ABSTRACT

KHAMH , HNIANG ZA MAWI, Cadmium Oxide Thin Film as a Mid -infrared Surface
Plasmon Resonance Sensor Chip(Under the direction of Dr. Stefan Franzer).

The field of plasmonic optics is the study of interaction between electromagnetic light
and free electrons of metals or conductors. When free electrons are excited by light, the
conducting electrons collectively oscillate along the interface of a metal and a dielectric
then propagate as electromagnetic waves, called Surface Plasmon Polaritons (SP3).
Though SPP in the UV-Vis region is a well-studied phenomenon, finding ideal materials
that can support surface plasmons in the IR region has been a struggle fo over a decade.
IR plasmonics has potential heat harvesting applications and could lead to profound
innovations in infrared detection and chemical- and biosensing technologies in semk
conductor compatible conducting metal oxides. In 2015 a gateway material ¢ cadmium
oxide doped with dysprosium (CdO:Dy) ¢ was discovered by the Franzen and Maria
groups at NCSU. This material has high mobility and tunable carrier concentration, two
essential properties of an ideal, mid-IR plasmonic material. These properties allow
CdO:Dy to have a narrow plasmonic band and be tunable in all mid -IR regions, making
it an ideal material for a biosensor when incorporated with the Surface Plasmon
Resonance (SPR) technique.

SPR, the excitation and detection of the collective oscillation of conducting electrons
along the interface of a conducting layer and a dielectric (insulating layer), has made a
major impact in the biosensing field. SPR monitors minute changes in the refractive index
of a chemically functionalized surface by observing the resulting resonance angle shift.
In the UV -Vis region, the shift in extinction angle of incident light measured before and

after chemical attachment on the sensor chip measures the changein the index of
refraction in an insulating layer. The amount of surface -bound material is determined

based on analysis of this change. This effect is mplified and is material specific in the IR -
region since IR carries molecular vibrational information. T he shift in resonance angle
will be affected by both real and imaginary parts of the index of refraction , which is orders
of magnitude larger than in the UV-vis region becauseof IR absorption and dispersion

by molecular vibrations.

In this dissertation, doped CdO thin film is explored as a potential sensor chip for mid -
IR frequencies (2.5- 10 pum). Although CdO can be doped with several different dopant s
(Dy, Y, F or Al), dysprosium -doped CdO (CdO:Dy) was primarily used to collect data in
this work. Anoth er integral part of this work relies on surface modification techniques,



in which self -assembled monolayer (SAM) deposition and spin-coated polymer on CdO
surface were explored extensively.

The monolayer deposition and SPR detection of hexadecanethiol (HDT) SAM serve as a
proof of concept that a CdO:Dy sensor chip can be used as a midIR sensor chip. An angle
shift was observed due to the presence of HDT SAM, and additional valuable IR
information was also observed in the collected data. However, this experiment led to the
realization that the thickness of the HDT monolayer is not thick enough to give an
adequate IR signal. Taking this into consideration, spin-coated polymers with
controllable thicknesses were extensively explored. With the study of spin-coated
polymer films, stronger IR signal sand larger angle shifts were observed when compared
to HDT coated film. As the thickness of the polymer layer in creases, much stronger IR
signals and larger angle shifts were achieved. Detailed analysis of these resits and the
IR line-shape analysis are presented in this document. The work presented in this
dissertation serve as the first step towards exploring IR-plasmonic active material as a
sensor in mid-IR region.
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CHAPTER

Introduction

Note*: Part of the texts from chapter 1 is based on a publication written by me as a first
author with input from other authors. All figures a re my own work or reproduced with
permission from other publishers.

Publication:

As good as gold and better: conducting metal oxide materials for mid -infrared
plasmonic applications

Hniang Khamh, Edward Sachet, Kyle Kelley?, Maria, Stefan Franzen

JOURNAL OF MATERIALS CHEMISTRY C, 6(31), 83268342 (2018)

1.1 Motivation

The development of plasmonic materials in mid -IR is an important field has beenrapidly
expanding over the lastfew decades. As new materials emerge, the potential applications
of these new-found materials are of interest within the scientific community. IR
plasmonic active materials are applicable in many areas from heat harvesting?, data



storage?, plasmon lasers and sensors®. However, the most established plasmonic
application is being widely used in the UV -Vis region employing by Au and Ag as sensor
chips in Surface Plasmon Sgectroscopy (SPRj. Although these noble metals are highly
applicable in UV-Vis, due to their inherently low mobility and high losses, the extension
of the plasmonic field into mid -IR region is not possible with these materials. Therefore,
conducting metal oxides (CMOs) were heavily investigated since doping enabled th eir
carrier densities to be tuned, which extended the plasmon band to near and mid-IR
region™.

Many CMOs were heavily explored using graphene %11 ZnO doped with Alimin um
(AZO) or Gallium (GZO) and indium tin ox ide (ITO) 214 These materials can be tuned
to mid -IR region but the plasmon bands are broad due to the inability to achieve high
enough mobility in these materials. In 2015, the first plasmonic active material with high
mobility, low -loss and tunable acrossthe mid-IR region, dysprosium -doped cadmium
oxide (CdO:Dy) was reported . The development of high -quality doped CdO thin fi Im
with a narrow plasmon band prompted the idea that it may be applicable as a chemical
or bio-sensor chip in the mid -IR region when used with SPR. CdO can also be doped with
other dopants such as Y, Al and F and thus it can be written as CdO:X (X= Dy, Y,Al, F)

16,17

Surface plasmon waves of these plasmonic active maerials can be coupled to the
incoming electromagnetic wave by a simple set up known as Kretschmann configuration,
where aprism is used to match the momentum of the incoming light with the momentum

of a propagating SPP wave. By doing this the incoming lig ht is in resonance with SPP at
a certain energy, which is known as surface plasmon resonance. Using this theory, SPR
can excite and detect SPPs of plasmonic active thin filmalong the metal/air interfaces.

Therefore, the development of this novel plasmonic host CdO:Dy motivated the

exploration of its potential application as amid -IR sensor using SPR spectroscopyWithin

this document, in-depth discussions are presented about the history of extending the
surface plasmon field from UV to the mid-IR region, along with associated theories,
challenges, progress inmid -IR sensingand the future of doped CdO applications.



1.2 Historical Background

Surface Plasmon Polaritons (SPP) wasxperimentally first observed by R.M. Wood in
19028, He observed a pattern of dark bands in the reflected spectrum when he shined
polarized light on a mirro r with metal diffraction gratings on the back as shown in fig 1.1.
Though Wood did not have a clear understanding of how this phenome non happened,
he published his findings. In 1907, the physical interpretation of this phenomenon was
initiated by Lord Rayl eigh by giving a mathematical treatment in which it was known
that the spacing and depth of the gratings are essential to see this penomenon®.
However, the most important contribution came from Pines and Bohm in 1950s when
they realized the dark bands, or energy loss, came from collective oscillation of electrons
in a metallic solid 2°2% Since this phenomenon was first observed on gold surfaces it has
been discussed as a property of metals h much of the literature even though the physics
of plasmons is a well-known property of any conducting material.
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1.3 Understanding Surface Plasmon Resonance

To fully understand Surface Plasmon Resonance (SPR), we must first introduce classical
theories and equations to establish a model for the system. It is important to have an in-
depth understanding of light -matter interaction along the metal/dielectric interfaces, as
well as how light disperses in conductors to excite SPPs. In this section, we will first
x Ul Ul O0w, ERPI OGderivaudn @lecEdmhBydeiidwave Ghat propagates in a
dielectric medium. Then we will describe the dispersion relation between the
propagating electromagnetic wave with its angular frequency in nonmagnetic materials.

Since we are looking at a complicated system in SPR, we will present a dispersion relation
theory to describe how evanescert wave can be achieved and penetrate through the
conductor to excite SPPsWe will then discuss Drude Free Electron Metal theory to obtain
the dispersion equation for surface plasmon. After we have a clear understanding of these
theories, we will look at how the physical excitation of SPR can be obtained
experimentally.
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material. The following derivation is derived using [Dresselhaus 2?2, Maier? and Wolski#]

with the help of Dr. Evan Runnerstorm.

8@ (1.1)

8® 0 (1.2)

o T &
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where Q@is the dielectric displacement, ” is the extemal charge density, ®is the magnetic
induction or magnetic flux density, ‘@is the electric field, "@is the magnetic fields and ®is
the external current density.



We can also write relation between two material-specific physical material response to
external stimuli as follows:

® --0 (1.5)
® AA® (1.6)
® A0 (1.7)

Where - - is permittivity, A A is permeabilityand ADPUwUT | wEOOEUEUDPYDUA S w2
equation describes how electromagnetic wave travel and interact with a material, we
need to first generate a wave equation by taking the curl of eq (1.3).
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Now the right -hand side can be rewritten as
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Left-hand side can now be simplified using eq (1.1) and (1.5) and if there are no static
charges.
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Now we are left with the equation below when we set RHS and LHS equal
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When we substitute equations (1.4) and (1.6)
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If we now use equations (1.5) and (1.7) and sefA - =—, we obtain the wave equation.



20 — AAAF—@
T . 'F() p@(P

Wave Equation for magnetic field
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This is the same as homogeneous wave equation, and one of the possible solutions is
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This equation describes a plane wave travelling in the "@direction with angular frequency
66 w3l 1 Ul wbUwE uREIOEEuUGD@E L E iQamd K T 0 w

o
5% z PP
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However, this only describes the dispersion relation in nonmagnetic materials where the

permeability p = 1. In a dielectric material, such as conducting metal oxides, the

permittivity RUUUEOOQa wYEUDI UwbPUT wUOT T wi Ul gUI OEa w66 w3l
sophisticated condition and present Dispersion Relation Theory in the next section.

1.3.2 Dispersion Relation

Electron charges on a metal boundary can coheratly oscillate along the dielectrics and
are called surface plasmon. These SPs propagate longitudinally along the interface and
decay exponentially to the z-direction, which is called evanescent wave. If the thin film
is a conductor, the decaying wave is found both sides of the interface. The derivation of
dispersion relation is adapted from Reather from ref [29].

The electric and magnetic fields on the interface with p -polarized wave propagate in the
x direction is describe by
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From equations (1.22), (1.23) follows the continuity of
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From (1.32) with (1.33)
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Since- - ‘= , equation (1.34) can also be expressed as
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This is the dispersion relation equation that SPP to propagate in any model.

1.3.3 Drude Metal for Conducting Metal Oxides

A plasmon resonance that can be described using the free electron (Drude) model can be
propertie s of conduction electrons in an ideal material. It has been applied to conductivity
in metals, conductive oxides and heavily doped semiconductors despite the fact that
there is a significant departure from ideal behavior in many of these materials. For
example, the Drude model cannot capture the optical effects of interband transitions of
the noble metals, Au and Ag, in the visible and near-IR. The model is applicable to most
CMOs provided their bandgaps are sufficiently high. The CMOs of interest are
transparent in the visible region or colored reddish or orange with band gaps range from
2-3 eV. The observed ENZ in these materials ranges from 0.21.0 eV. The bandgap energy
is significantly greater than the plasmon band energy in CMOs. Thus, the difference in
energy between bandgap transitions and the optical resonances due to plasmons is quite
large. Provided there are no interband transitions, the Drude model accurately describes
the optical properties of a CMO based on the equation of motion of an electron in a field
of nuclei with three adjustable parameters. The dielectric function of a conductor can be
described using Drude model as follows:

a 1d a d)T ! DQ &
61 1 Ul wphen@ménobgical damping constant. This equation gives dipole moment p
and if we recall necessaryequations:



p=er Dipole moment

P=np = ner polarization (n is the electron per unit volume)
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P=RpBURE Polarization driven by an electric field

Now we can write the expression for the equation of motion in terms of polarization
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Now substitute E = 'CcQ and take derivative, then solve for ..] where _° 1§
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The plasma frequency and damping constant can be described by:

d g v
T — P
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- dielectric function

- high frequency limit

@ damping constant

1 plasma frequency

n carrier density

e electron charge

- the permittivity of vacuum
a effective electron mass
5 mobility

1.3.4 Surface Plasmon Resonance

In 1960s, the idea to excite and detect BPs sparked the interest of Kretschmann and
Reather when they realized that surface plasmon can be excited by clanging the
environment near the metallic surface??’. They came up with a simple experimental set
up called Kretschmann-Reather configuration [Kretschmann for short] where they used
prism, light source and a metallic surface as shown in fig (1.2). Around the same time,
Otto came up with a similar experi mental set up and published Otto Configuration 28
independently as depicted in fig (1.3). The two configurations are similar but
Kretschmann configuration is generally used in experiments to excite SPPs and Otto for
bulk plasmons.

SPPs can also be excited experimentally using several other methods such as grating
coupling, near field excitation and so on. In this work, we will only focus on Kretschmann
configuration since it is the only set up used in this work. To understand how this
configuration work fully, the property of plasmonic material  will be discussed by plotting
the dispersion curve for SPP, thenintr oduce how light can be coupled into this dispersion
curve.
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Thin Film

Air kx 1 SPP

Figure 1.2 Kretschmann-Reather configuration : When the incident light is internally
reflected, total internal reflection occurs (n1> n2) and an evanescent wave (red) penetrates
the metal substrate causing electrons on the metal surface (SPP) to oscillate coherently.

Thin Film

I(X
Figure 1.3 Otto Configuration: When the incident light is internally reflected, total
internal reflection occurs (n: > n2) and an evanescent wave (red) penetrates the metal

substrate causing electrons on the metal surface (SPP) to oscillate coherently.
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To describe the model for dispersion curve of a plasmonic material, O1 Uz Uw Ul EEOOL
equation for Drude metal,

T o8 X
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- = 0E O E w—uite lossless frequency depemlent dielectric function of Drude metal

can be expressed as

- p — P8 Y

We also recall the dispersion relation that SPP to propagate in any model is given by

Q - — P8 W

1 represents the angular frequency, c is the speed of light. - and - represent the
dielectric functions of the insulating overlayer (- ) and conducting substrate (- ),
respectively. Setting - p, substituting equation 1. 48into 1.49 gives,

o Lom P
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Plotting the above equation resulted in two dispersion curves of surface plasmons on a
metallic surface as seen in fig (L.4). The upper curve is radiative bulk plasmon polaritons

(BPP) and the lower curve is for SPPs separated by energy gap. The upper limit of the
gap is1 , plasma frequency and the lower limit is 7 , which is = Since surface
plasmon is excited below plasma frequency, we will only consider the curve below the

plasma frequency.



