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Chapter 1

| ntroduction

“...everything that living things do can be understood in terms

of the jiggling and wiggling of atoms ...” R. P. Feynman*

1.1 Terahertztimedomain spectroscopy

The past decade has seen tremendous growth and innovation in the field of
terahertz (THz) technologies. The development of new sourmksietectors based on
photoconductive switches [1, 2], optical rectification and electro @ftects [3, 4] has
inspired research in new forms which was until now limited becalulsek of efficient
means of generation and detection of THz radiation. The THz frequescy is
sandwiched between the microwave and infrared bands of the mlagtmetic (EM)
spectrum and hence is known to exhibit properties and phenomena observddthrebot
regions of the EM spectrum. This implies that, techniques and mettibcisendy
employed in both the regions of the spectrum can be applied at &izefrcies with

interesting outcomes.

" Feynman, R. P., “Six easy pieces: Essentials of physics by itsbmitant
teacher”, page 59Reading, Mass.: Helix Books, 1995



One application which is seen being applied prominently is the techoidlidz
time domain spectroscopy (THz-TDS) and has been used as a tsiidio material
properties at these frequencies i.e. from 0.1 — 10 THz (3 mp¥803.33-333 cm).
TheTHz band has been shown to contain wealth of information regardingelguency
vibrational modes of molecules both inter- and intra-molecular. fiéggiency band has
photon energies in the range of milli electronvolt (meV) rangkis known to strongly
interact with systems that possess characteristicntiéstiin the picosecond range and
molecular transitions in the meV energy domain. Examples of swstlensy include
weakly bonded molecular crystals, hydrated biological matteredagation dynamics in
aqueous liquids, etc. The study of the vibrational modes in suchmsysgeeld valuable
insight into the crystalline nature of the molecular solid. To datside variety of
materials including semiconductors [5-7], gases [8], illicit dr[8]s explosives [1,11]

and other chemical compounds have been characterized using THz-TDS.

Prior to the development of THz-TDS, Fourier transform infraredtspeeters
were employed to extract the same vibrational information. Bt tdthnique was
plagued by relatively poor performance of the infrared souncéslatectors in the THz
region. The development of the femtosecond laser enabled the developimant
completely new optoelectronic technique of generation and detection Dfrddiation
based on optical excitation of photoconductive switches. The THz-TDSr@peter
constructed using these photoconductive switches has been shown to exéigihah

signal to noise ratio (S/N) (as high as 10,000:1) in the same frequency spectrum [12]

An important aspect which often influences the nature of thersgeopic data

obtained is the state of the sample. Gases exhibit very sharp aretoous spectral

2



features associated vibrational and rotational modes. Liquids on the hatheroften
exhibit broadband absorption behavior and do not usually possess any narrowabsorpt
resonances. Non-polar liquids usually weakly absorb in the THz amuffared region
while polar liquids exhibit broadband absorption throughout the entire THzrgmpe
Water in particular is nearly opaque to THz radiation with amrpien dominated by
intermolecular interactions of induced and permanent dipole momeritge imydrogen
bonded network of water molecules.¥ 200 cm* at 1 THz). Coming to the samples in
solid state the absorption response is dependent on the crystalitiie sample. More
crystalline the sample is the sharper are the absorption featmsorphous samples
often show broadband absorption like liquids with no distinct spectralrésashowing
up. This property is helpful in industrial quality control where sanplality can be
controlled by monitoring the vibrational spectral features assdciéte the samples. In

fact, there many commercial THz devices already in production exploite{etiture.

All the work presented in this thesis is on the charactesizaif vibrational
responses of polycrystalline solid samples of molecules. The stianday of
characterizing solid samples is either by using a singlgstals (wafers for
semiconductors) or by making a diluted pellet of the crystalliaéenal mixed with a
transparent host like polyethylene (1cm diameter, 2mm thi&8ingle crystals are the
best samples for obtaining good spectroscopic data but more often tlthaynate hard
to grow (for proteins and nucleic acids) and, even if possible ¢pdven, they cannot be
thick samples due to the increased absorption in the THz réleyee these samples
have to be thin, which in turn puts a measurement limitation, whewag temporal

scans needed to resolve sharp spectral features are impregithtégtesnel reflection



from the sample faces. These reflections introduce oscillafiortbe spectrum and
thereby limit the maximum scan length. The same is trule petlets but pellets come
along with a host of other problems which again affect spectroscagasurement. The
process of making a pellet has an inherent drawback in the aamgaificant amount of
inhomogeneous broadening of the vibrational modes is induced during the pobcess
making the pellet. Pellet making involves grinding the moleculapkaio fine powder
and exposure to high pressure, which leads to fractures and defdwtsnmcrocrystals
comprising the pellet. In addition these microcrystals are randongnted within the
pellet with respect to the polarization of the incident THhat@on which adds to the
inhomogeneous broadening. Also these pellets are made of a ponaltitenductor as
the binding and diluting material, which implies that the low tentpegastudies often do
not take place at the desired temperature and there is hteswjerature gradient across
the pellet. Hence disorder and poor thermal conductivity limit thelugsn of the

vibrational modes that can be determined.

These experimentally determined vibrational modes often guide etiezbr
molecular modeling used to study THz properties of solid-stedéermals is often
accomplished using computational techniques based on density functiongl tneor
molecular dynamics (like GAUSSIAN, CHARMM, Dnpl Crystal, CPMD) [13].
However, in the solid state where intermolecular coupling canrésegstiue to hydrogen
bonding, calculation of the low-frequency modes requires more sophidtivatgeling
and has been accomplished only recently [14]. Often it is observedittigathard to
achieve a precise match between theoretical predictions and aotpatimental

observations. This is sometime due to experimental limitatiotiseoéxisting techniques



in resolving the vibrational resonances of the molecular solr@gide, high resolution,
experimental measurements of low frequency modes of molecullee solid state will
lead to better modeling and hence better understanding of dynamiessefrholecules.
In addition, more precise measurements can lead to the establisifraemore detailed
spectral database, and can assist in accurate identificatsotestf material. Hence, there
is a need to develop a new high resolution technique of determining theibidtional
modes of molecules in the solid state efficiently and accuratellyge same time being

applicable to a wide variety of materials.

