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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



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



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]-

(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



resolution than THz radiation.

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

Ae  O6N(t)
dmteygc?z Ot

Erp, =

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



light, e is the electron charge, z is the penetration of the laser pulse into the
semiconductor, p is the mobility of the carriers, Ey, 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:

PzNL= (x1+ X2E + xzE*+-)E (2)

If we consider the applied electric fields are E1=Eq cos(m;t) and E;=E; cos(wat),

then the second-order polarization can be expressed as

2

E
PZNL(t) = x2E1 E; = )3 % [cos(wy — w,) t + cos(wy + w,) 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.

52P,NE(t)
_ 27 b 4
ETHZ 6t2 ( )

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



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 (A/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 64, as shown in Figure 1.4. The incident wave has a
wavelength of A, so the momentum of the incident photon is kg = 2mng/A, where nq is the
refractive index of the diclectric. The reflected wave propagates with the angle 6; while
the the refracted wave travels inside the metal with an angle 0.

The momentum of the refracted photon is ky, = 2nny/A, where np, is the refractive

index of the metal. The boundary matching condition along the x-axis is Kgx = Kmx. From



Snell’s Law, we have ng sin 01 = ny, sin 0, Since ng > Ny, 02 > 01. The maximum value of
0, can be 90° at a certain value of 0;. If we further increase the angle 6 the wave cannot
propagate through metal beyond this limiting angle of incidence 0; and is reflected back
into the dielectric. This limiting angle of incidence, also called the critical angle, is given

by

. nm
sinf, = —
Ng

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 E4 is continuous, whereas it is not the case for the E; field.
Along the z direction, the electric displacement D is continuous. Applying the boundary
condition that D, is continuous across the interface, D, = £4g0E;q = emeoE.m, Where g4 and
em are the relative permittivities of the dielectric and the metal, and &, is the permittivity
of the free space. There is discontinuity in the electric field along z direction E,. 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]

Eq = (Exd, 0,Ezq) exp(—kzz) expli(Kyxx — ot)] (1)



Hq = (0,Hyq, 0) exp(—kaz) expli(kux — wt)], )
when z < 0, one has

Em = (Exm, 0,Ezm) exp(kzmz) expli(kx — ot)] ©)

Hm = (0,Hym, 0) exp(kzmz) exp[i(kwx — wt)]. 4)

Using the Maxwell equation V-E = 0, the electric field components take the form

. ky

E,q=1 Xzd Exa (5)
kx

E;m=—1 kzm Exm (6)

The Maxwell- Faraday equation is

VxE= -2 (7)

c ot
Applying Eq. (7) to Egs. (1) and (2), we get

Kzd Exd — 1 Kx Eza = 1 K Hyg (8)
where k = w/c is the wavevector in free space.
Similarly applying Eq. (7) to Egs. (3) and (4), we get

Kzm Exm — 1 Kx Ezm = 1 K Hym 9)

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

g4k Exg = i Kzg Hyg (10)
emK Exm = —1 KzmHym (11)
where k,g® =k, —eq k2 (12)
kym® = k> — € 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 Egs. (10) and (11)



kea _ _ &
kzm N &m (14)

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

k, = k |25 (15)

&t ém
where Ky is basically the propagation vector along the interface. This is the surface

plasmon wavevector. Therefore, we can write

kg, = k |- (16)

PP cat em

This expression is valid for both real and complex values ofg; and &,,.

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 #kspp Of the SPP is larger than the free space momentum #k 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

g+ &, =0. a7
The dielectric constant of the metal at a certain frequency can be given by the

Drude model
ey =1—2 (18)

where o, 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

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



plasma frequency as

Wspp = \/laf—gd (19)

As g4 is always greater than 1, wgpp 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 6y, = 1/kzm and 84 = 1/k,q. Using equations (12) and (13), the penetration

depth in terms of permittivities can be expressed as

8(1 = l Zax om (20)

k —Sdz

Similarly, the penetration depth into the metal is given by

S = S (21)

Since g Is greater than &g, 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 Eg
exp(—kzqz) for z > 0, E, o exp(k;mz) 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.



10

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, A. 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, n, which is normalized to the aperture area [19, 20].

kd)* _ 25 .d
n=4TL =2 O (22)

27m* 33

Here, k = 2m/A is the wavevector of the incident light having wavelength A and d
is the diameter of the hole. From Eq. (22), it is evident that the transmission efficiency 1
varies as (d/A) *. Thus, if the wavelength A 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?6,
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



11

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 A If the incident light
wavelength A > A 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 n 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 = ky TGy )G, (23)

where ky = (2n/ A) sin 0 is the component of the incident photon’s wavevector in the
plane of the grating, 0 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, G, = 2%Tand Gy = 27” 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, G, = G, = 27” If the angle of incidence 0 is

varied, the incident radiation excites different SPP modes. If the angle 0 is not zero, the
resonance peak is split into two components.

The resonance wavelength for the square array at normal incidence is given by
vDip = a;\/g—d 1/1:2 +]2 (24)

where vp;, is the position of the resonance frequency, and &g 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 “hv” 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 “v”’ 1s 450 nm.

1.4 Outlines

In the following chapters, | 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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CHAPTER 2

DEVICE FABRICATION AND MEASUREMENT

2.1 Inkjet Printing Technigues with Spatial VVariation 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° 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 um. An inkjet printer prints the

structures line by line. The linewidth of the printed structure is ~100 um. 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 um. 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 um 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 um 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-300GH?z) 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.
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Figure 2.3: Spatial variation of conductivity designed using Adobe Illustrator.



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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CHAPTER 3

TERAHERTZ PLASMONIC STRUCTURES BASED ON SPATIALLY VARYING

CONDUCTIVITIES

Reprinted with permission from [Barun Gupta, Shashank Pandey, Sivaraman
Guruswamy, and Ajay Nahata, "Terahertz plasmonic structures based on spatially
varying conductivities,” Advanced Optical Materials, 2, 565-571 (2014)]. ©2014
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Terahertz Plasmonic Structures Based on Spatially Varying

Conductivities

Barun Gupta, Shashank Pandey, Sivaraman Guruswamy, and Ajay Nahata*

Terahertz plasmonic structures are demonstrated in which the conductivity of
the metallic film is varied spatially in order to further enhance the response.
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, 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 silver ink

has a DC conductivity that is only a factor of six lower than bulk silver, while
the carbon ink acts as a lossy dielectric at THz frequencies. 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 different fractional amounts of the two inks show dramatically different
enhanced optical transmission properties. These differences arise from
changes in the propagation loss properties as a function of conductivity. This
data is used to design and fabricate aperture arrays in which the conductivity

frequencies, the most common metals used
for such structures are Au and Ag, since
most other metals exhibit unacceptably
high losses. As one moves to longer wave-
lengths, a broader range of materials has
been shown to support relatively low loss
propagation of surface plasmon-polaritons
(SPPs), including not only all conventional
metals'” and superconductors,"'l but also
more exotic metals such as doped semi-
conductors,"¥ graphene,”#l conducting
polymers** and liquid metals.”) In the ter-
ahertz (THz) spectral range, for example,
all conventional metals exhibit very large
conductivities, corresponding to long prop-
agation lengths, while many exotic metals
exhibit lower conductivities, corresponding
to higher propagation losses and therefore
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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.

1. Introduction

Plasmonic devices offer unique capabilities for controlling the
propagation properties of electromagnetic radiation, because
the dispersion properties of surface plasmon-polaritons (SPPs)
differ dramatically from that of freely propagating radiation.!"!
A standard approach used to fabricate such structures typically
begins with a homogeneous metal film that is patterned to yield
the desired plasmonic response. Such structuring can allow
for enhanced optical transmission through subwavelength
apertures,??! subwavelength confinement of radiation** and
the development of unique device technologies.® At optical

B. Gupta, S. Pandey, Prof. A. Nahata
Department of Electrical and Computer Engineering
University of Utah

50 S. Central Campus Dr.

Salt Lake City, UT 84112, USA

E-mail: nahata@ece.utah.edu

Prof. S. Guruswamy

Department of Metallurgical Engineering
University of Utah

135 S 1460 East

Salt Lake City, UT 84112, USA

DOI: 10.1002/adom.201400018

Adv. Optical Mater. 2014, 2, 565-571

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

shorter propagation lengths.

In an effort to expand the parameter
space for the development of new and
unique plasmonic device capabilities, it
would be beneficial to be able to pattern
multiple plasmonic materials, with dif-
ferent conductivities, as an example, within a single two-dimen-
sional (2D) structured film. Such patterning would enable an
additional level of control over the propagation properties
of optical radiation. A variety of different deposition and pat-
terning techniques exist to create the requisite pattern. Among
these, the use of conventional microfabrication techniques
involving vacuum deposition of the plasmonic material and
a subsequent etching or lift-off step to create the final device
is the most common. Using this approach, creating a pattern
with multiple materials is certainly possible using conventional
microfabrication techniques, although each material would
typically require the addition of multiple deposition and pat-
terning steps. Thus, such an approach would usually be limited
to the inclusion of only a few different materials or material
variations. An alternate approach that is promising requires the
use of an inkjet printer. Such printers have shown great success
in printing antennas,"! organic electronics,'% thin film tran-
sistors!””) and metamaterials."®'% This is often accomplished
using sophisticated MEMS-based printers, which allow for the
fabrication of high resolution patterns. However, such printers
also typically allow for only one type of ink to be printed at a
time.

In this letter, we report the demonstration of THz plasmonic
structures in which the conductivity of the metallic film can be
spatially varied widely using low cost, commercially available
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Figure 1. Properties of microfabricated and printed aperture arrays. (a) Image of a portion of an aperture array fabricated using a 1 pm thick sputtered
silver film and then etched to yield the final pattern with the relevant dimensions shown (a) Image of a portion of an aperture array printed using
conductive silver ink with the relevant dimensions shown. (c) Amplitude transmission spectra for the two arrays normalized using the transmission
properties of a bare PET sheet. The Bragg indices for each resonance are given by A(i,j), corresponding to the (i,j) resonance for the metal-air interface,
and S(i,j), corresponding to the (i,j) resonance for the metal-substrate interface. (d) The magnitude of the lowest order resonance at 0.22 THz as a

function of the aperture diameter keeping the periodicity fixed at 1 mm.

color inkjet printers. For the present demonstrations, we use
one color cartridge filled with conductive silver ink and a second
color cartridge filled with resistive carbon ink. Using a periodic
array of subwavelength apertures'?! as a test structure, we ini-
tially investigate the enhanced THz transmission properties as
a function of the (homogeneous) printed layer conductivity, by
varying the fractional content of silver and carbon ink in each
printed image. Using this information, we create aperture
arrays imprinted with different spatial conductivity patterns
and investigate the effect of the resulting structures on the spa-
tial profile of a broadband THz beam using THz imaging.

2. Results and Discussion

In order to demonstrate the utility of inkjet printing for this
application, we first compared equivalent devices: one fabricated
via inkjet printing and the other fabricated using conventional
microfabrication techniques. For printing purposes, we used
an Epson Workforce 30 color inkjet printer with a conductive

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

silver ink and printed a 5 cm x 5 cm array of subwavelength
apertures on surface treated PET (polyethylene terephthalate)
sheets. The array consisted of 450 pm diameter apertures on a
square lattice with a center-to-center spacing of 1 mm. We also
fabricated an identical aperture array on the same PET sheet
using a 1 pm thick sputter deposited Ag film that was subse-
quently etched to yield the desired pattern. Expanded views of a
portion of the two arrays are shown in Figure 1a and b. In con-
trast to the microfabricated structure, the inkjet printed pattern
consists of silver lines that are ~100 pm wide, corresponding to
the resolution of the printer. The Ag ink sintered at room tem-
perature immediately upon printing, and required the use of
the surface treated PET sheets, so no additional processing was
required to yield the final device. We used a four point probe
technique to measure the dc conductivity of the two samples
and found that it was 5 x 107 S/m for the sputter deposited Ag
and 8.6 x 10° S/m for the sintered Ag ink. The conductivity
value for the sputter deposited Ag is nearly identical to that of
published values for bulk silver,?%) while that for the sintered
Ag ink is only a factor of six smaller.

Adv. Optical Mater. 2014, 2, 565-571
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Figure 2. THz transmission properties as a function of the Ag content. (a) Normalized amplitude spectra for periodic aperture arrays (450 pm aper-
ture diameter, 1 mm periodicity) as a function of the silver content, when silver and carbon ink are printed simultaneously. For each array, the entire
printed layer has the same Ag content. (b) The magnitude of the transmission resonance at 0.22 THz as a function of the Ag content. The line is a

linear least-squares fit to the data.

In Figure 1c, we show the normalized THz transmission
spectra for both devices, using a bare surface treated PET
sheet as the reference. The fact that the two spectra are nearly
identical is consistent with the fact that high conductivities of
conventional metals, including that of the Ag ink, in the THz
regime corresponds to propagation lengths that are much
larger than the spatial extent of the array.”!l There are several
prominent resonances visible in the spectrum. As we have
previously shown, it is the dips on the high frequency side
of each resonance that are fixed, for a given periodicity, and
that correspond to the k-space representation of the geom-
etry.*! For the metal-air interface, we would expect transmis-
sion minima at 0.3 THz [(+1, 0) resonance] and 0.42 THz
[(£1, £1) resonance]. The THz refractive index of the PET sub-
strate was found to be 1.72 across the measured THz window,
consistent with published data,??l corresponding to addi-
tional transmission minima at 0.25 THz [(+1, +1) resonance],
0.35 THz [(+2, 0) resonance], and 0.39 THz [(+2, £1) reso-
nance] for the metal-plastic substrate interface. The lowest
order (+1, 0) resonance at 0.175 THz for the metal-plastic
interface is not visible. These values are in excellent agree-
ment with the experimentally observed transmission minima
frequencies in Figure 1c.

In order to understand how well the printed arrays com-
pare to more conventionally fabricated arrays, we printed a
series of structures using silver ink and fabricated a series of
arrays using conventional microfabrication techniques and
sputter deposited silver films, leaving the periodicity at 1 mm
and progressively reducing the aperture diameter. In Figure
1d, we show the magnitude of the metal-plastic interface (+1,
+1) resonance peak at 0.22 THz, as a function of the aperture
diameter. As expected, the transmission properties of both
arrays decrease with decreasing aperture size. Importantly,
the transmission of that peak goes to nearly zero as the aper-
ture diameter is reduced to ~200 pm. While the printer has an
optimized print resolution of 5760 x 1440 dpi, corresponding
to printed dots that are less than 20 pm along each axis, the

Adv. Optical Mater. 2014, 2, 565-571
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apertures printed using these types of inks become poorly
defined for diameters less than ~250 pm and beginning filling
in for smaller diameters. In all of the work that follows, we use
only 5 cm x 5 cm arrays with 450 pm diameter apertures with a
1 mm periodic spacing.