Now that we describe the dispersion of SPPs on a metal surfa@, we will introduce an

incoming light line Q —OwkPT 1 OwOwl wWhWEOEwWx OOUwWUT PUwkbUOI
depicted in fig (1.5), this light line does not intersect SPP curve at any point. Thus, there

iS no resonance betweenthe incident light and SPP. This is the reason why we do not

generally see surface plasmon interacting with metal in our everyday life. To couple the
electromagnetic light to SPP of the metal, the momentum of the incoming light needed to

be raised by propagatb OT w OPT T Uw UT UOUT T wEwW Ol EPUOW Q4 hud w

7 8
mathematically by modifying the light equation to Q _ - > 1.

This plot is shown in fig (1. 6). Now, there is a resonance between the popagating light
and the dispersion of SPP curve. This resonance is what we observed as surface plasmon
resonance.

The angle of the incident light can be changed by further modifying the equation to
0 8 11 B
light line intersects the SPP curve at a different point, therefore, the resonance happens
at a different ener gy for each angle as shown in fig (1.7).

. This means that when the angle of the incident changes, the

Figure 1.4 Dispersion curv e of BPP and SPP describe by Drude metal in a dielectric thin
film .
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W SPP

Kx
Figure 1.5 Dispersion curve of SPP and electromagnetic wave (light line). Due to the

mismatch in momentum of the light line and SPP curve, there is no intersection of the
two curve, surface plasmon resonance is not observed

w —%pp

Kx

Figure 1.6 Dispersion curve of SPP and ight line with momentum increased by - >
1. Now that the momentum of the incident light has been match to the momentum of
SPP, the two lines cross and surface plasmon resonance is observed.
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Figure 1.7 Dispersion curve of SPP and light lines generated by variating th e angles. Eah
light line with different angles crossed at a specific place in SPP
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1.4 Conducting Metal Oxides for SPR -IR

Historically, SPP have been investigated in noble metals: gold (Au) and silver (Ag). These
noble metals have played the dominant role in SPR development because their plasma
frequencies are in the visible region?*3%. Despite the fact that the plasma frequencies of
most metals are located in the deep ultraviolet3?34 visible plasmons in Au and Ag are
observed due to the d-orbital contraction in the late transition metals, which leads to
relativistic effects that lower the energy of the d -band. 3° The net effect is that the Au and
Ag plasmon resonance frequency becomes coincident with the onset of bandto-band
transitions with energies in the visible range. However, this interband mixing also ¢ auses
the plasmon bands of Au and Ag to have significant losses due to absorption in the visible
and near-UV.35% Although Au is known to be the more lossy material compared to Ag in
the visible region of the spectrum, it has been more widely used because it is more inert
and the plasma frequency is further to the red (8.89 e\#%), which is more convenient for
many experiments. It is evident from a study of the dielectric functions that Au and Ag
both have significant mixing of band -to-band transitions into the SPP. These facts are well
known, but it is less appreciated that because of the losses due to interband mixing
neither Au nor Ag has a pure plasmon polariton, defined as the SPP of a free electron
conductor.

Although it is theoretically possible to induce the SPP of Au and Ag in the IR frequency
range, there are practical limitations.383°*While SPR has been observed in Au thin films in
the near-IR region, the Au loss function increases strongly as the frequency is lowered
and there has been no similar demonstration of SPR in the mid-IR*%4% The interband loss
is an inherent aspect of any conductor, which arises from the imaginary part of the Drude
model. Any conductor is predicted by the theory to have an increase in loss below the
plasma frequency.® Therefore, it is important to match the plasma frequency as closely
as possible to the wavelength region of interest. Other metals have even higher plasma
frequencies and are even less suited for SPR in the visible/IR than Au and Ag. Any
conductor is predicted by the theory to have an increase in loss below the plasma
frequency.®® Therefore, it is important to match the plasma frequency as closely as
possible to the wavelength region of interest. Other metals have even higher plasma
frequencies and are even less suited for SPR in the visible/IR tharAu and Ag.

These limitations led to a search for new materials supporting SPPs in the mid-IR. These
are mainly semi-conductors, doped Si, GaAs, InP, GaN, as well as metal nitrides and
oxides. Si and other (llI-V) or (I1-VI) semi-conductors have SPPs belowthe mid-IR while
the metal nitrides have SPPs above the midIR.** Graphene is also an interesting

16



candidate, but like traditional semi -conductors it has a sufficiently small concentration of
free carriers to render it impractical for mid -IR applications. CMOs (ITO, Al:ZnO,
Ga:ZnO, CdO:Dy, F:SnC, SrRuG: and many others) have shown superior properties
when compared to metal nitrides. *4 Thus, CMOs have dominated the field of mid -and
near-IR plasmonics. Of these, ITO has been the workhorse in most studies because of its
wide availability due to its many commercial applications. A key point in this  review is
that the successes of ITO as a breadboard for laboratory study are overshadowed by
limitations that make ITO a poor material for practical applications. The field has focused
on the fact that CMOs consist of a range of different doped metal oxide materials that
present possibilities for engineering of materials that have the desired wavelength range
and quality factor for practical applications.

1.4.1 Engineering CMO optical propert ies

The infrared region of the electromagnetic spectrum carries vibrat ional information about
chemical bonding and is widely used for detection of thermal contrast. There has been
great interest in investigating the optical properties of CMOs for their po tential
applications in optoelectronic applications in the mid - and near-IR. Although there are
only a handful of metal oxides that are good candidates for the applications, the number
of possible new materials is nearly limitless when one considers the possible dopants,
which are always an essential ingredient in the design of CMOs. Thus, a substantial
research effort has been devoted to finding a robust material that can support SPP with
low optical loss and tunability across the infrared region. Beyond SPR there has been a
great deal of interest in CMOs as metamaterials based on the tuning of the ENZ in both
thin films and nanostructures. Typical values of the ENZ mode are shown in fig 1.8 for a
number of CMOs. The observed spectral location and bandwidth of the SPR and ENZ are
correlated, which means that fig 1.8also permits the prediction of SPR to be observed at
slightly lower energy than the ENZ energies shown. Therefore, our discussion of the
material parameters applicable to the design of SPR speata has obvious implications for
the ENZ mode as well. We will focus on the material properties, doping and preparation
of thin films of CMOs used for these applications and relate those to the free electron
model in order to develop an understanding of the design aspects that have been used to
push the optical properties into the mid -IR. CMOs are bracketed by metals to higher ENZ
mode energies and traditional Si or GaAs semi-conductors to lower ENZ mode ener gies,
each of which has a long history of plasma resonance phenomena.
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Figure 1.8 ENZ mode frequency of indium -tin-oxide (ITO), Ga:ZnO (GZO) and Al:ZnO
(AZO) as a function of dopant concentration. Insert: Drude damping as a function of
dopant concentration. Reprinted with permission from Ref ( 14). Copyright 2011 Optical
Society of America.
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1.4.2 Optical los ses as a limitation to plasmonic applications in metals

Since the plasmons in CMO degenerate semi-conductor materials are much lower in
energy than the band gap or any other band-to-band transitions, we have called these
those of Au and Ag. Au has absorption in the v isible and UV above the plasma frequency,
which is clearly observable as the peaked feature in the red, imaginary part of the wave
vector that is also associated wth the loss in the material. Au has significant increase in
absorption or loss above the plasma frequency due to interband transitions. Fig 1.9 also
shows that Ag has a much smaller contribution from interband transitions, which
explains why Ag has been the choice for high quality plasmonic material, despite its
known disadvantage as a thin film material due to its high surface reactivity. ITO was the
first material investigated for its potential as a near -IR or mid -IR SPR material*® The path
to discovery of an infrare d plasmonic material that possesses a high quality factor that
rivals Au or Ag in the visible involved consideration of a series of CMOs starting with
ITO and leading finally to the current highest quality factor observed in doped CdO.

The comparison of the dispersion curves in fig 1.9 reveals a striking similarity between
ITO and Ag.“? The real response (blue) represents dispersion and plotted as® vs. k to
show the dispersion of the material. The imaginary wave vector response (red) represents
absorption of light due to the ENZ. The peak of the absorption is coincident with the
plasmon band gap. In theory this is the mid -point between the top of the SPP and the
starting point of the BPP. The dielectric curve of ITO was obtained from the Drude model
based on the measured values of n and- , while Au and Ag were obtained from
measured dielectric functions. As shown in the Figure 1.9, the dispersion curve of ITO
has a relative width and shape that resembles the dispersion of Ag, although the
wavenumber range for ITO is a factor of 4 lower than that of Ag. Ag has extinction to
higher energy than the bulk plasma frequency, but ITO has essentially no extinction on
the high energy side of the bulk plasma frequency below the bandgap (fig 1.9A).
Although Ag is consider ed the most suitable metal for plasmonic applications based on
PUUwUxT EVUEOwWi T ECUUT UOw( 3. wil EVWEwW? xUUI U? wx OE L
significant contribution from a d -to-p interband transition, which can be observed in
nanoparticle absorptio n spectra. This additional absorption at or above plasma frequency
shown in fig 1.9B is not present in ITO and to a much smaller extent in Ag (fig 1.9C).
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Figure 1.9 The real (blue) and imaginary (red) response of wave vectors for (A) indium
tin oxide (ITO) (B) gold (Au) and (C ) silver (Ag). Reprinted (adapted) with permission
from (42). Copyright (2008) American Chemical Society

Although the noble metals are not tunable (i.e. in terms of their material properties), they
can be prepared as arrays or nanoparticles (nhanostructures) that provide a seemingly
limitless tunability due to their shape. #+ The LSPR of Au and Ag depends on the aspect
ratio and aggregation state of nanorods and nanoparticles.*>“6 The creation of ordered
arrays of gold on patterned surfaces has led to new ways to tune the LSPR of materials?
These aspects of the noble metals are currently being used as the pagrn for similar
experiments using CMOs. 48

1.4.3 The limitations of semi -conductors and graphene

The optical properties of doped silicon, which include its bulk plasma freque ncy, have
been known for decades#®5* In addition, silicide materials have been studied more
recently for plasmonic optical properties. 25 The solid solubility, the upper limit of
impurity concentration that can be absorbed by the material, does not permit a
sufficiently high dopant concentration to reach the levels observed in many CMOs.
Phosphorous has the highest solid solubility for silicon at 10 2* cm?. However, as the
doping concentration approaches the solubility limit, the doping efficiency decreases,
which presents an intrinsic limitation to applications based on these materials. > In the
final analysis, the free carrier concentrations in doped Si are so low that none of silicon-
based materials are suitable for mid-IR application s.
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Germanium is promising because it has a higher electron mobility than silicon 5557,
Germanium has a smaller optical bandgap than silicon and is typically doped with
gallium, aluminum and arsenic. Much like silic on, the solid solubility limit for dopants
in Ge do not permit high doping levels. Arsenides %85 Phosphides® and Nitrides 4¢*have
also been studied for infrared plasmonic applications. Although some of these materials
have applications in the far-IR, none of these materials are ideal materials for optical
application in the mid -IR region. Simply put, the limitations on the free carrier density
limit the optical tuning range for both Si and Ge semi -conductor materials to the region
below mid -IR.

Graphene has attraced attention as a 2D material that can support SPR that may have
applications as a metamaterial £2¢5 Graphene can support surface plasmons in the mid-IR
region, but only at low temperature (4.2K) because of high losses at room temperature. It
is worth noting that the limited data available indicate that CMOs have a modest
temperature dependence of both their band gaps and carrier densities.®¢ Similarly heavily
doped Ge, which has carrier densities in the same range as graphene shows a modest
temperature dependence on carrier dengty. > Thus, graphene has the disadvantages of a
requirement for cryogenic temperature, low car rier density and interfering intraband
UUEOUDPUDPOOUOwWPI PET wOPOPUUWUTT wUOUT T UOwWUEDT 1T woi
Thus, like the traditional semi -conductors, graphene is restricted to applications in the
far-IR.

1.4.4 Trangarent Conducting Oxides

In 2002, Franzen and Brewer hypothesized that pure plasmons can be observed in CMOs
based on the correlation of surface resistance a decrease of reflectivity in ITO in the near
IR region.®%¢ Based on the understanding of the semiconductor SPP, which was known
at the time, it was predicted that ITO would have the potential for SPR applications in
sensing in the mid- and near-IR analogous to Au in the visible. The prediction based on
the reflectivity correlation was observed in the detection of SPR in ITO in 2006 using a
— (—stageattached to a Fourier transform infrared (FTIR) spectrometer.®®°The optical
response of ITO films was studied as a function of thickness from 30 nm to 300 nm”*
Subsequertly, the effect of thin film preparation on the optical properties was quantified
based on the Drude model.”? The use of hybrid Au :ITO plasmonic thin films permitted a
separation of the SPP and ENZ based on polarization.” The SPP can be excited by
electromagnetic (EM) radiation aligned parallel to the interface of the thin film and the
ENZ can be excited only by EM radiation polarized perpendicular to the film surfac e.”
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While these studies demonstrated the utility of ITO as a material for theoretical study of
SPR in the nearlR the understanding derived from these studies led to the conclusion
that the quality factor of the SPR signal wasapproximately 5 times lower than that of Au
because of the low mobility of ITO (ca. 30 & &/Vs). Further experimental studies failed to
find a feasible preparation of a thin film of ITO with significantly higher mobility. Thus,
these initial studies revealed the need to investigate other CMOs focusing on maximizing
the carrier mobility.

