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ABSTRACT 

 

 

 

 Despite great scientific exploration since the 1900s, the terahertz range is one of 

the least explored regions of electromagnetic spectrum today. In the field of plasmonics, 

texturing and patterning allows for control over electromagnetic waves bound to the 

interface between a metal and the adjacent dielectric medium. The surface plasmon-

polaritons (SPPs) display unique dispersion characteristics that depend upon the plasma 

frequency of the medium. In the long wavelength regime, where metals are highly 

conductive, such texturing can create an effective medium that can be characterized by an 

effective plasma frequency that is determined by the geometrical parameters of the 

surface structure. The terahertz (THz) spectral range offers unique opportunities to utilize 

such materials.  

 This thesis describes a number of terahertz plasmonic devices, both passive and 

active, fabricated using different techniques. As an example, inkjet printing is exploited 

for fabricating two-dimensional plasmonic devices. In this case, we demonstrated the 

terahertz plasmonic structures in which the conductivity of the metallic film is varied 

spatially in order to further control the plasmonic response. Using a commercially 

available inkjet printers, in which one cartridge is filled with conductive silver ink and a 

second cartridge is filled with resistive carbon ink, computer generated drawings of 

plasmonic structures are printed in which the individual printed dots can have differing 

amounts of the two inks, thereby creating a spatial variation in the conductivity. The 
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inkjet printing technique is limited to the two-dimensional structurers. In order to expand 

the capability of printing complex terahertz devices, which cannot otherwise be 

fabricated using standard fabricating techniques, we employed 3D printing techniques. 

3D printing techniques using polymers to print out the complex structures.  

In the realm of active plasmonic devices, a wide range of innovative approaches 

have been developed utilizing a variety of materials. We discuss the use of SMAs for 

terahertz (THz) plasmonics that allows for switching between different physical 

geometries corresponding to different electromagnetic responses. 
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 
 

1.1 Terahertz Technology 
 

The terahertz (THz) range spans from 0.1 THz (wavelength = 3 mm) to 10 THz 

(wavelength = 0.03 mm) and lies in between the microwave and infrared frequency 

regions, as shown in Figure 1.1. Because terahertz radiation lies in between 30 !"m and 

3 mm, it is also referred to as submillimeter wavelength radiation. Like infrared and 

microwave radiation, terahertz radiation is non-ionizing and can pass through a wide 

variety of dielectrics such as clothing, paper, cardboard, wood, plastic and ceramics. 

The penetration depth is typically less than that of the microwave radiation. Terahertz 

radiation has limited penetration through fog and clouds and cannot penetrate liquid 

water and metals. The THz frequency remained unexplored for many years due to the 

lack of practical sources and detectors. The THz frequency range is also commonly 

referred to as the “gap in the electromagnetic spectrum” due to the limited availability 

of coherent THz sources and detectors [1-3]. This is because it is too high in frequency 

for conventional electronics and too low in frequency for conventional optics. 

Nevertheless, since the 1970s, advancements in the fields of microwave and infrared 

have led us to new materials and devices that empowered an accelerated progress in the 

field of THz and started closing the THz gap. Based on these technical advances, a 
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(a) Fingerprinting: Rotation and vibrational modes of many molecules, especially 

long-chain organic molecules, lie within the terahertz spectral range. The specific 

location and amplitude of these absorption peaks can be used to identify the 

molecules. 

(b) Transparency and resolution: Most non-metallic materials or dielectrics are at 

least partially transparent to THz radiation, including dielectrics such as plastic, 

paper, cardboard, textiles and ceramics. This property of THz waves is extremely 

useful for inspecting samples that are hidden or inside non-optically-transparent 

containers. Dielectrics are also transparent to microwave radiation, but the larger 

wavelength compared to THz waves degrades the resolution in imaging 

applications. Infrared radiation has much better resolution than THz waves but is 

often opaque to dielectrics such as clothes, woods, papers, and plastics and thus 

cannot be used to image hidden objects.  

(c) Safety: X-ray is extensively used in inspecting bone fractures and in airports for 

 detecting weapons or prohibited items such as guns, illegal drugs, sharp objects,  

 etc. Since X-rays are ionizing, repeated exposure can cause cancer and 

 damage issues and cells. THz radiation is low-energy non-ionizing radiation that 

 can provide an alternative technology, both for detecting bone fractures and 

 for use in airport scanners. Nevertheless, x-ray provides much better spatial 

number of practical THz sources and detectors currently exist. However, more research 

has to be done in order to create more compact and more efficient portable THz sources 

and detectors [3]. There are a number of attractive features of THz waves that can be 

summarized as follows [4-6]- 
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 An enduring research direction in the THz community involved the generation of 

broadband THz radiation. There are a number of ways for generating coherent THz. Two 

of the most popular techniques used for generating THz radiation involve a 

photoconductive antenna and nonlinear mixing, and both techniques rely on a high power 

ultrafast laser. 

 A photoconductive antenna (PCA) consists of two gold electrodes that are 

fabricated onto a semiconducting substrate, as shown in Figure 1.2. A variety of different 

semiconductor materials have been examined for this application over the last several 

decades. Based on these studies, low-temperature grown GaAs has become the medium 

of choice because of its short carrier recombination lifetime, reasonably high mobility 

and high surface breakdown voltage. When a bias voltage is applied between the two 

electrodes, photo-generated charge carriers can be rapidly accelerated, which provides the 

basic physical mechanism for generating THz radiation.   

 Using pulses lasers, the amplitude of the generated current generally follows the 

temporal properties of the optical excitation. The generated THz pulse corresponds to the 

temporal derivative of the current pulse. The polarization of the generated THz radiation 

is parallel to the applied bias field, which is perpendicular to the gap between the two 

electrodes. The incident photon energy of the laser pulse must have greater energy than 

the bandgap of the low-temperature grown GaAs substrate.  The amplitude of the 

generated THz field can be given by 

𝐸𝑇𝐻𝑧 =  
𝐴𝑒

4𝜋𝜀0 𝑐
2 𝑧 

 
𝛿𝑁(𝑡)

𝛿𝑡
 𝜇𝐸𝑏                                                               (1) 

where A is the area of illumination, εo is the permittivity in vacuum, c is the speed of 

resolution than THz radiation. 
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light, e is the electron charge, z is the penetration of the laser pulse into the 

semiconductor, μ is the mobility of the carriers, Eb is the bias field and N the density of 

photo-carriers. The majority of the current contribution comes from electrons [7-9]. 

 The other popular method for generating THz radiation is via optical rectification 

in a nonlinear crystal, as shown in Figure 1.3.  

