
. 2 ! ) G2 (4.75)
) _ A
o L Ngi— Nga

It 1s expected than the group effective index Ng 2 of the higher-order mode
will be lower than that of the fundamental mode N ;, and the difference
between both indices will not be very large. Assuming Ng 1 = Ng o, the

estimated value for T§+) is 0.54 nm. This period, close to that of the noise
due to parasitic reflections, cannot be observed. From the estimated mag-
nitude of TA(JF), it seems clear that the period observed in the curves of
the Q-factor and the finesse corresponds to T)(\_). In this situation, TA(_):
11 nm at 1550 nm corresponds to a difference of effective group indices
(Ng.1—Ng2)equal to 0.16. From Fig. 4.18, N¢ 1 18 approximately equal to

1.62, corresponding to Ng 2 = 1.46 which is consistent for a higher-order
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propagation mode (cf. Chap.6).

Another observation that can be made from the Finesse and Q factor
curves concerns the slopes of their linear decay when the wavelength in-
creases. The Q factor explicitly depends on the group effective index. Be-
cause of this relationship, it is not surprising to see that Q factor creases
when N¢ decreases. In comparison, the dependence of the Finesse on the
group index, or wavelength, can only be implicit. The decay of the finesse
would then be related to variations of the internal parameters of the res-
onator with respect to wavelength. Also, the relative linear slope of the Q
factor decay is around 0.3 % when the same factor is equal to 0.2% for the
Finesse. This comparison shows that the dependence of the Q factor and
Finesse with respect to wavelength are similar, therefore, the implicit con-
tribution of the dispersion on these characteristics is larger than the explicit
contribution.

3.1.7 Resonance contrast

With normalization techniques, it was observed that any measured reso-
nance could be arbitrarily transformed in a resonance with 100 % contrast,
corresponding to infinite extinction ratio. Because of this, the resonance
contrast could be considered by as an unimportant characteristic compared
to the Q factor. It is generally assumed in sensor applications of microres-
onators that the accuracy in the determination of the position of a resonance
only depends on the Q factor. However, a better understanding of what lim-
its the accuracy is provided by an analysis of the measurement noise (cf.
Chap.1).

In that regard, the importance of the maximal intensity slope (MIS) was
outlined. In a first approximation, the maximal slope can be thought as pro-
portional to the product between the contrast, the Q factor and the maximal
transmitted intensity:

d\

MIS = (-2 - C - s 4.7

Because the normalization procedures have no effect on the SNR, the raw

contrast C appears as important as the Q factor in sensing applications'?.

13as far as the uncertainty on the resonant wavelength is concerned
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The contrasts are determined for each resonance from the signal Cj. Be-
cause of the variations of the upper envelope of the resonances, they cannot
be calculated exactly as defined. For each resonance, the unique maximum
of intensity from the contrast formula can be replaced by the average be-
tween the two local maxima at the left and right of the resonance peak.
However, it can be simpler to define the contrast for all wavelengths, as
the relative difference between the interpolated upper and lower resonance
envelopes:

_ UpEnv(\) — LowEnv(X)

G = UpEnv(\) + LowEnv(\)

4.77)

Results form these calculations are presented in Fig. 4.21. As expected
from the visualization of the measured transmitted intensity, the contrast
strongly depends on wavelength. From the expression of the contrast, the
plotted contrast curve cannot depend on the /y(A) function, representing
all external perturbations.

The contrast variations can only be explained by internal phenomena:
dispersion of internal parameters and presence of resonances from higher-
order propagation modes. It can be observed that the contrast can be better
fitted by a quadratic curve. In comparison, a linear fit is sufficient to de-
scribe the wavelength dependence of the Q factor and the Finesse. This is
consistent with the dependence of the contrast to the square of the product
a7 and confirms that the dispersion of these parameters plays a key role in
the wavelength-dependence of the characteristics.

—calculated
- - - quadratic fit

Contrast
o
(o]

o
~
T
|

y = - 1.65e-05*x> + 0.0497*x - 36.4
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Wavelength (nm)

Figure 4.21: Wavelength-dependent resonance contrast for the DUT.
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3.1.8 Determination of MIS and optimal o}*

In order to determine the maximal intensity slope (MIS), the signal can be
numerically derived (cf. Fig. 4.22). Relying on algorithmic schemes sim-
1lar to those described before, local maxima and minima of the first-order
derivative are deduced. They correspond to the maximal intensity slopes,
located at inflection points on the right and left sides of the wavelength-
dependent intensity transmittance, respectively.

Signal (V)

0 | | | | 1 | |
1528 1529 1530 1531 1532 1533 1534 1535 1536 1537 1538

| | 1 1
1533 1534 1535 1536 1537 1538

| | | |
28 1529 1530 1531 1532

-2 | | | | | | | | |
1528 1529 1530 1531 1532 1533 1534 1535 1536 1537 1538
Wavelength (nm)

Figure 4.22: Signal C} and its first and second-order derivatives D; and Ds.

In the frequency domain, the derivation acts as a high-pass filter, in-
creasing the amount of noise in comparison to the signal. By applying
moving average filters to the raw signal and to the first-order derivative,
as it was performed to plot the curves in Fig. 4.22, the maximal intensity
slope can be determined with sufficient accuracy.

Results of these calculations are displayed in Fig. 4.23. It is particularly
visible that the maximal slope is strongly diminished in regions where the
contrast is low.
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Figure 4.23: Wavelength-dependence of the maximal intensity slope for the DUT.

Also, even if the highest Q factors are measured between 1530 and 1535
nm, the optimal resonant wavelengths for sensing applications are near
1527 nm and 1575 nm. The worst resonances are at larger wavelengths,
where both contrast and Q-factor curves have low values.
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Figure 4.24: Photodetection noise for different spans of the moving average filter.

The value of the uncertainty on the resonant wavelength o[\|(1) due to
intensity fluctuations depend on the intensity slope and the standard de-
viation of intensity o7, which includes noise from parasitic interferences.
Therefore, for a given slope, o[A](/) can be optimized by averaging, or
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by applying a moving average filter to the raw data. Effect of the filter-
ing for different spans is presented in Fig. 4.24 and estimated values of o7
and o[\|(]) depending on the moving average filter span are compiled in
Tab. 4.1.

Span 0 [5 |10 [25 |50 |80
or(mV) 11.8 [ 325|271 | 2.19 | 1.54 | 0.45
o[\(I) (pm) | 0.66 | 0.18 | 0.15 | 0.12 | 0.08 | 0.02

Table 4.1: Estimated values of the accuracy for the determination of the resonant wave-
length

With averaging, o[A](/) can be very low. In addition, the moving av-
erage filter does not affect the response time in such a case, since it is
only limited by the wavelength scanning speed. From this analysis, the
contribution of intensity fluctuations in the combined uncertainty for the
measurement of resonant wavelengths could be cancelled by applying an
adequate movering average filter to the raw data.

3.1.9 Determination of the internal parameters ¢ and 7

As explained before, the exact determination of a and 7 from measured
intensity transmissions is not directly possible. However, the product X =
at can be deduced from the Finesse. In addition, two values corresponding
to a and 7, o and 8 where oo < 3 can be calculated from the resonance
contrast.
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Wavelength (nm)

Figure 4.25: Wavelength-dependent values of a7, o and 3 for the DUT.

From the plotted curve in Fig. 4.25, it is observed that values of a and
7 for the DUT with TE polarization roughly vary between 0.5 and 0.8 over
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the whole wavelength range. Because it is not possible to determine from
a and [ the exact values of a and 7 at each wavelength, the variations of a
and 7 are not visible. The only available information is that both parame-
ters have variations in between the curves of « and 3. Another observation
is related to the near-to-linear decay of the at curve.

To some extent, it can be stated that the resonant contrast mostly de-
pends on the difference between a and 7, and characteristics such as the
Finesse and the Q factor mostly depend on the a7 product. The validity of
these "rules of thumbs" is examined in Fig. 4.26.
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Figure 4.26: Comparison between the wavelength-dependences of the (absolute) relative
difference between a and 7, the contrast, the product a7 and the Q-factor.

It is clearly visible that variations of the contrast are specifically corre-
lated to variations of the relative difference between a and 7. Curves of a1
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and Q-factor are also well correlated.
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Chapter 5

Sensing properties of microring
resonators

Introduction

As outlined in Chap.1, the detection principle of microresonator-based sen-
sors is the direct or indirect measurement of )\, the wavelength shift of
the cavity resonances related to a variation 0 M of the measurand. More
specifically, 6 M induces a modification of the phase velocity of the guided
waves propagating in the microresonator, described by a variation 0N,y
of the phase effective index.

In Chap.1, the accuracy on J\ measurements was the main concern
about the LOD to achieve a measuring instrument integrating optical mi-
croresonators. In that respect, an essential point, which is the relation be-
tween 0M and 0N, s, was not discussed in depth.

In this chapter, we focus on the relations between the measurand and
the effective index, depending on the sensing configuration, and their con-
sequences on the LOD achieved by the measuring instrument.

237
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1 Sensitivity, resolution and LOD

1.1 First expression for the limit of detection (LOD)

1.1.1 Resolution in wavelength shift

In order to model the measurement of the quantity 6 M/ from microring res-
onators using either a fixed-wavelength, or wavelength-scanning method',
a simple coefficient /' was introduced as the ratio between 0 M and 0.V, y.
Because of the relation between the measurand and the effective index, the
resolution R[6M] of such measuring instruments is intrinsically related
to the resolution R[6N.s¢] achieved in the measurement of the quantity
ON, eff+

R[0M] = K - R[6N.yy] (5.1)

It is assumed here that K is strictly constant. Since the equation 0A/\ =
ONes¢/Neyy is verified, the resolution R[§ )] in 0 A measurements is directly

related to R[N s¢]:
A

Negs
where A and N, are the central values of the wavelength and the effective
index, respectively.

R[ON =

R[ONs/] (5.2)

1.1.2 Relation to the LOD

In Chap.1, the resolution R[§M] was also referred to as the limit of detec-
tion (LOD) of the measuring instrument. It is important to point out that
the term resolution can be associated to the measurement of any value in
the system, whereas LOD is specifically the resolution associated to the
measurand, more specifically its variation, which is in fine the only value
of interest.

Consequently, the LOD of a measuring instrument based on a microres-
onator can be expressed, from the expressions above, as:

KN,
LOD = THR[(S)\] (5.3)

However, this expression, using unspecified parameters, does not provide
a very clear view of how a lower LOD can be obtained.

'FWM and WSM, respectively
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1.2 Microresonator sensivitity and LOD

1.2.1 Definition of the microresonator sensitivity

The microresonator, as a transducer, is generally viewed as a device that
converts the measurand M into a value of resonant wavelength \. There-
fore, the transfer function 7., of the microresonator can be defined, inde-
pendently from the detection scheme, as the relation between the two quan-
tities: measurand as input and resonant wavelength as output. This transfer
function can be reduced to a scalar function F', verifying A = F'(M). The
corresponding microresonator sensitivity S,.; can then be locally defined,
on a neighbourhood of a point 2 (M, \y), as:
d\

Sres(MO) = W(MO) (54)

1.2.2 Relation to LOD

Consequently, the relation between the variations 0 M and 0\ around M,
and )\, respectively, can be simply written as:

SA = Syes(Mp) - 5M (5.5)

If we assume that the transfer function does not deviate during measure-
ments, and can be linearised over the measurement span, S,es = Syes( M)
is strictly constant, resulting in the relation:

R[SA] = Syes - R[6M] (5.6)

Therefore, the LOD can be directly expressed as the ratio between the res-
olution in the measurement of the shift )\ and the sensitivity of the mi-

croresonator:
R[6]

SI'CS

LOD = (5.7)

1.3 Optimization of the LOD

The last expression allows an analysis on the limit of detection (LOD) of
a sensor integrating an optical microresonators, but more generally on any
waveguide or plasmonic-based sensor.

2X\o = F(My)
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1.3.1 Optimization of the resolution

LOD is proportional to the resolution in the measurement of the wave-
length shift of the optical device spectral signature®. It is important to
point out that, as demonstrated in Chap.1, this resolution depends on the
optical device itself and on the instrumentation. More specifically, the only
intrinsic parameter to the signature of the optical device that is directly re-
lated to R[JA] is MIS, ie the maximal slope of the intensity transmittance
as function of the wavelength*. Beyond considerations on MIS, the reso-
lution R[0A] depends on uncertainties on the values of parameters related
to both optical device and instrumentation. In that respect, an ideal instru-
ment would be achieved with an optical device whose internal parameters
are perfectly stable during measurements, and/or an instrumentation that
minimizes the variations of the device internal parameters, while, as an
independent source of uncertainty, contributing as little as possible to the
combined uncertainty.

1.3.2 Optimization of the sensitivity

LOD is inversely proportional to the microresonator sensitivity S,.s, Or
more generally to the sensitivity in wavelength per measurand unit of the
spectral signature of the waveguide-based or plasmonic-based devices®.
This sensitivity has the particularity, as compared to the resolution and to
all other specifications of the measuring instrument, to be absolutely intrin-
sic to the optical microcavity. More specifically, it relates to the interaction
between (optical) electromagnetic waves and measurand. This interaction
occurs at the device surface in label-free sensors. Typically, the measur-
and modifies the distribution of electric permittivity, thus modifying the
propagating wave velocity. Hence, two distinct factors have a role in the
sensitivity. The first factor is the ratio between local measurand variation
and local permittivity variation, or the related local refractive index varia-
tion. Since a local variation of the permittivity around a point P in space
can only have an effect on the velocity of the light waves if their energy is

non-zero at P, a second factor must be related to the superposition of the

3Spectral signatures of optical devices are the resonances for microcavities, the plasmon resonance for
plasmonic devices, and the sinusoidal modulation of the transmitted intensity for MZI or DPI-based sensors.

“With higher values of MIS, parasitic modulations of the intensity transmittance have less influence on
the measure (cf. Chap.1)

SWe assume here that, for these devices, the transfer function can be written as A = F' (M), where X is
any wavelength position that can be used to characterize the spectral signature.
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spatial distributions of permittivity variations and energy of the propagat-
ing waves.

1.3.3 Relation to the waveguides

Considering the main dependencies of the LOD for the optimization of sen-
sors integrating microring resonators, two aspects, concerning the waveg-
uides, are particularly interesting: one being relevant to the resolution
R[], the other one to the microresonator sensitivity Ses.

A part of the uncertainties limiting the resolution R[J\] are related to the
variations of the optical characteristics of the microresonators. These char-
acteristics, as outlined in Chap.2 and demonstrated in Chap.4, are mainly
dependent on the dispersion of microring waveguides. Thus, it seems in-
teresting to study waveguide dispersion, a specific issue being to design a
waveguide so that its dispersion properties are, as much as possible, inde-
pendent from environmental perturbations, such as temperature and pres-
sure.

From the discussion on the sensitivity S, and its importance for LOD,
it was pointed out that this parameter was dependent on the spatial super-
position of two distributions: the optical energy of the mode propagating in
the microring, and permittivity variations due to the measurand. The latter
distribution can be significantly modulated by the geometry of the micror-
ing waveguide. This constitutes a second motivation to study the guided
modes in microring resonators.

1.4 Analysis of the microresonator sensitivity

1.4.1 General expression

The microresonator sensitivity S,.s to the measurand is defined as the total
derivative of the resonant wavelength A\ with respect to the measurand M :

d\
res — 127 5.8
S Y (5.3)

The exact relation between A and the effective index of the propagation
mode inside the microresonator V. 1s:

NeffL = mA (59)
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where m is a constant® and L is the mean circumference of the microres-
onator.

According to the above relation, the sensitivity S,.s can be written as:

A dNys A dL

Sres: AT
Ny dM L aM

(5.10)

1.4.2 Contributions to the overall sensitivity

Two contributions to the sensitivity appear in the expression above. The
first term, proportional to the derivative of the effective index with respect
to the measurand, is classical in the sense that most waveguide-based sen-
sors only rely on this term. The second term, proportional to the derivative
of the mean circumference L with respect to the measurand, is more exotic
since measurands are rarely considered to have an impact on L. However,
if the measurand is a pressure or a temperature for instance, the variations
of the measurand can induce a significant variation of L via dilation or
contraction of the material. Thus, for a general study, the second term
should be taken into account. To simplify further expressions, we will de-
fine Sy,,, = (dNeyy/dM) as the sensitivity of the effective index to the
measurand, and S, = (dL/dM) as the sensitivity of the cavity length to
the measurand, resulting in:

s = Sy 705 (5.11)
As St only depends on the optical materials of the waveguide, its expres-
sion can be straightforward. In comparison, expressing Sy, ,, is much more
challenging.

1.4.3 Effective index and measurand

The effective index can be expressed as an implicit function of all the
parameters characterizing the propagation of the guided mode in the res-
onator. These parameters can be separated into two categories. The param-
eters of the first category, written down as (A;);c[1,n], are independent of
the measurand. Those of the second category, written down as (Bj)je[L P>

5m is the half of a large integer (cf. Chap. 2)
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depend on the measurand. Accordingly, an infinitesimal variation of the
effective index can be expressed as:

aNe e
dN,fs = ffdA Z fde (5.12)
=1 ]

In the above equation, only the second sum relates to the sensitivity to the
measurand /. Assuming that all parameters (B,) can be written as func-
tions of the measurand, the effective index sensitivity Sy,,, can be written
as:

_dNy; N\~ ONy; OB
~ dM & 0B; M

j:

SN,/ (5.13)
In this sum, the partial derivatives S[N.;s/B;| = (ON,s;/0B;) are defined
as partial sensitivities of the effective index to the waveguide parameters,
whereas the partial derivatives S[B;/M| = (0B;/0M ) are defined as sen-
sitivities of the parameters (B;) to the measurand. It is important to point
out that the latter sensitivities are dependent on the interaction between
the guiding structure and the measurand, hence they only depend on the
properties of the optical materials. Consequently, they will be referred to
as material sensitivities. In comparison, the former sensitivities are only
functions of the parameters of the guiding structure: wavelength, waveg-
uide geometry and refractive index of materials. Hence, they will be re-
ferred to as waveguide sensitivities.

2 Evaluation of the waveguide sensitivities

As waveguide sensitivities play an important part in the sensitivity of the
microresonator, it is important to study ways to evaluate these quantities,
from numerical or analytical methods. In order to determine how the varia-
tion of a single parameter of the waveguide modifies the effective index (in-
dices) of its guided mode(s), the first task is to develop an accurate model
to calculate modal effective indices.

Since optical waveguides are commonly used in a wide variety of pho-
tonic devices [68, 25], numerous studies were led to model, both analyti-
cally [69, 70, 71], and numerically [72, 73], the guided modes; in terms of
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effective index and spatial distribution of modal intensity[10].

