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ABSTRACT 

FUNCTIONAL NANOPLASMONIC DEVICES AND 

NOVEL PHOTONIC MATERIALS 

Enes Battal 

M.S. in Electrical and Electronics Engineering 

Advisor: Assist. Prof. Dr. Ali Kemal Okyay 

June, 2015 

Plasmonics is one of the pillars of nanophotonics involving light matter 

interactions. Its applications found very wide range covering photovoltaics, photo-

detection, optical communication, surface enhanced infrared absorption and Raman 

spectroscopy, infrared and THz imaging. Although the number of applications is very 

high, the underlying plasmonic structures are limited. In this thesis, we utilize a 

common plasmonic resonator structure namely metal-insulator-metal (MIM resonators) 

to realize active beam steering in the infrared spectrum. We investigate radiation 

characteristics of a phased array antenna formed by MIM resonators. 

Materials-wise, low intrinsic loss, CMOS compatibility and bio-compatibility 

are among the crucial requirements for various applications of plasmonics. Noble 

metals are the dominant materials used in plasmonics to get high localization of the 

incident field among which gold and silver face serious challenges due to high intrinsic 

loss and lack of CMOS compatibility. We introduce InN as a novel plasmonic material 

thanks to its high concentration of free carriers and investigate its optical characteristics 

in the IR spectrum. We form a proof-of-concept absorber and investigate its plasmon 

excitation characteristics. On the other hand, we introduce another material ZnO, non-

plasmonic, suitable for infrared imaging purposes with strong absorption characteristics. 

Optical modulators are at the very heart of active light manipulation 

technologies such as integrated optics, bio-sensing, telecommunications, radio 

frequency and terahertz applications. Although various modulation schemes 
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have been realized, the underlying mechanisms providing modulation did not 

change significantly. The common modulation methods can be listed as free 

carrier dispersion, thermo-optic method, use of liquid crystals, magneto-optical, 

optically nonlinear materials and recently introduced solid-state phase-change  

materials. Here we introduce another mechanism called resistive switching for 

optical modulation in the infrared spectrum. We investigate electrical resistive 

switching characteristics of an Al/ZnO/Si stack and optical modulation 

characteristics under electrical bias. We obtain hysteretic modulation in the 

reflection spectrum. We also investigate the thermo-optic modulation 

characteristics of atomic layer deposited ZnO through spectroscopic 

ellipsometry and realization of actively reconfigurable reflector surface. 
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ÖZET 

İŞLEVSEL NANOPLAZMONİK AYGITLAR VE YENİ 

FOTONİK MALZEMELER 

Enes Battal 

Elektrik ve Elektronik  Mühendisliği, Yüksek Lisans 

Tez Danışmanı: Yrd. Doç Dr. Ali Kemal Okyay 

Haziran, 2015 

Plasmonik ışık ve madde arasındaki etkiletişimi inceleyen etkin nanofotonik 

alanlarından birisidir. Uygulama olarak güneş enerjısı, ışık detektörleri, optik iletişim, 

yüzey geliştirilmiş kızılötesi and Raman spektroskopi, kızılötesi and terahertz 

görüntüleme gibi alanları kapsamaktadır. Uygulama alanları çok olmasına ragmen 

plazmonik etkilerin gözlemlendiği yapılar limitlidir. Bu tezde, bilinen bir plazmonik 

yapı olan metal-yalıtkan-metal rezonatörlerin kızılötesi spektrumda aktif ışık 

yönlendirme uygulaması incelenecektir. Bu rezonatörlerle oluşturulan faz dizi anten 

konfigurasyonunun yayılma karakteristikleri incelenecektir. 

Malzeme özellikleri açısından plazmonik uygulamalarda düşük iç kayıp 

CMOS fabrikasyon uyumluluğu ve biyo-uygunluk aranan kritik özellikler arasında 

gelmektedir. Plazmon uyarma malzemesi olarak asil metaller yüksek ışık lokalizasyonu 

için çok yaygın olarak kullanılmaktadır. Bunların arasından altın ve gümüş yüksek iç 

kayıp ve CMOS fabrikasyon uyumsuzluğu sorunlarını göstermektedir. Bu çalışmada 

yüksek sayıdaki serbest yük taşımasındasından olayı indiyum-nitratı CMOS 

fabrikasyonuna uygun kızılötesi plazmonik malzeme olarak incelenmektedir. Indiyum 

nitratın kızılötesi optik özellikleri, kızılötesi soğurucu uygulaması ve plazmon 

karakteristikleri incelenecektir. Diğer yandan, çinko-oksit alternatif plazmonik olmayan 

kızılötesi görüntüleme çalışmalarına uygun yüksek soğurucu özellikler gösteren 

malzeme olarak incelenecektir. 
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Optik modülatörler entegre optik, biyo-algılama, telekomunikasyon, 

radio frekansı ve terahertz uygulamaları gibi aktif ışık manipülasyon 

teknolojilerinin kalbinde bulunmaktadır. Bu uygulamalar için birden fazla optik 

modülasyon şemaları gerçekleştirilmiş olmasına ragmen altta yatan optik 

modülasyon mekanizmeleri çok değişmemiştir. En sık kullanılan modülasyon 

mekanizmaları arasında serbest yük kontrolü, termo-optik yöntem, sıvı kristal, 

opto-manyetik, lineer olmayan ve yeni ortaya çıkan katı katman faz değişimi 

malzemeleri yer almaktadır. Burada, direnç değişimi yöntemi yeni bir kızılötesi 

aktif modülasyon tekniği olarak sunulmaktadır. Al/ZnO/Si yığınının elektriksel 

direnç değişimi karakteristikleri ve elektrik uygulanması sırasında optik 

modülasyon karakteristikleri incelenmektedir. Işısal yansıma spektrumunda aktif 

histeresiz gösteren modülasyon gözlemlenmektedir. Bu çalışmanın yanı sıra, 

atomik katman kaplama tekniği ile büyütülmüş çinko-oksit malzemenin termo-

optik modülasyön karakteristikleri de incelenmiştir. Bu malzeme spektroskopik 

elipsometre ile incelenmiş ve bununla aktif olarak değiştirilebilen yansıma 

yüzeyi tasarlanmıştır. 

 

 

 

 

 

 

 

Anahtar Sözcükler: Elektro-optik, termo-optik, kızılötesi, plazmonik. 
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Chapter 1 

 

Introduction 

 

1.1. Plasmonics 

Plasmonics is the field investigating the light matter interactions at the 

sub-wavelength scale. When the light is incident on a surface with high amount 

of free carriers, charge polarization can be induced which can be transformed 

into oscillating charges associated with an electromagnetic wave bound to a 

surface called surface plasmon. Surface plasmons can provide immense light 

localization within a very small surface beyond the limits of conventional 

nanophotonics; therefore, enable the way to realize highly resonant optical 

devices.  

Surface plasmons (SPs) have been tailored to improve the overall device 

performance in photovoltaics [1-3] and photo-detection [4-6] applications by 

realization of broadband or perfect absorbers. In bio-sensing, frequency 

selective resonant surface using SPs have been realized to introduce selectivity 

in biologic sample detection [7]. In addition, sensitivity enhancing plasmonic 

structures have been introduced for high performance bio-sensing [8]. In solid-

state lighting, surfaces with enhanced scattering cross section have been 

achieved using metallic nanoparticles which utilize localized SPs [9, 10]. Metal-

based plasmonic waveguides have been introduced in order to provide chip-to-

chip optical communication in integrated optics applications [11, 12]. Optical 

modulators exploiting strong plasmonic resonators have been exploited to push 
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the limits in modulation indices [13, 14]. Utilizing the localization properties of 

surface plasmons at sub-wavelength scales, nano-lithography below the 

diffraction limit has been realized in near-field lithography [15, 16]. The 

applications are not only limited to spectral region near the visible and infrared 

wavelengths. In the THz and microwave regions of the spectrum, ultra-

broadband radar absorbers [17] as well as wave manipulators [18] have been 

realized. Depending on the application requirement, plasmonic structures with 

low-loss, high absorbing or high quality factor could be desired and their 

realization is highly dependent on the structure geometry as well as material 

properties. In this thesis, beam steering as a novel application of plasmonics is 

investigated; in addition, a new plasmonic material is introduced. 

1.2. Optical modulation schemes 

Optical modulators are at the very heart of active light manipulation 

technologies. Although the main push for advanced optical modulation 

technologies is due to overcome the interconnect bottleneck in current CMOS 

technology, recent efforts widened application range to bio-sensing [19], 

telecommunications [20], radio frequency and terahertz applications [21]. The 

demands for these applications can be listed as fast, high bandwidth, energy 

efficient, compact, scalable and integrable modulation technologies. To improve 

the manipulation abilities over the optical properties of matter, various number 

of modulation schemes utilizing resonant [22] or non-resonant [23] effects have 

been put forward. Yet, there is no significant change in the underlying 

mechanisms establishing optical modulation. The most common method of 

optical modulation is through field induced variation of free carriers within a 

semiconductor which would induce refractive index modulation [24]. Another 

method is thermo-optic modulation which is highly suitable for monolithic 

integration [25]; with additional cost of keeping thermal stability [20]. Among 

the alternatives, liquid crystals [26] are known to provide high refractive index 
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variations, magneto-optical materials [27] allow fast switching, optically 

nonlinear materials [28] enable all optical modulation. However, these methods 

induce, additional fabrication costs due to their material-wise hybrid nature. A 

recently introduced method is solid-state phase-change [29] technique switching 

between metallic and dielectric phases via atomic scale modifications. This 

method offers large refractive index variation with fast switching speeds [30], 

low switching power [31] and provides non-volatility [30].  The research for 

enhancing the modulation performance along with aim for the low-cost and 

integration suitability continues. In this thesis, atomic layer deposited ZnO will 

be investigated as an alternative high performance dielectric material and a 

novel electro-optic modulation mechanism called resistive switching will be 

introduced. 