 Optical rectification is a second-order nonlinear optical effect in which THz 

waves are generated by a difference-frequency mixing process between the different 

frequency components of the incident femtosecond laser pulse. 

 Difference frequency generation (DFG) occurs in a material with sufficiently 

high second-order susceptibilities. Mathematically, the polarization induced by the 

electric field in a nonlinear medium can be expressed as a power series: 

𝑃2
𝑁𝐿 =  ( 𝜒1 +  𝜒2 𝐸 +  𝜒3 𝐸

2 + ⋯ ) 𝐸                                                          (2) 

 If we consider the applied electric fields are E1=E0 cos(ω1t) and E1=E0 cos(ω2t), 

then the second-order polarization can be expressed as 

𝑃2
𝑁𝐿(𝑡) =  𝜒2 𝐸1 𝐸2 =  𝜒2 

𝐸0
2

2
 [cos(𝜔1 − 𝜔2) 𝑡 + cos(𝜔1 + 𝜔2) 𝑡]          (3) 

 The generation of the THz radiation by optical radiation relies on difference 

frequency generation and is described by the first term of Eq. (3).  The radiated electric 

field caused by the electro-optic-induced polarization is proportional to the second 

derivative with respect to the time. 

𝐸𝑇𝐻𝑧 =  
𝛿2𝑃2

𝑁𝐿(𝑡)

𝛿𝑡2
                                                                                               (4) 

 For a given material, the radiation efficiency and bandwidth of the generated 

THz radiation are affected by a number of factors, including crystal thickness, pulse 
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duration, absorption and dispersion, crystal orientation and phase matching [10-12].  

 

 

                   1.2 Theory: Surface Plasmon Polaritons 

 This chapter provides a mathematical description of surface plasmon polaritons 

(SPPs). Surface plasmon polaritons were first observed by Wood in 1902 when he shined 

p-polarized light onto the metal-backed diffraction grating, and he observed bright and 

dark bands in the reflected light [13-14]. Since then, fundamental research and 

development based on SPP structures and devices has received tremendous interest due to 

their unique properties in controlling propagation properties of light coupled at the 

interface between metal and dielectrics. In recent years, SPPs are utilized for application 

in optics, surface-enhanced Raman spectroscopy (SERS), data storage, solar cells, 

biosensors and near-field imaging with a high lateral resolution of (λ/200) [15-16]. 

 

 

1.2.1 Surface Plasmon Polaritons (SPPs) 

 SPPs are the coherent oscillations of electrons (surface electromagnetic waves) 

that propagate along the interface between a metal and a dielectric material. Consider a 

TM wave (also called p-polarized wave) that is incident on the interface between a metal 

a dielectric at an angle of incident θ1, as shown in Figure 1.4. The incident wave has a 

wavelength of λ, so the momentum of the incident photon is kd = 2πnd/λ, where nd is the 

refractive index of the dielectric. The reflected wave propagates with the angle θ1 while 

the the refracted wave travels inside the metal with an angle θ2.  

 The momentum of the refracted photon is km = 2πnm/λ, where nm is the refractive 

index of the metal. The boundary matching condition along the x-axis is kdx = kmx. From 
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Snell’s Law, we have nd sin θ1 = nm sin θ2. Since nd > nm , θ2 > θ1. The maximum value of 

θ2 can be 90
0
 at a certain value of θ1. If we further increase the angle θ1, the wave cannot 

propagate through metal beyond this limiting angle of incidence θ1 and is reflected back 

into the dielectric. This limiting angle of incidence, also called the critical angle, is given 

by  

𝑠𝑖𝑛θ𝑐 =  
𝑛𝑚

𝑛𝑑
 

 With the TM- polarized incident radiation, the oscillations of the charges occur at 

the interface between the metal and the dielectric surface. Beyond the critical angle, 

although the wave is totally reflected back into the dielectric medium, there are 

oscillating charges that have associated radiation fields penetrating into the metal.  

 These penetrating fields are spatially decaying fields called evanescent fields and 

are normal to the interface, as shown in Figure 1.5. In order to couple the incident wave 

into the SPPs, the evanescent waves play a crucial role. At the interface, the horizontal 

component of the electric field Ex is continuous, whereas it is not the case for the Ez field. 

Along the z direction, the electric displacement Dz is continuous. Applying the boundary 

condition that Dz is continuous across the interface, Dz = εdε0Ezd = εmε0Ezm, where εd and 

εm are the relative permittivities of the dielectric and the metal, and ε0 is the permittivity 

of the free space.  There is discontinuity in the electric field along z direction Ez. This 

discontinuity results in time-dependent polarization change at the interface. From this, it 

is also evident that an s- polarized (TE) wave will not create oscillation of charges at the 

interface between metal and the dielectric. If the x–y plane is the interface plane, for 

wave propagation in the x direction only, when z > 0, one has [17-18] 

Ed = (Exd, 0,Ezd) exp(−kzdz) exp[i(kxx − ωt)]     (1) 
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Hd = (0,Hyd, 0) exp(−kzdz) exp[i(kxx − ωt)],     (2) 

when z < 0, one has 

Em = (Exm, 0,Ezm) exp(kzmz) exp[i(kxx − ωt)]     (3) 

Hm = (0,Hym, 0) exp(kzmz) exp[i(kxx − ωt)].      (4) 

Using the Maxwell equation ∇·E = 0, the electric field components take the form 

                                                 𝐸𝑧𝑑 = 𝑖 
𝑘𝑥

𝑘𝑧𝑑
 𝐸𝑥𝑑       (5)  

        𝐸𝑧𝑚 = −𝑖 
𝑘𝑥

𝑘𝑧𝑚
 𝐸𝑥𝑚     (6) 

The Maxwell- Faraday equation is 

                                                 ∇  × E =  − 
1

𝑐
 

∂H

∂t
      (7) 

Applying Eq. (7) to Eqs. (1) and (2), we get 

kzd Exd – i kx Ezd = i k Hyd      (8) 

where k = /c is the wavevector in free space. 

