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Abstract

Mid-infrared (mid-IR) spectroscopy in the wavelength region between 2
and 20 um is a powerful technique to identify vibrational absorption
signatures of molecules, finding in this way extensive applications in
healthcare, environmental monitoring, and chemical analysis. Enhanced
IR light-molecules interactions can be achieved by exploiting
nanostructured surfaces supporting polaritons — hybrid excitations of
light and dipolar elements of matter. Recently, polaritons of two-
dimensional van der Waals (2D-vdW) materials unveiled a vibrant
playground for mid-IR spectroscopy as they possess remarkable
properties such as light trapping at deep nanoscale. This dissertation aims
to investigate 2D-vdW materials for technological sensing applications.
Hence, we explore the mid-IR sensing performance of nanostructures of
widely studied 2D-vdW crystals: graphene (the pioneering vdW material
with tunable plasmon polaritons) and hexagonal boron nitride (hBN,
sustaining ultralow-loss phonon polaritons). Relevant functionalization
layers, such as polymer adsorber and antibodies, are combined with the
2D-vdW nanostructures to create gas and bio-molecular sensors,
respectively.

Here, we present three main experimental works of 2D-vdW-based mid-
IR molecular sensing. First, we investigate the CO, detection using
graphene nanoribbons functionalized with ultrathin CO2-chemisorbing
polyethylenimine (PEl). The localized surface plasmon resonance (LSPR)
of graphene is modulated by varying CO, gas concentration, whose
substantial shifts are influenced by the reversible PEI-induced doping of
graphene. Second, we examine the phonon-enhanced CO; detection of
hBN nanoresonators functionalized with thin PEI layer. The phonon-
polariton resonance is modulated by varying COz levels with high signal-
to-noise ratio signals. Third, we present a quantitative bioassay by
transducing different vitamin B12 target concentrations into LSPR shifts
of bio-functionalized graphene nanostructures (subsequent addition of
pyrene linkers and recombinant anti-vB12 antibody fragments).
Additionally, we observed the same result-trends for the same bioassay
using graphene nanostructures fabricated both by small-scale (i.e,



electron beam lithography) and large-scale (i.e., nanoimprint lithography)
methods.

Our proof-of-concept mid-IR sensing experiments show quantitative
results for the detection of gas and biomarker with functionalized 2D-
vdW nanostructures. The opportunity of combining the mid-IR
spectroscopy with industrially large-scale 2D-vdW nanostructures (e.g.,
nanoimprinted GNH in this dissertation) would enable cost-effective
technologies in future developments. This dissertation contributes to the
field of 2D-vdW-based mid-IR spectroscopic sensors towards exploring
novel designs and improved sensitivity, which eventually could lower the
limit of detection for molecular analytes in various applications.



Resumen

La espectroscopia infrarroja de onda media (mid-IR en inglés) en el rango
Optico entre 2 y 20 um es una potente técnica para identificar las huellas
vibracionales de las moléculas, permitiendo asi su uso en multiples
aplicaciones como salud, monitoreo medioambiental y analisis quimico.
Aumentar las interacciones luz-molécula en el IR es posible explotando
superficies nano-estructuradas que soportan polaritones — excitaciones
hibridas entre la luz y dipolos en la materia. Recientemente, polaritones en
materiales bidimensionales de van der Waals (2D-vdW) han revelado un
escenario interesante para la espectroscopia en el mid-IR, ya que poseen
propiedades remarcables como la de confinar la luz a escala nanométrica. Esta
tesis pretende investigar materiales 2D-vdW para su uso tecnoldgico en
aplicaciones de deteccion. De esta manera, exploramos el rendimiento de la
deteccién en el mid-IR de nanoestructuras de cristales 2D-vdW ampliamente
estudiados: grafeno (el material vdW pionero con plasmones-polaritones
sintonizables) y el nitruro de boro hexagonal (hBN, que soporta fonones-
polaritones con muy bajas perdidas). Capas adicionales para la
funcionalizacién, como polimeros absorbentes y anticuerpos, son combinadas
con las nanoestructuras 2D-vdW para crear sensores de gas y biomoleculares,
respectivamente.

Aqui presentamos tres principales trabajos experimentales para la deteccion
de moléculas con materiales 2D-vdW en el mid-IR. Primero, investigamos la
deteccidn de CO; usando nanoribons de grafeno funcionalizado con una capa
ultrafina de polietilenimina (PEl), dada su quimisorciéon de CO,. La resonancia
de plasmdn de superficie localizada (LSPR) del grafeno es modulada variando
la concentracién del CO,, cuyos desplazamientos dependen de un efecto de
dopaje quimico reversible inducido por el PEl. Después, examinamos la
deteccién realzada de CO; con fonones a partir de nanoresonadores de hBN
funcionalizados con una capa fina de PEl. La resonancia fondn-polaritdn es
modulada variando los niveles de CO; con una gran relacion sefial/ruido.
Finalmente, presentamos un bioensayo cuantitativo a partir de la
transduccién de distintas concentraciones de vitamina B12 a desplazamientos
de LSPR con nanoestructuras bio-funcionalizadas de grafeno (con la posterior
adicion de enlazadores de pireno y anticuerpos fragmentos de recombinante
anti-vB12) Adicionalmente, observamos la misma tendencia de resultados



para el mismo bioensayo usando nanoestructuras de grafeno fabricadas con
métodos no escalables (i.e., litografia por haz de electrones) y escalable (i.e.,
litografia por nanoimpresion).

Nuestras pruebas de concepto con experimentos de deteccién con luz mid-IR
muestran resultados cuantitativos para la deteccion de gas y biomarcadores
con nanoestructuras 2D-vdW funcionalizadas. La oportunidad de poder
combinar la espectroscopia mid-IR con nanoestructuras de materiales 2D-
vdW industrialmente escalables (ej., GNH via nanoimpresién en esta tesis)
podrian permitir desarrollar tecnologias rentables en el futuro. Esta tesis
pretende contribuir en el campo de los sensores para espectroscopia mid-IR
basados en materiales 2D-vdW, explorando novedosos disefios y mejorando
su sensibilidad, los cuales podrian eventualmente reducir el limite de
deteccidén para analitos moleculares en varias aplicaciones.
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Chapter 1

Introduction

1.1 Overview

In 1800, the scientific community became intrigued by the invisible light
that was accidentally discovered by William Herschel. He had been
experimenting on the heat distribution of a spectrum of sunlight when
passed through a prism, and found that an invisible region below (“infra”)
the red light recorded the hottest. Later, Maxwell unlocked the
fundamental nature of electromagnetic radiation, whose spectrum spans
the visible region, as well as the infrared and other invisible ranges. Over
the last century, this has extended to solid theoretical frameworks such
as quantum mechanics, which have provided us with a better
understanding of the behavior of light and its interaction with matter. In
particular, harnessing this infrared light has led to a range of fascinating
technological developments such as non-invasive medical analysis'>,
astronomical observations*>, thermal infrared imaging for surveillance
and military use®’, and environmental monitoring®®.

The mid-infrared (mid-IR) wavelengths, ranging between 2-20 um, probe
the vibrational modes of molecules upon light absorption. Hence, mid-IR
spectroscopy displays unique spectral fingerprints of analytes, which
reveal the molecular constituents and their structural information.™ Fig.
1.1illustrates the fingerprint locations of some relevant molecular species.
Consequently, mid-IR spectroscopy becomes a powerful tool for
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molecular sensing (e.g., gas, chemical and biomarker), providing
specificity in a non-destructive and label-free fashion."™™ However,
despite the remarkable technological potential, sensors and photonics
systems based on mid-IR are underdeveloped compared to other
frequency ranges. First, direct mid-IR sensing suffers from poor sensitivity
due to a high mismatch between the micron-scale IR wavelength and the
angstrom-spatial size of the molecular analytes. Second, the mid-IR
systems require: (i) suitable optical materials (e.g., a large bandwidth,
tunability and high sensitivity), and (i) novel techniques and designs in
developing integrated sensors and nanophotonics.

Wavenumbers (cm™)
3500 2500 2000 1500

SR S Prote)ir)s;\\l;a:,q"xk\hip'\: "%\\
o o % FRTTR
o Co, H, )

3 4 5 6 7 8 9
Wavelength (um)

Figure 1.1: Vibrational fingerprints of representative molecular species,
adapted from [10].

The mid-IR spectroscopy has been widely used in chemical analysis,
where traditional techniques acquire the absorption spectra via direct IR
transmission through cuvette cells containing the samples (e.g., either
liquid samples or ground powders from solid samples).”” Another useful
development has been configuring the mid-IR spectroscopy with an
attenuated total reflection (ATR) scheme. The ATR employs high
refractive index prism such that evanescent waves decaying from the top
surface are used to sense either solid or liquid analytes. For gas samples,
considerable absorption IR signals can be achieved by large optical
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pathlength of interaction. The conventional system used is a non-
dispersive IR (NDIR) spectroscopic device, which allows identification and
quantification of gases. However, in order to be able to enhance the light-
gas interaction, typical NDIR sensor designs tend to be bulky."” Enhanced
optical signals were achieved by alternative techniques such as cavity
ring-down spectroscopy (CRDS)®®, quartz-enhanced photoacoustic
spectroscopy (QEPAS)?, and cavity-enhanced absorption spectroscopy
(CEAS)®. These techniques are effective in critical industrial or military
applications and for biomedical diagnostics. However, they are not
suitable for large deployment and consumer applications due to the high
cost of their components (e.g., MIR quantum cascade laser sources).

The surface enhanced infrared absorption (SEIRA) technique resolves the
issue of a weak IR absorption signal from molecular vibrations. Fig. 1.2a
depicts the SEIRA principle, where the IR optical field is compressed onto
a metal nanoantenna, which enhances the light-matter interaction when
the molecules are embedded within the hotspots.™®?® Correspondingly,
SEIRA spectroscopy increases the IR absorption signals (the enhanced dip
intensity of the molecule band in Fig.1.2b), improving the sensitivity,
meaning that it can detect even a minute number of molecules (e.g.,
proteins for biological and medical applications?™23). For example, Ataka
et. al. demonstrated a 10-100x SEIRA signal enhancement with protein
films on nanostructured metals.?* Moreover, SEIRA schemes have
enabled the development of IR-based sensors to move toward
miniaturized setups. Traditional SEIRA materials are based on nano-
patterned metallic thin films that allow the excitation of electron cloud
oscillations, a phenomenon known as localized surface plasmon
resonance (LSPR).232>8 Although metal-based SEIRA developments
achieve better optical sensitivities (e.g., perfect absorber design with
metal-insulator-metal (MIM) structures®®?9), they still encounter major
limitations, such as bandwidth selectivity (e.g., fixed with fabricated
geometry), relatively poor IR field confinement, and lossy plasmon
modes.
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Figure 1.2: Principle of SEIRA sensing. (a) Schematic illustration of the plasmon
hotspots produced by a metal nanoantenna upon IR radiation. (b) The
vibrational band intensity of embedded molecules within the hotspots (green
peak) is enhanced due to its coupling with the plasmons (red dip in LSPR curve).

Van der Waals (vdW) crystals are two-dimensional (2D) materials
harnessed in recent years that have opened up the interesting field of 2D
physics and engineering of devices3%3* They possess the exotic
properties of polaritons — achieved by the coupling of light and dipolar
elements of matter — complemented by superior optical performances,
and could be an effective replacement for the traditional metal-based
SEIRA materials.®>3¢ Fig. 1.3. summarizes the nanoscale light trapping of
representative grouped 2D-vdW materials, including plasmon polaritons
(e.g., 2D semimetal: graphene® %), phonon polaritons (e.g., 2D insulator:
hexagonal boron nitride hBN*™3), and exciton polaritons (e.g., 2D
semiconductor: Molybdenum disulfide MoS,*#). The introduction of
nanostructured 2D-vdW materials in SEIRA spectroscopy leads an
exciting time in modern 2D optics and advanced sensing applications.

2D-vdW heterostructures can be synthesized in a simple manner,
through vertical stacking governed by out-of-plane vdW forces.3%3'
Several 2D-vdW crystal combinations offer a plethora of other unique 2D
physics phenomena, and a myriad of planar optoelectronic and photonic
device applications. Moreover, the simplicity of vertical stacking in 2D-
vdW heterostructures bypasses the issues experienced by their bulky
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counterparts, such as lattice matching and compatibility processes. In
particular, vdW crystals and heterostructures could augment the benefits
of mid-IR sensors and nanophotonics systems with regard to their
technological maturity.#6-48

Polariton wavelength
Incident wavelength

Plasmon polaritons
(graphene, black P) Magnon polaritons

(Cry, Ge,, Teg)

Phonon polaritons Exciton polaritons Cooper pair polaritons
(hBN, topological insulators) (MoSp, WSey) (cuprates, FeSe, RuCl)

Figure 1.3: The polaritons (hybrid excitations of light and matter) of grouped
vdW materials, adapted from [35].

1.2 Purpose of the Study

The aim of this dissertation is to demonstrate novel mid-IR sensing
applications (e.g., gas detection and bioassays) based on graphene and
other 2D materials, i.e. graphene and related materials (GRM), combined
with relevant functional layers. The activities have been within the
Graphene Flagship collaboration (specifically, work packages WP6
Sensors and WP8 Photonics & Optoelectronics), funded by the European
Commission, with the aim of exploiting GRM for use in technological
applications. Our motivation is to showcase the potentials of GRM as to
bridge the gap in suitable sensing materials in mid-IR systems, specifically
validating IR sensing platforms relevant for industrial processes and
biomarker detection.

Current literature on 2D-vdW materials reports extensive studies on
graphene®®4°>1  (the pioneering 2D-vdW crystal with tunable
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optoelectronic  properties) and hBN*">? (sustaining ultralow-loss
polaritons). Both graphene and hBN have almost reached the zenith in
fundamental research, and are now ascending toward realization of novel
applications and commercialization. To this aim, this thesis evaluates the
performances of graphene and hBN nanostructures for mid-IR sensing.
The fabricated sensor chips are combined with relevant functional layers,
such as adsorbers for gas trapping and antibodies for bio-sensing.