1.2 Guided Wave spectroscopy of molecules

A complimentary approach to the standard freely propagatingtifitézdomain
spectroscopy has been that of using guided waves. Guided wagedeitier sample
detection sensitivity due to confinement of THz radiation within salelength gaps
over a long interaction length. Increased detection sensitivitglates to sub milligram
sample quantity required for characterization. There have beeny marlier
demonstrations of application of waveguides for performing sensfpeetroscopy at
THz frequencies. There have been several examples where uMdegdave been
employed with subpicosecond THz pulses to measure absorption resonamegsrials.
An early demonstration was made by Sprik et al. [15], who usedplil8es propagating
along coplanar transmission lines to measure magnetic resonaha@s inorganic
powder deposited along the transmission lines. More recently, Welthadr [16] have

coupled free space THz pulses onto metal wires and, through THz-d&&cted



vibrational resonances of small quantities of lactose powder degpp@dng the wire. A
third example was demonstrated recently by Byrne et al, {7 used the evanescent
wave above a micro-strip waveguide to measure the 0.53 THz vibtadlos@ ption line
for a sub-milligram quantity of polycrystalline lactose thaatglly overlapped with the
evanescent wave. These examples demonstrated the capability ghitesl wave
technique to characterize very small quantities of analyte sampt, in each of these
demonstrations, the bandwidth of the measurement was restricteshjtericies up to
about 1 THz. For vibrational spectroscopy, it is generally desitableave a broader
spectral bandwidth to detect vibrational absorption resonancesdtat at frequencies

higher than 1 THz.

In all these earlier demonstrations the limiting factorstlier performance of the
techniques, were the bad performance of the waveguides chosehegdl waveguides
were lossy, dispersive and did not support good bandwidth. So, in order @sethe
efficiency of the waveguide based spectroscopy technique, it psriamt to find a
waveguide which has better performance characteristics ins teyimbandwidth,

dispersion and coupling.

1.3 Metal paralld plate waveguidesfor THz-TDS

The development in THz technology has also resulted in growingtter the
development of wave guiding structures. Over the past decade, sevamghts have
been made to engineer efficient waveguides which support sirmgle @nd low loss

propagation at THz frequencies. Engineering ideas from opticalel as microwave



frequencies have been invoked to come up with tlkeat waveguidée at THz
frequencies. Several investigations have been carried out wigitidie as well as metal
waveguides with various geometries (circular, rectangular arailgdglate) [18-20]. Of
all these above waveguides, metal parallel plate waveguid®¥GPI21] have so far
been the only waveguides to exhibit single mode propagation withvedjelow loss and
no modal dispersion. The transverse electromagnetic mode (TEt¢ 6fPWG can be
very efficiently coupled into and out of the waveguide with high spatiafinement of
the THz wave within the gap. Moreover metal PPWGs can beydabilicated at any
machine shop with very great ease in comparison to other THz wdesgMendis et.al.
[21] were the first to demonstrate the versatility of thisegaide in the year 2001. Since
then, this capability to efficiently confine and propagate THz wavidsn the PPWG
has been exploited to study various structures and interconnecisgréogn photonic
crystal structures [22-23] to 2D interconnect structures if@zfjrporated within the 2D

plane of the PPWG.

Recently, Zhang et.al. [25] used these metal PPWGs to demengise
applicability for sensitive spectroscopy by detectimgriometer thick water layers”
within the waveguide. This demonstration was a first big step tsathe applicability of

metal PPWGs for waveguide THz-TDS.

Keeping this background in mind, we (Dr. Daniel Grischkowsky, Jaseph
Melinger (Naval Research Labs, Washington), Dr. Norman Laman) dvalé attempted
to demonstrate the applicability of these PPWGs for perforsengitive spectroscopy of
polycrystalline films of molecular solids. Our initial effortaw to demonstrate the

sensitivity of the PPWG in detection of chemical samples aintd the water film
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measurement. During this quest we not only demonstrated the \sgnsitithe PPWG
for these chemical films (microgram sample detection) lsat discovered ésurprising

and desirable effect’of the PPWG in facilitating the measurement of substantiall

“narrow absorption line features’in comparison to the standard THz-TDS techniques

using pellets and comparable to the data obtained with singlalstyBhis discovery has
opened up a totally new way for performing THz spectroscopy cécutds in solid state
and has turned out to be an important THz spectroscopic tool, which whesdagdphg

with the standard THz-TDS and FTIR techniques can be used faeteiy characterize

molecular solids at THz frequencies.

In this thesis, | summarize the work done at Ultrafast Tetah@esearch
Laboratory (UTOL) at Oklahoma State University on exploiting tlie narrowing
effect and developing the metal PPWG as a new spectroscopifotaabtaining high
resolution THz absorption spectra of polycrystalline moleculadsolThis is the first
demonstration of this spectroscopic technique, which uses the disfoetosingle TEM
mode propagation of THz radiation within the PPWG for analyzing miaro sample
guantities and obtaining high resolution spectral finger prints, patformance rivaling
that of single crystal spectroscopy. The versatility of theshmique has been
demonstrated by characterizing a broad spectrum of chemioadsirggy most of the
materials measured by THz spectroscopy so far, therdgbplishing waveguide THz-

TDS as a new spectroscopic technique at THz frequencies.

Yet another dimension of the PPWG for application in sensitive ggseojpy was

investigated using Bragg structures within the PPWG. Thesé& \Beagg gratings



(micron deep) within the PPWG give rise to very high Q resonameeshese can be

used for very sensitive detection of chemicals and thin films.

14 Outline

The outline of the thesis is as followShapter 2 describes the background and
motivation in choosing metal parallel plate waveguides for wavegitie TDS. It will
also include review of the design and performance charactergdtitsee PPWG and
introduce the technique of high resolution waveguide THz-TDS using aaniorg

molecule tetracyanoquinodimethane (TCNQ) as an example.

Chapter 3 discusses the technique of waveguide THz-TDS in detail and
elaborates on the different performance aspects, sensitivity amceagieimental details

in applying metal PPWGs for high resolution THz spectroscopy.

In Chapter 4, examples of the application of waveguide THz-TDS in obtaining

the high resolution vibrational modes of different kinds of molecules is presented.

Chapter 5 focuses on another dimension of applicability of metal PPWG for
spectroscopy, i.e. thin film sensing. This chapter focuses on incagooiEt high Q
Bragg resonant structures on to the 2D plane of the PPWG. Applidaticards sub

micron thin film detection is discussed.

Chapter 6 focuses on the coupling techniques used to couple THz radiation into

and out of the PPWG. Experiments carried out on improving the coupling and



performance of the PPWG by applying the microwave techniqueof &ntennas is

described and then compared to the existing quasi optic coupling using Si lenses.

