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1 Introduction

AéWhy consiray®r finite a
The short answer to this question is,

Because they are the only ones that really éxi&en Munk

1.1 Motivation

The focus of this research has been to exploreoémaviorof metamagrials (MM) d
specifically metafiims (MFP and understand the various excitation schemes for application to
TerahertzAttenuated Total Reflection (THATR) spectroscopy. This investigation deals with
both theoretical and experimental aspects of terahecitatgn of metamaterials. The selective
excitation of metamaterials via THz electric field, magnetic field, and their combination; and the
corresponding effect on THz radiation emitted from MM elements has been investiyated
radiation signal is obseed across the forbidden TIR boundary where no signal is expaeted
is due to the fundamental resonance of a split ring resonator B@ynfluences of edge effects
and coupling on radiation by finite arrays are studied in this work. This is a yrtii@m@menon
that has not been observed at THz frequencies previously to the author's knowledge.

The results of this study extend the current understanding of total internal reflection at
surfaces of dielectrics with resonant patterned structures andghiant reradiation from the

MM arrays observed using ATR. This research will further the understanding of how single and



multi-layer thin resonant films on the surface of a dielectric affect the evanescent field to enable

improvements in spectroscopydsensingnd the impact of sample edge effects

1.2 Background of Terahertz technology

The Terahertz region of the electromagnetic spectrum, tieasd | ed At er ahert z
received considerable attention and has become a rapidly evolving field sidsEdgery two
decades ago. This gap encasges the sdimillimeter region between 0.1 THz (3mm) to 10
THz (30 em) and traditionally has been expl
techniques. Subicosecond near single cycle pulses of terahertz radiation with broad bandwidths
from tens of Gi# up to a few THz are commonly generated by optically exciting a biased
photoconductive switch. The other most commonly used methodsabétizrwave generation is
optical rectification. A large number of materials are transparent to terahertz rgdiaticare
opaque at optical frequencie$erahertz spectroscopy techniquesve becomencreasingly
important in material characterizatiofhe rotational and vibrational modes of many molecules
lie in the terahertz region that can be probed directly by fAdation thus making it attractive
for sensing applications. Terahertz radiation offers many applications in chemical sensing,
imaging, biological sciencdd4] and medicineTHz or T-ray imaging is particularly of interest to
medical imaging and security screening due to its-inoizing and nofrinvasive properss.
Much of the recent interest in terahertz radiation lies in its ability to penetrate through a number
of materials such as paper, polymers, and textiles to name aTlfézvwaves are strongly
absorbed by waterThis property makes it appealing for seturdiagnosticd detection of

explosives and nedestructive evaluation and testir[g@]. The dvelopment of terahertz



technology is lagging due to the lack of high power THz sources and functional devices. This
makes it a fertile area for commercialization due to the merging of optical technologies and high
frequency electronics. More recently, thehas been a great deal of interest in creating high
power THz sources through ndinear techniqueg3]. Advances in device fabrication techniques
have furthered terahertz research and tremendous progress has been in this fieldtlseich as
development of the quantum cascade I§4krA review of scientific developments in the THz
region can be found in review articles and texts su¢b]d$] [7] [8, 9]and references therein.

Terahertz TimeDomain Spectroscopy (THEDS) has become a reliable and non
invasive coherent spectroscopic technique, where information about the amplitude and the phase
information of the test sample can be directly obtained.-TB3 has proven to be a sensitive
tool in the detection and analyg of a variety of materials including gases and liguids. used
to study carrier transport and relaxation dynarmcsemiconductors

Terahertztime domain spectroscopy based on photoconductive antenna will be covered
in great detail in the nexhapter.

1.3 Attenuated total reflection

Attenuated total reflection (ATR) is an established sampling technique to study material
properties by taking advantage of the evanescent field at a surface due to the phenomenon of
total internal reflection. When an abborg sample is brought in contact with an optically denser
medium, the intensity of the evanescent field is modified or attenuated by the sample on the
interface.This interaction of the evanescent field with the sample manifests as a change in the
frequerty dependent reflectivity whichs t hen used to characteri ze

[10].



Severalcenturiesafter the discovery of the evanescent wayeNewton, Harrick and
Farenforf1l], proposed and independently developed theories for internal reflection
spectroscopy (IRS). In the yed06Q Harrick described mulpath theoryfor IRS whereas
Fahrenfort demonstrated the usefulness of a single reflection IRS technique. Historically, the
term fAattenuated tot al reflectiono spectrosc
interchangeably with internal reflection spectroscpiy.

ATR is routinely used with other spectroscopic techniques for the characterization of a
wide range of samples such as thin films, liquids, powders, potymeename a fewATR
requires minimal to no sample preparation and is amenable to various sgmpl€ommercial
ATR spectrometers are sold with various options and accessories to support different types of
samples or analyte&TR is often used in theharmaceutical industry for analyzing powdered
targetq12]. It serves as a diagnastool for applications in Forensic scier{ds)] specifically for
detecting and analysis of illicit drugs (eapcaine.)

1.3.1 ATR at THz frequencies

ATR in conjunction with THZTDS was first implemented by Hiroetal at THz
frequencies.THz-ATR is advantageous over conventional TH2S in that THzZATR can
characterize samples that are ordinarily difficult to characterize using transmission sppgtrosco
such as optically thick materials, powdered samples, polar liquidselectricsthat are highly
absorbentATR in the THz region has been used to characterize polar liffdfland powdered
solidsthat have applications in the biotechnology, pharmaceutical, and food ind{&5idhe
evanescent field in ATR can couple to waveguide modes thus making ATR attractive for sensing

applications, as shown ifL6] wheresensitive detection ohdsorbates on waveguide surfaces



were demonstratedThis gives ane xt ended i nteraction | ength an

reflection technique. A miniature handheld ATR module was developed and tested for
functionality using various powders and liquids]. ATR system using an integrated prism at
terahertz frequencies has been reported thighclaim of enhanced propagation efficiency via
decreased Fresnel losgH§. The integrategrism is seHcontained in that it houses a terahertz
emitter, a terahertz receiver, and an ATR prism. The terahertz waves propagate in a closed
environment in the absence of air and therefore the measurements are not affected by ambient
water vaporMore recently, an imaging technique using ATR was demonstidigjdoy raster
scanning a silicon sample mount on the ATR prism which can be mechanically moved to
generate an image
1.4 Metamaterials

The development of a new class of artificial structured materials called metamaterials
(MM) has been the topic of cent interest in the electromagnetic community since its first
experimental demonstration in microwave frequendéetamaterials are artificial structured
composites typically comprised of patterned-stdvelength (€10) metallic inclusions arranged
periodically on dielectric/semiconducting substrates. The 2D analogues of metamaterials are
commonly known as metafilms (MF) or metarfaces. The electromagnetic behavior of these
composites differs from the constituemtaterials which can provide an effective medium
response if the wavelength is large with respect to the unit cell. The response is dictated by the
geometry, orientation, shape and arrangement
M can be onsidered as effective only when the dimensions of the structure are much smaller than

the incident wavelengtiMuch of this interest has beeaparked by exploring metamaterials for



novel phenomena such as negative index, perfect lenses, invisibilityingjoakd artificial
magnetisni20, 21].

In 1968, Veselago considered the possibility of a hypothetical mateitial negative
constitutive parameters i .e. Ssimultaneous neq
[22]. Such materials are termed as-leinded materials (LHMs) or negative index materials
(NIMs). In a lefthanded material, E, H, k form a lfanded triplet. Such material properties
are not readily available imature. In naturally occurring materials, the EM response is governed
by two constitutive parameters namely frequer
frequency dependent magnetic permeability O(x%

refractive index defined by=./e 7. Metals exhibit a negative electrical permittivity. Likewise

naturally occurring materials such as ferromagnets display a negative magnetic response. No
naturally occurring material has demonstrated tiéhavior yethereforea composite material
that exhibit simultaneous negative electromagnetic behavior is of considerable interest.

A common feature of the metamaterial approach is in the engineered tesienaent In
1999, Pendry proposed an artifitmedium comprising of an array of split ring resonators that
exhibits a negative magnetic response over a range of frequencies | i ne wi th Ve:
prediction§21]. The first experimental reaktion of the simultaneous existencd Bf  ajnwhs
in 2000 when Smitret al. experimentally demonstrated a composite medium consisting of
metallic wires and split ring resonators did
at microwave fequencies[23]. Implications of having lefhanded materials could lead to
dramatically different behavior on wéthown phenomena such as anomalous reflection,

reversal of negative refrach, Doppler shift and Cherenkov radiatii®].



