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ABSTRACT 

COUPLED PLASMONIC STRUCTURES FOR SENSING, ENERGY 

AND SPECTROSCOPY APPLICATIONS 

Sencer Ayas 

Ph.D. in Material Science and Nanotechnology Program 

Supervisor: Assist. Prof. Dr. Aykutlu Dana 

August, 2015 

Recent advances in nanofabrication and characterization methods have enabled 

the study of novel optical phenomena, thus boosting the research in nanophotonics 

and plasmonics. Metal nanostructures offer a route for the excitation of surface 

plasmons by confining the light in sub-wavelength dimensions, yielding extremely 

high electromagnetic field intensities. Moreover, coupling different plasmon modes 

offers a rich optical dispersion which cannot be obtained inherently by using single 

plasmonic resonator. In this thesis, we first present a detailed study of simple coupled 

plasmonic structures based on metal-insulator-metal structure. Then, we use similar 

structures to devise novel optical platforms in various applications such as surface 

enhanced Raman spectroscopy (SERS), surface enhanced infrared absorption 

spectroscopy (SEIRA) and plasmon enhanced hot-electron devices.   

The first part of this thesis concentrates on coupled plasmonic structures and their 

spectroscopy and photodetector applications. Firstly, we study these structures 

numerically and analytically and show surface enhanced Raman spectroscopy 

(SERS) as a possible application with uniform signal intensities over large areas. 

Then, fabricating these plasmonic surfaces with sub-10nm gaps over large areas lead 

to development of single molecule Raman spectroscopy platforms. As an energy 

related application, a contact free characterization method is developed to probe hot 

electrons where similar coupled plasmonic surfaces are employed as hot electron 

devices. Finally, using aluminum and its native aluminum oxide hierarchical 

plasmonic surfaces are fabricated and its spectroscopy applications are demonstrated.  

In the second part of, we develop interference-coating-based sensing platforms in 

the visible and infrared wavelengths. Despite large field enhancements, plasmonic 
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structures suffer from low signal intensities due to low mode volumes. To overcome 

this issue we propose another strategy, namely using interference coatings with small 

and uniform electric field enhancements over large mode volumes. These surfaces 

outperform the conventional plasmonic surfaces when they are used as infrared 

absorption spectroscopy platforms. Finally, similar surfaces are employed as 

colorimetric sensor platforms to sense monolayer and bilayer proteins simply by 

change in the surface color.      

  

Keywords: Surface plasmons, coupled plasmons, spectroscopy, hot-electrons, 

interference coatings, optical sensors
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ÖZET 

Eşlenmiş Plazmonik Yapıların Sensör, Enerji ve Spektroskopi 

Uygulamaları 

Sencer Ayas 

Malzeme Bilimi ve Nanoteknoloji Programı, Doktora 

Tez Yöneticisi: Assist. Prof. Dr. Aykutlu Dana 

Ağustos, 2015 

Nanofabrikasyon ve karakterizasyon metotlarındaki yeni gelişmeler yenilikçi 

optik çalışmaları hızlandırmış, bu da nanofotonik ve plazmonik çalışmalarında ciddi 

bir artışa sebep olmuştur. Metal nano-yapılar ışığı dalga boyundan çok küçük 

boyutlara hapsederek yüzey plazmonlarının uyarılması sağlayarak elektromanyetik 

alan şiddetini arttırmaktadır. Diğer yandan, farklı plazmon modlarının eşlenmesi tek 

plazmonik rezonatör yapısıyla elde edilemeyecek çok zengin bir optik bant yapısı 

sunmaktadır. Bu tezde, ilk olarak metal-dielektrik-metal rezonatör yapısı baz alınarak 

eşlenik plazmon yapıları detaylı olarak çalışılmıştır. Sonra, benzer yapılar 

kullanılarak yenilikçi optik platformlar üretilerek yüzey artırımlı  Raman 

spektroskopisi (SERS), yüzey artırımlı kızılötesi emilim spektroskopisi (SEIRA) ve 

plazmon artırımlı sıcak elektron aygıt uygulamaları gösterilmiştir. 

Tezin ilk kısmı plazmonik yapılar ve bu yapıların spektroskopi ve fotodetektör 

uygulamalarına yoğunlaşmıştır. İlk olarak, bu yapıları analitik ve numerik olarak 

çalışarak geniş alanlarda sabit artırımlı SERS uygulaması gösterilmiştir. Sonra, 

benzer yapıların 10nm'den küçük aralıklı olarak üretilmesiyle tek molekül Raman 

spektroskopisi uygulaması gösterilmiştir. Enerji uygulaması olarak da benzer eşlenik 

plazmonik yapıları kullanılarak sıcak elektronların ölçüldüğü XPS tabanlı bir yöntem 

geliştirilmiştir. Son olarak da aluminyum ve doğal aluminyum oksit tabakası 

kullanılarak hiyerarşik plazmonik yapıları üretilerek spektroskopi uygulamaları 

gösterilmiştir. 

Tezin ikinci kısmında görünür ve kızılötesi dalga boylarında girişim kaplamasına 

dayanan sensör platformları geliştirilmiştir. Plazmonik yapılar elektromanyetik alan 

şiddetini çok fazla arttırmalarına rağmen, moleküllerin sinyal şiddetleri mod 
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hacminin küçüklüğünden dolayı azdır. Bu problemi aşmak için yeni girişim 

kaplamalara dayalı yeni bir strateji önerilmektedir. Bu yüzeyler kızılötesinde 

kullanıldıklarında plazmonik yüzeylerden daha iyi performans göstermektedirler. 

Son olarak da benzer yüzeyler görünür bölgede tek ve çift tabakalı proteinleri renk 

değişimine bağlı olarak tespit etmek için önerilmektedir.    

Anahtar kelimeler: Yüzey plazmonları, eşlenik plazmonlar, spektroskopi, sıcak 

elektronlar, girişim kaplamaları, optik sensörler
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Chapter 1  

 

Introduction 

Surface plasmons are known as propagating electromagnetic waves at metal-

dielectric interfaces. The field of plasmonics deals with interaction of 

electromagnetic waves with metal surfaces and nanostructures.  Since, the surface 

plasmon field is tightly confined to the interface; electromagnetic field intensity is 

enhanced at the metal-dielectric interface. Various optical sensors[1]–[3], 

interconnects[4]–[7], photodetectors[8]–[11], optical elements[12] and photovoltaic 

devices[13], [14] utilize such unique characteristic of surface plasmons. There are 

different ways of exciting surface plasmons at metal-dielectric interfaces such as 

electrons and light[15]–[17]. Among the excitation sources, light is the most 

common and easiest way of exciting surface plasmons[18].  

Metallic nanoparticles, on the other hand, provide an easier route for plasmonics 

research due to ease of fabrication and characterization methods[15], [19], [20]. 

Various fabrication methods are utilized plasmonic metallic nanoparticles. E-beam 

lithography[21], [22], focused ion-beam lithography[23], nano-imprint 

lithography[24], [25], interference lithography[26] and nano-sphere lithography[27], 

[28] are among the top-down fabrication methods where nanoparticles with uniform 

size distributions can be fabricated. Despite the uniformity and resolution of 

fabricated devices, top-down fabrication methods like e-beam lithography and 

focused-ion-beam lithography suffer from high fabrication costs and small 

fabrication areas. Periodic nanopatterns can be fabricated over large areas using 

interference lithography and nanosphere lithography, even at wafer-scale[1], [26]. 

Physical vapor deposition (PVD) of nanoparticles on the other hand emerges as one 

of the easiest way of fabricating nanoparticles over large areas without using 
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chemical processes[29], [30]. Thermal evaporation and e-beam evaporation are 

among the most used PVD methods to fabricate metal nanoparticles[29], [31]. 

However, the control of physical vapor deposition of nanoparticles lacks order and 

uniformity due to stochastic nature of nanoparticle formation process[32], [33]. 

Dewetting of metal films results in nanoparticles during PVD process due to the 

surface energy difference between the substrate and metal film. Depending on the 

substrate, the thickness of the metal film, the size of nanoparticles and the 

interparticle distance change. The size of nanoparticles also differs depending on the 

deposition rate and the thickness of the metal[30]. Moreover, the post-fabrication 

processing of metal nanoparticles such as thermal and laser annealing modify the 

final shape and the interparticle distance of nanoparticles[34], [35]. On the other 

hand, fabrication of nanoparticles by chemical means gives flexibility to fabricate 

nanoparticles in low-costs with large amounts with fair size distributions[36]. 

Nanoparticles can be fabricated in various shapes which further provide different 

functionalities for specific applications[20].  

When nanoparticles are brought together, they start interacting optically[37], [38]. 

The interaction between nanoparticles can be intuitively understood as the coupling 

of individual resonators which results a shifted energy spectrum compared to the 

individual resonators' energies[39]. Due to coupling, plasmonic coupled systems 

offer a very rich energy spectrum[40], [41]. Since, energy spectrums of coupled 

structures are broad or multispectral they are desired for various nanophotonics and 

plasmonic applications. Coupled plasmonic structures are fabricated by either top-

down or chemical methods[19], [42]. The aggregating nanoparticles in solutions 

results another plasmon peak in the red wavelengths which is due coupling of 

nanoparticles[43]. Scattering spectra of nanoparticles changes drastically when they 

get close to metallic planes due to hybridization of surface plasmon and localized 

plasmon modes and resulting gap plasmon modes in between[44]. Gap plasmon 

modes are also known as metal-insulator-metal (MIM) modes when they are excited 

between two metal planes. MIM geometry offers rich physics as well as plasmon 

enhanced applications rooted in classical and quantum electromagnetics[45], [46]. 

Negative index metamaterials, superlensing, metamaterial absorbers, color printing, 

photodetectors, plasmonic sensors and surface enhanced spectroscopies are few of 

the novel applications of MIM based plasmonic structures[22], [47]–[54].   
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One of the applications of plasmonic surfaces studied here is label-free sensing. 

Labeled sensing platforms are tagged with fluorescent molecules or quantum dots 

which are prone to bleaching or deterioration[55], [56]. Label-free sensing strategies 

are developed to overcome the difficulties that labeled sensing platforms face. 

Surface plasmon sensors (SPR) are the known as the golden standard for the label-

free sensing platforms. Bulk prism based SPR systems are among the widely used 

plasmonic sensing platforms to probe bio-molecular binding events. Various sensing 

platforms have been developed on nanoparticles, gratings and plasmonic 

metamaterials utilizing top-down and bottom-up fabrication methods. Spectroscopic 

methods combined with plasmonic structures offer another route for label-free 

sensing methods. Surface enhanced Raman spectroscopy (SERS) provides 

vibrational information and molecular signatures of molecular moieties[57]–[59]. 

Typically, Raman spectroscopy requires large amount of molecules to probe 

molecules due to low probability of release of a Raman scattered photon. When, a 

monochromatic light (typically laser light) interacts with molecules' vibrational 

modes, scattered photons have either higher energy (Anti-Stokes) or lower energy 

(Stokes) than the excitation source. Anti-stokes signals are generally filtered out 

from the Raman spectra due to their low intensities. Since Raman signal scales with 

𝐸 = |𝐸0|4, enhancing electromagnetic field intensity near the probe molecules 

increases the Raman signal enormously. In SERS enhancing electromagnetic field 

intensity by utilizing nanostructured metal surfaces enhances the Raman signal 4-10 

orders of magnitude, thus enabling the possibility of detecting single molecules. On 

the other hand, debate on the origin of single molecule Raman events is still 

unresolved. The charge transfer between the metal and molecules might lead to the 

single molecule Raman events. This mechanism is also known as chemical 

enhancement factor. SERS platforms should provide electromagnetic field 

enhancement at the excitation and Stoke's wavelengths. Double resonant 

nanoantennas, metamaterials and plasmonic gratings are good examples for good 

SERS platforms where each resonance is  accompanied with field enhancement[25], 

[60], [61]. Broadband plasmonic surfaces are desired as SERS substrates whose 

resonances span all the vibrational bands of a molecule.  

Infrared absorption spectroscopy is a well established label-free tool used in 

biological and chemical sciences to identify molecular moieties by utilizing specific 

molecular vibrational bands in the infrared wavelengths[62]. Since the selection rules 
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in IR and Raman spectroscopy are different, the vibrational information of these 

techniques is complementary[63]. However, the absorption efficiencies of molecules 

for specific bands are low in the IR which limits the use of IR spectroscopy for small 

amount of molecules, molecular or protein monolayers. Different techniques are 

developed in the IR to identify molecules in small amounts. Attenuated total 

reflectance (ATR), infrared reflection absorption spectroscopy (IR-RAS) are two 

widely used tools to identify molecules[64], [65]. In ATR, electromagnetic field 

decays exponentially when light is sent through a high index prism to a low index 

medium. The enhanced field at the prism medium interface is used to increase 

absorption of molecules. Similar to ATR, electromagnetic field is enhanced when a 

p-polarized light is sent to a substrate at oblique incidences on which molecules are 

deposited. Metal nanoparticles and deterministically designed plasmonic metal 

nanostructures emerge as an alternative tool to detect minute amount of 

molecules[58], [66], [67]. The electromagnetic field is highly enhanced and 

concentrated around nanoparticles which results in the enhancement of the 

absorption of the molecules in close proximity. The absorption of the molecules is 

sensed in the far field signal (reflection/transmission spectrum). This powerful 

technique is also known as surface enhanced infrared absorption spectroscopy 

(SEIRA). However, there are some limitations to SEIRA. Vibrational bands of 

molecules are embedded in plasmonic resonance background in the farfield 

reflection spectra and data post processing is required to extract positions of 

vibrational bands. All of the vibrational bands cannot be detected because the 

electromagnetic field cannot be enhanced over very large bandwidths (3-20μm band) 

using single resonant plasmonic structures. Moreover, the positions and shapes of 

vibrational modes are modified due to strong coupling between plasmonic 

resonances and vibrational modes. Although electromagnetic field enhancement is on 

the order of 103-105 signal intensities suffer from low vibrational intensities (~1-5%). 

Therefore, field enhancements with high mode volumes are preferred over highly 

localized field enhancements.  

Energy harvesting is another application area that plasmonics studies target. 

Plasmon enhanced photovoltaics is emerged as alternative to current solar cell 

technologies by either incorporating metallic nanophotonics structures to thin films 

or silicon solar cells or providing novel solar cell designs[13], [49], [68]–[71]. Most 

efforts to utilize plasmons in solar cells are based on enhancing electromagnetic field 
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and increasing the absorption in semiconductor films to decrease the costs and 

thicknesses. Despite the huge amount of literature, the success of plasmons in 

photovoltaics area is debatable[72]. Still, the plasmonics promise a bright future for 

silicon photonics industry for the IR regime[8]. Structuring Schottky contacts with 

plasmonic structures enabled to use of silicon in photodetectors in the IR 

wavelengths with lower energy than silicon bandgap. Generation and capture of hot-

electrons are the main mechanism for photodetection in these devices. In a Schottky 

diode, due to band alignment between metal and semiconductor layer, there is a band 

offset that is smaller than the band gap of the semiconductor. When light is absorbed 

by the metal contact, electrons are generated, which are either thermalizes or 

contribute to current through tunneling or hopping above the barrier. The electrons 

that have energy higher than the band offset are called hot-electrons. However, due 

to reflective nature of metals the most of the incident light is reflected, thus the 

generation rate of hot electrons is small. By patterning Schottky contacts, hot-

electron generation can be increased due to  plasmon enhanced electromagnetic 

field[8], [14]. MIM resonators emerge as one of the novel hot electron 

photodetection devices[52], [73]. Similar to Schottky based hot-electron devices, by 

patterning the metal contacts plasmons are employed to increase hot-electron 

generation rate. Since these devices utilize high bandgap insulators between two 

metal contacts, the photoresponsivities are small compared to Schottky based hot 

electron devices. 

Perfect absorption of light is important for aforementioned and can be obtained 

using patterned metallic surfaces through exciting plasmons. On the other hand, 

strong interference coatings offer an easier way for perfect light absorption by using 

ultrathin absorbing semiconducting films[74], [75]. When a thin dielectric film is 

deposited on a metal surface, resonant light absorption occurs at thicknesses; 𝑡 ≅

λ/4n, where n is the dielectric constant and λ is the resonance wavelength. If the 

dielectric constant increases the resonance thickness becomes 𝑡 < λ/4n due to 

increased nontrivial phase at metal dielectric interface. If the dielectric film has a 

non-zero extinction coefficient (𝑛 = �̃� + 𝑖�̃�), the thickness decreases to 𝑡 ≪ λ/4n 

and depending on the refractive index function of metal and dielectric resonance 

thickness changes. Non-zero extinction coefficient results small phase accumulation 

at oblique angles and the absorption becomes wide-angle. Since these types of 

coatings exhibit distinct colors depending on the resonance wavelength, most of the 
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applications concentrate on reflective type color filters[74]–[78]. Light absorption on 

these coatings can be exploited as novel photodetectors. 

In this thesis, we first develop a circuit model to understand the coupling 

mechanism of a coupled system based on MIM geometry. Our findings are supported 

with experimental results by fabricating and characterizing the proposed structures. 

These structures are utilized as SERS substrates with unity enhancement over large 

areas. Fabrication imperfections are exploited to achieve triple band plasmonic 

absorber geometry due to excitation of three different plasmon modes. Then, 

following theoretical and analytical study, MIM structures with nanoparticle top 

layer are fabricated. By optimizing the conditions for nanoparticle formation, large 

area, wide angle and broadband plasmonic surface are achieved. Single molecule 

Raman blinking events are observed with these structures using a confocal Raman 

microscope equipped with cooled CCD spectrometer. Single molecule Raman events 

are also detected when a mobile phone's camera used instead of cooled CCD 

spectrometer. To the best of our knowledge this is the first observation of a single 

molecule Raman blinking event using a cmos camera. Same surfaces are also used as 

a photodetector to probe hot electrons using a x-ray photoemission spectroscopy 

(XPS) system.  The final part of plasmonic studies includes aluminum based 

plasmonic surfaces. By exploiting native oxide layer on Al forming during the 

fabrication processes, we are able to realize plasmonic surfaces in the visible and IR 

wavelengths. These surfaces are used as SERS and SEIRA platforms simultaneously. 

To address the issues of plasmonic surfaces such as low signal intensities narrow 

bandwidth, small surface area and costs, thin film interference coatings are proposed 

as novel sensing platforms in the infrared and visible wavelengths. These coatings 

perform better than conventional plasmonic surfaces when they are used as infrared 

sensing platforms. Similar surfaces are used as colorimetric sensor platforms to sense 

protein monolayers and bilayers.  
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Chapter 2  

 

Well-Defined Coupled Plasmonic 

Structures  

 

Plasmonic metamaterials allow confinement of light to deep subwavelength 

dimensions, while allowing for the tailoring of dispersion and electromagnetic mode 

density to enhance specific photonic properties. Optical resonances of plasmonic 

molecules have been extensively investigated; however, benefits of strong coupling 

of dimers have been overlooked. In this part, a novel plasmonic geometry and its 

surface enhanced Raman spectroscopy application are demonstrated. Then, 

fabrication related issues are exploited for a multispectral metamaterial absorber. 

Before going into details of this chapter, surface plasmon at different metal dielectric 

interfaces are studied.  

Parts of this chapter were published as;  

1. Sencer Ayas, Hasan Guner, Burak Turker, Oner Ekiz, Faruk Dirisaglik ,Ali 

Kemal Okyay and Aykutlu Dana, "Raman Enhancement on a Broadband Meta-

Surface", ACS Nano, 2012, 6 (8), pp 6852–6861 

2. Sencer Ayas, Gokhan Bakan and Aykutlu Dana, "Rounding corners of nano-

square patches for multispectral plasmonic metamaterials absorbers" Optics 

Express, Vol. 23, No. 9, 2015 

 

 



8 

2.1. Surface Plasmons at Metal-dielectric Interface 

To understand the coupling conditions, a very simple geometry (metal-dielectric 

interface) is used to give the basics of surface plasmons [79]. We start with the 

assumption of evanescently decaying and propagating surface plasmons in the z and 

x-directions respectively as shown in Figure 2-1.   

 

Figure 2-1 Surface plasmon excitation scheme at metal-dielectric interface. 

For a TM polarized wave, electric and magnetic fields are given as 

𝐻𝑦(𝑧) = 𝐴𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧                                                             (2.1) 

𝐸𝑥(𝑧) = 𝑖
𝐴𝑘𝑑

𝜔𝜀𝑜𝜀𝑑
𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧                                                (2.2) 

for z>0 (dielectric region) 

𝐻𝑦(𝑧) = 𝐵𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                             (2.3) 

𝐸𝑥(𝑧) = −𝑖
𝐵𝑘𝑚

𝜔𝜀𝑜𝜀𝑚
𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                 (2.4) 

 

for z<0 (metal region).  

By equating Hy and Ex at z=0 we obtain A=B and Akd/εd=-Bkm/ εm. Hence:  

𝑘𝑚

𝜀𝑚
= −

𝑘𝑑

𝜀𝑑
                                                                  (2.5) 

Since propagation constants and 𝜀𝑑 are real, surface plasmons are supported for 

materials at the metal-dielectric interface which have negative dielectric constants. 

Typically,   metals have negative dielectric functions above plasma frequency. 

Although, plasma frequencies of metals are in the deep-UV regime, some metals 

have real dielectric functions in the visible portion of the spectrum due to interband 

transitions. For example, gold (Au) has an interband transition around 500nm which 
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limits the use of Au in the UV wavelengths. Using βx
2=ko

2εd,m-(kd,m)2 and Equation 

2.5 together results surface plasmon dispersion relation 𝛽𝑥 = 𝑘𝑜√
𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
 .  In a 

similar manner, we can derive the surface plasmon coupling condition for TE 

polarized waves. 

For a TE polarized wave electric and magnetic fields are given as 

𝐸𝑦(𝑧) = 𝐴𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧                                                             (2.6) 

𝐻𝑥(𝑧) = 𝑖
𝐴𝑘𝑑

𝜔𝜇
𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧                                                (2.7) 

for z>0 (dielectric region) 

𝐸𝑦(𝑧) = 𝐵𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                             (2.8) 

𝐻𝑥(𝑧) = −𝑖
𝐵𝑘𝑚

𝜔𝜇
𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                 (2.9) 

 

for z<0 (metal region).  

The continuity equation for Ey and Hx at the metal-dielectric interface (z=0) 

results in A=B and Akd+ Bkm=0 where we obtain the relation A(kd+ km)=0. Since 

kd,m>0, A=0 is the only condition for TE mode. Thus, Ey=0, Hx=0 and the surface 

plasmons are not supported for TE polarized waves.  