Analytical studies are relatively simple for very basic structures such as
slab waveguides, or other structures where the effective index of a guided
mode is directly determined from the resolution of a single dispersion
equation. This is usually the case for structures with high levels of symme-
try, specificity that is in most instances associated with a reduced number
of parameters, which further simplifies their optimization’. However, for
2D® or 3D? guiding structures, with several independent parameters, the
analytical evaluation of the modal effective indices requires the resolution
of several dispersion equations, often obtained at the cost of several sim-
plifying hypotheses. Consequently, it is often preferred to use numerical
simulations for such complex structures. Still, as it will be demonstrated,
analytical models are much more suitable to study the waveguide sensitiv-
ities, provided that an adequate formalism is developed.

Amongst the above stated structures, rectangular waveguides are both
the simplest ones to model and the most straightforward ones to fabricate.
For these reasons, we chose this particular structure for further discussions,
also for developing our analytical formalism later on. Nevertheless, the
presented method is general enough to be applied to all guiding structures
as long as they can be sufficiently well described by a set of dispersion
equations.

2.1 Use of numerical tools: application to glucose sensing

To illustrate how to use numerical waveguide simulations to evaluate the
waveguide sensitivities, we consider the optimization of a microring waveg-
uide geometry for the homogeneous detection of glucose in aqueous solu-
tion, as cladding of the waveguide.

2.1.1 Microresonator sensitivity for homogeneous sensing

The waveguide parameters are the refractive indices of the core N, of
the substrate Ny, and of the cladding N.,; materials; the width w and

"Good examples are fiber optics, guiding spheres and disks.
8Such as rectangular, rib, ridge, and slot waveguides
photonic crystals
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height / of the core of the waveguide, the average radius R of the ring and
the wavelength A\. Amongst all these parameters, only N, depends on
the measurand, which is glucose concentration C'. The sensitivity of N4
to the measurand depend on the optical properties of water and glucose
molecules. Hence, the sensitivity of the effective index Ncy; to Ny,q 18 to
optimize. As a matter of fact, since the variations of glucose concentration
are not likely to modify the geometry of the waveguide, the sensitivity of
the microresonator for this sensing experiment can be written:

d\ A ONys ONgaa A

Sres = =
dM ~ No; ONawa OC Ny

- Swav - Sc (5.14)

In this expression, S¢ needs to be treated as a constant. Overall, the key
quantity to optimize is S, ., defined as:

wav?

S A 8Neff
e Neff a—]Vclad

(5.15)

2.1.2 Optimization procedure

For such optimization, the parameters are Ny, Ngup, W, h, R and A. These
parameters can be combined in a vector V = (N.yre, Noups w, hy, R, N),
that characterizes one trial configuration. For one configuration Vy, S .,
has to be calculated as a function of the the cladding index N4, which
may vary between unity and N.,... Each value of S7 . (Ng.q) requires
the evaluation of two values of the effective index: N,y s(Ngqq + 0N) and
Ne(Neaga — 6N) where 6N is an index increment.

In order to calculate P values of S7; , for Vy, at least (P+1) values of the
effective index needs to be evaluated. Then, to test all independent configu-
rations, assuming that each independent parameter is sampled on P points,
the total number of effective index evaluations to perform is (P+1)P" where
n 1s the number of independent optimization parameters. For the microring
resonator described, n = 5'°. For P = 5, it amounts to 18,750 calculations,
and for P = 10, it amounts to 900,000 calculations. This has to be com-
bined to the fact that one accurate evaluation of the effective index of a

configuration can take up to several minutes with a standard PC.

0We can show that w, h, and \ can be replaced by two independent parameters w* = w/\, h* = h/\
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2.1.3 Conclusion

It must be pointed out here that this optimization is almost the simplest one.
Clearly, the direct use of numerical waveguide simulations is not suitable,
and other solutions are necessary to reduce, as much as possible, the actual
number of accurate numerical solutions to perform for optimization.

2.2 Use of analytical models

What is expected here of an analytical model of the waveguide is the abil-
ity to derive expressions for waveguide sensitivities. Partial sensitivities
can then be calculated by injecting results of the resolution of the disper-
sion equations in the analytical formulas. After presenting the principle of
the method, an example of its implementation to the simple case of a slab
waveguide will be proposed. The method is then applied to the case of
the rectangular waveguide, using dispersion equations from both effective
index and Marcatili’s methods. Sensitivity results are compared to those
obtained with a commercial mode solver software using the ADI method.
Finally, we will show how this approach can be used to predict and opti-
mize 10 devices performances with a focus on evanescent wave sensors.

2.2.1 Description of the general approach

For most three-dimensional guiding structures, such as rectangular, rib or
ridge waveguides, the effective index method [70], also Marcatili’s method
in the case of rectangular waveguides [69], provides a set of dispersion
equations whose resolution gives a good estimate of the effective indices
of TE and TM guided modes [10]. As for slab waveguides, a unique dis-
persion equation provides an exact solution for any propagating mode.

Total derivative of the effective index

For such guiding structures, with a set of N parameters (ay, as, ..., ay),
it is then possible, by deriving all dispersion equations, to obtain the total
derivative of the effective index N.s; of any guided mode as a function of
all parameters such as expressed in the following equation:

aNeff

dNefr =

1=1

da; ZSdal (5.16)
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where S; are the waveguide sensitivities defined before.

Evaluation of the waveguide sensitivities

Sensitivity calculations for a given structure and various sets of param-
eters can be reduced to four steps:

1. The dispersion equations are determined for the given structure. Sev-
eral cases were already treated in the literature making these equations
easily obtainable for usual configurations.

2. The formulas for the \S; coefficients are determined as functions of all
parameters for the studied structure, from the total derivatives of the
dispersion equations. This can be very efficiently achieved using a
formal calculation software.

3. The effective indices of the studied propagating modes are obtained
for each set of parameters, either by solving the same dispersion equa-
tions, or using a numerical mode solver.

4. Values of the parameters and calculated effective indices are finally
injected in the formulas obtained at step one to calculate the values of
the S coefficients.

2.2.2 Implementation to a slab waveguide

Basic description

In order to determine the expressions of the sensitivities .S;, we need
to write down the dispersion equations of TE and TM modes of the slab
Waveguide as f(Neffa NCO’I“€7 Nup, Nclad7 w, )\0) = 0, where Neffa Neores
Ny and N,q are the effective, the core, the substrate and the cladding
indices, respectively, and where w is the width of the core (cf. Fig 5.1). A\
stands for the wavelength in vacuum.
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Figure 5.1: Schematic drawing of an asymmetrical slab waveguide. Directions of the
dominant electric field components corresponding to TE and TM modes are represented

Normalized parameters

To display the dispersion equations in a form that is easily solvable,
three normalized, dimensionless, parameters are usually introduced: the
normalized propagation constant b, the normalized frequency v and the
asymmetry factor ~y, defined herein as:

_ Nlef - N2, (5.17)
N620T8 - N52ub .
v = kOw (N(,?ore - Ns2ub) 2 (518)
N2 b NQI d
= e~ Lo 5.19
! chore - Ns2ub ( )

where k£ is the wavenumber in vacuum.

Dispersion equations for an asymmetrical slab waveguide

We can write the dispersion equation frg(m) for the TE guided modes,
where m is a positive integer indicating the order of the mode!'!:

fre(m)=0=vV1—-b—mn

bty (520
— arctan —— | — arctan T

"m=0 corresponding to the fundamental mode
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For the TM guided modes, the dispersion equations fr;(m) are slightly
different:

fra(m) =0=wv(1— b)1/2 —mm

t N0207“€ b t NCQOTG b+ i (521)
— arctan — arctan
NZ V1-1b N2V 1-—b

We assumed here that the substrate index is larger than the cladding in-
dex. In the opposite situation where N_.,q > Ny, both variables must be
exchanged in the above definitions and dispersion equations.

Derivation of waveguide sensitivities

Each equation, applying for a single propagation mode in a slab waveg-
uide, can be derived to obtain its identically zero total derivative:

af af aof
df =0 = dN, dN.pre + ———dNy,
f a]\/veff 1 * 8Ncore * aA]\/vsub ’
of of of (5.22)
dNC a _d _dA
TN, M Vead g A By
from which we obtain :
dNe — Scorechore SSU dNSU
11 T+ 2sup@ N (5.23)

+ S1addNogd + Swdw + Syd

The expressions of the slab waveguide sensitivities are obtained as ratios
of partial derivatives of the dispersion fonctions:

/ S _ af -1 8f
e a]\/veff aNcore
af \ ' of
S = (aNeff> ONsup
af \ ' of
= _ 5.24
9 Sclad (aNeff> 8Nclad ( )
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v 8Neff 810
G ()Y
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Discussion

Since all partial derivatives of a dispersion equation can be written us-
ing Negry Neores Noubs Netad, w and A, a formal calculation engine is very
handy to determine the expressions of the S; coefficients as functions of
these parameters. Once the effective index N,y is obtained from the reso-
lution of either dispersion equation, or from another method, values of the
waveguide sensitivities are easily calculated.

The resulting expression of S.;,q is similar to that presented in [74]. The
novelty of the approach is the possibility to model phenomena related to
external parameters thanks to the above equations.

2.3 Sensitivities of rectangular waveguides

2.3.1 Analytical models for rectangular waveguides

To obtain analytical dispersion equations for relatively complex guiding
structures such as step index rectangular, rib or ridge waveguides, it is nec-
essary to assume the validity of simplifying hypotheses. First, some vector
components of the electromagnetic field, depending on the studied polar-
1zation and the studied region, are assumed to be identically zero [10]. The
second hypothesis is related to the resolution of the propagation equations
in each region of the waveguide'?. For ridge and rib structures, only the
effective index method (EIM) can provide dispersion equations. However,
for rectangular waveguides, two other methods can be used. Marcatili’s
method (MM) is the simplest one but as we will see, its accuracy for the de-
termination of the effective index 1s limited. The second, Kumar’s method
[71], uses a perturbation approach to deal with corner regions of the waveg-
uides, with an improved accuracy - compared to other methods - as a result.
However, the formalism developed in Kumar’s method is hardly compati-
ble with the approach we propose. Also, the accuracy obtained with sim-
pler methods is sufficient in most cases. As a consequence, we only focus
here on EIM and MM for the analysis of rectangular waveguides.

12The choice of simplifying hypothesis distinguishes the different existing methods to obtain dispersion
equations for the guided modes.
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Figure 5.2: Schematic drawing of a rectangular waveguide. Directions of the major elec-
tric field components corresponding to quasi-TE and quasi-TM modes are represented.
Corner regions appear as dashed zones

2.3.2 Effective index method (EIM)

Description

In the effective index method, both directions of optical confinement are
treated subsequently. It is based on the assumption that the electromagnetic
field can be expressed with a separation of the spatial variables [10]. In the
simple case of a rectangular waveguide, the effective index of a guided
mode is obtained by solving a first 1D dispersion equation, similar to those
of the slab waveguide, for a confinement direction - lateral or vertical -
providing Ny, 1. This is followed by the resolution of a second dispersion
equation, for the perpendicular confinement direction, in which the core
index is replaced by Ny, 1.

Normalized parameters

In this treatment we need to introduce normalized constants for both
directions. Initiating the EIM on the vertical confinement direction, the
propagation constant by and the normalized frequency vy related to this
confinement direction are expressed as:
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2 2
by = Neff,] o Nsub
chore o N32ub (5.25)

vy = kh (Ngore - Ns2ub) V2

Then, their equivalent b7, and vy, for the lateral direction are expressed as:

N, e2 - N, (:2lad

NZrr 1= Niaa (5.26)
1/2

VL = kw (Nerf’ 7~ NQlad) /

C

by =

With this set of parameters, the guided modes of the rectangular waveg-
uides are determined by a polarization and mode-order dependent set of
two identically zeros functions.

Sets of dispersion equations

For quasi-TM modes, also referred to as Eg, ¢ modes this set of disper-
sion equations is written:

(
b
fépz]TM:O:UL‘/l_bL_pﬂ-_QarCtan 1Lb
: — 0L

AL rar =0=uvr/T—by —gr (5.27)
— arctan NCZOT@ \/ by — arctan chore \/ bv +7
Nsub 1 - bV Nclad 1 - bV

For quasi-TE modes, also referred to as Ejf, . modes this set of dispersion
equations is written:

\

2
f(p) =wvp\/1— by — pr — 2arctan Neff’I br
L,qTE Nc2lad 1 — bL

\ fé‘f)qm =vy\1—by —qr (5.28)

by by +
— arctan — arctan
\ 1—by 1 — by

In analogy with the case of slab waveguides, we again assumed that
Neawa < Nguw. Due to the fact that the lateral direction of confinement
always relate to a symmetric slab waveguide, the case where the cladding
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index is larger than the substrate index can be treated by exchanging both
parameters in expressions related to the vertical (asymmetrical) direction:

bv, Vv, fv and 7.
Expressions for waveguide sensitivities

Similarly to the case of the slab waveguide, the derivation of a set of
dispersion equations for a given mode determines the relation between the
quantity dN.s; and the elementary variations of all other parameters of the
rectangular waveguide:

dNeff = Scorechore + Ssubstub + Scladchlad

+ Sydw + Spdh + S)dA
The difference with the case of the slab waveguide is that, in order to
obtain the expressions of the sensitivities, the derivation of two dispersion
equations, fy and f;, is necessary. As a consequence, the resulting ex-

pressions are somewhat different in form, with one or two components,
depending on the coefficient.

( :<afL )‘1, dfr ( dfv )‘1, dfv

(5.29)

8A]\/veff a]\/Veff,l 8Neff7l 8Ncore
S b:(afL >1, Oft < Ofv >1, Ofv
o ON.yf ONesr 1 \ONess. 1 ONgup
o _(Of T _ofr  (_Ofv N ok
clad ONeyry ONcrr 1 \ONesy 1 ONciaa

[ 0fu TN Of
aJveff 8]\[clad
( Oft )1 ofr
eff
h [ oh \" ok
6Neff aNefﬁ] 8Neff’1 6}1
OfL ofc  ( Ofv _1.%
aNeff 6N€ff I 8Neff’_[ 6A

_( fr )‘1 ofL
\ ON.; ¢ EX

(5.30)
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Discussion

Using the expressions above, each waveguide sensitivity can be ex-
pressed as a function of normalized parameters (by, by, vy, vz, 7y) or phys-
ical parameters (Nesr, Nerr.1o Neores Netads Noup, W, I, A). Expressions can
be very easily obtained with a formal calculation engine'?. This scheme
allows to calculate the sensitivity coefficients without being confronted to
the complexity of their expressions.

2.3.3 Marcatili’s method

Description

In Marcatili’s method (MM), both directions of optical confinement are
treated independently. The important assumption of this method is that the
electromagnetic field in the corner regions of the structure can be neglected
since it decays quite rapidly in these regions [69]. The separation of vari-
ables, used in EIM, is also assumed in MM. As a result, the effective index
can be obtained by solving two independent 1D dispersion equations, one
for lateral confinement, providing N.s; 1, and one for vertical confine-
ment, providing Ny v.

The effective index of the guided mode is then determined from the
expression:

2 _ a2 2 2
N2y =N%; + N3y — N, (5.31)

€ core

Normalized parameters

In the case of the rectangular waveguide, we will need, in analogy to
the slab waveguide treatment, the following dimensionless parameters:

Btypical expressions are extremely long and difficult to analyse without graphical analysis
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’ - ]ﬁéﬁL —]é\?zad
core clad
vr = kw (Nfore - Nc2lad)1/2
NN, .
CONZ - NE,
(Vv = kh (Nc20re - Ns2ub)1/2

The asymmetry factor « is defined in the same way as in Eq.(5.19). With
this set of parameters, the guided modes of the rectangular waveguides are
solutions of a set of two equations which depend on the polarization of the
guided mode.

Sets of dispersion equations

For the quasi-TM polarization, we have:

(

S

fr.qrm(p) =0 =y 1pr7r2arctan( : Lb)
—br

$ fvigra(m) =0 1—b t NCQOTE,/ by
m)=0=wv — by — qm — arctan
V,qTM 1% vV —dq NSQUb 1—by
t N620T€ bV + 7
— arctan
N2 V1 —by
(5.33)
As for the quasi-TE polarization, the set of dispersion equations is:

N? b
fL,qTE(p) =0= ULM — pw — 2 arctan NCQOT@ \/Z
clad L
b
fv.qre(m) OUVm—qﬂ—arctan< v )

1 —by
bv + Y
— arctan
1 —by

\

;

7\

(5.34)
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Expressions for the sensitivity coefficients

The total derivative dN.sy is calculated similarly to the case of the ef-
fective index method and provides the expressions of the sensitivity coef-
ficients, first for the width w, height h and wavelength \:

(

g _ Nerr ( Ofr >_1 ofL
v Neff 8Neff7L 811)
S, = _ Nepp v ( dfv >_1 ofv
o _ Neypr (_Of1 o of
YT Ny \ONgpr) o ox

_ Negrv (Ofv - Ofv

L Neff aNeff’V aA

Then, the waveguide sensitivities to the refractive indices of the struc-
ture are expressed as:

( o, _ Negr (O B - 0f1
Neore Neff 8Neff L 8A/\/vcore
eff V ( afv >1 . afV . Ncore
eff 8]Veff % aA/Vcore Neff
N, ] 9
¢ Sy, = v ( Jv ) . Jv (5.36)
eff a]\/veff \% 8‘stub
o Nesr 1 ( dfL >1 ofL
Netad — )
eff eff L 8]\/vclad
~ Negpv < dfv >1' dfv
\ Neff ajveff,V a]Vclaal
Limitations

In MM, the effective index is deduced from Eq.(5.31) after obtaining
the two partial effective indices N ;1 and N,y 1, this equation being a
direct consequence of Marcatili’s model. It can be observed that near cut-
off, the calculated values of the effective index can become lower than the
lowest refractive index of the structure. This absurd behavior is attributed
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to the strong assumption that the electromagnetic field can be neglected in
the corner regions, whose validity is seriously challenged when most of the
mode intensity is propagating outside the core. However, when the effec-
tive index remains larger than the lowest refractive index, the accuracy of
the method is sufficient for waveguide analysis.

A more important limitation of these analytical models is that they do
not allow to model bent waveguides, such as microring waveguides. The
evaluation of the effective index for a simple bent slab waveguide requires
to solve equations that are much more complicated than those applying for
a straight configuration [58]. A solution to this limitation is the use of a
perturbational approach, allowing to calculate the correction to apply to the
effective index due to the curvature of the waveguide. Also, for microrings
with large radii (cf. Chap.2), it can be assumed in a first approximation
that the curvature of the waveguide can be neglected in the analytical eval-
uations of the sensitivities.