Since then, over decade of research in metamaterials with incremental refinements to
early experiments and exploring these unique properties has given rise to a multitude of potential
applications over a wide region of the EM spectrum from RF through- visdnle regimeg24].

The dimensions of the conducting elements in these artificial structures are easily scalable with
frequency although there are limitations to the scaling giving rise to saturation of the resonant
magnetic response aigher frequencig25] and unavoidable increase in losses in metallic
structures as optical frequencies are approached

The following paragraphs briefly describeajor developments over the recent years in
electromagnetic metamaterials

1.4.1 Electromagnetic MM

With preliminary research focused on the microwave regime, metamaterial research has
rapidly advanceanto the terahertz and optical regimes. The EM responsmethmaterials can
be designed over a large region of the EM spectrumdapdnds on the collective response to
either or both the electric and magnetic components of the incident electromagnetic radiation.
Due to the scal e i nv asr SRRnaeescaladle atiasxfrequenktigs @ande g u :
can be easily fabricated by conventional lithography suitable to the spectral range. Optical
metamaterials suffer from losses associated with metals and limitations due to the current
fabrication technology thahay impact device performance. Metals no longer behave as perfect
conductors at optical wavelengths. The continual push towards higher operating frequencies also
places demands on improved characterization techniques. Emerging areas of research include
non-linear metamaterials, plasmonic metamaterials, superconducting metamaterials, and

dispersive metamaterials for slow light applications to name g2&w ow-loss alternatives to



metals such as graphene and oth@peconducting oxides are also being souf2]. Non

linearity can be introduced either by replacing the dielectric wKeratype nonlinear medium

or by utilizing nonlinear components such as diod@3]. While the implementation of 2D
planar structures is established from the GHz to optical frequerss=nbly of complex 3D
metamaterials is challenging especially at higher frequencies since bulk 3D metamaterials
demanl advanced fabrication techniques. Recent efforts have focused on assembling bulk
metamaterials. Advances in that direction have been made such as a layer by layer fabrication
method for manufacturing 3D metamaterials has been demonstrated at opticahdres28].

3D THz metamaterials referred to as standup metaialstéabricated on flexible substrates was
demonstrated using multilayer electroplating techn{@%

The following paragraph highlights some of the progress in electromagnetic
metamaterials that are designed to operate at terahertz frequencies. As with all new directions in
science, the initial enthusiasm for thigpic has been enormous resulting in a vast array of
publications with a staggering array of conclusions. The sheer volume of literature prevents a
full exhaustive review beyond the pertinent topics and seminal papers.

1.4.1.1 Terahertz metamaterials

The capabity to engineer material properties is even more important at THz frequencies
where a wide range of material behavior is not as readily available as the neighboring microwave
and optical spectral regions. Planar Terahertz metamaterials are realizalge cusient
photolithographic techniques. The first demonstration of magnetic response at terahertz
frequencies was by Yest al [30] in 2004 using ellipsometric techniques. Inspired by the

promise of negative index materials, metamaterial research has resulted in the development of



MM-based THz devices such as THz modulators, filters, perfect absodeenpact antennas,
polarization rotatorsand many morg31-36]. The resonant response is fixed by the SRR
geometry and the substrate.

The quest for achievingubable and switchable functionalities makes active THz
metamaterials an extremely fertile research .aréanable MMsoffer promising alternatives to
terahertz switches and ultrafast modulators. The resonant electromagnetic response of MMs can
be tuned byapplication of external control parameters such as electric field, magnetic field,
optical illumination, temperature or even mechanical control. A dynamically controlled resonant
electrical response was achieved by modifying the dielectric constant dfigheresistivity
GaAs substrate thus tuning the capacitive response via photoexcitation of charge carriers in the
substratg37]. Thermal tuning of the resonant frequency has been demexdstmatplanar THz
metamaterial consisting of split ring resonator array made from high transition superconducting
films such as YBCEBE| instead of conventional metal films. The temperatiependent
modulation of the resonant response of the superconductor YBCO metamaterial array fabricated
on sapphire substratearethe critical temperature could possibly lead to a low loss THz switch.
Another method of tuning using thermal control has been accomplished by blending the concept
of MEMS wi th MMs. Pl anar metamateri al sewer e |
designed to bend out of pl a[B% . Aitunable elecpicoan s e t o
magnetic response was observed that depends on the reorientation of the SRR elements within
the unit cells.

The ability to slow and trap light by exploiting the nonlinear phenomenon of

electromagnetically induced transpareEyT) using planar metamaterials has gained immense



popularity in recent years across several frequency bands. It promises unique and fascinating
solutions to information storage, quantum computing and serjddjg EIT-like behavior was
demonstrated at THz frequencieg integratingphotoconductive silicon into the metamaterial
unit cell41].

A review of recent developments in thield of THz metamaterials can be found in
review articles such 442, 43] and references therein.

The advances in the development of THz metamaterials can play an important role
leading to novel and functional THz devices and thus fillingethex shrinkingi THz gap o .

1.5 THz Attenuated Tal Reflection and Metamaterials

Coupling terahertz radiation to waveguide modes in metamaterials was shown by using
the ATR technique in the Otto configuratip#4]. This was inferred from the ATR
measurementddore recentlyleaky modes were observed composite right/lethanded
(CRLH) metamaterial waveguidesing Otto ATR configuration

This is a merging area of study by bringing together these three separatenfiebey
terahertz technology, ATR and metamaterialshsequently there isoha large body of literature

dealing with specific techniques, pitfalls and interpretatafrresults.
1.6 Outline ofDissertation
Chapter2 provides a brief summary of the experimental technique used ATz
domain spectroscopy. A THz time domain spectrometer based on photocemdudgnngis

discussed. Typical results from standardTHz-TDS system are presented along with a

procedure for extracting optical constants fretandardneasurements.
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Chapter3 describes the ATR technique. Fundamentals of attenuated total reflection
technique are summarized in tt@hapter

Chapterd discusses metamaterials, brigthychingon fundamental concepts.

Chapter5 goes into details about the TH#me domain spectrometenodifiedto suit the
measurementindertaken Aligning a THz ATR rangingystem is an important task especially
when using a high index prism that modifies the system geometry. Issues and challenges in
implementing THzATR in a fiber coupled THA DS setting are presented. Elaborate procedures
developed to overcome these chadjes are laid out.

Chapter6 describes the experimental results obtained by usingAlIHz on metafilms
specifically the readiation across the total internal reflection boundary

Chapter7 presents potential theories to help explain the observatiangcabed in
Chapter 6. Detailed results using full wamamerical simulations and Floguet aiMioment
Method approaches are present&tiese treatments qualitatively explain the origin of the
observed readiation in metafilm arrays.

Chapter 8 summarizes amdncludes the work done in this research. It provides an

outlook on future directions for this research.

11



2 Terahertz technology

This chapter presents a discussad themain experimental technique used in this work
specifially Terahertz Tire Domain Spectroscopy (THEDS) that uses a pumprobe sysm
with photoconductive antennstructures for THz generation and detection. Additionally, an
overview of the devepments in terahertz components is provided.

The development of ultrafast lasers and the introduction of the Auston [glgjtaver
two decades ago has led to a surge in research at terahertz fregjugvicig rise to a vast
number of potential applications. With rapid development of tunable sources and detection
techniques and advances in novel ultrafast sources, there has been continuing interest to explore
multi-disciplinary scientific and engineegrphenomena thus stimulating a lot of activity in this
part of the electromagnetic (EM) spectrum.

There are a varig of coherent terahertz sources. They can be classified into two broad
categories 1) Continuous wave (C\WHurces and 2) Pulsed sources. CW sources are inherently
narrowband and are typically higlower sources. Some of the CW sources aredi@gron
sources such asackwardwave oscillators (BWO)gyrotrors, synchotrors, and of course, free
electron lasers (FEL). There are alseantum cascade lasgphotomixers intrinsic Josephson
junction using high temperature superconduci{d, and othersolid state devices such as
resonant tunneling diodes, GUNN diode €&;.47] . Pulsed sources which are broadband in

nature and typically have loaverageower yields include gated photoconductive switched, an
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crystals employed in optical rectification technigueThis work will focus on the pertinent

techniques for pulsed THz measurements.