Similarly applying Eq. (7) to Eqs. (3) and (4), we get 

kzm Exm – i kx Ezm = i k Hym      (9) 

Using simple algebra, we can obtain following Eqs. from Eqs. (5), (6), (8) and (9) 

εd k Exd = i kzd Hyd       (10) 

εm k Exm = −i kzmHym       (11) 

where                           𝑘𝑧𝑑
2 =  𝑘𝑥

2 − ε𝑑 𝑘2       (12) 

𝑘𝑧𝑚
2 =  𝑘𝑥

2 − ε𝑚 𝑘2       (13) 

The tangential components of E and H are continuous at the interface z = 0. This means 

Exd = Exm and Hyd = Hym 

Using these two relations, we can deduce from Eqs. (10) and (11) 



8 

 

𝑘𝑧𝑑

𝑘𝑧𝑚
=  − 

𝑑

𝑚
        (14) 

Using Eqs. (12), (13) and (14), we can easily deduce the following expression  

𝑘𝑥 =  𝑘√
𝑑 𝑚

𝑑+ 𝑚
       (15) 

where kx is basically the propagation vector along the interface. This is the surface 

plasmon wavevector. Therefore, we can write 

𝑘𝑠𝑝𝑝 =  𝑘√
𝑑 𝑚

𝑑+ 𝑚
       (16) 

This expression is valid for both real and complex values of𝑑  and 𝑚. 

 

 

 

1.2.2 Dispersion Relation for SPPs 

 In Figure 1.6, we show the dispersion relation for the SPPs.  It is evident that the 

momentum ℏkSPP of the SPP is larger than the free space momentum ℏk which results in 

momentum mismatch between free space momentum and SPP momentum. In order to 

couple incident light into propagating surface plasmon, additional momentum has to be 

provided. The mismatch must be overcome by coupling light and SPP modes at the 

interface when  

𝑑 + 𝑚 = 0.                     (17) 

 The dielectric constant of the metal at a certain frequency can be given by the 

Drude model         

𝑚 = 1 −
𝑝

2

2                 (18) 

where p is the plasma frequency. For most of the metals, the plasma frequency lies in 

the ultraviolet range. Above the plasma frequency, the metal becomes dielectric. Using 

Eqs. (16)- (18), the surface plasmon polariton frequency can be expressed in terms of 
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plasma frequency as 

 𝑆𝑃𝑃 =   
𝑝

√1+ 𝑑
    (19) 

 As d is always greater than 1,  𝑆𝑃𝑃 is always lower than the bulk plasma 

frequency. As SPPs propagate along the interface, the transverse components of the field 

are evanescent in nature and are spatially decaying into the metal and the dielectric. The 

penetration depth or the decay length of the electric field into the metal and the dielectric 

is given by δm = 1/kzm and δd = 1/kzd.  Using equations (12) and (13), the penetration 

depth in terms of permittivities can be expressed as 

δ𝑑 =  
1

𝑘
 √

𝑑+ 𝑚

−𝑑
2     (20) 

 Similarly, the penetration depth into the metal is given by 

δ𝑚 =  
1

𝑘
 √

𝑑+ 𝑚

−𝑚
2     (21) 

 Since m is greater than d, the penetration depth into the dielectric is greater than 

into the metal. The electric fields into the dielectric and the metal can be written as Ed ∝ 

exp(−kzdz) for z > 0, Em ∝ exp(kzmz) for z < 0. It can be seen that the electric fields of 

SPP wave decay exponentially with distance |z| from the interface. Based on the short 

penetration depths of the electric fields of SPP wave in the dielectric and the metal, the 

electric fields of SPP are concentrated mainly near the interface, and the field 

concentration is strongly enhanced at the interface. Nevertheless, the field concentration 

of SPP decays rapidly away from the interface along the z direction. 
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1.3 Extraordinary Optical Transmission 

 

1.3.1 Transmission Through a Single Aperture 

 One of the simplest optical elements is a hole in a slab of metal. Bethe 

theoretically analyzed the diffraction of light through a small hole as a function of the 

wavelength, λ. Bethe assumed that the metal was an infinitely thin perfect electrical 

conductor, in which the hole diameter is much smaller than the wavelength of the 

incident light. With these idealized assumptions, he derived a mathematical description 

for the transmission efficiency, η, which is normalized to the aperture area [19, 20]. 

   𝜂 = 4 
(𝑘𝑑)4

27 𝜋4 = 
25

33  (
𝑑

𝜆
)4     (22) 

 Here, k = 2π/λ is the wavevector of the incident light having wavelength λ and d 

is the diameter of the hole. From Eq. (22), it is evident that the transmission efficiency η 

varies as (d/λ)
 4

. Thus, if the wavelength λ of the incident light is larger than the hole 

radius r, the transmission efficiency will decrease rapidly. 

 As the light passes through a single hole, as shown in Figure 1.7, it diffracts. The 

details of the diffraction process depend upon the polarization of the incident light, if the 

hole is not circular [19]. Bethe predicted that if the diffraction pattern is scanned along 

the incoming polarization, the intensity would be a constant like a spherical wave in a 

plane. However, if it is scanned along the perpendicular direction, the intensity would 

decrease with the increasing angle. The intensity dependence on the angle varies as cos
2
θ, 

which is consistent with a dipole emission pattern. Bethe had assumed the idealized 

condition of infinitely thin metal film with high conductivity while deriving the 

transmission efficiency through a single hole. If a real hole aperture is taken into account, 

it has depth and therefore has waveguide properties. The transmission through such a 
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hole with real depth is very different from the propagation of light in empty space. The 

diameter of the hole or the lateral dimension of the waveguide defines the wavelength at 

which light can no longer propagate through the aperture. 

 This wavelength is known as the cutoff wavelength λc. If the incident light 

wavelength λ > λc, the transmission is further attenuated exponentially, as shown in 

Figure 1.8. With the real metals, the cutoff wavelength cannot be sharply defined because 

one goes continuously from a propagative to evanescent regime as the wavelength 

increases. 

 

 

1.3.2 Single Aperture Surrounded by Periodic Corrugations 

 The transmission spectrum through a single aperture can be greatly modified if 

the single hole aperture is surrounded by corrugations that are on the order of the 

wavelength [21-27]. These corrugations surrounding the hole aperture give rise to 

extraordinary transmission when compared to a single hole. Figure 1.9 shows a single 

aperture surrounded by periodic circular corrugations. The hole diameter is 300 nm and 

the periodicity is 650 nm. Here the periodic structures provide the necessary momentum 

matching conditions to couple the incident light into propagating SPPs. As each 

corrugation acts as a scattering medium, the electromagnetic field above the surface 

becomes intense and is finally transmitted through the hole at a well-defined wavelength.  

 The position of the resonance peak is mainly determined by the periodicity of the 

corrugations and the dielectric medium in which it is placed. The transmission efficiency 

in this case can be orders of magnitude greater than the predicated by classical Bethe 

theory. If the output surface of the single hole aperture is also surrounded with the 
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circular corrugation with the same periodicity and at the same locations, the transmitted 

beam is very narrow with the angle of divergence less than a few degrees, which is much 

smaller than that of the single aperture with corrugation on only one side [21, 28].  