Attention was then focused on zinc oxides (ZnO). These metal oxides are also transparent
to visible light because of their large bandgap. Like ITO, doped -ZnOs are referred to as
transparent conducting oxides (TCOs). ZnO be doped degenerately to achieve
conducting thin films that possess metal like properties in the mid -IR and near-IR range.
Conducting films, aluminum -doped ZnO (AZO) 7#77, gallium-doped ZnO (GZQ) 37478
were thoroughly investigated as potential candidates for NIR applications. AZO thin
films have lower losses with high doping, but GZO and ITO have higher carrier
concentrations.>”® While these materials are tunable, easy to prepare and cheaper than
ITO, they have the same disadvantage in that the mobilities are quite low. None of the
doped ZnO films studie d to date has a quality factor that is an improvement over ITO.
The systematic study of ITO using the Drude model as a guide for design led to an
understanding of the role played by the mobility in the SPR of CMOs. Ultimately, this
process of measuring theoptical response of various thin fil ms pointed towards to a new
class of doped CdOs, which are the most promising materials to date for mid -IR SPR
applications.

1.4.5 Indium tin oxide as a testbed material

ITO thin films are widely used in heat shielding mat erials®®® and electrochemical
sensorg384 due to its optical properties being sensitive to small variations in their

preparation and annealing procedures. Hence, ITO is widely used as an infrared reflector
and as transparent electrode in the visible region.8>% The observation that the ITO
reflectance decreases in the neatR region proportional to the conductance of the
respective thin film lead to the hypothesis that ITO has potential as a plasmonic material
in mid -IR region.®# Using the Drude model, the plasma frequency of ITO was predicted
to occur in the near-IR region. Due to its band structure, ITO is an excellent material for
direct observation of the optical properties within the conducting, resonance and

insulating regimes. The effects of the freeelectron theory have been tested in ITO without
interference from band-to-band transitions. The extinction in Ag and even more so, those
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in Au (fig 1.9B and 1.9C) arise from strong interband transitions, which deviate
significantly from the free electron model. While the Drude model has great predictive
power for ITO and other C MOs it has little utility in studies of the noble metals.

In the conducting regime, the electrons follow the incident electric field leading to
frequency of the bulk plasmon and - is the high frequency dielectric constant. In the
resonant regime, 6 w &dobe can excite the ENZ mode. When this was initially observed
in very thin films of ITO, we called this observation a capacitive plasmon resonance (CPR)
to indicate that the field excitation is perpendicular to the surface 72. This perpendicularly
polarized resonance, which is most commonly known today as th e ENZ, has been known
both from Abeles early work on conducting films °and the analogous effect in insulating
films, known as the Berreman mode?-°2The ENZ mode is only observed in thin films that
are thinner than the skin depth of the condu ctor. The ENZ mode has never been observed
in Au or Ag because their skin depths are so shallow (< 5 nm) and surface free energy is
so high that it is essentially impossible to deposit a film that is thinner than the skin depth.
However, ITO has a skin depth of ~120 nm for films that have ENZ modes in the near-IR.
Mid -IR SPR materials such as CdChave skin depths > 200 nm due to their lower carrier
density. The ENZ mode is related the localized surface plasmon resonance (LSPR) in a
nanoparticle, although th ere will be a geometrical effect that shifts the location of the
resonance. Since the LSPR d®ends on patrticle size and shape the thin film value of the
analogous resonance is not precisely in the same region as the LSPR. One might think of
the thin film a s a nanoparticle stretched out so that it forms a film. For example, in ITO
the ENZ mode (CPR) is observed at ~9,000 cm 72 in a 30 nm thick film. The ENZ mode
in a hexagonal geometric array of ITO triangular patterns with a thickness of 20 nm is
observed at 6,200 cnt.“¢ The LSPR of ITO observed in nanoparticles atthe same doping
of 10% Sn is 6,200 cm.®® While it is difficult to know the exact carrier density in the
nanoparticle the comparison underscores a basic similarity between the wave number
range of the ENZ and LSPR. Numerous experiments on a variety of different CMOs show
that the frequency of the ENZ mode and SPP are correlated, and both are controlled by
altering the charge carrier density.

propagates through an optically dense medium that permits total internal reflection at

the boundary. SPR can be observed by coupling light into a conducting layer such that

there is a propagating wave along the insulator -conductor interfaces on both sides of a

conducting thin film and an evanescent wave that penetrates into the conductor as shown

in fig 1.2. When light propagates through vacuum OU WE DU OwH U wb UsuWheh OT EUI E
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6 w GuuuldO behaves optically as an insulator and it is transparent in this regime. This
observation underlines how different the material interacts with EM waves dependent
on their energy relative to the plasma frequency. While these statements are true for any
plasmonic material, they are much easier to visualize in the CMOs. Despite its limitations
for practical applications, ITO is still a useful material for demonstrating the predictive
utility of the free ele ctron theory for engineering CMOs as plasmonic materials.

1.4.6 Experimental considerations of SPR in ITO

The detection of SPR in a conducting metal oxide was first achieved using a FT-SPR
attachment for a FTIR spectrometer constructed by GWC Inc. (Madison, WI) in 2006383
ITO has one ofthe highest charge carrier densities of any CMO, thus, it is well suited for
measurements in the nearIR range (5000t 9000 cmt). The dependence of the SPR signal
on the thickness of the conducting film can be explained by referring to three thickness
regimes.’ First, very thin ITO films of less than ~120 nm cannot support SPPs when used
in Kretschmann configuration because the phase shift in the evanescent field propagating
through the cannot match that of the incident r adiation at any angle.

In order for incident light to couple into the S PP (seefig 1.2) the conduction electrons
must oscillate in the vicinity of the conducting -insulator interface and result in an
evanescent field that decays exponentially, perpendicular to the interface, into the metal
as well as the dielectric. This decay has a limited penetration depth and known as skin
depth. The skin depth is related to the decay of the magnitude of the electric vector (E)
in ITO by

E =Eoexp (-t/1) (1.5)

@
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where t is the thickness of ITO, Eo is the original magnitude of the electric vector, c is the
UxT T EwOl woOPT T UWEOEwWhbwPUwWUT T WEOOEUEUDYDPUA
A film that is thinner than the skin depth of the conductor does not permit an electric
field oscillation along the conductor -insulator interface. This condition is present in panel
1.10A and 1.1 where the thicknesses are 30 nm and 55nm, respectively. There is no SPR

signal and the observed extinction is the ENZ mode in those panels. There is a transition
between two regimes shown in fig 1.10C and 1.1 where multiple optical features are
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present. The optimal thickness for ITO films is observed to be between 126200 nm, which
is shown in fig 1.1CE, 1.10F and 1.10G. In this thickness range the phase shift induced by
the loss tangentof the metal can match incident radiation in the near -IR frequency range.
In this thickness regime, ITO film can support SPP and an angle-dependent SPR signal
can be observed. The optimal thickness for the most common ITO thin film preparation
(10% Sn annaled in forming gas) is approximately 160 nm. In the third regime when the
film thickness increases beyond the optimal value the SPR signal decreases in magnitude
as shown in fig 1.10H. As the thickness surpasses 200 nm the loss tangent increases to the
point where it is no long er possible to achieve a matching condition. Viewed from another
point of view the SPP is reduced proportional to the reduction in the evanescent field at
the second conductor-insulator interface. The SPR signal eventually vanishes as is
evidence in fig1.10l.
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Figure 1.10SPR spectra R/Rs obtained for ITO film thicknesses d from 30 (panel A) to
318 (panel I). Each line represents an angle increment of 088Jsed with permission from
Ref (94).

The SPP band is tunable with carrier concentration as depcted in fig 1.11 The plasma
frequency shifted to lower energy as n decreases. Although ITO was a testbed material
for infrared SPR, it has one major drawback. ITO has a low carrier mobility (30 cm?Vs),

which leads to a broad SPR response! The width of the SPP band increases as the
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mobility decreases as shown infig 1.12. This realization provides a systematic approach
to search for high mobility conducting metal oxides that can overcome this problem in

the near and mid-infrared region. The push to the mid -IR region is a pragmatic
consideration since most conducting metal oxides have charge carrier densitieslower
than ITO, which naturally places them in the mid -IR region, which is also the region
where molecular vibrations are observed by FTIR spectroscopy.
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Figure 1.11The experimental and theoretical data for the carrier concentration series. The
corresponding charge carrier densities are given in each panel. Used with permission
from Ref (94).
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Figure 1.12The experimental data of mobility series, where the sputtering pressure of the
target gas is 9 mTorr for (a), 12 mTorr for (b), and 15 mTorr for (c). The caresponding
mobili ties are given in each panel. Used with permission from Ref (94).

ITO has beenwidely used in a variety of mid -IR plasmonic applications. The tuning of
plasmons in ITO is possible using carrier accumulation to modify the carrier density,
which in turn affects 7 and the observed SPR reflectance minimum.® A large non-linear
optical signal was observed near the ENZ mode of ITO using ultrafast spectroscopy. *?
Switchin g of the ENZ using ITO in a waveguide sandwiched between two Au electrodes
has also been demonstrated. Each of these applications shows how externally applied
electric and optical field fields can be used for photonic switching in CMO -based
plasmonic materials. ITO is still the most useful CMO for general demonstration of the
possible photonic applications. But, materials in the mid -IR with higher quality factors
may ultimately provide the most interesting for end user applications that invol ve heat
measurement and capture, IR detectors, molecular sensing, nanoscale spectroscopy, and
optical circuits.

27



1.4.7 The Search for Appropriate  CMOs for mid -IR SPR

Once SPR in the neatIR region was established by the experimental observations in ITO,
the quest for new CMO materials with high mobility began in earnest. Most CMOs have
carrier densities lower than those of ITO so that the majority will have SPR in the mid -IR.
Perovskite oxides®®®” such as SrTiQ, SrSnNOs;, CdsTeOs and SrGeQs were studied as
potential candidates for infrared SPR. Though some of these materials are found to be
useful in other areas such as solar cells and superlense$, it was realized that none of
these materials can match the maximum supported free carrier density of doped ZnO
and ITO. Heteroepitaxial thin films of ZnO were also expl ored as a potential host for
infrared plasmonics. 1% Spectroscopic detection of SPR was demonstrated for ZnO in the
mid -IR region between 2000 and 3000 cm. Though ZnO can support mid -IR plasmonics,
the observed SAR was broad and lossy as shown infig 1.13. Fig 1.13shows experimental
data in the 2-D map format (angle vs. cm™). fig 1.13 shows a doped ZnO film with optical
thickness for observation of SPR. The black feature, which corresponds tothe extinction
due to the SPR, is very broad. This is a consequence of the lowguality factor, which in
turn is due to the low charge carrier mobility at the carri er concentration (4 x 10°¢ 8 x
10 cm2) needed to sustain mid-IR SPR.

A rational materi als search based on the collective experience of the preceding IR
plasmonic materials permitted Sachet et al, to propose and demonstrate cadmium oxide
doped with dy sprosium (CdO:Dy) as a gateway material for development of high -
guality -factor tunable SPR n the mid-IR region in 2015 Subsequently, the materials set
was expanded and a family of doped CdO:M (M = Dy, Y, F etc.) exhibits sufficiently high
mobility to support SPR at mid -IR energies with low optical losses.
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Figure 1.13 Simulation and experimental reflectivity data comparison for Zinc oxide
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are simulated data. Reprinted from (100, with the permission of AIP Publishing .
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1.5 CdO:Dy: A Gateway Material for Mid -IR SPR

In 1969, the material properties of an intrinsic single crystalline CdO were reported by
Koffeyberg.1°t According to the data in Ref. 89, single crystal CdO exhibits both mobilities
and carrier densities needed to support high quality mid -IR SPR. Simulations of the
predicted optical response for CdO in the mid -IR were conducted using the Fresnel
equations combined with the free electron model to approximate the CMO dielectric
function. Subsequently, a thin film growth method was developed using dys prosium
(Dy) as a dopant. CdO doped with Dy (CdO:Dy) thin film was observed to have low loss
in the mid-IR due to its unusually high mobility 1°at carrier concentrations >10°cm=. The
observed electron mobility was achieved through defect equilibrium engineering of t he
CdO native and extrinsic crystallographic defects. Although there are numerous
candidate dopants that one can consider for CdO, Dy was the first dopant used to
successfully demonstrate this effect.