With the basic properties of the silver ink and the printing
process established, we now investigate the properties of plas-
monic structures when two different inks are simultaneously
printed (i.e. the ink conductivity is varied). In Figure 2a, we
show the THz transmission properties for a series of periodic
aperture arrays printed with varying fractions of silver and
carbon ink. The patterns were first drawn using conventional
presentation software and uniformly colored, using a mixture
of two colors (magenta and cyan), where the magenta car-
tridge was filled with pure silver ink and cyan cartridge was
filled with pure carbon ink. We printed a total of 10 different
arrays, each with a different amount of Ag ink that varied
between 0% and 100% (only data between 50% and 100% is
shown).

There are a number of interesting features present in these
spectra. The array printed using pure Ag ink shows the greatest
level of enhanced THz transmission, as expected given that it
has the highest conductivity. As the Ag content is decreased,
50 is the magnitude of the transmission resonances. In fact,
while the shape of the spectrum remains largely unchanged,
the overall transmission decreases with decreasing silver con-
tent. This is consistent with the fact that a lower conductivity
leads to increased propagation losses for SPPs. When the silver
content dropped below ~40% in the printed film, the overall
transmission began to rise, although no transmission reso-
nances were apparent in the corresponding spectra. This occurs
because pure carbon acts as a lossy dielectric and the low silver
content (<40%) does not enable the printed layer to support
the propagation of SPPs over distances sufficient to allow for
the formation of resonances. This is more clearly exempli-
fied in Figure 2b, where we show the magnitude of the lowest
order transmission resonance at 0.22 THz as a function of the
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Figure 3. Beam properties for an aperture array printed using a homogeneous ink layer. (a) Schematic drawing of the 25.4 mm diameter aperture
array printed using only 100% Ag ink (magenta corresponds to pure silver ink). The periodic aperture array (not shown) is fabricated within this
printed disk and consists of 450 ym diameter apertures on a square lattice with 1 mm periodicity. (b) Measured THz beam profile at 0.22 THz
(frequency of the lowest order transmission resonance). The beam profile was Gaussian with a 1/e beam width of 11.5 mm along both the x- and
y-axes.
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Figure 4. Beam properties for an aperture array printed with outwardly decreasing conductivity. (a) Schematic drawing of the 25.4 mm diameter aper-
ture array in which the conductivity was varied such that the Ag content decreased from 100% to 50% in 25 discrete steps moving radially outward
from the center (for clarity, magenta corresponds to 100% Ag ink, cyan corresponds to 50% Ag ink and 50% carbon ink in this image). The periodic
aperture array (not shown) is fabricated within this printed disk and consists of 450 um diameter apertures on a square lattice with 1 mm periodicity.
(b) Measured THz beam profile at 0.22 THz (frequency of the lowest order transmission resonance). The beam profile was Gaussian with a 1/e beam
width of 7.8 mm along both the x-axis and 7.6 mm along the y-axis. (c) Left axis — Ag content in the printed structure along the x and y-axes. Right
Axis — ratio of the measured beam profile in (b) with that of the reference beam profile in Figure 3b along the x and y axes. The origin lies at the center
of the pattern. (d) Amplitude spectra measured at 3 points along the x-axis.
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Figure 5. Beam properties for an aperture array printed with outwardly increasing conductivity. (a) Schematic drawing of the 25.4 mm diameter aper-
ture array in which the conductivity was varied such that the Ag content increased from 50% to 100% in 25 discrete steps moving radially outward
from the center (for clarity, magenta corresponds to 100% Ag ink, cyan corresponds to 50% Ag ink and 50% carbon ink in this image). The periodic
aperture array (not shown) is fabricated within this printed disk and consists of 450 pm diameter apertures on a square lattice with 1 mm periodicity.
(b) Measured THz beam profile at 0.22 THz (frequency of the lowest order transmission resonance). The beam profile was Gaussian with a 1/e beam
width of 19.1 mm along both the x-axis and 19.4 mm along the y-axis. (c) Left axis — Ag content in the printed structure along the x and y-axes. Right
Axis — ratio of the measured beam profile in (b) with that of the reference beam profile in Figure 3b along the x and y axes. The beam profile was
scaled by an additional factor of 0.575 to allow for comparison between the figures. The origin lies at the center of the pattern. (d) Amplitude spectra
measured at 3 points along the x-axis.

fractional Ag content in the printed ink (above 50%). Over this  approximately Gaussian and has a 1/e beam width of 11.5 mm
range, the magnitude of the resonance appears to scale linearly  along both the x- and y-axes.

with the Ag content. Thus, for the purposes of plasmonics In the next printed aperture array, the conductivity of the
applications discussed below, we only consider printing areas 25 mm diameter aperture array was varied such that the Ag
with Ag content between 50-100%. content decreased from 100% to 50% in 25 discrete steps

The ability to vary the propagation losses for SPPs suggests  moving radially outward from the center, as shown in Figure 4a.
a range of new device possibilities. We discuss one embodi-  The corresponding measured spatial beam profile, measured
ment of this concept to shape the beam profile of freely propa-  at 0.22 THz, is shown in Figure 4b. The measured 1/e beam
gating THz radiation by analyzing four separate aperture arrays ~ width, in this case, is 7.8 mm along the x-axis and 7.6 mm along
that have identical geometrical properties (450 pm aperture  the y-axis. The decrease in the beam width along both axes is
diameter with a 1 mm periodicity), but different conductivity ~ consistent with the increasing propagation loss with increasing
variations. The spatial beam properties are measured using  radial coordinate, which would lead to decreased transmission
conventional THz imaging. In the first sample, used as a ref-  near the periphery of the array. In order to assess the correla-
erence for subsequent demonstrations, we printed a 25 mm  tion between the Ag content and beam cross-section, we take
diameter array using pure silver ink, as depicted in Figure 3a,  the ratio of the spatial beam profile, shown in Figure 4b, with
where we show a solid magenta circle (magenta corresponds  the reference spatial beam profile shown in Figure 3b and
to 100% Ag). In Figure 3b, we show the measured THz beam  show the resulting amplitude cross-sections along the x- and
profile at 0.22 THz, which corresponds to the frequency of the  y-axes, as shown in Figure 4c. The excellent match between
lowest order transmission resonance peak. The beam profile is  the two plots clearly demonstrates the utility of this printing
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Figure 6. Beam properties for an aperture array printed with horizontally increasing conductivity. (a) Schematic drawing of the 25.4 mm x 25.4 mm
aperture array in which the conductivity was varied such that the Ag content increased from 50% to 100% in 26 discrete steps moving horizontally
(for clarity, magenta corresponds to 100% Ag ink, blue corresponds to 50% Ag ink and 50% carbon ink in this image). For each strip, the Ag content
did not vary along the y-axis. The periodic aperture array (not shown) is fabricated within this printed disk and consists of 450 pm diameter apertures
on a square lattice with 1 mm periodicity. (b) Measured THz beam profile at 0.22 THz (frequency of the lowest order transmission resonance). The
beam profile was Gaussian with a 1/e beam width of 11.5 mm along the x-axis and 7.4 mm along the y-axis. (c) Left axis — Ag content in the printed
structure along the x and y-axes. Right Axis - ratio of the measured beam profile in (b) with that of the reference beam profile in Figure 3b along the x
and y axes. The origin lies at the center of the pattern. (d) Amplitude spectra measured at 3 points along the x-axis.

approach. Using THz imaging, we simultaneously measure
16,324 amplitude spectra (128 x 128 pixels). In Figure 4d, we
show three representative spectra for positions along the x-axis
(the center of the image corresponds to the origin). As expected
from the data in Figure 2, the spectra appear to simply be
scaled versions of one another. Indeed, all of the spectra have
the same basic form, but are scaled according to the Ag ink
content and location in the pattern.

Next, we printed an aperture array in which the conductivity
was varied such that the Ag content increased radially from 50%
to 100% in 25 discrete steps moving radially outward, as shown
in Figure 5a. In Figure 5b, we show the measured spatial beam
properties for the transmitted radiation from this array meas-
ured at 0.22 THz. The measured 1/e beam width, in this case,
was 19.1 mm along the x-axis and 19.4 mm along the y-axis.
Here, the spatial beam profile exhibits a flat top near the center
and an overall increased beam width along both axes. This is
generally consistent with the low transmission near the center
of the array and decreasing propagation loss with increasing
radial coordinate. In Figure 5c, we show both the Ag content

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as a function of the coordinate, along with the normalized
amplitude cross-sections (ratio of the beam profile in Figure 5b
with that in Figure 3b). Near the center of the array, the nor-
malized beam profile does not match the conductivity change
exactly. This may arise from the fact that while SPPs experience
high propagation loss in that region, they can still propagate
far enough to ensure that the transmission is not completely
suppressed, but rather somewhat constant (i.e. a flat top). In
Figure 5d, we show three representative spectra for positions
along the x-axis (the center of the image corresponds to the
origin). Once again, each of these spectra have the same form.
Finally, we printed a 25 mm x 25 mm aperture array, in which
the Ag content increased along the x-axis from 50% to 100%
in 26 discrete steps, as shown in Figure 6a. The Ag content
along the y-axis was kept constant along each of the individual
26 strips. Once again, the measured spatial beam properties for
the transmitted radiation from this array measured at 0.22 THz
are shown in Figure 6b. The measured 1/e beam width, in this
case, was 11.5 mm along the x-axis and 7.4 mm along the y-axis.
The latter dimension is consistent with the fact that the Ag
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content did not vary along the y-axis for each individual strip,
while the x-axis beam profile clearly shows the asymmetric
nature of the pattern. In Figure 6¢c, we show both the Ag con-
tent as a function of the coordinate, along with the normalized
amplitude cross-sections (ratio of the beam profile in Figure 6b
with that in Figure 3b). The data for the y-axis (Ag content and
beam cross-section) is only shown for the strip that contains
70% Ag. As with the two previous structures, we find that the
agreement is excellent between the two plots. In Figure 6d, we
show three representative spectra for positions along the x-axis
(the center of the image corresponds to the origin), with spectra
from both sides of the origin because of the asymmetry of the
pattern. We note that the asymmetry causes a shift in the loca-
tion of the peak. Therefore, the beam maximum does not occur
at the origin (i.e. x= 0 mm).

3. Conclusion

We have demonstrated that inkjet printing of plasmonic struc-
tures, using conventional color inkjet printers, offers greater
control over the propagation properties of SPPs by allowing
for the inclusion of a spatially varying conductivity. To demon-
strate this, we first showed that in homogeneous printed aper-
ture arrays, we could scale the transmission spectrum, without
changing the shape of the spectrum noticeably, by simply
changing the fractional levels of Ag and carbon inks in the
printed layer. Using this information, we imprinted several dif-
ferent spatial variations in the conductivity of the printed aper-
ture arrays and showed that we could alter the beam profile of
the transmitted THz radiation in a controlled manner. In the
present demonstration, this was shown using only two types of
ink: a conductive Ag ink and a lossy carbon ink. More generally,
up to four different types of ink, in a CMYK color inkjet printer,
can be handled at once. Furthermore, other types of ink, such
as magnetic materials, can be printed to control the properties
of magneto-plasmons. Finally, this process can be extended
beyond the THz spectral range by using printers and inks that
allow for appropriate scaling of the phenomenon.

4. Experimental Section

Ch ization of perties: We used an amplified
ultrafast Ti:sapphire laser as the optical source for all of the THz time-
domain spectroscopy measurements.”l The output of the laser was
split 80:20 to yield the optical pump and probe beams, respectively.
Broadband THz radi was g d using a 1 mm thick <110>
ZnTe crystal. An off-axis paraboloidal mirror was used to collect and

i the THz radiation as it propagated from the emitter to the
sample, resulting in a beam that was normally incident onto the printed
sample. A second off-axis paraboloidal mirror was used to refocus the
transmitted THz radiation onto a 1 mm thick <110> ZnTe detection
crystal, which allowed for coherent detection of the radiation via electro-
optic sampling.[24

THz Imaging: We used conventional THz imaging to measure
the beam properties of the transmitted THz radiation.?s] Here the
photodiode after the detection ZnTe crystal was replaced with a CCD
camera (Princeton Instruments TE/CCD 512 BKM). The pixels were
binned to form a 128 x 128 pixel array, which allowed for greater

www.advopticalmat.de

dynamic range in the n its. This corresponds to taking 16,384
independent time-domain waveforms simultaneously. The waveforms
obtained for each effective pixel were then Fourier transformed and the
magnitudes of the amplitude spectra at 0.22 THz were recorded and
plotted to form the false color beam profiles.
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CHAPTER 4

TERAHERTZ PLASMONIC WAVEGUIDES CREATED VIA 3D PRINTING

Reprinted with permission from [Shashank Pandey, Barun Gupta, and Ajay
Nahata, "Terahertz plasmonic waveguides created via 3D printing,” Optics Express, 21,
21 24422-24430 (2013)]. ©2013
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Abstract: We demonstrate that 3D printing, commonly associated with the
manufacture of large objects, allows for the fabrication of high quality
terahertz (THz) plasmonic structures. Using a commercial 3D printer, we
print a variety of structures that include abrupt out-of-plane bends and
continuously varying bends. The waveguides are initially printed in a
polymer resin and then sputter deposited with ~500 nm of Au. This
thickness of Au is sufficient to support low loss propagation of surface
plasmon-polaritons with minimal impact from the underlying layer, thereby
demonstrating a useful approach for fabricating a broad range of plasmonic
structures that incorporate complex geometries. Using THz time-domain
spectroscopy, we measure the guided-wave properties of these devices. We
find that the propagation properties of the guided-wave modes are similar to
those obtained in similar conventional metal-based waveguides, albeit with
slightly higher loss. This additional loss is attributed to roughness
associated with limitations that currently exist in commercial 3D printers.

© 2013 Optical Society of America

OCIS codes: (050.6624) Subwavelength structures; (130.2790) Guided waves; (240.6680)
Surface plasmons; (300.6495) Spectroscopy, terahertz.

References and Links

1.

E. Ozbay, “Plasmonics: Merging photonics and electronics at nanoscale dimensions,” Science 311(5758), 189—
193 (2006).

J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S. White, and M. L. Brongersma, “Plasmonics for extreme
light concentration and manipulation,” Nat. Mater. 9(3), 193-204 (2010).

J. B. Pendry, L. Martin-Moreno, and F. J. Garcia-Vidal, “Mimicking surface plasmons with structured surfaces,”
Science 305(5685), 847-848 (2004).

F. J. Garcia-Vidal, L. Martin-Moreno, and J. B. Pendry, “Surfaces with holes in them: new plasmonic
metamaterials,” J. Opt. A, Pure Appl. Opt. 7(2), S97-S101 (2005).

S. A. Maier, S. R. Andrews, L. Martin-Moreno, and F. J. Garcia-Vidal, “Terahertz surface plasmon-polariton
propagation and focusing on periodically corrugated metal wires,” Phys. Rev. Lett. 97(17), 176805 (2006).