 

1.3. Thesis Overview 

In most of the work of this thesis, theoretical calculations based on finite 

difference time domain simulations and extraction of optical constants of 

dielectric materials via spectroscopic ellipsometry method is performed. 

Therefore, these methods will be described in Chapter 2 of this thesis in detail. 

In Chapter 3, beam steering is introduced as a novel application of a 

plasmonic resonator called metal insulator metal (MIM). Radiation 

characteristics of a phased array antenna formed using MIM unit cells is 

investigated. 

In Chapter 4, a new plasmonic material, InN, is introduced for infrared 

applications. Infrared optical characteristics of InN films are investigated and 

compared with Au. For proof-of-concept demonstration, a plasmonic infrared 

absorber is realized. 
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Chapter 5 presents the optical characterization of atomic layer deposited 

ZnO for infrared imaging applications. For various deposition temperatures, 

ZnO films are characterized through spectroscopic ellipsometry and a reference 

device based on this material is investigated and compared with commercially 

available counterparts. 

In Chapter 6, atomic layer deposited ZnO is investigated as an alternative 

thermo-optic modulation material. Thermo-optic coefficients larger than 

conventional large band-gap materials have been obtained and a thin film 

thermally tunable reflective surface have been realized. 

Lastly, in Chapter 7, a novel mechanism electro-optic modulation 

mechanism called resistive switching is introduced and investigated in depth. 

Electrical and opto-electronic characterization of Al/ZnO/Si resistive switching 

device is performed and theoretical calculation of refractive index modulation 

by taking the variation in te effective doping concentrations due to modification 

of local stoichiometry in the dielectric layer is performed. 
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Chapter 2 

 

Methods 

 

2.1. Finite difference time domain (FDTD) method 

Finite difference time domain method is a simulation method developed for 

solving Maxwell`s time dependent curl equations (Eqs. 2.1 and 2.2).  

∇ × 𝐸 = − 
𝜕𝐵

𝜕𝑡
     (2.1) 

∇ × 𝐻 = 𝜎𝐸 + 
𝜕𝐷

𝜕𝑡
    (2.2) 

As the name implies, the solution is in time domain and performed by sending a 

short light pulse involving the range of desired frequencies. Eqs 2.1 and 2.2 are 

discretized using central difference approximation according to Yee`s FDTD 

algorithm[32]. In this thesis, a commercial Maxwell FDTD solver named FDTD 

solutions by Lumerical Inc is used. An exemplary simulation environment is 

shown in Figure 2.1. In the example, the simulations is bounded with perfectly 

matched layers (PML) in the +/- y directions to simulate infinite space and 

periodic boundary is assumed in the +/- x directions to have infinite repetition. 

The source injects the multi frequency plane-wave light from the top and the 

monitors collect the transmitted light through themselves to be Fourier 

transformed at the end of the simulation to get the steady state response of the 

structure. 
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Figure 2.1 – An exemplary simulation environment 

2.2. Spectroscopic ellipsometry 

Any dielectric material can be optically defined by its complex refractive index, 

𝑛̃ = 𝑛 + 𝑗𝑘, which is the square root of its dielectric permittivity . Any material 

that propagates through a dielectric medium goes into polarization change. 

Spectroscopic ellipsometry method uses this change in the polarization upon 

reflection or transmission of incident light to extract the refractive index of the 

given material. In fact, more information such as film thickness, surface 

roughness, material composition, carrier concentration, band structure and 

mechanical properties can be extracted through theoretical modeling of the 

extracted data from the spectroscopic ellipsometry method. In this thesis, 
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spectroscopic reflection ellipsometry is utilized to extract various properties of 

thin films. 

A reflected light would undergo polarization change which is described 

by complex reflectance ratio 

𝜌 = tan(𝛹) 𝑒𝑗𝛥 =
𝑟𝑝

𝑟𝑠
      (2) 

experimentally extracted by measuring Ψ and Δ which are amplitude ratio and 

phase shift. In order to measure these parameters, the incident light is passed 

through a polarizer to fix the initial polarization to a known state. Then the 

polarization of the reflected light is measured by passing through a polarization 

matching device set called compensator and analyzer. In order to match to the 

polarization of the reflected light the compensator and analyzer rotate which 

result in a changing intensity at the detector. This intensity is maximized when 

the matching to the polarization of the reflected light is accurate. A depiction for 

this configuration is shown in Figure 2.2.   

 

Figure 2.2 – Depiction of a rotation compensator-analyzer spectroscopic ellipsometers 

device. 
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When the measurement is complete, Ψ/Δ pair is converted to Fresnel reflection 

coefficients and fit using oscillator functions modeling the dielectric permittivity 

such as Lorentz, Drude, Cody-Lorentz and Gaussian oscillators to determine the 

refractive index. 

In this thesis the spectroscopic ellipsometry measurements are performed 

using commercial ellipsometers V-Vase and IR-Vase by J. A. Woollam Co. for 

UV- VIS-NIR and Mid-IR wavelengths, respectively. 
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Chapter 3 

 

Metal insulator metal plasmonic infrared beam 

steering 

This chapter is based in part on the publication “Metal-dielectric-metal 

plasmonic resonators for active beam steering in the infrared,” E. Battal, and A. 

K. Okyay, Optics Letters Vol. 38, Issue 6, pp.983-985 (2013). Reproduced (or 

‘Reproduced in part’) with permission from Optical Society of America 

Publishing Group. Copyright 2013 Optical Society of America 

3.1 Introduction 

Previously, a vast amount of research effort is spent on steering the light beams. 

Holographic imaging technologies [33] and novel optical communication schemes [34] 

highly depend on controlling the propagation of light in active fashion. Such purposes 

lead the researchers to investigate reconfigurable diffraction gratings [35], movable 

micro lens arrays [36], tunable waveguides [37], electro-optic prisms [38], and leaky 

wave antennas [39]. The dominant technique to achieve non-mechanical beam steering 

is active modulation of refractive index. Magneto-optic [40], nonlinear [41], phase 

change [42] materials, doped semiconductors [43] and liquid crystals [35] are among 

the most commonly used materials for refractive index control. Novel beam steering 

devices utilizing surface plasmons (SPs) appeared at operation frequencies of near [44] 

and mid [45] infrared wavelengths. 

In the literature, metal-insulator-metal (MIM) devices are used to achieve 

strong plasmon resonances [46]. Within these devices, surface plasmons propagate at 
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the metal insulator interfaces in a coupled fashion resulting in very high localizations 

within very small volumes. The optical properties of such devices are shown to be 

manipulated using refractive index modulation [46]. With such a property, one can 

utilize these devices for the purpose of beam steering.  

In this chapter of the thesis, a phased array configuration of MIM plasmonic 

resonators operating at mid-infrared wavelengths is formed to realize beam steering. 

The radiation pattern of the phased array is investigated to extract the beam steering 

characteristics.  

3.2. Device structure and simulation setup 

The investigated structure is made of MIM resonators depicted in Figure 3.1. 

Due to computational limitations a phased array formed by five individual MIM 

resonators is investigated in this work. Each MIM resonator is formed by a dielectric 

layer placed in between two metallic layers. The device is assumed to be semi-infinite 

in z-direction described in Figure 3.1. To simplify the analysis, dielectric (td) and metal 

(tm) thicknesses are taken as 300nm and 100nm, respectively, and the center to center 

distance (d) between each MIM resonator is chosen as 2300nm. FDTD method is 

performed to analyze the radiation pattern of the structure. A plane-wave like 

illumination provided by the total field scattered field source is used to have in phase 

excitation of each array element. The illumination is from the top of the structure with a 

linear polarization having electric field vector along x-axis to achieve surface plasmon 

excitation and the wavelength λ is chosen as 10 µm.  Perfectly matched layers boundary 

condition is assumed in all directions. A near field to far-field projection technique is 

utilized to extract the far field radiation pattern at about 1m which is much higher than 

the device dimensions. The dielectric constants for the metal sections of the device are 

chosen to be of gold (Au), and the device is assumed to be suspended in air. The 

dielectric layer whose refractive index is to be modulated is chosen as Silicon. A widely 

used optical constants provided by Palik [47] are used in the simulations. The refractive 
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index of Si is decreasing from 3.42 to 3.27 as the carrier concentration of Si is reaches 

to the order of 10
18 

cm
-3 

from intrinsic values. The extinction coefficient of Si (kSi) is 

neglected since it is below 0.032 [47] where such an assumption wouldn t̀ produce 

change in the radiation pattern. Since modulation of electron concentration within Si 

can be achieved by several means such as thermal [48], electrical [43] or optical [49], 

the device is expected to be of practical use.   