The specific objectives of this thesis includes:

e anovel platform for mid-IR gas sensing based on tunable LSPR of
graphene nanostructures functionalized with gas-adsorbing
polymer layer;

e a proof-of-concept phonon-enhanced mid-IR gas sensing system
using hBN nanostructures functionalized with gas-adsorbing
polymer layer;

e a quantitative and scalable mid-IR biosensing platform using
functionalized graphene nanostructures.

While proof-of-concept mid-IR biosensing experiments have been
successfully demonstrated with graphene LSPR>**4, mid-IR gas sensing
using GRM nanostructures is still an unexploited area. Conventional
SEIRA-based gas sensors are made up of plasmonic metamaterials such
as metallic nanoparticles>~®, metal-insulator-metal (MIM)*’, and carbon
nanotubes®®, which suffer from fixed bandwidth selectivity and lossy
plasmon modes (typical LSPR quality factors Q ~10)%°. This can be
circumvented by employing either the tunable LSPR and extreme
confined plasmon modes (decay length £,~10-15 nm)>*>° of graphene
nanostructures, or the long-lived phonon polaritons (PhP) of hBN
nanostructures (e.g., typical Q~10% of natural*® and monoisotopic* hBN
nanoresonators).

A conceptualized mid-IR gas sensing scheme using the LSPR of graphene
nanoribbons is shown in Fig. 1.4. Since graphene displays unique optical
tunability over a large spectral bandwidth via graphene doping %3, the
sensor chip is configured with an electrostatically back-gate bias Vac

6
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across the conventional SiO»-Si substrate. The linear dispersion of the
graphene s illustrated in the shape of a Dirac cone with illustrated
graphene Fermi level (Er) in the valence band. The Ey is tuned by a
supplied Vse, which consequently modulates the LSPR modes.

IR light Graphene sensor chip Graphene
with electrostatic back-gating Dirac cone

K ¥
k\

Graphene LSPR G"
’l

.,

detector

Figure 1.4: Conceptualized mid-infrared gas sensing scheme with
nanostructured graphene. The sensor chip is configured with an electrostatic
back-gating of graphene on a conventional SiO,-Si substrate. The graphene
dispersion in the shape of a Dirac cone is depicted with an arbitrary Fermi level
Er, which is tuned toward the upper cone for +Vg; or toward the lower cone
for —Vg.

In a recent report, Hu et. al. successfully identified particular gases (e.g.,
SO, NO) using graphene LSPR modes.®* However, they detected the gas
concentration at a high limit of detection (LOD > 800 ppm) due to
reliance of the system on gas physisorption at graphene surfaces. The
vastly dispersed nature of gas molecules hampers surface-based
detection with poor contact of the gas molecules inside the plasmonic
field. In our work, we propose a new gas sensing scheme that works by
functionalizing the graphene nanoribbons with a gas-chemisorbing thin
layer. In particular, thin films of polyethylenimine (PEl) polymer were
demonstrated for selective CO2 capture and could be regenerated
through thermal desorption.®®
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In this thesis, we also aim to exploit the long lifetime of hBN PhP modes
for mid-IR gas sensing, and Fig. 1.5 illustrates the sensing scheme with
hBN nanoresonators. Similarly to the work on graphene described above,
we propose PEl-functionalization of the hBN nanoresonators in order to
capture the gas molecules via chemisorption. This enhances the
interaction of IR light-gas molecules, where the PhP field of the hBN
nanoresonators overlaps with the gas trapping layer, as illustrated on the
right of Fig. 1.5.

IR light Gas-adsorbing layer
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Figure 1.5: Conceptualized mid-infrared gas sensing scheme with the PhP field
of hBN nanoresonators. The gas detection is enhanced with functionalization of
the gas-adsorbing layer.

Graphene with relevant bio-functionalization prevails as a promising
biosensor, owing to its unique optical and electronic properties.®%®’
Graphene LSPR modes have been successfully proven to detect protein
bilayers (incubated recombinant protein A/G and binding the goat anti-
mouse immunoglobulin G antibodies) in a SEIRA setup.>* While this work
reports a qualitative proof-of-concept experiment, our aim is to
demonstrate the mid-IR biosensing of graphene for quantitative

bioassays.

The honeycomb lattice structure of graphene constitutes an aromatic
surface, allowing a non-covalent functionalization via m — m stacking that
can translate to a SEIRA biosensor platform.%® Fig. 1.6 shows a
conceptualized sensor chip using nanostructured graphene, where the
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functionalized pyrene layer (attached to the graphene via m — 7 stacking)
acts as a versatile anchoring bridge for use in various bio-recognition
applications (i.e., antibody-biomarker).68°

IR light

Graphene
nanoribbons

Bioassay
% Biomarker
#+¥ Antibody
fragment
- Pyrene
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= Vs

detector

Figure 1.6: Conceptualized mid-infrared biosensing chip based on bio-
functionalized nanostructured graphene. The sensor chip is configured with an
electrostatic back-gating of graphene on a conventional SiO,-Si substrate.

1.3 Dissertation Organization

This dissertation manuscript is organized as follows:

Chapter 1 provides an overview of the challenges in mid-IR molecular
sensing, followed by the research aim of this dissertation in utilizing GRM
polaritons for sensing applications. The review of related literature is
presented in Chapter 2, which explains the relevant underlying physics
along with the specific materials used in the sensing studies. The chapter
specifically focuses on the fundamentals and properties of graphene and
hBN crystals, as the principal 2D materials used in the experiments within
this dissertation. Moreover, the basic principles of optical gas- and bio-
sensing are also tackled, including the state-of-the-art techniques for
relevant functional layers for gas trapping and bio-recognition.
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The subsequent chapters are divided into the main mid-IR sensing works,
corresponding to the specific objectives mentioned in the previous
section:

e Chapter 3 investigates mid-IR gas sensing using the tunable
plasmons of graphene nanoribbons functionalized with an
ultrathin COz-adsorbing PEl layer. The graphene LSPR is
influenced by the reversible PEI-induced doping of the graphene,
resulting in an enhanced LSPR modulation against CO2 gas
concentration.

e Chapter 4 presents a proof-of-concept mid-IR gas sensing
scheme using the ultralow-loss PhP modes of hBN nanoribbons
functionalized with a thin COz-adsorbing PEI layer. Modulation
of the hBN PhP modes against the CO, gas concentration is
reported with a large signal-to-noise ratio.

e Chapter 5 demonstrates a quantitative bioassay using the LSPR
of graphene nanoribbons. Here, the graphene is functionalized
with pyrene, followed by an antibody-biomarker conjugate of
vitamin B12.

An overall summary of the dissertation and the general outlook for GRM-
based mid-IR sensors are concluded in Chapter 6.

10



Chapter 2

State-of-the-Art and Related
Literature

2.1 Fundamentals of 2DM

Since the first successful isolation of single-layer graphene in 2004, we
have only scratched the tip of the iceberg of the rich world of 2D Physics,
where emerging varieties of 2D materials and their heterostructures
possess unique and peculiar properties, different from those of their bulk
counterparts.*=>! 2D-vdW materials are described with strong in-plane
covalent bonds and weak out-of-plane vdW forces. In just a few decades,
the synthesis of 2D-vdW materials has leapt from primitive scotch tape
cleaving methods to the current vapor phase synthesis techniques
capable of producing scalable and stable 2D materials under ambient
conditions.”®”" 2D materials, with their high surface-to-bulk ratio, possess
peculiar basal electrical and optical properties. In particular,
nanostructured vdW crystals are capable of squeezing light into deep
subwavelength volumes, rendering 2D materials promising for optical
sensing applications. Recently, 2D materials have emerged as superior
SEIRA materials for label-free molecular sensing applications such as
protein and polymer films.4>>#72=> From among the various vdW crystals,
the following subsection focuses on the fundamentals and mid-IR
properties of graphene and hBN, which are the principal 2D materials
under study in the predefined specific objectives of this dissertation.

11
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2.1.1  Graphene and Plasmon Polaritons

Graphene, a pioneering and versatile 2D-vdW material, has attracted
interest in a vast number of applications encompassing sensors,
electronics, energy, telecommunications, and healthcare. This is due to its
exceptional properties, such as ultimate tensile strength, large thermal
conductivity, high current density, tunable and ambipolar electrical
nature, and broadband light absorption. Fig. 2.1a shows a single atomic
layer of the covalently bonded carbon atoms in a hexagonal honeycomb
lattice. The electronic band structure in Fig. 2.1b depicts the highly
symmetric conduction and valence bands meeting at a Dirac point (also
referred to as the charge neutrality point, CNP). This zero-bandgap
classifies graphene as a semimetal with an ambipolar nature (two charge
carriers of either electrons or holes). In the low energy regime (E <
1.2 eV), the graphene dispersion is linear, where the electronic charges in
the graphene are reminiscent of massless particles with a relativistic
behavior.>®’® The linear dispersion relation is described by

E = hvgk, 2.1)

where # is the reduced Planck’s constant and vy is the relativistic Fermi

velocity in the graphene (~0.003c, ¢ refers to the speed of light in

vacuum).””"8
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Figure 2.1: Graphene lattice and electronic band structure. (a) Schematic of the
monolayer carbon atoms arranged in the hexagonal honeycomb lattice. (b) The
energy-momentum (E — k) dispersion of graphene (n-doped at an arbitrary
Fermi level Er) in the shape of a Dirac cone, illustrating the energy transitions.
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The zero-bandgap and linear dispersion of graphene near the Dirac point
has an interesting impact on its optoelectronic applications. The Fermi
level Ep of graphene can be tuned towards either the valence band (lower
cone) or the conduction band (upper cone), for which the practical
methods include electrostatic gating®®® and chemical doping® .
Notably, this tunability feature is a long-awaited property unavailable in
metallic-based plasmonic systems, enabling broadband applications such
as graphene-based IR spectroscopic sensing. The modification of Eg
directly changes the optical properties of the graphene, whose physical
quantity is governed by the optical conductivity a. ¢ consists of two
distinct contributions, being the intraband ¢;,,;,, and the interband o;,,¢er
transitions. As depicted in Fig. 2.1b, the interband transition takes place
from the valence band to the conduction band when the energy of the
electromagnetic radiation E,, is larger than the Fermi Energy
(Epp > 2Ep). The interband transition is inhibited by Pauli blocking for
Epn < 2Er. Meanwhile, the intraband transition occurs within the same
conduction (or valence) band, which is the dominant absorption,
especially when E,, « 2Er. This is governed by the Drude-like
conductivity of graphene as derived by the Kubo formula:

e2

Ointra — m [EF + ZkBTlTl(l + e‘EF/"BT)], (22)

where kg and T are the Boltzmann constant and the temperature,
respectively.808!

The interband transitions for graphene in the mid-IR frequencies are
usually blocked under typical doping levels (i.e., Epp, = Awpmig-1r < 2EF).
Therefore, the optical conductivity of graphene predominantly involves
intraband transitions, and carriers behave as in a Drude-like conductor,
allowing the existence of plasmon polaritons (couplings between
electromagnetic radiation and electron/hole cloud oscillations).
Nowadays, graphene is emerging as a powerful material for molecular
sensors based on SEIRA, as its mid-IR plasmons exhibit tunability and

extreme light confinement.>*
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Nano-structuring is the widely-used technique for the excitation of the
mid-IR plasmons in graphene, in order to compensate for the mismatch
of wavevectors between the graphene plasmons and the free-space
radiation.”®8>8 Fig. 2.2a shows a diagram of electrically connected
graphene nanoribbons (GNR), where far-field IR transmission
measurement displays the localized surface plasmon resonance (LSPR).
The GNR array is configured with an electrostatic back-gate voltage Vg,
on a conventional SiOz/Si substrate, which permits the tuning of the
graphene LSPR. This tunable graphene plasmonic platform is adapted for
the sensing demonstrations in this dissertation, hence, will be the focus
of discussion including the dispersion of graphene plasmons on SiO».

For undoped graphene, the Fermi level is at the Dirac point. Er can be
modified in simple fabrication processes, for example, when
nanopatterning the graphene. The doping states shown in Fig. 2.2b can
either be n-doped (Er is in the conduction band with electron charge
carriers) or p-doped (Er is in the valence band with hole charge carriers).
Er can be tuned by supplying a particular Vg, whose shift direction is
dictated by its polarity (e.g., towards the lower cone for negative
voltages). The experimental in-situ tuning of the LSPR is displayed from
the calculated extinction spectra for the p-doped case (1 — T /T,, where
T and T, are taken from GNR and bare substrate, respectively). The higher
magnitude of the negative Vg further enhances the p-doping; hence the
LSPR increases in intensity and blueshifts. Moreover, the CNP can be
located for a spectrally flat response corresponding to a specific voltage
Venp, indicating the absence of carrier charges to produce any LSPR. This
relationship is described by the following:

e

Co.x
IEFI = th\/ﬂq—|VCNp - VBGll (23)

where h is the reduced Planck constant, v is the Fermi velocity, g, is the
fundamental electric charge, and C,, is the capacitance of the 285 nm-
thick oxide (Cpy = E‘;ﬂ,eox = 3.9 SiO, permittivity).84

ox
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Figure 2.2: The dispersion relation of graphene nanoribbons (GNR) on SiO,/Si.
(a) Schematic of a GNR on a SiO,/Si substrate in a perpendicularly polarized IR
transmission for optical reading. A back-gate voltage Vg is used for the
electrostatic tuning of the graphene LSPR. (b) Illustration of different graphene
doping cases, where the Fermi level can be tuned by the supplied Vg, and the
shift directions are assigned by the polarities. The representative extinction
spectra of the LSPR tuning are shown for the p-doped case. (c) The calculated
(2D pseudo-colored map) and measured (markers) loss function (defined by the
IR extinction) of GNR on SiO; as a function of wavevector and frequency,
adapted from [85]. The plot indicates the three plasmon-phonon hybrid modes
(colored curves), surface polar phonons of the SiO; (dashed lines at wg,; and
wsp2), and graphene intrinsic phonons (dashed line at wy).

