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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-3, 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-1.

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
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(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 III-V semiconductor plasmonics for sensing applications in the in-
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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

III-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 l’Armement (DGA), project supervised by

‘Agence de l’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 III-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.
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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.
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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 ǫ-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, ǫ-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 pesticides1

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

1A chemical used for killing pests, especially insects.
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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.
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Pathophysiology

Nerve agents are cholinesterase inhibitors. Cholinesterases are enzymes that catalyse

the hydrolysis of choline-based esters, of which neurotransmitters2 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

of chemical conversions per second) > 104 s-1, one of the highest among enzyme cataly-

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

synapses3, 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].

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

Figure 1.2 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.
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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 AEGLs 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 10 min 30 min 1 h 4 h 8 h

AEGL-1 1.2 0.68 0.48 0.24 0.17
AEGL-2 15 8.5 6.0 2.9 2.2
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-
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Specifications Sarin DMMP

Chemical for-
mula

C4H10FO2P C3H9O3P

Chemical
structure
Molar mass 140 g.mol-1 124 g.mol-1

Vapor pres-
sure (Patm)

2.9 mmHg @20 C 2.4 mmHg @25 C

Melting
point

-56 C -50 C

Boiling point 158 C 181 C
Solubility in
water

Miscible Slowly hydrolyses

Appearance
and odor

Clear colourless liquid and odorless Colourless liquid and sweet odour

Risks Toxic Harmful and health hazardous
LD50 (rat) 39 g.kg-1 intravenous 8 g.kg-1 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 1.2, 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=O, and bonded to a methyl group

CH3, 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.

9



Figure 1.3: CWAs commercial methods of detection: a) IMS Chemical Agent Monitor,
b) FPD Proengin SA AP2C, c) 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 1.3 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=O), 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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Specifications IMS CAM FPD AP2C IR M21 Raman First-
Defender

SAW HAZ-
MATCAD

Colorimetry
M8 paper

Detected
agents

Blood, blis-
ters, chocking
and nerve

Nerve Nerve and
mustard

CWAs CWAs G, H and VX

LOD NATO re-
quirements

∼ ppb 10 ppm N/A IDLH levels4 100 ➭L drops

Response
time

N/A < 2 s line of sight-
dependent

15 s 20-120 s 30 s

Portability Handheld < 2
kg

Handheld
< 2.5 kg

Vehicule
mountable ∼
20 kg

Handheld
< 1.5 kg

< 1 kg Handheld

Table 1.3: Non-exhaustive summarising table of commercial CWAs detection methods. N/A stands for not available.

Immediately dangerous to life and health limits: concentration of a chemical in the air to which healthy adult workers could be exposed (if their respirators fail)
without suffering permanent or escape-impairing health effects.
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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 1.4(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 transducer5 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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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-1

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 1.4.

Targeted chemical LOD

Atrazine 10−12g.mL-1

Mercury 58 pM
Heavy metal ions ∼ ➭M
1,4-dioxane and diethanolamine 50,000 nm.RIU-1

VX 2.5× 10−3
➭g.mL-1

Mustard gas 1.8× 10−3
➭g.mL-1

DMMP 16 ppb [21], 130 ppb [41] and 2.5 ppm [19]
Paraoxon 80 ➭M
Chlorpyrifos 55 ng.L-1

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 (ǫ)-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 plasma6, 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 1.1 with γ the

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

mẍ+mγẋ = −eE (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.

ǫ(ω) = ǫ∞

(

1−
ω2
p

ω2 + iγω

)

(1.2)

With ǫ the permittivity, which describes the polarisability of the material under an

external electric field, such as light, of frequency ω. ǫ∞ characterises the deformation of

the lattice ion cores, resulting in a residual polarisation. The screened plasma frequency

ωp is defined in equation 1.3 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.

ωp =

√

Ne2

ǫ∞ǫ0m∗
(1.3)

With N the free electrons density, ǫ0 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, exciton7, polaron8, 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 1.5. 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
modes

Pure bulk plasmon: a collective os-
cillations of the plasma charge den-
sity that occurs at the plasma fre-
quency.

Bulk plasmon-polaritons can be
viewed as photons whose proper-
ties are modified by the interactions
with the electrons of the metal.

Surface
modes

Pure surface plasmon is a math-
ematical approximation given that
the light contribution is negligible.

Surface plasmon-polaritons are ei-
ther ‘propagating’ or ‘localised’,
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-

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

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

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

7A bound state of an electron and an electron hole attracted to each other by the electrostatic Coulomb
force.

8A 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 1.5.