 

Figure 3.1 – The phased array antenna like configuration of MIM resonators having different 

width values. Copyright 2013 Optical Society of America 

3.3 Results and discussion 

3.3.1 Radiation characteristics of a single resonator 

Surface plasmon Fabry-Perot (SP-FP) resonances can be realized within a finite 

plasmonic cavity formed by the top and bottom metal dielectric interfaces of an MIM 

device. A clear depiction is provided in Figure 3.2a such that  constructive interference 

of right propagating SPs (R-SP) and the left propagating SPs (L-SP) occurs [46]. The 
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resonance can be described by the formula 

                           
0

 
eff

kn w m                             (5.1) 

where k0 is the wave-vector of the incident light, neff  is the effective refractive index 

inside waveguide, w is the width of the slab, m is an integer and φ is the phase picked 

up by SPs upon reflection at the ends of the waveguide. The dispersion relation of MIM 

waveguide [46] gives, neff, as 3.72 for the wavelength of λ = 10 µm. 

 

Figure 3.2 - (a) MIM resonator unit having right (R-SP) and left (L-SP) propagating SPs. b) A 

standing wave is formed within the MIM cavity due to Fabry-Perot resonance. c) Radiation 

pattern of an MIM resonator unit resembling similarity to that of a dipole except with the 

asymmetry in the front and back intensities. Copyright 2013 Optical Society of America 

Initially, the radiation characteristics of an MIM resonator unit depicted in 

Figure 3.2a is studied. The first order resonance condition (m=1) satisfying Eq. (5.1) 

requires the width of the MIM resonator, w, to be 1320nm at λ = 10 μm. For the given 

condition, very high localization is achieved within the MIM cavity as depicted in 

Figure 3.2b. Such localization is due to the excited SP-FP mode. The resulting radiation 

pattern is similar to that of a dipole; however, there is a slight asymmetry due to having 

excitation from the top. Front and back lobe directivities are extracted to be 0.053 dBi 
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and 1.83 dBi, respectively. Half power beam widths (HPBW) of the front and back 

lobes are both higher than 150
o
. As the overall structure is symmetric about y-axis, the 

resulting lobes are also symmetric at around y-axis. 

3.3.2 Phased array antenna characteristics 

To achieve beam steering with a phased array antenna, each element of the 

array is fed with a different phase. In phased array MIM structure, the phase shift is 

achieved by modulation of refractive index for each element. An important point is 

that the widths of each unit should be different to achieve different phase shifts for 

each unit when the refractive indices of MIM resonators are modified collectively. 

Therefore, the widths of five MIM resonator units, w1, w2, w3, w4 and w5 are selected 

as 1320, 1380, 1440, 1500 and 1560 nm, respectively. These values are reached as a 

result of a parameter sweep around the resonant value (1320 nm). The resulting 

radiation pattern of the phased array device is shown in Figure 3.3a. At the refractive 

index value for intrinsic Si (nSi = 3.42), the front and back lobes of the array MIM 

structure are deflected by -4.7
o
 and -8.3

o
,
 
respectively, as a result of different phase 

shift contributions from each element. Directivity values surpass the previous value 

by increasing to 3.96 dBi for the front lobe and to 7.11 dBi for the back lobe. A 

significant decrease in the HPBW of the front and back lobes from the previous 

values to 42
o
 and 42.6

o
, respectively. These improvements are as a result of the array 

factor which would be introduced in the radiation pattern formulation. 
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Figure 3.3 - (a) The front lobe of the phased array-like MIM structure shifts by 8.75
o
 and the 

back lobe shifts by 2.35
o
 when nSi changes by 0.15. b) Normalized radiation intensity (|E|

2
n) at 

the center of the front lobe shifts continuously and its amplitude increases by decreasing nSi. 

Copyright 2013 Optical Society of America 

Figure 3.3a depicts the achieved active beam steering by refractive index 

modulation. While changing nSi from 3.42 to 3.27, the front lobe steers by 8.75
o
 from 

265.25
o
 to 274

o
. A continous sweep of nSi results in a continuous beam steering as 

shown in Figure 3.3b. The back lobe exhibits poor steering characteristics with a value 

of 2.35
o
. Only a slight change in the HPBW of the front lobe (3.4

o
) is observed due to 

the modulation of refractive index. 
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Figure 3.4 - Magnetic field intensity (|H|
2
) profile indicates a shift of resonant behavior towards 

wider elements (to right) as nSi decreases intermittently from (a) 3.42, to (b) 3.34 and (c) 3.27. 

Copyright 2013 Optical Society of America 

Extraction of H field intensity profiles shows the phased array like behaviour in 

Figure 3.4. From Figure 3.4a to 3.4c, the resonance strength of each resonator unit 

changes with the decreasing refractive index value and the resonance strength for each 

element is always different for each case indicating introduction of different phase shifts 

for the radiated field from these cavities.  
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Figure 3.5 - Maximum beam steering angle, Δθmax, is relatively preserved within a full-width 

half-maximum of 650nm around the operation wavelength (λ = 10 µm). Copyright 2013 

Optical Society of America 

Keeping the refractive index of Si the same, the beam steering (Δθmax) for the 

front lobe remains the same within a spectral full width half maximum (FWHM) of 

650nm between 9.68 – 10.33 µm wavelength range as depicted in Figure 3.5. This 

spectrum is highly beneficial for introducing beam steering to commercial CO2 lasers 

[50].  

3.4. Conclusion 

In this section of this thesis, beam steering is achieved utilizing metal-insulator-

metal resonators within a phased array antenna configuration at infrared operation 

frequencies. A continuous-angle beam steering of 8.75
o 

is calculated as a result of 

modulation of refractive index of Si by 0.15. A spectral steering bandwidth of 650-nm-

is achieved for the 10m center wavelength. The beam steering is observed to introduce 

no modification in the divergence angle of the device. The phased array antenna 

concept formed by MIM resonators demonstrated here can be scaled to visible 

frequencies as well as THz frequencies. 
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Chapter 4 

 

InN based infrared plasmonics 

 

4.1. Introduction 

Plasmonics found very wide range of applications covering photovoltaics [51], 

photo-detection [6], bio-sensing [52], optical communications [53], surface enhanced 

infrared absorption (SEIRA) [54] and Raman spectroscopy [55], infrared and THz 

imaging [56]. Most desired material properties for these applications of plasmonics are 

low intrinsic loss, CMOS compatibility and bio-compatibility. Noble metals have been 

the dominant material for surface plasmon excitation to get high localization of the 

incident field. Out of noble metals, gold and silver are considered problematic due to 

lack of CMOS compatibility and their relatively high loss. For various applications, 

large negative real part of the permittivity is also desired. To satisfy these needs, look 

for new plasmonic material has begun recently. Semiconductors with high amount of 

free carriers such as Al:ZnO [57], ITO [58], TiN [59] have been considered as good 

alternatives fulfilling the necessities. Alternatively, InN with metallic In [60] islands 

have attracted attention for the applications within the terahertz spectrum [61]. Yet, this 

material is not investigated for applications in infrared spectrum although its high 

concentration of electrons makes it viable. 

In this chapter of the thesis, optical properties of high-pressure chemical vapor 

deposition (HPCVD) grown InN films are investigated for plasmonic application 

purposes in the mid-infrared spectrum. An infrared absorber surface with InN is 
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realized for proof-of-concept demonstration. In the 3-20μm spectrum, spectroscopic 

ellipsometry technique is utilized to extract the optical constants of InN and its surface 

plasmon propagation characteristics are compared with that of Au. Strong plasmonic 

resonances are obtained by forming corrugated surfaces on an InN film and near perfect 

absorption is attained around 14μm wavelength. 

4.2. Sample preparation 

InN film is deposited on top of GaN/sapphire template. Corresponding 

scanning electron micrograph is depicted in Figure 4.1a. The InN film shows 

precipitated regions and 3D structures; however, the film can be assumed continuous 

with a certain surface roughness using effective medium theory. The device formation 

is realized on InN films by patterning via FEI Nova 600i NanoLab focused ion beam 

device using Ga
+
 ions accelerated under 30kV potential with 96pA current. Within 100 

x 50 µm
2
 area corrugations are formed on top of InN films as depicted in Figure 4.1b. 

The structural parameters of the corrugations such as depth, width and the period of the 

gratings are varied between, 300-900nm, 2-5µm, 5-10µm, respectively, to observe the 

effect of grating parameters on the plasmonic response. Strong charge polarization can 

be observed with large penetration of the incident field to the corrugations; therefore, 

the etching depth is kept at least at 300nm. 