2.3.4 Comparison with results from a numerical method

In this part, values calculated from the previously described methods are
compared to those obtained from a commercial mode solver using the ADI
method. These values are used as a reference to test the accuracy of pro-
posed analytical methods for evaluations of effective indices and sensitivity
coefficients.

Description of the simulated structure

The developed analytical methods are applied to the typical waveg-
uide structure used in the scope of this dissertation: a rectangular waveg-
uide with SU-8 as core material, silica as substrate material and water as
cladding material, with a central wavelength chosen at 1550 nm.

The comparison, whose results are plotted in Figs. 5.3, 5.4 and 5.5,
focuses on the values of the effective indices of the fundamental TE and
TM modes of a 2 pum-large waveguide as well as on two key sensitivities
for this mode, S, to the core refractive index and S, to the cladding
index, for a varying height.
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Numerical evaluations of the waveguide sensitivities

The values relative to the ADI numerical method were obtained by com-
paring the values of the effective indices of the TE and TM modes when
Neore and Ng,q undergo a slight variation - 0 = 0.001 - of their value.
Sensitivities are then deduced from:

N/}f?I (Ncore + 5) - N/Jlf?l (Ncore)

€

Sion = — ; (5.37)
NADI Nca 1) — NADI Nca
sabl = (Ntea ()5 ety (Netaa) (5.38)

First observations

The first noticeable result of the comparison is that both analytical meth-
ods are less accurate when the height of the waveguide decreases, espe-
cially near cut-off (cf. Fig. 5.4 and Fig. 5.5). In this case, the common
assumption of the separation of spatial variables for the electromagnetic
field becomes questionable since for a weakly guided mode, a large part of
the intensity is located in the corners of the waveguide where diffraction
occurs.

It also seems that the additional assumption made in MM is detrimental
to the accuracy of the calculated effective index. This is well explained
since the assumption that the electromagnetic field is negligible in the cor-
ner regions 1s not valid for weakly-guided modes. Other important obser-
vations are listed below.

Comparison of evaluated effective indices

The effective indices calculated from both methods are very close to
those obtained with ADI, which is especially true for EIM (cf. Fig. 5.3).
This shows that numerical methods can be effectively replaced in most
cases by EIM when it comes to calculate effective index values. Further-
more, the use of ADI method can be problematic in cases of very weak
guidance since electromagnetic field components are arbitrarily set to zero
at the border of the simulation window, biasing the characteristics of the
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computed guided mode. This is particularly visible for the calculations of
Sciaq discussed below. The only solution to overcome this difficulty is to
drastically increase the size of the simulation window for weakly guided
modes while maintaining a constant grid density, which considerably in-
creases computations durations and memory requirements.

1.52 152
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Z% 1.48 Z% 1.48 /" 147 ’,_.,-*"" 1
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0.5 1 15 2 0.5 1 15 2
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Figure 5.3: Comparison of effective indices of fundamental TE and TM modes of a typical
polymeric rectangular waveguide with a varying height. Legend of the plot is: MM =
solid, EIM = dash and ADI = cross

Comparison of waveguide sensitivities to the RI of the cladding material

Sensitivities to the cladding refractive index is particularly important
for homogeneous and surface sensing applications. In our calculations, we
notice a good agreement between results from analytical and ADI methods.
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Figure 5.4: Comparison of waveguide cladding sensitivities for the fundamental TE and
TM modes of a typical polymeric rectangular waveguide with a varying height. Legend
of the plot is: MM = solid, EIM = dash and ADI = cross

It is particularly interesting to notice that for this coefficient, MM pro-
vides results that are more accurate than those obtained from EIM, for both
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TE and TM modes. Since the values of the calculated effective indices are
more accurately determined with EIM, this result appears odd. Neverthe-
less, the strong correlation in the data generated by ADI method and MM
indicates that, the additional assumption made in MM makes it somehow
more relevant to describe homogeneous sensing in this particular case.

Despite this puzzling effect, both analytical methods provide sufficient
accuracy for waveguide design, within 5 % the values obtained from the
numerical method. The major discrepancy between analytical and numer-
ical methods for this coefficient is near the cut-off where the numerical
method predicts a saturation of the cladding sensitivity. This effect, as dis-
cussed earlier, comes from the limited extent of the calculation window
in the ADI method, and affects more the accuracy of the cladding sensi-
tivity than for the calculation of the effective index. This is an additional
limitation of the numerical methods for sensitivity studies.

Comparison of waveguide sensitivities to the RI of the core material

The core sensitivity can be the most important parameter for the study
of thermal influence since the polymer core material has usually the largest
TO coefficient. Analytical models provide values in good agreement -
within 5% - with ADI method. Despite the slight difference obtained be-
tween analytical and numerical methods, they generate similar behavior
when the height varies, which is important for the use of analytical meth-
ods for waveguide optimization (cf. Fig. 5.5).
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Figure 5.5: Comparison of waveguide core sensitivities for the fundamental TE and TM
modes of a typical polymeric rectangular waveguide with a varying height. Legend of the
plot is: MM = solid, EIM = dash and ADI = cross
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2.3.5 Starting point for waveguide sensitivity analysis

Goals of a sensitivity analysis

As outlined before, the main goals of waveguide sensitivity analysis is
to optimize the structure of the microring waveguide to achieve the best
sensing performances. This implies to maximize the waveguide sensitiv-
ity to the measurand, while waveguide sensitivities to other quantities, or
perturbations, must be minimal.

Combining analytical and numerical approaches

The analytical models developed to evaluate the sensitivities of a rect-
angular waveguide were proven to be quite accurate. However, they are
limited when dimensions of the waveguide core become small. They are
also unable to directly provide sensitivity evaluations for bent waveguides.
In comparison, the ADI method can be applied to accurately evaluate ef-
fective indices and sensitivities of bent waveguides for any core dimension.
Howeyver, as outlined in §2.1, numerical methods such as ADI cannot be
realistically applied for full waveguide sensitivity analysis.

In consequence, the most relevant approach is to use analytical tools
first, in order to orient numerical studies with a limited number and range
of independent parameters to consider. With such a scheme, a very general
case study can be performed, resulting nonetheless in accurate evaluations
of the sensitivities.

Analytical approach as optimization starting point

In Fig. 5.6, a starting point of such a general study is presented, with
the evaluation of waveguide sensitivities for the fundamental TM mode as
functions of the normalized width w* = w/\ and height h* = h/\ of the
SU-8 core of a waveguide with silica as substrate material and de-ionised
(DI) water as cladding material.
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Figure 5.6: Full waveguide sensitivity analysis for the fundamental TM mode of a poly-
meric rectangular waveguide using the effective index method. N,,.. = 1.56 (SU-8),
Ngup = 1.444 (silica) and N,q = 1.323 (water).

3 Microresonator sensitivities in homogeneous sensing

3.1 Microresonator sensitivity

The sensitivity of the microresonator was previously defined as:

A _ A dNyp A dL
dM ~ Ny; dM L dM

Sres = (539)

where ) is the spectral position in wavelength of one of the microresonator
resonances. The parameter L is the mean circumference of the microres-
onator, also referred to as cavity length.

3.1.1 General expression for homogeneous sensing

In homogeneous sensing, we can assume that the parameter L is not depen-
dent on the measurand. We can also safely assume that the only parameter
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modified by the measurand is the RI of the cladding material of the mi-
croresonator. Accordingly, in homogeneous sensing, the sensitivity of the
microresonator can be simply expressed as'*:

A . 8Neff . 8Ndad . A

S e = — - Spaw - S 5.40
Nuff ONgeg OM Ny M (5.40)

where S, 18 the waveguide sensitivity to the cladding RI, and S} is the
sensitivity of cladding RI to the measurand.

3.1.2 Application to a refractometer

The homogeneous sensing scheme can be applied to use the microresonator
as a transducer for refractometry. In such an instrument, the aim is to mea-
sure the refractive index of a gaz, a liquid, or a solid as the cladding ma-
terial of the microresonator. As discussed before, the detection scheme
allows relative index measurements only. This means that an RI can only
be determined in reference to another known RI, of a gas, or liquid or solid
material.

For refractometry applications, the measurand is directly the RI of the
cladding, hence the sensitivity of the microresonator is simply expressed
as:

A ON, A
SR — Rl S A - S[Nuss/Nea (5.41)
Nepf ONeag Neyy [Neg/Netad

3.1.3 Application to a concentration sensor

Application of the microresonator as a transducer for homogeneous sens-
ing of concentration is very similar. The working principle of such an
instrument is to infer the concentration C of a solution from the measure-
ment of its refractive index. The sensitivity of the microresonator can then
be written as:

S(O) . )\ . 8Neff ) aNclad _ )\

= “ Swav * S 5.42
e Neff a]\/vclaal oC Neff ¢ ( )

As described in the previous section, the coefficient .S,,,, and the ef-
fective index V.; ¢ can be determined from numerical simulations, or from

l4similarly to the the case study presented in §2.1
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analytical models. Accordingly, the sensitivity of the microresonator can
be evaluated via the coefficient S¢, ie the sensitivity of the cladding RI to
the concentration C'.

3.2 Sensitivity to the measurand

3.2.1 Refractive index of a dense medium
Lorentz-Lorenz formula
A relation between the refractive index n of a linear, homogeneous and

1sotropic medium, composed of N molecules per unit of volume, is the
Lorentz-Lorenz formula, expressed in SI units'?, as:

Na_n2—1
3 n2+42

(5.43)

where « 1s the mean polarizability of the molecules.

Molar refractivity

Instead of the mean polarizability «, another quantity, the molar refrac-
tivity A is often used. It is defined as:

1
A= ZNya (5.44)
where A4 = 6.02 x 10?® mol ! is the Avogadro number.

The molar refractivity A for many molecules can be found in the litera-
ture. However, this quantity is often measured at 589 nm, the wavelength
corresponding to the D line of sodium lamps. In consequence, values of A
near 1550 nm may be difficult to find.

3.2.2 Refractive index of a mixture

Modified Lorentz-Lorenz formula

131t is important to point out that sometimes, the Lorentz-Lorenz formula is expressed in Gaussian units,
in which case the polarizability « is replaced in the formula by 47a



3. MICRORESONATOR SENSITIVITIES IN HOMOGENEOUS SENSING 265

For a mixture composed, per volume unit, of /N; molecules of molar
polarizability A; and N, molecules of molar polarizability As, a good ap-
proximation [75] of the resulting refractive index n is obtained from the
expression:

n2 —1 N 1 N2

= A A 5.45
212 N, 1+N—A 2 (5.45)

Relation to analyte concentration

What is particularly interesting for concentration sensing is the relation
between the refractive index of the solution N, and the concentration C'
of the solution. Let us consider an aqueous solution where the measurand
relates to the concentration of a molecule X in the solution. The solution
is a mixture of water (W) molecules and X molecules. The molar concen-
tration Cﬁ,f() of the solution is defined as:

con (5.46)

where n,,(X) is the number of moles of X and V' is the total volume of the
solution.

The density Nx of X molecules per volume unit verifies the expression:

Nx _Nang)
172 4

Nx = = N,CY) (5.47)

In the same manner, the density Ny of water molecules per volume unit
can be expressed as:

_ W) _ p(W)
Ny = N,CV") = N, M) (5.48)

where p(T) is the density of water'®, and M(W) is molar mass of water,
approximately equal to 18 g.mol ..

Refractive index of the cladding

1635 mass per unit of volume
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From the above expressions, the refractive of the cladding N, ex-
pressed as function of the concentration C&X) can be inferred from:
p(W)

Chn(X)Ax + WAW (5.49)

:N(:Qlad_lz
N2, +2

cla

f(Nclad)

where Ax and Ay are the molar polarizabilities of X and water (W) molecules,
respectively.

3.2.3 Sensitivity of the cladding index to analyte concentration

In order to derive the expression of the sensitivity of NV, to the concentra-
tion Cfnx), we define N, o as the value of the cladding RI when CT(nX) = 0.
From a differentiation of the above expression near N,,q, 9, We obtain:

df (Netad.0) = f'(Netad.0)dNejag = AxdC X (5.50)

where f'(Neaq,0) is the derivative of the function f at Nyuq = Nejad,o-
After calculation, is is expressed as:

6Nciad,0

f/(Nclad,O) = D)
(NCQIad,O + 2)

(5.51)

Finally, the sensitivity of the cladding RI to the concentration of C&X) can
be expressed, near CT(,LX) =0, as:
Ax

Scix) = —f/(chad,o) (5.52)

where Sc(xj is in RIU per molar concentration unit.

3.3 Optimization of the cladding sensitivity

For both refractometer and concentration sensor applications, the waveg-
uide sensitivity to the cladding has to be optimized. In the following, we
apply the analytical expression of the waveguide sensitivity to the RI of
the cladding material obtained with Marcatili’s method to identify the key
waveguide parameters to achieve the highest microresonator sensitivity.
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3.3.1 Description of the study

In Fig. 5.7 are plotted the values of this sensitivity Sejaq = ONesf/ONeiaa
for fundamental TE and TM modes as a function of the normalized width
w/ X and height h /) for two rectangular waveguides.

h/A w/A
R oo
) SR

1 1
2 0
h/x w/A

Figure 5.7: Sensitivities of the effective indices of fundamental TE and TM modes to
the refractive index of the cladding of a rectangular waveguide vs normalized height and
width. (a) asymmetric waveguide with N.,.. = 1.56, Ny, = 1.444 and Nuq = 1.323,
(b) symmetric waveguide with N,,,.. = 1.56 and N g = Ngyp = 1.323

The first waveguide studied is an asymmetric rectangular waveguide
with SU-8 as core material, silica as substrate and DI water as cladding.
The second waveguide is a symmetric waveguide with SU-8 as core mate-
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rial, where cladding and substrate are assumed to have the same refractive
index, equal to that of DI water.

3.3.2 Analysis of the results

From these graphs (Fig. 5.7), it is visible that the sensitivity S.,q can be
largely modulated according to the dimension of the waveguide. More
specifically, the width w has clearly more influence than the height A on the
cladding sensitivity. This can be explained by following the considerations.

Optimization with constant width

For a given width wy, a reduction of the height / of the core of the
waveguide will result in a less confined mode, characterized by a more
important evanescent field in both cladding and substrate regions. Since,
the additional intensity in the substrate region does not contribute to .S,
the gain on the cladding sensitivity when reducing h is limited. In addi-
tion, smaller values of A result in higher optical losses to the substrate (cf.
Chap.2).

Optimization with constant height

For a given height A, since the core of the waveguide is surrounded
in the lateral direction by the cladding (cf.5.2), a reduction of the width
w increases the intensity of the evanescent field primarily in the cladding
region. Therefore, the gain of sensitivity when reducing the width is rela-
tively higher that the gain obtained when reducing the height.

Another interesting observation comes from the comparison of the vari-
ations of the cladding sensitivity between the two configurations, (a) and
(b), of rectangular waveguides. Clearly, for a given cross-section, the latter
waveguide configuration is more advantageous. This can be simply ex-
plained by the fact that, when the refractive index of the substrate is lower,
the intensity of the evanescent field in this region is relatively lower, which
means that the same intensity is relatively higher in the cladding. In other
words, the yield of the total evanescent field is at its highest for homoge-
neous detection when the refractive index of the substrate is as low as pos-
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sible. The discussion and waveguide geometry optimization is illustrated
in Fig. 5.8.
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Figure 5.8: Evanescent field for various rectangular waveguide configurations. In (a), the
cladding RI is higher than the substrate RI; the opposite situation is presented in (b).

According to the above considerations, a symmetric configuration, where
cladding and substrate RIs are identical, is not necessarily optimal. How-
ever, symmetric waveguides theoretically support guided modes, even with
very small core cross-sections. Thus, matching substrate and cladding RIs
and adopting waveguides with very small cross sections could be another
way to optimize the sensitivity.

4 Optimization for surface sensors

4.1 Introduction to surface sensing

In homogeneous sensing, as discussed before, the information on the mea-
surand is carried by the refractive index N, of the cladding material,



270 CHAPTER 5. SENSING PROPERTIES OF MICRORING RESONATORS

which is assumed to be homogeneous. As a matter of fact, in the view
provided by Lorentz-Lorenz equation, N, can be viewed as an average
refractive index of a mixture over its all volume.

In surface sensing, the molecules to detect and/or quantify are bound on
the microresonator surface. As a consequence, the situation differs from
that of homogeneous sensing since variations of N4 are only local, near
the surface of the waveguide in contact with the cladding. In that respect,
considering that shifts of the resonances during sensing are due to a vari-
ation of the average value of N, over the entire volume of solution'’
could be, in specific sensing configurations, a mistake. The error would
be to consider all the solution volume, and not just the volume where the
analyte molecules can effectively interact with the evanescent field of light
propagating in the microresonator.

4.2 Sensitivity in surface sensing experiments

4.2.1 Expression of the microresonator sensitivity in surface sensing
General expression

We can use Eq.(5.10) to express the sensitivity of the microresonator to
the surface detection of a measurand M:

A dN, A dL
S(5D) — : ( /] ) +Z. (—) (5.53)
where A is the spectral position (in wavelength) of one of the resonances

of the microresonator. The parameter L is the mean circumference of the
microresonator, also referred to as cavity length.

Case of WGM resonators

For WGM devices such as microspheres, microtoroids, microdisks, . . . the
adsorption of the molecules on the surface of the microresonator is liable to
modify!8 the cavity length L [76]. Therefore, we have to consider that for a
microring waveguide, the geometry of the microresonator will be modified
by molecular adsorption.

7such consideration applies to homogeneous sensing
8on a scale dependent on the size of the molecules
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Case of microring resonators

For microring resonators, L is defined as the average circumference of
the ring. Therefore, assuming that the molecular layer is adsorbed sym-
metrically on the top and the sides of the waveguide, the cavity length L as
average 1s not modified by the the presence of the molecules. The effective
index is consequently the only parameter liable to vary according to the
measurand. We can then express the sensitivity of the microring as:

A AN,
S(SD) — : ( 2] ) (5.54)
(SD)

res N@ff dM
Discussion

dM
similarly to the case of homogeneous sensing, the questions to be addressed
are:

The major issue is now in the evaluation of (M) (sp) In that respect,
D

e How the presence of analyte molecules modify the refractive index
distribution in the cladding ?

e What is the influence of a local variation of refractive index in the
cladding on the effective index a guided mode ?

4.3 Sensitivity of the RI distribution to the analyte

4.3.1 Position of the problem

In surface sensing, local variations of the refractive index distribution are
to be considered. As a consequence, the first issue is to define what lo-
cal means. The approach chosen in the following is to use a mesoscopic
description of the cladding material.