So far, a propagating wave at a metal-dielectric interface is assumed to derive 

surface plasmon dispersion relation. However, excitation of surface plasmons at 

metal-air interface requires special coupling geometries such as Kretschmann 

geometry, since the dispersion relation of surface plasmons and photonic dispersion 

relation do not cross as shown in Figure 2-2. In Kretshcmann geometry, light is 

coupled through a prism rather than air. Such excitation scheme results on a 

resonance when the incidence angle is scanned for a certain wavelength as shown in 

Figure 2-3. Surface plasmon resonance (SPR) sensors are developed by utilizing 

such resonant characteristic. Moreover, the reflectance spectrum depends on the 

dielectric environment that surface plasmons are coupled. Biomolecular interactions 

and binding events can be detected using SPR sensors by probing the reflected light 

intensity due to the change of dielectric environment close to the metal-dielectric 

interface during binding events. Small molecules, viruses, protein interactions and 

bacteria can also be detected using SPR sensors.  
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Figure 2-2. Dispersion relation of surface plasmons at metal-air interface (Solid blue curve). 

Dispersion of photons in air and glass are shown with solid and dashed red curves. 

   

 

Figure 2-3. Surface plasmon excitation scheme for Kretchmann geometry (a) and angular 

reflectance spectrum for λ=600nm (b). 
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2.2. Surface Plasmons in Metal-Insulator-Metal 

Resonators 

Different surface plasmon schemes are proposed for specific applications. Metal-

insulator-metal (MIM) resonators are among the widely used geometry in plasmonics 

and metamaterial applications due to their ease of fabrication and tunability, while 

controlling surface plasmon propagation by tuning effective refractive index. Since 

the coupled plasmonic geometry in this study is based on MIM resonators, the 

general dispersion relations and effective dielectric constants are studied here. The 

geometry of an MIM resonator is shown in Figure 2-4. The thickness of dielectric 

layer is d. The metal thicknesses are assumed semi-infinite for top and metal layers.  

 

Figure 2-4. Geometry of metal-insulator-metal resonator structure. 

     The electric and magnetic field profiles in top metal, dielectric and bottom 

metal regions are given as 

𝐻𝑦(𝑧) = 𝐴𝑒𝑖𝛽𝑥𝑒−𝑘𝑚𝑧                                                             (2.10) 

𝐸𝑥(𝑧) = 𝑖
𝐴𝑘𝑚

𝜔𝜀𝑜𝜀𝑚
𝑒𝑖𝛽𝑥𝑒−𝑘𝑚𝑧                                                (2.11) 

for z>d/2 (top metal region). 

𝐻𝑦(𝑧) = 𝐵𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                             (2.12) 

𝐸𝑥(𝑧) = −𝑖
𝐵𝑘𝑚

𝜔𝜀𝑜𝜀𝑚
𝑒𝑖𝛽𝑥𝑒𝑘𝑚𝑧                                                (2.13) 

 

for z<-d/2 (bottom metal region).  
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𝐻𝑦(𝑧) = 𝐶𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧 + 𝐷𝑒𝑖𝛽𝑥𝑒𝑘𝑑𝑧                                          (2.14) 

𝐸𝑥(𝑧) = 𝑖
𝐶𝑘𝑑

𝜔𝜀𝑜𝜀𝑑
𝑒𝑖𝛽𝑥𝑒−𝑘𝑑𝑧 − 𝑖

𝐷𝑘𝑑

𝜔𝜀𝑜𝜀𝑑
𝑒𝑖𝛽𝑥𝑒𝑘𝑑𝑧                             (2.15) 

for d/2<z<-d/2 (dielectric region).  

The continuity of Hy and Ex at z=-d/2 and z=d/2 results in  

𝐴𝑒−𝑘𝑚𝑑/2     = 𝐶𝑒
−𝑘𝑑𝑑

2  + 𝐷𝑒
𝑘𝑑𝑑

2                                    (2.16) 

𝐴
𝑘𝑚

𝜀𝑚
𝑒−𝑘𝑚𝑑/2     =

𝑘𝑑

𝜀𝑑
𝐶𝑒

−𝑘𝑑𝑑
2  −

𝑘𝑑

𝜀𝑑
𝐷𝑒

𝑘𝑑𝑑
2                            (2.17) 

𝐵𝑒−𝑘𝑚𝑑/2     = 𝐶𝑒
𝑘𝑑𝑑

2  + 𝐷𝑒
−𝑘𝑑𝑑

2                                    (2.18) 

−𝐵
𝑘𝑚

𝜀𝑚
𝑒−𝑘𝑚𝑑/2     =

𝑘𝑑

𝜀𝑑
𝐶𝑒

𝑘𝑑𝑑
2  −

𝑘𝑑

𝜀𝑑
𝐷𝑒

−𝑘𝑑𝑑
2                           (2.19) 

After eliminating A and B using Equations 2.16-17 and 2.18-19 respectively, we 

obtain 

(1 −
𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝐶𝑒

−𝑘𝑑𝑑
2 = (1 +

𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
)𝐷𝑒

𝑘𝑑𝑑
2                          (2.20) 

(1 +
𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝐶𝑒

𝑘𝑑𝑑
2 = (1 −

𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
)𝐷𝑒

−𝑘𝑑𝑑
2                         (2.21) 

If we multiply both sides of Equations 2.20 and 2.21, 𝐶 = ±𝐷 is achieved. Then 

Equation 2.20 separates into two equations as follows   

(1 −
𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝑒

−𝑘𝑑𝑑
2 − (1 +

𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝑒

𝑘𝑑𝑑
2 = 0                      (2.22) 

(1 −
𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝑒

−𝑘𝑑𝑑
2 + (1 +

𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
) 𝑒

𝑘𝑑𝑑
2 = 0                      (2.23) 

Equations 2.22 and 2.23 result in two distinct solutions which are 

tanh(
𝑘𝑑𝑑

2
) = −

𝜀𝑚

𝑘𝑚

𝑘𝑑

𝜀𝑑
                                           (2.24) 

tanh(
𝑘𝑑𝑑

2
) = −

𝜀𝑑

𝑘𝑑

𝑘𝑚

𝜀𝑚
                                           (2.25) 

Different parameters can be extracted from Equations 2.24 and 2.25 such as 

effective refractive index and propagation length which are important parameters for 

plasmonic waveguide applications. Effective refractive index parameter can be 

extracted using Equations 2.24-25 and βx
2=ko

2εd,m-(kd,m)2  where βx=koneff. 
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2.3. Raman Enhancement on a Broadband Meta-surface 

2.3.1. Introduction 

Plasmonic excitations of metallic nanostructures have attracted a great deal of 

attention in the past decades, due to the rich variety of geometric configurations, the 

associated optical properties and phenomena, and the wide range of present and 

potential future applications[18], [80]. Propagating and localized plasmons have been 

utilized in the design of photonic structures to efficiently couple free-space 

propagating light onto highly confined surface modes, resulting in the enhancement 

of electromagnetic field intensities[81], [82]. Nonlinear optical effects benefit from 

plasmonic field enhancement[81], and plasmonics have the potential to be an 

enabling technology for quantum optics and all-optical information processing[83], 

[84]. It has been shown that plasmonic field enhancement allows the observation of 

Raman scattering from single molecules with low excitation powers down to 

microwatts[85], [86]. The lack of reliability resulting from the spatially non-uniform 

nature of plasmonic field enhancement can be a problem for applications requiring 

repeatability. In the case of surface-enhanced Raman scattering (SERS), regions with 

high enhancement (so-called hot spots) are typically major contributors to the 

observed signal. Raman intensity enhancement is estimated 

through ISERS ≅I0|E(ωexc)E(ωdet)/E0(ωexc)E0(ωdet)|
2, where ωexc and ωdet are the 

excitation and detection frequencies, and E and E0 are the electric field intensities 

with and without the presence of plasmonic structures. Defining an enhancement 

factor, EF(ω) = |E(ω)/E0(ω)|2, overall Raman enhancement factor can be written as 

the product of excitation and detection factors, EFSERS =EF(ωexc)EF(ωdet). Spatial 

non-uniformity of the electric field directly translates into a spatial non-uniformity 

of EFSERS and can be an important disadvantage for repeatability. Hot spots are 

typically formed when two metal regions come close (within a few nanometers) to 

each other, and even periodic structures may display a wide distribution of 

enhancement factors[87]. In order to achieve high and spatially uniform field 

enhancement, engineered surfaces that exhibit plasmon modes at both the excitation 

and scattering wavelengths are needed[53], [60], [88], [89]. Previously, metal 

nanoparticle clusters (bottom-up approach) and sparse structures or biharmonic 

gratings with double resonances (top-down approach) were used for this purpose[90]. 
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 Bottom-up approach substrates offer the advantage of simplicity and offer 

uniformity over large scales; on the other hand, the statistical nature of production 

processes, in principle, prevents completely hot-spot-free and uniform enhancement 

on a microscopic scale. Sparse arrays of multiply sized nanoantennas, or 

multiperiodic structures, may be designed to enhance fields at both excitation and 

scattering frequencies, however, exhibit spatially non-uniform spectral properties 

over the extent of a wavelength. In contrast, plasmonic meta-materials possess 

subwavelength periodicity. When fabricated using a top-down approach, they have 

the potential to offer spatially uniform, wide band coupling required for uniform 

Raman enhancement. In this part of the thesis, we discuss the application of 

plasmonic meta-surfaces to SERS. We describe the resonances and field 

enhancements of a closely packed metal–insulator–metal configuration, which we 

refer to as multiply coupled plasmonic meta-material (MCPM). Strong coupling of 

the modes is shown to be effective for a subset of geometric parameters. Despite the 

seemingly common and simple geometry, we show that, under strong coupling of 

various types of modes, a rich band structure can be engineered within a wide 

spectral range, allowing highly controllable field enhancement at excitation and 

scattering frequencies, thereby allowing highly repeatable SERS. 

 

2.3.2. Description of the Plasmonic Meta-Surface 

A cross-sectional schematic of the one-dimensional periodic MIM structure is 

shown in Figure 2-5a (a representative SEM micrograph is given in Figure 2-5b). 

MIM elements with relatively thick top metal layers (d≥50 nm), with widths of 150–

200 nm, are repeated with periods of 200 to 300 nm, forming an inter-MIM spacing 

of 10–80 nm. MIM structures can be viewed as nanoscale planar waveguides[91], 

and individual MIM elements have modes confined inside the dielectric region 

(referred to as waveguide mode). Localized resonances result from the Fabry–Perot 

(FP)-type resonator formed within the MIM waveguide, terminated at both ends. The 

propagation wavevector βSPP and effective index neff= βSPP/k0 of the fundamental TM 

mode of a MIM waveguide can be calculated by solving for βSPP in the following 

equation 𝑘𝑚𝜀𝑑 + 𝑘𝑑𝜀𝑚tanh(
𝑘𝑑𝑤

2
) = 0 here kd = (βSPP

2 – εdk0
2)1/2, km = (βSPP

2 – 

εmk0
2)1/2, and k0 = 2π/λ is the propagation wave vector in free space for wavelength λ 

which is also given by Equation 2.25. Typically, βSPP is a complex number, and the 
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real part of βSPP can be used to infer the effective wavelength. Assuming a unity 

relative magnetic permeability for propagating TM modes inside the MIM 

waveguide, the effective index (neff) can also be used to estimate the impedance of 

the transmission line, ZMIM = 120π/neff (see Figure 2-5c). The propagation constant 

can be used to estimate the resonances of a FP cavity. The roundtrip phase is written 

as φ(λ) = 2βSPPw + 2Δφ(λ), where 2βSPPw is the phase shift due to propagation, and 

2Δφ(λ) is the total phase shift acquired upon reflection at the ends of the resonator. A 

FP resonator exhibits resonances when |1 – R0 exp iφ(λ)| is a minimum, where R0 is 

the magnitude of the reflection coefficient. Using the above formulation, absorption 

resonances of uncoupled MIM waveguides have been calculated. In general, Δφ(λ) 

may be calculated through the reflection coefficient at the end of the waveguide, 

taking into account the impedance mismatch between the waveguide mode and free-

space modes[92].  

 

Figure 2-5. (a) Schematic cross section of metal–insulator–metal (MIM) meta-material 

structures. The metal layers are evaporated Ag, and the dielectric layer (0–40 nm thick) is 

Al2O3 deposited. (b) Scanning electron micrograph of a representative structure is shown; 

scale bar 1 μm. (c) Effective index (neff) and impedance (ZMIM) of the MIM fundamental TM 

mode as a function of wavelength for various dielectric layer thicknesses (3, 13, 23, 33, and 

43 nm) are given for convenience. (d) Depending on the frequency of excitation, different 

resonant modes can be excited within the MIM section. In the one-dimensional case, the 

MIM can be viewed as a transmission line, whose propagation constant (or effective index) 

depends on the gap between the top and bottom metal layers. Truncation at both ends results 

in a Fabry–Perot (FP)-type resonator. Electric field intensity squared is plotted for a 200 nm 

long MIM structure with 10 nm dielectric gap excited at 555 nm, corresponding to a 

resonance of the FP resonator. (e) When the same structure is excited at 660 nm, another 

resonance is excited displaying a different field distribution. (f) When the gap is reduced to 
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zero, one resonant mode persists in the vertical transmission line cavity formed with side 

walls of the top metal layer as conducting planes. (g) Cartoons show the field amplitudes of 

modes shown in (d, e, and f). 

Optical properties of arbitrary metallic nanostructures have been commonly 

analyzed using optical first-principles calculations. Optical properties of simple 

geometric configurations, on the other hand, can be explained in terms of lumped 

circuit elements[93]–[97]. The waveguide perspective is practically adequate, as the 

experimentally observed optical properties of isolated structures can be well 

explained using this approach[98]. Figure 2-5d,e shows the electric field profiles 

when such structures are excited at two different wavelengths for a dielectric 

thickness of 12 nm. Standing wave patterns within the MIM are observed when the 

surface is excited near its resonances, validating the FP resonator approach (cartoons 

in Figure 2-5g show E-field along the structure for various modes in Figure 2-5d–f). 

In the one-dimensional case, when the dielectric thickness is reduced to zero, the 

MIM waveguide modes disappear; however, the remaining structure still exhibits a 

localized mode (Figure 2-5f). This remaining vertical cavity mode (referred to as 

LFP, short for localized Fabry–Perot) is formed due to FP-type resonance in the 

vertical metallic cavity between the top metal layers of consecutive MIM 

regions[94]. The resonance frequency of the LFP can be approximately calculated 

using lumped models or using the waveguide approach used above. The fundamental 

resonance of closely spaced MIM structures also have been modeled previously 

using lumped LC elements[94], [99]. Using such a model, the LFP mode frequency 

can be approximated by ωLFP = ((Ce + Cm + (Cm
2 + Ce

2)1/2)/(LCmCe))
1/2, where L ≅ 

0.5 μhw + 3w/(2εOhwP
2) is the inductance per unit width (μ is the magnetic 

permeability, h is the dielectric thickness, and w is the width of the 

MIM), Ce ≅ cεOh/g is the capacitance per unit width due to coupling between MIM 

top metals (ε is the dielectric constant, h is the dielectric thickness, g is the gap 

between MIMs, and c is a correction parameter), Cm ≅ 0.25εOεh/g is the capacitance 

per unit width due to coupling of top metal layer of MIMs to the metallic ground 

plane. The model ignores resistive losses.When the areal density of such structures is 

increased to improve surface coverage, strong coupling of individual structures 

becomes inevitable, modifying the spectral properties, as well as the band structure. 
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2.3.3. Coupled Meta-Atoms and Meta-Molecules 

The LFP mode can be considered as a light meta-atom, possessing a single energy 

level (Figure 2-6a). Similarly, the MIM structure constitutes a heavy meta-atom, with 

more than one energy level (Figure 2-6b). When the atoms are brought into contact 

by a coupling mechanism, bands emerge similar to the coupled resonator optical 

waveguide (CROW)[100] A periodic arrangement of grooves (i.e., LFPs) results in a 

monatomic crystal (Figure 2-6c). In the monatomic case, coupling is primarily 

through the surface plasmon mode (SPP). Collective excitations in nanoparticle 

arrays have been previously reported, and for large interparticle spacing, weak 

coupling occurs through radiative routes[101]–[103]. On the other hand, when MIMs 

are arranged in a closely packed periodic fashion, MIM modes and the LFP modes 

strongly couple due to overlapping modes, rather than due to radiative coupling, 

resulting in a diatomic crystal (Figure 2-6d). The coupled MIM waveguides could 

also be viewed to be similar to a resonant guided wave network 

(RGWN)[104]; however, coupling of waveguides through an intermediate localized 

resonance in the vertical cavity distinguishes the MCMP from the RGWN. The 

coupling of the MIM and LFP modes results in an anticrossing behavior, as shown 

in Figure 2-6e, f. In numerical calculations, it is seen that anti-crossing-over behavior 

due to coupling of MIM modes with the LFP (around h ∼ 17 nm in Figure 2-6e, f) 

leads to an improvement of the absorption bandwidth. 

The angular dependence of coupling to the resonances is best visualized in the 

band structure of the plasmonic meta-surface. In order to intuitively understand the 

dependence of the band structure on design parameters, we construct a circuit model, 

as shown in Figure 2-6g. The MIM section is modeled using a transmission line, and 

the LFP is modeled using an LC resonator. A capacitor is used to model the 

coupling. The one-dimensional band structure is calculated by constructing an 

ABCD matrix for the lumped element model of the unit cell. In order to obtain the 

band structure, the ratio of the input and output parameters of the ABCD matrix are 

assumed to be exp(ikΛ) for a given propagation vector k and period Λ. In order to 

find the resonance frequencies, one needs to solve for ω through 

|𝐼 − [
𝐴 𝐵
𝐶 𝐷

] 𝑒𝑖𝑘Λ| =  0                                          (2.26) 

where I is the 2 × 2 identity matrix. 

http://pubs.acs.org/doi/full/10.1021/nn301665a#fig2
http://pubs.acs.org/doi/full/10.1021/nn301665a#fig2
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The ABCD matrix of the unit cell is constructed by multiplying ABCD matrices 

for the transmission line representing the MIM section with ABCD matrices for the 

lumped elements for coupling and LFP sections of the model. Resistive or radiative 

losses are ignored in the model. The ABCD matrix for the transmission line section 

is given by 

𝐴𝐵𝐶𝐷TL = [
cos(𝛽𝑙) 𝑗𝑧𝑜 sin(𝛽𝑙)

𝑗𝑧𝑜 sin(𝛽𝑙) cos(𝛽𝑙)
]                              (2.27) 

The coupling capacitor has an impedance of Xc = 1/(jωCcoupling). The ABCD 

matrix for the coupling capacitor is given by 

 

𝐴𝐵𝐶𝐷coupling = [
1 𝑋𝑐

0 1
]                                         (2.28) 

The parallel LC resonator representing the localized Fabry–Perot (LFP) mode has 

an impedance XLFP given by XLFP = 1/(1/(jωLFP) + jωCFP). The ABCD matrix for the 

LC resonator representing the mode is given as 

 

𝐴𝐵𝐶𝐷LFP = [
1 0

1/𝑋𝐿𝐹𝑃 1
]                                         (2.29) 

The ABCD matrix for the unit cell, ABCDuc, is calculated by multiplying the 

matrices in correct order, ABCDuc = ABCDTL × ABCDcoupling × ABCDLFP × ABCDcoupling. 

The resonance frequencies calculated by the matrix method are shown on top of 

numerical results in Figure 2-6e,f. The model correctly captures the essential features 

of the numerical results, such as mode frequencies and anticrossing behavior. 
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Figure 2-6. (a) Cavity resonance (LFP) can be thought as corresponding to a light atom, with 

a single localized state, and (b) MIM can be thought as corresponding to a heavy atom, with 

a multiple localized states. (c) In a one-dimensional periodic arrangement of the light atoms, 

coupling through the surface plasmon mode can introduce a coupling of the LFPs and 

propagating bands can be formed. (d) Similarly, in a one-dimensional periodic arrangement 

of the MIM structures with a relatively thick top metal and a thin gap dielectric, the MIM 

modes and the LFP mode formed between consecutive MIMs are hybridized to form a 

diatomic molecule. The molecules are coupled to form the band structure of the diatomic 

crystal. (e) Effect of mode coupling is observed in the reflection coefficient, plotted as a 

function of wavelength and dielectric thickness, h, for a one-dimensional crystal. Numerical 

computation results are shown for a 250 nm period structure with 180 nm MIM width, for 

normal incidence. Resonance wavelengths are calculated using the Fabry–Perot resonator 

model for the MIM structures (black lines; see text for details) that are superimposed. 

Antisymmetric modes (even mode number m) are not coupled to the free-space modes at 

normal incidence and, therefore, contribute no absorption (arrow (i)). The LFP mode 

wavelength is estimated using the LC model (vertical line around 520 nm, denoted by arrow 

(ii)). (f) Reflection coefficient is plotted as a function of wavelength and dielectric thickness 

h at a 10° angle of incidence. Due to the broken symmetry, even modes also contribute to 

absorption. (g) Lumped circuit model for the diatomic unit cell consists of a transmission 

line capacitively coupled to a localized LC resonator representing the LFP mode. The model 

is used to calculate the resonance frequencies of the modes, plotted as dots, on top of the 

computational results in (f). The model captures the essential features of numerical 

calculations such as the resonance frequencies and anticrossing behavior due to coupling of 

modes. 
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In order to illustrate the effect of geometric parameters on the optical resonances 

and show the quasi-omni-directional nature of the MCPM, we calculate the bands of 

several structures, as shown in Figure 2-7a–e. The monatomic crystal (no dielectric) 

is essentially a lamellar grating (cavity depth 50 nm, width 50 nm, period 250 nm), 

and the LFP mode couples through the SPP to form a CROW-like band (Figure 

2-7a). As the dielectric gap is introduced, MIM modes emerge in the reflection 

spectrum. For a thin dielectric of h = 3 nm, a large number of modes that span the 

visible spectrum emerge (Figure 2-7b). Consecutive bands with odd and even MIM 

modes show improved absorption at low and high angles due to their symmetry (a 

similar observation was reported for MIM resonator arrays in the terahertz frequency 

range[92]. The band structure, which is calculated by solving Equation 2.26, displays 

bands that coincide with reflection minima seen in numerical calculations. As the gap 

is increased to 12 nm (Figure 2-7c–e), the number of bands is reduced. The effect of 

the surface plasmon mode becomes visible at high frequencies and is included in 

band structure calculations as a perturbation. The coupling of the SPP to the 

MIM/LFP structure has the effect of pushing and concentrating the bands to around 

500 nm at high angles (kΛ/π ∼ 1) in Figure 2-7a–e. 

 

Figure 2-7. (a) Band structure of a monatomic meta-surface is calculated using the circuit 

model in Figure 2g and the ABCD matrix approach and superimposed on the reflection 

obtained through numerical calculations. When the dielectric thickness is zero, only the 

bands formed are through coupling of the LFP (arrow I) modes via the surface plasmon 

mode (arrow II) are observed. (b) Increasing the gap to 3 nm results in the appearance of a 

large number of MIM modes and formation of a diatomic meta-surface. (c) Increasing the 

gap to 13 nm results in a reduction of the number of MIM modes, while increasing the 

absorption in the coupled bands due to improved impedance matching of the surface with 

free-space propagating modes. Further band structures are shown in (d) and (e) for 180 and 

160 nm MIM widths, with 250 nm period. Color bar shows corresponding reflectance 

values. 
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2.3.4. Experimental Results 

The absorption spectra of the surfaces have been recorded at normal incidence 

using a low numerical aperture (NA = 0.05) objective for both illumination and light 

collection. The reflection spectra are seen to agree with simulation results for various 

MIM widths and periods (Figure 2-8a, b). Evidence for the quasi-omni-directional 

character of the one-dimensional structures can be seen in the high spatial resolution 

reflection maps shown in Figure 2-8c (average reflectance for a 10 nm spectral band 

centered at 550 nm is shown). When the structures are imaged by different numerical 

aperture lenses (objectives with 20×, 50×, and 100× magnification and respective 

numerical apertures of 0.4, 0.7, and 0.95), the absorption is seen to be quite 

independent of the numerical aperture. This is in accordance with the expected quasi-

omni-directional character of the band structures around 550 nm. 