 

Figure 4.1 – Scanning electron microscopy images of a) as grown HPCVD InN 

films and b) corrugated plasmonic structures  
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4.3. Optical characterization 

At angle of incidences of 40
°
 and 55

°
, spectroscopic ellipsometry measurements 

are carried out in order to obtain the optical properties of the InN films. Then, accurate 

modeling of dielectric constant, ε, is performed through spectral fitting of Drude and 

Lorentz oscillators which would include the effects of optical phonon modes and free 

carriers as well. The corresponding formulation is : 

 
2

2 2 2
( ) oD

D L L

D o L

E
E A A

E j E E E j E
 


   

    
           (8.1) 

where ε∞ is the static dielectric permittivity, E is the photon energy, Eo is the 

center frequency of the Lorentz oscillator, A and Γ are the oscillator amplitude 

and broadening, respectively for the Drude and Lorentz oscillators denoted by D 

and L in the subscript, respectively. For the as-grown films, 3.33, 11.42, 81.4, 

3.16x10
-2

 eV, 6.28x10
-3

 eV, 5.89x10
-2

 eV, are the values found to best fit ε∞, 

AD, AL, ΓD, ΓL and Eo parameters, respectively. The fittings resulted a film 

thickness of about 950nm. For the Drude oscillator, the relations A = 

(ћμеN)/(εom
*
) and B = (ће)/(μm

*
), where ћ is the Planck’s constant, e is the unit 

electronic charge, εo is the free space permittivity, m
*
 is effective mass of 

electrons, μ is the electron mobility, N is the carrier concentration, give the 

mobility and carrier concentration of InN films as 2.88x10
19 

cm
-3

 and 332.6 

cm
2
/V.s, respectively with m*=0.11mo [62]. The extracted carrier mobility  is in 

the range of reported values for InN [63]. Figure 4.2a and 4.2b show the 

obtained dielectric permittivity values along with that of Au [64] for comparison 

purposes. The dielectric constant of InN is lower than that of Au because of the 

higher plasma wavelength which is about 3.76μm compared to Au for which it 

is in the visible spectrum. The film exhibits phonon-modes centered at 21.05μm, 

which effects the dielectric permittivity significantly. The observed phonon 

mode is identified as E1
TO 

[65]. Plasmonic characteristics of InN films have 
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been investigated through extraction of propagation length (LP) and mode size 

(DW) which indicates field confinement and compare these values with that of 

Au using the following relations,  

 

Figure 4.2 – Comparison of optical properties of Au and InN for a) real 

and b) imaginary parts of their dielectric permittivity, c) plasmon 

propagation length and d) mode size assuming they contact with air 

interface.  
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where  01/ Re 1/ ( 1)air mk    ,  2

01/ Re / ( 1)m m mk     , and k0 is the free space wave-

vector and εm is the dielectric permittivity of the plasmonic material. Figure 4.2c depicts 

surface plasmon propagation length along Au/air interface which exceeds that of 

InN/air interface by one order of magnitude; whereas InN offers better mode 

confinement as depicted in Figure 4.2d. These properties make InN as a good candidate 

for plasmonic filter/absorber structure design. 

4.4. Device analysis 

A representative depiction of the single dimensional plasmonic grooves 

patterned on fresh InN films is depicted in Figure 4.3a. In order to verify the extracted 

optical constants, fourier transform infrared (FTIR) reflection measurements from the 

fresh InN films at normal incidence is performed using Bruker Vertex 70 FTIR 

Spectrometer with Hyperion Microscope attachment. The reflection spectra are 

compared with simulation results assuming a flat 950-nm-thick InN film FDTD 

method. Throughout 3-20μm spectrum a very good agreement between experimental 

and theoretical results is achieved and depicted in Figure 4.3b. Slight disagreement at 

the higher wavelengths and lower wavelengths is attributed to the surface roughness of 

the films. In the un-patterned film optical Fabry Perot resonance is observed for the 

quarter-wave film thickness corresponding to the wavelength of 3m in agreement with 

the formulation d = mλ/4n for m=1 where d is the thickness of the film, m is the order 

of the resonance, n is the refractive index of the film. As a result of this resonance, 

strong absorption is observed around the wavelength of resonance. 

The excitation of surface plasmons is highly dependent on having charge 

polarization along a metal-dielectric interface. For the corrugations formed by InN, the 
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incident light should have electric field component perpendicular to the corrugations 

(transverse magnetic, TM, polarization) for this purpose. In order to observe surface 

plasmon resonance on InN films, the gratings width and period is selected to be 6μm 

and 10μm, respectively and the corresponding reflection spectra is depicted in Figure 

4.3c. The strength of the resonance can be measured from the strength of the absorption 

which is highest at around 14μm. FDTD simulations of the patterned structure is  

 

Figure 4.3 – Device structure with reflection characteristics. a) Representative 

image for fresh and corrugated films. b) FTIR reflection spectra of the un-

patterned film agrees well with FDTD simulations c) The patterned grating 

structure with the period (P) of 10μm and width (W) of 6μm shows surface 

plasmon assisted strong absorption at around 14μm. d) The structure exhibits 

plasmon resonance in TM polarization and no- plasmonic resonance at TE 

polarization as expected. 

performed assuming InN gratings on top of 800nm GaN and c-plane sapphire substrate. 
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In-plane optical constants of GaN [66] and c-Sapphire [67] existing in the literature are 

used. At the wavelength of strong resonances, the FDTD simulations and FTIR 

measurements agree very well in Figure 4.3c. The observed disagreements are 

attributed to the imperfections of the InN film which could reflect as higher modes of 

resonances or resonance broadening. The corrugated films exhibit polarization 

dependent reflection spectra which has a highly resonant plasmonic absorption at TM 

spectra and no plasmonic resonance for the TE spectra as expected. Reflection spectra 

for the flat film and corrugated film for TE polarization is similar with a slight 

difference of magnitude due to loss of light to the transmission spectrum as a result of 

light passing through the corrugations. 

 

Figure 4.4 – Electric field intensity profiles for W=6μm, P=10μm, at the 

resonant wavelengths of a) λ = 5.5μm and b) 14μm.  

In order to investigate the excited plasmon modes within the corrugated films, 

the electric field intensity profiles are extracted in Figure 4.4a and b. At λ = 5.5μm, the 

corrugated structure exhibits localized surface plasmon resonances around the film 

corners which in turn would enhance backward scattering and absorption. Moreover, 

the films exhibit strong excitation of propagating surface plasmons on top of InN/air 

interface. The excited SP resonance consists of two propagating waves reflected from 

the edges of the surface with /2 phase shift. As a result, a constructive interference 
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occurs and SP Fabry-Perot resonance arise. The constructive interference equation is 

given by m=2nSPW/λ+1/2
 
where nSP = (εmεd /(εm+ εd))

1/2
 is the effective refractive index 

for the SP, εd is the dielectric permittivity of the dielectric  and m is an integer 

representing mode order. Since the dielectric layer is air, εd is 1, the order of mode is 

m=3. The arising resonances are not coupled such that there is no interaction between 

individual slabs of gratings. However, for the wavelength of 14μm in Figure 4.4b, there 

is strong periodic coupling between unit-cells arising from dipolar resonance 

excitations. The excited surface plasmon mode can be explained by the grating 

momentum matching formula m2/P = 2nSP/λ which matches the momentum 

obtained by the scattering due to gratings to that of surface plasmons. For this mode, 

effective index approximation is carried out since the resonant field interacts with both 

air and GaN layers. From the field profile it is apparent that most of the field is localized 

to the 2-μm-thick air region and 0.8-μm-thick GaN film; therefore, εd is found to be 

1.43 assuming 2:0.8 air/GaN ratio satisfying the momentum matching of the first order 

SP mode (m=1). 

 

Figure 4.5 – Reflection spectra for different structure parameters under TM 

polarized light indicate that the resonant wavelengths of the plasmon modes red-

shift with the increasing structure parameters. 
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The effect of structural parameters, W and P, on the plasmon resonances is 

explored in Figure 4.5. The location of the surface plasmon resonances do not shift with 

the decreasing width of the films significantly as a result of the decreased mode order 

around the same wavelengths. Decrease in the periodicity cause small red-shift of the 

resonances around 13.9μm to 13.8μmp; whereas, it is slightly higher for the resonance 

at 8μm. 

4.5. Conclusion 

HPCVD grown InN is introduced as an alternative plasmonic material for 

infrared applications. Optical properties of the InN films are investigated through 

spectroscopic ellipsometry technique within 3-20μm spectrum and observed that InN 

exhibits plasmon wavelength below the mid-IR range making it good alternative for 

plasmonics applications in the mid-IR range. Plasmon propagation loss and mode 

confinement characteristics of InN is compared with that of Au and found out that InN 

is better at mode confinement. A strong plasmonic absorber surface supporting more 

than one resonant plasmon modes including surface plasmon fabry perot mode and 

localized surface plasmon modes is realized. This study demonstrated the viability of 

InN as a plasmonic material which makes it suitable for bio-sensing and CMOS 

compatible plasmonic applications. 
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Chapter 5 

 

Optical characterization of atomic layer deposited 

ZnO as a novel bolometric material 

This chapter is based in part on the publication “Atomic-layer-deposited zinc 

oxide as tunable uncooled infrared microbolometer material,” E. Battal, S. 

Bolat, M.Y. Tanrikulu, A. K. Okyay and T. Akin, Physica Status Solidi (a) 

applications and materials science Vol. 211, Issue 11, pp.2475-2482 (2014). 

Reproduced (or ‘Reproduced in part’) with permission from John Wiley and 

Sons Publishing Group. Copyright 2014 John Wiley and Sons 

5.1. Introduction 

Superior electronic and optical characteristics of ZnO [68, 69] made it 

find place within thin film electronics, sensors, and optoelectronics applications. 

Its high electron mobility allowed to realize thin film transistors as an alternative 

to amorphous Silicon [70, 71]. Due to large band-gap of ZnO, 3.37eV, large 

amount of self-doping induced by defects, ZnO has been widely used as a 

transparent conducting oxide [72, 73] in addition to an ultraviolet sensor [74]. 

However, its optical properties within the infrared (IR) region of the spectrum 

are not yet fully explored. One candidate application could be infared imaging 

where microbolometers are dominant. These devices can operate at room 

temperature and low cost, compact, CMOS compatible which make them 

preferable over other technologies. Similar to all other type of detectors, 

operation of a microbolometer depends on the absorption within an infrared 
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sensitive layer. In general, this layer is also used as a structural layer to form the 

whole pixel. Most commonly employed material for this purpose is Si3N4 [75]. 