Chapter 7 summarizes the work done and also provides information on future

plans and applications using the PPWGs.
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Chapter 2

Metal parallel plate waveguides: Adapting
them to perform Waveguide THz-TDS

21  Terahertztimedomain spectroscopy

THz time domain spectroscopy (THz-TDS) is an experiméatdiniques used to
study material properties using sub picoseconds THz pulses hafrieguancy content
between 0.1 THz - 10 THz. A standard THz-TDS system is as shotig 2.1. THz
radiation is generated and detected using photoconductive switches dyién bW
optical pulse trains from an 800 nm, 80 fs, 100 MHz mode locked Ti: sapphire
femtosecond laser. The emitted THz radiation is collimated wsihgyh resistivity Si
lens attached to the back of the source chip and an off axis parabohica. The
source chip (Fig 2.1 (b)) consists of a simple coplanar tranemibse structure of the
chip consists of two 1@m wide metal lines separated by g, fabricated on high
resistivity GaAs. Irradiating the metal - semiconductor iatf(edge) of the positively
biased line with focused ultrafast laser pulses produces synchronais btrTHz
radiation. This occurs because each laser pulse creates a ppotawfarriers in a region
of extremely high electric field. The consequent acceleratigheotarriers generates the

burst of radiation. The major fraction of the THz radiation is emitted into the GaAs
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Fig 2.1 (a) Layout of Standard THz-TDS syste¢h) THz emitter andc) THz receiver
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substrate in a cone normal to the interface and is then cdllaci collimated by a

crystalline high resistivity silicon lens attached to the back side afttipe

The THz radiation detector is an ion-implanted SOS detection whip the
antenna geometry shown in Fig. 2.1(c). The@wide antenna structure is embedded in
a coplanar transmission line consisting of two parallgkn2 wide aluminum lines
separated from each other byuf. The electric field of the focused incoming THz
radiation induces a transient bias voltage across il Bap of this receiving antenna,
connected to a low noise current amplifier. The amplitude anddependence of this
transient voltage is obtained by measuring the collectedyel{arerage current) versus
the time delay between the THz pulses and the Ti: sapphiretidet@ulses. These
pulses in the 10 mW laser detection beam synchronously gate ¢inerday driving the
photoconductive switch. In other words, the switch is closed by the photosareated
by the 80 fs laser pulse; the switch then reopens in approxiné@@lis due to the short
carrier lifetime in ion-implanted SOS. The transmitter aretikeer chip are incorporated
in a confocal optical system (4f geometry) consisting of twaawi$- parabolic mirrors
with a focal length of 11.9 cm. This confocal system as showngir2 Bi (a) produces a
collimated THz beam at the focus of the 2 parabolic mirrot$, avirequency dependent
beam waist. Due to the broad bandwidth of the system, the beam waist at thefddete

system ranges from approximately 9 mm at 0.5 THz to 1 mm at 4 THz.

The generated THz pulse is shown by the single-scan measurerként2.2 (a).
The pulse shown has a S/N of 5000:1. The corresponding amplitude specttois of
pulse is shown in Fig.2.2 (b). The S/N ratio of the amplitude spacds shown in the

logarithmic plot of Fig. 2.2 (c). Here, the dynamic range or S/N is display&00:1.
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The conventional technique for performing THz spectroscopy usisgsttstem is by
forming a pellet that contains a small amount of the moleoube tstudied dispersed in a
much larger quantity of a low absorbance host material like poliggte. The pellet is
placed in the collimated THz beam between the transmitter aet/ee as shown in fig
2.1 (a). The corresponding amplitude spectra are obtained by takingutherical
Fourier transform of the measured time domain THz pulse. By ntitenglifference in
transmission between the reference pulse and the sample pulseaonnebtain

information about the absorption and dispersive characteristics of the sample.

22 Meal paralld plate waveguide: Sub wavelength confinement of THz

radiation

Though efficient and broadband coupling of THz pulses has been achieved for a
wide array of waveguides like circular and rectangular nvesaeguides [18-19], single
crystal sapphire fibers [20], and plastic ribbon waveguides [26], diesuffer from a
common problem which make them unsuitable for sub ps pulse propagationnaed he
for spectroscopy. Despite achieving single mode coupling and propagation, theyeall
from group velocity dispersion (GVD). It has been shown that sswee pulse
broadening owing to GVD will not occur for the TEM mode of a tmice coplanar line,
co-axial line or a parallel plate waveguide, which does not hatveftfrequency. The
group velocity and dispersion of the TEM mode are influenced soldlgebgurrounding

dielectric.
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Of the three waveguides quasi optic coupling of the freely propagdiHz
radiation to the complex field patterns of the TEM mode of the cobixeabhnd the twin
line are found to be not effective. However it can be used to Bpat@nfine THz
radiation by efficiently coupling freely propagating THz pulgsgs metal PPWG. The
first PPWG demonstration [21] showed low-loss; single TEM-mode pedjman with
virtually no group velocity dispersion. Undistorted, propagation of the inmupmHz
pulse was observed within the bandwidth from 0.1 to 4 THz for a PRAMngEh of 24.4

mm.
2.2.1 Metal parallel plate waveguide — Theory

The fundamental equation governing the input and output relationship of the

system, assuming single-mode propagation, can be written in the frequency damain a
Eout (w) = Eref (w)TCZ exp(_j(ﬁz - .BO)L) exp(_al’) (2.1)

whereE,: (w) andEs (w) are the complex spectral components at angular frequency
of the output and reference electric fields, respectivélys the total transmission
coefficient, which takes into account the reflections at the emtrand exit faces; and

is the amplitude coupling coefficient, the same for both the enti@mtehe exit faces,
analyzed generally in terms of the standard overlap-integral m¢tl®ddwhich takes
into account the similarity of the excitation beam to the guidedearprofiles.L is the
distance of propagatiom, is the amplitude absorption constahitjs the phase constant,
andpo=2nl10, Wherelg is the free-space wavelength. The phase term in Eq 2.1atlestr
the experimental condition in which the spatial distance betweerrahsmitter and

receiver is fixed.
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Using the well-known two-dimensional analysis, [27-28] for an inputtrétec
field that is linearly polarized in a direction normal to the plahtéhe waveguide plates
(y), only (transverse magnetic) TM modes can exist in the waveghsdeming a loss-
less case for the propagation in the directed, the non vanishing terms of the field

components can be written as:

mm .
H, = A,, cos [—y] e JBzz (2.2)
b
A B, mmn .
E, = ot cos Ty]e JBzz (2.3)
Ap B, ymm mmn .
= —1si N —JjBzz
E, Twee L ]sm[ b yle (2.4)
where,
2 miy? 2 2
B2+ [5-| = B3 = whue (2.5)

wherem =0, 1, 2,... and & y < b. Herew, y, f, ¢ have their usual meanings,s the
plate separation A, is a constant dependent on the excitation of the waveguide, and

subscript ©” stands for free space quantities.

The cutoff frequencies are given by:

_ mc
B and

fem (2.6)

whereny is the refractive index of the dielectric medium betweerpthtes. The lowest
order TMy mode is in fact the TEM mode and has no cutoff. And also for plgrfect
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conducting plates the TEM mode has no GVD with both the group and phaséegloci
being equal te. The wave impedance is equal to the intrinsic impedance ofpase

1o, for the air filled case.