The platform of GNR on a SiO; substrate results in a modified graphene
plasmon dispersion, as depicted in Fig. 2.2¢.®> In this case, the graphene
plasmons interact with two surface optical phonons of SiO; at frequencies

~1, whose coupling produces three

Wsp1~806 cm™ and wgy,~1168 cm
branches of hybridized plasmon-phonon modes with two anti-crossings.
The mode above wgy, corresponds to the LSPR peak which has an altered
plasmon dispersion compared to the pristine state of the graphene
(dashed gray curve). The intensities of the three modes infer the energy

exchange, such that for an increasing wavevector the spectral weight
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transfers from a low-frequency hybrid branch to a high-frequency
plasmon branch. Meanwhile, the linewidth along the frequency axis
shows the damping nature. Below the frequency of the intrinsic optical
phonon of the graphene (w,,~1580 cm™"), the LSPR has a higher
plasmon lifespan as it resonates near wg,,. Near and beyond w,,, the
peak broadening is indicative of larger damping due to the decay
contribution coming from the emission of the graphene optical phonon.
The GNR on SiO; offers a novel platform for the excitation of mid-IR
graphene plasmons with tunable LSPR via a supplied Vg.

2.1.2 hBN and Phonon Polaritons

Polar dielectric hBN displays peculiar properties, such as high thermal
stability, chemical inertness, and mechanical robustness, making it a
suitable material for operation in harsh environments. Furthermore, the
rigid, electrically insulating, and high-quality crystal hBN nanosheets
enable it's use as a contending template or passivation layer for graphene
electronics 887 The crystal lattice of hBN s illustrated in Fig. 2.3, showing
a strong in-plane covalent network of boron and nitrogen bonds at
interlocking hexagonal rings. The stack of atomic layers is held together
by the relatively weak vdW bond.

Boron Nitrogen In-plane
— covalent bond

Figure 2.3: Schematic of the crystal lattice of hBN.
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The hBN crystal structure results in a uniaxial anisotropy of dielectric
permittivity in the in-plane (¢;) and out-of-plane (e,) directions. The
relative permittivity as a function of frequency w can be generally
expressed (j as either L, 1l) in a single-Lorentzian form by the following:
‘Ufo,j—w%o,j

5 = £y (14 gitiel) @4
where &, is the high-frequency dielectric constant, y; is the damping
factor, and wyo and wpo represent the longitudinal (LO) and the
transverse (TO) optical phonon frequencies, respectively. The hBN is
considered to be a natural hyperbolic material in the frequency regions
where Re(e)) - Re(e;) < 0.87%0 This condition of opposite permittivity
signs between the orthogonal directions occurs in two frequency regions
designated as lower (LR, Type I) and upper (UR, Type Il) Reststrahlen
bands. The ¢ is isotropic and negative (positive) in the UR (LR), while the
€, is positive (negative). The electromagnetic radiation couples to the
crystal lattice vibration in the LR and the UR bands, generating long-life
and sub-diffractional PhP modes. Fig 2.4a illustrates the PhP dispersion
of a 105 nm-thick hBN slab, where branches of curves consist of the
fundamental ((=0) and the higher PhP modes.*® Moreover, the PhP
modes in the UR and the LR are a result of the in-plane and the out-of-
plane vibrations, respectively. For instance, nanostructuring a thin layer
of hBN supports PhP modes that propagate with in-plane hyperbolic
dispersion.”!

The varying thickness of few-layered hBN crystals tunes the PhP
dispersion, where the polariton wavelength A, scales linearly with the
crystal thickness.®® Also, the thinner hBN crystal results in higher
confinement (4;g/4,) of an incident IR light, which can be optimized for
target applications (e.g., considering analyte sizes in sensing). Because of
the long lifetime of the PhP in naturally abundant hBN, the isotopic
enrichment of the hBN substantially increases its lifespan, with a threefold
improvement.*' Furthermore, the ultralow-loss nature of hBN crystals
enable the natural*® and monoisotopic*' hBN nanoresonators to exhibit
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high-Q mid-IR resonances, which were recently employed to
demonstrate molecular sensing at the strong coupling limit. 427>

In this dissertation, the hBN nanoresonators on a CaF. substrate are
adapted for sensing experiments using PhP modes, as depicted in Fig.
2.4b. Autore et. al. confirmed experimentally that the PhP resonances of
hBN nanoresonators blueshift with reducing ribbon widths.** Fig. 2.4c
shows the case for monoisotopic hBN nanoresonators where the relative
transmission spectra (T /T,) exhibit sharp resonances in the UR band for
various geometry.

@  1600F Type Il ®) lR"gg
w=1,370-1,610 cm™’ S
1,550 /W/h -
& 1500}
S
1450}
(c)
1,400 F S
5
8
E
_ [ Type | 2
TE 800 =0 =746-819 cm™' E
S 775} 2
5 a
750 k . &
0 1 2 3 '

1 1
I3 (105 em™) 1450 1500 1550
Frequency @ (cm')

Figure 2.4: Hyperbolic dispersion of PhP modes in hBN. (a) Adapted from [90]:
The calculated (curves) and measured (markers) PhP dispersion of 105 nm-thick
hBN in the UR (Type Il) and the LR (Type I). The side panel displays the
isofrequency curves of the hyperbolic dispersion for the two bands with blue
arrow indicating the polariton group velocity. (b) Schematic of hBN
nanoresonators on a CaF, substrate in a perpendicularly polarized IR
transmission for optical reading. (c) Relative transmission spectra of
monoisotopic hBN nanoresonators for reducing ribbon widths indicated by the
black arrow, adapted from [42].
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2.2 Principles of IR Gas Sensing and CO: Functional Layer
2.2.1 IR Gas Sensing

Gas sensing technology has made a great impact across a wide range of
applications, such as air quality monitoring, hazard assessment, pipeline
leakage detection, and breath diagnostics.>™> The gas sensors market is
currently dominated by electrochemical technology that traditionally
uses metal oxide semiconductors in transducing the target gas, where the
chemical reaction is converted into an electrical readout.”® However, this
system still suffers as a result of high power consumption and a short
device lifespan. Mid-IR spectroscopy is a powerful optical technique that
directly probes the vibrational fingerprints of molecules in a non-
destructive fashion (recall Fig. 1.1), offering high sensitivity, a fast
response, and large device lifetime.?”?® Selected benchmarking of IR-
based optical gas sensing is summarized in Table 2.1.

Table 2.1: Benchmark study of IR-based optical gas sensor.

GRM SEIRA Other technologies
Bilayer Submerged Sensirion- Gasmet-
graphene silicone SCD30 DX4040
LSPR gas diffusion (Commercial)'® | (Commercial)'®
sensor® cell®® $63 $65,000
Instrument FTIR NDIR NDIR FTIR
Target gas SO, N>O CO; multi-gas
Limit of
detection 800 ppm 1ppm 400 ppm sub-ppm

Traditional spectroscopic gas sensing is based on a non-dispersive
infrared (NDIR) sensor, as illustrated in Fig. 2.5a." It consists of a
broadband source passing through a gas sampling chamber with active
(absorbing region) and reference (non-attenuating region) filters on the
detectors. The highly dispersive nature of gas molecules requires a high-
volume gas chamber to achieve a significant absorption signal, making
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an NDIR sensor a bulky instrument. The IR absorption is based on the
Beer-Lambert law:

I = Iyexp (=Yennal), (2.5)

where I is the intensity of the light that traverses the gas sample, I, is the
intensity of the incident light, yenn is the enhancement factor, a is the
effective absorption coefficient of the gas, and L is the optical interaction
path-length.'%?

(a) (b)

Gas chamber — infrared

¢

Infrared source detector

'y Qet ﬁj detector

Figure 2.5: IR-based gas sensing. Schematic diagram of (a) NDIR gas sensor and
(b) SEIRA-based gas sensor.

As discussed in the previous chapter, one way to overcome the weak IR-
molecule interaction is to employ a SEIRA scheme (Fig. 2.5b), which
enables a miniaturized setup of on-chip based molecular sensors. The
near-field coupling that occurs in SEIRA materials allows the yenn in
Equation 2.5 to be greater than unity. Gas molecules are highly dispersive
in nature, leading to an inherently poor physisorption on 2D structures.
Consequently, gas detection in a SEIRA scheme has so far been elusive.
Although Hu et. al. did successfully demonstrate SEIRA-based gas sensing
using graphene plasmons, they reported a high limit of detection of 800
ppm with SO, gas for bilayer graphene.®* One strategy to leverage the
signal enhancement is to functionalize the SEIRA material with a gas
trapping material. The traditional examples of which include zeolites and
activated carbons. Specifically in our proposed scheme, we have
considered a thin layer of polyethylenimine (PEl) polymer, which
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selectively chemisorbs CO> gas. In this dissertation, we present proof-of-
concept CO; sensing with graphene and hBN, functionalized with a PElI
layer. The following subsections tackle the nature of PEI polymer
including its interaction with CO> gas and its chemical doping effect on
graphene.

2.2.2 Polyethylenimine (PEl): CO2 Gas Trapping Layer

PEl is a cationic polymer containing amine groups, which finds many
applications in organic electronics and biomedical applications, and is
also largely devoted to the capture of CO; at room temperature.'93-10
Recently, thin films of PEI polymer have been demonstrated as functional
adsorber for mid-IR CO sensing on resonant nanostructures such as

metal metasurfaces and all-dielectric photonic slabs.2%%

The interaction between CO; gas and amine-containing PEl occurs via a
zwitterion mechanism, whereby the hard-acidic CO> molecules bind
covalently with the basic amine groups of the PEI polymers even under
atmospheric thermal conditions."®® The amines are derivatives of
ammonia with primary (RNH,), secondary (R,NH), and tertiary (R3N)
groups, where R represents species from the alkyl group. PEIl is
synthesized in either linear form that contains all the secondary amines,
or a branched form composed of all the amine groups.

The CO: gas adsorption dynamics in the PEI medium has been
thoroughly studied in literature, and consists of a rapid interface
adsorption followed by a slower diffusion into the bulk medium."%™ The
CO2 molecules react with the primary and secondary amines producing
carbamate compounds, whose reversible chemical reactions are as
follows:

CO, + 2RNH, = RNHCOO~ + RNH}, (2.6)

CO, + 2R,NH = R,NCOO~ + R,NH;. 2.7)
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The reversibility in regenerating the amines and CO. can be obtained
through thermal desorption with a > 85°C heat treatment.®> These
carbamates are stable compared to CO2 combined with the tertiary
amine group, which produces bicarbonates (HCO3) under humid
conditions™?:

CO, + R3N + H,0 = R;NHY + HCO3 . (2.8)

The interactions between the CO, and the amine groups in the PEI
transform the ionic constituents in the medium, which modifies the
permittivity of the PEI.' The products of the chemical reactions between
the CO2 and PEI amine groups have natural mid-IR frequency vibrations
as summarized in Table 2.2.

Table 2.2: Frequency assignments of product species from PEI-CO;
interaction. 13117

Frequency (cm™) Assignment
101 C=0 symmetric stretch in R_NCOO"
1304 Conformational change in HCO3
1380 Asymmetric stretch in carbonate
1475, 1488 NCOQO skeletal vibration
1550, 1565 C=0 asymmetric stretch in R_NCOO"
1636, 1650 N-H deformation in NHF
3055 N-H stretch in NHF
3360 Asymmetric NH; stretch
3420, 3439 N-H stretch in RN-HCOO"

The dielectric medium of the PEl can be modeled by the electronic
oscillators corresponding to the resonant frequencies of the PEl
vibrations. The relative permittivity of the PEl follows the multi-Lorentz
model, written as:

) (2.9)

k 2 k !
1-( =) —iyi[—
<’<oj> y1<k0i>

where &, is the non-dispersive dielectric background, S; is the amplitude,
y; is the damping factor, and ky; is the central wavenumber.

_ 5
EpEl = €0 T Xj=1
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2.2.3 PEl-Induced Graphene Doping

The key element in achieving a high sensitivity of graphene sensing via
molecular adsorption involves a charge transfer process. Polar gas
molecules (e.g., NO2 and NHs) offer an excellent graphene-based gas
sensing performance by directly affecting the local carrier concentration
of the graphene.™ However, in order to induce changes in graphene
conductivity upon exposure to nonpolar gas molecules (e.g., COz and Hy),
functionalization is required."™' To this end, this subsection discusses
the critical role of PEI functionalization and CO; gas adsorption, which
induce the chemical doping of the graphene.

The PEI polymer is regarded as a homogenous n-type dopant and stable
non-covalent functional layer of the graphene.”! Fig. 2.6a illustrates an
amine unit of PEl on graphene, wherein amine protonation is
compensated by electron donation to the graphene (i.e., n-type
doping).””? Upon CO> gas adsorption, an equilibrium takes place on the
chemical reactions with the amines in the PEI (refer to Eqn. 2.6 and 2.7 in
the previous subsection), reducing the electron doping of the graphene
as depicted in Fig. 2.6b. The charge transfer occurring in polymer-
functionalized graphene creates an enhanced detection for nonpolar gas
molecules, such as CO> gas in the case of PEl.

