
ABSTRACT  

KHAMH , HNIANG  ZA MAWI,  Cadmium Oxide Thin Film as a Mid -infrared Surface 

Plasmon Resonance Sensor Chip. (Under the direction  of Dr. Stefan Franzen). 

     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 (SPPs). 

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 for over a decade. 

IR plasmonics has potential heat harvesting applications and could lead to profound 

innovations in infrared detecti on and chemical- and biosensing technologies in semi-

conductor compatible conducting metal oxides. In 2015 a gateway material ɬ cadmium 

oxide doped with dysprosium (CdO:Dy) ɬ 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 change in 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 amplified 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 th e UV-vis region because of 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 µm). 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 mid-IR 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 s and 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 results 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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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, J-P Maria, Stefan Franzen 

JOURNAL OF MATERIALS CHEMISTRY C, 6(31), 8326ɬ8342 (2018) 

 

 

1.1    Motivation  

The development of plasmonic materials in mid -IR is an important field has been rapidly 

expanding over the last few decades. As new materials emerge, the potential applications 

of these new-found materials are of interest with in the scientific  community. IR 

plasmonic active materials are applicable in many areas from heat harvesting1, data 
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storage2, plasmon lasers3 and sensors4,5. 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 Spectroscopy (SPR)6. Although these noble metals are highly 

appli cable 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 

region7-9.  

Many CMOs were heavily explored using graphene 10,11, ZnO doped with Alimin um 

(AZO) or Gallium (GZO) and indium tin ox ide (ITO) 12-14. 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 across the mid -IR region, dysprosium -doped cadmium 

oxide (CdO:Dy) was reported 15. The development of high -quality doped CdO thin fi lm 

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 materials can be coupled to the 

incoming electromagnetic wave by a simple set up known as Kretschmann configuration, 

where a prism 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 film along the metal/air interfaces. 

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

exploration of its potential  application as a mid -IR sensor using SPR spectroscopy. Within 

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 in mid -IR sensing and the future of doped CdO applications.  
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1.2    Historical Background  

Surface Plasmon Polaritons (SPP) was experimentally first observed by R.M. Wood in 

190218. 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 phenomenon19. 

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 20,21. Since this phenomenon was first observed on gold surfaces it has 

been discussed as a property of metals in much of the literature even though the physics 

of plasmons is a well-known property of any conducting material.  

 

 

 

Figure 1.1 3ÏÌɯÍÐÙÚÛɯÖÉÚÌÙÝÈÛÐÖÕɯÖÍɯ×ÓÈÚÔÖÕɯɁËÈÙÒɯÉÈÕËÚɂɯÉàɯ6ÖÖË 
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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 ligh t disperses in conductors to excite SPPs.  In this section, we will  first 

×ÙÌÚÌÕÛɯ,ÈßÞÌÓÓɀÚɯÌØÜÈÛÐÖÕÚɯÛÖɯderive an electromagnetic wave that 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 evanescent wave can be achieved and penetrate through the 

conductor to excite SPPs. We 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.  

 

1.3.1 Maxwell’s Equations 

We first starÛɯÞÐÛÏɯÛÏÌɯÍÖÜÙɯ,ÈßÞÌÓÓɀÚɯÌØÜÈÛÐÖÕÚɯÛÏÈÛɯÊÈÕɯÉÌɯÞÙÐÛÛÌÕɯÍÖÙɯÈ××ÓÐÊÈÛÐÖÕÚɯÐÕɯ

material. The following derivation is derived using [Dresselhaus 22, Maier23 and Wolski 24] 

with the help of Dr. Evan Runnerstorm.  

​ Ȣ  Ὀᴆ  ”                                                                      (1.1)  

​ Ȣ  ὄᴆ  0                                                                        (1.2) 

​  Ὁᴆ  
‬ὄᴆ

‬ὸ
                                                                ρȢσ 

​ Ὄᴆ  ὐᴆ
‬Ὀᴆ

‬ὸ
                                                              ρȢτ 

 

where Ὀᴆ is the dielectric displacement, ” is the external charge density, ὄᴆ is the magnetic 

induction or magnetic flux density, Ὁ ᴆ is the electric field, Ὄᴆ is the magnetic fields and ὐᴆ is 

the external current density.  
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We can also write relation between two material-specific physical material response to 

external stimuli as follows:  

Ὀᴆ ‐‐Ὁᴆ                                                              (1.5)  

ὄᴆ  ААὌᴆ                                                            (1.6)  

ὐᴆ  ʎὉᴆ                                                                           (1.7)  

Where ‐‐ is permittivity, ААis permeability and ʎ ÐÚɯÛÏÌɯÊÖÕËÜÊÛÐÝÐÛàȭɯ2ÐÕÊÌɯ,ÈßÞÌÓÓɀÚɯ

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).  

​ᴆ Ὁᴆ  
‬ὄᴆ

‬ὸ
                                                                     ρȢψ 

​ᴆ ​ᴆ Ὁᴆ  ​ᴆ ​ᴆ Ȣ Ὁᴆ ​ᴆόὉᴆ                                                  ρȢω 

Now the right -hand side can be rewritten as  

​ᴆ ​ᴆ Ὁᴆ  ​ᴆ
‬ὄᴆ

‬ὸ
                                                      ρȢρπ 

              
‬

‬ὸ
​ᴆ ὄᴆ                                                      ρȢρρ 

Left-hand side can now be simplified using eq (1.1) and (1.5) and if there are no static 

charges. 

​ᴆ ȢὉᴆ  
ρ

‐‐
​ᴆ ȢὈᴆ ” π                                                           ρȢρς 

Now we are left with the equation below when we set RHS and LHS  equal 

​ᴆὉᴆ
‬

‬ὸ
 ​ᴆ ὄᴆ                                                              ρȢρσ 

When we substitute equations (1.4) and (1.6) 

​ᴆὉᴆ
‬

‬ὸ
​ᴆ ААὌᴆ                                                             ρȢρτ 

АА
‬

‬ὸ
ὐᴆ

‬Ὀᴆ

‬ὸ
                                                   ρȢρυ 

If we now use equations (1.5) and (1.7) and set А‐=  , we obtain the wave equation. 
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​ᴆὉᴆ
А‐

ὧ 
‬όὉᴆ

‬ὸό
 АА ʎ

ЋὉᴆ

ЋÔ
                                            ρȢρφ 

Wave Equation for magnetic field  

​ᴆὌᴆ
А‐

ὧ 
‬όὌᴆ

‬ὸό
 АА ʎ

ЋὌᴆ

ЋÔ
                                            ρȢρχ 

 

This is the same as homogeneous wave equation, and one of the possible solutions is  

Ὁᴆ ὉὩ ᴆȢᴆ                                                                  ρȢρψ 

                                                                 

This equation describes a plane wave travelling in the Ὧᴆ direction with angular frequency 

Ϭȭɯ3ÏÌÙÌɯÐÚɯÈɯÙÌÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯὯᴆ ÈÕËɯϬȮɯÞÏÌÕɯА = ‐ ρ and ʎ π, 

ȿὯᴆȿ
‫

ὧ
                                                                              ρȢρω 

where this relati onship between Ὧᴆ ÈÕËɯϬɯÐÚɯÒÕÖÞÕɯÈÚɯËÐÚ×ÌÙÚÐÖÕɯÙÌÓÈÛÐÖÕɯÐÕɯÍÙÌÌɯÚ×ÈÊÌȭɯ

However, this only describes the dispersion relation in nonmagnetic materials where the 

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

permittivity ʀ ÜÚÜÈÓÓàɯÝÈÙÐÌÚɯÞÐÛÏɯÛÏÌɯÍÙÌØÜÌÕÊàɯϬȭɯ3ÏÜÚȮɯÞÌɯÕÌÌËÌËɯÛÖɯÊÖÕÚÐËÌÙɯÈɯÔÖÙÌɯ

sophisticated condition and present Dispersion Relation Theory in the next section.  

 

1.3.2 Dispersion Relation  

Electron charges on a metal boundary can coherently 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 [ 25]. 