 Figure 1.10 shows a single aperture flanked by a number of periodically spaced 

circular grooves, also referred to as a bullseye structure. The measured temporal 

waveforms corresponding to the transmitted THz pulses through 2, 4 and 6 groove 

patterns are shown in Fig. 1.10(c). For completeness, the temporal waveform for the 

reference bare aperture is shown at the bottom of Figure 1.10(c). As discussed above, 

each groove couples a fraction of the incident THz pulse to a surface wave that 

propagates both towards and away from the aperture. 

 In the present geometry, only surface waves that propagate towards the aperture 

contribute to the transmitted THz waveform. From Figure. 1.9(c), it is apparent that there 

are a number of low-amplitude oscillations following the primary oscillations. These 

secondary oscillations are believed to be caused by in-plane scattering from adjacent 

grooves. Since the linewidth of any transmission resonance associated with these bullseye 

structures is much narrower than the bandwidth of the incident or coupled THz pulses, 

we do not expect to observe any significant formation of standing wave patterns [29]. 

 

 

1.3.3 Enhanced Optical Transmission Through Periodic Hole Arrays 

 As discussed earlier, light cannot be directly coupled into surface plasmon modes 

on an unstructured metal film. This is because the momentum of incident free space 

radiation is smaller than the surface plasmon momentum. One way of coupling light into 

surface plasmon mode is by creating a periodic array of holes, as shown in Figure 1.11. 
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These arrays give rise to the enhanced optical transmission phenomenon [30]. The 

transmission spectrum contains multiple transmission resonances and, at the peak of the 

resonance, the transmission efficiency 𝜂 is much larger than for a single aperture. The 

mechanism for this process can be understood by considering three processes - the 

coupling of incident light into SPPs by the periodic hole arrays, transmission through the 

holes to the second surface and then re-emission from the second surface. The necessary 

momentum matching condition in the case of a rectangular periodic hole array can be 

written as  

𝑘𝑆𝑃𝑃 =  𝑘𝑥 ± 𝑖 𝐺𝑥  ± 𝑗 𝐺𝑦       (23) 

where kx = (2π/ λ)  sin θ is the component of the incident photon’s wavevector in the 

plane of the grating, θ is the angle between propagation wavevector and the sample 

surface normal, and i and j are the integers and gives the different modes (both i and j 

cannot be zero simultaneously). Here, 𝐺𝑥 =
2𝜋

𝑎
𝑎𝑛𝑑 𝐺𝑦 =

2𝜋

𝑏
  are the grating momentum 

wavevectors for the rectangular array, and a and b are the periodicities along x and y 

directions, respectively. For a square array, 𝐺𝑥 = 𝐺𝑦 =
2𝜋

𝑎
. If the angle of incidence θ is 

varied, the incident radiation excites different SPP modes. If the angle θ is not zero, the 

resonance peak is split into two components.  

 The resonance wavelength for the square array at normal incidence is given by 

𝜈𝐷𝑖𝑝 =  
𝑐

𝑎 √𝜀𝑑
 √𝑖2 + 𝑗2                 (24)         

where 𝜈𝐷𝑖𝑝 is the position of the resonance frequency, and εd is the permittivity of the 

dielectric. We have previously shown that it is the resonance dip on the higher frequency 

side that determines the location of the resonance given by Eq. (24) [31-33].  Periodic 
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hole arrays have many applications in optics, chemistry and biology [34-37]. 

 Equation (24) clearly shows that the transmission resonances can be altered by 

simply changing the periodicity and the medium in which the hole array has been 

fabricated. As an example, Figure 1.12 shows that the hole array on the dimpled surface 

acts as a tunable filter because the wavelength selectivity of the array transmission can be 

adjusted by changing the period. The letter “hν” are obtained by fabricating a periodic 

array in which some of the dimples are milled through to film holes that, in turn, reveal 

the spectral signature of the array. The periodicity for the hole array with letter “h” is 550 

nm while that for the letter “ν” is 450 nm. 

 

 

1.4 Outlines 

 In the following chapters, I will discuss the integration of fundamentals and 

applications related to controlling the propagation properties of SPPs through various 

plasmonic structures. These structures are fabricated using a variety of different 

conventional and unconventional approaches.  

 In Chapter 2, we discuss device fabrication through an inkjet printing technique. 

Inkjet printing provides a simple approach for creating terahertz plasmonic devices with 

a spatial variation of conductivity. This method also provides for the ability to create 

complex plasmonic devices rapidly that are otherwise very challenging to achieve using 

standard microfabrication techniques. The one limitation of inkjet printing technique is 

that it can only be applied to two-dimensional structures. In addition to a discussion on 

the fabrication methodology, we discuss the characterization techniques, including 

terahertz imaging using CW and pulsed terahertz waves.  
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 In Chapter 3, we discuss terahertz plasmonic structures that have a spatially 

varying conductivity. This spatial variation allows us to control and study the enhance 

plasmonic response. The spatial variation is achieved by using a commercially available 

inkjet printer, in which one cartridge is filled with conductive silver ink and a second 

cartridge is filled with resistive carbon ink. The spatial variations are designed using 

Adobe Illustrator and printed with an inkjet printer. In the printed structures, the 

individual printed dots can have differing amounts of the two inks, thereby creating a 

spatial variation of the conductivity. The silver ink has a DC conductivity that is only 

factors of six lower than bulk silver, while the carbon ink acts as a lossy dielectric. Both 

inks sinter at room temperature immediately after contact with the plastic film. Using a 

periodic array of subwavelength apertures as a test structure, patterns printed with 

fractional amounts of the two show dramatically different enhanced optical transmission 

properties. These differences arise from changes in the propagation loss properties as a 

function of conductivity. These data are used to design and fabricate aperture arrays in 

which the conductivity varies spatially. The resulting plasmonic effect is found to 

dramatically alter the spatial beam profile of the transmitted THz radiation, as measured 

by THz imaging.  

 In Chapter 4, we discuss the ability to create complex three-dimensional (3D) 

THz waveguide structures using 3D printing. Professional grade 3D printers are capable 

of printing a variety of plastics with a resolution of 600 dpi along the x- and y-axes and 

1600 dpi along the z-axis. In the work presented here, we print devices using a Vero-

White polymer, which we subsequently sputter coat with ~300 nm of Au. We have 

previously shown that when a metal layer of >150 nm is deposited on any substrate, 
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SPPs do not interact with the underlying substrate medium. Therefore, almost any 

underlying substrate medium can be used to create THz plasmonic devices. 