The n-type doping effect of the PEI polymer arising from the charge
transfer process was experimentally demonstrated by Jo et. al., where
their electrical measurements retrieved the 2D conductance profile gy,
as a function of the Vg, (see Fig. 2.2a for the gating) from a graphene
field effect transistor (GFET) device.'?3 In their work, the CNP shifts toward
negative voltages after PEl coating, indicating that the Fermi level is in
the conduction band. This confirms the n-type doping effect of the
amine-rich PEl polymer. Another prevalent feature with a PEI-
functionalized GFET device is the conductance asymmetry. The n-dopant
nature of the PEl polymer creates a potential barrier, suppressing the hole
carriers, as seen by the decreased hole conductivity (Vge < Venp).'?* This
infers that the LSPR excitation with PEI-functionalized graphene is solely
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facilitated by the electron carrier oscillation, as experimentally
demonstrated in [°'].

oo A
\‘(/N..\/\)\/ = NC\D/\}\/
—
n e n
graphene graphene
) CO; 0 0
H A, H HH =
N % i = \N/@ e \.
\/N\/\/N\/ N \/\/N\/
graphene graphene

Figure 2.6: PEl-induced doping mechanism, adapted from [122]. (a) The PEI
coating results in the protonation of an amine group and equilibrates with an
increased electron density (n-type doping) within the graphene. (b) The
adsorption of the CO; facilitates a reduction in the PEl-induced graphene
doping.

2.3 Principles of IR Biosensing and Graphene
Bio-Functionalization
2.3.1 IR Biosensing

Optical biosensing provides a cost-effective and real time biomolecular
detection, and has achieved an exponential technological growth in
recent decades in widespread applications such as in clinical analysis,
food quality control, and drug discovery.'?>'?6 A benchmark study of
existing optical biosensor technologies in the commercial market and
research phase is presented in Table 2.3. Traditional refractometric
sensing with visible/near-IR light is based on a Kretschmann
configuration, which excites the SPR along a thin metallic film upon
internal reflection through a prism, as illustrated in Fig. 2.7a.”’ The
plasmonic field extending in the outer environment provides a platform
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for surface-based and in-situ analysis of biomolecular interactions in an
aqueous medium. The light absorption signal depends on the refractive
index change induced by bio-analytes, and is the basis of refractometric
sensing with earlier developments using the near-IR or visible region.
Biacore by Cytiva (transitioned from GE Healthcare) has the largest SPR
biosensor market share, offering various functionalized plasmonic gold
chips for analyzing several biomolecular interactions.

Table 2.3: Benchmark study of SPR and LSPR biosensors in the commercial
market and research phase.

Biacore T200 LamdaGen Au LSPR Graphene
SPR biosensor  LSPR biosensor SEIRA LSPR SEIRA
(commercial)'?® (commercial)'?® biosensor biosensor
(research)’3° (research)’*
Sensor Au Au Au Graphene
element coated prism nanostructures | nanostructures | nanostructures
Sensing _ .
cheme Refractometric VIS/NIR IR absorption spectroscopy
Sensitivity ~ftM | 30 pg/mL 100 pg/mL ‘ n.a.
Specificity Wide-range of enzyme-linked Vibrational fingerprints with
immunosorbent assays (ELISA) biorecognition elements
Advantages Intrinsic
Intrinsic chemical
Well established technology and cher?nllc.al SpeCIﬂCI.ty;
functionalization protocols specificity <?Iynam|(}
(molecular optical tuning;
vibrations) extreme field
confinement
Applications | kinetic analysis In vitro diagnostics
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Figure 2.7: Optical biosensing techniques. (a) SPR-based biosensor in a
Kretschmann configuration, where plasmons propagating along a thin Au film
interact with biomolecules in an aqueous medium upon attenuated total
reflection of light in a prism. (b) SEIRA-based biosensor using multi-resonant
metal nanoantennas, where vibrational signals are coupled in a gold LSPR
enabling the biochemical-specific detection of proteins (amide bands) and lipids
(methylene bands), adapted from [131]. (c) SEIRA-based biosensor using
graphene nanoribbons, where the graphene LSPR is tunable via electrostatic
back-gating, adapted from [54].

Meanwhile, the mid-IR regime probes the molecular vibrational modes
and provides intrinsic chemical specificity of analytes. The SEIRA
technique enables an enhanced IR absorption signal of biomolecules
embedded on plasmonic metamaterials, as depicted in Fig 2.7b.”" Here,
multi-resonances in the mid-IR are obtained by various geometries of
gold nanoantennas, allowing the detection of protein (coupled amide
bands) and lipids (coupled methylene bands) at different frequency

26



Chapter 2. State-of-the-Art and Related Literature

ranges. As noted earlier, the main limitations of metal-based LSPR
structures are the bandwidth selectivity and the relatively poor field
confinement in the IR. Graphene, however, with its dynamic optical
tunability and extreme IR field confinement, circumvents these issues.
Electrostatic gating in graphene can be used to modulate the LSPR
modes over a large spectral bandwidth (see Fig. 2.2). Rodrigo et. al.
demonstrated a SEIRA biosensor with a dry-spotted protein (specifically,
recombinant protein A/G and binding goat anti-mouse immunoglobulin
G antibodies) on a GNR array, as shown in Fig. 2.7¢.>* Here, the graphene
LSPR is dynamically tuned to the frequency locations of the protein
vibrational modes (amide bands). While this work is a fundamental and
qualitative demonstration, the goal of this dissertation is to validate a
quantitative dry-spotted bioassay with a relevant functionalization
technique, using an IR readout in the transmission mode and the
standard tunable LSPR of a GNR array platform. The following subsection
focuses on the topic of graphene as a suitable material for a biosensor
platform, and includes the functional groups for biorecognition.

2.3.2 Graphene-Based Biosensor and Functionalization

Graphene has emerged as a breakthrough template material for
biosensing owing to its high surface area, arguably good
biocompatibility, and extraordinary electronic properties arising from the
m —electron clouds of sp? hybridized carbon bonds.*2™3 Graphene
enables bio-functionalization by either covalent bonds or non-covalent
interactions, serving as a versatile template for various bioreceptor and
analyte combinations, refer to Fig. 2.8.% Covalent functionalization
requires a chemically reactive species in order to yield good stability in
the functional layer. However, it is unfavorable due to the disruption of
the m-conjugation on the graphene surface, which lessens the carrier
mobility and conductivity.® On the other hand, non-covalent
functionalization relies on molecular adsorption to the graphene lattice,
which includes m —m stacking, hydrogen bonding, and electrostatic
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interaction.®® The m — m stacking occurs when aromatic biomolecules
(i.e., ring structure of nucleobases) interact with the hexagonal rings of
the graphene lattice. This version has proven to be the most beneficial as
it exhibits self-assembly and preserves the intrinsic properties of the
graphene.

Different biomolecules, such as DNA, proteins, viruses, and enzymes, can
be immobilized onto the surface of graphene. The bioreceptors attached
primarily to the graphene surface may be organic or inorganic materials,
with examples from Fig. 2.8 including antibodies, enzymes, and ssDNA
capture elements. The bioreceptor selectively binds with the target
analytes above the layer that translates to measurable signals.
Information such as recognition events or analyte concentrations can be
transduced in several ways, popular among which are optical and
electrochemical detections.

The protocol implemented in this dissertation involves non-covalently
functionalized graphene with a pyrene linker (via Tt-1t stacking). Next, the
antibody-analyte conjugate pair of vitamin B12 is considered to
demonstrate the quantitative dried bioassay using tunable mid-IR
graphene LSPR.

Cells and lons and
Microorganisms Molecules

Nucleic
Acids

Analyte:

lons, molecules,
nucleic acids,
cells

Bioreceptor:
DNA, Antibody,
Enzyme

Transducer:
Electrochemical,
Optical, Thermal,
Piezoelectrical

Figure 2.8: Conceptual view of a biosensor with various bioreceptor-analyte
combinations on graphene platform, adapted from [66].
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Chapter 3

Gas Sensing with Tunable Graphene
Plasmons

The content of this chapter has been adapted and paraphrased under the terms of the
Creative Commons Attribution Non-commercial license, from the original publication:

Bareza, N. J., Gopalan, K. K., Alani, R., Paulillo, B., & Pruneri, V. (2020). "Mid-Infrared Gas
Sensing Using Graphene Plasmons Tuned by Reversible Chemical Doping,” ACS
Photonics, 2020: 7(4), 879-884.

Graphene is considered a powerful material for mid-IR spectroscopic
applications since its mid-IR plasmons display outstanding properties,
such as unique optical tunability via graphene doping and extreme light
compression.3”386979 Nanostructured graphene has recently prevailed as
a SEIRA material for label-free molecular sensing applications such as
protein and polymer films.>#7>"* This chapter demonstrates the mid-IR
CO: gas sensing of graphene nanoribbons (GNR) functionalized with an
ultrathin COz-selective PEl layer. The optical tunability over large spectral
bandwidth is enabled by electrostatically back-gating the connected
graphene nanostructures on a SiO2-Si substrate. By recording the far-
field transmission spectra of the PEl-coated GNRs, we demonstrate two
coexisting transduction mechanisms with COz sensing: (i) the change in
strength of the vibrational bands of the PEl layer (SEIRA effect) and (i) the
tuning of the LSPR modes via graphene chemical doping assisted by PEl.
We report the latter as a novel CO; sensing scheme where chemical
doping of the graphene is induced by the n-dopant amines of the PEI.'*
The proposed hybrid gas sensor can be extended to other functional
polymers that specifically adsorb different groups of gases. For instance,
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the same PEl polymer can be evaluated with other specific and relevant
gases (e.g., volatile organic compounds™®). Also, the chemical-based
doping of the graphene shows a promising route towards gate-free
sensing applications.®’

3.1 Plasmonic-Based Gas Sensing Scheme with Graphene
Nanoribbons

This section describes the construction of IR-based gas sensing setup and
the fabrication of graphene-based plasmonic sensor chip.

Fig. 3.1 illustrates the gas sensing scheme, where a customized gas cell
was coupled to a Fourier transform infrared (FTIR) microscope system.
The fabricated sensor was placed on a heating stage inside the gas cell
in order to regenerate the CO2 adsorption capacity of the PEI. The gas
cell was equipped with IR-transparent windows and the stage has a
circular opening to allow transmission measurements with an FTIR
microscope. The plasmonic sensor chip is configured with an electrostatic
back-gating setup to enable the LSPR tuning. The incoming IR light was
polarized perpendicular to the long axis of the graphene ribbons for the
LSPR excitation, and far field transmission spectra were collected by a
liquid nitrogen-cooled mercury-cadmium-tellurium (MCT) detector.
Subsequent measurements were taken with 100 averaged scans, with a
resolution of 16 cm™ per region on GNR+PEI (T) and bare substrate (T,)

to acquire the extinction spectra (1 - Tl)
0
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Figure 3.1: Schematic diagram of the gas sensing setup. The sensor chip
mounted on a heating stage and configured with a supply of back-gate voltage
Vp¢ is sealed in a gas cell, equipped with valves for gas flow and IR-transparent
windows for transmission measurements with an FTIR microscope.

Fig. 3.2 outlines the sensor fabrication process. First, the standard
graphene wet transfer was performed using a monolayer of graphene
grown via chemical vapor deposition on copper foil and covered with a
PMMA layer (from Graphenea Inc.). The copper foil was chemically etched
in 0.1 M ammonium persulfate in water solution for 4 hrs to ensure the
complete removal of any copper residues. Then, the graphene beneath
the PMMA coating was rinsed twice by suspending it in milli-Q water for
5 mins. Next, the suspended graphene was wet-transferred onto an SiO>-
Si substrate and laminated over the pre-patterned top gold contacts. The
sample was left overnight in a vacuum chamber to dry any excess trapped
water. The PMMA was removed by subsequently rinsing the sample in
acetone and IPA.

The GNR array was then fabricated via electron beam lithography. The
sample was spin-coated with a 40 nm resist (ZEP520A by Zeon), then
baked at 170°C for 2 mins. A GNR array pattern was written on the resist
on top of the graphene using a 50 keV electron beam (CRESTEC), then
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exposed ZEP regions were developed. Next, the exposed graphene was
removed using oxygen/argon (1:1) plasma etching at 10 W for 1 min. The
SEM characterization shows a fabricated ribbon geometry of 50 nm width
and 90 nm period. Additionally, the patterned ribbons are entirely
connected (refer to SEM micrograph in Fig. 3.2) to set a uniform potential
at whole graphene array when electrostatically back-gated, whose
voltage Vg is supplied across a 285 nm native silicon dioxide layer.

-
4

gy

PMMA/Graphene/Cu foil Cu etching PMMA/Graphene/ SiO,-Si PMMA removal +
ZEP resist coating

SEM micrograph E-beam Lithography
PEI (~10nm) ' WWebeam | I
— H

exposure !
GNR P H

Development, H
| Etching exposed graphene, |
ZEP resist removal

Figure 3.2: Schematic flowchart for the fabrication of the proposed graphene-
based plasmonic gas sensor. The monolayer graphene was wet-transferred on
an SiO-Si substrate and then, electron beam lithography was performed to
fabricate the GNR array. An SEM micrograph shows the ribbon geometry of
width w=50nm and period p=90nm. Lastly, an ultrathin PEl layer was deposited
on top of the GNRs. The cross-section schematic illustrates the sensor layers
configured with an electrostatic back-gating of graphene.

Lastly, a layer of ~10 nm PEl was deposited on top of the GNR. The
thickness was chosen to match the lateral decay length of the graphene
plasmons, typically 10-15 nm from the graphene surface.>*>° Further
details about the PEI including its doping effect on the graphene are
explained in Section 3.2.
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Experiment Simulation
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Figure 3.3: As-prepared GNR surface characterization. [Top] Schematic of the
sensor chip without PEI functionalization. [Bottom] Experimental and simulated
LSPR response of the GNR surface for varying Vg, and Fermi energy Ep,
respectively.