A. P. Hibbins, B. R. Evans, and J. R. Sambles, “Experimental verification of designer surface plasmons,”
Science 308(5722), 670-672 (2005).

A. Agrawal, Z. V. Vardeny, and A. Nahata, “Engineering the dielectric function of plasmonic lattices,” Opt.
Express 16(13), 9601-9613 (2008).

M. Tonouchi, “Cutting-edge terahertz technology,” Nat. Photonics 1(2), 97-105 (2007).

R. Mendis and D. Grischkowsky, “Undistorted guided-wave propagation of subpicosecond terahertz pulses,”
Opt. Lett. 26(11), 846-848 (2001).

. J. A. Harrington, R. George, P. Pedersen, and E. Mueller, “Hollow polycarbonate waveguides with inner Cu

coatings for delivery of terahertz radiation,” Opt. Express 12(21), 5263-5268 (2004).

. K. Wang and D. M. Mittleman, “Metal wires for terahertz wave guiding,” Nature 432(7015), 376-379 (2004).

W. Zhu, A. Agrawal, and A. Nahata, “Planar plasmonic terahertz guided-wave devices,” Opt. Express 16(9),
6216-6226 (2008).

. D. Martin-Cano, M. L. Nesterov, A. I. Fernandez-Dominguez, F. J. Garcia-Vidal, L. Martin-Moreno, and E.

Moreno, “Domino plasmons for subwavelength terahertz circuitry,” Opt. Express 18(2), 754-764 (2010).

W. Zhao, O. M. Eldaiki, R. Yang, and Z. Lu, “Deep subwavelength waveguiding and focusing based on designer
surface plasmons,” Opt. Express 18(20), 21498-21503 (2010).

G. Kumar, S. Pandey, A. Cui, and A. Nahata, “Planar plasmonic terahertz waveguides based on periodically
corrugated films,” New J. Phys. 13(3), 033024 (2011).

52



16. X. Gao, J. H. Shi, X. Shen, H. F. Ma, W. X. Jiang, L. Li, and T. J. Cui, “Ultrathin dual-band surface plasmonic
polariton waveguide and frequency splitter in microwave frequencies,” Appl. Phys. Lett. 102(15), 151912
(2013).

17. Z. Wu, J. Kinast, M. E. Gehm, and H. Xin, “Rapid and inexpensive fabrication of terahertz electromagnetic
bandgap structures,” Opt. Express 16(21), 16442-16451 (2008).

18. Z. Wu, W.-R. Ng, M. E. Gehm, and H. Xin, “Terahertz electromagnetic crystal waveguide fabricated by polymer
jetting rapid prototyping,” Opt. Express 19(5), 3962-3972 (2011).

19. J. Liu, R. Mendis, and D. M. Mittleman, “A Maxwell’s fish eye lens for the terahertz region,” Appl. Phys. Lett.
103(3), 031104 (2013).

20. X. Shou, A. Agrawal, and A. Nahata, “Role of metal film thickness on the enhanced transmission properties of a
periodic array of subwavelength apertures,” Opt. Express 13(24), 9834-9840 (2005).

21. A. Nahata and W. Zhu, “Electric field vector characterization of terahertz surface plasmons,” Opt. Express 15(9),
5616-5624 (2007).

22. T. Matsui, A. Agrawal, A. Nahata, and Z. V. Vardeny, “Transmission resonances through aperiodic arrays of
subwavelength apertures,” Nature 446(7135), 517-521 (2007).

1. Introduction

In contrast to naturally occurring materials, where the atomic and molecular substituents of
the materials determine its physical properties, artificially structured materials offer the ability
to engineer the physical properties of the resulting medium based on the geometrical
properties of the imprinted pattern. In the field of plasmonics, such texturing allows for
control over electromagnetic waves bound to the interface between a metal and the adjacent
dielectric medium [1,2]. These 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, it has been shown, both theoretically [3-5] and
experimentally [6,7], that 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.
While there has been significant work on developing coherent sources and detectors,
relatively few other device technologies currently exist [8]. A major issue that has constrained
this development is the fact that most conventional dielectrics and semiconductors are highly
lossy in this spectral range. Since metals are highly conductive, SPPs experience very low
propagation loss when air acts as the adjacent dielectric medium. One representative device
structure where this has been well demonstrated is in the area of THz waveguides. Over the
last decade, a broad range of metal-based waveguides has been developed [9-16]. Recently,
we showed that a one-dimensional array of rectangular apertures that either partially or
completely perforate a planar metal film could be used to create a variety of guided-wave
devices [12,15]. In fact, using this approach, we have fabricated not only straight and curved
waveguides, but also y-splitters and 3 dB couplers. While the fabrication approach used in
those implementations is promising for developing other types of guided-wave structures, it is
a time-consuming process that is generally limited to planar geometries. As an example, in
the case of blind aperture-based waveguides, the final structure requires the bonding of three
separate layers, in which one layer requires laser ablation. Therefore, the development of
relatively easy fabrication techniques to create non-planar guided-wave devices may create
new opportunities in a variety of emerging THz applications.

In this submission, we demonstrate the use of conventional 3D printing to create both
planar and non-planar THz plasmonic waveguides. While 3D printing has been used
extensively to print large objects, the use of 3D printing for THz devices has not been well
studied, although a few examples exist [17-19]. The devices discussed here are printed using
a professional-grade commercially available 3D printer in a polymer resin and then
subsequently overcoated with a thin layer of Au, allowing the structure to support SPPs.
Using this approach, we fabricate and characterize a variety of geometries that cannot easily
be fabricated using other conventional techniques. We use THz time-domain spectroscopy
(THz-TDS) to fully characterize the propagation properties of the waveguides and compare
them to devices that have previously been fabricated in conventional metals.
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rectangular blind holes (rectangular holes that do not perforate the medium) as the basis for
the device topology. These blind holes had design dimensions of s = 550 um, a =150 um, h =
450 pm, and d = 250 um. The devices were typically fabricated to have a total length of 10
cm. Compared to the wavelength (1) of the lowest order mode, discussed below. the aperture
width was ~A/7 and the periodicity was ~A/4, indicating that we were operating in the long
wavelength limit.

We used a modified THz time-domain spectroscopy setup to characterize the propagation
properties of SPPs on these devices. Although the details related to the experimental
apparatus have been discussed elsewhere [21], we briefly present them here. We used a 1 mm
thick <110> ZnTe crystal for generation of broadband THz pulses. This radiation was
collected and collimated using an off axis parabolic mirror. We then used a 150 mm focal
length TPX (polymethylpentene) lens to focus the THz radiation onto the input coupler at
normal incidence. After propagation along the surface, the THz SPPs were measured using a
second 1 mm thick <110> ZnTe crystal via electro-optic sampling [21]. Because of the crystal
orientation and the polarization of both the optical probe and THz SPP beams, we were only
sensitive to the E, component of the surface field. By moving the optical probe beam and
electro-optic crystal relative to the surface of the patterned structure, we were able to measure
the spatial distribution and loss properties of the propagating modes.

3. Experimental results and discussion

We begin by describing the spectral and spatial properties of a planar straight waveguide
fabricated using 3D printing. In Fig. 2(a), we show the experimentally measured waveguide
transmission spectrum obtained at the end of a 10 cm long linear waveguide. There are
several notable features in the spectrum. First, it is apparent that there are three separate
modes, each with its own distinct dip (anti-resonance frequency). These appear at 0.27, 0.47
and 0.54 THz. As we have discussed earlier, these dips on the high frequency side of each
resonance are the relevant parameter, not the frequencies associated with the resonance peaks
[22]. Thus, the locations of the anti-resonant frequencies can be viewed as effective cavity
resonance frequencies of the individual apertures. These frequencies are approximately given

by [15]
. ('_"’Z)z +(__mz)2 +((— p+0. 25)31)2 (1)
- s a h

where, m, n, and p are integers (m = 1,2,3... and n,p = 0,1,2...) and c is the speed of light in
vacuum.. In the case of blind holes, we previously showed that the conventional description
for the cavity modes required that the value of p be offset by 0.25. This modification may be
the result of having an asymmetric rectangular cavity (i.e. a bottom metal surface and open on
top). With this refinement, the lowest order anti-resonance frequency can still be indexed as
m =1, n=0, and p = 0. In order to fit the anti-resonance frequencies to Eq. (1), a slight
adjustment in the blind hole dimensions is necessary to achieve good agreement. Specifically,
we use s = 560 pm instead of the design value of s = 550 um and h = 470 um instead of the
design value of h = 450 pm. Since n = 0 for all three modes, the exact value of blind hole
width, a, is not critical. Given the details of the printing process, the need for making such
small changes in the geometrical parameters is not surprising. With these modified values, the
frequencies associated with the anti-resonance frequencies obtained from Eq. (1) are 0.28
THz for the (100) mode, 0.48 THz for the (101) mode and 0.54 THz for the (200) mode,
which is in good agreement with the experimental data. Modes that operate beyond the Bragg
frequency, vg = ¢/2d = 0.6 THz are strongly damped, as demonstrated in the spectrum.

In all of the subsequent data, we describe only the propagation properties of the lowest
order mode. Specifically, we show the magnitude of the E, component of the THz electric
field taken at the peak of the lowest order mode (0.27 THz). In Fig. 2(b), we show the loss
properties for propagation along the waveguide. An exponential fit to the data yields a loss
parameter of 0.17 cm™, corresponding to a 1/e propagation length of ~5.9 cm. In Fig. 2(c), we
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2. Experimental details

We fabricated a variety of guided-wave structures using an Objet EDEN 260V 3D printer,
including straight waveguides, 3D bends, 3D y-splitters and U-shaped structures. The printer
had a resolution of 600 dpi along the x- and y-axes and 1600 dpi along the z-axis. The
structures were printed using a Vero White polymer resin onto a plastic printing platform.
After printing, the resin solidified as a rigid white opaque plastic. In general, the total printing
time was volume dependent. However, for the structures described here, the printing time was
typically on the order of an hour. After detaching the device from the support platform, we
sputter deposited ~500 nm of Au. Sputter deposition allowed for metal deposition on all
surfaces, including inside the blind holes. Nevertheless, there may be some non-uniformity in
the Au thickness, particularly on the sidewalls of the rectangular blind holes. Based on
measurements using larger equivalent structures, we estimate that the minimum Au thickness
on any surface is at least 300 nm. We have previously shown that once the metal thickness is
greater than approximately two skin depths (6~150 nm at THz frequencies), the properties of
the surface waves are determined by the properties of the top metal film [20]. Thus, SPPs
launched on the metal surface have minimal interaction with the underlying medium,
allowing for waveguide fabrication that is independent of the fabrication medium.

R ———

\
| Terahertz |

| Radiation |

Fig. 1. Schematic drawing of the printed THz waveguide, including the excitation and
detection scheme. The groove at the input end is used to couple normally incident broadband
THz radiation to SPPs. For detection purposes, the optical probe beam propagates parallel to
the THz guided-wave SPPs. A <110> ZnTe crystal is used for coherent detection of the E,
component of the guided-wave SPP. The design dimensions of the rectangular blind holes are:
length s = 550 pm, width a = 150 pm, depth h = 450 um, and periodicity d = 250 pm.

In Fig. 1, we show a schematic diagram of a planar guided-wave structure, along with the
corresponding excitation and detection scheme and blind aperture dimensions. In order to
couple freely propagating THz radiation into SPPs, we fabricated a 1 mm long, 300 pm wide
by 100 pm deep straight groove into a I mm thick stainless steel metal piece. This groove
was physically abutted against the waveguides and allowed for reproducible coupling from
device to device (not shown). All of the waveguide devices described here utilized



show the magnitude of the E, field component as a function of distance above the waveguide
surface (along the z-axis). The field decays exponentially from the metal dielectric interface
with a 1/e decay length of ~2.6 mm. Finally, in Fig. 2(d), we show the magnitude of the E,
field component measured along the y-axis of the waveguide, 5 cm from the waveguide input.
The lateral field distribution at the cross-section exhibits a Gaussian mode profile with a full-
width at half maximum (FWHM) mode size of ~3.4 mm, indicating reasonably tight
confinement along the lateral direction. At this point, it is instructive to compare the
properties of this printed waveguide, with one that was previously fabricated in stainless steel
and using laser ablation to fabricate the blind holes [15]. In that device, the 1/e propagation
length along the x-axis was ~12 cm, the 1/e out-of-plane spatial extent of the THz electric
field was ~2.5 mm, and the FWHM lateral width of the lowest order guided-wave mode was
2.8 mm. These properties are generally consistent with the fact that the stainless steel
waveguide exhibits lower loss.
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Fig. 2. Propagation properties for a planar straight waveguide with periodically spaced
rectangular blind holes. (a) Measured transmission spectrum for the waveguide. The arrows
show the anti-resonance frequencies associated with the different effective cavity modes.
These dips occur at 0.27, 0.47 and 0.54 THz. (b) The field amplitude |E,| measured along the
x-axis at different positions along the length of the waveguide. The dots represent the
measured field value normalized to the value at the input. The black line is an exponential fit to
the data, corresponding to a 1/e decay length of ~5.9 cm. (c) The IE,| component of the electric
field measured along the z-axis at different heights above the sample surface. The dots
represent the measured field value normalized to the value at the surface. The black line is an
exponential fit to the data, corresponding to a l/e decay length of 2.6 mm. (d) The IE,l
component of the electric field measured along the y-axis 5 cm from the waveguide input. The
dots represent the measured value, while the black trace is a Gaussian fit to the data, yielding a
(FWHM) width of ~3.4 mm.
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of-plane bends, the two output arms are vertically offset from one another by ~7 mm and
horizontally offset from one another by 11 mm.

We measured |E,| along the output face of the device, as shown in Fig. 4(c). Because the
two output arms are at different vertical heights, with the right arm lower than the input to the
Y-splitter, we had to make two separate measurements to obtain the lateral guided-wave
properties of the device. Since the left arm is vertically higher than the input, the
measurement is straightforward, in terms of having the THz SPP and the optical probe beam
co-propagate. For the right arm, the optical probe beam is made to co-propagate with the THz
SPP only over the last 2 cm of the device. We use a thin (100 um) sapphire slide that has a
high reflection coating optimized for 800 nm. The THz data for the right arm is corrected for
the reflection associated with the sapphire mirror. We fit the experimentally measured data
for both arms to Gaussian functions and found that the FWHM widths were 3.53 and 3.48
mm, respectively, which is in good agreement with the mode size shown in Fig. 2(b).
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Fig. 4. Properties of a 3D Y-splitters. (a) Schematic diagram of a 10 cm long Y-splitter, in
which the two arms branch off both in-plane and out-of-plane. In both cases, the branches are
at £ 10 ° relative to the preceding waveguide. (b) Image of the Y splitter after sputter
deposition with Au. (c) & (d) The field amplitude |[Ezl along y-axis at the end of the Y-splitter
for both arms of the waveguide. The black dots correspond to experimental data and the solid
black traces are fits to the experimental data using Gaussian functions. The FWHM widths are
~3.5 mm for both arms.