2.3  Design and adaptation of the parallel plate waveguide for spectroscopy

The PPWG consists of 2 polished metal plates (Cu/Al/Au coatearCAl)
separated by a gap (50 -1©0) formed by two spacers placed at the four corners,
between the plates which are then bolted together. The donensf the waveguide
plates are 28 mm (width) x 30 mm (length) x 10 mm (thicknessy. glano-cylindrical
high resistivity lenses are used at the input and exit facesugde the THz radiation in
and out of the PPWG. The lenses are 15 mm x 10 mm x 6.56 mm withrar&dius of
curvature (see Fig 2.3). The input Si lens focuses the incoramayertz pulse to an
elliptical spot with the minor axis of 150m, perpendicular to the waveguide plates, and
the linearly wavelength-dependent major axis is 9 mm at 1 Tgdrallel to the
waveguide plate. This coupling of a freely propagating THz beamthetPPWG located
at the beam waist of a confocal THz system has been shown fiicle®meover the entire

bandwidth.

The insertion of the two required cylindrical lenses separatethéiy focal
lengths reduces the amplitude of the transmitted THz pulgbaeoynultiplicative factor
0.4 = 0.8 x 0.5, where 0.5 is the Fresnel transmission through the uncodied hig
resistivity Si lenses (due to the reflective losses of 4 sesja The factor 0.8 is the quasi-

optical amplitude coupling (transmission) through the two confocal lehgea.30 mm
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long, 50um air spaced Cu parallel plate waveguide, with the foci ofethges separated
by the waveguide, the amplitude transmission was reduced to MM4H=x 0.8 x 0.5,
similar to the situation for the experiments to be described [Bbe additional factor of
0.45 is mainly due to the waveguide coupling loss, with a smalledlgsso waveguide
absorption. The single scan measured THz pulse transmitted througbmpty
waveguide is shown in Fig. 2.4 (a). Here the pulse amplitude msatiaed to the free
space THz pulse of Fig. 2.2 (a) and shows a reduced amplitude saisnof 0.09,
which includes the additional factor of 0.5 due to the strong reflectrans the Si
windows on the vacuum chamber (part of the cryogenic setup describgdP&i]. The
corresponding amplitude spectrum shown in Fig. 2.4 (b) has been nadnalithe free
space spectrum of Fig. 2.2 (b). The waveguide-transmitted specsurshawn

logarithmically in Fig. 2.2 (c).

2.3.1 Absorption losses of the PPWG due to metal conductivity

The theoretical absorption coefficient (Ohmic loss) [27-29] for anspaced

parallel plate waveguide is determined by:

= R 2.7

where,
R =10.88X10"3 [107/(0RAO)]0'5 (2.8)
Mo = (to/€)*° = 377Q (2.9)
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b is the gap between the waveguide plaigss the real part of the conductivity aiglis
the free space wavelength. The frequency dependent metal guitglwetn be modeled
by the Drude theory:

0= 0+ io; = opcil/(w +iT) = igowj/(w + il) (2.10)

Where g is the free-space permittivityy is the angular frequency, is the angular
plasma frequency anfl is the electron scattering rate. The expression for conductivity
can be rewritten in the form:

0 = gwi/[IT(1+ w?/T?)] +igwiw/[[*(1+ w?/T?)] (2.11)

At THz frequencies << I"and we can make a good approximation that:

or = gwp/T (2.12)

For bulk aluminum/72z = 19.4 THz at 295 K [30]. According to Matthiessen’s rile;
I'vt Ip is the sum of the temperature dependent tégmgenerally dominated by
phonons at experimental temperatures and a temperature independery, tgenerally

dominated by lattice defects. [29]

Hence, the measured performance of the THz single mode waatefuides and
the THz TEM mode metal parallel plate waveguides in partigalamited by the metal
conductivity. One way to improve performance would be to increase thal me
conductivity. A simple and effective method to increase conductiaty been to cool
metals to liquid nitrogen temperatures [31, 32]. Experiments peefbby Laman et.al
[29] demonstrated that the increase in conductivity was modest aod thenincrease in
waveguide transmission was not as high as expected (expectedemsedy 8 times

when cooled to 77K) when metal PPWGs were cooled to 77K. They obseodsdate
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increase in transmission throughput upon cooling to 77 K. Figure 2.5 shows the
transmitted THz pulse and spectrum through an Al air filled ighnalate waveguide at
295 K and at 77 K. Cooling to 77 K increases the waveguide transmlsgiabout 30 %.
This moderate increase in performance of the metal PPW@ wesirable, since when
these waveguides are adapted for spectroscopy, one always lmwolaveguides to
cryogenic temperatures to overcome the thermal broadening meunkamisch obscure
the absorption modes of samples. Increase in transmission at coybg@peratures in

turn results better signal to noise which is greatly desirable.

From Fig 2.5 (a) it is clear that the THz pulse arriveezan time when cooled
to 77 K. This is attributed to the temperature dependent refractie of silicon {n/dT
=1.3 x 10% K) [97], with which the cylindrical lenses used for THz coupliage made
of. This shift in pulse position in time with decrease in tenajpee can be also used as a
tool to monitor waveguide temperatufidie relative change between 295 K and 77 K in
the refractive indexAn/n = - 8.5 x 10°) is the dominant effect since it is much larger
than the corresponding change in the length of the siligbfiL.£-0.23 x 10° due to the

linear thermal expansion coefficient [98].

24  Guided wave THz time domain spectr oscopy

Single mode and dispersion free propagation of THz pulses in a RRWG
opens up the possibility of carrying out novel spectroscopic invéstigavithin the sub-
wavelength gap of the PPWG. Waveguide THz-TDS utilizes THzasganfinement to
sub-wavelength dimensions together with long propagation lengths to draligati
improve the sample filling factor and consequently the sensitivity. ForEMerode of
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parallel plate metal waveguides, the spatial confinementndigied by the separatidn
between the plates, can be easily A/10. By comparing the signal from the empty
waveguide with that from the waveguide containing the sample, lage can extract the
changes in both amplitude and phase caused by the addition of the Kay@wring the
layer thickness, one can then obtain the absorption and the index dioeftddhe layer
material. The high sensitivity of this measurement technigpeoigortional to the ratio
between the length and the plate separation of the waveguida.FFWG with a gap
and lengthL, with a film of refractive index, the predicted sensitivity enhancemefi (

is given by [19]:

r=— (2.13)

This high sensitivity of the PPWG in detecting thin dielectaiels was demonstrated by
Zhang.et al in 2004 by detecting nm thick water layers withe metal PPWG [25].This
demonstration established the sensitivity of the THz waves @uhfto the sub

wavelength gaps of the PPWG.