The electric and magnetic fields on the interface with p -polarized wave propagate in the 

x direction is describe by 

ᾀ π     Ὄ πȟὌ ȟπὩὼὴὭὯ ὼ Ὧ ᾀ ‫ὸ 

Ὁ Ὁ ȟπȟὉ ὩὼὴὭὯ ὼ Ὧ ᾀ ‫ὸ                           ρȢςπ 
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ᾀ π     Ὄ πȟὌ ȟπὩὼὴὭὯ ὼ Ὧ ᾀ ‫ὸ 

Ὁ Ὁ ȟπȟὉ ὩὼὴὭὯ ὼ Ὧ ᾀ ‫ὸ                           ρȢςρ 

 

These fields must ÍÜÓÍÐÓÓɯ,ÈßÞÌÓÓɀÚɯÌØÜÈÛÐÖÕÚɯȹƕȭƕȺɯɬ (1.4) together with continuity 

relations 

Ὁ Ὁ                                                                    ρȢςς 

Ὄ Ὄ                                                                   ρȢςσ 

‐Ὁ ‐Ὁ                                                                ρȢςτ 

 

From equations (1.22), (1.23) follows the continuity of 

Ὧ Ὧ Ὧ                                                             ρȢςυ 

%ÙÖÔɯ,ÈßÞÌÓÓɀÚɯÌØÜÈÛÐÖÕȮ 

‬Ὄ

‬ᾀ
‐Ὁ

‫

ὧ
                                                         ρȢςφ 

Ὧ Ὄ
‫

ὧ
‐Ὁ                                                         ρȢςχ 

Ὧ Ὄ
‫

ὧ
‐Ὁ                                                        ρȢςψ 

Equation (1.28) with (1.22) and (1.23) yield 

Ὄ Ὄ π                                                              ρȢσπ 

Ὧ

‐
Ὄ

Ὧ

‐
Ὄ π                                                        ρȢσρ 

To get a solution, the determinant Ὀ  must be zero 

Ὀ
Ὧ

‐

Ὧ

‐
π                                                           ρȢσς 

This is the dispersion relation of the SPs. We can further write it as 

Ὧ Ὧ ‐
‫

ὧ
                                                          ρȢσσ 
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From (1.32) with (1.33) 

Ὧ
‫

ὧ

‐‐

‐ ‐
                                                    ρȢστ 

 

Since ‐ ‐ Ὥ‐ͼ , equation (1.34) can also be expressed as 

Ὧ Ὧ ὭὯͼ
‫

ὧ

‐‐

‐ ‐
                                            ρȢσυ 

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 

ÊÈÓÓÌËɯÈɯɁ×ÜÙÌɯ×ÓÈÚÔÖÕɂȭɯ3ÏÌɯ#ÙÜËÌɯÔÖËÌÓɯÞÈÚɯÊÖÕÚÛÙÜÊÛÌd to explain the transport 

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 0.2-1.0 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:  

 

ά
‬όὶ

‬ὸό
άῲ

‬ὶ

‬ὸ
ὩὉὩ                                                    ρȢσφ 

6ÏÌÙÌɯ̈́ɯÐÚɯÈ phenomenological damping constant. This equation gives dipole moment p 

and if we recall necessary equations: 
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p = er                       Dipole moment  

P=np = ner              polarization (n is the electron per unit volume)  

/ɯǻɯϪȹϬȺʀƼ$ɯɯɯɯɯɯɯɯɯɯɯɯɯ/ɨ$ȮɯʀƼ is permittivity of vacuum  

ϪȹϬȺɯǻɯʀȹϬȺ-ƕɯɯɯɯɯɯɯɯɯɯϪȹϬȺɯÍÙÌØÜÌÕÊàɯËÌ×ÌÕËÌÕÛɯËÐÌÓÌÊÛÙÐÊɯÚÜÚÊÌ×ÛÐÉÐÓÐÛà 

P = (ʀȹϬȺ-1) ʀƼE       Polarization driven by an electric field 

 

Now we can write the expression for the equation of motion in terms of polarization  

‬όὖ

‬ὸό
ῲ
‬ὖ

‬ὸ

ὲὩ

ά
ὉὩ                                                      ρȢσχ 

And the perturbin g electric field  

‐…‫
‬Ὁ

‬ὸ
 ῲ
‬Ὁ

‬ὸ

ὲὩ

ά
ὉὩ                                           ρȢσψ  

 

…‫
‬Ὁ

‬ὸ
 ῲ
‬Ὁ

‬ὸ

ὲὩ

άʀ
ὉὩ                                            ρȢσω  

Now substitute E = ὉϚὩ  and take derivative, then solve for …‫  where 
ό

ʀϚ
‫ὴ
ς  

…‫
‫

‫ Ὥ‫ῲ
                                                            ρȢτπ 

 

‐‫ ρ  
‫

‫ ῲ
Ὥ

ῲ‫

‫‫ ῲ
                                              ρȢτρ 

 

‐ ‐  Ὥ‐ ‐
‫

‫ Ὥ‎‫
                                                  ρȢτς 

 

‐ ‐
‫

‫ ῲ
                                                                ρȢτσ 

 

‐   
ῲ‫

‫ ‫ῲ
                                                                   ρȢττ 
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The plasma frequency and damping constant can be described by: 

 

‫
ὲὩ

ά‐
                                                                        ρȢτυ 

 

ῲ
Ὡ

‘ά
                                                                         ρȢτφ 

‐   dielectric function  

‐   high f requency limit  

ῲ   damping constant  

‫   plasma frequency 

n   carrier density  

e   electron charge 

‐  the permittivity of vacuum  

ά   effective electron mass 

ϟ   mobility  

 

1.3.4 Surface Plasmon Resonance 

In 1960s, the idea to excite and detect SPPs sparked the interest of Kretschmann and 

Reather when they realized that surface plasmon can be excited by changing the 

environment near the metallic surface26,27. 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 configu rations 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  thi s 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, then intr oduce how light can be coupled into this dispersion 

curve.  
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Figure 1.2 Kretschmann-Reather configuration : When the incident light is internally 

reflected, total internal reflection occurs (n 1 > n2) and an evanescent wave (red) penetrates 

the metal substrate causing electrons on the metal surface (SPP) to oscillate coherently.  

 

 

Figure 1.3 Otto Configuration:  When the incident light is internally reflected, total 

internal reflection occurs (n 1 > 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, ÓÌÛɀÚɯÙÌÊÈÓÓɯÛÏÌɯ

equation for Drude metal,  

‐ ‐
‫

‫ Ὥῲ‫
                                                        ρȢτχ 

 

-ÖÞɯÐÍɯÞÌɯÈÚÚÜÔÌȮɯÛÏÌɯÔÌÛÈÓɯÐÚɯÓÖÚÚÓÌÚÚȮɯÛÏÌɯËÈÔ×ÐÕÎɯÊÖÕÚÛÈÕÛɯÐÚɯ̈́ɯǻɯƔȭɯ(ÍɯÞÌɯÈÓÚÖɯÈÚÚÜÔÌ 

‐  = 0 ÈÕËɯ͙ɯǻɯ, the lossless frequency dependent dielectric function of Drude metal 

can be expressed as  

‐ ρ
ρ

 
                                                             ρȢτψ 

 

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

 

Ὧ
‫

ὧ

‐‐

‐ ‐
                                                             ρȢτω 

 

represents the angular frequency, c is the speed of light. ‐ and ‐ represent the ‫ 

dielectric functions of the insulating overlayer (‐) and conducting substrate (‐), 

respectively. Setting ‐ ρ, substituting equation 1. 48 into 1.49 gives, 

 

Ὧ
‫

ὧ

ɱ ρ

ςɱ ρ
                                                             ρȢυπ 

Plotting the above equation resulted in  two dispersion curves of surface plasmons on a 

metallic surface as seen in fig (1.4). 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 is ‫ , plasma frequency and the lower limit is ‫ , which is  
Ѝ

. Since surface 

plasmon is excited below plasma frequency, we will only consider the curve below the 

plasma frequency. 
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Now that we describe the dispersion of SPPs on a metal surface, we will introduce an 

incoming light line Ὧ ȮɯÞÏÌÕɯϘɯǻɯƕɯÈÕËɯ×ÓÖÛɯÛÏÐÚɯÞÐÛÏɯ2//ɯËÐÚ×ÌÙÚÐÖÕɯÊÜÙÝÌȭɯ Úɯ

depicted in fig (1.5), this light line does not intersect SPP curve at any point. Thus, there 

is no resonance between the 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 propagatÐÕÎɯ ÓÐÎÏÛɯ ÛÏÙÖÜÎÏɯ Èɯ ÔÌËÐÜÔɯ Ϙǿƕȭɯ 3ÏÐÚɯ ÊÈÕɯ ÉÌɯ ÙÌ×ÙÌÚÌÕÛÌËɯ

mathematically by modifying the light equation  to Ὧ
Ȣ

 ,  ‐ > 1. 