Finally, in order to more fully demonstrate the utility of 3D printing for fabricating THz
devices, we fabricated a series of curved waveguides that incorporate a U-shaped arc. In Figs.
5(a) and 5(b), we show a schematic diagram of the general structure and a photograph of
several finished devices, respectively. Each of the devices is 60 mm in total length and
includes 5 mm long planar sections (sections A-B and F-G in the schematic) on the input and
output side that allow for coupling of THz radiation into the device and placement of the
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detection crystal at the output. The central portion of the curve (section C-D-E) incorporates
an arc that varies between 5 mm and 15 mm. In order to connect the arc (section C-D-E) with
the planar sections (sections A-B and F-G), the intervening sections (B-C and E-F) are
required to change geometry in order to maintain a smoothly varying curve. Thus,
measurements are reported not in terms of radius of curvature, but rather the total vertical
depth change, H. In Fig. 5(c), we show the excess loss for each structure, once the
propagation loss associated with a 6 cm straight waveguide, found in Fig. 2, has been
subtracted. As expected, the excess loss increases with increasing depth.
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Fig. 5. Properties of 3D curved waveguides. (a) Schematic drawing of the 60 mm long curved
waveguide with the various sections delineated. The input (A-B) and output (F-G) sections are
5 mm long planar waveguides used to facilitate input coupling and detection of the guided
wave at the out put. The central arc (C-D-E) has a radius of curvature that varies between 5
mm and 15 mm. The connecting sections (B-C and E-F) are adjustable to ensure a smoothly
varying curve. (b) Images of the four fabricated devices. (c) Measured excess loss as a function
of the depth, H.

4. Conclusion

In conclusion, we have demonstrated experimentally that conventional 3D printing is well
suited for fabricating THz plasmonic devices. We made a variety of different devices,
including straight waveguides, 3D bends, 3D Y-splitters and curved waveguides. Although
the basic structures described here were printed in a polymer resin, once they were coated

with a metal layer that was sufficiently thick, they supported relatively low loss propagation
1

of SPPs. In straight waveguides, we observed a propagation loss parameter of 0.17 cm™,
corresponding to a 1/e propagation length of 5.9 cm. This loss is higher than was observed
with waveguides fabricated using conventional metal foils [15]. We attribute the higher loss
in the printed devices to greater surface roughness that results from the printing process. In
devices that included abrupt out-of-plane bends and continuously varying bends, we

measured an excess loss associated with those geometries that increases with increasing
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angle. In the former case, for example, a 10° abrupt out-of-plane bend resulted in an excess
loss of ~2 dB and increased with increasing angle. We have discussed only a few select
geometries here. However, the fabrication approach can be used to make a broad range of
artificially structured materials. Ongoing advances in printing technology are likely to have
significant impact on the utilization of this technique.
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CHAPTER 5

PLASMONIC WAVEGUIDES BASED ON SYMMETRIC AND ASYMMETRIC

STRUCTURES

Reprinted with permission from [Barun Gupta, Shashank Pandey, and Ajay
Nahata, "Plasmonic waveguides based on symmetric and asymmetric structures,”
Optics Express, 22, 3 2868-2880 (2014)]. ©2014



Plasmonic waveguides based on symmetric and
asymmetric T-shaped structures

Barun Gupta, Shashank Pandey, and Ajay Nahata’

Department of Electrical and Computer Engineering, University of Utah, Salt Lake City, Utah 84112, USA
nahata@ece.utah.edu

Abstract: We describe the fabrication and characterization of plasmonic
waveguides based on a periodic one-dimensional array of symmetric and
asymmetric T-shaped structures. The devices are fabricated in a polymer
resin using conventional 3D printing and subsequently overcoated with
~500 nm of Au. Using terahertz (THz) time-domain spectroscopy., we
systematically measure the guided-wave transmission propertics of the
devices as a function of the different geometrical parameters. Through these
measurements, we find that the resonance frequency associated with the
lowest order mode depends primarily on the structure height and the cap
width and appears to be independent of its lateral width. We also perform
numerical simulations using the same geometrical parameters and find
excellent agreement between experiment and simulation. We fabricate a
waveguide in which the lateral width of the T-shaped structures is tapered
in a linear fashion. While the spectrum of this device is similar to one
without tapering. we observe relatively little reduction in the mode size.
even as the structure width is reduced by a factor of ecight.

© 2014 Optical Society of America
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1. Introduction

The ability to control the propagation properties of optical radiation is one of the fundamental
goals of optics. Waveguides offer a powerful solution to this goal, since they allow for point-
to-point transport across potentially complex geometries. In the terahertz (THz) spectral
range, defined as extending from 100 GHz to 30 THz [1], the progress in developing such
devices has been dramatically slower. The difficulty, in large part, lies in the fact that many
conventional dielectrics and semiconductors are highly lossy in this frequency regime.
Nevertheless. a number of interesting implementations have been developed [2]. Many of
these device geometries have been inspired by existing microwave and optical waveguides. In
the former category, for example, a variety of metal-based waveguides, including parallel
plate waveguides [3]. slot waveguides [4]. hollow cylindrical waveguides [5.6] and single
metal wires [7] have been shown to allow for low loss and, in some cases. low dispersion
[3.4.7] propagation. In the latter category. a number of different dielectric-based waveguide
implementations have been described. including solid core dielectric waveguides [8.9] and
plastic microstructured waveguides [10].

In recent years, an alternative approach based on guiding surface plasmon-polaritons
(SPPs) [11] on structured metal films has been pursued. In the earliest implementations, the
metal was etched with rectangular holes to form either one-dimensional [12] or two-
dimensional [13] structured surfaces. In general, tailoring the surface structure of a metal can
dramatically alter the dispersion properties of propagating bound electromagnetic waves
[12.14.15]. In the case of waveguides that are based on holes that either partially [13.16] or
completely perforate the metal film [12.17], the longest aperture dimension, usually
transverse to the propagation direction, determines the frequency of the lowest order
propagating mode. Subsequently, a number of interesting theoretical and experimental studies
have examined a variety of other geometries that allow for low loss THz guided-wave
propagation [18-24]. Among these, there are a number of proposals that rely on building
different metallic shapes on a metal surface. A unique aspect of two of these geometries is the
fact that the in-plane transverse dimension does not affect which frequencies are guided
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[20.22]. Waveguides based on such architectures may allow for focusing of radiation, by
simply tapering the transverse dimension of the structures along the propagation axis. Of the
two geometries, only the domino structure has been examined experimentally at microwave
[25] and THz [23] frequencies. While the domino structures are interesting, waveguides based
on inverse-L shaped structures [21], and variations of that geometry, have been predicted to
allow for tighter confinement of the propagating wave. This may be useful for tightly
focusing the guided mode, as mentioned above, and allow for better performance on curved
geometries.

In this submission, we fabricate and characterize a family of waveguides that have been
predicted to allow for higher lateral confinement than all other predicted geometries. The
devices consist of one-dimensional arrays of symmetric or asymmetric metallic T-shaped
structures fabricated on a metalized substrate. Given the significant complexity in fabricating
such structures using conventional lithographic techniques, we extend our recent work on 3D
printing of plasmonic structures to fabricate these devices [26]. The symmetric structures are
T-shaped, while the most extreme asymmetric structures have the shape of an inverted L.
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 3D numerical finite-difference time-domain
(FDTD) simulations to validate our observations. Experimentally and numerically, we find
that the lowest order resonance is defined only by the height and longitudinal overhang in the
individual structures, thus confirming that the resonance frequencies are independent of the
lateral width. Such a finding would suggest that laterally tapered waveguides based on these
structures would be well suited to strongly focus the guided THz radiation. However, in
contrast to theory and numerical simulations, we find that tapered waveguides do not
concentrate THz radiation very strongly. We discuss the reasons for this.

2. Experimental details

In Fig. 1(a), we show a schematic diagram of a representative T-shaped waveguide. The
individual structures are composed of two parts: a lower support that has a height of h; and a
width of g and an upper structure that has a height of h, and total width, along the waveguide
axis, of w + g, where w = w, + w,. Thus, for a symmetric T-structure, w, = w, = w/2, while
for the most asymmetric L-shaped structure, w, = 0 and w, = w or w; =w and w, = 0. Each of
the individual structures has a lateral width, L, with the spacing between structures given by
p. the periodicity. All of the fabricated devices are 7 cm long. Experimentally, 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 z-axis.
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 with Au.
The measured surface roughness of the printed device was ~3 pm rms, which was
substantially larger that the ~50 nm rms surface roughness associated with metal foils that
have previously been used to fabricate other plasmonic waveguides [12.16,17]. Among the
various deposition techniques, sputtering is the most omnidirectional and allows for more
uniform metal coatings on complex non-planar geometrics. To ensure that 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. We have previously shown that the properties of
the propagating SPP are determined by the surface metal layer and are independent of the
underlying material once the metal thickness is greater than approximately twice the skin
depth (6~150 nm at 0.3 THz frequency) [27]. We do not know the thickness of the Au on the
bottom surfaces. However, based on the transmission properties, we do not believe that the
metal thickness is sufficiently thin anywhere that it plays a detrimental role in the guided-
wave properties. In Figs. 1(b) and 1(c), we present images of the metalized symmetric T and
asymmetric inverted-L structures, respectively.
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In Fig. 1(a), we also show a simplified excitation and detection scheme to measure the
guided-wave propertiecs. We used an amplified ultrafast Ti: Sapphire laser as the optical
source for generation and coherent detection of broadband THz radiation using nonlinear
optical crystals [28.29]. The output of the laser was split 80:20 to yield the optical pump and
probe beams, respectively. Broadband THz radiation was generated using a 1 mm thick
<110> ZnTe crystal. This THz radiation was collected using a parabolic mirror and focused
onto one end of the waveguide using a 150 mm focal length TPX (polymethyl-pentene) lens.
In contrast to earlier work where we used a common input groove to couple freely
propagating THz radiation to SPPs, here the (corrugated) structures acted as the input coupler
to the waveguide. Regardless of whether we used a groove fabricated into the substrate of the
device or the T-shaped structures that sat above the substrate surface, the structured geometry
acted to scatter a fraction of the normally incident radiation into SPPs that propagated along
the direction of the waveguide. We used a second 1mm thick <110> ZnTe crystal to measure
the properties of the propagating SPPs via electro-optic sampling [28,29]. By moving the
ZnTe detection crystal to different points along x, y and z-axes, we could measure the
propagation properties of the E, component of the SPP wave anywhere above the surface of
the waveguide. While the phase information is important, in the results that follow. we
present only the spectral amplitude of E,, [E,.

THz
radiation

Electro-optic
Crystal

(b) ()

Fig. 1. Waveguide design properties and characterization scheme. (a) Schematic diagram of
the waveguide based on symmetric and asymmetric T-shaped structures. The expanded view
shows the relevant geometrical parameters. THz radiation, polarized along the x-axis, is
normally incident on the device and coupled to SPPs. The properties of the guided-wave THz
electric field are measured via electro-optic sampling using a 1 mm thick <110> ZnTe crystal.
(b) Image of a symmetric T-shaped structure with w; = 100 pm, w2 = 100 pum, h; = h, = 100
pm, g =200 pm, L = 800 pm and p = 500 pm. (c) Image of a completely asymmetric inverted-
L structure with w; = 0 pm and w, = 200 pm. The other parameters are the same as in (b).

We performed 3D numerical finite-difference time-domain (FDTD) simulations using a
commercial software program XFDTD (Remcom Inc.) to model the propagation properties of
the different waveguide geometries. The metal was modeled as a perfect electrical conductor.
While such an approximation was certainly not strictly valid, it appeared to model the
resonance frequencies well, since they were determined by the geometrical parameters of the
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device. However. such an assumption underestimated the resonance linewidths. since metal
losses were not taken into account. The surrounding dielectric medium was assumed to be air.
We used a spatial grid size of 25 pm, which was sufficient to ensure convergence of the
numerical calculations, and perfectly matched layer absorbing boundary conditions for all
boundaries. For the input electric field. we used a dipole source placed just above the
substrate surface with a temporal profile determined by the derivative of a Gaussian pulse that
had the same bandwidth (and similar pulse shape) as was available in the experimental work.
All simulated results were obtained by recording the field properties at specific spatial points,
typically centered on the waveguide (except for y-axis data) in order to match the
experimental measurements.

3. Experimental results, simulation and discussion

We begin by first considering the role of symmetry on the guided-wave properties of the
devices. In Fig. 2(a). we show the experimentally measured transmission spectra for five
separate 7 cm long waveguides. in which the values of w, and w, were varied. but where w =
w; +w; =200 um was kept constant. For all five waveguides. the other device parameters — g
=200 pm, h; =h, = 150 pm, p =500 pm, L = 800 pm — were kept constant. In comparing the
spectra, the frequencies associated with the resonance peaks appear to shift slightly relative to
one another. However. all of the dips on the high frequency side of the resonance occur at the
same frequency. 0.126 THz. This is consistent with our earlier finding that the dips (minima)
on the high frequency side of each resonance are the relevant parameter, not the frequencies
associated with the resonance peaks [30].
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Fig. 2. Experimentally measured and numerically simulated waveguide transmission spectra
for 7 cm long devices as a function of asymmetry. In both sets of data. the parameters w, and
w, were varied, while w = w; + w, = 200 pm was kept constant. The other device parameters,
h;y = h, = 150 pm, g = 200 pm, L = 800 pm and p = 500 pm were also kept constant (a)
Experimentally measured spectra. (Inset) Schematic diagram of the T-shaped structures with
the relevant parameter shown for both sets of data. (b) Numerically simulated spectra.

In Fig. 2(b). we show the numerically simulated transmission spectra for the exact same
waveguide parameters. There are some similarities and differences between these two sets of
spectra. First of all. in the numerical simulations, there are no obvious dips on the high
frequency side of each resonance. We have previously observed this in simulations related to
other guided-wave devices [16]. Nevertheless. the experimentally determined frequencies
corresponding to the sharp dips and the frequencies corresponding to extrapolation of the
trailing edge of each resonance (0.129 THz) in the simulated data match extremely well.
Furthermore, in the simulated data, different waveguide parameters lead to different
resonance amplitudes. For example, waveguides with w; = 0 pm and w; = 200 pm not only
have the highest amplitude. but also have the same amplitude, as would be expected by
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symmetry: waveguides with w; = 50 pm and w; = 150 pm have the next lower amplitude.
while devices with w; = 100 pm (the symmetric case) have the lowest amplitude. The
waveguides with w; = 0 pm and w; = 200 pm may exhibit the highest amplitudes because
they have been predicted to have the highest lateral confinement, which may lead to higher
overall confinement [22]. Although there is some variation in the resonance amplitudes in the
experimental data, there is no equivalent pattern. Finally, based on the periodicity of the
structures, p = 500 um, the Bragg frequency is given by vg = ¢/2p = 0.3 THz, where c is the
speed of light in vacuum. Any propagating mode with a transverse wave number beyond the
first Brillouin zone would exhibit high propagation loss and, therefore, would not be evident
in the measured spectral detection window.