This sensitivity enhancement achieved in the PPWG was theatspito apply
these waveguide to perform spectroscopy of polycrystalline tinrs fof molecules. As
discussed earlier, the PPWG assembly used for this study teookisvo metal plates
with identical dimensions of 28 mm (width) x 30 mm (length) x 10 ftimckness).
Typically the gap separation is maintained ajuf0and is achieved by two 50n thick
brass metal spacers. Thin polycrystalline films of the sasraie cast on the bottom plate
and then swabbed to form a sample area typically 15mm (wide) mm@5long) as

illustrated in Fig 2.6.
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Fig 2.6 Exploded view of PPWG with polycrystalline film used for wavegUitiz-TDS
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Fig 2.7 Waveguide THz-TDS setup with cryogenic capability
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A free-space THz beam is coupled into and out of the waveguide wsingiéntical
plano cylindrical high resistivity Si lenses attached to tiguti and exit faces of the
PPWG using custom built lens holders. This PPWG assembly redited into a
standard THz-TDS system illustrated earlier in Fig 2.1. Fgoeements at low
temperature, the PPWG assembly is placed inside a vacuum chuaiitibestraight-
through optical access (2 cm thick Si windows) and is mechanisdlghed to the cold
finger of a two-stage mechanical He cryocooler (or a liquid &@ finger), as shown in
Fig 2.7. The sample temperature is measured by a Si diode temperature tszeised &
the waveguide. The variation of the absorption spectra with tetapens tracked by

taking data at various intermediate temperatures.

2.4.1 Data collection

Typically data (electric field amplitude) is measured in tilme domain by
varying the delay of the optical pump beam at the receiver chifppraspect to the in
coming THz pulse. The amplitude spectrAgp.ccorresponding to each transmitted THz
pulse through waveguide is obtained by taking numerical fast Fduaigsform of the
measured time domain pulse. The spectral resolution of eachunem@nt is directly
dependent on the length of the time domain pulse measured. Thenestal spectral
resolution is determined by this maximum temporal scan lengited by Fresnel
reflections from the 6.56 mm thick plano-cylindrical Si coupling ésnsf the PPWG or
the internal reflections of the 2 mm pellet for pellet measargsn For the pellet
measurements, typical scan lengths of 33 ps are used. Scan lengBsps were used
for the waveguide measurements, corresponding to a limiting resoluti6r6 6fGHz.

The time constant on the lock-in amplifier was set at 100 ms with a 400 ms detagior
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data point collected in the time domain. The total time takeredmh temporal scan
consisting of 2000 data points was 20 min. An average of 6 - 12 suchvasnsed to
improve the S/N. All scans are zero padded by approximatell0Simes before taking

the fast Fourier transform to obtain the spectral amplitude.

2.4.2 Zeropadding

Zero padding is often used in THz-TDS, whereby extending thedomain data
with zeros causes the subsequent Fourier transform to performtepoiation in
frequency domain between the linearly independent real data popdsatesl from each
other by 6.67 GHz, for a 150 ps scan length. Zeropadding only interpolatebdhe

existing data points and does not increase the frequency resolution of the measurement

An important measurement consideration one has to bear in mind whig doi
high resolution measurements is that, a too early truncation aftbelomain pulse and
starting the zero padding before the pulse has damped out, resaltsroadened line
shape accompanied by small spectral shifts. However, wheneaptitse signal has
disappeared into the noise as in our experiments, subsequent zero paddidgnst
affect the line shape and not produce observable frequency shiftss Thistrated in fig
2.8. In the top frame of Fig 2.8, a long temporal scan of 133ps is showam whi
corresponds to a spectral resolution of 7.5 GHz. The bottom franteattssthe effect of
truncation of temporal pulse prematurely. A truncated pulse of 33.8apslength (30
GHz resolution) despite being zero padded to the same temporidl &nthe long scan
never fully recovers the complete spectral data, the actualiditte nor the actual line

center.
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2.4.3 Extraction of the absorbance spectrum

The recovery of accurate absorbance spectra is more chafieiogiwaveguide
THz-TDS because of slight changes in the frequency-depen#ntradnsmissions that
occur when the PPWG is reassembled. For some films, acclsigbance spectra at
room temperature can be recovered without disturbing the waveguitistiyjeasuring
the THz transmission of the PPWG containing the film and thewowieg the film by
rinsing with an appropriate solvent through the open access om¢hefshe assembly.

An example of an absorbance spectrum for a sample fim (7, 7, 8, 8-
tetracyanoquinodimethane -TCNQ) determined in this manner is showug 2n9Ha) and
(b). The recovery of absorbance spectra at 77 K is more chaleag the PPWG with
the sample is enclosed within the vacuum chamber and the cold tampesitthe

waveguide does not allow rinsing the sample through the open edges as an option.

Hence for majority of the samples studied using waveguide Tib&:- we use an
approximate method to determine absorbance spectra for the wavédiusle The
reference transmission spectrufjef) is estimated from the film transmission spectrum
(Aspeg by first choosing points along the transmission profile that dutside the
absorption lines and then fitting the points with a smooth function (spgineptain a
reference profile, which includes any broadband absorption and tsatkd for a TCNQ
film at 77 K in Fig 2.8 (c) and (d). While this method yields onlypragimate line
intensities, and not the broadband absorption, it is possible to eateagtate line
frequencies and line widths. The amplitude absorbance was then tealcula the

expression:
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Fig 2.9 (a) Amplitude spectrum at 295 K for a TCNQ waveguide film in a Cu PPWG
(bottom curve), and for the empty PPWG after washing away fitop curve), (b) the
resulting absorbance spectrum for the TCNQ flchamplitude spectrum for the same

film at 77 K and the spline reference fit to the spectrum (dpthe resulting absorbance

for the TCNQ film. [publication P2]
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A
Absorbance = —In [ﬂl (2.14)
Aref

The measurement of the actual absorption coefficient and indexfrattren of the

crystals comprising the microcrystalline layer is not expentally feasible because of
the inhomogeneity of the sample layer and the lack of knowledtieedhickness of the
sample layer. In the earlier waveguide THz-TDS measuremen®26fnm homogeneous
water layer, it was possible to obtain an in situ referencgepilhere, the 20 nm layer

thickness was obtained by fitting the measured index to that of bulk water [25].

2.4.4 Determination of absolute absorption coefficient of sample films

The polycrystalline films cast on the metal films are oftesstontinuous and have
microcrystals scattered across the metal surface. Thieesnthe estimation of film
thickness difficult and hence determining the absolute absorptioriicoermf is also
difficult. But in cases where one can cast a uniform film (potyfik@s for example)
determination of film thickness is easy and an absolute valuadasample film can be
calculated using the absorbance relation:

A= afL (2.15)
where,
f= (t/b)/n’ (2.16)

is the filling factor,L is the length of the filmg is the power absorption coefficiemt,is
the thickness of the filnh is the gap width of the PPWG, aAdis the absorbance. This
technique was used by Zhang et.al [25] to determine the absorptificieneof the nm

water layers within the PPWG. For non-uniform polycrystalliiendj an equivalent
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homogeneous layer can be approximated and the approximate thicknlesiloh can

be used to estimate the absorption coefficient.

