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General introduction

Chemical weapons remain an extremely dangerous threat despite the 1997 Chemical
Weapons Convention (CWC) resulting from international consensus that strictly pro-
hibits their use, development, production and stockpiling by countries who have acceded
to it. The CWC stems from the Geneva Protocol of 1925 following the trauma caused by
the large-scale use of tear gas, chlorine, and mustard gas by France and the German Em-
pire during the World War 1. The CWC represents the extended international response
against chemical weapons used in the 1995 Tokyo terrorist attack and by Iraq in the 1980s
in the war against Iran. Still, their usage persists in wars and assassinations. Nerve agent
sarin (GB) and chlorine were used by the Syrian government during the civil war, and
the Islamic State used mustard gas in northern Iraq from 2015 up to 2016. Recently,
modern Novichok and V class nerve agents have been employed for the assassination of
political figures including Kim Jong Nam, Sergei Skripal, and Alexei Navalny. For these
reasons, it is manifest that chemical weapons subsist as a menace towards military, civil
population, and public figures. The development of sensors is a necessary countermeasure

against such hazardous chemicals.

The immense lethal potency of chemical warfare agents (CWA), including organophos-
phorous compounds (OP), even at extremely low concentrations, combined with odourless,
invisibility, and persistency features, make this category of molecules particularly danger-
ous as they elude our natural senses. Upon inhalation, nerve agents lethal effects appear
for concentrations as low as few mg.m™, corresponding to few molecules per billions. Ad-
ditionally, these molecules are composed of commonly found elements, e.g., carbon, nitro-
gen, oxygen, fluorine, and phosphorus, with a light molecular weight around 100 g.mol ™.
Both of these characteristics represent major challenges in terms of sensitivity, selectivity,
and response time of a sensor. Commercially available techniques are mostly represented
by devices that suffer from significant drawbacks such as bulkiness (gas chromatography),
selectivity (gravimetric sensors), sensitivity (ion mobility spectrometry), or response time
(colorimetric paper). As a result, there has been a growing interest in developing innova-
tive techniques that overcome the disadvantages of aforementioned methods. We notice
that the growth of modern sensing devices is intimately related to the research for new
physico-chemically reactive surfaces and materials in order to improve interactions be-

tween the molecules and the sensor. In a way, the transducer and the enhancing medium



(either physical or chemical) are the two modern faces of the sensing coin.

In this framework, plasmonics appears to be an underestimated, yet promising, mean
for the detection of chemical warfare agents. Plasmonics studies and exploits free carrier
oscillations of matter, which may improve the sensitivity of a sensing device. In particular,
since the Physical Review Letters paper published in 1980, entitled ‘Enhancement of the
infrared absorption from molecular monolayers with thin metal overlayers’ by Hartstein et
al., it has been shown that the absorption of molecules can be ameliorated by exploiting
surface plasmon modes arising from metallic particles. The absorption of molecules is
especially interesting in the infrared, the spectral region where molecules display char-
acteristic resonances known as vibrational modes. Ultimately, numerous studies have
successfully demonstrated the use of plasmon-based devices for the sensing of molecules
by surface-enhanced infrared absorption (SEIRA). However, only a handful of articles

have addressed the problematic of gas sensing using this technique.

On the other hand, modern sensing platforms are further improved by surface chem-
istry, or functionalisation. A variety of different technologies has been developed in that
regard, including polymers, self-assembled monolayers, metal-organic frameworks, oxides,
and even nanoparticles with plasmonic properties. While these are interesting in terms
of sensitivity and selectivity, as they improve molecule-sensor interactions, they have a
number of practical limitations such as reusability and stability (temporal, thermal, etc.).
A second approach to improve a sensor performance is to employ a medium that en-
hances the response of the transducer. In that respect, epsilon-near-zero (ENZ) media
have emerged as an exciting mean to improve light-matter interactions when the permit-
tivity of the medium reaches zero. In the mid-2000s, this novel class of materials gathered
enormous interest in the electromagnetic community due to the peculiar effects the low
permittivity index is associated with. Nonetheless, their application to sensing remains

marginal compared to waveguiding and metamaterial design.

In this thesis work, we develop a plasmonic-based device for the detection of CWAs,
and more particularly for the detection of sarin. The plasmonic behaviour is obtained
using highly-doped III-V semiconductors (InAsSb and GaSb) such that a plasmonic res-
onance occurs in the mid-infrared. Plasmon-molecule coupling is attained upon spectral
and spatial overlap. The spectral overlap implies that the plasmonic resonance and the
vibrational modes of the molecule are at the same frequency. The spatial overlap refers to
the proximity between molecules and the enhanced electromagnetic field, associated with
free carrier oscillations, at plasmonic resonance frequency. The structure of the sample is
based on a metal-ENZ-metal structure designed to improve light-matter interactions and
enhance the infrared absorption from the CWA molecules. We successfully demonstrate

the applicability of ITI-V semiconductor plasmonics for sensing applications in the in-



frared and for the engineering of metamaterials with improved control over the plasmonic

response by the use of an ENZ medium.

The project brought together two research teams: the laboratory Nanomaterials for
systems under extreme stress (NS3E) part of the French-German Research Insitute of
Saint-Louis (ISL), and the nanoMIR group of the Institute of Electronics and Systems
(IES), respectively from the University of Strasbourg and the University of Montpellier.
The former instigated the project since the development of innovative solutions for the
detection of dangerous molecules has been one of their main axis of research for years. On
the other hand, the nanoMIR group is a renowned team for its expertise in the growth of
ITI-Sb materials and their applications in plasmonic devices, photodetectors, and lasers.
The pooling of their respective expertise in dangerous molecules detection and semicon-
ductor devices such as sensors, combined with the financial support of the Directorate
General of Armament (Direction Générale de I’Armement (DGA), project supervised by
‘Agence de 'Innovation de Défense’ (AID)), provides an unique collaboration to address

the serious danger that chemical weapons represent for civilian and military populations.

We hereby outline the content of the thesis manuscript. The first chapter introduces
the reader to fundamental notions, both theory and state of the art, essential for under-
standing the following chapters. It is divided into three parts: Part 1 talks about the
state of the art of organophosphorous compounds sensing, Part 2 introduces the basics
of plasmonics and its use in sensing, including SEIRA, and Part 3 addresses the origins,

principles, applications and phenomena of ENZ media.

The second chapter deals with the design, fabrication, and characterisations of plas-
monic samples. We describe the entire process: simulation, growth, fabrication, and
characterisations, resulting in plasmonic samples that will be used for the study of ENZ

phenomena and sensing applications.

The third chapter focuses on the study of plasmonic ENZ effects using I1I-V semi-
conductors. Particular interest is given to understanding the optical response of ENZ
samples and the dispersion relation they are associated with. First, we study the influ-
ence of the ENZ layer doping level within a metal-insulator-metal structure. Second, we
discuss how the plasmonic antenna length impacts the optical response of the structure,
depending on the ENZ optical nature. Then, electromagnetic simulations are performed
to obtain the dispersion relation and we discuss the various phenomena encountered such
as antenna geometry independence, near-constant phase, enhanced electromagnetic field,

and the dispersive behaviour of this novel metal-ENZ-metal architecture.



Finally, the fourth chapter concerns the gas sensing of organophosphorous compounds,
using samples fabricated (as described in chapter 2), following the study of ENZ-plasmon
samples (addressed in chapter 3). We discuss the experimental setup, experimental re-
sults, interactions that occur between the organophosphorous molecules and the sensor
surface, and lastly numerical simulations. Various experiments are presented in two dif-
ferent studies about the selectivity and the sensitivity of the designed sensor. A special
concern is given to understand the chemical reactions that occur between organophospho-
rous molecules and the sensor surface, through its native oxide, by performing infrared,
Raman, and X-ray photoelectron spectroscopies. The experimental results are then cross-
confirmed by numerical simulations, demonstrating the successful development of a novel
plasmonic-based sensor of organophosphorous compounds. We finalise the thesis with a

general conclusion and perspectives.



Chapter 1

State of the art

Introduction

This introductory chapter develops the theory, state of the art and concepts of organophos-
phorous compounds, plasmonics and e-near-zero media. In this first part, organophos-
phorous compounds, their effects on the human body, their simulants and how to detect
them will be presented. A brief overview of commercially available methods and modern
experimental developments will be introduced before comparing them to the plasmonic
sensor we aim to develop. The second part presents plasmonics, its theory and applica-
tions such as surface-enhanced infrared absorption (SEIRA). Finally, e-near-zero media
are discussed in the third part of this chapter. We demonstrate why this emerging class of

materials may further benefits to a plasmonic-based sensor, through its peculiar effects.

1.1 Part one: Chemical warfare agents

1.1.1 Organophosphorous compounds
Generalities

OPs are a class of chemicals containing phosphorus 15P. This class includes pesticided]
and nerve agents. Nerve agents are a class of chemical warfare agents (CWAs) known
for their action on the neuromuscular system and their acute toxicity. They are used
as weapons of mass destruction which are intended to harm a large number of people.
They are classified as lethal chemical weapons. Nerve agents are often liquid at 20 °C,
atmospheric pressure and are highly volatile. They generally are odourless (or may have

a slight odour) and colorless, making them particularly dangerous as they elude our senses.

While the use of chemical warfare agents, such as the infamous mustard gas and phos-
gene, during World War 1 is well-known [1], the discovery of nerve agents occurred in the

1930’s decade in Germany [2]. Since then, their usage has been increasingly prohibited

LA chemical used for killing pests, especially insects.



Weapons of mass destruction
I I I I
Biological  Chemical Nuclear  Radiological

Incapacitating Lethal

Blood Blister Nerve Nettle Choking Vomiting
|
I | I
G-class V-class Novichok class
I
I I I I I I I
Tabun Soman Sarin Cyclosarin  Chlorosarin Ethylsarin GV

Figure 1.1: Classification of weapons of mass destruction. The red track highlights the
sarin classification.

with the milestone date of 1997, where the Chemical Weapons Convention (CWC) was
established, the world’s first multilateral disarmament agreement to provide for the elim-
ination of an entire category of weapons of mass destruction within a fixed time frame [3].
Recently, in 2019, it has been decided that annexes should be updated to include newly
developed chemical weapons, such as the Novichok class [4]. Nowadays, nerve agents are
classified into three types: ‘G’ (standing for German agents), mostly represented by tabun,
sarin, cyclosarin, chlorosarin, ethylsarin and soman, ‘V’ agents (standing for venomous),
and Novichok, as represented in Figure 1.1. Sarin, compared to other nerve agents is

characterised by a high vapor pressure and a persistency of up to 24 hours [5].

Still, CWAs, and in particular sarin, have been repeatedly used. For example, during
the first Persian Gulf War, specifically during the Iran-Iraq War and against Kurdish
rebels [6]. As well as, in 1995, terrorist attacks in Tokyo, Japan, were perpetrated using
Sarin, resulting in 12 casualties and more than 5,000 victims [7]. More recently in Syria,
from 2013 to 2018, both chlorine and sarin have been used [§8], despite Syria having ac-
ceded to the CWC. Given the repeated use of sarin, it has become necessary to develop a
system to detect and counter this ever-present threat to military and civilian populations.
This is why this research work focuses on the detection of sarin gas, part of the nerve

agents G-class, highlighted in red in Figure [1.1]



Pathophysiology

Nerve agents are cholinesterase inhibitors. Cholinesterases are enzymes that catalyse
the hydrolysis of choline-based esters, of which neurotransmitters? found in the human
body, are made of. Two cholinesterases exist, namely, butyrylcholinesterase and acetyl-
cholinesterase (AChE). AChE is responsible for the breakdown of the neurotransmitters
such as acetylcholine (ACh), into choline and acetic acid. An important fact to know
is that AChE has a high catalytic activity with a turnover number (limiting number

! one of the highest among enzyme cataly-

of chemical conversions per second) > 10* s
sis [9], highlighting why its blockade could lead to a knock-on effect on the nervous system.
This neurotransmitter operates within cholinergic systems, e.g., muscarinic and nicotinic
synapseﬂ, which are responsible for the proper functioning of the nervous system. Be-
cause AChE acts as the turnoff switch of the cholinergic signal transmission, preventing it
from getting out of control, the blockade of AChE will immediately cause overstimulation

of the neurotransmitter receptors [10].

In normal conditions In presence of sarin

&

A

A Acetylcholine
v v

v v
e Synapse

& Y\ v

Acetylcholinesterase | Acetylcholine
receptors V ? ? g

Muscle cell Normal signal Overstimulation

Nerve cell

Sarin

D

@

)

€

Figure 1.2: Schematic diagram of a neuromuscular junction in absence and in presence of
the sarin nerve agent.

Figure represents how a neuromuscular junction works in normal conditions and
under exposure to a nerve agent, e.g., sarin. First, in normal conditions, the nerve cell
releases ACh in the space separating the nerve cell from the muscle cell (or any other
cells having ACh receptors), which is called the synapse. Upon binding to the specific

receptors of the target cell, an electrical signal is released. The AChE acts in order to

2A chemical that carries messages from nerve cells to other nerve cells or muscles.
3A connection between two nerve cells.



prevent overstimulation, and by doing so, controls the biological system it is responsi-
ble of. Second, when exposed to sarin gas, the latter binds to the only active site of
AChE, irreversibly inhibiting it from regulating the ACh-induced stimuli, resulting in an
overstimulation [10]. This overstimulation leads to various clinical effects: 1) muscarinic
effects include miosis, hypersecretion from bronchial glands, vomiting, incontinence and
bradycardia; 2) nicotinic effects include fasciculations, muscle twitching and flaccid paral-
ysis. Death usually occurs by respiratory failure from depression of the respiratory centre,

paralysis of the respiratory muscles, and bronchoconstriction [5].

According to the level of concentration and the exposure time, physiological effects
are different. Acute Exposure Guideline Levels (AEGLs) are values that describe the
expected effects on human health after exposure to CWAs from a given concentration.
Table [1.1| presents the AEGLSs values of sarin in parts-per-billion (ppb) [11]. These values

are also goals for sensors in terms of limit of detection (LOD) according to a response time.

Classification 10min 30min 1h 4h 8h

AEGL-1 1.2 0.68 048 0.24 0.17
AEGL-2 15 8.5 6.0 29 22
AEGL-3 64 32 22 12 8.7

Table 1.1: AEGLs in ppb of sarin. AEGL-1, -2 and -3, respectively mean nondisabling,
disabling and lethal.

From the table, we first understand how dangerous sarin, and nerve agents overall, are,
as an exposure of 64 ppb is sufficient to kill within minutes, compared to 1700 parts-per-
million (ppm) for carbon monoxide. Second, we conclude that a sarin sensor must detect
at least 64 ppb and at best 170 parts-per-trillion (ppt) to operate in field conditions,
which may differ from laboratory conditions in terms of temperature, humidity, dust and

weather conditions.

Working with CWAs

Due to its extreme toxicity, working with sarin is highly dangerous and only dedicated
laboratories are authorised to work on it. Consequently, research on nerve agents often
use simulants for experiments in order to achieve a proof of concept. The ideal simulant is
a molecule that would mimic every property of a CWA (chemical, physical and biological),
except for its toxicity. Yet this cannot be achieved, therefore, a simulant must be ade-
quate to the method of detection for which it acts as a calibration vector [12]. Depending
on the detection method, the choice of a simulant is based on its chemical structure, its
spectral response, its chemical reactivity, or its physical properties. The most commonly
used simulant of sarin for optical detection is the dimethyl methylphosphonate (DMMP),

due to its low toxicity compared to sarin, low cost, high vapor pressure, similar chemi-



Specifications Sarin DMMP

Chemical for- C4H10FOQP CgHgOgP
mula

0}

0 s HsC

F/\\P\/ - H3C\O/\P4O
Chemical CHs  CH, O—CHj3
structure
Molar mass 140 g.mol™* 124 g.mol™*
Vapor pres- 2.9 mmHg @20 °C 2.4 mmHg @25 °C
sure (Patm)
Melting -56 °C -50 °C
point
Boiling point 158 °C 181 °C
Solubility in  Miscible Slowly hydrolyses
water

Appearance  Clear colourless liquid and odorless Colourless liquid and sweet odour
and odor

Risks Toxic Harmful and health hazardous

LDsp (rat) 39 ng.kg! intravenous 8 g.kg! oral

Table 1.2: Chemical properties: a comparison between sarin and DMMP.

cal structure and infrared absorption spectrum [13]. This is why, in this research work
DMMP has been selected.

In table [I.2] the chemical structure along with various chemical parameters of sarin
and DMMP are represented. Both molecules have similar structures, sharing a central
phosphorus atom double-bonded to an oxygen atom P=O0, and bonded to a methyl group
CHs, as well as to an oxygen atom, itself bonded to a methyl group. The main difference
between the two molecules is the single bond between phosphorus and fluorine atoms.
This bond is one of the causes responsible for sarin potency, as well as, soman, cyclosarin,
ethylsarin and GV.

1.1.2 CWAs detection: state of the art

In this section, different methods of detection, first commercially available, and second,
experimental methods reported in the literature will be presented. When addressing de-
tection, it is important to keep in mind numerous detector requirements, with various
degree of importance depending on the application. These requirements include selectiv-
ity, sensitivity, response time, compactness and portability, set-up, warm up and recovery

time, calibration, ease of use, training requirements and power consumption.
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Figure 1.3: CWAs commercial methods of detection: a) IMS Chemical Agent Monitor,
b) FPD Proengin SA AP2C, ¢) IR detector M21 Remote Sensing Chemical Agent Alarm,
d) Raman detector Ahura FirstDefender and e) M8 detection colorimetric paper [14].

Commercial detection methods

Commercial detection methods of CWAs include infrared (IR) spectroscopy, Raman spec-
troscopy, colorimetry, ion mobility spectrometry (IMS), flame photometry (FPD), surface
acoustic wave (SAW) devices, photo-ionisation detection and flame ionisation detection.
For each of these detection techniques, several equipments have been developed and com-
mercialised, thus, for the sake of conciseness, the most commonly employed devices are
described in a non-exhaustive way [14, 2]. Figure shows the most employed equip-
ments for on-field detection of CWAs. These devices are, for the most part, hand-held

and easy to operate.

IMS-based detectors are the most commonly deployed detectors for the monitoring of
chemical substances by the military. Additionally, they are widely employed in airports
for the screening of luggage to detect the presence of explosives and drugs. The Chemical
Agent Monitor was the first mass produced, hand-held instrument for the detection of
nerve and blister agents (figure [1.3(a)). The reason for its success is based on its ease of

use, its portability, its price and it can detect nerve agents below AEGL-2 levels (< 5 ppb)
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with a rapid response on the order of few seconds. Few disadvantages include poor selec-
tivity and subject to interferences, both sources of false positive alarms, plus it is prone to
saturation which leads to signal saturation, contamination and long clearance time [15].
Environmental conditions may have significant impact on the performance of IMS-based
detectors [16].

FPDs are mostly found in laboratories coupled to gas chromatography (GC). GC-FPD
is used to determine CWAs concentrations in samples for confirmatory analysis [17]. The
most notable on-field and hand-held FPD is the Proengin SA AP2C (figure [1.3(b)). It
is simultaneously sensitive to both phosphorus and sulfur containing compounds, with a
fast response time and a limit of detection (LOD) on the order of ppb. It recovers after
chemical exposure and is reliable under extreme environmental conditions (temperature
and humidity). The main drawback of this equipment is that it only detects compounds
containing phosphorus and/or sulfur [18]. In addition, because of this characteristic, it is
difficult to discriminate between molecules like soman and sarin for example, which is an
important criterion to apply a dedicated treatment strategy to the patient suffering from

OP poisoning.

Raman spectroscopy is based on the Raman inelastic scattering of molecules under
monochromatic light. This technique is non-destructive, and benefits from high specificity
by detecting molecule fundamental vibrations with great signal-to-noise ratio and a fast
response time. The main disadvantage of this technique is that it suffers from interfer-
ences from other analytes, typically because of fluorescence. The Ahura FirstDefender
(figure [1.3(d)) is one of the few Raman-based detectors for field applications and it has
been tested under 88 different cases of exposure with a success rate of ~ 89%, failing in

case of fluorescence, exhibited from cyclosarin and mustard gases [2].

Just as Raman spectroscopy, SAW detectors are relatively new as commercial prod-
ucts. They are a class of microelectromechanical systems, commonly known as MEMS.
They are inexpensive, which would make a popular choice for civilian applications. This
technology can be viewed as a very sensitive balance, that can be miniaturized and have
fast response time. Still, it is not intrinsically selective, therefore this technique requires
a coating in the form of polymers or surface chemistry to capture and adsorb analytes
on the surface. This comes with many drawbacks in terms of selectivity, reproducibility
and sensitivity under environmental conditions, affecting the detector performance. Few
SAW-based commercial products were independently evaluated (for example, HAZMAT-
CAD) and those who were are still far from standards for on-field applications, yet, this

is a promising technology and it is highly studied in laboratories.
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IR spectroscopy is a well-known technique for its ability to identify with precision the
molecular structure of a compound, through excitation of its vibrational modes. The re-
sult is a spectrum relative to the molecule absorption according to its fingerprint. It is an
intrinsically highly selective technique, as one can directly target characteristic chemical
bonds of nerve agents, e.g., phosphorus-oxygen (P-O, P=0), phosphorus-fluorine (P-F),
and phosphorus-sulfur (P-S). Also, this technology is based on optics, which benefits
greatly the response time and is non-destructive with minimal, if any, sample prepara-
tion. Still, this technology suffers from several disadvantages: cost, complexity, training,
bulkiness and it is sensitive to environmental conditions like vibrations, snow, rain and
dust. An example of this kind of technology and based on passive IR detection is presented
in figure [1.3(c): the M21 Remote Sensing Chemical Agent Alarm. Others IR detectors
technologies include photoacoustics, filter, and differential [17]. This equipment is also
interesting compared to the rest as it can detect clouds of CWAs up to 5 km, along a 60°
arc, and it has the ability to automatically scan and monitor a surrounding area. Still,

its sensitivity lacks compared to other technologies, with a LOD of 10 ppm.

The last commercial method presented is the colorimetry, coming in the form of de-
tection tubes or papers, they are by far the fastest, cheapest, lightest and easiest type of
detector to use on-field. The main disadvantage is that the detection relies on the user
colour perception, which may be affected or different for each user. The M8 detection
paper is a commercial example of this technology figure [1.3{e). It is widely used because
of the mentioned pros. This type of paper works like well-known pH indicator papers, but
it suffers from a lack of specificity and false positives. The performance of the presented
techniques are summarised in table [1.3]
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Despite the diversity of detectors commercially available, research is still abundantly
produced to further improve the state of the art and develop novel technologies and strate-
gies to compensate for the disadvantages of commercial techniques. The most encountered
drawbacks are a lack of selectivity and sensitivity, respectively leading to false positives

and false negatives.

IR spectroscopy is a technique that is intrinsically selective as it probes the finger-
print of multiple molecules in a complex environment, plus it is quite sensitive as shown
by the previously presented equipment. Plus, having the ability to improve this tech-
nique sensitivity will equally ameliorate its selectivity. This research work focuses on
such challenge, while addressing other sensor problematics that include miniaturisation,
a fast response time and reproducibility. In the next section, we introduce the different
techniques actively studied as promising technologies beside the one developed in this

work.

Experimental methods of detection

Recent developments reported in the literature for the detection of CWAs and their sim-
ulants, both in terms of techniques and strategies employed to improve them, are hereby
introduced. The figure (a) represents some of the most employed technologies in the
literature for the sensing of CWAs over the past 5 years. This graph highlights how
plasmonics may be underappreciated as a mean to detect CWAs, over traditionally used
techniques such as Raman spectroscopy, GC-MS and colorimetry. Still, we observe that
sensors, based on fluorescence, luminescence and novel optical probe techniques, domi-
nates the field. Plasmonics presents numerous advantages compared to other techniques
as, first it can drastically improve the optical response of a sensor, second it paves the
way to miniaturisation and, finally, coupled to IR spectroscopy, it further contributes to

ameliorate the selectivity.

One of the main challenges to improve the sensitivity of sensors is that it relies on
efficient and selective interactions between the target molecules and the sensor itself. For
example, an optical transducer| is limited by light-matter interactions, which may be
intrinsically selective but their sensitivity is related to the path length within which in-
teractions take place. Strategies employed to improve the sensing abilities of techniques,
such as surface chemistry (i.e., functionalisation) are as important as the techniques
themselves. Those include: metal-organic frameworks (MOFs) [19, 4], molecular im-
printed polymers (MIPs) [20], cavitands [21], self-assembled monolayers (SAMs) [22, 23],
nanoparticles [24, 25], metal oxides [26], zeolites [27], porous materials [28], carbon nan-

otubes [29] and hydrogel films [30]. These materials, coming in the form of coating, have

5A device for producing an electrical signal from another form of energy such as pressure, temperature,
optics, etc.
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Fluorescence 37 Polymer 16
Mass spectrometry 29 Graphene
Raman 17
Carbon nanotube
Acoustic 15
MOF
Colorimetry 15
Metal oxide
IR spectroscopy 12
Biosensor 5 Nanoparticle
Plasmonics [li2 a) Porous material b)
Number of results found Number of results found

Figure 1.4: Number of results obtained from the website Web of Science, as of july 2023,
over the past 5 years, a) with the keywords ‘sensing’ or ‘detection’ in the title, ‘chemical
warfare agents’ in the abstract and the mentioned sensing techniques in the text, and b)
with the keywords ‘sensing’ or ‘detection’ in the title, ‘chemical warfare agents” and the
mentioned surface chemistry in the abstract.

the ability to bind, host, or interact selectively with CWAs and adsorb them at the surface
of the detector in order to improve the interactions between the detector and molecules
by increasing the amount of CWA molecules over time in the vicinity. Figure [1.4(b) sums
up some of the most mentioned surface chemistry strategies in the literature. It is impor-
tant to note that most of these strategies have already been combined with plasmonics to

further ameliorate a detector’s response towards CWAs [20)].

The ramping number of references with great diversity of surface chemistries illustrates
the increasing interest for sensor-matter interactions enhancing strategies. Still, each of
these chemistries has pros and cons. For example, MOFs and cavitands are difficult to
synthesize, stabilize and despite the fact that they can be engineered toward a targeted
molecule, they still act as sponge and environmental water remains a problem [31]. Metal
oxides constitute a large class of materials that have been reported to interact with CWAs
and their simulant, yet it is not clear which mechanisms are at play on the molecular level
at the surface, making it difficult to design layers reacting with specific molecules [32].
Concerning SAMs, they are one of the most promising approach. These molecules, char-
acterised by anchor and terminal functions, are stable over time and tunable in terms of
length, anchor and terminal functions. Still, they suffer from difficulties such as the com-
plexity to confirm the layer grafting, and additionally they may also have ‘over-grafting’
issues ending up in stacking rather than the desired monolayer. Porous silicon and zeolites

are emerging and therefore lack understanding and hindsight [32].

Focusing more on optical transducers, a second strategy to improve a sensor’s perfor-
mance is to employ cavities. A cavity is a system within which the interaction taking
place is multiplied. Hence, an optical cavity can be considered as (i) a system within

which light travels back and forth, artificially increasing the path length according to the
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number of round trips; or as (ii) any system within which the interaction is concentrated
and enhanced [33]. About the latter, cavities are often found in the form of resonators,
i.e., a system that displays a resonance which is exploited to increase the detector re-
sponse. Their use increased over the last years with the development of multiple different
resonators including photo-acoustic resonators, plasmonic particles, or any shape struc-
tured in a way to obtain a resonance that can interact with light and/or molecules [34].
We will discuss in further details such systems in the next part of the first chapter. In this
context, plasmonics stands as a promising solutions as it can act both as a transducer and
a cavity resonator that would benefit sensitivity and selectivity when coupled to infrared

or Raman spectroscopies.

Plasmonics has been exploited for the detection of numerous chemical threats [35, 20],
such as the detection of atrazine [36], mercury [37], heavy metal ions [38], 1, 4-dioxane [39],
diethanolamine [39], sulfur mustard (HD) [40], 2-chloroethyl ethyl sulfide [19], and OPs
such as methylphosphonothioic acid (VX) [40], DMMP [41, 19, 21], paraoxon [25], chlor-
pyrifos [42], and 4-methylumbelliferyl phosphate [30]. It is important to note that, besides
the fact that these reported sensing results are based on plasmonic effects, they differ in
their practical application as well as in terms of ‘plasmonics’, meaning that they bring
into play different ways of taking advantage of plasmonic effects. This can be appreciated
by the different units reported as LOD. Indeed, a SPR-based sensor typically uses RIU™!
unit because this type of sensor is based on the sensing of refractive index variations, as
opposed to SERS methods that quantify their results in absolute and relative concentra-

tions. These results are summarised in Table [1.4l

Targeted chemical LOD

Atrazine 107 2g.mL?
Mercury 58 pM

Heavy metal ions ~ pM

1,4-dioxane and diethanolamine 50,000 nm.RIU!
VX 2.5 x 1072 pg.mL*
Mustard gas 1.8 x 1073 pg.mL™
DMMP 16 ppb [21], 130 ppb [41] and 2.5 ppm [19]
Paraoxon 80 nM
Chlorpyrifos 55 ng.L!
2-choloroethyl ethyl sulfide 76 ppb

4-methylumbelliferyl phosphate 1 mM

Table 1.4: Limit of detection of various chemical threats for different plasmonic-based
systems.

