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Abstract

During the COVID-19 outbreak, PCR. tests were widely used for large-scale testing and screening,.
Yet, this technique requires bulky and time-consuming procedures to prepare the samples col-
lected from the patients before their analysis by well-trained experts with expensive and specific
equipment. PCR is therefore not competitive as a technique of detection for a widespread and
rapid use in point-of-care sites. Thus, the COVID-19 pandemic highlighted the need for cheap
and easy-to-implement biosensors. Surface plasmon resonance based sensors were suggested as a
promising alternative in recent years. Indeed, they enable real-time and label-free detection of a
wide range of analytes. That explains their widespread use in various fields of applications such

as pharmacology, toxicology, food safety, and diagnosis.

This thesis proposes and demonstrates a new plasmonic configuration of detection, which can
address challenges posed by point-of-care settings. The gratings used as transducers in this
configuration were fabricated based on laser interference lithography combined with a nanoim-
printing process. The responses of these nanostructures interrogated by a p-polarized light beam
result in a transfer of energy between two diffracted orders over an angular scan. This optical
phenomenon termed as “optical switch”, was theoretically and experimentally investigated and

optimized.

The principle of detection based on this specific configuration was demonstrated for the detec-

tion of small variations in the bulk refractive index with solutions comprised of different ratios



Abstract

of de-ionized water and glycerol. A limit of detection in the range of 107¢ RIU was achieved.
In addition, preliminary bio-assays obtained by combining this configuration with a functional-
ization are presented and demonstrate the selectivity and the potential of this new plasmonic

configuration for biosensing applications.

This thesis work paves the way for the use of the optical switch configuration as a biosensor

aligned with low-cost manufacturing and relevant for diagnosing in point-of-care sites.
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Résumé

Durant la pandémie de COVID-19, les tests PCR ont été largement utilisés pour du dépistage
et du suivi a grande échelle. Cependant, ces biocapteurs nécessitent de longues et complexes
procédures de préparation des échantillons prélevés de patients avant leur analyse par des ex-
perts avec des technologies cotiteuses et spécifiques. Les tests PCR ne sont donc pas des outils de
détection appropriés a une utilisation étendue et rapide dans des centres de soins de proximité.
En effet, la pandémie de COVID-19 a mis en évidence le besoin de biocapteurs peu coiiteux et
facile a mettre en oeuvre. Ces derniéres années, les capteurs basés sur la résonance de plasmon de
surface ont été suggérés comme une alternative prometteuse a ces tests. En effet, ils permettent
une détection en temps réel et sans labellisation préalable d'un grand panel d’analytes. Cela
explique leur utilisation répandue dans divers champs d’applications incluant la pharmacologie,

la toxycologie, I’agroalimentaire et le diagnostic de maladies.

Cette these propose et démontre une nouvelle configuration de détection plasmonique avec le
potentiel pour répondre aux défis d’'une implémentation en centre de soins de proximité. Les
réseaux utilisés ont été fabriqués a partir de lithographie interférentielle par laser combinée a
un procédé de nanoimpression. Les réponses de ces nanostructures interrogées par un faisceau
p-polarisé résultent en un transfert d’énergie entre deux ordres diffractés induit par un bal-
ayage angulaire. Ce phénomeéne optique qualifié de "switch optique” a été théoriquement et

expérimentalement étudié et optimisé.

vii



Résumé

Le principe de détection basé sur cette configuration spécifique a été démontrée pour la détection
de petites variations d’indice de réfraction avec des solutions d’eau déionisée mélangée avec
différentes concentrations de glycérol. Une limite de détection de I'ordre de 10=¢ RIU a été
atteinte. De plus, des tests préliminaires de biodétection résultant de la combinaison d’une fonc-
tionnalisation avec la configuration de switch optique sont présentés et démontrent la sélectivité

et le potentiel de cette configuration plasmonique pour des applications en biodétection.

Cette these ouvre la voie a 'utilisation de la configuration switch comme biocapteur approprié

pour la production en masse a faible cotlit et du diagnostic en centre de soins de proximité.
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Chapter 1

General introduction

1.1 Context

Surface plasmons (SPs) were reported for the first time as a method of detection in 1982 by Ny-
lander and Liedberg for gas detection [1]. Since then, their use for biosensing was demonstrated
broadly by numerous applications leveraging their high sensitivity to the local environment near
the interface along which they propagate [2-4] and their potential integration in point-of-care

(POC) devices for real-time analysis without labelling [5-7].

In recent years, the COVID-19 pandemic demonstrated the need for fast, cost-effective and high-
performance sensors to diagnose and mitigate the progression of such infections. Indeed, battling
such an outbreak requires mass testing and large-scale screening, for which biosensors make a
compelling case. Yet, the current devices used in the clinical and the industrial fields such as
enzyme-linked immunosorbent assay (ELISA) [8, 9] and reverse-transcription polymerase chain
reaction (RT-PCR) [10, 11] require cumbersome procedures, are time-consuming to use and are

rather expensive. Plasmonic biosensors could be a promising alternative to these gold standards.
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Chapter 1: General introduction

1.2 Enzyme-linked immunosorbent assay (ELISA)

ELISA is an approach of detection routinely used for numerous applications, such as the diagnos-
tics of various diseases [12-14] including HIV [15] and Hepatitis B [16], the detection of allergens
in food products and the control of food safety [17-19]. It is also used in toxicology to screen

specific classes of drugs [20, 21].

This method of detection involves a succession of washing, separation, and incubation steps.
The number and the order of these steps depend on the strategy of functionalization used during
the assay. Figure 1.1 summarizes one of the most commonly used assays, termed a sandwich
assay. The first step consists in the immobilization of primary antibodies (blue Y) by adsorp-
tion on the wall of microwells. These antibodies are used as biorecognition agents to selectively
immobilize the targeted analyte. This step is followed by a wash to remove the antibodies not

immobilized onto the surface of the wells.

Then, the physiological sample (i.e, blood, saliva, ...) is diluted and deposited in these wells.

If this sample comprises the targeted analyte (antigen, protein) by the antibodies previously

Physiological Substrate
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Figure 1.1: Sequential steps for a sandwich ELISA. The letters i and w stand for the incubation
and the washing steps carried out after the main steps of the protocol illustrated on the sketch.
The sketches are not to scale.
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deposited in the wells, they selectively bind. Incubation of the sample promotes binding between
the biorecognition layer and the targeted analytes. Then, the wells are washed to remove all
non-bound elements. A solution comprising a secondary antibody (green Y) conjugated with an
enzyme (green circles) is then deposited into the well, incubated and washed. If the physiological
sample comprises the targeted antigen (now immobilised in the well) then binding also occurs

with the secondary antibodies.

Finally, molecules termed as ”substrates” are introduced into the wells. By reacting with the en-
zymes linked to the secondary antibodies, these substrates change colour, resulting in a change of
colour of the solution correlated to the amount of the analyte immobilized from the physiological
sample, as shown in Figures 1.2(a) and (b). Thus, the concentration of the targeted molecule
immobilized on the microwell walls is quantified with a spectrometer based on the variation in

the absorbance spectrum associated with the solutions in the dot at a specific wavelength, A 4.
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Figure 1.2: (a) Four sketches showing the correlation between the concentration of targeted ana-
lytes immobilized on the well walls and the change of coloration of the solution in the microwells.
These sketches are not to scale. (b) Picture of an ELISA assay extracted from [22] showing the
change of coloration observed at different reaction times depending on the concentration of the
targeted analytes immobilized on the well walls. Reproduced with permission from Springer Na-
ture, https://doi.org/10.1007/s00216-021-03359-8. Copyright (©) 2021, Springer-Verlag GmbH
Germany, part of Springer Nature.
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Figure 1.3(a) presents the measurements of absorbance at A4 = 450 nm extracted from a study
[23] consisting of a competitive ELISA assay for the detection of two different antibiotics (gen-
tamicin and vancomycin) in protein-containing samples. These measurements were performed
with low and high concentrations of each antibiotic, as sketched in Figures 1.3(b) and (c), by

applying the protocol sketched in Figure 1.4.

The measurements of absorbance are represented by black circles and white squares for solutions
with different concentrations of gentamicin and vancomycin. In the case of a selective detection
of gentamicin, the absorbance at Ag= 450 nm (given in Figure 1.3(a)) decreases (black circles)
with the increase in the gentamicin concentration, while it remains steady (white squares) with
the increase in the vancomycin concentration. That demonstrates that the biorecognition agents
selectively immobilized the gentamicin. Thus, the concentration of gentamicin can be quantified

based on absorbance measurements at A 4= 450 nm with a spectrometer.
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Figure 1.3: (a) Graph of the absorbance at A4 = 450 nm depending on the ELISA’s con-
centration of gentamicin (black circles) and vancomycin (white squares). Sketches of ab-
sorbance measurements with a spectrometer for (b) low and (c) high concentration of gen-
tamicin. The graph presented in (a) is extracted from [23]. Reprinted in part with permission
from https://doi.org/10.1186/s40064-015-1411-y. Copyright 2015 The Authors, licensed under a
Creative Commons Attribution (CC BY) license. The graduated yellow background and both
boxes were added to the original figure.
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This approach of detection showed very high selectivity and low limit-of-detection (LOD). In-
deed, LODs such as 10718 moles/assay for a target protein [15], or in the range of ng/mL for the
detection of antibiotic in protein-containing samples [23], or even in the range of pg/mL for the
detection of a specific protein (nucleocapsid) related to the SARS-CoV-2 virus [24] were achieved
with ELISA assays.

Yet, similar and enhanced performances were achieved with surface plasmon resonance (SPR)
based sensors. Indeed, several studies [25-27] highlighted ELISA’s drawbacks compared to SPR
approaches for various applications. First, the time-consuming and cumbersome protocol of the
sample preparation detailed above makes ELISA methods sensitive to the dissociation rates be-
tween target molecules and antibodies toward these molecules used to perform their detection.

This issue was overcome with an SPR approach, which offers real-time measurements.

Secondly, simultaneous detection of drug and anti-drug antibodies [27] as well as multiana-
lyte antibiotic in milk samples [28] were performed on the same SPR chips. A single ELISA kit

cannot perform multisensing in the same well.

Thirdly, contrary to SPR measurements, ELISA assays require labeled secondary antibodies
for the most widespread strategies of functionalization (sandwich, competitive, ...) as well as
substrates to induce a change of coloration, as previously explained. This results in more expen-

sive assays and increases the consumption of the products compared to an SPR approach.

Fourthly, ELISA measurements are based on a change of colour. The functionalization of
the well walls cannot be monitored in real-time to ensure saturation of their surface or to as-
sess non-specific binding, contrary to the SPR approach, which offers label-free and real-time
measurements of biomolecular interactions from functionalization of the detection surface with

biorecognition agents to the immobilization of the targeted analyte.
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Figure 1.4: Sketches of the sequential steps for an ELISA assay consisting in detecting and
quantifying gentamicin (red Y). A solution with a high gentamicin concentration results in a
clearer solution than a solution with a low gentamicin concentration. That manifests through
a lower (resp. higher) absorbance for high (resp. low) gentamicin concentrations, as shown
in Figure 1.3. These sketches are extracted from [23]. Reprinted with permission from
https://doi.org/10.1186/s40064-015-1411-y. Copyright 2015 The Authors, licensed under a Cre-
ative Commons Attribution (CC BY) license.
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Fifthly, SPR chips are reusable. They are also cost-effective. Besides, functionalization is per-
formed under dynamic conditions (circulating fluids) over the detection surface whereas in ELISA
assays, the wells are washed under static conditions, which may be less efficient than inside a

fluidic system such as integrated in an SPR setup.

Finally, the limited perspective of ELISA protocols for automation combined with uncertain-

ties due to the numerous sequential steps makes it a less compelling tool for POC diagnosing.

1.3 Polymerase chain reaction (PCR) assay

Despite high performances, ELISA was shown as less competitive than SPR sensors for point of
care detection in the previous section. Besides, ELISA assays were demonstrated as less accurate
and sensitive than those performed with PCR tests in recent years [29-31]. PCR tests are also
largely used for the diagnosis of cancer [32] and various infectious diseases [33-36], including

COVID-19 [37, 38].

These tests are based on the analysis of the genetic material extracted from physiological samples
collected in the nasopharynx or saliva. These samples collected by swab require several prepara-
tion steps before being analyzed, including DNA extraction and DNA amplification. Basically,
the PCR detection method is based on repeated thermocycles. To summarize, the extracted
DNA is first heated up to break the hydrogen bonds between both strands of DNA, as sketched
in Figure 1.5 and denoted "D” in the graph of temperature presented in Figure 1.6. This step is

called DNA denaturation.

After that each single DNA strand is cooled down to let a DNA probe, called a primer, specif-
ically bind to the targeted DNA sequence of each DNA strand. This primer consists of the

DNA sequence complementary to the targeted DNA sequence, bonded with a fluorophore and
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Hybridization (T = 50-65°C)

Denaturation (T = 94-98°C) targeted DNA sequence

DNA double-strand I ,___I__. . |
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Figure 1.5: Sketches of the three main steps repeated during each thermocycle of a RT-PCR test
to amplify the initial DNA material collected by swab.
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Figure 1.6: Evolution of the temperature during the repetition of each thermocycle to amplify
the DNA material. This graph is extracted from [39].

a quencher (fluorophore inhibitor), as sketched in Figure 1.5. As long as the quencher and the
fluorophore are close to each other, the fluorophore does not emit any fluorescence. This second

step called hybridization of the primer with the DNA sequence is illustrated in Figure 1.5 and
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denoted ”"A” in Figure 1.6.

Finally, the DNA polymerase copies each DNA single strand. It induces a fragmentation of
the primer, which cleaves the fluorophore from the quencher. That results in fluorescence emis-
sion, as sketched in Figure 1.5, which is detected and measured by a spectrofluorometer. This

last step called elongation is denoted "E” in Figure 1.6.
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Figure 1.7: Sketch of the amplification of the DNA material and also of the fluorescence at the
end of each thermocycle illustrated in Figure 1.5.

The cycle of the three sequential steps described above is repeated many times, as shown in
Figure 1.6. At the end of each cycle, the amount of DNA material and of the degraded probe
are doubled, as sketched in Figure 1.7. That manifests through a brighter fluorescence. Thus, if
the fluorescence intensity is above (resp. under) a fixed threshold after several cycles, as shown

in Figure 1.8(a) (resp. (b)), the targeted DNA sequence was (resp. not) detected.

The cycle number associated to this threshold, termed as ”Ct value”, depends on the dilu-

tion ratio applied to prepare the physiological sample and the targeted sequence of DNA, as
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shown in Figure 1.9 in the case of the detection of SARS-CoV-2 (2019 novel Covid).

(a) (b)
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Figure 1.8: Sketches of amplification curves for (a) a positive and (b) a negative sam-
ple.  These graphs are extracted from [40]. Reprinted in part with permission from
https://doi.org/10.1002/cbic.202000250. Copyright 2020 The Authors, licensed under a Cre-
ative Commons Attribution (CC BY) license.
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Figure 1.9: Graph representing the evolution of the threshold value, Ct, depending on the
dilution ratio applied to the samples collected from the patients and the targeted gene used for
the detection. This graph is extracted from [41]. Copyright 2020 The Authors, licensed under a
Creative Commons Attribution (CC BY) license.

Figure 1.10 gives two sets of amplification curves performed with PCR tests and extracted from

two different studies [41, 42]. Figure 1.10(a) gives the amplification curves performed for sev-
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eral samples (1, 2, 3, 4) containing specific micro-RNA (non-coding RNA) sequence denoted
"miR159” with different proportions (respectively 20 ng, 2 ng, 200 pg, 20 pg) and two control
samples (5, 6). For the four samples containing miR159, the fluorescence signal increases, while
it remains steady for both control samples. In addition, the higher the amount of miR159 in the
samples, the faster the fluorescence output signal increases. Thus, detecting small amounts of
genetic material in the initial samples required more thermocycle repetitions. In this manner,
Figure 1.10(a) shows that amounts as little as 20 pg total RNA were successfully detected after
35 cycles of PCR.

(b)

(a

—

RT-PCR Continuous amplification

miR159 .

Fluorescence (530 nm)
Delta Rn
§
2

Inside surgical mask of patient 4—~ >

56

0.000€+000 | s e I N

Cycle number Cycle Number

Figure 1.10: (a) Amplification curves for the detection of miR159 in four (1, 2, 3, 4) samples
containing micro-RNA in different quantities (respectively 20 ng, 2 ng, 200 pg, 20 pg) and two
control samples (5, 6). This graph is extracted from [42]. Reprinted in part with permission
from Springer Nature, https://doi.org/10.1186/1746-4811-3-12. Copyright 2007 The Authors,
licensed under a Creative Commons Attribution (CC BY) license. (b) Amplification curves
for the detection of SARS-CoV-2 after 70 PCR cycles in three samples collected from patients
positive to the SARS-CoV-2. The red horizontal line gives the threshold value above which
the samples are considered as positive. The ordinate axis, denoted Rn (normalized reporter),
represents the fluorescence emission intensity of the reporter dye (fluorophore) divided by the
fluorescence emission intensity of the passive reference dye. This graph is extracted from [41].
Copyright 2020 The Authors, licensed under a Creative Commons Attribution (CC BY) license.

Figure 1.10(b) gives amplification curves performed with 70 cycles of PCR to diagnose COVID-19
from two kinds of complex (nasopharyngeal and oropharyngeal) samples collected from confirmed

cases of COVID-19. These samples were directly collected from patients diagnosed as COVID-19
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(curves with the highest slope on the second part of the graph) and the last one was collected
from a mask, which was in direct contact with a patient positive to COVID-19. The red horizon-
tal line represents the threshold value. After several tens of cycles, the fluorescence output signal
associated to these samples increases over the threshold value. The three samples, including
that collected from the mask in direct contact with a patient positive to COVID-19, were also
successfully tested as positive with the PCR tests. Yet, that shows as well that several tens of

cycles are required to improve the detection of low viral load.

High sensitivity and accuracy were achieved with the PCR tests for several applications. For ex-
ample, a few hundred of viral RNA for the Novel SARS-Coronavirus-2 (SARS-CoV-2) copies/mL
were successfully detected by PCR tests [43]. Besides, 0.5-5 pg/reaction were as well success-
fully detected for detection of porcine DNA [44]. The PCR tests were also worldwide performed

during the COVID-19 pandemic crisis to ensure large-scale testing and screening.

Yet, several studies highlighted different issues regarding these tests [45, 46]. First, the RT-PCR
tests consist of an analysis of genetic material. One of its main issues is its lack of robustness
regarding the variation of viral RNA sequences [46, 47]. Indeed, during the COVID-19 pan-
demic, several mutations of the virus (and so its genetic material) occurred sequentially and fast.
To prevent misdiagnoses, different DNA sequences were identified as less sensitive to mutation.
Yet, some patients were still misdiagnosed as negative because the targeted genome of the virus
causing the infection was different from the initial and also not recognized by the probe used to

perform the tests.

Secondly, PCR tests require a cumbersome protocol including a pre-treatment of the samples
collected before their analysis, which must be carried out by well-trained workers. In addition,
the thermocyclers used to amplify the genetic material collected from patients is expensive. For
these two reasons, the PCR analysis cannot be performed on POC sites. The specimens collected

are also transported and tested sometimes several days afterward. This results in a variation
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of the viral load in the sample which can become unrepresentative and manifests through false

negatives.

To summarize, despite their high performance, ELISA and RT-PCR tests suffer from time-
consuming procedures requiring expensive tools and expert users [48, 49]. These methods of
detection are also not very appealing for POC settings. This motivates the development of new
detection methods, including those based on surface plasmon resonance (SPR) [50, 51], described

in the next section.

1.4 Lateral flow assays (LFA) and electrochemical assays

To overcome the drawbacks relative to ELISA and PCR tests, rapid biosensors were developed
including lateral flow assay (LFA) [52-54] and electrochemical assay [55-57]. LFA-based de-
tection devices are immunosensors using metallic nanoparticles functionalized with conjugated
antibodies toward a specific antigen to selectively immobilize targeted antigen on a nitrocellulose
membrane. They are easy to use even for self-trained users and were also largely used during
the COVID-19 pandemic to test the population. Yet, these tests can be qualified as logical tests.
Indeed, the response of these tests consists in a coloration change on a testing and a control lines,
which are observed with a subjective perception. In addition, it suffers from a low sensitivity,
which depends on the person (well-trained person or daily user), who collect the sample with
swab [58, 59]. To improve this performance, fluorescent dyes (labelling) are used. Yet, that
results in more expensive protocol. Moreover, that results in a limited range of physiological
fluids, which can be tested and also to a limited panel of analytes. Furthermore, these tests

require multiple antibodies.

Regarding the electrochemical tests, they consist in electrodes functionalized with bio-recognition
agents to selectively capture targeted analytes. The biomolecular interactions (oxydo-reduction

reactions) between the bio-recognition layer onto the electrode surface and the targeted analytes
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are measured in real-time based on voltametric (impedimetric or amperometric) signal varia-

tions. These sensors demonstrated low LOD and high specificity [60, 61].

Finally, studies [62, 63] compared the performance (LOD and sensitivity), the cost and the
operatibility of different detection approaches including LFA, electrochemical and SPR, assays.
It concluded that LFA was roughly easier-to-implement and more cost-effective but that it suf-
fered from lower performance than electrochemical and SPR based sensors. Thus, LFA is not the
most competitive tool of detection for early diagnosing infectious diseases such as COVID-19.
Regarding electrochemical and SPR assay this same study described them as equivalent but with
better LOD for SPR and better sensitivity for electrochemical sensor. Thus, SPR-based sensors

appear as more relevant tools of detection for early diagnosis.