Before PElI functionalization, the fabricated GNR surface was
characterized by subsequent spectral measurements for different Vg,
values. Fig. 3.3 shows a schematic of the sensor with the GNR array
completely exposed to ambient atmosphere. The measured extinction
spectra exhibit modulation of the LSPR modes within a spectral
bandwidth of 1200-1500 cm™. From the optical response upon Vgg
sweeping, we evaluate the charge neutrality point (CNP) around Veyp =
+20V, and the LSPR mode appearing at zero bias reveals that the
fabricated GNR is slightly p-doped (Fermi level in the valence band, as
expected for fabricated graphene samples alike®**¥%7). The resonance
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further grows in amplitude and blueshifts toward higher negative Vg.
This LSPR enhancement is a direct consequence of increased p-doping
of the graphene for a higher negative bias.

To identify the intrinsic doping of as-prepared GNR, electromagnetic
simulations were performed using finite-element methods in the
frequency domain (COMSOL software). The geometrical parameters were
taken from the experimental values of the fabricated GNR. The graphene
damping was fixed at y = 6.7x10*3s™1, which approximately matched the
experimental LSPR linewidth. This damping value is inserted into the
complex Drude-like conductivity model of graphene in Equation 2.2 %
Then, the Fermi energy Er was swept for a certain range in the valence
band to reproduce the experimental response. The intrinsic doping of the
as-prepared GNR is estimated to be around Er = 0.15 eV.

3.2 Ultrathin PEIl Functionalization and Doping Effect on
GNR

As noted in the previous section, the thickness of the PEI layer must
optimally match the LSPR decay length of the fabricated GNR. Since the
graphene LSPR extremely confines the near field with decay length
around 10-15 nm from the graphene surface®**%, the PEI formulation is
required to achieve the equivalent thickness of an ultrathin layer. The
solutions were prepared by diluting branched PEI (Myw~2500 from Sigma
Aldrich) in ethanol. After magnetic stirring, the solutions were spin-coated
on Si samples at 5000 rpm and then, the remaining ethanol solvent in the
film was evaporated by heating the chips at 100°C for 2 mins. Fig. 3.4
displays the characterizations of the deposited PEI membranes from two
different solutions. PEI thicknesses of 30 nm and 9 nm were evaluated
from ellipsometric fitting (Fig. 4.4a) with 0.76 wt% and 0.22 wt%
concentrations of PEI diluted in ethanol, respectively. These PEI layers
formed continuous films with RMS roughness around 0.3 nm as depicted
in representative AFM images in Fig 3.4b/c.
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Figure 3.4: Ultrathin PEI characterization. (a) Ellipsometry fitting parameters
(o,B) of spin-coated PEI layers of 30 nm and 9 nm on Si substrates from two
solutions with molecular weights of 0.76 wt% and 0.22 wt% in ethanol,
respectively. Surface morphologies of the (b) 30 nm and (c) 9 nm PEI
membranes are imaged with atomic force microscopy, both having approximate
RMS roughness Rq~0.3 nm. (d) Extinction spectra showing the thermal
desorption at 100°C of PEl on CaF; substrates of the 9 nm PEI film compared
with the 30 nm PEI film.

An ultrathin polymer film has several advantages compared to its bulk
counterpart. First, it avoids the absorption loss contribution of IR light
penetrating in thicker polymers. In addition, it allows a shorter path
diffusion length for gas species, thus yielding faster response during gas
adsorption and thermal desorption processes. This may resolve the non-
zero reference issue of bulk polymer film caused by incomplete
desorption with stuck gas species. Fig 3.4d displays the spectral changes
of the two PEI films when thermally desorbed at 100°C for 2 mins in
ambient air. Three prominent peaks at 1304, 1475, and 1565 cm™,
corresponding to HCOs™ vibration, NCOO skeletal vibration, and C=0
stretch, respectively, are more pronounced with the 30 nm film as
expected with a higher interaction length. A flatter spectral response is
observed with the 9 nm PEI film when heated, indicating an easier CO>
desorption from the film. In this work, the 9 nm ultrathin PEI layer was
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selected to functionalize the GNR surface as its thickness optimally
matches the LSPR decay length of the graphene.
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Figure 3.5: PEI-functionalized GNR surface characterization. [Top] Schematic of
the sensor chip with PEI coating. [Bottom] Experimental and simulated LSPR
responses of the GNR+PEIl surface for varying Vzs; and Fermi energy Ep,
respectively. The spectrum of the PEI without GNR is displayed as a black curve.
The grey lines indicate two prominent vibrational bands of the PEI.

The same GNR surface from Fig. 3.3 was functionalized with a 9 nm PEI
layer, and a schematic of the sensor and the spectral characterization are
shown in Fig. 3.5. The extinction plot of the PEI film without GNR (black
curve) depicts two vibrational resonant peaks (highlighted grey) at
around 1475 cm™ and 1565 cm™, which appear as local dips in the LSPR
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modes due to coupling. In addition, the LSPR grows in amplitude and
blue-shifts with an increasing positive Vz;. Note that this enhancement
with a PEI coating occurs in the opposite direction to the Vg, sweep with
GNR only (the LSPR mode enhances toward a higher negative Vg in Fig.
3.3). This is due to an induced n-doping of the graphene by the amine-
rich PEI polymer, as discussed in Section 2.2.3. The LSPR mode is visible
even at Vz; =-60 V indicating that the initial slightly p-doped state (hole
charge carriers) of the graphene has converted to a substantial n-doped
level (electron charge carriers).

The reversal of the graphene doping type is examined by evaluating the
shift in Fermi level upon PEI coating. The graphene Dirac cone in Fig. 3.6a
represents the shift in Fermi levels for the as-prepared GNR (p-doped) in
the valence band towards the conduction band after coating with the PEI
layer (n-doped). The experimental LSPR modes at Vgz; = 0 in Fig. 3.6b
depicts the LSPR enhancement after PEl-coating on GNR. By comparing
experimental and simulated spectra, we can estimate the CNP of
graphene with a PEI layer. The extinction spectra against varying Eg
values were simulated using the same geometrical parameters as the
fabricated graphene nanostructures used in the experiment. The PEl
permittivity was obtained by analytically fitting the experimental
transmission data of 9 nm PEl on a CaF; substrate (Fig. 3.7a). The Lorentz
model in Equation 2.9 was used with 5 coupled oscillators corresponding
to PEl vibrational bands within the 1200-1800 cm range. The PEI complex
permittivity obtained from the fitting (Fig. 3.7b) was used to produce the
simulated LSPR plots in Fig. 3.5. The experimental LSPR mode at Vg; =0
is comparable to the simulated spectrum at Ep = +0.32 eV, which
roughly correspond to locate the CNP of GNR+PEl around Veyp = =80 V.
We calculated the Er — Vg Dirac curves in Fig 3.6¢ using Equation 2.3.
This visualizes the shift in CNP with slightly p-doped as-prepared GNR
(Venp = +20V) and n-doped PEI-coated GNR (Veyp = —80 V).
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Figure 3.6: Graphene chemical doping induced by PEI. (a) Schematic of Fermi
levels in a Dirac cone for as-prepared GNR (p-doped) and after PEI coating (n-
doped). (b) Extinction spectra at Vg; = OV of as-prepared GNR and after PEI
coating. (c) Fermi Energy Ep versus Vg, of as-prepared GNR and PEI-coated
GNR.
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Figure 3.7: 9 nm PEl permittivity. (a) Experimental and fitted transmission
spectra of 9 nm PEIl on a CaF; substrate. (b) Extracted relative permittivity € =
€, — ie;/ from the fitted transmission data.

3.3 Graphene Plasmonic Response with CO;

The optical response of the proposed sensor against different CO> levels
is illustrated in Fig. 3.8a. The Vg is fixed at +100 V to allow for a large
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extinction and maximum overlap of LSPR with the PEI vibrational bands.
The range of CO: is varied, from an ambient atmospheric level (~390
ppm) to higher levels, which is monitored by a commercial CO; sensor.
For comparison, the spectra on PEI without GNR are recorded in Fig. 3.8b
at the same CO; exposure levels and displayed using the same extinction
scale. In the case with only PEl, an increase in absorption intensity of the
PEI bands is observed in response to increasing CO> concentrations. This
is in contrast to the case with GNR+PEI, where an appreciable change in
the LSPR mode, comprising of two coexisting transduction mechanisms,
resulted from varying COz levels. First, the local dips appearing in the
LSPR indicated by grey lines are the enhanced PEl vibrational bands — the
so-called SEIRA effect. Second, the LSPR is greatly tuned with varying CO>
levels via PEl-induced chemical doping of the graphene, which we
highlight as the novel sensing mechanism in our study. Note that these
modulations were not seen in the control experiment (Fig. 3.9), which was
conducted by exposing the GNR surface directly with different CO;
concentrations. No detectable change is observed in the LSPR modes in
the considered range. Thus, PEl as a functional layer enhances the gas
detection with surface-based sensing in our works by both selectively
adsorbing and concentrating the gas inside the near field plasmon
polariton of graphene nanostructures.

(a) GNR + PEI (b) PEI only
7r ] 7r
SEIRA CO, level
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Figure 3.8: CO: sensing experiment for GNR+PEIl. Extinction spectra of (a)
GNR+PEI and (b) PEI only exposed to varying CO2 ppm levels. The grey bands
indicate the spectral locations of 2 prominent PEIl vibrational bands.
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Figure 3.9: CO; sensing control experiment. Extinction spectra of GNR (45 nm
width and 80 nm period) without PEI functionalization, exposed to different CO;
ppm levels.

To illustrate the SEIRA effect, Fig. 3.10 shows the representative measured
spectra of GNR+PEI and PEIl only at 2060 ppm. Here, the graphene LSPR
(grey curve) and PEI vibrational resonances (red curves) are decoupled.
The inverted spectrum of the PEI shows Lorentzian peaks that appear as
local dips within the LSPR of the GNR+PELI. This reveals the enhancement
in pronounced Lorentzian resonant intensities. The cumulative spectrum
of the GNR+PEI is expected to be less than its extracted pure LSPR
counterpart because of the dissipative absorption of the PEl environment.
Note that, quantification of the gas concentration through the intensity
of the SEIRA vibrational bands requires a decoupling process of multi-
Lorentzian peaks, which can be unpractical.

On the other hand, monitoring the LSPR modulation in response to CO>
concentration offers more straightforward and simpler transduction than
analyzing the SEIRA bands. The LSPR continuously redshifts and reduces
in intensity for increasing CO: levels. This tuning is related to the
reduction in graphene chemical doping as more amines (n-dopant)
interact with adsorbed CO in the PEl layer. A linear relationship is derived
by plotting the LSPR peak position k;spr versus the logarithmic scale of
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COz concentration log (Cy4s), as shown in Fig. 3.11. The slope of linear

- This
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fitting calculates the relative shift, yielding B0 (Cou) — 63
applies to the zone of linear response from an atmospheric CO> level (390

ppm) up to 2000 ppm (approaching the upper limit, as seen in Fig 3.12).
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Figure 3.10: Decoupled SEIRA bands. The spectra of GNR+PEI and PEI only at
2060 ppm of CO, are displayed with extracted graphene LSPR and PEl
Lorentzian vibrational resonances. The latter has an inverted spectrum for
comparison on the same scale as the PEI bands.
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Figure 3.11: Derived linear relationship of the gas sensing response. LSPR peak
position (cm™) as a function of CO, concentration (logarithmic scale in ppm).
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Repeatability of the sensor's response to CO2 ppm variations is examined
for three cycles of measurements (Fig. 3.12). For each cycle, spectra are
recorded while the sensor is exposed to increasing CO2 ppm levels, and
then the device is heated to thermally desorb the CO> gas from the PEI
while continuously purging a flow of N2 gas. The representative spectra
for all cycles in the insets in Fig. 3.12 exhibit a consistent behavior as
described previously: the LSPR peak reduces in intensity and redshifts
upon exposure to higher CO; levels. The CO; concentration is extended
to even higher ppm levels on days 2 and 20, where saturation is observed
beyond 2000 ppm, indicated by a red dashed box. This region signifies
that the gas sensing approached the upper limit, probably related to the
limited CO> that can be adsorbed in an ultrathin PEI layer.
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Figure 3.12: Repeatability experiments. Three measurement cycles recorded on
different days displaying the extracted peak frequency and amplitude versus
CO; gas concentration. The insets below represent extinction spectra for each
cycle corresponding to indexed data points. The red dashed boxes show the
saturation region.
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As noted previously, the observed dynamic range of CO concentrations
forming a linear relationship in this system is between an ambient
atmospheric level and 2000 ppm (refer Fig. 3.11). 1000 ppm is classified as
a harmful level in indoor air quality monitoring, meaning that our system
is already relevant for applications.™® The deviations in the measurements
can be reduced with better sealing of the gas cell to avoid leak exposure
from the altering atmospheric conditions. Also, an extra PEl band
appeared at 1684 cm™ on day 20, which is associated with slow urea
formation over time." Thus, stabilizing the PEI coating from degradation
(e.g., adding cross-linkers to the PEI solution'*)

proposed sensor.

could further improve the

3.4 Conclusion

We have proposed a novel gas sensing platform based on mid-IR LSPR
of graphene nanoribbons functionalized with an ultrathin gas adsorbing
polymer. The CO;-selective PEI polymer employed in this work enhances
the detection by trapping the gas within the extremely confined near field
of the graphene plasmons. Moreover, the PEl contains amines, which
chemically n-dopes the graphene and eventually enhances the LSPR of
the graphene nanoribbons. Two coexisting transduction mechanisms
occur by the proposed sensor upon variations in CO; levels. First, the
SEIRA effect is observed through enhancements in the intensities of the
PEl vibrational bands coupled in the LSPR. Second, we elucidate a novel
sensing transduction, where LSPR is modulated via graphene chemical
doping and whose tuning is related to the doping level set by the
adsorbed CO:; in the PEI layer. The latter provides an efficient sensing
mechanism and simpler transduction by just monitoring changes in the
graphene LSPR (e.g., spectral shift or resonant intensity). Further study of
graphene chemical doping assisted by a polymer could pave the way to
gate-free graphene-based 2D sensors.
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Chapter 4

Gas Sensing with hBN Phonon
Polaritons

The content of this chapter has been adapted and paraphrased under the terms of the
Creative Commons Attribution Non-commercial license, from the original publication:

Bareza, N. Jr., Paulillo, B., Slipchenko, T., Autore, M., Dolado, 1., Liu, S., Edgar, J. H., Vélez,
S., Moreno, L.M., Hillenbrand, R., Pruneri, V. "Phonon-Enhanced Mid-Infrared CO, Gas
Sensing Using Boron Nitride Nanoresonators,” ACS Photonics, 2022: 9(1), 34-42.