Figure 1.5: Schematic diagram representing SPPs propagating along the metal/dielectric
interface, upon excitation by an impinging electromagnetic wave hν. 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 1.4) 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.

kx = k0

√

ǫ1ǫ2
ǫ1 + ǫ2

(1.4)

With kx the electromagnetic mode wavevector along the x-axis, i.e., at the metal/dielectric

interface, k0 the light wavevector in free space, ǫ1 and ǫ2 the respective permittivity of the

metal and the dielectric, which implies Re(ǫ1) < 0 and Re(ǫ2) > 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 1.6(a) represents the dispersion relation governed by equation 4 for a simple

bilayer system (figure 1.5). 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 ǫ1(ω) and ǫ2 = 1. In

this case, we do not consider any plasma losses, nor background permittivity, so that

γ = 0 and ǫ∞ = 1. For ω > ωp, 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. ωsp < ω < ωp is a frequency gap, known as the quasibound

region, within which the wavevector is purely imaginary, prohibiting any propagation. ωsp

is the surface plasmon frequency at higher wavevectors (ωsp = ωp/
√
2). Finally, ω < ωSP

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 1.6(b)) presents the case of a real highly-doped semiconductor,

with a background permittivity ǫ∞ = 12 and plasma losses γ 6= 0 considered. We observe

several differences with the first case. First by taking into account plasma losses, the

surface plasmon frequency ωsp is not anymore an asymptote and SPPs approach now a

maximum at a finite wavevector. Second, the quasibound region ωsp < ω < ωp 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.

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 ωp (red dashed
line) and on the right side of the light line ω = 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 1.7 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].

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 1.6 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 1.8(a)).

– The Kretschmann configuration was developed based on the same principle but it

is easier to implement [88, 89] (figure 1.8(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 1.9.

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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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.

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 1.10(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 ε, its concentration C, and

the path length L: it is the Beer-Lambert-Bouguer relation (equation 1.5).

A = εLC (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 1.11 the absorption of sarin and DMMP, as a function of the

wavenumber, or wavelength, around 1000 cm-1, or 10 ➭m, respectively. The red dashed

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 ➭m [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

28



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 [136], 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:

CH4 [4], CO2 [4, 138, 139, 140, 141], SF6 [142], SO2 [143], NO2 [143], N2O [143], and

NO [143].

From the table 1.6, 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-

31



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
species

Surface-
enhancing mate-
rial

Response
time (s)

Sensitivity Surface-molecules
interaction

CO2 Gold 35 400 ppm MOF
CO2 Graphene 60 390 ppm Polyethylenimine

(PEI)
CO2 Boron nitride 120 390 ppm PEI
CO2 Silicon 120 20 ppm PEI
CO2 Gold N/A 52 ppm MOF
CH4 Gold 60 400 ppm MOF
SO2, NO2,
N2O and NO

Graphene 60 800
zmol.➭m2

High physisorp-
tion

Table 1.6: Review of gas sensing performed by SEIRA-based sensors.
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1.3 Part three: ǫ-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 ñ 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.

ñ = n + iκ (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 κ is the extinction coefficient

and indicates the attenuation of light through the medium. It can be shown that n and

κ are also linked to the permittivity ǫ of the medium as follows:

ǫ1 = n2 − κ2 ǫ2 = 2nκ (1.7)

With ǫ1 and ǫ2 respectively the real and imaginary part of the permittivity. Addi-

tionally, we know from the dielectric function (equation 1.2) and the plasma frequency

(equation 1.3) that ǫ relates to ωp 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 ǫ is itself a function

of the frequency ω.

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 (ǫ)-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 =
√
ǫµ (1.8)

And considering that the magnetic response is small (µ = 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 ǫa and

Ea, the permittivity and the electric field, respectively):

EENZ =
ǫaEa

ǫENZ

(1.9)

It should be mentioned that µ-near-zero media also exist [151], and because both the

permittivity and the permeability are function of the frequency, a material may display

µ-near-zero and ENZ effects at different frequencies. Engineered media can display both

effects at the same frequency, and are defined as ǫ-µ-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 ǫ 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 Z9 is a major component

as it governs the transmission. From the relation Z =
√

µ/ǫ, 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 Γ 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 1.2, 1.3) 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 1.13 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 ➭m, 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 ǫ is plotted at the crossover wave-
length (λco) 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(ǫ) 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 superradiance10 [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

10Enhanced 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, ǫ-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 1. 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 m 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 2.1 displays the desired structure to be grown and processed. This structure

is composed of a spacer layer of plasma frequency ωp2 sandwiched between two layers of

plasma frequency ωp1, 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 ωp2. The common points of all the structure

evaluated are as follows:

– The top layer is about 100 nm thick (ha) and it is this layer that will be nanostruc-

tured into plasmonic antennas.