1.5 Surface plasmon resonance (SPR) sensors: a promising

alternative

Among all the SPR sensors developed these last years, those based on a grating coupler were
especially optimized to address the challenges of easy implementation, good portability and
low-cost. Indeed, a recent study demonstrated SPR sensors achieving performances such as
a sensitivity 1000-fold higher than fluorescence assays without labelling biomolecules [64]. In
parallel, other works led to the development of a smartphone label-free SPR biosensor platform
[65, 66] offering high potential for point-of-care applications. In addition, similar portable SPR
configurations using a grating coupler were demonstrated as achieving similar performance as
quantitative PCR for the same application such as the detection of micronucleic acid in a four

channel multiplexing arrangement [67].
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1.6 Objective and outline of the thesis

In this thesis, we propose and demonstrate a new plasmonic biosensor based on a grating cou-
pler and operating in the ”optical switch” configuration. Combined with functionalization, this
detection method can address challenges in testing for disease detection, such as a low-cost and
easy-to-implement detection device in POC sites. The theoretical and experimental investiga-

tions in this thesis cover the following aspects:

e The optimization of the optical switch pattern was theoretically and experimentally inves-
tigated by the study of the effect induced by different parameters such as the depth, the

period and the profile of the grating.

e A fluidic system was designed and optimized to perform detection measurements under

dynamic conditions.

e The optical switch configuration was experimentally demonstrated for the first time as a

method of detection for small bulk refractive index (RI) variations.

e The optical switch configuration was used to perform biodetection with routinely used
specific biopairs such as bovine serum albumin (BSA)/anti-BSA and human serum albumin

(HSA) in clean fluids with a basic (direct) approach of functionalization.
This thesis is organized as follows:

e Chapter 2 introduces the concept of SP and describes the different conventional coupling
methods to excite them. This chapter highlights the specific interest in the grating coupler
in a configuration of detection using a differential measurement compared to similar existing

devices of detection.

e Chapter 3 introduces the optical switch effect and gives a theoretical understanding of the
principle of detection using this effect. This chapter describes the protocol of fabrication
and the numerical technique used to fabricate and optimize the design of the gratings used
as transducers in the optical switch configuration. The effects of the grating design on its

optical switch response are investigated as well.
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e Chapter 4 presents the measurements performed in the optical switch configuration. It
demonstrates the optical switch as a tool of detection for small refractive index (RI) vari-

ations in the bulk (in aqueous media) and discusses the performances achieved.

e Chapter 5 presents and discusses preliminary biosensing assays performed in the optical

switch configuration with specific biopairs routinely used.

e Chapter 6 summarizes the highlights and the contribution of this thesis. It also suggests
future work, which could be explored based on the results presented in the previous chapters

of this thesis.

These research works were carried out in cotutelle between the Laboratory Hubert Curien (UMR
CNRS 5516) and the University of Ottawa. They were funded by SIS 488 doctoral school of Saint-
Etienne and Labex Manutech Sleight, both included in the University of Lyon in France. Funding
received from the Natural Sciences and Engineering Research Council of Canada through the

University of Ottawa is also gratefully acknowledged.
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Chapter 2

Introduction to surface plasmons

as a method of detection

2.1 Introduction

Over the last few decades, SPR sensors were demonstrated as offering very interesting advantages
such as label-free and real-time detection of a wide range of small and large molecules (proteins
and cells) with high sensitivity for various sensing applications. This chapter will be devoted
to SPs and their use for biosensing. First, the concept of a SP will be defined. Secondly, the
first effect discovered to perform detection by using SP and termed as surface plasmon resonance
(SPR) will be explained. Thirdly, the most widespread coupling methods to observe this effect
will be discussed highlighting the state of the art. Fourthly, the systems of detection combining
these plasmonic couplings and interferometer will be described and their interest discussed based
on the literature. Finally, a focus on the conventional grating-coupler configuration will conclude
this chapter with a discussion about the correlation between the grating-coupler design and its

performance.
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2.2 Surface plasmon (SP)

A surface plasmon is an evanescent wave propagating along a metal-dielectric interface, as
sketched in Figure 2.1. This wave results from coherent collective oscillations of electrons prop-
agating along the interface between two media with dielectric constants of opposite signs. The

amplitude of this wave decays exponentially on each side of this interface. This attenuation

Ndielectric
sp Eg > 0

—

Em <0
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® G, %, Re (E4(2)
Y

Figure 2.1: SP (dark blue shape and arrow) propagating along a metal-dielectric interface.

and so the penetration depth of a SP depend on the media on each side of the interface as
demonstrated in [68]. Likewise, the wave vector, Bgp, and the propagation distance, L,, of a SP
depend on the dielectric constants of the metal, €,,, and the dielectric, ¢;. Both parameters are

respectively defined by the expressions below, given in [68] and [69]:

2 €m ' N
2L, jm e 2.1
Bsp \ e+ ng (2.1)

Lo— Re(€n)? (f]%%ee((eg)iedd>§

v on Im(em) (2:2)

where A denotes the wavelength of the light source used to excite the SP, and ng is the refractive
index (RI) of the dielectric. The dielectric constants €, and €4 are related to the RI of each

medium according to the relation below:

e = (n)” (23)
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where ¢; represents the dielectric constant of a medium ¢ and n; is the RI of this medium.

Consequently, if the RI of the dielectric medium locally changes near the interface, it induces
a variation in the propagation constant associated with the SP and therefore, a modification of

the conditions required to reach the SPR, which is described in the next section.

2.2.1 Surface plasmon resonance (SPR)

The surface plasmon resonance (SPR) was observed for the first time in 1902 by Wood, who
noticed anomalies in the reflectivity spectra of diffraction gratings [70]. In 1983, Liedberg demon-
strated the potential of this effect for biosensing [71]. Since then, SPR proved to be an efficient
tool of investigation regarding tiny variations of RI in sensing media near a metal-dielectric in-

terface.

This effect consists of a transfer of energy from the incident light beam interacting with a metallic
surface to a plasmonic mode. It occurs when their respective propagation constants are equal
under a specific angle of incidence and wavelength. That results in the excitation of a SP. The
relation describing this equality depends on the chosen coupling method, which will be described
in the next sections. Figure 2.2(a) gives the dispersion relation in the case of a grating-coupler

configuration.

The most common way to observe this effect consists in obtaining the intensity response of an
order reflected by the grating over an angular or spectral range. The spectrum of this Fresnel
reflection, as well called 0" order, presents a resonance dip for a specific couple of wavelength
and incident angle of the p-polarized impinging beam, as shown in Figure 2.2(b). As explained
in the previous section, the SP parameters (especially its propagation constant) are sensitive
to the environment around the metal-dielectric interface, along which it propagates. Therefore,
a local variation in the RI of the dielectric sensing medium near the interface due to binding

events or the injection of a new solution with a RI different from the previous one inside the
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Figure 2.2: (a) Dispersion curve of the SP in the case of a grating coupler and (b) resonant
dip in the reflectivity spectrum due to the phase matching between the incident light beam
and the SP. Both Figures are extracted from [72]. Reprinted with permission from MDPI,
https://doi.org/10.3390/bios8030080. Copyright 2018 The Authors, licensed under a Creative
Commons Attribution (CC BY) license.

fluidic device induces a change in the propagation constant of the SP. Thus, under the initial
incident wavelength and angle ();, 6,,), the SPR conditions are no longer fulfilled, since the
equality between the propagation constants respectively associated with the incoming light, k..,
and the plasmonic mode (eq. 2.1) is no longer fulfilled. Another couple of wavelength and angle
of incidence (\;, f44) is associated with the new configuration, as illustrated in Figure 2.3. In
the case of biosensing applications, this shift in the angle (resp. wavelength, depending on the
chosen method of interrogation) of resonance is exploited to assess the RI variations along the

metal-dielectric interface.

To assess the performance of SPR detection device, different criteria, such as the sensitivity and
the LOD are used. The sensitivity, S, represents the partial derivative of the output signal (shift
in the resonance angle or wavelength), res, depending on the variation of measurand (RI or

concentration of analytes), a. It is defined by the relation below:

Ores
S = 5a (2.4)
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Figure 2.3: Shift in the resonance angle, d,.s, due to a change of sensing medium with a different
RI at the interface along which the SP propagates.

Likewise, the LOD corresponds to the lowest variation of measurand that a sensor can detect.
Assuming that the minimum signal/noise ratio (SNR) required for reliable detection would be

equal to 2, the LOD is described by the relation below:

LOD = (2.5)

2.0
S
where o is the resolution of the measurement system, i.e., the resolution of the goniometer (resp.

spectrometer) in the case of an angular (resp. spectral) interrogation.

The Figure-of-Merit (FOM) is also commonly used to assess the performance of the SPR detec-
tion devices. It is defined as the ratio between the shift in the resonance angle (resp. wavelength)
and the full width at half minimum (FWHM) associated to the resonant dip. The FOM identifies
the best trade-off between an enhancement of the sensitivity and the LOD. Yet, this criterium
is not applicable for the detection based on the optical switch developed in this thesis. To draw
a relevant parallel between the classical SPR coupling and the detection based on the optical

switch, we will focus on the LOD for the rest of this manuscript.
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2.2.2 Coupling method

Different plasmonic configurations were developed for biosensing. In this subsection, we will
present the most common of them. The first two leverage the SPR effect described in the previ-
ous subsection. They are differentiated from each other by their coupler: a prism and a grating.
The last conventional coupling method discussed uses a waveguide as coupler and can be based
on two different effects (including SPR) depending on the design of the coupler. It will be dis-

cussed in the last part of this subsection.

For each of them different interrogations can be used. But we will only focus on the two most
commonly used: spectral and angular interrogation. Likewise, only intensity analysis will be
considered for two reasons. First, it is the most commonly used approach in conventional SPR
sensors. Secondly, it is the approach used with the optical switch configuration described in
chapter 3. However, interrogation based on phase or polarisation has also been discussed in the

literature 73, 74].

Kretschmann-Raether configuration

Kretschmann and Raether were the first to propose a coupling method to excite the SP in 1968
[75]. Nowadays, this configuration of optical sensing is certainly the most widespread using SPR.
It consists in a prism with a base covered by a thin metal layer, where the prism has a higher RI
than that associated with the dielectric medium on the outer boundary of the metallic layer, as
illustrated in Figure 2.4(a). Under a specific couple of wavelength and incident angle, matching
is achieved between the wave vector of the plasmonic mode and that of the incident beam, k,,

described by the expression below.

ky = 2; Ny - sind (2.6)

In this expression, n, represents the RI of the prism and 6 stands for the angle of the incident

beam, which is larger than the critical angle to obtain a total reflection of the incoming beam
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at the prism-metal interface. The equality between the expressions (2.1) and (2.6) results in the

excitation of the plasmonic mode.
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Figure 2.4: (a) Sketch of Kretschmann configuration setup comprising a prism with a RI n,
and its base covered with a thin film of gold. The photodetector allows to monitor the in-
tensity of the reflected order, which achieves a minimum at the resonance angle denoted 6% 5
before functionalizing the surface and considering the sample represented in blue as the refer-
ence medium. (b) Shift in the resonance angle to the right at 6 pp after the immobilization of
the biorecognition elements and at 9;: pr after the binding events between these biorecognition
agents and the analytes. (c¢) The sensorgram illustrates the shift in the resonance angle due to
interactions between the biorecognition elements and analytes in real-time. These figures are
extracted from the article [76] from Miyazaki et al.. Reprinted with permission from Elsevier,
https://doi.org/10.1016 /B978-0-323-49778-7.00006-0. Copyright (©) 2017 Elsevier Inc.

Thus, if the initial dielectric medium is replaced by another with a different RI or if some binding
events occur at the metallic-dielectric interface along which the SP propagates, the reflection of
the incident light beam is no longer attenuated at the prism-metal interface at the initial res-

onance angle (resp. wavelength, depending on the chosen interrogation method). Indeed, the
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drop in intensity associated with the Fresnel reflection is shifted to a new incident angle (resp.
wavelength), as shown in Figure 2.4 (b)-(c). Based on this angular (resp. wavelength) shift, the

variation of RI or the amount of biomolecules immobilized on the metal layer can be quantified.

Biosensors based on Kretschmann-Raether configuration have been successfully commercialised.
It was largely used to lead various studies such as drug discovery, assessment of kinetics for
a wide range of analytes, measurement of specific interactions, and diagnosing diseases by the

detection and quantification of biomolecules in physiological fluids [77, 78].

Figures 2.5(a) and (b) gives two sets of reflectivity spectra obtained at two different wavelength
(670 nm and 785 nm) in a Kretschmann configuration. Each set of spectra shows a shift in the
resonant angle while the concentration of glucose in the tested samples increases. That is due to
the variations of RI induced by the different concentrations of glucose at the metal (gold) and
sensing medium interface, which implies a change in the phase matching between the incident
beam interrogated the metal film and the SP to reach the resonance condition. Based on these
SPR responses, the sensorgrams given in Figure 2.6 were observed. A LOD of 4 mmol/L was
successfully achieved. This value would be low enough for the diagnosis of normal, pre-diabetic

and diabetic patients.

This configuration provides theoretically better resolution [68] and sensitivity [80] than a config-
uration using a grating coupler (described in the next section) as a transducer in the case of a
wavelength interrogation. But in the case of an angular interrogation, this performance is rather

similar between both coupling approaches.

LOD in the range of 107°-107% RIU were achieved with a basic thin gold layer on the top
of the prism base [81, 82]. These performances were enhanced by different approaches such as
adding a supplementary dielectric layer [83], using long-range SPR, combining a metallic nanos-

tructure on the base of the prism, or opting for a phase interrogation instead of an angular
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Figure 2.5: SPR responses in the Kretschmann’s configuration to variations of glucose concen-
trations at an incident wavelength, Ao, equal to (a) 670 nm and (b) 785 nm. These graphs are
extracted from [79]. http://dx.doi.org/10.17576/jsm-2019-4806-13.
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Figure 2.6: Sensorgram measured in real-time for the sequential injection of buffer (distilled

water) and buffer doped with different concentrations of glucose. This graph is extracted from
[79].

or wavelength one, as summarized in [69], to reach LOD in the range of 107 RIU. Yet, these

approaches require more complex procedures of fabrication and are therefore expensive.
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In addition, Kretschmann-Raether’s configuration presents inconveniences such as a bulky ar-
rangement hard to integrate into a fluidic system setup, which limits its miniaturization prospects.
Besides, this detection method based on SPR does not permit a differential measurement to can-
cel some perturbations, except if the setup is turned into an interferometer [84] (as discussed in

section 2.3), and so is more complex.

To summarize, despite its high performance, the most basic Kretschmann-Raether configura-
tion suffers from a cumbersome arrangement due to its prism, which does not make it the most
compelling case for POC settings. That is why other configurations, like that presented in the

next part of this subsection, have been elaborated.

Grating coupler configuration

A broad variety of plasmonic sensors using nanostructures as transducers was demonstrated as
highly promising devices of detection [6]. They consist of a coupling of a p-polarized incident
beam with a SP by the —15 or +1°¢ diffracted order of a waveguide resonant grating, which
corresponds to a nano- or microstructure coated with a thin metallic layer (the waveguide) [85].
Similarly to Kretschmann-Raether’s configuration, this coupling manifests through a large and
deep resonance dip in the reflectivity spectrum of the 0" order, as shown in Figure 2.7(a) con-
sidering the configuration sketched in Figure 2.7(b). This dip results from a perfect synchronism

respectively described for the —1%% and +1%¢ diffracted order couplings by the equalities below:

ko - sin(0) + ko - ne = K, (2.7)

ko - sin(0) + Ky = ko - ne (2.8)

In these relations, kg represents the wavevector of the incident beam, 6 denotes its angle of

incidence, K, stands for the grating vector and n. is the effective RI of the SP.

The relation (2.7) describes the contradirectional coupling via the —1%¢ order, while the equality
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Figure 2.7: (a) SPR response computed via the software MC Grating of a sinusoidal grating
probed with a p-polarized light beam at free-space wavelength A\g=850 nm in the configuration
sketched in (b). The diffraction of efficiency is defined as the ratio between the power of the
reflected order and that of the incident beam interacting with the grating. (b) Sketch of a coupling
configuration between an incident p-polarized light beam at free-space wavelength \g=850 nm
and a sinusoidal grating coated with a 100 nm thick gold layer.

(2.8) describes the codirectional one via the +1¢ order. Both of them are respectively sketched

by the half Ewalds’circles in Figures 2.8(a) and (b).

When one of these relations is fulfilled, the SP is excited by a partial absorption of the inci-
dent wave energy. It triggers its propagation on a few or tens microns depending on the metal
of the grating. This absorption is induced by Joules effects on the collective oscillations of the

electrons on the metal surface.

(a) (b)

th th
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Figure 2.8: Half Ewald’s circles showing the plasmon coupling via (a) the —1%* and (b) the +1%¢
orders.
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To make a choice between these configurations of synchronous coupling, two criteria must be
taken into account. The first is the spectral (resp. angular depending on the chosen interrogation
method) shift in the resonance dip under the effect of the RI change in the sensing medium in the
vicinity of the metal layer. The second is the ambient optical noise that propagative diffraction

orders different from that used to excite the plasmonic mode can generate.

Figure 2.9(a) illustrates the resonant wavelength shift in the reflectivity spectrum under a RI
variation from 1.00 to 1.01 in the sensing medium by considering the interaction between a
p-polarized incident beam and the sinusoidal gratings sketched in Figure 2.9(b) and (c), corre-
sponding to both possible synchronous couplings. The resonant wavelength shift is similar for the
co- and contradirectional couplings. Consequently, the wavelength sensitivity is rather identical

between both coupling configurations. In this case, the first criterion does not lead to prefer one
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Figure 2.9: (a) Shift in the resonance wavelength due to an increase in the sensing medium RI
of 0.01 RIU, considering the interaction between an incident p-polarized beam at 15° and the
grating coated with a 100 nm thickness gold layer sketched in (b) and (c) initially in air. The
solid curves are associated with the 0?" order spectra with air as the sensing medium, while the
dashed correspond to the 0" order spectra after an increase in the sensing medium RI of 0.01
RIU. The blue and pink curves are respectively associated with the —1%% and the +1%¢ order
coupling.
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specific coupling order.

0" order (green) ws. the period A of the

Figure 2.10 shows the diffraction efficiency of the
grating sketched in Figure 2.9(b) with air as sensing medium. Diffraction efficiencies are de-
fined by MC-Grating sofware website [86] as “complex amplitude and power of all reflected and
transmitted diffraction waves” (orders). It corresponds to the ratio between the power associated
with each order i and the initial power in the probing beam interrogating the grating surface.The
deepest resonance dip is associated with the codirectional coupling via the +1%¢ order with a
1049 nm period grating. Yet, coupling via the +1%¢ order involves a propagative —1%¢ diffraction
order (orange curve). Thus, under perfect synchronism conditions for the codirectional coupling,

the higher the energy associated with the —15¢ reflected order is, the less deep the resonance dip

in the reflectivity spectrum of the 0** order.

In this specific case, there is no strong reason to prefer coupling via the +1%¢ order compared to
coupling via the —1% order. However, the considerations herein above are only illustrative and
not general. Indeed, a depth change, a profile modification of the grating or a conical incidence

can change the conclusions previously mentioned.

Like Kretschmann’s configuration, this method of detection is based on the measurement of
the shift in the resonance wavelength (resp. angle) in the reflectivity spectrum of the Fresnel
reflection depending on the RI variation onto the grating surface, or the biological species im-

mobilization on this same surface.

However, the coupling is obtained with specific parameters of the grating such as its period
and its depth in this SPR-based configuration of detection. Besides, it was demonstrated that
the shape of the grating profile had a non-negligible effect on the optical responses of the gratings
[87—89] as well as the roughness associated with these profiles [90, 91]. The correlation between

the performances and the main design parameters of the gratings used in this configuration will
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Figure 2.10: Diffraction efficiency ws. the period resulting from the interaction between an
incident p-polarized beam at 15° and free-space wavelength Ay = 800 nm with a sinusoidal 75
nm-depth grating covered of a 100 nm-thick gold layer in air. The grating vector is respectively
equal to ﬁ and ﬁ in the case of the +1%% and the —1%¢ order couplings. The diffraction

efficiencies of the —1%%, 0** and 415 orders are respectively represented by the orange, green
and blue curves.

be discussed in section 2.4.

Depending on their interrogation method and the illuminated side of the grating, the SPR
sensors operating in this configuration achieve LODs in the range of 107%-10~7 RIU [92-94].
Some of them offer portability and multichannel operation, which make them attractive for the

simultaneous detection of different analytes and POC applications.

The main advantage of the grating coupler based configuration is the tunability that it of-
fers thanks to the different parameters involved in the coupling between the plasmonic mode
and the incident light beam. Moreover, such devices are more portable, miniaturizable and

easy-to-integrate into fluidic systems.

Waveguide-coupler configuration

Another configuration appealing for its high degree of miniaturization is based on waveguide-

coupler. Different designs exist with this configuration. One of the most used comprises a high RI
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material (waveguide) embedded in a lower RI material (substrate) in order to get total internal
reflection (TIR), as sketched in Figure 2.11. A portion of the lowest RI material is removed and
cladded by a thin metal layer. This part of the waveguide is immersed in the sensing medium.
When light passes through the waveguide under phase matching conditions between the guided
mode propagation constant, S04, and that of the SP, Bgp, described by the relation below,
a part of the light beam propagating inside the waveguide interacts with the metal layer and

excites a SP, which propagates along the metal-sensing medium interface:

Bmode = Re(ﬁSP) (29)

This manifests through an attenuation of the transmitted output power at a specific wavelength,
which depends on the uppercladding and/or the receptor-analyte adlayer changes on the detec-
tion surface. Thus, the biomolecular interactions between the biorecognition receptors and the
targeted analytes can be quantified by a shift in resonance wavelength at which the transmit-
ted output power from the waveguide is the most attenuated. Indeed, unlike the prism- and
the grating-couplers previously described, the plasmon-waveguide resonance method cannot be
based on an angular scan but only on a spectral scan. Although an amplitude modulation ap-

proach can be used [95, 96], it will not be discussed here.