Currently, a vast amount of research effort is being made to increase the 

performance of the present microbolometers. One way of achieving this aim is 

to have materials with better absorption performance within the spectrum of 

interest. 

For the case of ZnO, research on its infrared optical properties which is 

very crucial for infrared imaging applications, is very limited. Generally, free 

carrier effects and optical phonon modes are the dominant factors defining the 

dielectric constant of materials within the IR spectrum. Previously, it has been 

shown that pulsed laser deposited ZnO films have phonon modes within 300-

600 cm
-1

 (~16µm-33µm) spectrum [76]. On the other hand, it has been known 

that atomic layer deposited (ALD) ZnO films have large amount of free carriers 

whose amount can be controlled via deposition parameters [77]; thus, it is 

expected to have free carrier dominant optical properties for ALD grown ZnO 

films. ALD grown ZnO is not yet explored as an infrared absorber layer for the 

microbolometer application purposes. 

In this chapter of the thesis, I explore the optical properties of ALD 

grown ZnO and its suitability for microbolometer applications. By modulation 

of deposition temperature, the optical characteristics of the deposited films are 

modified significantly. In addition, a reference microbolometer design is 

proposed and compared with commercially available materials. 

5.2. Optical Properties 

Spectroscopic ellipsometry method is exploited to extract the optical 

properties of atomic layer deposited ZnO. ZnO is known to have an extinction 

coefficient (k) close to zero at the wavelengths above its band-edge. For such 
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films, Cauchy dispersion model, which is suitable for characterization of 

transparent thin films [78], can be used. Initially, this model is employed within 

the 400-1700nm spectrum in order to find film thickness. The formulation for 

the refractive index and the extinction coefficient in Cauchy dispersion model is 

as follows: 

                  𝑛(𝜆) = 𝐴 +
𝐵

𝜆2 +
𝐶

𝜆4               (6.1) 

𝑘(𝜆) = 𝐴𝑘𝑒𝐸𝑘(
ℎ𝑐

𝜆
−𝐸𝑏)

      (6.2) 

where A, B, C, Ak and Ek are fit parameters for the model and Eb is the band edge 

which is assumed to be 3.37eV. In Table 5.1, the corresponding parameters 

resulting the best fit along with the film thicknesses are given. 

Growth 

Temperature 

Thickness 

(nm) 

A B 

[x10
-2

] 

C 

[x10
-4

] 

Ak 

[x10
-2

] 

Ek 

(eV) 

80
 o
C 38.5 1.818 4.37 4.13 4.55 1.73 

120
 o
C 45.5 1.816 5.05 3.92 4.68 1 

200
 o
C 44.9 1.813 4.74 2.84 2.8 0.2 

250
 o
C 34.6 1.786 3.03 2.84 2.18 0.229 

Table 5.1 - Cauchy parameters for different ZnO deposition 

temperatures within 400 - 1700nm spectrum. 

It is known that the infrared spectrum is generally sensitive to free carrier 

effects; therefore, the inclusion of free carrier effects is crucial. Drude oscillator 

is known to model the effect of free carriers for the measured Ψ/Δ spectrum 

obtained via infrared spectroscopic ellipsometry. In order to accurately model 

the optical constants within the measured spectrum, 1.8-15µm, a Drude 

oscillator along with a Lorentz oscillator is utilized as described in the following 

formulation, 

𝜀(𝜔) =  𝜀′(𝜔) + 𝑗𝜀′′(𝜔) =  𝜀∞ +  𝜀𝐷𝑟𝑢𝑑𝑒(𝜔) + 𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 (𝜔)  (5.3) 
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𝜀𝐷𝑟𝑢𝑑𝑒(𝜔) = −𝐴
Г

((ħ𝜔)2+𝑗Гħ𝜔)
                   (5.4) 

𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 (𝜔) = 𝐴
Гħ𝜔𝑛

(ħ𝜔𝑛)2−(ħ𝜔)2−𝑗Гħ𝜔
    (5.5) 

where ћ is the Planck's constant, ∞ is the static dielectric permittivity, A is the 

amplitude of the oscillator,  Γ is the broadening, ωn is the center frequency of 

the oscillator and ω is the frequency. 

The IR optical constants are determined by a least square error algorithm 

using the thickness values listed in Table 5.1 assuming the films as isotropic. As 

the conductivity of the 80
o
C grown films is very low, free carrier doesn`t 

contribute to dielectric constant significantly; therefore, Drude oscillator is 

neglected for this temperature. In Table 5.2, the values resulting the best fit in 

parameters of Eqs. (5.3)-(5.5) are listed. The corresponding complex dielectric 

constants are plotted in Figure 5.1. The amplitude of the Drude oscillator is 

related to the amount of free carriers within the film. Table 5.2 indicates 

significant modulation in the amount of free carriers with deposition temperature. 

On the other hand, the Lorentz oscillator parameters have relatively low 

variance which is attributed to be small variation in the phonon mode properties 

of the films by deposition temperature. 

Growth 

Temperature 

 

 

∞ 

Lorentz Drude 

A Γ 

(cm
-1

) 

ωn 

(cm
-1

) 

A 

(cm
-1

) 

Γ 

(cm
-1

) 

80
 o
C 3.70 35.7 47.07 396.5 - - 

120
 o

C 3.71 51.2 48.3 397.3 1694 8468 

200
 o

C 3.65 51.6 52.74 397 8109 2024 

250
 o

C 3.25 55.8 60.98 396.5 14886 2241 

Table 5.2 – Both Lorentz and Drude oscillator parameters within the 

infrared spectrum of interest as a function of ZnO deposition temperature. 
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Figure 5.1 - ALD deposited ZnO optical constants for various deposition 

temperatures. (a) Real (') and (b) Imaginary ('') parts of the dielectric 

constants of the ALD grown ZnO films is a function of deposition 

temperature. Metallic behavior becomes dominant at higher temperatures 

due to increased concentration of free carriers. Copyright 2014 John 

Wiley and Sons 

Absorption properties of the films can be extracted from the imaginary 

part of the dielectric constant (''). Increased deposition temperature results in 

highly absorptive films which make them suitable for microbolometric 

applications as high absorption is desired for the application purposes. There is 

also significant control over the real part of the dielectric constant (') by 

deposition temperature. The plasma wavelength (p) for the materials, at which 

' becomes zero, redshifts for lower deposition temperatures. This indicates 

lowering of electron concentration; therefore, conductivity. For 120
o
C and 80

o
C 

deposited films, p remains above the wavelength range of interest, noting that 

120
o
C deposited film has higher conductivity compared to 80

o
C deposited film 

due to having lower ' within the entire spectrum. The plasma wavelength for 
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200
o
C and 250

o
C deposited films are 8µm and 4.08µm, respectively; therefore, 

these films exhibit metallic behavior which can be exploited for dielectric based 

plasmonics in bolometric applications. 

In order to verify the optical constants, Fourier transform infrared (FTIR) 

reflection spectrum of the as grown ZnO films are measured with respect to the 

Si reference such that the spectra would indicate reflection from ZnO surface 

divided by reflection from uncoated Si surface. Simulations of the reflection 

spectra are performed using the extracted optical constants. The corresponding 

results for measurements and simulations, which agree very well, are depicted in 

Figure 5.2. 

 

Figure 5.2 – Comparison of FTIR reflection measurements (solid lines) 

with simulations (dashed lines) using extracted optical constants. The 

agreement between the measured and simulated spectra indicates the 

accuracy of the extracted permittivity values. Copyright 2014 John Wiley 

and Sons 
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5.3. Device Analysis 

 In order to get a good knowledge on the absorption performance of the 

films, a reference bolometer structure [78] made of Si3N4, which is the 

commercial standard, is compared with the deposited films via FDTD 

simulations. The reference structure consists of an absorber layer above a 

metallic reflector with an air gap of 2µm as shown in Figure 5.3a [78]. For all of 

the films, the simulated absorption spectrum calculated as 1-Reflection is 

depicted in Figure 5.3c. For the spectrum of interest, 8-12µm, all ZnO films 

exhibit viable absorption characteristics. It is more clear in the integrated 

absorption plot for 8-12µm in Figure 5.3b such that absorption performance 

comparable to Si3N4 is achieved for all ZnO films except for 80
o
C whereas 

200
o
C deposited ZnO film having 85% absorption exceeds Si3N4 by 13% which 

makes it a very attractive structural material. Due to low '' (below 1) of 80
o
C 

deposited ZnO films, there is low absorption for this case; nevertheless, 80
o
C 

deposited films can still be useful an infrared anti-reflective coating due having 

relatively low refractive index. 
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Figure 5.3 - Reference structures depiction with absorption 

characteristics for different materials. (a) 3D depiction of reference 

structure. (b) FDTD simulation of average absorption for both ZnO and 

Si3N4 films in 8-12µm spectrum. (c) The spectral absorption for all of 

the compared films. Copyright 2014 John Wiley and Sons 

5.4. Conclusion 

Suitability of optical properties of ALD deposited ZnO films for 

bolometric applications is investigated in this chapter. For various deposition 

temperature, optical constants of ALD deposited ZnO films are extracted and 

modeled utilizing Drude and Lorentz oscillators. Since ALD provides 

modulation of free carrier concentrations by variation of deposition temperatures, 

the dielectric properties of the films could be manipulated as desired. By 

incrementing the deposition temperature, ZnO films with absorption 

performance ranging from relatively low to very high can be obtained. 