2.1 THz Generation
Terahertz pulsed generation techniques can be classified into two categories; 1)
photoconductive switchoto generate electromagnetic transients on ggigsecond time scale
and 2) second order ndimear processes such as optical rectification (OR). Whieelectro
optic (EO) rectification technique and photoconductive switching are the two most cognmonl
used opteelectronic methods to generate pulsed THz radiation, another method used to generate
THz radiation is the Photodember effect. The Photodember effect takes advantage of the
difference in mobilities between the electrons and the 8pShe diffusion of the electron
hole pairs when excited by an ultrashort pulse creates dipoles leading to single cycle transients at
THz frequencies. This effect is seen in high mobility semiconductors such as InAs aff]InSb
Terahertz generation via optical rectificatipff] is a second order ndmear effect
where the terahertz radiation is generated due to difference frequency generation between the
components of the ultrafast laser pulse. This pektHoes not require application of a bias
voltage and requires strict phase matching requirements for high conversion efficiencies. Zinc
Telluride (ZnTe) is a widely employed EO materidore recently, high power terahertz
radiation using notinear tecimiques such as tilted phase front whtihium niobate (LINbQ)
crystal[50] to generate powers as highla® . Ehd typical THz pulse energies generated from
photoconductive antennas are on the orderi @D 1J3].The successf photoconductive THz
TDS rests mainly upon the availability of signal averaging and time windowing of signals to

become a viable scientific tool.
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2.2 THz Detectio

Freespace electrooptic sampling (FSEOS) based on Pockels eftdft and
photoconductive sampling are two popular detection schemes. In FSEQOS, the probe pulse co
propagating with the THz pulse induces polarization rotation in thelimear crystal, the
magnitude and directioaf which is recorded as the sign and amplitude of the THz field. This
methodcan yield very high bandwidtfj52]. Once again, factors such as the thickness of the
crystal, phase matching and duoatiof the probe pulse impose limitations on de¢ectedTHz
radiation.

Other measurement schemes include THH#eEential Time Domain Spectroscopy
(DTDS), THz interferometry mainly for thin film characterization and THz time resolved
spectroscopy for stlying carrier dynamics and transpB8]. This is primarily a variation in the
sample and THz modulation compared to traditional TDS technidues.following section

discusses THZDS based on a photoconductive antenna source and detector in great detail.

2.3 Standard THZIDS system

A typical THzTDS system used to generate and detect short pulses of terahertz radiation
using photoconductive antenna utilizes theperimental setup shown iRigure 2-1. It is
comprised of an ultrafast excitation source, a THz source (transmitter), THz deteeiver

and collimation an@nergy collecting optics
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Receiver

fs laser 7 rfrﬂ

Figure 2-1 Experimental setup of a THEDS system. Offaxis paraboloidal mirrors (OAPM)
Beam Splitter (BS)54].

The conventional THZ DS system uses a pupppobeapproactwhere a passively modecked
laser generates f@osecond pulses at a high repetition rate. A frequency doubled solid state
pump laser drives the ultrashort laser. The femtosecond laser is split into two beams, one pulse
train with a variable delay directed to the THz transmitter and the other widadelay going
to the THz detectorHowever unlike a pumprobe systenwhere ypically the high powered
beam (pump beam) is directetito a samplend the low powered beaprobes the sample
response, the transmitter in a TDS system receives a lowerlqpiiwar than the receiveA
mechanical delay line is used to change the time delay between the THz transmitter and the
receiver.The delay line is typically located in the transmitter path rather than the detector line

since the receiver is more sensitieeoptical beam alignment.
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The transmitter antenna structsigown inFigure2-2 a) is apair of DC biased coplanar
transmission lines 10 um wide, fabricated on samsulating GaAs substrate using conventional
photolithography. The transmission lines are separated by a gap of 80 um. Typical bias voltages

are 40 tdlO0V.

l—li i oA

losm. . . .

10em
5em
S|
) 10
80em 30em

(a) (b)

Figure 2-2 a) Transmitter chip b) Receiver chip. Laser excitation spot showrdashed
circle.

Photoeexcitation of the gap witthe beam fromultrafast lasedelivering<100 fs pulsesentered
around 800 nm results in the generation of photocarri€snsequently acceleration of the
carriers inthe localMV/m fields [55 generates a near single cycle electrical currelseplihe

photoconductive antenna behaves like a Hertzian difadeThe current pulseradiates an
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electromagnetic pulse at THz frequencirsch is then collimatety a spherical highesistivity

silicon lens contact mounted on the back side of the transmitter Thegpterahertz radiation
propagates through free space. This radiation is steered and collimatedals gfaraboloidal
mirrors (OAPM) arranged in neaonfocal symmetry and is then foewalsonto the THz receiver.

The receiver antenna structure also fabricated using conventional photolithographic
techniques is similar to that of the source antenna. A typical THz detector photoconductive
antenna in stripline geometsgen inFigure2-2 b) consists of two coplanar strip lines a short
lifetime semiconductor substratd he detector strip lines have a dipole antenna struaiitinea
photoconductive gap of 5 um. These lines nominally have linewklths10 um and a 10 t80
pm wide separation between thefe separation determines the bandwidth of the detector with
large antennas having more sensitivity at the expense of bandwidth, and the smaller antennas
having greater bandwidth, but reduced sigti@ngth.

Choice of substrates for the photoconductive source is dictated by properties such as high
mobility and high breakdown field leading to rapid charge acceleration and fast rise times. A
widely used material for the THz emitter is a GaAs sulssiféte photon energy of the
commonly available Ti:sapphire laser source at 1.55eV is greater than the bandgap energy of
1.43 eV of the GaAs emitter . Electron hole pairs in the substrate are created when pumped with
femtosecond laser pulsesuliStratesvith short carrier lifetimes are desired for THz receivers
for e.g.radiation damaged silicon on sapphire (SOS) with lifetime of g&s. The carrier
lifetime for Lt-GaAscan range betwedéh3-1.1ps and is demdent on fabrication paramef{é&g

59]. A modification to the standard receiver antenna used for the waykedpn this document
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is a superlattice formed by selésembled erbium arsenide (ErAs) nano islands embedded in
GaAs substratfs0] which will be covered in a later chapter.

When the receiver is synchronously gated by an optical pthiseglectric field of the
incident THz radiation creates a transient bias across the gap in the receiver antenna structure,
thus inducing a current that is amplified by a low noise current amplifiex.output from the
current amplifier goes to the lock amplifier which isolates the signal at the reference
frequency of the modulated THz beaAn optical chopper modulates the generated Terahertz
beam at the transmittewhich is phase locked to the leak amplifier. This current is
proportional to theeceived THz field. The terahertz waveforms mapped ouby varying the
relative delay between the optical pulse and the THz pulse on the receiver

A typical terahertz pulse obtained from a FHR2S system is showm Figure2-3. It is a
near single cycle pulse lasting a few picoseconds with the FWHM of the main peak of the single
cycle pulse equal to 0.4 ps. The system is purged to a relative humidity 1.9 % to suppress the

effect of water vapoabsorption lines
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Figure 2-3 THz pulse measured in a THDS system a) in humid air b) under nearly dry conditions \
relative humidity of 1.9%. Inset in part b) shows full length of the measurement scan.
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A small blip near 28 ps (dashexrcle in Figure 2-3 b)) is due to internal reflections from the
source chipBy comparing the arrival times of the reflection and the main pulse, the thickness of
the source chip canbecalal ed t o be 487 &em assuming a fre
index of 3.6 for the aditienal sefiebtisrts appdarcin thesStih® & m
domain measurement®ptical ieflections within the substrate of the receiwerdify the gating
respnse and cause a ppelse earlier in time. Tdprepulseis not a problem wheone isable b
time window the measuremeptical reflections in the transmittesubstrate create a secondary
THz pulse thatappeas later in time and can cause structure the resultant spectrumA
substrate and lens system made from the same material would bge hideas typically
unfeasibleHence a thick substrate on the transmitter is preferred to reduce the "small blip" and
clean up the spectrum.

The numerical Fourietransform of the temporal pulses Figure 2-3 yields the
corresponding spectralotted in Figure 2-4. The spectrum peaks near 0.5 THz. The spectral

amplitude extends frof.1 to 2.5 THz, with a usable bandwidth of approximately 2 THz.
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Figure 2-4 Numerical Fourier transform of Terahertz pulses fieigure2-3.
a) In ambient bimid air and bunder nearly dry conditions with relative humidity of 1.9%
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Figure2-4 a) show the effect of residual ambient water vapor in the THz pulse beam path. The
measured spectrum shows the presence roesabsorption lines due to water vapor, with the
strongest features located at 0.558 THz, 0.753THz, 1.098 THz and 1.163FigH® 2-4 b)

corresponds to a measurement in nearly dry air contalnth®o water vapor

2.4 Analysis of THZ DS data
A typical TDS measurement in transmission involves placing the sample to be
characterized at the focal plane between the transmitter and the receiver. This requires the
sample to be relatively transparent to THz radiation aaddrahertz beam to be entirely in the
sample. It also requires knowledge of the sample thicknesschidrges in the temporal field
with and without the samplean be used to determine the material properties.reference is

either taken without a sangbr using a suitable substraide Fourier transforms of the sample

and reference time scans namé&ly,(#) and E, (») givest(¥) which is complex transmission

due to the sampldhe phase difference between the glarand the reference waveforms is a

measure of the index of refraction of the material.