This plot is shown in fig (1. 6). Now, there is a resonance between the propagating 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 

Ὧ
Ȣ‐ὴὶὭίάȢ  

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

light line intersects the SPP curve at a different point, therefore, the resonance happens 

at a different energy for each angle as shown in fig (1.7). 

 

 

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

film .  
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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, sur face plasmon resonance is not observed 

 

Figure 1.6 Dispersion curve of SPP and light 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. Each 

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 region29-31. Despite the fact that the plasma frequencies of 

most metals are located in the deep ultraviolet32-34, 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. 35 The net effect is that the Au and 

Ag plasmon resonance frequency becomes coincident with the onset of band-to-band 

transitions with energies in the visible range. However, this interband mixing also c auses 

the plasmon bands of Au and Ag to have significant losses due to absorption in the visible 

and near-UV.35-37 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 eV34), 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.38,39 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-IR40,41. 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.13 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 i s predicted by the theory to have an increase in loss below the plasma 

frequency.13 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.  

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 (III-V) or (II -VI) semi-conductors have SPPs below the mid -IR while 

the metal nitrides have SPPs above the mid-IR.14 Graphene is also an interesting 
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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:SnO2, SrRuO2 and many others) have shown superior properties 

when compared to metal nitrides. 12-14 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  1.8 also 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 spectra 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 

Ɂ×ÜÙÌɯ×ÓÈÚÔÖÕÚɂȭ42  fig  1.9 shows the contrast between the optical response of ITO and 

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 with 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.43 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. 42 The real response (blue) represents dispersion and plotted as Ϭ vs. k to 

show the dispersion of the material. The imaginary wave vector response (red) represents 

absorption of l ight 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 

ÐÛÚɯÚ×ÌÊÛÙÈÓɯÍÌÈÛÜÙÌÚȮɯ(3.ɯÏÈÚɯÈɯɁ×ÜÙÌÙɂɯ×ÓÈÚÔÖÕɯÛÏÈÕɯ Îȭɯ4ÕÓÐÒÌɯ ÎɯÖÙɯ(3.Ȯɯ ÜɯÏÈÚɯÈɯ

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 (nanostructures) that provide a seemingly 

limitless tunability due to their shape. 44 The LSPR of Au and Ag depends on the aspect 

ratio and aggregation state of nanorods and nanoparticles.45, 46 The creation of ordered 

arrays of gold on patterned surfaces has led to new ways to tune the LSPR of materials.47 

These aspects of the noble metals are currently being used as the pattern 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.49-51 In addition, silicide materials have been studied more 

recently for plasmonic optical properties. 52,53 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 21 cm3. However, as the 

doping concentrat ion approaches the solubility limit, the doping efficiency decreases, 

which presents an intrinsic limitation to applications based on these materials. 54 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 55-57. 

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 58,59, Phosphides60 and Nitrides 14,61 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 attracted attention as a 2-D material that can support SPR that may have 

applications as a metamaterial.62-65 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.66 Similarly heavily 

doped Ge, which has carrier densities in the same range as graphene shows a modest 

temperature dependence on carrier density. 56 Thus, graphene has the disadvantages of a 

requirement for cryogenic temperature, low car rier density and interfering intraband 

ÛÙÈÕÚÐÛÐÖÕÚȮɯÞÏÐÊÏɯÓÐÔÐÛÚɯÛÏÌɯÜÚÌÍÜÓɯÙÈÕÎÌɯÖÍɯ2/1ɯÙÌÚÖÕÈÕÊÌɯÛÖɯÞÈÝÌÓÌÕÎÛÏÚɯǿɯƚȭƙɯϟÔȭ67 

Thus, like the traditional semi -conductors, graphene is restricted to applications in the 

far-IR. 

 

  

1.4.4 Transparent 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.9,68 Based on the understanding of the semi-conductor 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 

— ς— stage attached to a Fourier transform infrared (FTIR) spectrometer.69,70 The  optical 

response of ITO films was studied as a function of thickness from 30 nm to 300 nm.71 

Subsequently, the effect of thin film preparation on the optical properties  was quantified 

based on the Drude model.72 The use of hybrid Au :ITO plasmonic thin films permitted a 

separation of the SPP and ENZ based on polarization.73 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.73 
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While these studies demonstrated the utility of ITO as a material for theoretical study of 

SPR in the near-IR the understanding derived from these studies led to the conclusion 

that the quality factor of the SPR signal was approximately 5 times lower than that of Au 

because of the low mobility of ITO (ca. 30 ὧά/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) 74-77, gallium -doped ZnO (GZO) 13,74,78 

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.9,79 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 the optical 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 erials80-82 and electrochemical 

sensors83,84 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.85-88 The observation that the ITO 

reflectance decreases in the near-IR 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.9,89 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 free electron 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 

complete reflection in the absence of ÈÉÚÖÙ×ÛÐÖÕɯÓÖÚÚÌÚɯȹϬɯǾɯϬp/Ѝ‐  ǻɯϬbpȺȭɯϬbp is the 

frequency of the bulk plasmon and ‐  is the high frequency dielectric constant. In the 

resonant regime, ϬɯǻɯϬbp, one 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 73. 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 90 and the analogous effect in insulating 

films, known  as the Berreman mode.91,92 The 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 CdO have 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 depends on particle 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-1 73 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 cm-1.46 The LSPR of ITO observed in nanoparticles at the same doping 

of 10% Sn is 6,200 cm-1.93 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.  

!ÌÓÖÞɯÛÏÌɯÉÜÓÒɯ×ÓÈÚÔÈɯÍÙÌØÜÌÕÊàɯϬɯǾɯϬbp, light can couple into the material if it 

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 ÖÙɯÈÐÙȮɯÐÛɯÐÚɯÙÌÍÓÌÊÛÌËɯÍÖÙɯϬɯǾɯϬbp. When 
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ϬɯǿɯϬbp, ITO 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 f requency. 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 2006.38,39 

ITO has one of the highest charge carrier densities of any CMO, thus, it is well suited for 

measurements in the near-IR range (5000 ɬ 9000 cm-1). The dependence of the SPR signal 

on the thickness of the conducting film can be explained by referring to three thickness 

regimes.71  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 (see fig  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) 35 

in ITO by  

 

E = E0 exp (-t/ϗ)                                                       (1.51) 

 

ɿ 
ὧ

ς“„А‫
                                                              ρȢυς 

 

where t is the thickness of ITO, E0 is the original magnitude of the electric vector, c is the 

Ú×ÌÌËɯÖÍɯÓÐÎÏÛɯÈÕËɯϦɯÐÚɯÛÏÌɯÊÖÕËÜÊÛÐÝÐÛà. 

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 1.10B 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 1.10D where multiple optical features are 
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present. The optimal thickness for ITO films is observed to be between 120-200 nm, which 

is shown in fig  1.10E, 1.10F and 1.10G. In this thickness range the phase shift induced by 

the loss tangent of 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 annealed 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 fig1.10I.  

 

 
Figure 1.10 SPR spectra Rp/Rs obtained for ITO film thicknesses d from 30 (panel A) to 

318 (panel I). Each line represents an angle increment of 0.8Ɨ↔. Used with permission from 

Ref (94). 

 

The SPP band is tunable with carrier concentration as depicted 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 2/Vs), 

which leads to a broad SPR response.71 The width of the SPP band increases as the 
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mobility decreases as shown in fig 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 densities lower 

than ITO, which naturally places them in the mid -IR region, which is also the region 

where molecular vibrations are observed by FTIR spectroscopy.  

 

 

 
 

Figure 1.11 The 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 1.12 The 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 corresponding 

mobili ties are given in each panel. Used with permission from Ref (94). 