Figure 2.11: Sketch of the waveguide-coupling configuration, where the incident beam excites
the SP when their propagation constants, 38, and k,, are equal. This sketch was extracted from
the article [72]. Reprinted with permission from MDPI, https://doi.org/10.3390/bios8030080.
Copyright 2018 The Authors, licensed under a Creative Commons Attribution (CC BY) license.
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LODs in the range of 1074-10~° RIU [97, 98] were achieved with different designs using this
configuration. Yet, these performances were enhanced and reached LODs in the range of 1076
RIU by several improvements, including the use of polarization maintainers [99] and a bimetallic

approach combined with a prism to inject the incident light beam [100].

Another design consists in a metal stripe along which incident light beam propagates. Figure
2.12(a) shows this configuration for detection based on a waveguide called the single-interface
metal-dielectric waveguide. Like the previous design discussed, the biomolecular interactions on
the surface of the metal film (adlayer) decrease the transmitted output power. Yet, in order
to gain in sensitivity, two symmetrical designs called metal-insulator-metal (MIM) waveguide
and insulator-metal-insulator (IMI) waveguide, respectively sketched in Figures 2.12(b) and (c),

were elaborated. In the case of the MIM design, the SPs are very confined. Consequently, the

Figure 2.12: Sketches of 1D surface plasmon waveguide structures based on (a) a single interface
metal-dielectric waveguide, (b) a MIM waveguide, and (c¢) a IMI waveguide. The metal layers
with a relative permittivity €, , are represented in yellow, and the dielectric media with a relative
permittivity €, . in blue. The dielectric adlayers with a thickness a and a relative permittivity €, o
are coloured in red. The real part of the main transverse electric field component (Re{Ey}) of the
mode of interest is sketched in green on all structures. These figures are extracted from the ar-
ticle [101]. Reprinted with permission from IOP Journal, doi:10.1088/1367-2630/10/10/105010.
Copyright 2015 The Authors, licensed under a Creative Commons Attribution (CC BY) license.
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attenuation in the transmitted output power is very high. On the contrary, the SPs propagate
along a long distance and are only slightly attenuated in the case of the IMI design, but the SPs

are less confined.

The approach is no longer based on SPR for such detection configurations. Indeed, the MIM
design supports short-range SP, while the IMI design supports long-range SP. The propagation of
such specific SPs relies on the symmetry of the environment around the medium through which
they propagate. Thus, in the case of a perfectly symmetrical environment, the transmitted out-
put power is maximal. That is why the biomolecular interactions between the biorecognition
layer and the analytes in the physiological fluid injected induce a decrease in the intensity of the
transmitted output power, which enables the quantification of the binding events between the

receptor and the analytes.

LODs in the range of 107%-107% RIU were simulated with MIM waveguides [102, 103] and

reached experimentally with IMI designs [104, 105].

Optical fibers have also been used for coupling to SPs, and with the addition of polarization
maintainers, their performance becomes less deformation-sensitive. This makes this configura-
tion compelling for remote detection, especially in environments hard to reach and for in-vivo

experiments [106-108].

Generally, detection based on waveguide-coupled schemes benefit from a high degree of miniatur-
ization, and could be easily arrayed. These attributes are very appealing for POC applications
and multianalyte detection. The main drawback of such a method is the measurements sensitivity

to the alignment of the incident beam with the waveguide.
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2.3 Plasmonic Mach-Zehnder interferometer (MZI)

All the configurations described in subsection 2.2.2 monitor a single signal: the power of the
0" order or the power of the output beam propagating through a waveguide. It is also hard to
discriminate between the noise due to perturbations such as mechanical vibrations or variations
in the intensity of the light source and the signal due to binding events or a change of RI over
the detection surface. To overcome this issue, new configurations monitoring simultaneously at
least two signals or a single signal resulting from the interference of two signals were developed.
The plasmonic Mach-Zehnder (MZI) sensor is considered as one of the highest-performing plas-
monic interferometers. This interferometry system conventionally uses a Kretschmann-Raether
configuration, described in subsection 2.2.2. Yet, other coupling methods such as nanostructures
[109], waveguides [110, 111], and combination of both of them [112] with a LOD in the range of
1075-107% RIU were as well studied. The two first parts of the present section will be devoted
to the most conventional plasmonic MZI based on Kretschmann configuration and waveguide
coupling. The last part will focus on an alternative with a grating-coupler configuration based

on a differential measurement.

2.3.1 Prism-coupler

As previously mentioned, the SPR-based detection devices use different interrogation methods
to assess the variations in the bulk RI and/or biomolecular interactions onto the detection sur-
face of the device. Angular, spectral and intensity interrogations are the most commonly used.
Yet, phase analysis demonstrated a great promise to improve the performance reached by SPR
transducers during the last years, and especially their sensitivity [69, 109, 112]. The plasmonic
MZI is based on this promising interrogation method [84]. This sensing approach assesses the
RI variations at the metal-sensing medium interface by the phase shift in an output interference
pattern. This interference pattern results from the superposition of a SPR-affected beam with a

reference beam as shown in Figure 2.13.
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Figure 2.13: Sketch of the plasmonic MZI comprising (1)(5) beam splitters, (2) a prism, (3)
a slide covered with a thin gold layer, (4) a gas cell, (6) an absorbing filter, (7) a mirror, (8)
a CCD-matrix, and (9) a wide-aperture photodiode. This figure is extracted from the article
[113]. Reprinted with permission from Elsevier, https://doi.org/10.1016/S0030-4018(97)00726-8.
Copyright (©) 1998 Elsevier Science B.V.

Basically, the setup of such sensor involves a beam splitter, which separates an impinging p-
polarized beam into two arms with different optical pathways. The first one is used as a reference
because it does not interact with the SPR-coupler of the setup, contrary to the second one, which
is used as a sensing arm because of its interaction with the SPR coupler under the resonance

conditions for the initial sensing medium.

Thus, when binding events and/or a variation in RI onto the detection surface occur, the SPR
conditions are no longer fulfilled under the initial resonance conditions. This manifests through
a new spatial phase distribution in the interference pattern, and therefore through a shift of the
clear and dark fringe positions in the interference pattern. Such detection strategies led to high

performance such as a LOD in the range of 1078 RIU [113].

However, the beams associated with each arm have distinguished optical pathways. That can
introduce noise into the measurements if a perturbation induces a variation of phase in only

one arm. To overcome this issue, another but similar configuration comprising a non-polarized
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incident beam and a Wollaston’s prism [84], sketched in Figure 2.14, was elaborated.

Basically, this setup uses a Wollaston’s prism before the detectors to separately gather the
recombinations of the sensing arm and the reference arm respectively associated with the p- and
s-components. Since only the p-component of the non-polarized beam is affected by the SPR
effect, the perturbation introduced into the system due to the different optical pathways between
the reference and the sensing arm of the p-component can be canceled and removed from their
resulting output interference patterns by a differential measurement between the phase of the

interference pattern associated to the p- and the s-component.
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Figure 2.14: Sketch of the plasmonic MZI based on a differential measurement between p- and
s-polarizations. This figure is extracted from the article [84].

Figures 2.15 and 2.16 show measurements performed with such a setup to detect and assess
the concentration of glycerin in solutions comprised of different ratios of deionized water (DI)
and glycerin. Figure 2.15 gives the initial interference pattern of the s- (violet curve) and the
p-polarizations (blue curve) for DI, used as the reference solution. These interference patterns
are in phase opposition. The differential phase shift between each polarization is also initially

equal to 180 degrees.
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Figure 2.16 shows the differential shift induced by the sequential injection of three solutions
containing different concentrations in glycerin and DI. The injection of all solutions was cycled
once to demonstrate repeatability. The repeated injection of DI results in a differential phase
shift around 180 degrees. Besides, the higher the concentration in glycerin in the other solutions
injected, the higher the shift in the differential phase output. In addition, both injection of each
solution comprised of glycerin and DI resulted in a quite similar value. The slight mismatch
between each cycle of measurements is due to drift. This effect was corrected by laser feedback
interferometry in another study [114]. Yet, that resulted in a more complex and cumbersome

arrangement.

Voltage

1
FosTe | IRV SEEEG. 00 |

Figure 2.15: Interference pattern of the SPR response of the s- (violet curve) and the p-
polarizations (blue curve) for DI (reference solution). This graph is extracted from [115].
Reprinted with permission from Elsevier, https://doi.org/10.1016/j.optcom.2016.06.033. Copy-
right (©) 2016 Elsevier B.V. The voltage and x axes were added to the original figure.

With this configuration, a high LOD in the range of 10~® RIU was achieved. In addition, working

at a fixed incident angle avoids an angular scan each time a new solution is injected through the
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Figure 2.16: Differential phase shift induced by the sequential injection of three solutions con-
taining different concentrations in glycerin and water (reference solution). The injection of all
solutions was cycled once to demonstrate repeatability. This graph is extracted from [115].
Reprinted with permission from Elsevier, https://doi.org/10.1016/j.optcom.2016.06.033. Copy-
right (© 2016 Elsevier B.V.

detection device or the use of a spectrometer, contrary to the conventional SPR sensors based

on wavelength or angular interrogation method.

Yet, the dynamic range of this approach is very limited due to the abrupt variation of the
phase, as illustrated in Figure 2.17, which results in a decrease in sensitivity while the concen-

tration of the targeted analytes increases.

Consequently, this configuration is more adapted for logical sensors assessing if a concentration
is or is not above a fixed threshold [113]. Moreover, even if this approach of detection presents
high performance, the combination of the MZI with SPR coupling configuration is rather bulky
and expensive. Therefore, it does not give the best miniaturization outlooks and is also not the

most suitable detection device for the POC settings.
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Figure 2.17: Shift in the phase due to an increase of the bulk RI in the sensing medium. This
graph is extracted from the article [69].

Finally, it must be mentioned that other plasmonic interferometers based on a phase-modulation
were demonstrated as high-sensitive detection devices, such as Fabry-Pérot and Michelson [116].
However, they respectively suffer from complex fabrication and a restricted wavelength range
along with sensitivity to mechanical vibrations. Their production is also not aligned with low-
cost mass production. For this reason, the MZI seems to offer the best trade-off among all
these plasmonic interferometers despite its limitations previously mentioned for its use at the
POC. For this reason, other plasmonic MZIs based on waveguides offer better perspectives for

miniaturization as described in subsection 2.3.2.

2.3.2 Waveguides

Contrary to the prism-coupler, the waveguide benefits from a high degree of miniaturization and
is easier to integrate into a microfluidic system. Thus, different designs of compact MZI sensors
using waveguides [110, 111, 117, 118] were developed to combine the advantages offered by the

waveguide and the interferometers. Figure 2.18(a) gives a sketch of the most widespread and
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basic sensor based on a waveguide MZI [119]. This configuration generally consists in an input
waveguide divided into two arms via Y-junctions: one used as a reference arm and the second
used as a sensing arm. The sensing arm (on the left) is exposed to fluids (sensing media) over a
distance, L, contrary to the reference arm (on the right), which is embedded in a polymer such
as CYTOP, as sketched in Figure 2.18(b). Then, both arms are recombined via a Y-junction.

Thus, the guided modes propagating through each arm are interfered.

(a)

Sensor arm

-

5

-
—

Y-junction
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‘"q

Reference arm

(b)
Functionalized
Fluid with analyte Au waveguide

Figure 2.18: (a) Sketch of an integrated MZI based on waveguides with a single output. A®
represents the phase shift between the guided modes propagating through the reference and the
sensing arms. This sketch is extracted from [120]. Reprinted with permission from Elsevier,
https://doi.org/10.1016/S0925-4005(03)00257-0. Copyright (C) 2003 Elsevier Science B.V. (b)
Front cross-section of a MZI based on plasmonic waveguides showing a functionalized waveguide
(sensing arm) and a CYTOP-embedded waveguide (reference arm). This sketch is extracted
from the article [121]. Reprinted with permission from American Chemical Society. Copyright
(©) 2014 American Chemical Society.

A light beam is coupled into the input waveguide. The sensing channel is initially exposed to a
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reference solution. Thus, the phase shift, A®, between the guided modes propagating through

the reference and the sensing arms, is defined by the relation below:

2nL
¢D = )\0 (neff,s - neff?’r‘) (2'10)

where ncff s and ness, represent the effective RI in the sensing and the reference arms.

When binding events or a change of RI occur at the interface between the sensing medium
and the metallic waveguide in the etched (sensing) channel, a variation in nys s results, which
in turn changes the phase shift between the reference and the sensing arms relative to the refer-
ence solution. Changes in phase shift manifest through a variation in the output power collected
by a detector[101]:

1
P = Pine_2“(L°+L)§(1 + cos®p) (2.11)

where Lg corresponds to the length of the full MZI minus the sensing length L, P,,; is the output
power collected by the detector, P;, represents the input power coupled into the input waveguide
and « is the attenuation coefficient. Thus, biomolecules immobilized on the sensing waveguide

or the change of RI over its surface can be assessed.

Figures 2.19(a) and (b) show measurements performed in this specific MZI configuration. Figure
2.19(a) gives the real-time sensorgram (on the bottom) for the sequential injections of DI and five
solutions comprised of different ratios of glucose and DI. Based on the output power collected by
the detector and presented in this sensorgram, the phase shift, A®, between the guided modes in
the reference and sensing arm is computed and given on the top of Figure 2.19(a). In this sensor-
gram, the baseline is recovered for each injection of the reference solution (DI) and the phase shift

decreases while the concentration of glucose in the injected solution is low (higher dilution ratio).

Figure 2.19(b) shows the linear correlation between the output phase shift and the RI varia-

tions due to the sequential injection of solutions comprised of different ratios of water and NaCl
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over the detection surface in a similar integrated MZI. The real-time bulk sensing sensorgram
for the injection of the second solution comprising of DI and (125 mM of) NaCl is given in the

inset on the left.
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Figure 2.19: (a) Sensor response (bottom) and associated phase shift (top) due to variations
of the RI over the detection surface induced by the sequential injections of several mixtures
of glucose and DI. This figure is extracted from [122]. Reprinted with permission from IOP
Publishing. (b) Graph showing a linear correlation between the phase change and the RI vari-
ations over the detection surface of an integrated MZI reported in [123]. The inset on the
left gives the real-time bulk sensing sensorgram for the second variation of RI given in the
graph. This figure is extracted from the article [123]. Reprinted with permission from Elsevier,
https://doi.org/10.1016/j.bios.2021.113816. Copyright (©) 2021 Elsevier B.V.

Thus, LOD in the range of 1076-10~7 RIU were achieved with such integrated MZI. In addition,
as shown in Figures 2.19(a) and (b), this plasmonic configuration was used for various applications
in toxicology [124], for the detection of pesticides [122] and microRNA [125], which are promising

biomarkers for human diseases in complex samples such as urine, and as immunosensor [126, 127].

In addition, certain specific designs such as that based on dual output MZI sketched in Fig-
ure 2.20(a) and reported in [110] showed high potential to cancel noise, as shown in Figure
2.20(b). Besides, asymmetric designs of MZI were as well developed to enhance the phase shift

accumulated at the output, as shown in the red box in Figure 2.20(c).
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Figure 2.20: (a) Sketch of a dual output MZI. The dimensions labeled on the parts are: w = 5
pm, R =55mm, a=2 pm, L. = 100.25 ym, s = 3 um, and Lr = 1.1985 mm. (b) Time traces of
every single output (Py, P») and their differential measurement (P;-P,) with the introduction of
artificial noise. These figures are extracted from the article [110]. Reprinted with permission from
IEEE, https://doi.org/10.1109/JLT.2016.2543138. Copyright (©) 2016, IEEE. (c¢) Sketch of two
asymmetric MZI with an additional path length in each reference arm on the left of the sketch.
The blue areas show the sensing arms over which the fluids circulate. This sketch is extracted
from [128]. Reprinted with permission from Elsevier, https://doi.org/10.1016/j.snb.2019.126758.
Copyright (©) 2019 Elsevier B.V.

Despite a more elaborated arrangement, this configuration does not provide a significant enhance-
ment of the performance than those achieved with a single waveguide described in subsection
2.2.2. Simultaneous detection of several analytes can be performed using several MZIs in parallel.
Finally, gratings are often used to couple the input light beam to the input waveguide, as they
provide better integration and alignment tolerance [129], resulting in additional fabrication steps

and greater expense.

Thus, other configurations of detection based on a differential measurement and a grating-coupler
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were suggested as that described in the next subsection.

2.3.3 Grating-coupler

As mentioned in section 2.2.2, the grating-coupler configuration offers a great tunability com-
pared to other methods of coupling. Moreover, gratings provide better integration and alignment
tolerance. Thus, alternatives to MZIs were explored to benefit from the advantages provided by
grating-couplers and to enhance the performance via a differential measurement without using

a bulky or expensive arrangement.

Thus, Ichihashi et al. theoretically studied a specific interaction between a rectangular grat-
ing and an incident beam resulting in two resonant dips [130], as shown in Figure 2.21. This
configuration is based on a differential measurement, between the shift in the resonant angle re-
spectively induced by the coupling of the incident beam with the +1%¢ and the —2"¢ diffraction

orders of the grating, A0 1storder -~ AO_gndgrder-

This study demonstrated that the sensitivity of such a system of detection could theoretically
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Figure 2.21: Angular spectrum of the 0 order presenting two resonant dips.  This
graph is extracted from [130]. Reprinted with permission from Springer Nature,
https://doi.org/10.1007/s10043-014-0119-5. Copyright (©) 2014, The Optical Society of Japan.
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be improved by a factor 3 compared to the conventional grating coupler configuration described

in subsection 2.2.2.

The authors of this work suggest to fabricate the rectangular grating used in this specific con-
figuration by e-beam lithography [131, 132]. Yet, this technique is not well-adapted to mass and
cost-effective production. Moreover, it requires an angular scan, which implies that the reso-
nant dips would not be simultaneously measured. A single perturbation during the angular scan
could also not been canceled. In addition, the repeated angular scan needed for the reflectance

spectrum could introduce noise into the measurements.

In a nutshell, the configuration of detection proposed by Ichihashi et al. shows theoretically
an interesting potential for sensing applications with a simple and inexpensive setup. Yet, the
guidelines suggested regarding the fabrication of the grating design mentioned is not aligned with
a low-cost and mass production. In chapter 3, we will propose a similar configuration of detection
based on a differential measurement with a grating design easier and cheaper to fabricate. To
draw a relevant parallel with existing SPR, detection devices based on grating-coupler reported
in the literature, the next section will discuss the performance reached by such sensors depending

on their design.

2.4 Design and performance of grating-coupler based con-
figurations

As previously mentioned, the great tunability and the excellent integration of the grating couplers
into detection devices motivated the optimization of their designs to enhance the performance
reached with such SPR sensors. Indeed, several studies highlighted the effect induced by different
parameters of the gratings on their optical response, such as the shape of their profile, their
period and their depth. The present subsection is also devoted to these effects in the case of a

conventional configuration (no interferometer) using a grating-coupler in a SPR detection device.
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2.4.1 Effect of the profile

The grating-coupler configuration offers great tunability for sensing. A broad variety of profiles
were also studied and developed in recent years to improve the performance of the SPR grating-

based sensors [133].

In 2017 Lépez-Munoz et al. developed a plasmonic biosensor based on Blu-ray nanoslits [134], as
shown in Figure 2.22(a). This portable biosensor based on a spectral interrogation in reflection
achieved a bulk LOD of 6.3 x 107 RIU and a LOD in the range of pM for the detection of
specific antibodies against a tumor-associate antigen related to colorectal cancer. It reaches a
sensitivity of 465 nm/RIU. Yet, the main drawback of such a design is its period shape and size

which are fixed by the initial structure of the disc used.

In 2019, Zeynab et al. proposed a more tunable graphene and gold-coated ellipse grating as
SPR sensor with a spectral interrogation in reflection [87]. They computed the effects of differ-
ent features of the profile including the horizontal diameter of the ellipse, denoted T5 in Figure
2.22(b). After optimization of their theoretical design, they demonstrated that such detection

device could reach a sensitivity of 1782 nm/RIU.

In the same manner, Chahkoutahi et al. suggested similar nanostructures with half-cylindrical-
shaped rods in 2021 [135], sketched in 2.22(c). They studied them for the specific detection of
different hemoglobin concentrations. Their simulations demonstrated that a sensitivity of 570
nm/RIU could be achieved. These performances obviously higher are certainly due to the more
tunable profile proposed. Yet, no fabrication process is suggested to realise such gratings and
support such values with experimental results. Moreover, these structures require supplementary
layers which make their fabrication more complex and expensive. This would not be aligned with
the mass production challenge for large-scale testing highlighted by the pandemic crisis in recent

years.
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Figure 2.22: (a) Image extracted from [134] of the biosensor with a Scanning Electron Mi-
croscopy (SEM) image of the Blu-ray nanoslit integrated inside the fluidic system ahown in in-
set. Reprinted with permission from Elsevier, https://doi.org/10.1016/j.bios.2017.05.020. Copy-
right (©) 2017 Elsevier B.V. (b) Sketch of a graphene-gold ellipse grating used as coupler, ex-
tracted from [87], for the SPR detection of analytes in the sensing medium. Reprinted with
permission from Elsevier, https://doi.org/10.1016/j.physe.2020.114005. Copyright (©) 2020 El-
sevier B.V. (c) Sketches of three different half-cylindrical periods proposed in [135] to de-
tect hemoglobin concentrations in blood. Reproduced with permission from Springer Nature,
https://doi.org/10.1007/s11468-021-01531-5. Copyright (©) 2021, The Author(s), under exclu-
sive licence to Springer Science Business Media, LLC, part of Springer Nature.