Esam('/’/)
Eref (M/) (2 1)

The index of refraction and the absorption of the sample are extracted from the magnitude and

tw) =

the phase of thaboveratio. The complex index of the material is given by

Intw) 7,
|2t 2.2)

where gz is the sample thicknesg§he above analysis ignores the effect due the Fresnel

nm)=n(w -in( ¥

reflections from the front and baskirfaces of the samp|&4].
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The change in amplitude between the measured sample and reference waveforms gives
rise to the absorption per unit length due to the sample using the following eqliatgmower

: L 2nw : .
absorption coefficient is given as= ——and expressed in terms of the complex transmission as
c

1
a( V)/:EIn (t( W
(2.3)
Thus the optical constants of the material are obtained without the need for Kkan@s
analysig55|.

The direction that led this researglas toward explaining the physical basis of the

observed phenomena rather than extraction of optical constants of the metamaterial.
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3 Attenuated total reflection (ATR)

This chaper presents an overview of thigemuatedotal reflecton (ATR) technique with
a brief description of the key components of an ATR spectrometer. The main focus for this
overview is on employing ATR in conjunction with THz spectroscopyR is a welt
establishedechniqueand a comprehensive overviéies outside othe scope of this endeavor

ATR, also referred to as Internal Reflection Spectroscopy (IR%) sampling technique
used togethemith spectroscopic method®m many spectral regiond.ight undergoes total
internal reflection at the interface of an oplligalense medium ten it is incident beyond the
critical angle and creates an evanescent wameabsorbing samplm intimate contact with the
total internally reflecting surface interacts with the evanescent field.intbmal reflection is
attenuatedisce energy is absorbday the samplen contact with the high index medium. The
measured changes in reflectivity with and without the sample can provide information about the
sample's material constanfhe strength of ATR lies in the ability to characte materials that
are ordinarily difficult to characterize using transmission spectroscopy such as optically opaque
powders and liquids thus offering qualitative and/or quantitative information about the material.
Due to the superposition of the incidemtd the reflected fields at the ATR surface, the field is
largest at the boundary. This property can be exploited for sensing applications. ATR spectra
resemble transmission spectid)] although there are quite a fesubtledifferences. These will

be addressed in a later section.
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Some of the advantages of the ATR technfjGeare

1. Ease of use

2. Speed

3. Minimum sample preparation compared to other techniques; ability to characterize
liquids and powdered samples without dilution, mixing@mpression into pellets.

4. Non-destructive

5. Potentiallyin-situ technique.

6. Thick and strongly absorbing samples can be analyzed since the sampling length is
determined byhe evanescent wawehich penetrates only a few microns into the sample.

And some ofhe limitations of ATR are listed below.

1. Quality of contact of the sample with the ATR crystal. There must be good contact
between the sample and the ATR prism since the evanescent wave decays rapidly with
distance from the surfacef the prism.Depositionof sample as films on the crystal
surface or physical contact either by pressure or using a clamping mechanism. There
could be artifacts resulting from pressure contact. These issues are discussed in more
detail in a later chapter.

2. Modification of transngsion experimental configurations to support ATR is not trivial.
Typically dedicated systems must be constructed.

3. Correctionalgorithms to extract equivalent transmission spectra from ATR s@getra
not welkknown and easily accessible for all spectaaiges.

The ATR measurement depends on the type and the refractive index of the internal reflecting

element (IRE), refractive index of the sample, critical angle, sample contact with the IRE,
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number of reflections and penetration deftf]. Careful consideration of these parameters is
important in successfully implementing the ATR technique and in achieving accurate and
reproducible spectral information.
3.1 ATR onfigurations
Two commonly implemented ATR geometries are 1) Otto configuration and 2)

Kretschmann geometrizigure3-1 shows a schematic representation of these configurations.

a) b)

o

ATR
crystal ATR
1 1  crystal
Airgap 2 ::d <] o lsample
sample] 3 3
OTTO KRETSCHMANN

Figure 3-1 ATR geometries a) Otto b) Kretschmann, adapted {@ith

In Kretschmanr{62] configuration, the sample is in optical contact with the high index
prism as shown ifrigure 3-1 b) whereas in the Ott63] configuration, the sample is separated
from the prism by a dielectric or an air gap as sedfigare3-1a). The Kretschman geometry
is the configuration that will be applied in the experiments described in this work.

3.2 Internal reflecting element

Internal reflecting element$RE) areoptically transparent materials with high index of

refraction used in ATR. Some of the popular IREs used in implementing ATR are shown in

Tablel. For reference, 1 THeorresponds t800 pmor 0.3 mm.
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Material Spectral range| Refractive | Critical Penetration

(um) index Angle depth[64]
d. for oa=1
(Lm)
Silicon 1.1-150 3.42 17.0r 0.85

m=1)| 25 (at

andn;= 1)

Germanium 2-12 4 22.02 0.66

ZnSe 0.515 241 38.5 2.01
Quartz 0.32.3 1.43[1Q] -- -
Sapphire (Ad0,) 0.45.5 1.7[10 62° -

KRS-5 (thalium 0.540 24 38.5 2.13

bromoiodide)
Diamond 0.24 24 38.5 2.01
Teflon[14] 300150 14 46° 61.2

(N=1) | (at o= 3f0Oro

di=65°andn,=1)

Table 1 ATR crystals. Adapted from referencgl), 64-66]. Critical angle is
calculated w.r.t saple indexn, = 1.5 unlessindicated Penetration depth i
calculated ford, = 45°, sample indexp,= 1. 5 a n ahless mdicatede n
Selection of the crystals depends on optical and mechanical properties such as chemical

inertness, hardness, desired spectral range and penetration depth. High resistivity Diamond is

scratchresistantand tolerates a wide range of pH valuBgicon is an excellent material for
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infrared spectroscopy specifically for terahertz applications. It is robust and inert. High resistivity
silicon showdow dispersion and low loss at teraherequenceq 66]. MgO and plastic prisms
were used in the work presented 7] at THz frequencies.

The nature of the sample dictates the geomdtthe crystal. Accordingly, they can be
classified as single path and mygtiat h | REO s . An il lustration of
right angled prism used in this work is shownFigure 3-2(a). This ispreferred for strongly
absorbing samples and where sensitivity is not a problem. Another example of a single bounce
crystal with a dove prism used in TR is shown inFigure 3-2(b). Here the incoming and

outgoing adiation paths are collinear thomintaining the optical axis @f linearsystem|[14].

(b)

""""" @,
[ 0,1
Prisme, 1
1

R
d V Air gap &,

r

Incident Reflected | Sample ¢,
beam beam

(a) (b)
Figure 3-2 Single reflection IRE a) Right angled prism b) Dove prism ffar

A schematic of multiple refleains or multiple bounces in a trapezoidal ATR crystal is

shown inFigure3-3. These are more common in the case of weakly absorbing materials.

N s |

1 1
=N : :

1 1

I'/ 1

rd l :

ATR crystal
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beam beam

Figure 3-3 Schematiof a multiple bounce IRES5]
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The number of reflections depends on the length of the crystal and the angle of incidence. The
spectral contrast proportionately increases with the number of reflections. Spexsajtyedi
cells are used for analyzing liquid samples.
3.3 ATR Theory
3.3.1 Evanescertield

When light is incident from an optically denser mediunmio an optically rarer medium
ny, (n1>n2) it undergoes total internal reflection when the angle of incidenceud tqor
greater than a certain angle known as the critical gfjleReflection from a boundary below
critical angle (normal refraction), at critical angle, d&yond critical angle (TIR) is illustrated

in Figure3-4.