 

ITO has been widely 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 ‫  and the observed SPR reflectance minimum. 95 A large non-linear 

optical signal was observed near the ENZ mode of ITO using ultrafast spectroscopy. 12 

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.   
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1.4.7 The Search for Appropriate CMOs for mid -IR SPR 

Once SPR in the near-IR 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 oxides96,97 such as SrTiO3, SrSnNO3, Cd3TeO6 and SrGeO3 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 superlenses98,99, 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. 100 Spectroscopic detection of SPR was demonstrated for ZnO in the 

mid -IR region between 2000 and 3000 cm-1. Though ZnO can support mid -IR plasmonics, 

the observed SPR was broad and lossy as shown in fig 1.13. Fig 1.13 shows experimental 

data in the 2-D map format (angle vs. cm-1). fig  1.13b shows a doped ZnO film with optical 

thickness for observation of SPR. The black feature, which corresponds to the extinction 

due to the SPR, is very broad. This is a consequence of the low-quality factor, which in 

turn is due to the low charge carrier mobility at the carri er concentration (4 x 1019 ɬ 8 x 

1019 cm-3) 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 -

quality -factor tunable SPR in the mid -IR region in 2015.15 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 exper imental reflectivity data comparison for Zinc oxide 

(ZnO) with different film thicknesses. (a,b) 400 nm (c,d) 600 nm (e,f) 800 nm. (a,c, and e) 

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.101 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 th e mid-IR due to its unusually high mobility 15 at carrier concentrations >1019 cm-3. 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: 

 

#Ä / #Ä 6ɆɆ ςὩ /                                      (1.53) 

$Ù/  
ὅὨὕ
 ς$ÙɆ ς/ ςὩ /                                      (1.54) 

 

Although dysprosium on a Cd -site and an oxygen vacancy are both electron donors, 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 ( Ò

πȢωυ ÎÍȟÒ πȢως ÎÍ. 102 The singly charged n-type donor, $ÙɆ  in eqn. 1.54, increases 

at the expense of the doubly charged n-type vacancy, 6ɆɆ  in eqn. 1.53 and 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 ran ge of dopant 

concentration. Because impurity 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 $ÙɆ  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 in fig 1.14. The conductivity a nd carrier concentration are both observed to 

increase as Dy doping concentration increases spanning the range of 5 x1019 ɬ 1 x1021 cm-

3. Mobility follows the same trend until it reaches its maximum mobility value of 500 

cm2V-1s-1 at 5 x 1019 cm-3. Beyond this Dy concentration, carrier mobility decreases until 

the limit of 5 x 1021 cm-3. This unique combination of high carrier density and mobility of 

CdO:Dy makes it an ideal plasmonic host at mid -IR frequencies. 

 

 

 

 

 

 

 
 

Figure 1.14 Transport properties of  CdO:Dy carrier concentration ( n), carrier mobility ( ϟ) 

and conductivity ( Ϧ) as a function of Dy concentration. Reprinted by permission from 

Macmillan Publishers Ltd: Ref (15), copyrigh t (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 ies and 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 Kretschmann 

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  1.15 were grown 

using an oxide molecular beam epitaxy (MBE) environment. Figure 1.15b 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 cm2/Vs. The reader should compare this 2-D plot to that of Al:ZnO in fig  1.13b. The 

SPR dispersion feature in the 2-D of Al:ZnO should be curved in the same w ay as the one 

is in fig  1.15b. 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 1020 cm3 in fig  1.15d compared to 1.3 x 1020 cm3 in fig  1.15b). As a consequence, the ENZ 

is shifted 3,500 cm-1 in fig 1.15b to a value greater than 3,800 cm-1 (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).  

 

 

 

 
 

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 reactive High -Power Impul se Magnetron 

Sputtering (or HiPIMS). 16,17 These dopants include yttrium and fluorine, among several 

others. Notably, CdO:Y grown via HiPIMS demonstrates mobility in excess of 400 cm 2V-

1s-1 with a carrier density of ~1020 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 19 and mid 1020 carrier 

concentrations by controlling the magnetron power and the cathode to substrate distance 

for the dopant source. With d opants 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. 16,17 
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CHAPTER  2 

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 active 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 so on. These 

methods can be used 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 Deposition  

Self-assembled 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 concent ration of 

the polymer. Polymer solution was then filtered using 0.45 µm 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 pol ymer 

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 the techniques and instruments used to characterize 

SAMs and spin-coated polymers. We also present in-depth 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 shown in 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 (mono- and di -) atomic oxygen by 

254 nm radiation. This atomic oxygen, radical species, desorbed hydrocarbon impurities 
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from the surface by releasing CO and CO2 gases. By employing this process, either 

alumina or SiO2 surfaces are left with concentrated ɬOH groups that serve as attachment 

points for chlorosilane molecules to the surface.  

2.2.2    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 Ramé-Hart 

instrument and analyzed with Ramé -Hart Imaging 2001 software. Approximately  ƚɯϟ+ɯ

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 ɬ 65, 70, and 75 degrees ɬ were collected 

separately and averaged together 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 take-off angle of 15° (i.e., angle between the plane of the film and the 

entrance lens of the detector optics). The X-rays in the XPS instrument were generated 

using an aluminum monochromated x -ray source. The energies used were 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 ȹ%6',ȺɯÞÈÚɯÊÖÕÚÛÙÈÐÕÌËɯÚÜÊÏɯÛÏÈÛɯÈÓÓɯ×ÌÈÒÚɀɯ%6',ɯÞÌÙÌɯÞÐÛÏÐÕɯǷƔȭƖɯÌ5ɯÖÍɯ

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 while 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 

 %,ɯ Ú×ÐÙÌɯÛÐ×ÚɯȹÊÖÕÐÊÈÓɯƗƔƔɯÒ'áȮɯƘƔɯ-ɤÔȺɯÞÌÙÌɯÜÚÌËȭɯ3ÏÌɯÚÐáÌɯÖÍɯÈÓÓɯÐÔÈÎÌÚɯÐÚɯƙɯϟÔȭ 

 

2.2.6   Fluori meter 

 ɯ%2ɯƝƖƔɯ$ËÐÕÉÜÙÎÏɯÐÕÚÛÙÜÔÌÕÛɯÞÈÚɯÜÚÌËɯÛÖɯÖÉÛÈÐÕɯÛÏÌɯÌÔÐÚÚÐÖÕɯÚ×ÌÊÛÙÈɯÖÍɯÎÙÌÌÕɯ

ÍÓÜÖÙÌÚÊÌÕÛɯ ÓÌßÈɯ%ÓÜÖÙɯƘƜƜȭɯ$ßÊÐÛÈÛÐÖÕɯÞÈÝÌÓÌÕÎÛÏɯÖÍɯƘƛƙɯÕÔɯÞÈÚɯÌÔ×ÓÖàÌËȭɯ#ÈÛÈɯÞÈÚɯ

ÊÖÓÓÌÊÛÌËɯÈÕËɯÈÕÈÓàáÌËɯÐÕɯ%ɯƝƔƔɯÚÖÍÛÞÈÙÌȭɯ 

 

S 2p 

Cl 2p 

C 1s 

Cd 3d 

O 1s 
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2.2.8    Surface Plasmon Resonance Spectroscopy (SPR) 

To collect the reflectivi ty maps of SPR, IR-VASE (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 cm2 area from the middle section of the material to allow for 

the sample to be exposed to 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 CaF2 prism was placed on 

top, in which is  a geometry known as the Kretschman configur ation. 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 in measuring. 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 so if the matching fluid does not have low  vapor pressure, it is 

impossible to obtain good data. Generally, index matching fluid (M series) was used to 

eliminate the ai gap. However, this solution has an IR peak between 2900-3000 cm-1 (See 

Appendix I for IR data) which interferes with the CH2 symmetric and anti -symmetric 

stretching peak, which we want to observe in our experimental data to see the presence 

of monolayers of alkane thiolates, commonly used in SAM studies. For these studies, we 

use 1,2-dichlorob enzene (See Appendix 1 for IR data) which has low  vapor pressure and 

clear of any IR stretches around 2900-3000 cm-1.  
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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 minimum 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 (R s) separately. As mentioned previously, only R p can drive a surface plasmon. 