That is why the sinusoidal [64, 136] and the binary [73, 137, 138] gratings, which are easier
to fabricate and model, are still currently used. Indeed, LODs about 107°-10~7 RIU were
reached with such simple profiles. In 2020 Igbal et al. compared the theoretical sensitivity of
both structures under spectral interrogation [88]. They concluded that the sinusoidal grating

offered better sensitivity due to stronger fundamental harmonics.
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In addition, as it will be explained in section 3.2.1 in the next chapter, a sinusoidal and deep
grating will be used as coupler in the new plasmonic configuration demonstrated in this thesis.
To draw a relevant parallel with this new configuration, we will focus on the sinusoidal grating
profile in the next subsections to study the effects of period and the depth on the performance

of the conventional grating-coupler configuration.

2.4.2 Effect of the period

The sinusoidal and rectangular profiles are produced by a fast and inexpensive technique called
laser interferential lithography (LIL), which will be described in subsection 3.3.1. Moreover,
these profiles benefit from a good tunability. Their performance as sensor transducers can also

be optimized by modifying different parameters including the period.

Thus, Dai et al. demonstrated in 2018 that the sensitivity of a grating interrogated by an angular
modulation could be improved depending on the diffraction order of the grating used to excite a
surface plasmon [138]. This choice between a positive or a negative order is conditioned by the
value of the grating period (resp. higher or lower), as previously explained in subsection 2.2.2.
Thus, a configuration with a surface plasmon excited by a negative diffraction order and so com-
prising a lower period grating coupler achieves a higher sensitivity compared to a conventional

prism-coupler configuration.

In 2019, Cao et al. theoretically demonstrated that the period of a grating had a strong ef-
fect on the sensitivity under spectral interrogation [139]. This was confirmed in 2020 by Long
et al., who demonstrated theoretically and experimentally that a grating with a larger period
reached a better sensitivity [140]. They achieved a sensitivity of about 2077 nm/RIU with a

sinusoidal grating with a period of 6733 nm.

To summarize, depending on the interrogation method, the period has different effects on the
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optical response of a grating. This parameter can be optimized to enhance the sensitivity of a

SPR detection device using a grating coupler.

2.4.3 Effect of the depth

As previously discussed, the shape and the period of the grating profile affect the performance
reached by the SPR sensors based on a grating coupler. But, the depth can also optimize the
performance of such sensors, even if its effect on their optical response is weaker [141]. Indeed,
several studies theoretically [142, 143] and experimentally [144] demonstrated that for a fixed

period, the depth could enhance the performance of sinusoidal and binary gratings.

Figure 2.23(a) shows four computed resonant dips resulting from the interaction of an incident
p-polarized light beam at free-space wavelength A\g = 850 nm with the sinusoidal gold-coated

grating sketched in 2.23(b) under the same conditions for different depths of the grating.
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Figure 2.23: (a) reflectivity spectrum resulting from the interaction of a p-polarized incident
light beam at free-space wavelength of A = 850 nm over an angular scan of the incident angle 6
in water with the sinusoidal 100 nm thickness gold-coated grating sketched in (b) under the same
conditions but with a varying depth d. The gratings responses were computed via MC-Grating
software.

The dip associated with the optical response of the 70 nm grating (yellow curve) is broader and
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less deep than the other resonant dips. This results in a higher FWHM and a lower resolution
than for the other gratings. Based on our simulations, the 70 nm depth grating will not provide

the best performance.

Regarding the dips associated to the optical response of the 40 and 60 nm depth grating (dark
blue and orange curves), their depths are quite similar. Yet, the resonant dip associated to the
40 nm depth grating is straighter than that of the 60 nm depth. That implies a higher FOM.

Thus, the 40 nm depth grating would be preferred.

The resonant dips associated to the 40 and 50 nm depth gratings are quite similar. Indeed,
their computed optical responses are only slightly displaced from each other along the diffraction
efficiency axis. That suggests that the optimized depth of the grating is in the range of 40-50

nm.

Figure 2.24(a) shows the shift in the resonance angle for the 30 nm (pink curves), the 40 nm (dark
blue curves) and the 50 nm (bright blue curves) deep sinusoidal gold-coated gratings embedded
in water (RI = 1.33, solid curve) and a mix of glycerol and water (RI = 1.35, dashed curves), as

sketched in Figures 2.24(b)-(d).

As shown in Figure 2.24(a), the shift in the resonance angle is quite identical for the three
gratings. Their sensitivities are also quite similar. In addition, the depths of their resonant
dip are as well quite similar. The ease of their identification will be the same. Yet, the dips
simulated for the 50 nm depth grating in both solutions are slightly broader than those of the
40 nm depth grating. Thus, the 40 nm depth grating provides a better FOM since its FWHM is
narrower. Analogously, the resonant dips of the 30 nm depth grating are narrower but also less
deep than those of the 40 nm depth grating. In the present case, the 40 nm deep grating would
be preferred to the others to reach better LOD and sensitivity. The depth has also an effect on

the performance of a detection device based on a grating coupler.
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Figure 2.24: (a) Shift in the resonance angle due to a change of sensing medium with different
RI (solid curve for initial water and dashed curve for a mix of water and glycerol with a RI of
1.35) for a (b) 30 nm (pink curves), (c) 40 nm (dark blue curves) and (d) 50 nm (bright blue
curves) depth grating.

In conclusion, the shape of the profile, the period and the depth of a grating affect its opti-
cal response and so the performance reached by the SPR detection device using it as coupler.
Their effect can change depending on the method of interrogation used to perform the sensing
measurements, especially regarding the period of the grating. In the case of a quasi-sinusoidal
grating, the depth is certainly the parameter with the weakest effect on the optical response of

the grating, as mentioned in [141].

In the present subsection, we focused on the main parameters of the grating design to opti-
mize its optical response for SPR-based detection. Yet, depending on the initial profile of the

grating chosen, the effects induced by other parameters such as the duty cycle, the thickness
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and the superposition of metallic layers covering the grating were as well studied to optimize the

optical response of these gratings [85, 142, 145].

2.5 Conclusion

The overview of the most widespread SPR-based configurations in this second chapter high-
lighted their advantages and main drawbacks for POC applications. First, most of them work
under angular or spectral interrogation. Yet, an angular scan can introduce mechanical noise
into the measurements, whereas spectral interrogation requires the integration of a spectrometer
into the detection setup. That involves lower performances or a bulky arrangement, which are
not aligned with the challenges of high sensitivity, cost-effectiveness and miniaturization at stake

for the detection devices used in POC.

To overcome these issues, other detection devices enabling a differential measurement and/or
using other interrogation methods were developed such as waveguide and MZI configurations.
Yet, the increase in their performances required more complex protocols of fabrication or cum-

bersome setups.

That is why, other approaches based on a configuration similar to that using a grating cou-
pler, such as that described in subsection 2.3.3 were theoretically explored. Indeed, grating
couplers offer numerous advantages (tunability, portability, miniaturization, easy-to-integrate
into a fluidic system, potential for a multichannel system for simultaneous detection of different
analytes, ...) for POC applications. Yet, this approach presents limitations relative to the mass

production of the grating design used as a transducer.

In the next chapter, we propose a new plasmonic configuration enabling a differential mea-
surement using a grating coupler. The principle of detection in this specific configuration will

be introduced and the cost-effective and fast fabrication protocol of the couplers used in this
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specific configuration will be detailed.

53






Chapter 3

Design and fabrication methods

3.1 Introduction

As highlighted in the previous chapter, the sensors using a grating coupler and based on a dif-
ferential measurement can address the challenges at stake for applications in POC. This chapter
proposes a new plasmonic configuration of detection using a grating coupler to leverage an op-
tical effect termed the ”optical switch” for sensing. First, the concept of the optical switch is
introduced and the principle of detection using this effect is presented. Secondly, the protocol
of fabrication applied to obtain the specific design of the grating required to observe the opti-
cal switch is detailed. Thirdly, the numerical method (Chandezon’s method) used to compute
and optimize the theoretical optical response of such nanostructures is presented. Fourthly, the
optimization of the theoretical and experimental responses of these gratings is discussed by the
study of different parameters (period, depth and profile) and their effects on the optical response

of these nanostructures.
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3.2 Optical Switch configuration

The present section is devoted to the new plasmonic configuration based on the effect termed
”optical switch” developed in this thesis. First, the concept of the optical switch effect will be
introduced. Secondly, the principle of detection using this effect will be presented and its specific

interest will be explained.

3.2.1 Theory

In this thesis, we focused on an effect termed the ”optical switch”, reported for the first time
in 2014 by Sauvage-Vincent et al. [146]. This effect involves a transfer of energy between two
orders diffracted by a deep sinusoidal metallic grating, as the angle of incidence is varied over a
few degrees about a specific angle of incidence, termed a working point (defined further below).
Figure 3.1 shows the first computed switch pattern reported. Curves A and B respectively
represent the angular spectrum of 0% and —15¢ diffracted orders, while curve C gives the balance

(summed) spectrum.
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Figure 3.1: Superposition of the computed angular spectra of the 0** (curve A) and —1%¢ (curve
B) diffraction orders resulting in an optical switch pattern. The computed balance (sum of A
and B) is given by curve C. This Figure is extracted from [146]. Reprinted with permission from
Optica Publishing Group, https://doi.org/10.1364/0E.22.013314. Copyright ©) 2014 Optical
Society of America

The detection approach using the optical switch is similar to that used in grating couplers,

described in subsection 2.2.2, but with a supplementary condition. It requires that the incoming
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beam is simultaneously coupled to two plasmonic modes, one propagating codirectionally and
the other contra-directionally relative to the incident beam, instead of only one plasmonic mode,
as respectively sketched in Figures 3.2(a) and (b). This condition is always respected under
normal incidence [147], but it is naturally no longer always true for oblique incidence. Indeed,
under oblique incidence, a shallow one-dimensional grating cannot fulfill this requirement, except
if it presents two different spatial frequencies in its Fourier spectrum [148]. But this is not the

chosen approach here. In our switch configuration, two specific angles (wavelengths or periods)

(b)

0
0
Forward SP
Forward SP

_ . df _ .

Amonil i Amonil |
. i | |

N N

Figure 3.2: 0*" and —1%! diffraction orders and backward and forward propagating SPs coupled
by the interaction of an incident beam with (a) a deep and (b) a shallow grating of amonil
covered by a thin gold-layer (yellow layer).

may excite a SP. They are located approximately equidistant on each side of Littrow’s angle, 0,

as shown in Figure 3.3, with Littrow’s angle defined by the relation:

A
2.-n-A

sin(fr) = (3.1)

where A represents the wavelength of the incident of light source probing the grating, n is the
sensing medium covering this grating and A denotes the period of the grating interrogated. The
angle on the left of Littrow’s angle is denoted 6, 1. At this angle of incidence, the incident light
wave is coupled to the SP via the +15¢ order of the grating, which provides +Kg of momentum,
as sketched in Figure 3.4(a). The plasmonic mode thereby excited is qualified as a forward SP

owing to its propagation direction along the incident beam. This excitation scheme is termed
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”codirectional” coupling.

In the same manner, the angle on the right of Littrow’s angle, #_5, refers to the incident angle for
which the incident light wave is coupled to the SP via the —2"¢ order of the grating, providing a
—2K ¢ of momentum, as sketched in Figure 3.4(b). The plasmonic mode thus excited is qualified
as backward. Its propagation direction is oriented opposite to the direction of the incident beam.

This excitation scheme is termed ” contra-directional” coupling.
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Figure 3.3: Computed switch pattern resulting from the superposition of the angular spectra
associated with the —1°¢ and the 0" diffraction orders for a sinusoidal gold grating with a
period of 770 nm and a depth of 220 nm probed in water by an incident p-polarized light beam
at free-space wavelength Ao = 850 nm. This switch pattern was computed via MC-Grating
software.

As shown in Figure 3.3 from the balance curve (yellow) taken as the sum of all diffraction orders
power, the SP coupling is almost lossless. Indeed, for both angles (641, 6_2) the sum of the
power of the 0" and —1%! orders is almost unity. Energy is transferred between the two diffrac-

tion orders (—1°¢ and the 0" diffraction orders) while varying the angle of incidence over a few
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Figure 3.4: (a) Co-directional and (b) contra-directional coupling schemes, illustrating diffraction
and SP interaction processes. 61 and 6_o are the angles of the incident beam. K¢ stands for
the grating wavenumber (momentum). +4 and -5 respectively denote the propagation constants
associated with the forward and the backward SPs. n; and kg respectively represent the RI of
the sensing medium and the wavenumber of the incident beam. This figure is extracted from
[149]. Reprinted with permission from https://doi.org/10.3390/s23031188. Copyright (©) 2023
by the authors. Licensee MDPI, Basel, Switzerland. The Authors, licensed under a Creative
Commons Attribution (CC BY) license.

degrees about working points denoted 6; and 6, in Figure 3.3. This is the so-called “switching

effect” [146].

Obtaining a null or at least minimal diffraction efficiency for the 0" order and a maximal
one for the —1%% at Littrow’s incidence by adjusting the grating depth is well-known as much
for the s- as for the p-polarization [150]. However, the cancellation of the —1%¢ order and the
maximization of the 0" order at the incident angles #.; and #_, has been studied and explained
only recently with a rigorous phenomenological approach and coupled mode analysis [146]. A
subsequent study [150] highlighted that obtaining the peaks and the dips previously mentioned
resulted from the contribution of several fields interfering in the directions of the 0" and —1%
orders. More specifically, they interfere respectively in a destructive and constructive way in the

directions of the —15* and 0" orders.

This is in complete opposition with the commonly used SPR-based configuration which con-

sists in monitoring the angular shift in the resonant dip. Indeed, for this conventional approach,
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the resonant dip in the reflectivity spectrum results from the excitement of the SP because of
its coupling with a shallow grating, which is much below the wavelength of the incident beam.
This manifests through the absorption of the incident wave energy by the SP and also by a loss

of energy, as shown by the drop of the balance curve (yellow) at 6,..s in Figure 3.5.
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Figure 3.5: Computed SPR response with the superposition of the angular spectra associated
with the —1% and the 0" diffraction orders for a sinusoidal gold grating with a period of 770
nm and a depth of 60 nm probed in water by a p-polarized light beam at free-space wavelength
Ao = 850 nm. This SPR response was computed via MC-Grating software.

Indeed, in the case of the conventional configuration, if the incident angle is fixed at 0,5, there is
a coupling from the incident beam to the forward plasmonic mode due to a perfect synchronism

described by the relation below:

By =ko - ng - sin(Ores) + K, (3.2)
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where [, is the propagation constant of the forward SP, n, stands for the RI of the analyte
bounding the interface along which SPs propagate, 6,..s denotes the angle at which the plasmon
coupling occurs and K¢ is the grating vector.

0" reflected order is propagative and the plasmon

Thus, in the example given in Figure 3.5, the
mode is excited through the +1° order of a shallow 60 nm-depth grating when the synchronism
occurs between the wave vector of the incident beam and the wave vector of the SP, as described

by the equation 3.2.

In the case of the switch effect, the large ratio between the depth and the period of the grating
used results in a large coupling coefficient between the forward and backward plasmonic modes

despite the imperfect synchronism:

3Kg > 2ko - ne (3.3)

where K¢ is the grating vector, koz%” and n. is the effective refractive index of the SP. This

produces inter-plasmon coupling between both plasmonic modes as illustrated in Figure 3.4.

Thus, if the angle of incidence is fixed to 6,1, the co-propagating plasmonic mode is excited
by perfect synchronism through the +1%¢ diffraction order of the grating, but it is simulta-
neously coupled to the contra-propagating plasmonic mode via the 37% order of the grating.
Consequently, the propagation distance of the forward and backward SPs are reduced and so
are their respective absorption; thus the low losses observed at this angle [150]. By analogy, the

same conclusion is reached by fixing the angle of incidence to 6_s.

To summarize, the optical switch is a quasi-lossless effect resulting from the interaction be-
tween a p-polarized light beam and a high depth/period ratio grating. It consists in a transfer of
energy between the 0 and the —1%* diffraction orders of the grating around two working points

at which the power of these diffracted orders are equal. The principle of detection based on this
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effect is explained in the next subsection.

3.2.2 Principle of detection

The optical switch pattern presents two working points, denoted 6; and 6, (on each side of Lit-
trow’s angle), defined as the angles of incidence at which the diffraction efficiencies of the —1%¢
and the 0 orders are equal. To perform sensing measurements, the incident angle is kept fixed
at one of these angles. This avoids an angular scan (or the use of a spectrometer depending on the
interrogation method chosen), which would introduce mechanical noise into the measurements
and increase the cost and size of the interrogation system, thereby limiting the performance and
accessibility of the detection device. Thus the optical switch configuration will be interrogated

in intensity.
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Figure 3.6: (a) Computed angular responses resulting from the interrogation by a light beam at
a free-space wavelength Ao = 850 nm of an ideal sinusoidal 100 nm thickness gold-coated grating,
sketched in (b), initially covered by water (RI = 1.33, dark blue curves) and then by a solution
comprised of water and glycerol (RI = 1.35, pink curves). The dashed and solid curves represent
the diffraction efficiencies of the —1¢ and 0" orders.

Figure 3.6(a) shows two switch patterns, which were computed via the software MC Grating
by modeling one period of an ideal sinusoidal gold-coated grating, sketched in Figure 3.6(b),
bounded by two different sensing media. The first sensing medium with RI = 1.33 (dark blue

curves) is chosen as the reference solution (water). The second sensing medium with RI = 1.35
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is a solution comprised of water and glycerol. Under initial conditions (dark blue curves), the
incident angle is arbitrarily fixed at the right working point, 6,., as shown in Figure 3.6(a). The

0t and —1°¢ orders are equal, so the differential measurement

diffraction efficiencies of both
between these two diffracted orders is equal to zero. Yet, a change of sensing medium (pink
curves) modifies the initial switch pattern and results in variations in the diffraction efficiencies
of the 0" and —1° orders, which are no longer the same at 6,.. Therefore, the difference in the
diffraction efficiencies of the 0** and —1°¢ orders, A, at 6,. is no longer zero. Thus, the principle
of detection via the optical switch configuration consists in assessing the variation in RI at the

metal-sensing medium interface based on the contrast in diffraction efficiency between both 0

and —1% orders with the angle of incidence fixed at a working point.

The main interest in this specific configuration relies in monitoring two diffracted orders with
a simple setup (described in section 4.2). It enables differential measurements which cancel the
drift and perturbations common to both monitored orders, leading to an improved LOD, as it
will be experimentally demonstrated in chapter 4. In addition, the design of the grating used
as coupler in this specific configuration can be fabricated by a low-cost manufacturing technique

called laser interferential lithography (LIL) [151] described in the next section.

3.3 Fabrication of the grating couplers

The main challenge of this thesis is to propose a low-cost and high-sensitive alternative to the
current gold-standards for biosensing. As mentioned in the previous section, deep sinusoidal
gratings are used to observe the optical switch effect. To produce such gratings, LIL is a com-
pelling technique since it enables a fast and inexpensive production of many samples on large
areas. In spite of its main drawback (incident wavefront curvature), a study [152] mentioned
that “for a square 10 cmx 10 cm grating of period 1 um the hyperbolic fringes cause a maximum
period perturbation of 2 nm”. LIL also enables fabrication of nanograting on large areas. In

addition, another study [153] experimentally showed that this effect can be significantly reduced
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(by 86%) for such gratings by adding a simple a concave vacuum chuck to the traditional setup
used for LIL. Yet, we observed that a prolonged exposure to fluids of the gratings produced by
LIL was damageable and modified the surface of these samples. The initial grating masters were
also replicated in amonil by a nanoimprinting process to prevent this effect and perform reliable

and repeatable detection measurements.

The present section describes all the sequential steps of the protocol for producing the gold-
coated grating replicas with an optimized design used to perform the measurements in the optical

switch configuration presented in chapters 4 and 5.

3.3.1 Production of grating masters

The first step consisted in producing grating masters in photoresist by LIL with depths greater
than those required for the final gratings, to compensate for depth losses induced by the nanoim-
print process, and obtain final replicas, as discussed in greater detail in the next subsection. The
production of such sample masters required three sequential steps as described below and sum-

marized with the features of each product used in Tables in section 7.1-7.7 (Appendix chapter).

Spin-coating

Spin-coating is a well-established technique for the deposition of thin and uniform layers on flat
substrates. Figure 3.7 shows the process applied in the case of this thesis. First, the adhesion
promoter SurPass” 4000 provided by DisChem was deposited on a 26 x 26 mm? glass substrate
via a static dispense in order to improve the adhesion of the photoresist applied afterward via
the same process. Then, a spin-coating process consisting in two sequential steps at 3000 rpm for
10 s and at 5000 rpm at 50 s was performed. Next, this process was repeated with the positive
photoresist Shipley S1828 from MICROPOSIT. Finally, the samples were softbaked for 1 min at

60°C to evaporate the solvent and increase the density of the photoresist layer.

The thickness of the layer deposited by this technique depends on the viscosity of the photoresist
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Figure 3.7: Spin-coating process.

and the rotational speed applied [154]. In the case of this thesis, the positive photoresist Shipley
S1828 was deposited with the parameters mentioned in Figure 3.7 to obtain a photoresist layer

with a thickness of a few hundred nanometers.

To prevent imperfections and discontinuities in the photoresist film deposited by spin-coating,
each glass substrate was first of all meticulously cleaned via three sequential steps: ultrasonic
cleaning in acetone for 10 min, ultrasonic cleaning in ethanol for 10 min, and static incubation

in DI for 10 min. Finally, the samples were dried under nitrogen gas.

Laser interferential lithography (LIL)

LIL is a cheap and fast technique of production for nanostructures on large areas. This method
of production is also aligned with low-cost manufacturing and enables the production of various

nanotructure profiles [151, 155], including sinusoidal gratings.

Figure 3.8 gives the sequential steps of the protocol applied to fabricate the sinusoidal grating
used for this thesis. The photoresist-coated samples were first exposed to a uniform He-Cd laser
beam at a wavelength of A = 442 nm and an incident power density of 204 W /cm? for 115 s to

reach the linear operating regime of the photoresist.