4.3.2 Mesoscopic description of the cladding material

All properties of the material are hereafter defined as constant in an in-
finitesimal volume dV" centred on a point M belonging to the space occu-
pied by the cladding material.
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Cladding refractive index distribution

The RI of the cladding can then be expressed at each point M as:
Neiaa = na(M) (5.55)

The local index n. (M) can be viewed as an average of the refractive index
over the volume dV' centered on M:

na(M) =< ng >aqvm) (5.56)

Advantage of the mesoscopic description

The advantage of using a mesoscopic description is that the volume dV'
can be considered as small enough to accurately describe local variations
of refractive index, and as large enough to apply macroscopic relations to
the volume dV'.

Mesoscopic scale

It must be pointed out that, consequently, the use of a mesoscopic scale

is only relevant if waveguide dimensions are large as compared to the di-

mensions of the analyte molecules. If A,,, is a typical dimension of the

waveguide, and A,,; is a typical dimension of a molecule, dV" should ver-
ify:

Aot < (dV)Y3 < Ay (5.57)

In the following, we assume that this relation is verified.

4.3.3 Derivation of cladding RI distributions

With A,,,; < (dV)'/3, we can consider that dV contains enough molecules
so that the Lorentz-Lorenz formula for a mixture can be applied locally.
Similarly to the description for homogeneous sensing, we consider a mix-
ture of water (W) molecules and analyte molecules referred to as X molecules.

Local application of Lorentz-Lorenz formula for mixtures
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In the volume dV centred on M, we can define the local molecular
densities Ny (M) and Nx (M) of W and X molecules, respectively. From
Lorentz-Lorenz formula applied to the volume dV’, we have:

a(M) =1 Nw(M)

C

2(M)+2  Na

Nx (M
Aw (M) + LAX(M) (5.58)
Na
In this expression, the molar refractivities Ay and Ay, as defined from
mean polarizabilities, need to be considered locally since the mixture can-

not be considered as homogeneous.

S |3

A major assumption here is to consider that interactions between molecules
in the mixture have no effect on their respective polarizabilities at the mi-
croscopic scale. However, as presented in [75], this model is quite efficient
to describe RIs of basic mixtures.

Comparison with homogeneous mixtures

A major difference with homogeneous sensing is that, in such a situa-
tion, analyte molecules can have a specific orientation in space. Therefore,
the interaction between the guided mode and the analyte molecules can
depend on its polarization state'®. Therefore, we have to replace the con-
stant molar refractivity Ay used in homogeneous sensing by a local and
polarization-dependent quantity.

Refractivity of water molecules

Concerning water molecules, event though they may bind to the mi-
croresonator surface via O-H bonds, we can assume that the orientation
distribution of water molecules interacting with the surface will be ran-
dom. Therefore, contrary to X molecules, the same molar refractivity Ay,
used for homogeneous sensing applies to surface sensing.

Polarization-dependent RI distributions

19If molecules have a spherical symmetry, we can assume that the orientation of the spheres will have
no impact on the polarizability. However, if molecules are strongly asymmetric, such as DNA strands, a
non-random orientation of the molecules at the surface of the microresonator will result in optical anisotropy
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According to these considerations, we can introduce two distinct distri-
butions of the cladding index, depending on the polarization state of the
guide mode: n. (M) and ny 7 (M). For instance, ny rgp(M) can be
viewed as the refractive index perceived by a TE guide mode in the volume
dV centred on M. This simple model provides the following polarization-
dependent Lorentz-Lorenz formula:

ng rp(M) =1 Ny (M) Nx (M)  (rE)
’ = Aw (M) + ——A M
. (M) +2 N v Na % W (5.59)
ng rar(M) — 1 _ Nw(M) Nx (M)  (rm) .
T e A R R

4.3.4 Sensitivities of the RI distributions to the measurand

Local and polarization-dependent sensitivities

In analogy to the expressions derived in the case of homogeneous sens-
ing, we can define local sensitivities of the cladding index distribution to
the measurand, expressed with respect to the molar concentration Cﬁ,f():

™ o, TM
Sop M) = — 5 (M)

In surface sensing, the molar concentration C&X) 1s the concentration of
the analyte solution before contact with the microresonator.

Distribution of the analyte molecules in the cladding

Because of the surface functionalization of the microresonator, a spe-
cific chemical reaction, between analyte molecules®® and recognition mole-
cules?!, will occur at its surface. The direct effect of this chemical reaction
is to convert an homogeneous distribution of the analyte into an inhomoge-
neous distribution, where part of the analyte molecules are adsorbed at the

2in the cladding
2lon the waveguide surface
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surface, and the other part is homogeneously distributed in the cladding.
The effect of this chemical reaction can be modelled by a binding function
B(M) that relates the molecular density N (M) to the concentration of the

initial analyte solution CT(nX) :

Nx(M) =Ny -B(M)-CWX (5.61)

m
Discussion on the binding function

For small concentrations, it can be assumed that the binding function
B(M) does not depend on the concentration C,g@X). This corresponds to
the case where the amount of analyte molecules is small as compared to
the number of binding sites on the surface. However, if the amount of
molecules is very large as compared to the number of binding sites, result-
ing in a saturation of the surface in analyte, increasing the concentration
C$X) would not modify in the same manner the distribution N x(M). In

such a case, the binding function B(M) is necessarily dependent on CT(nX).

Polarization-dependent expressions of sensitivities

In order to derive expressions for the local sensitivities, we can use a

function f defined as:

2 —1

fle) = 22+ 2

As areference situation for surface sensing, we use the case where there

are no analyte molecules in the cladding. Accordingly, for this situation,
we have, at every point M in the cladding:

(5.62)

ncl,TE(M) = nd’TM(M) = ny = constant (5.63)

The local sensitivities can be expressed from this reference point, simi-
larly to homogeneous sensing, as:

( A(TE) M
\ C[X] f/(nW)
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4.4 Waveguide sensitivity to the RI distribution

The second aspect to study is the relation between a local variation of

cladding index, related to the concentration of the analyte C’T(HX) by Sg[)%)

or S (CT[%), and the variation of the effective index.

4.4.1 Derivation of the effective index from the refractive index distribution

A rigorous approach

From a rigorous point of view, the effective index of a guided mode, as
solution of one or more dispersion equations, can only be expressed as an
implicit function of the waveguide parameters. With such a view, analyt-
ical expressions of the sensitivities can be obtained by assuming that the
analyte molecules on the surface can be modelled as an additional layer of
the waveguide, sandwiched between core and cladding materials [74].

Such an approach is very similar to that developed to analytically ex-
press slab and rectangular waveguide sensitivities before. The high com-
plexity of this approach was justified by the need to provide a model where
effects of temperature or pressure variations could be realistically evalu-
ated. However, is order to study the influence of bound molecules on the
surface, such a level of complexity is not entirely required. Specifically, an
approximate expression of the effective index in a channel waveguide can
be used.

Explicit expression of the effective index for a channel waveguide

We start with a typical model used in guided optics to express the ef-
fective index as a function of the refractive indices of the materials. For
a channel waveguide with a core, a substrate and a cladding, this model
results in the expression:

Neff = Fcore ’ Ncore + Fclad ’ Nclad + Fsub : Nsub (565)

where the I' coefficients are optical power flow ratios, as defined below.

Ratios " of optical power flows
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The coefficient I' ) related to the region (1?) is defined as:

P,(R)
r Lz, y)dS = 5.66
R PTot // p y PTot ( )

In this expression, Pry; 1s the total flow of optical power in the direction
of propagation z, and P,(R) is the same flow through the section defining
(R). The scalar field p, defined in a transverse plane is the time average
of the power flow density in the direction of propagation. Therefore, it is
expressed from the Poynting vector 11 as:

— ]_ — —
D, = <H> it = (E X H) T (5.67)
t

Conservation of the total power flow

Assuming the conservation of the total power flow in the channel waveg-
uide, we have:
Fcore + Fclad + Fsub =1 (568)

Generalized expression of the effective index

From Eq.(5.65) and Eq.(5.66), we can obtain the following expression:

1
Ny — - / / n(z,y) - ps(z,y) dS (5.69)
PTot -

where n(z,y) is the distribution of the refractive index in the transverse
plane. In this expression, the effective index appears as an average of the
distribution of refractive index in the transverse plane, weighted by the
power flow density related to the guided mode.

4.4.2 Variations of the effective index induced by surface sensing

According to the generalized expression of the effective index, we can
think of two distinct effects occuring when analyte molecules are intro-
duced near the microresonator. A direct effect is the modification of the
refractive index distribution. This modification induces a perturbation of
the density of optical power flow, which may then be considered as an
indirect effect of the presence of analyte.
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Modification of the index distribution

During surface sensing, the distribution of refractive index in the trans-
verse plane n(z,y) is modified. We can introduce a distribution of index
variation dn(x, y) in the transverse plane??, as:

where n(x, y) is the distribution of index in absence of analyte.

Perturbation of the power flow density

Since the distribution p,(x,y) is related to n(x,y) by the dispersion
equations, the power flow density in the transverse plane p.(x,y) is per-
turbed. We will write this perturbation as:

op:(z,y) = p.(x,y) — pso(z, y) (5.71)

where p, o(z,y) is the distribution of power flow density in absence of
analyte.

Resulting effective index variation

The resulting variation of the effective index 0.V, ¢, can thus be written
as the sum of two contributions:

PTot // on(z,y) - p.olz,y)dS

) - 6p. d
PM //noxy p.(z,y)dS

4.5 Application to the optimization of microresonators for surface
sensing

(5.72)

From the expression of the effective index variation induced in a surface
sensing experiment, the formal expressions of polarization-dependent mi-
croresonator sensitivities in surface sensing can be derived. However, we

Z2the transverse plane is the plane perpendicular to the direction of propagation z
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will see that depending on the exact application, different expressions must
be considered. The application of surface sensing to label-free biosensing
is studied specifically, and important conclusions are drawn.

4.5.1 General expressions of the microresonator sensitivities

Simplifying hypothesis

At this stage, we formulate the hypothesis that the second term can
be neglected as compared to the first term. In other words, we consider
that for small local variations of the refractive index, we can neglect the
indirect effect®® of those variations as compared to their direct effects on
the effective index.

Simplified expression for the variation of effective index

In concentration sensing, the perturbation dn(x,y) related to the mea-
surand is identically zero everywhere except in the cladding region, there-
fore, 0 N. ¢ can be simply expressed as:

1
ONerr = P // on(x,y) - p.o(z,y)dS (5.73)

cladding

General, polarization-dependent expressions of microresonator sensitivities

From this expression, we can derive relations for the sensitivity of the
microresonator in surface detection, according to the polarization of the
guide mode:

(TE)
( S(SD) _ )\TE dN@ff
res, TE Neff, TE dCr(rALX) (SD)
< M o
ANTM)
gsp) Aty o
\ res, TE Neff, TM dcr(rf() (SD)

Bthe variation of the effective index due to a variation of the distribution p, is an indirect effect of the
local variation of refractive index
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Integral forms of the microresonator sensitivities

Using expressions derived in the previous section, we finally obtain:

( o(SD) ATE (TE)
res, TE — (TE)
N "(n
ey ') (5.75)
D) _ M (TM)
res, M
. Ne(J:‘Ff ) f'(nw)

where the polarization-dependent ( parameters are expressed in integral

form as:
4

1
SR // B(M) - Ay (M) - ply” (M) dS
cladding
| cany _ 1 (M) (M) o0
o = 2L [y AP0 50 0 as
cladding

\

4.5.2 Discussion on the evaluation of the sensitivities

The above expressions give the sensitivities of the microresonator to the
concentration in analyte in the case of surface sensing. In the evaluation of
these sensitivities, the difficulties are related to surface integrals (.

Evaluation of the power flow density

For a given mode of the microresonator, p, o can be easily determined
from the calculations of the fields £ and H, using Eq.(5.67). This requires
the use of a numerical method to solve TE and TM guided modes.

Evaluation of the distributions of molar refractivities

The molar refractivities AgE) and AgM) may be more difficult to eval-
uate, for several reasons. As discussed before, values of molar refractivities
for numerous chemical and biological species can be found in the literature
[77]. However, these values are usually determined near 589 nm, and in
homogeneous solutions where molecular orientation is random. An issue is
then to evaluate molar refractivities for molecular assemblies with specific
orientation, and near 1550 nm.



4. OPTIMIZATION FOR SURFACE SENSORS 281

Evaluation of the binding function

The binding function B describes the spatial distribution of analyte
molecules in the transverse plane as function of the initial concentration of
the solution containing the analyte. More specifically, the binding function
describes the equilibrium of the chemical reaction occurring at the surface
of the microresonator, responsible for the binding of analyte molecules. In
the following, a simplified form of the binding function will be used to
provide simplified expressions of the parameters under study.

4.5.3 Discussion on the role of the ( parameters

Short analysis of microresonator sensitivities

In the microresonator sensitivities expressed in Eq.(5.75), the fractions
before (75 TM) appear to have limited roles. Indeed, f'(n,,) is given as a
known function of the the refractive index of water ny;;2*. As for the effec-
tive indices and resonant wavelengths, they are not liable to vary on large
scales.

Consequently, optimization of the microresonator sensitivities domi-
nantly relies on the optimization of ¢T¥) and (™M),

4.5.4 Optimization of the ( parameters

In order to optimize these integrals, it appears that the maximum of power
flow density must coincide with presence of analyte molecules. This is a
fairly simple analysis.

Separation of the cladding region

For further development, we can assume that surface-bound analyte
molecules can be found, in the transverse plane, in a limited section (Xg)
whose extent depends on the typical size of the molecules. We can then de-
fine the section (X5) as the complementary section of the cladding, where

24The refractive index of water ny can be replaced, for generality’s sake, by a refractive index ng of the
buffer solution which contains the analyte molecules.
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analyte molecules are homogeneously distributed. The cladding separation
is 1llustrated in Fig. 5.9.

(H)

cladding —

substrate —

Figure 5.9: Separation of the section of the cladding into two complementary regions (H)
and (S). A general case, where analyte molecules are not necessarily in contact with the
core, is presented.

With these definitions, the integrals ("% 7*) can be written as:

C(TE,TM) _ CgTETM) + CgE’TM) (5.77)
The parameters CgE’TM) and ¢ éTE’TM), using the linearity of the surface

integral, can be expressed as:

(

1 _
G = / / B-AGH T pln ] (M) ds
(Xn)

1 _
(P — / / B A STl (M) ds
(Es)

Surface and homogeneous parameters (

It is important to point out here that (g functions relate to the interac-
tion between the surface and the analyte, while (z functions characterize
the homogeneous detection of the analyte molecules that did not bind to
the surface. Therefore, the optimization differs depending on the exact
application of the sensor.
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Optimization for analyte quantification in a simple solution

If the application is to quantify the analyte in a solution containing only
analyte and water? molecules, then both surface and homogeneous con-
tributions to the sensitivity can be taken into account. Consequently, the
¢(TE,TM) narameters must be optimized.

Optimization for applications related to label-free biosensing

If the application is related to label-free biosensing, the sensitivity of
the detection only relates to specific binding events at the surface of the
microresonator, and homogeneous detection of the analyte molecules in
the section () can be viewed as a perturbation of the signal. In such
applications, ("#:T™) would be a wrong parameter to optimize.

Signal-to-noise ratio

Generally-speaking, a signal-to-noise ratio compares a signal level to
the fluctuations of this signal. In label-free biosensing, the basic detec-
tion signal relates to the binding events between analyte molecules and
biorecognition molecules?®. Therefore, the detection of analyte molecules
in the bulk of the solution constitutes a perturbation of the detection signal.

We can express an equivalent 7 of a signal-to-noise ratio for surface
detection in label-free sensing:

_Ss

= 5.79
n n (5.79)

Discussion

The parameter 7 is very important. Indeed, if a modification of the
waveguide geometry had for effect to increase both parameters (g and (z
in the same manner, corresponding to a constant value of 7, then the gain in
terms of label-free detection would be zero. From this analysis, it is clear

Zor more generally buffer

Zbiorecognition molecules are previously bound to the microresonator surface during surface function-
alization
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that for label-free biosensing, the sensitivity of the surface detection by the
microresonator is as important as the signal-to-noise ratio 7.

In the following, these two polarization-dependent parameters, expressed
specifically for label-free biosensing and related applications, will be writ-
ten as:

A

S(LFS) _ CS
res /
Nefff (nW) (580)
(Lrs) _ 68
res CH

4.5.5 Optimization of the sensing properties of a microresonator for label-free biosens-
ing and related applications

General expression of 7

(LFS)

The parameter 7, can be expressed, for a given polarization, as:

[[ [B-Ax -p.o] (M)dS

rrs) (29 5.81
T B Ax b (M) d5 oA
(Xm)

Assumption on the binding function

For a further development of 7, we assume that the binding function can

be defined as:
B(M):Bs, ME(Zs)

BOM) =By, Me (Sq) 52

where Bg and By are constants.

Assumptions on the molar refractivities distributions in region (H)

In addition, in the (Xj) section, as analyte molecules are homoge-
neously distributed, we can assume that the molar refractivity Ay is uni-
formly distributed in (Xz). Also Ax can be considered independent from
the polarization state since in (X ), the orientation of analyte molecules is
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random. Consequently, in this region, Ax (M) can be replaced by a uni-
form and polarization-independent value Ay, corresponding to the typical
value that can be found in the literature for the molar refractivity of X.

Assumptions on the molar refractivities distributions in region (S)

Similarly, in the (Xg) section, from the homogeneity of the distribution
B, we can assume that the values of AE(TE) and AgM) are uniform in this
region. However, they cannot be considered as equal in a general case. To
overcome this difficulty, we can develop a simplified model for the molar
refractivity.

In this model, we assume that Ax, can be related to AE(TE) and AE(TM)
by the expressions:

Ay, = ALY + A7Y

ATH) = ¢ - Ay, (5.83)
Aﬁ(TM) =& - Ax,

where 75 and {77 can be viewed as ratios of the molar refractivity that
relates to T'E and T'M, polarization state, respectively. They verify &7 +

Erar = 1.

Simplified polarization-dependent expressions of

Using all the assumptions above, it is possible to write 7,..s as:

JJ p=0(M)dS

(LFS) BsAx (39)

es = B Ay T poo(M)dS (5.84)
(Xm)
From this expression, we can rewrite 7,5 as:
777(551) ) = NB * NPol * 1Pow (5.85)
where:
e 1 = L= is a characteristic of the surface binding reaction

By
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® Npy = Ax ¢ relates to molecular orientation on the surface
Ax,

® Npow = Jljgz )) is the ratio between the power flows in each section

Final expressions for the microresonator sensitivities in label-free sensing and re-

lated applications

Using the same assumptions, we can also derive simplified expressions
for the microresonator sensitivities. Overall we have:

guerm) _ _Bsdx, [Af Pz(zs)] (B, TM)

(

res - P ) / n Ne
) rot f'(nw) 11 (5.86)
TE, TM TE, TM
\ 777(35E7TJW) =MNB- 77](30[ ) ) néow :

Discussion

Such simplified expressions are the results of many assumptions. How-
ever, they provide several insights on the mechanisms at work in surface
sensing, and more specifically for label-free biosensing, using optical mi-
croresonators.