In conclusion, OPs are extremely toxic molecules which can be used on civilian ter-
ritory or warzone. It is crucial to develop dedicated sensors to detect them with high

selectivity and sensitivity in order to anticipate their use and protect civilians and mil-
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itary forces. Commercially available methods, covering a wide range of techniques, give
us a grasp of a detector requirements for on-field applications. Experimental methods
developed these past few years show that a sensor’s performance are not only governed by
the sensor’s intrinsic sensitivity anymore, but are also strongly dependent on strategies
employed to ameliorate important features, especially sensitivity, selectivity and response
time. Finally, we report numerous studies attesting that plasmonics is a relatively recent
and promising way to design a sensor for CWAs detection, either as a transducer or as a

strategy to improve the sensor’s response through enhancing effects.

On these bases, we know that the development of a new plasmonic device must fulfill
specific requirements in terms of sensitivity, selectivity and response time, and how it
should compare to existing methods in terms of price, portability and reuse. This is of
particular importance for military applications as the developed sensor must selectively
detect ppb-level traces of OPs, handheld and easy to use. The next two sections will
respectively address plasmonic theory and the strategy to improve its response, namely

the epsilon (€)-near-zero (ENZ) medium.
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1.2 Part two: Plasmonics fundamentals

1.2.1 Fundamentals
Basics of electromagnetics

Before diving into the heart of plasmonics, we introduce in this brief section the fun-
damental laws of electromagnetism and relations required to understand the following
sections. First, the plasma model which describes the optical properties of metals, con-
sidering their free electrons density as an electron gas or a plasmaf is introduced. The
starting point equation is the equation of motion x, for an electron of charge e and mass
m, of the plasma under an external electric field E, defined by equation with v the

damping rate taking into account plasma losses from the free electrons collisions.

mi + myt = —ekE (1.1)

Assuming a harmonic time dependence of the driving field, it can be shown that the
free electrons density governs the optical properties of metals such that we obtain the
dielectric function, as follows by equation [1.2]

e(w) = € (1 - “—5> (1.2)

w? +iyw
With e the permittivity, which describes the polarisability of the material under an
external electric field, such as light, of frequency w. €, characterises the deformation of
the lattice ion cores, resulting in a residual polarisation. The screened plasma frequency
wp is defined in equation as the natural oscillation frequency of the free electrons
constituting the plasma. In the rest of the manuscript, we refer the screened plasma

frequency simply as the plasma frequency.

N 2
Wy = || ——— (1.3)

ExcEoMm™

With N the free electrons density, €y the vacuum permittivity and m* the effective
mass of the electrons. The derivation of the electron motion up to the dielectric function

is known as the Lorentz-Drude model.

Overview of plasmons

Plasmonics is the field that studies the interactions between electromagnetic waves and
free carriers within matter. Free carriers most of the time refer to unbounded electrons
that are found often in metals, hence plasmonics is intimately linked to metals as they

are, historically and practically, the most common media encountered in the literature.

6A free charge carrier gas.
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Upon excitation by light, the free electrons which form a plasma can be excited and,
in result, will oscillate. Plasma oscillations carry a surface wave propagating along a
metal /dielectric interface, known as surface plasmon-polaritons (SPP). To clarify, plas-
mons are plasma oscillation quanta while polaritons are photons coupled to matter, i.e.,
dipole excitation or charge density wave. This description informs about, first the con-
sidered elementary excitation in solid matter: plasmon, phonon, excitonﬂ polaronﬁ, etc.,
and second, the mean of excitation considered: polariton (light), phonon, but they could

also be excited electrically or using an electron beam.

We herein discuss the different kind of plasmons, summarised in table First, plas-
mons are either ‘pure’, meaning only the collective charge oscillations are considered, but
they are not of interest as, being longitudinal electric waves, they cannot couple to trans-
verse waves (light). Either, plasmon-polaritons are mixed plasmon-photon excitations and
they are electromagnetic modes that can be considered either within the bulk or at the
surface of the free carriers-containing material. Therefore, it comes to light why the term
surface is of importance, as SPPs would not exist without the metal/dielectric interface
and their properties depend on the optical properties, i.e., the dielectric function [1.2] of

both materials.

Pure plasmon Plasmon-polaritons
Bulk Pure bulk plasmon: a collective os- | Bulk plasmon-polaritons can be
modes cillations of the plasma charge den- | viewed as photons whose proper-
sity that occurs at the plasma fre- | ties are modified by the interactions
quency. with the electrons of the metal.
Surface | Pure surface plasmon is a math- | Surface plasmon-polaritons are ei-
modes ematical approximation given that | ther ‘propagating’” or ‘localised’,
the light contribution is negligible. | they concern the vast majority of
plasmonic applications.

Table 1.5: Overview of the different plasmons.

SPPs are electromagnetic modes sustained at the surface of metals and they are as-
They

can either be ‘propagating’, or ‘localised’. The difference between propagating surface

sociated with surface charge oscillations with a dual nature: plasmon-photon.

plasmon-polaritons and localised surface plasmon-polaritons (LSPs) lies in the fact that
LSPs occur when the size of the plasmonic material becomes comparable or smaller than
the light wavelength. It is the case for small metallic objects, such as nanoparticles or
nanostructures resulting from nanoscale surface patterning, and this condition completely
changes the nature of the electromagnetic modes [43, 44]. The canonical example of the

metallic sphere is well-understood from the Mie theory, but it is less trivial for other

7 A bound state of an electron and an electron hole attracted to each other by the electrostatic Coulomb
force.
8 A quasiparticle composed of a charge carrier coupled to a polarisation field.
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configurations, involving multilayers and antennas of complex shapes, due to the lack of

analytical solutions [45, 46].

Surface plasmon-polaritons

SPPs are a central part of this topic of research as they are the excited and employed
plasmonic modes for surface-enhancing effects. As previously mentioned, these modes
occur at metal /dielectric interfaces. Different configurations give rise to these modes, but

first we will discuss the standard case of a planar metal/dielectric interface, represented

in figure

Dielectric €>1 SPP z

" AGRAN

Metal () B VAC UM

Figure 1.5: Schematic diagram representing SPPs propagating along the metal/dielectric
interface, upon excitation by an impinging electromagnetic wave hv. SPPs are associated
with an evanescent field at the interface, exponentially decaying.

From Maxwell equations and the Helmholtz equation, it can be shown that transverse
magnetic (TM) solutions lead to the dispersion relation (equation of SPPs propagat-
ing at the interface between two half spaces. The dispersion relation is a representation
holding much information on the electromagnetic modes permitted within a structure,
therefore it depends predominantly on the optical properties of the materials composing

the structure, namely, plasmonic materials when talking about plasmonic modes.

€1€2

ke = ko (1.4)

€1 + €2
With ky the electromagnetic mode wavevector along the x-axis, i.e., at the metal /dielectric
interface, kg the light wavevector in free space, €; and €, the respective permittivity of the
metal and the dielectric, which implies Re(e;) < 0 and Re(ez) > 1 in the classical case.
Second, it can be shown that transverse electric (TE) solutions are equal to 0, having
for consequence the fact that SPPs only exist under TM-polarised light. Therefore, SPPs
are TM-polarised transverse electromagnetic waves, considered as guided modes along the

metal /dielectric interface, decaying evanescently both in the metal and the dielectric.

The figure (a) represents the dispersion relation governed by equation 4 for a simple
bilayer system (figure [L.5]). Two different cases are considered, the first case figure [1.6[a)
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is a perfect metal/dielectric interface, respectively characterised by €;(w) and e, = 1. In
this case, we do not consider any plasma losses, nor background permittivity, so that
v =0 and e, = 1. For w > w,, the wavevector is real so that propagation is allowed, i.e.,
light travels through the material because the metal does not screen incident light which
means that it is dielectric. ws, < w < wy, is a frequency gap, known as the quasibound
region, within which the wavevector is purely imaginary, prohibiting any propagation. wy,
is the surface plasmon frequency at higher wavevectors (wsp = wp/ \/5) Finally, w < wsp
is the frequency range of interest for which the wavevector is real, although the material is
metallic and therefore it should screen any incident light and cancel its electric field. Still,
electromagnetic modes are permitted and they correspond to SPPs at large wavevectors

and Sommerfeld-Zenneck waves at smaller wavevectors, near the light line [47].

The second case (figure[L.6[(b)) presents the case of a real highly-doped semiconductor,
with a background permittivity €., = 12 and plasma losses v # 0 considered. We observe
several differences with the first case. First by taking into account plasma losses, the
surface plasmon frequency wg, is not anymore an asymptote and SPPs approach now a
maximum at a finite wavevector. Second, the quasibound region ws, < w < w, is now
allowed. Third, the frequency gap of the quasibound region is much narrower when con-
sidering the background permittivity. These differences highlight how ‘real’ vs ‘perfect’
cases differ and for a given problem, much care must be taken when assumptions are

considered to simplify the problem.
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Figure 1.6: Dispersion relations of (a) a perfect metal/insulator interface and (b) a real
doped semiconductor/insulator interface. The insets represent a schematic diagram of
the considered case. Plasmonic modes occur below the plasma frequency w, (red dashed
line) and on the right side of the light line w = ck (blue line).

Recent developments in plasmonics introduced novel metamaterials, hyperbolic mate-

rials, complex stacking of structures, etc. These systems are multi-layered and demand a
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more rigorous mathematical treatment that gets, very quickly, increasingly complex and

tedious, we will come back to these structures in chapter [3|

Plasmonic materials

In this section, a non-exhaustive review of the different plasmonic materials and their
associated frequency of operation is presented. By plasmonic materials, we assume any
material with a free charge carrier density. To date, a wide variety of materials have been

used from noble metals to materials like ceramics, semiconductors and oxides.

By far, noble metals are historically and practically the most commonly encountered
plasmonic materials in the literature with for example gold [48], silver [49], copper [50],
and aluminium [51]. The large losses of metals hinder their practical use and is the main

reason for the development and research for new plasmonic materials.

III-V semiconductors (SCs) are promising plasmonic materials as (i) they can be cou-
pled to a wide variety of technologies in electronics and optoelectronic devices [52] and
are CMOS-compatible, (ii) their plasma frequency can be tuned according to their doping
level, and (iii) they have low losses in the mid infrared (MIR) compared to noble metals,
which benefit applications like sensing. The diversity of these materials offers various op-
tical bandgaps, which can further be controlled by varying the composition within ternary
and quaternary compounds. As plasmonic devices mature, upcoming challenges concern
their integration within complex systems, monolithic devices, and photonic integrated cir-
cuits; in this regard, III-V SCs are excellent candidates because they are compatible with
the silicon industry [53, 54, 55]. We report the employment of GaAs [56, 57|, InP [56, 57],
InAs [58], InGaAs [59], GaN [60], GaSb [61], InAsSb [62] and InSb [63, 64].

Transparent conducting oxides (TCOs) [65] such as zinc oxide (ZNO) [66], cadmium
oxide (CDO) [67], indium-tin oxide (ITO) [68], gallium:zinc oxide (GZO) [69], and alu-
minium:zinc oxide (AZO) [70] are alternative near-infrared (NIR) plasmonic materi-
als. Besides, a vast diversity of different oxides: ternary [71], perovskite [72] and non-
stoichiometric [73, 74] have been reported. Finally, the demonstration of plasmons in
graphene [75], with the significant attention it benefited [76], led to the development of

2D plasmonic materials [53, 77] or 2D electron gas within semiconductor heterostructures.

It is important to know that beside the development and research for novel plasmonic
materials, an alternative approach is to work around the disadvantages of noble metals
in order to decrease their optical losses or reduce their carrier concentration [53]. By in-
troducing non-metallic elements into a metal lattice, one creates intermetallic or metallic
compounds [78]. A vast amount of research has been produced in this direction, lead-

ing to the development of silicides [79], germanides [80], ceramics [81], noble-transition
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metals [82] and noble-alkali compounds [83]. While optical losses still remain high due to
interband transitions , silicides, germanides and metal nitrides [84] are of interest thanks

to their CMOS compatibility and standard fabrication processes.

Figure shows some of the most employed plasmonic materials represented as the
free carrier density function of the plasma frequency on the electromagnetic spectrum.
It is clear that a higher carrier density is associated to a greater plasma frequency, in
agreement with equation [1.3] which imposes a constraint on the operating frequency of
the material. In that respect, tunable materials in terms of plasmonic response, i.e.,
plasma frequency, are very attractive compared to noble metals with unchanging carrier
density. The ability to dope a material by introducing impurities, and consequently, addi-
tional charges, allows to address various spectral regions of the electromagnetic spectrum,
and therefore different applications. It becomes possible to exceed the intrinsic limit im-
posed by the material original properties. Doping is a passive way to tune the plasmonics
response, remark that various means permit a dynamic tuning: electrically, thermally,

optically, and magnetically [85].
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Figure 1.7: Diagram representing the operating frequency of various plasmonic materials
characterised by their free carrier density (plasma frequency), as a function of the elec-
tromagnetic spectrum.

The choice of a plasmonic material depends on various important parameters such as
the frequency imposed by the application, the sensitivity to losses, the need for possible
integration, and finally the laboratory facilities available: growth and fabrication tech-
niques. The perfect plasmonic material does not exist. It is a combination of different
features that should be taken into consideration when evaluating the trade-off imposed

by the desired applications. As the plasmonic material is the first half for the design of
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plasmonic devices, picking the right material should also consider the other half: the light

coupling method and its associated needs in term of fabrication and implementation.

Plasmonic antennas and the plasmonic resonance

SPPs can be excited in various ways. Indeed, incident light, as it is, cannot couple to
the free electrons at the metal surface, this can be appreciated on figure by the fact
that SPP modes lie on the right side of the light line (blue), therefore, even if the light
frequency matches that of the SPP, the mismatch in wavevector hinders the light-plasmon
coupling. To overcome that, several techniques have been developed to impart the missing

momentum, including:

— Total internal reflection generating an evanescent wave with a larger momentum

that can be used to excite SPP modes. This method is known as the Otto configu-

ration [86, 87] (figure [1.§(a)).

— The Kretschmann configuration was developed based on the same principle but it
is easier to implement [88, 89] (figure [1.§(b)).

— Highly focused optical beams [90]. This technique takes advantage of the high
numerical aperture of the objectives, immersed in oil and brought into contact with

the metal/dielectric interface, ensuring phase matching and SPPs excitation.

— Near-field excitation allows for local excitation, as opposed to macroscopic excitation
of other methods, by the mean of a probe tip with a small aperture size, allowing
excitation of SPPs [91].

— Surface roughness or patterning [92] (figure[1.8(c)). This method gives a wavevector
‘kick’ to the impinging photons so that their in-plane momentum matches that of

surface plasmons, this way photons can transfer their energy to surface plasmons

and SPPs arise.

Surface patterning, for practical and scientific interests, became one of the most em-
ployed coupling techniques [93, 94]. With the development and improvement of fabrica-
tion techniques, this method gives additional degrees of freedom over the control of the
plasmonic response of the system, as not only the angle of incidence, the wavelength of
the incoming light, the thickness of the system layers and the dielectric constant of the
materials, influence the plasmonic response. One can now play on the surface geometry

in terms of shape and size [93]. A variety of plasmonic antennas are presented in figure .

We now introduce the concept of plasmonic resonance which occurs when the light
wavevector and frequency match those of SPPs. The coupling is associated with an effi-
cient energy transfer from the light to the plasmonic mode, having a significant impact on

the system optical response. This phenomenon is known as the surface plasmon resonance
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(a) (b) (c)

Otto configuration Kretschmann configuration Surface patterning

Figure 1.8: Three different light-plasma coupling techniques: Otto and Kretschmann
configurations and surface patterning, respectively (a), (b) and (c). Black, blue and red
respectively represent the incident light, the evanescent wave and the SPP wave.
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Figure 1.9: Microscopy images of different plasmonic antennas from the literature. An
important diversity of antennas shape and size flourished over the years with the develop-
ment and improvement of fabrication techniques. (a) Nanostar plasmonic antennas [95],
(b) multifrequency gold optical antenna [96], (c¢) Sierpinski triangle for fractal plasmon-
ics [97], (d) gold rod nanoantenna for single antenna plasmonic applications [98], (e)
nanogap bowtie gold antenna for SEIRA [99], (f) dual-band perfect absorber for multi-
spectral SEIRA [100], and (g) graphene nanoribbons for SEIRA [101].
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(SPR). The denomination SPR is sometimes used under different meanings, either as the
resonance itself, or as a refractive index sensing technique based on the ‘SPR effect’; i.e.,
the variation of the refractive index and its influence on the SPR of the system. One
should distinguish the SPR from propagating plasmon-polaritons and from LSPs, for the

latter, it is named localised surface plasmon resonance (LSPR).

In our study, we will focus on LSPs and their resonance LSPR. The LSPR depends
notably on the optical properties of the metal and dielectrics composing the interface, but
also, as previously mentioned the shape and size of the surface structure. In the end, the
choice of the coupling method also affects the nature of the plasmonic resonance, and de-
pending on the application, one might be preferred [102]. This is the case for spectroscopy
enhanced by the surface as the LSPR is associated to a strongly localised and confined

enhanced electromagnetic field, widely exploited in the sensing of molecules [103, 44].

Next to SPR-based plasmonic devices, the most encountered plasmonic devices for
spectroscopy are based on the LSPR [44], and consequently, a great deal of research has
been carried out to understand, optimise and develop highly-efficient surface patterning,
also known as nanostructures or simply plasmonic antennas. The main ideas to keep
in mind when designing plasmonic antennas are (i) efficient coupling to light, (ii) res-
onance(s) according to the application, and (iii) highly-enhanced electric field. These
conditions are respectively dependent on (i) the set-up and the overlapping between the
light spot and the active plasmonic area, (ii) predominantly the size of the antenna, and
(iii) the shape of the antenna. Indeed, it has been demonstrated that the LSPR frequency
depends on the antenna length (figure[I.10[a-c)), second, rectangular antennas, and over-
all 2D plasmonic antennas, can display two distinct plasmonic resonances according to
the antenna side that is being excited, as it is the case for antennas in figures [1.9(b) and
(f). Finally, the shape of a plasmonic antenna has drastic influence over the strength of
the enhanced electromagnetic field (figure [1.10)(d-f). The lighting rod effect demonstrates
that sharp apexes are associated with a greater spatial confinement and a stronger elec-
tromagnetic field [104], as observed in figure [1.10(e,f).

We now understand that upon designing a plasmonic system with an optical response
in the infrared, for the sensing of molecules in liquid and gas phase, many different pa-
rameters are to be considered. This set of parameters participate in the spectral and
spatial response of the sensor, respectively corresponding to the LSPR and the enhanced

electromagnetic field.
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Figure 1.10: (a) Scanning electron image, (b) dark-field image, and (c) dark-field spectra
of several gold nanoparticles made by electron-beam lithography. From left to right the
shapes are, a rod, a disc, and two triangles of different size [105]. Plasmon coupling of
two nanoprisms with sub-3 nm gap: (d) high-angle annular dark field scanning trans-
mission electron microscopy (e) experimental electron energy loss spectroscopy (EELS)
map [106]. (f) Typical finite-difference time-domain electromagnetic simulation showing
SEIRA enhancement from the electric field maps of a fan-shape gold nanoantenna [107].
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1.2.2 Surface-enhanced infrared absorption
Molecular vibrational modes

Molecules are composed of atoms, themselves composed of nuclei and electrons. This sys-
tem is characterised by multiple energy levels at different scales: electronic levels, vibra-
tional levels and rotational levels. These energy levels are quantised and consequently have
discrete energies of the same order as UV /visible, MIR and THz, respectively. Working in
the MIR implies that the most encountered transitions from molecules will correspond to
their vibrational levels. These levels are associated to the motion of nuclei of the molecule
and the so-called vibrations can be understood with a simple harmonic resonator model
within which two masses are linked by a spring, respectively two nuclei and the covalent
bond. By shining light with energy equal to the difference between two energy levels, ab-

sorption may occur (according to the selection rules) and the molecule is said to be excited.

It is important to know that there are plenty of different light-matter interactions
but as far as this research is concerned, absorption is of most interest because it is this
interaction that we propose to enhance. When excited, a molecule may display various
motions known as vibrational modes. For example, valence modes are characterised by a
stretching of the spring length (either in a symmetric or asymmetric way), while deforma-
tion modes are associated with angle variations of the covalent bond (wagging, twisting,
scissoring and rocking). Macroscopically, as a molecule absorbs, light gets attenuated
according to the molar absorption coefficient of the molecule ¢, its concentration C, and
the path length L: it is the Beer-Lambert-Bouguer relation (equation [1.5)).

A=c¢cLC (1.5)

Light attenuation A is the main signature in practice, hence, when talking about en-
hanced infrared absorption, it implies strengthening the light signature as light interacts
with a medium through its vibrational energy levels [108]. In chapter 2, we will address
in detail Fourier-transform IR (FTIR) spectroscopy and vibrational modes of molecules.
Still, we can observe in figure the absorption of sarin and DMMP, as a function of the

L or 10 pm, respectively. The red dashed

wavenumber, or wavelength, around 1000 cm-
line is a fit of Sarin absorption data extracted from the literature [109], and the blue
line is the measured absorption of DMMP. We observe that both molecules share their
main absorption line in the same spectral range close to 10 pm [110, 109, 111], which is
expected for two molecules with similar chemical structures. This also shows that DMMP

is a suitable molecule to be a spectral simulant for sarin.

Surface-enhanced infrared absorption, or SEIRA, is a complex combination of light,

molecular vibrations and plasma oscillations, all at resonances. The next section addresses
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Figure 1.11: Infrared absorption spectra of sarin and DMMP. Sarin data are extracted
from the literature [109].

how molecules and plasma interact to produce this enhanced light signature which is the
trademark of SEIRA.

Plasmon-molecules interactions

Surface-enhanced Raman scattering (SERS) is a technique that benefited from a lot of
attention since its discovery [112]. Although Raman and infrared are the two faces of the
vibrational coin, research on the complementary surface-enhanced infrared absorption,
now known as SEIRA, was studied at a latter stage. The first report of SEIRA was by
Hartstein et al. in 1980 [113]. Soon after, numerous works followed and it was soon clear
that the enhancement from SEIRA was orders of magnitude below that of SERS. Still,
the average cross-section of infrared absorption is about nine orders of magnitude higher
than the corresponding Raman, which means that in practice, even small enhancement

would lead to interesting results [114].

SEIRA refers to multiple means to enhance the infrared absorption as matter can
exhibit different resonances depending on their nature. This is the reason why literature
on SEIRA splits into two categories: plasmon-assisted SEIRA, based on the collective
oscillations of free charges in matter, and phonon-assisted SEIRA, based on lattice vibra-
tions. Basically, these two branches exploit the electric field associated to the motion of

dipoles in matter at resonance. Therefore, as SEIRA can be produced with both metals
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and dielectrics, it rapidly developed [115, 116].

The enhancement of SEIRA is a combination of electromagnetic and chemical con-
tributions [117, 94]. The chemical contribution refers to the variations observed on
a molecule infrared vibrational signal in terms of frequency and shape, resulting from
molecule-plasma interactions [118, 119]. The electromagnetic contribution is attributed
to enhanced optical fields and, correspondingly, augmented absorption intensities from
plasmons or phonons [114]. Note that such electric field enhancements, not only bene-
fited infrared absorption, but also many other effects and technologies including: fluores-
cence [120], lithography [121], solar cells [122], and photocatalysis [123].

In practice, SEIRA is associated with two interactions between plasmons and organic
molecules: refractive index-dependent plasmonic resonance and plasmon-molecule reso-
nances coupling. In the first case, molecules do not exhibit electronic absorption and the
respective resonances of the molecule and the plasma are far apart. Still, we know that
plasmons arise at metal /dielectric interface, and its nature (and therefore resonance) de-
pends on the optical properties of both of these media. As molecules adsorb at the surface
of the metal, the effective refractive index of the surrounding environment changes, and
the plasmon ‘feels’ this variation, and as a consequence, the oscillation of charges will have
its restoring force reduced with the increased number of polarisation charges, themselves
increasing the screening of the oscillator Coulombic force [124]. This is the principle of
SPR-based devices and these devices are sensitive to the variation of the environment
refractive index, resulting in a red-shift of the plasmonic resonance [125]. This effect can
be appreciated in figure [1.12(a).

In the second case, the plasmonic resonance and a molecule absorption coincide and
coupling occurs. From Kramers-Kronig relations, we know that absorption is associated
with a strong variation of the refractive index, therefore the first effect explained above
also takes place. Besides, the coupling results in a hybridisation of states into a com-
plex system formed by energy transfer between molecules and plasmons. This mixed
system has spectral properties drastically different from its two separate constituents.
SEIRA originates from this coupling [124], amongst many other applications based on
molecule-plasmon interactions such as lasing [126, 127], energy transfer [128] or amplified
SPR-based sensors [129]. The second effect, associated to SEIRA, can be appreciated in

figure [1.12(b).
SEIRA-based gas sensing: state of the art

Gas sensing using plasmonics has been demonstrated many times [132], yet most of these
techniques lack selectivity because they exploit the SPR effect or plasmon-enhanced ef-

fects that require a selectivity strategy, e.g., surface chemistry, or fine data analysis and
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Figure 1.12: (a) SPR effect: Absorbance spectra of a monolayer of immobilized gold
colloids on glass in the following: a. water (n = 1.33); b. ethanol (n = 1.36); c. 3:1
(v/v) ethanol-toluene (n = 1.39); d. 1:1 (v/v) ethanol-toluene (n = 1.429); e. 1:3 (v/v)
ethanol-toluene (n = 1.462); f. toluene (n = 1.495). The inset shows the dependence of
the absorbance maximum as well as the absorbance at 500 nm on the refractive index
of the surrounding medium [130]. (b) SEIRA effect: Relative IR transmittance in the
spectral region of the fundamental resonance of a gold nanowire, with a monolayer grafted
onto, for both polarisations. The inset is a scanning electron micrograph of the plasmonic
antenna [131].

treatment [44]. However, SEIRA is intrinsically selective as it targets a molecule char-
acteristic vibrational modes, and therefore, it generates certain interests especially for
such specialised application like sensing of CWAs. Efficient SEIRA is dominated by two
principles: resonances tuning and spatial overlap between the enhanced electromagnetic
field and molecules, which explain the high volume of research produced on these two
aspects, through antenna designs [93, 133] and bulk optimisation [133], that respectively
led to exotic antenna design (fractals [134], nano-gaps antennas [133, 107], etc.) and
metamaterials (metal-insulator-metal structures [107], hyperbolic materials [135], perfect
absorbers [1306], etc.).

While SEIRA has been successfully employed multiple times for the sensing of liquid
at low concentrations [137], its use for the detection of molecules in gas phase is relatively
new and little works have been conducted. We report the sensing of ‘simple’ molecules:
CH, [4], COq [4, 138, 139, 140, 141], SFg [142], SOq [143], NOy [143], N,O [143], and
NO [143].

From the table summarising to the best of our knowledge SEIRA-based gas sens-
ing, note that the LOD of gas phase detection based on SEIRA are higher compared to
mature technologies, and second, most of these concern ‘light’ molecules, which are quite
different from ‘complex’ molecules, including CWAs and their simulant. SEIRA has not

been applied to detect more complex molecules characterised by (i) the presence of dif-
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ferent functional groups, which may interact differently depending on the composition of
the plasmonic material, and (ii) high molar mass in gas phase. As for example, DMMP
or sarin can be modified after adsorption on metal oxides. As far as CWAs are concerned,
we report only one study for the SEIRA-based detection of a simulant sprayed on a plas-
monic platform [30]. In this context, the work carried out in this thesis is, to the best of

our knowledge, completely new and innovative.

Detected Surface- Response Sensitivity Surface-molecules
species enhancing mate- time (s) interaction
rial

CO, Gold 35 400 ppm MOF

COq Graphene 60 390 ppm Polyethylenimine
(PEI)

COq Boron nitride 120 390 ppm PEI

COq Silicon 120 20 ppm PEI

CO, Gold N/A 52 ppm MOF

CH4 Gold 60 400 ppm MOF

SOy, NO3, Graphene 60 800 High physisorp-

N,O and NO zmol.pm? tion

Table 1.6: Review of gas sensing performed by SEIRA-based sensors.
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1.3 Part three: e-near-zero media

1.3.1 Origins

Optoelectronics combined with the mature micro-electronics industry led to the develop-
ment of optical devices such as photodiodes, photomultipliers, integrated optical circuits,
laser diodes, quantum cascade lasers, communications, etc. These devices exploit light-
matter interactions within semiconductors and amongst the great diversity of parameters
that are studied to further improve these devices (permeability, carrier mobility, carrier
lifetime, etc.), the refractive index of a medium is one of the most important. This param-
eter describes how an electromagnetic wave propagates within the considered medium.
The refractive index 1 is a complex quantity as when light passes through a medium, some
will be absorbed, as described by the Beer-Lambert-Bouguer law, from equation [1.5

n=n+ix (1.6)

With n, the real part, representing the refractive index and is associated to the phase
velocity of light in the medium, while the imaginary part  is the extinction coefficient
and indicates the attenuation of light through the medium. It can be shown that n and

k are also linked to the permittivity e of the medium as follows:

6 =n’ — K’ €2 = 21K (1.7)

With €; and €, respectively the real and imaginary part of the permittivity. Addi-
tionally, we know from the dielectric function (equation and the plasma frequency
(equation that € relates to w, which itself is a function of the free carrier density N.
It therefore comes to light, that if one wants to develop a material with the ability to
interact and control light through the refractive index of the material, one option is to
play on the free carrier density and take advantage of the fact that e is itself a function

of the frequency w.