2.4.5 Sample preparation: casting the polycrystalline thin film

The key requirement for the success of waveguide THz-TO® iaHility to cast
a thin polycrystalline film of the molecule on the metal plakeslure to obtain a good
polycrystalline film has produced featureless THz spectrum mymaolecules we have
investigated and defeats the purpose of the technique. Most of theyptdicre films
are prepared by dropcasting solutions onto Al or Cu plates while semered
sublimation. One of the challenges of this work is to find an apptepmethod to
obtain an ordered polycrystalline film. Initially, we prepareilen foy dropcasting a
solution of the molecule onto an optically polished, plasma cleaned cofppeguide
plates. Dropcasting involves taking a known amount of the solution of thieedle
material in an appropriate solvent and then spreading it acrossthkwaveguide plate
with a syringe/dropper and then allowing the solvent to dry out. Thiggsaesults in a
polycrystalline film which is considerably uniform. If this pess does not yield a
visibly crystalline film, then attempts are made with diffgéreolvents and substrates like
Al plates, etched Al or Cu Plates, Au coated Al plates, and brushed Bu plates.
Failing this, a film is deposited via sublimation. Sublimation involplexing a known
guantity of the sample solid in a closed glass container. Thegwaeeplate is attached
to a cold finger which acts as a lid for the container. The awt#s then evacuated and
the sample heated. Under low pressure and heating the sample suficheoats the

cold waveguide plate to form a thin layer of polycrystalline film of the sample.
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Fig 2.10 Optical micrographs of TCNQ planar crystals on the Cu (fgtacetone drop-

cast film(b) Sublimed film. [publication P2]
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We have also observed that the formation of crystalline filmmany of the
biological molecules like nucleosides, deoxynucleosides which aresiteble in water,
are very sensitive to humidity and temperature. The formation ystatiine film
happened over a period of few days after the dropcast or sublim@hdh.can be
attributed to the fact that these materials slowly reachctimplex hydrogen bonded
network of the crystalline state over a long period. Many of tgarec compounds and
amino acids we have investigated form crystalline filmslgasome appearing in a few
minutes to a few hours depending on the solvent used. Typical appeafamqzanar
crystalline film obtained from drop-casting and sublimation of TCN@hown in Fig

2.10 (a) and (b) respectively.

Sometimes dropcasting may not yield a good crystalline film adinsation
may not be a feasible option due to the melting point of the samplg ey high or the
sample may degrade on heating. For such molecules, we have used suspensiomfcolloids
the sample in an immiscible solvent and then dropcast this suspendtus roetal plate.
This method may not result in recrystallization on the metéhseibut allows us to cast

an uniform film suitable for waveguide THz-TDS.

Once we have a planar polycrystalline film we remove tlagively thick edges
of the film with a solvent soaked swab, to leave a visibly unifdmon the surface of
the waveguide plate. The mass of the film on the waveguide pén be estimated by
dissolving a similarly prepared film with a solvent and comgatie UV-Vis absorption
spectrum to that of a solution of known concentration. These film$anericorporated

within a PPWG and then used for waveguide THz-TDS.
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Chapter 3

Waveguide THz-TDS: Demonstration of
High Sensitivity and Line-narrowing

3.1 | ntroduction

In this chapter the application of PPWGs for waveguide THz-TDdscussed
and the observed spectroscopic results are discussed in detaiesBytprg waveguide
measurement data for specially chosen molecules is presented to hidpidigapabilities
of the new technique. Using these examples the new techniquégslbitid drawbacks
are presented. As discussed in the previous chapter, an impodgaimemeent for this
technique to work is that one should be able to cast a polycrysttlimdilm on the
metal waveguide plate. Dropcasting and sublimation techniques hemeubed to cast
films of the samples for our study. Optical microscopic investg and X-ray
diffraction studies have confirmed that small microcrystdishigh crystallinity are

formed on the metal plates with great degree of planar order.

The technique of waveguide THz-TDS was developed in 3 stages. Taey a

elaborated as follows:
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Step 1. Adapt metal PPWGs for sensitive spectroscopy of moleculatssaith a goal of
detecting minute sample quantities using the sensitivity enhamteof the
waveguide. The surprise discovery of tteffect of line narrowing of THz
vibrational modes”for the polycrystalline films within the PPWG was made.
Vibrational modes showed significant reduction in inhomogeneous broadening
and linewidths upto 5- 10 times narrower than the pellet sampleshsasved

even at room temperature. [Publications P1 — P10]

Step 2. Cool PPWGs with sample films to 77 K using liquid nitrogen to get rid of thermal
broadening mechanisms (homogeneous). Drastic reduction in linewidths of
absorption features was observed with cooling. The linewidths neeb$or
some of the samples were the smallest ever. Capabilitynexsuring high
resolution THz vibrational modes polycrystalline films of molecdalids was

established by demonstrating the technique for a wide sample rangelqP1-P

Step 3. The third stage was a significant improvement to the technéibty to cool
the waveguide samples to 10 K was developed using a 2 staggdeeoler.
The true power of waveguide THz-TDS technique was realized this
additional cooling capability with demonstration of measuremehh@ividths as
narrow as 7 GHz (limited by the instrument resolution — due to reflectiontirem

6.56 mm thick Si coupling lenses). [publication P5]
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3.2 Comparison of Waveguide THz-TDS with the standard Pellet THz-TDS:

line narrowing and sub-milligram sample requirement

In order to compare the performance of the two techniques naineepellet and
the waveguide, a proper choice of starting sample was nece$sarymolecule 1,2-
dicyanobenzene (12DCB) was chosen as it is known to have vibratiaosnn the
THz spectral region [35]. Dicyanobenzene is an organic compound meaty as a
precursor to the synthesis of pthalocyanine pigments (textils, dy&per industry),
fluorescent brighteners and photographic sensitizers. It is a leenlegivative having
two cyano groups. The molecule is known to have three isomeric diffgemg only in
the position of the cyano groups and are called 1,2-, 1,3- and 1,4- dicyanokenzene
depending on the position of the cyano groups. They are white to off wdideed
compounds soluble in toluene, chloroform and acetone. The dicyanobenzenes are known
to have strong vibrational lines in the far infra red (THz)ae@nd have been studied by
a number of groups. The dicyanobenzene isomers have strongly coupteatebdgative
cyano groups connected to the pi bonded benzene ring, which allows ptotiat

charges to undergo vibrational dipolar motions and can enhance THz absorption.