A second exposure was then applied, consisting of the superposition of two balanced and co-

herent beams from the same laser at an incident power density of 408 yW/cm? for 115 s, to
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Figure 3.8: LIL process for sinusoidal gratings.

produce the desired interferometric sinusoidal profile. During this second exposure, the grating
period, A, in the photoresist was fixed at 770 nm by the laser wavelength, A, and the angle of

incidence of the laser beams, 6 (controlled by a Labview program), based on the relation below:

A

= 5me®) (3.4)

The interference gave rise to a fringe pattern due to the overlap of both beams. This period was

chosen based on the optimization of the theoretical switch pattern, explained in subsection 3.4.2.

Development

Two types of photoresist are used to produce nanostructures by LIL: positive and negative.
Their solubility in a developer solvent depends on the dose received during their exposure to
laser beams. In this thesis, we used the positive photoresist Shipley S1828 to fabricate the grat-

ing master.

This photoresist comprises a photosensitive compound called Diazonaphthoquinone (DNQ),
which is degraded by illumination and dissolved during the development step. Figure 3.9 il-
lustrates this effect. The most exposed areas (bright fringes) during the second exposure of LIL

are removed because of their high solubility, while those not exposed (dark fringes) remain be-
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Figure 3.9: Effect induced by the development on the thin photoresist layer depending on the
areas exposed to bright (blue arrows) and dark (black arrows) fringes during the second illumi-
nation of LIL.

cause of their lower solubility. In the present thesis, the samples were developed in the developer
MF319 (MICROPOSIT) for 9 s. Thus, we obtained 770 nm period gratings with a depth about
290 nm, as shown in Figure 3.10. 209 grating masters were directly produced by this protocol

of LIL during this thesis.
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Figure 3.10: Profile extracted from an AFM characterization of a grating master fabricated

by the sequential steps of spin-coating, LIL, and development with the parameter previously
detailed.
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3.3.2 Production of the grating replicas

As previously mentioned, we noticed that a prolonged exposure to fluids damaged the gratings
produced by these steps, resulting in non-repeatable sensing measurements. Thus, a nanoim-
printing process was developed to replicate these gratings in a harder material - Amonil. In the
present subsection, the sequential steps of the nanoimprinting process applied to produce harder
grating replicas are described and summarized with the features of each product used in tables

in section 7.13-7.19 (Appendix chapter).

PDMS stamp

The PDMS (polydimethylsiloxane) stamp fabricated to transfer the sinusoidal master grating was
produced via the following detailed protocol sketched in Figure 3.11. This step of the protocol
of fabrication was developed and carried out by Nicolas Crespo-Monteiro and Arnaud Valour.
First, a ”hard” PDMS solution was formed by mixing in a 3:1 ratio (by weight) RTV615 silicone
rubber compound with a curing agent (Momentive? ). The solution was then deposited on the
master fabricated by LIL by spin-coating (10 seconds at a speed of 3000 rpm followed by 50
seconds at 5000 rpm). This deposition fills the pattern of the master, as shown in Figure 3.11.
Then, this sample was sequentially soft-baked at 50°C for 30 minutes and 70°C for one hour.
Next, the hard PDMS-coated master is placed in a sample holder, and coated by a ”soft” PDMS
solution formed by mixing in a 9:1 ratio (by weight) RTV615 silicon rubber compound with a
curing agent. This sample is finally soft-baked at 70°C for two hours. Coating with a soft PDMS
layer more easily enables removal of the PDMS stamp from the master. Indeed, the hard PDMS

is stiffer and also harder to manipulate.

Nanoimprinting process

To transfer the sinusoidal grating pattern to a more resistant material than the photoresist, a thin
layer of Amonil MMS1 was used as the imprint resist. This layer was deposited by spin-coating

on a clean 26 x 26 mm? glass substrate after previous deposition of Amoprime as adhesion
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Figure 3.11: Sequential steps of the protocol for the production of a PDMS stamp.

promoter. Secondly, a low imprint pressure of 1 Bar was applied for 30 seconds using a printing
press to the PDMS stamp in contact with the sample. Thirdly, the sample was illuminated by a
UV lamp (Ucube 365-100-2) provided by Uwave to harden the imprint resist. Finally, the stamp
was released from the replica, which was then soft-cured at 60°C for 1 min. This step of the
protocol of fabrication was carried out by Arnaud Valour for the most of the grating replicas.
87 grating replicas were directly produced by the combination of LIL and nanoimprint processes

previously described.

Nanoimprinting presents several advantages. Firstly, it provides samples which are reusable
many times contrary to samples only fabricated by LIL. Thus, a few dozen assay were performed
with each sample produced by this process. This is aligned with the challenge of a low-cost.
Secondly, it enables the production of many similar samples from a single master and thus is

especially appealing for mass production. Thirdly, it reduces the average roughness, R,, of the
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samples compared to the initial master as shown in Figure 3.12. The average roughness is de-
fined as the average deviation of all points of a profile from a mean line taken over the evaluation

length, as described by the equation below [156]:

1 N
R~ b (35)

Based on the relation 3.5, the average roughness along the gratings was assessed as 3-6 nm for
the profile of the master shown on the top of Figure 3.12, as 0.4-1 nm for the grating replica
presented in the middle of Figure 3.12; and as 1-4 nm for the metallised grating replica given on
the bottom of the same figure. The profile of the master is obviously rougher than that of the
replica. We assume that this effect is due to the surface tension of the Amonil used to transfer
the pattern of the PDMS stamp provided from the initial grating master. In addition, although
the profile of the metallised replica slightly increases the roughness of the sample, this roughness

remains lower than that of the master.

Fourthly, this process enables to slightly modify the profile of the initial grating masters. Indeed,
the comparison between the period extracted from each profile and a perfect sinusoid, given in
Figure 3.12, shows that the profile of the initial grating master agrees less with a perfect sinusoid
than those of the replica (metallised or not). Here again, we assume that the surface tension of

Amonil plays a role.

However, nanoimprinting also induces a decrease in the depth of the initial grating. Indeed,
Figure 3.12 shows that in the case of the sample presented, a decrease slightly higher than 50

nm was observed between the depths of the initial master and the replica.

Among all of the samples replicated by this process, we observed a depth loss between 1%
and 44% compared to the initial depth of the master used to produce the replicas depending on

the depth of the master. Indeed, we noticed that for grating masters of depth greater than 250
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Figure 3.12: Evolution of the grating profile from the initial master to the metallised grating
replica as measured by AFM scans (left panels). The right panels show a period extracted from
each AFM profile with a perfect sinusoidal fit (red dashed-dotted curve)

nm, most of the replicas produced had a depth near 250 nm (irrespective of the master depth),
as shown by the graph in Figure 3.13. Part of the depth loss occurs when the sinusoidal pattern
is transferred from the PDMS stamp to the grating replica, because the replicas produced from
the same PDMS stamp do not have the same depth, as shown in Figure 3.13. Indeed, although
most of the replicas have a depth of about 250-260 nm, some of them present higher and lower

depths.

Part of the depth loss is also likely due to transfer of the initial sinusoidal pattern defined
in photoresist by LIL to the hard PDMS stamp. That would explain why no replica reached the

same depth as the initial grating master.
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Figure 3.13: Distribution of replica depths from two grating masters with an initial depth, d, of
285 nm (green) and 337 nm (blue); 9 replicas were formed with the 285 nm deep master and 28
were formed with the 337 nm deep master.

3.3.3 Deposition of thin metal layers

To form the final grating couplers, chromium and gold layers were sequentially deposited on
the Amonil replicas by thermal evaporation. A thin chromium layer was used as an adhesion
promoter for the gold layer. The deposition rates and the final thicknesses were about 3-4 A /s
and 6-7 nm for the chromium film, respectively, and 13-14 A/s and 120-121 nm for the gold
layer, respectively. These two layers were deposited in a vacuum chamber pumped to a pressure
of about 1076 mBar. The thickness of the gold layer was chosen to be greater than 100 nm to
prevent transmitted orders from emerging during the detection measurements. For the sample
shown in Figure 3.14(a), an average depth of 228 nm was measured by AFM characterization,

as shown Figure 3.14(b) and (c).

3.4 Design of the diffraction gratings

In recent years, the optimization of the grating design to improve the performance of the SPR-
based sensors was widely explored. This effort was supported by numerical modeling methods

such as the C method (Chandezon’s method). The next section will be devoted to this modeling
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Figure 3.14: (a) Picture of a chromium and gold-coated grating replica with (b) a partial AFM
characterization of its surface featured by (c) a sinusoidal profile. These pictures were extracted
from the article [149]. Reprinted with permission from https://doi.org/10.3390/s23031188.
Copyright (©) 2023 by the authors. Licensee MDPI, Basel, Switzerland. The Authors, licensed
under a Creative Commons Attribution (CC BY) license.

method for diffraction gratings, which was used to compute the theoretical optical response of
the sensor developed in the present thesis. This computational technique will first be described.
Then, its use to simulate and optimize the theoretical optical response of the gratings used in the
experiments will be justified. Finally, the effects induced by several grating parameters (period,
depth, profile) on the switch pattern will be theoretically and experimentally highlighted and

discussed.

3.4.1 Chandezon’s method

The C method is a formalism elaborated by Chandezon and co-workers in 1980 to model surface-
relief gratings [157, 158]. It consists in formulating Maxwell’s equations into a non-orthogonal
system (u,v,w) described by:

u=z,v=y,w=2z—a(x) (3.6)
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where (x,y,z) is the rectangular Cartesian coordinate system and a(zx) is a function of z such as

a(z) = z.

In this manner, curvilinear structures can be considered as flat surfaces in the Cartesian co-
ordinate system, separating two heterogeneous media such as those denoted D fiyq and Dietal
in Figure 3.15, having a permittivity and permeability that depends on the coordinate u. Thus,
the continuity of tangential field components at the interface is easily enforced. Indeed, the
matching conditions at the interface between both media are made easier by the equality of

Fourier coefficients along w = 0 on each side of the interface.
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Figure 3.15: Sketch of the transformation of a corrugated grating into a flat interface by the C
method.

This method offers several advantages compared to others such as RCWA (rigorous coupled-wave
analysis). Firstly, it is simultaneously applied to both s- and p-polarizations as the formulation
of Maxwell’s equation is the same for each of them. Secondly, the C method is exact and does
not approximate the profile of the grating [159]. Also except for binary structures, this method
is more efficient for most of the grating profiles. Finally, this method offers versatility and sim-
plicity. The C method is self-consistent. It doesn’t use the grating equation, but only Maxwell’s

equations.
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Preist et al. demonstrated in 1995 application of this method for periodic multilayer gratings
with arbitrary shapes [160]. These results certainly contributed to the improvement of sensor
performance via the optimization of more elaborated structures, like those mentioned in subsec-

tion 3.4.2 and several others such as those presented in [161, 162].

In the same manner, Chandezon et al. recently demonstrated that this method, combined with
Heisenberg’s uncertainty relation, could model diffraction from aperiodic and finite structures
[163]. These works could be useful to gain an understanding of the effects of roughness on the
optical response of gratings, especially for deep sinusoidal gratings [91] such as those used for

this thesis.

In the present thesis, the gratings used to perform the experimental assays were sinusoidal and

gold-coated. For such finite conductivity structures, the C method was also justified.

3.4.2 Switch design

In section 2.4, the effects of shallow grating parameters on SPR responses were theoretically
and experimentally discussed. In this thesis, similar studies were carried out for the optical
switch configuration to produce gratings with an optimized switch pattern. A switch pattern is
considered as optimized when the lateral minimal power of the —1%¢ order at 6,1 and 0_5 as well
as the central minimal power of the 0" order at Littrow’s angle correspond to the extinction of
these orders. Experimentally, a complete extinction cannot be observed, especially because of
unexpected reflections of the probing beam with the lid delimiting the flow cell. A coefficient
of extinction was also defined by the expression below and considered as optimal when its value

was inferior to 10%:

1%
Cogt = VO’L x 100 (3.7)

Where V1 is the minimal power measured at Littrow’s angle in 0" order and V., denotes

the maximal power measured over the angular scan in 0" order anf —1%¢ order. In addition, the
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distance between both operating angles 6; and 6, must be large enough to distinguish and reach

them with the setup presented in the next chapter.

The present subsection presents and discusses investigations of the effect of the period, the
depth, and the profile of the gratings used in the switch configuration, on their optical responses.
Other parameters such as the roughness [91] were studied but they will not be discussed in detail

here.

Effect of the period

The pattern of the optical switch can be modified by changing the period of the nanostructure.
Indeed, this parameter modifies the distance between both working points at #; and 6, and the

slopes associated with both diffracted orders in the linear region around these angles of incidence.

The distance between both working points must be large enough to experimentally reach and
distinguish 6; and 6,.. Indeed, if these angles are too close from Littrow’s angle, 6, the photodi-
ode used to measure the —1%¢ order may hide the incident beam and also introduces errors into

the measurements.

Regarding the slopes in the linear region around each working point, their value is correlated with
the sensitivity of the system: higher are these slopes, higher is the sensitivity of the detection

system working in an optical switch configuration.

Figure 3.16(a) shows three computed switch patterns resulting from the interaction of a p-
polarized light beam with a varying A period sinusoidal grating probed under the same con-
ditions, as sketched in Figure 3.16(b). These three structures theoretically provide an optimal

st order at 0,1 and 6_5 as well as an extinction of

switch pattern with extinctions of the —1
the 0" order at Littrow’s angle. The main differences between the switch patterns of these

nanostructures are their slopes in the linear regions around each working point and the dis-
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tance between these two points, given by the double arrows in Figure 3.16(a). Indeed, the 750
nm period grating (dark blue curves) presents a larger distance between both working points
(black dashed cursors) than the other gratings. Its working points should be easier to access
experimentally and to distinguish. However, the 790 nm period grating (yellow curves) presents
slightly higher slopes in the linear region around each working point and so a better theoretical
sensitivity than the other gratings. The 770 nm period grating (bright blue curves) is a trade-off

between the other two gratings.
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Figure 3.16: (a) Switch pattern resulting from the interaction of a p-polarized beam with the
sinusoidal grating sketched in (b). This 100 nm gold-coated grating is interrogated at an incident
free-space wavelength of 850 nm over an angular scan in water. The period is the only parameter
varied: A=750 nm (dark blue curves), A=770 nm (bright blue curves), and A=790 nm (yellow
curves). The dashed curves represent the —1¢ order while the solid curves represent the 0"
order. The double arrows correspond to the distance between both working points for each
switch pattern.

Figure 3.17(a) shows the experimental and theoretical normalized switch pattern of a 790 nm
period grating, sketched in Figure 3.17(b), that we produced by laser interferential lithography
(LIL), with the protocol detailed in subsection 3.3.1. Both theoretical switch patterns were
computed by approximating the periods in the colour boxes given in Figure 3.17(c) by a linear
combination of 45 sinusoids and using them as representative periods (infinitely repeated) to

compute the theoretical switch pattern of the grating via the software MC-Grating. To ensure
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Figure 3.17: (a) Theoretical (dark blue and yellow curves) and experimental (bright blue and
orange curves) normalized switch patterns resulting from the interaction of a p-polarized beam
at a free-space wavelength of 850 nm with the structure illustrated in (b). The dotted lines
represent the —1°¢ order, while the solid lines represent the 0t order. The theoretical normalized
switch patterns were simulated considering the period highlighted with boxes of the same colour
in (¢) which gives the AFM profile of the 100 nm thick gold-coated grating used to measure
the experimental switch pattern in (a). The experimental switch patterns were normalized by
dividing the respective measurements (photodiode output voltage of the transimpedance circuit)
by the maximum value. The theoretical switch patterns were normalized in the same way as the
experimental ones (using the computed diffracted waves) to be directly compared.

the relevance of the comparison between all the switch patterns presented in the rest of this
thesis, including those given in Figure 3.17(a), a normalization was applied to the experimental
and theoretical switch patterns. The experimental switch patterns were normalized by dividing
the respective measurements (photodiode output voltage of the transimpedance circuit) by the
maximum value. The theoretical switch patterns were normalized in the same way as the exper-

imental ones (using the computed diffracted waves) to be directly compared.
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Both experimental switch patterns (bright blue and orange curves) were measured at differ-
ent locations on the same sample, and they are very similar. That suggests a good uniformity
of the sample. However, they are not as optimized as the theoretical switch patterns (dark blue
and yellow curves) simulated via the software MC-Grating based on the periods extracted from
the AFM profile highlighted by the dark blue and yellow boxes in Figure 3.17(c). Indeed, the
working points were rather close to Littrow’s angle, 8, and also hard to reach without hiding

the incident beam. That is why the measurements of the —1°¢ order power were only performed
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Figure 3.18: (a) Theoretical (dark blue and yellow curves) and experimental (bright blue and
orange curves) normalized switch patterns resulting from the interaction of a p-polarized beam at
a free-space wavelength A\g=850 nm with the structure sketched in (b). The dotted lines represent
the —1%* order, while the solid lines represent the 0** order. The theoretical normalized switch
patterns were simulated considering the period highlighted with boxes of the same colour in (c)
which gives the AFM profile of the 121 nm thick gold-coated grating used to obtain the normalized
experimental switch patterns in (a). The experimental switch patterns were normalized by
dividing the respective measurements (photodiode output voltage of the transimpedance circuit)
by the maximum value. The theoretical switch patterns were normalized in the same way as the
experimental ones (using the computed diffracted waves) to be directly compared.
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over narrow angular scans between each working point and Littrow’s angle, as shown in Figure
3.17(a). In addition, the contrast in power between the 0" and the —1%¢ orders at Littrow’s an-
gle is not as high as expected compared to the theoretical switch patterns - a point that will be
further discussed in the third part of this subsection. Indeed, both experimental switch patterns
(bright blue and orange curves) respectively present a coefficient of extinction of 37.97% and
38.32%. We assume that these differences between the theoretical and the experimental patterns

are in part due to the profile shape, which was not perfectly sinusoidal and to roughness.

Regarding the roughness effect, this hypothesis is in part supported by the theoretical nor-
malized switch patterns given in Figure 3.17(a), which were simulated by considering different
periods as representative of the sample used to perform the experimental switch patterns shown
in 3.17(c). Indeed, the period in the dark blue box looks less smooth than that in the yellow
box, especially at its extremums. This resulted in a theoretical normalized switch pattern with

st

lower contrast (dark blue curves) between the —1¢ and the 0*" orders at Littrow’s angle than

that simulated based on the period highlighted in the yellow period.

To ensure a large enough distance between both working points, gratings with a smaller pe-
riod of 770 nm were produced. Figure 3.18(a) shows the experimental (bright blue and orange
curves) and theoretical (dark blue and yellow curves) normalized switch patterns of this grating
design sketched in Figure 3.18(b). In the same manner as for the 790 nm period grating, the
experimental switch patterns measured at two different locations on the grating surface are very
similar. But the working points were easier to reach, as shown by the measurements over broader
angular scans between both working points and Littrow’s angle, 6y, compared to the 790 nm

period grating.

In addition, the experimental switch patterns agree quite well with the theoretical ones, which
are themselves more similar and optimized than those of the 790 nm period grating. Indeed,

the coefficients of extinction of both (bright blue and orange) experiemental switch patterns
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presented in this figure are respectively equal to 7.37% and 7.02%. This suggests that the 770
nm period grating is smoother and more regular than that with a period of 790 nm. Thus,
further experimental results presented in this thesis were obtained with 770 nm period gratings.
However, it must be noticed that the increase in the slopes around the working points was in
part due to the introduction of the nanoimprinting process to produce the final sample used to
obtain the switch pattern shown in Figure 3.18(a). Indeed, we noticed that the profile of the
photoresist gratings produced by LIL becomes modified and damaged after a prolonged exposure
to fluids encountered in biosensing. That compromised the reliability and the repeatability of the
measurements and could partially explain the non-negligible mismatch between the theoretical
and experimental normalized switch patterns given in Figure 3.17(a). That is why the 770 nm
period master gratings produced in photoresist by LIL were replicated using a nanoimprinting
process adapted from [90] and detailed in section 3.3.2. That resulted in more resistant and

smoother grating profiles and also in more optimized switch patterns.

In the first part of this subsection, the effect of the period on the optimization of the switch
pattern was theoretically and experimentally demonstrated. A smaller period grating was demon-
strated as offering a larger distance between both working points of a switch pattern whereas

larger period gratings led to higher slopes.

In addition, we showed that the effect of the period on the switch pattern was not enough
to explain all the discrepancies between our theoretical and experimental results. The depth is
an especially crucial parameter to the switch design. The next part of the present subsection

will be devoted to the effect of grating depth on the switch pattern.

Effect of the depth

The main difference between an optical switch configuration and a conventional configuration
based on a grating coupler is the ratio between the depth and the period of the grating. In the

case of an optical switch configuration, this ratio is higher since the depth of the grating must
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Figure 3.19: Effect of the grating depth on the optical response in water of a sinusoidal grating
interacting with a p-polarized beam at a free-space wavelength A\g=850 nm.

be high enough to enable the inter-plasmonic coupling between the backward and the forward

plasmonic modes.

Figure 3.19 shows how the increase in the grating depth modifies the optical response of a
100 nm thickness gold-coated sinusoidal grating in water. As shown in this figure, the depth has
a strong effect on the contrast between the —1°¢ and the 0" orders, especially at Littrow’s angle,
01,. This point will be further discussed in section 4.3, but the sensitivity and the dynamic range
of a detection device working in an optical switch configuration are correlated with this contrast
between both diffracted orders at Littrow’s angle. Thus, the depth must be rigorously chosen to

optimize the switch pattern and the performance of the system.