Light-matter interactions govern the efficiency of optical systems. Yet, several effects,
such as non-linear phenomena or absorption in the infrared from molecules, have weak
light-matter interactions yield. It therefore requires complex experimental setups or long
interactions lengths through bulky materials structures which are incompatible with in-
tegration and scale up. In this framework, plasmonics stands as one of the main avenue
studied as its ability to confine light at the nanoscale can be used to increase light-matter
interactions [144]. Consequently, modern developments have been drawn towards novel ar-
chitectures (2D materials [145], perfect absorbers [100, 136], metal-insulator-metal struc-
tures [45, 100], cavities [146, 147], and waveguides), antenna designs (gap plasmons, ring
resonators [147, 148]) and bulk metamaterials [148, 149] (hyperbolic materials [135, 150],
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quantum stacking, highly-nonlinear materials [146]) to further investigate this issue. In
this framework, epsilon (€)-near-zero (ENZ) materials rose as a promising technology and

in the following sections, we dive in its principles, materials and applications.

1.3.2 Principles

From equations [1.7], the relation between the refractive index of the materials and the

permittivity can be also expressed in the following way:

n=./eu (1.8)

And considering that the magnetic response is small (u = 1), we directly understand
that ENZ implies that the refractive index of the material tends towards small values as
well. A medium with a near-zero refractive index doesn’t imply that light travels faster
than in vacuum, but that its phase velocity is distorted in such a way that literature refers
to it as a ‘stretched’” wavelength phenomenon. This means that the relation between fre-
quency and wavelength in the medium is weakened and this can be exploited for advanced

light control and manipulation.

Another aspect of ENZ materials touches the electromagnetic fields associated to such
media. Indeed, taking a look at the continuity relations at interfaces, the electric field
magnitude will significantly increase with respect to adjacent media (defined by €, and

E.,, the permittivity and the electric field, respectively):

€alla

€ENZ

Fgnz = (1.9)

It should be mentioned that p-near-zero media also exist [151], and because both the
permittivity and the permeability are function of the frequency, a material may display
p-near-zero and ENZ effects at different frequencies. Engineered media can display both
effects at the same frequency, and are defined as e-p-near-zero media [152]. In practice,
one should not forget that losses are an intrinsic part of ENZ materials and it is one of the
great limitations as to why although € tends to vanishingly small values, the losses still
remain large. Therefore, one understands that designing a perfect ENZ material implies
a material with small losses, a negligible magnetic response, at the operating frequency.
Finally, for some applications such as waveguiding, impedance Zﬂ is a major component
as it governs the transmission. From the relation Z = \/u_/e, the impedance can be tuned
with the permittivity and greatly increased within ENZ media. In the next section, we

will review the various ways to obtain ENZ regime.

9Characterises the ease with which light is transmitted from a first medium to a second, it is related
to the difference between the indices of refraction.
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1.3.3 ENZ-supporting materials

Currently, we report five different ways to achieve an ENZ behaviour: (i) the free carriers
oscillations, i.e., bulk plasmon at the plasma frequency, (ii) effective media by photonic
multilayers [153, 154], (iii) Dirac cone in the centre of the Brillouin zone, corresponding
to the I' point in photonic crystals [155], (iv) at the cut-off frequency of hollow waveg-
uides [156], and (v) phonon frequencies [157]. Overall, all polaritons-based systems display
an ENZ point. In our study, only the first method is of interest.

Indeed, we can deduct from the Lorentz-Drude model (equations , that the
collective movements of free carriers result in ENZ at the plasma frequency. For this
reason, plasmonic materials are intimately linked to ENZ effects as both have the same
origin, hence, most of the plasmonics materials listed before have found applications
through their ENZ regime. Commonly used plasmonic-based ENZ materials are TCOs
(AZO [158], ITO [159], GZO [160], ICO [161], FCO [162]) and III-V semiconductors
(InSb [163], InAs [164]). These materials are more often employed because they can be
doped and their plasma frequency can be thus tuned to the operating frequency. Indeed,
there is a difference between the plasmonic resonance and the ENZ effect, that are re-
spectively adjustable by the antenna shape and size, and the doping level of the material,
which is the reason why noble metals are less often employed as ENZ materials. Addition-
ally, noble metals suffer from important optical losses to find practical use in ENZ-related

applications.

Figure represents ENZ materials from the literature, as function of their losses
represented by the imaginary part of the permittivity, over the electromagnetic spectrum
(from the deep-ultraviolet to the microwaves). We observe that around the wavelength of
10 pm, doped semiconductors (such as InAs, InAsSb, InSb and Si) are mostly used. Lines
connecting points, representing a material, highlight their tunability over a significant
frequency range in the infrared region, and they display less losses than some of their
counter-parts in the visible. They are particularly adapted to be used to probe the finger-

print of molecules, making them a promising candidate for gas phase detection of DMMP.

1.3.4 ENZ-associated phenomena

In this section, we non-exhaustively review some important applications that were achieved
with ENZ photonics. These applications demonstrate phenomena that highlight the
promising technology that ENZ represents.

Perhaps the most famous application of ENZ materials is waveguiding as it was pre-

dicted in 2006 that the electric field and the power flow of an electromagnetic wave
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Figure 1.13: The value of the imaginary permittivity € is plotted at the crossover wave-
length (Ae) at which the real permittivity is zero. Materials with an imaginary permittiv-
ity smaller than 2 at the crossover wavelength exhibit near-zero-index (NZI) properties.
The lines connect the different measured values of Im(e) for a given statically tunable
material and illustrate their variability. Borrowed from [165].
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within an ENZ waveguide would be almost totally conserved with a near perfect trans-
mission [166], and this, whatever the shape of the waveguide [167]. It would be experi-
mentally demonstrated two years later by two independent teams, a week apart [168, 169].
This near-perfect transmission phenomenon was later intensively studied and it was found

that its origin lies in a near-constant phase of the travelling wave.

This stationary phase phenomenon gave rise to numerous applications such as direc-
tive emission, the second most important application of ENZ materials [170]. Indeed,
from Fresnel’s formula, it can be shown that the angle of refraction at the boundary is
a function of both permittivity and the angle of incidence of the ENZ region, leading
to a directive emission. The second consequence is that the radiation phase pattern of
the radiation source can be tailored [171]. In the same vein, as previously mentioned,
strong field discontinuities and enhancements have been observed [172, 173], which would
greatly benefit applications including antenna design, enhanced superradiancem [174],

and, in theory, spectroscopy.

ENZ photonics also attracted important attention as it represents a solution to the two
main challenges in the way of nonlinear optics: phase mismatch and weak light-matter
interactions [175]. Indeed, the former is not an issue anymore as the phase is constant
within ENZ region and the latter greatly benefit from (1) the strong confinement asso-
ciated with the light-trapping ability of the ENZ material, leading to an increased input
energy as it is concentrated within a small region, and (2) the ‘slow-light’ effect as the

group velocity vanishes which implies a close-to-infinity interaction time in theory [176].

Finally, we look into two effects that are interesting in plasmonics: the geometry
independence of the plasmonic response and the resonance pinning. The first one was
briefly mentioned above as ENZ waveguides present a near-perfect transmission, inde-
pendently from the waveguide shape. This effect was identified for various experiments
and under different conditions [167, 177]. It appears that ENZ media are associated with
a near-perfect dispersive behaviour, this means that the optical properties of the bulk
materials dominate over other parameters such as the geometry of the system that would
initially have drastic influence over the system’s response. This is an interesting feature
in plasmonics as many applications make use of plasmonic nano-antennas and lowering
the dependence between the system’s response and the plasmonic nano-antenna supposes
that it would be a lot more tolerant to fabrication defects and fabrication errors would

become insignificant.

Second, it is well-known in plasmonics that the shape and size of the antenna influence

the plasmonic resonance. By suppressing this relation, it has been demonstrated that the

0Enhanced emission based on collective effects arising when quantum sources are placed sufficiently
close to each other.
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plasmonic resonance mainly depends on the material properties in ENZ regime, having for
consequence a plasmonic resonance pinning [178, 179, 180]. This resonance pinning may
facilitate various applications for which matching the plasmonic resonance to another reso-

nance (such as vibrational modes in spectroscopy) in order to achieve coupling is required.

Besides, ENZ has been employed for the design of optical isolators [181], all-optical
and electro-optical switches [182, 183] modulators [184, 185], perfect absorbers [186], com-
munications [187], amongst many others [188, 189, 175, 177].

In direct relation with the thesis work, ENZ media were applied in sensing applications
with waveguides sensors [190], refractive index sensors based on metasurfaces [190, 191,
192, 193, 194, 195, 196, 197, 198]. ENZ were theoretically studied as enhancing media
for SEIRA [199, 200]. Very little work has been experimentally produced to showcase the
potential of ENZ for sensing applications [201] with a fundamental work from Folland et
al. using phonon-based ENZ effects in an effective MIM waveguide structure for SEIRA
and strong coupling between the absorbing molecules in the vicinity and phonon-polariton
vibrations. They experimented their structure with the volatile organic compound cyclo-
hexane, paving the way for gas sensing by ENZ-enhanced spectroscopy [202]. A second
paper by Ma et al. paves the way to understand the strong coupling between vibrational
modes of organic molecules (in this case, PMMA) and metallic antennas [201], showing
that the ‘very strong coupling’ regime between molecules and plasmon is associated to a

mode splitting and anti-crossing dispersion.

Although ENZ materials have not been largely employed for SEIRA, we believe that
the combination of multiple ENZ-based effects, namely, the plasmonic resonance pinning
and the enhanced electromagnetic field, may significantly benefit SEIRA both practically
and qualitatively. Indeed, as most SEIRA strategies rely on surface chemistry, ENZ ma-
terials bring interesting features free of the characteristic downsides of surface chemistry:

stabilization, reuse, reproducibility, and preparation.

Conclusion

In this first chapter, we introduced the reader to the field of plasmonics and its application
for the enhanced-absorption of organophosphorus compounds. A review of the literature
about OPs detection shows that there is still room for improvement in terms of selectivity,
sensitivity, response time and miniaturisation. To these ends, plasmonics appears as a
promising sensing technique through the SEIRA effect, based on LSPR and its associated
highly-enhanced electric field. In this framework, highly doped III-V SCs are particu-
larly interesting as their operating frequency can be adjusted to the fingerprint of CWAs

molecules in the MIR. Finally, we discussed various technologies such as bulk material and
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antenna design, as well as, surface chemistries to further improve the performance of a
plasmonic-based sensor. Especially, e-near-zero media were addressed as a strategy to fur-
ther improve the sensitivity and selectivity, without the disadvantages of functionalisation
strategies. The next chapter deals with the sensor conception, growth and fabrication.
Electromagnetic simulations alongside fabrication and optical characterisations are also

presented.
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Chapter 2

Conception, fabrication and

characterisations

Introduction

This second chapter is dedicated to the entire process in order to obtain plasmonic samples
that will be used for the study of ENZ effects and spectroscopy of CWAs in gas phase.
The whole process is covered from the very beginning, starting with the establishment
of the expectations and the preliminary electromagnetic simulations performed. The
physical fabrication of the samples and its numerous control characterisations, with first
the crystalline growth and second the fabrication of the plasmonic antennas, are realised
and showed. After that, the optical characterisations of the fabricated samples will be
carried out in order to validate the conception and fabrication steps. This chapter ends
with a checklist of requirements the samples must fulfill to be used in practical applications

such as spectroscopy.

2.1 Conception

2.1.1 The plasmonic structure

In this first section, we introduce the reader to the plasmonic structure designed in this
thesis work for both the study of ENZ effects and spectroscopy experiments. MIM struc-
tures are well-known for their ability to enhance light-matter interactions by trapping
light within the insulating layer sandwiched between two metallic layers, as developed in
chapter|l] In practice this results in two phenomena that have been reported: (1) a perfect
absorber behaviour [136] and (2) a SPP trapped at the antenna interfaces, with a mag-
netic field pinned in the insulator layer, known as gap plasmon [203, 204]. The specificity
of this work lies in the nature of the spacer layer. While MIM structures and ENZ layers
have been employed for a variety of applications, we propose to combine both of these

concepts into a metal-ENZ-metal structure. This concept is based on the fact that ENZ
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Figure 2.1: Schematic diagram of the metal-insulator-metal structure.

layers are not metallic so that this design conserves the advantages of the MIM structure,
while benefiting from the ENZ layer assets. The ENZ behaviour is obtained by doping
the layer to the point that its plasma frequency reaches the operating frequency which is
around 10 pm in our case, close to the absorption of the simulant of sarin: DMMP. Still,
we tried other doping levels for the study of ENZ phenomena, and we will discuss these
results in chapter [3|

Figure displays the desired structure to be grown and processed. This structure
is composed of a spacer layer of plasma frequency wps sandwiched between two layers of
plasma frequency wpi, well-known as metal-insulator-metal structure. Throughout this
work, various designs have been tested in terms of antenna width, period, spacer layer
thickness (hs) and spacer layer doping wye. The common points of all the structure

evaluated are as follows:

— The top layer is about 100 nm thick (h,) and it is this layer that will be nanostruc-

tured into plasmonic antennas.

— The bottom layer is a thick layer of 1 ym (hy,) acting as a mirror layer for IR light

to perform reflectance measurements.

— The top and bottom layers are as highly doped as semiconductors can be, which is
about 5 x 10! cm™ in the case of InAsSb:Si (see section for further detail), so
that the plasma frequency wy; corresponds to a plasma wavelength ~ 5 pm. This

way, the material is metallic for the MIR and its plasmonic nature can be exploited.

— The spacer layer is always less doped than its surrounding layers so that wpy < wpi.
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2.1.2 Electromagnetic simulations

Modern physics is intimately linked with the development of novel numerical methods and
computer improvements. The ability to simulate a structure in order to predetermine its
physical response has tremendously benefited the development of complex structures that
previously relied on trial-and-errors and empirical laws. Electromagnetism is one of the
most well-established physical theory and thus, electromagnetic (EM) simulations became
a field of research itself, and are generally considered indispensable for the design of sub-
wavelength nanoscale optical devices including plasmonics [205]. The most commonly
used EM simulation methods are: (i) finite difference time domain (FDTD) [206], (ii) fi-
nite element method (FEM) [207] and (iii) rigorous coupled-wave analysis (RCWA) [208].

In this work, both FDTD and RCWA will be performed with the software Lumer-
ical FDTD solver and RETICOLO (open source Matlab code) [209], respectively. The
design of the bulk structure and antenna parameters were performed with RCWA. The
open-source code RETICOLO allows to design 1D and 2D systems and simulate their
optical response in terms of reflectivity and transmission. This method is easy to use and
faster than other methods, but its precision is directly related to the computation time.
FDTD was employed to cross-confirm some RCWA results, including the simulation of
organic molecules, plus it has the advantage to always converge in the right conditions,
which explains why it is a state of the art computational method for electromagnetism.

Still, differences always persist between simulations and experiments, and these will be
discussed in both chapters [3| and [4]

The figure shows an example of a reflectance simulation of 1 pm width nanorib-
bons plasmonic antenna, with a period of 2 pm, and a 500 nm thick spacer layer doped
at 1 x 10" ¢m™ so that its plasma frequency wpy corresponds to a plasma wavelength
of ~ 10 pm. We observe that the simulation ranges from 400 up to 5000 cm™, which
is the detector operating range. Second, we observe two peaks: (1) the plasmonic reso-
nance LSPR around 1050 cm™ and second the quarter-wavelength resonance associated
to the Fabry-Perot cavity of the MIM structure around 1400 cm™. Finally, the LSPR is
associated to a reflectance close to zero, and due to the fact that there is no transmis-
sion thanks to the mirror layer, it means that the absorption is maximised and therefore
confirm that such structure behave as a perfect absorber. The inset focuses on the LSPR
range for three different width of nanoribbons: 0.5, 1.0 and 1.5 pm. We can appreciate
the well-known dependence between the LSPR frequency and the antenna size. As the
nanoribbons width increases, the LSPR red-shifts towards higher wavelength or smaller

frequencies.

EM simulations can also evaluate the intensity of the electromagnetic field at each

point of space of the designed structure, which can then be turned into EM maps. Fig-
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Figure 2.2: Reflectance simulations performed by RCWA of a 1 ym width nanoribbons
plasmonic antenna, with a period of 2 pm, and a 500 nm thick spacer layer doped at
1 x 10" ecm™. The inset represents reflectance, focused in the LSPR range, for three
different nanoribbons width: 0.5, 1.0 and 1.5 pm, respectively green, red and blue.

ure [2.3 represents the computed and normalised (a) electric field map, and (b) magnetic
field map, of a plasmonic nanoribbon antenna along the x-direction, at plasmonic reso-
nance frequency (LSPR &~ 9.5 pm). We observe in the (a) map the electric field enhance-
ment on each side of the plasmonic antenna, along the ribbon length, expected at LSPR.
In the second map (b), we observe that the magnetic field is mainly confined within the
spacer layer, dielectric at the LSPR frequency, in accordance with the expected gap plas-

mon behaviour associated with the MIM structure.

To conclude, these EM simulations demonstrate how powerful of a tool modern nu-
merical simulations are for evaluating both the near-field and far-field optical responses
of a plasmonic device, respectively by simulating its reflectance and the EM field it is
associated with. This last point is of special importance as we know that plasmonic de-
vices, by confining light, will enhance the EM field associated to the SPPs, especially
in the case of subwavelength antennas such as nanoribbons. In practice, the structure
design is optimised for both of these features by determining bulk parameters (materials,
thicknesses, and doping levels), as well as antenna parameters (shape, dimensions and
period), preceding the physical fabrication of the simulated samples that starts off with
the growth.
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Figure 2.3: Normalised (a) electric field |E/Eq|* and (b) magnetic field |H/Hg|? of a =~ 1
pm-wide ribbon plasmonic antenna, at A ~ 9.5 pym, calculated along the x axis by RCWA
simulation.

2.2 Samples growth

2.2.1 Molecular-beam epitaxy

The physical fabrication process starts off with the crystalline growth of the samples. The
growth of ITI-V semiconductors (SCs) consists in the formation of crystalline layers, known
as epitaxy, on top of a wafer, also called substrate, that is a thin slice of semiconductor
that serves as the first building block in the fabrication chain. The growth of crystalline
structures on top of the substrate is highly dependent on the state of the surface, as a con-
sequence, surface preparation in epitaxy is, in itself, a domain of research. The substrate
is crucial in crystalline growth as it acts as a lattice template for the grown structures,
which means that its lattice constant, typically around 6.1 A for InAs, GaSb and AlSb,
imposes its lattice over the structure grown on top. The growth of structures with dif-
ferent lattice parameters is a highly active topic of research as it leverages technological
limitations intrinsic to epitaxy, allowing the development of novel optoelectronic devices
and their integration onto photonic integrated circuits with daily-life applications. There
exist different techniques for epitaxial growth of III-V SCs: vapor phase or liquid phase
epitaxial growth and molecular beam epitaxy (MBE). MBE is a technique specialised in
the growth of extremely thin layers with a control at the atomic scale and a high crystal
quality [210]. This technique requires ultra-high vacuum (107!° Torr) in order to achieve
the highest purity possible of the grown films, by increasing the mean free path of atoms
as they reach the wafer. Figure presents a photograph of one of the two MBEs used

to grow the samples during this work.
Despite InAs and GaSb having a similar lattice constant, respectively of 6.06 and 6.10

A, this relatively small difference ~ 0.6% actually is enough to hamper the growth of InAs

over GaSh as the critical thickness of around 80 nm, imposed by the lattice constants dif-
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Figure 2.4: Photograph of the molecular beam epitaxy system RIBER C412 model at the
Institute of Electronics and Systems of the University of Montpellier.

ference, is smaller than the layers to-be grown. Past this critical thickness, the crystalline
structure relaxes and breaks, leading to a great variety of crystalline defects that may in-
troduce additional optical and plasma losses [211, 212]. To solve this problem, the digital
alloying technique was used to grow InAsSb rather than InAs, onto GaSb substrates [212].
A digital alloy is a compound whose composition is controlled through numerical pulsing
of elements, this means, in the case of InAsSbh, that the layers were grown the same way
InAs would be grown (typically with a V-III growth rate ratio of ~1.5), but antimony
is introduced by opening and closing the antimony cell shutter at a certain frequency.
This pulsation allows to send a certain amount of antimony, function of the frequency
numerically imposed on the shutter. As a consequence, Sb will be introduced and take
the place of As within the lattice, and thus will modify the effective lattice constant of
the ternary alloy. InAsgg1Sbg.gg is lattice-matched to the GaSb substrate, while keeping
the ability to be doped like InAs. The growth rate is about 1 A per second.

Doping is perhaps the most important feature of the semiconductor industry, respon-
sible for the exponential growth it had over the past 50 years. Doping corresponds to the
ability to introduce other atoms, i.e., impurities, within the lattice of an intrinsic semi-
conductor for the purpose of modulating its electrical, optical and structural properties.
It is known that silicon atoms act as electron donor within InAs, meaning that it pro-
vides additional charges so that InAs:Si has more free electrons than InAs. Considering

3 using silicon, before reaching the

10%® ¢cm™ atoms, InAs can be doped up to 6 x 10! cm-
solubility limit. InAsSb can also be doped to such high levels. To clarify, one should note
confuse antimony and silicon respective purpose, the former is introduced to modify and
adapt the lattice constant to that of the GaSb substrate, while the latter is used to dope
the structure and tune its optical properties. Once the growth is performed, the structure

must be verified and validated before the fabrication process can continue.
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2.2.2 Growth characterisations
Surface characterisation

Surface characterisations of the samples after growth are performed using two main mi-
croscopy techniques: (i) optical microscopy and (ii) atomic force microscopy (AFM).
Usually, a first visual check with the eyes can indicate problems during the growth. For
example, the sample surface may look cloudy, or it may look like a white layer is on top,
indicating a large number of surface defects or that the solubility limit has been exceeded.
Optical microscopy will confirm if these assumptions are verified or not, and we assume
that if no surface defects can be observed with a x100 objective, then the sample is char-

acterised by AFM, which is a more dedicated technique for surface analysis.

The figure [2.5(a) shows a standard 10 x 10 pm? AFM image of InAsSb:Si grown onto
GaSh. The software Gwyddion can provide numerous information about the image and in
particular, the average roughness (from the root mean square), which is ~ 200 pm, or 2 A,
for this case. This value is close to the atoms size composing the samples and therefore it
confirms that the growth InAsSb onto GaSb is successful as little to no surface defects are
introduced. To clarify, surface defects also refer to deep defects that reach the surface as
the growth proceeds, so absence of these surface defects imply that the interface between
GaSb and InAsSb is as optimal as possible. In contrast, figure [2.5(b) shows the result
of GaSb grown on GaAs, resulting in pyramidal defects on the surface due to the lattice

mismatch causing a roughness of ~ 1.4 nm.
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Figure 2.5: Atomic force microscopy images (10 x 10 pm?) of (a) InAsSh:Si digital alloy
grown on GaSb and (b) GaSb grown on GaAs.

Crystalline characterisation

To further verify the crystalline quality of the samples, high-resolution X-ray diffraction
(HRXRD) is employed. It provides information about the crystalline state, the lattice
constants and the thicknesses of the grown structures. This technique is especially im-

portant to calibrate the amount of antimony necessary to correctly match the lattice of
InAsSb to the one of GaSb. Figure displays three different HRXRD spectra. The
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first case (a) shows a slightly mismatched InAsSb grown on GaSb. We observe that the
GaSb substrate and InAsSb digital alloy peaks are slightly separated, the latter is on the
right meaning that the material is in tension and not enough Sb has been introduced in
the lattice to perfectly match that of GaSh. As opposed to the second case (b), for which
they are confounded implying that InAsSb is perfectly matched to GaSb. Finally the
third case (c) highlights the difference when InAsSb is grown on to a GaAs substrate, we
observe that the digital alloy and the substrate peaks are completely separated, which is
expected with a 7.2% lattice mismatch between the two materials. A growth for this last
case may imply the use of a buffer layer, which is a layer grown in-between the substrate
and the active layer to (i) ‘bridge’ the lattices of two different materials and (ii) to bury
possible defects that may appear at interfaces [211, 212]. Finally, we observe two satellite
peaks on each side of the graphs, corresponding to a period within the grown structure.
This period is associated to the digital alloy as the pulsing of antimony actually result in
sequence of InAs/InAsSb, similar to a superlattice, allowing to retrieve with precision the

thickness of the grown layer, contrariwise to the growth of bulk materials.

1E+6 . ‘ . n 1E+6 . .‘ 1E+6 . .
GaSb |
145} (3) 7 Inassh | 1e+5} (D) Gasb 1 assb 1 1E+5} (C) G*LAS
§1E+4 Digital alloy 1E+4l Digital alloy | {E+4| InAsSb substrate
5 * Digital alloy
; 1E+3 1 1E+3} * 3 1E+3}+ + GaSb Buffer
2 1E+2 1 1E+2} 1 1E+2} * ‘ -
2 * f i I / \AA f'/ ‘}:
= 1E+1 * 1B} » "y g TEE 'WW'M MWWW W
TR g Hﬂ”\ Ty ‘ kLN 1
1E+0 . . ] d o UL TOETANTTT . DO b 4 . L i AP .
28 30 32 34 26 28 30 32 34 28 30 32 34
=20 (°) ©-20(°) ©—20(°)

Figure 2.6: High resolution X-ray diffraction spectra of (a) a slightly mismatched InAsSb
on GaSb, (b) a perfectly matched InAsSb on GaSb and (c¢) InAsSb on GaAs. Stars
highlight satellite peaks associated to the period of the InAs/InAsSb digital alloy.

Doping characterisation

The plasmonic behaviour of ITI-V SCs is brought by the ability to dope them and introduce
a sufficient amount of free carriers to obtain a high density of electrons, i.e., a plasma. To
obtain a plasmonic behaviour in the MIR, the ITII-V semiconductor must be highly-doped
with free carriers having a small effective mass. Hole doping (or p-doping) is possible and
would lead to a plasma of holes rather than electrons, but holes are much heavier than
electrons and therefore their large effective mass significantly lowers the plasma frequency
far below MIR. On the other hand, electrons are much lighter, and especially in InAs,
for which the electron effective mass is around 0.023mg (as opposed to holes for which
the effective mass is 0.41my), also highlighting the great mobility of free electrons in InAs
because losses v are inversely proportional to the mobility. Both silicon and germanium

act as donors in InAs, but as silicon is a smaller atom, its solubility limit is about an
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order of magnitude higher than germanium, making it suitable for high doping levels.
Only InSb can be as highly-doped as InAs, but its lattice constant is much higher than

its 6.1 A counterparts, which is why it is less employed within heterostructures.

Doping levels can be measured in different ways with Hall effect by far the most em-
ployed in the silicon industry [213], despite charge accumulation effects leading to errors
in the estimation, especially in InAs [214, 215, 216]. Doping levels can also be measured
optically, by probing the Brewster mode occurring at the plasma frequency [217]. This
technique consists in a light beam sent with a 60° angle at the surface of highly-doped
SCs so that upon reflection, a leaky mode within the bulk of the material probes its free

carrier density which will translate into absorption on the reflectance spectrum.
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Figure 2.7: Experimental Brewster measurement (full line) and simulation (dashed line).
A and B peaks respectively correspond to the plasma wavelengths of the spacer layer, and
the highly doped layers, i.e., metal layers. Their respective doping levels are evaluated at
4 x 10 and 1 x 10* em™.

Figure[2.7]shows a Brewster measurement obtained using FTIR. First, we observe that
the experiment and the simulation match, which cross-confirms the following conclusions.
In this spectrum, we observe various peaks, notably the A and B peaks, that respectively
correspond to the spacer and ‘metal’ layers of the sample. From the plasma frequency
relation [I.3], we can retrieve the carrier concentration, i.e., doping level, needed to obtain
a plasma wavelength at 10 pm, which is around 1 x 10! ¢cm™ donors, this corresponds
to the peak A. As for peak B, it corresponds to the doping level of the metallic layers,
around 4 x 10 e¢m™, close to the maximum possible in practice, as expected by EM

simulations. The peak in-between, as well as the oscillations at higher frequency, are
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Fabry-Perot resonances associated to the spacer, acting as a cavity. The simulation, in
figure [2.7] is performed using transfer-matrix method, next section discusses it. Further

information about the Brewster measurement can be found in annex [A]

Losses characterisation

The simulation performed with the transfer-matrix method on Matlab allows us to fit
various parameters and cross-confirm experimental measurements. From HRXRD, we
can extract the exact thicknesses of each layers, besides the fact that MBE allows a
nm-scale control of these layers. In addition, from Brewster measures, we retrieve the
exact doping level of each layers. As a result, the only unknown parameter according to
equation [I.3] is the plasma losses v. Therefore, it is possible to use this parameter to fit
and extract the losses for each doping level. For example, the losses are estimated around
1.5 x 1013 st for high doping level of 4 x 10*® cm™, while it is estimated around 8 x 10*? s
for 1 x 10! cm™. Losses are negligible for undoped layers. In the end, the plasma losses
can be estimated from the plasma frequency with equation which serves as a good

approximation:

~ Y
790

It should be noted that this fitting parameter both influence the frequency of the
peak, but also its full-width at half-maximum (FWHM). We observed that for InAsSb

grown on GaAs, despite the strong lattice mismatch that induced crystalline defects, we

(2.1)

did not identify any significant broadening of the peaks on Brewster measurements nor
simulations, implying that the plasma oscillations might not be as sensitive as thought
to crystalline defects. Confirming this assumption would require further investigations.
Once the grown sample satisfies the requirements in terms of quality, thicknesses, doping
level and plasma losses, it is ready to undergo further fabrication steps constituting the

process of patterning the surface into plasmonic nanoantennas.