A first result is the formalization of an intuitive idea, according to which
surface sensing is more sensitive when analyte molecules are interacting
with a relatively more important part of the guided power. This is ex-
pressed by the ratio between P, (Xg), the optical power flow in the region
(S) where binding events occur, and the total optical power flow related to
the guided mode Pr;.

A second result is the formalization of the polarization-dependence of
the microresonator sensitivity. More specifically, x parameters can be
used, in the model, to account for a specific orientation of the molecules
bound on the surface. Consequently, this model denotes the importance
of a device ability to simultaneously analyse both polarizations, in or-
der to measure conformational changes of bound molecules. Moreover,
the model allows a quantification of these effects, related to polarization-
dependent properties of the microresonator.
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A third result provides a major insight about another intuitive idea, ie
that a larger evanescent field would provide more sensitive label-free de-
tection. More specifically, this idea would lead to build waveguides maxi-
mizing the ratio of optical power flows I .4, in a way to maximize P,(Xg)
as compared to Pr.. In the following, we study this specific effect.

Optimization of 7p,,, from waveguide design

The aim here is to build a very simple model to verify whether, for sur-
face sensing, it is better to have a maximal amount of the total power in
the evanescent field. For this purpose, we consider a slab waveguide where
the confinement direction is X. In the transverse plane (z, y), the cladding
occupies the semi-infinite space from x = 0 to x = 4-o0.

We assume that the evolution of the power flow density in the direction
of propagation z can be written, in the cladding region, as:

p.(x) = p.(0) - exp(—x/Lp), x € [0, 0] (5.87)

In this expression, p,(0) is the power flow density at the interface, and Lp
is the typical decay length of the evanescent field in the cladding. In the
following, we also assume that all bound molecules are located in a re-
gion (Xg) defined as the space between x = xy and x = z1, as illustrated
in Fig. 5.10. In this model, the typical extent of the molecule in the con-
finement direction is Ly, = x; — xy. The region (Xg) is defined as the
difference between the cladding region (X.,4) and (Xg).

Since we consider a slab waveguide, the system can be considered as
invariant in the y direction. However, for dimensional purposes, we intro-
duce an extent L., of the waveguide in the y direction. Therefore, we can
express the optical power flows P(3g) and P(Xp) as:

P(XYc) = ZMdS:LOO/Z d
) P (Z/[pu e

Lo

| P(Sn) = P(Seaa) — P(Ss)
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Figure 5.10: Separation of the section of the cladding into two complementary regions
(H) and (S). A general case, where analyte molecules are not necessarily in contact with
the core, is presented.

After replacing p.(x) by its expression, and integration on the specified
regions, we obtain expressions of the power flows:

P(Eclad) — Loo LD : pz(o) — PO
P(Xg) = Pyexp(—zo/Lp) [1 —exp(—Las/Lp)] (5.89)
P(Xg) = P(Xuaa) — P(Xs)

The ratio 1p,,, can then be simply expressed as:

P(Ss) |
Tlpow = = (590)
TOPE) -

From the expressions of the power flows, we can express the ratio 7p,,, as a
function of two normalized parameters: the normalized molecular position
x* = x¢/Lp and the normalized molecular dimension L* = L,/ Lp, as:

-1

xp(r) (5.91)

1 — exp(—L*)

Tlpow (:C*, L*) =
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Figure 5.11: Ratio of power flows 7)p,,, as function of the normalized molecular position
x* = xo/Lp and the normalized molecular dimension L* = Ly;/Lp

In Fig. 5.11, values of npy,(z*, L*) for z* € [0.01,0.1] and L* €
[0.01, 5] are plotted. The limited range for 2* comes from the fact that
for all values of L*, np,, exponentially tends to zero for larger x* values.
On the contrary, for a given value of z*, np,, exponentially increases for
larger values of L*.

It is important to point out here that, since (Xg) and (X ) are comple-
mentary surfaces, the ratio 7p,,, can, in theory, vary between 0 and +oc.

Importance of the distance between core/cladding interface and binding events

The first important observation that can be made from the graph in
Fig. 5.11 1s the strong decay of 7p,,, hence of the signal-to-noise ratio
nLFS) when the normalized molecular position z* increases. This means
that the ability to detect binding events is maximal when they occur at the
core/cladding interface. This ability decreases exponentially as binding
events occur further and further away from this interface.

From this analysis, we understand that if binding events occur at a sig-
nificant distance x( from the core/cladding interface, which can be the case
in label-free biosensing with large biorecognition entities on the surface,
the typical extent Lp of the evanescent field in the cladding region must be
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designed to be large compared to xy. However, increasing Lp will directly
result in a decrease of the normalized molecular dimension L*, hence, in
fine in the decrease of 1“7%). The major conclusion here is that, for a given
molecule, with a given typical extent Lj;, and a given position x of bind-
ing events, an optimal value of the typical decay length of the evanescent
field exist.

Optimal extent of the evanescent field for label-free biosensing

In order to look for the optimal decay length Lp, we set u = 1/Lp.
Consequently, for a given value of parameters xy and L,;, the power ratio
Npow €an be expressed as a function of u:

1 —exp(—uLyy) ~ Num(u) (5.92)

Tpow (1) = exp(uxg) +exp(—uLy) —1  Den(u)
The function 7)., (u) is maximal when its first-order derivative is equal to
zero, hence when the following equation is verified:

Num'(u) - Den(u) = Num(u) - Den’(u) (5.93)

After expansion of this equation, and removal of the common factor exp(uxy),
it can be rewritten as:

Ly exp(—ulLy) = xg — zgexp(—ulyy) (5.94)

By regrouping the terms dependent on u, and applying the logarithm func-
tion on either side, we finally obtain:

L
wLy = In (1 + —M> (5.95)

Lo

From the above equation, describing the value of u that maximizes 17p,, (u),

we derive a very general expression of an optimal decay length Lg)p D of

the evanescent field for label-free biosensing:

Ly

Lo — 5.96
D ln(l—i—LM/l’()) ( )
where L), is the typical dimension of the analyte molecules in the direc-
tion of evanescent field decay, and x is the typical distance between the
core/cladding interface and the position of the binding site (cf. Fig. 5.10).
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(Opt)

Pow 10T @ given label-free biosensing

Consequently, the highest value of 7
configuration (¢, L)) is given by:

NS — (Lg)””) (5.97)

In Fig. 5.12 are plotted as functions of the parameters x(, and L, (a)

the optimal decay length of the evanescent field L%Op " and (b) the optimal
value of the power ratio in 77}00755 )in dB units. The values of the xo and Ly,

parameters vary between 0.01 nm and 200 nm.

In the plot on top of Fig. 5.12, it is clearly visible that higher values of
both xy and L,; parameters require higher value of typical decay length
Lp of the evanescent field. On the opposite, when x tends to zero, which
is the case where analyte molecules are directly adsorbed on the surface,
then the decay length must be small, all the more so for the detection of
small molecules.
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Figure 5.12: As functions of the parameters x( and Ly, are plotted (a) the optimal decay

length of the evanescent field L%Op " and (b) the optimal value of the power ratio m(Dooﬁf Vin

dBs. All lengths are in nm.
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In the bottom plot of Fig. 5.12, it first appears clearly that the power ra-
ti0 7)pyw can be modulated on several decades. Therefore, this ratio appears
as a key parameter for the optimization of optical label-free biosensors.
Secondly, it also very clear that the highest signal-to-noise ratios 1)
will be achieved in situations where the binding occurs as closely to the
waveguide interface as possible.

It is important to point out that, in this model, it is assumed that the pres-
ence of the biorecognition molecules at the cladding/core interface does not
modify significantly the power flow density near the interface. This would
the case for limited surface densities of the biorecognition molecules. On
the opposite, if the biorecognition molecules form a dense and thick molec-
ular film around the waveguide, it is expected that significant variations of
the local power flow density will occur. However, it can be considered, in
such a case, that the formed biorecognition film is an extension of the core
of the waveguide. Therefore, the typical decay length of the evanescent
field can be defined from the cladding/biorecognition film interface. Also,
as a consequence, the typical distance z( could be equal to zero, since in
the case of dense biorecognition films, binding will occur at the top of the
biorecognition molecules.
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1 Microfluidics integration

1.1 Introduction

Upper cladding
of microring

Microfluidic

Upper cladding of
bus waveguide and
lower cladding of
microring

Low cladding of
bus waveguide

Substrate
Thermostated heater

Figure 6.1: Fabrication steps for PDMS microfluidic caps

1.2 Materials for microfluidic circuits

Several materials can be used to build microfluidic caps and tubes, with
various properties according to transparency, hardness, resistance to chem-
ical agents. More specifically, for label-free biosensing, some materials are
to known to be "biocompatible" while others are not. For instance, many
large biomolecules are known to stick to Teflon, making device operation
impossible in such cases.

In the scope of this dissertation, PDMS was selected for fabrication
of the microfluidic caps, and Teflon was typically used for tubes. Other
commonly used materials are also presented.
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1.2.1 PDMS

Polydimethylsiloxane (PDMS), or dimethicone, is a mineral-organic poly-
mer (containing carbon and silicon atoms) of the solxane family. It is
widely used polymer material for the fabrication of microfluidic chips. For
the fabrication of such devices a liquid solution of PDMS mixed with a
cross-linking agent is poured into a microstructured mould and heated to
catalyse its polymerization. The pattern thus imprinted in the PDMS con-
stitute microfluidics channels once the PDMS cap is fixed to a substrate.

After polymerization, PDMS becomes a hydrophobic elastomer. How-
ever, oxydation of the material, using oxygen plasma for instance, produces
silanol terminations (S1OH) on its surface, temporarily turning the exposed
PDMS surface hydrophilic for short durations.

PDMS is generally considered as a biocompatible material, however
with some restrictions [78, 79]. In [80], resistance of PDMS to numerous
chemical agents were tested. Overall, PDMS is not sensitive to exposure
to most common chemicals, and can thus be used in a wide variety of
applications. In addition, PDMS microfluidic channels can be passivated
for further resistance to chemicals, if necessary. This can be achieved by
coating the channel with Cytop, or other fluoropolymers.

1.2.2 Other materials

Typical materials also used for the fabrication of microfluidic devices are
Teflon, PTFE and PEEK. Specifically, PEEK and PTFE are known to show
to posses excellent biocompatible properties [81]. However, as rigid ma-
terials, their integration on an optical chip can be more difficult than with
PDMS microfluidic devices.

1.3 Fabrication of PDMS microfluidic caps

The microfluidic cap is obtained after polymerization of PDMS resin in
contact with a mould. The mould, typically made out of SU-8 photoresin,
defines the 3D geometry of the microfluidic channel. The basic fabrication
steps of the PDMS microrfluidic caps are presented in Fig. 6.2.
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Figure 6.2: Fabrication steps for PDMS microfluidic caps

1.3.1 Fabrication of the SU-8 mould

Fabrication steps

In the fabrication process, the first task is to build the SU-8 mould.
Similarly to what was described in Chap.3, a SU-8 thin film is deposited
by spin-coating on a silicon substrate' with a two-inch diameter. Then, af-
ter post-exposure baking (PEB) steps, the resist is exposed to UV, through
a photomask, to obtain a pattern directly matching the geometry of the mi-
crofluidic channel. After post-exposure-bake, the film is developed, and
finally hard-baked.

It has to be pointed out that, since the dimensions of the microfluidic
channels are large compared to those of the optical microresonators, the
lateral resolution of the UV-lithography is, comparatively, not important.

Icovered by a native layer of silica, not represented in Fig. 6.2



1. MICROFLUIDICS INTEGRATION 297

As a consequence, the lithography mask can be of a much lower resolution
that the ones used for the optical devices. Such lithography masks can be
simply obtained, for instance, via fine printing? on a transparency film.

Once processed, the thickness of the SU-8 film will defined the height
H, in the vertical direction, of the microfluidic channel. As outlined before,
as the height gets smaller, the pressure build-up due to viscosity forces gets
higher, which can result in leakage®. For the experiments performed in the
scope of this dissertation, the minimal channel height was 20 pm, and the
maximal height was 150 pm.

Deposit of high-viscosity resists

In order to achieve such SU-8 film thickness, three commercial SU-8
solutions from Microchem were used: SU8-2025, SU8-2050, SU&-2075
and SU8-2100, with viscosities ranging from to 4,500 cSt to 45,000 cSt*.
This has to be compared with the viscosity of SU8-2002 solution, used for
optical devices, equal to 7.5 cSt. Because of their much higher viscosities,
handling of the SU8-solutions for the fabrication of microfluidic moulds is
very different from that described in Chap.3.

A first consequence of the high viscosity is the impossibility to filter the
resist solutions, or to use syringes to apply the photoresist on the substrate
for spin-coating. Because of this, the resist solution must be transferred
first to a Becher, from which the resist is poured on the substrate. A useful
precaution is to remove all air bubbles that are liable to be trapped in the
resist. Typically, this is achieved by letting the solution rest for a while.
However, because of the high viscosity, this would take a very long time.
It is then preferable to remove air bubbles by placing first the Becher into
an ultrasonic bath for 5 minutes, then into a vacuum chamber for 30 min-
utes.

When the resist is poured on the substrate from the Becher, the high
viscosity tends to create a continuous, cylindrical, solution flow between

21200 dpi, typically
3at specific points of the channel, or by complete lost of adhesion of the PDMS to its substrate
“viscosity coefficients expressed as kinematic viscosities in centi-Stokes (cSt); 1cSt = 1072 cm? /s
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both. The best method found for pouring was to make sure that the flow
of resist solution is approximately constant, and arrives on the centre of
the substrate, a point from which the liquid slowly moves to wet the outer
regions of the wafer.

Another important consequence of the large viscosities is the very high
edge beads obtained by spin-coating of the resist. With two-inches wafer,
edge beads, due to to border effects, can occur on more than half of the
wafer surface, resulting in microfluidic channels with large height varia-
tion from input to output. An expensive solution to this problem is to use
three-inches wafer instead. A more cost-efficient solution consist in using
the spin-coater at maximal rotation speed, around 4000 rpm, in order to
minimize the height of the edge bead.

Typical fabrication process

A typical process to achieve a 80 pm-thick SU-8 mould is as follow:

e Approximately 3 mL of SU8-2100 is desposited on a two-inches sili-
con wafer and spin-coated at 4000 rpm for 60 seconds.

e After spin-coating, the resist is post-baked, for 5 minutes at 65°C then
20 minutes at 95°C, after which it is let to cool down for several min-
utes.

e For such thickness, the typical exposure energy must be approxi-
mately 240 mJ/cm?. With an MJB3 mask aligner equipped with a
lamp achieving an exposure power of 8.5 mW/cm?, the duration of
the exposure must be approximately 30 seconds. For long exposure
durations, it is sometimes necessary to perform two of three expo-
sures instead of one, in order to limit heating of the resist during the
procedure.

e After exposure, the film is post-baked, typically for 5 minutes at 65°C
then 10 minutes at 95°C. It is particularly important to let the film
cool down after this post-exposure-bake.

e The film is then developed in a developer bath, typically for 10 min-
utes. For such long development times, it is necessary to agitate
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the developer solution periodically to renew it near the SU-8 pat-
terns. Right after development, the SU-8 patterns are rinsed with
isopropanol, and dried with a gentle nitrogen gaz flow.

e As final step, the wafer is put in an oven at 180°C for two hours for
hard-baking.

1.3.2 Fabrication of the PDMS cap

First, the PDMS solution is prepared for its future reticulation over the
SU-8 mould. Inside a Becher, a 10 mL volume of PDMS solution is mixed
with 1 mL of cross-linking solution. While mixing, bubbles are produced
in the solution, and have to be removed. This is achieved by placing the
bech in an ultrasonic bath for 5 minutes, then in a vacuum chamber for 30
minutes.

Meanwhile, the mould has to be prepared so that after cross-linking,
the PDMS may be removed from the mould. Since both PDMS are natu-
rally hydrophobic, the mould is put in contact with hexamethyldisilazane
(HMDS) vapours to form an ultra-thin hydrophilic film on the whole sur-
face of the mould.

Once both PDMS solution solution and mould are prepared, the PDMS
is poured on the mould in one movement. After which, the whole is put in
an oven at 75°C for two hours.

1.4 Chip integration

The chip integration consist in fixing the microfluidic cap on the optical
device. This step is particularly important to reduce the possibilities of
solution leakage from the microfluidic channel due to excessive pressure
build-ups. For the integration of PDMS microfluidic caps with vertically-
coupled microring resonators such as described in previous chapters, dif-
ferent technical solutions where tested.

1.4.1 Adhesion by surface activation

A strong adhesion can be obtained between a silica substrate and a PDMS
microfluidic cap by oxygen-plasma-assisted surface activation. Before putting
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the substrate and microfluidic cap in contact, both of their surfaces are ex-
posed to a low power oxygen plasma for few minutes, which is usually
enough to achieve very high adhesion strength.

This technique was tested to integrate PDMS caps with optical devices.
In all instances, the adhesion strength obtained between Cytop, as substrate
material for the microresonator, and the PDMS was very weak and thus
non suitable for operation. This adhesion failure is probably due to the
fact that the lower oxygen-plasma is not enough to activate the surface of
Cytop. As a consequence, a solution may be to use an equipment such as
the RIE apparatus described in Chap.3. However, the activation would be
then accompanied with etching of the Cytop layer, which is of course not
suitable after the fabrication process is complete.

1.4.2 Adhesion by application of a curable optical adhesive

Optical adhesives are typically used for fixing various optical parts, such as
optical lenses, together. These adhesives have the particularity to be highly
transparent for visible and infrared radiations. Also, typically, they can be
cured from both UV exposure or baking.

Such an optical adhesive, in form of liquid solution, can be applied to
the surface of the microfluidic cap that needs to be fixed to the Cytop sub-
strate. Then, when the adhesive is cured, typically in a UV oven, a strong
adhesion is obtained between the PDMS cap and the Cytop substrate.
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Figure 6.3: Use of an optical adhesive for microfluidic integration.

The application of the adhesive to specific regions of the microfluidic
cap can be difficult. Overall, a stamping method provided the best results.
First, a thin film of the adhesive is prepared on a substrate, a glass micro-
scope slide for instance. This can be achieved by spin-coating. Then, the
microfluidic cap is placed on the adhesive-covered substrate. At this point,
the adhesive wets the surface of the PDMS to be fixed to Cytop and, ide-
ally, does not enter the microfluidic channel. After this delicate step, the
PDMS cap is recovered, and subsequently positioned on the optical device.
Once the channel(s) is (are) properly aligned with optical microresonators,
the adhesive can be finally cured. A typical result of such adhesion scheme
is presented in Fig. 6.4.