 In Chapter 5, we describe a family of symmetric and asymmetric T-shaped 

structures that act as a plasmonic THz waveguide and experimentally and numerically 

investigate the THz propagation properties of these devices. The waveguides were made 

using a commercially available professional grade 3D printer (Object EDEN 260V), 

which has a printing resolution of 600 dpi in the x-y plane and 1600 dpi along z-axis. 

We have recently shown that this approach allows for the fabrication of plasmonic 

devices with complex 3D shapes. The devices were printed using a polymer resin (Vero 

White) on a support platform. After the resin solidified, the devices were detached from 

the support and sputter deposited the device with Au. Sputter deposition typically allows 

for more film thicknesses on non-planar geometries. In order to help ensure the bottom 

surfaces of the T or inverted-L structures were coated with Au, we turned the samples 

multiple times between deposition runs. On the upper (planar) surfaces of the 

waveguide, the measured Au film thickness was ~500 nm. Once the deposited Au 

thickness is more than twice the skin depth, propagating SPP does not see the underlying 

substrate. Using THz time-domain spectroscopy, we measure the transmission spectrum 

and other guided-wave properties of the devices as a function of the structure height, 

lateral width, asymmetry and periodicity. We also perform numerical finite difference 

time-domain (FDTD) simulations to validate our observations. 

 In Chapter 6, we discuss the use of shape memory alloys for (THz) plasmonics. 

Nitinol, which is an alloy of nickel and titanium, has a DC conductivity that is similar to 

that of stainless steel. This level of conductivity is more than sufficient for THz 
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plasmonics applications, as we have previously shown in multiple publications. These 

materials are interesting because they allow for thermal switching between two different 

physical geometries using only moderate temperature changes. There are, of course, 

numerous examples of shape memory alloys in industrial applications. Overwhelmingly, 

these are based on shape memory alloy-based wires and involve one-way changes (a 

deformed alloy that reverts to its original shape upon heating only one time and does not 

return to another shape upon cooling). We use large (5 cm x 5 cm) foils that can be 

trained to thermally switch between a corrugated geometry (either a 1D corrugation or a 

2D corrugation) simply by cycling the temperature over ~20° C range. This type of 

change is similar, in general terms, to the conductivity change that occurs with VO2 as 

the temperature is varied. 

 In Chapter 7, we discuss the first experimental observation of Anderson 

localization in the terahertz frequency range using plasmonic structures. This is 

accomplished using THz waveguides consisting of a one-dimensional array of 

rectangular apertures that are fabricated in a freestanding metal foil. Disorder is 

introduced into the waveguide by offsetting the position of each aperture spaced by 250 

microns in a periodic waveguide; 10% disorder would correspond. We observe that for 

disorder levels below 25%, there was only an increase in the propagation loss along the 

device. However, for two specific waveguides with 25% disorder, we observe a spatially 

localized mode within the stopband of the device and exhibited a double-sided 

exponential spatial decay away from the maximum.  
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Figure 1.1: Terahertz electromagnetic spectrum 

 

 

 
Figure 1.2. Photoconductive antenna for generating THz radiation. 
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Figure 1.3. Optical rectification for generating THz radiation. 

 

 

 

 

Figure 1.4: Schematic diagram of TM polarized wave incident upon a metal and 

dielectric interface. 
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Figure 1.5: Schematic illustration of the electromagnetic wave and the surface charges at 

the interface between metal and dielectric for the TM polarized wave. 

 

 

 

 

 

 

Figure 1.6: Dispersion curve of SPPs wave. 
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Figure 1.7: Diffraction through a single hole of radius r (Left). Transmission spectrum 

of light through a single hole on an infinitely thin metal film as a function of 

wavelength (Right).  

 

 

 

 

 

Figure 1.8: A single hole aperture on a real metal having thickness h (Left). A 

transmission spectrum through a single hole aperture for the real metal (Right). 
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Figure 1.9: Photograph of a single aperture surrounded by periodic circular 

corrugations. (a) Transmission spectrum through a single aperture surrounded by 

periodic circular corrugations. (b) Schematic diagram of single hole aperture 

surrounded by circular corrugations on both sides [28]. 
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Fig. 1.10. Time domain waveform through bullseye structure. (a) Photographs of 

typical bullseye structures consisting of periodic multiple annular grooves (b) 

Cross-sectional line diagrams of the structures used (c) Five experimentally 

observed time-domain waveforms for the structures shown in part (b). The 

temporal waveforms have been offset from the origin for clarity. The number of 

oscillations, after the initial bipolar waveform, matches the number of annular 

grooves.  
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Figure 1.11: Schematic diagram of periodic hole array and the transmission spectrum 

through such hole array.  

 

 

 

 

Figure 1.12:  Holes in a dimple array generating the letter “hν”. 

 



 
 

 

 
 
 
 
 

CHAPTER 2 
 
 
 

DEVICE FABRICATION AND MEASUREMENT 
 
 
 

2.1 Inkjet Printing Techniques with Spatial Variation of Conductivity 
 

 Inkjet printing is a type of computer printing that recreates a digital image by 

propelling droplets of ink onto paper, plastic or other substrates [1]. An inkjet printer uses 

cyan, magenta, yellow and black cartridges (CMYK). In order to print a color image, 

different fractions of ink from each cartridge are dropped onto the substrate.  The 

computer monitors radiate light whereas inked or printed paper absorbs or reflects light 

of certain wavelengths. The CMYK color model is a subtractive color model and serves 

as filters, subtracting varying degrees of red, green and blue light from white light to 

produce a selective gamut of spectral colors.  Like monitors, printing inks also produce a 

color gamut that is only a subset of the visible spectrum, although the range is not the 

same for both. Consequently, the same art displayed on a computer monitor may not 

match to that printed in a publication. Also, because printing processes such as offset 

lithography use CMYK (cyan, magenta, yellow, black) inks, digital art must be converted 

to CMYK color for print. Some printers prefer digital art files be supplied in the RGB 

color space with ICC profiles attached. Images can then be converted to the CMYK color 

space by the printer using color management methods that honor profiles if present; this 

helps preserve the best possible detail and vibrancy. A subtractive color model white
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RGB (red, green and blue) is an additive color model [2]. The color model for RGB and 

CMYK is shown in Figure 2.1 [2]. Printing with the metallic ink is the same as printing 

with the pigmented colors as described above. 