Next, we consider the role of structure height in determining the guided-wave properties.
In Fig. 3(a), we show the experimentally measured transmission spectra for five separate 7 cm
long waveguides. in which the values of h, and h, were varied, but where h = h; + h, = 400
um was kept constant. As with the earlier devices, the other parameters — g = 200 pm, w; =
wy = 100 pm, p = 500 pm, L = 800 pm — were constant across all five devices. We used a
somewhat larger value of h here than was used for the devices in Fig. 1. The primary reason
for this was to increase the number of variants (values of h,) that we could fabricate. Since the
symmetric T-shaped structures used here are larger than those used for Fig. 1. the high
frequency side minima occurred at a slightly lower frequency, ~0.105 THz. In Fig. 3(b), we
show the numerically simulated transmission spectra for the exact same waveguide
parameters. Here, the frequencies corresponding to extrapolation of the trailing edge of each
resonance in the simulated data occur at ~0.11 THz, which is in good agreement with the
experimental data. Finally, we note that the resonance amplitudes are all approximately
similar in the simulated spectra, but show somewhat greater variation in the experimental
spectra.
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Fig. 3. Experimentally measured and numerically simulated waveguide transmission spectra
for 7 cm long devices as a function of asymmetry. In both sets of data, the parameter h, was
varied, while h = h, + h, = 400 pm was kept constant. The other device parameters, w, = w, =
100 pm (i.e. symmetric T structure), g = 200 pm, L = 800 pm and p = 500 pm were also kept
constant (a) Experimentally measured spectra. (Inset) Schematic diagram of the T-shaped
structures with the relevant parameter shown for both sets of data. (b) Numerically simulated
spectra.

We now consider the role of periodicity in determining the guided-wave transmission
properties. In Fig. 4(a). we show the experimentally measured transmission spectra for four
separate 7 cm long waveguides, in which the value of p was varied between 500 pm and 800
um. As with the earlier devices. the other parameters — g = 200 um, w; = w, = 100 um, h, =
h, = 100 pm and L = 800 um — were constant across all four devices. In addition, we once
again used a different value of h. Aside from the issue of fabricating a wide enough range of

66



devices (i.e. sufficient variation in a geometrical parameter), using different values of h was
necessary to develop a model for the resonance frequencies. as discussed below. Since the
symmetric T-shaped structures used here are smaller (lower value of h) than for the
waveguides used for Figs. 1 and 2, the high frequency side minima occur at a slightly higher
frequency. ~0.165 THz. However. there is some spread in the location of the frequency
minimum (~0.008 THz between the four devices). In Fig. 3(b). we show the numerically
simulated transmission spectra for the exact same waveguide parameters. Here, the
frequencies corresponding to extrapolation of the trailing edge of each resonance in the
simulated data occur at ~0.169 THz and, although there is also some variation in this
frequency, it is in good agreement with the value found from the experimentally measured
spectra. These data demonstrate that the dependence upon the periodicity. p. is weak.
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Fig. 4. Experimentally measured and numerically simulated waveguide transmission spectra
for 7 cm long devices as a function of the periodicity. p. The other device parameters, h; = h, =
100 pm, w; = w, = 100 pm (i.e. symmetric T structure). g = 200 pm, and L = 800 pm were
kept constant (a) Experimentally measured spectra. (Inset) Schematic diagram of the T-shaped
structures with the relevant parameter shown for both sets of data. (b) Numerically simulated
spectra.

Finally. we consider the dependence on L. the structure width. In Fig. 5(a). we show the
experimentally measured transmission spectra for four separate 7 cm long waveguides. in
which the value of L was varied between 200 pm and 800 pm. As with the earlier devices. the
other parameters — g = 200 pm. w; = w, = 100 pm. h; = h, = 100 pm and p = 500 pm — were
kept constant across all four devices. Here, the values of h, w. g and p are identical to those
for the previous set of spectra. We find that the frequency associated with the high frequency
side minima all occur at 0.165 THz, with minimal variation. This is consistent with earlier
theoretical predictions with so-called domino [20] and inverted-L [22] based waveguides that
showed that the transmission spectrum is essentially independent of the lateral width, L. In
Fig. 5(b). we show the numerically simulated transmission spectra for the exact same
waveguide parameters. Here, the frequencies corresponding to extrapolation of the trailing
edge of each resonance in the simulated data occur at ~0.170 THz. Again, we observe
excellent agreement between experimental and simulation results.
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Fig. 5. Experimentally measured and numerically simulated waveguide transmission spectra
for 7 cm long devices as a function of the structure width, L. The other device parameters, h, =

h, = 100 pm, w; = w;

100 pm (i.e. symmetric T structure), g = 200 pm, and p = 500 pm
were kept constant (a) Experimentally measured spectra. (Inset) Schematic diagram of the T-
shaped structures with the relevant parameter shown for both sets of data. (b) Numerically
simulated spectra.
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Given the wide variation in the parameters used to fabricate the waveguides. it is useful at
this point to summarize the basic results. In Table 1, we list the device parameters that were
varied along with the corresponding frequencies associated with the resonance minima.

Table 1. Waveguide Parameters and Corresponding Resonance Minima Frequencies (g =
200 pm in all cases) from Experimental Results, Simulation Results and the Model (Eq.

1)
Parameter hy (um)  hy (um)  w, W L(um)  p(um) Exp. vy, Sim. vy, Model
Varied (pm) (pm) (THz) (THz) Vi
(THz)
w 150 150 0 200 800 500 0.127 0.129 0.133
150 150 50 150 800 500 0.126 0.129 0.133
150 150 100 100 800 500 0.126 0.129 0.133
150 150 150 50 800 500 0.125 0.129 0.133
150 150 200 0 800 500 0.126 0.129 0.133
h 100 300 100 100 800 500 0.103 0.118 0.111
150 250 100 100 800 500 0.102 0.112 0.111
200 200 100 100 800 500 0.108 0.109 0.111
250 150 100 100 800 500 0.104 0.107 0.111
300 100 100 100 800 500 0.106 0.107 0.111
p 100 100 100 100 800 500 0.163 0.173 0.167
100 100 100 100 800 600 0.170 0.171 0.167
100 100 100 100 800 700 0.161 0.169 0.167
100 100 100 100 800 800 0.167 0.165 0.167
L 100 100 100 100 200 500 0.165 0.170 0.167
100 100 100 100 400 500 0.164 0.173 0.167
100 100 100 100 600 500 0.165 0.172 0.167
100 100 100 100 800 500 0.165 0.173 0.167

Based on the experimental and simulated resonance minima frequencies, we find that a
very simple phenomenological approximation relating the frequency of the transmission
minimum on the high frequency side of each resonance with the geometrical parameters of
the devices is given by



C

V 45(h+w) @)

It is interesting to note that Eq. (1) is approximately similar to that given in [22], where the
authors theoretically examined waveguides based on inverted-L structures and found that the
resonance frequency was approximately given by vy, =c / [4 (h; +w + g)]. using our notation.
The sum of the geometrical parameters in this equation is slightly larger than that in Eq. (1)
and likely offsets the fact that we use a slightly larger non-integer multiplier in the
denominator (4.5 versus 4). Another possible explanation for the use of a non-integer value in
Eq. (1) may arise from the fact that the top of the T-shaped structures is open (i.e. there is a
gap between structures). while the bottom surface is entirely metalized. We have previously
shown that small offsets from integer value indexes were necessary to characterize the
resonance properties of waveguides based on blind holes [16.26], which are metalized on the
bottom and open on top. The physical basis for this relation arises from the fact that the space
between the structures appears to create a groove that has an effective depth given by (h + w),
corresponding to a resonance frequency of ¢/[4.5(h + w)] [22].
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Fig. 6. The |E,| component of the electric field measured along the z-axis at different heights
above the sample surface for the (a) symmetric T-shaped structure: hy; = h, = 100 pm, w; = w,
=100 pm, g = 200 pm, L = 800 pm and p = 500 pm (b) asymmetric inverted-L structure: h; =
hy = 100 pm, w; = 200 pm, w> =0 pm, g = 200 pm, L =800 pm and p = 500 pm.

In addition to understanding the guided-wave spectral properties of these devices, it is
important to know how tightly bound the propagating wave is along the two transverse
dimensions. If we first consider the out-of-plane extent of the bound propagating wave, its
spatial properties can be measured by simply moving the optical probe beam along the z-axis
and recording the magnitude of the E, component of the electric field at the resonance peak
frequency. In Fig. 6, we show the measured electric field amplitude as a function of distance
above the waveguide surface (i.e. along the z-axis) for the symmetric (T-shaped) and
completely asymmetric (inverted-L shaped) structures. The 1/e out-of-plane decay length is
~3 mm in the former case and ~3.4 mm in the latter case. Since a number of different
waveguide geometries have been investigated experimentally, with different resonance
properties, it is useful to compare these values in terms of the corresponding wavelength.
Thus, for example, in earlier work for waveguides fabricated using rectangular holes in a
thick metal film [12]. we found that the 1/e out-of-plane spatial extent was ~1.69 mm at a
resonant wavelength of ~1 mm, corresponding to a out-of-plane decay length of ~1.7 A. For
the two waveguides discussed here (Fig. 6). the resonant wavelength is ~1.75 mm and the
corresponding out-of-plane decay length is ~1.7 A (symmetric case) and ~1.9 L (asymmetric
case). Thus, waveguides, based on depressions (holes) and protrusions (T-shaped structures)

69



appear to behave very much the same in this respect. Next. we consider the propagation
properties along the x-axis for the lowest order mode. In Fig. 7, we show the loss properties
for propagation along the waveguide for the same two waveguides. An exponential fit to the
data for both waveguides yields a loss parameter of ~0.18 c¢cm™', corresponding to 1/e
propagation lengths of ~5.6 (symmetric T) and ~5.5 cm (inverted-L) for the two waveguides.
In comparison to the waveguides fabricated in stainless steel [12], where the 1/e propagation
length was ~8 cm. the waveguides described here exhibit somewhat greater loss.
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(a) (b)
Fig. 7. The |E,| component of the electric field measured along the x-axis for the (a) symmetric
T-shaped structure: h; = h, = 100 pm, w; = w, = 100 pm, g =200 pm, L =800 pm and p = 500
pum (b) asymmetric inverted-L structure: h; = h, = 100 pm, w; = 200 pm, w, = 0 pm, g = 200
pm, L = 800 pm and p = 500 pm. The 1/e propagation lengths are 5.6 cm for (a) and 5.5 cm
for (b).

While the last two sets of data give information about the mode properties, it is helpful if
they can be visualized in a slightly different manner. In Figs. 8(a) and 8(b). we show
snapshots of the magnitude of the electric field in the xz plane for the symmetric T and
asymmetric inverted L based waveguides. In both cases, the measurement was taken at the
center (laterally) of the structures. assuming an input frequency that corresponded to the
resonance peak for each device. In Figs. 8(c) and 8(d). we show snapshots of the magnitude
of the electric field in the xy plane for both waveguides immediately above the upper surface
of the structures. It is interesting to note that the field distributions for the two waveguides are
similar in nature and the xy distributions look nearly identical. though they exhibit slightly
different magnitudes. It is also worth noting that the field decays very rapidly along the y-axis
and beyond the structures, for snapshots in Figs. 8(c) and 8(d). While the lateral width of the
structures was L = 800 pm for both sets of simulations, we observed nearly identical mode
propertics as L decreased. This observation, which is consistent with earlier theoretical
calculations [22]. is the basis for assuming that a tapered waveguide would allow for
concentration of the guided-wave mode. Figure 8(¢) shows the color coding applied to all
four snapshots.
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Fig. 8. Snapshots of the magnitude of the electric field for the (a) symmetric T-shaped
structures in the xz plane (b) asymmetric inverted L-shaped structures in the xz plane (c)
symmetric T-shaped structures in the xy plane immediately above the structure surface (d)
asymmetric inverted L-shaped structures in the xy plane immediately above the structure
surface (e) Color code that applies to all four snapshots.

With these measurements and simulations in mind, we now address whether or not a
tapered waveguide can concentrate the guided-wave mode as well as has been predicted [22].
In order to accomplish this, we need to measure the mode profile along the y-axis of a tapered
device. We fabricated a single waveguide in which the width L linearly decreased from L =
800 pum on the input side to L = 100 pm on the output side over a length of 7 cm. Since there
appeared to be relatively little variation in the guided-wave properties between devices with
different structures (symmetric T to inverted L), we used symmetric T-shaped structures with
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h; =h, = 100 pm, w; = w, = 100 pm, g = 200 pm and p = 500 pm. In Fig. 9(a), we show an
image of the laterally tapered device. The corresponding guided-wave transmission spectrum
associated with the full device is shown in Fig. 9(b). Although the experimental and simulated
resonance peak frequencies do not match, the frequencies associated with the resonance dips
are the same and are consistent with the spectra in Fig. 5. In order to measure the guided-
wave width, we simply moved the probe beam along the y-axis and recorded the magnitude
of the E, component of the THz electric field at the resonance peak frequency at 4 different
positions along the waveguide. These positions corresponded to structure widths of L = 700
pm (1 cm from the input), L = 500 pum (3 cm from the input), L = 300 pm (5 cm from the
input), and L = 100 um (end of waveguide). In Fig. 9(c), we show the measured y-
dependence for each of the positions along with a Gaussian fit to the data. The width of the
lowest order guided-wave mode, I (full-width at half maximum (FWHM) of the fit) is: " =
4.8 mm for L =700 pm, I' = 4.4 mm for L = 500 pym, I' = 4.0 mm for L = 300 pm, and I" =
3.7 mm for L = 100 um. Thus, for the peak frequency of 0.151 THz (A = 2 mm), the widths
are 2.4 A (L =700 pm), 2.2 & (L = 500 pum), 2 A (L = 300 um) and ~1.85 & (L = 100 pm).
Interestingly, I' does not vary appreciably, even as the structure width is reduced by a factor
of 8. If we once again compare to waveguides based on rectangular holes in a thick metal film
[12]. the FWHM beam width was ~2.2 mm at a resonant wavelength of ~1 mm
(corresponding to a FWHM beam width of 2.2 ). Thus, there appears to be little difference
between these different types of waveguides in this regard also. These results are in stark
contrast to the theoretical [22] and simulation results. We attribute the wider than expected
guided-wave mode width to the fact that real metals exhibit loss. Such losses not only
increase the resonance linewidth, but also reduce the level of mode confinement possible in a
waveguide. This is consistent with earlier set of waveguides, in which higher losses
corresponded to a lower level of confinement for the guided-wave mode [16.26]. Thus, the
assumption of lossless metals in theoretical models can lead to significant deviations when
considering mode confinement.
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Fig. 9. Guided-wave properties of a tapered waveguide based on symmetric T-shaped
structures. (c) Image of the 7 cm long tapered waveguide with dimensions: w; = w, = 100 pm,
h; =h, =100 pm, g =200 pm and p = 500 pm. The lateral width L decreases linearly from L =
800 pm at the input to L = 100 pm at the output. (b) Experimental and numerically simulated
guided-wave transmission spectrum. (c) The [Ez| field amplitude measured along the y-axis at
four different positions along the waveguide where L = 700pm, L = 500pm, L = 300pm, L =
100pm. y = 0 corresponds to the center of the waveguide. Each of the data sets is fit to a
Gaussian function and is color-coded to the data.
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4. Conclusion