Figure 3.20 shows three experimental normalized switch patterns measured with three differ-

ent replicas produced from the same grating master. These structures also have quite identical
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profiles and the same period. Yet, their depths vary slightly because of the variations in the

depth losses due to the nanoimprinting process used to produce the grating replicas. Figure 3.20

(a) (b)
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Figure 3.20: (a) Experimental switch patterns resulting from the interrogation of gold-coated
sinusoidal gratings with different depths, sketched in (b), under an incident wavelength Ao = 850
nm at free-space over an angular scan.

shows that beyond a threshold depth, the switch pattern is no longer optimized. Indeed, the
switch pattern measured with the 244 nm depth grating (dark blue curves) presents a good con-
trast (Cepe = 7.37%) between the normalized power of the —1¢ and the 0** orders at Littrow’s
angle, 6;,. But the other deeper (252 nm and 279 nm) grating replicas from the same grating
master present switch patterns with lower contrast (Cepr = 16.48% and Cepy = 23.33%)at this
specific angle. This demonstrates that despite the large ratio between the depth and the period
of the gratings used to produce a switch pattern, the depth of the gratings must not be above a

specific threshold value, or the switch pattern will no longer be optimal.

In this subsection, we showed that the depth was the main parameter differentiating a grating
coupler operating in a conventional SPR configuration and in an optical switch configuration.
The effect of the grating depth on the optimization of the switch pattern was theoretically and
experimentally shown. But, as mentioned in subsection 3.4.2, we noticed that the profile also

had a non-negligible effect on the switch pattern response. Thus, the last part of the present
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subsection will be devoted to the effect of this parameter on the switch pattern.

Effect of the profile

We demonstrated in both previous parts of this subsection that the period and the depth of a
sinusoidal grating must be optimized to maximize the contrast between the —1%* and the 0"

orders and the distance between the working points.

Contrary to these two parameters, the profile of the grating is harder to control. Yet, its ef-
fect on the switch pattern is strong. In the last part of the present subsection, the effect of the

grating profile on the switch pattern will also be investigated.

Figure 3.21(a) shows three experimental switch patterns (bright blue, orange and yellow curves)
and a simulated one (dark blue curves). The three experimental switch patterns result from the
interaction of a p-polarized light beam at a free-space wavelength Ag = 850 nm with a sinusoidal
gold-coated grating with a 770 nm period and a similar depth: 228 nm for the bright blue and
233 nm for the orange and the yellow. The theoretical switch pattern was simulated based on
a perfect sinusoidal grating of the same period (770 nm) and an intermediate depth (230 nm)
between those of the three gratings used to measure the experimental switch patterns. Figures
3.21(b)-(d) compare a perfect sinusoid with a period extracted from an AFM measurement of

each grating used for the measurements given in Figure 3.21(a).

Despite the same period and quite identical depths, the grating with the period shown in Figure
3.21(b) yields a switch pattern (bright blue) in better agreement with the simulation than the
gratings with the periods given in Figures 3.21(c) and (d) (orange and yellow switch patterns,
respectively). We assume that this difference in the optical response is due to the slightly differ-
ent profile of these gratings. Indeed, the period shown in Figure 3.21(b) agrees obviously better
with a perfect sinusoid than those shown in Figures 3.21(c) and (d). In the same manner, the

period shown in Figure 3.21(c) presents a better overlap with a perfect sinusoid than that given
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Figure 3.21: (a) Simulated (dark blue curves) and experimental (bright blue, orange and yellow
curves) switch patterns resulting from the interrogation of a sinusoidal 121 nm-thick gold-coated
grating with a p-polarized light beam at a free-space wavelength of A\g= 850 nm. The theoretical
switch pattern was computed via MC-grating based on a perfect 230 nm depth and 770 nm period
sinusoid. The three gratings used to measure these optical switches had a 770 nm period and a
similar depth of 228 nm (bright blue) and 233 nm (orange and yellow). One period extracted
from AFM measurements of each grating is compared to a perfect sinusoid in (b), (c) and (d)
for the bright blue, the orange and the yellow switch patterns of (a).

in Figure 3.21(d). In addition, the period shown in Figure 3.21(d) is rougher than both other
periods given in Figure 3.21(b) and (c). That certainly contributed to the bad switch response
provided by the grating with this profile, as shown in Figure 3.21(a) (yellow curves). This phe-

nomenon was observed for other gratings with different depths, as shown in Figure 3.22 with

deeper grating switch patterns shown in (a) and their period profiles given in (b) and (c).

In conclusion, the profile as well as the depth and the period of the gratings used in an optical
switch configuration must be seriously considered to optimize their switch patterns. Indeed, we

demonstrated in the present subsection that these parameters had non-negligible effects on the

85



Chapter 3: Design and fabrication methods

(b)

150 -
00 oA
.( A
. 50 |~ 5
£ o i F —
M o5 0 0.2 04 » 0.6 08 ,
AN s
-100 + ~ %
150 . ——
period fraction
(e
150 —
; 100 |~ N
0 il , , . | 0 L/ A
F# L3
14 19 24 29 34 39 44 49 E 0 | N I .
. . . = T T T T -
Incident angle in air (°) N 0 0.2 04 \'\ 06 08 "’
N
100 | Q.

-150

period fraction

Figure 3.22: (a) Simulated (dark blue curves) and experimental (bright blue, orange and yellow
curves) switch patterns resulting from the interrogation of a sinusoidal 121 nm-thick gold-coated
grating with a p-polarized light beam with a free-space wavelength of A= 850 nm. The theoret-
ical switch pattern was computed via MC-grating based on a perfectsinusoid 264 nm deep and
of period 770 nm. Both gratings used to measure the switch patterns have a 770 nm period and
a similar depth of 261 nm (bright blue) and 267 nm (orange and yellow). One period extracted
from AFM measurements of each grating is compared to a perfect sinusoid in (b) and (c) for the
bright blue and the orange switch patterns of (a).

distance between the working points and the contrast between the 0" and the —1°¢ orders, which
affect the performance in sensing as it will be discussed in the next chapter. These parameters

are fixed by the protocol of fabrication for the grating replicas.

3.5 Conclusion

In this third chapter, the principle of detection and the interest in the optical switch configura-
tion using sinusoidal gratings as couplers were presented. This profile of grating is quite tunable
and simple to produce by LIL, which is a cost-effective and rapid technique of production. This
method of production is also aligned with low-cost manufacturing challenge at stake in this the-
sis. Yet, we showed that a prolonged exposure to fluids for the sample produced directly by LIL

was swusceptible to damage.
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To overcome this issue, a nanoimprinting process was developed and added to the initial protocol
of grating fabrication. This supplementary step was especially appealing for low-cost and mass
production since it provided many reusable samples from each initial grating master produced by
LIL. In addition, we showed that the grating replicas produced by this nanoimprinting process
were less rough than their initial grating master produced by LIL and provided more optimized

switch patterns.

Another part of this chapter investigated theoretically and experimentally the effects of the
grating design on the performances of the grating especially in the optical switch configuration.
We showed that the depth of the gratings used as couplers was the main difference between a con-
ventional and an optical switch configuration. The effects induced by the period and the profile
shape of the grating on the switch pattern were as well demonstrated and studied. Their effects
on the slope around each working point and the distance between them, which are correlated
to the performance achievable by the sensors working in such a configuration, were especially

highlighted.

In the next chapter, the detection measurements performed with the optimized grating design
produced and optimized as previously described and explained will be presented for small bulk
RI variations. The optical switch will be demonstrated as a method of detection and its specific

advantages will be presented.
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The optical switch as a method of

detection

4.1 Introduction

This fourth chapter divided into two parts is devoted to the experimental detection of small
RI variations in the bulk performed with the grating structures described in section 3.4.2 in
the previous chapter. In the first part, the arrangement of the setup operating in the optical
switch configuration to perform the detection will be described and discussed. In the second
part, the proof-of-concept of the optical switch configuration as a method of detection will be
supported by an experimental demonstration of bulk sensing for small variations in RI under an
intensity interrogation. In this last part, the interest in the differential measurement will be as

well discussed based on experimental results.

4.2 Setup

In the present thesis, several sensing platforms were designed and tested to enable the circulation

of the fluids over the grating coupler used as a detection surface. The main challenges were to
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prevent the dead volumes and to enable a front-side interrogation of the grating to perform
real-time measurements. These platforms were integrated into a setup designed to collect and
monitor the power in both 0" and —1°¢ diffracted orders. The present section describes and

explains choices relative to the design of these first sensing platforms.

4.2.1 Sensing platform

The first experimental measurements of the switch patterns presented in section 3.4.2 were per-
formed in a tank, sketched in Figures 4.1(a)-(b), without any integrated fluidic system. This
tank helped to identify gratings with a good experimental optical switch response in water and
to perform the first detection experiments for small RI variations in the bulk by adding a few
drops of glycerol to the fluid. But to investigate further, a fluidic system to exchange the fluids
in real-time was needed. Moreover, the large fluidic volume of the tank was a main drawback

and needed to be reduced to remain aligned with the low-cost challenge at stake in this thesis.

Thus a new design with a 0.75mm-height circular flow cell, sketched in Figures 4.1(c)-(d), was
elaborated and fabricated. As mentioned in our article [149], this custom fluidic cell ”was closed
by a PETG (polyethylene terephthalate glycol) lid with a machined trench housing a 20.35 mm
diameter, 1.78 mm-thick O-ring to seal and delimit the sensing area. The lid was drilled with
two holes through which peek tubing was threaded and glued (Krazy Glue”™ from Canadian
Tire, Ottawa, Canada), enabling solutions to be injected using a syringe pump. A metal base
was used to support the grating, and a flat square metal flange was used to secure the PETG
window to the base by four screws, ensuring that a uniform pressure was applied by the O-ring
to the substrate. The grating area was designed to be smaller than the diameter of the O-ring to
ensure there was no contact between the O-ring and the sensing surface.” This shape was chosen
because it was easier to fabricate. Yet, it resulted in poor fluidic exchanges, as will be discussed
in section 4.3. That motivated the modification of the shape and the height of this flow cell for

the preliminary biosensing assays presented in the next chapter, as will be discussed in section 5.2.
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Figure 4.1: (a) Front view and (b) top view of the initial Teflon tank designed to perform the
first switch pattern measurements. The yellow square represents the gold-coated sample and the
blue transparent square the window through which the grating was interrogated. (c¢) Front view
and (d) exploded view of the first fluidic system to perform measurements in real-time. The
schematic of the sensor given in (c) is adapted from [149]. The colour of the inlet and outlet was
changed. Adapted with permission from https://doi.org/10.3390/s23031188. Copyright (C) 2023
by the authors. Licensee MDPI, Basel, Switzerland. The Authors, licensed under a Creative
Commons Attribution (CC BY) license.

It must be noticed that for the fluidic systems shown in Figures 4.1(c)-(d), the circulation of the
fluids was chosen to be in the same direction as that of the grating peaks and valleys to promote

the interaction of the chemical compounds and biological species along the grating.

4.2.2 Interrogation setup

The sensing platform described in the previous subsection was integrated into an interrogation
setup sketched in Figure 4.2. The reference and the manufacturer of each item presented in this
Figure are summarized in Table 7.20 (Appendix chapter). A 850 nm wavelength laser diode

was used as a light source to probe the grating used as a coupler in the detection device. This
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choice of wavelength was motivated by the large availability of these laser diodes on the market
and their compatibility with the biological targets used, which were probed by its beam on the

detection surface.

(8)

(9)

Figure 4.2: Setup used to perform the measurements, comprising an 850 nm wavelength laser
diode (1), a polarizer (2), an aperture (3), and two photodiodes (4) and (5) to measure the power
in the —1°¢ (dashed red line) and the 0*" (solid red line) orders diffracted from the gold-coated
grating (6) placed within a flow cell (7) into which fluids are injected via peek tubing interfaces
(purple) connected to a syringe pump. A DAQ (data acquisition) device (8) and a computer
(9) were used to record the measurements. This figure is extracted from [149]. Reprinted with
permission from https://doi.org/10.3390/s23031188. Copyright (C) 2023 by the authors. Licensee
MDPI, Basel, Switzerland. The Authors, licensed under a Creative Commons Attribution (CC
BY) license.

Moreover, using infrared (IR) light sources enables using higher grating periods, which were eas-
ier to produce with a high depth/period ratio. In addition, Phedran and Maystre demonstrated
in 1974 that working at short wavelengths induced higher sensitivity to profile distorsion (non
perfect sinusoid profile) and variations in depth [141]. The choice of an IR light source was
also justified to prevent a bad agreement between the computed and the experimental switch

patterns resulting from the interaction of a p-polarized beam and a grating with an optimized
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design, overall based on the comparison carried out in subsection 3.4.2 in the previous chapter.

A polarizer (2) was used to ensure p-polarization for the incident light beam and an aperture (3)
to minimise background light. The grating interrogated by the p-polarized collimated light beam
of this source was placed inside the flow cell described in the previous subsection, represented by
item (6) in Figure 4.2. The solutions were injected through this flow cell by polyetheretherketone
(peek) tubings (inlet and outlet), which were fixed to needles of syringes controlled by a pump

(11 pico plus elite single syringe) from Harvard Apparatus.

A rotation stage holding the flow cell was used to set the angle of incidence at one of the working
points, as shown in Figure 4.3. As described in our article [149], ”the grating inside the flow
cell was aligned along the central rotation axis via an xy stage”, as shown in Figure 4.3. ”"Both
0" and —1% orders power were collected by two 5 x 5 mm? Si-based photodiodes, which were
fixed to tracks connected to two other rotation stages with their axes of rotation aligned with
those of the rotational stage controlling the cell orientation. Photodiode current was converted
to voltage using a transimpedance circuit giving an output signal (voltage) proportional to the
incident optical signal. A module of acquisition was used to collect the measurement data from
each photodiode and a computer was used to record this data in real-time. Labview software

was used to perform data acquisition from both photodiodes.”

4.3 RI sensor

4.3.1 Preparation of solutions

The final grating design chosen, presented in section 3.4.2, was optimized for operation in water.
To carry out the proof-of-concept of the optical switch as a method of detection for small RI
variations in the bulk, DI was also used as the reference medium (sg) to establish the baseline
of the sensorgrams, which will be presented in the next subsection. Three other solutions (si,

s2, and s3) comprised of a mixture of DI and glycerol were prepared to produce RI increments
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Figure 4.3: Picture of the setup to measure the switch patterns and perform real-time sensing
measurements.

of about 1073 RIU. The features of the glycerol used and the details relative to the preparation
of each solution are reported in Tables 7.21 and 7.22 (Appendix chapter). The RI of the solu-
tions sg, s1, s2, and s3 were respectively 1.3211, 1.3265, 1.3283, and 1.3311, as measured using
an instrument based on a prism coupler (Metricon, Model 2010, Prism 200-P1) at A\g = 1312
nm. Based on the dispersion coefficients of water and glycerol reported in [164] and Sellmeier

dispersion equation given below, these RI were calculated as 1.3274, 1.3326, 1.3347, 1.3368 at g
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= 850 nm:

sA?
RIN)? =1+ SO (4.1)

where s and \; are the dispersion coefficients.

4.3.2 Proof-of-concept

To demonstrate detection in the optical switch configuration, the four solutions (sg, s1, s2, $3)
prepared as detailed in the previous subsection were sequentially injected over the gold-coated
grating replica with the profile given in Figure 4.4. This replica was placed inside the sensing
platform with an integrated fluidic system described in subsection 4.2.1. Figures 4.5 and 4.6
present both sensorgrams obtained with the angle of incidence sequentially fixed at the left and
right working points. Table 7.23 (Appendix chapter) summarizes the protocol, which was applied

to carry out these measurements.

The solutions sp, s; and sy were injected twice to demonstrate the repeatability of our mea-
surements. Table 4.1 and 4.2 give the mean (time-averaged) and the standard deviation of the
differential output voltage for the injection time of each solution represented in yellow in Fig-
ures 4.5 and 4.6. At both working points, data shows that the differential output voltage was

recovered for each injection of the same solution. That demonstrates the repeatability of the
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Figure 4.4: AFM profile of the corrugated gold-coated grating replica used to perform the mea-
surements. This Figure is adapted from [149]. A box of colour has been removed. Adapted
with permission from https://doi.org/10.3390/s23031188. Copyright (©) 2023 by the authors.
Licensee MDPI, Basel, Switzerland. The Authors, licensed under a Creative Commons Attribu-
tion (CC BY) license.
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Figure 4.5: Differential measurement (blue curve) resulting from the power variations between
the 0" and the —1°¢ orders of the diffraction grating interrogated by a p-polarized beam at
free-space wavelength \g = 850 nm at left working point, §;. The yellow lines represent the RI
of the solution injected during the measurements. The solution denoted s¢ stq: at the beginning
of the sensorgram is associated to the measurement of the differential output signal under static
conditions (pump turned off) with the flow cell filled by the solution sg. This Figure is extracted
from [149]. Reprinted with permission from https://doi.org/10.3390/s23031188. Copyright (©)
2023 by the authors. Licensee MDPI, Basel, Switzerland. The Authors, licensed under a Creative
Commons Attribution (CC BY) license.

In addition, Figures 4.5 and 4.6 obviously show a strong correlation between the differential out-
put voltage measured and the RI of the solutions injected inside the detection device. Indeed,
each yellow line associated with the solutions shows a good overlap with the differential output
voltage. Figures 4.7(a) and (b) support this observation by demonstrating a linear correlation
between the RI of the solutions injected inside the detection device and the (time-averaged)
mean of the differential output voltage associated with each of them at the left and right work-

ing points, reported in Tables 4.1 and 4.2.
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Figure 4.6: Differential measurement (blue curve) resulting from the power variations between
the 0 and the —1%* orders of the diffraction grating interrogated by a p-polarized beam at
free-space wavelength Ay = 850 nm at right working point, 6,.. The yellow lines represent the RI
of the solution injected during the measurements. The solution denoted s¢ stq: at the beginning
of the sensorgram is associated to the measurement of the differential output signal under static
conditions (pump turned off) with the flow cell filled by the solution sy. The double red dash
indicates a time break in the time axis.

Solution | RI (Ap = 850 nm) | Mean (V) | Standard deviation (mV)
80,stat 1.3274 0.00062 0.18
S0 1.3274 0.00083 0.15
$1 1.3326 0.40162 0.14
S2 1.3347 0.56299 0.11
83 1.3368 0.79070 0.14
S9 1.3347 0.56193 0.14
s1 1.3326 0.40099 0.24
S0 1.3274 0.00037 0.39

Table 4.1: RI at A\g = 850 nm, mean (time-averaged) differential output voltage, and standard
deviation over time of the differential output voltage for each solution injected, as measured at
the angle of incidence 6; (left working point). The solution denoted sq siq¢ at the beginning of
the sensorgram is associated to the measurement of the differential output signal under static
conditions (pump turned off) with the flow cell filled with the solution sg.

The slight mismatch observed for the solution sz between the differential output voltage and
its RI at both working points is also likely due to an error in the weight of glycerol or the volume

of DI used to prepare this solution, as the agreement for the other solutions between their RI
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Solution | RI (Ap = 850 nm) | Mean (V) | Standard deviation (mV)
50, stat 1.3274 0.00059 0.30
S0 1.3274 -0.00025 0.27
s1 1.3326 0.40876 0.25
S 1.3347 0.57487 0.28
S3 1.3368 0.81001 0.26
S9 1.3347 0.57303 0.26
s1 1.3326 0.40529 0.31
S0 1.3274 -0.00245 0.60

Table 4.2: RI at Ao = 850 nm, mean (time-averaged) differential output voltage, and standard
deviation over time of the differential output voltage for each solution injected, as measured at
the angle of incidence 6, (right working point). The solution denoted s¢ siqr at the beginning of
the sensorgram is associated to the measurement of the differential output signal under static
conditions (pump turned off) with the flow cell filled with the solution sg.
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Figure 4.7: Linear correlation at (a) the left and (b) the right working points between the
differential output voltage and the RI of the injected solution given in Figure 4.5 for (a) and
in Figure 4.6 for (b). This Figure is extracted from [149]. Reprinted with permission from
https://doi.org/10.3390/s23031188. Copyright (C) 2023 by the authors. Licensee MDPI, Basel,
Switzerland. The Authors, licensed under a Creative Commons Attribution (CC BY) license.

and the differential signal is excellent.

The sensorgrams given in Figures 4.5 and 4.6 were obtained with the circular flow cell pre-
sented in subsection 4.2.1. We believe that the larger transient variations at the end of the
second injections of the solutions s, and s; are due to dead volumes which were set into motion

by the repeated turn on and off of the pump. Indeed, these variations resulted in an increase
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in the differential measurement. Yet, an increase in the differential output signal indicates an
increase in the RI of the sensing medium. These larger transient variations can also have been

induced by residual solutions with higher RI previously injected.

A similar but longer effect was observed at the beginning of the last injection of the solution
sg for the sensorgram given in Figure 4.6. This noisy portion of signal was removed by a break
in the time axis (double red dash) because it was not representative of the system noise. Yet,
this instability is reflected in the standard deviation of the differential output voltage measured,

which is at least 2-fold above those of the other injections, as shown in Table 4.2.

A similar but weaker effect was observed for the last injection of the solution sy in the sen-
sorgram given in Figure 4.5. That resulted as well in a standard deviation more than 2-fold
above those of the previous injections. This observation motivated the change of the circular
flow cell into an oval channel shape to improve flow of the fluids and the stability of the signal. In
addition, a poor exchange of fluids can introduce errors into biosensing measurements by causing

unexpected interactions between biomolecules that are sequentially injected.

Thus, except for this injection, the differential signal was quite steady at 0.1 mV for the mea-
surements at 6; and at 0.3 mV at 6,., as shown in Tables 4.1 and 4.2. The average of the standard
deviations, d,, was also equal to 1.88 x10~! mV for the differential signal presented in Figure

4.5 and 3.17 x10~! mV for that in Figure 4.6.

The largest changes in the differential signal, AV, reached between the solutions sy and s3 were

quite similar in both Figures 4.5 and 4.6. They were equal to 0.7898 V and 0.8102 V at 6; and 6,.