– The bottom layer is a thick layer of 1 m (hm) 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× 1019 cm-3 in the case of InAsSb:Si (see section 2.2.1 for further detail), so

that the plasma frequency ωp1 corresponds to a plasma wavelength ≈ 5 m. 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 ωp2 < ωp1.
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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 2.2 shows an example of a reflectance simulation of 1 ➭m width nanorib-

bons plasmonic antenna, with a period of 2 ➭m, and a 500 nm thick spacer layer doped

at 1 × 1019 cm-3 so that its plasma frequency ωp2 corresponds to a plasma wavelength

of ≈ 10 ➭m. We observe that the simulation ranges from 400 up to 5000 cm-1, which

is the detector operating range. Second, we observe two peaks: (1) the plasmonic reso-

nance LSPR around 1050 cm-1 and second the quarter-wavelength resonance associated

to the Fabry-Perot cavity of the MIM structure around 1400 cm-1. 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 ➭m. 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 ➭m width nanoribbons
plasmonic antenna, with a period of 2 ➭m, and a 500 nm thick spacer layer doped at
1 × 1019 cm-3. The inset represents reflectance, focused in the LSPR range, for three
different nanoribbons width: 0.5, 1.0 and 1.5 ➭m, 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 ➭m). 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/E0|2 and (b) magnetic field |H/H0|2 of a ≈ 1
m-wide ribbon plasmonic antenna, at λ ≈ 9.5 m, 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 III-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 Å 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 (10−10 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 2.4 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

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

over GaSb 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 InAsSb, 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. InAs0.91Sb0.09 is lattice-matched to the GaSb substrate, while keeping

the ability to be doped like InAs. The growth rate is about 1 Å 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

1023 cm-3 atoms, InAs can be doped up to 6× 1019 cm-3 using silicon, before reaching the

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 ×100 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× 10 m2 AFM image of InAsSb:Si grown onto

GaSb. 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 Å,

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.

Figure 2.5: Atomic force microscopy images (10× 10 m2) of (a) InAsSb: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 2.6 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 GaSb. 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.

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 III-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 III-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 0.023m0 (as opposed to holes for which

the effective mass is 0.41m0), also highlighting the great mobility of free electrons in InAs

because losses γ 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 Å 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.

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× 1019 and 1× 1019 cm-3.

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 1.3, we can retrieve the carrier concentration, i.e., doping level, needed to obtain

a plasma wavelength at 10 ➭m, which is around 1 × 1019 cm-3 donors, this corresponds

to the peak A. As for peak B, it corresponds to the doping level of the metallic layers,

around 4 × 1019 cm-3, 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 1.3, is the plasma losses γ. 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

1.5×1013 s-1 for high doping level of 4×1019 cm-3, while it is estimated around 8×1012 s-1

for 1× 1019 cm-3. Losses are negligible for undoped layers. In the end, the plasma losses

can be estimated from the plasma frequency with equation 2.1 which serves as a good

approximation:

γ ≈ ωp

20
(2.1)

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

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 SiO2 or Si3N4 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 2.8 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.

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 (H2O2). 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 2.5. 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 ×
500 m2 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 × 1019

cm-3) sandwhiched between two highly doped layers (4× 1019 cm-3) of 1 m 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.
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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-1 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 2.11 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 m width with a period of 2 m, averaged over

100 acquisitions of 1 cm-1 resolution, with TM-polarised light (nanoribbons long axis

perpendicular to the incidence plane), from 400 up to 5000 cm-1. 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-1, the peak corresponds to absorption of environmental CO2 (deformation

mode),

– close to 1000 cm-1, we observe a sharp peak corresponding to the LSPR associated

to the plasmonic antennas,

– around 1500 cm-1, 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-1,

– dual peaks at 2350 cm-1 correspond to valence mode of the CO2 absorption,

– valence mode of water absorption are roughly located between 3500 and 4000 cm-1,

– finally, the oscillations observed from 2000 cm-1 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 ➭m 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 CO2 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 ωp1 and ωp2

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

the MIM structure, respectively.

1. Frequencies below ωp2, so that ω < ωp2, 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.

2. In the light grey region, at frequencies ωp2 > ω > ωp1, 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.

3. Finally, the white region, at frequencies ω > ωp1, 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 ➭m 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 2.2)

with experimental reflectance measurements (figure 2.13) 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 ǫ-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 1.2, 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 1.3, 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 ωp (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 Ns. Figure 3.1 shows the structure of the three studied samples.