Therefore, to plot the data, we take Rp/Rs to cancel the background. Processing data and 

generating plots were done in Wolfram Mathematica . The collected data can be best 

presented by plotting (R p/Rs) against energy (wavenumber cm-1) (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 which indicated extinction due to 

plasmonic resonances.  
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Figure 2.5 An example SPR map showing from 1500 ɬ 4000 cm-1 (a) cross-sectional data  

of Rp/Rs (b) SPR contour map  
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CHAPTER  3 

SPR Detection of Hexadecane Thiol  
 

 

 

 

3.1   Introduction  

Since the emergence of the field of plasmonics in the 195ƔɀÚȮɯ2ÜÙÍÈÊÌɯ/ÓÈÚÔÖÕɯ/ÖÓÈÙÐÛÖÕÚɯ

(SPP) were heavily investigated in the ultraviolet (UV) and visible (UV -Vis) regions of 

the electromagnetic spectrum. SPP are bound electromagnetic waves that 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 

spectrum32,33, 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 semiconductors7, half-metals, and conducting metal oxides9. These new-found 

realizations led to the quest for new materials wi thin 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 also 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) 15, 

possesses a 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 described 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 sensitive 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 unique properties 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 on the 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 sonicated in fresh THF for 10 

more minutes and dried again with N 2. 

 



   

 

 

44 

 

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 question 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 surfaces103,104 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 achieved. While 

alkanethiolate SAMs form easily on Au surface, the formation of SAM on semiconductor 

highly dependent on the concentration of the molecule, choi ce 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 

oxide68,104 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 104ȍ ÆÉÇ σȢρ Â ȟ ×ÈÉÃÈ 

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 the bare CdO 

sample before SAM deposition. The bare substrate Dy doped CdO thin film was 

deposited on MgO, which was optimized between 2800 cm -1 to 3000 cm-1 wavenumbers 

(d = 250 nm, n = 2.6 x 1020 cm-3 and µ = 310 cm2V-1s-1). This is an advantage of using doped 

CdO as a sensor chip since the plasmon band 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-1ȺɯÈÕËɯÈÕÎÓÌɯÚ×ÈÊÌɯȹƘƛʁɯɬ 50ʁȺȮɯÊÖÓÓÌÊÛÌËɯÉàɯƔȭƖʁɯÐÕÊÙÌÔÌÕÛÚȭ 

 

 

 

 

Figure 3.1 Self-Assembled Monolayer of HDT on CdO surface (a) Illustration of 

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

ÞÐÛÏɯƕƔƘʁ 

 

IR-Vase ellipsometry modified with custom sample stage and sample holder with CaF 2 

were used to take SPR measurement in Kretschmann configuration. 1,2 ɬ 

dichlorobenzene was used as a 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 l ight 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.  

 

 

(a) (b) 

104ʁ 
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Figure 3.2 Spectroscopic illustration of the experimental set up u sing Kreschmann 

configuration . As p-polarized light passes through the prism -MgO interface, a slight 

ÊÏÈÕÎÌɯÐÕɯÛÏÌɯËÐÙÌÊÛÐÖÕɯÖÍɯÛÏÌɯÐÕÊÐËÌÕÛɯÓÐÎÏÛɯÖÊÊÜÙɯËÜÌɯÛÖɯ2ÕÌÓÓɀÚɯÓÈÞȭɯ(ÛɯÛÏÌÕɯÚÜÉÚÌØÜÌÕÛÓàɯ

fol lows the original Kreschmann configuration process . 

 

 

 

 

 



   

 

 

47 

 

 

 

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 1020 cm-3 and mobility  (µ) = 310 cm2V -1s-1 

(a) 

(b) 
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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 the 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 resonance angles compared to the blank sample (fig 3.3 a). The angle 

ÚÏÐÍÛɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÛÖɯÉÌɯƔȭƘʁɯÈÛɯƖƝƔƔɯÊÔ-1 as shown in fig (3.4) and this was deemed to 

be a significant shift. In comparison, SPR in gold and silver has been used widely in UV-

Vis area anËɯƔȭƗʁɯÚÏÐÍÛɯÞÈÚɯÙÌ×ÖÙÛÌËɯÈÚɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÚÏÐÍÛȭɯ3ÏÌÙÌÍÖÙÌȮɯÛÏÌɯÈÕÎÓÌɯÚÏÐÍÛɯ

observed here in this experiment is comparable to what was seen in UV-Vis. 

 

 

 
 

 

Figure 3.4 Angle shift of HDT SAM coated CdO samples (red) and Blank CdO sample 

(blue). %Reflectance was calculated from Rp/Rs and set the minimum of the data as 0 at 

2920 cm-1. The shift was determined to be ƔȭƘʁȭ 
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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 chemica l attached on the metal surface. To 

examine this, a high-resolution scan is needed. Note that monolayers are only about 2 ɬ 

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 acquirin g 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.  

A high -ÙÌÚÖÓÜÛÐÖÕɯÚÊÈÕɯÖÍɯ'#3ɯ2 ,ɯȹƘƜȭƚʁɯɬ 4ƝȭƖʁɯÞÐÛÏɯƔȭƖʁɯÐÕÊÙÌÔÌÕÛÚȺɯÞÈÚɯÔÌÈÚÜÙÌËɯ

and presented in fig (3.5). From the SPR map, there are IR stretches at 2920cm-1 and 

2850cm-1 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 p by Rs (Rp/Rs) to subtract any signal that was 

picked up by Rp before it penetrates the surface as evanescent wave. P-polarized 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 Rp/Rs subtracts much of the background, it  is also important 

to look at the raw cross-section data of Rp and Rs, then compare it with R p/Rs.  
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Figure 3.5 SPR contour map of Hexadecanethiol ȹ'#3ȺɯÛÈÒÌÕɯÈÛɯÐÕÊÐËÌÕÛɯÈÕÎÓÌÚɯƘƜȭƚʁɯɬ 

ƘƝȭƖʁɯÉàɯƔȭƖʁɯÐÕÊÙÌÔÌÕÛÚȭɯ3ÏÌɯ×ÌÈÒɯÈÛɯƖƜƙƔɯÊÔ-1 and 2920 cm-1 are symmetric and 

antisymmetric IR peaks of CH 2 
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Figure 3.6 IR stretches of HDT (a) p-polarized light (Rp) (b) s-polarized light  (Rs) (c)Rp/Rs   

 

 

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

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

ÈÕÎÓÌɯÖÍɯƘƝȭƕʁ in Rp, the two largest peaks are observed at 2850 cm-1 and 2920 cm-1 and 

smaller peaks at 2933 cm-1 and 2955 cm-1ȭɯ6ÏÌÕɯÛÏÌɯÐÕÊÐËÌÕÛɯÈÕÎÓÌɯÐÚɯÐÕÊÙÌÈÚÌËɯÛÖɯƘƝȭƖʁȮɯ

the prominent peaks are now at 2870 cm-1, 2918 cm-1 and 2959 cm-1. Now, if we plot R p/Rs 

for the same angles (fig 3.6c), the IR stretches are significantly 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 peaks105 

between 2850 cm-1 ɬ 3000 cm-1 along with the observed IR peaks for the experiment are 

listed in table 3.1. 

(a) (b) 
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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 band and 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 

ÈÕÎÓÌÚɯƘƝȭƕʁɯÈÕËɯƘƝȭƖʁɯÖÕɯ"Ë.ɯÚurface 

 

Peak Position (cm-1) 

On Au 

/ÖÚÐÛÐÖÕɯÈÛɯƘƝȭƕʁ 

On CdO 

/ÖÚÐÛÐÖÕɯÈÛɯƘƝȭƖʁ 

On CdO 

vas (CH3)ip 2964 2955 2959 

vs (CH3)FR 2937 2933  

vas (CH2) 2920 2920 2918 

vs (CH3)FR 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 ɬ 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  4 

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 plasmonic lasers. In order to implement these 

applications, a plasmonic material is required that is easy to manufacture and has low  

losses in the mid -IR region. In 2015, Sachet et al reported a conducting metal oxide (CMO) 

dysprosium -doped cadmium oxide (CdO:Dy) 15 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 near an insulator-conductor interface. 

In the Kretschmann geometry SPR can be used to monitor 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. Because of 

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. A lthough 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)16,17.  