2.3 Fabrication

2.3.1 The nano-patterning process: step-by-step
The cleaning procedure

We present here a step-by-step procedure for the fabrication of plasmonic nanoantennas.
First, we define the cleaning step as follows, the samples are cleaned using acetone, iso-
propanol (IPA) and deionised (DI) water. Acetone is primarily used to remove organic

remnants and contaminants from the sample surface, but as it evaporates, it may leave
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redeposits and stains, which is why IPA follows up to clean all non-polar contaminants
left. DI water finishes the cleaning step by washing out the remaining residues. This
3-steps cleaning procedure will be referred as cleaning in the manuscript. Cleaning is
perhaps the most important step of the fabrication procedure as the state of the surface
entirely conditions the quality of the next steps including lithographies and etchings. This

procedure takes about 10 minutes.

The patterning procedure

The patterning of surface into nanostructures like plasmonic nanoantennas is based on
two main steps which are the patterning of a mask at the surface, followed by an etching
to imprint the design from the mask to the sample surface. The mask can be either a
hard mask, made of SiOy or SizNy for example, or a resist. The choice of the type of
mask depends on if it can withstand the etching step and for how long. Hard mask can
support much stronger etchings like high-power dry etchings but require an additional
step to pattern the hard mask itself with a resist. Resists are polymers commonly used in
the semiconductor industry because they are sensitive either to light or electrons, and re-
spectively photolithography and electron-beam lithography (EBL) are employed to print
the desired design on the resist. Figure displays the equipment of (a) photolithogra-
phy and (b) EBL [218]. Once lithography has been performed, the development of the
resist using a chemical called developer allows to selectively remove either the exposed or
unexposed resist, depending on its nature as a positive or a negative resist, respectively.
The remaining resist can be used as a soft mask for the etching step [219]. The patterning

by EBL can be relatively long depending on the pattern dimensions, in our case it would

take a night up to one full day.
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Figure 2.8: Photographs of (a) photolithography and (b) EBL systems.
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The etching step

The second step of the patterning is the etching. If one needs a hard mask for the etching
of the sample surface, then a preliminary etch of the hard mask below the resist is needed.
If not, then the developed resist serves as mask and the etching of the III-V SCs takes
place. Etching can be performed in two different ways: wet or dry etching, sometimes
a combination of both. Wet etching relies on the use of acids such as: citric, nitric or
hydrofluoric (HF') acids, that are commonly used, usually diluted with DI water or hy-
drogen peroxide (H,O,). Dry etching is performed using techniques such as inductively
coupled-plasma (ICP) for reactive ion etching (RIE), well-known as ICP-RIE. This tech-
nique is based on ionisation of a gas with ions then being attracted towards the wafer so
they react with the surface and etch it. Afterwards, the sample is cleaned to remove the
remaining resist, or it is etched another time to remove the hard mask. The samples used

in this thesis work were fabricated with the following standard fabrication procedure:
1. cleaning procedure,

2. deposition of a ~ 200 nm thin layer of AZ2020:AZEBR (100v:80v) resist by spin-
coating (6000 round-per-minute for 30 s) and 1 min 110 °C baking,

3. patterning by EBL (10 kV),

4. 1 min 110 °C baking,

5. resist development for ~ 30 s with AZ726 MIF,

6. dry-etching using a 50 W Argon plasma for 5 min,
7. cleaning procedure.

The fabrication steps for the patterning of nanoribbon antennas are summarised in
figure 2.9
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Figure 2.9: Scheme of the fabrication process in three main steps.

2.3.2 Fabrication characterisations

When the surface structuration into plasmonic antennas is finished, several characterisa-
tions are performed to verify the state of the surface, dimensions and overall quality of
the antennas. The first one is scanning electron microscopy (SEM), to see the state of the
whole surface as well as the dimensions and sides of the antennas. This technique uses
an electron beam to scan the sample surface and upon electron-surface atoms interaction,
secondary electrons are emitted and detected. Secondary electrons generally have low en-
ergies on the order of 50 eV, which require a strong vacuum as well as several multipliers in
order to increase their energy, so they can be efficiently turned into an electrical signal for
2D intensity display. With modern equipments and in perfect conditions, the resolution
of SEM can be as low as few nm. Figure[2.10[(a) shows a SEM image of nanoribbon-shape

plasmonic antennas.

The second technique is AFM. This technique is specialised to observe the sample
surface at close view, with a better resolution than SEM, as observed by the scale of fig-
ure This largely employed technique in research is known for its nm resolution about
1000 times better than the optical diffraction limit. AFM consists of a cantilever with a
sharp tip acting as a probe when brought into proximity of the sample surface, upon which
forces between the tip and the sample lead to a deflection of the cantilever according to
Hooke’s law. This deflection is typically measured optically with a laser pointing at the

back of the tip, which is then transduced as an electric signal for image reconstruction, as
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represented in figure 2.10|(c). Finally optical microscope may also be used to observe the
state of the surface (figure 2.10[(b)), which may show large scale defects or stains, having

a detrimental impact on the sample response.

Figure 2.10: Fabrication characterisations: (a) SEM image of nanoribbon shape plasmonic
antennas, (b) optical microscopy image of the processed sample, each square is a 500 x
500 pm? region with each nanoribbons of different width, and (c) 3D reconstruction image
obtained by AFM. The structure is a spacer layer of 500 nm thickness (doped 1 x 10
cm™) sandwhiched between two highly doped layers (4 x 10* ¢cm™) of 1 pm and 110 nm
thicknesses, respectively at the bottom and at the top.

2.4 Optical characterisations

At last the samples are processed into plasmonic nanoantennas and in this section, we
develop their optical characterisation by first introducing the Fourier-transform infrared
spectroscopy technique, well-known as FTIR. Then we will discuss the optical response

of the plasmonic samples and how to make sure that they perform as expected.

2.4.1 Fourier-transform infrared spectroscopy

We previously introduced the notions of infrared radiation and light-plasma coupling and
interactions. Now, the instrumentation and technology of FTIR is discussed as it is the
main characterisation tool used during this work. FTIR spectroscopy traces back the
absorption spectrum of an analyte, therefore the objective is to obtain a spectrum of high

quality, which depends on different factors in terms of instrumentation and metrology.

54



FTIR is composed of a light source that emits in the spectral domain of interest, a wave-

length selection mechanism, and a detector.

The light source is usually a broadband source obtained by incandescence as a solid
is heated at high temperature. Solids used can be ceramics, or ‘globar’ for glowing-bar
made of silicon carbide emitting from 8000 down to 50 cm™ depending on the cooling
method. The globar source is the one used in our experiments. On the other end of the
beam path, a detector is characterised by its sensitivity, spectral domain, and quantum
efficiency. The sensitivity is the smallest signal that can be measured by the detector,
corresponding to the amount of light equal to the intrinsic noise. The quantum efficiency
is the ratio of induced current over incident flux. A good detector is characterised by a
low-level signal sensitivity and a high quantum efficiency, over the whole spectral domain.
Still, noise is inevitable and is made of two components: (i) the detection noise associated
to random variations of flux during the measure, and (ii) the dark noise which correspond

to the signal produced by the detector in absence of light.

Several detector technologies exist such as the thermal detector DTGS (deuterated
triglycide sulfate) that converts heat into an electric signal upon exposition, this detector
works at ambient temperature but has a limited sensitivity. SCs alloy mercury cadmium
telluride (MCT) are widely employed as IR detectors, known for their high sensitivity.
This quantum detector is based on the absorption of light which excites the electrons of
the SCs from the valence band to the conduction band. In the conduction band, the elec-
trons can be collected and turned into an electric current proportional to the IR intensity.
This detector requires nitrogen cooling in order to maintain a difference in carriers pop-
ulation between the valence and conduction bands, which conditions the signal-to-noise

ratio (SNR).

The core mechanism of a FTIR spectrometer is based on the Michelson interferometer,
by far the most encountered setup in modern FTIRs. The Michelson interferometer is
based on interferences of a splitted beam as a function of a moving mirror, the resulting
interferogram corresponds to the signal intensity as a function of the displacement of the
moving mirror. To obtain a spectrum, one must then perform the Fourier transform (FT)
operation of the interferogram, according to the Wiener-Khinchin theorem that states:
‘The FT of an autocorrelated function (in our case corresponding to the interferogram)
has a spectral decomposition by the power spectrum’. Typically in practice, this operation
is performed a first time on a reference, then on the analyte or sample and the ratio be-
tween the two spectra gives information on the sample only, getting rid of the background
holding the environmental response as well as the source fluctuations. Figure shows

a photograph of the Hyperion 3000 FTIR coupled to a Schwarzschild-objective microscope.
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Figure 2.11: Photograph of the Hyperion 3000 FTIR used for optical characterisation of
plasmonic samples and spectroscopy experiments. The IR beam path coming from the
globar source is highlighted as a red arrow.

2.4.2 Validation of the plasmonic samples

We discuss here the typical spectra obtained from the plasmonic samples and identify the
markers indicating that the sample plays its role as expected. First we take a look at a
reference spectrum, as example, in figure [2.12] This spectrum was acquired on plasmonic
antennas shaped into nanoribbons of ~1 pm width with a period of 2 ym, averaged over

! resolution, with TM-polarised light (nanoribbons long axis

100 acquisitions of 1 cm’
perpendicular to the incidence plane), from 400 up to 5000 cm™. This spectrum is single
spectrum, which means it has not been divided yet by the background. From left to right,

we observe several signatures:

— at 670 cm™, the peak corresponds to absorption of environmental CO, (deformation

mode),

— close to 1000 cm™, we observe a sharp peak corresponding to the LSPR associated

to the plasmonic antennas,

1

— around 1500 c¢cm™, a large dip corresponds to the quarter-wavelength resonance

associated with the Fabry-Perot cavity of the MIM structure,

— multiple absorption from environmental water (deformation mode) are observed
from 1350 to 2000 cm™,

— dual peaks at 2350 cm™ correspond to valence mode of the CO, absorption,
— valence mode of water absorption are roughly located between 3500 and 4000 cm™,

— finally, the oscillations observed from 2000 cm™ up to end are Fabry-Perot reso-

nances of higher-order from the MIM structure.
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Figure 2.12: Single spectrum of the reflected light by a surface of ~ 1 pm wide nanoribbons

plasmonic antennas.

Substracting the background, i.e., removing the environmental influence, leads to the
reflectance spectrum in figure[2.13] We observe that the spectrum is free from the spectral

signatures of the environment such as CO5 and water, therefore the spectrum corresponds

to the optical response coming from the plasmonic sample only. The markers such as the

LSPR and the resonances coming from the Fabry-Perot cavity are much clearer. We can

divide the spectrum in three main regions according to the plasma frequencies wp,; and wp

of the metallic layers (antennas and bottom mirror layer) and the spacer layer composing

the MIM structure, respectively.

1. Frequencies below wps, so that w < wye, corresponding to the dark grey region,

show a reflectance close to unity in agreement with the fact that frequencies below
the plasma frequencies are completely reflected as the light electric field is screened
by the free carriers of the material. All the layers of the MIM structure behave as

metal.

. In the light grey region, at frequencies wps > w > wy1, the spacer layer does not
cancel anymore incident light and therefore it acts as a dielectric, while the top
and bottom layers remain metallic. This spectral range correspond to the MIM
behaviour of the structure, which means it is the range within which the structure

behave as intended and indeed, we do observe the LSPR in this light grey region.

. Finally, the white region, at frequencies w > wy,;1, implies that light oscillates faster
than the plasma of the layers composing the structure and it is not canceled anymore.
In this range, the structure is completely dielectric, which is corroborated by the

fact that the reflectance drops close to zero in the Fabry-Perot resonances minima.
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Figure 2.13: Reflectance spectrum from ~ 1 pm wide nanoribbons plasmonic antennas.

Conclusion

This second chapter focused on the conception, design, growth, fabrication and charac-
terisations of the plasmonic samples. This thorough process allows to understand and
control the entire manufacturing chain from the very beginning: commercially bought
wafers and electromagnetic simulations, to the end: sample characterisations and valida-
tion for applications. In the end, the accordance of electromagnetic simulations (ﬁgure
with experimental reflectance measurements (figure demonstrates (1) the validity
of RCWA-based EM simulations and the physical and material parameters chosen, (2)
the high quality of MBE growth, (3) the feasibility and controllability of the fabrication
process by EBL and dry etching, and (4) the expected performance of the designed plas-
monic sample, ready to be used for practical applications. Every experimental steps are
characterised and corroborated by EM simulations. Once the samples have been fabri-
cated, they will be studied in detail. ENZ materials and the associated plasmonic effects
are presented in the next chapter, before moving on to the final application: the detection

by spectroscopy of CWAs in gas phase.
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Chapter 3

Study of plasmonic e-near-zero
effects in the infrared with III-V

semiconductors

Introduction

The third chapter focuses on the design, fabrication and characterisation of ENZ struc-
tures and their associated plasmonic effects. The following study about ENZ materials
based on III-V SCs plasmonics is important to demonstrate how this class of materials
can be employed for tailoring the optical response of ENZ-based plasmonic devices for
sensing applications such as spectroscopy of OPs in gas phase. The first part introduces
the design of three ENZ samples. Then their optical characterisations are presented, and
we introduce how an ENZ-based MIM structure behaves in terms of its optical response.
This rather long introduction is necessary before discussing more complex phenomena as-
sociated to the ENZ nature of the structure: the LSPR pinning and the dispersive nature
of the ENZ materials, respectively the third and fourth part.

First, we will address the LSPR pinning with a thorough study of both the antenna
width and the spacer doping level, i.e., various ENZ regimes, over the optical response of
plasmonic antennas. Afterwards, we demonstrate that this pinning phenomenon is spec-
trally localised and not as ‘radical” as reported in the literature. Second, we will discuss
the dispersive nature of ENZ media by studying their effective refractive index and the
phase at reflection associated to the antennas. Experimental results are corroborated by
RCWA and FDTD simulations, respectively for the optical response and the dispersion
relation of this novel III-V SCs-based M-ENZ-M architecture. We demonstrate that it
serves as a promising vehicle for the study of plasmon-ENZ effects as it can be astutely
engineered to the desired application, such as spectroscopy, as it will be presented in
chapter [4]
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3.1 Presentation of the samples

As a reminder, ENZ refers to a spectral range within which a material, or a structure,
displays a minimum for the real part of its permittivity, theoretically close to zero. First,
from equation [I.2, we know that the permittivity is a function of the plasma frequency,
which is why, one mean to obtain the ENZ behaviour of the structure, is to operate close
to the plasma frequency of the material composing the structure. Second, from equa-
tion we know that the plasma frequency is related to the free carrier density N, a
parameter that we can control via doping. As a consequence, we studied three different
samples, distinguishable by their plasma frequency w, (the term plasma frequency is used
as a generic term to express both the plasma pulsation or the plasma wavenumber) and

their spacer doping level N;. Figure 3.1| shows the structure of the three studied samples.

Sample A Sample B Sample C
Air Air Air
Top layer w Top layer W
Top layer W, E—" wpz(c)

Spacer (M) Spacer w_,(B)

500 nm
700 nm

N=1x10"cm? N=1x10"cm"3 N=2x10"cm?3

V4
I Mirror w Mirror w Mirror w
p1 pl pl
X

Figure 3.1: Schematic diagrams of the three studied M-ENZ-M samples. The grey layers
are highly-doped SCs with N ~ 4 x 10%cm™. The yellow layer of each sample is the
ENZ-active layer, with different doping levels associated to three different ENZ regime
frequency. The samples A, B and C are respectively doped 1 x 106 (nid), 1 x 10!, and
4 x 10" em™.

350 nm

The structure is based on a MIM design, with the particularity that the insulator
layer (represented in yellow) is doped so that it has an ENZ regime at different spectral
ranges. In our case, the insulator layer is referred as the spacer layer, characterised by
a plasma frequency noted wp, while the metallic layers are characterised by a plasma
frequency wp;. The three ENZ layers studied are doped non-intentionally doped (nid),
corresponding to 1 x 10'% ecm™, and intentionally doped at 1 x 10 ¢cm™, and 2 x 10! cm™
respectively for samples A, B, and C. The metallic layers are composed of highly-doped
InAsSh:Si (N ~ 4 x 10"%m™) with a plasma wavelength of A ~ 5 pm, corresponding to a
plasma frequency of w,; = 3.5 x 10'* rad.s. For all samples, wy; > wys to ensure a MIM
behaviour at frequencies wp > w > wpa. The table sums up the material parameters

composing the samples.

The three insulating ENZ layers have doping levels that correspond to three different

ENZ regime, close to their plasma frequency, which can be calculated from the Lorentz-
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Drude model. Figure[3.2] shows the real part of the permittivity € expressed as a function
of the wavelength (nm) and the wavenumber (cm™), for three different doping levels:
1 x 10 em™ (nid), 1 x 10" em™, and 2 x 10! cm™. Their corresponding ENZ regime
occurs as the lines crosses the ENZ dashed red line, i.e., the real part of the permittivity
approaches zero. Samples A, B, and C respective ENZ regime occurs around 130, 10, and

7.7 pm (corresponding to 77, 1000, and 1300 cm™, respectively).

Wavenumber (cm™)
0 2000 1000 86 84 82 80 78 76 74 72

1x10'® cm®
1%10'9 cm™®
2x10"° cm®

ENZ line

10 5 10 120 125 130 135 140
Wavelength (um)
Figure 3.2: Real part of the permittivity e expressed as a function of the wavelength (pm)
and the wavenumber (cm™) for three different doping levels: 1 x 106 (nid), 1 x 10, and
2 x 101 cm™. The dashed red line highlights the wavelength at which the real part of
the permittivity crosses zero; it is the ENZ line. The permittivity € is calculated with the
Lorentz-Drude model. Be careful of the horizontal axis break.

After careful numerical design of the samples using the Lorentz-Drude model and
RCWA simulations, the three samples were grown and a wide range of plasmonic nanoan-
tennas, shaped into nanoribbons, were fabricated by EBL in a clean room. The growth
and fabrication were evaluated as described in the previous chapter to ensure that the
samples are as expected, such that their optical response should be similar to numerical
simulations. Figure [3.3| shows an optical microscopy image of each sample, highlighting
the large number of different regions, each composed of nanoribbons with different widths.
The problematic addressed is as follows: we study the influence of an ENZ layer within a
MIM structure, over the optical response of plasmonic nanoantennas. From the literature
review in chapter [I| we expect that various well-known plasmonic effects shall be influ-
enced by the presence of a layer with a vanishingly small permittivity. The next section
dives into the optical characterisations of each samples, that will serve as the groundwork

for the study of these plasmon-ENZ phenomena.

61



Sample B

Sample A | Sample C

EEEEAEEER

N
=
3

4

Figure 3.3: Optical microscopy images of ENZ samples A, B, and C. Each square corre-
spond to a different combination of a defined size and dose applied to the electron beam
current during the writing process of the lithography, resulting in various nanoribbon
antenna widths.

3.2 Optical characterisation

3.2.1 Bulk material characterisation

The first optical characterisation performed on each sample is done on the wafer right af-
ter the growth in order to verify their doping level by Brewster measurements. Figure 3.4
shows the Brewster measurements probing the free carrier concentration and therefore
can be used to retrieve the doping level of each sample. We observe a peak correspond-
ing to the highly-doped layers (wp1), and we also observe for samples B and C, a peak
corresponding to the doped insulating spacer layer (wp2) acting as the ENZ layer. Ad-
ditionally, the plasma damping rates v were extracted with a home-made code based on

transfer-matrix formalism.
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Figure 3.4: Optical reflectance measurements of the Brewster mode for all three ENZ
samples. Simulations are performed using transfer-matrix method on Matlab.

For sample A, since the spacer layer is nid, so that its plasma wavelength is far in
the THz (A, = 130 pm), we do not observe the peak corresponding to the free carrier

collective absorption (at wp) of this layer. Contrarily to samples B and C, this wyy peak
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is observed at 10 and 7.7 pm, respectively. This demonstrates that the doping level of
the experimental ENZ layers perfectly match the expected values established during the
design of the structures. The layer thicknesses were all measured by HRXRD. The infor-
mations regarding the materials, thicknesses, doping levels and their associated plasma
frequencies, for the three different ENZ structures are summarised in table 3.1} It is im-

portant to keep in mind that wp; > wye so that the structure behave as a MIM structure

as intended, between wp; and wps.

Sample A Sample B Sample C
Top layer InAsSh:Si InAsSh:Si  InAsSb:Si
N, (em®) 6 x 1019 5x 1019 4.5 x 101
wpr (rad.st)  3.7x 10" 35x 10 3.3 x10M
v (rads?)  1.5x 108 1.3x 108 1.2 x 103
Spacer layer GaSb InAsSb:Si  InAsSb:Si
N, (em®)  1x 101 (nid) 1x 10 2 x 10¥
wpe (rad.s?)  1.5x 10" 1.9x 10" 2.4 x 10"
vo (rad.st) 1 x 102 8§ x 102  1x 10"
Mirror layer InAsSh:Si InAsSh:Si  InAsSb:Si
N, (cm™) 6 x 10 5x 10 4.5 x 10Y°
wpr (rad.st) 3.7 x 10" 35x 10" 3.3 x 10"
v (radst)  15x 108 1.3x 1013 1.2x 10%
Substrate GaSb GaAs GaSh

Table 3.1: Materials parameters. nid stands for non-intentionnaly doped, which is around

~ 1 x 10% cm™. N, and N respectively correspond to the doping level of the metallic

layers and spacer layers. w,, are plasma frequencies and their associated losses .

3.2.2 Processed samples characterisation

After the bulk optical characterisation the parameters of grown samples were validated,
fabrication of plasmonic nanoantennas was performed and the table sums up the dif-
ferent geometrical parameters of each ENZ samples, with the defined nanoribbons width

range.

h,(nm) hg(nm) Period (pnm) Widths (pm)
Sample A 100 375 0.8 [0.21-0.46]
Sample B 110 500 2.0 0.22-1.43]
Sample C 100 700 2.0 [0.20-1.75]

Table 3.2: Measured geometrical parameters of ENZ samples. h, and hg refer to the
thickness of the antennas (top layer) and the spacer ENZ layer, respectively. The width
column refers to the range [wq-ws| of nanoribbons size from the smallest w; to the largest
wo with numerous width in between.
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According to Tables and [3.2] the antennas period, the spacer thickness as well
as the substrate are different for each samples. We hereby address these differences and
their potential impact on the samples response. Regarding sample B, the GaAs substrate
theoretically introduces more crystalline defects (due to a lattice mismatch of ~ 7% at
InAs/GaAs interface), resulting into stronger plasma losses 7. However, in practice, by
optically probing the Brewster mode, we did not identify any significant loss increase
through broadening of the Brewster mode peak (figure , meaning that the substrate
material does not significantly impacts the optical response of the structure. Second, the
antennas period (800 nm for sample A, compared to 2 pm for samples B and C) slightly
changes the antennas duty-cycle and, therefore, the structure effective refractive index
which itself impacts the LSPR frequency [220, 221]. Third, the spacer thickness has di-
rect consequences on the quarter-wavelength resonance, which has been found to influence
the LSPR frequency through strong coupling phenomenon [222]. Although having an in-
fluence on the LSPR, these differences do not hinder the understanding of the chapter
problematic, which is about the ENZ-based insulator within a MIM structure, and its

influence on the plasmonic response.

The second optical characterisation is performed after the fabrication process in or-
der to study the optical response of the processed samples by FTIR spectroscopy. The
figure displays a standard FTIR reflectance measurement of the optical response, as
a function of the wavenumber, from 500 up to 5000 cm™, respectively 20 down to 2 pm.
The whole structure is metallic at frequencies lower than w,, (dark grey region), the
spacer layer then becomes dielectric while the top and bottom layers remain metallic at
frequencies between wye and wy; (light grey region), and finally, at frequencies greater
than wy; the whole structure becomes dielectric (white region). We observe that the
LSPR, not to be confused with the quarter wavelength resonance (A\/4), occurs within
the light grey region, between the two plasma frequencies [wp2 —wyp1], corresponding to the
frequency range within which the structure behaves as a MIM structure. Furthermore,

the LSPR corresponds to a near perfect absorption, which is expected for such a structure.

In the end, from Brewster measurements (figure , we confirmed the doping levels
of the layers composing the ENZ-based MIM structure for all three samples, corrobo-
rated by transfer-matrix method EM simulations. Following that, FTIR spectoscopy
measurements (figure confirmed that the samples operate as expected with a perfect
absorption and a LSPR occurring when the structure behaves as a MIM. The next two
sections concern the study of the ENZ spacer layer over the optical response of the plas-

monic samples and how it challenges our certitudes about well-known plasmonic effects.

64



Wavelength (um)
020 10876 5 4 3 1410876 5 4 3 1410876 5 4 3 2

%) Sample A Sample B Sample C

o
)
T

o
[
T

Fabry-Perot resonances

Fabry-Perot resonances

o
~
T

Fabry-Perot resonances

Reflectance

N

LSPR

o
)
T

(&

LSPR \x/4 resonance

/4 resonance

. . . . . \.7‘/4 resonance
1000 2000 3000 4000 1000 2000 3000 4000 1000 2000 3000 4000 5000

Wavenumber (cm™)

Figure 3.5: Typical reflectance measurements obtained by FTIR spectroscopy samples A,
B and C. The whole structure is metallic in the dark grey region, while it is dielectric in the
white region. Within the light grey region, the top and bottom layers are metallic, while
the spacer layer is dielectric. The white/light grey and light grey/dark grey interfaces
correspond to the materials plasma frequencies, respectively, wp1 and wpg, highlighted as
red dotted lines.

3.3 The plasmonic resonance pinning phenomenon

3.3.1 Experimental results
Study of the ENZ layer doping level

First, we study the influence of the spacer layer doping level Ny on the optical response of
the structure. Figure 3.6[shows the experimental (full lines) and simulated (dashed lines)
optical responses of 500 nm-width nanoantennas for all three samples. We observe that
the numerical electromagnetic simulations performed by RCWA (with parameters from
tables match the experimental results. The LSPR frequencies are different for
each sample; for samples A, B and C, the LSPR is at 640, 1240 and 1400 cm™, corre-

3 respectively.

sponding to spacer layer doping levels of 1 x 10'6, 1 x 10! and 2 x 10" em"
Thus, the LSPR frequency increases as the doping level of the material, on which the
antennas are fabricated, increases. This is in accordance with the fact that since plas-
monic modes arise at metal/dielectric interface, its properties depend on the nature (i.e.,
the permittivity) of the materials composing the interface. Therefore as the three ENZ
layers have different indices, the LSPR is directly affected by it. Not only doping gives
an additional degree of freedom over the plasma frequency of the plasmonic material,
but it also brings the ability to adjust the optical properties of the insulator supporting
the plasmonic mode. It therefore becomes obvious that it is possible to engineer both
the metal and the insulator optical properties, made of doped III-V SCs, to the desired

application, from the THz, up to the MIR.
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Figure 3.6: Reflectance spectra of 500 nm width nanoantennas for all three samples.
The spectral range focuses on the LSPR. Full lines are experimental and dashed lines

are RCWA numerical simulations. The LSPR red-shifts as the spacer layer doping level
decreases: green: 1 x 106 cm™ (nid), red: 1 x 10! em™, blue: 2 x 10 cm™.

Study of the plasmonic nanoribbons

Second, we study the influence of the nanoantenna width on the optical response of the
structure. Figure displays the FTIR measurements of the optical responses of var-
ious antenna widths. We observe the characteristic red-shift of the LSPR (from blue
to yellow curves) as the antenna width increases (represented by the black arrow). We
observe that as the antenna width increases, the associated LSPR slows down when we
reach the plasma frequency wpe of samples B and C, i.e., near the ENZ regime, of the
spacer layer below the nanoantennas. This phenomenon is not observed for sample A
because its spacer layer is non-intentionnaly doped, thus its free carrier concentration lies

around 1 x 10 cm™, corresponding to a plasma frequency in the THz region according to

equation [1.3} therefore the probed infrared spectral region is too far from its spacer ENZ
regime to observe the LSPR pinning. One must keep in mind that fabricated antennas
width, on samples B and C, range from 200 nm up to nearly 2 pm, as opposed to sample
A for which antennas of width greater than ~ 600 nm have LSPR frequencies out of the
MCT detector limit (=~ 500 cm™ or 20 pm). We conclude that the optical reponse of the

structures, not only depends on the nanoantenna width, but is also strongly dependent
on the nature of the layer below the nanoantennas.
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Figure 3.7: Experimental reflectance spectra with increasing nanoantennas widths (from
blue to yellow) of samples A, B and C. The black arrows highlight the spectral red-shift
of the LSPR as the nanoantennas width increases (cf. Table 3.2).

ENZ layer influence over the size-resonance relation

Finally, we evaluate the red-shift observed in Figure 3.7, as a function of the spacer layer
doping level influence, observed in Figure [3.6] Figure shows the relation between the
LSPR frequency (and wavelength) as a function of the antenna width for each sample.
Experimental results are corroborated by numerical simulations performed by RCWA.
We observe that as the antenna width increases, the LSPR frequency decreases (i.e., the
wavelength increases: red-shift). The striking result is that for samples B and C, the red-
shift is much slower than it is for sample A. Indeed, a width variation of 400 nm results
in a redshift of around ~ 250, ~ 100 and ~ 50 cm™ for samples A, B and C, respectively.
This “slow-down” of the red-shift accentuates for samples B and C as the LSPR frequency
reaches the plasma frequency of their respective spacer layer, wye(B) = 1000 cm™ and
wpa(C) = 1300 cm™. As the spacer layer doping level increases and gets closer to the
plasma frequency wp,; of the metal layers composing the MIM, the LSPR gets pinned

within an increasingly narrower spectral range, defined as [wps — wp1].