Polar van der Waals dielectrics offer an exciting paradigm in the field of
nanophotonics as their mid-IR PhP support extreme light confinement
and long lifetimes.3>4143141143 php modes occur from the coupling
between IR light and crystal lattice vibrations in the material. For instance,
nanostructured hBN hosts high quality-factor Q resonances which have
attracted attention in SEIRA spectroscopy. Sharp resonances (Q~10?%) of
natural®® and monoisotopic*’ hBN nanoresonators were shown to
perform molecular sensing at the strong coupling limit.*>”> This chapter
demonstrates phonon-enhanced mid-IR CO2 sensing using nanoribbons
made of monoisotopic hBN, which are functionalized with CO2-adsorbing
thin film of PEI polymer. By collecting the far-field transmission spectra of
the PEl-functionalized hBN nanoribbons, we show PhP resonance
modulation, dependent on the CO> concentration. We also demonstrate
a reversible optical response by thermally desorbing CO> molecules from
the PEI. The proposed hybrid material sensing platform displays a high
signal-to-noise ratio (SNR), despite measuring small ribbon arrays of
30x30 um?, which finds potential applications as miniaturized systems of
indoor air quality (IAQ) monitoring and smart ventilation.®"4
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4.1 Phonon-Enhanced Gas Sensing Scheme with hBN
Nanoribbons

This section details the construction of IR-based gas sensing setup and
the fabrication of proposed phonon-enhanced hybrid-material sensor
chip. The sensor chip consists of hBN nanoribbons and functionalized
with a thin film membrane of COz-adsorbing PEI polymer.

The gas sensing scheme is similar to that shown in Fig. 3.1. of the previous
chapter, where a customized gas cell was coupled to a FTIR microscope
system. Fig. 4.1 shows the gas sensing scheme, where fabricated sensor
was placed on a heating stage inside the gas cell. The incoming IR light
was polarized perpendicular to the long axis of hBN ribbons for PhP
excitation. Far field transmission spectra were collected with 100 averaged
scans, with a resolution of 4 cm™. The extinction was calculated as 1 —

Ti, where T and T, represent the transmission spectra with and without
0

hBN+PEl, respectively.

transmitted

\;as outlet IR light gas inl?
/ P

gas cell ’3

heat switch

Figure 4.1: Schematic diagram of the gas sensing setup. The sensor chip
mounted on a heating stage is placed inside a gas cell, equipped with valves for
gas flow and IR-transparent windows for transmission measurement with an
FTIR microscope.
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Fig. 4.2a shows a sketch of the conceptualized sensor layers. First, B
enriched hBN crystal was grown using the metal flux method (details in
reference ['*]) by the collaborators from Kansas State University. Then,
the collaborators from The Basque Nanoscience Cooperative Research
Center (CIC NanoGUNE) fabricated the hBN nanoribbons. A large
homogenous monoisotopic hBN flake was mechanically exfoliated, then
dry-transferred onto an IR-transparent CaF, substrate. Next, high-
resolution electron beam lithography (EBL) was performed to fabricate
several 30x30 um? array elements of different ribbon widths with a fixed
period of 400 nm. Lastly, the nanostructured hBN was functionalized with
a thin film of PEI polymer. The cross-section schematic of the sensor in
Fig. 4.2a illustrates the chemisorption of the CO> molecules interacting
with amine groups in the PEI layer. The PEI film can be regenerated by
heating the sensor chip >85 °C to thermally desorb the CO, gas.5>M0"

A representative array of the EBL patterned hBN nanoribbons before PEI
coating was characterized with SEM and AFM depicting a ribbon
geometry of 400 nm period and 30 nm thickness (Fig. 4.2b/c). Surface
defects and inhomogeneities are observed in the SEM micrograph, which
could contribute to increased polaritonic scattering, consequently
broadening the PhP resonances.
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Figure 4.2: hBN-based gas sensor chip and structural characterization. (a)
Schematic of the proposed sensor chip comprised of fabricated hBN
nanoribbons on a CaF2 substrate and functionalized with a PEl coating. The
basic reaction is illustrated by reversible chemisorption and thermal desorption
of CO; gas in the amine-rich PEl layer. (b) SEM and (c) AFM characterizations of
EBL patterned hBN nanoribbons.

The extinction spectra of the EBL patterned hBN nanoribbons were first
investigated prior to PEl functionalization. Fig. 4.3 compares the
transversal volume confined PhP modes produced from two ribbon
geometries, with high extinction (~30%) and sharp (achieving @ ~80) PhP
resonances occurring above the transverse optical (TO) phonon position.
Wider ribbons shifted the PhP resonance towards a lower wavenumber
as expected from geometrical tuning. For comparison, the extinction
spectrum of PEl directly deposited on a substrate (solid grey curve)
displays weak band intensities. The rescaled plot (dashed grey curve)
enables us to show the overlap of a prominent vibrational fingerprint
(~1470 cm™1) with the PhP resonances.
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Figure 4.3: Fabricated hBN surface characterization. Experimental extinction
spectra of hBN nanoribbons of two different ribbon widths with the same 400
nm period. The PhP modes occurred above the TO phonons (grey highlight).
For comparison, the extinction spectrum of PEI (75 nm thick) deposited directly
on CaF; substrate is also displayed (solid grey curve) including its rescaled plot
(dashed grey curve).

4.2 Effect of PElI Functionalization on hBN Nanoribbons

Functionalizing the 2D nanostructures with gas-adsorbing thin layer
generally enhances the interaction between gas molecules and surface
bound polariton fields. Hence, depositing a thin PEI film on top of hBN
nanoribbons would enhance the near field interaction by concentrating
the adsorbed CO2 molecules within the PhP field volume penetrating in
the PEI layer.

The thickness of the PEI film should optimally match the field decay
length of the highly confined PhP modes of the hBN nanoribbons. We
formulated a PEI solution that could yield a film thickness to cover the
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majority of the field decay length (e.g., in reference ["], an 85% field is
confined 30 nm from the top surface of the hBN nanoribbons). The hBN
thickness (determined experimentally to be 30 nm, as shown in the AFM
in Fig. 4.2¢) should be considered when estimating the overall PEI
thickness. A 1.58 wt% solution of branched PEIl (M,,~2500 from Sigma
Aldrich) diluted in ethanol was prepared, and after magnetic stirring, the
solution was spin-coated on a silicon substrate at 5000 rpm. Then, the
sample was baked at 100 °C for 2 mins to further evaporate the ethanol
solvent. From ellipsometry fitting (Fig. 4.4a), the thickness of the PEI film
was determined to be 75 nm, which is able to entirely cover the hBN
nanoribbons (around 30 nm thick based on AFM in Fig. 3.2¢). In estimate,
the remaining thickness on top of hBN is ~45 nm that matches the PhP
field decay length.”> Such PEI solution was deposited on top of hBN
nanoribbons. The resulting surface morphology in AFM image depicts a
planarized film with small undulation of around 2 nm peak-to-peak
amplitude (Fig. 4.4b).
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Figure 4.4: Thin PEI characterization. (a) Ellipsometry fitting parameters (a, 8) of
a spin-coated 75 nm PEI layer on Si from a 1.58 wt% solution prepared in
ethanol. (b) AFM measurement of PEl coated hBN nanoribbons.

The optical response was investigated for different hBN nanoribbon
geometries upon addition of the thin PEl film. The measured PhP
resonances redshift and broaden upon PEI coating in two representative
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arrays of different ribbon widths, as observed in Fig. 4.5a. This is
consistent with other ribbon widths, where similar trends can be seen.
This is shown in Fig. 4.5¢, which plots the extracted experimental Q's and
peak positions of PhP resonances before (blue) and after (red) PEI
coating. This clearly demonstrates decreased Q's and redshifted peak
positions of the PhP resonances after PEI coating. This damping effect
could be explained by the coupling of the PhP resonance with much
broader vibrational resonance of PEI molecules.
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Figure 4.5: PEI-functionalized hBN nanoribbon surface. (a) Experimental and (b)
simulated extinction spectra of hBN nanoribbons before (blue curves) and after
(red curves) 75 nm PEl coating for two ribbon widths with the same 400 nm
period. The experimental spectrum for bare PEl on CaF; is also displayed for
comparison (dashed grey curves). (c) Resonant peak positions and Q's extracted
from experiments for various fabricated ribbon widths before (blue curves) and
after (red curves) PEl coating. (d) Simulated PhP resonances for hBN
nanoribbons of width 160 nm for different hBN damping values before (solid
curves) and after (dashed curves) PEI coating.
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Full wave electromagnetic simulations were performed using finite-
element methods (COMSOL software) by the collaborators from Spanish
National Research Council (CSIC-Universidad de Zaragoza). The
permittivity of 75 nm PEl was taken by fitting the Lorentz model with three
coupled oscillators with the experimental transmittance spectra of the PEl
layer deposited on CaF; (Fig. 4.6). Here, subsequent measurements were
collected for different CO; level concentrations. The fitted spectrum at
390 ppm (exposure at ambient atmospheric CO> level) corresponds to
the as-prepared PEI layer. The dielectric function of the hBN, obtained in
single-Lorentzian form (Equation 2.4), was analytically fitted with the
experimental transmission spectrum of a non-patterned hBN flake on
CaF>. To closely examine the losses of the PhP modes in the presence of
PEl, the hBN damping factor y,gy was varied in the permittivity model for
a representative ribbon array (width = 160 nm), as shown in Fig. 4.5d. For
relatively low yugy Vvalues, a significant drop in the extinction and a
broadening of the PhP modes were observed. Our experiments can be
reproduced using ypgy= 15 cm™1, where the addition of PEl results in a
PhP mode with similar extinction but with substantial broadening. This
Yren= 15 cm™1 value was applied to numerical simulations in Fig 4.5b,
with the trend agreeing with the experimental results. However, the
simulated extinction peak intensities were higher compared with those in
the experiments, which can be attributed to scattering due to non-
uniformity and defects of the fabricated hBN nanoribbons.
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4.3 hBN PhP Response with CO:

The optical response sensitivity of the proposed sensor to CO2 gas
exposure is presented in Fig. 4.7. The experimental PhP mode of PEI-
coated hBN nanoribbons with 160 nm width nearly overlaps the PEI
vibrational fingerprint at 1470 cm™1, thus this geometry is monitored in
the experiment. The range of CO; injected in gas cell (Fig. 4.1) is varied
from an ambient atmospheric level (~390 ppm) to higher levels, beyond

the classified harmful scale (>1000 ppm) in IAQ monitoring.'®
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Figure 4.7: CO; sensing experiment of hBN+PEl. (a) Experimental and (b)
simulated extinction spectra of hBN (width=160 nm)+PEI with varying CO, ppm
levels (grey dashed arrow indicates the response toward increasing levels). (c)
Extinction spectra of bare PEl on CaF; in response to the same CO; level
variations in (a). Inset displays the zoom-in of the PEI vibrational band (grey
shaded region). (d) Extracted experimental resonant peak position k.. (left axis,
solid markers) and peak extinction (right axis, open markers) as a function of the
average PEl signal in ().

The experimental PhP resonance (Fig. 4.7a) redshifts, broadens, and
weakens at increasing CO2 ppm levels. The PEl vibrational band intensities
strengthen as the PEl layer adsorbs the CO> gas at a particular increased
concentration level. The PhP mode probes the variation of dielectric
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function in the PEl layer in its vicinity, which results in a modulation of the
PhP resonance for varying CO> levels. The simulated spectra produced in
Fig. 4.7b were acquired by using the PEI permittivity model as a function
of CO2 nominal levels, corresponding to fitted model in Fig. 4.6. The
theory shows good agreement with the experimental trends, except with
overall lower extinction peaks in the experiments, which is related to
fabrication defects. Note that these modulations were not seen in the
control experiment by directing CO, gas to the surfaces of hBN
nanoribbons without a PEl coating (Fig. 4.8). The small amplitude
variation in the control experiment could be due to unstable
measurements from a small aperture (25x25 um?) focused on the area of
the hBN sensing array element. No trend of PhP mode as a function of
gas concentration is observed due to almost negligible adsorption of gas
molecules at hBN nanostructures. This proves that solely relying on gas
physisorption on 2D materials is ineffective due to the highly dispersive
state of gas molecules.
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Figure 4.8: CO, sensing control experiment. Extinction spectra of hBN
nanoribbons (width w=190 nm, period p=400 nm, flake=20 nm) without PEI
functionalization exposed with different CO, ppm levels.
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For comparison, the spectral responses of PEl on CaF, were recorded at
the same CO; exposure levels and the same 30x30 um? aperture size
used when measuring the hBN array element. This resulted in a poor SNR
due to the small footprint size of the measurements, as shown in Fig. 4.7c.
However, the PhP resonant modulations were able to transduce the CO2
levels with a cleaner SNR, a clear advantage of utilizing the low-loss and
highly confined hBN PhP modes. The hBN+PEI surface provides a large
SNR enhancement with respect to PEl alone. The spectral noise floor was
estimated as N ~ 0.3%, yielding S/N >100 for the hBN+PEl surface and
S/N <10 for the bare PEl, i.e,, an SNR improvement of more than 10x.
Further improvements can be expected by expanding the footprint size
of the hBN array element and reducing the fabrication defects (e.g., with
a comprehensive study of the formulating recipe for more uniform hBN
etching).