CdO is an intrinsic n-type semiconductor where free electrons originate from doubly
ionized O-vacancies (equation 3.12). By doping CdO with Dy, Dy populates the Cd
sublattice with 3* charge and acts as extrinsic donor (equation 3.13). The defect
equilibrium system of intrinsic and extrinsic defect reactions i s given as:

# A #A 6% ¢Q -/ (1.53
s 9R%E o o - (1.54

Although dysprosium on a Cd -site and an oxygen vacancy are both electron dorors, Dy
substitutio n gives rise to a smaller lattice perturbation than an oxygen vacancy. The
lattice disruption of Dy doping is small because Cd and Dy have similar ionic radii ( O
mod IO mdd 1 .22The singly charged n-type donor, $ & in eqn. 1.54 increases
at the expense of the doubly charged n-type vacancy, 6% in eqn. 1.53and the net effect
of this replacement is a decrease in lattice strain and a concomitant increase in mobility
in parallel with the increase in charge carrier density over a range of dopant
concentration. Becauseimpurity scattering scales with Z 2, there is less net scattering for
2n donors of charge e than n donors of charge 2e at the same carrier density. These
phenomena lead to the observed increase in mobility up to a threshold charge carrier
density above which the defect equilibrium is weighted towards $ B and the scattering
from Dy begins to dominate. These competing effects define the useful range of free
carrier concentration within CdO that gives rise to a tunable, narrow bandwidth plasma
resonance in the mid-IR region. The transport properties of CdO:Dy at room temperature
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are presented infig 1.14. The conductivity and carrier concentration are both observed to
increase as Dy doping concentration increases spannimg the range of 5 x10°¢ 1 x1®*cm-
3. Mobility follows the same trend until it reaches its maximum mobility value of 500
cm?V-1st at 5 x 10°cm. Beyond this Dy concentration, carrier mobility decreases until
the limit of 5 x 102*cm=. This unique combination of high carrier density and mobility of
CdO:Dy makes it an ideal plasmonic host at mid -IR frequencies.
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Figure 1.14 Transport properties of CdO:Dy carrier concentration (n), carrier mobility ( %)
and conductivity ( b) as a function of Dy concentration. Reprinted by permission from
Macmillan Publishers Ltd: Ref (15), copyright (2015)
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To demonstrate the optical properties of CdO experimentally, a series of samples was
investigated spectroscopically. In fig 1.15, experimental and simulated data are presented
for two CdO:Dy films with two sets of mobilit iesand carrier concentrations. Simulations
are set up to optimize the ideal condition for the substrate by incorporating all optical
components of the experiment. The SPR data were recorded in the Kretscimann
configuration u sing a Woollam® IR-Variable Angle Spectroscopic Ellipsometer (VASE).
The phase shift has to be accounted for experimentally by varying the thickness of the
CdO thin films. Extremely smooth CdO:Dy substrates presented in fig 1.15were grown
using an oxide molecular beam epitaxy (MBE) environment. Figure 1.1% shows the
experimentally determined SPR dispersion curve as the black curve. The black color
indicates extinction due to plasmonic resonances. The relatively narrow feature of this
curve is an indicatio n of a high-quality factor, which is attributable to the high mobility
of 478 cn¥/Vs. The reader should compare this 2-D plot to that of Al:ZnO in fig 1.13b. The
SPR dispersion feature in the 2D of Al:ZnO should be curved in the same w ay as the one
is in fig 1.15h However, the feature is so broad in fig 1.13b that is not possible to discern
its shape.fig 1.15d shows a thin film that has a significantly high free carrier density (3.3
x 10°cm3in fig 1.15d compared to 1.3 x 18°cm?3in fig 1.1%). As aconsequence, the ENZ
is shifted 3,500 cm*in fig 1.15bto a value greater than 3,800 cnt (i.e. it is no longer visible
on the plot of fig 1.15d because it is shifted to an energy to the right of the plot limit).
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Figure 1.15 Simulated reflectivity data and experimental data of CdO:Dy with thickness
of 520 and 280 nm by varying mobility and carrier density. Reprinted by permission from
Macmillan Publishers Ltd: Ref (15), copyright (2015)
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Highly accurate doping using MBE was the key to invest igate the structure property
relations in CdO:Dy. However, the limited throughput and high cost of MBE present a
barrier to larger scale application of this material. Recently, thin films have been prepared
using several other dopants by RF-assisted reactve High-Power Impul se Magnetron
Sputtering (or HIPIMS). 1617 These dopants include yttrium and fluorine, among several
others. Notably, CdO:Y grown via HiIPIMS demonstrates mobility in excess of 400 cm?2V-
Istwith a carrier density of ~102° cm=3. For films grown on sapphire, these results are
superior to those achieved using MBE. Furthermore, it has been demonstrated that the
carrier density can be reproducibly tuned between low 10 and mid 102° carrier
concentrations by controlling the magnetron power and the cathode to substrate distance
for the dopant source. With dopants such as dysprosium, yttrium and fluorine in
conjunction with multiple deposition methods, one can engineer doped CdO with
tailored properties suitable for a variety of applications, permitting doped CdO to
become a model material for high quality mi d-IR plasmonic applications. 617
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CHAPTER

Surface Modification and
Characterization

2.1 Surface Modification Techniques

Surface modification of metal surfaces have been applied to improve chemical and
physical properties such as wettability, patterning and corrosion resistance. It has also
been used to create actie surfaces that bind molecules or analytes for detection by a metal
that can assist in enhancing the signal. Many techniques can be used to modify metal
surfaces: liquid-phase, vapor phase, spin coating, electrodeposition and soon. These
methods can be usd to attach both monolayers and polymers. Herein, we will present

liquid -phase (solution deposition) for self-assembled monolayer formation and spin

coating for polymer deposition since these two techniques were exclusively used in this

work.
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2.1.1 Self-Assembled Monolayer D eposition

Selfassembled surface monolayers (SAMs) are organic molecules that have strong
affinity to the surface and spontaneously adsorb (chemisorption) to the surface through
the head group of the molecules. The tail group that points away from the surface are
sometimes used as an anchoring point for additional functionality. SAMs form ordered
organic films on semi-conductor and dielectric surfaces providing versatile strategies for
surface modification . Liquid phase deposition of SAMs is widely used because it is an
attractive method for surface modification due to its effectiveness. In this work, SAMs
deposition were all done in liquid phase by submerging CdO substrat e in SAM solutions
with various conc entrations depending on the type of SAM molecule is being used.

2.1.2 Polymer Spin -Coating

Poly (methyl methacrylate -alt-maleic anhydride) (p(MAMMA) for short) was dissolved
in 2-Butanone. The thickness of films can be controlled by varying the concentration of
the polymer. Polymer solution was then filtered using 0.45 um PTFE filter to remove any
particulates and undissolved polymer. UVO treated substrate CdO was mounted on
PWM32 Spin Controller from Headway Research, Inc and the desired amount of polymer
solution was dispensed when the spin coater reached full rotational speed of 3000 rpm
and stopped after 45s.

2.2 Surface Characterization Techniques

This section presents the details of all thetechniques and instruments used to characterize
SAMs and spin-coated polymers. We also present indepth details of Surface Plasmon
Resonance (SPR) instrument used for this work. A modification was made to IR-VASE
instrument (Woollam, Inc.) in order to conduct the SPR measurements shownin this
work.

2.2.1 UV Ozone Cleaner

A UVO cleaner (Jetlight Company, model No. 42) was used to clean all substrates before
use. The UVO cleaner is equipped with a low-pressure, quartz-mercury lamp that emits
UV radiation p eak with major emission lines at 184 nm and 254 nm. The radiation at 184
nm dissociates atmospheric oxygen so that it can react with diatomic oxygen to produce
ozone. This ozone gets subsequently converted into (monc and di-) atomic oxygen by
254 nm radiation. This atomic oxygen, radical species, desorbed tydrocarbon impurities
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from the surface by releasing CO and CQO: gases. By employing this process, either
alumina or SiO: surfaces are left with concentrated ¢t OH groups that serve as attachment
points for chlorosilane molecules to the surface.

2.22 Water Contact Angle

The water contact angle measurement gives the information of hydrophilicity or
hydrophobicity of the surface. The water contact angle was measured using a RaméHart
instrument and analyzed with Ramé -Hart Imaging 2001 software. Approximately t+ w4 + w
D.I water was dropped onto the surface and the shape of the resulting drop was detected

by a video camera. The angle made between the surface of the drop and surface was then
analyzed using Ramé-Hart software.

2.2.3 Ellipsometry (VASE)

To determine the thickness layer of the monolayer, a J. A Woollam Variable Angle
Spectroscopic Ellipsometry (VASE) was used within UV-vis region. Three different
incident angles of monochromatic laser ¢ 65, 70, and 75 degreest were collected
separately and averagedtogether to determine the thickness of the SAM layer. Woollam
WVase-software was used to analyze the data.

2.2.4 X-Ray Photoelectron Spectroscopy (XPS)

Surface chemical analysis was performed using a Kratos Analytical Axis Ultra
spectrometer at a takeoff angle of 15° (i.e., angle between the plane of the film and the
entrance lens of the detector optics). The Xrays in the XPS instrument were generated
using an aluminum monochromated x -ray source. The energies usedvere 160 and 20 eV
for survey and hig h resolution, respectively. The resolutions used were 1 and 0.1 eV for
survey and high resolution, respectively. All spectra were calibrated to the carbon
aliphatic peak. CasaXPS software was utilized to analyze all spectra. All synthetic
components were modeled using Gaussian-Lorentzian peaks. The full -width -at-height-
maximum %6 ' , AWPEUWEOOUUUEDPOI EWUUET wUOl ECWEOOwx1 E
each other. An example survey plot of XPS is shown in fig (2.1). In this sample, C 1s is
observed at 284.8 eV vhile S 2p is at 162.8 eV, Cl 2p is at 198.80 eV and so on. High
resolution scan of each individual elemental peak can be by restricting the binding energy
range.
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Figure 2.1 Example XPS survey plot showing the elemental peaks detected on the surface

2.2.5 Atomic Force Microscopy (AFM)

An Asylum MFP -3D AFM was employed to collect AFM images in tapping mode. Si
%, w UxDUI wUPxUwpEOOPEEOwWt YYWO' Aa0OwKY w- *OAwbi U

2.2.6 Fluorimeter
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2.2.8 Surface Plasmon Resonance Spectroscopy (SPR)

To collect the reflectivity maps of SPR, IRVASE (J.A Woollam VASE with IR source) was
modified with a custom sample stage. The custom-made, aluminum sample holder was
fashioned by cutting a 1x1 cm? area from the middle section of the material to allow for
the sample to be exposedto the dielectric. Figure 2.1 depicts the sample holders used for
the experiment. The far-right flow cell sample holder is used for gas phase SPR detection.
The sample was placed face down on the sample holder and Cak prism was placed on
top, in which is a geometry known as the Kretschman configuration. A matching fluid
was placed between the sample and prism to match refractive indices and to eliminate
air gap between the prism and sample. Fig 2.2 shows the experimental set up used in our
work. Plots and data were generated in Wolfram Mathematica.

It is challenging to select a matching fluid that will not interfere with data acquisition in
the desired data spectral range. Since we are collecting data in IR region, the matching
fluid used can interfere wit h the data if the matching fluid already has an IR peak at the
same wavenumber as the IR stretching wavenumbers we are interested inmeasuring. An
appropriate matching fluid also needs to have low vapor pressure since the data are
collected in air and evaporation of the fluid is unavoida ble. In SPR, we generally take
various angles to get an SPR map, it takes over one hour to complete one cycle of
measurement. It is always better when we can take longer measurement to acquire a high
signal-to-noise data soif the matching fluid does not have low vapor pressure, it is
impossible to obtain good data. Generally, index matching fluid (M series) was usedto
eliminate the ai gap. However, this solution has an IR peak between 2900-3000cm™ (See
Appendix | for IR data) which interferes with the CH2 symmetric and anti-symmetric
stretching peak, which we want to observein our experimental data to see the presence
of monolayers of alkane thiolates, commonly used in SAM studies. For these studies, we
use 1,2dichlorob enzene (See Appendix 1 for IR dda) which has low vapor pressure and
clear of any IR stretches around 29063000 cm.
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Figure 2.2 IR-Vase Ellipsometry modified with custom stage and sample holder to be to
accommodate Kreschmann configuration

Figure 2.3 Customized sample holders for SPR detection. The right most sample holder
is a flow cell that was used for gas phase SPR detection, which can also be used as a
normal sample holder.
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Figure 2.4 Experimental set up used to detect the SPR reflection minmum with IR -VASE
using Kretschmann configuration.

When collecting data in IR-Vase, we obtain data for p-polarized light (R p) and s-polarized
light (Rs) separately. As mentioned previously, only Rp can drive a surface plasmon.
Therefore, to plot the data, we take Ro/Rsto cancel the background. Processing data and
generating plots were done in Wolfram Mathematica . The collected data can be best
presented by plotting (Rp/Rs) against energy (wavenumber cm?) (fig 2.4 a) or by
generating a contour plot of energy vs. angle (fig 2.4 b) which shows the correlation
between the energy and angle required to drive a surface plasmon resonance.In fig (2.4
b), the black band represent the SPR dispersion curve whch indicated extinction due to
plasmonic resonances.
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CHAPTER

SPR Detection of Hexadecane Thiol

3.1 Introduction

Z X oA o~

(SPP) were heavily investigated in the ultraviolet (UV) and visible (UV -Vis) regions of
the electromagnetic spectrum. SPP are bound electromagnetic waveghat can propagate
along the interface of a conductor with a dielectri c layer. Since the SPP of noble metals,
such as gold and silver, are detected in the visible region of the electromagnetic
spectrums233 a number of new commercialized technologies were created because of the
convenience of working in this spectral region. Although the physics is evident, it took
many years for researchers to accept the fact that SPP can be detected not only in metals
but also in semiconductors?, half-metals, and conducting metal oxides®. These newfound
realizations led to the quest for new materials within conducting metal oxides that
potentially support plasmonic properties in the mid -IR. The application of SPP in the
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mid -IR paves the way for new applications such as heat harvesting, chemical sensing,
and biosensing. Providing IR bands are known to carry heat, low energy, and have longer
wavelength, heat storage and heat harvesting are both possible. IR band &o carries
chemical and molecular vibrational information which will have high impact in surface
sensing if it couples with plasmonic band.

Despite the fact that there are hundreds of conducting metal oxides (CMOs) that have
appropriate charge carrier density, nonetheless, finding plasmonic materials in the mid -
IR region is challenging because only a few known CMOs can support low loss optical
confinement. Specifically, the requirement for a good SPP material is that the mobility be
sufficiently high to pr oduce a narrow SPP. Doping a CMO can increase the carrier
concentration, which changes the plasma frequency of the Drude conductor. This shifts
the resulting SPP to higher energies. Increasing carrier density also leads to increase in
mobility. A material that can support a low loss SPP in the mid-IR was recently
developed. This novel material, cadmium oxide doped with dysprosium (CdO:Dy) 1,
possessesa very large peak mobility along with high carrier density. This gateway
material for mid -infrared applications is also tunable to the entire IR region by varying
the carrier concentration of the CdO substrate.

The new development in mid -IR plasmonic materials desaibed above prompted further
research regarding potential applications. Utilizing Dy -doped CdO as a substrate,the
event of molecular binding to the surface can be detected using the surface plasmon
resonance (SPR) technique. SPR is known to be very sensie to its environment and can
monitor minute changes in the refractive index of chemically functionalized sur faces. The
IR range accessible to these materials provide uniqueproperties are not available in UV -
vis region using Au and Ag. Herein, we hope to present a proof of concept that explore
applications of doped CdO. The first step in many such methods is the deposition of self-
assembled monolayers (SAMs). The focus of the chapter is on the formation and detection
of hexadecane thiolate SAMs formed onthe surface of doped CdO.