In sum, close to the plasma frequency, ¢.e., in the ENZ regime, the LSPR frequency
becomes nearly independent on the geometrical properties of the structures (Table 2),
and conversely, the LSPR frequency becomes nearly dependent only on the material bulk
properties of the structure (Table 1), themselves governed by the doping levels of the
different layers. This results implies that within the ENZ regime, a structure will have
its optical response dominated by the dispersive behaviour (material dispersion), rather
than by the geometry of the structure. Employing I1I-V semiconductors allowed us to
clearly highlight this LSPR pinning phenomenon, and it demonstrates how this class of

materials is particularly interesting to study ENZ-based plasmonic phenomena in the IR.
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Figure 3.8: LSPR frequencies function of the nanoantennas width. Circles are experi-
mental results, error bars are measured standard deviation of the nanoantennas width,

dashed lines are RCWA numerical simulations and full lines are plasma frequencies (i.e.
ENZ lines) of samples B and C, respectively at 1000 cm™ and 1300 cm™.

3.3.2 Theoretical results

Solving the dispersion relation

The chosen approach to further understand physics fundamentals behind the LSPR pin-
ning and its associated dispersive feature was to determine the dispersion relation of the
ENZ-based MIM structure. The dispersion relation is an interesting representation as it
provides light wavevector, along a direction, as a function of its frequency, and conse-
quently, how the whole considered photonic structure influences and interacts with light,
which is the important point behind the exponential development of novel photonic struc-

tures these past 20 years.

The dispersion relation of a four layers structure made of: air/InAsSb:Si (n++)/
InAsSb:Si (n)/InAsSb:Si(n++), similar to the air-M-ENZ-M system depicted in figure[3.1]

can expressed be as follows:

k k k k k k 2kad. k k k k k k
s, _ (BB By e (B BBl
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With each of the aforementioned layers, respectively considered as a medium. Each
medium is characterised by d; the thickness of the layer, ¢; the permittivity of the medium,

and k; the wavevector within the medium, expressed as follows:

ki =1 /e (%)2 k2 (3.2)

The dispersion relation of a two layers structure is easily solved as it has analytical
solutions, which is not the case for structure with > 2 layers. Three layers structure have
been studied in the past and analytical approximations have been found. Structures with
multiple layers of the same materials, such as a superlattice, have also found analytical so-
lutions since Economou [45]. However, structures of > 4 layers of different materials have
a dispersion relation that finds little to none (depending on the materials) simplifications,
leading to equation for our case. This type of equation is known as a transcendental
equation, of the form x = exp(—x), meaning that it is not possible, with classical algebra,
to isolate the variable under study. In our case with equation [3.1} it is not possible to
express the wavevector along the interface k,, as a function of the frequency w, so that
no analytical solutions exist. Solving this type of equation falls in the domain of complex

analysis.

The original method implemented in order to solve this equation was to numerically
observe the shape of the equation by scanning the real and imaginary parts of the wavevec-
tor, along the frequency. Representing the equation in the complex plane {Re(ky); Im(ky)}
allows one to visually identify the solutions of the equation in the form of poles and/or
zeros, depending on how the equation is coded. Figure shows a 3D and 2D representa-
tion, respectively (a) and (b) of a transcendental dispersion relation equation for a three
layers structure. We observe that solutions of such equation are in the form of minima,

corresponding to descending peaks or black spots, i.e., zeros.

The second step is, after identifying the solutions, to track them along the complex
plane, and as a function of the frequency. There are several peak-finding methods already
implemented in software such as gradient-based methods. Other more advanced methods
include Newton’s and Muller’s methods, and image processing methods. We opted for the
robust and well-known Newton’s method which is a numerical analysis method based on a
root-finding algorithm. Long story short, we faced numerous problems of all kinds includ-
ing: (i) spurious solutions, (ii) multiple solutions with different starting points (which are
necessary to initiate the algorithm), (iii) large order of magnitudes, (iv) large difference
between the real and imaginary parts of a solution, (v) solution screening, (vi) numerical
resolution limitations, (vii) computation time, (viii) shape deviation of the equation back-
ground, (ix) large gaps between the solutions’ order of magnitude (x) different signs of
solutions (poles or zeros), and (xi) numerical aliasing and harmonics. Despite the failure

of this method, it is important to understand that diving into this problem proved to be
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Figure 3.9: (a) 3D and (b) 2D representations of dispersion relation equation for a three
layers photonic structure (air/InAsSb:Si (n++)/InAsSb:Si (n+). Grey scale represents
the intensity of the calculus (arb. unit)

crucial in terms of understanding about the problem we wished to solve. The next section
shows how we approached the problem using FDTD simulations. Further information

regarding the dispersion relation can be found in annex [B]

Numerical calculus of the photonic bandstructure

The alternative method is to employ finite-difference time-domaine (FDTD) simulations.
It allows to calculate the dispersion relation for the stacking considered in figure [3.1]
The model used can be employed to calculate the bandstructure of any photonic devices.
The FDTD software randomly implements multiple broadband dipoles that will excite
all possible modes of the system. The wavevector k, is specified by the Bloch boundary
conditions while perfectly matched layer conditions are applied in all other directions. At
frequencies where a mode (i.e., a band) exists, the fields will propagate which means that
an electromagnetic mode, such as SPPs; is supported. Conversely to other frequencies for
which the fields do not propagate and disappear by destructive interference, this way we

are able to discriminate between those two outcomes.

Figure [3.10 shows a screenshot from FDTD Lumerical software of the bandstructure
calculator model. It might be difficult to obtain a result that can be exploited because
many parameters impact the calculations. For example, the number of random dipoles
and monitors, as well as their wavevector range, is important in terms of precision and
calculation time. Also, losses are a major drawback because they significantly broaden the
resonances such that the FDTD peak-finder algorithm is parasitised. Finally, the antenna
periodicity was not taken into account because increasing the spatial dimensions of the
FDTD simulation area, will decrease the wavevector range simulated in an inversely pro-

portional manner. This results in bandstructure aliasing and hinders the interpretation
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Figure 3.10: Screenshot from FDTD Lumerical software of the bandstructure calculator
model displaying 10 randomly placed dipoles.

of the dispersion relation. For these reasons, we calculated the dispersion relation of the

bulk structure, without taking into account the plasma losses and the antenna periodicity.

Figure shows the dispersion relation of each sample, representing the light fre-
quency w (rad.st), as a function of its wavevector k,, expressed in m™, along the x
direction. Coloured full lines correspond to solutions of the dispersion relation, associated
with the propagation of electromagnetic modes, namely, plasmons. Since plasmons are
surface waves propagating along an interface, they are considered as guided modes and

their wavevector is often referred to as the propagation constant § in the literature.

We observe that experimental results lay on the upper part of the solution, confined in
the frequency range [wp2 —wp1]. The calculated solutions are characterised by a maximum:
Asymptote 1, and a minimum: Asymptote 2. The Asymptote 1 is the well-established
surface plasmons frequency ws, = wp1/ V2. On the contrary, the Asymptote 2 is un-
common [223, 224]. Plasmonics commonly involves a metal/dielectric interface with the
dielectric being air, while in this case, the dielectric is a doped semiconductor that be-
haves as an insulator at frequencies greater than w,,. We observe that the solution for a
standard MIM structure (Figure sample A) does not display the Asymptote 2; the
latter arises as the doping level of the insulator of the MIM increases (Figure samples
B and C).

Two important conclusions can be drawn from this comparison between experimental
and theoretical results. First, we observe that as the solution line approaches the plasma
frequency of the insulator wyy, its slope flattens down having for consequence a slow down
in the relation linking light frequency to its wavevector. This bending results from the fact
that the real part of the permittivity of the spacer vanishes until it theoretically reaches

zero at wpa.
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Figure 3.11: Dispersion relations expressed as the light frequency w function of its
wavevector along the x direction k. The stacking considered for the calculus is displayed
in figure 3.1} Dashed lines are plasma frequencies of the heavily-doped InAsSb layers wiy
and doped InAsSb spacer wpy of both samples B and C. The black line correspond to the
light line in air. Circles correspond to experimental LSPR frequencies.

Hence, the e-near-zero behaviour of the spacer layer, as the working frequency approaches
the plasma frequency wpg, is responsible for the LSPR pinning observed experimentally,
represented by the Asymptote 2.

Second, since the excited plasmonic mode is associated to the MIM structure, one
can play on the optical properties of both the metal and the insulator, in particular, as
mentionned in the introduction, the dielectric permittivities €(w) through their plasma
frequencies wy,. Therefore, having the ability to tune this parameter end up being a pow-
erful asset of I1I-V semiconductors over other plasmonic materials traditionally employed.
Since III-V semiconductors can be doped up to 10?° free carriers per cm?, their plasma

frequency can be adjusted to the desired working range of any applications, from the THz

up to the MIR, with great precision.

Beyond the plasmonic resonance pinning

We would like to draw reader’s attention on the fact that, contrarily to the claim that it
is not possible to move the LSPR beyond the pinning frequency, as long as an insulator
exists within the considered system, e.g, air, then the SPP propagation persists at the new
metal /dielectric interface. This finding can be appreciated for sample C, as observed in
Figure [3.8. Experimental results display LSPR frequencies beyond the plasma frequency

of wpa. Consequently, we observe that part of the experimental results lay below the
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plasma frequency of sample C on the dispersion relation solution of Figure |3.11. This
implies that the nature of the plasmon has changed, i.e, the plasmon is not supported at

the same interface as it was in the frequency range [wp2 — wp1].

Figure displays the normalized electric field maps for sample C nanoantennas
of 400, 800 nm and 1.2 pm width, respectively a), b) and c), at their respective LSPR
frequency: 1432, 1344 and 1290 cm™. We observe that the smallest antenna, resonat-
ing at higher frequency, displays a maximum electric field at the antenna/spacer inter-
face. As the width of the nanoantenna increases, the electric field migrates from the
lower spacer/antenna interface to the antenna/air top interface, corroborating that the
metal /dielectric interface supporting the plasmon changes when the LSPR frequency
passes through a material transition, in this case, the plasma frequency. Figure [3.12
d) and e), respectively show the normalized magnetic field maps for the 400 nm and 1.2
pm wide antennas. We observe that the magnetic field is mainly confined within the
spacer layer when it is dielectric, as one would expect for a MIM structure, as opposed
to when the spacer becomes metallic at frequencies inferior to wy2(C), then the magnetic
field is pushed back in the air and the structure does not behave as a MIM anymore.
These simulations confirm the experimental results and further evidence that I1I-V semi-
conductors and their associated fabrication techniques pave the way for a greater control
of a plasmonic system optical response. It comes to light that this feature would greatly
benefit and facilitate the tailoring of the plasmonic resonance to the absorption lines of

molecules for the sensing by SEIRA.

p
antennal
.

spacer

antenna

- - !

Figure 3.12: Normalized electric field maps |Ey/Ep|*> for nanoantennas of 400 nm (a),
800 nm (b) and 1.2 pm (c) widths, at their respective LSPR frequencies 1432, 1344 and
1290 cm™. Normalized magnetic field maps |Hy/Ho|? for nanoantennas of 400 nm (d) and
1.2 pm (e), at their respective LSPR frequencies. Colorbar highlights the fields amplitude
(arb. unit). Simulations performed by RCWA with sample C materials and geometrical
parameters.
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3.4 The dispersive behaviour associated to ENZ me-
dia
3.4.1 The effective index theory

We confirmed that the experimental results correspond to the dispersion relation solution
by calculating the mode effective refractive index, with Equation 203, 178], both
theoretically from the solutions of Figure|3.11} and experimentally from the data gathered
from Figure [3.8]

Nep = Cwﬁ = A;S[P:R (m - %) (3.3)

With ¢ the light speed, k, the wavevector along the interface, w the angular fre-
quency, m = 1,2, ... the resonance order, A gpr the plasmonic resonance wavelength, L
the antenna length, and ¢, the phase of the modal reflection. We are interested in the fun-
damental resonance m = 1 and consider that the plasmonic antennas behave as classical
half-wavelength antennas to fulfill the resonance condition, considering a modal reflection

phase ¢, taking into account SPP reflections within the antennas.

Figure [3.13| represents the effective refractive index calculated from equation [3.3] ex-
pressed as a function of the wavelength and the angular frequency w. We observe that
the effective refractive index of the plasmon mode decreases drastically until plasma fre-
quencies, as opposed to the surface plasmons frequency wg, at higher wavevector ky, for

which it is known that the effective refractive index increases.

3.4.2 The near-constant phase

The variation of the phase ¢, associated to the antenna length becomes marginal as the
antenna resonance enters the ENZ regime, as depicted by the increasing density of ex-
perimental points within the ENZ cone shown in figure |3.14] meaning that the phase is

nearly constant close to the plasma frequency [178].

These results are in agreement with what was reported in the literature as both a near-
constant phase and a minimum effective refractive index have been reported and studied.
Still, when it comes to determine the effective refractive index of the plasmon mode, the
dispersion relation proved to be critical. Indeed, traditionally used effective refractive
index models are inadequate for imperfect metal and insulator [220, 221]. Therefore,
solving the dispersion relation of a photonic structure is a more rigorous approach when
dealing with non-perfect metal (working near its plasma frequency) and non-perfect insu-

lator (varying refractive index), for which very few approximations can be defined [225].
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Figure 3.13: Effective refractive index neg, as function of the wavelength and the angular
frequency w for all three samples. Dashed lines correspond to plasma frequencies of
samples B and C. Colored gradients highlight the shrink of the real part of the permittivity
of samples B and C respective spacer layer, from ¢ = 1 until it reaches zero ¢ = 0 at their
respective plasma frequencies.
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Figure 3.14: Calculated modal reflection phase ¢,, with ENZ regimes (1 > Re(e) > 0) of
samples B and C depicted as cones. Green, red and blue data respectively correspond to
sample A, B and C.
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Between previously published works and the work presented here, the difference lies in
the chosen plasmonic and ENZ materials. Previously studied plasmon-ENZ effects are
supported by an ENZ medium with plasmonic antennas fabricated on top. The ENZ
medium can either be tuned through its plasma frequency, which is the case for TCOs,
or it is not tunable (phonon-based); but in both cases, the ENZ regime still remain far
away from the LSPR of commonly used plasmonic noble metals. We demonstrated that
ITI-V SCs are exceptional in this regard as the same material, InAsSb in this case, can be
grown in differently doped layers monolithically, while having their optical properties in
the same spectral region according to the doping levels of both the ENZ and plasmonic

layers.

3.4.3 The enhanced electromagnetic field

Knowingly, the final aspect left to be unveiled, for the application of M-ENZ-M structures
to spectroscopy, concerns the impact of the ENZ layer on the enhanced EM field associ-
ated to the LSPR. As a result of the importance of this feature for the sensing application,
it is crucial to further understand how the field fans out in-between the nanoribbons in
order to probe the molecules in the environment. We calculate the field with RCWA
simulations for both a standard MIM structure, and a M-ENZ-M structure (ENZ regime
at 10 pm), respectively corresponding to sample A and B. Figure represents the com-
puted enhanced EM field |E, /Fy|? for the MIM and the M-ENZ-M structure, respectively
(a) and (b). The width of the nanoribbons is such that the LSPR occurs in the MIR,
corresponding to 400 nm for the MIM structure and 1.5 pm for the M-ENZ-M structure.
The period of the simulations are 800 nm and 1.9 pm respectively so there is a 400 nm gap
in-between the nanoribbons, where molecules pass and are being sensed by the enhanced
EM field. The maximum field intensity is about one order of magnitude higher for the
MIM structure compared to the M-ENZ-M structure. This is not due to the ENZ layer,
but is a result of the fact that in order to attain the ENZ regime, larger antennas have
to be fabricated such that their corresponding LSPR frequencies are getting closer to the
ENZ point of the spacer layer. Wider antennas are less efficient in terms of light-trapping
and therefore EM field confinement because their dimensions are not as subwavelength as
smaller antennas. The positive compensation is that in respect to equation [I.9] the en-
hanced EM field associated to the structure plasmonic resonance will be enhanced within
the media surrounding the ENZ material and it will diffuse, as observed in figure 3.15(b).
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Figure 3.15: Enhanced electromagnetic |Ey/Ep|* field along x direction for (a) a standard

MIM structure (sample A), and (b) an M-ENZ-M structure (sample B), at their respective
LSPR wavelength Apspr of 13 and 10 pm.

The main idea behind using an ENZ-based structure for sensing application is partic-
ularly adapted to gas sensing. By definition, a gas is a medium where all molecules diffuse
and occupy the space they are part of, in that sense we consider it as a 3D medium. How-
ever, plasmonics and especially SPPs are modes that occur at interfaces and are therefore
considered as a 2D system. This mismatch in terms of dimensions is a major drawback as
it appears that SPPs are not so well adapted for the sensing of molecules in gas or vapor
phase. In order to address this issue, the utilisation of ENZ-based plasmonic structure
permits to alter the enhanced EM field from a 2D system towards a 3D solution. The
standard description of the enhanced EM field is well-known as hot-spots, i.e., extremely
small volume of space where the field is highly confined and enhanced, and these can be
considered as a 1D system for plasmonic metallic particles or a 2D system for nanoribbons
fabricated into the MIM structure (figure [3.15(a)). Conversely, the M-ENZ-M structure
is associated to an enhanced EM field that diffuses much more in the environment, such
as air, in a way that the field acquires a 3D nature, making it perfectly suited to spec-
troscopy applications of molecules in gas or vapor phase, in theory (figure 3.15(b)). Still,
the trade-off between this ENZ-based feature and the intensity of the EM field has to be
carefully considered, notably depending on the interactions between the molecules and

the sensor, when designing a plasmonic detector.

Conclusion

In conclusion, we have demonstrated that III-V semiconductor plasmonics is suitable to
study the optical response of ENZ-based systems. They are associated to many practi-

cal advantages including: 1) cutting-edge growth and nano-fabrication techniques, e.g.
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respectively, molecular beam epitaxy and electron-beam lithography, 2) benefit from the
mature semiconductor industry for their integration onto photonic integrated circuits and
their compatibility with CMOS technology, and 3) high and precise doping level in order
to tune their ENZ spectral range. By means of these methods, we fabricated MIM struc-
tures, with a doped insulator in order to adjust its plasma frequency, i.e, ENZ regime,
to various spectral range. We demonstrate that such structure displays a tunable ENZ
regime from the THz up to the MIR, depending on the insulator doping level, with a
plasmonic resonance tunable according to the nanoantennas dimensions. We studied the
optical reponse of this system for three different insulator doping levels: 1 x 106 c¢m™,
1 x 10 em™ and 2 x 10! em™, and for various nanoantennas widths, from ~ 200 nm
up to ~ 1.8 pm. RCWA electromagnetic simulations confirmed experimental results and

also attest, consequently, the high quality of growth and fabrication techniques.

We have determined the dispersion relation of our structures with FDTD simulations,
which proved to be a more rigorous approach as compared to commonly used effective
refractive index models, inadequate for non-perfect metal and insulator. We provide ev-
idence that the resonance pinning originates from a material transition, in our case, the
plasma frequency. Indeed, because we studied various insulator doping levels, associated
to various plasma frequencies, we highlighted the resonance pinning under various cir-
cumstances and thus, we bring additional insights for the understanding of this pinning
phenomenon. As long as an insulator exists within the system, a metal-insulator inter-
face exists and it can support SPP modes, therefore, it explains why we experimentally
observed the LSPR persisting at frequencies smaller than the plasma frequency, meaning
that the pinning is spectrally localized and associated with the material transition. The
underlying consequence of the LSPR pinning is the great tolerance to fabrication defects
thanks to the geometry-independent behaviour; a noteworthy asset as modern nanopho-
tonics increasingly relies on expensive and sophisticated fabrication technologies. In the
same vein, an optical response essentially dominated by the dispersive behaviour takes

advantage of the highly reliable and reproducible growth from molecular beam epitaxy.

To summarise, the metal-ENZ-metal structure proves to be an excellent vehicle to
study and take advantage of ENZ phenomena such as the plasmonic resonance pinning,
the near constant phase and the dispersive nature of ENZ materials. Great agreement
between experimental results, RCWA simulations and theoretical results based on FDTD,
demonstrates how III-V semiconductors, such as InAsSb and GaSb, can be employed to
engineer the infrared optical response and the enhanced EM field of plasmonic nanostruc-
tures for various applications, such as spectroscopy, that will be presented in the next

chapter.
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Chapter 4

Gas sensing of organophosphorous

compounds

Introduction

In this chapter, we discuss the results of OPs gas sensing experiments. First, we introduce
the experimental prerequisites, namely, the experimental setup and the plasmonic sam-
ple used, before presenting the experimental results. The experimental results consist in
two different studies addressing fundamental features of a sensor: sensitivity, selectivity,
response time and repeatability. The first study presents the optical response of the plas-
monic sensor exposed to different concentrations of DMMP. The second study presents
the ability of the sensor to discriminate between DMMP and other molecules, in this
case, methane and benzene; as well as its response in a humid environment. Following
these results, we will discuss the various interactions that may occur between the InAsSb
surface of the plasmonic sensor and DMMP molecules. This investigation includes sev-
eral chracterisations: IR, Raman, and X-ray photoelectron (XPS) spectroscopies, seeking
to retrieve physicochemical information about DMMP interactions with the plasmonic
substrate made of III-V SCs. Finally, from the previous results, we perform a series of
electromagnetic numerical simulations based on two methods: FDTD and RCWA. These
simulations are realised in order to corroborate experimental results presented in the sec-

ond section.

4.1 Experiment prerequisites

4.1.1 Experimental setup

We first present the experimental setup used for the sensing experiments. Figure 4.16
represents a schematic diagram of the experimental setup that was installed next to the

FTIR spectrometer. It is composed of two main elements: the gas generation system and
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the detection cell. The gas generation is obtained by bubbling a solution of 97% pure
DMMP contained in a stainless steel container known as bubbler. The bubbler has a gas
inlet immersed in the liquid DMMP. An inert carrier gas, in our case dry Ny, is sent into
the solution in order to generate vapors of DMMP by the formation and growth of bubbles
within the liquid, releasing a certain amount of DMMP. The No:DMMP then draws up
to the gas cell made of stainless steel and a ZnSe window transparent to IR light, aligned
with the microscope. The flows are controlled using mass lowmeters. The plasmonic chip
is placed inside the gas cell, next to a mirror of the same material for reference measure-

ments. The outlet allows to perform gas sensing experiments in open-circuit configuration.

N2:DMMP mixture | \ ; l Microscope

IR source Detector
Gas cell \ A

7 ) t i ZnSe window
Dry N,

L &&Mmor Exit
intake % Water bath _E

— 3 Plasmonic chip

Figure 4.1: Experimental setup for detection of DMMP in gas phase.

The concentration of DMMP generated from the bubbling system depends on the
temperature of the DMMP solution within the bubbler, itself immersed in a water bath
to adjust and control the temperature with a precision on the order of 0.1 °C. The relation

between the concentration and the temperature is given by Antoine equation [226]:

P B
In({—=)=A-—— 4.1
" (P0> C+T (4.1)
Where P is the gas system ambient pressure, A, B, and C are empirical coefficients
taken from the literature [227], and T is the temperature in kelvins, such that A, B, and C
are respectively equal to 22.319, 4340 and -51.7, and T' = 278 K, corresponding to 15 °C.
The generated DMMP concentration C' is 210 ppm as follows:

PO

4340 1
— exp (22.319 — — =21
¢ =exp ( e 278.15) 0 ppm

The water bath temperature can be adjusted from 1 °C (water-limited) up to dew point
of DMMP, related to the vapor pressure of the system (DMMP-limited). For this reason,
we do not heat up the water bath above 15 °C to avoid saturation and condensation of
DMMP within the system. This would result in the formation of liquid deposits at the

surface of both the sensor and the ZnSe IR windows, as well as within the gas cell, which
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could in turn disrupt the intended concentration. This temperature range correspond to
a DMMP concentration range from about 150 ppm up to 500 ppm, that will be used in

practice to expose the plasmonic sample, described in the next section.

4.1.2 The plasmonic sample

The plasmonic transducer that will serve for the sensing of DMMP was determined fol-
lowing the study discussed in chapter [3] The structure is shown in figure [4.2] and will
be referred as sample S for spectroscopy. The structure is grown on a 4”7 GaAs wafer
substrate, starting off with a 1 pm thick InAsSb:Si layer, highly n-doped 4 x 10! cm™
such that this layer is metallic to MIR light until &~ 5 pm. This layer cancels transmission
through the sample such that reflectance measurements can be performed and absorption

events can easily be retrieved from them, according to equation

A+R+T=1 (4.2)
E": excitation of TE mode
\Ef excitation of TM mode
< \ >

0 adoped ASSb gra 0

1 um n-doped (Si)
InAsSb mirror

n-doped (Si) GaAs substrate

Figure 4.2: Sample S structure: the plasmonic-based MIM sensor.

With A, R, and T, respectively corresponding to the absorption, reflection and trans-
mission. Following this layer is a 500 nm thick layer of InAsSb:Si, doped at 1 x 10! cm™
such that its plasma frequency is at 10 pm. This spacer layer acts as an ENZ medium and
will benefit our sensing experiments as it was previously reported in chapter [3| Finally,
a top layer, thin of 110 nm of highly-doped (4 x 10'® ¢m™) is grown and is intended to
be nanostructured into ribbon shape plasmonic nanoantennas. This structure is a MIM
structure, acting as a perfect absorber, coupled to an ENZ layer in order to favour spec-

troscopy experiments.
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The advantage of ribbon shape antennas is that it is convenient to discriminate be-
tween the plasmonic optical response from the bare optical response of the sample, thanks
to light polarisation. As shown by the arrows on top of figure [4.2] incident light polarised
such that its electric field is parallel (E)) to the ribbon will not couple to the surface
plasmon mode, because the electric field does not ‘see’ antennas, but a plane surface,
equivalent to TE-polarised light. Conversely, incident light polarised such that its electric
field is perpendicular (E, ) to the ribbons is equivalent to TM-polarised light because its
electric field component ‘sees’ the break in symmetry and it can couple to the SPs mode by
wavevector matching, giving rise to SPPs. With ribbon antennas shaped at the nanoscale

the arising plasmonic mode is localised, therefore named LSPs and their associated LSPR.

After the structure was grown and verified, as described by the procedure in chapter [2]
the plasmonic antennas fabrication was performed. Figure |4.3 shows different character-
isations after the fabrication process with (a) an optical microscopy image highlighting
different areas with different nanoribbon widths, (b) a SEM image to verify the dimen-
sions of the antennas, and (¢) AFM to check on the dimensions and the quality of the
surface after the etching. The white rectangle includes three selected areas that will be
used for spectroscopy experiments because their optical response matches the absorption
modes of DMMP, as we will see in the next section. The nanoribbons period is 1.9 pm
and their heigth is about 120 &8 nm. The width of the nanoribbons, within each of these
400 x 400 pm?, are, from bottom to top, 1.16 & 0.13, 0.97 &+ 0.15 and 0.84 £ 0.15 pm.

They will be referred in the next sections by these dimensions.

(a) B MEnm

Z (nm)

<5

Figure 4.3: Sample S characterisations: (a) optical microscopy image, highlighting differ-
ent areas with different nanoribbon widths, (b) SEM image, and (c¢) 3D reconstruction
image from AFM. The white rectangle points out the three areas that will be used for
sensing experiments: 1.16, 0.97 and 0.84 pm.
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4.2 Experimental results

4.2.1 Optical characterisations
Infrared absorption of DMMP

The sensing experiments starts off with the detection of DMMP without the plasmonic
device. The figure shows in (a) a standard reflectance measurement obtained from
the experimental setup installed, with a concentration C' = 320 ppm (7" = 10 °C). We
observe various spectral events including the absorption of environmental water and COs,
as well as, the absorption of DMMP, whose fingerprint is mainly located in the range:
700-1400 cm™, shown in (b) [228, 229]. The (b) panel highlights DMMP fingerprint and
its various characteristic vibrational modes including stretching v and bending 4, both
can be symmetric: s, or antisymmetric: a, and rocking p. The main absorption line at
1050 cm™ or 9.5 pm corresponds to the P—O—C bond (or simply POC), and because it
is the most pronounced, as well as characteristic of the phosphorous atom, we focus our

interest on this absorption line in this study.
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Figure 4.4: Infrared reflectance spectra translating the absorption from DMMP and envi-
ronmental interferents: water and CO;. (a) Broadband FTIR spectrum, and (b) spectrum
focused on the optical response from DMMP absorption around 10 pm.

These spectra attest for the presence of DMMP within the system and confirm that
(1) the bubbler operates properly, (2) the gas system works as intended, and (3) the ZnSe
window indeed allows IR light to pass through. We thus perform sensing experiments

with our plasmonic device.