Figure 6.4: Optofluidic cell obtained after microfluidic integration of the optical chip.
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The first adhesive used was NOA73 (for Norland Optical Adhesive 73).
Once cured, this adhesive achieved high adhesion strength. This was tested
by applying high microfluidic flowrates to the microfluidic channel. How-
ever, the problem with NOA73 is its high refractive index, similar to that
of SU-8. As the Cytop layer above bus SU-8 waveguides is only a few
hundreds of nm thick, light propagating in the bus waveguides can easily
couple to the adhesive layer.

Because of this leakage of optical power, the overall transmission from
laser source to photodetector was greatly diminished. In addition, light,
first coupled from the waveguide to the adhesive layer, was subsequently
propagating in the PDMS cap, and finally scattered at the output sidewall.
This scattering made alignment procedures extremely difficult, and some-
times simply impossible.

A technical solution was found by replacing NOA73 by NOA74. The
latter adhesive, with a refractive index of approximately 1.46, was meant
to reduce optical leakage from the bus waveguides, and significant im-
provements where obtained in terms of overall transmission from source to
photodetector. However, the main limitation of such adhesive is its low ad-
hesion strength, and an increased difficulty of the stamping procedure due
to lower viscosity of the liquid solution. More specifically, while the adhe-
sion strength is sufficient with NOA64 to reproduce optofluidic cells such
as presented in Fig. 6.4, attempts to reduce the adhesion surface, mainly
to integrate more microfluidic channels on one chip, where unsuccessful.
For further integration, short of finding a perfect adhesive, with strong ad-
hesion strength with Cytop, and low refractive index, another technical
solution had to be found.

1.4.3 Adhesion by mechanical pressure

A non permanent-adhesion can be achieved between the PDMS cap and the
optical chip by applying pressure on top of the PDMS cap. More specifi-
cally pressure has to be applied only in regions of the PDMS where there
are no microfluidic channels. This can be achieved with a patterned metal-
lic plate maintained in contact against the top of the PDMS cap.

This adhesion technique proved to be very efficient. Indeed, leakage of
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liquid from the microfluidic channel thus maintained was never observed.

A second advantage of this technique is related to the fact that the adhe-
sion is not permanent. Hence, according to the requirements of the specific
experiments, optical chip or PDMS cap or both can be easily replaced.

1.5 Microfluidic circuit

1.5.1 Introduction

As outlined in Chap.1, evanescent-wave sensors are relative sensors. In
other terms, no information can be retrieved if the output of the device, for
instance the resonant wavelength of an optical microresonator, is constant.
However, information on a measurand can be retrieved by comparing the
output induced by a stimulus to a reference situation.

In optofluidic evanescent-wave sensors, the stimulus, whatever its na-
ture, is carried by a liquid solution flown over a sensitive optical element.
In the scope of this dissertation, the sensitive element is the microring res-
onator, and the liquid solution acts as the cladding material of the microring
waveguide. In such sensors, information on the analyte solution, carrying
the measurand, can only be retrieved if the corresponding output of the
sensor is compared to the output induced by a reference solution.

1.5.2 Configuration of the flow for sensing

In homogeneous or surface concentration sensing, the analyte solution is
obtained by dissolution or dilution of analyte molecules into a buffer so-
lution, designed to maintain a constant pH. In such cases, using the pure
buffer solution as reference solution for the detection is the most conve-
nient.

In Fig. 6.5 is presented a typical arrangement of buffer and analyte so-
lutions, where the latter is sandwiched in between the buffer solution.



304 CHAPTER 6. INSTRUMENTATION OF EVANESCENT FIELD SENSORS
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Figure 6.5: Typical configuration of the flow for analyte detection in homogeneous and
surface sensing.

1.5.3 Key aspects of the microfluidic circuit

Such configuration of the microfluidic flow is obtained by the combination
of various apparatus, forming overall a microfluidic circuit. Herefater are
presented the key aspects to take into account for the design of such circuit:

e The volume of the analyte solution, as well as the time it takes for
this solution to flow over the microresonator, need to be adaptable to
specific experiments.

e When switching the solution from buffer to analyte, and from ana-
lyte to buffer, a risk is to introduce air bubbles in the microfluidic
circuit. According to Murphy’s law, such air bubbles have a strong
probability to fix on the surface of the microresonator during sensing
experiments, making any analyte detection impossible. Avoiding the
formation of air bubbles in the microfluidic circuit, and the ability to
flush them out if they occur, is thus a major concern in the design of
the circuit.

e Switching the buffer solution should be fast and easy. This implies
that the circuit should be designed to minimize the volumes of buffer
necessary to perform measurements.

e From the moment where the analyte solution is put in contact with the
buffer, the time necessary to bring the analyte to the microresonator
should be minimal. Indeed, analyte molecules are free to diffuse to the
buffer solution, thus creating variations of the analyte concentrations
near the liquid interfaces. This result in an inhomogeneous concentra-
tion profile of the solution flown over the microresonator, as pictured
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in Fig. 6.6. Effect of the diffusion is typically more important at the
back interface. This is simply because the back interface takes more
time to reach the resonator than the front interface.

Ideal configuration

4 )

Buffer Analyte Buffer

>

flow direction

Buffer Analyte Buffer

>
/ \ flow direction

\ — A >/

Real configuration

Figure 6.6: Ideal and real flow configurations obtained in optofluidic detection when the
analyte reaches the microresonator. Plots correspond to the local values of concentration
in analyte molecules.

1.5.4 Diffusion and dead volume/time

Diffusion, resulting in inhomogeneity of the buffer and analyte solutions
concentrations, affects the properties of the optofluidic sensor. The volume
of liquid corresponding to the typical extent of the diffusion effect is usu-
ally referred to as dead volume V. Indeed, while the volume Vy; r flows
over the microresonator, the analyte concentration is not stationary, and
does not correspond to the nominal concentration of the analyte solution.
This induces a temporary bias, on the study of surface binding kinetics for
instance. The corresponding dead time T4, during which the detection is
biased due to diffusion, can be expressed as:

Vit _ 2 chan Lditr

Vflow Vflow

(6.1)

Tdiff —
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where vgoy 15 the flowrate and Lg;r 1s the typical extent of the diffusion in
the direction of the flow. The factor 2 stands for the fact that when analyte
molecules diffuse in the buffer solution on a typical length Lgis, a region
with the same extent, on the other side of the interface, is depleted in ana-
lyte molecules (cf. Fig. 6.6).

The typical diffusion length L is related to the duration of the con-
tact 7o by Laisr = D7 where D is the diffusion coefficient of analyte
molecules in the buffer solution. If we defined Lo as the typical channel
length, corresponding to 7 for which buffer and analyte are in contact,
Lygir can be expressed as:

| DY chanL
Laige = | —oan=C (6.2)
Vflow

Consequently, the dead time due to diffusion can be expressed as:

S 3/2
Tdiff — 2 < < an) . DLC (63)

Vflow

In this expression, the two dominant parameters are the section X.¢h,, and
the flowrate vgqy. 1t appears that 74 can be optimized by minimizing the
sections of the channels, and maximizing the flowrate. however, these two
parameters, because of the viscosity effects, are not completely indepen-
dent. A high flowrate applied to a small section of channel will require
high pressure applied to the liquid by the pump, and can easily result in
leakage. High flowrate also result in a smaller time during which the sta-
tionary state can be observed. This expression that reducing the length Lo
1s effective, despite the fact that 74 1s only proportional to the square root
of Lc.

1.5.5 Influence of the microresonator

The diffusion phenomenon is not the only contribution to the dead volume.
Indeed, because of the extent of the microresonator L. in the direction of
the flow, a stationary detection is only achieved after the liquid interface
flows over the whole optical cavity. Accordingly, the corresponding dead
time 75 can be expressed as:

Tros = M (6.4)

Vflow
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The dead time 7o, combining both effects is simply the sum of both
contributions:

Teom = Tres T Tdiff

2 chan 2chan 3/2
7-com:—h'[/lre:s"|_2< d ) v DL¢

Uflow Vflow

(6.5)

1.5.6 Circuit architecture

In order to obtain the flow configuration described earlier, depicted in
Fig. 6.5, a key element is the injection valve. A typical injection valve
has six connection ports, which can be used as inputs or outputs. Such a
valve, as presented in Fig. 6.7, has two positions A and B. By switching
the injection from one position to another, both buffer/analyte and ana-
lyte/buffer liquid interfaces are obtained. This is described in the diagram
in Fig. 6.8.

Connection

fH% {‘O y

Position A Position B

Figure 6.7: Positions of a six-port injection valve.

During a the loading phase, a syringe pump (P) continuously pulls the
buffer solution from the buffer reservoir (A), via the optofluidic cell. Mean-
while, the analyte solution can be injected from a syringe into a reservoir
(R), typically referred as injection loop”.

SThe analyte reservoir is usually fabricated using a given length of microfluidic tube, the length and the
section of the tube defining the total volume of the loop.
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Figure 6.8: Architecture of the microfluidic circuit and flow pattern for both loading and
injection positions of the valve.

Once the injection loop i1s filled, the excess of analyte solution is di-
rected to a container, commonly referred to as trash. the container placed
after the pump, where all liquid going through the cell is collected, is also
referred to as trash.

After the loading phase is complete, the valve is switched to perform
the injection of the analyte. In this position of the valve, as described in
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Fig. 6.8, by pulling the buffer solution, the pump also pulls the analyte
solution from the injection loop, and directs it towards the optofluidic cell.
Once the nominal concentration of analyte solution reaches the microring,
and enough observation time has elapsed, the valve can be switched back
to its initial loading position. Also, the operator can wait for the analyte
reservoir to be empty before switching the valve. In both cases the result is
approximately the same, although switching the valve before the reservoir
1s empty reduces the typical diffusion length of the second analyte/buffer
interface (cf. Fig. 6.6).

2 Optoelectronic instrumentation

2.1 Introduction

As discussed in Chap.1, the instrumentation of the sensor is, regarding the
performances of the measuring instrument, as important as the sensor it-
self. It was also outlined that, depending on the detection scheme, key per-
formances of the sensor could greatly vary. For instance, when comparing
the fixed-wavelength method (FWM) to the wavelength-scanning method
(WSM), it appeared clearly that FWM optimized the time response of the
measuring instrument. Typically, the WSM takes more time to provide
measurement values, but offers a much wider measurement span. Regard-
ing the LOD, or resolution, the comparison was difficult. However WSM
appeared as more convenient for real-time systematic error correction due
to variations of the resonances linewidth. More importantly, for multi-
plexed detection and/or dual-polarization detection, WSM appeared to be
more convenient.

As a matter of fact, since an instrumentation build for WSM can be used,
without any modification, for the FWM detection scheme, the design of the
instrument was aimed primarily at the application of the WSM detection
scheme.

2.2 Optoelectronic architecture

The optoelectronic architecture designed for the instrumentation of the sen-
sor 1s very similar to that described in Chap.4 for the optical characteriza-
tion of microring resonators. As can be seen in Fig. 6.9, a slight modifica-
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tion of the optical setup was performed in order to measure transmission
intensities from both TE and TM polarizations simultaneously. Advantages
of such dual-polarization detection scheme will be detailed in Chap.7, fo-
cused on results of sensing experiments.
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Figure 6.9: Diagram for the optoelectronic instrumentation.

Alignment procedures described in Chap.4 for the optimization of the
measurement signal still apply for this modified configuration. However,
the introduction of the polarizing beamsplitter cube slightly increases the
difficulty of align all optical elements correctly.

It is important to point out here that such instrumentation is only suited
for expert operators, since many techniques have to be mastered to achieve
and maintain decent conditions for device operations. In order to build a
more user-friendly instrument, liable to be used by operators from various
backgrounds, an all-fiber configuration would be more suitable.

Whatever the optical setup, the computer program controlling the laser
source, the signal acquisition, and delivering pertinent information on the
detection to the operator should be the same.
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2.3 Control program

The full program, using the NI/LabWindows programming environment
for portability and rapidity of execution, was continuously developed dur-
ing the duration of the PhD, and counts in its final versions several thousand
lines of code.

A basic principal applied during the development of the program was
to make further modifications and upgrades easy. For this purpose, many
functions were written to perform simple tasks, to be used in more complex
parent functions. Overall, three groups of basic functions were written:

e Functions to control the various tunable laser sources used in experi-
ments via GPIB link.

e Functions to configure and control the data acquisition board, and also
to apply treatments to the acquired data.

e Functions to answer to user related events from the user interface, and
to display and record acquired data.

Typical user interface is presented in Fig. 6.10 during an experiment
of homogeneous sensing of glucose in aqueous solution. Before the de-
tection, the microresonator is quickly characterized, similarly to what was
described in Chap.4. The main purpose of this characterization is to de-
termine, in the whole tuning range of the source, which resonance has the
best properties for sensing. This is mainly related to the maximal inten-
sity slope (MIS). From data acquired during characterization, a suitable
wavelength range for the two polarization states (TE in red, TM in green)
can be selected, corresponding to optimal values of MIS for both. In these
ranges, the best resonances for TE and TM modes are selected. For each
polarization, a threshold is set, as described in Chap.1, as reference level
for measurements of resonant wavelength shifts.

After configuration, programmed is switched to a continuous acquisi-
tion mode, where positions of the resonances selected during configuration
are continuously evaluated, recorded and plotted.
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Figure 6.10: Snapshot of the user interface of the control program during an experiment
of homogeneous glucose sensing.

3 Temperature control

3.1 Introduction

With large thermo-optic coefficients® and, large thermal expansion coeffi-
cients’, polymer materials, and thus polymeric microring resonators, are
very sensitive to temperature. In SU-8 microresonators, most of the sen-
sitivity of the effective index to temperature comes from the temperature
dependence of bulk SU-8 refractive index.

A direct effect of temperature variations near the microresonator are
resonant wavelength shifts unrelated to the measurand (unless the measur-
and is temperature). Therefore, such variations have to be treated as per-
turbations. In addition, temperature can potentially modify the microres-
onator sensitivity to the measurand. Therefore, even the use of a second
microresonator as reference cannot strictly cancel perturbation effects of

%Thermo-optic coefficients describe the variation of the refractive index of a material according to tem-
perature

"Thermal expansion coefficients describe the relative variation of the size of the dimension of a material
according to temperature
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temperature variations. For all purposes, and efficient strategy to control
the temperature during sensing experiments is necessary.

In the development of our prototype of measuring instrument, various
strategies have been tested to control thermal effects, specifically to reduce
effects of room temperature variations.

3.2 Thermal control from the substrate

The first strategy was already introduced in Chap.4 (§2.1.4), and consist
in controlling the average temperature of the microresonator from under-
neath, by control of the temperature of its silicon substrate.

3.2.1 Description

As presented in Fig. 6.11, sensor and actuators to achieve temperature con-
trol are embedded in the mount of the optofluidic cell, where they can react
very efficiently to local temperature variations.

Microfluidics

Input Output
Microfluidic
Cap

Photonic
circuits

PID

Controller ‘

Heating/cooling mount

Thermo-electric devices
Embedded Thermistor

Figure 6.11: Temperature-controlled mount for thermal control of the microresonator.
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3.2.2 Thermal equilibrium of the microresonator

Because of heat transfer mechanisms taking place between the microres-
onator and its environment, the temperature of the microresonator results
from a balance between the temperature of the cladding, and that of the
substrate.

substrate

TEC actuators + thermistor

Figure 6.12: Transverse view of the microring waveguide with substrate thermal control.
Substrate is composed of Cytop, silica, silicon and copper, from top to bottom. The core
material is typically SU-8

Basic model for diffusive heat transfers

This situation can be roughly modelled in a static situation using the
thermal effusivity ' of a material, defined as:

F = iy ©6

where k is thermal conductivity, p is the density and c, is the specific heat
capacity of the material.

For two semi-infinite bodies initially at temperature 77 and 75 are brought
in perfect thermal contact, the temperature 7;,, at the contact surface will
be expressed as the average temperature weighted by the materials effusiv-
ities:

T ENT + ExTs
" Eq1+ Ey

Despite the fact that this model probably cannot quantitatively be ap-

plied to micrometric structures such as optical microring resonators, it can

6.7)
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provide some qualitative insight on the strategies to regulate the tempera-
ture of the core, which is where most of microresonator sensitivity comes
from.

Case of a waveguide with air as cladding

For instance, it is safe to consider that the effusivity of air is much
smaller than that of the silicon substrate. Therefore, variations of room
temperature, provided that the temperature of the silicon is controlled, will
affect the temperature of the waveguide core only slightly.

Case of a waveguide with static aqueous solution as cladding

However, rectangular waveguides, constituting the microresonator, have
a more important contact surface with the cladding than with the substrate.
Therefore, if cladding and substrate materials have similar effusivities, the
average temperature of the rectangular core is liable to depend more on
the temperature of the substrate than that of the cladding. If the cladding
is liquid water, with much larger effusivisity than air, temperature of the
microresonator will be more dependent on room temperature. However,
since the water is considered immobile, the control of the temperature of
the substrate will result in an progressive homogenisation of the temper-
atures of all materials. Therefore, provided that time is not an issue, the
thermal regulation from the substrate will also be efficient in this configu-
ration, although more time is required to reach an equilibrium.

Case of a waveguide with moving aqueous solution as cladding

The situation is different if the liquid cladding is moving, which is the
case in our setup. This motion has two detrimental effects on the ability
of the thermal regulation of the substrate to regulate the temperature of the
waveguide core. First, the heat transfer between the core and the cladding
becomes more efficient, since a convective heat transfer is added to the
previously described conductive heat transfer. Secondly, because the fluid
in contact with the microresonator is constantly renewed, the temperature
of the cladding can never stabilize to that of the substrate, and remains
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roughly equal to room temperature. Therefore, in an optofluidic device,
temperature control from the substrate is not sufficient to significantly re-
duce effects of room temperature variations.

3.3 Thermal control of buffer and analyte solutions

As outlined in the paragraphs above, in an optofluidic cell, temperature
of the liquid cladding has a dominant role on the temperature of the mi-
croresonator waveguide. Therefore, thermal control of buffer and analyte
solutions, in addition to the thermal control of the substrate, would provide
a reduced sensitivity of the microresonator to room temperature variations.

In order to test this idea, containers of analyte and buffer solution were
placed in a thermostated bath. It was quicky observed that such thermal
regulation was worst than no regulation at all. Indeed, compared to room
temperature variations, that may be of great amplitude over the day, but in
the form of a constant drift, small variations of the temperature of the so-
lutions occurred in the form of relatively fast oscillations. Such variations,
even of moderate amplitudes in the signal, are much more difficult to cor-
rect than slow thermal drifts characteristic of room temperature variations.