3.2 Method

Hexadecanethiol (HDT) SAM Preparation on CdO: The substrate was cleaned in UV
Ozone for 20 minutes and then submerged into 10mM solution of Hexadecanethiol (HDT,
Sigma Aldrich) in THF for 1 hour at room temperature. The substrate was then rinsed
with fresh THF and dried with N 2. The dry substrate was soniated in fresh THF for 10
more minutes and dried again with N -.
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3.3. Background Information

Hexadecane thiol (HDT) is a molecule consisting of a hydrophobic alkan e chain with 16
saturated carbon atoms and sulfide as a head group. It is still an open quegion how
alkane thiols bind to metals such as Au. Even less is known about the binding mechanism
on CMOs. However, based on the research done on Au surface&%it is believed that
alkane thiols lose a proton and bind as the negatively charged alkanethiolate. This mode
of binding would create a strong ionic interaction with metal ion s. The longer the length
of the carbon chain, the more stable and densely packed monolayers are achievedWhile
alkanethiolate SAMs form easily on Au surface, the formation of SAM on semiconductor

highly dependent on the concentration of the molecule, choice of solvent and
crystallographic orientation of the substrate.

3.4, Results

Based on the available information, sulfur is known to have strong affinity to metal
oxide%81%and to easily form a SAM on the surface using liquid phase (solution) method
(fig 3.1 a). To determine if HDT is attached or present on a CdO surface, the easiest
method is to take water contact angle of the surface. because the contact angle is very
sensitive on CdO. First, we consider the control of bare CdO. When water is dropped
onto bare CdO, the contact angle measurement cannot be measured as the water spreads
on the entire CdO surface due to it being extremely hydrophilic and readily soluble in
water. So,we must infer that the angle is zero. On the other hand, the carbon chain in
HDT is hydrophobic and should give a high -water contact angle if present on the surface.
The water contact angle measurement for HDT SAM covered was 1040 AEC o8p A h
is a good indication of HDT being attached to CdO. Therefore, achieving a high -water
contact angle suggested that the tail group of HDT is being exposed to water instead of
bare CdO surface.

As mentioned previously, SPR is sensitive to minute changes in the refractive index of a
chemically functionalized surface and thus measures the shift in angle before and after
surface modification with SAM. Therefore, it is essential to measure SPR of thebare CdO
sample before SAM deposition. The bare substrate Dy doped CdO thin film was

deposited on MgO, which was optimized between 2800 cm- to 3000 cm! wavenumbers
(d=250 nm,n=2.6 x 18°cm=3and p = 310 cnV-1s?). This is an advantage of using doped
CdO as a sensor chip since the plasmorband can be tuned anywhere in mid-IR region
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by varying carrier density ( n). Fig (3.3 a) depicts the SPR map of bare CdO in wave
number (2000- 3200 cm*A WE OE wE OT Of 5osUACEuER QuiyKi ABsUl E wE a wyY 6 | 8 wE

S
(a) (b)
Figure 3.1 Self-Assembled Monolayer of HDT on CdO surface (a) lllustration of

hexadecanethiol SAM on HDT (b) Image of water contact angle measurement on CdO
PPUT whyKs

IR-Vase ellipsometry modified with custom sample stage and sample holder with CaF 2
were used to take SPR measurement in Ketschmann configuration. 1,2 ¢

dichlorobenzene was used asa matching fluid between the sample and prism to eliminate

air gap between the prism and the sample. Since CdO was deposited on a dielectric
material, MgO, a more complex setup of Kretschmann configuration was used as shown
in fig (3.2). When p-polarized light passes through the prism-MgO interface, there is a
slight change in the direction of the incident light. It then subsequently follows the

original Kreschmann configuration process.
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p-polarized

CaF, Prism
Matching Fluid

x [ SAM

Figure 3.2 Spectroscopic illustration of the experimental set up using Kreschmann
configuration . As p-polarized light passes through the prism -MgO interface, a slight

EIT EOT 1 wbOwUT 1 wEPUI EUDOOWOI wOT 1 wbOEPEI OUwWODT T U
follows the original Kreschmann configuration process .
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Figure 3.3 Spectroscopic SPR detection of HDT SAM (a) SPR map of bare Dy:CdO thin
film (b) SPR map of HDT SAM attached Dy:CdO for mode-mixing and spectroscopic
chemical information experiment. CdO:Dy properties: thickness (d) = 250 nm, carrier
density (n) = 2.6 x 16°cm-= and mobility (y) = 310 cniV-is?
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Upon total internal reflection , an evanescent wave decays exponentially into the surface

as shown in red (fig 3.2) and SPPs propagate along tle metal/air interface. If the surface

of the metal is modified by SAM, the angle of resonance will shift to a higher value due

to the change in refractive index on the surface. This fundamental phenomenon of SPR

was observed when HDT SAM coated Dy:CdO film was detected using the IR-VASE in

the geometry shown in fig 3.2. As shown in fig (3.3 a, b),an HDT SAM coated sample (fig

3.3 b) has higher re®nance angles compared to the blank sample (fig 3.3 a). The angle

UT DI OwPEUWET Ul UOD DI Hassbdvwik fig (B Fakdsthiskvasudeematyow E O
be a significant shift. In comparison, SPR in gold and silver has been used widely in UV -
VisareaarE wyY 6+ s wUT DIl OwbPEUwWUI xOUUI EwWEUWEwWUDT OPI B
observed here in this experiment is comparable to what was seen in UV-Vis.
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Figure 3.4 Angle shift of HDT SAM coated CdO samples (red) and Blank CdO sample
(blue). %Reflectarce was calculated from R./Rs and set the minimum of the data as O at
2920 cm. The shift was determinedtobeyY 6 K 0
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Performing SPR in mid-IR region has an advantage over UV-Vis due to the potential of
observing valuable IR information of the chemical attached on the metal surface. To
examine this, a high-resolution scan is needed. Note that monolayers are orly about 2 ¢
3 nm thick and the coverage of the surface can be poor depending on how well they bind
to the surface. Therefore, signal averaging of multiple scan numbers and cycles are
necessary to obtain high resolution scans.Another challenge in acquiring data in SPR is
that the evaporation rate of the matching fluid determines the length of the acquisition
time. For matching fluid 1,2 -dicholorobenzene, the acquisition time lasts for about 80
mins per session.

Ahigh-Ul UOOUUDPOOQWUEEOWHING'l #3ubkd U] wygdWaEwdOEUI O 00
and presented in fig (3.5). From the SPR map, there are IR stretches at 2920chand
2850cm* which can be correlated to symmetric and antisymmetric stretch of CH 2
respectively. These two prominent peaks also seem to be moving along the SPR band to
lower energy (higher wavenumber) as the incident angle is higher. SPR data in fig (3.5)
is a contour plot generated by dividing R » by Rs (Rp/Rs) to subtract any signal that was
picked up by Ry before it penetrates the surface as evanescent wave. fpolarized light (R p)
is the only light that can drive surface plasmon while s -polarized light i s reflected once it
reaches the surface. Although R/Rs subtracts much of the background, it is also important
to look at the raw cross-section data of R, and Rs, then compare it with R p/Rs.
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Figure 3.6 IR stretches of HDT (a) p-polarized light (Rp) (b) s-polarized light (Rs) (C)Ro/Rs

Cross-section plot of Ry (fig 3.6 a) shows IR peaks at different wavenumbers depending

on the incident angle, while Rs shows the peak at the samewavenumber. For incident

EOT Ol w iRy tdltivduargest peaks are observed at 2850 cri and 2920 cmt and

smaller peaks at 2933 crt and 2955 cm® w6 1 I QwUT 1| wbOEPEI OUwWEOT Ol wkE
the prominent peaks are now at 2870 cm?, 2918 cmt and 2959 cm*. Now, if we plot R p/Rs

for the same angles (fig 3.&), the IR stretches are sigfficantly smaller, but the peaks are

clearly still at the same position. To understand what these IR peaks are, we compare our

data with a reported HDT on Au. It is reported that HDT on gold has five IR peaks©

between 2850cm* ¢ 3000 cmt! along with the observed IR peaks for the experiment are

listed in table 3.1.
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From table 3.1, it is realized that different IR peaks of HDT are being detected depending
on the angle of incident. The IR peaks are also shifted slightly depends on the incident
angle. This is due to the dispersion of the molecule along the plasmonic band of the CdO.
Since the position of the plasmon band shifted according to the incident angle, the
molecule disperses along the plasmon bandand thus the vibration of the molecule was
interfered by the plasmon oscillation.

Table 3.1 Reported IR peaks of HDT SAM on Au (column 2) and observed IR peaks at
EOT Ol UwKNS hus wE@BceiK N6 | B wOOw" E. wU

Peak Position (cr) /| OUPUDPOOL /1 OUPUDPOOL
On Au On CdO On CdO
Vas (CH3)ip 2964 2955 2959
Vs (CHa)rr 2937 2933
Vas (CH2) 2920 2920 2918
Vs (CHa)rr 2877 2870
Vs (CH2) 2850 2850

3.4 Conclusion

From this proof of concept experiment, the extension of surface plasmon resonance into
mid -IR region is possible using Dy doped CdO thin film. Not only the angle shift of SPR
data observed was comparable to UV-Vis SPR using gold, IR information of HDT was
also observed. Of course, the challenge with monolayer is that it only gives 2+ 3 nm of
SAM thickness and it is extremely hard to determine how well it covers the surface.
However, the vibrations of HDT pea ks were detected using SPR technique on CdO
surface. Alt hough HDT was selected due to its high affinity to CdO, depositing longer,
denser SAM or even polymer will give a much clearer idea of how the plasmon band is
interacting or interfering with the vibra tion of IR peaks.
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CHAPTER

Molecular Dispersion along the
Surface Plasmon Band

4.1 Introduction

Mid -infrared surface plasmon polaritons have received significant research attention in
recent years as a result of their potential applications in heat harvesting, targeted
chemical and bio-sensing, data storage and plasmornc lasers. In order to implement these
applications, a plasmonic material is required that is easy to manufacture and has low
lossesin the mid -IR region. In 2015, Sache#t al reported a conducting metal o xide (CMO)
dysprosium -doped cadmium oxide (CdO:Dy) ** as an ideal plasmonic host for mid-IR
frequencies with desirable characteristics, high mobility leading to a low optical loss and
tunable carrier density across the entire mid-IR region. These useful properties suggest
the possibility that CdO:Dy can be used in on -chip applications, for example as a sensitive
sensor based on Surface Plasmon Resonance Spectroscopy (SPR).
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SPR is sensitive to the changes in the environment neaman insulator-conductor interface.
In the Kretschmann geometry SPRcan be used tomonitor the refractive index change of
chemically functionalized surfaces. The resonance angle of SPR shifts to a higher angle if
an analyte increases the local index of refraction when it binds to the surface. The amount
of analyte bind is determined by the degree of the angle shift. This technique has been
widely used in the UV-Vis region employing Au and Ag as sensor chips Due to the
development of CdO:Dy, it is now possible to use SPR in the mid-IR region. Becauseof
the fact that the plasmon is in mid-IR it is possible to obtain chemical information of
molecules on the surface if this plasmonic material using the interaction of molecular
vibrational absorption bands and the SPP. Although we use specifically use dysprosium -
doped cadmium oxide (CdO:Dy) for this work, CdO can be doped with variation of
dopants CdO:X (X= Dy, Y, Al and F)617,

One critical test of the detection of analytes isto detect an isolated IR signal such asthe
nitrile peak (CN) at 2250 cm? . An isolated peak gives us the clearest indication of the
sensitivity of detection of IR vibrations using CdO:Dy. In order to attach molecules
containing a nitrile group to a surface in a controlled manner , we have used spin coated
poly(maleic anhydride -alt-methyl methacrylate) polymer [p(MAMMA) for short] that
has no IR peaks between (2000t 2500 cm?)¢, This polymer can easily react with i -
Aminopropoinitrile (BAPN) to produce the wanted CN group on the polymer as shown

in Scheme(4.1). IR spectra of free p(MAMMA), i -Aminopropoinitrile and reacted bulk
p(MAMMA) -BAPN are presented in Appendix |. Another advantage of using
p(MAMMA) is that the thickness of the polymer can be adjusted depending on the
concentration of the polymer soluti on. P(MAMMA) is also solubl e in 2-butanone which
has high vapor pressure and easily spin coated on CdO in contrast to polyacrylonotrile
(another CN source polymer considered), which is only soluble in low -vapor-pressure
solvents that are not ideal for spin coating.
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4.2 Experimental Details

All solvents were purchased from Sigma -Aldrich and used without further purification.
3-Aminopropoinitrile was purchased from Fisher Scientific. PTFE 0.45 um filters were
purchased from VWR. The polymer was synth esized by Steven Zboray of Dr. Jan
&1 04l Uz Uw&UOUx wi UOOw- " w2UEUI waOPYI UUDPUAS
Spin-Coating p(MAMMA) : The CdO substrate was first cleaned in UV-Ozone for 10
minutes. The desired concentration (25mM and 75 mM) of Poly(maleic anhydride -alt-
methyl methacrylate) was dissolved in 2-Butanone and filtered using 0.45 um PTFE. 200

pL of the filtered solution was used to spin -coat using PWM32 Spin Controller from
Headway Research, Inc as presented in Chapter 2.

Reaction with i -Aminopropionitrile  : 50 pL ofi -Aminopropoinitrile (BAPN) was mixed
with 5 mL of Toluene/Acetone (90:10) mixture. Then p(MAMMA) spin -coated CdO
sample was submerged in the solution for 3 hrs. The sample was then washed with
toluene and dried with N 2 gas.