 In this case, instead of using the pigmented inks, the empty cartridges are filled 

with metallic inks with the help of syringes. The remaining cartridges are filled with 

aqueous ammonia solution. The plasmonic structures are designed with Adobe Illustrator 

and saved in pdf format. The structures are printed on a Polyethylene Terephthalate 

(PET) substrate and are chemically treated to avoid smearing the inks onto the substrate. 

The printer used in this case is an Epson Workforce 30, which is shown in Figure 2.2. In 

order to print the spatial variation of conductivity, two types of inks are used- one is 

silver and the other is carbon. Both inks are commercially available at methode.com.  

Silver ink is filled in the cyan cartridge while carbon is filled in the magenta cartridge. 

Designs are drawn using Adobe Illustrator. One of the designs is shown in Figure2.3.  

 In Figure 2.3, on the left side, the value of magenta is 100 % and it is decreasing 

as we move towards the right, but the value of cyan is increasing towards the right. On 

the right-most side, the value of cyan is 100 %.  Once the structures are printed with 

silver and metallic ink, we get spatial variation of conductivity. In this case, magenta 

represents silver ink and cyan represents carbon ink. The content of silver ink is 

decreasing in discrete steps from left to right. The conductivity of the silver ink is 8.6 x 

10
6
 S/m, which is about 6 times smaller than the bulk silver conductivity. The carbon ink 

acts as a lossy dielectric ink and the conductivity of the carbon ink is 800 S/m. The 

resolution of the printer with these inks is about ~75 µm. An inkjet printer prints the 

structures line by line. The linewidth of the printed structure is ~100 µm.  Once the 
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structures are printed, it does not require further processing [3]. The printed structure is 

shown in Figure 2.4. The printed structures show the same plasmonic response and do not 

change even after 3 months. 

 We have used two types of ink-silver and carbon to create spatial variation of 

conductivity. This spatial variation of conductivity allows us to control the propagation 

properties of surface plasmon. In order to have a greater control on the propagation 

properties of surface plasmon polarition, different types of inks can be used such as 

ferromagnetic ink. Multiple cartridges with varieties of inks can also be used to have 

greater control on the propagation properties of surface plasmon. The spatial resolution of 

the Epson workforce 30 printer is ~ 75 µm. Better resolutions and hence smaller features 

can be printed with expensive printers such as Epson 4800. With the dimatrix printer, 

much better resolution of up to 1 µm can be achieved [4]. However, the disadvantage of 

dimatrix printer is that it uses only one cartridge at a time. Hence, creating spatial 

variation of conductivity is very challenging with the dimatrix printer. 

 

 

2.2. 3D Printing of Plasmonic Devices 

 

 3D printing is an additive manufacturing technique that is used to fabricate a 

three-dimensional object [5]. The term “additive manufacturing” accurately describes 

how this technology works to create objects. “Additive” refers to the successive addition 

of thin layers ~ 20 µm or greater to create an object. Almost any complex object can be 

created by this additive manufacturing technique.  There are 4 main steps in creating 

plasmonic devices by 3D printing techniques- the first step is the designing the 3D file of 

the structures. The 3D file can be created by using CAD software or with SolidWorks.  
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The second step is the actual printing process. The materials used in 3D printing are very 

broad. It includes plastics, ceramics, resins, metals, textiles, biomaterials and glass, etc. 

[6]. While printing the actual object, support materials are used to support the hanging 

structures or it is the materials that are filled between the actual structures. The third 

process is removing the support materials. This is done by using the water jet. Once the 

supporting materials are removed, the fourth and final process is sputter coating of the 3D 

structures with gold.  In order to make the plastic printed structures behave as a 

plasmonic device, it is sputter coated with gold. Once the structures are coated with more 

than twice the skin depth of gold in all directions, they become plasmonic devices. In 

order to ensure that the 3D structures are coated everywhere with the gold, the sample is 

turned each side and coated with the gold [7-9].  

 The 3D printing utilized for the purpose of printing our structure is Object 

EDEN260V. The materials used for the printing structure are VeroWhite polymer. The 

horizontal build layers are as fine as 16 micron. The build resolution of the printer is 600 

dpi along the x and y axis, whereas along the z axis, it is 1600 dpi. The accuracy of the 

printer is about 60 microns [10]. The 3D printer Object EDEN260V is shown in Figure 

2.5. The time required to print out a 3D geometry is volume dependent. For a waveguide 

with the length of 8 cm, width of 2 cm and thickness of 0.5 cm, the time required for the 

3D printing is about an hour. 

 

 

2.3 Terahertz Time Domain Spectroscopy and Terahertz Imaging 

 Figure 2.6 is a schematic diagram of the standard terahertz time domain 

spectroscopy (THz-TDS).  In this case, a femtosecond laser emits a train of femtosecond 
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laser pulses at near infrared frequencies centered at 800 nm.  The bandwidth of the 

infrared laser is around 100 nm. That means the incident infrared wavelength spans from 

750 nm to 850 nm. The initial laser beam after passing through a beam splitter is split 

into two components in the ratio of 80:20. The initial power of the laser before the beam 

splitter is 1W. The beam having the power of 800 mw is called a pump beam whereas the 

lower power beam having the power of 200 mw is called the probe beam.   The beam is 

passed through an optical chopper. After being modulated by the optical chopper, the 

beam is allowed to incident onto a second-order nonlinear crystal, ZnTe. When the 

optical beam (near infrared) passes through this nonlinear crystal, terahertz frequency 

spanning from 0 to 1.5 THz is generated through the optical rectification process, which 

is described in the Section 1.1. By using two off axis parabolic mirrors, the generated 

THz wave is focused onto another nonlinear ZnTe crystal as shown in Figure 2.7.             

 The detector crystal is an electro-optic crystal. The probe beam gates the detector 

and the response is proportional to the sign and amplitude of the terahertz electric field 

[11-16]. The amplitude of the THz pulse is measured for a particular time difference 

between the probe and pump. The output signal is typically proportional to the 

convolution of the probe beam and the THz pulse. Because the probe beam duration is 

much shorter than the THz pulse, at first order, the probe can be considered as a delta 

function, thus, the output is proportional to the amplitude of the THz pulse for that 

particular time delay between the probe and pump. 
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2.3.1 Electro-Optic Sampling (EO Sampling) 

 The Pockels effect is a change in the refractive index or birefringence that 

corresponds linearly with the electric field. However, Pockels effect only appears in 

crystals that have no inversion symmetry, for example, in zincblende crystals such as the 

ZnTe. Electro-optical sampling is based on the Pockels effect. In the EO sampling 

method, the THz field is measured by the change it causes on the birefringence properties 

of an EO crystal. Such changes in the birefringence of the EO crystal can be measured by 

analyzing the polarization properties of an optical probe beam going through the crystal. 