 

Figure 2-8. Theoretical and experimental reflectance plotted as a function of wavelength at 

normal incidence for (a) one-dimensional, 250 nm period structures with nanowire widths of 

180 nm (I), 170 nm (II), 160 nm (III), 150 nm (IV), 140 nm (V) and (b) one-dimensional, 

300 nm period structures with nanowire widths of 200 nm (I), 190 nm (II), 180 nm (III), 170 

nm (IV), 160 nm (V). (c) TM mode reflectance for a 10 nm band around 550 nm observed 

with different numerical apertures (20×, 50×, and 100× objectives) on one-dimensional 250 

nm period 150 nm width structures. Insensitivity to numerical aperture demonstrates the 

quasi-omni-directional absorption of the surfaces. 

For most applications in sensing and spectroscopy, the locations with high field 

enhancements must be exposed to allow for adsorption of molecules. Such regions 

are present in the MCPM (LFP region and top surface), where the enhancement can 

be utilized for sensing or Raman spectroscopy. It should be noted that absorption and 

field enhancement are not necessarily proportional. However, numerical calculations 

show that if the resistive losses can be ignored, there is a strong correlation between 

the absorption and field enhancement. Typically, this is the case when the excitation 
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frequency is reasonably below the plasma frequency of the metal and absorption is 

enhanced primarily due to plasmonic resonances. In our wavelength range of interest 

(400 nm to NIR), dielectric constant of silver allows this approximation. The MCPM 

can feature multiple absorption bands (and correlated field enhancement) that cover 

the entire excitation and scattering wavelengths (for example 250 period, 50 nm top 

metal, 12 nm dielectric thickness, and 200 nm top metal width). The advantage of the 

MCPM structures in plasmon-enhanced Raman spectroscopy is demonstrated using 

Cresyl Violet dye as the example molecule. Using low powers of about 100–300 μW 

(measured by a placing a photodiode at the sample location in a separate 

measurement), the Raman spectra are recorded at various locations on the 

unpatterned MIM substrate (Figure 2-9a, arrow III) and on the MCMP (Figure 2-9a, 

arrows I and II). The unpatterned MIM reference produces little observable Raman 

or fluorescence signal, whereas the MCPM produces a pronounced enhancement, 

which is theoretically estimated to be on the order of 5 × 105 to 106. The TM 

polarized reflectance (10 nm band around 550 nm, Figure 2-8a) has a slightly non-

uniform spectral response over a distance of about 50 μm, attributed to the exposure 

nonuniformity during the e-beam lithography. Raman signal map (591 cm–1 peak) 

collected at the same location is shown in Figure 2-9b. A spatial non-uniformity is 

also seen in the Raman signal (Figure 2-9b), correlated with the reflectance non-

uniformity (Figure 2-9a). As expected, enhancement of the Raman signal is 

proportional to the absorption within the Raman band wavelength range (Figure 

2-9c,d). When a longer averaging time of 22 s is used, still the Raman signal is 

absent on a flat Ag reference surface for the low power level used (Figure 2-9e). The 

fabrication related non-uniformity is insignificant over smaller length scales, and we 

superimpose the Raman spectra collected from 1600 locations within a 10 μm × 10 

μm square region in Figure 2-10a. The fluorescence and Raman enhancements are 

uniformly enhanced (about 10% for fluorescence and about 20% for Raman) over the 

region, as is seen in the histograms (Figure 2-10b) shown for two wavelengths. When 

the Raman signal is represented as an image map, several defects with 

submicrometer diameters are clearly resolved as dark spots in the image (Figure 

2-10c), indicating true high-resolution imaging capability using the MCPM (image 

contrast is enhanced to clarify the dark spots). 

 

 



23 

 

Figure 2-9. (a) Reflectance map (540–600 nm band) acquired using a 20× objective (NA 0.4) 

on a 250 nm period structure with 200 nm MIM width. (b) Raman spectra map (intensity of 

591 cm–1 band, collected with 100 μW excitation power at 532 nm, 20× objective, 100 ms 

dwell time per pixel) of Cresyl Violet monolayer on the same structure. Scale bar is 10 μm. 

(c) Reflectance as a function of wavelength for several locations and (d) corresponding 

Raman spectra. Reflectance is plotted at two different locations (I) and (II) as referenced to 

location (III). Due to non-uniformity of the fabrication process, a gradient of the resonance 

wavelength is observed from top-right position to bottom-left position. When the absorption 

overlaps with excitation and emission wavelengths, improved Raman scattering is observed. 

Inset shows chemical structure of Cresyl Violet. (e) Raman signal is collected using a longer 

integration time (22 s, 100 μW excitation power) on a planar silver surface, unpatterned 

MIM, and 250 nm period MIM regions. Although Cresyl Violet exhibits no Raman signal on 

the plane metal surface, some enhancement is seen on unpatterned MIM regions, possibly 

due to the surface roughness of the top layer. 
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Figure 2-10.  (a) Superimposed Raman spectra collected from 1600 individual spots over an 

area of 10 μm × 10 μm (100 μW excitation power, 100× objective, and 40 ms dwell time per 

pixel). (b) Histograms of intensity of two spectral locations shown by arrows (I) and (II) 

demonstrate uniform signal intensity within ca. 10% of average value for the fluorescence 

(arrow II) and ca. 20% for the Raman signal (arrow I). (c) Raman map formed using the 591 

cm–1 Raman band (scale bar 2 μm) where the contrast is enhanced to show several dead-

spots with submicrometer dimensions, demonstrating the high-resolution imaging capability 

with such substrates. 

2.3.5. Discussion of Spatial Uniformity of Enhancement at the Nanoscale 

Due to the periodicity of the meta-surface, Raman enhancement appears to be 

uniform in the far field when the diffraction-limited spot size is larger than the meta-

material period. However, it is important to understand the variations of local 

enhancement factor within a unit cell. We plot the average and maximum 

enhancement factors for three different geometries, as shown in Figure 2-11, for 

MIM periods of 50, 100, and 250 nm. The averages are taken over rectangular 

sections over the top surface (10 nm thick slab is chosen), within the LFP region (air 

gap region between the top metals) and inside the MIM gap, within the dielectric 

(see Figure 2-11c inset). The dielectric gap of the MIM structure does not contribute 

to the Raman signal since molecules cannot be placed there after fabrication. 

However, enhancement in this region may be important for other applications; 

therefore, we plot enhancement factors for this region for convenience. The 

correlation of EF values for the MIM and LFP regions also demonstrates the 

coupling of LFP and MIM resonances. When comparing average and maximum EF 

of different regions and geometries, it is seen that for smaller structures (50 nm 
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period, 30 nm width, Figure 2-11a), a single resonance is present in the wavelength 

range of interest (532 to 640 nm), and average field enhancements at the top surface 

are greatly improved compared to 100 nm structures (Figure 2-11c) and 250 nm 

structures (Figure 2-11e). It is also seen that the LFP region has a stronger average 

enhancement factor as compared to the top surface and MIM gap. The maximum 

enhancement factors can be relatively large (EFexc ∼ 1000, EFSERS ∼ 106) for both 

small and larger periods (Figure 2-11b, d, and f). From the data, it can be concluded 

that, despite the apparent uniform enhancement in diffraction-limited far field 

measurements, enhancements are mostly localized to the LFP region for larger 

structures. For smaller structures (∼50 nm period), although there is local non-

uniformity and the LFP region still contributes the greater portion to the enhanced 

signal, the average EF values for the top surface and the LFP region have improved 

ratio, indicating improved uniformity. 

The MCPM features propagation of multiple plasmon modes in the visible range 

of the spectrum, through direct capacitive coupling or coupling via a localized 

resonant mode. The simplicity of the MCPM allows fabrication of an ultrathin meta-

surface with tailorable bands at wavelengths toward the near-UV. Bandwidths are 

comparable to thicker wideband absorbers[105]. Due to the quasi-omni-directional 

coupling of light to the plasmon modes, high spatial resolution SERS imaging is 

possible. The diffraction-limited spot size is greater than the period of the meta-

material, and plasmonic enhancement of the Raman signal essentially occurs with a 

unity surface fill factor. High-resolution imaging capability can potentially improve 

biomolecular sensing[106], [107]. Raman excitation wavelength and scattering 

wavelengths coincide with different bands. Advancing the analogy of the meta-

material with a semiconducting crystal, the Raman transition can be regarded as a 

photonic transition between two bands, where the transition is accompanied with the 

release of a phonon. Raman scattering constitutes an example for nonlinear optical 

phenomena, and in general, the MCPM can find application in cases where enhanced 

nonlinearity at low optical powers is desirable, such as enhancement of photonic 

interactions in all-optical classical or quantum information processing. 
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Figure 2-11. (a) Enhancement factors (EF) averaged over various regions (see inset in c) for 

a MIM structure with 50 nm periodicity, 10 nm top metal thickness, 20 nm dielectric gap, 

and 30 nm top metal width. (b) Maximum value of EF for different regions for the geometry 

in panel a. (c) Average EF values for a MIM structure with 100 nm periodicity, 20 nm top 

metal thickness, 20 nm dielectric gap, and 80 nm top metal width. (d) Maximum value of EF 

for different regions for the geometry in panel c. (e) Average EF values for a MIM structure 

with 250 nm periodicity, 50 nm top metal thickness, 20 nm dielectric gap, and 230 nm top 

metal width. (f) Maximum value of EF for different regions for the geometry in panel e. It is 

seen that shrinking the MIM size results in fewer resonances and improved average 

enhancement over the unit cell, especially on the top surface (10 nm thick slab over the top 

metal). The maximum values of the EFs are much higher than the average, showing the 

inherent spatial non-uniformity of enhancement. Comparing panels a–c, it is seen that tuning 

of the resonances through choice of geometry greatly improves EF for the wavelength range 

of interest (532 to 650 nm). 
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2.4. Edge Rounding Induced Broadband Plasmonic 

Metamaterial Absorber Structures 

 Perfect absorption of light can be achieved by exciting surface plasmons on 

textured metallic surfaces[108]. Metamaterials (MMs) are known as nanostructured 

metal surfaces to tailor the optical properties. So far, MMs are used to design 

negative index materials[47], optical sensor platforms[109], surface enhanced Raman 

spectroscopy substrate[110], solar cells[14], and optical bolometer imaging 

systems[111], [112]. Metamaterial absorbers (MMAs)  are arrays of patterned metal 

insulator metal structures that have almost perfect absorption for certain wavelengths 

where impedance of MMAs are perfectly matched to the air’s impedance  near the 

resonant wavelengths. Nearly perfect MMAs are demonstrated in the 

microwave[113]–[115], terahertz[116], [117], infrared (IR)[21], [35], [97], [118]–

[123] and visible frequencies[124]–[130]. Metamaterial absorbers in the visible 

spectrum can also be realized by using nanoparticles separated from a thick metallic 

ground plane with a dielectric spacer[131]–[133]. Typically, MMAs have narrow 

bands or single resonances attributed to their identical resonators in every unit 

cell[127], [128], [134], [135]. On the other hand, multispectral characteristic of a 

metamaterial plasmonic surface has great potential for various applications such as 

infrared absorption spectroscopy and surface enhanced Raman spectroscopy where 

the presence of resonances are generally accompanied by high field 

enhancements[63]. Recently, using more complex geometries broadband or 

multispectral MMAs are demonstrated in the visible and IR wavelengths. 

Multiplexing different resonator structures in a unit cell is another way to obtain 

multispectral absorption which requires precise control of dimensions of multiple 

nanostructures[114], [136]–[142]. However, multispectral MMAs based on the 

simultaneous excitation of electrical and magnetic plasmon modes is the least 

exploited approach[126], [143], [144]. MMAs are usually fabricated by using 

electron beam (e-beam) and optical lithography.  The fabrications of nanostructures, 

however, are typically accompanied by process imperfections. Disc structures 

become more like truncated cones due to finite sidewall angle and square structures 

have rounded corners due to lithographic nonidealities. These fabrication related 

features are exploited in our MMA structure which has already multispectral 

absorbance bands due to the excitation of both electrical and magnetic plasmon 
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modes. Particularly, when corners of the top nano-square patches are rounded, a new 

resonance is observed to emerge. The proposed structure takes into account the 

imperfections of common fabrication techniques and is therefore more realistic. 

Unlike the multiplexed metamaterial structures having multiple resonators with 

different geometries in a unit cell, the multiband plasmonic structure studied here 

only requires the control of width of the structures to obtain multispectral and 

broadband response.   

 

Figure 2-12.  SEM images of polarization independent plasmonic metamaterial surface. The 

fabricated structures are disc-shaped despite they are aimed perfect squares. 
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2.4.1. Simulation Geometry and Method  

The schematic description of the proposed structure is shown in Figure 2-13. The 

structure is based on metal/insulator/nano-square array geometry. Silver is used for 

both bottom metallic plane and top nano-square arrays. Alumina (Al2O3) is used as 

the dielectric spacer layer. The thickness of the bottom (ground) plane is 100nm for 

all the simulations where transmission is almost zero in the visible range. The 

thickness of the top layer is chosen 50nm, allowing the coupling of localized surface 

plasmon modes due to the interaction of adjacent square patches. Periods of square 

patches along x, y directions are 250nm. The simulations are based on the Finite 

Difference Time Domain (FDTD) method (Lumerical FDTD). The material 

properties (complex and real parts of dielectric function) for silver and alumina are 

obtained from the program's material database and fitted to a 12 order function (Palik 

data). The mesh size used in FDTD analysis is 2nm for both x and y directions and 

1nm for z direction.  A broadband electromagnetic plane wave for normal incidence 

illumination is used with 400nm-750nm wavelength range. Bloch boundary 

conditions are chosen for x and y directions and perfectly matched layer (PML) is 

used along the z direction. Simulation durations are further decreased by using 

asymmetric and symmetric boundary conditions along x and y directions. 

 

Figure 2-13.  (a) Schematic description of the proposed MMA structures. Top (b) and side 

(c) view of simulated structures. Periods in x and y directions are 250nm. W is width of the 

patches and R is the curvature of the corners.   
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2.4.2. Results 

In Figure 2-14a dual band absorber structure is demonstrated when the curvatures 

are omitted in the simulations and perfect square patches are assumed (R=0nm). 

When there is no oxide in the structures, single resonance at λ=530nm is observed 

due to the cavity resonance between the patches. When, a tox= 30nm of oxide spacer 

is included, the resonance splits into 2 modes at λ1=480nm and λ2=605nm as shown 

in Figure 2-14a. To understand the origin of these resonances electric and magnetic 

field distributions are plotted as seen in Figure 2-14c. Without the oxide layer, layer 

magnetic field is localized in the grooves and electric field is higher at the top of the 

adjacent ridges. This resonance resembles an electric plasmon mode. With the oxide 

layer, magnetic field is also confined in the grooves at λ1=480nm. For λ2=605nm, 

magnetic field is confined in the spacer layer. Hence, resonances at λ1=480nm and 

λ2=605nm are electrical and magnetic plasmon modes respectively. Then, we 

investigated effect of the nano-square patch width as shown in Figure 2-14b. The 

resonance at shorter wavelength is unaffected with increasing W which also suggests 

that the resonance is electric plasmon mode[126], [145]. However, as the width 

increases the resonance at higher wavelength shifts to longer wavelengths which 

verifies a magnetic plasmon mode. This resonance can be explained in terms of 

standing waves by 𝜆𝑟 = 2𝑛𝑒𝑓𝑓W + 𝜃 where neff is the effective index of MIM mode, 

θ is the phase term due to reflections from the edges. Resonance wavelength linearly 

depends on W[146]. 
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Figure 2-14. (a) Absorption spectra of the MMA structure with perfect nano-square patches 

(R=0nm) for tox= 0 (blue) and tox= 30nm (green) (b) Absorption spectra for various nano-

square patch widths (tox= 30 nm). Magnetic (c) and Electric (d) field profiles at the 

resonances shown in (a). 

When the structures are fabricated using electron beam lithography, due to the 

finite point-spread function width of the exposure process, the corners of the square 

patches get rounded. In order to demonstrate the effect of round corners in the 

absorption spectra, curvature is added to the corners of nano-square patches in the 

simulation (See Figure 2-13). Figure 2-15  shows the emergence of a third mode 

whose resonance frequency is affected by the radius of curvature of the corners. For 

W=200nm, R=0 nm up to R=40nm there are two distinct resonances as shown in 

Figure 2-15a, c. When the curvature is further increased, the magnetic plasmon mode 

splits into two. For R=100nm where the nano-square patches become perfect discs, 

three resonances are observed with almost equal wavelength spacing. The absorption 

of each resonance is higher than 85%. For a small change of the width of the patches, 

to W=210nm, the magnetic plasmon mode splits into two at a smaller curvature 

value (R~30nm). The wavelength spacing between the resonances is higher for the 

maximum curvature value (R=105nm) and, near perfect absorption is seen for the 

middle resonance around 550-600 nm. We further investigated the effect of dielectric 

thickness on the absorption of triple band plasmonic structures as shown in Figure 
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2-15 e, f. The electric plasmon mode at λ~500nm is almost independent of the spacer 

thickness as expected. However, the magnetic plasmon modes strongly depend on 

the spacer thickness which is due to the change in effective refractive index of the 

MIM waveguide formed by the top patch and bottom Ag layer, with the increasing 

spacer thickness. 

 

Figure 2-15. Effect of the curvature on the absorption spectra for W=200nm (a,b) and 

W=210nm (c,d) for tox=30nm. Effect of the oxide thickness on the absorption spectra for 

W=200nm and R=100nm (e-f). The magnetic plasmon mode splits into two modes at smaller 

radius as the width of the resonator increases. 

In order to understand the origins of the resonances for the perfect nano-disc top 

layer (R=100nm, W=200nm), we have plotted the electric field profiles at λ=550nm 

and λ=600nm. The analytical approaches for circular nano patch antennas have been 

recently demonstrated[147], [148]. Following the steps shown in previous literature, 

the Helmholtz equation for metal-insulator-metal (MIM) geometry is solved in the 

cylindrical coordinates which is  

𝜕
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The solution to Equation 2.30 is given by 𝐸𝑧 = 𝐽𝑚(𝑘𝑠𝑝𝜌) cos(𝑚𝜑 + 𝜗) (𝐴𝑒𝑘𝑧𝑧 +

𝐵𝑒−𝑘𝑧𝑧) with Neumann boundary condition 𝜕𝐸𝑧/𝜕𝜌=0 where 𝑘𝑠𝑝is the wave-vector 

for the MIM cavity. The solution to electric field distribution is given in terms of 

even and odd modes as E (O)mn where n is the order of the roots for 𝜕 (𝐽𝑚(𝑘𝑠𝑝𝜌)) /
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𝜕𝜌 =0. For odd and even values of m odd and even order modes are excited, 

respectively. The simulated and calculated mode profiles are shown in Figure 2-16. 

For λ=550nm which is due to the corner curvature effect, O12 mode is excited as 

shown in Figure 2-16a, c while the magnetic plasmon mode at λ=600nm resembles 

O31 mode after the corner curvature effect (Figure 2-16 b, d). 

 

Figure 2-16. Origin of resonances for W=200nm, R=100nm and tox=30nm. Simulated z 

component of electric field profiles for λ=550nm (a) and λ=600nm (b). Calculated electrical 

field profiles for modes m=1, n=2 (c) and m=3, n=1 (d). 

Fabrication of MMAs requires lithography and liftoff processes which results in 

slanted sidewalls of patterned surfaces. Figure 2-17a shows the cross section of a 

typical MMA structure. To demonstrate the effect of the side angle on the absorption 

spectra of the triple band absorber structure, we simulated a truncated cone shaped 

top metallic layer rather than a perfect disc (corresponding to sidewall angle θ=90). 

Absorption spectrum of such a structure is shown in Figure 2-17b, c. As the side 

angle decreases down to θ=75 degrees we can observe a resonance at λ=600nm, but 

for smaller side angles this resonance diminishes. A broad absorption band covering 

400 to 550 nm can be observed for smaller sidewall angles. For θ=85 degrees or 
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higher, we still observe triple bands. Such a structure with high side angles can be 

fabricated using inductively coupled plasma or reactive ion etching , after e-beam 

lithography on MIM films . 

 

Figure 2-17. Effect of side angle on the absorption spectra. (a) Cross section of the simulated 

structure. (b-c) Absorption spectra with respect to the side angle. As the slope of the cone 

increases absorption of magnetic resonance mode decreases. 

2.5. Conclusion 

In this chapter 1D and 2D periodic coupled plasmon meta-surfaces are presented. 

For the 1D case we have developed a circuit model to understand the coupling 

mechanisms of different modes. Due to wide-band width of these surfaces, Raman 

signals can be amplified for both excitation and stokes wavelengths. The proposed 

geometry is also subwavelength (Period=250nm) which results in unity Raman 

enhancements over large areas. Moreover by utilizing the analogy of heavy and light 

molecule analogy, Raman transition can be seen as a photonic transition between two 

bands. For the 2D case, we demonstrated a triple band plasmonic metamaterial 

surface due to edge rounding effects occurred during the fabrication process. The 

emerging third resonance is attributed to the excitation of circular cavity modes.   
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Chapter 3  

Nano-particle Based Large Area 

Broadband Plasmonic Surfaces and 

Their Applications 

In this chapter we present a large area plasmonic surface based on metal-insulator-

nano-particle geometry which supports localized surface plasmon modes over large 

bandwidths. The broad bandwidth is due to excitation of the electric and magnetic 

plasmon modes. The electric plasmon mode is due to inter-particle coupling. Field is 

confined to the insulator layer for the magnetic plasmon mode. We used these 

surfaces for single molecule Raman spectroscopy and as hot-electron detectors. For 

the first time, we have observed single molecule Raman events using a mobile 

phone's camera. Moreover, we have also developed a contact free characterization 

technique using x-ray photoemission spectroscopy (XPS) by probing hot-electrons 

emitted from individual metal-insulator-nano-particle photodetector.  