Normal Z

Interface

G< g G=6  G>46

Figure 3-4 Three general cases for interaction with a planar interface

Wheng= g, g=90and from Snell 6s | aw,
n,sing. = n, sin ¢ (3.1
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The critical angle is a function of the refractive indices of the sample and ATR prism and is

defined as
: . ,a
g, =sin''n, %ln‘laerk
¢ (3.2)
For incident angles beyond critical angle ge&. g, sing, exceeds unity and therefore the
transmitted angleyisc o mpl ex wi t h real [6flart equal to ~/

In order to satisfy the boundary conditions, fields must be present on both sides of the
interface, which leads to a complex transmitted wave vector. Assumixgpdane of incidence

as shown irFigure3-4, the transmitted wavevector in medium 2jigenas

k =k, (sing k 4cos (&,
(3.3)
The complextransmittedvave vectolk has a componerk, =k, sing,along the interface in the

x-direction and @omponentk, = k, cosg, !i /perpendicular to the interfacedirecion) where

2pn, . . : . .
k, = Al is the wavaumber ofmedium 2 Since the component perpendicular to the surface is

imaginary, thetransmitted field present ithe seminfinite rarer mediumis evanescentThe

evanescent fielf68] can then be expressed as

kecX- 1A)

Et = EOte‘ bz é(
(34)
where Eg is the initial transmittedfield amplitudeand 1/ b i tength Ahas tke c a 'y
evanescent field is a namiform planewave that propagates parallel to the interface as a surface

wave and decays exponentialiprmal tothe surfacgz-direction)into the rarer medium by a

factore °*. The polarization of the evanescent wave follows the polarization of the incident THz

pulse (p or spolarized) There is no real energy transfer normal to the surface. Therefore, in that
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direction the timeaveraged Poynting vector is zg$8]. Along thex-direction, it propagates with
a phase velocity/nsing . Under these conditions, the Fresnel reflection coefficient r becomes
complex and there is 100% reflection for both s & p polarizatiogsthe magnitde |r|is unity.

The Fresnel reflection coefficients for(s e r p e n)andcpu(patliel) polarized waves are
given by the following equatiofigd].

T >
e iysif gn (35)
cosq +iy/sif g n?

! _-n’cosg /st g R? 36)
' n?cosg +iysif g -n? '

n
wheren=—2,
n

3.3.2 Penetration depth
The penetration depth into the sample is theadist over which the evanescent field
amplitude decays by a factor of 1/e from its amplitude at the reflection inteffa@e.The

penetration depth is givery the equation

q = /

" 2o s g 2 3.7)

It is independent of polarization but dependstio@ wavelength of the propagating radiation,
refractive indices of the denser and the rarer medium and the angle of incidence at thie sample
prism interfaceThis work utilizes silicon prism as the ATR reflecting element with air as the
rarer mediumFigure 3-5 shows the frequency dependence of the evanescent field penetration

depth plotted for a siliceair interface with 45° angle of incidence for THz frequencies.
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Figure 3-5 Penetratiordepth of evanescent field at°4&ngle of incidence for siliceair

interface.
From Figure 3-5, the penetration depth of the evanescent figld21.7em at1 THz The
penetration depth decreases with increasing frequencies or shorter wavelengths. Larger
penetrationdepths can be achieved byducing the index chandeetween the sample and the
ATR prism for a fixed angle of incideng¢gee(3.7)]. The dependence of the penetration depth on
the angle of incidence can be seefkigure3-6. This plot applies tthe silicorair interface with

1 THz incident radiation.
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Figure 3-6 Penetration depth of evanescent as a function of incidence angle for -ailic
interface for 1 THz inclent radiation.

The penetration depth increases as the angle of incidence decreases toward critical ar
singularity shown with a dashed line corresponds to the critical angle of 17.01° for theatli
boundary. In theory, the penetration deptdtomes infinitely large a$ approacheshe critical
angled.. The SRR arrays used in this work

angle is fixed at 45A. Even with a hig
Thus for a 0. 2 & mratiorhdemhkwill playmapinienal role im ¢he gxa@tatic
of the fundamentdlC resonanceThis treatmentassumes the Kretschmann configuration. In
Otto configuration, penetration depth would become an important parameter dependent t

air gap spacig between IRE and sample.
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3.4 Comparison with transmission measurements

Often times, the ATR spectra qualitatively resembles a transmission spectra but in
there exist several differences. These differences manifest as spectral shifts and distdhe
intensitiesof the peaksat longer wavelengths (lower frequencies). Differences arise due f
wavelength dependence of the penetration defthonger wavelengths, the evanescent w
penetrates deeper into the sample. Therefore, the absdrptids at longer wavelengths (shor
frequencies) are stronger than those at shorter wavelengths (larger frequencies). An exi

such a comparison frofd3] is shown inFigure3-7.
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Figure 3-7 fiThe carbonyl band absorption of cocaine HCI showing the difference between ATF
absorbandl8 spectrabo

In the next section, the differences will be discussed in more detail by introducing the coni

effective thickness in internal reflection sp®scopy.

3.4.1 Effective thickness
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The concept of effective thickness plays a big role in the case of absorbing sam
was developed to establish equivalence between the absorbance obtained by a trar
spectrum with that of the ATR spectrdhis applies to most materials whehe thickness of th
rarer medium is greater than the penetration depth. The effective thickness and penetrati

are related by10]

— n21 EO2 dp
2coyy

d

e

(3.8)

fiThe effective thickness represents the thickness of sample material that waelguived to
give the same absorbance in a standard transmission experiment as obtained [[NJRB."
transmission spectroscopy, the interaction of the incident radiation depends on the

thickness. The transmission is related to the absorption coefficient by Beert law which is

. . . . 2nw. ,
written asT -1 =2 and ignoring losses due to reflectlosm.:ils the power absorptio
c

0

coefficient, as defingin Chapter 2For low absorptions, it can be approximated 84 -ad.
The reflectivity for bulk materialsr thin filmsis given byR=1 -ad,. Hence the ATR spectr
is said to resemble a transmissgpectrum. Unlike the penetration deptee equatiort3.7)],
the effectivethickness for thick films depends on the polarization and is givénzy

qs = n,,/,cos q (39)

T onp(t- n2)(sitt g-n2)”

and

n,,/ ,CoS 423iﬁ -qnzf)

dr =
n]p(l- nle)gl +n212)5in2 q F]212 @SII’]Z qnilz)llz

e

(3.10)

The effective thickness is also proportional to the waveleridgtis. leads to dicrepancies in th
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absorption spectra where the absorption bands are stronger for shorter wavelength:
frequencies). The absorption spectrum becomes distorted. This complicates the con
between ATR and transmission specirae above equatiorn(8.9) and(3.10) are only valid for
weakly absorbing sampleghis does not apply to thin film#s a result for thin films where th
thickness is much less than the penetration deptk @), the ATR spectra are usually identic
to transmissiorspectra.But for a physically thin material with unknown refractive index
becomes even more critical to compare the two accurately. When investigating the meta
refractive index is unknown so the behavior may be optically thin or thick aspteal
parameters vary greatly near resonantés. modified expressions for the effective thicknes

of thin films are definedior s-polarizationas[10]

d®= M (3.11)
(- o)
and for ppolarization
4n,,d cosqg i rgz“) sii g-n,;/
d.f = (3.12

(1' n312)g1 '+n312)5inzq |C]312 8
The above equations are pertinent to a three layer system with the sample (medium 2
refractive index a bounded by medium 3 (air) and medium 1 (ATR prism). For thin films,

critical angle does not depend on the index of the thin fihaterial It is defined by

3.4.2 Dispersion
The variation of the refractive indes a function of wavelength in the vicinity of stroi

absorbing features, i.e. anomalous dispersion, modifies the internal reflection speci
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example that compares ATR and transmission spgttyas shownFigure3-8. The diffeences
in the calculated ATR spectra for both s and p polarizations and transmission spectra for .

thick sample are clearly seen.
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Figure 3-8 fiOptical constants (refractive index n and extinctionffa@ent); (b) Internal reflectance
spectra for s and p polarization for a sample with optical constants shown in (a). The transmi
for a 10 em thick[7lsample is also shown. o

In the case of thick samples, the effect of dispersion is more distinct for measts:
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done near the critical angle. The reasons as previously stated are related to the depende
penetration depth on the wavelength and the refractive index of the sample and tf
anomalous dispersion distorts the ATR spectra. In order td avtifacts due to dispersion, it
best to conduct measurements above the critical angle. For this reason, the 45° inciden
for the IRE in the experiments detailed in subsequent chapters is significantly larger tt
critical angle of 17.01°t eliminate any impact on the measurements due to dispersion.
3.4.3 Correction algorithms

Correction algorithms are commonly required for ATR spectra in order to compens
the dependence of the penetration depth on the wavelength to closely match thesdran:
spectra. Commercial software programs are able to perform routine correction algoritt
ATR spectra by scaling the spectra with the penetration depth but they are not available
wide spectral range. There is disagreement on establishiregctton methods available for TF
frequencieq 15, 18]. The penetration depth for the frequencies oéredt (0.1 to 2 THz) lie
bet ween 10 Om to 2 mm. Since the thickne
the evanescent field extends well beyond the metafilm sample and should not be a

Therefore for the samples under consideratioe ATR spectra do not warrant such a correct

3.5 GoosHanchershift
The phase shift associated with the complex reflectivity in a specular reflection sc
specifically when total reflection occurs, gives rise to a lateral shift known as theHaodsen
shift [73]. Several theories were formulated to explain this phenomenon some of which i
Art mannds st at i[ddhand theoripshby $as¢ibnantd Rendid6] based on

energy conservation. Goos and Hanchen demonstrated experimentally this lateral displ
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of the reflected beam witrespect to the incident beam using a partially silvered glass prisn
agreeing with early predictions by Newton and Schaefer andi7?jcihe beam displacement
proportional to the wavelength. A scheroaepresentation of a bounded beam undergoing

internal reflection from denser medium 1 to rarer medium 2 is showigume 3-9.