12DCB was purchased from Sigma Aldrich and used without furthércation.
The 12DCB Pellet was made by uniformly mixing fine powders of dmaple with
polyethylene powder and then pressing them using a Carver hgdpagdis into 2 mm
thick pellets (~5mg/100mg) with 1 cm diameter. Alternately the waveguide
measurements, thin polycrystalline films of these samples weopcast on Cu

waveguide plates, from 2mg/ml toluene solutions. The optical micrograph of the
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Fig 3.1 Optical micrograph of the polycrystalline film of2LDicyanobenzer
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polycrystalline thin film is shown in Fig 3.1. The amount of samplgained in a typical
film was estimated to be around 50468 using UV-Vis spectroscopy. The transmission
spectrum for both pellet and waveguide films were measured usitag@ard THz-TDS
setup (discussed in Chapter 2) at room temperature and later cool@dkt and then
remeasured. The transmission spectrum for both the pellet and tlegune film is
shown in Fig 3.2. The transmission spectrum for 12DCB pellet shows¢kence of 3
distinct lines at room temperature at 0.76, 1.58 and 2.29 THz, with F\VifiéMitths of
0.06 THz, 0.18 THz and 0.35 THz respectively. These resonances il @eewiously

observed data from other groups [35].

Spectral resonances at room temperature are often broadendkderbyal
broadening mechanisms as well as other dynamic relaxationsprddence, cooling to
cryogenic temperature results in quenching of such processes a&md refults in
narrower linewidths and also resolution of otherwise smeared wesd@nances. Upon
cooling the 12DCB pellet to 77 K we observed only minimal narrowindne@fspectral
features accompanied by blue shift of resonances at 1.58 and 2.29 Gazlesseen fig

3.2 and 3.3.

In contrast to the pellet, the waveguide film for 12DCB shows sogmifly
sharper and well resolved vibrational lines even at room temperktgr8.4 shows the
transmission spectra for 12DCB film within a Cu PPWG. The wadegfiim shows
pronounced line narrowing upon cooling to 77 K. At room temperature the 18DCB
reveals 4 distinct spectral lines at 0.65, 1.20, 1.40 and 1.85 THz. Upon doolidgK,
the spectral lines in the waveguide film dramatically sharpglit, and shift to higher
frequencies. Six lines below 3 THz at 0.77, 1.44, 1.67, 2.10, 2.40 and 2.68 THz are seen.
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Modes at 1.67 and 2.10 THz have FWHM linewidths of approximately 0.025 THz
and 0.065 THz respectively and are more than a factor of 5 shdraer the
corresponding lines in the pellet. Furthermore, the line frequeatiew temperature are
substantially blue shifted from their positions at room temperatwe example, the
mode at 2.68 THz has shifted by 0.33 THz from its room temperaturgopod he
absorbance spectrum of the pellet and waveguide samples at 7Aluitriated in Fig 2.3.
The Line narrowing effect can be clearly seen from thdms®rhance spectra. The
increased resolution and line narrowing results in a more infivenatibrational

spectrum with observation of 6 resonances in comparison to just two with the pellet.

Also the sample quantity used for the waveguide measurement useachs
lesser than that used for the pellet measurement and is aboutmi0 l&@sser. As
discussed in chapter 2 substantial sensitivity enhancement istpdeflic waveguide
measurement of a thin film relative to the traditional simglss through the film of same
thickness.For a PPWG of lengtih (2.5cm) and a plate separatiom (5Qum), the
sensitivity enhancement is given by= L/n°b. If we consider the refractive index of the
polycrystalline film to ben = 1.7 consistent with values for other organic solids at THz
frequencies [36], we get a value fbr= 102. This sensitivity enhancement is clearly
confirmed experimentally by thHd00 times” less sample required for waveguide THz-

TDS (5 mg in the pellet compared to o in the waveguide film).
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3.3  Physical reasonsfor line narrowing for waveguide films

The linewidths of THz vibrational modes in solids are known to benaatution
of various line broadening mechanisms which can be broadly fdssinto
homogeneous and inhomogeneous. The observed lineshape of the resonance & he
superposition of the individual contributions arising from each of thmeadening
mechanisms. Homogeneous broadening is known to be a dynamic eféectestilting
from thermal collisions and is strongly dependent on the therma stahe sample
under characterization. For the case of homogeneous broadenirg atiechanisms
responsible for the resonance line give contributions which have itie paak center
frequency and width. The most obvious case occurs when the linewiddused by the
finite lifetime of the states between which the transitiorminésee Fig 3.3). [37] These
temperature dependent broadening mechanisms however can be quenthedring
the temperature of the sample. Inhomogeneous broadening on the oitharisas from
a wide variety of causes often associated with the environmentaadrse solid sample
is in like random strains, electric fields, and other perturbatimms fefects in the lattice
containing the molecule whose line transitions are studied and cdasbgied as highly
structure dependent. Such broadening often is very insensitive toréunmpeand cannot
be got rid of by lowering the temperature of the sample. One more thing t@ tiwdé for
the case of inhomogeneous broadening the centers have a widyy \@ripeak
frequencies (see Fig 3.4). Their widths are usually similamabaitappreciably less than
the width of the distribution of the peak frequencies. Examplesuoh broadening
mechanisms are strain broadening (due to dislocations and point defbetdost lattice

containing the molecules), broadening due to the random electric fields and charge
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Fig 3.4 A schematic illustrating the cases for the two main types of broapgerechanismgga)

Homogeneous an@h) Inhomogeneous broadening [37].
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Fig 3.5 lllustration of line broadening mechanisms in a pellet sample.
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gradients of charged defects, and the hyperfine interaction ofdkie function of the

molecule with nuclei of neighboring ions. [37]

Coming to the situation we have, wherein we are comparing thewnarro
linewidths associated with waveguide films, we can understandas fbllows. The
pellets consist of a random distribution of micro crystals oetbffit shapes and sizes in
the polyethylene matrix and might have also undergone structuregés due to the
application of high pressure during the preparation of the pelleta Assult of this
random distribution and strained microcrystals we expect thatltzevibrational line
shapes to be greatly dominated by inhomogeneous broadening. Thidisied by the
fact that the features in the pellet spectrum do not narrow goeshanuch upon cooling
(and as we discussed earlier inhomogeneous broadening mecharestemperature
independent). One another thing that also needs to be considered i thatféhe host
material in the pellet is a dielectric (polyethylene), Iiael thermal conductivity of the
host material keeps different parts of the pellet (radialiyifferent temperatures when

cooled and never reaches the desired low temp. These effects are iustfafe.5.

On the other hand the waveguide films exhibit significant lineomang and
sharpening upon cooling, suggesting that the lines of the waveguidarélehlominated
by homogeneous broadening mechanisms. A microscopic investigatibe dfdpcast
polycrystalline film reveals that the film is composed @déanumber of micro crystals
that are randomly distributed on the copper waveguide surface bu# witbat deal of
planar orientation (Fig 3.6). The waveguide films exhibit gnificant of planar order
with respect to the metal surface. This orientation elimirthegffect of inhomogeneous

broadening mechanisms. The planar ordering of micro crystals togethehevit
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Fig 3.6 Optical micrograph of the polycrystalline thin film of TCNQ on Cu stefa

[publication P2]
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Fig 3.7 X-ray diffraction spectrum of TCNQ pellet and TCNQ polycrystalfiima on Cu plate.
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formation of defect free crystals is a key requirement fominlstg narrow line THz

absorption spectra.