This study made it clear that, if regulation of the room temperature itself
is considered, such regulation should operate on very large time scales.
Such principle was tested, instead of controlling the room temperature, by
controlling the temperature in a limited enclosure containing the whole
microfluidic circuit, thermally insulated from the rest of the room.

3.4 Thermal control of the microfluidic circuit

In a further development of the measuring instrument, an enclosure was
build from thick PMMA walls around the microfluidic circuit to reduce
effects of room temperature variations. The heating system, combining
a thermal sensor, two resistive heaters and a controller, was designed to
maintain the temperature inside the enclosure at temperatures slightly above
maximal room temperature. In such a configuration, the temperature vari-
ation inside the enclosure is monotonous, and typically limited in ampli-
tude to 0.1°C per hour. In addition, fast perturbations of the temperature
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inside the enclosure, with moderate amplitudes, are averaged by the cool-
ing/heating action of the temperature-controlled mount.
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injection valve
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\\
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Figure 6.13: Schematic view of the microfluidic circuit with unilateral temperature control

Conclusion

This 1s a conclusion



318 CHAPTER 6. INSTRUMENTATION OF EVANESCENT FIELD SENSORS



Chapter 7

Sensing experiments

Introduction

In this chapter, we present and discuss results from homogeneous and sens-
ing experiments.

1 Homogeneous sensing experiments

1.1 Refractive index of glucose as function of the concentration

In this section, the aim is to determine the refractive index of an aqueous
solution of glucose as function of the glucose concentration, for a wave-
length centered on 1550 nm.

The main issue lies in the fact that values for glucose of the polarizabil-
ity «, or the molar refractivity A, are not available in the literature, to the
best of our knowledge. However, such properties can be deduced around
the sodium D-line, at 589 nm, from tabulated values of the refractive in-
dices of an aqueous solution of glucose as function of the concentration.

Values of refractive index at 589 nm

In Tab. 7.1 are gathered some selected measurement results of refrac-
tive indices for D-glucose solutions at 589 nm and 20°C. It is important to
point out that from this tabulated data, it is visible that the glucose concen-
tration in mol/L is not strictly proportional to the glucose mass percentage
in solution.

319
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(D-) Glucose mass (%) | Concentration (mol/L) | Index @ 589 nm (RIU)
0 0 1.3330
0.5 0.028 1.3337
1 0.056 1.3344
2 0.112 1.3358
3 0.168 1.3373
4 0.225 1.3387
5 0.282 1.3402
6 0.340 1.3417
7 0.398 1.3432
8 0.457 1.3447
9 0.516 1.3462
10 0.576 1.3477
20 1.199 1.3635
30 1.873 1.3805
40 2.603 1.3986
50 3.396 1.4181
60 4.261 1.4394

Table 7.1: Tabulated values of refractive index for an aqueous solution of D-glucose as

function of the relative mass and the molar concentration.

Using the tabulated data presented in Tab. 7.1, the refractive index of
glucose solution is plotted in Fig. 7.1 as function of the molar concentra-
tion, also as function of the mass (%).
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Figure 7.1: Refractive index of an aqueous solution of glucose as function of the glucose

concentration (mol/L) and the relative glucose mass (%)
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A direct comparison of both curves shows that a better linear behaviour
is obtained by describing the refractive index as a function of the concen-
tration, in mol/L.

Linearisation of the refractive index and sensitivity to glucose at 589 nm

In the following, since optofluidic sensors are first and foremost de-
signed to measure low variations of RI, we focus on a limited range of
glucose mass in solution, from 0 to 5 %, corresponding to concentrations
from O to 282 mmol/L. In this range, a linear fit of the curve plotted in
Fig. 7.1 gives the following expression for the refractive index n(C):

n(C) = 1.3330 4+ 0.025535 - C (7.1)

The residual error of the linear fit is inferior to 5.10~° RIU, which is the
uncertainty on the index due to the limited resolution of the tabulated val-
ues. Therefore, it is not necessary to consider second-order corrections.

From this linear fit, the sensitivity of the refractive index to the glucose
concentration can be evaluated. At 589 nm and 20°C, this sensitivity is:

Sow(589nm) = [2.55- 107> £ 6 - 10~*] RIU/(mol/L) (7.2)

Sensitivity to glucose at 1550 nm

In Chap.5, a model based on Lorentz-lorenz formula was used to deter-
mine the sensitivity Sgp, of the homogeneous RI of an aqueous solution to
a concentration C'[X] of analyte. According to this model, the sensitivity
S can be written here as:

(7.3)

where Agp is the molar refractivity of glucose, and N is the RI of pure
water. The function f’ is defined by:

@) = 3 (7.4)
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According to this model, the sensitivity S, (A1) at wavelength g\
can be expressed as:

~ Acu(M) ' [No(A2)]
Scu(A1) = Aga(o) ' F INo(A)]

In the literature [82], value of the RI of pure water for all wavelengths is
only provided at 25°C. At this temperature, the RI at 589 nm is evaluated

at 1.3324, and the RI at 1550 nm is evaluated at 1.3180. Therefore, we
obtain:

- San(A2) (7.5)

J [No(589)]

J' [No(1550)]
If we assume that the ratio Agj,(1550)/Ac(589) is in the same order of
magnitude, then the correction applicable due to the change of wavelength
is inferior to the uncertainty due to the limited resolution of the tabulated
data. With this consideration we can consider than at 1550 nm and 20°C,
the sensitivity can be evaluated as:

~ 0.991 (7.6)

Sow(1550nm) = [2.53 - 107> £ 6 - 10~*] RIU/(mol/L) (7.7)

We can also assume that the variation of this sensitivity with temperature
is within the expressed uncertainty at typical room temperatures.

Using the ratio between concentration and mass percentage of glucose
applying to small quantities (cf. Tab. 7.1), the sensitivity of the RI to rela-
tive glucose mass in solution Séﬁ) can be evaluated at 20°C as:

SE(1550nm) = [1.42-107° £3-107°] RIU/(%)  (7.8)
Sensitivity to sucrose at 1550 nm

With the same protocol, the sensitivity Ss,. of the RI to sucrose (C12H29017)
can be compared to the sensitivity Sgp, to glucose (C¢H1205). The molar
sensitivity to sucrose, under identical conditions, is evaluated as:

Ssuc(1550nm) = [4.8 - 107>+ 1-10~°] RIU/(mol/L) (7.9)
As for the sucrose mass sensitivity, it is evaluated as:

S (1550 nm) = [1.44 - 107 £ 3-10~°] RIU/(%) (7.10)

Suc
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We show here that some molecules, even though they result in different
molar sensitivities, correspond to similar mass sensitivities. This is verified
for molecules with similar structures in terms of chemical bonds, such as
glucose and sucrose, as illustrated in Fig. 7.2.

HQ
HO OH
o)
OH o
HO. @) ‘\\\l HO OH
IJ‘\ J
HO : OH H O\“ ""II
OH OH OH
Glucose Sucrose

Figure 7.2: Chemical structures of glucose and sucrose molecules.

1.2 Evolution of the resonance linewidth in homogeneous sensing

In a first experiment, effects of the modification of the RI of the cladding on
the resonances of a microring resonator is measured. The microresonator
under study has a geometry similar to the microresonator characterized in
Chap.4., with a slight difference in gap separation (approximately 100 nm).

1.2.1 Description of the experiment

For each measurement, the solution is directly deposited on the optical
chip, in order to cover a large area centered on the microresonator. The
temperature of the substrate is controlled, as described in Chap.6, at a con-
stant level near initial room temperature. As a consequence, the drop of
solution is rapidly brought to substrate temperature after deposition.

Solutions with relative sucrose masses of 0!, 5, 10, 15, 20, 30, 40 and
50 % were used. Between two measurements, the surface of the microres-
onator is thoroughly rinsed with DI water. The transmitted intensity of the

118 MQ DI water
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microresonator as function of the wavelength is, for each concentration,
measured with a step-by-step method with a 5 pm resolution.

1.2.2 Recorded intensity transmittances

The evolution of a selected resonance as function of the sucrose relative
mass, acting as cladding of the microring resonator, is presented in Fig. 7.3.
A first observation is in the evolution of the resonance linewidth for su-
crose masses up to 15 %. It is noticeable that despite the relatively large
variation in refractive index (cf. Tab. 7.2, the shape of the resonance does
not undergo large modifications. This result is to compare with similar
experiments performed with laterally-coupled microring resonators [19].
In such experiments, variations of few percents (in mass) of the analyte
concentration strongly modifies the resonance linewidth. This demonstrate
the increased linearity of the microresonator response, and the increased
measurement span provided by a vertical coupling configuration.
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Figure 7.3: Evolution of the resonance shape and position as function of the relative
sucrose mass in solution.

1.2.3 Evolution of microresonator characteristics

Effect of higher-order propagation modes

For relative sucrose masses over 15 %, the resonance 1s less and less
visible, for several reasons. First, the modifications of the cladding RI in-
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crease the optical losses inside the microresonator. This is due to a lesser
confinement of the propagation mode in the core of the waveguide. In ad-
dition, absorption of light around 1550 nm by glucose molecules may also
explain greater optical losses (cf. Chap.2).

Greater optical losses directly result in a modification of the balance
between attenuation and coupling coefficients a and 7 (cf. Chap.2), modi-
fying all characteristics of the resonance: contrast C', MIS and FWHM, as
it is summed up in Tab. 7.2.

Sucrose mass (%) 0 5 10 15 20 30 40 50
Index (RIU) 1.319 | 1.326 | 1.333 | 1.341 | 1.349 | 1.367 | 1.386 | 1.406
Contrast (%) 81.3 | 80.2 | 81.8 | 71.5 | 43.1 | 382 | 456 | 14.7
MIS (V/nm) 13.22 | 10.22 | 13.18 | 10.28 | 4.58 | 3.46 | 8.06 | 3.44
FWHM (pm) 165 180 170 195 200 225 NA NA
Shift (pm) 0 135 260 400 625 930 | 1265 | 1730

Table 7.2: Evolution of resonance characteristics as function of the sucrose concentration

Effect of higher-order propagation modes

A second effect is due to the presence of a higher-order propagation
mode in the microresonator. A resonance peak related to this mode is first
visible for sucrose masses from O to 15 %, in each case as a small mod-
ulation of the transmittance on the left side of the main resonance®. For
these lower sucrose masses, effect of this modulation on the linewidth of
the main peak are not significant. However, it is particularly visible for
resonances at 20, 30 and 40% that the higher-order resonance modifies the
linewidth of the main resonance. Specifically, at 30 %, both resonances are
approximately aligned, resulting in an apparent variation of the linewidth
of the main resonance peak.

Transfer function of the microresonator

Despite all variations of the resonance shape mentioned above, and
the poor sensing conditions, the application of the wavelength-scanning
method (cf. Chap.1) for tracking the spectral position of the resonance

2related to the fundamental mode
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provides a relatively good measurement of the response of the resonator.
As illustrated in Fig. 7.4, this response can be linearised piece-by-piece.
The non-linearity observed does not simple come from the non-linearity of
the microresonator response, but also from the non-linear behaviour of the
RI as function of the relative mass, as can be seen in Fig. 7.1.
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Figure 7.4: Transfer function of the microresonator: resonance spectral position (as wave-
length) as function of the relative sucrose mass.

Microresonator sensitivity to sucrose

In this experiment, the microresonator sensitivity to the relative mass of
sucrose in aqueous is roughly evaluated as:

S™m)(Suc) = [27 + 1] pm/(%) (7.11)

res

As for the microresonator sensitivity to the RI of the cladding material, it
is evaluated here as:

ST (Naq) = [19.3 £ 0.7] nm/RIU (7.12)

res
Discussion

These sensitivities of the microresonator under study, relevant for ho-
mogeneous sensing, are low compared to the state-of-the-art. This is due
to the fact that the device was primarily fabricated to optimize sensitivity
in surface detection, and not homogeneous detection. However, larger sen-
sitivities can be obtained by fabricating microresonator waveguides with
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lower cross sections, as described in Chap.5.

With a very small sensitivity to homogeneous variations of the cladding
RI, and a very good linearity of the microresonator’s response for small
analyte concentrations, this experiment shows that the designed microres-
onator is well-suited for label-free biosensing.

1.3 Optofluidic detection of glucose in aqueous solution

1.3.1 Objectives

In the experiments described in this section, the performances of the whole
instrument is tested by studying its response to the injection of a reference
analyte solution, an aqueous solution of glucose, with relative masses in
solution typically ranging from 1 to 10%. The primary objective of such
a study is to examine the various biases that can occur during a label-free
biosensing experiment. The absolute resolution in terms of measurements
of wavelength shifts can also be accurately derived from such experiments.

1.3.2 Description of the experimental protocol

Microfluidic circuit

In these experiments of optofluidic detection of glucose in aqueous so-
lution, the microfluidic circuit as presented in Chap.6 is used. The flowrate
of the microfluidic circuit is typically a few mL/h. The "buffer" solution is
the same DI water used to prepare the aqueous solutions of glucose. For
reproducibility of the measurements, solutions are carefully prepared with
high-precision micro-pipettes.

Microresonators

Typical transmissions for the TE and TM polarizations of microres-
onators under test in this section are presented in Fig. 7.5. The modula-
tion of the envelope, as modelled in Chap.2 and characterized in Chap.4, is
induced by the presence - for both polarizations - of one or several higher-
order propagation modes in the structure. This is typical of microresonator
waveguides with large cross-sections.
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Figure 7.5: Experimental transmissions for TE and TM polarizations of a typical mi-
croresonator.

In the TE and TM intensity transmittances presented in Fig. 7.5, higher-
order modes are visible, in the form of additional sets of resonance peaks
(cf. Fig. 7.6).
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Figure 7.6: Presence of higher-order modes in the TE and TM intensity transmittances.
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Despite important envelope modulations, and the presence of additional
sets of resonances due to higher-order propagation modes, the spectral po-
sitions of the resonances from the fundamental TE and TM modes can be
accurately tracked using the wavelength-scanning method, and the various
schemes presented in Chap.1.

The following results show, provided a robust method to measure the
resonant wavelengths is used, that it is not necessary for the waveguide to
be single-mode. Indeed, higher-order modes are much more attenuated in
the microring than fundamental modes. As a result, a higher-order reso-
nance has a much lower contrast than a fundamental resonance. Therefore,
the influence of higher-order propagation modes on the measured intensity
transmittance is minimal.

1.3.3 Repeatability of the optofluidic detection

The ability to detect, with accuracy and repeatability, large shifts of the
resonance wavelength is demonstrated in Fig. 7.7. Resonance shifts up
to 350 pm obtained with a 10 % glucose solution are measured with a
resolution on the wavelength shift of approximately 0.5 pm.

350
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Figure 7.7: Repeatability of the detection of glucose solution with relative mass of 10%
for TE and TM polarizations.
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1.3.4 Transfer function of the microresonator in optofluidic detection

Performing repeated measurements, similar to what is presented in Fig. 7.7,
linearity of the response of the microresonator for both polarizations was
evaluated using aqueous solutions of 0, 0.5, 2.5, 5 and 10% in glucose.
Each point of the transfer function in Fig. 7.8 is obtained by averaging
the stationary shift measured for five repeated cycles of glucose solution
injection.

=== ShiftTE
= ShiftTM
- == - Linear(ShiftTE)
== == Linear(ShiftTM)

Resonance shift (pm)

0 2 4 6 8 10 12

Glucose mass (%)

Figure 7.8: Transfer function of the microring resonator, measured for glucose masses of
0, 0.5, 2.5, 5 and 10% and both polarizations.

From these plots, it is clear that the sensitivity to the cladding RI in
homogeneous sensing is polarization-dependent. The microresonator sen-
sitivity to glucose mass is equal to 31.5 pm/%(Glu) for TE polarization,
and to 36 pm/%(Glu) for TM polarization. These mass sensitivities are
similar to that measured with sucrose in the previous section.

It is important to point out here that these measurements, with non-
optimal results in terms of linearity and repeatability, were obtained with
thermal control of the substrate only (cf. Chap.6). In the following, we
show how this limited thermal control makes the instrument sensitive to
room temperature variations. Then, we show how the thermal control of
the microfluidic circuit is efficient to reduce these effects, up to the point
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where they can be easily corrected.

1.3.5 Biased optofluidic detection due to room temperature variations

As explained in Chap.6, due to the solution flow, the temperature of the mi-
croresonator is dominantly influenced by the temperature of the solution®.
In this configuration, the thermal control of the substrate is not sufficient
to correct effects due to room temperature variations.

Protocol

In order to characterize the effect of room temperature variations on the
detection, a large analyte reservoir (injection loop) was filled with aqueous
solution of glucose at 1%. A flowrate of 1 mL/h was selected to maxi-
mize the duration of the detection, which is approximately 300 seconds
(cf. Fig. 7.9).

50

=#=TE (nm)

~#=TM (nm)

Resonance shift (pm)

wo  Time (S)

-30

Figure 7.9: Biased response due to variation of the temperature of the buffer solution
during the experiment.

3The microfluidic circuit being in thermal equilibrium with the room atmosphere, the temperature of the
solution is equal to the room temperature.
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Analysis of the optofluidic response

In the first phase of the detection, roughly between ty=0s and t;=400s,
DI water is flown over the microring resonator. During this phase, constant
negative drifts of the TE and TM resonances are measured, with a total
amplitude of approximately 1 pm from ty to t;. In addition, oscillations
of the signals with typical amplitude of 1 pm are observed. The constant
negative drifts are a direct effect of an increasing temperature of the solu-
tion. However, oscillations of the signals are induced by the reaction of the
substrate thermal control to these environmental variations.

From t;=400s to to=500s, effect of the diffusion of glucose molecules
from the analyte solution to the DI water buffer is observed.

From t5=500s to t3=800s, it can be assumed that the concentration of
the solution detected by the microring is stationary. Similarly to the first
phase, constant negative drifts of the signals are observed. These drifts
are slightly faster (ie with higher rates) than those observed during the first
phase. This might be due to an increase of the thermal diffusion coefficient
of the cladding, from DI water to glucose solution.

From t3=800s to t;=1100s, effect of the diffusion of glucose molecules
is once again observed, with a longer extent (cf. Chap. 6).

From t,=1100s to t;=1400s, the solution flowing over the microres-
onator is pure DI water. From this last phase, two observation are made.
First, the difference of signal levels between first and last phases, approx-
imately 15 pm, cannot be entirely explained by the thermal drifts. On the
other hand, the thermal drift is much more important in the last phase than
during the first phase.

The latter observation can only be explained by an important variation
of the temperature of the solution between ty and t4. Indeed, before ty the
thermal control of the substrate was set to match the temperature of the so-
lution, resulting in a very slow thermal drift. With a significant increase of
the temperature of the solution, the heat transfer between the solution and
the microring waveguide is more efficient. As a consequence, the thermal
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control is less efficient to regulate the temperature of the microresonator,
which results in a faster drift.