The most common setup to measure the THz waveform with EO sampling is with a 

balanced measurement approach (Figure 2.8).  In this approach, a linearly polarized 

optical probe beam goes through a polarizer and then travels through the EO crystal. A 

quarter wave plate (QWP) located after the EO crystal changes the ellipticity of the probe 

beam and a Wollaston prism separates the two perpendicular components of the elliptical 

polarization. Each polarization intensity is detected by a photo-diode. The photo-diodes 

are conFigured in differential mode so common laser noise is cancelled. When no THz 

wave is illuminating the EO crystal, the ellipticity of the probe beam can be set so that 

both polarizations are equal and therefore, the net current from the photo-diodes 

assembly is zero. When a THz wave illuminates the EO crystal, the electric field 

associated with the THz wave changes the birefringence of the material and, thus, it 

changes the ellipticity of the probe beam. This change in ellipticity breaks the balance 

between the two polarizations and, therefore, a net current is generated at the photodiodes 

assembly that is proportional to the amplitude of the electric field of the THz wave [17-

20]. 
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2.3.2 Terahertz Imaging (TI) 

 The terahertz imaging system has an inherent advantage over millimeter waves 

(30 GHz-300GHz) due to its short wavelength, which gives better spatial resolution. The 

main features of terahertz imaging are – (a) THz waves are transparent through most of 

the dielectrics which allows imaging samples that are wrapped or covered with the 

dielectrics; (b) gives much better resolution than the mm waves; (c) with a pulsed laser 

system, not only the structural information but the chemical information can be achieved; 

(d) THz waves are non-ionizing radiation due to the low energy of photons and can be 

used in security scanners instead of X-rays. Terahertz imaging can be realized using both 

continuous (CW) and pulsed laser systems. In our lab, we have the capability of both 

THz imaging using both CW and pulsed laser systems. A commercially available 

continuous terahertz imaging camera is available. We have two CW terahertz cameras 

that work at 100 GHz and 300 GHz from Terasense as shown in Figure 2.9. The output 

power of the CW THz is 80 mw. As CW-THz takes images at a single frequency, it can 

reveal the shapes of the hidden objects but cannot give the spectral information about the 

objects. However, if the images are taken at different discrete frequencies and 

algorithmically combined, it is possible to distinguish substances spectroscopically. The 

other capability of THz imaging technique in our lab is based on electro-optic sampling 

for real-time THz imaging. The schematic diagram of real-time terahertz imaging is 

shown in Figure 2.5. The imaging setup is the same as the THz-TDS setup except the 

photodiode, quarter wave plate and the Wollaston prism in the THz-TDS are replaced by 

the CCD camera. The CCD camera we have used in this case is a thermoelectrically 

cooled CCD camera that has a high wide spectral range, a high dynamic rage, and high 
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thermal and temporal stability. The spectral range for the TE/CCD camera is from 400-

1100 nm [21-22]. The procedure for obtaining the real-time imaging with the TE/CCD 

camera is described below.  

 In the THz-TDS, the temporal waveform is obtained by moving the delay stage. 

As the delay stage moves, we measure the convolution of the terahertz wave and the 

optical probe beam. The entire temporal waveform can be obtained by moving the delay 

stage sufficiently long. When the path length between the pump and probe beam is 

exactly the same, we see the signal peak in the time domain. In the terahertz imaging 

system, we obtained the terahertz signal by taking the two images- one with the pump 

beam and one without the pump beam. When the path length between the pump and the 

probe beam is exactly the same, the difference between these two images give the 

terahertz signal. The camera has the pixel resolution of 512 X 512. The pixels were 

binned to form a 128 X 128 pixel array, which allowed for greater dynamic range in the 

measurements. This corresponds to taking 16384 independent time-domain waveforms 

simultaneously.  The waveforms obtained for each effective pixel were then Fourier 

transformed and the magnitude of the amplitude spectra at the desired frequency was 

recorded and plotted to form the false color beam profiles.  
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Figure 2.2: Epson Workforce 30 printer and the empty cartridges. 

 

 

Figure 2.3: Spatial variation of conductivity designed using Adobe Illustrator. 
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Figure 2.4: Photograph of the hole array with 100 % silver ink. 

 

Figure 2.5: Photograph of Object EDEN260V 3D printer. 
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Figure 2.6: Schematic diagram of terahertz time domain spectroscopy. 

 

 

Figure 2.7: Convolution between probe beam and the pump beam with different 

times. 
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Figure 2.8: Electro-optical sampling schematic diagram. 

 

 

 

 

Figure 2.9: Continuous THz source and THz detector. 
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Figure 2.10: 2-D real-time terahertz imaging system via EO effect. (Z. Jiang and X.-C. 

Zhang, “Terahertz imaging via electrooptic effect,” IEEE Transactions on Microwave 

Theory and Techniques, vol. 47, no. 12, pp. 2644–2650, Dec. 1999). 
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BISTABLE PHYSICAL GEOMETRIES FOR TERAHERTZ PLASMONIC  

 

STRUCTURES USING SHAPE MEMORY ALLOYS 

 
 
 
 

Reprinted with permission from [Barun Gupta, Shashank Pandey, Anjali Nahata and 
Ajay Nahata, "Bistable physical geometries for terahertz plasmonic structures using 
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CHAPTER 8 
 

 

 

FUTURE WORK AND CONCLUSIONS 

 

 

 

8.1 Future Work 

 
8.1.1 Active Terahertz Waveguide Device 

 So far, all the waveguide devices we have fabricated are either by using laser 

ablation or by using 3D printing techniques and all are passive devices. The THz 

plasmonic waveguides that have rectangular aperture allow multiple narrowband 

propagations. The locations of these multiple narrowbands are completely defined by the 

geometric parameters of the rectangular aperture. The magnitude of each of the 

propagating modes can be controlled by placing secondary waveguides next to the main 

waveguides, as shown in the schematic diagram in Figure 8.1. In order to make it work as 

an active waveguide, the rectangular apertures of the secondary waveguides are filled 

with an organic salt- bis2 amine hydrochloride. We measured the refractive index of 

organic salt at terahertz frequency. The imaginary part of refractive index 'k' gives the 

loss component increases by 10 factors by a moderate temperate change from 35
0 

C to 

95
0
 C at 0.25 THz. The real part of the refractive index remains constant. In order to 

control one particular propagating mode, the rectangular aperture length is changed 

accordingly. For example, in order to suppress the resonant mode at 0.25 THz, the
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secondary waveguide optical length is set at 1.6 THz.  