The overall PhP modulation in the explored concentration range is
quantified by plotting the extracted peak positions and extinctions as a
function of averaged PEI signals. We have an estimated spectral shift of
4 ¢cm™! and an extinction drop of 10% relative to the peak value in the
explored range, as presented in Fig. 4.7d. The overall spectral shift is
somewhat small and is already equivalent to the FTIR resolution used in
the experiments. In contrast, the changes in extinction occur at one order
of magnitude higher than the noise level (estimated as N = 0.3%), and as
mentioned earlier, the SNR can be further improved with a larger sensing
area. Hence, monitoring the intensity changes in the PhP mode is
expected to be more operable for smaller changes in CO> concentration.

Next, we examine the repeatability of the optical response. The sensor
response is monitored in cycles on different days with subsequent CO>
adsorption and thermal desorption. As discussed previously and shown
in Fig. 4.2a, adsorbed CO> reacts with amine groups of PEl to form
carbamate. The PEl is regenerated by heating it at 95 °C for 2 mins with
a continuous N; gas flow, causing the carbamate to dissociate and the
amine-sorbents to be recovered, while releasing the CO2 gas. Fig. 4.9a
illustrates the repeatable response over several days, showing that the
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change in PhP resonance for higher CO2 ppm is consistent with that
previously described. Moreover, thermal desorption returns the PhP
mode to its as-prepared state (exposure to ambient atmospheric CO3).

Finally, Fig. 4.9b demonstrates the reusability of the sensor. After 8
months, the PEI layer is removed using Oz plasma etching, and the PhP
resonance still retains its frequency position at higher wavenumber for
bare hBN nanoribbons. A new 75 nm PEI coating on top produces the
same trend of redshifted, broadened and weakened PhP resonance.
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Figure 4.9: Repeatability and reusability experiments. (a) Extinction spectra of
hBN+PEIl on different days upon PEI thermal desorption (grey curves) and
exposed at higher CO; level (red curves). (b) Extinction spectra of hBN
nanoribbons with and without a PEI layer for first time use (left), and following
removal of the old PEI layer and coating with a new PEI layer after 8 months

(right).
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4.4 Conclusion

We have demonstrated mid-IR gas sensing based on monoisotopic hBN
nanoribbons functionalized with thin CO,-specific PEI polymer. The top
thin PEI layer improves the sensitivity by bringing the CO, adsorbed
molecules within the highly confined PhP field. In this system, the PhP
resonance redshifts, broadens, and weakens with increasing CO;
concentrations. This resonant modulation is influenced by the changes in
the local refractive index of the PEl dependent on CO; ppm
concentration. In addition, the sharp and high extinction PhP resonance
allows us to detect these local changes with a high SNR, even for a small
sensing area of only 30x30 um?. Our results show that a miniaturized
SEIRA gas sensor platform could be developed with PhP-enhanced
nanostructured hBN.
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Chapter 5

Quantitative Bioassay with Graphene
Plasmons

The content of this chapter is currently under consideration for submission of a journal
paper:
Bareza, N. Jr, Wajs, E., Paulillo, B., Tullila, A., Jaatinen, H., Milani, R., Dore, C., Mihi, A.,

Nevanen, T.K., Pruneri, V. "Quantitative mid-infrared plasmonic biosensing based on
scalable graphene nanostructures,” [Manuscript for journal submission].

Graphene has attracted a lot of attention for use in biosensing
applications due to its versatile functionalization methods with different
biomolecular building blocks (e.g., enzymes, proteins, and DNA), and also
because of its flexible transducing principles (e.g., conductivity changes
in field effect transistor, absorption enhancement as fluorescent
quencher, and plasmonic resonant tuning).6'3313> For instance, graphene
nanostructures that generate highly confined mid-IR plasmons show
promising potential for tunable and surface-enhanced plasmonic sensing
applications 3%>4°972 Rodrigo et. al. demonstrated qualitative label-free
detection of proteins by way of the coupled amide frequency bands in
the LSPR of graphene nanoribbons (GNR).>*

Our objective is to report a quantitative bioassay using a graphene-based
mid-IR plasmonic system with a relevant bio-functionalization. A bioassay
comprising small biomolecular components is considered, which in
principle should be within the extension of the plasmonic field decay
length of graphene nanostructures (typically £, = 10 — 15 nm)>*>° In our
system, we functionalize the fabricated GNR with a pyrene linker (Py) via
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m —m stacking. This subsequently binds with an anti-vB12 antibody
fragment (Fab), an antigen-binding component that attaches to pyrene
via an amide bond. The Py+Fab acts as a bioreceptor for the recognition
of a vitamin B12 (vB12) analyte. By displaying the extinction spectra from
IR transmission measurements, we observe the LSPR modulation: (i) for
each additional biomolecular layer (Py, Fab, and vB12), and (ii) for
different vB12 concentrations. We also test the system with large-scale
nanoimprinted graphene nanoholes (GNH), and we find consistent result-
trends in the LSPR responses. Our quantitative bioassay using mid-IR
graphene plasmons could be further extended by either using different
sets of immunosensors (small receptor-biomarkers) or by employing
other hybridized graphene metasurfaces that possess more robust and
higher extinction LSPR modes. 467148

5.1 Plasmonic-Based Biosensing with Graphene
Nanoribbons

This section details the IR biosensing setup and the fabricated graphene-
based plasmonic sensor chip with considered bioassay. Fig. 5.1 illustrates
the schematic diagram of the biosensing scheme, where optical
measurements were done using FTIR microscope system. The sensor chip
consists of GNR on SiOy/Si substrate (fabrication described in Fig. 3.2)
with configured electrostatic back-gate voltage Vg for active tuning of
the graphene LSPR. The sensor chip, divided into several sensor array
elements, is mounted on a moving stage that enables to scan different
sensor surface when performing transmission measurements. A single
unit of bioassay on GNR is sketched, which composed of Py, Fab, and
vB12. The Fab used is a recombinant protein, engineered and provided
by the collaborators from Technical Research Centre of Finland (VTT).

In the optical measurements, the IR light was polarized perpendicular to
the long axis of the graphene ribbons for the LSPR excitation, and far field
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transmission spectra were collected by a liquid nitrogen-cooled mercury-
cadmium-tellurium (MCT) detector. In order to acquire the extinction

spectra (1—%), subsequent measurements were taken, with 100
0

averaged scans with a resolution of 16 cm™ per region on GNR+bioassay
(T) and a bare substrate (T).

Polarized IR
Vitamin B12 Antibody transmission
(vB12) P, Fragment (Fab)
APyrene linker (Py)
A ] ~ P e,

Figure 5.1: Schematic diagram of the biosensing setup. A sensor array of GNR
on an SiOy/Si substrate is configured with a supply of back-gate voltage V.
The sensor chip is mounted on a moving stage in order to scan the sensor
elements when measuring the IR transmission using an FTIR microscope. A
single-unit of bioassay is illustrated, comprising a pyrene linker, an antibody
fragment (receptor) and vitamin B12 (analyte).

The immobilization of the bioassay is illustrated in Fig. 5.2a. The sensor
chip was first immersed in a freshly prepared solution of 1-Pyrenebutyric
acid N-hydroxysuccinimide ester (5 mM in 100% methanol) for 2 hours at
room temperature. This forms a self-assembly monolayer (SAM) of
pyrene derivative on the graphene surface. Then, the sample was washed
with methanol to remove any excess and unbound molecules. After this,
the Fab solution (0.5 mg - mL™! in PBS 7.4) was dispensed in a few uL-
drops using a high-precision SCIENION sciFLEXARRAYER S3 spotter. After
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30 mins of incubation at room temperature in the humidity chamber, the
device was washed with Milli-Q water and then dried. After that, 100 mM
ethanolamine solution at pH 8.5 was spotted and incubated for 10 mins
to block the remaining active ester sites and subsequently washed with
Milli-Q water and dried. Next, different concentrations of vB12 (0 to 1
mg - mL™1) were spotted on different sensor elements and incubated for
5 mins at room temperature in the humidity chamber. Lastly, the device
was washed with Milli-Q water and dried for optical measurements.

(a) Immerse Pyrene solution (b) SEM micrograph

Spotting Fab solution

(c) AFM profiles

5| —GNR
GNR ——— GNR+Py+Fab+vB12
| /‘\

Spotting vB12 solution

AY, <« ¥

Spotted bioassays
i NRi?+Py+!=ab+vB12

Averaged Height (nm)

0 50 100 150 200
Position (nm)

C1 Cc2 C3

Different vB12 concentrations

Figure 5.2: Schematic flowchart of the bioassay formation and sensor surface
characterizations. (a) The sensor chip was immersed in a solution to immobilize
the pyrene linker. After washing in methanol and Milli-Q water, subsequent
spotting, incubation, and washing stages of Fab and then vB12 solutions were
performed for each sensor element. Different concentrations of vB12 were
assigned in the sensor array. (b) SEM micrograph images show a snippet of the
sensor array, where light grey squares contain the GNR of width w=30nm and
period p=80nm. (c) AFM characterization of the GNR surface before and after
the bioassay formation.

61



Chapter 5. Quantitative Bioassay with Graphene Plasmons

The SEM micrograph in Fig. 5.2b shows that the sensor surface is divided
into several elements of fabricated GNR (light grey squares with areal size
of 240x240 um?) to accommodate different bioassay components on a
single chip. The zoom-in image illustrates that the fabricated ribbons are
electrically connected to have uniform bias upon gating. The AFM
measurements in Fig. 5.2c confirm the presence of spotted biomaterials
on top of GNR. The AFM image after the full bioassay immobilization
(Py+Fab+vB12) shows irregular structures on top of the GNR indicating
the presence of accumulated biomaterials. This is clearly demonstrated
with a higher extracted average AFM height profile after adding the
bioassay (green line) compared to GNR only (black line).

5.2 Bioassay: Characterization of Biomolecular Layers

The optical characterizations of the biomolecular layers that are
successively added on non-patterned graphene and GNR (displayed in
same y-scale to compare IR absorption) are presented by the
experimental extinction spectra in Fig. 5.3. Noticeable changes in the
spectral absorption are more obvious with the GNR surface biased at
Ve = —100V (Fig. 5.3b) than with the non-patterned graphene (Fig.
5.3a). This is due to the absorption enhancement induced by the
graphene LSPR.

The spectra for the non-patterned case have vibrational signal features,
that are scarcely distinguishable from the noise. Nevertheless, the zoom-
in plot in the inset (Fig. 5.3a) depicts the amide bands of Fab (1550 cm™?!
and 1660 cm™1) in blue highlights, as well as one apparent increased peak
in green highlight at 1670 cm™~?* that corresponds to the stretching of the
propionamide side chain of the vB12.¥° Fig. 5.4 presents a closer
investigation of the vibrational modes of the vB12 within the 1200-1700
cm~! wavenumber region including its interaction with the Fab, for
different concentrations. To yield higher vibrational signals, dried vB12

solutions are examined (Fig. 5.4a), wherein the precipitated vB12
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biomolecules form single bound layers on top of the Fab. This results in
more pronounced vibrational signals due to the large interaction length
of the vB12 with the transmitted IR light, where intensities are directly
related to concentration levels. Table 5.1 summarizes the frequency
assignments of the vibrational modes, which include the most intense
peak at 1670 ¢cm™! and other weaker band signatures. In our sensing
experiments, the spotted solutions of vB12 were washed after 5 mins of
incubation in a humidity chamber, enabling the specific binding of the
vB12 analyte with the Fab receptor (Fig. 5.4b). As expected, this showed
weaker signals due to a smaller interaction of the IR light with fewer vB12
biomolecules. Nevertheless, the vibrational signals are also present with
intensities directly related to the vB12 concentrations.
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+Py
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Figure 5.3: Optical characterization of biomolecular layers. Extinction spectra
are displayed for the successive addition of biomolecular layers for (a) non-
patterned graphene and (b) graphene nanoribbons. The inset in (a) shows a
zoom-in of the vibrational bands (blue and green shaded regions for Fab and
vB12, respectively). The red arrow in (b) indicates the shift in plasmonic response
on addition of the biomolecular layers.
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Table 5.1: Frequency assignments of vB12 biomolecules."*™®

Frequency (cm™) Assignment

1670 8(C=0)
1570 5(C=0)
1500 5(C=0)
1475 S(N—O)
1450 H(C—H)
1400 5(C—0)
1215 o(C—0)

The optical responses shown in Fig. 5.3b exhibit prominent LSPR
modulations for each subsequent addition of a biomolecular layer on the
GNR, specifically reducing the amplitude and red-shifting the LSPR peaks.
On addition of the Fab and vB12 layers, the LSPR peak positions are
detuned from the highlighted vibrational band locations in Fig 5.3a. For
instance, a small broad peak attributed to the amide band | (~1660 cm™1)
is situated on the pedestal of the LSPR of GNR+Py+Fab (blue curve). This
implies that the plasmonic field is coupling weakly with the biomolecular
vibrational resonances, and that the LSPR modulation is induced by the
dielectric environment change (i.e., change of bulk refractive index) in the
presence of the biomolecules.
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Figure 5.4: Vitamin B12 band characterization. Extinction spectra are shown for
different concentrations of (a) dried and (b) washed solutions of vB12 on non-
patterned graphene. Inset in (b) displays a zoom-in of vB12 vibrational bands.