The optical plasmonic response

We verify that sample S fabrication was correctly done by performing optical characterisa-

tion of each fabricated areas by FTIR. Ultimately, three areas were selected as previously
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mentioned, corresponding to nanoribbons of width: 1.16, 0.97 and 0.84 pm. Figure |4.5
displays (a) the reflectance coming from the DMMP and (b) the optical response of those
three sizes of plasmonic antenna. The (b) panel shows the optical response for both
polarisations. We observe that for a light polarised perpendicularly £, with respect to
nanoribbons, a sharp peak occurs around 1100 ecm™, it is the LSPR; while for E) no res-
onance occurs, as expected. In addition, we observe at 1400 cm™ the quarter-wavelength
resonance associated to the Fabry-Perot structure within the MIM. We can appreciate the
red-shift of the LSPR as the ribbon width increases. In addition, the LSPR goes down to
nearly zero demonstrating the perfect absorber behaviour of the structure. Finally, the
three selected areas display their LSPR at around the same frequency of the POC bound,
a fundamental condition for SEIRA. The LSPR of the 0.84, 0.97, and 1.16 pm plasmonic
nanoribbons are respectively at 1118, 1090, and 1056 cm™, with an average FWHM of
~ 130 cm™, such that DMMP POC absorption line and the LSPR spectrally overlap as
intended. The sensitivity study that follows, first addresses the calibration of the concen-
tration generated with the bubbler system, before presenting the sensing results of the

plasmonic chip exposed to different concentrations of DMMP.
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Figure 4.5: (a) Reflectance highlighting the absorption of DMMP in the MIR. (b) Optical
response for three sizes of plasmonic nanoribbons, for both polarisation.
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4.2.2 Sensitivity study

Concentrations setting

As part of the sensitivity study, we need to control the amount of DMMP sent into the
gas cell to make sure the sample is exposed to the desired concentration. From Antoine
equation [4.1, we know that the concentration is related to the temperature, controlled
with a water bath. Figure shows the spectroscopy results of different concentrations
ranging from 230 to 440 ppm, corresponding to water bath temperature: 6, 8, 10 ,12,
and 14 °C, on the absorption signature of DMMP. The inset highlights DMMP main ab-
sorption line at 1050 cm™, associated with the POC bond. In accordance with Antoine’s
equation [4.1], as the temperature increases, the concentration increases, and consequently

the absorption increases, i.e., the reflectance decreases.
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Figure 4.6: Reflectance of DMMP in the MIR as a function of the DMMP concentration.
The inset highlights DMMP main absorption line at 1050 cm™, associated with the POC
bond.

A second experiment, performed to further understand how the gas generation oper-
ates, is a temporal measurement. By tracking the intensity of the main absorption line
of DMMP at 1050 cm™, we understand the dynamics of DMMP as it fills up the system.
The figure 4.7| shows this result for four different concentrations: 100, 210, 320, and 500
ppm. The first one is obtained by diluting (1:1,v:v) the generation of 210 ppm with an
additional dry Ny intake, while the three others concentrations correspond to a water bath
temperature T of 5, 10, and 15 °C, respectively. As DMMP fills up the fluidic system,

the peak is increasingly pronounced and reflection diminishes, ¢.e., absorption increases.
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Three conclusions can be drawn: (1) as the temperature increases, the concentration in-
creases, in accordance with Antoine’s equation , (2) the reflection intensity decreases
as the concentration increases, in accordance with equation , and finally (3) it takes a
long time for the system to stabilise at a given value which means that adsorption might
take place in the path of the IR beam.
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Figure 4.7: Intensity of DMMP main absorption line at 1050 cm™ over time. Four different
concentrations are tested: 210, 320, and 500 ppm by varying the water bath temperature,
and 100 ppm from a (1:1,v:v) dilution of 210 ppm. The spike at ~50 min for 210 ppm
corresponds to refilling of the MCT detector with liquid nitrogen, disrupting its sensitivity
for some time.

For this latter reason, sensing experiments are performed only after the system has
stabilised, which takes approximately an hour, such that the reflection intensity slope has
flatten down. Furthermore, a mirror of InAsSh:Si has been placed in the gas cell next to
sample S, such that it was exposed to the same conditions, and it will serve for reference
measurements. Extreme care has been taken in terms of metrology to eliminate the back-
ground influence and avoid misinterpretations of the sensing results. All measurements
are normalised by the optical response of this InAsSb:Si reference mirror, eliminating the
response coming from adsorption on the ZnSe window, as well as, direct absorption coming
from DMMP. As a reminder, we are not interested in the direct absorption of DMMP, but
its enhanced absorption thanks to SEIRA, and discriminating both responses is of crucial
importance to determinate if the plasmonic device works as intended. At last, we can
move on to the sample final application: the enhanced detection of organophosphorous

compounds, and in this case, the sarin simulant DMMP.
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Sensing experiments

The first sensing experiment consists in exposing the plasmonic sensor to 210 ppm of
DMMP vapors. As a reminder, we recall that a proof of enhanced absorption, 7.e., SEIRA,
comes in the form of spectral signatures such as red-shift coming from the SPR effect and
also signal shape variation such as Fano resonances. In practice, we first do a reference
measurement on the InAsSb mirror, then we obtain the optical response of the afore-
mentioned 3 areas, only then we send the vapors of DMMP and after stabilisation of the
system which takes approximately an hour (see figure , we repeat the same proce-
dure. In the end, to put it simply, we are looking for signal variations within the LSPR
by comparing it before and after exposure to the gas. Figure [4.8| shows in the optical
infrared response, focused in the region holding both the LSPR and the absorption lines
of DMMP, for both polarisation (a) £, and (b) Ej, before (full lines), and after expo-
sure to DMMP (dotted lines). At first sight, we do not observe any significant spectral

variations, therefore we cannot conclude if SEIRA was achieved.
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Figure 4.8: Reflectance measurements of three antenna widths: 1.16, 0.97 and 0.84 pm,
before (full lines) and after (point lines) exposure to 210 ppm of DMMP vapors, under
(a) Ey, and (b) Ej polarisations. Background realised on InAsSb mirror.

To bring to light fine spectral signatures, we calculate the differential reflectance of

each area using the following formula:

SDMMP — Set 100 (4.3)
Sref

With Spump and S, the reflectances after and before DMMP exposure, respectively.
Figure [4.9(a) displays the result of this operation. First, we observe that the differential
reflectance for a I light is flat for all three sizes of antenna. Second, the differential

reflectance for | light reveals variations. These variations, although quite noisy, are
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only attributed to a plasmonic-enhanced sensing because it only occurs when the LSPR
is excited. The (b) panel displays the same signals, but slightly smoothed using a moving
average over 7 points, such that the noise level flattens down completely. The resulting
signal variations only occurs within the LSPR of each plasmonic antennas, and they are

on the order of 2, 3, and 3% for the 1.16, 0.97, and 0.84 pm width antennas, respectively.
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Figure 4.9: Differential reflectance expressed in % for 1.16, 0.97, and 0.84 pm antenna
sizes for both polarisations, (a) without, and (b) with smoothing.

After each experiments, the gas cell was abundantly rinsed and the sample was cleaned
according to the cleaning procedure detailed in Chapter 2. The exact same experiment
was repeated for three different concentrations: 100, 320, and 500 ppm. Figure[4.10|shows
the sensing result as differential reflectance. We observe that, contrarily, to our expecta-
tions, the differential reflectance sensing signal is about the same for all concentrations.
Furthermore, we observe that the shape of the signal is also similar throughout the four
experiments: 1.16 and 0.94 pm antennas have a negative differential reflectance while the

smallest antennas 0.84 pm wide have a positive differential reflectance.
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Figure 4.10: Differential reflectance (%) for different concentrations of DMMP mixed with
Nj. Signals are acquired for the three antenna widths under two different polarisations:
E, and Ej. A smoothing as well as a y-shift of 5% between each antenna response is
introduced for clarity. Black lines are bare spectra in perpendicular polarization (E, ).

The sensitivity study is summed up on the histogram in figure which shows the
sensing signal, averaged over the three sizes of antennas and over the number of times the
experiment was conducted, as a function of the concentration of DMMP vapors to which
the plasmonic sensor was exposed. The error bars are calculated standard deviations. It
appears that despite the clear fact that the detector is sensitive to the exposure of DMMP,

its response does not scale nor changes significantly according to the concentration.
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Figure 4.11: Histogram summing up the average sensing results of the three plasmonic
regions studied. The sensing signal corresponds to the average differential reflectance
signal variation (%) as a function of the DMMP concentration. Error bars correspond to
measured standard deviation.

We demonstrated the feasibility of a plasmonic sensor for the gas phase detection of
OPs, such as DMMP, giving rise to a signal variation in the order of 3%. The experiment
was highly reproducible with a sensing signal similar in terms of frequency, shape and
amplitude in each 12 measures, highlighting the resusability of the sensor. Still, we cannot
conclude on the limit of detection of the plasmonic sensor. The sensor response, resulting
from the plasmon-molecule interactions at resonance frequency, depends on the spatial
overlap between the enhanced EM field associated to the LSPR and DMMP molecules.
Non-linearity in the sensor response implies that in all four experiments, and for the three
studied areas, this enhanced EM field ‘sees’ the same amount of molecules regardless of
the DMMP concentration. We therefore make the hypothesis that the sensor surface is
saturated with a DMMP layer. We will comeback to this assumption after the selectivity
study that follows. This selectivity study is performed in order to demonstrate that the
sensor is dedicated to the detection of DMMP only.

4.2.3 Selectivity study

We experienced the selectivity of the plasmonic sensor in three different conditions: two
interferents were selected, namely, benzene and methane, and finally the response was also
evaluated in a humid environment, in this case, within 50% of relative humidity (RH).
Interferents are molecules that can parasitise the response of the sensor, either hindering
its sensitivity to the desired molecule, resulting in false negatives, or by reacting with the

sensor resulting in false positives.

90



Benzene

The first interferent tested is benzene, a volatile organic compound (VOC) that holds
great interest in the sensor community [230]. Additionally, pollutants like benzene are
often used to evaluate a sensor response to its chemical structure, which is aromatic in
the case of benzene. These reasons justify why we test the plasmonic sensor with it.
Practically speaking, the setup does not change except that a 200 ppm benzene bottle
was connected to the system. As for the metrology, we perform the exact same spectra
acquisition procedure to compare experiments in the best possible way. Figure 4.12|(a)
shows a reflectance spectrum of 200 ppm of benzene, measured on an InAsSb mirror, after
stabilisation. The red arrows attest for the presence of benzene and we proceed to the
sensing experiment. Figure (b) displays the resulting differential reflectance for a £
polarised light and for the same three areas that were employed in DMMP sensing. We
do not observe any significant signal variation, which is a proof that the plasmonic device

is not sensitive to benzene.
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Figure 4.12: (a) Reflectance spectrum of 200 ppm of benzene, measured on an InAsSb
mirror. Red arrows highlight absorption lines corresponding to the vibrational modes
of benzene. (b) Differential reflectance (%) for three different antenna widths (1.16 pm,
0.97 pm and 0.84 pm) exposed to 200 ppm of benzene. A y-shift of 5% is introduced for
clarity. A smoothing is applied to the spectra for clarity. Black lines are bare spectra.

Methane

The second experiment is done with the second interferent: methane, also a VOC [231,
232]. This time, the sensor is exposed to a higher concentration: 50,000 ppm. The absorp-
tion spectrum can be appreciated in figure m(a). The same experiment is performed
on the plasmonic sample and the results are shown in figure [4.13|(b). Alike benzene, the

sensor does not show any significant signal variations in the differential reflectance signal,
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after methane exposure.
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Figure 4.13: (a) Reflectance spectrum for 50,000 ppm of methane, measured on an InAsSh
mirror. Red arrows highlight absorption lines corresponding to the vibrational modes of
methane. (b) Differential reflectances (%) for three different antenna widths (1.16 pm,
0.97 pm and 0.84 pm), exposed to 50,000 ppm of methane. A y-shift of 5% is introduced
for clarity. A smoothing is applied to the spectra for clarity. Black lines are bare spectra.

Humidity

The humidity test required to elaborate an alternative system, with a second bubbler
containing water. Both bubbler have Ny as carrier gas and the same flow was applied to
both paths. This would result in a No:DMMP:H50O mixture with a DMMP concentration
divided by 2, resulting in 100 ppm of DMMP and a relative humidity of 50% in volume.

The humidity experimental setup is shown in figure |4.14].

/\v N,:DMMP:H,0 mixture

IR source Detector

Gas cell

ZnSe window

& Mirror | Exit
2" e

Plasmonic chip

Dry N,
intake
Q=

Water bath

Figure 4.14: Experimental setup for detection of DMMP in gas phase, adapted to intro-
duce humidity.
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As for the interferent experiments, the same experiment procedure was performed.
It was performed three times and at different periods of time to evaluated the repro-
ducibility of the sensor and the reliability of the results. The three tests are displayed in
figure [4.15] We observe that the differential reflectance shows sensing signal in the order
of 2%, similar in frequency and shape to the results previously presented in the sensitivity
study. Nonetheless, the sensing signal is slightly inferior in presence of water. The work
of Bermudez is particularly interesting in this case: he studied the effect of humidity on
the interaction of DMMP vapor with surfaces of SiO,, Al,O3, and AIO(OH) by ATR-IR
spectroscopy [233]. He demonstrates that strongly interacting molecular species followed
by a liquid-like DMMP layer occur after exposure to DMMP:H,0O. The strong interaction
involves M—H .- O=P bonds and/or HO—H---O=P bonds to preadsorbed molecular
H,0. Finally, he concludes that DMMP does not appear to penetrate the liquid-like layer
of water and H,O does not seem to displace DMMP molecules that have adsorbed onto
the preadsorbed water layer. These results comforts our result in the sense that water
does not hinder DMMP adsorption, but its presence competes with DMMP molecules as
they adsorb onto the oxide surface [234], which implies that either less DMMP has bound
to the sensor surface, either it has bound farther away from the surface, thus lowering the

amount of molecules detected and the sensing signal ensuing.
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Figure 4.15: Differential reflectances (%) for the three antenna widths (1.16 pm, 0.97 pm
and 0.84 pm), under perpendicular polarization regarding nano-ribbons (£ ), exposed
to 100 ppm of DMMP with 50% RH. The experiment was performed three times for
reproducibility (each panel). A smoothing is applied to the spectra for clarity. Black lines
are bare spectra.
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This concludes the selectivity study that consisted in testing the plasmonic device in
different conditions than those the sensor was designed for. We demonstrated that the
plasmonic sensor was not sensitive to benzene and methane, two commonly encountered
VOCs in the environment. Furthermore, we obtained positive sensing results when the
sensor was exposed to 100 ppm of DMMP with 50% RH. These results show that the
sensor is selective towards DMMP, even in a humid environment. The results of the
sensitivity and selectivity studied are summed up in figure [4.16] which further highlights
the various features of this plasmonic sensor: sensitivity down to 100 ppm, non-linearity
with the concentration, selective towards DMMP, insensitive to VOCs such as methane
and benzene, and humidity-tolerant. In addition, the sensor showed great reproducibility

throughout all these experiments.

This III-V SCs SEIRA prototype is the first of its kind and we achieved decent levels
of detection similar to the works of Huang et al. and Wang et al., who respectively inves-
tigate a new hydrogen-bond acidic siloxane polymer coupled to a QCM sensor [235], and
a resistivity sensor functionalised with single-walled carbon nanotubes [236], and attained
~ 100 ppm of LOD for both of them. This shows that our plasmonic sensor compares
well in terms of sensitivity with analogous studies and it benefits from great selectivity

both in terms of sensitivity regarding interferents and characteristic signatures of DMMP
in the IR.
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Figure 4.16: Histogram summing up selectivity and sensitivity results of the plasmonic
sensor. Sensing signal corresponding to the differential reflectance signal variation (%)
in function of each gas and their respective concentration tested. The sensing signal is
the average response of all antenna sizes and the number of times the experience was
repeated. Error bars correspond to standard deviation.
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4.3 Oxide-DMMP interactions

We previously hinted that there must be some sort of interaction between the semiconduc-
tor surface and DMMP molecules, resulting in a layer adsorbed at the surface that would
saturate the sensing signal. Figure [4.17| illustrates this hypothesis: DMMP molecules
may interact with surface or with its native oxide to form a monolayer of DMMP, esti-
mated to be 5 A thick, approximately the size of the molecule [237]. This assumption
is corroborated by the fact that sensing experiments are performed after the system has
stabilised over enough time so that potential interactions may occur. This section focuses
on the study of these interactions and how it may affect the DMMP molecules, and their

consequences for sensing applications.
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Figure 4.17: Schematic representation of the adsorption process between DMMP and
InAsSb native oxide. Under DMMP:N, flux, DMMP molecules can interact, either with
-OH oxide bond or directly to the SC surface, mainly via its P=0 double bond. The inset
represents this interaction resulting in a 5 A DMMP monolayer at the surface.

It was reported in the literature that the DMMP molecules have affinity towards metals
such as Pt [238], Ni [239], Mo [240], and Pd [239], as well as an important diversity of
metal oxides including V,0; [241], PAO [242], Zr(OH) [243], Y203 [244, 26], CuO [245,
246, 26], WO3 [237, 26], TiOy [247], Al,O3 [248], FesO3 [249], CeO4 [250], SiOs [251],
MoOs [252], MoO3 [253], MnO [254], LasO3 [255], ZnO [256, 246], MgO [255], SnO, [257,
258, 26], AgoO [246], Co304 [259], LiNigsMn; 504 [260], GayOs3, as well as, ShoO3 [258]
and In,O3 [261, 26]. The two last are of paramount interest in our study. Most of these
papers assess that DMMP interacts with native oxide through different mechanisms such
as: bonding between the electron-rich phosphoryl group P=0 with surface hydroxyl sites
(figure or coordinative unsaturated atoms sites, 7.e., Lewis acids, van der Waals
interaction, H-bonding as well as Brgnsted acid coordination [246, 262, 255].
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Upon adsorption, chemical reorganisations of the molecular structure may occur, hav-
ing consequences on its properties including absorption [255]. Accordingly, we investigate
the potential interactions between our sensor surface with DMMP by drying a DMMP
droplet of 0.1 pL. under Ny flow on a InAsSb mirror, and by performing (1) infrared re-
flectance, (2) Raman, (3) XPS measurements to learn further informations on the state

of DMMP molecules at the InAsSb surface.

4.3.1 Infrared spectroscopy

To evaluate if DMMP molecules interact with the InAsSb:Si surface, we let dry under Ny
flow a droplet of DMMP at the surface on an InAsSb mirror. Figure represents the

absorption coefficient x retrieved from FTIR spectra for both DMMP in gas phase (red
line), and dried on InAsbSb (blue line), using equation [4.4]

_ log () A
N Art
With [ the background measure, I the measure on the dried DMMP droplet, A the

wavelength and ¢ the average thickness of the deposition at the surface, determined using

K (4.4)

a profilometer. It is clear that the spectra are very different, which comforts the idea
that molecules of DMMP undergo chemical restructuration upon adsorption onto the SC
surface. This finding is of particular importance because efficient SEIRA relies on fre-
quency match between the LSPR and the absorption lines of molecules. In this regard,
determining the absorption modes of adsorbed DMMP is crucial as these are the modes
that will interact with the EM field, associated to the SPP wave, at resonances. This
spectrum, associated to the adsorption of DMMP onto InAsSb oxide surface, adds up to
similar results obtained on an extensive diversity of metal oxides reported in the litera-
ture [244, 247, 251]. The main peak values are compared to the literature in table and

further discussions about surface chemistry are addressed in following section [4.3.4]

96



Wavelength (um)

1413 12 11 10 9 8
A . L S S L
|+ |——DMMP: 216 ppm vapors (x1E-6)

. [ | ——DMMP: dried on InAsSb
s A
S | ! | | : |
505 ! | : | | : |
Q | : | | : |
go.o-f\-—lf/\l-//\%-‘ e »:/\’\4:
S b | : | | : |
204 : : : : : :
St | : | | : |
L I R N
< | : ' | : |
0.2 | | ! | : |
VR W | A VAR W

e R
700 800 900 1000 1100 1200 1300 1400

Wavenumber (cm™)

Figure 4.18: Absorption coefficients x of vapor phase DMMP (red line) and dried DMMP
on InAsbSb:Si under Ny flux (blue line).

4.3.2 Raman spectroscopy

The second experiment performed is Raman spectroscopy. Figure shows the Raman
response from (a) liquid DMMP, and (b) dried DMMP onto InAsSb. The spectra differ
drastically in terms of amplitude as well as shape. It is difficult to draw conclusions from
this experiment except that DMMP persists at the surface of our samples, even weeks
after the deposition, and second, its chemical structure is different from liquid DMMP,
which indicates that surface chemistry occurred upon binding. The work of Temple-
ton et al., based on Raman spectroscopy, exhaustively explores how DMMP adsorbs to
aluminum oxide and they conclude that DMMP adsorbs molecularly, producing ‘satu-
ration coverage’, from Lewis base/Lewis acid complex between DMMP and the surface
hydroxyl [248]. This adsorption leads to various chemical reorganisation including cleav-
age of a P—O bond with the methoxy fragment likely to remain at the surface. These
conclusions are corroborated by our Raman measurements, showing strong differences
between the different forms of DMMP [248]. Similar studied have been conducted on
silver [263, 264, 265], titanium [266], and graphene [267] oxides. The main peak values
are compared to the literature in table|4.1|and further discussions about surface chemistry
are addressed in following section [4.3.4]
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Chemical bond | Pure DMMP (literature) | Pure DMMP (this work) | Adsorbed DMMP
vo(CH,)P 2998,/3014 3006

va(CH,)0 2058 /2962 2063

v,(CH,)P 2024

v5(CH,)0 2850 2360

J.(CH3)O 1467

5,(Cl,)P 1421

5,(CH,)0 1319 1315 1308
5.(CH)P 1314 1315 1308
»(P=0)P 1275 1276 1144
ps(CHL,)OP 1190 1188 1187
v.(C—0O)P 1070 1076 1080
.(C—0)P 1019 1051 1035
p(CH3)P 914 919 904
»(C—O)P S16 816 803
v (PC) 714 749

Table 4.1: Main peaks data of DMMP from this work and literature, for IR [244, 247, 251]
(red) and Raman [248] (green) spectroscopies. Values expressed as wavenumbers in cm™.
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Figure 4.19: Raman spectra of the (a) liquid DMMP, and (b) dried DMMP, on the
InAsSb:Si surface. Differences between the two spectra demonstrate interactions between
the SC surface and DMMP molecules.

4.3.3 X-ray photoelectron spectroscopy

The third experiment performed is XPS. This method is especially suited in our case as
this technique specialises in surface analysis at the atomic scale, and it is able to both
qualify and quantify the atomic composition of a surface over few angstroms in depth.
Figure [4.20{(a) represents the XPS spectrum obtained from InAsSb:Si bare surface. This
measurement is interesting as it highlights the different oxides found at the surface: anti-
mony, indium and arsenic oxides, respectively Sh,O, (x = 3,4,5), In,03, and As,O3. This

confirms that the native oxide composed of different oxides is present and it can interact
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with any molecules deposited at the surface. When the surface is exposed to DMMP, the
obtained XPS spectrum displays the phosphorous peaks (figure [4.20/(d)), which attests
that DMMP binds to the surface and persists weeks after exposure, if not cleaned. The
P2p peak is at 133.5 eV, in accordance with the literature [268]. It is not possible to com-
pare the P2p results of the spincoated and droplet of DMMP because the measurements

where mistakenly normalised by the position of this peak, rather than carbon.
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Figure 4.20: XPS spectra of (a) the bare InAsSb:Si surface (reference) highlighting the
diversity of oxides at the surface. (b), (c), (d), and (e) focuses on Sh3d3, In3d, P2p, and
As3d, respectively: dried spincoated (blue lines) and large droplet (green lines) of DMMP
on InAsSb surface demonstrating the presence and persistence of DMMP molecules at
the surface.

Still, we observe that the binding energy of antimony Sb3d3 (b), indium In3d (c),
and arsenic As3d (e) are slightly shifted to lower energies for the measurement performed
on spincoated DMMP, i.e., the photoelectrons have more information from the oxide
layer. As3d, Cls, In3d, Ols, and Sb3d3, respectively shift from 46, 286, 445, 532, and
541 to 41, 285, 444, 531, and 540. This small shift of 1 eV is a proof that the native
oxide/DMMP interface is not of the same chemical nature in both samples. We notice that
the shift associated to arsenide is more pronounced with a difference of 5 eV, with the large
differences observed the (e) panel, this could translate into surface reorganisation bringing
to play As atoms and its oxide As,O5 in particular. This finding adds up to numerous
studies reporting DMMP and its interactions with oxides of copper [269], zirconium [270,
271], tungsten [272], molybdenum [273], aluminum [274], lithium [260], and titanium [275].

4.3.4 Surface chemistry discussion

This series of experiments aimed at identifying the potential interactions between the
InAsSb surface and DMMP molecules, through the native oxide of the sample, bears sev-
eral conclusions. First, we expected from the literature review that DMMP might interact

with the surface by adsorption and would undergo chemical reorganisation. Second, from
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XPS measurements, we conclude that indeed, DMMP adsorbs and persists at the surface
after several weeks; plus binding energy differences where found between a thin layer of
DMMP and a large amount deposited on top of InAsSb surfaces, hinting at different
chemical natures of the DMMP /native oxide interface. Third, we have performed Raman
spectroscopy which shows that DMMP adsorbed is drastically different from its liquid
form in terms of chemical structure. Finally, infrared spectroscopy holds the most infor-
mations as it directly impacts our understanding of the sensing experiments previously
performed. Indeed, the absorption coefficients of DMMP in gas phase and dried on our

sample surface differed in such a way that their respective optical response are different.

All these results support the assumption that DMMP interacts, binds, adsorbs, and
changes, upon contact with InAsSb surfaces. Amongst the various path DMMP can bind
at the surface, represented in figure [4.21], adsorption through hydrolysis of oxide —OH
group into a dissociated DMMP (path [4.21](c)) is one of the most plausible as it is involves
dissociation of the P=0 bond, according to the IR study, into a stable covalent system
involving delocalised electrons and arsenic atoms, according to the XPS measures. It is
important to keep in mind that these conclusions remain at the stage of hypothesis and
should be taken with a grain of salt. In order to further evaluate the profound nature of
these interactions, an in-depth study of potential chemical processes needs to be carried
out, most likely involving simulations including density functional theory and experiments
such as temperature-programmed desorption. These shall provide additional information
about the binding energies and how DMMP changes over time as it dries on a surface,

and therefore which adsorption mechanism is the most likely to take place.

Still, in the end, the binding of DMMP molecules, with a size of 5 A on the InAsSb
surface, results in the formation of a 5 A thick monomolecular layer, after saturation.
The next section deals with electromagnetic numerical simulations that will at last shed
some light on the problematic of DMMP saturating the plasmonic detector, responsible

for saturation of the sensing signal.
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Figure 4.21: Proposed scheme of (a) molecular DMMP adsorbed at a Brgnsted acid (hy-
droxyl) site, (b) molecular DMMP adsorbed at Lewis acid site, (¢) dissociated DMMP
adsorbed following hydrolysis, and (d) DMMP reorganised into methylphosphonate fol-
lowing methoxy groups desorption.

4.4 Numerical simulation results

4.4.1 Kramers-Kronig relations

In order to perform numerical simulations to evaluate the impact of a 5 A thick monomolec-
ular layer of DMMP on top of the plasmonic antennas, it is required to know its optical
properties, namely the refractive index n, and the absorption coefficient x, which together
form the complex refractive index n of a medium. From experimental measurements, we
have already retrieved the absorption coefficient £ of DMMP, both in gas and dried
phases. The Kramers-Kronig relations are well-known mathematical relations that con-
nect the real and imaginary parts of any complex function, such as the complex refractive
index. In this case, it comes in handy to compute the real part of the complex index
n: the refractive index n, from the imaginary part which is the absorption coefficient
k. Equation gives the formula to retrieve the refractive index n from the absorption

coefficient k:

n(w) = no + % /w o (%@) 4o (4.5)

With w the frequency range in rad.s, n,, the refractive index at high frequencies,
the frequency at discrete values of experimental x, and df2 the frequency step respective to
the experimental resolution of k. Doing so, we finally retrieve the dried DMMP complex
refractive index n = n+ix. Figure shows the real and imaginary parts of the complex
refractive index n, respectively the refractive index n and the absorption coefficient &, for
DMMP in pure phase (dotted lines) and dried on InAsSb (full lines). Just as we did in
figure [4.18] we appreciate the differences in terms of optical properties between the two
states of DMMP. The gas phase, equivalent to the literature, is very much different from
the dried state of DMMP, especially around 10 pm, proof of interactions between the SC

101



surface and DMMP molecules. This result would prove to be crucial when performing
electromagnetic simulations, as these differences can be responsible for the drastic spec-
tral variations when we consider a molecular layer as thin as 5 A. Simply put, the results
from numerical simulations are highly dependent on the optical properties of the medium

on top of the plasmonic nanoribbons.
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Figure 4.22: Refractive index n and absorption coefficient x of DMMP in pure phase
(dotted lines) and dried on InAsSb:Si (full lines). The refractive index n is calculated
from the experimental absorption coefficient x with Kramers-Kronig relations.

4.4.2 FDTD simulations

We evaluate the impact of a theoretical 5 A thick DMMP layer on the sensor response by
performing FDTD simulations. Figure 4.23| shows how these simulations are performed
in practice. The optical parameters of each layers have been double checked with pre-
cautions and we make use of the optical properties of dried DMMP onto InAsSb from
figure to estimate its impact on the optical response of the plasmonic device. Note
that a layer as thin as 5 A required a numerical mesh grid of 50 pm, which considerably
increased the computational time of the electromagnetic simulations. The results of these
simulations, for all three antenna sizes previously studied: 0.84, 0.97, and 1.16 pm wide
nanoribbons, are shown in figure 4.24. Before addressing the results, we discuss a second

numerical simulation method employed, in the next section.
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Figure 4.23: Screenshot of FDTD simulation software Lumerical. FDTD was performed
to simulate the presence of a 5 A thick monolayer of DMMP adsorbed on the surface of
the plasmonic sensor.