Comparison of the ZnO films with a commercial standard absorber material 

indicated that 200
o
C deposited ZnO films perform much better; therefore, 



34 

 

become a good candidate for replacing the commercial standard absorber 

material in microbolometers. 
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Chapter 6 

 

ZnO as an alternative thermo-optic material 

 

6.1 Introduction 

The desired control over light matter interactions resulted in birth of 

reconfigurable optical structures especially due to expansion of optoelectronic 

applications within optical computation and communication, display, lighting, imaging, 

holographic technologies. The most dominant methods of optical modulation is 

utilization of free-carrier effects, electro-absorption, electro-optic and thermo-optic 

effects. However, these effects hit the limits in terms of loss, modulation contrast, 

speed, bandwidth, spectral coverage or integration cost; therefore, search for new 

schemes has grown. Recently, new optical modulation schemes have been 

demonstrated such as coupling metamaterials [22], plasmonic gratings [79], optical 

cavities [80] and photonic crystals [81] with well-known optical modulation media i.e. 

Silicon [82], GaAs [83], LiNbO3 [84], liquid crystals [85]. On this end, advancements 

large band-gap electronics attracted attention in their integration to electro-optical 

applications within visible and ultraviolet spectrum. 

In this section of the thesis, atomic layer deposited ZnO is introduced as a new 

material exhibiting large thermo-optic effects. Active modulation of refractive index is 

achieved within the UV-VIS-NIR spectrum and demonstrated via realization of a 

Fabry-Perot cavity exhibiting resonant absorption. By modulating the temperature 

between 23
o
C and 200

o
C, more than 5nm shift in the resonances within UV-VIS-NIR 

spectrum is achieved. Through spectroscopic ellipsometry, temperature dependent 

refractive indices of ZnO in 300-1600nm spectrum are extracted. Around the band-

edge of ZnO, largest refractive index modulation is observed and the band-edge is red-
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shifted due to thermal expansion. Optical properties of ZnO is also investigated in mid-

IR spectrum covering 4-40µm and found out that no significant modulation is obtained. 

However, the thermal relaxation is verified through the observed red-shift of the optical 

phonon modes of ZnO. A thermo-optic coefficient of 9.17x10
-4
/
o
K is obtained around 

the band-edge which is the largest among the large band-gap materials 

6.2. Ellipsometric Characterization 

Ellipsometric measurements are performed in UV-VIS-NIR from a Fabry Perot 

resonant cavity structure formed by coating a 240-nm-thick ZnO layer on top of a p-

type silicon wafer with resistivity in the range of 0.1-0.9 Ω-cm. Standard RCA cleaning 

procedure is carried out before film deposition. Using atomic layer deposition 

technique, ZnO is coated through 1700 deposition cycles within Cambridge Savannah 

100 chamber at 250
o
C.  

Prior to the ellipsometric measurements, annealing is carried out on the samples 

at 250
o
C in atmospheric conditions for 90 minutes. A cyclic temperature dependent 

ellipsometric measurement is carried out while modulating the sample temperature 

between 23
o
C and 200

o
C with illumination at an angle of incidence of 55

o 
and 57

o
. A 

nonlinear least square error fitting algorithm is used to fit oscillator parameters to 

measured values and the mean square error below 3 is aimed during the fit for all 

temperatures. For each temperature of interest, the optical constants of the underlying Si 

layer is extracted to eliminate the contribution of refractive index modulation from the 

Si layer. 

Modeling of optical constants of ZnO is performed using a Cody-Lorentz 

oscillator coupled with two Gaussian oscillators and an un-damped Lorentz oscillator. 

Cody-Lorentz oscillator is used for accurate modeling of wide-bandgap 

semiconductors. The contribution of defect states and intra-band absorptions which 

would result in non-zero absorption below the band-gap in the form of an exponentially 

decaying function named as Urbach’s Tail [86] is included in this model. The 

corresponding equations for the optical constants are as follows 

( ) '( ) ''( )E E j E                       (7.1) 
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Eq. (7.1) separates the real and imaginary part of the complex dielectric function; Eq. 

(7.2) is the total imaginary part of the dielectric function which is modeled by various 

oscillators listed above; Eq. (7.3) ties the real and imaginary parts of the dielectric 

permittivity through Kramers-Kronig relationship; Eqs. (7.4-7.6) describe the oscillator 

equations. In these equations, E stands for photon energy, ε∞ is the static dielectric 

constant, Eo stands for the center resonance frequency of the oscillator, Γ is the 

broadening parameter, A is the oscillator amplitude, Eg is the optical band-gap, Ep is the 

transition energy separating absorption onset from Lorentzian behavior, Et is the 

transition energy between Urbach tail and band-to-band transitions, Eu is the Urbach 

Energy defining the spectral rate of decay of the absorption and E1 is a fit parameter 

providing continuity at E=Et. The extracted parameters are given in Tables 6.1 and 6.2 

as a function of temperature. Optical band-gap of the ZnO film is found to be 3.23eV at 

room-temperature and drops from 3.23eV to 3.10eV for elevation of temperature up to 

200
o
C from 23

o
C. This lowering of the band-gap is expected as a result of Varshni`s 

formulation [87] which indicates that increased separation between atoms of the 

semiconductor as a result of elevated temperature causes narrowing in the band-gap 
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Table 6.1 – Thermal dependency of Pole and Cody-Lorentz oscillator 

parameters for ZnO in 300 – 1600 nm spectrum. 

 

 

 

 

 

Table 6.2 - Thermal dependency of Gaussian oscillator parameters for ZnO in 

300 – 1600 nm spectrum. 

The extracted thermal dependency of refractive index values of ZnO from 

Re{ }n  in 300-1600nm spectrum is depicted in Figure 6.1a. Both real and 

imaginary parts of the refractive index are modulated within the entire spectrum of 

interest. Repeatability and volatility of the modulation is verified by observation of 

return of ZnO refractive indices to initial values after thermal stress is removed. As 

depicted in Figure 6.1b, the refractive index modulation reaches its maximum value of 

0.2 at around the band-edge of ZnO which corresponds to a thermo-optic coefficient of 

9.17x10
-4
/
o
K exceeding the thermo-optic coefficient of large band-gap semiconductor 

counterparts such as AlN, GaN, SiC [88] by 4 times in magnitude.  

The exciton binding energy for ZnO is about 60meV which is high enough to 

modify the optical properties visibly around the band edge; therefore, a corresponding 

sharp peak is observed at the band-edge of the extinction spectra of ZnO in Figure 6.1c. 

Increasing temperature causes the excitonic peak to red-shift and get lower in the 

  ε'Pole ε''Cody-Lorentz 

T 

(
o
C) 

ε∞ A 
Eo 

(eV) 

Γ 

(eV) 

Eg 

(eV) 

Ep 

(eV) 

Et 

(eV) 

Eu 

(eV) 

Eo 

(eV) 

23 2.24 18.3 3.09 0.105 3.26 0.992 0.0102 1.204 5.35 

100 2.46 14.8 2.68 0.147 3.16 1.003 0.0181 1.178 5.30 

200 2.39 17.8 2.50 0.156 3.10 1.004 0.0191 0.883 5.40 

 ε''Gauss-1/2 

T 

(
o
C) 

A 
Eo 

(eV) 

Γ 

(eV) 

23 0.352 / 1.21 3.443 / 3.38 0.405 / 0.140 

100 0.777 / 0.944 3.442 / 3.36 0.358 / 0.121 

200 0.738 / 0.714 3.424 / 3.32 0.397 / 0.134 
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amplitude as the available kinetic energy gets a value closer to the binding energy of 

excitons resulting in weakening of the photon-exciton resonance strength. 

 

Figure 6.1 – Near visible optical constants of the ZnO film. a) Thermal 

dependence of the real part of the refractive index in 300-1600nm 

spectrum. The inset shows the sub-bandgap region. b) Variation in the 

refractive index for temperature increase from 23
o
C to 200

o
C. c) Thermal 

dependence of extinction spectra showing red-shift of the band-edge due 

to thermal expansion 

Below the band-edge, the maximum modulation of refractive index is about 

0.01 which is lower than the values around the band-edge. This is a strong indication of 

involvement of thermally modifiable exciton-photon interactions around the band-edge. 

Moreover, the increase in the temperature lowers the occupation probability of the trap-

states resulting in more trap-state related absorption which is reflected as decrease in the 

value of Eu and an increase in the extinction coefficient of ZnO by 0.002. Above the 

band-edge, a maximum of 0.02 modulation in the refractive index is still present and 

attributed to the active modification of density of states due to thermal relaxation. 
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Figure 6.2 – IR optical constants of ZnO films. a-b) Real and c-d) 

imaginary parts of the mid-infrared anisotropic dielectric constants of 

ZnO for in-plane and out-of-plane directions, respectively. 

Temperature dependent refractive index of ZnO in mid-IR spectrum 

covering 4-40μm is investigated. It is known that optical phonon modes as well 

as free-carriers contribute to the dielectric permittivity within this spectrum. To 

achieve accurate modeling of these effects, a TO-LO oscillator for phonon 

modes is coupled with a Drude oscillator which accounts for the unintentional n-

type doping of ZnO exceeding negligible values, 10
16

 cm
-3

. The polycrystalline 

nature of the grown films required to consider anisotropy in the films. The 

corresponding equations describing the dielectric function in this range are as 

follows 

( ) ( ) ( )Drude TO LOE E E           (7.7) 

2
( )Drude E A

E j E



 

 
    (7.8) 

2 2

2 2
( ) LO

TO LO

TO

E E j E
E A

E E j E
 

  


  
      (7.9) 

where ELO and ETO stands for the longitudinal and transverse phonon oscillation energy 
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The parameters resulting the best fit are given in Table 6.3. To account for the uni-axial 

anisotropy, the optical constants are separated into out-of-plane (⊥) and in-plane (∥) 

parts. Due to insensitivity of spectroscopic ellipsometry to ETO⊥ and ELO∥ values for the 

film thicknesses less than 1μm, literature values are used. A carrier concentration of 

1.07x10
19 

cm
-3 

is extracted and agrees well with the literature [89].  