In conclusion, we have designed. fabricated and characterized THz waveguides based on a
one-dimensional array of symmetric and asymmetric T-shaped structures. The devices were
fabricated using conventional 3D printing and then sputter coated with ~500 nm of Au. We
have measured the guided-wave transmission properties of these devices as a function of the
structure asymmetry, height, width and periodicity and found that the frequency of the lowest
order resonance was determined primarily by the sum of the height and the length of the
overhang (w; + w;). However. the resonance properties appear to be independent of the level
of asymmetry in the T-shaped structure. We also measured the properties of the lowest order
mode along both transverse axes of the waveguide. We found that the 1/e out-of-plane decay
length was ~1.8 & and varied slightly with geometrical changes. Similarly, we found that the
mode profile along the y-axis appears Gaussian in shape. as is true of many other waveguide
geometries, and has a FWHM width ~2 . Finally, we fabricated a tapered waveguide and
found that the propagating mode does not become tightly focused. as the structure width
becomes much smaller than a wavelength. We attribute this to the fact that metal losses lead
to reduced confinement of the guided-wave mode. Aside from the details of the experimental
results described here, the excellent agreement between the experimental and simulation
results among all of the different devices demonstrates the high level of reproducibility in the
3D printing process for THz device fabrication and suggests exciting new possibilities for
device development.
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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
shape memory alloys,” Advanced Optical Materials (2017, 1601008).
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Bistable Physical Geometries for Terahertz Plasmonic

Structures Using Shape Memory Alloys

Barun Gupta, Shashank Pandey, Anjali Nahata, Ting Zhang, and Ajay Nahata*

Shape memory alloy foils that are appropriately patterned are cycled between
two different metal foil geometries resulting in two different terahertz (THz)
plasmonic responses. This is accomplished by using patterned foils of a
nickel-titanium alloy (Nitinol) that switches between the martensite phase
below 31 °C, yielding one physical geometry, and the austenite phase, when
the foil is heated above 51 °C, yielding a second physical geometry. In order
to enable this reproducible switching, the sample is initially put through a
two-way training procedure, through which the two different desired physical
geometries are imprinted. Specifically, the metal foils are trained to switch
between a sinusoidal corrugation, either 1D or 2D, at close to room tempera-
ture and a flat metal sheet above the austenite phase transition temperature.
The foils are found to switch reproducibly between geometries over at least
100 thermal cycles. Using THz time-domain spectroscopy, the transmission
properties of the foils are measured as a function of incident polarization
and foil geometry. The changes in spectrum are explained qualitatively and

metamaterial device implementations is
vanadium dioxide, VO,, which undergoes
a thermally driven metal-insulator tran-
sition near room temperature associated
with a structural change in its crystal sym-
metry.""'?l The phase transition in these
oxides can be extremely fast’® and has
been shown to be induced thermally,*!!
optically,™ and electrically.!>16]

Phase transitions can lead to a variety
of different macroscopic effects, which
may be useful for active optical applica-
tions. As an example, shape memory alloys
(SMAs) can be thermally cycled between
different physical geometries.””) In the
case of Nitinol, a nickel-titanium alloy
developed at the Naval Ordnance Labo-
ratory, this change has been shown to be
associated with a transformation between

through numerical simulation.

1. Introduction

Over the last two decades, there has been enormous interest in
the field of plasmonics, which involves the excitation and con-
trol of surface plasmon-polaritons (SPPs) at metal-dielectric
interfaces. By appropriately structuring these metals, a wide
range of unique capabilities have been demonstrated, including
subwavelength concentration of radiation,!! enhanced non-
linear optical interactions,”’ and guided-wave propagation.]’l
While much of the focus of this topic has been on passive imple-
mentations, there is great interest in developing active devices
that can modulate or switch the electromagnetic response.
Indeed, a wide range of innovative approaches have already
been developed utilizing a variety of materials including liquid
crystals,™* semiconductors,®® liquid metals,”! photochromic®l
and electrochromic’® molecules, and phase-change materials.
Superconductors are one example of phase change materials
that are extremely promising.'” However, a more heavily
studied phase change medium for active plasmonic and
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the martensite phase below the transition

temperature and the austenite phase above

the transition temperature.’®!%l The two
most commonly used approaches to control these transitions
are referred to as one-way memory and two-way memory. In the
former approach, an SMA that has been deformed returns to
its original shape after being heated. This is most commonly
demonstrated using wires, though numerous applications uti-
lizing thin metal foils have also been shown. Two-way memory
requires that the SMA undergo specific thermomechanical treat-
ments, commonly referred to as training procedures, in order to
thermally cycle between two different alloy geometries.?”

In this submission, we demonstrate that SMAs are an
extremely attractive material system for terahertz (THz) plas-
monics that allows for switching between different phys-
ical geometries corresponding to different electromagnetic
responses. We use Nitinol, a metal alloy of nickel and tita-
nium composed of approximately equal atomic percentages,
as the SMA medium that is structured to give the desired
electromagnetic response. Nitinol has a DC conductivity of
=1.25 x 10° S m™ for both phases,?!! which is similar to the
value for stainless steel, making it well suited for THz plas-
monic applications.”” As an SMA, it undergoes a structural
transition between the martensite phase to the austentite phase
that is bistable and reproducible at temperatures that are only
slightly above room temperature. Using a two-way training
protocol that we developed, we created samples that transition
between either a 1D or 2D sinusoidally corrugated geometry and
a flat substrate. In order to observe a plasmonic response, the
foils are patterned either with a periodic array of subwavelength
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apertures or a single aperture and their transmission properties
are measured using THz time-domain spectroscopy.

2. Results and Discussion

We used Nitinol foils that were composed of 55.75% nickel
and 44.25% titanium as the metallic medium for the THz
plasmonic sample. The shape memory effect observed in such
alloys exhibit a martensitic (diffusionless) transformation. The
crystal structures of the austenitic and martensitic phases are
ordered. The martensitic phase is thermoelastic and its forma-
tion is crystallographically reversible (i.e., the steps involved in
the reversal of martensite plates back to austenite upon heating
is the inverse of the formation process and is crystallographi-
cally reversible). In Figure 1a, we show the small hysteresis
in the austenitic/martensite transformation as the sample is
cooled and heated. Upon cooling below M; (martensitic finish
temperature), the martensite phase is formed. Deformation
by the application of stress results in elastic strain in the mar-
tensite phase followed by strain due to reorientation of (marten-
sitic phase) twins, which involves growth of favorably oriented
twins at the expense of unfavorably oriented twins. This results
in a large shape change. Upon the removal of the stress, the
elastic strain is recovered and when heated above Ay (austenitic
finish temperature), a reverse transformation to the austenite
phase takes place with the material following a crystallographi-
cally reversed sequence. Such a reversal is made possible by
the ordered structures of parent and product phases. This is
referred to as one-way shape memory. After repeating this cycle
a certain number of times, commonly referred to as a training
procedure, a material shape change can be effected by simply

% Martensite

Two way shape memory

(c)

www.advancedsciencenews.com

changing the temperature between values below M; to values
above A and vice versa. Such a procedure forces the marten-
sitic twin formation, twin reorientation, and reversal processes
to take place in a specific reversible sequence, corresponding
to two-way shape memory, allowing for switching between two
different alloy geometries through thermal cycling %]

Two separate sets of sample were used. The first consisted
of a 30 cm x 5 cm x 127 pm thick free standing SMA foil used
to measure the dielectric constant of the Nitinol. This foil
remained flat independent of its temperature. The second set of
samples consisted of SMA foils that were perforated with either
a periodic array of subwavelength apertures or a single aperture
fabricated via laser ablation. These latter samples were then
conditioned using a two-way training protocol, as shown sche-
matically in Figure 1b.%! In this approach, the sample was first
heated just above Ay, then cooled below M. It was then loaded
into a mold with the desired cold state geometry and deformed
to conform to the mold with desired geometry. This was fol-
lowed by the complete removal of applied load. The sample
was then heated above Ay. This cycle was repeated 30 times to
ensure that the two-way memory effect, shown in Figure 1c, did
not decrease with thermal cycling.

The perforated samples were fabricated using
5 cm x 5 cm X 127 pum free standing Nitinol foils that con-
sisted of 300 pum diameter circular apertures periodically
spaced by 600 pum on a square lattice. Each sample under-
went the same two-way training procedure. At temperatures
above 51 °C, the foils were trained to be planar (Figure 2a),
while at temperatures below 31 °C, the foils were trained to
be sinusoidally corrugated with an amplitude of h and perio-
dicity of p (Figure 2b). Different samples were fabricated to

-Hn"‘

Sample cooled Load and deform to desired
(T<M) shape (T <M,

Sample heated
T>A) Unload (T < M)
Training - n Cycles

(b)

Figure 1. Phase transition properties and two-way training procedure for shape memory alloys. a) Thermal hysteresis in the phase transition properties
of Nitinol. b) Schematic diagram showing the two-way training procedure. In this approach, the sample is first heated just above A;, then cooled below
M. It is then loaded into a mold with the desired cold state geometry and deformed to conform to the mold with desired geometry. This is followed by
the complete removal of applied load. The sample is then heated above Ay. This cycle is repeated 30 times to ensure that the two-way memory effect
was fully imprinted. c) Schematic drawing showing thermal cycling between the two physical geometries.
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Figure 2. Thermal switching with a 1D corrugation. a) Photograph of hole array aperture fabricated in a 5 cm x 5 cm x 127 um thick free-standing
shape memory alloy (Nitinol) foil when heated above A;. The circular aperture diameter was 300 pm and the periodicity of 600 um. b) Side view of the
aperture array when cooled below M;, showing the cross-section of the corrugated sinusoidal structure. h varied from 0.5 to 6 mm, while the periodicity,
p, was kept constant at 10 mm. c) Experimentally measured thermal hysteresis in the phase transition properties of Nitinol, where M;= 31 °C and

As =51 °C (see Figure 1a).

allow for sinusoidal corrugations of different depths (h = 0.5,
2, 3, 4, and 6 mm), though all of the samples were designed to
have the same periodicity (p = 10 mm). The measured phase
transition properties as a function of temperature for these foils
are shown in Figure 2c, which are consistent with the general
behavior shown in Figure 1a. For the composition of Nitinol
used M was 31 °C and A; was 51 °C.

We used a variation of THz time-domain spectroscopy?’!
to measure the THz dielectric properties of the planar Nitinol
foil in both the martensite and austenite phases (this foil did
not undergo any training procedure and, thus, remained flat
over a wide temperature range). The measurement technique
is described in detail elsewhere, thus only a brief description
is given here. Normally incident broadband THz radiation was
coupled to a bound surface propagating waves on the Nitinol
foil using a groove fabricated into an adjacent metal slab.
Electro-optic sampling was then used to measure the time-
domain properties of the surface waves at a variety of different
distances and positions along the SMA foil. In Figure 3, we
show the extracted complex dielectric constants of the Nitinol

Adv. Optical Mater. 2017, 1601008
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foil in both the martensite and austenite phases. These values
are similar to the measured THz dielectric properties of stain-
less steel, 2 which is consistent with the fact that their DC
conductivities are similar. We separately measured the 1/e decay
length, both along the propagation direction and normal to the
metal surface, and found that they are fully self-consistent with
predictions based on the dielectric constant measurements (see
Supporting Information). Given that this parameter is complex
across the THz range of interest here (i.e., it is not a perfect
conductor), we utilize an SPP description to analyze the sub-
sequent transmission measurements below, which has previ-
ously been used to accurately model the properties of metallic
aperture arrays. 2252

Next, we measured the transmission properties of these struc-
tures as a function of both geometry and polarization. In Figure 4,
we show the terahertz transmission measurement through the
perforated structure in both the planar and corrugated geom-
etry as a function of polarization. For the planar geometry
(h = 0 mm), obtained for temperatures above 51 °C, the spec-
trum exhibits three distinct resonances characterized by sharp
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Figure 3. Measured values of the real (¢,,) and imaginary (g,,) dielectric
constants for Nitinol.

dips on the high frequency sides of each resonance, as shown in
Figure 4a. These dips occur at 0.50, 0.71, and 1.00 THz, which
can be accurately predicted from a commonly used momentum
matching condition.””] We have previously shown that the fre-
quencies resulting from this equation correspond to the reso-
nance dips and not to the resonance peaks.”””! The three lowest

T>51°C

Transmission

0
0.2 04 0.6 0.8 1.0
Frequency [THz]
(a)

www.advancedsciencenews.com

order resonances are designated as the (+1, 0), (+1, £1), and
(+2, 0) resonances, respectively, where the integers correspond
to Bragg indices.’””) While the location of the frequency dips are
determined by the periodicity, the frequency associated with the
resonance peak can shift with variations in the aperture dia-
meter or substrate properties.”?’l The measured spectrum in this
configuration is identical for the orthogonal polarization.

In Figure 4b, we show the spectrum for the corrugated
sample for both polarizations, obtained for temperatures below
31 °C, with h = 0.5 mm. Simply by heating or cooling the
sample, it is possible to switch between the two physical geom-
etries and obtain their corresponding transmission properties.
In order to examine the thermal cycling reproducibility, we first
estimate the magnitude of the (+1, 0) resonance amplitude by
finding the difference between the peak amplitude of the lowest
order resonance and the average high frequency response
(slightly beyond 1 THz-not shown). These data are shown for
only the polarization perpendicular to the troughs, in Figure 4c,
for 100 thermal cycles. It is apparent that there is no significant
variation in the THz response over the entire range.