Parts of this chapter were published as;  

1. Sencer Ayas, Andi Cupallari,Yasin Kaya, O.O. Ekiz, Aykutlu Dana,"Counting 

Single Molecules With a Mobile Phone Camera Using Plasmonic Enhancement", 

ACS Photonics,1,1,2014 

2. Sencer Ayas(*), Andi Cupallari(*) and Aykutlu Dâna,"Probing Hot-Electron 

Effects in Wide Area Plasmonic Surfaces using X-Ray Photoelectron Spectroscopy", 

Appl.  Phys. Lett.,105, 221608 (2014) (* equal contribution). 
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3.1. Large Area Plasmonic Metasurfaces 

We use the same geometry we have developed in the chapter 2 for the 

applications presented here. However, fabrication of such surfaces requires top-down 

fabrication techniques such as electron-beam lithography and focused ion beam 

(FIB). We have developed a large area plasmonic surface by dewetting of thin Ag 

films over insulator/metal surfaces. Substrates fabricated by dewetting of silver films 

were studied before for their plasmonic properties and SERS enhancement[149], 

[150]. Metals near percolation threshold have localized surface plasmon resonance 

due to their nanoparticle nature. By changing fabrication conditions, resonances of 

the surface can be tuned. Placing metal nanoparticles over a metal surface, with an 

dielectic separator in between, results in strong changes in overall plasmonic 

properties due to the interaction of metal nanoparticles with the metal film[44], 

[151]–[153]. It is seen that Ag nanoislands form at a mass thickness of 1 nm, 

coarsening takes place at 3 nm and percolation begins at 5 nm mass thickness (Figure 

3-1a). For 3 nm top metal mass thickness, the gap between individual nanoparticles 

is about 5-10 nm and nanoisland thickness is 10 nm on average. HfO2 thickness of 30 

nm and Ag nanoisland layer mass thickness of 3 nm produce a wide band perfect 

absorber as measured by spectroscopic ellipsometry (Figure 3-1c, d). The 

metasurfaces are quasi-omnidirectional and absorption is above 90% for the 30 nm 

thick HfO2 sample over a wavelength range of 450 to 800 nm, for angle of incidence 

of up to 60 degrees (Figure 3-1e). 
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Figure 3-1. (a) SEM of plasmonic surfaces with 1, 3 and 5 nm mass thickness Ag overlayer 

shows coarsening and percolation of Ag nanoislands. Scale bars 250 nm. Plasmonic field 

enhancement is greater as the nanoislands approach each other, reducing the inter-particle 

gap. 3 nm mass thickness sample exhibits greatest hot spot density. (b) Schematic view of 

the substrate showing layer structure. (c) Reflectance of the surfaces near normal incidence 

for 1, 3 and 5 nm mass thickness Ag over-layer and 30 nm HfO2. Gray band shows the 

wavelength region of interest for Raman scattering excited by 532 nm light. Ag mass 

thickness of 3 nm results in a wide band meta-surface. (d) The reflectance is plotted for HfO2 

thicknesses of 5, 10, 20 and 30 nm. (e) Dependence of reflectance on angle of incidence is 

plotted for 20, 30, 40, 50, 60, 70 and 80 degrees. The 30 nm HfO2/ 3nm Ag surface is quasi-

omni-directional, maintaining high absorption over a wide wavelength range at angles up to 

60 degrees. 

Electromagnetic properties are calculated for periodic nano-islands with 75 degree 

sidewall angles (Figure 3-2a, b), as well as for SEM data based model surfaces 

(Figure 3-2c, d and Figure 3-3) using computational tools. Plasmonic metamaterial 

surfaces have been demonstrated to have broadband absorption and superior field 

enhancements that are fabricated using electron beam lithography[127]. In contrast, 

the surfaces presented here require no lithography, hence are easy to fabricate over 

large areas. The resonance wavelengths can be tuned by changing the thickness of 

spacer layer and by control of island diameter and thickness. Optimized surfaces with 

30 nm HfO2 dielectric thickness and 10 nm island thickness have broadband plasmon 

resonances over the whole visible spectrum with almost 90% average absorption.  
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Figure 3-2. . (a) Maximum |E|2 field enhancement factor as a function of wavelength, 

plotted for 10, 20 and 30 nm dielectric thickness for a periodic arrangement of Ag 

nanoislands (40 nm period, 10 nm thickness, 35 nm island size, 75 degree sidewall 

angle), shows increase in the enhancement around 550 nm as thickness increases to 

30 nm. (b) Calculated reflectance of the periodic arrangement, plotted as a function 

of wavelength. (c) Maximum |E|2 field enhancement factor as a function of 

wavelength, for a quasi-random surface derived from SEM data as a function of 

dielectric thickness. (d) Calculated reflectance of the quasi-random arrangement, 

plotted as a function of wavelength and dielectric thickness. A dielectric thickness of 

40 nm is also included in the calculations, as it better fits the experimental 

reflectance for 30 nm HfO2 shown in Figure 3-3. 
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Figure 3-3. SEM derived surface model for field enhancement and reflectance calculations. 

a) The SEM data is used to extract silver island shapes. b) Field enhancement factor (|E|2 for 

550 nm excitation) at the top metal-dielectric interface. c) Field enhancement in the middle 

point of upper boundary of the top metal and dielectric interface. d) Field enhancement at the 

upper boundary of the metal islands. 

 

Figure 3-4. (a) Cross sectional magnetic field profile for a periodic arrangement of metal-

insulator-metal resonators (40 nm period, 35 nm width, 20 nm thickness, 75 degree sidewall 

angle Ag, on 20 nm HfO2, on Ag) at 430 nm excitation wavelength and (b) at 700 nm 

excitation wavelength. (c) For a top metal thickness of 10 nm, fields have enhancement at 

the top surface (excited at 550 nm) as compared to (d) a top metal thickness of 20 nm (all 

scale bars are 20 nm wide). 
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The broadband absorption is due to both the inter-particle and particle-metal film 

couplings. Mode confinements are shown for a periodic nano-island arrangement as 

shown in Figure 3-4. Inter-particle coupling is attributed to a dipolar coupling 

between individual nano-particles, which is known as electrical resonance where 

magnetic field is confined between the nano-particles (Figure 3-4a). The particle-

metal film coupling, typically referred to as the magnetic resonance has the magnetic 

field confined to the spacer layer (Figure 3-4b) [94]. A coupling of the two types of 

resonances is also present and enhances the absorption in the intermediate 

wavelength region between the two resonances. The thicknesses of the Ag islands are 

important for having an optimal enhancement (Figure 3-4c, d). For single molecule 

SERS enhancement, the surfaces need to be optimized, and optimal SERS 

enhancement is achieved when plasmonic resonances cover the range of excitation 

and scattering frequencies[154]. We optimized the SERS enhancement at excitation 

and scattering wavelengths (532 to 650 nm wavelength range, corresponding to 

Raman range of 0 to 3500 cm-1) by sweeping the fabrication parameters. The 

dielectric layer is very important in achieving the enhancement levels presented here, 

and provides about an order of magnitude improvement. This effect is studied 

recently by independent groups, using SiO2 as the spacer[30]. 

3.2. Single Molecule Raman Events Using Large Area 

Plasmonic Surfaces 

Plasmonic structures can enhance the Raman signal significantly, thereby 

increasing the signal from single or few molecules to levels that can be detected 

using a cooled CCD spectrometer or a photomultiplier. In order to characterize the 

spectral content of the single molecule blink events, we record the time dependent 

Raman spectra on a bright hot spot, using a cooled CCD spectrometer, as shown in 

Figure 3-5. The integrated intensity between 0-3500 cm-1 is plotted as a function of 

time in Figure 3-5a. The integration time of the spectrometer is 100 ms. Sudden 

changes of the spectrum are observed as peaks in the time series. The spectra show 

distinct Raman bands which fluctuate in both intensity and frequency, which is 

commonly interpreted as a positive indication for single molecule level sensitivity 

(Figure 3-5b). The debate about the interpretation of fluctuating Raman bands as 
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evidence for single molecule SERS is ongoing in the literature[155]–[159]. It is 

claimed that, thermally activated diffusion and Brownian motion of molecules are 

possibly responsible for the observed SERS signals[160]–[162]. Fluctuations of 

intensity of optical emission from silver nanoparticles were claimed to be 

independent of the intentional presence of probe molecules but an inherent feature 

related to Ag nanoparticles[163]. However, we note that in our experiments, when 

untreated surfaces are subjected to airborne molecules, for example by spraying a 

mixture of carbon compounds from a fragrance bottle, a sudden increase of blinking 

is observed. Diffusion of large molecules on metal surfaces has been directly 

observed and characterized using scanning tunneling microscopy[164]–[166]. Also, 

spurious lines are routinely present in blinking SERS spectra[167]. Based on such 

previous observations, we attribute the unidentified spectra to the presence of 

adsorbed volatile organic compounds present in ambient air[168], [169]. It is 

observed that the plasmonic substrates also enhance the fluorescence signal, and 

once in a while a broad fluorescence spectrum is captured as shown in Figure 3-5c. 

Such enhancements of the fluorescence were previously studied using plasmonic 

antennae[170]. The optical spectrum during most blink events exhibit Raman bands, 

shown in Figure 3-5d, typically superimposed on a broad fluorescence background 

from the Ag nano-island layer. In comparison, no signal can be observed on a flat Ag 

surface. 
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Figure 3-5. (a) Time series of the integrated intensity within 0 to 3500 cm-1, as recorded by 

the cooled CCD spectrometer on a particularly bright hot-spot, shows blinking events as 

fluctuations in the intensity (500 µW of excitation at 532 nm). (b) The time series plotted to 

feature the full spectrum exhibits Raman lines that fluctuate in intensity and frequency, 

characteristic of single molecule SERS. (c) Occasionally, a fluorescent molecule is captured 

in the hot-spot (at time 35 s in (a)). (d) Typical Raman spectra during a SERS blink (at time 

76 s in (a)) exhibits a broad fluorescence superimposed with distinct Raman bands. 

3.2.1. Observation of Single Molecule Raman Events Using Smart Phone's 

Camera 

We have used mobile phone's camera in two configurations. First, we captured the 

blink events directly placing the smart phone to the eyepiece of Raman setup as 

shown in Figure 3-6. 

The blinks are captured using the smart phone camera at 30 fps, and are shown in 

Figure 3-7a. The relative enhancement of the substrates as a function of dielectric 

thickness and Ag over-layer thickness can be seen in the increase of fluorescence 

signal from the Ag nanoisland layer. A dielectric thickness of 30 nm and an Ag over-

layer mass thickness of 3 nm produces the highest blink rate with high blink 

intensities, an observation which correlates well with the reflection spectra of the 

surfaces. The blinks are counted using QuickPalm and histograms are generated as 
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shown in Figure 3-7b[171]. The pixel noise superimposed on the fluorescence 

background causes the QuickPalm algorithm to detect erroneous blink events with 

low peak intensity, causing an increased blink count at low intensities. 

 

Figure 3-6. a) Schematic of the measurement set-up for using the camera of a smart-phone 

for imaging with a confocal Raman system. b) Photograph of the measurement set-up 

showing various components described in (a). 

 

Figure 3-7. (a) Frames from video captures using the smart phone camera on 

plasmonic surfaces with 1, 3 and 5 nm mass thickness Ag over-layer and 5, 10, 20, 

30 nm HfO2 dielectric layer thickness. Excitation laser is defocused to illuminate an 

area 50 µm in diameter. Arrows denote blink events on a fluorescence background of 

the Ag nano-island layer. Scale bar is 20 µm wide. (b) Video frames are analyzed to 

extract a histogram of blink event intensity for the 3 nm Ag samples at varying HfO2 

thickness. A dielectric thickness of 30 nm produces brightest blink events. As the 

bottom Ag layer is removed (dielectric thickness infinite), blink events can still be 

observed, however at a decreased rate and intensity. Inset shows the potential source 

of blinking, i.e. surface diffusion of physisorbed volatile organic compounds into and 

out of hot-spots. 
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Figure 3-8. a) Schematic of the spectrometer configuration. b) Photograph of the 

measurement set-up showing various components described in (a). 

Second configuration for probing single molecule events is shown in Figure 3-8. 

This configuration is simply a spectrometer configuration. The collection fiber output 

is collimated using a lens and a transmission grating is positioned before the focusing 

lens of the camera. In this configuration, wavelength separation of the light can be 

achieved with reasonable linearity. A similar configuration has been recently used to 

record the spectra of a white light source and perform label-free biomolecular 

detection[172]. The wavelength dependent response is not uniform due to the color 

filters on the camera, however we do not attempt spectral equalization and use the 

data as it is extracted from the snapshots and video captures. We record the 

unenhanced Raman spectrum of silicon and ethanol on silicon using the cooled CCD 

spectrometer as shown in Figure 3-9b and compare the results with the smartphone-
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spectrometer data shown in Figure 3-9c. A 600 lines per mm (lpmm) transmission 

grating allows observation on 0th, 1st and 2nd order diffraction orders, as shown in the 

insets. A close-up of the 2nd order region is shown in Figure 3-9d, superimposed with 

the original Raman spectra shown in Figure 3-9b, convolved with a point spread 

function of the smartphone-spectrometer. The resolution (> 180 cm-1 for 532 nm 

excitation) is limited by the diffractive power of the grating as well as the diameter of 

the fiber (25 µm diameter) and focal length of the collimator (10.99 mm, F220-

SMA-B Thorlabs). The fluctuating Raman spectra can be recorded using the SERS 

substrate as shown in Figure 3-10a, where multiple snapshots are recorded 

consecutively, using a 600 lpmm grating, with an integration time on the order of 1 

sec. Distinct spectral features can be observed during blink events. The spectral 

features can still be observed at 30 fps, as shown in Figure 3-10b. In order to 

demonstrate the superior signal intensity of SERS, we record the Raman spectra on 

plasmonic substrates treated with 10 nM Methylene Blue solution and 1 µM Cresyl 

Violet solution in using 100 µW excitation ( Figure 3-10c, d). Corresponding spectra 

are also captured using the smart phone camera as shown in Figure 3-10e, f. 

Although the fluctuating spectra contain signatures that can be attributed to Cresyl 

Violet and Methylene Blue, spurious signals are also present that show presence of 

unidentified molecules occasionally producing Raman bands. As SERS spectra are 

typically modified as compared to bulk spectra, we do not attempt to identify the 

spurious molecules. 

Although the experiments were performed on a non-portable microscope system, 

the setup does not differ from a fluorescence measurement setup and can be 

potentially miniaturized. Use of low excitation powers (0.1 to 10 mW) also favors 

the potential for miniaturization. It must be noted that, although electromagnetic 

calculations estimate an overall enhancement factor of about 107, the large intensity 

of the blinking signals suggest that the chemical or first layer contribution to SERS is 

not negligible. Such chemical enhancement can be significant, up to two orders of 

magnitude chemical enhancement due to complex mechanisms leading to charge 

transfer between the metal and the probe molecule has been predicted[173]. 

Therefore, the SERS spectra differ significantly from unenhanced Raman spectra, 

and should be understood beyond simpler electromagnetic models. On the other 

hand, SERS spectra are repeatable in themselves, and the plasmonic substrates that 

enable the observations can be fabricated on large area substrates without the need 
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for top-down patterning, therefore can be produced at low cost. The width of the 

spectra acquired using a 600 lpmm grating is about 1/8th of the overall field of view. 

In principle, by using a grating with higher groove density, the dispersion can be 

increased and resolution of the spectrometer configuration can be improved to better 

allow discrimination of spectra. However, for using the full field of view of the 

camera, additional optics may be required to improve the resolution to about 20 cm-1. 

The remarkable sensitivity of the smart phone camera combined with high plasmonic 

enhancement of the optical signal, may pave the way for low cost hand-held systems 

which can be used in the analytical study of samples at a single molecule level.  

Figure 3-9. (a) Configuration for using the smart phone camera as a low resolution 

spectrometer. The collection fiber from the Raman set-up is collimated and dispersed 

with a transmission grating (300 lines per mm) before entering the camera. (b) 

Raman spectra of silicon and ethanol on silicon collected with 13 mW of 532 nm 

excitation using the cooled CCD spectrometer are shown. (c) Smart phone camera 

recordings of the two orders of the dispersed input light in the snap-shot mode. Solid 

blue lines show integrated pixel intensity and dotted red line shows superimposed 

Raman spectra convolved with a lineshape function that represents the point spread 

function (PSF) of the optical configuration. Insets show actual camera excerpts. (d) 

Close-up of the second order diffraction region of the camera output (solid lines) 

superimposed with Raman spectra shown in (b) convolved with the PSF of the 

configuration. 
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Figure 3-10. (a) False color coded excerpts from series of smart phone camera snapshot 

captures during blink events on the plasmonic substrate, in the spectrometer configuration (1 

mW excitation at 532 nm). The spectral region is cropped, rotated and stitched for each 

frame. Inset shows actual camera color coding of the same data. Integration time per frame is 

~ 1 sec. (b) False color coded excerpts from a video sequence recorded at 30 frames per 

second. Although video recording is at lower resolution, distinct spectral features during 

blink events can be observed (also see Supporting Video). The SERS spectra of plasmonic 

surfaces (30 nm HfO2 thickness) were also recorded using the cooled CCD spectrometer, 

treated with 10 nM Methylene Blue solution in (c) and 1 µM Cresyl Violet solution in (d) 

using 100 µW excitation. Corresponding spectra are also captured using the smart phone 

camera as shown in (e) and (f). Insets show excerpts of the region of interest from actual 

camera captures in snapshot mode.  
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3.3. Probing Hot-electron Effects in Wide Area 

Plasmonic Surfaces Using XPS 

3.3.1. Introduction 

Plasmonic structures have attracted increasing attention in the recent years, 

enabling engineering of optical properties of surfaces[174]–[176]. Hot-electron 

effects (HEE) in plasmonic structures have been investigated as alternative 

mechanisms for solar energy harvesting and photo-detection[177]–[180]. HEE rely 

on transfer of hot carriers from one contact to another through a thin dielectric barrier 

and provide a semiconductor free route for the photoconversion. A relevant thin film 

structure is the metal-insulator-metal (MIM) configuration, where optical properties 

of the surface can be tuned through plasmonic resonances, while separately allowing 

engineering of carrier transfer and collection. Hot-electron transfer competes with 

thermalization in the conversion of the absorbed light into a DC or voltage[181], 

[182]. The transient electron energy distributions of metallic surfaces excited by light 

pulses are thermalized in short time scales ranging from 100 fs to 1 ps. Photoelectron 

emission with pulsed X-ray, UV, and visible light sources was used in investigation 

of non-equilibrium energy distributions of carriers on surfaces[183]–[185]. Such 

pulsed or pump-probe measurements provide direct information about carrier 

dynamics, however require advanced light sources. X-Ray Photoelectron 

Spectroscopy (XPS) was used to investigate surface photovoltaic and 

photoconductivity effects in nanocomposite surfaces without using femtosecond or 

picoseconds light or X-ray pulses[186]–[190]. Here, we extend such use of XPS to 

investigate HEE in plasmonic MIM structures. Laser excitation is used to illuminate 

the plasmonic surfaces (Figure 3-11a). The top metal of the MIM structures acts as the 

plasmonic antenna (metal nanodiscs or gratings/stripes) that provides enhanced 

optical absorption. Plasmonic enhancement leads to more efficient hot-electron 

generation. HEE result in surface photovoltages and are observed by comparing 

shifts of binding energy (BE) of the top metal islands for dark and illuminated 

conditions.  
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3.3.2. Results 

A schematic description of the band diagram of a MIM surface under X-ray and 

visible light illumination is shown in Figure 3-11b. A top metal layer, Ag, is separated 

from a bottom metal layer by a thin dielectric barrier. Under X-ray illumination, the 

photoelectrons that escape from the top metal islands result in a positive current (Jx), 

charging the surface positively (Figure 3-11a). As a consequence, band bending 

occurs as shown in Figure 3-11b. In the absence of a compensating electron gun, the 

surface potential reaches steady-state due to the presence of direct (or trap assisted) 

tunneling current from the bottom metal to the surface, denoted by Jt in Figure 3-11b. 

When the surface is illuminated, absorption takes place at the top and bottom metals 

and the hot-electrons acquire an energy distribution, as shown by rectangles in Figure 

3-11b on both sides of the junction. The electron mean free path is on the order of 

20–30 nm, which is longer than the dielectric thickness. Therefore, hot-electrons with 

energies greater than the barrier height can be partially transmitted towards the top 

metal island where they are thermalized. This causes a negative shift of the observed 

BE of Ag. In contrast, hot-electrons generated in the top metal layer are not able to 

tunnel from the positively charged island. 

 

 

Figure 3-11. (a) Cross-section of the MIM surface during an XPS measurement with laser 

illumination. Jx represents the X-ray induced photoemission current into the vacuum. (b) The 

band diagram of the MIM junction under X-ray and laser illumination. Hot-electron energy 

distributions are shown with rectangles above the Fermi level, due to absorption of light in 

the top and bottom metal layers. (c) A simplified circuit model with various currents acting 

on the top metal layer which acquires a steady state voltage of Vs. Current JT through the 

dielectric is modeled within a first order approximation by the resistor RT. 
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Figure 3-12. (a) Schematic description of the MIM grating structures used in polarization 

dependent measurements. (b) Calculated field profiles of the structures for TE and TM 

polarizations. Field enhancement is minimal for TE polarization, while plasmonic 

enhancement is present in the gap for TM polarization. (Scale bar 50 nm). (c) XPS spectra of 

the Ag 3d peaks acquired on gratings labeled as (I) and (II) for two polarizer orientations. As 

the polarizer is rotated from 0° to 90°, apparent binding energy shifts of the Ag 3d3/2 and 

3d5/2 are observed for the gratings with different orientations. Each polarization excites only 

one of the gratings, for which the plasmonic modes are excited. 

Recently, a nanostripe antenna was used to demonstrate plasmonic hot-electron 

current enhancement in MIM devices[52]. Polarization dependence of the 

enhancement was measured to show that optical absorption in the metal layers was 

dominated by plasmonic effects. Here, we demonstrate that HEE related surface 

photovoltages can be measured in similar MIM structures using XPS. Periodic MIM 

structures are fabricated using standard techniques. A 70 nm thick Ag layer is 

covered with 5 nm HfO2, deposited using Atomic Layer Deposition (ALD) at 100 °C. 