In order to elucidate the influence of the biomolecular layers on the
conductivity of the graphene, electrical characterizations (R vs. Vg;) were
performed with a fabricated graphene field effect transistor (gFET)-like
device with an active area of 500x500 um?, as shown in Fig. 5.5. Prior to
the measurements, the gFET sample was treated by, firstly, spin-coating
and then removal of the e-beam resist (ZEP) to mimic the initial p-doping
of as-prepared GNR via e-beam lithography. The Dirac curve of the gFET
has a charge neutrality point (CNP) of around Vs ~ + 40V, indicating
that the Fermi level is in the valence band (p-doped) with hole carriers.
The addition of pyrene caused the CNP to move towards a higher p-
doping level (Vg; ~ 4+ 60V), probably due to the additional hole doping
induced by the NHS ester contained in the pyrene molecules.™ However,
on addition of the Fab and vB12, the Dirac curves showed only small CNP
shifts, maintaining the graphene at similar p-doped levels in all cases.
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Figure 5.5: Electrical characterization of a bioassay for graphene with a Vg
sweep. The inset shows a schematic of the sensor chip, which measures the
electrical resistance R across 0.5x0.5mm? graphene for a Vg; sweep from
+100V to —100V. The R vs. Vg, plots are displayed for graphene only and also
for subsequent added layers of Py, Fab and vB12.

Fig. 5.6 illustrates the enhancement of the LSPR modes upon dynamical
tuning via electrostatic gating for the cases with GNR only and after the
addition of Py, Fab and vB12 biomolecular layers. In all cases, the LSPR
modes continuously blue-shift and increase in amplitude by applying
back-gate voltages from 0V to —100V (i.e., higher p-doping). However,
the overall spectral locations of LSPR peaks have red-shift on addition of
each biomolecular layer. In the experiments, we kept the system at Vg, =
—100V (recall Fig. 5.3b) in order to have enhanced LSPR when analyzing
the responses for different vB12 concentrations.
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Figure 5.6: Optical characterization of a bioassay for GNR with a Vp; sweep.
Extinction spectra for bias voltages Vs from 0V to —100V (sweep direction
indicated by arrows) are presented for GNR alone and for subsequent added
layers of Py, Fab and vB12. A vertical offset was applied to show the stack of
grouped LSPR responses for each addition of biomolecular layer.

5.3 Quantification of Vitamin B12

This section tackles the quantification of vB12 concentrations from
graphene LSPR modulation. Different concentrations of vB12 solutions
are spotted on each of the GNR+Py+Fab sensor elements (recall Fig. 1a).
After incubation, washing and drying steps of the chip, the optical
measurements are taken per sensor element. We examined that the LSPR
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further redshifts and reduces in amplitude with increasing vB12
concentration. We acquired the calibration curve for vB12 detection by
calculating the spectral shifts. Hence, we extracted the spectral positions
of LSPR peaks before (k,) and after (k,) adding vB12, as illustrated from
the dashed lines in Fig. 5.3b.

The calibration plots of vB12 concentration vs. A(k; — k) are displayed
in Fig. 5.7. In Fig. 5.7a, the current values of the standard curve showed a
sigmoidal relationship with the concentration of vB12 with saturation
above 5 ug-mL™1. However, the linear fitting in Fig. 5.7b shows an
excellent linearity (R? = 0.99, p<0.001). Here, the sensitivity of the system
is calculated from the slope of the standard curve, which equals 4.4 mL -
cm™1-mg~1. The limit of detection (LOD) was found to be 43 nM,
calculated as 3 times the standard deviation of the y-intercept of the
regression line divided by the slope.
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Figure 5.7: Calibration plots for vB12 detection. (a) Standard curve for
wavenumber shift A(k; — k;) vs. vB12 concentration (from 0 to 1 mgmL™1),
where k; and k, indicate the spectral positions of the LSPR peaks before and
after the addition of vB12 analytes, respectively. (b) Linear fit for the lower
concentration range from 0 to 5 ug mL™.

A negative control experiment was performed to test the specific binding
of vB12 molecules with Fab receptors. In this experiment, we compared
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two bioassays, one with complete components (GNR+Py+Fab+vB12,
solid line) and the other one without the Fab layer (GNR+Py+vB12,
dashed line). As shown in Fig. 5.8, a significant shift is observed with the
presence of Fab, indicating the specific binding of vB12 to Fab. On the
other hand, almost no spectral shift is observed in the control experiment
(without the Fab), signifying the absence of the non-specific binding of
vB12 to the surface of the GNR.
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Figure 5.8: Control experiment for the non-specific binding of vB12 to the
surface of the GNR sensor. Extinction spectra are displayed for vB12 binding to
the surface with Fab (solid curves) and without Fab (dashed curves). The right
panel shows an illustration of sequential bioassay formation between the actual
sensing experiment and control experiment.

5.4 Biosensing with Large-Scale Graphene Nanoholes

In order to move toward large sample sizes and the effective screening
analysis of mid-IR sensing applications with nanostructured graphene
surfaces, an important factor to consider is the employment of cost-
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effective and high throughput processes as an alternative to e-beam
lithography (EBL). For instance, nanoimprint lithography (NIL)>® and block
copolymer self-assembly strategy™? have shown great potential for future
implementations, and are constantly being improved in terms of high
uniformity and minimal fabrication defects of scalable graphene
nanostructures. This section presents a demonstration of the same
biosensing experiment with a large-scale NIL-fabricated GNH sample,
fabricated and provided by the collaborators from The Institute of
Materials Science of Barcelona (ICMAB).

Fig. 5.9 illustrates a schematic of the GNH-based biosensor setup. The
SEM micrograph shows the fabricated GNH structures, which exhibit an
LSPR that is polarization-insensitive to IR transmission.>® Therefore, in this
experiment, we used unpolarized IR light and a 1x1 mm? aperture size
(100x larger that that used for the EBL-fabricated GNR in Fig. 5.1), which
allows a response from a wide area of the GNH surface to be collected.
The sensor chip consisting of large-scale GNH on an SiO,/Si substrate is
also configured with electrostatic back-gate voltage Vg, for optical
tuning.

Unpolarized IR Graphene nanoholes (GNH)
transmission

Figure 5.9: Schematic diagram of a sensor based on large-scale patterned
graphene nanoholes (GNH) via nanoimprint lithography on an SiO/Si substrate,
which is configured with a supply of back-gate voltage Vgz;. The SEM
micrograph shows the GNH of diameter d=75nm and period p=200nm.
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Fig. 5.10a depicts the LSPR response of an NIL-fabricated GNH sample
with dynamical tuning via electrostatic gating. The LSPR modes are
enhanced by applying the Vg, toward higher negative voltages (i.e.,
higher p doping), specifically blue-shifting and increasing the intensity of
the LSPR peaks. The overall response of the GNH with an immobilized
bioassay in Fig. 5.9b shows a red-shift and decreased amplitude of the
LSPR peaks, which is similar to the result-trend of the GNR case in Fig.
5.6.
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Figure 5.10: GNH surface characterization. Extinction spectra of (a) as-prepared
GNH and (b) GNH after bioassay formation are displayed for a Vg sweep from
OV to higher negative voltages.

Fig. 5.11 displays the experimental extinction spectra obtained by
analyzing the GNH after the addition of each biomolecular layer and at
different vB12 concentrations. We have observed results that are
consistent with the same experiments carried out using small-scale GNR
structures, where the LSPR peak continuously reduces in amplitude and
redshifts (Fig. 5.11a). In Fig. 5.11b, we have also observed the same result-
trend for increasing vB12 concentrations with the LSPR peaks further
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reduced in intensity and red-shifted. This demonstrates the potential use
of NIL-fabricated graphene samples for large-scale biosensing
applications. However, the plasmonic mode distributions between GNR
and GNH are different, where near field are highly concentrated along
the edges of the nanostructures>*>° These geometrical shapes may
slightly affect the macroscopic sensor responses. Hence, a comparative
study between GNR and GNH would be required, with more
comprehensive experiments backed by numerical simulations, which
goes beyond the scope of our proof-of-concept study.
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Figure 5.11: Bioassay characterization of large-scale nano-imprinted GNH. (a)
Extinction spectra of an ungated chip for successive added biomolecular layers.
(b) Extinction spectra for different vB12 concentrations with Vg = —120V.
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5.5 Conclusion

In this chapter, we have demonstrated a quantitative bioassay for vB12
detection based on mid-IR plasmons of graphene nanostructures. In our
system, we functionalized the graphene nanostructures with Py+Fab as a
receptor to bind with vB12 target at different concentrations. We found
that the LSPR is frequency-shifted and weakened with increasing vB12
concentrations due to changes in the dielectric environment induced by
the presence of biomolecules. Using an EBL-fabricated GNR sample, we
acquired standard curves based on extracted spectral shifts before and
after the addition of the vB12. Remarkably, consistent result-trends were
obtained using industrially scalable large-area nanoimprinted graphene
nanostructures with the same bioassay. Our results confirm that mid-IR
graphene plasmons can be employed for quantitative mid-IR biosensing.
The proposed sensor platform could be easily multiplexed for the
detection of multiple biomarkers for effective screening and large sample
analysis. Additionally, by exploring other hybridized graphene
metasurfaces that possess higher LSPR sensitivities, the LOD could be

lowered even further for specific applications.'#6-148
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Chapter 6

Summary and Outlook

Mid-infrared (mid-IR) spectroscopic sensing, within the 2-20 um
wavelengths as the so-called molecular-fingerprint region, is a powerful
technique that finds real applications in chemical analysis, atmospheric
surveys, and health diagnostics. In the past decade, spurring scientific
research has achieved chip-based developments by employing surface
enhanced IR absorption (SEIRA) technologies, but still faces challenges in
terms of exploring suitable SEIRA materials and optimizing metasurface
designs. The aim of this dissertation is to demonstrate novel mid-IR
molecular sensing applications (e.g., relevant for industrial processes and
biomarker detections) based on nanostructured two-dimensional van der
Waals (2D-vdW) materials, exhibiting highly confined polaritonic modes,
and functionalized with relevant layers. Exploiting the 2D-vdW crystals
that have been extensively studied in recent years, we investigated the
sensing performances of their nanostructures, specifically graphene
(pioneering 2D-vdW with tunable electro-optical properties) and
hexagonal boron nitride (hBN, sustaining ultralow-loss polaritons).

In this thesis, three major mid-IR sensing works have been
conceptualized, performed, and evaluated using the nanostructures of
graphene and hBN materials.

» First, we demonstrated a novel mid-IR gas sensing platform based
on graphene nanoribbons (GNR) functionalized with an ultrathin
COz-adsorbing polyethylenimine (PEI) layer. The CO> level variations
were transduced by two coexisting mechanisms: (i) the SEIRA effect
(vibrational signal enhancements) and (ii) reversible PEI-induced
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graphene doping (localized surface plasmon resonance LSPR
modulations). We reported the latter as a novel way of efficiently
sensing CO> levels with a limit of detection of 390 ppm — the ambient
atmospheric level — but it was limited because the setup was not
hermetically sealed.

= Next, we reported the first phonon-enhanced mid-IR gas sensing
system based on monoisotopic hBN nanoresonators functionalized
with a thin PEIl layer. We detected CO; levels by means of the
reversible phonon polariton (PhP) resonance tuning caused by
dielectric changes in a PEl environment upon the adsorption or
thermal desorption of CO; gas. Despite a small sensing area of only
30x30 um?, we achieved a high signal-to-noise ratio due to high-Q
PhP resonances of the hBN nanostructures.

» Finally, we presented a successful quantitative bioassay of vitamin
B12 (vB12) detection using mid-IR plasmons of graphene
nanostructures with functionalized bioreceptor layers (pyrene linker
+ anti-vB12 antibody fragment). Varying vB12 concentrations were
transduced by the LSPR modulation of EBL-fabricated GNR samples,
with the response being influenced by the local bulk refractive index
change related to the amount of immobilized vB12 molecules. We
acquired a calibration plot based on the spectral shifts of the LSPR
upon addition of the vB12, where we extracted an LOD of 43 nM. We
also validated the same trend of optical responses with the same
bioassay on a large-scale nanoimprinted graphene nanohole array
sample.

The main findings in this dissertation confirm that nanostructured 2D-
vdW materials such as graphene and hBN could pave the way toward
enhanced, molecular-specific, quantitative sensing in the mid-IR.
However, further experimental work, backed with numerical simulations,
is needed in order for comprehensive performance evaluations to realize
their full potentials in molecular sensing applications. On the one hand,
the demonstrated proof-of-concept gas sensing (Chapters 3 and 4) could
be readily extended to the detection of other relevant gas species with
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the same PEI polymer (e.g., NH3 and volatile organic compounds)®¢, or
other conductive polymers™3. On the other hand, the mid-IR biosensor
platform could test different sets of small conjugate pairs of
immunoassays'™®, with the opportunity for multiplexed detection of
several biomarkers on a single chip.

Future implementations include scalable sensor platforms and improved
sensitivity with the use of optimized surfaces in order to lead 2D-vdW-
based mid-IR sensors toward technological maturity. Cost-effective and
high throughput processes have already been fabricated with
nanostructured graphene using nanoimprint lithography (NIL)*° and
block copolymer self-assembly strategy™?. As noted previously in Chapter
5, we demonstrated mid-IR biosensing with vB12 detection on an NIL-
fabricated GNH surface. While large monolayer graphene grown via
chemical vapor deposition (CVD) was used for gas- and biosensing, a
monoisotopic hBN flake was also employed for gas sensing having small
footprint size for areal measurement. It would be noteworthy to explore
and evaluate the mid-IR sensing performance of recently synthesized
wafer-scale hBN down to a monolayer via CVD™* and molecular beam
epitaxy (MBE)™. In order to improve the sensitivity, as well as reducing
fabrication-defects, hybridized 2D-vdW metasurfaces™®™8 or higher
crystallinity could be utilized (e.g., seeded growth for monocrystalline
graphene™® or isotopic enrichment*' for the case of hBN). These possess
robust and higher extinction resonances, lowering the LOD of target
molecules for specific applications.
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