4.4.3 RCWA simulations

We also performed RCWA simulations to confirm and cross-check the results obtained
by FDTD to make sure that they were not the result of a numerical error in the form of
interferences, a convergence problem, or an aberration of some sort. RCWA simulations
are much faster than FDTD simulations, and this allowed us to perform simulations of
plasmonic antennas with higher precision. Indeed, where FDTD simulations account for
perfect plasmonic antennas, RCWA can take into account size inhomogeneity which are
closer to the reality after the fabrication process. We determined each antenna size varia-
tions using SEM and AFM characterisations as follows: 1.16+0.13 pm, 0.974+0.15 pm, and
0.8440.15 pm antennas. This width inhomogeneity of the fabricated plasmonic nanorib-
bons has for consequence a substantial broadening of the LSPR, as compared to perfect
antennas in FDTD, whose LSPR are much narrower. Figure [4.24] shows the differential
reflectance (%), as a function of the wavenumber (cm™) and the wavelength (pm), for
each antennas (1.16, 0.97, and 0.84 ym), under TM-polarised light (), of experimental
measurements, FDTD simulations and RCWA simulations. We observe that simulations
match experimental results in terms of amplitude, shape, and frequency. RCWA simula-
tions, by taking into account fabrication defects, are even closer to experimental results.

Further practical information regarding the gas sensing simulations can be found in an-

nex
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Figure 4.24: Differential reflectances (£ ): experimental measurements, FDTD simula-
tions and RCWA-corrected simulations. Y-offset of 5% between each antennas is intro-
duced for clarity. Space between two minor ticks corresponds to 2.5%.

The shape of the differential reflectance takes into account the coupling of DMMP
molecular vibrations with the LSPR, i.e., it depends on how the plasmonic resonance
and the absorption lines overlap spectrally. RCWA simulations are faster and allow many
antenna sizes to be simulated. We average the differential reflectance obtained for each an-
tennas part of its size distribution. The resulting RCWA-corrected differential reflectances
match experimental results. Much like the Fano resonance [276], the phase variations are
strongly correlated to the spectral overlap between the two resonances, although in our
case the weak coupling occurs between two continnuums of states meaning that FWHMSs
of both the plasmonic and the molecule resonances are of the same order of magnitude.
As a result, both determining the absorption spectrum of DMMP probed by the enhanced
EM field, and the consideration of the antennas inhomogeneity in the simulation proved

to be essential to confirm experimental results.

Conclusion

We have developed a rapid response gas sensor based on SEIRA mechanism supported
by III-V semiconductor metal-like InAsSh:Si nanoribbon antennas for the detection of
complex molecules such as CWAs with a detection signal of around 3% in the case of
DMMP. Experimental results obtained by IR spectroscopy are confirmed by FDTD and
RCWA simulations. The response of a SEIRA-based plasmonic sensor strongly depends
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on the coupling strength, function of spatial and spectral overlaps, and we improved it by
employing an epsilon-near-zero layer. Exploiting the surface native oxide of our sensor,
we detect an extremely thin monolayer of DMMP (5 A) without any need for function-
alisation. InAsSb native oxide has the ability to interact and bind DMMP molecules to
bring them in the vicinity of plasmonic nano-antennas, enhancing their absorption and
increasing the sensivity of the sensor. The sensor features selectivity towards DMMP
compared to volatile organic compounds benzene and methane, plus it is water tolerant

with an identical sensing signal of 2% at 50% relative humidity.
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General conclusion and perspectives

In conclusion, we have demonstrated the applicability of I1I-V semiconductors, in partic-
ular InAsSb and GaSb, in both plasmonic-based sensing applications and the study of
ENZ-plasmon phenomena. They are associated with many practical advantages including
cutting-edge growth and nano-fabrication techniques, e.g. respectively, molecular beam
epitaxy and electron-beam lithography. They benefit from the mature semiconductor
industry for their integration onto photonic integrated circuits and they are compatible
with CMOS technologies.

We fabricated metal-insulator-metal structures, with a doped insulator in order to
adjust its plasma frequency, i.e., ENZ regime to various spectral range. Such structure
displays a tunable ENZ regime from the THz up to the MIR, depending on the insu-
lator doping level, with a plasmonic resonance tunable according to the nanoantennas
dimensions. We studied the optical response of three different ENZ samples according
to the insulator doping level (1 x 106, 1 x 10!, and 2 x 10" ¢cm™) and nanoantennas
width (from 200 nm up to 1.8 pm). We have determined the dispersion relation of this
metal-ENZ-metal structure using FDTD simulations, which proved to be a more rigorous
approach as compared to effective refractive index models found in the literature, that are
inadequate for non-perfect metal and insulator. We provide evidence that the resonance
pinning phenomenon originates from a material transition, which is the plasma frequency
in our case. Furthermore, we demonstrate that as long as an insulator exists within
the plasmonic system, a metal-insulator interface exists and it may sustain SPP modes
beyond the material transition frequency. The underlying consequence of the LSPR pin-
ning is the great tolerance to fabrication defects associated to the geometry-independent
behaviour; a noteworthy asset as modern photonics increasingly relies on expensive and
sophisticated fabrication technologies. Additionally, we discussed the nature of various
ENZ-based effects including the near-constant phase and the enhanced EM field. This
study demonstrates the engineering of I11-V SCs into M-ENZ-M architecture and it paves

the way for applications such as the sensing of OPs in vapor phase.
The fabricated samples were then employed in gas sensing experiments of the sarin

simulant: DMMP, based on surface-enhanced IR absorption. The experimental setup

was built from scratch and implemented with a FTIR spectrometer. Experimental results
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show a sensing signal of ~ 3% with a minimum concentration detected of 100 ppm. The
sensor response is independent of the DMMP concentration in the range 100-500 ppm,
resulting in a signal saturation associated with the formation of a 5 A thick monomolecu-
lar layer of DMMP that has bound to the surface native oxide through different chemical
mechanisms. From IR, Raman, and X-ray photoelectron spectroscopies, we further stud-
ied the possible interactions that may be responsible for this chemical reaction occurring
at the surface, and finally we provide different models of the most plausible assumptions.
The reactivity of InAsSb native oxide proved to be an asset with the ability to directly
interact with DMMP, without any need for surface chemistry such as functionalisation,
therefore binding and bringing DMMP in the vicinity of plasmonic nanoantennas. Conse-
quently, the anchored DMMP molecules have their absorption enhanced, demonstrating
that this innate specific interaction between the DMMP molecules and InAsSb surfaces
participates in the improvement of the sensor selectivity and sensitivity. The designed,
fabricated, and tested sensor is relatively rapid (response time & 5 min), selective towards
DMMP because it is directly related to its fingerprint, it is humidity-tolerant (tested up
to 50% RH), and VOCs: benzene and methane were not detected meaning they wont

interfere. Experimental results were confirmed by FDTD and RCWA simulations.

Taking a step back, although we have simulated, fabricated and tested positively a
novel plasmonic sensor, several requirements are yet to be attained for its applicability
in field conditions. First of all, the sensor requires a source and a detector, to this end,
it is dependent on a FTIR which is quite bulky. A particular concern should then be
given towards integration and miniaturisation of the system into a compact solution. The
plasmonic sample itself is rather small, in the order of mm?, and thanks to its CMOS
compatibility, it is easy to imagine an integrated, monolithic and compact device with
the source and the detector on both ends. In that regard, an ambitious solution would be
to integrate the sensor into a plasmonic waveguide coupled to a quantum cascade laser
that acts both as source and detector (QCL-QCD system) depending on the polarisation
applied to it.

Second, because the sample sensing signal is not linear with the gas concentration, it
was not possible to retrieve a limit of detection, making it difficult to compare to already
existing technologies. We propose two experiments that should be performed in order
to further characterise the sensor performance. First, the detector should be tested at
even lower concentrations (ppb level), which would confirm that no matter the amount of
molecules the sensor is exposed to, it will interact with the molecules and bind them to
form a monolayer on top of the sensor. If this assumption is confirmed, then the sensor
sensitivity is theoretically extremely low, but then its performance is mainly limited by
the time necessary to form this monolayer onto the sensor surface. Consequently, mea-

surements over time should be performed to evaluate the sensor signal rather than only
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after the system stabilisation, but this implies that DMMP molecules would only interact

with the sensor when it is sent into the gas cell.

The experimental setup was recently improved by replacing the stainless steel fluidic
system with stainless steel treated with a layer of inert silica preventing the compounds
traveling in to react with the stainless steel, especially regarding sulphur, mercury, and
phosphorous compounds. Second, the ZnSe infrared windows was substituted with a II-VI
polycrystalline CVD diamond window characterised by ‘exceptional chemical resistance’.
These modifications aim to reduce the interactions that might take place between DMMP
molecules and the experimental setup, in order to reduce the stabilisation time and in

such a way that only the plasmonic sensor is able to interact with DMMP molecules.

Third, this unique and naturally occurring interaction between the native oxide and
DMMP molecules undermine the functionality of the diffused enhanced EM field associ-
ated to the ENZ material. Considering the trade-off between ENZ effects and the intensity
of the enhanced EM field, we now believe that the intensity of the enhanced EM field
should prevail over its spatial distribution. In the case of DMMP, it is now clear that the
sensing signal accounts for the surface interactions, which means that the modifications
happening at the surface dominate over the rest in the optical response of the system. In
that regard, highly-enhanced hot-spots should be favourable compared to a less-enhanced
3D EM field. Besides, molecules in gas phase are characterised by a very low molar ab-
sorption coefficient such that even a significant spatial overlap between molecules and
the enhanced EM field may not be sufficient to detect them. Still, this first attempt
was successful and a thorough study should be conducted to compare standard MIM and
M-ENZ-M structures for the sensing of DMMP in vapor phase.

Ultimately, if the system is integrated and the sample features are fully known such
that all doubts regarding the limit of detection, selectivity and response time, have been
allayed, the sample could be tested in field conditions. Upon which, both the sensitivity
and selectivity might need improvements with the employment of different antenna design
exploiting lighting rod effects, and the engineering of metamaterials and/or 2D antennas
to attain multiresonance, further improving both of these features, especially by targeting

the characteristic P—F chemical bond of sarin.
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Annexes

A. Brewster experiments

The Brewster simulations are performed using a home-made code based on the transfer-
matrix method which consists in solving the Maxwell’s equations for an electromagnetic
wave propagating in a multi-layered structure by considering the continuity equations
at each interface. The code takes as entries the indexes of each layer calculated by the
Lorentz-Drude model as well as their thickness. If one knows the electric field at the
beginning of a layer, the field on the other side of the layer can be expressed with a
simple matrix operation. Therefore a structure composed of multiple layers consists in
a system of matrices that can be summed up in a system matrix as the product of each
layer matrices. The reflectance and transmisttance can then be retrieved from the system
transfer matrix. Afterwards, the simulations are compared to the experimental results

obtained from the Brewster configuration presented in the figure below.

Photograph of the experimental Brewster mode measurement setup.

Then, the free carrier density is deduced from the Brewster measurements by extract-
ing the dip associated to the free carrier absorption at the critical wavelength. The figure
below represents the critical wavelength (plasma frequency) versus the free carrier den-

sity in InAs (dark square) with experimental values (open circles). The red dashed line
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corresponds to the empirical power law which was used to retrieve the doping level in our

samples.
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Critical wavelength, A,, versus the carrier density in the case of InAs (dark square). The
red dashed line corresponds to the power law extracted. The grey part of the figure cor-
responds to the Reststrahlen band due to optical phonon. The open symbols correspond
to experimental values. From [217].

B. Dispersion relation calculi

The dispersion relation of a multilayer system is important because this kind of system
cannot be considered as single interfaces separately. The reason for that is that when
layers have a thickness smaller than the decay length of SPPs propagating at each in-
terfaces, then SPPs interact with each other and couple, giving rise to coupled modes.
This can be the case in our 4-layers structure, hence we want to elucidate the general
properties of coupled SPPs by solving the dispersion relation of the photonic structure.
From Maxwell’s equations, it can be shown that each medium, i.e. layer, composing the
system is characterised three fields components H,,, F,, and F, in the case of TM modes.
The requirement of continuity of H, and E,, with the relation k? = k,* — kZe;, results in

the implicit expression for the dispersion relation linking k, and w via:

k k k k k k3 2kad k k k k3\(k k
s (B B8 B (it ity
B T B T S - )

As stated in the manuscript, finding the solutions of this equation requires advanced
peak-finding methods. While FDTD simulations were performed to solve this issue, we
present here another method that we employed to corroborate the results obtained by
FDTD. This method is based on the simple fsolve Matlab function that solves a system

of nonlinear equations. The problem is that the dispersion relation of a 4-layers struc-
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ture is transcendental, and the fsolve function is not suited for such equation. In a way,
fsolve works by dichotomy, so it requires a purely real or imaginary function in order to
find the solutions. With this in mind, we first decided to divide the problem in three
different systems, each composed of three layers: air/InAsSb:Si(n++)/InAsSb:Si(n+),
air/InAsSb:Si(n+)/InAsSb:Si(n++), and InAsSb:Si(n++)/InAsSb:Si(n+) /InAsSb:Si(n++).
These systems respectively correspond to: air/antenna/ENZ, air/ENZ/mirror, and an-
tenna/ENZ/mirror. Because the dispersion relation of a 3-layers system is much simpler,
one can break it down in such a way that every time to wavevector becomes complex, it
can be artificially turned into a real number again. This way, the dispersion relation re-
mains purely real for all wavevectors k, and the function fsolve can solve it. The downside
of this solution is that the results obtained at larger wavevector, i.e., when the wavevec-

tor imaginary part is significant, are distorted and do not perfectly account for the reality.

Additionally, we would like to comment that FDTD simulations performed in this
manuscript did not take losses into account. The reason for that is that losses significantly
broaden the solutions, i.e. singularities (poles and zeros), of the dispersion relation,
making it extremely difficult to either retrieve the solution lines or even to interpret
the amplitude maps obtained with the losses. The figure below shows the dispersion
relation maps obtained by FDTD considering the full 4-layers stacking of our plasmonic
structure, with on top (white lines) the solution lines obtained with the aforementioned
method relying on the fsolve Matlab function. The white circles are experimental LSPR
frequencies. It therefore comes to light as to why we opted to simulate the plasmonic
structure without considering the losses, as the interpretation of the 2D dispersion relation
with the losses is nearly impossible. Still, the white lines obtained with the home-made
method serve as a guide to the eye and demonstrate that FD'TD is a suitable method for
determining the dispersion relation of a plasmonic structure. The asymptote 2 highlights
the LSPR pinning.
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Dispersion relations of the photonic structure: air/InAsSb:Si(n++)/InAsSb:Si(n+)/
InAsSb:Si(n++) for each sample. The amplitude refers to the intensity of the singu-
larities of the dispersion relation. White lines: dispersion relation solutions obtained with
the home-made code based on Matlab fsolve function. White empty circles: experimental
LSPR frequencies of each sample.
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C. (Gas sensing simulations

Gas sensing simulations were performed either with FDTD or with RCWA. FDTD sim-
ulations were first performed because in the right conditions, FDTD always converges
and the result is reliable. To evaluate using FDTD the impact of a 5 A thick DMMP
monolayer at the top of the plasmonic sensor, we designed the structure in terms of thick-
ness and the antennas are characterised by their width. The optical properties of each
layer is given as entry in the software. The antenna periodicity is taken into account by
the simulation area with anti-symmetric boundary conditions. Perfectly matched layer
boundary conditions were used in other directions. The mesh of the structure was set
as auto non-uniform in order to reduce numerical dispersion, with a mesh maximal mesh
accuracy of type ‘conformal variant 0’. As for the 5 A layer, a 50 pm mesh was applied
in order to correctly compute the interfaces and properly consider its optical response in
the system reflectance. The simulation time was set at 10,000 fs with a auto shutoff min

of 107°. In these conditions, each simulation would take several hours in average.

The computational time would prevent us to perform a large amount of EM simulations
required to take into account the antenna inhomogeneity observed in practice. To solve
this issue and calculate a greater amount of antenna size, we used RCWA. The RCWA
open-source RETICOLO code running on Matlab is especially well-suited for this applica-
tion. Just as FDTD, one can design its photonic structure, based on the optical properties
of each layer and their thickness. It performs in an analogous way to the matrix-transfer
method in 1D such that it solves the Maxwell’s equation by ensuring fields continuity at
each interface. Additionally, this code is normalised by the wavelength dimension which
greatly reduces the orders of magnitude in the calculi and therefore significantly speeds
up the computational time. We performed identical simulations in order to evaluate the
optical response of the 5 A thick DMMP layer. Simulations were performed with a TM-
polarised normal incidence light. The main source of errors when using this method is
that one cannot know if the result has converged. To address this issue, one can play on
the Fourier harmonics number, which is proportional to the accuracy of the simulation
as well as its computational time. This number was set to 1000 for our simulations af-
ter making sure that the results were identical to those obtained by FDTD. In the end,
the simulation time was around ~30 minutes, which would allow us to perform plentiful
antenna width simulations and average their reflectance response in order to assess the

inhomogeneity impact over the reflectance.
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Détection sensible et sélective de composeés
organophosphoreés par spectroscopie infrarouge
exaltée par effet de surface

Résumeé

Les agents chimiques de guerre comme les composés organophosphorés (dont le sarin), sont
extrémement dangereux pour 'lhumain a de trés faibles concentrations. Malgré la convention sur
l'interdiction des armes chimiques (1997), leur usage persiste et ce faisant ils représentent une
menace importante envers les populations civiles et militaires. Dans ce travail, nous proposons un
nouveau capteur plasmonique basé sur I'absorption infrarouge exaltée de surface (SEIRA) a partir de
semi-conducteurs IlI-V. La combinaison de la sensibilité et de la sélectivité exaltées, respectivement
par les effets plasmoniques et la spectroscopie des modes vibrationnels caractéristiques dans
l'infrarouge, associé a la compatibilité CMOS et I'industrie mature des semi-conducteurs, ouvre de
nouvelles perspectives pour la détection de molécules dangereuses. De plus, cette solution
innovante implémente un matériau e-near-zero (ENZ), une classe émergente de matériaux pour
ameliorer I'interaction lumiére-matiere ainsi que le contréle sur la réponse optique d’une structure
plasmonique. Tirant avantage de la structure reconnue métal-isolant-métal, nous avons congu un
dispositif métal-ENZ-métal pour I'étude des phénoménes basés sur 'ENZ et la détection de
composeés organophosphorés en phase gazeuse. Ces composants ont été employés pour détecter le
méthylphosphonate de diméthyle (DMMP), simulant du sarin. Les capteurs congus et fabriqués ont
montré un temps de réponse de 5 minutes et leur sélectivité fut éprouvée avec du benzene et du
meéthane. Nous avons démontré la détection de DMMP avec une concentration minimale de 100
ppm. Nous avons identifié que le capteur est sensible a la formation d’'une monocouche de 5 A de
DMMP adsorbé en surface du capteur par le biais de son oxyde natif, preuve que le capteur puisse
étre sensible a de trés faibles concentrations.

Abstract

Chemical warfare agents, such as the organophosphorous compounds (sarin), are extremely
dangerous molecules towards human at extremely low concentrations. Despite the 1997 Chemical
Weapons Convention, their use persists making them an important threat for military and civilian
population. In this work, we propose a novel plasmonic sensor based on surface-enhanced infrared
absorption (SEIRA) made of IlI-V semiconductors. The combination of enhanced sensitivity using
plasmonic effects, with increased selectivity by probing the molecules characteristic vibration modes
in the infrared, associated with the CMOS-compatibility and mature industry of semiconductors,
opens new perspectives for the sensing of dangerous molecules. Besides, this innovative solution
implements a e-near-zero (ENZ) medium, an emerging class of materials known for their ability to
improve light-matter interactions as well as the control over the optical response of a plasmonic
structure. Taking advantage of the well-known metal-insulator-metal structure, we designed a metal-
ENZ-metal device that will serve as vehicle for the study of ENZ phenomena and the sensing of
organophosphorous compounds in gas phase. These devices were tested for the detection of a
simulant of the sarin molecule: dimethyl methylphosphonate (DMMP). The designed and fabricated
sensors have a 5 min response time and their selectivity was positively experienced with benzene
and methane. We demonstrated the sensing of DMMP at concentration as low as 100 ppm. We
identified that the sensor was sensitive to a 5 A-thick monolayer of DMMP that has adsorbed at the
surface of our sensor through its native oxide, a proof that the sensor shall be sensitive to much
lower concentrations.




Résumé en francais

1) Introduction

L'immense pouvoir létal des agents chimiques de guerre (ACG), y compris des composés organophosphorés
(COP), méme a des concentrations extrémement faibles, et ce en absence d’odeurs, invisibles et persistants,
rend cette catégorie de molécules particuliérement dangereuse car elle échappe a nos sens naturels. Lors de
l'inhalation, les effets létaux des agents neurotoxiques apparaissent pour des concentrations aussi faibles
que quelques mg.m>, ce qui correspond a quelques molécules par milliards. En régle générale, ces
molécules sont composées d'éléments courants, tels que le carbone, 1’azote, 1'oxygene, le fluor et le
phosphore, avec un poids moléculaire 1éger d'environ 100 g.mol™'. Ces deux caractéristiques représentent
des défis majeurs en termes de sensibilité, de sélectivité et de temps de réponse d'un capteur. La plupart des
techniques disponibles dans le commerce consistent en des dispositifs qui souffrent d'inconvénients
importants tels que leur volume (chromatographie en phase gazeuse), le manque de sélectivité (capteurs
gravimétriques), une faible sensibilité (spectrométrie de mobilité ionique) ou un temps de réponse long
(papier colorimétrique). Par conséquent, il y a eu un intérét croissant ces derni¢res années pour le
développement de techniques innovantes qui surmontent les inconvénients des méthodes susmentionnées.
Le développement des dispositifs de détection modernes est intimement liée a la recherche de nouvelles
surfaces et de nouveaux matériaux physico-chimiquement réactifs afin d'améliorer les interactions entre les
molécules et le capteur. D'une certaine manicre, le transducteur et le milieu d'amélioration (physique ou
chimique) sont les deux principales composantes sur lesquelles les efforts de la recherche scientifique se
concentrent.

Dans ce cadre, la plasmonique apparalt comme un moyen sous-estimé et pourtant prometteur pour la
détection des ACG. La plasmonique étudie et exploite les oscillations des porteurs de charge libres de la
matiere, qui peuvent améliorer la sensibilité d'un dispositif de détection. En particulier, depuis l'article
publié¢ en 1980 dans les Physical Review Letters, intitulé "Enhancement of the infrared absorption from
molecular monolayers with thin metal overlayers" par Hartstein et al. [Phys. Rev. Lett. 45, 201 (1980)], il
a ét¢ démontré que 'absorption des molécules peut étre améliorée en exploitant les modes plasmoniques de
surface provenant de particules métalliques. L'absorption de molécules est particulierement intéressante
dans l'infrarouge : la région spectrale ou les molécules présentent des résonances caractéristiques connues
sous le nom de modes vibrationnels. En fin de compte, de nombreuses études ont démontré avec succes
l'utilisation de dispositifs basés sur les plasmons pour la détection de molécules par absorption infrarouge
améliorée par la surface (SEIRA). Cependant, seule une poignée d'articles a abordé la problématique de la
détection de gaz a l'aide de cette technique.

D'autre part, les plateformes de détection modernes sont encore améliorées par la chimie de surface ou la
fonctionnalisation. Différentes technologies ont été développées a cet égard, notamment des polymeres, des
monocouches auto-assemblées, des réseaux métallo-organiques, des oxydes et méme des nanoparticules
dotées de propriétés plasmoniques. Si elles sont intéressantes en termes de sensibilité et de sélectivité, car
elles améliorent les interactions molécule-capteur, ces stratégies présentent un certain nombre de limitations
pratiques telles que la réutilisation et la stabilité (temporelle, thermique, etc.). Une deuxiéme approche pour
améliorer les performances d'un capteur consiste a utiliser un milieu qui améliore la réponse du



transducteur. A cet égard, les milieux epsilon proche de zéro (ENZ), sont apparus comme un moyen
intéressant d'améliorer les interactions entre la lumiére et la matiere lorsque la permittivité du milieu atteint
zéro. Au milieu des années 2000, cette nouvelle classe de matériaux a suscité un énorme intérét dans la
communauté ¢électromagnétique en raison des effets particuliers associés a un faible indice de réfraction.
Néanmoins, leur application a la détection reste marginale par rapport a la conception de guides d'ondes et
de métamatériaux.

Dans ce travail de thése, nous développons un dispositif plasmonique pour la détection des ACG, et plus
particulierement pour la détection du sarin. Le comportement plasmonique est obtenu en utilisant des semi-
conducteurs III-V fortement dopés (InAsSb et GaSb) de telle sorte qu'une résonance plasmonique se produit
dans l'infrarouge moyen. Le couplage plasmon-molécule est obtenu par chevauchement spectral et spatial.
Le chevauchement spectral implique que la résonance plasmonique et les modes de vibration de la molécule
sont a la méme fréquence. Le chevauchement spatial fait référence a la proximité entre les molécules et le
champ ¢électromagnétique exalté, associ¢ aux oscillations des porteurs de charge libres, a la fréquence de
résonance plasmonique. La structure de I'échantillon est basée sur une structure métal-ENZ-métal congue
pour améliorer les interactions lumiére-matiére et renforcer l'absorption infrarouge des molécules CWA.
Nous démontrons avec succes l'applicabilité de la plasmonique a base de semi-conducteurs III-V pour les
applications de détection dans l'infrarouge et pour l'ingénierie des métamatériaux avec un contrdle amélioré
de la réponse plasmonique par l'utilisation d'un milieu ENZ.

2) Fabrication des échantillons

Les structures métal-isolant-métal (MIM) sont bien connues pour leur capacité a améliorer les interactions
lumiere-matiere en piégeant la lumicre dans la couche isolante prise en sandwich entre deux couches
métalliques. Dans la pratique, cela se traduit par deux phénoménes qui ont été rapportés : (1) un
comportement d'absorbeur parfait et (2) un plasmon-polariton de surface (SPP) piégé aux interfaces de
l'antenne, avec un champ magnétique coincé dans la couche isolante, connu sous le nom de gap plasmon.
La spécificité de ce travail réside dans la nature de la couche isolante. Alors que les structures MIM et les
couches ENZ ont été utilisées pour une grande variété d'applications, nous proposons de combiner ces deux
concepts dans une structure métal-ENZ-métal. Ce concept est basé sur le fait que les couches ENZ ne sont
pas métalliques, de sorte qu’elle conserve les avantages de la structure MIM, tout en bénéficiant des atouts
de la couche ENZ. Le comportement ENZ est obtenu en dopant la couche de sorte que sa fréquence plasma
atteigne la fréquence de fonctionnement du capteur qui est autour de 10 um dans notre cas, proche de
l'absorption du simulant de sarin : méthylphosphonate de diméthyle (DMMP). Nous avons également
essayé d'autres niveaux de dopage pour I'étude des phénomeénes ENZ. La figure 1 présente la structure
métal-ENZ-métal étudiée au travers de trois échantillons fabriqués.
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Figure 1. Schémas des trois échantillons métal-ENZ-métal étudiés. Les couches grises sont fortement dopés (4 1019 cm-3).

a) Simulations électromagnétiques

La physique moderne est intimement liée au développement de nouvelles méthodes numériques et a
I'amélioration des ordinateurs. La capacité de simuler une structure afin de prédéterminer sa réponse
physique a énormément profité au développement de structures complexes qui dépendaient auparavant
d'essais et d'erreurs et de lois empiriques. L'¢lectromagnétisme est ['une des théories physiques les mieux
¢tablies et, par conséquent, les simulations électromagnétiques sont devenues un domaine de recherche a
part entiére, et sont généralement considérées comme indispensables pour la conception de dispositifs
optiques a l'échelle nanométrique sub-longueur d'onde, y compris la plasmonique. Les méthodes de
simulation électromagnétique les plus couramment utilisées sont les suivantes : (i) la méthode des
différences finies dans le domaine temporel (FDTD), (ii) la méthode des éléments finis (FEM) et (iii)
l'analyse rigoureuse des ondes couplées (RCWA).

Dans ce travail, la FDTD et la RCWA seront réalisées avec le logiciel Lumerical FDTD Solver et
RETICOLO (code Matlab open source), respectivement. La conception de la structure principale et la
détermination des parametres des antennes ont été réalisées avec la RCWA. Le code libre RETICOLO
permet de concevoir des systemes 1D et 2D et de simuler leur réponse optique en termes de réflectivité et
de transmission. Cette méthode est facile a utiliser et plus rapide que d'autres méthodes, mais sa précision
est directement liée au temps de calcul. La FDTD a été utilisée pour confirmer certains résultats de la
RCWA, y compris la simulation de molécules organiques, et elle a 'avantage de toujours converger dans
les bonnes conditions, ce qui explique pourquoi elle est une méthode de calcul de référence pour
I'électromagnétisme.

b) Croissance épitaxiale et caractérisations

Le processus de fabrication physique commence par la croissance cristalline des échantillons. La croissance
des semi-conducteurs III-V (SC) consiste en la formation de couches cristallines, sur un substrat (wafer) de
semi-conducteur, premier ¢lément de la chaine de fabrication. La croissance des structures cristallines sur
le substrat dépend fortement de I'état de la surface, de sorte que la préparation de la surface pour I'épitaxie
est, en soi, un domaine de recherche. Le substrat est crucial dans la croissance cristalline car il impose sa



maille cristalline aux structures crues, typiquement autour de 6,1 A pour I'InAs, le GaSb et 'AISb. La
croissance de structures avec une maille cristalline différente est un sujet de recherche trés actif pour le
développement de nouveaux dispositifs optoélectroniques et leur intégration dans des circuits intégrés
photoniques avec des applications quotidiennes.