Metal stripes are patterned by electron beam lithography and lift-off, resulting in 

50 nm thick Ag stripes. The width, period, and length of the stripes are 150 nm, 

250 nm, and 50 μm, respectively. The area of the patterns (250 μm2) matches the 

XPS data collection spot size. In order to elucidate the plasmonic nature of 
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absorption in the metal layers, two grating structures perpendicular to each other are 

fabricated (Figure 3-12a). The MIM gratings feature wide angle and localized 

resonances in their optical response[191]. Field localization is calculated using 

Finite-Difference Time-Domain (FDTD) simulations for the TE and TM 

polarizations (Figure 3-12b). The plasmonic absorption Pa in the metal layers is 

resistive and location dependent and given by, 

 𝑃𝑎(𝑟) = 〈𝑗(𝑟). 𝐸(𝑟)〉 =
1

2
𝜀𝑜𝜀𝑖|𝐸|2                                       (3.1) 

 where 𝑗(𝑟) is the current density, 𝜀𝑜 is the vacuum electric permittivity, 𝜀𝑖 is the 

imaginary part of the relative electric permittivity of the metal, ω is the angular 

frequency, and E(r) is the local electric field. Total absorption can be calculated by 

integrating the absorbed power over the material boundaries. It is seen in Figure 

3-12b that TE polarization does not excite the plasmonic mode and little or no field 

penetrates the metal within the gap region. In this case, hot-electron generation is 

minimal. In contrast, TM polarization excites the plasmonic resonance and enhances 

hot-electron generation in the top and bottom metal layers, within the regions facing 

the dielectric gap. The hot-electrons tunnel across the dielectric and disturb the 

charge equilibrium of the surface Ag layers and cause shifts in the apparent BE of Ag 

under 532 nm illumination at 40 mW/mm2 (Figure 3-12c). The work-function of Ag is 

assumed to be 4.7 eV. The HfO2/Ag conduction band barrier is 2.05 eV and this 

facilitates partial tunneling of hot-electrons for the used laser wavelengths 445 nm 

(2.77 eV), 532 nm (2.34 eV), and 650 nm (1.92 eV)[192]. The laser is incident at 45° 

and the polarization can be chosen to be parallel or at an angle to the surface plane by 

a polarizer. Under dark conditions, the Ag 3d peaks whose native binding energies 

are 374.35 eV (Ag 3d3/2) and 368.24 eV (Ag 3d5/2) are shifted towards positive 

energies (to 370.2 eV for the Ag 3d5/2 peak) due to X-Ray induced charging. When 

the polarization has a vertical component, a negative BE shift is observed for the 

grating that is perpendicular to the light propagation vector (from 370.2 eV to 

369.1 eV for the Ag 3d5/2 peak, II in Figure 3-12c), while the gratings parallel to the 

excitation (I in Figure 3-12c) do not exhibit a significant shift. When the polarization 

is rotated, the responses of the periodic stripe antennas are reversed, highlighting the 

plasmonic origin of the observed shifts. 
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 Figure 3-13. (a) Scanning electron micrograph of MIM surface fabricated by atomic 

layer deposition of HfO2 on Ag and self-organized formation of Ag nanoislands on 

HfO2 upon 3 nm thick Ag evaporation (Scale bar 250 nm). (b) Reflectance of the surfaces 

for incidence angles ranging from 20° to 80° shows a broad plasmonic absorption peak 

around 580 nm. (c) Photo-response of the MIM surface when illuminated by 532 nm 

excitation, measured by XPS. (d) Consecutive measurements of the XPS spectrum under 

dark and illuminated conditions exhibit repeatable differential shifts of the Ag 3d lines. (e)–

(h) Same as in (a)–(d) except the top Ag mass thickness is 5 nm and a semicontinuous Ag 

film is formed instead of MIM nano-islands and no surface photovoltage is observed. 

In order to demonstrate that HEE can be observed in wide area plasmonic 

surfaces, we use spontaneously organized MIM surfaces (Figure 3-13). The surfaces 

are fabricated by depositing 5 nm thick ALD deposited HfO2 (at 100 °C) on an 80 nm 

thick Ag layer on silicon. A thin Ag layer of 3 nm mass thickness is evaporated on 

the HfO2, which forms Ag nano-islands of average diameter of 30 nm and thickness 

of 10 nm[29], [191]. The surface exhibits a broad plasmonic absorption band around 

580 nm (Figure 3-13b) and a repeatable photoresponse as measured by XPS, as 

shown in Figure 3-13c, d. When a semicontinuous film is formed on top of HfO2 by 

depositing 5 nm thick Ag, no photoresponse can be observed (Figure 3-13e-h). The 

lack of surface photovoltage in the 5 nm Ag case is attributed to reduced plasmonic 

absorption and lower density of openings in the film where the excitation can couple 

to into modes between the metal layers. 
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Figure 3-14. a) XPS spectra of the Ag 3d peaks measured on the MIM surface for dark and 

illuminated conditions, using lasers of 650, 532, and 445 nm wavelength, 20 mW power. The 

binding energies shift to negative due to hot-electron tunneling from the bottom metal to the 

top Ag island. Greater shifts are observed for increasing photon energy. (b) As the 

illumination intensity (445 nm) is increased from 5 to 20 mW, greater negative shift of the 

binding energy is observed which saturates at high intensities. 

When the surface is illuminated by lasers of wavelength 445, 532, and 650 nm (22 

mW/mm2), the BE shifts on the 3 nm Ag surface are observed to be dependent on 

photon energy (Figure 3-14a). The observed binding energies are shifted from 

370.2 eV for the Ag 3d5/2 under dark conditions to 369.01 ± 0.03 eV for 445 nm, 

369.33 ± 0.03 eV for 532 nm, and 369.81 ± 0.03 eV for 650 nm excitation. The 

apparent BE is dependent on excitation power (Figure 3-14b) for 445 nm excitation at 

5, 10, and 20 mW/mm2. The shifts, with respect to observed BE under dark 

conditions (at 370.2 eV), are towards the native (grounded, bulk) BE of Ag 3d5/2 at 

368.4 eV and increase with increasing excitation power density, saturating at high 

intensities. 

The observations can be understood in terms of steady state currents, including 

hot-electron, tunneling, and photoemission currents. The IV characteristics of MIM 

junctions under illumination have been previously studied in the context of energy 

harvesting and photo-detection. If no other internal current sources are present, the 

open circuit voltage is independent of excitation power and is given by 

𝑉𝑜𝑐 = −
ℎ𝑣 − 𝜑𝑒

𝑒
[1 −

𝐽𝐻
𝑏𝑜𝑡𝑡𝑜𝑚

𝐽𝐻
𝑡𝑜𝑝  ]                                       (3.2) 

where JH's and Voc are hot-electron currents and open-circuit voltage, hν is the 

photon energy, φe is the barrier height, and e is the electronic charge. In the case of 

the MIM junction illuminated by light and X-rays, the photoelectron current Jx must 

also be included in calculation of the equilibrium condition. For VS > 0, i.e., a net 
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positive charging of the top islands, the hot-electron currents can be written 

as  𝐽𝑏𝑡𝑚
𝐻 = −𝛾𝑃𝑎

𝑏𝑡𝑚(ℎ𝜈 − 𝜑𝑒)/ℎ𝜈 and  𝐽𝑡𝑜𝑝
𝐻 = 𝛾𝑃𝑎

𝑡𝑜𝑝𝑚𝑎𝑥(ℎ𝜈 − 𝜑𝑒 − 𝑒𝑉𝑆, 0)/ℎ𝜈, 

where 𝑃𝑎
𝑏𝑡𝑚 and 𝑃𝑎

𝑡𝑜𝑝
 are the absorbed power at the bottom and top metal. Here, γ is 

a proportionality constant, which is included to approximately take into account the 

hot-electron density and velocity inside the metals. Assuming the surface is 

positively charged, i.e., VS > 0, the circuit diagram in Figure 3-11c can be used to 

infer the steady state surface voltage VS. For VS larger than (Eph−φe)/e≈0.72 V for 

445 nm illumination, all hot-electrons from the top metal are assumed to be reflected 

and  𝐽𝑐
𝑡𝑜𝑝

=0 . It was demonstrated that the dielectric behaves as a resistive layer under 

X-ray exposure, due to continuous ionization within the layer[193], [194]. Resistance 

of a 4 nm thick SiO2 layer was determined to be 8.0 ± 1.0 MΩ in an XPS 

measurement specifically designed to extract electronic properties. We assume that 

the HfO2 layer behaves similarly, like both a tunnel barrier for hot-electrons and a 

Poole-Frenkel conductor, i.e.,𝐽𝑡 ≅ 𝑉𝑆/𝑅𝑡. A more accurate quantitative analysis 

requires direct measurement of the photoelectron current or effective resistance of 

the HfO2 layer (as done in Ref. [193] ). The circuit model is still relevant for 

providing a qualitative understanding of the observed shifts. The steady state 

condition for VS > 0 is 

𝐽𝑥 + 𝛾𝑃𝑎
𝑡𝑜𝑝 𝑚𝑎𝑥(ℎ𝜈 − 𝜑𝑒 − 𝑒𝑉𝑆, 0)

ℎ𝜈
− 𝛾𝑃𝑎

𝑏𝑡𝑚
(ℎ𝜈 − 𝜑𝑒)

ℎ𝜈
 =

𝑉𝑆

𝑅𝑇
          (3.3) 

which predicts a surface voltage of VS=RTJx for dark conditions (𝑃𝑎
𝑏𝑡𝑚 =

𝑃𝑎
𝑡𝑜𝑝

=0 ). For the case of high power illumination (𝑃𝑎
𝑏𝑡𝑚, 𝑃𝑎

𝑡𝑜𝑝
=0→∞), Equation 

3.3 predicts a surface voltage 𝑉𝑆 =
(ℎ𝜈−𝜑𝑒)

𝑒
[1 − 𝑃𝑎

𝑏𝑡𝑚/𝑃𝑎
𝑡𝑜𝑝], which is equivalent to 

the open circuit voltage given in Equation 3.3. Using Jx≈  72 nA/mm2 measured for a 

similar XPS system, we estimate the resistance of the 5 nm thick HfO2 layer as 25 

MΩ over 1 mm2 surface area. According to the data shown in Figure 3-14b for 

445 nm excitation, 5 mW incident power causes a surface voltage shift of 256 mV 

over a 300 μm diameter illumination area, corresponding to a hot-electron current of 

2.5 nA. The current is used to estimate the external quantum efficiency (EQE) as  

11× 10−6 and responsivity as 500 nA/W, for the 300 μm diameter measurement area. 

The calculated responsivity compares favorably with the 75 nA/W measured for the 

same wavelength in stripe nanoantenna devices[52]. At higher excitation densities at 
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445 nm (Figure 3-14b), the surface voltage approaches 0.54 V, which would require 

a 𝐽𝐻
𝑏𝑜𝑡𝑡𝑜𝑚 𝐽𝐻

𝑡𝑜𝑝⁄  ratio of 0.25 according to Equation 3.2. 

3.4. Conclusion 

In this chapter, we have developed a nano-particle based braodband and wide 

angle large area plasmonic meta-surface. The broad bandwidth is due to the 

excitation of electrical and magnetic plasmon modes. Then, we have used these 

surfaces for single molecule Raman spectroscopy and photo-detector applications. 

For the first time, we have imaged single molecule Raman event using a mobile 

phone's camera. We have also developed a contact free technique to probe hot-

electrons using XPS.  
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Chapter 4  

 

Exploiting Native Aluminum Oxide 

for Multispectral Aluminum 

Plasmonics 

Aluminum, despite its abundance and low cost, is usually avoided for plasmonic 

applications due to losses in visible/infrared (IR) regimes and its inter-band 

absorption at 800nm. Yet, it is compatible with silicon complementary metal oxide 

semiconductor (CMOS) processes, making it a promising alternative for integrated 

plasmonic applications. It is also well known that a thin layer of native Al2O3 layer is 

formed on aluminum when exposed to air which must be taken into account properly 

while designing plasmonic structures. For the first time we report exploitation of the 

native Al2O3 layer for fabrication of periodic metal-insulator-metal (MIM) plasmonic 

structures that exhibit resonances spanning a wide spectral range, from the near 

ultraviolet (UV) to mid-infrared (MID-IR) region of the spectrum. Through 

fabrication of silver nano-islands on aluminum surfaces and MIM plasmonic surfaces 

with a thin native Al2O3 layer, hierarchical plasmonic structures are formed and used 

in surface enhanced infrared spectroscopy (SEIRA) and surface enhanced Raman 

spectroscopy (SERS) for detection of self-assembled monolayers of dodecanethiol 

(DDT). 

Part of this chapter is published as;  

Sencer Ayas, Ahmet Emin Topal, Andi Cupallari, Hasan Güner, Gokhan Bakan 

and Aykutlu Dâna,"Exploiting Native Al2O3 for Multispectral Plasmonic Structures", 

ACS Photonics,1,12,2014 
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4.1. Introduction 

 

Recent advancement in plasmonics enabled the development of better performing 

plasmonic materials for the ultra-violet (UV)[195]–[199] and infrared (IR)[200]–

[207] portion of the light spectrum. Typically gold (Au) and silver (Ag) are most 

common materials used to fabricate nanostructures to study novel plasmon-enhanced 

and enabled optical phenomena such as negative refraction,[208], [209] 

transformation optics,[12] surface plasmon sensors,[2], [59] surface enhanced Raman 

spectroscopy (SERS),[210], [211] surface enhanced infrared absorption spectroscopy 

(SEIRA),[64], [67] plasmon enhanced solar cells and detectors[14], [72]. Au has an 

internal band transition around 500nm which limits utilization of gold towards the 

UV portion of the visible spectrum[34]. Due to its chemically inert properties, 

stability and its tailorable binding to biomolecules, Au is widely used for surface 

plasmon resonance sensor applications working at visible wavelengths closer to NIR 

regime. Ag is considered as the optimal material for plasmonic applications in the 

visible spectrum due to its low loss compared to other metals[34]. However, Ag 

suffers from atmospheric sulfur contamination and oxidation[212]. Aluminum arises 

as a promising material for UV[213], [214] and deep UV plasmonic applications[16], 

[197], [198], [215], [216] owing to its high plasma frequency. Al has high losses 

from visible to IR range as well as an interband absorption around 800 nm which 

makes it less favorable as a NIR plasmonic material[34], [195], [217].  Still, 

localized plasmon resonances in Al have been demonstrated in several geometries, 

including nanoparticles,[213], [216], [218] triangles,[197], [214], [219] discs,[198], 

[220], [221] rods and nanoantennas[16], [222], [223]. Relative abundance of Al can 

be advantageous for the design of plasmonic absorbers in solar energy conversion, or 
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for inexpensive, disposable SERS and fluorescence enhancing substrates. Due to 

CMOS compatibility, Al plasmonic nanostructures would be optimal for silicon 

integrated optoelectronic applications, such as integrated biomolecular sensing,[3], 

[224] on-chip plasmonic nanoantennas, waveguides and interconnects[7], [208], 

[225]–[227]. Furthermore, the surface oxide of Al self-terminates at a thickness of 

3−5 nm, forming a durable protective layer and preserving the metal, making this 

material a convenient choice for plasmonic applications that require durability[223], 

[228]. In this part of this thesis, we demonstrate exploitation of native oxide (NO) 

layer to form metal-insulator-metal (MIM) structures with resonances spanning a 

wide spectral range by enabling extreme mode confinement limit where multiple 

modes can be excited on the same structure due to ultrathin native oxide spacer layer. 

Nano-particle based MIM structures are demonstrated over large areas using a thin 

dewetting Ag top layer near the percolation threshold on naturally oxidized 

aluminum. The optical properties of such MIM structures is tuned by simply 

allowing a thicker native oxide layer to form by longer exposure to ambient 

conditions. The native oxide also allows simple fabrication of hierarchical plasmonic 

surfaces that exhibit simultaneous resonances in the visible and infrared regimes. 

Such hierarchical multispectral MIM structures feature simultaneously surface 

enhanced Raman spectroscopy (SERS) and surface enhanced infrared absorption 

spectroscopy (SEIRA). 

4.2. Native Oxide Based Plasmonic Meta-surfaces 

Periodic MIM structures on aluminum bottom layers are studied where the 

insulator is the native oxide layer which is naturally formed during the fabrication 

process that eliminates the need for depositing an insulator layer. Typically, 

fabrication process of native oxide based MIM (NO-MIM) structures requires 

multiple metal deposition processes (See Figure 4-1). After depositing the first Al 
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layer, the vacuum is broken for PMMA coating and e-beam lithography, which is 

accompanied by formation of a thin layer of Al2O3 on the surface of Al. The first set 

of plasmonic structures are formed through fabrication of nanodisc arrays on a 

silicon substrate coated with a thick layer of aluminum to demonstrate NIR 

resonance due to presence of native oxide. Figure 4-2a illustrates the formation of 

NO-MIM plasmonic surfaces with top nanodisc array. The fabricated NO-MIM 

structures show a resonance at NIR regime (Figure 4-2c) as characterized by a Fourier 

Transform Infrared Reflection (FTIR) microscope system equipped with a 15x 

Cassegrain objective. A knife edge aperture is used to limit measurement area to 

regions containing lithographically defined structures (100μm x 100μm). FDTD 

calculations show that a resonance emerges with the presence of a thin Al2O3 layer 

and blueshifts with increasing oxide thickness (Figure 4-2b). Evolution of the native 

oxide thickness is monitored by x-ray photoelectron spectroscopy (XPS) as shown in 

Figure 4-3. Uniformity of the oxide thickness is verified by XPS measurements at 

various spots on a continuous Al film. The thickness of the native oxide layer is also 

characterized by spectroscopic ellipsometer measurements. However, it is not 

possible to determine the exact value of the native aluminum oxide thickness due to 

the surface roughness of aluminum. Neglecting the surface roughness of Al which 

has 1.5nm of RMS value, the thickness of the native oxide layer is found to be 5.2nm 

after 24-hour exposure to air (20˚C, 35% relative humidity). 

 



60 

 

Figure 4-1. (i) Thermal evaporation of Al on silicon substrates. 3nm germanium is 

evaporated as an adhesion layer prior to Al deposition.  (ii) Formation of a thin aluminum 

oxide (Al2O3) layer upon exposing the Al films to air for e-beam lithography. (iii) ~100nm 

PMMA is spin coated and annealed at 180˚C for 120 seconds. (iv) Patterns are formed using 

e-beam lithography. (v) 50nm of Al or Ag is evaporated. (vi) Lift-off process to form the 

final structures. 

 
Figure 4-2. Verification of NO-MIM structures through observations of resonances in NIR. 

(a) Schematic of formation of NO-MIM surfaces during fabrication process (Top patterned 

layer height is 50 nm). (b) Simulated reflectance spectrum of NO-MIM structures for various 

Al2O3 thicknesses. While no plasmonic resonance is observed in the absence of native oxide, 

plasmonic resonances in NIR are observed due to the native oxide layer. Resonances blue-

shift with increasing oxide thickness. (c) Experimental reflection spectra of the fabricated 

nanodisc NO-MIM structure. Diameter and period of the discs are 250nm and 400nm, 

respectively. (Inset) SEM image of the nanodisc array. 
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Figure 4-3. Characterization of the native oxide thickness over a time span of 24 days using 

XPS. (a) XPS spectrum of an aluminum film. High energy shoulder corresponds to the 

aluminum oxide peak. (b) Evolution of the calculated native oxide thicknesses. 

In order to demonstrate the versatility and the tunability of NO-MIM structures, 

anisotropic structures that support resonances in the NIR and MIR regimes are 

investigated with long and short axes periods of 2μm by 500nm, respectively. 

Schematic of these structures is shown in Figure 4-4a. SEM images of the fabricated 

structures are shown in Figure 4-4b. Tunability of reflection spectra by increasing 

either long or short axis width is shown in Figure 4-4b. The reflection depths get 

weaker at these wavelengths due to weaker coupling of long wavelengths to the thin 

native oxide layer. In an MIM cavity the effective propagation constant and effective 

refractive index depend on the thickness of the dielectric film. The plasmonic 

resonances are strongly dependent on the period and the width of the surfaces. 

Within a first order approximation, the MIM mode of a patterned surface can be 

modeled as a standing wave that reflects back and forth from the edges of the top 

patterned layer, where individual resonators are assumed to be non-interacting. For 

closely spaced MIM resonators, coupling becomes important. Period of MIM 

structures affects the coupling of these individual nanocavities and typically for a 

constant MIM width, the interaction increases for smaller periods due to stronger 

intercavity coupling. Otherwise, period of an array of MIM resonators is assumed to 

be not dominant in determining the individual resonator response. In order to find the 

resonance wavelengths, one has to solve the characteristic equation given by,  

   𝑊𝑆,𝐿
2𝜋

𝜆
𝑛𝑒𝑓𝑓 = 𝜋 − 𝜑𝑆,𝐿                                             (4.1) 
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where WS,L are the widths along the short and long axes, neff is the effective 

refractive index of the propagating mode and 𝜑𝑆,𝐿 is the phase term due to the 

reflection from the terminations. The effective refractive index, neff, is calculated by 

solving the Maxwell equations analytically for continuous MIM waveguide as shown 

in Figure 4-4d (See also Section 2.2). Figure 4-4c shows the calculated resonance 

frequencies of NO-MIM modes with experimentally measured resonance frequencies 

for varying widths along either short or long axes. An Al2O3 thickness of 5±0.5 nm is 

deduced from the model which agrees well with the ellipsometer measurements. It is 

observed that a dispersive dielectric function explains the observed resonance 

frequencies better than a constant dielectric function for Al2O3. Moreover, the cavity 

size of 1000nm x 310nm asymmetric resonators is about λ3/500,000 assuming 5nm 

thick native oxide layer. 

A simple MIM structure with 1D Al bar array offers tunable simultaneous 

resonances in both visible and NIR regime due to accommodation of the first and 

higher order modes when period and width of 1D structures are chosen properly 

(P=250nm). Only odd order modes are excited for normal illumination, due to 

symmetry. Even order modes can be excited at oblique angles due to the broken 

symmetry condition. Schematic and an SEM image of the fabricated 1D NO-MIM 

structures are shown in Figure 4-5a. Figure 4-5b shows the measured reflection spectra 

for the visible regime with increasing 1D structure width. The reflection spectra are 

measured with fiber coupled white light, polarized along the grating axis, using 

reflection from an aluminum mirror as the reference. Resonance wavelength red-

shifts with increasing width (Figure 4-5). NIR reflectance spectra of the same 

structures are measured with the FTIR microscope using un-polarized NIR light 

source (Figure 4-5c). The resonance wavelength starts from 1200nm and shifts to 

1400nm with increasing width. Measured visible and NIR reflectance spectra agree 

well with the simulations shown in Figure 4-5c,d. Simulations performed with 

neglecting NO show no distinct resonances which also indicates that the resonances 

are due to the presence of native oxide layer. Although almost zero reflection is 

observed in the simulations, the reflection depths for NIR measurements are smaller 

compared to the simulated values due to the use of un-polarized light. Surface 

roughness is neglected in the simulations which might account for some of the 

discrepancies such as resonance wavelength mismatch between experiments and 

simulations. Magnetic field distributions are simulated as shown in Figure 4-5f to 
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further understand the origin of the observed visible and NIR resonances. Magnetic 

field is confined to the oxide layer for both resonances.  For the NIR resonance, first 

order or fundamental mode is excited. For visible, third order resonance is excited 

where there are three magnetic field peaks in the oxide layer (λ1=̃ 3λ3). 