One critical test of the detection of analytes is to detect an isolated IR signal such as the 

nitrile peak (CN) at 2250 cm-1 . 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 (2000 ɬ 2500 cm-1)106. This polymer can easily react with -̡

Aminopropoinitrile (BAPN) to produce the wanted CN group on the polymer as shown 

in Scheme (4.1). IR spectra of free p(MAMMA), -̡Aminopropoinitrile and reacted bulk 

p(MAMMA) -BAPN are presented in Appendix  I. 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 µm filters were 

purchased from VWR. The polymer was synth esized by Steven Zboray of Dr. Jan 

&ÌÕáÌÙɀÚɯ&ÙÖÜ×ɯÍÙÖÔɯ-"ɯ2ÛÈÛÌɯ4ÕÐÝÌÙÚÐÛàȭ 

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 µm PTFE. 200 

µL of the filtered solution was used to spin -coat using PWM32 Spin Controller from 

Headway Research, Inc as presented in Chapter 2.  

Reaction with -̡Aminopropionitrile : 50 µL of ̡ -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 -̡

Aminopropoinitrile  
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SPR Measurements: SPR data were collected in the Kretschmann configuration using a 

CaF2 prism from Thor Lab, a custom sample stage and a sample holder in 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 ɬ 

dichlorobenzene was used as the matching fluid for all  data collected in this chapter. Each 

Ú×ÌÊÛÙÜÔɯÞÈÚɯÊÖÓÓÌÊÛÌËɯÈÛɯÈÕÎÓÌÚɯƘƙʁɯɬ ƛƔʁɯÉàɯƕʁɯÐÕÊÙÌÔÌÕÛɯÛÖɯÖÉÛÈÐÕɯÛÏÌɯÌÕÛÐÙÌɯ×ÓÈÚÔÖÕɯ

dispersion curve unless otherwise specified. Rp (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), Rp is divided by R s to subtract the background since only Rp can be used to drive 

a surface plasmon resonance. However, data may be presented at 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 

ÔÈ×ɯÐÕɯÛÏÌɯÈÕÎÓÌɯÙÈÕÎÌɯÍÙÖÔɯƘƙʁɯɬ ƛƔʁ  vs. wavenumber range from 1600 ɬ 3500 cm-1 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 -1 is from the matching 

fluid 1,2 ɬ dichlorobenzene. 
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Figure 4.1 SPR map of bare CdO sample in angle vs. energy space.  

 

Thickness Measurement:  Thickness measurements were collected using W-Vase 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.  

SPR Results 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 4.2 a) . The 18 nm 

sample exhibits almost no angle shift  ÞÏÐÓÌɯƚƘɯÕÔɯÚÈÔ×ÓÌɯÚÏÐÍÛÌËɯƖʁɯÍÙÖÔɯÛÏÌɯbare sample 

at 2250 cm-1 ȹÕÖÛÌɯÛÏÈÛɯÛÏÌɯËÈÛÈɯÈÙÌɯÊÖÓÓÌÊÛÌËɯÉàɯƕʁɯincrement and when the shift is less 

ÛÏÈÕɯƕʁȮɯÛÏÌɯÈÕÎÓÌɯÚÏÐÍÛɯÊÈÕÕÖÛɯÉÌɯÈÊÊÜÙÈÛÌÓàɯËÌÛÌÙÔÐÕÌËȺ . For the 18 nm layer sample, no 

IR information was observed, but for 64 nm thick sample, two distinct IR peaks at 1740 

cm-1 and 1780 cm-1 were observed. Initially, we were surpri sed to observe these IR peaks 

due to the relatively low intensity  of plasmon dispersion band below 2000 cm-1. These IR 

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

samples, an intense peak is observed at 2350 cm-1, which is CO2 peak that tend to show 

up when the concentration of the CO 2 is high in the instrument room. The comparison of 

bare, 18 nm and 64 nm samples at 1600 ɬ 2000 cm-1 is shown in fig 4.2.  

 

 

 

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.  

(a) (b) (c) 
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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 data obtained on the 29 nm sample showed a very weak IR signal at 1740 

cm-1 (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 2250cm-1, but an intense IR peak at 1740 cm-1 was also observed (fig 4.3 b). 

This is the range of C=O 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 assigned to 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 SPR extinction 

for both BAPN-treated samples shifted to higher angles than p(MAMMA) samples. For 

the 95 nm polymer film , the angle shifted 4ʁɯÍÙÖÔɯ×ȹ, ,, ȺɯÈÕËɯÛÏÌɯÖÝÌÙÈÓÓɯÈÕÎÓÌɯÚÏÐÍÛɯ

with p(MAMMA)+BAPN was 6ʁɯÈÛɯƖƖƙƔɯÊÔ-1 (fig 4.4 a). For the 29 nm sample, the overall 

ÈÕÎÓÌɯÚÏÐÍÛɯÍÙÖÔɯÉÈÙÌɯÚÈÔ×ÓÌɯÞÈÚɯƖʁȭɯAs expected from studies carried out on gold, w 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 ɬ 

2000 cm-1 is shown in fig 4.6 and 2000 ɬ 2500 cm-1 (CN peak) in fig (4.7). 



   

 

 

60 

 

 

Figure 4.3 SPR map BAPN sample. (a) 29 nm sample (b) 95 nm sample. CN peak was 

detected at 2250 cm-1 for both samples and CO stretch from the polymer is observed 

clearly at 1740 cm-1 for 95 nm sample 
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Figure 4.4 Comparison of bare, 64 nm p(MAMMA) sample and 95 nm BAPN sample (a) 

Angle Shift at 2250 cm-1 ȹÉȺɯ$ÕÌÙÎàɯÚÏÐÍÛɯÈÛɯƙƙʁɯ 

(a) 

(b) 
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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-1 and 1780 cm-1 were observed for 64 nm 

sample 

 

(a) Bare 

(b) 18 nm p(MAMMA)  (c) 64 nm p(MAMMA)  
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Figure 4.6 SPR maps comparison of (a) Bare CdO (b) 25mM p(MAMMA)+ BAPN ɬ 29 nm 

(c) 75mM p(MAMMA)+ BAPN - 95 nm 

 

(b) 29nm p(MAMMA)  (c) 95nm p(MAMMA)  

(a) Bare 
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Figure 4.7 SPR maps comparison highlighting CN peak for (b) 25mM p(MAMMA)+ 

BAPN ɬ 29 nm (c) 75mM p(MAMMA)+ BAPN - 95 nm. Note that each graph has different 

y-axis range.  

 

(a) Bare 

(b) 29 nm BAPN (c) 95nm BAPN 
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Discussion  of the “Coupling” of SPP and Molecular Vibrations  

From the data presented above, we have shown that dysprosium -doped cadmium oxide 

(CdO:Dy) can be successfully used 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  J-aggregates, dye molecules and thick organic layers. 

These observations have been interpreted as evidence for strong coupling between the 

Ag SPP and the absorbers/emitters at the conductor-insulator interface 107-110. In 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 an oscillation 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 perturb ation solution of the Schrödinger 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 is precisely 

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 been reported that w hen a mid-IR SPP couples with molecular vibrations, it 

can result in either weak coupling 111 or strong coupling 112-114 at 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 approximate d 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 90ʁ from 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 interacting 

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 observed in our collected data, we examine 

the 95 nm thick BAPN-treated sample shown in fig (4.6 c) since this is one sample where 

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

95 nm thick BAPN-treated sample measured between 1600-2000 cm-1 at 49ʁɯɬ 54ʁɯÈÕÎÓÌÚ 

ÉàɯƔȭƙʁ and fig (4.8 b) is Rp/Rs plot ted at the same range and angles. The reaction between 

p(MAMMA) and BAPN was completed in this sample indicated by an isolated IR peak 

at 1740 cm-1. 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=O stretch is shifting to lower wavenumber  (to the 

right)  at angles ƘƝʁɯ- ƙƔʁȭɯ6ÏÌÕɯÛÏÌɯÐÕÊÐËÌÕÛɯÈÕÎÓÌɯÐÚɯÈÛɯƙƕʁ ÈÕËɯƙƕȭƙʁ, the resonance energy 

of surface plasmon band is exactly at the energy of the molecular vibration of C=O 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 al111 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 features 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 fo r Rabi oscillations are met 

in our experiment and the line shape is adequately explained by the Airy equation in all 

cases. Thus, 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.  