Scheme 4.1 The reaction of poly(maleic anhydride -alt-methyl methacrylate) with i -
Aminopropoinitrile
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SPR Measurements: SPR data were collected in the Kretschmann configuration using a
Cak prism from Thor Lab, a custom sample stage and a sample holderin an IR-VASE
spectrometer. For each sample, SPR measurement were collected for a bare CdO sample,
a p(MAMMA) spin -coated sample and a BAPN (CN reacted) sample. 1,2+t
dichlorobenzene was usedas the matching fluid for all data collected in this chapter. Each
dispersion curve unless otherwise specified. R, (p-polarized light) and R s (s-polarized
light) were collected separately. To generate maps of SPR reflected intensity as shown in
fig (4.1), R is divided by R s to subtract the background since only Rp can be used todrive
a surface plasmon resonance. However, data may be presentedat a limited angle- and
wavenumber range in order to highlight spectral features of molecule vibrations
interacting with the SPP. The Mathematica program package was used to generate SPR
maps of reflected intensity against incident angle and wavenumber . The bare sample SPR
OExwhbOwlT 1T wg O &K yns kvévenurblerUad@e dréirk 1800 3500 cmt space
is presented below in fig 4.2. This spectrum of a bare CdO surface will be used to compare
p(MAMMA) and BAPN samples. The IR stretch around ~3100 cm- is from the matching
fluid 1,2 ¢ dichlorobenzene.
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Figure 4.1 SPR map ofbare CdO sample in angle vs. energy space.

Thickness Measurement: Thickness measurements were collected using WVase for a
25mM and a 75mM p(MAMMA) solution spin -coated on silica. The samples were then
reacted with BANP for 3 hrs and thickness data were measured again for each sample.
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4. 3 Results and Discussion

For this work, two samples were spin coated with different concentration of the polymer
solutions (25mM and 75mM). Then the samples were reacted with BAPN to obtain the
desired CN group on the sample. The polymer layer will be referred to as p(MAMMA)
samples and the CN reacted samples will be referred as BAPN samples throughout the
manuscript.

SPRResults for p(MAMM A) Samples: SPR data were collected for the two p(MAMMA)

samples and the results were compared with the bare CdO sample (fig 4.2a) . The 18 nm

sample exhibits aimost no angle shit P T D OT wt KwOOwUE Ox OlbarddarBpleU1 E wl
at 2250 cmt O OUT wUTl EVwUT 1T wE E iddtemé&nt/anduthénQhe shiit sl léSsw E & w hus
IR information was observed, but for 64 nm thick sample, two distinct IR peaks at 1740

cm?and 1780 cm* were observed. Initially, we were surpri sed to observe hese IR peaks

due to the relatively low intensity of plasmon dispersion band below 2000 cm?. TheselR

peaks are found to be from the anhydride ring of the polymer. In SPR data of both

samples, an intense peakis observed at 2350 cnr!, which is CO: peak that tend to show

up when the concentration of the CO:is high in the instrument room. The comparison of

bare, 18 nm ard 64 nm samples at 160G 2000 cmt is shown in fig 4. 2.
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Figure 4.2 SPR maps for (a) Bare CdO (b) 18nm p(MAMMA) sample (c) 64 nm
p(MAMMA) sample. The plasmon band shifted to a higher angle of resonance as the
layer is thicker.

58



SPR Results for Samples Reacted with BAPN: When p(MAMMA) samples are reacted
with BAPN, the thi ckness of 18nm and 64nm p(MAMMA) samples were increased to 29
nm and 95 nm respectively. The CN peak was detected for both 29 nm and 95 nm BAPN
samples. SPR dataobtained on the 29 nm sample showed a very weak IR signal at 1740
cm? (fig 4.3 a) but since the intensity of the peak is low that it cannot be definitively
assigned. In the spectral data obtained for the 95 nm sample, not only do we see a strong
CN peak at 2250cmt, but an intense IR peak at 1740 cnt was also observed (fig 4.3b).
This is the range of C=0 stretching bands.Note that two IR peaks were observed in the
p(MAMMA) sample while only one is detected in the BAPN sample. These peaks have
been assignedto the ring opening reaction of amine and anhydride acid ring of the
polymer. In addition to detecting IR bands that interact with the plasmon dispersion
curve, giving rise to shift of the entire curve. The dispersion curve due to SPRextinction
for both BAPN-treated samples shifted to higher angles than p(MAMMA) samples. For
the 95nm polymer film , the angle shifted4s wi UOOQwx o, ,, AWEOEwUT I woOYI
with p(MAMMA)+BAPN  was 68 wE U w I (figk 4y4uwl)EFOr the 29 nm sample, the overall
EOT O wUT Pi UDwi U O O wEexpddted fuoh Gtyd@$ aarked butudn godd uw hen
the thickness of the surface layer is increased, the plasmon also shifted to a higher
wavenumber. This is depicted in fig (4.4 b) for bare sample, 64 nm p(MAMMA) sample
and 95 nm BAPN sample. The comparison of bare, 29 nm and 95 nm samples at 1600
2000 cmt is shown in fig 4.6 and 2000¢ 2500 cm™* (CN peak) in fig (4.7).
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Figure 4.3 SPR map BAPN sample.(a) 29 nm sample (b) 95 nm sample.CN peak was
detected at 2250 cnt for both samples and CO stretch from the polymer is observed
clearly at 1740 cmtfor 95 nm sample
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Figure 4.5 SPR maps comparison of (a) Bare CdO (b) 18 nm p(MAMMA) (c) 64 nm
p(MAMMA). Two disticnt peaks at

1740 cm! and 1780 cm!were observed for 64 nm
sample
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64



Di scussi on of the “Coupling” of SPP and

From the data presented above, we have slown that dysprosium -doped cadmium oxide
(CdO:Dy) can be successfullyused as a mid-IR sensor material for SPR spectroscopy. Not
only we can obtain angle shift due to polymer at the conductor-insulator interface, but
valuable information about molecular vi brations can also be acquired from the SPR data.
If we look closely to the information on molecular vibrations obtained from the mid-IR
SPR experiment, especially 95 nm BAPN from fig (4.6 c), we notice that there is an
apparent splitting of the SPR dispersion curve. Many researchers have reported the
observation of a similar splitting in the SPR dispersion curve when SPR on silver is
excited in contact with strong absorbers (and some emitters) in the visible range. as the
molecular layers on Ag include Jaggregates, dye molecules and thick organic layers.
These observatilns have been interpreted as evidence forstrong coupling between the
Ag SPP and the absorbersfemitters at the conductor-insulator interface °7110, |n this
interpretation strong coupling re fers to Rabi splitting. Rabi coupling is a manifestation of
the interaction of electromagnetic radiation on resonance with an atomic or molecular
transition of sufficient intensity that the two level is system is driven repeatedly from
ground to excited state and back again. Is anoscillation that leads to a splitting in the
observed absorption/emission band that is related to strength of the coupling, i.e. the
interaction of transition dipole moment with the electric field. It is derived from the first -
order time-dependent perturbation solution of the Schrodinger equation. In
understanding what various authors mean by strong coupling it is important to bear in
mind that reports of Rabi oscillations require excitation of an isolated two -level system
in an optical cavity with a high-quality factor, an intense excitation source that isprecisely

on resonance or very near resonance. Many of these aspects are lacking in the reports of

layers on Ag that have been presented as evidence of strong coupling.

It has also beenreported that w hen a mid-IR SPP couples with molecular vibrations, it
can result in either weak coupling ***or strong coupling '*?14at room temperature . In weak
coupling, the transitions are single events consisting of transitions from an initial to a
final state. This is also treated within perturbation theory , but in the limit that the
coupling term is small and can be approximated as a first order rate constant for the
transition . In this regime, losses dominate, and the emission spectrum consists of a single
peak. There is no stimulated emission in this case since the system either remains in the
ground state or experiences a transition to the excited state, but there is no oscillation
driven by the electromagnetic radiation.
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The experimental appearance of weak coupling is a single absorption band. But it is
important to include both the out -of-phase interaction (absorption) and in-phase
interaction (dispersion) of the i ncident radiation. The phase dependence of the transition
is readily observed in nuclear magnetic resonance spectra where the phase can be
observed readily by the fact that there are two detectors at 9Qsfrom each other. The phase
relationships are easily observed by simply switching detectors. In an optical experiment
it is more difficult to control the observation of out -of-phase and in-phase radiation.
However, we can distinguish these two limits by o bservation of the line shape. If the line
shape is Lorentzian the interaction is out of phase and the result is absorption of radiation.
If the line shape is a derivative of a Lorentzian the interaction is in -phase the result is
dispersion. These two lines-shapes can be observed in the spectra of molecules iteracting
with the surface plasmon dispersion curve. Observation of which of the two line -shapes
is present gives us insight into the nature of the interaction of the emerging fields in the
conductor and the insulating layer of molecular oscillators on the surface.

In order to determine which type of feature is observedin our collected data, we examine

the 95 nmthick BAPN -treated sample shown in fig (4.6 c) since this is onesample where

we observe aclear splitting of the plasmon band. Fig (4.8 a) depicts the SPR map of the

95 nm thick BAPN-treated sample measured between 16002000 cmt at 49s¢us4s wE O1 O1 U
E a w Yardd kigs(4.8 b) is Ru/Rs plotted at the same range and angles. The reactiotbetween
p(MAMMA) and BAPN was completed in this sample indicated by an isolated IR peak

at 1740 cmt. From the reflectivity data R p/Rs (fig 4.8 b), it can be confirmed that there are

no other IR peaks in the vicinity. The stacked plot in (fig 4. 9) showed the line-shape of
molecular vibrations when SPP propagates along surface.

In fig 4.9, the molecular vibration of C=0 stretch is shifting to lower wavenumber (to the
right) atanglesK N&E Y8 d w6 1T 1 OwUT 1 wb O EEE udiledek@bnOd eneigy wE U wk |
of surface plasmon band is exactly at the energy of the molecular vibration of C=0 peak.
Thus, the molecular signal is absorptive, and the phase shift occurs at this angle. After
this phase shift, the molecular vibration shifts back to higher energy (to the left). This
phase shift in molecular vibrations was also reported by Kalusniak et al**in 2018 and
suggest that this shift an in-phase interaction consistent with a weak coupling regime. In
general, in our data we see that when the molecular resonance is falls in the region of the
plasmon dispersion curve we observe a dispersive line shape for the molecule as well.
These dispersive fedures could be interpreted as a splitting and this may explain why
some research groups have reported strong coupling. One should be careful not to
confuse intense or strong absorption with strong coupl ing. Strong coupling implies that
certain conditions are met that a highly specific and permit an oscillation between the
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two levels of the molecular system. None of the conditions for Rabi oscillations are met
in our experiment and the line shape is adequately explained by the Airy equation in all
cases. This, a model that includes modulation of the electric field by the dielectric
functions of three layers is sufficient to explain the data without invoking any coupling
term. The strong coupling model appe ars not to apply to any of our spectral observations.
To explore this conclusion further we examine the thickest films used in our study.
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Figure 4.9 Reflected intensity (Rp/Rs) as a function of energy (wavenumber) for various
detection angles in 95 nm BAPN data
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SPR Results for Thick Layer Sample and Discussion

In reported literatures mentioned above, Rabi splitting in strong coupling are generally

observed in thick layer of emitters. Therefore, to explore if we can observe this
phenomenon, a much thicker layer of polymer was prepared by spin coating 176 mM

p(MAMMA) solutio n on CdO substrate, which resulted in ~150 nm thickness of polymer
and when reacted with BANP, the overall thickness increased to ~230 nm.

SPR measirement of the polymer layer showed three distinct splitting -like features at
1740 cmrt, 1784 cmt and 1855 an-! which are the IR vibration energies of the polymer as
depicted in fig (4.10). The IR peak at 1855 cmiis a weak vibration of symmetric C=0 str ess
from anhydride ring, which was not detected in thinner samples presented before. BAPN
sample (reacted polymer with CN group ) showed two IR peaks at 17 40 cm* and a smaller
peak at 1784 cnt (fig 4.11). As mentioned before, the anhydride ring opens to react with
primary amine and thus the anhydride peaks at 1784 cm® and 1855 cm! should be
reduced if the reaction was complete. Having IR peak at 1784 cm' after the reaction
means that reaction time of 3 hrs was not enough as the polymer layer of this sanple was
much thicker compared to the other two samples presented. CN peak was detected at
2250 cmt.