Figure 3.1: Schematic diagrams of the three studied M-ENZ-M samples. The grey layers
are highly-doped SCs with N ≈ 4 × 1019cm-3. 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× 1016 (nid), 1× 1019, and
4× 1019 cm-3.

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 ωp2, while the metallic layers are characterised by a plasma

frequency ωp1. The three ENZ layers studied are doped non-intentionally doped (nid),

corresponding to 1×1016 cm-3, and intentionally doped at 1×1019 cm-3, and 2×1019 cm-3

respectively for samples A, B, and C. The metallic layers are composed of highly-doped

InAsSb:Si (N ≈ 4× 1019cm-3) with a plasma wavelength of λ ≈ 5 m, corresponding to a

plasma frequency of ωp1 ≈ 3.5× 1014 rad.s1. For all samples, ωp1 > ωp2 to ensure a MIM

behaviour at frequencies ωp1 > ω > ωp2. The table 3.1 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 ǫ expressed as a function

of the wavelength (➭m) and the wavenumber (cm-1), for three different doping levels:

1 × 1016 cm-3 (nid), 1 × 1019 cm-3, and 2 × 1019 cm-3. 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 ➭m (corresponding to 77, 1000, and 1300 cm-1, respectively).

Figure 3.2: Real part of the permittivity ǫ expressed as a function of the wavelength (➭m)
and the wavenumber (cm-1) for three different doping levels: 1× 1016 (nid), 1× 1019, and
2 × 1019 cm-3. The dashed red line highlights the wavelength at which the real part of
the permittivity crosses zero; it is the ENZ line. The permittivity ǫ 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 1, 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.
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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 (ωp1), and we also observe for samples B and C, a peak

corresponding to the doped insulating spacer layer (ωp2) acting as the ENZ layer. Ad-

ditionally, the plasma damping rates γ were extracted with a home-made code based on

transfer-matrix formalism.

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 (λp = 130 m), we do not observe the peak corresponding to the free carrier

collective absorption (at ωp2) of this layer. Contrarily to samples B and C, this ωp2 peak
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is observed at 10 and 7.7 ➭m, 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 ωp1 > ωp2 so that the structure behave as a MIM structure

as intended, between ωp1 and ωp2.

Sample A Sample B Sample C

Top layer InAsSb:Si InAsSb:Si InAsSb:Si
Na (cm-3) 6× 1019 5× 1019 4.5× 1019

ωp1 (rad.s-1) 3.7× 1014 3.5× 1014 3.3× 1014

γ1 (rad.s-1) 1.5× 1013 1.3× 1013 1.2× 1013

Spacer layer GaSb InAsSb:Si InAsSb:Si
Ns (cm

-3) 1× 1016 (nid) 1× 1019 2× 1019

ωp2 (rad.s-1) 1.5× 1013 1.9× 1014 2.4× 1014

γ2 (rad.s-1) 1× 1012 8× 1012 1× 1013

Mirror layer InAsSb:Si InAsSb:Si InAsSb:Si
Na (cm-3) 6× 1019 5× 1019 4.5× 1019

ωp1 (rad.s-1) 3.7× 1014 3.5× 1014 3.3× 1014

γ1 (rad.s-1) 1.5× 1013 1.3× 1013 1.2× 1013

Substrate GaSb GaAs GaSb

Table 3.1: Materials parameters. nid stands for non-intentionnaly doped, which is around
≈ 1 × 1016 cm-3. Na and Ns respectively correspond to the doping level of the metallic
layers and spacer layers. ωp are plasma frequencies and their associated losses γ.

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 3.2 sums up the dif-

ferent geometrical parameters of each ENZ samples, with the defined nanoribbons width

range.

ha(nm) hs(nm) Period (➭m) Widths (➭m)
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 [0.29-1.75]

Table 3.2: Measured geometrical parameters of ENZ samples. ha and hs refer to the
thickness of the antennas (top layer) and the spacer ENZ layer, respectively. The width
column refers to the range [w1-w2] of nanoribbons size from the smallest w1 to the largest
w2 with numerous width in between.
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According to Tables 3.1 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 γ. 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 3.4), 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 ➭m 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 3.5 displays a standard FTIR reflectance measurement of the optical response, as

a function of the wavenumber, from 500 up to 5000 cm-1, respectively 20 down to 2 ➭m.