 

 

 

  

 

Figure 4. 8 2/1ɯÙÌÍÓÌÊÛÐÝÐÛàɯËÈÛÈɯÖÍɯƖƗƔɯÕÔɯ! /-ɯÚÈÔ×ÓÌɯȹÈȺɯ2/1ɯÔÈ×ɯ×ÓÖÛÛÌËɯÍÙÖÔɯƙƔʁɯɬ 

ƙƗʁɯÉàɯƕʁɯÐÕÊÙÌÔÌÕÛɯȹb) cross-ÚÌÊÛÐÖÕɯ×ÓÖÛɯÖÍɯ1×ɤ1ÚɯÍÙÖÔɯƘƚʁɯ- ƙƗʁɯÉàɯƕʁɯÐÕÊÙÌÔÌÕÛȭɯ 

(a) (b) 
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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 measurement of the polymer layer showed three distinct splitting -like features at 

1740 cm-1, 1784 cm-1 and 1855 cm-1 which are the IR vibration energies of the polymer as 

depicted in fig (4.10). The IR peak at 1855 cm-1 is a weak vibration of symmetric C=O 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-1 and a smaller 

peak at 1784 cm-1 (fig 4.11). As mentioned before, the anhydride ring opens to react with 

primary amine and thus the anhydride peaks at 1784 cm-1 and 1855 cm-1 should be 

reduced if the reaction was complete. Having IR peak at 1784 cm-1 after the reaction 

means that reaction time of 3 hrs was not enough as the polymer layer of this sample was 

much thicker compared to the other two samples presented. CN peak was detected at 

2250 cm-1. 

 ÛɯƙƔʁɯat fig (4.12 a), the stacked plot of the p(MAMMA) IR peaks at 1740 cm-1 and 1784 

cm-1 are barely visible but as the incident angle increases, the IR peaks can be resolved 

clearer.  ÛɯƙƚʁȮɯÛÏÌɯÈÉÚÖÙ×ÛÐÝÌɯÓÐÕÌ-shape for both IR peaks were observed, 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 presentÌËɯÈÛɯÈÕÎÓÌÚɯȹƙƗʁɯ

ɬ ƙƚȭƚʁȺɯÉàɯƔȭƚʁɯÐÕÊÙÌÔÌÕÛÚȭɯIn this sample, the absorptive feature is observed at angle 

5ƘȭƜʁȭɯFor both 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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Figure 4.10 2/1ɯÙÌÍÓÌÊÛÐÝÐÛàɯËÈÛÈɯÖÍɯƕƙƔɯÕÔɯ×ȹ, ,, ȺɯÚÈÔ×ÓÌɯȹÈȺɯ2/1ɯÔÈ×ɯȹƙƔʁɯɬ ƚƔʁȺ 

(b) Cross-section plot of Rp/Rs ȹƙƔʁɯɬ ƙƝʁȺ 

 

 

 

Figure 4. 11 2/1ɯÙÌÍÓÌÊÛÐÝÐÛàɯËÈÛÈɯÖÍɯƖƗƔɯÕÔɯ! /-ɯÚÈÔ×ÓÌɯȹÈȺɯ2/1ɯÔÈ×ɯÛÈÒÌÕɯÍÙÖÔɯƙƗʁɯɬ 

ƙƚȭƚʁɯÉàɯƔȭƖʁɯÐÕÊÙÌÔÌÕÛɯȹÉȺɯÊÙÖÚÚ-section plot of Rp/Rs ÐÕɯƔȭƚʁɯÐÕÊÙÌÔÌÕÛȭɯ 

 

(a) (b) 

(a) 

(b) 



   

 

 

71 

 

 

 

Figure 4.12 Reflected intensity (Rp/Rs) as a function of energy (wavenumber) for various  

ËÌÛÌÊÛÐÖÕɯÈÕÎÓÌÚɯÐÕɯȹÈȺɯ×ȹ, ,, ȺɯɯÈÛɯȹƙƔʁɯɬ ƙƝʁȺɯȹÉȺɯ! /-ɯÈÛɯȹƙƗʁɯɬ ƙƚȭƚʁȺ 

 

 

 

 

 

 

 

 

(a) (b) 
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The plasmon line shapes of the vibrational bands of both p(MAMMA) and BAPN at 1600 -

2000 cm-1 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 -1 (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-1. 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 108Ⱥȭɯ%ÖÙɯÌßÈÔ×ÓÌȮɯÈÛɯÈÕÎÓÌÚɯƙƚʁɯ- ƙƛʁɯÖÍɯ×ȹ, ,, ȺɯÈÕËɯƙƘȭƜʁɯɬ 55.4ʁÖÍɯ

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 spectrum109. The cross-section map of CN peak in BAPN sample (fig 4.13 b) clearly 

shows a split even though the SPR map (fig 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.  

 

  

Figure 4.13 SPR reflectivity data of CN peak (a) SPR data (b) Reflected intensity (Rp/Rs) 

ÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÌÕÌÙÎàɯȹÞÈÝÌÕÜÔÉÌÙȺɯÍÖÙɯƚƛʁɯɬ ƚƜʁɯÈÕÎÓÌÚ ÉàɯƔȭƖʁ 

(a) 
(b) 
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Figure 4.14 Overall SPR map of 230nm BAPN sample showing a splitting at 1740 cm-1 

Outlook  for SPP coupling 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 polyme r 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 are easily resolved 

and the changes in phase as a function of angle are also recognizable. We 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-1. Therefore, the substrates were optimized for the wavenumber range  2500 ɬ 3000 cm-

1, which can accommodate the angle and wavenumber shift when the layer of the 

polymer is increased. The plasmon band between 1700 ɬ 2000 cm-1 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 to larger signals. It is possible that 

the thickness effect observed 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 1700 ɬ 2000 cm-1.  
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4.4   Conclusion  

In th is chapter, we have discussed how CdO:Dy has been successfully used as a mid-IR 

plasmonic sensor material for detection of SPR and 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 observable signal indicated that could be interpreted as a splitting 

of the plasmon dispersion curve, the consistent interpretatio n 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 equations 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  5 

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 UV-vis 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 CdO:X 

(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 in t he mid-IR.  

As described in chapter 3 and 4, this novel material CdO :X, provides the potential to be 

used as a surface sensor 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 s is 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, 115 then hybridize its complimentary strand 69 with fluorophore on the 

surface and detect DNA using SPR in 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 2O3 or SiO2 via ALD deposition  was 

essential. Due to the toxicity o f CdO, high cost, and time consumption in development , 

the chemistry explored from this point  on used either GaAs wafer covered with 11-13 nm 

Al 2O3 surface or Silicon wafer covered with SiO2 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 ƙɀɯwith -NH 2 (ÚÚ#- ȯɯƙɀɪɤƙ Ô,"ƕƖɤɯ33&ɯ&&3ɯ&3"ɯ

& 3ɪƗɀƕƖɯÉÈÚÌɯ×ÈÐÙÚȺɯÈÕËɯÐÛÚɯÊÖÔ×ÓÐÔÌÕÛÈÙàɯÚÛÙÈÕËɯƙɀɪɤƙ ÓÌßƘƜƜ-ɤɯ 3"ɯ& "ɯ ""ɯ"  ɪ

ƗɀɯÔÖËÐÍÐÌËɯÞÐÛÏɯ ÓÌßÈɯ%ÓÜÖÙɯƘƜƜɯÈÛɯÛÏÌɯƙɀɯÌÕËɯÞÈÚɯ×ÜÙÊÏÈÚÌËɯÍÙÖÔɯ(ÕÛÌÎÙÈÛÌËɯ#- ȭ 10-

undecenyltrichlorosil ane (UDTS) was purchased from Gelest and 11-

mercaptoundecanoic acid was purchased from Sigma Aldrich.  
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Method  

10-undecenyltrichlorosilane (UDTS) SAM was first deposited on UVO cleaned SiO 2 and 

Al 2O3 surfaces separately. Since both surfaces were used throughout this work, the term 

substrate will be used in reference to both thin film surfaces. The proposed mechanism116 

is when trace amounts of water are present in the system, RɬSiCl3 hydrolyzed to R -

Si(OH)3 and reacts with OH -Al substrate or OH -Sisubstrate as shown in Scheme 5.1. It is also 

possible that the OH group from the substrate and chlorine both leave as HCl and the 

molecules adsorbed onto the surface as R-Si-O-Al substrate. 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 

molecules117. This thiol -ene click chemistry is commonly used in organic chemistry to 

make S-C bonds from alkene and sulfur 118. 11-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. 