Assuming that the minimum SNR required for reliable detection would be equal to two, LOD

respectively equal to 4.48 x 1076 RIU at §; and 7.37 x 1076 RIU at 6, were achieved, as defined
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below:

da
LOD =2 5% - (RIL, — RIL,) (4.2)

where RI,, and RI,, represent the RI of the solutions s3 and sg. The performance achieved at
each working point was similar although the LOD reached for the sensorgram measured at 0,
was slightly worse. This is mostly due to the average of the standard deviations being slightly
higher (3.17 mV) compared to that obtained at 6; (1.18 mV). These performances are sufficiently

competitive for disease detection in complex fluids [104, 121].

Similar sensorgrams (Figure 7.1 in Appendix) were initially performed with grating masters
inside the same flow cell, but the performances achieved were 10-fold lower than those presented
above, which supported interest in the nanoimprinting process to enhance the performance of

the sensors as smoother and more resistant samples.

4.3.3 Noise and differential measurement

The optical switch configuration allows a differential measurement between the power of two
diffracted orders monitored by a couple of photodiodes. The main interest in this specific con-
figuration, compared to the conventional ones described in subsection 2.2.2, is the cancellation
of the drift and noise common to both monitored orders. Figure 4.8 shows the time traces of
the powers measured for the 0" (bright blue curve) and —1%¢ (orange curve) orders and the dif-
ferential output signal (dark blue curve). This sensorgram was obtained during four sequential
injections of buffer comprised of phosphate buffer saline (PBS) and DI (preparation detailed in
subsection 5.3.3 in the next chapter). Contrary to the differential signal, the 0" and —1°¢ orders
show an obvious drift. This observation is supported by data reported in Table 4.3. Indeed,
the standard deviation of the differential signal is 1.47- to 2-fold lower than that of the 0* and
—1%t orders. This demonstrates that differential measurements improve the performance of the

detection system by reducing the common drift between both monitored orders.
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Signal Mean (V) Standard deviation (mV)
0" order 0.88557 0.82
—1°%t order 0.88989 0.56
Differential -0.00432 0.38

Signal Mean (V) Standard deviation (mV)
0" order 2.81716 88.09
—1%t order 2.14836 75.60
Differential 0.66880 13.86
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Figure 4.8: Time traces of the 0" (green) and —1°¢ (orange curve) orders and the differential
output signal (dark blue curve) obtained during four sequential injections of a buffer solution.

Table 4.3: Mean (time-averaged) and standard deviation over time of both 0*" and —1%¢ diffracted
orders and the differential output signal during four sequential injections of a buffer solution,
shown in Figure 4.8.

Table 4.4: Mean (time-averaged) and standard deviation over time of both 0" and —1°¢ diffracted
orders and the differential output signal during injection of the solution s, shown in Figure 4.9.

Yet, the interest in differential measurements becomes clearer with the introduction of artificial
noise into the detection system. Figure 4.9 shows time traces of the powers measured for both
0" and —1%* diffracted orders and the differential output signal, while the fluidic system was
manipulating during the injection of the solution s;. The traces associated with the 0" and —1%¢
orders present obvious variations over time, while the differential signal remains quite steady.

These observations are supported by table 4.4. Indeed, the standard deviation associated to the
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Figure 4.9: Time traces of the 0" (green) and —1%¢ (orange curve) orders and the differential
output signal (dark blue curve) obtained during injection of the solution s; with artificial noise
affecting the system. The colours of the traces were modified. This Figure is adapted from [149].
Adapted with permission from https://doi.org/10.3390/s23031188. Copyright (©) 2023 by the
authors. Licensee MDPI, Basel, Switzerland. The Authors, licensed under a Creative Commons
Attribution (CC BY) license.

differential signal was approximately 8-fold lower than those of the 0" and —1%¢ orders. This
shows that the differential measurement enables a non-negligible decrease of the drift and the
noise by the cancellation of those common to both monitored orders, resulting in a better SNR

and so in improved performance.

4.4 Conclusion

In this fourth chapter, differential sensing was successfully performed with replicated plasmonic
gratings interrogated in the optical switch configuration for the detection of small RI varia-
tions in the bulk. The repeatability of the measurements and the linear correlation between the
RI of the injected solutions and the differential output signal measured at both working points

were demonstrated. A similar LOD in the range of 10~% RIU was achieved at each working point.

The differential measurements were demonstrated as enhancing the performance of the detection
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system by reducing the common drift affecting both monitored orders. This interest was espe-
cially highlighted with the introduction of artificial noise into the detection system. In addition,
the interest in the nanoimprinting process for improving the performance was highlighted by the
comparison of sensorgrams performed with grating replicas and grating masters (presented in
section 7.3 of the Appendix). Thus, high performances were achieved with a simple and low-cost

setup, which can be a competitive tool of detection.

Yet, punctual large transient variations were observed in the sensorgrams obtained. They were

certainly due to the shape and the volume of the flow cell.

In the next chapter, preliminary biological assays were implemented and investigated with the

same setup, but with a new flow cell design modified to minimise dead volumes.
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Chapter 5

Biosensing

5.1 Introduction

In the previous chapter, the optical switch configuration was demonstrated as a method of detec-
tion. Yet, the final goal of this thesis was to propose a new plasmonic sensor for the detection of
biological species. This last chapter presents and discusses the preliminary assays of biosensing
performed with routinely used biospecific pairs in the same interrogation system as that pre-

sented in section 4.2 in the previous chapter.

The preliminary assays presented in this chapter are based on immunosensing. In other words,
antibodies and their associated antigens are used as biorecognition agents and targeted analytes.
Such biospecies react selectively. Thus, either of them can be used to functionalize the detection

surface and selectively immobilize the other.

This approach was preferred to aptamers [165] or DNA [166, 167] due to closer resemblance
to ELISA and draw a clearer parallel with this technique of detection. The assays presented in
this chapter are also based on interactions between bovine serum albumin (BSA), human serum

albumin (HSA), anti-BSA and anti-HSA. These biospecies correspond to two antigens (BSA,
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HSA) and two antibodies (anti-BSA, anti-BSA), which are routinely used to demonstrate de-
tection devices in clinical and industrial fields. The BSA (resp. HSA) and the anti-BSA (resp.
anti-HSA) form a biospecific pair. Thus, a biorecognition layer of anti-BSA immobilizes BSA but
not HSA. Analogous principle of detection can be used with anti-HSA and HSA. This specific
detection of the targeted analyte will be demonstrated along with negative controls. Addition-
ally, the change in flow cell geometry to minimise dead volumes will also be discussed based on

experimental results.

5.2 Sensing platform

As mentioned in subsection 4.3.2 in the previous chapter, punctual large transient variations were
observed in the sensorgrams performed with the fluidic integrated system described in section

4.2.1. We assumed that they mainly resulted from the combination of three factors:
e the high volume of the flow cell

e the high flow rate (160 pL/min) required to renew the whole solution volume inside the

flow cell each minute

e the setting into motion of dead volumes located on the right and the left from the central

fluidic stream inside the circular flow cell induced by the sequential turn on and off of the

pump

To prevent this effect, the height and the inner diameter of the flow cell were first reduced to

0.10 mm and 10 mm.

This reduction of the flow cell dimensions was also motivated by a second reason: the high
cost of biological products. Indeed, biological products such as antibodies and antigens are very
expensive, especially if they are bought in complex matrices such as physiological fluids. The
biodetection applications such as the diagnosis of infectious diseases also require detection de-

vices with a low-volume flow cell to avoid both the waste of these products and the need for
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collecting high volumes of physiological fluids from patients to perform the relevant analysis, and

to remain cost-effective.

In addition, this reduction of the flow cell dimensions was in part supported by theoretical
and experimental studies led by Lynn’s team, which demonstrated that the geometry of the flow
cell of such a detection system had an effect on their performance [168]. They showed that a

simple reduction of the flow cell height induced a decrease by a factor of 4 in the LOD.

Despite this improvement, a few large transient variations of signal were still observed, as it
will be shown in section 5.4. We assumed that they were due to the circular geometry of the
flow cell, which may further the dead volumes. To reduce them, the circular flow cell was then
replaced by a more elongated shape more similar to a channel, as shown in Figures 5.1(a) and

(b). That resulted in smoother sensorgrams, as it will be shown in section 5.4.

Yet, based on Deng’s study on a curved top-wall flow cell [169], this latter flow cell design could
still be optimized. Indeed, this study demonstrated that the uniformity of analytes binding on
a sensing surface could be improved by a curve top-wall flow cell. This avenue could be inter-
esting to explore since the fabrication of such a flow cell is based on elastomer replica molding

technique, which is cost-effective and easy to implement.

Another possibility for this sensing platform would be to design a PETG window with sev-
eral channels, as used in Dostalek’s work [90]. In this way, several sensing channels could be
simultaneously interrogated with grating areas functionalized with different probes. This would
enable multiplexing, and could help to mitigate non-specific binding on the detection surface and

improve the accuracy of the detection system.
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Figure 5.1: (a) Picture and (b) sketch of the flow cell with an elongated channel shape. In the
sketch, the dark blue contour represents the groove inside which the O-ring was placed to seal
the flow cell. The holes on the top and the bottom of the flow cell were drilled to thread and
glue the PEEK tubing used as the inlet and the outlet for the injection of the fluids inside the
flow cell.

5.3 Solution preparation and functionalization

5.3.1 Coupler cleaning

Before performing the biosensing assays, the grating replicas were thoroughly cleaned. First,
they were placed in sequential baths of acetone for 30 minutes, then in 2-isopropanol (IPA)
and DI, both for 5 minutes. Next, the replicas were placed in a UV Ozone cleaner (Novascan

Technologies) with the lamp on for 30 minutes to remove any organic residue.

5.3.2 Static pre-functionalization

To perform biosensing with the setup described in section 4.2.2 working in the optical switch
configuration, the surface of the grating replicas needed to be functionalized with biorecognition
agents (proteins). To avoid the denaturation of these proteins on the gold detection surface,

a self-assembled monolayer (SAM) was first formed by an overnight incubation of the grating
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replicas in an alkanethiol solution, as sketched in Figure 5.2(a). This solution was prepared by

dissolving 1mM of 16-mercaptohexadecanoic acid (16-MHA) into IPA.

5.3.3 Dynamic functionalization

The next part of the functionalization was performed with the grating replica placed inside the
first sensing platform (with a circular flow cell) described in section 5.2. First, a buffer solution
was injected through the detection device as the reference solution to establish the baseline in
the sensorgrams (given in the next section). Phosphate buffer saline 0.01 M, pH 7.4 (PBS)
was obtained from Sigma-Aldrich. PBS solution was prepared from the package by dissolving
containing salts in 1 L of DI producing a buffer of the following constitution: 0.01 M phosphate
buffer saline, 0.138 M NaCl, and 0.0027 M KCl (according to the manufacturer).

Then, a (1:1) solution of N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)/N-

Hydroxysuccinimide (NHS) from Sigma-Aldrich was injected through the sensing platform for

Legend

(a) IPA (b) buffer Non-activated thiol
Activated thiol

# BSA

Anti-BSA

(c) buffer (d) buffer (e) buffer
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Figure 5.2: Sketches of (a) the incubation of the grating replica in a 16-MHA solution, (b) the
activation of the carboxylic groups terminating the SAM layer, (c) the functionalization of the
grating replica surface with BSA, (d) the immobilization of the anti-BSA and (e) the regeneration
of the detection surface. All these sketches are not to scale.
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10 minutes, followed by incubation for 10 minutes to activate the carboxylic groups (COOH)

terminating the SAM layer on the surface of the grating replica, as sketched in Figure 5.2(b).

After a flush of buffer, the detection surface was functionalized by an injection of buffer carrying
BSA proteins (Abcam) for 10 minutes, followed by an incubation for 10 minutes, as sketched in

Figure 5.2(c).

After another injection of buffer to flush non-reacted proteins, a solution of buffer carrying
anti-BSA (Abcam) antibodies was injected through the sensing platform. The anti-BSA were
immobilized on the BSA layer, as sketched in Figure 5.2(d), and detected by the interrogation

setup (as shown in the sensorgram given in the next section).

Finally, regeneration of the detection surface was carried out by an injection of a 1% sulfate
dodecyl sodium (SDS) for 10 minutes followed by incubation for 10 minutes, as sketched in Fig-
ure 5.2(e). The details (reference, manufacturer) relative to the bioassays products mentioned

above and their preparation are summarized in tables in section 7.4 (Appendix chapter).

5.4 Preliminary assays

To demonstrate operation of the optical switch configuration for biosensing, preliminary assays
were performed at a continuous flow rate of 50 pL/min with BSA used as the biorecognition agent
and anti-BSA as the targeted analyte. The BSA and anti-BSA solutions were prepared with a
concentration of 30.5 ug/mL and 25 pg/mL. The protocol of functionalization, described in sec-
tion 5.3, was applied over the same grating replica used to perform the sensorgrams presented
in the previous chapter for bulk sensing inside the circular flow cell with reduced dimensions (an

inner diameter of 10 mm instead of 20 mm) described in section 5.2.

Figure 5.3 shows the sensorgram measured with the setup working in the switch configuration
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Figure 5.3: Complete cycle for the direct detection of anti-BSA by BSA immobilized on a gold-
coated sinusoidal grating of period 770 nm and depth 228 nm. The grating was interrogated
by a laser diode emitting at the free-space wavelength of Ay = 850 nm. The vertical axis plots
the differential voltage measured from two amplified photodiodes capturing the 0** and the —1%¢
diffracted orders. The sketches given at the bottom are not to scale.

at the left working point. This working point was arbitrarily chosen since the performances were

demonstrated as similar at both working points in the previous chapter.

After the functionalization of the detection surface with BSA, the injection of the anti-BSA
solution through the flow cell resulted in an increase, AV, of 25.6 mV in the differential output
signal. This signal increase was due to anti-BSA binding to the immobilized BSA layer. This
demonstrates that plasmonic gratings operating in an optical switch configuration are suitable
for protein detection. Figure 7.4 in section 7.5 (Appendix chapter) shows a similar study using

anti-BSA for detecting BSA with a sandwich assay.
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However, Figure 5.3 corresponds to a drift-corrected sensorgram. Indeed, the initial sensor-
gram presented a slight drift in the differential output signal fitting a linear model over time, as
shown by the time trace given in Figure 5.4. This Figure compares the baseline (first injection
of buffer) measured before the drift correction applied in Figure 5.3 with a linear model. The
drift in the differential output signal was eliminated by fitting the responses to linear models and
subtracting them from the raw data. We believe that this drift was caused by mechanical drift
in one of the stages in the interrogation setup that we used to fix the angle of incidence at one of
the working points and to collect the power of the 0*" and the —1% orders via two photodiodes.
To overcome this issue, an interrogation setup with fewer mechanical items, such as that shown

in section 7.6 in the appendix could be used.
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Figure 5.4: Time traces (black solid curve) associated with the injection of the first buffer
solution in the sensorgram given in Figure 5.3 before the correction of the drift. The red dashed
line corresponds to the best fitting linear model. Equations and R? goodness of fit are given on
the top of the traces.

In addition, Figure 5.3 shows an abrupt transient variation in the differential output signal be-
tween the second injection of buffer and the injection of BSA solution. We believe that this
punctual variation resulted from fluidic disturbances due to dead volumes of residual EDC/NHS

solution. Indeed, this variation is similar to those observed in the sensorgrams for bulk sensing
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given in the previous chapter. Moreover, it occurs after the sequential injection of two solutions
with high contrast between their RI. Indeed, as shown in Figure 5.3, the EDC/NHS solution
induced a strong increase in the differential output voltage compared to the buffer. As explained
in the previous chapter, that implies that the RI of the EDC/NHS solution was higher than
that of the buffer. Thus, residual EDC/NHS solution could have induced an increase in the

differential output voltage because of it was set into motion due to the turn off and on of the

pump.

To overcome this second issue, the second flow cell design having an elongated shape (described
in section 5.2) was used to perform the next bio-assays. Figure 5.5 shows a complete cycle for the
detection of HSA (100 pug/mL) with anti-HSA performed in this channel flow cell. It does not
present any larger transient variation. That suggests that the channel flow cell design prevents

dead volumes compared to the circular flow cell.

In these measurements, a high concentration (40 pg/mL) of anti-HSA was injected to function-
alise the surface and ensure its saturation. Yet, binding with the SAM layer induced a lower
increase in the differential output voltage than expected and does not agree well with an expo-
nential model typical for these interactions [170], as shown in Figure 5.5. Indeed, the anti-HSA
solution used was prepared with products that were delivered under poor transport conditions,

such that denatured anti-HSA was suspected.

Next, BSA (100 pg/mL) was injected over the gold-coated grating replica as a negative con-
trol and also as a blocking agent of unreacted sites, as shown in the fourth sketch of Figure 5.5.
This injection resulted in a slight increase of AVgga = 4.10 mV in the differential output signal.
This suggests that the SAM layer was not covered by a perfectly uniform anti-HSA layer and

presented unreacted sites, on which some BSA proteins were non-specifically immobilized.

However, the injection of HSA at the same concentration (100 pg/mL) induced an increase,
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AVygsa, 12-fold higher in the differential output voltage than the BSA injection. This demon-
strates selectivity in the binding between the biorecognition layer on the detection surface (anti-
HSA) and the targeted analyte (HSA), despite the poor response observed at the beginning of

the detection cycle during the injection and immobilisation of anti-HSA.

The sensorgram of Figure 5.5 was drift corrected in the same way as the sensorgram presented
in Figure 5.3. Indeed the change of the flow cell design did not reduce the drift. As previously
mentioned, a setup with fewer mechanical items such as that presented in section 7.6 in the Ap-
pendix could help in overcoming this issue. The detailed protocol applied to lead this experiment

is summarized in Table 7.28 (Appendix chapter).
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Figure 5.5: Complete cycle for the direct detection of HSA by anti-HSA immobilized on a gold-
coated sinusoidal grating of period 770 nm and depth 247 nm. The grating was interrogated
by a laser diode emitting at the free-space wavelength of \g = 850 nm. The vertical axis plots
the differential voltage measured from two amplified photodiodes capturing the 0** and the —1°¢
diffracted orders. The sketches given at the bottom are not to scale.
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5.5 Conclusion

In this chapter, the proposed device working in the optical switch configuration was demon-
strated for biosensing via the binding of anti-BSA to a BSA-functionalized grating surface. An
anti-BSA concentration of 25 pg/mL was successfully detected. The selectivity in the immobi-
lization of the targeted analytes was shown via a negative control with BSA during a cycle of

HSA detection with anti-HSA.

The plasmonic configuration based on the optical switch effect was shown as a promising detec-
tion tool for proteins via the differential detection of two diffracted orders, which enables the

suppression of common noise and a robust interrogation.

However, the assays presented in this chapter were performed with clean fluids, which carried
on only antibodies and antigens. Experiments should be carried out in complex physiological
fluids such as blood and saliva to demonstrate their potential for POC applications. Thus, this
configuration of detection could be used for the detection of infectious diseases such as COVID-
19 by using specific antigens of the COVID-19 virus as agents of biorecognition to functionalize
the grating surface. With this approach, the antibodies produced by the infected patients as an
immune response to the virus and circulating in their blood could be detected and would enable
their diagnostic. In addition, their quantification would help in the identification of the stage of

the infection.
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General conclusion

6.1 Highlights

The COVID-19 pandemic highlighted the need for competitive and cost-effective biosensors.
This thesis proposes and demonstrates the optical switch configuration using plasmonic gratings
for biosensing applications, potentially addressing this need. In chapter 1, an overview of the
biosensors currently used in the clinical and industrial fields was given. It highlighted the main
issues of these detection devices (including the PCR tests) such as their cumbersome procedures

to prepare and analyze the samples collected from patients with specific and expensive equipment.

In Chapter 2, the plasmonic biosensors were presented as a promising alternative to overcome the
drawbacks mentioned above. The most conventional methods of coupling based on the SPR, were
detailed and their respective performance discussed. The combination of a grating coupler and
a configuration based on a differential measurement was suggested as promising by highlighting
the advantages of the conventional grating-coupler configuration (portable, easy-to-integrate into
a fluidic system, tunable, ...) and those relative to the plasmonic interferometers (high perfor-

mances) without their drawbacks (bulky arrangement).
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In Chapter 3, the concept of the optical switch effect was introduced and a new biosensor
configuration using this effect was presented. This specific configuration based on differential
measurements between two diffracted orders was suggested as promising for large-scale sensing
with a design of grating couplers fabricated by a low-cost mass-manufacturing technique. The
detailed LIL and nanoimprint protocols developed to fabricate the sinusoidal gratings used in this
configuration, having a high depth/period ratio, in a material resistant to prolonged exposure
to fluids, were described. Next, the numerical method used to optimize the theoretical parame-
ters of the grating design based on their computed switch pattern in water was described. The
effects of the main design parameters (period, depth, profile) on the optical switch pattern were
theoretically and experimentally studied. Thus, quasi-sinusoidal grating replicas were produced
with a period of 770 nm and a depth of 228 nm. The switch patterns of these gold-coated grating

replicas agreed well with the theory.

In chapter 4, the optical switch configuration was successfully demonstrated with a simple setup
for the detection of small RI variations in the bulk. A LOD in the range of 10~% RIU was
achieved for bulk sensing in solution (comprised of water and glycerol) at both working points.
Differential measurements between both monitored diffracted orders were highlighted as effective
to cancel common perturbations to both monitored orders, especially in the case of artificial and

parasitic noise.

In chapter 5, bio-assays in clean solutions (antigen or antibody in buffer) were used with the
optical switch biosensors to demonstrate the potential of this configuration for biosensing appli-
cations. A concentration of 25 pug/mL of anti-BSA was successfully detected via direct detection
using BSA as the biorecognition agent immobilized on the grating surface. Additionally, the
selectivity in the immobilization of the targeted analytes on the biorecognition layer was demon-
strated via a negative control with BSA during a cycle of HSA detection with anti-HSA. Finally,

the effect of the flow cell geometry was also discussed based on the experimental results.
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6.2 Thesis contributions

The following publications have emerged from the work carried out in this thesis:

[1] Laffont, E., Crespo-Monteiro, N., Berini, P., and Jourlin, Y. (2022, May). Development of
a new plasmonic transducer for the detection of biological species. In Optical Sensing and

Detection VII (Vol. 12139, pp. 97-105). SPIE.