 

 

 

 

 

 

 

Table 6.3 – IR oscillator parameters for the temperature dependent optical 

constants of ZnO. 

Figure 6.2 shows the permittivity values as a function of temperature for the 

infrared region of the spectrum. No significant modulation in the permittivity values are 

observed except the region where phonon modes are located, about 27µm. Thermal 

expansion of the film causes the in-plane phonon modes to red-shift by 100nm. The 

anisotropy of the dielectric constants of the films disappear at the shorter wavelengths 

and gets stronger around the wavelengths where phonon modes are located since these 

modes are strongly dependent on the direction of the incident field. 

6.3. Actively Tunable Surface 

By forming a thin optical structure that is comparable to the wavelength of 

incidence, a Fabry Perot (FP) resonance can be achieved within an optical cavity. In this 

study, the thickness of the ZnO layer is adjusted to achieve constructive interference of 

the field within the cavity for which the mechanism is depicted in Figure 6.3a. Using 

the following formula, the reflection spectrum can be extracted for the cavity 

  εDrude εTO-LO 

T 

(oC) 

Anisotropy 

Axis 

A Γ (eV) A 

ELO 

(cm-1) 

ETO 

(cm-1) 

Γ 

(cm-1) 

23 

∥ 0.924 0.0664 4.993 590 401.7 34.22 

⊥ 0.0669 0.917 6.997 584 378 27.17 

200 

∥ 0.875 0.0702 4.855 590 397.6 41.48 

⊥ 0.0772 0.795 6.824 576.5 378 26.64 
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where r and t corresponds to Fresnel reflection and transmission coefficients at the 

corresponding boundaries depicted in Figure 6.3a. For the room temperature (23
o
C), 

 

Figure 6.3 – Device structure with reflection characteristics as a function 

of temperature. a) Depiction of Fabry-Perot resonance mechanism. b) 

The measured reflection spectrum at the angle of incidence of 20
o
 and p-

polarization along with the theoretical calculation. c) Thermo-optic 

modulation of FP-resonance.  d) No significant modulation in mid-IR 

regime. 

the reflection spectrum in UV-VIS-NIR range for 20
o 

angle of incidence and p-

polarization is shown in Figure 6.3b along with the theoretical calculation using Eq. 
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(6.10) and the extracted optical constants in Figure 6.1a. Using the extracted refractive 

indices of ZnO, room temperature FP resonance locations are predicted as 407nm and 

610nm which agree well with the experimental results. These wavelengths correspond 

to the second and third order FP resonances, formulated by d = (2m+1)(λ/4nZnO) where 

m is an integer.  

Figure 6.3c shows the reflection spectrum below mid-IR regime as a function 

of temperature. More than 5nm resonance shift is observed as a result of thermo-optic 

modulation of refractive index. The shift in the spectra around the band-edge is higher, 

10nm, despite having no resonance around the band-edge. This observation is as a 

result of higher refractive index modulation around the band-edge. 

Thermal dependence of the reflection spectrum is also investigated for mid-IR 

spectrum at 25
o  

angle of incidence and the corresponding measurements are plotted in 

Figure 6.3d. The spectrum shows the first order FP-resonance partially near 2µm 

wavelength. No FP resonance is observed above 2µm wavelength as the structure 

dimensions remains below sub-wavelength regime. Only ELO⊥ and ETO∥ phonon modes 

located at 17.1µm and 24.9µm, respectively, are observable and red-shift by 100nm in 

agreement with the ellipsometric measurements. 

6.4. Conclusion 

Atomic layer deposited ZnO is investigated as an alternative thermo-optic 

material in UV-VIS-NIR-MIR range of the spectrum. Temperature dependent optical 

constants of the ZnO film are extracted using spectroscopic ellipsometry. Below the 

MIR spectrum, refractive index modulation reached up to 0.2 for a temperature 

difference of 177
o
C which exceeded the values for well known large-band-gap 

materials. In MIR spectrum no significant modulation of refractive index is observed 

except the region where phonon modes are dominant. The phonon modes are observed 

to red-shift by 100nm. As a proof-of-concept, the deposited film is measured as an 

actively tunable reflector surface exhibiting more than 5nm spectral shift due to FP 

resonances and large refractive index modulation around the band-edge. 
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Chapter 7 

 

Electro-optic modulation using a novel 

mechanism: resistive switching 

This chapter is based in part on the publication “Atomic-layer-deposited zinc 

oxide as tunable uncooled infrared microbolometer material,” E. Battal, A. 

Ozcan and A. K. Okyay, Advanced Optical Materials Vol. 2, Issue 12, pp.1149-

1154 (2014). Reproduced (or ‘Reproduced in part’) with permission from John 

Wiley and Sons Publishing Group. Copyright 2014 John Wiley and Sons 

7.1. Introduction 

Switching between two or more resistance states in a non-volatile fashion is 

called resistive switching and these devices have simple nature, fast switching 

speed, high retention times, low power consumption, CMOS compatibility and 

scalability [90-93]. These properties along with the abundance of suitable 

materials [94-98] attracted great attention in the research community. These 

devices exhibit atomic scale modifications [99]; yet, there is no report in their 

suitability for optical modulation. Since atomic scale modifications are expected 

to modulate the complex refractive index of the active dielectric, resistive 

switching can be suitable for electro-optical modulation applications. 

In this chapter of the thesis, I investigate resistive switching as an 

alternative electro-optic modulation technique. A reflector device exhibiting 

non-volatile and hysteretic modulation of reflection spectrum by 4% in the 5-

18µm spectrum is realized. The resistive switching device exhibit repeatable 

electrical switching over 100 switching cycles. The mechanism providing 

optical modulation is modeled as variation in the effective doping concentration 

in the active device material due to reported presence variation in local 
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stoichiometry [99]. The modeling is performed via FDTD simulations using the 

refractive index values of highly and lowly doped ZnO film refractive indices. 

Effective doping concentration of the active layer is shown to modulate 

significantly to effect dielectric permittivity. 

7.2. Device structure 

 

Figure 7.1 – Resistive switching device structure. a) 3-D illustration of 

the resistive switching device consisting of a dielectric ZnO film in 

between an aluminium and a highly doped Silicon layer (p-type with 

resistivity of 3.1mΩ-cm). b) Top view SEM image of the fabricated 

device. Top aluminium electrode layer consists of a contact pad region 

along with digitated fingers for optical reflection measurements c) TEM 

cross section image of the device shows 80-nm-thick ZnO and 120-nm-

thick Al layers on top of Si. Copyright 2014 John Wiley and Sons 

The resistive switching device structure consists of stacking of 

Al/ZnO/Si layers as shown in Figure 7.1a. Top and bottom electrodes are Al and 
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highly doped p-type Si layers. An island of dielectric ZnO layer is formed to 

isolate the device and the top Al layer is patterned to form electrical contact pad 

with digitated optical measurement region. The device area is 300x600µm
2 

and
 

the corresponding SEM image is shown in Figure 7.1b. The top electrode 

consists of two regions, half the contact pad and half the electro-optic region 

with gratings having width of 2.43µm and distance of 2.8µm, for which, the 

TEM cross sectional image is shown in Figure 7.1c.  

7.3. Electrical characterization 

Electrical properties of the resistive switching device are characterized 

through straightforward current-voltage (I-V) measurements. Electrical bias is 

applied from the top electrode while the bottom Si layer is grounded. The 

current flow from the fresh devices is on the order of 100μA/cm
2
. Resistive 

switching behavior is achieved via a controlled breakdown process which is 

named as electroforming and performed by employing high electrical voltages to 

the device. Electroforming allows the resistive switching devices to have atomic 

scale modifications such as increase of conductivity of the films due to 

formation of filamentary conducting paths via electric field induced redox 

reactions [100] and Joule heating [101] as well as zinc and oxygen ion migration 

[102]. In order to prevent permanent breakdown of the device, the applied power 

is limited through current flow. In this study, electroforming is performed with a 

voltage bias of -6V for 1 second duration with a current compliance of 100mA. 

Repeatable resistive switching is obtained by applying a dual voltage bias sweep 

between -6 and 6V with again 100mA current compliance. As expected from a 

resistive switching device, the I-V characteristics of the device shows a 

hysteresis loop as depicted in the switching cycle of the device in Figure 7.2a. 