Incident Reflected
beam beam

Figure 3-9 Schematic of th&soosHanchen shift D on total internal reflection. The dash
line on the reflected side of the normal represents the path taken by the reflected [
predicted by geometric optics.

This phenomenon occurs for beams with finite width§ x. & finite beam can be

represented as a linear summation of plane wave compomenta consequencehe plane
waves will obey the uncertainty relationshix B, % leading to a noizero spread in the

vectordirections.Thus echplane wave compwentcanexperience a different angle of inciden
on total internal reflection, therefoeecumulaten different phase while satisfying the dispers

relationk? +k? 4’ . The resultof the relative phase shifts between the wave pmoments

comprising the incident and reflected beagnges rise to a net lateral shift (indicated Dyin
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Figure3-9) that is given bjr4, 78]
& /d. (313

D= <o
P T2pdg

The magnitude of the shift depends on the angle of incidence, polarizatio

wavelength of the incident light
From the Fresnel equations, the phase change on total internal reflectiorpoliaazed

wave is given by

5Jsin2 - n?
2tan'1aaL (3.14)

f, = 2
CcCOosg
E coyg

and for a ppolarized wave;

Se_dqn (315

f,= p-2tan’
1= P & n’cosy
¢

Equationg3.14) and(3.15) are only valid forqg > g. Accordingly, the Gooe$lanchen shifts fol

the s and polarizationg 78] can be expressed as
! /a, (3.16)

D, =
PNy Jsm g - sit g
and
an, 01 /
D =&t & 1l (3.17)
ch +pr‘1\/sin2c7i- sit g

Using equation$3.16) and(3.17) , the magnitude of the God$anchen shift for-golarized and

p-polarized is calculated for a silicair interface at 45° angle of incidence. The beam shift

function frequency plotted for clarity anlogarithmic scale is shown kgure3-10
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Figure 3-10 GoosHanchen shifts for-polarization (blue) and -polarized waves (greer
plotted as a function of)drequency ford; = 45° and b) incidence angle for a frequency ¢
THz.
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The calculated Goeldanchen shifts as function of angle are plottedrigure 3-10 b). From
Figure 3-10 b), it can be inferred that for 1 THz, the shifts for s andpplarized incident
radiationar e 98 & m regpactively8for a Ab° incidence anglredicted by FDTC
numerical modeling, a Godsanchen shift has been indirectly observed in a FTIR geome:
terahertz frequencief’9 Pr edi ct i o ns -lahchen ghifta mvedbee® mads at
interface of righthanded and lefhanded medi80, 81]. The effect of this lateral shift is n
taken into account for the experimental results described in this swock the positioning
uncertainty of the receiver arm is greater thiaa talculated GH shift. Measuring the Go
Hanchen shift is not a trivial task and requires considerable precision and modification

experimental setup. The shift can be amplified by using multiple reflections.
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4  Metamaterials

Artificial materials such as metamateria(dM) are designed to achieve non
conventional or display usual properties not found in nature. This relatively new class of
engineered materials exhibits a collective response equivalent to a homogenous medium that can
be treated by effective medium theory with an effective permeability and permitliigymain
requirement of the metamaterial is that the constituent element dimensions and the spacing
between them be much smaller than the wavelength of int€@#str examples of engineered
structures include frequency selective surfaces and photonic crystalsebigatures for these
classes of structures are on the order of a waveleSgtit-ring-resonatorg21] are typical

elements of MMs, chosen for the tunable-gatfuctance and simple geometry.

4.1 Sgit Ring Resonator
The split ring resonatoiSRR) is an ubiquitous building block of metamateradsshown in
Figure4-1. It is a subwavelength metallic ring with a gagsmmonlyr e f er red t o as

at o 8RRs were proposed by Pendry for use in metamaterials if21999
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Figure 4-1 Sample array of square split ring resonators.

SRRs are intrinsally nonmagnetic but when excited by an external magnetic field can
show a magnetic responsén SRR can be described with an equivalent series restu@nt
circuit model as shown ifigure 4-2, where the loop ofhie SRR corresponds to a single turn
inductor, the gap acts as a capacitive element and the losses are represented by the resistance.
According to Faradayds Law, a time varying EI
currents in the loop that gemes an induced magnetic dipole moment perpendicular to the

plane. This current gives rise to accumulating charge at the opposite ends of the gap edges.

L

C = R

|
~

Figure 4-2: EquivalentRLCcircuit of an SRR.

In a serieRRLCcircuit, the impedancg is given by

3 1
Z=R+X %X R pwlL —-
¢ wc (4.1)
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At resonancethe circuit impedance is minimal and is purely resistive when the inductive

reactanceX_ and capacitive reactang cancel out, to give

1 1 . 1
mML=— YW =— Y =

This resonance frequengy also known as the fundamental resona) (frequency
corresponds to the magnetic resonance frequency of the SRR. ARiaTiescuit has the

quality factor,

Q:WLL _—.]_' L
R RVC 4.3)

The quality factor is a figure of merit that describes how welRb€ circuit stores energy. It is

also a measure of frequency selectivity for the resonance

The accumulation of charge at the gap provides the capacitance and the area of the loop
dictates the inductanc&he presence of the gap gives the structure, a larger resonant wavelength
than the actual physical dimension of the loop. The effechific and radiative losses is
lumped into the series resistariReEnergy is localized within the gap where the electric field
can become-3 orders of magnitude higher than the incoming fi€kd$. Theresonance can be
tuned by altering the geometry of the SRR, thickness, permittivity of substrate, shapeetc.
complex effective permeability of the periodic array of SRRs under an axially aligned magnetic

excitatiorj21] can be expressed as

Fu/
my (=1 -
w- 1+ G (4.4)
whereFistheg omet ri c filling factor and G represent

The magnetic resonance frequeayy is defined by
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2
3lc,

plnzdcr3 (4.5)

0

The phase between the applied magnetic field and the induced magnetic moment determines the
sign and the magnitude of the etige permeability.Thus the response can be paramagnetic or
diamagnetic including negative valuesigf. A single SRR element can have both electric and
magnetic responseldowever, the excitationf planar substrates and normal incidence geometry
with purely magnetic field components at terahertz frequencies is nontriviamapeetic field

must have a vector component normal to the plane of the array to induce a current, which can

only occur if the propagation vector is not normal to the plane.
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Figure4-3 Calculated surface current densities for the fundamé@akesonance in part (a) and secc
order dipole mode in part (b) and third order dipole mode shown in (c)

The surface current densitiessociated with the resonances of an SRR are shown in
Figure4-3. These results are from numerical simulations using CST Microwave Skigioe
4-3 (a) corresponds to the circulatihg mode and is oprimary focus for this work. Higher
order dipole modes are shown kigure 4-3 (b) and (c). The fundamentalC mode which
corresponds to the magnetic resonance frequency can be excited in two ways a) due to the
external magneticid¢lds threading the loop which creates a circulating current and b) when the

electric field component couples to th€ resonance even if the external magnetic field is
a7



oriented parallel to the plane of the SRR. This happens when the mirror symmetrsBiRhe
broken due to the electric field component being oriented parallel to the gap bearing arm. In this
case, the external magnetic field does not penetrate through the SRR. An unbalanced
distribution of charge driven by the incident electric fieldegivise to a net circulating current in
the loop. This in turn gives rise to a magnetic dipole moment. Figare4-3 (a), the current is
maximum on the arm opposite to thepga

The second order dipole mode is excited whenBfiield is perpendicular to the gap
bearing armFigure 4-3 (b) shows oscillating currents predominantly in the-gap bearing
SRR arms. There are currents in the-gapring arm and the one opposite to it but they are equal
and @posite of each other. This results in no net magnetic dipole.

A third order dipole mode is also seen when the SRR is rotated’lag 3bown irFigure
4-3 (c). This again happens when the mirror symmetry is broken biy-fieéd when the electric
field component parallel to the gdearing side But unlike the induced currents in the
fundamentalLC mode, there is no circulating current. This also results in no net magnetic dipole.

This mode is observed as a higher order resonartcansmission or reflection measurements.