U w &t Yigs(4u12 a), the stacked plot of the p(MAMMA) IR peaks at 1740 crtand 1784
cm? are barely visible but as the incident angle increases the IR peaks can be resolved
clearerr Uwkt s OQOwUl I wshaps HUbsth B Ypeaks OvEré bbserved, which are
similar with the one presented for 95 nm BAPN samples in fig(4.8). A split -like feature of
the plasmon band is also observed for most of the angles. The same results were observed
for BAPN sample in fig (4.12 b). Note that data for fig (4.12 b) is preseni E WE U WwE OT O1 U w
tkt 6t 8 AwWE a wYy 8ln thisusBndple,UHe @Qhsdiive Geature is observed at angle
5K 6 WBar botin samples, the shift of the IR bands to the lower wavenumbers were also
observed as we did in 95 nm BAPN sample.
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The plasmon line shapes of the vibrational bands of both p(MAMMA) and BAPN at 1600 -
2000 cmt are very similar as shown in fig (4.12 a) and fig (4.12 b). Upon close inspection,
the two stacked plots (fig 4.12 a, b) are very similar to each other. This is because IR peak
of p(MAMMA) sample at 1855 cm * (fig 4.10 a) never affected the plasmon band.This
small IR peak shifts to a larger wavenumber along with the plasmon band as the incident
angle increases and the peak is too small to observe within the plasmon band. However,
there is a third IR peak in both samples which originated from 1634 cm-. This IR peak is
from the ester group of the repeating MMA unit of p(MAMMA). This is the sole reason
that the two samples have similar plasmon line -shapes. In both p(MAMMA) and BAPN
spectra depicted in fig (4.12 a,b), there are features that look like a splitting that was
reported in (Ref 1084 6 w% O U wi R E O x Ok @A us Euld EuG 1) 1T U w # BoumbE] Buu k K 6
BAPN, the plasmon band is split into two peaks. The CN peak (fig 4.13 ) also shows the
splitting features that w ere observed in studies on Ag both in the IR and visible regions
of the spectrum®. The crosssection map of CN peak in BAPN sample (fig 4.13 b) clearly
shows a split even though the SPR map {ig 4.13 a) did not show splitting feature. These
splitting features are being observed in almost all of our data, which indicate that these
features are due to large signal effect and not due to strong coupling and Rabi splitting.
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Figure 4.14 Overall SPR map of 230nm BAPN sample showing a splitting at 1740 cm*
Outlook for SPPcoupling of Mole cular Vibrations

From the experimental data presented in this chapter, it is undeniable that interesting
phenomenon is happening when molecular vibrations mode is mixing/interfering with
SPP.In my systematic approach we started with a thin layer of polymer 18 nm where
done cannot observe any molecular IR signal except for the CN peak. As the layer of the
polymer is increased, the signals become larger and one can observe bands in the
carbonyl region due to the anhydride and ring -opened product of the poly mer. For the
thickest films studied (with a thickness of 230 nm), all these IR peaks areeasily resolved
and the changes in phase as a function of angle are also recognizabléWNe conclude that
the effect we observe in the BAPN samples of varying thickness are only due to increasing
the layer of the polymer. The CdO:Dy substrate was optimized to detect CN peak at 2250
cm™. Therefore, the substrates were optimized for the wavenumber range 2500t 3000 cm
1, which can accommodate the angle and wavenumber shift when the layer of the
polymer is increased. The plasmon band between 1700t 2000 cmt is very weak for these
samples. However, when the thickness of the polymer is increased, the entire plasmon
band is shifted to higher wavenumbers and gives rise tolarger signals. It is possible that
the thickness effectobserved in this chapter can be observed with a thin layer of polymer
if SPP dispersion curve maximum (the surface plasmon) of the material is optimized
closer to 1700t 2000 cm.
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4.4 Conclusion

In this chapter, we have discussed how CdO:Dy has beensuccessfully used as a midIR
plasmonic sensor material for detection of SPRand the interaction of SPP dispersion
curves with molecule vibrational transitions . Angle shifts for different sample thickness
were observed and IR spectral information has been extracted from the data. It is
observed that molecular vibrations are strongly affected by surface plasmons in mid -IR
region. As the polymer layer increases, SPR signal increases and the IR peaks of the
molecules can be better resolved. The line-shape of IR signal obtained were also
interpreted to determine whether observation of strong coupling between SPP and a
molecular vibration was possible on a 230 nm thick polymer sample on CdO:Dy.
Although the re was an observablesignal indicated that could be interpreted as a splitting
of the plasmon dispersion curve, the consistent interpretation that best describes this
interaction is a molecular dispersion that distort s the plasmon dispersion curve. This
interaction is explained completely by application of the Fresnel equations, using the
three-layer Airy equation. The fact that the Fresnel eqiations can explained the observed
signals without the introduction of any coupling parameter or intensity dependent term

is in contrast to the interpretation in terms of strong coupling.
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CHAPTER

Other SPR Detection Ventures &
Challenges

5.1 Journey to DNA Detection

Surface plasmons and their properties have made a large impact in the biosensing field
throu ghout the past few decades by using gold as a sensor in the U\tvis region. During
the last decade, efforts to extend applications of the plasmonic field into the IR region
have been focused on the search for appropriate materials. The development of CdOX
(X=Dy, Y, Al and F) , a gateway material for plasmonic detection in the mid -IR, has paved
the way for new applications in the sensing field. CdO:X is useful because of its high
mobility and t unability, which results in a sharp, tunable plasmonic band int he mid-IR.
As described in chapter 3 and 4, this novel material CdO :X, provides the potential to be
used as a surfacesensor when combined with the SPR technique. This application will
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provide valuable information about molecular binding to metal surfaces as well as
dispersion of biomolecules due to the plasmonic band.

In order to explore CdO :X as a biosensor,one of our preliminary goal sis to attach DNA.
This is a demonstration of the utility of the method. DNA hybridization on surfaces is
well underst ood and thus provides an excellent model system for tests of the application
of SPR on mid-IR plasmonic surfaces. In order to accomplish this, we begin with single
stranded DNA, 15 then hybridize its complimentary strand © with fluorophore on the
surface and detect DNA using SPRin the mid -IR. Performing bioconjugation and DNA
hybridization requires reactions in aqueous environment. CdO dissolves easily in water
as mentioned before, depositing a protective layer Al 203 or SiOz via ALD deposition was
essential Due to the toxicity of CdO, high cost, and time consumption in development,
the chemistry explored from this point on used either GaAs wafer covered with 11-13 nm
Al20s surface or Silicon wafer covered with SiO: thin film. Once the chemistry is
developed, the methods will be applied to CdO: X substrate to explore the effect of
plasmonic band to functionalized DNA hybri dization. Fundamental vibrational
spectroscopy studies on the surface are also an interest of this work.

The primary goal of spectroscopic detection of DNA by SPR technique requires
immobilization of DNA on the surface. This requires assembly of a few buil ding blocks
on the surface before DNA can be immobilized. Carboxyl functional group is an
important fundamental building block routinely used when attaching biolog ical
molecules to a surface. The versatility of carboxyl group makes it possible to perform
further chemical reactions on the surface. One important property of carboxylic acid is
that it can react with primary amine to form amide bond with the help of a z ero-length
linker. Using this knowledge, SAM with carboxylic acid tail group needs to be
functionalized on the substrate so that further modification of the surface or attachment
of DNA can be possible.

5.1.2. Materials and Methods

Materials

Single-stranded DNA modified at k gith -NH2(UU # - k& wO, " hul Y w33 &w& &3 wé&3
& AUzZNHHBEBEDUUAWEOEwWPUUWE OZkx OPAKAUWEWauwd'0wWw& OEw " "
t POEDI PI EwPHUT w Ol KEMEADHIFO UK UUED EFOGU U8 wifubod Ow( O U
undecenyltrichlorosil ane  (UDTS) was purchased from Gelest and 11
mercaptoundecanoic acid was purchased from Sigma Aldrich.

76



Method

10-undecenyltrichlorosilane (UDTS) SAM was first deposited on UVO cleaned SiO 2and
Al 20s surfaces separately. Since both surfaces were used througbut this work, the term

substrate will be used in reference to both thin film surfaces. The proposed mechanism?6
is when trace amounts of water are present in the system, R SiCls hydrolyzed to R -
Si(OH)s and reacts with OH -Al susstrate Or OH -Skubstrate @S Shown in Scheme5.1. It is also
possible that the OH group from the substrate and chlorine both leave as HCI and the
molecules adsorbed onto the surface as RSI-O-Al sustate. This attachment leaves the tail
end of UDTS SAM, hydrophobic vinyl group (C= C), exposed from the surface.

When irradiated with short range UV light, the vinyl gr oup forms C-S bond with S-R type
moleculest’. This thiol-ene click chemistry is commonly used in organic chemistry to

make SC bonds from alkene and sulfur 8 1l1-marcaptoundecanoic reacts with the
exposed vinyl tail group from UDTS SAM under UV light for 30 mins to obtain two -layer
SAM, which is referred to as MUA SAM from this point on. This process leaves carboxylic
acid group exposed on top of the surface. Fig 5.1 depicts the attachment of UDTS and
MUA SAMs on the substrate.

H U'l.fé'lljsu bstrate

R-SiCl,
: -3 HCI

= R-Si=0- I.A]Jb“tlﬁ[f:lte

3H,0
HO-[Al]

sihstrate

R-Si(OH);

Schemeb5. 1: Mechanism of UDTS attachment to Al2O3
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Figure 5.1 The attachment of UDTS and MUA SAMs on Al 20z and SiOz thin film surfaces.
UDTS SAM was attached first, and then thiol -ene click chemistry was employed using
MUA via UV irradiation @ 254 nm for 30 mins.

The attachment of DNA is nhow possible as carboxyl terminated groups are exposed from

the surface. SinglestrartE | Ew# - wOOEDI Bl E wl®indhlfoinuaknigedbnd E wpb B O 1
wit h -COOH tail group of MUA SAM on the surface by using EDC coupling technique.

EDC, 1l-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride, is a zero -length

crosslinker that is used to couple carboxylic acid to primary amine. The advantage of

using EDC is its water solubility, which eliminates the use of organic solvent. The

mechanism of EDC coupling of carboxylic acid and amine is described on page 38. Once

ssDNA is attached to the surface, the complimentary strand modified with green
fluorophore, All REwW%OUOU WK WWOWEUwk zwi OEOQwPEUWI aEUDPEDA
attachment of SAMs on the surface, numerous characterization methods that are
summarized in chapter 2 were employed.
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Figure 5.2 Mechanism of DNA hybridization on thin film surface using EDC zero -
crosslinker and Sulfo-NHS.

Mechanism: EDC reacts with carboxylic acid (1) to form an active O-acylisourea (2). This
intermediate product is v ery unstable and requires primary amine to react with it
immediately. Failure to react with amine will result in hydrolysis of (2) and regeneration
of carboxyls. To make it more stable, N-hydroxysuccinimide (HNS) or its water-soluble
analog Sulfo-NHS is usually included. EDC binds NHS to carboxyls, forming NHS ester
(3) which is more stable than O-acylisourea. Then NHS ester can be coupled to amino
modified ssDNA at pH 7.6.
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5.1.3 Experimental Details

10-undecenyltrichlorosilane (UDTS) SAM Preparatio n

The substrate was cleaned for 20 minutes.Fresh solution 10-undecenyltrichlorosilane
(UDTS) in anhydrous toluene (10 pL/10 mL toluene) was poured on the substrate and
stored in the freezer overnight (~16 hrs). UDTS treated substrate was rinsed with fresh
toluene and dried with N 2. The dry substrate was then submerged in fresh toluene
solution, sonicated for 10-15 mins, and then finally blow dried with N 2.

11-mercaptoundecanoic acid (MUA) Attachment by UV Irradiation

The solution of 11-mercaptoundecanoic acid in isopropanol (concentration of 0.1 g MUA/
1 mL isopropanol) was poured and covered with a quartz slide. UV wavel ength at 254
nm was exposed to the substrate for 30 minutes. The substrate was rinsed with methanol,
then with isopropanol, and dried wi th N-.

Preparation of DNA Attachment

MES Buffer Preparation

A packet of 2-(N-morpholino)ethanesulfonic acid buffer (BupH MES Buffered Saline,
ThermoScientific) was dissolved in deionized water, resulting in a pH of 4.7. Dilute a
solution of 1 N NaOH (Fis her) in DI water to prepare a 0.1 N solution of NaOH. Add
diluted NaOH solution to MES buffer solution w hile stirring and monitoring pH to reach
a final pH of 6.0.

0.1M NaCl/phosphate buffer preparation

A mixture of 24.5 mM Na:HPO4 + 0.5mM NaH 2PO: resulted in pH 8.4. Then pH was
adjusted to pH to 8.6 with 0.1 N NaOH. 0.1M NaCl was dissolved in this pH adj usted
buffer and transferred it in to a 1L -volumetric flask. The solution was stored it in the
fridge.

1M NaCl/TE (TE=10mM Tris -HCI, 1mM EDTA) preperat ion

The mixture of 8.7 mM Tris -HCI, 1.3 mM Tris -Base and 1ImM EDTA was adjusted to pH
7.6 with 0.1N NaOH or HCI. 1M NaCl was dissolved in this pH adjusted buffer and
transferred it into a 1L -volumetric flask. The solution was stored in room temperature.
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EDC/s-NHS aliquot preparation

MES buffer was kept cold until needed. A glass beaker was stored inthe freezer to chill
before it was use. kethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC,
Thermo Scientific Pierce) was measured and added irto the chilled beaker. The pH-
adjusted MES buffer was filtered at a concentration of 0.015g EDC / 5nL buffer. This
filtered solution was divided into small aliquots (~2 -5 mL) and put it in the freezer until
needed. For N-hydroxysulfosuccinimide (s -NHS) aliquots, same procedure was followed
as in EDC (same concentration, etc.).

EDC/s-NHS Activation Step

An aliquot of EDC and an aliquot of s -NHS (they should be the same volume, i.e. both
should be 5 mL) were thawed before use. MUA coated silicon or alumina w afer were air
dried with nitrogen and placed in a small petri dish (or glass vial). EDC/s -NHS aliqu ots
were mixed together and stirred. EDC/s-NHS was poured on top of the Si wafer to
completely cover the surface with liquid. The reaction was stored in the fridge for 4 -6
hours, until DNA deposition step.

Single stranded DNA (ssDNA) deposition

The wafer was rinsed briefly with water and dried under nitrogen. DNA solution with
concentration 1-2 mM in 1M NaCl/TE buffer was poured onto the surface at a volume o f
around 20 pL to cover the whole surface. Then the reaction was left untouched in a humid
petri di sh in the room temperature for 2h. The surface was rinsed with TE buffer and air
dried with nitrogen.

DNA Hybridizations

Alexa Fluor 488 modified DNA (total ly 0.12mg) was dissolved in 70uL TE buffer which
result in a concentration of 400 uM. 5uL of solution was diluted in 1mL TE buffer
resulting in a concentration of 2.00 uM. The DNA hybridization was carried out at 37 KC
for 19 hrsin a shaking incubator.
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5.1.4 Results

Water Contact Angle Measurement: The tail group of UDTS SAM, vinyl group (C=C),

is expected to have a highwater contact angle due to its hydrophobic nature. On the
contrary, carboxylic acid in MUA SAM is hydrophilic, which will result  in low water
contact angle. This extreme difference between the contact angles of these two SAMs
makes it easy to characterize between the two surfaces. Water contact angle
measurements of (>90°) and ~68 of UDTS and MUA SAM respectively suggest the
presence of these two SAMs. Both measurements were perforned on the same substrate
after each layer was attached.

Ellipsometry: The thickness layer of each SAM is determined using ellipsometry. Two
different UDTS SAM were measured which have 1.81#0.19 nm. Then MUA layer is
attached to UDTS, which gives the thickness layer of 2.550.39 nm. The observed increase
in the thickness layer suggests the attachment of MUA to UDTS, but this needs to be
confirmed using other characterization methods such as XPS and AFM. The summary of
water contact angle and ellipsometry measurements were listed in table 5.1.