The whole structure is metallic at frequencies lower than ωp2 (dark grey region), the

spacer layer then becomes dielectric while the top and bottom layers remain metallic at

frequencies between ωp2 and ωp1 (light grey region), and finally, at frequencies greater

than ωp1 the whole structure becomes dielectric (white region). We observe that the

LSPR, not to be confused with the quarter wavelength resonance (λ/4), occurs within

the light grey region, between the two plasma frequencies [ωp2−ωp1], 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 3.4), 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 3.5) 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.
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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, ωp1 and ωp2, 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 Ns 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 3.2, 3.1) 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-1, corre-

sponding to spacer layer doping levels of 1× 1016, 1× 1019 and 2×1019 cm-3, respectively.

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× 1016 cm-3 (nid), red: 1× 1019 cm-3, blue: 2× 1019 cm-3.

Study of the plasmonic nanoribbons

Second, we study the influence of the nanoantenna width on the optical response of the

structure. Figure 3.7 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 ωp2 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 1×1016 cm-3, 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 ➭m, 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-1 or 20 ➭m). 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 3.8 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-1 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, ωp2(B) ≡ 1000 cm-1 and

ωp2(C) ≡ 1300 cm-1. As the spacer layer doping level increases and gets closer to the

plasma frequency ωp1 of the metal layers composing the MIM, the LSPR gets pinned

within an increasingly narrower spectral range, defined as [ωp2 − ωp1].

In sum, close to the plasma frequency, i.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 III-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-1 and 1300 cm-1.

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:

e2k3d3 =
(k1
ǫ1
+ k2

ǫ2
)(k2

ǫ2
− k3

ǫ3
)(k4

ǫ4
− k3

ǫ3
)e2k2d2 − (k2

ǫ2
− k1

ǫ1
)(k2

ǫ2
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ǫ3
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)

(3.1)

68



With each of the aforementioned layers, respectively considered as a medium. Each

medium is characterised by di the thickness of the layer, ǫi the permittivity of the medium,

and ki the wavevector within the medium, expressed as follows:

ki =

√

ǫi

(ω

c

)2

− kx
2 (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 3.1 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 kx, as a function of the frequency ω, 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(kx); Im(kx)}
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 3.9 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

69



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 kx 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 3.11 shows the dispersion relation of each sample, representing the light fre-

quency ω (rad.s-1), as a function of its wavevector kx, expressed in m-1, 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 β in the literature.

We observe that experimental results lay on the upper part of the solution, confined in

the frequency range [ωp2−ωp1]. 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 ωsp = ωp1/
√
2. 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 ωp2. We observe that the solution for a

standard MIM structure (Figure 3.11 sample A) does not display the Asymptote 2; the

latter arises as the doping level of the insulator of the MIM increases (Figure 3.11 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 ωp2, 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 ωp2.
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Figure 3.11: Dispersion relations expressed as the light frequency ω function of its
wavevector along the x direction kx. The stacking considered for the calculus is displayed
in figure 3.1. Dashed lines are plasma frequencies of the heavily-doped InAsSb layers ωp1

and doped InAsSb spacer ωp2 of both samples B and C. The black line correspond to the
light line in air. Circles correspond to experimental LSPR frequencies.

Hence, the ǫ-near-zero behaviour of the spacer layer, as the working frequency approaches

the plasma frequency ωp2, 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 ǫ(ω) through their plasma

frequencies ωp. Therefore, having the ability to tune this parameter end up being a pow-

erful asset of III-V semiconductors over other plasmonic materials traditionally employed.

Since III-V semiconductors can be doped up to 1020 free carriers per cm3, 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 ωp2. 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 [ωp2 − ωp1].

Figure 3.12 displays the normalized electric field maps for sample C nanoantennas

of 400, 800 nm and 1.2 ➭m width, respectively a), b) and c), at their respective LSPR

frequency: 1432, 1344 and 1290 cm-1. 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

➭m 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 ωp2(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 III-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.
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Figure 3.12: Normalized electric field maps |Ex/E0|2 for nanoantennas of 400 nm (a),
800 nm (b) and 1.2 ➭m (c) widths, at their respective LSPR frequencies 1432, 1344 and
1290 cm-1. Normalized magnetic field maps |Hy/H0|2 for nanoantennas of 400 nm (d) and
1.2 ➭m (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 3.3 [203, 178], both

theoretically from the solutions of Figure 3.11, and experimentally from the data gathered

from Figure 3.8.

neff =
ckx
ω

=
λLSPR

2L

(

m− φr

π

)

(3.3)

With c the light speed, kx the wavevector along the interface, ω the angular fre-

quency, m = 1, 2, ... the resonance order, λLSPR the plasmonic resonance wavelength, L

the antenna length, and φr 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 φr 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 ω. We observe that

the effective refractive index of the plasmon mode decreases drastically until plasma fre-

quencies, as opposed to the surface plasmons frequency ωsp at higher wavevector kx, for

which it is known that the effective refractive index increases.