The large variation of reference level between t; and t4 can also be ex-
plained by an inhomogeneous room temperature. As a result, a significant
difference in temperature can be induced between the analyte solution (in
the analyte reservoir) and the reference solution (in the buffer reservoir).

Conclusion

With this experiment, we have demonstrated that the main limitation to
measurement accuracy in this optofluidic instrument comes from the diffi-
culty to handle room temperature variations. This difficulty is partly due
to a very important thermal sensitivity of microring resonator build from
polymer materials.

On the other hand, with variations of room temperature of several de-
grees Celsius over few hours, experimental conditions where far from op-
timal. Under such environmental conditions, building a measuring instru-
ment liable to perform high-resolution optofluidic detection was a major
challenge.

The best technical solution found was by thermal insulation of the whole
microfluidic circuit from room atmosphere. Results obtained with this
strategy are presented in the following.

1.3.6 Optofluidic detection with temperature-controlled microfluidic circuit

The scheme for thermal control of the microfluidic circuit is detailed in
Chap.6. Similarly to the experiment presented in the previous section,
handling of room temperature variations is demonstrated by performing
measurements over very long durations.

In the following are presented results of optofluidic detection of aqueous
solution of glucose at 1, 2.5 and 5%.
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Figure 7.10: Measurements over a long period of time and for various glucose concentra-
tions. Thermal controls of the substrate and the microfluidic circuit are active.

A typical result obtained with this additional control is presented in
Fig. 7.10. The total duration of the experiment is approximately 2 hours
and 30 minutes. Over this period, tracked TE and TM resonances shifted
of approximately 20 pm because of thermal drift. In comparison to the
results presented in the last section (cf. Fig. 7.9), it can be observed that
the thermal drifts of TE and TM responses are constant over time. In ad-
dition, the drift measured when the reference solution is flowing on the
microresonator is identical to that measured when a glucose solution is
flowing. This major improvement can be explained by the fact that, with
the thermal insulation of the microfluidic circuit, the temperature variation
between the analyte solution and the reference solution is minimal.

Because the thermal drift is constant over time and identical for both
analyte and reference solutions, it can be easily corrected by applying a
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linear correction of the TE and TM signals, as presented in Fig. 7.11.
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Figure 7.11: Measurements over a long period of time and for various glucose concentra-
tions. As compared to Fig. 7.10, the thermal drift is corrected.

This experiment demonstrate the efficiency of the technical solution ap-
plied to reduce effects of room temperature variations on the microres-
onator response.

2 Surface sensing experiments

2.1 Static detection of TAMRA-cadaverine

The aim of the experiments presented below was to test the ability to detect
low concentrations of a biological molecule on the SU-8 surface of a mi-
croring resonator. This implied to prepare the optical devices so that such
molecules could covalently bind to their surface. It also implied the ability
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to quantify the surface concentration of molecules on the surface.

This work was done in collaboration with Marion Salsac, Claude Nogues,
Hervé Leh and Malcolm Buckle from Laboratoire de Biologie et de Phar-
macologie Appliquée (LBPA) at ENS Cachan, and was published in [18].

2.1.1 Description

Surface binding detection experiments were carried out using solutions
with various concentrations of Tetramethylrhodamine-5-carboxamide (5-
TAMRA) cadaverine. As pictured in Fig. 7.12, a cadaverine molecule is
formed by a carbon chain with two amino groups, one on each end. In a
5-TAMRA cadaverine molecule, one of the amino group is attached to a
Rhodamyne-based fluorescent molecule, the other amino group remaining
available for surface binding.

CHy CHg
HaC™" O ™CH
Amino ;/ Rhodamine-based
group ’/| . fluorescent dye
X “
@\/\/\N o,
| J
Y
Cadaverine

Figure 7.12: 5-TAMRA cadaverine molecule.

For our experimental purposes, using the 5-TAMRA cadaverine (5-TC)
molecule had two main advantages. First, numerous biological molecules
own a amino group, similarly to the cadaverine molecule. Therefore, suc-
cessful binding of TAMRA cadaverine on the surface would demonstrate
the ability of the functionalized microresonator to detect several biological
entities. On the other hand, the fluorescent molecule attached to the cadav-
erine molecule allows, via fluorescence analysis, a rough quantification of
the surface concentration of binded molecules on the SU-8 surface.
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2.1.2 Functionalization of SU-8

In early experiments, attempts were made to bind 5-TC molecules on SU-8
surfaces prepared under the same exact conditions as presented in Chap.3,
for the fabrication of SU-8 microresonators. It was observed that, directly
after hard-bake, the SU-8 surface did not react with 5-TC molecules in so-
lution. This was later explained by analysis of processed SU-8 films with
FTIR spectroscopy, showing the absence of functional groups on the SU-8
surface after the hard-bake step.

From these observations, the hard-bake step, responsible for the further
cross-linking of the epoxy groups constituting the SU-8 film, and inher-
ently the resistance of the SU-8 film, was also responsible for the non-
reactivity of the SU-8 surface. Consequently, an additional treatment had
to be found to activate the SU-8 so that molecules may bind to its surface.

Activation by oxygen plasma

In microfabrication, as presented in Chap.3, an exposition of the poly-
mer to oxygen plasma is liable to activate its surface, ie to improve the
adhesion of a second film to its surface. Such treatments were attempted
to free reactive groups on the SU-8 surfaces after-bake. It was observed
that exposure to oxygen plasma turned the initial hydrophobic SU-8 sur-
face into an hydrophilic surface. However, significant modifications of the
reactivity of the surface was obtained at the cost of an etch of the SU-8
surface, making this process not suitable to preserve the integrity of the
optical device.

Activation by UV/ozone treatment

A solution to prepare the SU-8 surface while preserving the integrity
of the optical device was found using an UV/ozone cleaner. A UV/ozone
cleaner is typically used in microfabrication to remove organic impurities
from film surfaces. Mechanisms at work in such apparatus is described in
[83]. Numerous experiments have been performed at LBPA to characterize
and optimize the state of the surface. The principal results related to the
preparation of SU-8 surface for binding 5-TC molecules are presented in



338 CHAPTER 7. SENSING EXPERIMENTS

the following.

In a first experiment, effect of the duration of the UV/ozone treatment
on the state of the SU-8 surface was measured using FTIR microscopy.
Measurement results are presented in Fig. 7.13.
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Figure 7.13: Effect of the UV/ozone treatment on SU-8 measured by FTIR spectrometry.

From these measurements, the quantity of carboxyl groups (peak at
1726 cm™1) appears to increase with the duration of the treatment, illustrat-
ing the higher capacity of the treated surface to bind 5-TAMRA cadaverine
molecules through peptide bonds. However, a study of the fluorescence
signal produced by spots of 5-TAMRA cadaverine grafted on treated sur-
faces of SU-8 demonstrated that a one-minute exposure to UV/ozone was
optimal to obtain maximal reactivity, as longer treatments created more
carboxyl groups in the bulk of the material but not on its surface.

2.1.3 Quantification of surface concentrations from fluorescence analysis

The aim of the second experiment was to relate a measured fluorescence
signal to a quantity of 5S-TAMRA cadaverine, in moles. This was achieved
by depositing drops of 5-TC solution in various concentrations on treated
SU-8 surfaces. Once the drops of solution are dried, it is assumed that
the quantity of molecules on the surface is equal to the concentration of
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the solution multiplied by the volume of the drop. Measurements were re-
produced several times to characterize the uncertainty of such calibration.
results are displayed in Fig. 7.16.
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Figure 7.14: Calibration curve for quantification: fluorescence signal as function of 5-
TAMRA cadaverine quantity in moles.

For quantities of 5-TC molecules over 5-107'2 mol, the fluorescence
signal is saturated, probably due to the quenching of the fluorescence when
molecules accumulate on the surface on several layers. However, for lower
quantities of 2 pmol and under, the fluorescence signal appears propor-
tional to the quantity of molecules. This can be interpreted by the fact that
for low quantities, the SU-8 surface is not saturated, and 5-TC molecules
are more liable to form a single molecular layer.

In a subsequent experiment, fluorescent spots of 5-TC were obtained by
first depositing drops of solution of known concentrations on a treated SU-
8 surface. After a 10-minute incubation period, the surface was thoroughly
rinsed with DI-water to remove molecules that were not adsorbed. Then,
fluorescence signal of each spot is measured, and associated surface con-
centrations of 5-TC molecules grafted on the SU-8 surface are deduced,
from the quantity provided by the calibration curve (cf. Fig. 7.16), and
from the measurement of the fluorescent spot surfaces.

2.1.4 Microresonator response to grafted 5-TC molecules

The effect of the surface densities of immobilized 5S-TAMRA cadaverine
on the spectral response of the resonators was studied under the same con-
ditions used for the optical characterization described in Chap.5. During
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the experiment, each drop of 5-TC solution was deposited on the treated
SU-8 surface of a microring resonator, so that it covers its entire surface.
After a 10-minute incubation period, the surface was thoroughly rinsed
with DI water. Then, a large amount of DI water was deposited on the sur-
face of the device, to act as cladding material.

Such a procedure, referred to later as binding cycle, was repeated with
5-TC solutions with molar concentrations of O (reference), 0.1, 0.2, 0.4 and
1 pM*,

ions (%)
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Figure 7.15: Intensity transmittances corresponding to a selected resonance measured
after each 5-TC binding cycle.

In Fig. 7.15 are presented the measured intensity transmittances corre-
sponding to a resonance peak of the microring resonator. Transmittances
were measured after each procedure. After DI water deposit, a delay of 5
minutes was applied in order to let the temperature of the liquid stabilize
to the controlled temperature of the substrate (cf. Chap.6).

In order to relate measured shifts of the resonance peaks to a variation of
the surface concentration of 5-TC molecules, the same protocol was used to
graft increasing amounts of molecules on a SU-8 thin film prepared in the
exact same conditions as the SU-8 microresonator used for the experiment.
After each cycle, fluorescence signal was measured in order to evaluate the

41 uM = 1075 mol/L
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surface concentration obtained after each binding cycle. The uncertainty
on the surface concentration was estimated at 30% of the central value.
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Figure 7.16: Resonant wavelength shift as a function of the surface density of grafted

5-TC molecules in molecules per mm?2.

From measurements of the microresonator response and the evaluation
of surface concentrations, a 15 pm shift is attributed to a density of 53,900
molecules/mm? on the sensing surface > of the resonator. With >, =
0.0143 mm? and a molar mass M = 517 g/mol for the 5-TAMRA cadaver-
ine, we can estimate the microresonator sensitivity S5_p¢ obtained at the
lower concentrations to S;_7¢ = 23 nm/fg. Considering the wavelength-
stability of the laser source and the noise level, the resolution in wave-
length shift R[d)] achieved for these measurements was evaluated at 5 pm.
Accordingly, the limit of detection (LOD) (cf. Chap.1) for this experi-
ment was evaluated at approximately 0.22 ag which corresponds to 250
molecules grafted on the surface of the microring resonator.

With this experiment, the very high sensitivity that can be achieved
in surface detection with polymer microring resonators is demonstrated.
More recent results, this time on the label-free detection of molecules via
antigen-antibody biological interaction are still being processed and will

be presented as soon as available.
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2.2 Optofluidic detection of adsorption/desorption Kinetics of TAMRA
on anti-TAMRA

to be completed ... Hereafter are presented the more important results.

In the following, TAMRA refers to the 5-TC molecule, and anti-TAMRA
refers to the antibody of the 5-TC.

2.2.1 Injection of anti-TAMRA in buffer A
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Figure 7.17: TE and TM responses of the microring resonator to the adsorption of anti-
TAMRA molecules on its surface. The concentration of anti-TAMRA in the injected so-
lution is 0.1 M. Thermal drifts of TE and TM responses are corrected from simultaneous
measurements of the substrate temperature.
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2.2.2 Transition from buffer A to buffer B
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Figure 7.18: TE and TM responses of the microring resonator to the modification of
the buffer during the experiment. Heratic responses is measured right after the buffer
switch, due to the arrival and stabilization of a large air bubble over the microresonator
under study. Thermal drifts of TE and TM responses are corrected from simultaneous
measurements of the substrate temperature.
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2.2.3 Adsorption/desorption kinetics of TAMRA on anti-TAMRA
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Figure 7.19: TE and TM responses of the microring resonator to the adsorption/desorption
of TAMRA molecules with anti-TAMRA molecules grafted on the surface. The con-
centration of TAMRA in the injected solution is 10 gM. Thermal drifts of TE and TM
responses are corrected from simultaneous measurements of the substrate temperature.



Conclusion

1 General thoughts

The work described in this dissertation is incorporated within the frame-
work of a long-term, multidisciplinary research project between several
laboratories, with widely diversified scientific backgrounds. This diversity
was undoubtedly a formidable source of progress but required, on numer-
ous occasions, tremendous efforts to achieve mutual understanding. In
retrospect, the fruit of such efforts was, in my view, a much deeper un-
derstanding of the implications of research in the modern world, where
borders between scientific disciplines are less and less relevant.

The wide variety of subjects tackled in this dissertation is a direct result
of such research environment. From the initial project to build a label-free
biosensing instrument based on polymer microresonators, numerous issues
had to be addressed in order to obtain an apparatus which is not simply of
interest to physicists. On the contrary, the primary objective of the research
presented in this dissertation was to develop an instrument for biologists
and biochemists. This objective stimulated a necessary reflection on fun-
damental processes involved in optical biosensors, and more specifically in
microresonator-based sensors. I hope that these reflections will be found
useful for the further development of such systems.

Besides theoretical aspects, numerous technical issues had to be ad-
dressed in order to present a prototype of instrument able to detect dynamic
surface interactions in microfluidic regime, with a very high resolution.
In this dissertation, most of these difficulties are overlooked, only to give
more room to the most efficient solutions found. It should be clear to the
reader that the time required for the resolution of technical problems ac-
counted for an overwhelming part of the work performed within the scope

345
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of this dissertation. In that respect, such difficulties might have been the
source of intense frustration. However, most technical issues were in the
end overcame, and the skills developed to do so will remain.

2 Developed skills

2.1 Theoretical skills

The study of electromagnetic theory was fundamental to understand many
phenomena involved in the measuring instrument developed. Guided op-
tics was of course a major center of interest, in order to build analyti-
cal models for the microring resonators, and their sensitivities to various
physico-chemical quantities. For the further study of these sensitivities,
elements of the theory of light-matter interactions were also useful. In that
respect, classical tools were chosen for their simplicity, but semiclassical or
quantum-electrodynamical approaches would be necessary for further un-
derstanding of, for instance, the optical detection of single binding events.

Developing the opto-thermo-fluidic instrumentation to measure the re-
sponse of the transducer® required the use of basic elements from various
disciplines related to physics: optical systems, laser physics, fluid dynam-
1cs, heat transfers and mechanics. Such theoretical tools were also neces-
sary to understand key aspects of procedures related to microfabrication,
and how they can be optimized. In addition, some fundamentals of chem-
istry were necessary to understand such procedures, and also in the design
and preparation of homogeneous and surface sensing experiments.

In the scope of the dissertation, surface biochemistry was also studied,
in order to understand key aspects of surface preparation, functionalization,
and interaction with an analyte.

2.2 Experimental skills

A major component of the experimental skills developed in the scope of
this dissertation has been in the initiation to microfabrication techniques,
for the fabrication of optical microresonators and the microfluidic cap.

Sthe microring resonator
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Techniques such as thin-film deposition by spin-coating, mask alignment,
UV-lithography, Reactive Ion Etching (RIE), and wafer slicing were re-
peatedly used, and progressively mastered.

Regarding the experimental setup, skills to place and align various op-
tical elements were developed, in order to optimize the detection signal,

or simply to obtain a measurable signal in particularly difficult conditions.
Additionally:

e handling of microfluidics instrumentation
e handling of thermal regulation systems

e handling of data acquisition systems

2.3 Computer skills

Development of the program to control most aspects of the instrument, and
the user interface in C/C++. Work to optimize the portability, rapidity and
the updates of the program.

3 Main achievements
3.1 Analytical models for microring resonators
e review of phenomena susceptible to occur in microring resonator

e addition to classical black-box model for modeling multi-modal be-
havior

e addition to classical black-box model for modeling dispersion

3.2 Numerical simulation of microring resonators

e Requirements and limitations in the use the 3D-FDTD method to
model polymer microring resonator

e Discussion on hybrid analytical-numerical approaches
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3.3 Fabrication of polymeric, vertically-coupled microring resonators

A time and cost-efficient fabrication method was developed to fabricate
vertically-coupled polymer microracetrack resonators. Optical performances
obtained, with Q factors above 35 000 with water as cladding, exceeded the
previous state-of-the-art, and have not been matched yet.

3.4 Understanding of key parameters for the LOD

In the literature, the Q factor of a microresonator is often believed to be
the ultimate parameter to consider to optimize the limit of detection in
microresonator-based sensing. It was demonstrated that the maximal in-
tensity slope (MIS) was more relevant to describe the performances of the
optical transducers. In addition, it was pointed out that the only role of the
Q factor, or the MIS, was to reduce the uncertainty on the measurements
due to optical intensity fluctuations. Since such fluctuations are only one
of the many sources of measurement uncertainties, it was clearly estab-
lished that the role of such parameters in the optimization of the LOD may
be irrelevant, in the case where the combined uncertainty is limited by the
instrumentation.

3.5 Optimization of waveguide for homogeneous and surface sensing

e Models for the optimization of slab and rectangular waveguide for
homogeneous sensing

e Models to reduce the waveguide sensitivities to external perturbations

e Models to optimize waveguides, or plasmons, for surface sensing

e Specific case of label-free biosensing, with derivation of an optimal
evanescent field decay length

3.6 Demonstration of highly-sensitive surface sensing

Demonstration of the sensitive response of the SU-8 microresonator to
TAMRA-cadaverine bound on its surface. The limit of detection in a static
configuration (not specific) was evaluated at 250 molecules, from fluores-
cence analysis.
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3.7 Demonstration of optofluidic sensing

Numerous experiments of optofluidic detection were performed, with res-
olutions in the measurements of resonant wavelength down to 0.3 pm in
real-time, and below with data averaging. Wide measurement span ob-
tained thanks to the vertical configuration was demonstrated using sucrose
and glucose solutions in homogeneous detection.

3.8 Demonstration of optofluidic label-free sensing

In late experiments, binding kinetics of TAMRA-cadaverine on its anti-
body where observed. Although the surface binding achieved is, unexpect-
edly, believed to be poorly efficient, the high-resolution achieved, down
to 0.1 pm and under, allows for a direct comparison of results with that
obtained with commercially available techniques such as SPR.
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