The switching cycle starts by having the device stay at high resistance state 

(HRS) during the voltage sweep from -6 to 6V until the voltage bias becomes 

the set voltage (Vset) of 2.4V. At this point, a sudden increase in the current 

amplitude occurs and the device hits to the current compliance going into low 

resistance state (LRS). In high-resolution transmission electron microscope 



47 

 

(HRTEM) images of the device at LRS, Figure 7.2b, there is clear presence of 

conducting filaments reaching from the top electrode to the bottom Si substrate, 

which are responsible for most of the current flow. The filaments in this figure 

have trapezoidal shape which indicates that the mobile oxygen ions move 

towards the bottom Si layer during the switching  

 

Figure 7.2 - Electrical characteristics of the Al/ZnO/Si resistive switch 

device along with TEM images for different memory states. a) I-V 

characterization of the device exhibiting more than 100 cycles of 

resistive switching. b) HRTEM cross sectional image of the device at 

LRS depicting thorough filaments from the top electrode to the bottom. 

c) When the device switches back to HRS, some of the filaments 

partially dissolve and cause increase in the resistivity d) For all memory 

states, ohmic conduction with a slope of 1 is present in log-log I-V curve. 

Copyright 2014 John Wiley and Sons 

process [103]. Continuing the voltage sweep from 6 to -6V, the device switches 

back to HRS with a sharp decrease in the current at -2.4V reset voltage (Vreset). 
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Since the polarity of Vset and Vreset are different, the device is said to exhibit 

bipolar resistive switching. After the device switches back to HRS, filaments 

with partially dissolved regions are observed in the HRTEM cross-sectional 

image in Figure 7.1c and theorized to decrease the conductivity of the device. 

Although some filaments are partially dissolved, there are remaining thorough 

filaments which significantly contribute to conduction preventing high 

insulation. Thus, the device shows a low contrast ratio between resistance states 

(RHRS/RLRS) of 3. The described switching cycle is obtained for more than 100 

cycles. The stability of the device is remarkable with Vset and Vreset varying less 

than 0.3V and the hysteresis curve following the previous cycles quite well as 

depicted in Figure 7.2a. In order to clarify the conduction mechanism, log-log I-

V curve for the device is plotted in Figure 7.2d and the slope of the curve for 

both resistance states gives 1 which is a strong indication of ohmic conduction. 

The observed ohmic conduction in both states can be attributed to the presence 

of thorough filaments [104].  

7.4. Optoelectronic characterization 

Using a Fourier transform infrared (FTIR) spectrometer, the electroo-

optical characterization of the device is performed through reflection 

measurements from the digitated finger area shown in Figure 7.1b while the 

device is under electrical bias. The resistive switching device repeats its 

hysteretic behaviour in the reflection measurements as well. For the wavelength 

of 8 µm, at which the change in the reflection amplitude is maximum, Figure 

7.3a shows the hysteretic reflection amplitude as a function of voltage which is 

cycled between -6 and 6V. The modulation of reflection remains below 1% until 

the voltage bias reaches 4V while going from 0V to 6V at LRS. The modulation 

suddenly increases to 4% right after the voltage bias goes above 4V. At this 

point, the device is already at HRS. Going back to 0V from 6V, the reflection 

remains nearly the same; however, below 0V, a linear increase in the reflection 

occurs towards the original value at LRS. In order to test the non-volatility of 

the behaviour, the reflection measurements at different states are performed 
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while the voltage bias is removed and observed that the reflection amplitude 

does not change after the bias is removed. Thus, it can be concluded that the 

dielectric permittivity of the active layer, ZnO, gets modified in a non-volatile 

fashion via resistive switching which provides atomic scale modifications. 

Throughout the 5-18µm spectrum, non-volatile modulation of the reflection 

spectrum is also observed by 4% for different states under zero electrical bias as 

depicted in Figure 7.3b.  

 

Figure 7.3. Electro-optic characterization and theoretical modelling of 

the device. a) Electro-optic hysteresis behaviour in the reflection 

spectrum at 8µm wavelength. b) Broadband non-volatile reflection 

modulation by 4% in the entire 5-18µm spectrum c) Extracted 

modulation of optical constants through FDTD simulations and 

modelling the variation of effective doping concentration between 
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4.4x10
19

 cm
-3

 and 3.84x10
19 

cm
-3

 d) Simulated reflection spectra 

including the effect of modulation of effective doping concentration e) 

Strong localization within ZnO dielectric layer in electric field intensity 

profile for the wavelength of 14µm. f) Comparably lower localization of 

the incident filed in the case for 4µm. Copyright 2014 John Wiley and 

Sons 

Since resistive switching is known to generate modifications in local 

stochiometry within an oxide based dielectric [103], in turn, modulate effective 

doping concentration of the dielectric [105, 106];, variation of the dielectric 

constants is expected [107]. Drude theory of free carriers theorizes that doping 

or free carrier concentration affects the optical constants of dielectric especially 

known to be effective above the near infrared spectrum [107]. To accurately 

look for the effects of modulation of doping concentration, optical constants of 

ZnO films with doping concentrations between 10
16 

cm
-3

 up to 10
21 

cm
-3

 are 

extracted. Using these values, FDTD simulations have been performed to fit the 

experimental reflection spectrum. During the simulations, available literature 

values [108] for the p-type silicon with resistivity of 3.1 mΩ-cm is used. Best 

fitting doping concentrations of 3.84x10
19 

for HRS and 4.4x10
19

 cm
-3

 for LRS, 

for which the refractive index values are plotted in Figure 7.3c. Very good 

agreement between the simulation results for the reflection spectrum in Figure 

7.3d and that of experimental results in Figure 7.3b. Similar to the experimental 

results, 4% modulation in the reflection spectra within 5-18µm spectrum lower 

than 1% below 5 µm is. When the field intensity profiles at 4µm and 14µm in 

Figure 7.3e and 7.3f, respectively, are investigated, it becomes clear that higher 

field localization; therefore, higher interaction, in the active layer at higher 

wavelengths makes it more affected by the refractive index modulation due to 

resistive switching. The accuracy in the modelling of the modulated reflection 

spectrum with the variation in the effective doping concentrations through 

FDTD simulations indicates that the local stoichiometry is modified at different 

resistance states and therefore the effective doping concentration of the film. 
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7.5. Conclusion  

Resistive switching is demonstrated as a novel electro-optic modulation 

method. A proof-of-concept device is demonstrated via realizing a stack of 

Al/ZnO/Si layers exhibiting resistive switching behavior. Using FTIR 

measurements while having the device under electrical bias, electro-optical 

modulation of reflection spectrum by 4% within 5-18μm spectrum is observed. 

The resistive switching mechanism of the device is shown to be formation and 

rupture of conductive filamentary regions via TEM images. Taking modification 

of local stoichiometry into account, the observed electro-optic modulation is 

theoretically modeled through effect of effective doping concentration on 

dielectric permittivity. As a result of this study, resistive switching mechanism is 

tied with optical modulation schemes as a new method and pave the way for 

realizing non-volatile optical memory devices. 
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Conclusion 

Plasmonics is investigated in terms of novelty in applications and also in 

material. A new method of beam steering utilizing a plasmonic resonator called metal-

insulator-metal is introduced. By forming a phased array antenna out of these resonators 

with slightly different structural dimensions and controlling the refractive index of the 

insulator layer, active beam steering is demonstrated theoretically within the infrared 

spectrum. Beam steering range up to 8.75
o 
is achieved by refractive index variation of 

about 0.15. Beam steering is not limited to a single frequency but achieved within 

650nm spectrum around 10μm wavelength while the beam steering range remains 

nearly the same. 

Material aspects of plasmonics is explored through demonstration of a new free 

carrier rich material, HPCVD grown InN, as a surface plasmon bearing dielectric. Mid-

IR optical constants of InN is extracted using spectroscopic ellipsometry and optical 

characteristics as well as surface plasmon characteristics such as plasmon propagation 

loss and mode size is investigated and compared with that of Au. A proof-of-concept 

plasmonic device made out of InN gratings have been realized to show that a strongly 

resonant absorber surface can be achieved with InN supportin various plasmonic 

modes.  

Investigation of novel materials covers more than half of this thesis. 

Atomic layer deposited ZnO films are investigated for micro-bolometric 

applications within the infrared region of the spectrum through extraction of the 

optical properties of the films at various deposition temperatures. Well-known 

Drude and Lorentz oscillators have been utilized while modelling the dielectric 

constants of the films and observed that the amount of the free carrier 

concentration within the films contribute significantly to the optical properties 

and can be modulated via deposition temperature. Thanks to controllable optical 

properties of ZnO films, reference bolometer device utilizing this novel material 

have been theoretically shown to exceed the integrated absorption performance 

of the commercially standard material. 
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Then, ZNO films are investigated for their suitability in thermos-optic 

applications within the visible and infrared region of the spectrum through, again, 

spectroscopic ellipsometry. By modulating the temperature of a ZnO film, the 

temperature dependent refractive index of ALD grown ZnO films have been extracted. 

A maximum modulation of about 0.2 with only 177
o
C temperature difference is 

achieved and observed to be larger than that of the large-bandgap counterparts in the 

near visible range of the spectrum. In the IR range, optical constants indicated red-shift 

in the phonon-modes of ZnO as a result of thermal expansion. 

Finally, resistive switching, which is modulation of resistance of an 

electrical device between different values in a non-volatile fashion, is explored 

for opto-electronic applications. An electro-optic modulator is constructed by 

stacking Al/ZnO/Si layers which forms a device exhibiting stable resistive 

switching. Through reflection measurements under electrical bias, up to 4% 

modulation in the reflection spectrum is observed throughout mid-IR spectrum. 

Formation and dissolution of the filaments, which modify local stoichiometry, 

are observed in TEM studies. Therefore, the modulated refractive index is 

modeled as a result of variation in the effective doping concentration and very 

good agreement between the theoretical and experimental results is achieved. 
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