Table 5.1 Water Contact Angle and Ellipsometry Measurements for UDTS and MUA
SAMs

WCA Thickness

SAM G (nm)
UDTS | 92.31.85  1.810.19
UDTS+MUA | 62.%1.00  2.55:0.39

AFM Results: To further characterize the coverage of UDTS and MUA SAMs, atomic
force microscopy with tapping mode was employed to obtain surface images. Fig 5.3 (a)
different location s since these spots were not completely cleaned by UVO. The second
image fig 5.3 (b) shows the image of UDTS SAM, suggesting a full coverage SAM. Fig5.3
(c) is the image of MUA on top of UDTS SAM. This image suggests that MUA is on the
surface and seems ¢ be fully covered by MUA. This AFM images support the results
obtained by water contact angle and thickness measurement by ellipsometry.
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Figure 5.3 AFM Images of (a) blank Al 203 (b) 10-undecyltrichlorosilane SAM (UDTS) (c)
UDTS + 10mercaptoundecanoic SAM (MUA). The images suggest full coverage SAM for
both surfaces at 5um
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XPS Results: Three samples: blank Alz0s sample, UDTS SAM sample, and UDTS+MUA
(MUA for short) SAM sample w ere characterized using XPS. The survey of the blank
sample shows no sign of Si or S peaks while UDTS sample has Si and Cl peaks. Cl peak
in UDTS is due to trichlorosilane not completely hydrolyzed to ¢ Si(OH)s. These Cl peaks
are not seen in the MUA sample, but a sulfur peak can be detected. These data are
presented in fig 5.3. XPS data of carbon for the three samples (blank, UDTS, MUA) are
presented in fig 5.4 (a,b, c). The peak of blank carbon is deonvoluted into just one peak.
In UDTS sample, the decornvolution of the data shows two peaks that correspond to C-C
(284.8 eV) and GSi and C=C (283.9 eV). Vinyl group (C=C) and GSi***bonds are lower in
energy than (C-C), thus it is assigned to a lower energy peak. As for the MUA sample,
there are 4 different carbon bonds: GS, GC, C-Si, and COOH. All four different carbons
canbe assigned to deconvoluted peaks. GC bond is assigned to 284.80 eV and calibration
was performed according to this peak. C-Si bond can be assigned to 284.09 eV, which is
lower in energy than C-C bond. C-S?°bond is assigned to 285.69 eV and carboxyl group
(COOH) is assigned to 288.35 eV. The aforementioned assignma of peaks is consistent
with those discovered in reported literatures.

As expected, a high-resolution scan of sulfur shows the absence of Sulfur in both blank

and UDTS samples. For the MUA sample, two double peaks of sulfur are observed. The
first double peak at 162.68 eV and 163.63 eV correspond to S 2Pand S 2Rz respectively.

This suggests the presence of sulfur on the surface. The second double peak formation
forms from oxidized sulfur due to exposure to air.
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Figure 5.4 XPS survey data of three different samples: (a) Full survey spectrum. (b)
Expended survey spectrum: Blank Al 203, UDTS, and MUA. Blank sample shows no peak
of Si, Cl or S. UDTS showsSi and Cl peaks and MUA shows the present of Sulfur.
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Figure 5.5 Carbon XPS data for three samples: (a) Blank Al203 sample, (b) UDTS and (c)
MUA sample. Deconvolution of UDTS sample shows two peaks for C -C (284.80 eV) ad
C-Si and C=C (283.9 eV). Deconvolution of MUA shows the four different carbon peaks:
C-S (285.69 ¥), C-C (284.80eV), CSi (284.09 eV), and COOH (288.35 eV).
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Figure 5. 6 High resolution XPS data of sulfur peak for blank, UDT S, and MUA
samples. Only MUA sample shows sulfur peak.

Hybridization of modified ssDNA on capping layers Al 203 and SiO2: DNA
hybridization was performed on both Al 203 and SiO:z surfaces to experiment with the
possibility of using either surface as a protective layer. The green fluorophore attached to
the complimentary strand of DNA has an emission peak at 519 nm. Fluorophore was
detected using Edinburg Fluorometer 920. The fluorescent was excited at 45 nm and as
shown in fig 5.7, both samples show emission peaks at 519 nm which is consistent with
the emission peak of Alexa Fluor 488. This suggests DNA hybridization on these thin film
surfaces. Whether or not the attachment is physisorbed or chemisorbed cannot be
determined by this technique.
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Figure 5. 7 Emission spectra of green fluorophore, Alexa Fluor 488, on Al:0s and SiOz
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5.1.5 Challenges and Conclusion

The chemistry for hybridization of DNA has been explored he avily on SiO2 and Al20s
surfaces and from this experiment, it has been shown that it can be done easily. However,
CdO is extremely soluble in water and cannot be used to functionalize DNA without
having a protective layer. Therefore, capping CdO with Al 203 or SiOz2 was necessary.
After much exploring different deposition techniques of SiO2 and Al203, we realized
that using ALD deposition technique was the only solution since water can penetrate
through the two layers between CdO and any other capping layer w ith different
techniques used. This became a true challenge for sample preparation since there is only
one person who can deposit ALD deposition on CdO in NC State University so sample
preparations can take weeks to months, depending on the schedule of the person.
Another factor that needs consideration was to have a flow cell like sample holder as
DNA needed to be detected in water. Now that we are changing the ambient from air to
water, a new crystal (prism) was also needed. Thus, transferring the DNA hyb ridization
chemistry to CdO surface needed a well thought out plan that are challenging to conduct
the experiment. If time permits, this project has potential to be able to show how SPR can
be used to detect DNA in mid -IR region.
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5.2 Journey to Carborane Detection

*Note: This project was funded by NSF East Asia and Pacific Summer Institutes (EAPSI)
Fellowship in 2017 and the synthesis of carborane was conducted by Dr. Duttwyler
Group in Zhejiang University, Hangzhou, China .

NSF Award Abstract #1713815

Carboranes based on the monocarbaclosededecaborate anion ([CBuH12]') are
icosahedral boron-based cage compounds with one carbon vertex and twelve exoskeletal
hydrogen atoms (fig 5.2.1). This molecule and its derivatives feature three-dimensional
delocalization of electron density, leading to remarkable chemical and thermal
stability 2222, Their chemical and physical properties, such as,e.g, coordinating behavior
and polarity, can be largely modified depending on the substituents introduced to the C
and B vertices. These molecules areextremely hydrophobic , thermally stable and have a
strong Bt H stretchings in the Raman and IR spectra appeararound 2550 cm?, which is
the region that the plasmonic band of CdO:Dy can be tuned and easily optimized 123124

Carborane was first explored as monolayer that will protect CdO surface from water.
Also, the B-H IR stretch was of interest since it can be subsequently detecting with SPR.
For carboranes to chemically attach to a CdO surface, an appropriate functional group is
needed on the molecule. CdO has astrong affinity to thiol (R ¢+ SH) and potentially also to
carboxylate (Rt COO') groups, thus successful selfassembled monolayer deposition is
anticipated using thiol - and carboxylate-substituted carboranes!'?>. Carborane has also
been used to functionalize Au and Ag surfacesin reported in the literatures 12612,

Figure 5.8 Structure of the monocarba-closededecaborate anion ([CBuH 12]*)
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Monolayer deposition of thiolated carborane and carboxylate groups were explored
using THF as solvent for liquid phase (solution) deposition. However, due to carborane
being only ~0.5 nm thick, there were challenges in characterizing the surface. The results
were inconsistent, and it was quickly re alized that another solution was needed to detect
these  molecules. Moreover, these carboranes were anion salts that are being
accompanied by another positive charged molecule such as Li+. Therefore, using
carborane as a protective layer for CdO wasdiffic ult when deposited as its anion form.

One of the advantages of using carborane was that if there are two carbon on the Boron
cage, the charge can be neutralized, and It can also be functionalized with different
chemical on the carbon as well. If we recall Chapter 4, we used polymer p(MAMMA) as
a base and react it with amine to obtain IR information using SPR. Using this method,

two different amine -terminated carboranes, were synthesized as shown in fig (5.9). The
IR spectrum for these two compounds can be found in Appendix I.

Figure 5.9 Amine terminated carboranes (a) 1-Aminomethyl -o-carborane hydrochloride
(b) 1-(3-aminopropyl) -o-carborane hydrochloride
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For the first experiment, t he amine-terminated carborane, 1-(3-aminopropyl) -o-carborane
hydrochloride was deprotonated and reacted with p(MAMMA) using the same method
from Chapter 4 in diethyl ether solvent. Although the reaction did not take place in this
condition, carborane molecules form a layer on top of the polymer, which can be washed
awaywith EDT Ul aOwl OT T U w2/ 1WEEUEWPEUWEOOOI EUI EwE UL
polymer can be detected. The idea is that if we can detet the attached layer of carborane
in SPR, the BH stretch of carborane should be detected with no doubt once we can attach
it to the polymer. The data in fig (5.10) shows the potential of detecting carborane using
SPR method since there is absorption like shape at 2600 cnt, where B-H stretch of
carborane is. From figure 5.10, there is a possibly that carborane can be detected using
SPR method once the condition for reacting carborane with polymer p(MAMMA) is being
developed. Therefore, much more experimental work is needed for this work.

— 55

2000 2200 2400 2600 2800 3000
Wavenumber (cm™1)

Figure 5.10 SPR measurement ofl-(3-aminopropyl) -o-carboranel x ¥ 1 UwE U wk k 1
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CHAPTER

Conclusions and Future Work

6.1 Summary of Research

The work presented in this dissertation demonstrates an appli cation of CdO as a surface
plasmon resonance sensor chip inthe mid-IR region. This work was motivated by the

development of a novel material CdO:Dy reported in 2015 and the vision that this mid -
IR plasmonic material may be sensitive enough to be used for chemical and bio-sensing
using SPR method. In this chapter, we summarized the work that has been done to

advance the application of CdO:Dy for chemical sensing and the future of CdO as a
biosensar.
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Proof of Concept, SPR Detection of HDT

SPR detection of HDT is explored as a proof of concept for using CdO thin film as a
potential mid -IR sensor. HDT forms monolayers on CdO surface due to its high affinity
to the metal surface. Detecting CH: IR peaks between 2800t 3000 cm! encourages us to
further explore the potential of CdO as a sensor chip and paves the way for
understanding how molecules can disperse along plasmonic bands and how the
vibrations of molecules are affected by the plasmon band. This experiment also leads us
to explore many new ideas in SPR detection, including the use of polymers or carborane
and detection of DNA on a surface.

SPR detection of nitrile IR vibration peak

To detect the IR peak d the nitrile group, a unique approach was used by spin coating
polymer p(MAMMA) on CdO film due to the lack of any IR peaks between 200G 3000
cm. Then the spin-coated polymer was reacted with the i -Aminopropoinitrile, a source
of nitrile group (CN) to prod uce an isolated IR peak at 2250 cm. From this experiment,
not only do we get to detect CN peak, we studied and understand the reaction between
the polymer and CN within the spectroscopic data. T 0 our surprise, using spin-coated
polymer p(MAMMA) on CdO re sult in detection of I R peaksat 1740 cmt and 1780 cmt,
which is in the weak plasmonic region of our sample. The IR peak at 1780 cm?! of
p(MAMMA) is reduced or disappears when reacting with CN g roup and can be detected
using the SPR measurement. Moreover we also studied how the thickness of the polymer
affects the reaction and the signal of CN. As presented in chapter 4, the thicker the
polymer, the stronger the signal of CN that can be detected. Therefore, the goal of this
dissertation, using doped CdO as a sensor in midIR region is possible as presented in
this work.

6.2 Future Work

The plasmonic field is an important area that has been growing for decades with much
of the research done toextend the field into the IR region. For the first time, this work

demonstrates that surface plasmon resonance applications can be used in the midIR
region with ease. However, additional work is needed to explore the extent to which this

material can be used as a sensor.
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As presented in chapter 5, detecting DNA on CdO surfaces using SPR has much potential
in bio-sensing applications. Much of the groundwork for this project is presented in
chapter 5, but there are still challenges to overcome.With p roper time and planning , the
detection of DNA using SPR is possible. However, this project also requires that
individuals from various research fields wi th specific skills come together to make this
project a reality. Detection of proteins and analytes using flow cell to capture real time
SPR data is also in the future of CdO thin film bio -sensor.

Additionally, CdO can provide a high resolution SPR map wi th valuable IR information,
thus, continued exploration should be considered regarding its use as a chemical sensor.
Much work is needed to be done to establish if CdO thin films can be routinely used as a
mid -IR sensor. There is also a potential that doped CdO can be used as an electrode in
electrochemistry.
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Figure A.1 IR data of index matching fluid ¢ M series. Note there are multiple IR peaks
between 2750 3100 cm® making it not a suitable matching fluid to observed CH : IR
peaks
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Figure A.2 IR data of 1,24 dichlorobenzene neat. IR data is mostly clear of interested
region (2800¢ 3000 cm?).
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Figure A .3 IR data of Hexadecanethiol neat Strong IR stretches of CH: symmetric and
antisymmetric are observed.
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Figure A .4 IR data of p(MAMMA) on SiC: thin film . Strong C=0 stretches of anhydride
acid ring between (1700¢ 1900 cm?) is observed
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Figure A .5 IR data of bulk CN reacted p(MAMMA) . The appearance of CN peak at 2250
cm*and the disappearance of an IR peak at 1780 cmis observed due tothe ring opening
reaction of anhydride acid ring to primary amine.
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Figure A .6 IR data of 1-(3-aminopropyl) -o-carborane hydrochloride. Strong B-H stretch
from the boron cage is visible at ~2570 cnt

114



i

1500 1750 2000 2250 2500 2750 3000 3250 3500
Wavenumber (cm™1)

Figure A.7 IR data of 1-Aminomethyl -o-carborane hydrochloride . Strong B-H stretches
from the boron cage is visible at 2570 cm*
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