3.4.2 The near-constant phase

The variation of the phase φr 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 neff, as function of the wavelength and the angular
frequency ω 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 ǫ = 1 until it reaches zero ǫ = 0 at their
respective plasma frequencies.

Figure 3.14: Calculated modal reflection phase φr, with ENZ regimes (1 > Re(ǫ) > 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

III-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 ➭m), respectively corresponding to sample A and B. Figure 3.15 represents the com-

puted enhanced EM field |Ex/E0|2 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 ➭m for the M-ENZ-M structure.

The period of the simulations are 800 nm and 1.9 ➭m 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 1.9, 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 |Ex/E0|2 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 λLSPR of 13 and 10 m.

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 × 1016 cm-3,

1 × 1019 cm-3 and 2 × 1019 cm-3, and for various nanoantennas widths, from ≈ 200 nm

up to ≈ 1.8 ➭m. 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 N2, 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 N2: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 flowmeters. 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.

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 4.1 [226]:

ln

(

P

P 0

)

= A− B

C + T
(4.1)

Where P 0 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:

C = exp

(

22.319− 4340

−51.7 + 278.15

)

1

P 0
= 210 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” GaAs wafer

substrate, starting off with a 1 m thick InAsSb:Si layer, highly n-doped 4 × 1019 cm-3

such that this layer is metallic to MIR light until ≈ 5 m. 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 4.2:

A+R + T = 1 (4.2)

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× 1019 cm-3

such that its plasma frequency is at 10 m. 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 × 1019 cm-3) 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 (c) 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 m

and their heigth is about 120± 8 nm. The width of the nanoribbons, within each of these

400 × 400 m2, are, from bottom to top, 1.16 ± 0.13, 0.97 ± 0.15 and 0.84 ± 0.15 m.

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

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 m.
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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 4.4 shows in (a) a standard reflectance measurement obtained from

the experimental setup installed, with a concentration C = 320 ppm (T = 10 ➦C). We

observe various spectral events including the absorption of environmental water and CO2,

as well as, the absorption of DMMP, whose fingerprint is mainly located in the range:

700-1400 cm-1, shown in (b) [228, 229]. The (b) panel highlights DMMP fingerprint and

its various characteristic vibrational modes including stretching ν and bending δ, both

can be symmetric: s, or antisymmetric: a, and rocking ρ. The main absorption line at

1050 cm-1 or 9.5 ➭m 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.

Figure 4.4: Infrared reflectance spectra translating the absorption from DMMP and envi-
ronmental interferents: water and CO2. (a) Broadband FTIR spectrum, and (b) spectrum
focused on the optical response from DMMP absorption around 10 ➭m.

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 ➭m. 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 E⊥ with respect to

nanoribbons, a sharp peak occurs around 1100 cm-1, it is the LSPR; while for E‖ no res-

onance occurs, as expected. In addition, we observe at 1400 cm-1 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 ➭m plasmonic

nanoribbons are respectively at 1118, 1090, and 1056 cm-1, with an average FWHM of

≈ 130 cm-1, 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.

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 4.6 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-1, 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.

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-1, 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-1, 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 N2 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, i.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 4.1, (2) the reflection intensity decreases

as the concentration increases, in accordance with equation 4.2, 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.

Figure 4.7: Intensity of DMMPmain absorption line at 1050 cm-1 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 InAsSb: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, i.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 4.7), 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) E⊥, and (b) E‖, 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.

Figure 4.8: Reflectance measurements of three antenna widths: 1.16, 0.97 and 0.84 ➭m,
before (full lines) and after (point lines) exposure to 210 ppm of DMMP vapors, under
(a) E⊥, and (b) E‖ 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 − Sref

Sref

× 100 (4.3)

With SDMMP and S ref 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 E‖ light is flat for all three sizes of antenna. Second, the differential

reflectance for E⊥ light reveals variations. These variations, although quite noisy, are

87



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 ➭m width antennas, respectively.

Figure 4.9: Differential reflectance expressed in % for 1.16, 0.97, and 0.84 ➭m 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 ➭m antennas have a negative differential reflectance while the

smallest antennas 0.84 ➭m wide have a positive differential reflectance.
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Figure 4.10: Differential reflectance (%) for different concentrations of DMMP mixed with
N2. Signals are acquired for the three antenna widths under two different polarisations:
E⊥ and E‖. 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 4.11 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.