 

Figure 4-4. Resonance tuning in the NIR and MIR range using anisotropic Al bar arrays. (a)  

Schematic of asymmetric NO-MIM structures with nonidentical periods and widths along x 

and y directions to excite multiple modes in IR (Top patterned layer height is 50 nm). (b) 

Typical reflection spectra showing multiple resonances in the NIR and MIR range due to the 

asymmetry of the structures with Px=500nm, Py=2000nm and Wx=310nm and Wy=1000nm 

(black curve), 1500nm (blue curve) (top) and Wx=250nm (red curve), 310nm (blue curve) 

for Wy=1000nm (bottom). (Inset) SEM images of corresponding structures. Red dashed lines 

on the cartoon illustrations indicate the axis on which the structures’ width is modified. (c) 

Experimentally observed resonance wavelengths as functions of the Al bar width either 

along the short or long axis (blue dots).  Calculated resonances by treating the NO-MIM 

structures as Fabry-Perot (FP) resonators consisting of truncated waveguides (green and red 

curves). A better fit of the FP resonator model to the experiments can be achieved if the 

dielectric function of Al2O3 is assumed to be wavelength dependent (green curve), as 

opposed to a constant (red curve, n=1.6). Vertical lines on the curves are errors bars 

corresponding to 0.5nm uncertainty in the oxide thickness. (d) Effective refractive index of 

the waveguide forming the FP resonator as a function of Al2O3 thickness, using the 

wavelength dependent dielectric function. 
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Figure 4-5. Simultaneous resonances in visible and NIR regime using 1D NO-MIM. (a) 

Schematic of 1D NO-MIM structures. tgr=50nm and P=250nm. Experimental results 

showing tuning of resonance wavelengths as W changes between 110 and 150nm, (b) in the 

visible and (c) in the NIR regime. Simulation results for the experimented structures shown 

in (d-e) being in a good agreement with the experimental results. Each spectrum curve is 

shifted by 1 along y-axis for clarity. (f) First order (m=1) and third order (m=3) mode 

profiles corresponding to NIR (ii) and visible (i) resonances as indicated with arrows in (d) 

and (e). The even mode (m=2) is not observed for normal incidence. In the simulations 5nm 

of native oxide layer thickness is assumed. 

 

4.3. Nanoparticle Based Large Area Surfaces 

The studies presented in this part so far includes a lithography step to pattern the 

top layer which always yields a native oxide layer. To study the existence of native 

oxide layer, NO-MIM structures based on self-forming Ag nanoparticles on Al 

bottom layer is fabricated with and without exposing Al layer to air by breaking the 

vacuum. Such approach also offers larger area plasmonic surfaces compared to top 

down fabrication techniques such as e-beam lithography and focused ion beam 
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milling. For this study, Ag nanoparticles with an average size of 25 nm are obtained 

by evaporating 3nm Ag film (See Figure 4-6). Exposing Al surfaces to air for longer 

duration, hence forming a thicker oxide causes a blue-shift in the reflection spectrum 

(Figure 4-7a). Sequential deposition of Ag on Al films without breaking the vacuum 

does not show a resonance due to lack of an oxide layer. The effect of native oxide 

layer on Ag nanoparticle based MIM structures is simulated by modeling the 

nanoparticle film as an array of truncated cones as seen in Figure 4-7b. Increasing 

exposure time is captured through increasing NO thickness in the simulations which 

shows a blue-shift. 

 

 
Figure 4-6. SEM images of Ag nanoparticles on silicon and their size distribution. 

 



66 

 

Figure 4-7. Nano-particle based large area NO-MIM structures. (a) Reflection spectra for Ag 

nano-particle based NO-MIM structures. Resonance blue-shifts if the time period between 

two deposition processes increases (dashed and solid red lines). No resonance is observed if 

the deposition of Al and Ag is done without breaking the vacuum (blue solid line). (Inset) 

SEM images of 3nm Ag on Si(i) and Al(ii).  (c)  Simulation results and simulated structure 

(inset) for tox=3nm and 5nm. Simulated structure is a periodic array of truncated cones with 

D=35nm, P=40nm, tgr=20nm and θ=75 degrees 
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4.4. Surface Enhanced Infrared Absorption (SEIRA) 

Spectroscopy and Surface Enhanced Raman 

Spectroscopy (SERS) Using Hierarchical Plasmonic 

Surfaces 

The studied plasmonic structures in this part of the thesis are used by sensing 

organic materials under Raman and infrared absorption spectroscopy which give 

information about the molecular structures and vibration spectra of molecules. The 

symmetry requirements in these two phenomena are different and they give 

complementary information about a molecule. Typically, high concentration of 

molecules is required in these techniques. On the other hand, SERS and SEIRA can 

magnify the signal levels up to 108 folds where resonant light structures are used to 

enhance field intensities enabling observation of the molecular vibrational signatures 

from few molecules. By taking advantage of multispectral characteristic of NO-MIM 

surfaces we demonstrate SERS and SEIRA on the same structures. In the 

experiments dodecanethiol (DDT) is used as the probe molecule. DDT cannot form a 

monolayer on aluminum. However, DDT molecular formation on Ag has been long 

studied[229]. Therefore, we first tried to demonstrate SEIRA on NO-MIM structures 

with a Ag top layer (Ag/Al2O3/Al). The resonance frequency of the structures is 

around 3500 cm-1 which is close to the C-H stretching of both DDT and PMMA ( 

2930 and 2955 cm-1 ). However, during fabrication resist residues, i.e. polymethyl 

methacrylate (PMMA) for e-beam lithography, are left on or under the patterned 

metals, resulting vibrational signatures coincide with those of DDT. Despite the 

presence of PMMA residues, the molecular signature of DDT after monolayer 

formation can be observed as shown in Figure 4-8. The number of molecules 

contributing to the SEIRA signal is estimated to be 4.6 femtomole on such periodic 
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structures. Less than 1 attomole sensitivity can be achieved by taking measurements 

from a single NO-MIM resonator, if a light source with very high SNR is used such 

as synchrotron light source.[230] The SEIRA enhancement factor is calculated as 

2200 for these structures using a bare Ag film as the reference (Figure 4-9). 

 

Figure 4-8. SEIRA on NO-MIM structures with patterned Ag top layer fabricated by e-beam 

lithography. Reflection spectra of these structures before (blue) and after (green) DDT 

monolayer formation  for (a) Wx,y=300nm and (b) Wx,y=350nm. Periods along x and y 

directions are the same (Px=Py=500nm). (c) and (d) First derivative of the reflection spectra 

in (a) and (b), respectively. Molecular signatures of PMMA and DDT are more visible in the 

first derivative curves in (c) and (d) compared to the reflection spectra in (a) and (b). (e) An 

SEM image of the fabricated structures. (Scale bar: 1 μm ). 
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Figure 4-9. (a) Infrared reflection spectrum of the monolayer DDT on bare Ag mirror 

measured under Grazing Angle Illumination after background subtraction. (b) Infrared 

reflection of the monolayer DDT on the NO-MIM structures with Ag top layer after 

background subtraction. 

  

In order to eliminate PMMA signatures from residues, the NO-MIM 

structures are treated in oxygen plasma. Since, oxygen plasma deteriorates top silver 

layer, a different type of resonator structure with multiple hierarchical MIM cavities 

is developed. Figure 4-10a illustrates the hierarchical NO-MIM (metal-insulator-

metal-insulator-metal, MIMIM) structures developed for SEIRA measurements to 

eliminate the PMMA residues with oxygen plasma. Oxygen plasma does not harm 

Al, but increase oxide thickness on Al slightly. The fabrication steps of such 

structures are shown in Figure 4-11. First, an all-aluminum NO-MIM structure is 

fabricated by e-beam lithography with 500nm period and 350nm width that exhibits 

resonance in the IR (around 3500 cm-1). Then the structures are cleaned in oxygen 

plasma, for PMMA residue removal. By evaporating 3nm of Ag on cleaned 

Al/Al2O3/Al resonators, final MIMIM structures are obtained. Simulations show that 

depositing Ag nanoparticles on the Al NO-MIM structures change these structures’ 

reflection spectra significantly in the visible regime, whereas it only causes a slight 

blue-shift in the IR regime (Figure 4-12). Figure 4-10b shows SEM image of the 

fabricated structure. Ag nanoparticles are formed both on and between the 

rectangular Al patterns. We first measured the FTIR reflection spectra of DDT 
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solution on bare Al surface to determine the molecular bands of DDT close to 

resonance of the fabricated structures as shown in Figure 4-10c. Then, FTIR 

reflection spectra are recorded in each step of the fabrication process as shown in 

Figure 4-10d, e. The resonance wavelengths do not change significantly after oxygen 

plasma and Ag deposition. The molecular signature of PMMA residues after liftoff 

can be determined before oxygen plasma. After oxygen plasma, PMMA residues are 

cleaned and no molecular bands for PMMA are observed. Following 3 nm Ag 

evaporation, the structures are treated with 1 mM DDT in ethanol solution for 

monolayer formation. The surfaces are washed with ethanol to remove unattached 

DDT molecules, and reflection spectra are recorded. Molecular signatures of DDT 

molecules can be identified without any post processing in the reflection spectra. The 

first derivative of each reflection spectrum is shown in Figure 4-10f, which better 

differentiates the DDT and PMMA signatures[231]. 

  

 

Figure 4-10. SEIRA detection of molecular monolayers on hierarchical NO-MIM structures. 

(a) Schematic of hierarchical NO-MIM structures before and after nanoparticle deposition 

with top patterned layer height of 50 nm. Periods and widths along x and y directions are the 

same, Px=Py=500nm and Wx=Wy=350nm. (b) SEM image of NO-MIM structures after 3nm 

Ag deposition (Scale bar: 500nm). (c) FTIR reflection spectrum of thick DDT solution on a 
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bare Al film. Region of interest is highlighted in grey. (Inset) Molecular sketch of DDT 

molecule. (d) FTIR reflection spectra of NO-MIM structures for: (i)  just after fabrication of 

all Al NO-MIM structures, (ii) after plasma cleaning of PMMA residues, (iii) after the 

formation of  hierarchical NO-MIM structures by  3nm Ag deposition, (iv) after DDT 

molecular monolayer formation on hierarchical NO-MIM structures. (e) FTIR reflectance 

between 2500 and 3500 cm-1, and its derivative (f) for better visualization of stretching of 

monolayer DDT molecules. Arrows mark the DDT and PMMA signatures in (e). Molecular 

signatures (2930 cm-1 and 2955 cm-1) of PMMA are observable before oxygen plasma 

cleaning. No distinctive bands are observed after oxygen plasma (ii) and Ag deposition (iii). 

 

Figure 4-11. (i) Thermal evaporation of Al on silicon substrates. 3nm germanium is 

evaporated as an adhesion layer prior to Al deposition.  (ii) Formation of a thin aluminum 

oxide (Al2O3) layer upon exposing the Al films to air for e-beam lithography. (iii) ~100nm 

PMMA is spin coated and annealed at 180˚C for 120 seconds. (iv) Patterns are formed using 

e-beam lithography. (v) 50nm of Al is evaporated. (vi) Lift-off process to form all Al MIM 

structures. (vii) O2 plasma cleaning for PMMA residue removal and formation of a thin 

oxide film on the top Al structures. (viii) Formation of Ag nanoparticles through evaporation 

of 3nm Ag film. 
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Figure 4-12. (a) Reflectance spectra for Ag nanoparticles-based NO-MIM (blue), all Al  NO-

MIM (red) and hierarchical NO-MIM (green) surfaces in the visible regime. (b) Reflectance 

spectra for all Al NO-MIM and hierarchical NO-MIM (red) surfaces in the MIR regime. 

We have also used another method to fabricate PMMA-free NO-MIM 

surfaces with top Ag layer using focused ion beam (FIB) milling (Figure 4-13). Since 

the area that can be fabricated with FIB is smaller compared to e-beam lithography, 

the resonance contrast in the reflection spectrum from these surfaces is weak (Figure 

4-13d). Other nanofabrication techniques can be used to eliminate the molecular 

signatures coming from the residues such as nano-stencil-lithography[231]. 
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Figure 4-13. Characterization of NO-MIM structures fabricated using Focused Ion Beam 

(FIB) milling. (a) Fabrication steps for NOMIM structures: (i) Thermal evaporation of 

100nm of Al on silicon substrates, (ii) formation of a thin aluminum oxide (Al2O3) layer 

upon exposing the Al films to air, (iii) thermal evaporation of 50nm of Ag, (iv) FIB 

patterning of the top Ag layer. (b) Measured (100μmx 100μm) area with respect to the 

fabricated area (50μmx 50μm). (c) Top-view and cross-section (inset) SEM images of FIB 

fabricated surfaces. (d) Reflectance spectra for the FIB fabricated surfaces with shown 

widths and periods. 

The presence of closely spaced Ag nanoparticles on top of the hierarchical 

NO-MIM resonators with resonances in the visible and infrared presents an 

opportunity to perform SERS and SEIRA simultaneously. The Raman spectrum of a 

thick DDT solution on an Al covered Si substrate, recorded in 10 s using 13 mW 

excitation at 532 nm is shown in Figure 4-14a. In comparison, SERS data of DDT 

monolayers formed on hierarchical NO-MIM surfaces is shown in Figure 4-14b, 

collected using 0.5 mW excitation and 100 ms integration time. Despite shifts and 

changes in intensity of several lines, main features of the spectra are comparable to 
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Raman data shown in Figure 4-14a. No distinct spectral features of DDT are observed 

on bare Al films on Si (Figure 4-14b), since DDT does not stick on Al. It should be 

noted that, by coinciding the visible resonances of the NO-MIM structures with the 

resonances of Ag nanoparticle layer, an enhancement of the field intensities is 

predicted by computational study of MIMIM structures (Figure 4-14c, showing |E| 

distribution). While a small field enhancement is obtained for all Al NO-MIM 

structures around 532nm, Ag nanoparticle based NO-MIM structures show improved 

field enhancement due to better impedance matching of the resonances to free space 

modes, as well as due to reduced interparticle spacing. In contrast, hierarchical NO-

MIM structures show further improvement in field enhancement, due to overlapping 

of the visible resonances of the Al and Ag island layers. Visible resonance is 

relatively weak, and accounts for the diminished reflectance over the hierarchical 

NO-MIM structures as shown in Figure 4-14d. The hierarchical NO-MIM structure 

however shows improved SERS performance as shown in the Raman map in Figure 

4-14e. When the surface is illuminated by a defocused 532 nm excitation and 

inspected with a monochrome CMOS camera, blink events[232], typically associated 

with single molecule SERS are observed on the hierarchical portions of the sample 

(Figure 4-14f). Although FDTD calculations suggest overall SERS enhancement of 

1.6x105, we attribute the blinking spots to the presence of hot spots with greater field 

enhancement, due to the random nature of the top Ag nanoisland layer. We have 

estimated the enhancement factors as 2.2x103 for SEIRA and 103 for SERS on our 

multispectral plasmonic structures. These values are comparable to the ones reported 

in the literature[63], [206], [207] and one order of magnitude smaller than the 

reported values in Ref. [233] . 
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Figure 4-14. SERS detection of molecular monolayers on hierarchical NO-MIM structures. 

(a) Raman Spectra of a thick DDT solution on 80nm Al coated silicon. (b) SERS spectra of 

monolayer DDT on hierarchical NOMIM surfaces and an Al coated Si substrate. Integration 

time and laser power are 100ms and 0.5mW, respectively, for hierarchical NOMIM surfaces; 

where they are 10s and 13mW, for Al films on Si. (c) Simulated field profiles for all Al NO-

MIM (MIM1), Ag nano-particle based NO-MIM (MIM2) and hierarchical NO-MIM 

(MIMIM) structures. (d) Optical micrograph of hierarchical NO-MIM surfaces.  (e) SERS 

mapping of DDT on hierarchical NO-MIM surfaces. Brighter and darker regions emphasize 

hierarchical NO-MIM and nano-particle based NO-MIM structures, respectively. (f) Wide-

field CMOS camera image of blink events on NO-MIM structures. Blink events are only 

observed on hierarchical NO-MIM structures. 

4.5. All Aluminum Hierarchical Surfaces in the Infrared 

So far we presented hierarchical surfaces utilizing Ag nano-particles on top of 

NO-MIM surfaces. Here, we present all-aluminum broadband hierarchical plasmonic 

surfaces using multiple Al and native Al2O3 layers. The hierarchical plasmonic 

surfaces are simply fabricated by sequential deposition and oxidation of Al films 

through breaking the vacuum of the physical vapor deposition system to expose the 

Al films to air. The fabricated hierarchical structures have multiple resonances in the 

MIR wavelengths as characterized by FTIR measurements and confirmed by 

simulations. Simulations of higher order hierarchical plasmonic surfaces show 

broader spectrum and reveal the importance of the native Al2O3 layers thicknesses. 

These structures have potential for applications that require durability, multispectral 
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characteristics such as surface enhanced spectroscopies, optical waveguides, color 

printing and thermal emitters. 

The 3D schematics and top-down scanning electron microscopy (SEM) images of 

the fabricated hierarchical structures are shown in Figure 4-15. The top layer of these 

structures is designed to have arrays of squares with widths around 300nm and a 

period of 500nm along both x- and y-axis. The thickness of each top Al layer is 

chosen as 50nm. Typically the fabrication of such structures requires deposition of 

multiple dielectric and metal layers. Using Al eliminates the deposition of dielectric 

layers through the formation the native Al2O3. The thickness of the oxide layer 

depends on the exposure time of the Al surface to air. Since the native Al2O3 is 

ultrathin, even small changes in its thickness result in large shifts in the resonance 

wavelengths of the fabricated structures. The hierarchical Al surfaces are fabricated 

using e-beam lithography and multiple Al deposition steps. The fabrication steps are 

shown in Figure 4-15c and summarized here. First, silicon substrates are coated with 

80nm thick Al using thermal evaporation following deposition of a thin layer of 

germanium (5nm) adhesion layer. The Ge layer also helps achieving smoother Al 

films as confirmed by AFM measurements. The first Al layer grows a thin Al2O3 

layer when exposed to air. Then the samples are spin-coated with 250nm PMMA for 

e-beam lithography. Once the PMMA is patterned, 50nm thick Al is deposited. This 

first Al layer is exposed to air to form the second native oxide layer by breaking 

vacuum of the deposition chamber. Then the final Al layer is deposited and the final 

structures are formed using lift-off process. The area of the fabricated surfaces is 

50μm x 50μm. The thicknesses of the top and bottom oxide layers are expected to be 

different. A Thermo K-Alpha monochromated high-performance X-ray 

photoelectron spectroscopy (XPS) system is used to characterize the thickness of the 

native Al2O3 layers. 
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Figure 4-15. (a) 3D and (b) side view of the hierarchical aluminum surfaces. Top Al layer 

thicknesses (tgr1 and tgr2) are 50nm. The thicknesses of the bottom and top oxide layers are 

denoted as tox1 and tox2, respectively. (c) Top-down SEM image of the fabricated structures. 

(d) Fabrication of hierarchical Al structures. (i) Deposition of 80 nm thick Al. (ii) Formation 

of native Al2O3 after exposure of the Al films to air. (iii) PMMA coating. (iv) Pattering 

PMMA with e-beam lithography. (v) Deposition of the 1st 50 nm thick Al. (vi) Formation of 

the 2nd native Al2O3 layer after vacuum break. (vii) Deposition of the 2nd 50 nm thick Al 

layer. (viii) Lift-off process. 

Depth dependent x-ray photoelectron energy spectra of the fabricated Al surfaces 

are shown in Figure 4-16. The depth dependent binding energy spectrum is obtained 

by etching the surfaces with ion gun and measuring the energy of the emitted 

photoelectrons from the etched surface. To characterize the thickness of the top oxide 

layer, the depth dependent binding energy spectrum for a thick Al film (80nm) on a 

silicon substrate is measured just in an hour after the deposition of the film (Figure 

4-16a). The high energy peak corresponds to the aluminum-oxygen binding which 

indicates the formation of the native Al2O3 film. After 2nm of etch depth, the high 

energy peak reduces to 20% of its original intensity value. For 3nm of etch depth, the 

high energy peak almost disappears. Hence, the thickness of the native Al2O3 on a 

freshly deposited Al film is deduced to be 2-3 nm. Figure 4-16b shows the depth 
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dependent XPS energy spectra for the Al surfaces outside the patterned area after the 

fabrication of hierarchical Al structures. The high energy peak is stronger compared 

to the freshly deposited Al films. After 5nm of etching, the high energy peak reduces 

more than 80% and it only slightly changes for further etching. Hence, it is 

concluded that the thickness of the native Al2O3 on the Al films experienced the 

fabrication steps is about 5nm or more. The thicker native oxide on the bottom Al 

films is expected to be due to longer exposure to air and the chemical processes 

during the fabrication. The use of acetone, isopropanol alcohol and water might also 

affect the final thickness of the films. 

 

 

Figure 4-16. Depth dependent XPS characterization of Al surfaces with thin native Al2O3 on 

top. (a) Just after the deposition of Al films. (b) After the fabrication of hierarchical Al 

structures.  

The reflection spectra of the hierarchical Al structures are characterized using 

Fourier transform infrared spectrometer (FTIR) equipped with a 15x Cassegrain 

objective in the MIR regime. Since the area of the fabricated hierarchical Al surfaces 

is 50 μm x 50 μm a knife edge aperture is used to collect light reflected from the 

patterned area. As the reference sample, an 80 nm thick Al coated silicon substrate is 

used. Owing to two different oxide thicknesses, two distinct MIR resonances are 

observed (Figure 4-17a). These resonances red-shift with increasing widths as 

expected. These structures are simulated using 2.5nm and 5nm thicknesses for the 

top and bottom oxide layers respectively (Figure 4-17b). The simulated spectral 

responses are similar to the experimental results, however the depths of the 

experimental resonances are weaker. This discrepancy might be due to surface 

roughness of the Al films which is not accounted for in the simulations. Moreover, 

the native oxide layer, which might be lossy by its nature, is assumed to be lossless 

in the MIR simulations (See Figure 4-18). The simulated electric and magnetic field 
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distributions are shown in Figure 4-17c corresponding to the resonances denoted with 

(i) and (ii) in Figure 4-17b. Since magnetic field is confined to the Al2O3 layers, the 

resonances are magnetic plasmon modes by its nature. Magnetic fields are confined 

to the bottom (5nm) and top (2.5nm) native Al2O3 layers for short and long 

wavelength resonances, respectively. The confinement of longer wavelengths to the 

thinner oxide layer can be intuitively explained by increased effective refractive 

index with decreasing oxide thickness, accompanied by a red-shift in the resonance 

wavelength[234](λr=2neffW).  

 

 

Figure 4-17. (a) Measured and (b) simulated reflectance spectra for W=290nm, 300nm, 

320nm and 340nm (Period=500nm). (c) Magnetic field intensities for the resonances shown 

in (b).    
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Figure 4-18. Simulated reflection spectra for the hierarchical MIM structure with two oxide 

layers assuming different extinction coefficients for the native oxide layer. 