4.1.1 Bianisotropyin SRR

Even though SRRgprovide surprising richness in observed phenomena, they pose
challenges to describe analytically due to their bianisotropic nature. Asymmetry in the SRR due
to the gap introdces bianisotropy in metamaterials. In bianisotropic metamaterials, the SRR
exhibits magnete@lectric coupling[82] where a coupling exists between the electric and
magnetic response3his implies that magnetic dipoles can be excited not onlyhbytime

varying magnetic field of the incident EM wave but also by the time varying electric field
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component. This applies for electric dipoles too. Accordingly, the constitutive relations are
modified by including magnetoelectric coupling coefficierdatsarakis et dl83] have shown

that the electric field can also couple to the magnetic mode when the magnetic field is oriented
parallel to the plane of the SRRs, thus exhibiting mageletctric coupling. The electric
coupling to the magnetic resonance depends on the relative orientation of the SRR with respect
to the electric field. Simultaneous excitation by electric and magnetic fields is also pddsele.
electricLC resonance cacides with the magnetic Lorentzian resonance frequency. The effects
that result from theoupling of the incident magnetic field resulting in an electric response and
vice versajntroduce noreero oftdiagonal inthe magnetaptical permittivity and pereability

tensorqd37] [82]. For bianisotropic materials, the constitutive relations can be written as,

E

o Il

D=

Rl

B=zE +m (4.6)
whereU a mardl the magnetoptical permittivitiesa  a ard tensors of rank Zhis makes

the retrieval of material parameters even mompulicated. In some cases bianisotropy is
unwanted, and suitable modifications to the SRR design eliminate or reduce magnetoelectric
coupling such as the modified SRR (MSRR) by Marques [&2hlor the electrid.C resonators

to be described laten ithe chapter.

Herecoupling scheme® the fundamental modesing two possible orientations of the
SRR, with respect to the two incident electric field polarizations and the directions of

propagation are addressaslshown irFigure4-4.
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Figure 474 Magnetic and electric field coupling for twSRR orientations and two directions
propagation.

Case a) In this orientatiosgeFigure 4-4(a)], the magnetic field component penetrates
the SRR loop with an #plane propagation direction thus exciting the magnetic resonance. The
coupling is only due to the magnetic field.

Case b) Magnetoelectric coupling dominates in thisrmation [sed-igure4-4(b)], when
the electric field is parallel to the gap bearing side and the magnetic field threads the SRR loop.
When the mirror symmetry is broken by the SRR, there is an unequal charipaititist leading
to a net circulating current. The resonance is potentially the strongest for this orientation since
there is combined contribution of the resonant electric response with the resonant magnetic
response. However this depends on the relginase shift between the magnetic and the electric
driving fields.

When the magnetic field lies completely in the SRR plane, there is no coupling to the

magnetic resonance due to the magnetic field component. This holds for cases (c) and d).
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Case c¢) Thexis no coupling due to the electric and magnetic fields and therefdc€the
resonance for this orientatiosgeFigure4-4(c)], is completely suppressed.

Case d) Here the expected coupling is solely due tel#etric incident field just as in
case b [seeFigure 4-4(d)]. This shows that the electric field can be coupled to the magnetic
resonance of the SRR.

While this section addresses the basic orthogonal excitatbanees, with special
attention to the polarization of the electric field component of the incident EM wave, it does not
address how this manifests within a measurement. Additional case# amngeconsiders the
cross polarization terms generated bylteresonant current. The cregelarized terms would
be equivalent to that which is detected by rotating the polarization sensitive receivénith90
respect to the transmittérhe specifics of the relative orientation of the detector with respect to
the incident applied electric field and the symmetry of the SRR will be addressed in a later
chapter. Electric, magnetic, both or none excitation schemes can be determined from these
parameters.

4.1.2 Topological variations

While the focus of the preceding chaphas been on simple SRRs, the concepts can be

applied to a range of different geometries to achieve metamaterial elements. Variations in

topologies for the planar SRR structures at terahertz frequencies areislogure4-5.
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(@) (b) (c)

(d) (e) (f)
Figure 4-5: PlanarSRR topologiesrom [84]. fa) singl e dBnglegapusingleloog
(c) electricLC resonators 0eSRR, (dfour-fold rotationalsymmetry eSRR, (e) rectangular eSRR anc
compl ementary eSRRO.

For the double SRR shown kigure4-5 (a), the resonance frequency is governed by the
mutual inductance between the two rings and bisthe seHinductance of the individual rings.
The inner ring generates a large capacitance and lowers the resonance frequency. Typically this
results in dual resonances that are frequency shifted from their isb@tedonances.
SRRs have been mosbmmonly utilized for their magnetic response, as discussed previously.
But they can also be used as electrically resonant elements that exhibit no net magnetic dipole at
the LC resonance. These special tyoé SRRs have geometries that are designedippress
the net magnetic field from tHeC resonance and thustrictly exhibit an electric respon$g5]
while minimizing any coupling to an external magnetic fielthey are known as electriaC
resonators (ELC) or electric SRR (eSRR). Examples of such ele€triesonators are shown in
Figure4-5 parts (c)- (f). Under the effect of amxternalelectricfield, currents irnthe two loops
are equal and opposite due to the structural symmetryfFjgaes4-5 (c)] and therefore cancel
each otherHence there is no magnegtectric coupling between adjoining elements
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Others such abigure4-5 (d) do not show any sensitivity to polarization of the incident
field (exciting field) due to the fotfiold symmetry[86].

A purely electric response can al so be obt
to the standard eSRR unit cell leading to corresponding inverse structures called as
complementary eSRR87] like Figure4-5 (f). The bandstop (dips) transmissioesponse seen
in ordinary SRRs appear as bgpass (peaks) transmission in the case of complementary
metamaterials.

SRRs are not the only subwavelength resonating element, nor are they confined to THz
radiation.Over the years, these sulavelength resonatg elements have evolved from swiss
rolls, thin wire$88] , magnetic rods, to simple split ring resonators and fishnet struttunesne
a few([84]. The lattice of straight wires and its variants are chiefsye d f or el ectri c
0) whereas the loop wire and its variations are explored for their magnetic properties. Fishnet
metamaterial§35]are popular in the visible regiofhese structures consist of a meshwork of

stacked metallic layers separated by a dielectric spacer layer.
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Figure 4-6 Metamaterial variation89]
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The sviss roll metamaterial frompi21] [89 shownin Figure 4-6 (b) is a threedimensional
(3D) magnetic metamaterial. It is composed of-tumensional (2D) conducting sheets rolled
into a cylinder and is designed to resonate at RF frequefiksA preliminary experiment at
microwave frequencies by Smith et al. in 28 conf i rmed Veselagobds pr
handedness by making use of a combination of ring and wire conducting elei@eals left
handed structure is shown f#Rigure 4-6(b) and consists otwo concentric metallic rings
interrupted with opposite gaps and plasmonic wires deposited on opposite sides of a dielectric
substrate arranged int periodic mediumFigure 4-6 also shows some of the developments
extending to other frequency ranges such aswawe [part (c], THz (Figure4-6 d)), midIR
(Figure 4-6 (e)) and NeatR (Figure 4-6 (f)). Metamaterials especially benefit terahertz
frequencies where the magnetic response of naturally occurring materials is relative[8@yeak

and may provide the capability to engineer novel oflds

4.1.3 Metafilm arrays

This research is focused on singl@ single ring split ring resonators (SRR) as the
primary elements of the metamaterial array in conjunction with ATR spectroscopy. The
metamaterial samples are planar, periodic arrays of split ring resonators oresigfivity
silicon or GaAs substrates.

The single gafsRRsare fabricated on a double side polished substrate using standard
photolithography and anleam evaporation of 200 nm of gold following 10 nm of titanium for
adhesion. The two substrates usethia study were: 500 micron thick semsulating GaAs and

975 microns thick high resistivity silicon.
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The initial sample was fabricated on GaAs substrate SRRRunit cellwas 83 to 103 pum
with an outer dimension &f8 um, 6 um capacitive gaps, and $ruline widths. The fundamental
LC resonance liest 038 THz. The sizeof the array was 10 mm x 10 mm which provide
sufficient area for transmission TDS measurements

The larger SRR arrays that were custom designed to eliminate experimental artifacts (to
be described in Chaptel) &nd uncertainties in the interpretation of resultget@30 mm x 30
mm clear aperture, which is large enough for a focused THz beam in the ATR configuration. The
outerdimension ofthe SRRs 40 e m, 30 ¢ nm, MMR2dandaVB/3 iespectivelyr MM
MML1 is shownin Figure4-7.A1 I t hree SRR geometri eEachlbSRRve a f

has a capacitive gap 6 um wide.