In Figure 5, we show the THz transmission properties
for all of the different samples (i.e., different values of h) as a
function of polarization. In Figure 5a, we show the measured
transmission spectra for THz radiation polarized parallel to the
troughs. There are several noteworthy points regarding these
spectra. First, all of the resonance amplitudes decrease with

T<31°C

05 — E // troughs
: —— E perp. troughs

Transmission

0.0 1 1 L

0.2 04 0.6 0.8 1.0
Frequency [THz]
(b)

0.35
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(c)

Figure 4. THz transmission properties for the 1D corrugated foil for h = 0 mm and h = 0.5 mm. a) THz transmission spectra measured for incident
radiation is polarized parallel to the foil corrugation troughs. The red and blue traces correspond to the two orthogonal polarizations. b) THz transmis-
sion spectra measured for incident radiation is parallel and perpendicular to the foil corrugation troughs. ) Amplitude of the lowest order resonance
measured for THz radiation polarized perpendicular to the foil corrugation troughs as a function of thermal cycling between h =0 (T > 51 °C) and

h=0.5mm (T <31 °C).
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Figure 5. THz transmission properties for the 1D corrugated foil. a) Measured and b) simulated THz transmission spectra for incident radiation
polarized parallel to the foil corrugation troughs. ¢) Measured and d) simulated THz transmission spectra for incident radiation perpendicular to the

foil corrugation troughs.

increasing corrugation height. The peak of the lowest order reso-
nance also shifts in frequency slightly with changes in the corru-
gation amplitude. Finally, the (+1, +1) resonance effectively dis-
appears for corrugation heights greater than 0.5 mm, while the
(+2,0) is evident in all of the samples. The reduction in the reso-
nance amplitudes can be understood by considering the relation-
ship between the indices and the array geometry. The (£1, 0) res-
onance is associated with SPPs that propagate parallel to the foil
troughs and peaks. As the corrugation amplitude increases, we
would expect radiative losses for the SPPs to increase somewhat
due to the curved nature of the metal foil along the propagation
direction. Similarly, the (+2, 0) resonance is associated with SPPs
propagating along the same path, so we would expect similar
loss characteristics with changes in the corrugation. However,
these losses are not expected to be so large as to completely sup-
press the resonances. On the other hand, the (+1, 1) resonance
is associated with SPPs propagating at 45° with respect to the
troughs and peaks for a square lattice. For even relatively small
amplitude corrugations, SPPs would experience much higher
losses because of the strong bend losses along the propagation
path. Thus, this resonance would be expected to be increasingly
suppressed with increasing corrugation amplitude, which is con-
sistent with our observations, as shown in Figure 5a.

Adv. Optical Mater. 2017, 1601008
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A full analytical description of the transmission spectra
through an aperture array on a corrugated foil would require
taking into account that the THz radiation is incident on dif-
ferent apertures at different angles, SPP propagation on curves
surfaces, and the diffraction effects of THz radiation trans-
mitted by the array. All of these effects are taken into account in
finite-difference time-domain numerical simulations (Lumer-
ical). In Figure 5b, we show the simulated transmission spectra
for THz radiation polarized parallel to the troughs, where the
dielectric properties of the metal are taken from Figure 3. These
spectra reproduce the essential features of the measurements,
including the frequency shift in the lowest order resonance
peak. It should be noted that the simulated spectra exhibit
fewer high frequency oscillations than the measured spectra,
especially for samples with larger corrugations. The source of
these small oscillations in the measurements is not clear.

In Figure 5c, we show transmission properties for the cor-
rugated aperture array as a function of the corrugation height
for THz radiation polarized perpendicular to the corrugation.
In contrast to the earlier results, all of the resonances become
strongly suppressed for even relatively small corrugation
heights. This is because SPPs encounter very few holes along
the relevant propagation directions before they become strongly

wileyonlinelibrary.com
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damped from bending losses. In Figure 5d, we show the corre-
sponding simulated spectra. Once again, the simulations repro-
duce the essential features of the experimental data. The lowest
order resonance is strongly suppressed for corrugation heights
of 2 mm or more, while the (+1, £1) effectively disappears.
Interestingly, the (+2, 0) resonance is evident for the h = 3 mm
and h =4 mm, but not for the h =2 mm and h = 6 mm samples.
This may be associated with diffraction effects for those specific
samples. Here again, the simulated spectra exhibit fewer high
frequency oscillations than the measured spectra, especially for
samples with larger corrugations.

Up to this point, the corrugation has only been along one
dimension. In Figure 6, we summarize our results in achieving
two-way training for a metal foil that switches between a 2D
sinusoidal corrugation at temperatures below 31 °C and a
flat foil at temperatures above 51 °C. In Figure 6a, we show
an image of the corrugated foil that includes a single 500 um
diameter subwavelength aperture at the center (i.e., a bullseye
structure(?®)). The corrugation periodicity is 3 mm and the peak-
to-peak corrugation height is 200 pm. This corrugation height
was chosen based on earlier measurements made with bull-
seye structures.””) Using THz time-domain spectroscopy,*” we

www.advancedsciencenews.com

measured the transmitted time-domain waveforms in the far-
field. When the foil was heated above 51 °C, causing it to become
flat, we observed only a single cycle THz pulse in transmission,
as shown in Figure 6b. This corresponds to only the incident
THz pulse propagating through the aperture. After cooling the
sample to room temperature, when the sample switches to the
bullseye pattern, the measured THz waveform consists not only
of the single cycle pulse, but also 10 time-delayed oscillations
(one per corrugation), as is also shown in Figure 6b. We have
previously shown that with bullseye samples, the additional
oscillations arise because each individual corrugation acts as
an excitation site for a THz SPP. The time delay between any
individual oscillation and the initial THz pulse is related to
both the propagation speed for SPPs at the metal-air interface
(approximately the speed of light in vacuum) and the distance
between the corrugation and the central aperture. In Figure 6c,
we show the corresponding amplitude spectra, consistent with
earlier THz measurements using bullseye structures. The reso-
nance peak at 0.1 THz for the bullseye pattern corresponds to
the 3 mm corrugation periodicity.

In the present experimental embodiment, thermal switching
is accomplished by attaching thin film heaters to the edges

g —— Bare Aperture
= 1+ —— Corrugated Sample
g
=)
(2]
0
1}

1 1 1 1 1
0 20 40 60 80 100
Time Delay [ps]

(b)

Transmission [a.u.]

—— Bare Aperture
—— Corrugated Sample

0.0 0.1 0.2 0.3 0.4 0.5
Frequency [THz]

(c)

Figure 6. THz transmission properties for the 2D corrugated foil. a) Image of the 2D corrugated sample which resulted when the foil was cooled below
31 °C. b) Time domain waveforms measured for transmission through a bare aperture (blue trace) and the bullseye structure (red trace). c) Amplitude

spectra for the two structures using the data in (b).
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of the foils, with no active cooling mechanism. Thus, heating
the sample by 20 °C (from 31 to 51 °C) can be effected within
several seconds, while convection cooling takes considerably
longer. It is worth noting that the thermal conductivity of Nitinol
is 18 W (m K)! for the austenite phase and 8.6 W (m K)™
for the martensite phase,*!! while the thermal conductivity of
vanadium oxide is only =6 W (m K)~'.32 Similarly, the specific
heat for Nitinol is 0.83 J (g °C)™,BY while the specific heat for
vanadium oxide is 0.66-0.83 | (g °C)".1*?) Thus, for equivalent
samples, we would expect slightly faster switching for Nitinol
than for VO,. Nevertheless, the large thermal mass of the foils
leads to the relatively slow switching times. This issue can be
improved through the use of thinner films, as has been shown
using microelectromechanical systems (MEMS)-based devices
in other applications.?® In such devices, heating times of less
than 50 ms have been shown,**! though sample cooling is still
occurred via convection, resulting in slower cooling times.

3. Conclusion

In conclusion, we have demonstrated that shape memory alloys
are attractive materials for active THz plasmonic device applica-
tions. Using Nitinol, a nickel-titanium alloy, we developed a two-
way training procedure that allowed free-standing metal foils to
switch between a corrugated geometry at temperatures below
31 °C and a flat geometry at temperatures above 51 °C. This
was shown for both 1D and 2D corrugations. By perforating the
metal foils with either a single aperture or an array of apertures,
we demonstrated switching between two different THz plas-
monic responses and discussed why the response changed in
the way that it did. Importantly, these switching characteristics
have been found to be fully reproducible over at least 100 cycles.

4. Experimental Section

Ch ization of Tr Properties: An amplified ultrafast
Ti:sapphire laser was used as the optical source for all of the THz time-
domain spectroscopy measurements. The output of the laser was split
80:20 to yield the optical pump and probe beams, respectively. Broadband
THz radiation was generated using a 1 mm thick (110) ZnTe crystal. An
off-axis paraboloidal mirror was used to collect and collimate the THz
radiation as it propagated from the emitter to the sample, resulting in
a beam that was normally incident onto the printed sample. A second
off-axis paraboloidal mirror was used to refocus the transmitted THz
radiation onto a 1 mm thick (110) ZnTe detection crystal, which allowed
for coherent detection of the radiation via electro-optic sampling.5!

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work was supported by the NSF MRSEC program at the University
of Utah under Grant No. DMR 1121252.

Received: December 1, 2016
Revised: January 8, 2017
Published online:

www.advopticalmat.de

1] J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, ). S. White,
M. L. Brongersma, Nat. Mater. 2010, 9, 193.

[2] M. Kauranen, A. V. Zayats, Nat. Photonics 2012, 6, 737.

[3] H. A. Atwater, S. Maier, A. Polman, ). A. Dionne, L. Sweatlock, MRS
Bull. 2005, 30, 385.

[4] P. A. Kossyrev, A. Yin, S. G. Cloutier, D. A. Cardimona, D. Huang,
P. M. Alsing, |. M. Xu, Nano Lett. 2005, 5, 1978.

[5] ). G. Rivas, P. H. Bolivar, H. Kurz, Opt. Lett. 2004, 29,
1680.

[6] ). A. Dionne, K. Diest, L. A. Sweatlock, H. A. Atwater, Nano Lett.
2009, 9, 897.

[7] ). Wang, S. Liu, Z. V. Vardeny, A. Nahata, Opt. Express 2012, 20,
2346.

[8] R. A. Pala, K. T. Shimizu, N. A. Melosh, M. L. Brongersma, Nano
Lett. 2008, 8, 1506.

[9] A. Agrawal, C. Susut, G. Stafford, U. Bertocci, B. McMorran,
H. ). Lezec, A. A. Talin, Nano Lett. 2011, 11, 2774.

[10] R. Singh, N. Zheludev, Nat. Photonics 2014, 8, 679.

[11] F. ). Morin, Phys. Rev. Lett. 1959, 3, 34.

[12] J. B. Goodenough, J. Solid State Chem. 1971, 3, 490.

[13] A. Cavalleri, T. Dekorsy, H. H. W. Chong, |.
R. W. Schoenlein, Phys. Rev. B 2004, 70, 161102.

[14] A. Cavalleri, C. Téth, C. W. Siders, ). A. Squier, F. Raksi, P. Forget,
). C. Kieffer, Phys. Rev. Lett. 2001, 87, 237401.

[15] G. Stefanovich, A. Perg D. Stefanovich, J. Phys.: Condens.
Matter 2000, 12, 8837.

[16] T. Driscoll, H.-T. Kim, B.-G. Chae, B.-J. Kim, Y.-W. Lee, N. M. Jokerst,
S. Palit, D. R. Smith, M. D. Ventra, D. N. Basov, Science 2009, 325,
1518.

[17] Engineering Aspects of Shape Memory Alloys (Eds: K. N. Melton,
D. Stéckel, C. M. Wayman), Butterworth-Heinemann, Oxford, UK
1990.

[18] W. ). Buehler, ). V. Gilfrich, R. C. Wiley, J. Appl. Phys. 1963, 34,
1475.

[19] F. E. Wang, W. ). Buehler, S. ). Pickart, J. Appl. Phys. 1965, 36, 3232.

[20] H. Y. Luo, E. W. Abel, Smart Mater. Struct. 2007, 16, 2543.

[21] ). Mohd Jani, M. Leary, A. Subic, M. A. Gibson, Mater. Design 2014,
56, 1078.

[22] H. Cao, A. Nahata, Opt. Express 2004, 12, 1004.

[23] S. Pandey, S. Liu, B. Gupta, A. Nahata, Photonics Res. 2013, 1,
148.

[24] S. Pandey, B. Gupta, A. Chanana, A. Nahata, Adv. Phys.: X 2016, 1,
176.

[25] T. Matsui, A. Agrawal, A. Nahata, Z. V. Vardeny, Nature 2007, 446,

17.

C. Kieffer,

[26] A. Agrawal, Z. V. Vardeny, A. Nahata, Opt. Express 2008, 16,
9601.

[27] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, P. A. Wolff,
Nature 1998, 391, 667.

[28] T. Thio, K. M. Pellerin, R. A. Linke, H. ). Lezec, T. W. Ebbesen,
Opt. Lett. 2001, 26, 1972.

[29] A. Agrawal, H. Cao, A. Nahata, New J. Phys. 2005, 7, 249.

[30] D. Grischkowsky, S. Keiding, M. van Exter, C. Fattinger, J. Opt. Soc.
Am. B 1990, 7, 2006.

[31] C. M. Jackson, R. ). Wasilewski, H. ). Wagner, 55-Nitinol-The Alloy
with a Memory: Its Physical Metallurgy, Properties, and Applications: A
Report, Technology Utilization Office, NASA, Washington, DC 1972.

[32] D.-W. Oh, C. Ko, S. Ramanathan, D. G. Cahill, Appl. Phys. Lett. 2010,
96, 151906.

[33] P. Krulevitch, A. P. Lee, P. B. Ramsey, |. C. Trevino, J. Hamilton,
M. A. Northrup, J. Microelectromech. Syst. 1996, 5, 270.

[34] D. Grant, V. Hayward, IEEE Control Syst. Mag. 1997, 17, 80.

[35] A. Nahata, A. S. Weling, T. F. Heinz, Appl. Phys. Lett. 1996, 69,
2321.

Adv. Optical Mater. 2017, 1601008

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(7 of 7) 1601008

d3advd 11nd

81



82

Supplementary Information

Title: Bistable physical geometries for terahertz plasmonic structures using shape memory
alloys

Barun Gupta, Shashank Pandey, Anjali Nahata, Sivaraman Guruswamy, and Ajay Nahata*

I. Background

The dispersion relation for SPP waves propagating along the interface between a planar metal

film and a dielectric is given by [S1]

k =k_+ik =—| —f2| ==n_, (1)

where ky = ki + 1 ky is the complex propagation constant of the SPP wave parallel to the
propagation direction, o is the radial frequency of the electromagnetic radiation, c is the speed of
light in vacuum, g4 is the dielectric constant of the dielectric interface medium and €, is the
dielectric constant of the metal. We assume that g4 is purely real and that only the metal is
characterized by a complex dielectric constant, expressed as €y = €m; + 1 €mi, Where gy, and €y
are the real and imaginary components of the dielectric constant of the metal, respectively. The
complex refractive index associated with the SPP propagation is given by n,, =n+ik.