The effect of the top and bottom oxide thicknesses on the reflection spectra are 

further studied by varying these thicknesses in simulations (Figure 4-19). The 

resonance wavelengths shift drastically with sub-nm changes in the ultrathin oxide 

layers (2-5 nm) as shown in Figure 4-19 for W=300nm. When both oxide layers are 

neglected in the simulations, no resonances in the MIR are observed as expected 

(Figure 4-19a). If the thinner top oxide is neglected, only the short wavelength 

resonance is excited where it is confined to the bottom oxide layer. If the thicker 

bottom oxide is neglected, only the longer wavelength resonance is excited where the 

magnetic field is confined to top oxide layer. The effect of the native oxide layer on 

the longer wavelength resonance is investigated by varying the thickness of the top 

oxide layer in between 0.5nm and 3.5 nm for 5nm thick bottom oxide layer (Figure 

4-19b). As the top oxide thickness decreases, the longer wavelength resonance red-

shifts. As the thickness approaches the bottom oxide’s value (5nm) the resonances 

start overlapping. As a result, the top and bottom oxide thicknesses have to be 

different to observe a multispectral response. If the oxide thicknesses are the same, 

only one mode is excited with stronger confinement of light into both oxide layers. 
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Figure 4-19. Simulated reflection spectra for (a) varying tox-1 and tox-2, (b) varying tox-2 with  

tox-1=5nm. W=300 nm, P=500 nm for all cases 

The use of the native oxide as the spacer layer offers an easy fabrication route to 

realize higher order hierarchical resonator structures (Figure 4-20a). The optical 

response and field distribution of such structures with 3 and 4 oxide layers are 

studied using simulations. Since the resonance wavelength of an MIM resonator 

strongly depends on the thickness of the oxide layer, it is possible to excite as many 

modes as the number of oxide layers. Hence 3 distinct resonances are observed when 

3 oxide layers with different thicknesses are used (Figure 4-20b). Similar to the 

previous simulation results with two oxide layers, when top two oxide thicknesses 

are chosen to be the same, only two resonances are observed. The study is repeated 

for 4 oxide layers and 3 different thickness combinations: 1) all thicknesses different, 

2) two of the thicknesses are the same, 3) three of the thicknesses are the same 

resulting in 4, 3 and 2 distinct resonances, respectively (Figure 4-20c, d). As the 

number of layers with the same thickness increases, the bandwidth decreases, yet 

light couples into the MIM mode determined by the common oxide thickness more 

strongly.  
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Figure 4-20. (a) 3D schematics of higher order hierarchical aluminum surfaces with multiple 

MIM resonators. Simulated reflectance spectra for structures with (b) 3, (c) 4 oxide layers. 

(d) Corresponding magnetic field profiles for the resonances shown in (c). The thickness of 

the top Al layers is 50nm, W=300nm and P=500nm for both geometries. 

 

4.6. Conclusion 

In conclusion, we have demonstrated the use of Al and its native Al2O3 to 

fabricate MIM resonators spanning the visible and IR wavelengths using top-down 

fabrication techniques. Large area plasmonic surfaces are fabricated by depositing 

thin Ag films near percolation threshold and the resonance wavelength is tuned by 

longer exposure of Al layer to air. We fabricated hierarchical plasmonic surfaces 

using multiple native oxide layers and the percolating Ag films and used these 

surfaces as SERS and SEIRA substrates for the detection of monolayer DDT. Then 

we have then improved the bandwidth of native oxide based plasmonic surfaces by 

sequential deposition and oxidation of Al films through breaking the vacuum of the 

physical vapor deposition system by exposing the Al films to air. Different 

resonances are confined to different native oxide layers with different thicknesses.   
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Chapter 5  

Interference Coating Based Sensing 

Platforms  

In the previous chapters we have designed and fabricated plasmonic structures to 

study novel optical phenomena such as SERS, SEIRA and plasmonic hot-electron 

effects. In this chapter, we shift our focus to interference coatings and their 

applications. We present two novel applications of these types of coatings. For the 

first application, we have developed a novel sensing platform in the IR. By utilizing 

phase change property of Ge2Sb2Te5 (GST), tunable surfaces are fabricated and used 

for sensing ultrathin (~5nm) polymer films, self-assembled and protein monolayers. 

The performance of such surfaces is comparable or better than the plasmonic 

counterparts. As a second application, we propose and fabricate a sensing platform 

based on strong interference coatings. Unlike interference coatings, the thicknesses 

of such surfaces are about t=λ/8n. The sensing mechanism is based on the color 

change due to accumulation of bio-molecules on the sensing surface. Protein 

monolayer and bilayers are detected using these surfaces. 

 

5.1. Thermally Tunable Ultrasensitive Vibrational 

Spectroscopy Platforms Based on Thin Phase Change 

Films 

Infrared spectroscopy enables identification of materials through characterization 

of the vibrational modes of molecular moieties which are typically observed as small 

dips in the reflection/transmission spectrum. The vibrational mode signals increase 

with enhancement of electric field in the vicinity of the probe molecules. Plasmonic 
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surfaces with very high but localized field enhancements are typically used for 

sensing of small amounts of materials. Here, we propose using thin, unpatterned 

phase changing GST films deposited on wafer-scale metal ground planes with 

modest field enhancement factors (|E|2/|Eo|
2~4) on the entire GST surface for 

ultrasensitive vibrational spectroscopy. Optical properties of the top GST layer are 

tuned by annealing the surfaces leading to tuning of the wavelengths at which 

electric field is enhanced. The ease of fabrication combined with ultra-sensitivity of 

these surfaces offer convenient optical platforms for the infrared vibrational 

spectroscopy of materials ranging from monolayers to µm thickness in size. 

5.1.1. Introduction 

Infrared vibrational spectroscopy is one of the widely used tools in 

chemistry[235] and biology[62], [236] for characterization of materials. The 

molecular signatures of materials can be sensed in the far-field signals (reflection or 

transmission spectrum). Current infrared measurement techniques such as Fourier 

Transform Infrared Spectroscopy (FTIR) require large amounts of molecules to 

collect significant information. Attenuated total internal reflection[237] and grazing 

angle objective[65] methods are commonly used to enhance the signals due to 

vibrational modes of small amount of materials to be sensed. The intensity of far-

field molecular vibrational bands scale with square of local electric field intensity 

(|E|2) as stated by the Beer's Law[238]. The wavelength dependent percentage of 

absorbed power can be estimated as  

𝐴(λ) = ∫
4𝜋𝑛(λ)𝑘(λ)

λ
|𝐸(𝑟, λ)|2𝑑𝑉

𝑑𝑉

0
                                       (5.1)  

Thus, increasing near-field intensities in the vicinity of the probe molecules 

results in increased signal intensities of the vibrational modes. Recently, rough metal 

surfaces[58], patterned metal structures[239] and nanoantennas[240] have been 

demonstrated to enhance the vibrational modes of molecular monolayers in the 

infrared by increasing field intensities through exiting plasmons. This technique is 

widely known as Surface Enhanced Infrared Absorption Spectroscopy (SEIRA). In 

SEIRA, patterned plasmonic structures that have resonances close to the vibrational 

bands of a molecule are used to enhance the far-field signal intensities. Depending on 

the vibrational bands to be enhanced, the geometry of the plasmonic structure has to 

be tuned[67]. Smart designs with multispectral[233] responses have been 

demonstrated to enhance different infrared bands of a molecule. 
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Plasmonic surfaces used in SEIRA are usually fabricated using e-beam and 

optical lithography and multi-step processes, limiting the sensing area and increasing 

the cost. Although there are easier methods to fabricate plasmonic surfaces such as 

interference[26] and nanosphere lithography[241], they typically do not allow 

wavelength tunability over large bandwidths. Field enhancement factors (|E|2/|Eo|
2) in 

plasmonic structures are very high but localized. The field enhancement calculations 

are based on the assumption that most of the contributing vibrational band signal 

comes from the high field enhancement regions. Although SEIRA enhancement of 

plasmonic structures are typically estimated to be in the range of 102-105, the far-

field signal intensity changes due to vibrational bands of monolayers are typically 

small (<10%). Designs like pedestal shaped plasmonic antennas[242] have been 

proposed to increase the far-field signal through increasing the enhanced field area 

accessible to the probe molecules[243], [244]. Here we propose using entire surface 

of an optical platform with modest field enhancements (~4) similar to what is 

implemented in recent reports of electrically tunable graphene Salisbury 

screens[245]–[247]. The optical platforms are formed by depositing thin dielectric 

layers (Si and GST) on metal films which show optical resonances accompanied by 

field enhancements on the dielectric surfaces in the mid-infrared (MIR) regime. 

Thickness (t) of the lossless dielectric films (amorphous Si and GST) is determined 

as λV/4n (λV: vibrational mode wavelength, n: refractive index). Crystalline GST 

exhibits a non-zero extinction coefficient (k) in the IR resulting in strong interference 

effects[74] (t< λV/4n). Very thin (5 nm) films of poly(methyl methacrylate) (PMMA) 

and monolayers of bovine serum albumin (BSA) and octadecanthiol (ODT) 

molecules are used to test the performance of the surfaces. The studied surfaces are 

proposed as highly-sensitive, angle-independent infrared spectroscopy platforms 

which can be fabricated with low cost, very fast owing to the simple structure with 

two continuous layers, without patterning, on large-area rigid or flexible substrates, 

e.g., Al foil, and can be tuned by varying the thickness or phase of the dielectric 

layer. Unlike plasmonic surfaces used in SEIRA, the proposed surfaces do not 

exhibit Fano type vibrational bands due to the strong coupling of plasmonic and 

vibrational modes. Hence, complicated post-processing methods required for 

plasmonic structures are eliminated using these surfaces. 
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5.1.2. Results 

A very-thin (~nm) suspended layer of a material enables the most basic infrared 

spectroscopy method as the vibrational modes can be observed as small dips in the 

transmission spectrum with an electric field enhancement factor of ~1 (Figure 

5-1a(i),(ii)). For a ultrathin absorbing layer, the Equation 5.1 becomes 𝐴(λ) =

4𝜋𝑛(λ)𝑘(λ)/λ|𝐸(λ)|2𝑡. The far-field signals of the vibrational modes are expected 

to be detectable but small (Figure 5-1a (iii), (iv)). For 1732 cm-1 k~0.5, thus for 

t=5nm intensity change in the far-field transmission is about 1%. This signal 

intensity change is in the order of signal intensities (1-5%) obtained with plasmonic 

surfaces. Achieving a suspended layer of any material, e.g., 5 nm PMMA, over a 

rather large area (~mm), however, is not possible. A thin (~50 nm) suspended 

membrane, such as Si3N4, can be used to address this problem while introducing 

other issues such as limited area, fragility of the substrate, and observation of strong 

signals from vibrational bands of the membrane material. The IR transmission 

measurements of a 5 nm PMMA coated 50 nm thick Si3N4 membrane show 

detectable but small signal for the major PMMA band at 1732 cm-1 and very strong 

signals (~40%) for the Si-N vibrational bands (Figure 5-3). 
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Figure 5-1. Sensing performance of various optical platforms. 5 nm PMMA (a) suspended in 

air, (b) on semi-continuous CaF2 substrate, (c) on 300 nm a-Si/Al surface, (d) on 400 nm a-

Si/Al surface. (i) Simulated electric field enhancement profiles on cartoon illustrations at λ: 

5780 nm (1/λ: 1732 cm-1). (ii) Simulated electric field enhancement factors on the surface of 

each structure, (iii) far-field signal (transmittance/reflectance) spectra, (iv) signal from the 

major PMMA band. The signal is the difference between the far-field signals w/ and w/o 

PMMA layer. Measured optical properties of PECVD deposited a-Si are used for the 

simulations (n: 3.3 in the IR). Optical properties of PMMA are fitted to a Lorentzian 

oscillator (Figure 5-2) centered around 5780 nm.  

 
Figure 5-2. Measured refractive index and extinction coefficient of PMMA. The optical 

parameters are extracted using spectroscopic IR ellipsometer measurements of 130 nm 

PMMA film on a Si wafer using the Lorentzian oscillator model for each PMMA band. Only 

the vibrational band at 5780 nm is used for the simulations. 
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Figure 5-3. Transmission spectra of 50 nm thick suspended SiNx membranes with and 

without 5 nm PMMA layer. The vibrational band of SiNx is observed as a significant dip in 

the transmission spectra. The signal from the PMMA band at 1732 cm-1, however, is small. 

 

A thick IR transparent substrate, such as CaF2 or MgF2, can also be used to detect 

the vibrational bands on the transmission spectrum (Figure 5-1b) with an 

enhancement factor of ~0.7 on the surface. Although the vibrational mode signals are 

expected to be smaller compared to the suspended layer configuration, such IR 

substrates have the advantages of strength and large area. Alternatively vibrational 

mode signals can be detected on the reflection spectrum using a reflective substrate 

such as metal-coated Si wafer. Electric field enhancement factor increases from 

almost zero on the metal surface to 4 at a distance quarter wavelength (λ/4) away 

from the surface[245], [246]. The vibrational band signal is expected to be 

maximized when the probe material is λV/4 away from the metal surface where the 

enhancement factor is ~4. While this can be achieved by forming a thin membrane 

over a metal surface, the most trivial way is using a dielectric coated reflective layer. 

The enhancement factor at the air-dielectric interface in this case is given as 

|𝐸|2

|𝐸𝑜|2
= (

𝑟12 + 𝑟23𝑒2𝑖𝛽

1 + 𝑟12𝑟23𝑒2𝑖𝛽
+ 1)

2

                                         (5.2) 

where rxy=(ñx-ñy)/( ñx+ñy), ñ is the complex refractive index, β=(2π/λ)ñ2t, and layers 

1, 2, and 3 are air, dielectric, and metal, respectively. The total reflection coefficient 

(rt) is 1 when r12 is zero (n2=1) and decreases with increasing n2 (-1 < r12 < 0). Using 

a relatively high refractive index material such a-Si requires smaller thickness but 

slightly reduces the enhancement factor to ~3.7. If the dielectric thickness is not 
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exactly λV/4n2, the vibrational mode signal can still be sensed owing to non-zero 

field enhancement (Figure 5-1c). The signal intensity is maximized for t= λV/4n2 

(Figure 5-1d). The enhancement of electric field extends up to λ/4 above the dielectric 

surface, enabling sensing of thicker probe materials, e.g., cells, which is typically not 

possible for plasmonic surfaces due to low spatial extent (<100 nm) of field 

enhancements[248]. For a certain dielectric material of λV/4n2 thickness, the 

enhancement factor reaches its theoretical limit of 4 for r23=-1 which is achieved for 

a perfect electrical conductor (PEC) layer (Figure 5-4). Hence the more closely a 

metal behaves like a PEC in the MIR, the higher the enhancement factor is. 

Simulation results for various metals, including Al, Au and Ag, show that Al and Au 

can achieve the highest enhancement factors (~ 3.7) in the MIR for a-Si dielectric 

layer. Hence, Al is chosen as the ground plane material owing to its low cost, 

abundance and CMOS compatibility for the fabrication of the surfaces. Using Al 

ground planes enables comparing IR absorption and sensing performances of these 

surfaces to those of based on thin Al foils which are cheap, bendable and large area 

substrates. 
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Figure 5-4. Simulated electric field enhancements on the surfaces of a-Si layers with various 

thicknesses on metals and a perfect electrical conductor (PEC) layer. The enhancement 

factor increases with increasing wavelength for metals as their optical properties approach 

those of a perfect electrical conductor. 

The initial surfaces are fabricated using amorphous silicon (a-Si) as the dielectric 

layer on Al coated Si substrates following the simulations in Figure 5-1. The surfaces 

are coated with 5 nm PMMA layer, used as the probe material to test the sensing 

performance of the surfaces. The a-Si thickness is chosen to tune the surface’s first 

order resonance to be close to the PMMA’s strongest vibrational band at 1732 cm-1 

(λ~5.77 µm). The center to edge variation in the a-Si thickness (400 – 460 nm) 

results in resonances in between 5.3 and 6.1 µm, revealing the major PMMA band 

with signal intensities of 6-7 % after background subtraction (Figure 5-5). The 

sensing performance of the surface is still good at extreme incident angles (75̊) for 

both TE and TM polarizations (Figure 5-6), enabling relaxed design options for 

sensing systems based on these surfaces. These surfaces are successful at identifying 

PMMA, however also exhibit very strong Si-H vibrational bands[238], [249] at 
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~2010 cm-1. The presence of Si-H bands is attributed to SiH4 gas used for the 

deposition of the films in a plasma enhanced chemical vapor deposition (PECVD) 

system. The strong signal due to the Si-H vibrational bands would prevent sensing 

materials with vibrational bands in this regime, limiting the use of the surfaces 

formed by PECVD deposited a-Si layers. The Si-H and PMMA vibrational bands in 

the reflection spectrum are not observed for PECVD deposited, thinner a-Si layers 

whose primary resonances are at lower wavelengths (Figure 5-7).  

 

 

Figure 5-5. Experimental demonstration of infrared sensing using a-Si layers with different 

thicknesses (400-460 nm). (a) Reflectance spectra of the as fabricated (black) and 5 nm 

PMMA coated surfaces (red). Arrows mark the Si-H band at 2010 cm-1 and PMMA and 1732 

cm-1. (b) The signal intensities after background subtraction. The background signal is 

calculated by smoothing the reflectance curves using the moving average method. The signal 

intensity decreases as the resonance shifts away from the major PMMA band. 
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Figure 5-6. Angle dependent infrared ellipsometer measurement results for 5 nm PMMA 

coated 400 nm PECVD Si on Al surface (The normal incidence results are shown in Figure 2 

of the main document). The incident angle is varied between 25̊ to 75̊ with 5 ̊ steps. The 

signal intensity due to the PMMA vibrational band at 1732 cm-1 reduces to %1.7 at 75̊ from 

% 5.6 at 25̊. For TM polarization, the resonances and the signals from the PMMA and Si-H 

bands are strong up to high incident angles.  

  

Figure 5-7. Reflection spectra of 5 nm PMMA coated PECVD deposited a-Si surfaces with 

170 and 460 nm thicknesses on Al. No significant Si-H or PMMA bands are observed for 

170 nm a-Si surface. 
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5.1.3. Thermally Tunable IR Spectroscopy Platforms Using Ge2Sb2Te5 

Ge2Sb2Te5 (GST) in amorphous phase has a similar refractive index function to 

that of a-Si in the MIR and does not have a-Si layer’s inherent surface problems. 

Chalcogenides, in general, are preferred for IR applications owing to their high IR 

transparency, low temperature-coefficient of refractive index and low 

dispersion[250]. GST, in particular, is a phase-change material, exhibiting 

amorphous to face-centered cubic structure (c-GST) transition at ~150 C which is 

accompanied by a large change in its electrical and optical properties. Phase-change 

material based electrical data storage (phase-change memory, PCM) devices, which 

target the non-volatile memory market, take advantage of the contrast between the 

electrical resistivity of the material in amorphous and crystalline phases[251]. The 

contrast in the optical properties of phase-change materials like GST has been used 

in the optical data storage media for decades[252]. Although optical properties of the 

phase-change materials have long been studied, number of reports on optical 

devices/surfaces using these materials have recently increased due to their potential 

use in plasmonic applications in the IR[253], [254] and strong-interference-effect 

based applications in the visible regime[255], [256]. GST thicknesses used in these 

devices/surfaces are typically small (7 - 50 nm). A rather thick GST (>80 nm) on a 

metal layer exhibits optical resonances in the IR[257]. The optical responses of these 

surfaces are tuned over a larger wavelength range owing to large refractive index 

contrast between amorphous and crystalline phases (Figure 5-8).   
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Figure 5-8. Refractive index and extinction coefficient of a-GST and c-GST films. The 

optical parameters are extracted by spectroscopic ellipsometer measurements of GST films 

on Si wafers at various angles in the 300 – 1700 nm range. The optical parameters are 

extracted within and beyond this wavelength range using the Tauc-Lorentz oscillator model 

for a-GST films and the Tauc-Lorentz + Drude oscillator models for c- GST films. The 

refractive index of c-GST predicts higher resonance wavelengths than what is observed in 

measurements. This is attributed to diffusion of Al into GST and reducing the effective 

refractive index of the GST layer during crystallization of the GST films. Diffusion of Al 

into GST can be avoided by introducing a thin barrier layer, such as TiN, in between Al and 

GST layers. 

The measured reflection spectra of GST films on Al show great potential for the 

sensing purposes as the near-IR (NIR) and MIR spectrum are covered by varying the 

GST thickness and can be further tuned by crystallizing the films (Figure 5-9). 

Crystallization of a-GST layer consistently red-shifts the resonance owing to the 

larger refractive index of c-GST. When crystalline to amorphous volume ratio is 

changed gradually, instead of complete crystallization, a mixed optical response is 
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achieved. Partial crystallization is performed by laser annealing of different portions 

of a-GST films on Al surfaces (Figure 5-9).  

 

 

Figure 5-9. NIR and MIR results for GST layers on Al. (a) Reflection spectra of a-GST 

(black) and c-GST (blue) covered Al surfaces for indicated GST thicknesses. The 

crystallized films are expected to be 5 % thinner than the as-fabricated a-GST films[257]. (b) 

Calculated electric field (|E|2/|Eo|2) enhancements across cross-sections of 350 nm a-GST and 

c-GST films on Al and corresponding reflection spectra.  

 

Alternatively, the gradual crystallization can be achieved by controlling the 

annealing duration of a-GST films at a high temperature (<150 C), which requires 

simultaneous monitoring of the optical response of the surfaces. For sensing 

experiments, only complete amorphous or complete crystalline films are used, since 

the areas of the laser scanned surfaces are limited to 100 x 100 µm2. The calculated 

maximum field enhancement factors on the surface of 350 nm films is ~3.5 for a-

GST and ~1.4 for c-GST (Figure 5-9). The lower enhancement factor for c-GST, at 

the resonance is attributed to the high refractive index (n) and non-zero extinction 

coefficient (k) of c-GST, which makes c-GST a lossy dielectric in the MIR. As a 

result, crystallizing a-GST films enables tuning the resonance to a higher wavelength 
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while reducing the enhancement factor. The higher order resonances for both phases 

are observed to be sharp with field confinements within the films (Figure 5-9).  

 

 

Figure 5-10. Optical microscope image and reflection spectra of 100 µm x 100 µm GST 

surfaces (t: 350 nm) on Al. Crystalline to amorphous ratio increases from (i) to (iv), (i) being 

completely amorphous and (iv) being completely crystalline. Lighter color lines are 

crystalline regions. The surface is laser-scanned using a green laser with 1 µm spot size 

equipped on a Raman system. 

Sensing performance of the GST surfaces are tested using very thin (5 nm) 

PMMA layer on GST films with 200 and 350 nm thicknesses (Figure 5-11) which 

target the PMMA vibrational bands around 3000 and 1500 cm-1, respectively. 200 

nm a-GST surface reveals the bands at 2997, 2952 and 1732 cm-1. 200 nm c-GST 

surface shows the PMMA bands at 2997, 2952 cm-1 with lower signal intensities, and 

the 1732 cm-1 band with a higher signal intensity owing to its higher wavelength 

resonance (Figure 5-11). The major PMMA band at 1732 cm-1 is observed as ~7 % 

drop in the reflection spectrum of 350 nm a-GST surface. 350 nm a-GST is 

particularly good at sensing all the vibrational bands larger than 1000 cm-1. 350 nm 

c-GST surface exhibits a smaller signal at 1732 cm-1 due to its smaller enhancement 

factor despite its deeper resonance and performs better for higher wavelength PMMA 

bands such as 1151 cm-1 compared to 350 nm a-GST surface. Monolayer sensing 
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performance of 350 nm a-GST surface is tested by binding BSA on the surface. The 

BSA vibrational bands at 1652 and 1531 cm-1 are observed on the reflection 

spectrum of 350 nm a-GST surface with a signal intensity of 6 % at 1652 cm-1. This 

signal intensity is larger than 3-4 % which are reported for plasmonic surfaces in the 

literature[64], [240]. The GST surfaces are further tested with ODT molecules which 

forms a monolayer on Au. 250 nm a-GST surface is functionalized by depositing 1.5 

nm Au on top. The top Au layer is chosen to be very thin to form Au nano-islands 

instead of a continuous film on the GST surface in order not to modify the optical 

response significantly (Figure 5-12). Both ODT bands at 2849 and 2917 cm-1 are 

sensed by 250 nm a-GST and c-GST surfaces. The signal due to the ODT band at 

2917 cm-1 is 3 % for 250 nm a-GST surface, despite a slight mismatch between the 

surface’s resonance and the targeted ODT bands (Figure 5-13), being similar to the 

enhanced performance of pedestal gold structuress from the literature[242].  