Les caractérisations de la surface des échantillons aprés la croissance sont effectuées a l'aide de deux
techniques de microscopie : (i) la microscopie optique et (ii) la microscopie a force atomique (AFM). Pour
vérifier la qualité cristalline des échantillons, on utilise la diffraction des rayons X a haute résolution
(HRXRD). Elle fournit des informations sur 1'état cristallin, la maille du réseau et les épaisseurs des
structures crues. Cette technique est particulierement importante pour calibrer la quantité d'antimoine
nécessaire pour faire correspondre correctement la maille d'InAsSb a celle du GaSb.

Le comportement plasmonique des semi-conducteurs III-V est obtenu grace a la capacité de les doper et
d'introduire une quantité suffisante de porteurs libres pour obtenir une densité ¢levée d'électrons, c'est-a-
dire un plasma. Pour obtenir un comportement plasmonique dans le MIR, le semi-conducteur III-V doit
étre fortement dopé avec des porteurs libres ayant une faible masse effective. Le dopage par trous (ou
dopage p) est possible et conduirait a un plasma de trous plutot que d'électrons, mais les trous sont beaucoup
plus lourds que les électrons et, par conséquent, leur masse effective élevée abaisse considérablement la
fréquence du plasma, bien en deca du MIR. En revanche, les électrons sont beaucoup plus légers, en
particulier dans I'InAs, pour lequel la masse effective des électrons est d'environ 0,023m, (contrairement
aux trous pour lesquels la masse effective est de 0,41my), ce qui souligne ¢galement la grande mobilité des
¢lectrons libres dans 1'InAs. Les niveaux de dopage peuvent étre mesurés de différentes manicres, 1'effet
Hall étant de loin le plus utilisé dans l'industrie du silicium, bien que les effets d'accumulation de charge
entrainent des erreurs dans l'estimation, en particulier dans I'InAs. Les niveaux de dopage peuvent
¢galement étre mesurés optiquement, en sondant le mode de Brewster se produisant a la fréquence du
plasma. Cette technique consiste a envoyer un faisceau lumineux avec un angle de 60° a la surface de SC
fortement dopés de sorte que, lors de la réflexion, un mode de fuite correspondant a la densité de porteurs
libres peut €tre excité, ce qui se traduira par une absorption sur le spectre de réflectance.

c) Fabrication

La texturation de la surface en nanostructures telles que des nano-antennes plasmoniques est basée sur deux
¢tapes principales : le design d'un masque a la surface, suivi d'une gravure pour imprimer le motif du masque
a la surface de I'échantillon. Le masque peut étre soit un masque dur, fait de SiO, ou de Si3N4 par exemple,
soit une résine. Le choix du type de masque dépend de sa capacité a résister a 1'étape de la gravure et de sa
durée. Les masques durs peuvent supporter des gravures beaucoup plus fortes, comme les gravures séches,
mais nécessitent une étape supplémentaire pour modeler le masque dur lui-méme avec une résine. Les
résines sont des polymeres couramment utilisés dans l'industrie des semi-conducteurs parce qu'ils sont
sensibles a la lumiére ou aux électrons, et la photolithographie et la lithographie par faisceau d'électrons
(LFE) sont employées pour imprimer le motif souhaité sur la résine. Une fois la lithographie effectuée, le
développement de la résine a l'aide d'un produit chimique appelé révélateur permet d'enlever sélectivement
la résine exposée ou non exposée, selon la nature positive ou négative de la résine. La résine restante peut
étre utilisée comme masque pour l'étape de gravure. Le design par LFE peut étre relativement long en
fonction des dimensions du motif ; dans notre cas, cela prend une nuit jusqu'a une journée enticre.



La deuxiéme étape de la structuration est la gravure. Si l'on a besoin d'un masque dur pour la gravure de la
surface de l'échantillon, une gravure préliminaire du masque dur sous la résine est nécessaire. Dans le cas
contraire, la résine développée sert de masque et la gravure des semi-conducteurs III-V a lieu. La gravure
peut étre réalisée de deux manicres différentes : par voie humide ou par voie séche, parfois en combinant
les deux. La gravure humide repose sur l'utilisation d'acides tels que les acides citrique, nitrique ou
fluorhydrique (HF), qui sont couramment utilisés, généralement dilués avec de I'eau déionisée ou du
peroxyde d'hydrogene. La gravure a sec est réalisée a 1'aide de techniques telles que le plasma a couplage
inductif pour la gravure ionique réactive, bien connue sous le nom d'ICP-RIE. Cette technique est basée sur
l'ionisation d'un gaz, les ions étant ensuite attirés vers la surface de 1’échantillon pour la graver. Les
¢chantillons utilisés dans ce travail de theése ont été fabriqués selon la procédure de fabrication standard
suivante : (1) procédure de nettoyage, (2) dépot de la résine, (3) design par LFE, (4) recuit, (5)
développement, (6) gravure séche et (7) procédure de nettoyage. La figure 2 montre en (a) une image
obtenue par microscopie électronique a balayage, (b) microscopie optique et (c) microscopie a force
atomique, d’un échantillon une fois sa fabrication terminée. Enfin le capteur plasmonique est caractérisée
optiquement.
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Figure 2. Caractérisations de la fabrication : (a) image MEB des antennes plasmoniques, (b) image optique de I’échantillon
fabriqué et (c) reconstruction 3D obtenue par AFM.

Nous allons maintenant aborder l'instrumentation et la technologie de la spectroscopie infrarouge a
transformée de Fourier (FTIR), qui est le principal outil de caractérisation utilisé dans le cadre de ce travail.
La spectroscopie FTIR retrace le spectre d'absorption d'un analyte, I'objectif est donc d'obtenir un spectre
de haute qualité, ce qui dépend de différents facteurs en termes d'instrumentation et de métrologie. Elle se
compose d'une source lumineuse qui émet dans le domaine spectral d'intérét, d'un mécanisme de sélection
de la longueur d'onde et d'un détecteur. Le mécanisme de base d'un spectrometre FTIR repose sur
l'interférometre de Michelson, qui est de loin le dispositif le plus utilis¢é dans les FTIR modernes.
L'interférometre de Michelson est basé sur les interférences d'un faisceau divisé en fonction d'un miroir



mobile, I'interférogramme résultant correspond a l'intensité du signal en fonction du déplacement du miroir
mobile. Pour obtenir un spectre, il faut ensuite effectuer la transformée de Fourier (FT) de
l'interférogramme. Dans la pratique, cette opération est effectuée une premicre fois sur une référence, puis
sur l'analyte ou l'échantillon, et le rapport entre les deux spectres communique des informations sur
I'échantillon uniquement, en éliminant le bruit de fond 1ié¢ a la réponse de I'environnement ainsi que les
fluctuations de la source. La figure 3 présente un spectre de réflectance caractéristique du capteur
plasmonique avec une résonance plasmonique (LSPR) obtenue autour de 10 microns. La réponse optique
d’un capteur plasmonique est largement dominé par les propriétés optiques des matériaux le composant, ici
les fréquences plasma wp1 et wp2, respectivement les couches fortement dopées et la couche ENZ.

Wavelength (um)
10201410876 5 4 3 2

LA 1 I L I 1
.
]

By 0

p1

o
fe)

o
o

o
~

Fabry-Perot resonances

Reflectance

o
N

LSPR :Quarter wavelength resonance
L il s 1 s 1 s

1000 2000 3000 4000 5000
Wavenumber (cm™)

Figure 3. Spectre de réflectance par des nano-rubans plasmoniques d’une largeur de 1 um.

3) Résultats des expériences

a) Plasmonique et permittivité proche de zéro

Le troisieéme partie se concentre sur la conception, la fabrication et la caractérisation des structures ENZ et
de leurs effets plasmoniques associés. L'étude suivante sur les matériaux ENZ basés sur la plasmonique des
SC III-V est importante pour démontrer comment cette classe de matériaux peut étre utilisée pour adapter
la réponse optique des dispositifs plasmoniques a base d'ENZ pour des applications de détection telles que
la spectroscopie des COP en phase gazeuse. La premiére partie présente la conception de trois échantillons
ENZ. Puis sont abordés des phénomenes plus complexes associés a la nature ENZ de la structure :
I'épinglage LSPR, la phase constante des antennes plasmoniques sur milieu ENZ et la nature dispersive des
matériaux ENZ.



La figure 4 montre la relation entre la fréquence LSPR (et la longueur d'onde) en fonction de la largeur de
l'antenne pour chaque échantillon. Les résultats expérimentaux sont corroborés par les simulations
numériques réalisées par le RCWA. On observe que lorsque la largeur de I'antenne augmente, la fréquence
LSPR diminue (c'est-a-dire que la longueur d'onde augmente : décalage vers le rouge). Le résultat frappant
est que pour les échantillons B et C, le décalage vers le rouge est beaucoup plus lent que pour I'échantillon
A. En effet, une variation de largeur de 400 nm entraine un décalage vers le rouge d'environ 250, 100 et 50
cm™ pour les échantillons A, B et C, respectivement. Ce ralentissement du décalage vers le rouge s'accentue
pour les échantillons B et C lorsque la fréquence LSPR atteint la fréquence plasma du milieu ENZ respectif,
op2(B) & 1000 cm™ et wy(C) a 1300 cm™. Au fur et 2 mesure que le niveau de dopage de la couche ENZ
augmente et se rapproche de la fréquence plasma wp des couches métalliques, la LSPR est coincée dans
une gamme spectrale de plus en plus étroite, définie par [®p: - ®p1].
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Figure 4. Fréquences de résonance plasmonique selon la largeur du nanoruban et en fonction du dopage de la couche ENZ
intermédiaire.

La différence entre les travaux publiés précédemment et ceux présentés ici réside dans le choix des
matériaux plasmoniques et ENZ. Les effets hybrides plasmon-ENZ étudiés précédemment sont soutenus
par un milieu ENZ sur lequel sont fabriquées des antennes plasmoniques. Le milieu ENZ peut étre accordé
par sa fréquence plasma, comme c'est le cas pour les TCO, ou il n'est pas accordable (basé sur les phonons)
; mais dans les deux cas, le régime ENZ reste loin de la LSPR des métaux nobles plasmoniques couramment
utilisés. Nous avons démontré que les SC I1I-V sont exceptionnels a cet égard car le méme matériau, InAsSb
dans ce cas, peut étre cru pour des couches dopées différemment et ce de maniére monolithique, tout en
ayant leurs propriétés optiques dans la méme région spectrale en fonction des niveaux de dopage des
couches ENZ et plasmoniques.

Concernant le champ électromagnétique exalté, associ¢ a la résonance plasmonique : son intensité
maximale est supérieure d'environ un ordre de grandeur pour la structure MIM par rapport a la structure M-
ENZ-M. Celan'est pas di a la couche ENZ, mais au fait que pour atteindre le régime ENZ, il faut fabriquer
des antennes plus grandes, de sorte que leurs fréquences LSPR correspondantes se rapprochent du point



ENZ de la couche isolante. Les antennes plus larges sont moins efficaces en termes de piégeage de la
lumiere et donc de confinement du champ électromagnétique, car leurs dimensions ne sont pas aussi
inférieures a la longueur d'onde que celles des antennes plus petites. La compensation positive est que le
champ électromagnétique exalté de la structure sera renforcé dans le milieu environnant, tandis que la
structure MIM classique présente des points chauds. En ce sens, le matériau ENZ semble adapté pour des
applications en spectroscopie.
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Figure 5. Champ électromagnétique exalté selon x pour (a) une structure MIM standard, et (b) la structure M-ENZ-M, a leur
fréquence de résonance plasmonique respective.

L'idée principale qui sous-tend l'utilisation d'une structure basée sur un ENZ pour les applications de
détection est que ces derniers sont particulierement adaptés a la détection de gaz. Par définition, un gaz est
un milieu ou toutes les molécules occupent I'espace dont elles font partie ; en ce sens, nous le considérons
comme un milieu 3D. Cependant, en plasmonique, la plupart des modes, dont les SPP, sont des modes qui
se produisent aux interfaces et sont donc considérés comme un systeme 2D. Cette inadéquation en termes
de dimensions est un inconvénient majeur, car il apparait que les SPP ne sont pas trés bien adaptés a la
détection de molécules en phase gazeuse. Pour résoudre ce probléme, l'utilisation d'une structure
plasmonique a base d'ENZ permet de modifier le champ électromagnétique d'un systéme 2D vers une
solution 3D. La description standard du champ électromagnétique amplifi¢ est bien connue sous la forme
de points chauds, c'est-a-dire un volume extrémement petit ou le champ est fortement concentré et amplifié,
et ceux-ci peuvent étre considérés comme un systéme 1D pour les particules métalliques plasmoniques ou
un systéme 2D pour les nanorubans fabriqués dans la structure MIM (figure 5(a)). Inversement, la structure
M-ENZ-M est associée a un champ électromagnétique amélioré qui se diffuse beaucoup plus dans
l'environnement de sorte que le champ acquiert une nature 3D, ce qui le rend parfaitement adapté aux
applications de spectroscopie des molécules en phase gazeuse, en théorie (figure 5(b)). Néanmoins, le
compromis entre cette caractéristique basée sur 'ENZ et 'intensité du champ électromagnétique doit étre
soigneusement pris en compte, notamment en fonction des interactions entre les molécules et le capteur,
lors de la conception d'un capteur plasmonique.

En résumé, la structure métal-ENZ-métal s'avére étre un excellent véhicule pour étudier et tirer profit des
phénomeénes ENZ tels que le pincement de la résonance plasmonique, la phase quasi constante et la nature
dispersive des matériaux ENZ. La grande concordance entre les résultats expérimentaux, les simulations
RCWA et les résultats théoriques basés sur la FDTD montre comment les semi-conducteurs II1-V, tels que



InAsSb et GaSb, peuvent étre utilisés pour modifier la réponse optique infrarouge et I'amélioration du
champ électromagnétique des nanostructures plasmoniques pour diverses applications, telles que la
spectroscopie, qui est présentée dans la partie suivante.

b) Détection d’un composé organophosphoré

Dans cette partie, nous présentons les résultats des expériences de détection de gaz par COP. Les résultats
expérimentaux consistent en deux études différentes portant sur les caractéristiques fondamentales d'un
capteur : sensibilité, sélectivité, temps de réponse et répétabilité. La premiére étude présente la réponse
optique du capteur plasmonique exposé a différentes concentrations de DMMP. La seconde étude présente
la capacité du capteur a discriminer entre le DMMP et d'autres molécules, en I'occurrence le méthane et le
benzene, ainsi que sa réponse dans un environnement humide. Apres ces résultats, nous discutons des
diverses interactions qui peuvent se produire entre la surface InAsSbs du capteur plasmonique et les
molécules de DMMP. Cette ¢tude comprend plusieurs caractérisations : spectroscopies IR, Raman, et XPS
(spectrométrie photoélectronique X), cherchant a récupérer des informations physico-chimiques sur les
interactions du DMMP avec le substrat plasmonique constitu¢ de SC III-V. Enfin, a partir des résultats
précédents, nous réalisons une sériec de simulations numériques électromagnétiques basées sur deux
méthodes : FDTD et RCWA. Ces simulations sont réalisées afin de corroborer les résultats expérimentaux
présentés dans la deuxiéme section.

Les expériences de détection commencent par la détection du DMMP sans le dispositif plasmonique. La
figure 6 montre en (a) une mesure de réflectance standard obtenue a partir du dispositif expérimental
installé, avec une concentration de 320 ppm. Nous observons diverses signatures spectrales, notamment
l'absorption de l'eau et du CO; présents dans l'environnement, ainsi que l'absorption du DMMP, dont
I'empreinte se situe principalement dans la plage 700-1400 cm™, illustrée en (b). Le panneau (b) met en
¢vidence l'empreinte spectrale du DMMP et ses divers modes vibrationnels caractéristiques. La principale
raie d'absorption a 1050 cm™ ou 9,5 pm correspond a la liaison P-O-C, et comme c'est la plus prononcée,
ainsi que la plus caractéristique d’un COP, nous concentrons notre intérét sur cette raie d'absorption dans
cette étude.
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Figure 6. Spectres de réflectance infrarouge traduisant I'absorption du DMMP et de I’environnement : eau et CO,. (a) Spectre
large gamme et (b) empreinte moléculaire du DMMP autour de 10 um.

Au travers des différentes expériences, nous avons démontré que le capteur plasmonique n'était pas sensible
au benzéne et au méthane, deux interférents couramment rencontrés dans 1'environnement. En outre, nous
avons obtenu des résultats positifs lorsque le capteur a été exposé a 100 ppm de DMMP avec une humidité
relative de 50 %. Ces résultats montrent que le capteur est sélectif vis-a-vis du DMMP, méme dans un
environnement humide. Les résultats de la sensibilité et de la sélectivité étudiées sont résumés dans la figure
7, qui met en évidence les différentes caractéristiques de ce capteur plasmonique : sensibilité jusqu'a 100
ppm, non-linéarité de la réponse avec la concentration, sélectivité vis-a-vis du DMMP, insensibilité aux
interférents tels que le méthane et le benzéne, et tolérance a I'humidité. Ce prototype de capteur SEIRA a
SC III-V est le premier du genre et nous avons atteint des niveaux de détection décents similaires aux
travaux de Huang et al. et Wang et al. qui ont respectivement ¢tudié¢ un nouveau polymere siloxane acide a
liaison hydrogéne couplé & un capteur QCM [Sens. Actuators B: Chem. 146, 1, 388-394 (2010)], et un
capteur de résistivité fonctionnalisé¢ avec des nanotubes de carbone monoparois [Nanotechnology. 20,
345502 (2009)], et ont atteint une sensibilit¢ a 100 ppm pour les deux. Cela montre que notre capteur
plasmonique se compare bien en termes de sensibilité aux études analogues et qu'il bénéficie d'une grande
sélectivité, a la fois en termes de sensibilité aux interférents et de signatures caractéristiques du DMMP
dans I'[R.
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Figure 7. Histogramme résumant les résultats des expériences de sensibilité et de sélectivité du capteur plasmonique.

Nous avons précédemment suggéré qu'il devait y avoir une sorte d'interaction entre la surface des semi-
conducteurs et les molécules de DMMP, résultant en une couche adsorbée a la surface qui sature le signal
de détection. La figure 8 illustre cette hypothése : Les molécules de DMMP peuvent interagir avec la surface
ou avec son oxyde natif pour former une monocouche de DMMP, dont 1'épaisseur est estimée a 5 A,
approximativement la taille de la molécule. Cette hypothése est corroborée par le fait que les expériences
de détection sont réalisées apres que le systéme se soit stabilisé suffisamment longtemps pour que ces
interactions potentielles puissent se produire.
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Figure 8. Représentation schématique du processus d’adsorption entre le DMIMP et la surface du capteur en InAsSbh. Le résultat
hypothétique des interactions est la formation d’une monocouche de DMIMP de 5 A.



Lors de I'adsorption, des réorganisations chimiques de la structure moléculaire peuvent se produire, ce qui
a des conséquences sur ses propriétés, y compris 'absorption. Par conséquent, nous ¢tudions les interactions
potentielles entre la surface de notre capteur et le DMMP en séchant une gouttelette de 0,1 uL sous flux de
N> sur un miroir en InAsSb, et en effectuant (1) des mesures de réflectance infrarouge, (2) des mesures
Raman, (3) des mesures XPS pour obtenir des informations supplémentaires quant a I'état des molécules de
DMMP a la surface d’InAsSb. Cette série d'expériences visant & identifier les interactions potentielles entre
la surface d’InAsSb et les molécules de DMMP, par I’intermédiaire de I'oxyde natif de I'échantillon, porte
plusieurs conclusions. Tout d'abord, nous nous attendions, d'aprés la littérature, a ce que le DMMP
interagisse avec la surface par adsorption et subisse une réorganisation chimique. Deuxiémement, les
mesures par XPS nous ont permis de conclure qu'en effet, le DMMP s'adsorbe et persiste a la surface aprés
plusieurs semaines ; de plus, des différences d'énergie de liaison ont été constatées entre une fine couche
de DMMP séché et du DMMP pur, ce qui laisse supposer des natures chimiques différente. Troisiémement,
nous avons effectué de la spectroscopie Raman qui montre que le DMMP adsorbé est radicalement différent
de sa forme liquide en termes de structure chimique. Enfin, la spectroscopie infrarouge est celle qui contient
le plus d'informations car elle a un impact direct sur notre compréhension des expériences de détection
réalisées précédemment. En effet, les coefficients d'absorption du DMMP en phase gazeuse et du DMMP
séché sur la surface de notre échantillon sont différents de telle sorte que leurs réponses optiques respectives
sont différentes. Toujours est-il qu'au final, la fixation de molécules d¢ DMMP, d'une taille de 5 A sur la
surface d’InAsSb, aboutit & la formation d'une couche monomoléculaire de 5 A d'épaisseur, aprés
saturation. La section suivante traite des simulations numériques électromagnétiques qui permettront enfin
de mettre en lumicre la problématique de la saturation du détecteur plasmonique par le DMMP, responsable
de la saturation du signal de détection.

Afin d'effectuer des simulations numériques pour évaluer l'impact d'une couche monomoléculaire de
DMMP de 5 A d'épaisseur sur les antennes plasmoniques, il est nécessaire de connaitre ses propriétés
optiques, a savoir l'indice de réfraction n et le coefficient d'absorption «, qui forment ensemble 1'indice de
réfraction complexe d'un milieu. Des mesures expérimentales nous ont déja permis de déterminer le
coefficient d'absorption du DMMP, tant en phase gazeuse qu'en phase séche. Les relations de Kramers-
Kronig sont des relations mathématiques bien connues qui relient les parties réelles et imaginaires de toute
fonction complexe, telle que 1'indice de réfraction complexe. La phase gazeuse est tres différente de 1'état
séché du DMMP, surtout autour de 10 um, preuve des interactions entre la surface du SC et les molécules
de DMMP. Ce résultat s'avere crucial lors des simulations électromagnétiques, car ces différences peuvent
étre responsables des variations spectrales drastiques lorsque 1'on considére une couche moléculaire aussi
fine que 5 A. En d'autres termes, les résultats des simulations numériques dépendent fortement des
propriétés optiques du milieu situé au-dessus des nanorubans plasmoniques.

La figure 9 montre la réflectance différentielle (%), en fonction du nombre d'ondes et de la longueur d'onde,
pour chaque antenne (1,16, 0,97 et 0,84 pm de largeur), sous une lumiére polarisée TM, des mesures
expérimentales, des simulations FDTD et des simulations RCWA. Nous observons que les simulations
correspondent aux résultats expérimentaux en termes d'amplitude, de forme et de fréquence. Les
simulations RCWA, en prenant en compte les défauts de fabrication, sont encore plus proches des résultats
expérimentaux.
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Figure 9. Réflectances différentielles des résultats expérimentaux et des simulations FDTD et RCWA. Un décalage en ordonnée
est introduit par soucis de clarté.

La forme de la réflectance différentielle tient compte du couplage des vibrations moléculaires du DMMP
avec la LSPR, c'est-a-dire qu'elle dépend de la fagcon dont la résonance plasmonique et les lignes
d'absorption se chevauchent spectralement. Comme pour la résonance de Fano, les variations de phase sont
fortement corrélées au chevauchement spectral entre les deux résonances, bien que dans notre cas, le faible
couplage se produise entre deux continuums d'états, ce qui signifie que les largeurs a mi-hauteur des
résonances plasmoniques et des résonances de la molécule sont du méme ordre de grandeur. Par conséquent,
la détermination du spectre d'absorption du DMMP sondé par le champ magnétique amélioré et la prise en
compte de I'inhomogénéité des antennes dans la simulation se sont avérées essentielles pour confirmer les
résultats expérimentaux.

Nous avons développé un capteur de gaz a réponse rapide basé sur le mécanisme SEIRA soutenu par des
antennes de nanorubans InAsSb:Si pour la détection de molécules complexes telles que les ACG avec un
signal de détection d'environ 3 % dans le cas du DMMP. Les résultats expérimentaux obtenus par
spectroscopie IR sont confirmés par des simulations FDTD et RCWA. La réponse d'un capteur plasmonique
a base de SEIRA dépend fortement de la force de couplage, fonction des recouvrements spatial et spectral,
et nous l'avons amélioré en employant une couche ENZ. L'oxyde natif InAsSb a la capacité d'interagir et
de lier les molécules de DMMP pour les piéger a proximité des nano-antennes plasmoniques, amé¢liorant
ainsi leur absorption et augmentant la sensibilité¢ du capteur. Le capteur se démarque par sa sélectivité vis-
a-vis du DMMP par rapport aux composés organiques volatils que sont le benzéne et le méthane, ainsi que
par sa tolérance en milieu humide, avec un signal de détection identique de 2 % a 50 % d'humidité relative.



4) Conclusion

En conclusion, nous avons démontré l'applicabilité des semi-conducteurs III-V, en particulier I'InAsSb et
le GaSb, dans les applications de détection plasmonique et 1'é¢tude des phénomenes ENZ-plasmon. Ils sont
associés a de nombreux avantages pratiques, notamment des techniques de croissance et de nanofabrication
de pointe, telles que I'épitaxie par jets moléculaires et la lithographie a faisceau d'électrons. Ils bénéficient
de la maturit¢ de l'industrie des semi-conducteurs pour leur intégration dans les circuits intégrés
photoniques et sont compatibles avec les technologies CMOS.

Nous avons fabriqué des structures métal-isolant-métal, avec un isolant dopé afin d'ajuster sa fréquence
plasmonique, c'est-a-dire le régime ENZ, a différentes gammes spectrales. Une telle structure présente un
régime ENZ accordable du THz jusqu'au MIR, en fonction du niveau de dopage de l'isolant, avec une
résonance plasmonique accordable en fonction des dimensions des nano-antennes. Nous avons étudié la
réponse optique de trois échantillons ENZ différents en fonction du niveau de dopage de l'isolant (1x10'°,
1x10", et 2x10'" cm™) et de la largeur des nano-antennes (de 200 nm a 1,8 pm). Nous avons déterminé la
relation de dispersion de cette structure métal-ENZ-métal a I'aide de simulations FDTD, qui se sont révélées
&tre une approche plus rigoureuse que les modeles d'indice de réfraction effectif trouvés dans la littérature,
qui sont inadéquats pour les métaux et isolants imparfaits. Nous prouvons que le phénoméne d’épinglage
de la résonance provient d'une transition du matériau, qui est la fréquence du plasma dans notre cas. En
outre, nous démontrons que tant qu'un isolant existe dans le systéme plasmonique, une interface métal-
isolant persiste et peut soutenir des modes plasmoniques au-dela de la fréquence de transition du matériau.
La conséquence sous-jacente de I'épinglage LSPR est la grande tolérance aux défauts de fabrication
associée a une caractéristique d’indépendance a la géométrie ; un atout notable car la photonique moderne
repose de plus en plus sur des technologies de fabrication coliteuses et sophistiquées. En outre, nous avons
discuté de la nature de divers effets basés sur 'ENZ, notamment la phase quasi-constante et le champ
¢lectromagnétique amélioré. Cette étude démontre 1'ingénierie des SC III-V dans l'architecture M-ENZ-M
et ouvre la voie a des applications telles que la détection des COP en phase vapeur.

Les échantillons fabriqués ont ensuite été utilisés dans des expériences de détection de gaz du simulant du
sarin : le DMMP, en se basant sur l'absorption IR renforcée par la surface (SEIRA). Les résultats
expérimentaux montrent un signal de détection de = 3 % avec une concentration minimale détectée de 100
ppm. La réponse du capteur est indépendante de la concentration de DMMP dans la plage 100-500 ppm, ce
qui entraine une saturation du signal associée a la formation d'une couche monomoléculaire de DMMP de
5 A d'épaisseur qui s'est liée a I'oxyde natif de la surface par différents mécanismes chimiques. A partir des
spectroscopies IR, Raman et de photoélectrons X, nous avons étudié les interactions possibles qui peuvent
&tre responsables de cette réaction chimique se produisant a la surface, et enfin nous présentons différents
modeles des hypothéses les plus plausibles. La réactivité de I'oxyde natif InAsSb s'est avérée étre un
avantage pour sa capacité a interagir directement avec le DMMP, sans recours a une chimie de surface,
liant et amenant ainsi le DMMP a proximité des nano-antennes plasmoniques. En conséquence, I'absorption
des molécules de DMMP ancrées est améliorée, ce qui démontre que cette interaction spécifique entre les
molécules de DMMP et les surfaces d’InAsSb participe a 'amélioration de la sélectivité et de la sensibilité
du capteur. Le capteur congu, fabriqué et testé est relativement rapide (temps de réponse ~ 5 min), sélectif
vis-a-vis du DMMP car il est directement reli¢ a son empreinte spectrale, et il est tolérant a I'humidité (testé



jusqu'a 50% d’humidité relative) ainsi qu’aux interférents comme le benzéne et le méthane. Les résultats
expérimentaux ont ét€¢ confirmés par des simulations FDTD et RCWA.

Enfin, si le systéme est intégré et que les caractéristiques de 1'échantillon sont parfaitement connues, de
sorte que tous les doutes concernant la limite de détection, la sélectivité et le temps de réponse ont été
dissipés, l'échantillon peut étre testé dans des conditions de terrain. La sensibilité et la sélectivité peuvent
étre davantage améliorées par l'utilisation de différentes conceptions d'antennes exploitant les effets de
pointe et par l'ingénierie des métamatériaux et/ou des antennes 2D pour obtenir une multi-résonance, ce qui
améliorerait encore ces deux caractéristiques, notamment en ciblant la liaison chimique P-F caractéristique
du sarin.