[2] Laffont, E., Crespo-Monteiro, N., Valour, A., Berini, P., and Jourlin, Y. (2023). Dif-
ferential Sensing with Replicated Plasmonic Gratings Interrogated in the Optical Switch
Configuration. Sensors, 23(3), 1188.

[3] Bruhier, H., Dutems, J., Laffont, E., Crespo-Monteiro, N., Verrier, 1., Parriaux, O., Berini,
P. and Jourlin, Y. (2023). Common-mode plasmon sensing scheme as a high sensitivity

compact SPR sensor. Optics Letters.

[4] Laffont, E., Crespo-Monteiro, N., Valour, A., Berini, P., and Jourlin, Y. (2023, August)
SPR. biosensor based on a grating coupler operating in the optical switch configuration. In

Bio Sensing. Optica Sensing Congress.

[5] Laffont, E., Crespo-Monteiro, N., Valour, A., Berini, P., and Jourlin, Y., (accepted 11/03/2023)

Performance of grating couplers used in the optical switch configuration. Sensors, MDPI.

6.3 Future work

In this thesis, the optical switch pattern configuration was demonstrated as a highly promising
approach for biosensing. Yet, the preliminary bio-assays presented were performed with the most
basic strategy of functionalization termed as ”direct” and with clean solutions, only comprising
one analyte in buffer. Thus, before being used in POC for testing and screening, new assays with
complex matrices (saliva, blood, urine, ...) should be performed to show high enough perfor-
mance to work with complex samples collected from patients. In addition, supplementary steps

in the functionalization protocol could be required such as the injection of blocking agents to
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prevent non-specific binding, as described in the articles [171, 172] for the detection of leukemia
markers in leukemic patient sera and the detection of the NS1 dengue antigen in blood plasma.
Besides, more elaborated strategies of functionalization (sandwich, inhibition, competitive) could
be explored to enhance the performance currently achieved, as demonstrated on long-range sur-

face plasmon waveguide biosensors in the article [173].

This thesis also highlighted the non-negligible effect of the flow cell geometry on the performance
achieved with the proposed configuration. Indeed, based on the experimental results given in
chapters 4 and 5, the shape and the dimensions of the flow cell have an effect on the potential
fluidic perturbations. As mentioned in these chapters, a recent study [169] demonstrated that
a design consisting of a curved top wall fluidic cell improved the uniformity of analyte bindings
and so the performance of similar detection devices. A deeper study on the geometry of the flow
cell could enhance the performance currently achieved, further miniaturize the sensing platform,
and reduce the volume of solution required for detection. This work [169] led by Deng etal. is
encouraging, since it suggests a low-cost protocol to produce the design of the lid mentioned

above.

In further investigations, the flow cell could be straighter in order to fabricate several flow
channels parallel to each other on the same lid. Thus, non-specific binding could be assessed
by using some of the channels as references. In addition, multi-sensing could be performed si-
multaneously, as demonstrated in the article [90]. Such a design of flow cell could be especially

interesting for biosensing in complex matrices such as saliva, blood, urine...

Moreover, the sensing surface in this thesis was frontside illuminated through the transpar-
ent lid and sensing fluid, resulting in collisions with the fluidic tubing and possibly additional
noise. Furthermore, the pressures applied to the lid of the sensing platform during the injec-
tion of the solutions, could have induced a slight deformation of the lid. Backside illumination

combined with the dielectric switch configuration could overcome this problem. Such a configu-
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ration could consist of a binary grating fabricated in a high RI material illuminated through its
backside. Theoretical studies were initiated for this configuration [174, 175], but it has not yet
been experimentally demonstrated. That could be an interesting avenue to explore to enhance

the performance currently achieved.

Moreover, it would avoid probing directly the biomolecules immobilized on the surface of the
sample with a light source. That would widen the light source wavelength choice, which would
no longer be conditioned by the biocompatibility with bioproducts and their potential spectrum

of absorption.

Finally, a two-dimensional grating design could be developed for dual interrogation, enabling
simultaneous probing of two different structures with a simple change in polarization. Such
structures were studied, for example, in 2018, by Nair et al. demonstrated who demonstrated
a new portable SPR, biosensor based on 2D grating coupler for the detection of uropathegonic
E.coli [176]. Yet, the main drawback of such a system of detection is the correlation between
its performance and the resolution of its USB spectrophotometer. This kind of drawback could
be overcome with the optical switch configuration based on intensity interrogation rather than
spectral interrogation. Indeed, photodiodes are less cumbersome and less expensive than a spec-
trophotometer. Thus, this configuration could present a high potential to advance biosensing
challenges, especially into POC applications. This could especially help to identify antibodies
reacting with the same antigent but having different masses, like IgG vs. IgM antibodies (which
react with the same antigen but have different mass). The ratio between these antibodies can
give information about the state of an infectious disease because of their different evolution over

time, as explained in the case of COVID-19 in [51].

To summarize, this thesis paves the way for the use of the optical switch configuration for
biosensing applications. Yet, several avenues, such as those mentioned above, have still to be

explored to make this configuration usable in POC for large-scale testing and screening.
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Chapter 7

Appendix

7.1 Detailed protocols and references of each product used

for producing grating masters and replicas

Product reference Manufacturer

26 x 26 mm? glass substrate, NEGS1 | Neyco

SurPass™ 4000 Dischem

Positive photoresist Shipley S1828 MICROPOSIT

Plastic micropipettes Fisher scientific

Table 7.1: Reference and manufacturer of each product used to fabricate the grating masters.
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Solution Technique Time

Acetone Ultrasonic bath 10 min

Ethanol Ultrasonic bath 10 min

De-ionized water | Static incubation | 10 min

Nitrogen gas Drying Until no water remains on the sample

Table 7.2: Sequential steps for cleaning and drying the glass substrates.

Volume

Technique

Speed, time

A few milliliters (enough to

cover the surface of the glass

Static dispense with a single-

use plastic micropipette

NA

substrate)
NA Spin coating 3000 rpm (acceleration), 10 s
NA Spin-coating 5000 rpm, 50 s

Table 7.3: Sequential steps for Surpass’™ deposition on the glass substrates.

Volume

Technique

Speed, time

A few milliliters (enough to

cover the surface of the glass

Static dispense with a single-

use plastic micropipette

NA

substrate)
NA Spin coating 3000 rpm (acceleration), 10 s
NA Spin-coating 5000 rpm, 50 s

Table 7.4: Sequential steps for S1828 deposition on the glass substrates.
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Hot plate

Temperature

Time

No longer produced, Karl

Suss Microtech

60°C

1 min

Table 7.5: Parameters applied for soft-baking the S1828 coated sample.

Power density at sample

Exposure time

Light source, | Beam number

wavelength holder

Laser He-Cd, 442 | 1 204 pW /cm? 115 s
nm

Laser He-Cd, 442 | 2 balanced 408 pW /cm? 115 s

nm

Table 7.6: Parameters applied for LIL.

Solution, Manufacturer Technique Time
Developer MF319, MI- | Handly dip 9s
CROPOSIT

Table 7.7: Parameters applied for the development of the S1828 coated sample.

PDMS category | Mixture Manufacturer

Hard 3:1 ratio (by weight) RTV615 silicone | Momentive™
rubber compound with a curing agent

Soft 9:1 ratio (by weight) RTV615 silicone | Momentive™
rubber compound with a curing agent

Table 7.8: Composition and manufacturer of the products used for preparing hard and soft

PDMS.
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Volume

Technique

Speed, time

A few milliliters (enough to

cover the surface of the glass

Static dispense with a single-

use plastic micropipette

NA

substrate)
NA Spin coating 3000 rpm (acceleration), 10 s
NA Spin-coating 5000 rpm, 50 s

Table 7.9: Sequential steps applied for depositing hard PDMS on a grating master.

RTA oven Temperature Time
AS-One 100, Annealsys 50°C 30 min
AS-One 100, Annealsys 70°C 1h

Table 7.10: Sequential steps applied for soft-baking the hard PDMS coated grating master.

Volume

Technique

Speed, time

A few milliliters (enough to

cover the surface of the glass

substrate)

Static dispense with a single-

use plastic micropipette

NA

Table 7.11: Soft PDMS deposition on the hard PDMS coated grating master.

RTA oven

Temperature

Time

AS-One 100, Annealsys

70°C

2h

Table 7.12: Parameters applied for soft-baking the soft PDMS coated grating master.
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Product reference Manufacturer
26 x 26 mm? glass substrate, NEGS1 | Neyco
Amoprime AMO
Amonil MMS1 AMO

Table 7.13: Reference and manufacturer of each product used for fabricating grating replica.

Volume

Technique

Speed, time

A few milliliters (enough to

cover the surface of the glass

Static dispense with a single-

use plastic micropipette

NA

substrate)
NA Spin coating 3000 rpm (acceleration), 10 s
NA Spin-coating 5000 rpm, 50 s
Table 7.14: Sequential steps carried out for depositing Amoprime.
Volume Technique Speed, time

A few milliliters (enough to

cover the surface of the glass

Static dispense with a single-

use plastic micropipette

NA

substrate)
NA Spin coating 3000 rpm (acceleration), 10 s
NA Spin-coating 5000 rpm, 50 s

Table 7.15: Sequential steps carried out for depositing Amonil MMS1.

Printing press, manufac- | Applied pressure Time
turer
REV 3S, Transmatic 1 mbar 30 s

Table 7.16: Parameters of the printing process applied on the PDMS stamp covering the Amonil

deposition.
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UV light source, manufacturer

Time

Ucube 365-100-2, Uwave

10 s

Table 7.17: Parameters of the UV illumination applied on the PDMS stamp covering the Amonil

deposition.
Hot plate Temperature Time
No longer produced, Karl | 60°C 1 min

Suss Microtech

Table 7.18: Parameters applied for soft-baking the PDMS stamp coated sample.

Metal Technique Pressure Deposition rate Final thickness
Chromium Thermal evapora- | 1076 mbar 3-4 AJs 6-7 nm

tion
Gold Thermal evapora- | 10°% mbar 13-14 A/s 120-121 nm

tion

Table 7.19: Parameters applied for the sequential metal layers (chromium and gold) deposition

by thermal evaporation.

7.2 Features of the items, products and solutions used for

bulk sensing

Item

Features and reference

Manufacturer

Laser diode

1 mW, 850nm Alignment
Laser Diode, #37-038

Edmund Optics
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Polariser

LPVIS050-MP2, Mounted
VIS Linear Polarizer,

12.5mm OD

Thorlabs

Aperture

ID8/M - Mounted Standard
Iris, ?¥8.0 mm Max Aperture,
TR75/M Post

Thorlabs

Photodiodes (x2)

BPW 34 FA

OSRAM DIL

PEGT lid

Colorless, 1200 mm x 620

mm X lmm

RS PRO

O-ring

EPDM (ethylene propylene
diene monomer), product

number NG0201023095

Paul

PEEK Tubing

1/32 in. O.D., 10 ft, Cat-
alog number 03-350-523, by
Trajan Scientific and Med-
ical 130102000410F, Color:
Orange, Diameter (English)
Inner: 0.020 in.

Fisher scientific

Syringes

BD Luer-Lok™ Syringe ster-

ile, single-use, 10 mL

Fisher scientific

Needles

BD General Use and Preci-
sionGlide Hypodermic Nee-
dles, BD 305196

Fisher scientific

DAQ

+10 V, 1 MS/s, 16-Bit,
Simultaneous  Input, 4-
Channel C Series Voltage
Input Module, NI-9223

NI, Emerson
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Table 7.20: Features, reference, and manufacturer of each item used in the setup.

Reference

Features

Manufacturer

Glycerol

BioUltra, for molecular

biology, anhydrous, 99.5%

(GC), ref 49767

Sigma-Aldrich

Table 7.21: Reference and features of the glycerol used for preparing the bulk sensing solutions.

Solution | Glycerol | Final Average RI mea- | Standard devia- | RI (o = 850 nm)
number | mass volume sured by MET- | tion (4 sequen- | calculated based
RICON at = | tial measure- | on Sellmeier re-
1312 nm ments) assessed | lation
by METRICON
at = 1312 nm
S0 0g 10 mL 1.3211 0 1.3274
S1 0.4666 g 10 mL 1.3265 0 1.3326
S2 0.6652 g 10 mL 1.3283 0.0001 1.3347
S3 0.8721 g 10 mL 1.3311 0.0002 1.3368
Table 7.22: Composition and features of each bulk sensing solution.
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Injection or | Time Flow-rate Solution Comment

incubation

Injection 4 min 160 pL/min It establishes the baseline.

SO (water)

Incubation 4 min NA It ensures that no pressure
constraints induce variations
in the differential signal com-
pared to the previous injec-
tion step.

Injection 4 min 160 pL/min

S1 It demonstrates the linearity

Incubation 4 min NA
correlation between the

Injection 4 min 160 pL/min

S2 differential signal measured

Incubation 4 min NA
and the RI of the injected

Injection 4 min 160 pL/min

S3 solutions
Incubation 4 min NA
Injection 4 min 160 pL/min It demonstrates the
S2
Incubation 4 min NA repeatability of the
Injection 4 min 160 pL/min measurements. The
S1
Incubation 4 min NA differential signal must be
Injection 4 min 160 pL/min recovered for the injection of
SO (water)
Incubation 4 min NA the same solution.

Table 7.23: Sequential steps carried out for each bulk sensing assay.
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7.3 Bulk sensing
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Figure 7.1: Differential measurement (blue curve) resulting from the power variations between
the 0"" and the —15t orders of the diffraction grating master interrogated by a p-polarized beam
at free-space wavelength \g = 850 nm at left working point, §;. The yellow lines represent the
RI of the solution injected at Ag = 850 nm. This Figure is adapted from [177]. The colour of
the differential voltage trace was changed.

Figure 7.1 shows a sensorgram performed at the left working point by probing the surface of a
grating master during the sequential injections of the solutions s, s}, s, and s5. The RI of these
solutions are reported in Table 7.24. They were measured using an instrument at A\g = 1312 nm
based on a prism coupler (Metricon, Model 2010, Prism 200-P1) and calculated at Ag = 850 nm
with Sellmeier dispersion equation 4.1 mentioned in chapter 4. The profile of the grating master
interrogated, given in Figure 7.2, agrees obviously less with a sinusoid and is rougher (especially
on the valleys and the peaks) than that associated with the grating replica used to perform the
sensorgrams given in chapter 4. That certainly contributed to the worst performance reached
despite a higher period of the grating (A = 790 nm), which should have resulted in higher per-

formance than the 770 nm periodic grating replica used in chapter 4, as explained in section 3.4.2.
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Indeed, Figure 7.3 shows a perfect linear correlation between the RI of the injected solutions
and the differential output voltage measured in sensorgram given in Figure 7.1. That supports
that there was an error of measurement in the mass of glycerol weighted to prepare the solution
s3 used to perform the sensorgram in subsection 4.3.2. Yet, the slope of the fitting linear model
curve is lower (55.934 V/RIU) than that associated with the sensorgrams performed with the
replica (82.082 V/RIU and 84.156 V/RIU at 6; and 6,.) in subsection 4.3.2.

Solution | RI (Ao = 1312 | RI (A = 850 nm)
nm)

s) 1.3274 1.3202

s 1.3326 1.3253

s) 1.3346 1.3278

sl 1.3368 1.3295

Table 7.24: RI at Ay = 850 nm and Ag = 1312 nm for each solution injected during the sensorgram
given in Figure 7.1.
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Figure 7.2: AFM profile of the corrugated gold-coated grating master used to perform the
sensorgram in Figure 7.1.
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Figure 7.3: Linear correlation at the left working point between the differential output voltage
and the RI of the injected solution given in Figure 7.1.

In addition, the differential output voltage shown in Figure 7.1 is obviously noisier than those

shown in subsection 4.3.2, especially just after the injection of each solution.

Finally, the higher roughness of the grating master can be a serious drawback for a uniform

immobilization of the biological species in the case of bio-assays.

7.4 Features and preparation of the products and solutions

used for biosensing

Reference Features Manufacturer

16-MHA 16-MERCAPTOHEXADECANOIC Merck
ACID 98%, ref 674435-250MG

Buffer PHOSPHATE BUFFERED SALINE, | Merck
POWDER, PH 7., ref P3813-10PAK

EDC N-(3-DIMETHYLAMINOPROPYL)- | Merck
N’- ETHYL- &, ref 03449-5G
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NHS N-HYDROXYSUCCINIMIDE, 98% Merck
BSA Native Cow Bovine Serum Albumin | Abcam
protein, 50 g, ref ab64009
Anti-BSA Mouse monoclonal [1C12] to Bovine | Abcam
Serum Albumin, 100 pg, ref ab79827

HSA Native Human Serum Albumin protein | Abcam
(HRP), 1 mg, ref ab8032

Anti-HSA Mouse monoclonal [15C7] to Human | Abcam
Serum Albumin, 250 pg, ref ab10241

SDS DODECYL SULFATE, SODIUM | Merck
SALT, 99+ %, A.C., ref 436143-25G

Table 7.25: Reference, features, and manufacturer of each product used for preparing the solu-

tions used during a complete bioassay.
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Solution name

Powder mass

Name of the
solution used to

dilute the powder

Volume of the
solution used to

dilute the powder

16-MHA 144 mg IPA 500 mL

Buffer One packet DI 500 mL

EDC/NHS 31 mg/31 mg Buffer 2.5 mL

BSA (or HSA) NA as depends on Buffer NA as depends on
the targeted the targeted
concentration (10 concentration (10
mg for a final mL for a final
concentration of 1 concentration of 1
mg/mL) mg/mL)

SDS 55.6 mg DI 5 mL

Table 7.26: Composition of solutions based on a powder product used in a bioassay.

Solution name

Name, mass and
concentration of the first

solution mixed

Name and volume of the

second solution mixed

Anti-BSA Mouse monoclonal [1C12] to | Buffer, NA as depends on
Bovine Serum Albumin, 100 | the targeted concentration
ng, lmg/mL (2.5 mL for a final

concentration of 40 pg/mL)

Anti-HSA Mouse monoclonal [15C7] to | Buffer, NA as depends on

Human Serum Albumin, 250

ng, 2mg/mL

the targeted concentration
(9.875 mL for a final

concentration of 25 pg/mL)

Table 7.27: Composition of solutions based on a liquid product used in a bioassay.
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7.5 Sandwich assay
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Figure 7.4: Complete cycle for the sandwich detection of BSA (40 pg/mL) by anti-BSA (40
pug/mL) immobilized on a gold-coated sinusoidal grating of period 770 nm and depth 228 nm.
The grating was interrogated by a laser diode emitting at the free-space wavelength of Ao = 850
nm. The vertical axis plots the differential voltage measured from two amplified photodiodes
capturing the 0" and the —1°¢ diffracted orders. The sketches given at the bottom are not to
scale.

7.6 Arch setup

As explained in Chapter 5, a part of the drift in the 0** and —15¢ orders was not eliminated by
the differential measurements. To cancel it, a drift correction was applied to our data based on
the linear model fitting with the baseline traces for each bio-assay. We assume that the rotation

stage used in our setup could partially explain this drift.

To overcome this issue a setup with fewer mechanical items such as that presented in Figure

7.5 could be used. In the case of Figure 7.5 was used for pressure and gas detection. In the case
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of biodetection in fluid, a similar system could be used but horizontally oriented with a flat angle
bracket to further the elimination of potential air bubbles inside the flow cell. Indeed, after many
fluidic tests, the fluidic system horizontally oriented demonstrated better performance, certainly

correlated with the elimination of the air inside the flow cell than those oriented vertically.

Photodiodes

7
:

.

-
-

Gaseous cell

Figure 7.5: Picture of an arch setup used in the optical switch configuration.

7.7 Protocol applied for a direct bioassay with a negative

control
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Injection or | Time Flow-rate | Solution Comment
incubation
Injection 6 min 50 pL/min
Buffer Baseline establishment
Incubation 6 min NA
Injection 7 min 50 pL/min Activation of the carboxyle
EDC/NHS
Incubation 7 min NA groups of the self-assembled
monolayer
Injection 6 min 50 pL/min Re-establishment of the
Buffer
Incubation 6 min NA baseline
Injection 10 min 50 pL/min | Biorecognition| Functionalisation of grating
Incubation Until the | NA agent (e.g surface
differen- anti-HSA)
tial signal
stagnates
Injection 6 min 50 pL/min Re-establishment of the
Buffer
Incubation 6 min NA baseline
Injection 10 min 50 pL/min | Negative Ensuring the selectivity of
Incubation Until the | NA control (e.g the detection
differen- BSA)
tial signal
stagnates
Injection 6 min 50 pL/min Re-establishment of the
Buffer
Incubation 6 min NA baseline, which can be slightly

higher than after the previous
injection of buffer if the

self-assembled monolayer is not

perfectly uniform

139



Appendix

Injection 10 min 50 pL/min | Targeted
Selective detection
Incubation Until  the | NA biomolecules
differen- (e.g HSA)
tial signal
stagnates
Injection 6 min 50 pL/min Re-establishment of the
Buffer
Incubation 6 min NA baseline, which should be
higher than the that measured
after the previous injection of
buffer due to the selective
interaction between the
bio-recognition layer and the
targeted analytes
Injection 7 min 50 pL/min Regeneration of the grating
Incubation 7 min NA °bo surface
Injection 6 min 50 pL/min Re-establishment of the
Buffer
Incubation 6 min NA baseline, which should be
recovered at the same value as
that measured after the
injection of buffer performed
after the injection of the
bio-recognition agents

Table 7.28: Sequential steps for performing a direct bioassay with a negative control.
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