The electric field associated with SPPs propagating along a smooth surface decreases as

exp[-ky x]. Thus, the 1/e attenuation length, Ly, along the propagation axis is given by

L. = )

The propagation constant along the z-axis within the dielectric medium and can be

written as [S1]



5 112
k, =k _+ik, = [ad (9] - ki} 3)
. ) C

Here, the attenuation is defined in terms of the electric field decay normal to the surface into the
dielectric ([lexp[-lk,l IzI]). Thus the l/e attenuation length into the dielectric, L,, can be

expressed as

L =— )

The exponential decay away from the metal surface arises from the fact that SPPs are
electromagnetic waves bound to the metal-dielectric interface and, therefore, take on their

maximum amplitude at the interface and decay as one moves away from the surface.

I1. Measurement of the Dielectric Properties of Nitinol [S2]

Broadband THz radiation was generated using a 1 mm thick <110> ZnTe crystal and then
collected and collimated using an off-axis paraboloidal mirror. The radiation was focused using a
150 mm TPX lens onto a straight 300 pm wide by 100 um deep rectangular cross-section groove
that was 2 cm in length and fabricated in a 400 pm thick stainless steel metal foil. The groove
acted as a coupler by scattering a fraction of the incident radiation into SPPs [S3]. This input
coupler was physically abutted to the Nitinol foil. The small separation between the two pieces,
coupler and sample, had minimal effect on the propagation properties of the coupled SPPs. The
time-domain properties of the z-component of the propagating THz electric field were measured
using a second <110> ZnTe detection crystal via electro-optic sampling [S4]. The temporal
resolution available with our apparatus was 6.66 fs. This crystal could be freely moved about the
surface of the sample, as well along the z-axis, allowing for the electric field in the half-space

above the metal surface to be completely mapped.
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I11. SPP Decay Properties
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Figure S1. (a) Comparison between the l& propagation length along the propagation axis
computed from €, with g4 = | (solid line) and values obtained by taking measurements along the
propagation axis. (b) Comparison between the l& decay length along the surface normal
computed from €, with g4 = 1 (solid line) and values obtained by taking measurements along the

surface normal.
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Abstract:

We present the first experimental observation of Anderson localization in the terahertz frequency
range using plasmonic structures. To accomplish this goal, we designed THz waveguides
consisting of a one-dimensional array of rectangular apertures that were fabricated in a
freestanding metal foil. Disorder is introduced into the waveguide by offsetting the position of
each aperture by a random distance within a prescribed range. For example, for a waveguide
with apertures spaced by 250 um in a periodic waveguide, 10% disorder would correspond to the
apertures being shifted by a random value £25 pm along the waveguide axis. We find that for
disorder levels below 25%, there is only an increase in the propagation loss along the device.
However, for two specific waveguides with 25% disorder, we observe a spatially localized mode
that lies just within the stop band of the device and exhibits a double-sided exponential spatial

decay away from the maximum.
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Introduction

The Anderson localization of waves is an exotic phenomenon in which a propagating wave is
spatially localized purely by structural disorder, thereby inhibiting its transport across the system
[1-19]. Although the generality of this wave phenomenon has been proven by its demonstration
in acoustic waves [5], matter waves [6] and electromagnetic waves over different frequency
ranges [7-17], it has remained elusive in the terahertz domain. Here, we describe the direct
observation of Anderson localization in the THz spectral range using THz plasmonic
waveguides. These devices are built using periodically spaced structures fabricated into a metal
foil, thus allowing surface-bound guided-wave modes below the Bragg frequency. We find that
in the presence of appropriate positional disorder, a localized mode beyond the Bragg frequency
becomes evident and exhibits a double-sided exponential spatial decay of the THz electric field.
These results dramatically expand the spectral range, types of materials and types of applications

in which localization may play an important role.

The experimental demonstration of the mesoscopic electromagnetic phenomenon of Anderson
localization is known to be challenging, particularly in three-dimensional systems, wherein a
critical degree of disorder is required to manifest localization [17]. In lower dimensions, the fact
that all states are localized favors the experimental observation of disorder-induced localization,
as long as an appropriate sample size is employed [16]. Even in low dimensions, a ‘terahertz gap’

remains in the literature on localization because dielectric materials, which are commonly
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employed in such demonstrations, are lossy in this spectral range [20,21], creating a situation
whereby the absorption length may be shorter than the localization length. Metals, by contrast,
are characterized by high conductivity and enable the low-loss propagation of surface plasmon
polaritons (SPPs) [22-24]. In this study, we employ metal foils that are periodically structured,
which have been shown to support the low-loss propagation of narrowband THz guided-wave
SPP modes [25-27]. In the simplest embodiment, we have shown that rectangular apertures that
fully [25] or partially [27] perforate the metal foil can guide multiple narrowband sets of
frequencies. Here, the in-plane length of the aperture orthogonal to the propagation direction
determines the frequency of the lowest-order propagation mode, whereas the higher-order modes
can be modeled as cavity modes of the aperture, assuming an effective depth [25]. The aperture
spacing along the waveguide axis determines the Bragg frequency of the periodic structure,
which creates an effective band-edge for the system. Only modes that are characterized by

frequencies below the Bragg frequency are observed as propagating modes.

MATERIALS AND METHODS

In this investigation, we examine the guided-wave properties of THz waveguides in which
disorder is introduced in the position of the apertures along the propagation direction. The
propagating THz electric field is characterized using THz time-domain spectroscopy, which
yields both amplitude and phase information. Broadband THz radiation extending from ~0.1 to
1.5 THz is coupled to the waveguide using a single groove etched into the metal foil. The time-
domain propagation properties of the coupled THz electric field can be measured at any point on
or above the metal surface via electro-optic sampling by simply moving the detection crystal and

the optical probe beam [28]. When <110> ZnTe is used as the detection medium, we only
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measure the z-component (normal to the metal surface) of the electric field, although other probe
beam polarizations and crystal orientations can be used to measure the other electric field vector

components [28,29].

In Fig. la, we show a schematic of the plasmonic waveguide, in which the apertures are
periodically spaced, along with the experimental excitation and measurement geometry. Disorder
is introduced into these waveguides by randomly varying the positions of each aperture by a
fractional amount, o, along the propagation direction. For example, in the periodic waveguides
discussed below, the aperture spacing was set to 250 um. Thus, a waveguide with ¢ = 10%
disorder means that each aperture would be shifted by a randomly determined distance of +25
um from its original position in the periodic array. A schematic diagram for a waveguide with o
= 25% is shown in Fig. 1b. Because Anderson localization is a stochastic process, we designed
eight different waveguide samples for each of nine levels of disorder, o, varying between 0% and
25%. All of the waveguides were fabricated via laser ablation in 750-um-thick stainless steel
foils. The measured position tolerance for the apertures was less than 5 um. The THz time-
domain signal was initially measured every 5 mm along each waveguide, with smaller
measurement increments for the samples that showed evidence of localization. Detailed
information about the fabrication of the waveguides and the measurement scheme is presented in

the S.1.

RESULTS AND DISCUSSION
Figure 2 presents our measurement of THz wave propagation through the waveguides with

varying degrees of disorder. In Fig. 2a, the red profile shows the transmission spectrum
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measured at the 8 cm terminus from the waveguide input for the periodic sample. The spectrum
illustrates three dominant modes, where the lowest-order mode is determined by the fundamental
resonance of the subwavelength aperture, v = ¢/2s = 0.3 THz, and the next two higher-order
modes are related to Fabry-Perot resonances within the apertures [24]. Transmission through the
waveguide arises from coupling of the THz electric field between sub-wavelength apertures. The
manifestation of other modes associated with higher-order resonances is forbidden by the band-
edge. The corresponding Bragg frequency, in our case, is given by ¢/2d = 0.6 THz, beyond
which no transmittance is seen to occur, despite the significant power beyond 0.6 THz in the
input pulse shown in S.I. Figure 2(a) also depicts configurationally averaged transmittance
spectra for 6 = 3% through ¢ = 25%. In these data, the spectrum for o = 25% is averaged over 6
devices, and the rest are averaged over all 8 devices. These additional spectral measurements
demonstrate that the introduction of disorder does not alter the spectral properties of the guided-
wave modes for almost all of the waveguides and, in particular, does not necessarily remove the

frequency constraints imposed by the Bragg frequency.

For planar (unperforated) stainless steel metal foils, we have previously found that the 1/e THz
electric field decay length for SPPs along the surface of the metal is 21 cm at 0.3 THz (12.6 cm
at 0.5 THz and 6.3 cm at 1 THz) [24]. Perforating the metal foil to create a waveguide based on
periodically spaced apertures creates an additional loss mechanism. In Fig. 2b, we show the
magnitude of the THz electric field measured for waveguides with periodically spaced apertures
(o = 0%) at the peak of the lowest-order resonance (0.3 THz). The corresponding 1/e
propagation length is 8.2 cm, which is still longer than the device length used in this study.

Figure 2b also shows the electric field attenuation for two other sets of waveguides with
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increased disorder. The corresponding 1/e decay lengths for each value of ¢ are shown in Fig. 2c,
which appears to follow an approximately exponential dependence for reasons hitherto unknown

to us. For each waveguide, we can model the amplitude at any given frequency using an

exponential decay of the formE (x)=E, exp[—x/ IT], where x is the coordinate along the length
of the waveguide, and £ is the 1/e decay length. For 6 = 25%, £_for the lowest-order mode
corresponds to ~34A (3.5 cm). Assuming that £7'=0__ +{,, where [ is the decay length in a
periodic waveguide (8.2 cm) and £__is the decay length associated with the disorder, we obtain
the disorder-induced decay length £, = 6.1 cm, which is still comparable to the sample length

for 6 = 25%. If we consider the next two higher-order modes for the same disordered

waveguides (c = 25%), £ is ~38) for both resonances at 0.34 THz and 0.49 THz.

As noted above, we only showed the spectra and spatial decay properties for six of the eight
waveguides with 6 = 25%. The remaining two waveguides exhibited an additional resonance just
beyond the Bragg frequency in the effective bandgap region. In Fig. 3a, we show the spectra for
one of the two waveguides (because they exhibit very similar spectral properties) as a function of
the spatial coordinate. For both of these waveguides, the spectral properties of the three
propagating modes are nearly identical to the spectral properties of the other six waveguides with
o = 25%, as are the spatial decay properties for the lowest-order mode. However, the decay
properties for the additional mode at ~0.62 THz differ dramatically. In Fig. 3b, we show the
spatial properties of this new mode for both waveguides, which is clearly seen to peak in the
middle of the samples away from the edges and is strongly localized over approximately 100

apertures. We fit the spatial decay properties of this mode in both waveguides at 0.62 THz to a
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double-sided exponential decay of the form Ez(x)=Eoexp|:—|x—x0|/§J, where X, is the peak

position of the mode and & is the 1/e decay length. In both cases, we find that & is ~8 mm (~16A

at 0.62 THz), which is much smaller than both £ and £ .

The introduction of disorder is known to create new states inside the bandgap. For weak disorder,
these states tend to be in close proximity to the band edge, as shown in work involving photonic
crystals [11] and slow light [16] waveguides. In the case of photonic crystals, it has been
reported that at the band edge, the Bloch wavenumber is given by kgjocn = 0; we have shown a
similar behavior in the case of plasmonic waveguides [27]. Using the analysis in [19], we find
that the product Akgjoch * & ~ 0.83, which is less than 1 and is a signature of Anderson or strong
localization. A detailed explanation of this calculation is given in the S.I. The lowest-frequency
resonance inside the bandgap occurs with a resonance peak at ~0.62 THz associated with a TM
[201] mode [25], which depends on only the aperture dimensions and not the aperture spacing,
which is why the isolated modes in these two waveguides have the same resonance frequency
even though they arise from waveguides with different spatial aperture patterns, albeit with
identical levels of disorder. By further increasing the level of disorder (¢ > 25%), it may be
possible to realize modes deeper inside the bandgap, corresponding to larger frequencies in the

input spectrum.

CONCLUSION
In summary, we have observed clear signatures of strong localization in the THz spectral range
by using THz waveguides created by perforating a metal foil and introducing positional disorder

into the perforations. In contrast to work performed at optical or microwave frequencies, for
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which low-loss materials are readily available, the relative lack of low-loss media in the far-
infrared makes such observations challenging. Thus, we only observed localization with a
relatively high degree of disorder. We believe that this work will encourage further
investigations of localization, both theoretically and experimentally, in regimes where losses are
often inherently larger than have been encountered in earlier work (e.g., in the microwave and
visible frequency ranges). In such cases, the dissipation length would be an important parameter

in the analysis.
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Figure Captions

Figure 1 | Schematic diagram of the THz waveguide, including the excitation and detection
scheme. a, Broadband THz radiation is normally incident on a 2-cm-long rectangular cross-
section groove, 300 um wide by 100 pum deep. The groove is used to couple the normally
incident freely propagating broadband THz radiation into SPP waves that propagate along the
sample surface. The 8 cm long waveguide consists of periodically spaced (o = 0%) rectangular
apertures with the following dimensions: s = 500 um, a = 150 um, h = 750 wm and d = 250 um.
A <110> ZnTe crystal that can be freely positioned anywhere above the sample surface is used
to measure the z-component of the THz electric field via electro-optic sampling. b, Waveguide

with identical aperture dimensions and 6 = 25%.

Figure 2 | Propagation properties of the waveguides. a, Experimentally measured transmission
spectra for waveguides with disorder values ranging from ¢ =0% to ¢ = 25 % at a distance of 2
cm from the input groove. The spectra are the averages for all eight waveguides at each disorder
level, except 6 = 25%, where the spectra have been averaged for only six of the eight devices.

The dashed vertical line corresponds to the Bragg frequency at 0.6 THz. b, Amplitude at the

97

peak of the lowest order resonance (0.28 THz) along the length of the waveguide for ¢ = 0%, 10%

and 25%. The data are averaged as in a. The lines show the least squares fits to the data. ¢, The

total decay length £_for the lowest-order mode as a function of c.

Figure 3 | Spectral and spatial properties for two waveguides with ¢ = 25%. a, Transmission

spectra of one of the two waveguides at distances of 2, 4.5 and 8 cm from the start of the
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waveguide. b, Amplitude at the peak of the mode at ~0.62 THz for both waveguides (red and
black dots) measured at 2.5 mm intervals about the maximum. The lines represent the least

squares fits to the data for the two waveguides.
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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° C to
95° 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 100pm and depth of 150um 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 x; and similarly, the distance between the centers
of the groove to the center of hole in the left side is x,. The hole diameter is 500um and
the periodicity is Imm. 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 Ax.

21 n
A

For the phase difference, ¢ = k Ax = Ax. For the constructive interference, ¢
= 2IT m, where m is an integer. This gives Ax = mT’l For the destructive interference, ¢ =

IT m, where m is an integer. This gives Ax = 72"—: 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 VO,-Based Active Terahertz Waveguide

Vanadium oxide, VO,, is a unique complex oxide due to its enhanced electron—
electron interaction, which has a major influence on the electric properties. VO, 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.
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Figure 8.2: Schematic diagram of selecting modes through periodic hole array
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