 

 

Scheme 5. 1: Mechanism of UDTS attachment to Al2O3 
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Figure 5. 1 The attachment of UDTS and MUA SAMs on Al 2O3 and SiO2 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 now possible as carboxyl terminated groups are exposed from 

the surface. Single stranËÌËɯ#- ɯÔÖËÐÍÐÌËɯÈÛɯÛÏÌɯƙɀɯÌÕËɯÞÐÛÏɯɬNH 2 can form amide bond 

wit h -COOH tail group of MUA SAM on the surface by using EDC coupling technique. 

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

cross-linker 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, Al ÌßÈɯ%ÓÜÖÙɯƘƜƜȮɯÈÛɯƙɀɯÌÕËȮɯÞÈÚɯÏàÉÙÐËÐáÌËɯÖÕÛÖɯÛÏÌɯÚÜÙÍÈÊÌȭɯ3ÖɯÊÖÕÍÐÙÔɯÛÏÌɯ

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 µL/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 2. 

 

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 2HPO4 + 0.5 mM NaH 2PO4 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 -HCl, 1mM EDTA) preperat ion  

The mixture of 8.7 mM Tris -HCl, 1.3 mM Tris -Base and 1 mM EDTA was adjusted to pH 

7.6 with 0.1N NaOH  or HCl. 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 in the freezer to chill 

before it was use. 1-ethyl -3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, 

Thermo Scientific Pierce) was measured and added into the chilled beaker. The pH-

adjusted MES buffer was filtered at a concentration of 0.015g EDC / 5mL 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 µL 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 µM. 5uL of soluti on was diluted in 1mL TE buffer 

resulting in a concentration of 2.00 µM. The DNA hybridization was carried out at 37 ʁC 

for 19 hrs in 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 high-water 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 (>90º) and ~60ʁ of UDTS and MUA SAM respectively suggest the 

presence of these two SAMs. Both measurements were performed 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 2.55±0.39 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 

 

 

 SAM 

WCA  

(ʁ) 

Thickness 

(nm) 

UDTS 92.3±1.85 1.81±0.19 

UDTS+MUA  62.7±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) 

is the ÐÔÈÎÌɯÖÍɯƙϟÔɯÉÓÈÕÒɯ Ó2O3 surface. Some dirt or hydrocarbons can be seen in two 

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. Fig 5.3 

(c) is the image of MUA on top of UDTS SAM. This image suggests that MUA is on the 

surface and seems to 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 2O3 (b) 10-undecyltrichlorosilane SAM (UDTS) (c) 

UDTS + 10-mercaptoundecanoic SAM (MUA). The images suggest full coverage SAM for 

both surfaces at 5µm 
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XPS Results:  Three samples: blank Al2O3 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 ɬSi(OH)3. 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 deconvoluted into just one peak. 

In UDTS sample, the deconvolution of the data shows two peaks that correspond to C -C 

(284.8 eV) and C-Si and C=C (283.9 eV). Vinyl group (C=C) and C-Si119 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: C-S, C-C, C-Si, and COOH. All four different carbons 

can be assigned to deconvoluted peaks. C-C 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-S120 bond is assigned to 285.69 eV and carboxyl group 

(COOH) is assigned to 288.35 eV. The aforementioned assignment 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 2P3/2 and S 2P1/2 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 2O3, UDTS, and MUA. Blank sample shows no peak 

of Si, Cl or S. UDTS shows Si and Cl peaks and MUA shows the present of Sulfur. 

(b) 

(a) 
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Figure 5.5 Carbon XPS data for three samples: (a) Blank Al2O3 sample, (b) UDTS and (c) 

MUA sample. Deconvolution of UDTS sample shows two peaks for C -C (284.80 eV) and 

C-Si and C=C (283.9 eV). Deconvolution of MUA shows the four different carbon peaks: 

C-S (285.69 eV), C-C (284.80eV), C-Si (284.09 eV), and COOH (288.35 eV). 

(a) 

(b) 

(c) 
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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 2O3 and SiO 2: DNA 

hybridization was performed on both Al 2O3 and SiO2 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 475 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 Al2O3 and SiO2 

ÚÜÙÍÈÊÌÚȭɯ3ÏÌɯÎÙÌÌÕɯÍÓÜÖÙÌÚÊÌÕÛɯÐÚɯÈÛÛÈÊÏÌËɯÈÛɯƙɀÌÕËɯÖÍɯÛÏÌɯÊÖÔ×ÓÐÔÌÕÛÈÙàɯ#- ɯÚÛÙÈÕËȭɯ 

 

5.1.5  Challenges and Conclusion  

The chemistry for hybridization of DNA has been explored he avily on SiO 2 and Al 2O3 

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 2O3 or SiO2 was necessary. 

After much exploring different deposition techniques of SiO2 and Al2O3, 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 monocarba-closo-dedecaborate anion ([CB11H 12]ɬ) 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 121,122. 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 are extremely hydrophobic , thermally stable  and have a 

strong BɬH stretchings in the Raman and IR spectra appear around 2550 cm-1, which is 

the region that the plasmonic band of CdO:Dy can be tuned and easily optimized 123,124. 

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 a strong affinity to thiol (R ɬSH) and potentially also to 

carboxylate (RɬCOOɬ) groups, thus successful self-assembled monolayer deposition is 

anticipated using thiol - and carboxylate-substituted carboranes125. Carborane has also 

been used to functionalize Au  and Ag surfaces in reported in the literatures 126-129. 

 

 

Figure 5.8 Structure of the monocarba-closo-dedecaborate anion ([CB11H 12]ɬ) 
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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 was diffic 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 di ethyl 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 

away with ËÐÌÛÏàÓɯÌÛÏÌÙȭɯ2/1ɯËÈÛÈɯÞÈÚɯÊÖÓÓÌÊÛÌËɯÈÛɯƙƙʁɯÛÖɯÚÌÌɯÐÍɯÛÏÐÚɯÊÈÙÉÖÙÈÕÌɯÓÈàÌÙɯÖÕɯÛÏÌɯ

polymer can be detected. The idea is that if we can detect the attached layer of carborane 

in SPR, the B-H 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 cm-1, 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.  

 

 

 
 

Figure 5.10 SPR measurement of 1-(3-aminopropyl) -o-carborane 1×ɤ1ÚɯÈÛɯƙƙʁ 
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CHAPTER  6 

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 in the 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 

biosensor. 
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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 CH2 IR peaks between 2800 ɬ 3000 cm-1 encourages us to 

further explore t he 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 of 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 2000 ɬ 3000 

cm-1. Then the spin-coated polymer was reacted with the -̡Aminopropoinitrile, a source 

of nitrile group (CN) to prod uce an isolated IR peak at 2250 cm-1. 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 o our surprise, using spin -coated 

polymer p(MAMMA) on CdO re sult in detection of I R peaks at 1740 cm-1 and 1780 cm-1, 

which is in the weak plasmonic region of our sample. The IR peak at 1780 cm-1 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 mid-IR 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 to extend the field into the IR region. For the first time, this work 

demonstrates that surface plasmon resonance applications can be used in the mid-IR 

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 fl ow 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 ɬ M series. Note there are multiple IR peaks 

between 2750 ɬ 3100 cm-1 making it not a suitable matching fluid to observed CH 2 IR 

peaks 
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Figure A .2  IR data of 1,2 ɬ dichlorobenzene neat. IR data is mostly clear of interested 

region (2800 ɬ 3000 cm-1).  
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Figure A .3  IR data of Hexadecanethiol neat. Strong IR stretches of CH2 symmetric and 

antisymmetric are observed.  
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Figure A .4  IR data of p(MAMMA)  on SiO2 thin film . Strong C=O stretches of anhydride 

acid ring between (1700 ɬ 1900 cm-1) 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-1 and the disappearance of an IR peak at 1780 cm-1 is observed due to the 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 cm-1 
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Figure A .7  IR data of 1-Aminomethyl -o-carborane hydrochloride . Strong B-H stretches 

from the boron cage is visible at 2570 cm-1 

 