  

 

8.1.2 Selecting the Transmitted Mode Through the Hole Array  

 Based on our work on enhanced transmission properties of two-dimensional 

periodic aperture arrays, we propose to extend the idea of selecting the transmitted mode 

by introducing the different phase along two directions, as shown in Figure 8.2. The 

schematic diagram of the proposed future work is shown in Figure 8.2. In this figure, a 

coupling groove having a width of 100µm and depth of 150µm is structured on a 

stainless metal film. On each side of the groove, periodic hole array structures are 

fabricated by laser ablation thickness. The distance between the centers of the groove to 

the center of the hole on the right side is x1 and similarly, the distance between the centers 

of the groove to the center of hole in the left side is x2. The hole diameter is 500µm and 

the periodicity is 1mm. The momentum matching condition for the periodic hole array 

without a groove gives the different resonance modes. The dominant resonance modes 

are [1, 0] and [1,1] modes that occur at 1mm and 0.42 THz. However, when we introduce 

the groove, there occurs a time delay between the transmitted THz from the right side of 

the hole arrays and the left side of the hole arrays. This causes a net phase difference 

between the transmitted THz signal from the two sides. The phase difference from the 

two sides can be given by k Δx. 

 For the phase difference, φ = k Δx = 
2 𝛱  𝑛 

𝜆 
 Δx. For the constructive interference, φ 

= 2Π m, where m is an integer. This gives Δx = 
𝑚 𝜆

𝑛
. For the destructive interference, φ = 

Π m, where m is an integer. This gives Δx = 
𝑚 𝜆

2 𝑛
. These two equations show that for 1mm 

periodicity, if we choose the path length 0.5 mm, we get destructive interference and 
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similarly, for the second-order mode, if we choose the path length to be 0.35 mm, we get 

destructive interference for the second-order mode. 

 
    
8.1.3 VO2-Based Active Terahertz Waveguide 

 

 Vanadium oxide, VO2, is a unique complex oxide due to its enhanced electron–

electron interaction, which has a major influence on the electric properties. VO2 exhibits 

a sharp electronic transition from an insulating state (room temperature) to a metallic 

state (high temperature). When heated to just above room temperature, the electrical 

conductivity of vanadium dioxide (VO2) abruptly increases by a factor of 10,000. Using 

the laser ablation and 3D printing techniques, we have created rectangular aperture 

waveguides as discussed in Chapter 3 and Chapter 4. In order to make an active terahertz 

waveguide device, the individual rectangular apertures are filled with vanadium oxide.  

The entire waveguide is placed on a metal film that can be heated electrically. As we 

increase the temperature, the propagating mode can be thermally controlled. In fact, we 

can control from no propagating mode to propagating mode just by thermally heating.  

 

 

8.2 Conclusions 

 

 In Chapter 3, we discussed, terahertz plasmonic structures with spatial variation 

of conductivity. The spatial variation of conductivity was achieved using a commercially 

available inkjet printer and using nano-particle inks. The spatial variation of conductivity 

allowed us to control the propagation properties of surface plasmon. The spatial 

variation of conductivity was achieved by using a commercially available inkjet printer, 

in which one cartridge was filled with conductive silver ink and a second cartridge was 
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filled with resistive carbon ink.  In the printed structures, the individual printed dots had 

differing amounts of the two inks, thereby creating a spatial variation of the 

conductivity. Using a periodic array of subwavelength apertures as a test structure, 

patterns printed with fractional amounts of the two exhibited dramatically different 

enhanced optical transmission properties. These differences appeared due to changes in 

the propagation loss properties as a function of conductivity. These data were used to 

design and fabricate aperture arrays in which the conductivity varied spatially. The 

resulting plasmonic effect was found to dramatically alter the spatial beam profile of the 

transmitted THz radiation, as measured by THz imaging [1]. 

 In Chapter 4, we discussed the ability to create complex three-dimensional (3D) 

THz waveguide structures using 3D printing. We demonstrated the complex 3D 

terahertz waveguide printed with professional-grade 3D printers using Vero White 

polymer, which was subsequently sputter coated with ~300 nm of gold and acts 

remarkably well as compared with the standard terahertz waveguide fabricated on 

stainless steel using the laser ablation technique. We demonstrated the capability of 

printing 3D terahertz complex waveguides, which was not possible using standard 

microfabrication technique and inkjet printing techniques [2-3].  

 In Chapter 5, we discussed a family of symmetric and asymmetric T-shaped 

structures that acted as a plasmonic THz waveguide and experimentally and numerically 

investigated the THz propagation properties of those devices. The waveguides were 

made using a commercially available professional-grade 3D printer (Object EDEN 

260V), which had a printing resolution of 600 dpi in the x-y plane and 1600 dpi along 

the z-axis. The devices were printed using a polymer resin (Vero White) on a support 
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platform. After the resin solidified, the devices were detached from the support and 

sputter deposited the device with Au. Sputter deposition typically allows for more film 

thicknesses on non-planar geometries. In order to help ensure that the bottom surfaces of 

the T or inverted-L structures were coated with gold, we turned the samples multiple 

times between deposition runs. On the upper (planar) surfaces of the waveguide, the 

measured Au film thickness was ~500 nm. Once the deposited Au thickness was more 

than twice the skin depth, propagating SPP did not see the underlying substrate. Using 

THz time-domain spectroscopy, we measured the transmission spectrum and other 

guided-wave properties of the devices as a function of the structure height, lateral width, 

asymmetry and periodicity. We also performed numerical finite difference time-domain 

(FDTD) simulations and validated our observations [4-5]. 

 In Chapter 6, we discussed how the shape memory alloys were interesting 

materials for (THz) plasmonics. We showed that the shape memory alloys are interesting 

because they allowed for thermal switching between two different physical geometries 

using only moderate temperature change. In this Chapter, we showed that large (5 cm x 

5 cm) foils can be trained to thermally switch between a corrugated geometry (either a 

1D corrugation or a 2D corrugation) simply by cycling the temperature over ~20° C 

range. Those two stable structures that could be thermally switched by using moderate 

temperatures have significant different plasmonic responses [6-9].  
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 Figure 8.1. A schematic of the waveguide filled with salt. The main axis of the 

waveguide consists of array of rectangular holes, the adjacent holes next to the main axis 

of waveguide are leaky resonators, resonance adjusted to account for refractive index of 

the salt.   

 

 

 

 

Figure 8.2: Schematic diagram of selecting modes through periodic hole array 
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