89



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.
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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 4.12(b) displays the resulting differential reflectance for a E⊥

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.

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 ➭m,
0.97 ➭m and 0.84 ➭m) 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 4.13(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.

Figure 4.13: (a) Reflectance spectrum for 50,000 ppm of methane, measured on an InAsSb
mirror. Red arrows highlight absorption lines corresponding to the vibrational modes of
methane. (b) Differential reflectances (%) for three different antenna widths (1.16 m,
0.97 m and 0.84 m), 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 N2 as carrier gas and the same flow was applied to

both paths. This would result in a N2:DMMP:H2O 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.

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 SiO2, Al2O3, and AlO(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:H2O. The strong interaction

involves M H · · ·O P bonds and/or HO H · · ·O P bonds to preadsorbed molecular

H2O. Finally, he concludes that DMMP does not appear to penetrate the liquid-like layer

of water and H2O 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.

Figure 4.15: Differential reflectances (%) for the three antenna widths (1.16 ➭m, 0.97 ➭m
and 0.84 ➭m), under perpendicular polarization regarding nano-ribbons (E⊥), 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.

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 Å 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.

Figure 4.17: Schematic representation of the adsorption process between DMMP and
InAsSb native oxide. Under DMMP:N2 flux, DMMP molecules can interact, either with
-OH oxide bond or directly to the SC surface, mainly via its P O double bond. The inset
represents this interaction resulting in a 5 Å DMMP monolayer at the surface.

It was reported in the literature that the DMMPmolecules 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 V2O5 [241], PdO [242], Zr(OH) [243], Y2O3 [244, 26], CuO [245,

246, 26], WO3 [237, 26], TiO2 [247], Al2O3 [248], Fe2O3 [249], CeO2 [250], SiO2 [251],

MoO2 [252], MoO3 [253], MnO [254], La2O3 [255], ZnO [256, 246], MgO [255], SnO2 [257,

258, 26], Ag2O [246], Co3O4 [259], LiNi0.5Mn1.5O4 [260], Ga2O3, as well as, Sb2O3 [258]

and In2O3 [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 O with surface hydroxyl sites

(figure 4.17) or coordinative unsaturated atoms sites, i.e., Lewis acids, van der Waals

interaction, H-bonding as well as Brønsted 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 ➭L under N2 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 N2

flow a droplet of DMMP at the surface on an InAsSb mirror. Figure 4.18 represents the

absorption coefficient κ retrieved from FTIR spectra for both DMMP in gas phase (red

line), and dried on InAsbSb (blue line), using equation 4.4.

κ =
log

(

I0
I

)

λ

4πt
(4.4)

With I0 the background measure, I the measure on the dried DMMP droplet, λ the

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

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 4.1 and

further discussions about surface chemistry are addressed in following section 4.3.4.

96



Figure 4.18: Absorption coefficients κ of vapor phase DMMP (red line) and dried DMMP
on InAsbSb:Si under N2 flux (blue line).

4.3.2 Raman spectroscopy

The second experiment performed is Raman spectroscopy. Figure 4.19 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
νa(CH3)P 2998/3014 2999 3006 3004
νa(CH3)O 2958/2962 3022 2963
νs(CH3)P 2924 2928 2933
νs(CH3)O 2859 2852/2957 2860 2859/2964
δa(CH3)O 1467 1454/1466 1458/1466 1610
δs(CH3)P 1421 1421
δs(CH3)O 1319 1313 1315 1422 1308
δa(CH3)P 1314 1315 1318 1308 1285
ν(P O)P 1275 1240 1276 1233 1144 1191
ρs(CH3)OP 1190 1186 1188 1190 1187
νa(C O)P 1070 1076 1080
νs(C O)P 1049 1058 1051 1060 1035 997
ρ(CH3)P 914 896 919 900 904
ν(C O)P 816 820 816 826 803 718
ν(PC) 705/714 714 717 749

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-1.

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 Sb2Ox (x = 3, 4, 5), In2O3, and As2O3. 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.