38mm

< >

Figure 4-7: SRR array on Silicon substrate (sample MM1)
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The analytic procedure for retrieval of effective medium parameters igrimgh.
Therefore numerical simulations are the common starting ground for the design of nréddsnate
in order to engineer the geometry and understand the resonant properties due to the interaction
with EM waves.The metafilm arrays were designed to have resonances in the terahertz range. A
commercially available finite element solver (CST microwastadio 2010) was used to
determine the physical parameters of the SRR arrays. Simulations were performed at normal
incidence. The fundamental resonances of the three samples were tthbse0.44THz, 0.65
THz and 0.85 THz. The initial intent was to calesi a variety ofLC resonances determined
primarily by theselinductanceof the individual SRRs while holding other parameters fixed.

Table2 lists the details of the samples used in this work.

Sample| SRR size| Simulated LC modé
(e m) (THz)

MM1 40 0.44

MM2 30 0.65

MM3 25 0.85

Table 2 Sample size andC resonance
The frequency dependent amplitude transmission and reflection from the simulations are plotted
in Figure4-8 for the samples MM1, MM2 and MM3. The transmission coefficient is equivalent
to the S21 scattering parameter and reflectioafficient corresponds to the Blscattering

parameter.
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Figure 4-8 Simulated transmission (green) and reflection (blue) spectra
for samples MM1, MM2 and MM3

The dipole resonance for MM1 is located at 1.2 THz. This higher order resonance corresponds to

the second order dipole mode as showhigure4-3 b). The tailing edge for the dipole

resonance can be seen in MM2 but is out of the range of simulations for the metafilm MM3.
Characterization of the resonance modes is commonly performed by directly measuring

the relative decres in the broad transmission spectrum between a MM sample and reference.

This follows the standard procedure outlined in Chapter 2 and is one reason for the wide ranging

experiments and theory focused in this spectral region.
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5 THz-ATR Experimental setup

This chapter discusses the experimental techniques used for implementingTRHz
The MM-ATR response is measured using a fiber coupled photoconductive antenna based
terahertz ranging system which is capable of performing THz time domain spectroscopy in both
transmission(Figure 5-1) and reflecton modesat any angle within mechanical limit$his
differs from the THZTDS system inChapter 2 by replacing reflective optics with refractive
optics and changing fromf 40 8 geometrythat will be described lateFigure 5-2 shows the
experimental layout of a fiber coupled THz ranging sysfenther modified for THzATR
measurementsThe rangingsystem was modified in order to accommodate the introduction of a

silicon prism and sample by changing the spacetwéen the transmitter and the receiver arms.
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Figure 5-1 Fiber coupled THz TDS arrangement for Direct transmission measuretive0ts
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Figure 5-2 Fiber coupled THz TDS arrangement foHz ATR measurementsiered =190°. Angle
defines the position of the receiver arm with respect to the direct transmission measurements.

The THz time domain ranging spectrometer is a modification of the standard D&z

system described i€hapter 2. It consists of a grating dispersion compensator, a terahertz

transmitter, fibercoupled receiver and beam shaping optics.

The ranging system uses a passively rdodked titanium-doped aluminium oxide

(Ti:sapphire)laser (Griffin, manufactured by KML, Inc.jhat is pumped by a 4.5 &t 532 nm

frequency doubled diode pump solid state laser (Finesse by laser Quantum). The Ti:sapphire

oscillator produces 508W of femtosecond optical pulses centered at 800nm at a repetigon rat

of 87 MHz and approximately 31 fs in duratipdl] when in peak operating condition. The
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spectral bandwidth has a FWHM of 20 niie laser oscillator is air cooled, which minimizes
maintenance by removing the water cooling system, but increases laser sensitivity tat ambie
laboratory temperatures. The drawback of having such an air cooled laser is a longer warm up
period for stable operation.

The optical beam is split into two beams after passing through78 B@amsplitter (BS)
with the low power beam directed to ttnansmitter and the higher power beam for the receiver.
The relatively low powered optical beam passes through a variable delay line and is steered into
the terahertz transmitteThe available time delay is around 800 ps (2x12 drg resolution of
the ime domain measurements is approximately 33 fs which corresponds to a 5 pm step on the
delay line.

The GaAs THz transmitter operates at a typical optical power of 10 mW. When excited
by the laser pulse, a transient photocurrent generates a near sitgleutse of THz radiation.
The optical beam is linearly polarized perpendicular to the transmitter striglimesecond high
powered optical beam undergoes dispersion compensation through a grating pair assembly
arranged in Littrow configuration. Due kasses incurred at the compression optics in the
grating cellthe input of ~100nW is reduced ta7 mW of optical power This precompensated
optical beams directed onta three dimensional flexure stage with differential micrometers
The flexure stag hasa 10 mm f.l. focusing lens to ensure that the light fills the fiber core. This is
then launched into a 2 m long polarization maintaining fiber. Around 6 mW of optical power is
available at the output of the fiber going into the detector. r@alezale coupling efficiency is
around 35%. A collimating lens with a focal length of 10 mm is connected at the fiber end. The

receiver is fiber coupled to maintain absolute timing and relative focus on the receiver antenna.
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Timing is controlled through a medahaal delay line that consists of a reteflector on a
stepper motor driven translation stage
Both the transmitter and receiver chips are housed in a module referred to as a Field

Replaceable unit (FRUP2] shown inFigure5-3.

Figure 5-3 Field Replaceabl&nit (FRU) module for THz transmitter and receiver, fr¢®2]

A FRU consists of translation stages with differential micrometers that help steer the
optical beam on the source and detector chips. The silicon lens attached to the back of the chip
can be moved in the x and y directioiibe chip can also be moved along the x and y axes.
Additionally, the position of the optical lens can be varied to focus the laser beam onto the chip.

The transmitter antenna structure is essentially a pair of coplanar transmission lines, 10
pm wide, phdo-lithographically deposited on a semsulating GaAs substrate and is biased at
55 Vpc. The transmission lines are separated by a gap of 8@nutims transmitter chip

The receiver antenna structure-3@®10) is a photeconductively switched dipolegr
(Grischowskydipole[66]) photclithographically fabricated on ErAs naiglands embedded in

GaAs substrate. These special receiver substrates have demonstrated an enhanced response with
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low input optical powel®1]. The strong reponse with low optical gating power is important
due to the reduced power available out of the single mode fltber receiver is mounted on a
rotation arm capable of measuring a continuous range of angles between the emitter and the
detectof93].

The terahertz antenna chips on the surface of the substrate are backed-by hyper
hemispheal silicon lenses. These lenses act as collimating lenses since the height of the lens
corresponds to the focal lendéss substrate thicknesEhus the antenna on the surface of the
substrate is at the focal point for the lens.

Since it is not possié to view the antenna pattern on the fiber coupled receiver using
standard backeflection techniques, this type of receiver is aligned by mounting it in a standard
THz TDS setup for transmission measuremémdsshown in Chapter .Zyhe backreflection d
the antenna is then imaged on a card with a hole punched to let the laser beam through the hole.
The laser spot is initially defocused using tHerob in the FRU and thereafter gradually focused
by observing the rise in the THz signal and using thedxyamicrometers to steer the antenna
onto the optical focal spot.

Some initial work was done using a photonic crystal fiber in order to replace the
dispersion compensation and reduce the demands on the limited optical power from the
oscillator, but the diiculties in characterizing the beam out and matching timing (as well as the
user facility requirement) prevented full implementatdnhe upgradeThe THz ranging system
was preserved in its original state with the single mode fiber and lossy digpssipensator.

The polarization maintaining fiber was checked for damaged by visually inspecting the fiber

through a fiberscopé&.he fiber required periodic polishing when there was no gain in the THz
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signal through traditional optimizing methoalsd the &r-field mode from the fiber was distorted
due to surface imperfections

The receiver and a pair of lenses for shaping the THz beam are mounted as a unit on
optical rails. The rotation assembly physically limits the available angles to a range of +70° and
T140A with OA being the refer éecEigured 1) Duetbi r ect
the restraints introduced by the opt@chanical components; the allowable range of rotation for
the terahertz rangmnsystem is 250° from the transmitter.

Two pairs of planeconvex Picarinlensd94]( 1. 50 di ameter ) are used
shape the terahertz beam. The Picarin lensdgsitiedly arrangedn a linear 8confocal
geometry{,= 100 mm,f, = 50 mm,f, = 50 mm,f;=100 mm)from the system shown igure
5-1 and mounted in a cage assembly using cage rods and cagd-gpss-4) to enable ease

of movement.

Transmitter arm Axis of rotation

Si
prism
receiver
arm
Rotation
stage

Figure 5-4 Transmitter and receiver arms cage system plus prism.
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