 

 

Figure 5-11. Sensing performances of GST surfaces. (a) Reflection spectra of 200 and 350 

nm GST surfaces covered with 5 nm thick PMMA or monolayer BSA. (b) The signal 

intensities after background subtraction. The background signal is calculated by smoothing 

the measurement curves using the moving average method. The sensed vibrational bands of 

PMMA and BSA are marked with dashed lines and labeled.  
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Figure 5-12. Scanning electron microscopy (SEM) images of 350 nm a-GST films on Al (a) 

with and (b) without 1.5 nm Au top layers. (c) SEM image of 1.5 nm Au on Si. 
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Figure 5-13. (a-b) Reflection spectra of ODT covered 1.5 nm Au/250 nm GST/Al surfaces. 

Arrows mark the ODT bands at 2849 and 2917 cm-1. (c) Signal intensities due to the ODT 

bands after background subtraction. Signal intensities at 2917 cm-1 are % 3 for a-GST and % 

1 for c-GST surface. 

5.2. Strong Interference Based Colorimetric Sensors 

5.2.1. Introduction 

Label free detection of biomolecular interaction has attracted great attention due 

to its importance for pharmacological and biomedical applications in both health and 

research areas[1], [32], [258]–[262]. Different types of label-free sensing platforms 
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have been developed to overcome the difficulties that the label-based sensing 

platforms face[33], [55], [263]. Surface plasmon based sensors are among the most 

studied label-free sensors[33], [56], [224], [264]–[266]. Different types of platforms 

utilizing surface plasmons have been developed. Surface enhanced Raman 

spectroscopy (SERS)[210], [267]–[270] and surface enhanced infrared absorption 

spectroscopy (SEIRA)[63], [64], [67] use the vibrational bands of molecules that 

interact with localized or surface plasmons. Although, in SERS, the scattered Raman 

signal is too complicated to determine specific biomolecular interactions, bio-

detection at the single molecule sensitivity is possible[198], [211], [270]. On the 

other hand, in SEIRA the vibrational signatures of different molecules exhibit similar 

bands limiting the probing of biomolecular interactions. Other than vibrational 

spectroscopies, surface plasmon sensors (SPR) emerges as one of the prominent 

label-free sensor technologies by taking advantage of local refractive index change 

during biomolecular binding events[1], [33], [224], [265], [271]–[273]. SPR 

technology is further improved for probing multiple biomolecular events by 

incorporating imaging equipment to the system[56]. Generally, these types of SPR 

systems rely on the reflected light intensity that is captured by a camera and is a type 

of refractometric sensor. Among the refractometric sensors, interference based 

refractometric sensors draw attention due to their ease of use and lab-on-chip 

compatibility[258], [274], [275]. These types of sensors rely on the local refractive 

index change due to the change in the thicknesses of bio-molecules. These sensors 

are typically fabricated on silicon chips and composed of thick layer of oxide which 

exhibits interference fringes in the reflection spectra. The biomolecular interactions 

are investigated by illuminating the chip with either a broadband or narrow light 

source and collecting the reflected light with either a spectrometer or a camera. 

Colorimetric sensing mechanism is in the core of the current label-based sensing 

mechanisms such as ELISA[56], [261], [276]. Recently, a new type of sensing 

mechanism using plasmonic nano-particles has emerged[272], [277]. These type of 

sensors are based on the chemical-reaction driven color change occurred due to the 

presence of target molecules due to either change in size of particles or the distance 

between them.  Metal ions and bio-molecules have been detected using these type of 

sensors[278].  

A reflective surface, such as a thin metal film, covered with a thin layer of lossy 

dielectric show optical resonances (strong interferences) and can show perfect 
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absorption at certain wavelengths depending on the complex refractive indices (n+ik) 

of the metal and dielectric layers. The strong interference resonances are due to 

destructive interference of the light reflected form the top and bottom of the lossy 

dielectric layer with phases different from 0 or π. The analysis of the strong 

interference effects and the n and k conditions which provide resonances are 

elucidated by Kats et al[74]. Unlike the thin film interference coatings (t≈ λ/4n) these 

surfaces exhibit resonances for thinner dielectric coatings (t≈ λ/8n). Thinner 

dielectric coatings also enable a wide angular spectral response due to small phase 

accumulation. Since then, strong interference effects have been investigated for 

coloring surfaces using gold and germanium[74], tunable, dynamic infrared filters 

using sapphire and VO2[279], light sensing using Ag and amorphous Si[77] and 

advanced optical data storage using Au and Ge2Sb2Te5 (GST)[280]. So far, most of 

the studies based on these types of coatings are utilized for color printing 

applications.  In this part of the thesis a novel colorimetric sensor based on 

interference coatings using highly absorptive layer is presented. Unlike the 

refractometric interference sensors, a lossy dielectric layer is deposited on top of a 

mirror or metal surface. The proposed sensor surfaces can be fabricated on large 

areas and have wide angle optical response. Ultra-thin dielectric coatings and protein 

monolayer are detected using these sensors. 

5.2.2. Results 

The proposed sensing surface is shown in Figure 5-14. The structure consists of a 

thin amorphous silicon (~20nm) layer on top of a thick (~80 nm) aluminum film. 

Similar surfaces using different absorptive dielectric films have been demonstrated to 

have resonances in the visible spectrum. Such surfaces are utilized mostly for color 

printing applications. It has been shown that even small variations in the thickness of 

absorptive dielectric films with high refractive indices results in color change. The 

proposed sensing principle is based the color change due to molecular binding events 

as shown in Figure 5-14a.  The optical microscope image of a fabricated surface is 

shown in the inset of Figure 5-14b. The image is taken under halogen light 

illumination with 5x magnification. Since the surface color strongly depends on the 

spectrum of the illumination light, the surface shows different colors under different 

light sources. For this work, we used a halogen bulb integrated to optical microscope 

for all measurements. The reflection spectrum shows a resonance with almost perfect 
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absorption at ~510nm as shown in Figure 5-14b. The resonance, hence the color of 

the surface, is wide angle for both polarizations (Figure 5-14 c, d). The resonance 

wavelength of the surface can be tuned by increasing the thickness of a-Si layer. 

Thicker a-Si thickness also results similar reflectance spectra due to excitation of 

higher order interference modes (See Figure 5-15). However, wavelength shift due to 

dielectric layer for thicker a-Si layer negligible due to higher electric confinement to 

the a-Si layer and smaller electric field intensity at air/a-Si interface. 

  

 

Figure 5-14. Optical characterization and the working principle of the proposed sensing 

platforms. (a) Cross section illustration of the sensing platform. For broadband excitation 

(white light), surfaces reflects distinct color. The color of reflected light changes upon 

deposition of a very thin dielectric layer (~3-5nm) or protein monolayer. (b) Reflection 

spectra of surfaces. (Inset) Microscope image of the surface illuminated with halogen light. 

Measured reflectance spectra map for (c) s and (d) p polarizations.  
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Figure 5-15. Comparison of sensing performances of surfaces with different a-Si thicknesses. 

(a) Simulated reflected spectra for 20nm and 80nm a-Si on Al. Simulated reflectance spectra 

without(solid curve) and with(dashed curve) 5nm dielectric layer(n=1.5) for 20nm(b) and 

80nm a-Si thicknesses.  

 

In order to characterize the colorimetric sensing performance, dielectric films with 

varying thicknesses deposited on top the surfaces. Similar experiments have been 

performed by depositing Al2O3 on germanium coated gold films recently to enhance 

the color contrast by e-beam evaporation. Here, SiO2 films are deposited by e-beam 

evaporation with different thicknesses (5, 10, 15 and 20nm) on our sensing surfaces. 

The thickness and refractive index of deposited films are characterized by variable 

angle spectroscopic ellipsometer (n~1.5). The reflectance spectra shows a red-shift in 

the resonance wavelength when the thickness of the SiO2 increases (Figure 2 a, b). 

The color of the sensing surfaces is shown in Figure 2c. The intensity of the blue 

channel changes significantly due to increase in SiO2 thickness as shown in Table 1. 

However, the green and red channels do not show a significant trend. The intensity 

change of blue channel is attributed to the blue-shift in resonance wavelength where 

blue portion (~400-450nm) of the spectrum is reflected more and the red portion of 

the spectrum(~650-700nm) is reflected less. We have also deposited Al2O3 films by 

atomic layer deposition (ALD) at 80oC with three different thicknesses (50, 100 and 

150 cycles). The thicknesses of Al2O3 films are measured to be 5, 10 and 15nm using 

ellipsometer. The refractive index of Al2O3 is close to that of SiO2 and proteins 

(~1.5) which is different than the refractive index values reported in the literature.  

Al2O3 deposited surfaces also show wavelength shift with increasing oxide thickness 

similar to SiO2 deposited surfaces (See Figure 5-17). We have also demonstrated 

color change by depositing ultrathin PMMA layer on the sensor surface. 5nm PMMA 

film is spin-coated on the surfaces shows also color change as shown in Figure S6. 

The square regions in Figure S6b are patterned by e-beam lithography and PMMA-

free region have different color than the PMMA coated regions.  
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Figure 5-16. Optical characterization of sensing platforms with different SiO2 thicknesses. 

(a) Reflection spectra with 0, 5, 10, 15 and 20nm SiO2 thicknesses. (b) Reflectance spectra 

around the resonance wavelength. (c) Optical images of the surfaces with (i) 0nm, (ii) 5nm, 

(iii) 10nm, (iv) 15nm and (v) 20nm SiO2 thickness. (vi) SiO2 spots with different thicknesses 

are deposited on the sample surfaces with a shadow mask 

     

Table 1. RGB values of sensing platforms with different SiO2 thicknesses. 

 0nm SiO2 5nm SiO2 10nm SiO2 15nm SiO2 20nm SiO2 

R 221 222 225 223 218 

G 94 85 84 89 98 

B 58 69 97 110 117 
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Figure 5-17. Optical characterization of sensing platforms with different Al2O3 thicknesses. 

(a) Reflection spectra with 0, 5, 10 and 15nm Al2O3 thicknesses. (b) Reflectance spectra 

around the resonance wavelength. (c) Optical images of the surfaces with (i) 0nm, (ii) 5nm, 

(iii) 10nm and (iv) 15nm Al2O3 thickness. (d) Intensity values for RGB channels for different 

SiO2 thicknesses.  

 

 
Figure 5-18. Optical characterization of sensing platforms with PMMA coating. (a) 

Reflection spectra with and without 5nm PMMA coating. (b) Optical image of the PMMA 

coated surface. The square patterns are PMMA-free regions. 
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5.2.3. Protein Binding Experiment 

In order the test the biomolecular interaction of our sensor platform, we 

performed binding event using mono and bi-layer bovine serum albumin (BSA). For 

monolayer and bi-layer BSA coatings, we adopted a well known procedure[281]. 

The schematic of protein binding experiment is shown in Figure 5-19a. The sensor 

surfaces are immersed in BSA/citrate buffer solution for 2 hours for monolayer 

formation. Then the surfaces are washed with citrate buffer to remove un-bound BSA 

proteins. The surfaces are immersed in dextrane sulfate/citrate buffer solution for 1 

hour to negatively charge the positively charged BSA surface for BSA layer coating. 

The reflectance spectra of BSA coated surfaces are shown in Figure 5-19b. The 

resonance wavelength red-shifts for monolayer BSA coating (∆λ~8nm). After the 

second BSA layer the resonance wavelength shift is about (∆λ~18nm). Higher 

resonance wavelength shift for the second BSA layer is attributed to the different 

optical properties and thicknesses of positively and negatively charged BSA layers. 

There is a significant difference between the surfaces as shown in Figure 5-19c. For 

bi-layer BSA coated surface, the color is close to purple due to the increased 

reflected light intensity at shorter wavelengths (~400-450nm). The surfaces can also 

be differentiated from the photographs of the same surfaces captured with a mobile 

phone's camera as shown in Figure 5-19d. The color change due to protein binding is 

also be detected with naked eye.  
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Figure 5-19. Colorimetric sensing of protein binding events. (a) Schematic of protein binding 

experiments. (i) BSA monolayer is coated on the sensor surface by physobsorption.(ii) 

Binding dextrane layer to BSA protein to negatively charge the BSA protein surface. (iii) 

Second BSA layer is covalently bound to dextran layer. (b) Reflectance spectra for bare 

surface, monolayer and bi-layer BSA coated surfaces. (c) Optical microscope images of bare 

(i), monolayer (ii) and bi-layer (iii) BSA coated surfaces. (d) Photograph of the same surface 

taken with a cell phone camera. 

  

5.3. Conclusion 

 In the first part of this chapter, we propose using thin dielectric layers, such as 

aGST and a-Si, coated metal ground planes as optical platforms for ultrasensitive IR 

vibrational spectroscopy measurements. Switching to a-GST overcomes the a-Si 

layer’s drawbacks and enables further tuning of the optical resonance by 

transitioning to c-GST at ~150 C. Crystallization of GST films on Al layers red-

shifts the resonance owing to the higher refractive index and non-zero extinction 

coefficient of c-GST while the vibrational band signals at higher wavelengths are 

enhanced. The GST surfaces are successful at sensing monolayers of BSA and ODT, 

proving themselves as highly sensitive IR sensing platforms. The proposed surfaces 

are fabricated very fast with one deposition step, without any patterning process and 

on large substrates such as Al coated Si substrates or thin Al foils. High sensitivity, 

angle- independent response and large area of the surfaces reduce the strict IR 

sensing measurement requirements such as the need for magnification or specific 
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measurement angle which are typically used for lithographically defined small-area 

surfaces. While the cutting edge plasmonic based SEIRA studies aim to reach single 

molecule sensitivity[67] by extremely enhancing localized fields, the proposed 

surfaces perform better at detecting of ultra-thin and monolayers of materials with 

further advantages of fast, inexpensive, easy fabrication, wafer-scale dimensions, and 

thermal tunability. 

In the second part, we have demonstrated a novel colorimetric sensor platform 

based on strong interference effects exhibited by highly absorbing dielectric films on 

metal surfaces. First, the sensing performance is tested using different dielectric 

coatings with different thicknesses. The resonance wavelength shifts of the surfaces 

are also prominent which can be used as sensing mechanism. The color change can 

easily be detected after very thin dielectric film deposition. Then, protein binding 

experiments are performed through monolayer and bi-layer BSA coatings on the 

sensing surfaces.  Although our experiments are performed in air with monolayer and 

bi-layer BSA protein coatings, real time binding experiments can be performed by 

functionalizing the surfaces with protein antibodies. Since, there are no nano-

fabrication process, e-beam or optical lithography steps, these sensor platforms can 

be fabricated on laboratory glass slides over large areas in large scales. These sensor 

surfaces can be integrated to mobile phone based o portable point of care devices 

which can be advantageous in low-resource areas for the detection of disease 

biomarkers.   
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Chapter 6  

Conclusion 

In this thesis, we first demonstrate simple coupled plasmonic geometry in the 

visible spectrum. A simple electrical circuit model is developed to understand optical 

properties. Surface enhanced Raman spectroscopy (SERS) is one of the important 

applications of these of plasmonic surfaces since multiple resonances exhibited by 

these surfaces can be exploited for either different laser excitation wavelength or 

Raman wavelengths. Confocal Raman experiments have shown that these surfaces 

exhibit unity Raman enhancement over large areas due to subwavelength 

periodicities. Although, these coupled plasmonic surfaces display broadband and 

multispectral spectral response, the use of e-beam lithography limits the fabrication 

of these surfaces over large areas. Similar plasmonic geometry with nanoparticle top 

layers can be fabricated over large areas showing similar optical properties using 

simple physical deposition methods. Fabricated surfaces perfectly absorb light for 

almost the whole visible spectrum up to 60 degrees angle of incidence. Single Raman 

events are detected using nanoparticle based coupled plasmonic surfaces using 

confocal Raman system. Single molecule Raman events can also be detected using a 

mobile phone's camera either with camera or spectrometer mode. Similar surfaces 

with thinner insulator layers are used to study plasmon enhanced hot electron effects. 

Hot-electron effects are probed using an XPS system with external laser excitation 

without using electrical contacts. The energy shifts of photoelectrons caused by laser 

excitation are used to extract photoresponsivities.  The photoresponsivities display 

fair values, when compared to hot-electron currents of similar geometries. Aluminum 

based metal-insulator-metal plasmonic surfaces are fabricated by exploiting the 

native oxide layer to show resonances in the visible and IR wavelengths. The 

resonance wavelengths are simply tuned by exposing the surfaces to air for longer 

durations. The thicknesses of native oxide layer are characterized by XPS. 
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Nanoparticle based hierarchical aluminum surfaces are used SERS and SEIRA 

applications. All aluminum hierarchical surfaces are demonstrated with multiple 

resonances in the IR using native oxide layer as the spacer layer. In the last part, two 

novel applications of regular and strong interference coatings are demonstrated.  

Tunable surfaces are fabricated using phase change materials in the IR wavelengths. 

By simply heating the surfaces up-to phase change temperatures, the resonance 

wavelength is tuned. We have demonstrated SEIRA using these surfaces. By tuning 

resonance wavelength, different IR bands are enhanced. Amorphous silicon based 

strong interference coatings are fabricated and used as colorimetric sensor platforms. 

Monolayer and bilayer proteins can be detected using these surfaces as the change in 

surface color.  
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Appendix A   

 

A.1. Effective index simulation in MIM geometry 

 

clc;clear all; 

LM=1000:10:10000; 

AL_rakic; 

nal=interp1(nk(:,1),nk(:,2),LM); 

kal=interp1(nk(:,1),nk(:,3),LM); 

emetal=(nal-sqrt(-1)*1e0*kal).^2; 

dgap=[1e-9:1e-9:6e-9]; 

  

for pp=1:length(dgap) 

     

    for lll=1:length(LM) 

        d=dgap(pp); 

        ed=1.6*1.6; 

        lambda=LM(lll)*1e-9; 

        w=2*pi*3e8/lambda; 

        em=emetal(lll); 

        k0=2*pi/lambda; 

        kd=k0*sqrt(ed); 

        km=k0*sqrt(em); 

        b=0:k0/100:50*k0; 

        kd=sqrt(b.^2-ed*k0*k0); 

        km=sqrt(b.^2-em*k0*k0); 

        xx=ed*km+em*kd.*tanh(kd*d/2); 

        x2=abs(real(xx)); 

        qx=abs(imag(xx)); 

        bbb=b(find(x2==min(x2))); 

        neff(pp,lll)=bbb/k0; 

  

    end 

end 
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A.2. Field Profile Simulation in Multilayer Coatings 

 

clear all 

close all 

clc 

m=1; 

w=300:1:1000; 

Al_rakic; %Refractive index of Al from Rakic 

nag=interp1(nk(:,1),nk(:,2),w,'cubic','extrap'); 

kag=interp1(nk(:,1),nk(:,3),w,'cubic','extrap'); 

 

aSiPVD_nk;%Refractive index of aSi 

nd=interp1(nk(:,1),nk(:,2),w,'cubic','extrap'); 

kd=interp1(nk(:,1),nk(:,3),w,'cubic','extrap')+0.0; 

  

rr=zeros(1,length(w)); 

ii=1; 

theta=THETA; 

for tt=[80] 

for WL=w 

    n=[1.0 1.5 nd(ii)-sqrt(-1)*kd(ii) nag(ii)-sqrt(-1)*kag(ii) 1.5]; 

    t=[1200 tt 20 100 200     pol='tm'; 

    [EE position2 r t]=fresnelmultilayer_field(WL,n,t,pol,1); 

    E(ii,:)=EE; 

    rr2(ii)=r; 

    ii=ii+1; 

end 

ii=1; 

rrr(m,:)=rr2; 

m=m+1; 

end 

  

plot(w,(abs(rrr).^2)) 

figure 

imagesc((abs(rrr).^2)) 

figure 

plot(position2,abs(E3([201],:)).^2);  
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A.3. Transfer Matrix Code 

 

 

function [EE position r tt]=fresnelmultilayer_field(lamda,n,t,pol,res) 

nn=length(n); 

tt=length(t); 

  

if (pol=='te') 

    Ao=[1 1;n(1) -n(1)]; 

end 

  

if (pol=='tm') 

    Ao=[1 1;n(1) -n(1)]; 

end 

  

M=eye(2); 

for i=2:nn-1 

    k=(2*pi/lamda)*n(i); 

    Tm=[exp(sqrt(-1)*k*t(i)) 0;0 exp(-sqrt(-1)*k*t(i))]; 

    Am=[1 1;n(i) -n(i)]; 

    Amm=Am^-1; 

    M=M*Am*Tm*Amm; 

end 

M=M; 

kt=2*pi/lamda*n(nn); 

dm=sum(t(2:(nn-1))); 

X=Ao^-1*M*[exp(-sqrt(-1)*kt*dm);exp(-sqrt(-1)*kt*dm)*n(nn)]; 

  

%%Calculate Transmission and reflection coefficients 

tt=1/X(1,1); 

r=X(2,1)/X(1,1); 

Eb=r*1; 

Et=tt*1; 

  

E=zeros(1,sum(t)/res); 

  

EE=[];tf=0; 

El=[1;Eb]; 

Al=Ao; 

zz=[]; 

for i=2:nn-1 

     

    z=[tf:res:tf+t(i)-res]; 

    zz=[zz z]; 

    tf=t(i)+tf; 

    k=(2*pi/lamda)*n(i); 

    Tm=[exp(sqrt(-1)*k*t(i)) 0;0 exp(-sqrt(-1)*k*t(i))]; 

    Am=[1 1;n(i) -n(i)]; 

    Er=Tm^-1*Am^-1*Al*El; 
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    Ei=Er; 

    EE=[EE Ei(1,1)*exp(-sqrt(-1)*k*(z-tf))+Ei(2,1)*exp(sqrt(-1)*k*(z-tf))]; 

    El=Er; 

    Al=Am; 

end 

    k=(2*pi/lamda)*n(1); 

    kt=(2*pi/lamda)*n(nn); 

    z1=[-t(1):res:-res];z2=sum(t(2:nn-1)+res):res:sum(t(2:nn-1))+t(nn); 

    EE=[1*exp(-sqrt(-1)*k*(z1))+Eb*exp(sqrt(-1)*k*(z1)) EE Et*exp(-sqrt(-

1)*kt*(z2))]; 

    position=[z1 zz z2]; 
     

 