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 Sb3d3, 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, C1s, In3d, O1s, 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 As2O3 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 O 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 Å on the InAsSb

surface, results in the formation of a 5 Å 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 Brønsted acid (hy-
droxyl) site, (b) molecular DMMP adsorbed at Lewis acid site, (c) 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 Å 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 κ, which together

form the complex refractive index ñ of a medium. From experimental measurements, we

have already retrieved the absorption coefficient κ 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

ñ: the refractive index n, from the imaginary part which is the absorption coefficient

κ. Equation 4.5 gives the formula to retrieve the refractive index n from the absorption

coefficient κ:

n(ω) = n∞ +
2

π

∫ ωmax

ωmin

(

Ω · κ (Ω)
ω2 − Ω2

)

dΩ (4.5)

With ω the frequency range in rad.s-1, n∞ the refractive index at high frequencies, Ω

the frequency at discrete values of experimental κ, and dΩ the frequency step respective to

the experimental resolution of κ. Doing so, we finally retrieve the dried DMMP complex

refractive index ñ = n+iκ. Figure 4.22 shows the real and imaginary parts of the complex

refractive index ñ, respectively the refractive index n and the absorption coefficient κ, 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 m, proof of interactions between the SC
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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 Å. Simply put, the results

from numerical simulations are highly dependent on the optical properties of the medium

on top of the plasmonic nanoribbons.

Figure 4.22: Refractive index n and absorption coefficient κ 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 κ with Kramers-Kronig relations.

4.4.2 FDTD simulations

We evaluate the impact of a theoretical 5 Å 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 4.22 to estimate its impact on the optical response of the plasmonic device. Note

that a layer as thin as 5 Å 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 ➭m 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 Å 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 m, 0.97±0.15 m, and

0.84±0.15 m 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-1) and the wavelength ( m), for

each antennas (1.16, 0.97, and 0.84 m), under TM-polarised light (E⊥), 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 C.
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Figure 4.24: Differential reflectances (E⊥): 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 FWHMs

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 InAsSb: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 Å) 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 III-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 × 1016, 1 × 1019, and 2 × 1019 cm-3) and nanoantennas

width (from 200 nm up to 1.8 ➭m). 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 III-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 Å 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 mm2, 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.

Critical wavelength, λp, 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 Hy, Ex, and Ez, in the case of TM modes.

The requirement of continuity of Hy and Ex, with the relation k2
i = kx

2 − k2
0ǫi, results in

the implicit expression for the dispersion relation linking kx and ω via:
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ǫ2
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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 kx 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 FDTD is a suitable method for

determining the dispersion relation of a plasmonic structure. The asymptote 2 highlights

the LSPR pinning.

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 Å 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 Å 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 10−6. 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 Å 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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plasmonics: structures, optical properties, and applications. Analyst, 144:13–30,

2019.

[135] F. Peragut, L. Cerutti, A. Baranov, J. P. Hugonin, T. Taliercio, Y. De Wilde, and

J. J. Greffet. Hyperbolic metamaterials and surface plasmon polaritons. Optica,

4(11):1409–1415, Nov 2017.

[136] Na Liu, Martin Mesch, Thomas Weiss, Mario Hentschel, and Harald Giessen. In-

frared perfect absorber and its application as plasmonic sensor. Nano Letters,

10(7):2342–2348, 2010. PMID: 20560590.

[137] Marion Baillieul, Emmanuel Rinnert, Jonathan Lemaitre, Karine Michel, Florent
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 Pierre FEHLEN  

 

Détection sensible et sélective de composés 
organophosphorés par spectroscopie infrarouge 

exaltée par effet de surface 
 

Résumé 

Les agents chimiques de guerre comme les composés organophosphorés (dont le sarin), sont 
extrêmement dangereux pour l’humain à de très 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 l’absorption infrarouge exaltée de surface (SEIRA) à partir de 
semi-conducteurs III-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 à la compatibilité CMOS et l’industrie mature des semi-conducteurs, ouvre de 
nouvelles perspectives pour la détection de molécules dangereuses. De plus, cette solution 
innovante implémente un matériau ϵ-near-zero (ENZ), une classe émergente de matériaux pour 
améliorer l’interaction lumière-matière ainsi que le contrôle sur la réponse optique d’une structure 
plasmonique. Tirant avantage de la structure reconnue métal-isolant-métal, nous avons conçu un 
dispositif métal-ENZ-métal pour l’étude des phénomènes basés sur l’ENZ et la détection de 
composés organophosphorés en phase gazeuse. Ces composants ont été employés pour détecter le 
méthylphosphonate de diméthyle (DMMP), simulant du sarin. Les capteurs conçus et fabriqués ont 
montré un temps de réponse de 5 minutes et leur sélectivité fut éprouvée avec du benzène et du 
méthane. Nous avons démontré la détection de DMMP avec une concentration minimale de 100 
ppm. Nous avons identifié que le capteur est sensible à la formation d’une monocouche de 5 Å de 
DMMP adsorbé en surface du capteur par le biais de son oxyde natif, preuve que le capteur puisse 
être sensible à de très 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 III-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 ϵ-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 Å-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. 
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