Taking a molecule called TCNQ as an example we have anallgsegetlet
sample as well as waveguide film using X-ray diffraction ttemheine the extent of
crystallinity and orientation. Fig 3.7 shows the X-ray diffractiRD) spectrum of
TCNQ pellet and TCNQ polycrystalline film on Cu plate. It isatly evident that the
XRD lines for waveguide films are at least three timesomger than that of the pellet
suggesting a better degree of surface orientation in the waveddod@ossible reasons
also may be due to the process of making a pellet. Grinding thgeamaixing with the
transparent host and then compressing under high pressure may pyoehtcdeal of
distortions (disorder) in the crystalline lattice of the analyWhereas on the other hand,
the microcrystals formed on the metal waveguide plated glerp XRD lines associated

with greater degree of crystallinity as well as orientation.

34  Study of dependence of THz absorption spectra on crystal morphology on

the waveguide metal surfacefor Tetracyanoquinodimethane (TCNQ).

The THz vibrational modes of many molecules can be eitheamotecular
(internal) or intermolecular (external) modes of the molecules.ifitramolecular modes
are dependent on the structure of the molecule and originate franteh®al motion of
the molecule whereas the intermolecular modes have their oraim tine collective
motion of the group of molecules forming the crystal lattice sTihplies that inter

molecular modes show a significant amount of dependence on the sistalhape and

49



morphology. Taking 7, 7, 8, 8 - tetracyanoquinodimethane (TCNQ) as amplexam
have studied the dependence of THz absorption on micro crysamsizmorphology on

the waveguide plate.

TCNQ is a well known electron acceptor widely used to preffzaiege transfer
salts, which have applications in the area of molecular electr§d®}s It was first
reported to have been synthesized in 1962. In 1973 it was discoveredctmabiaation
of TCNQ (electron acceptor) and tetrathiafulvalene (TTF) fodrnaestrong charge-
transfer complex and was referred to as TTF-TCNQ. The conpli®rmed in solution
and can be crystallized into a well formed crystalline solid.s&herystals exhibit
metallic conductance and was the first purely organic etattdonductors discovered

[39].

The size and morphology of the polycrystalline thin film obtainedhenmetal
surface can be controlled by varying the method used to castntheBf/ varying the
concentration of the solution used and also by altering the methodutbsalrowth of
the crystal one can tailor the kind of crystals obtained. In thdysPolycrystalline thin
films of TCNQ were made by dropcasting, spincasting, and bynsatibn. The drop and
spincast films were made using solutions with solute concentrdiegimseen 1.0 and 5.0
mg/ml in acetone. The mass of the films was estimated tappeoximately 10Qug
(using UV/Vis absorption). Films made on Al and Cu waveguide glatiaces yielded
visually similar film morphologies. For sublimation films, an whveguide plate was
mounted onto the cold finger of a sublimation jar a few centimetbove a small
quantity of TCNQ powder placed at the bottom of the jar. The sutdimgr was then

evacuated and the bottom heated to induce sublimation onto the waveguide surface.
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Table3.1. Line-Center Frequenciesand FWHM linewidths (within parentheses) for
TCNQ pellet and TCNQ dropcast film in the waveguide ? [publication P1]

Pellet Sample Dropcast film

295 K 77K 295 K 77K
1.16 (0.13) 1.27 (0.12) 1.20 (0.08) 1.28 (0.03)
1.83(0.83) 1.99 (0.18) 1.87 (0.10) 2.02 (0.04)
2.28 (0.43) 2.50 (0.27) 2.36 (0.20) 2.56 (0.07)
2.97 (0.75) 3.04 (0.50) 3.13(0.27) 3.24 (0.112)
3.47 (0.32) 3.46 (0.34) 3.44 (0.13)
3.70 (0.60) 3.61(0.11)
4.31 (0.35) 4.41 (0.08)

& All values are in THz

Fig 3.9 (a) shows the measured transmitted THz pulse throughpper
waveguide with dropcast TCNQ film at 295 K and 77 K. The shifiartiez times at 77
K is due to the temperature dependent refractive index of the Si lenses [33]. Thedbbserve
ringing in the time domain corresponds to sharp features in thesporrding
transmission spectrum obtained by a numerical Fourier transfothe afomplete pulse
measurements. The absorbance at 295 K and 77 K is shown in fig) Z8d(¢d). In
contrast to the TCNQ pellet (Fig 3.8), the three lowest frecygibrational bands in the
waveguide film are well resolved, even at room temperature. Talldist the line

centers and linewidths for both pellet and waveguide films.

At room temperature as can be seen from Fig 3.9 (b) andie)fefatures are
observed between 1.0 and 4.0 THz with line widths ranging between 0.08 andH2.34 T
The line widths of the three lowest frequency lines are al@aes# times sharper than

corresponding line widths for the pellet at 295 K. Cooling the wadeguesults in
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narrowing of the vibrational lines buy a factor 2-3. The reddyi high S/N achieved for
the 77 K measurements clearly resolves seven vibrational lineparticular, the
relatively broad doublet between 3.0 and 4.0 THz observed at 295 K hastspiitree
relatively sharp lines. The narrowest line widths occur fotdivest-frequency lines. For
example, the 1.28 THz mode narrows to a FWHM width of 0.03 THz an2.@ReTHz
mode narrows to a FWHM width of 0.04 THz, which is a narrowing otiabour times

relative to the corresponding lines in the pellet.

3.4.1 Dependence of THz absorption spectra on crystal morphology

For TCNQ three different kinds of film preparation techniques wenployed to
prepare the polycrystalline film required for waveguide meamant, namely dropcast,
sublimation and spin coating. It was observed that each of thesepfiéparation
technique resulted in a slightly different crystal morphology omidneeguide surface. It
was also noted that for the dropcasting technique alone the micabamysrphology

depended on the concentration of the solution used to dropcast.

In Fig 3.10 the optical micrographs of the polycrystallinendil obtained by
different methods and also the corresponding waveguide THz absorbande spec
measured at 77 K are shown. Parts (a) - (c) of Fig 3.10 Bbamthe microcrystal shape
depends on the solute concentration when dropcasting is used to cébh.th& a
relatively low TCNQ concentration (1.3 mg/ml), a dendriticzisture is obtained with
largest microcrystals having dimensions of ~@®. The corresponding absorbance
spectrum is the same as in Figure 3.9 (d) and is reproduced i13.Hig(a) for

comparison. Higher TCNQ concentrations (2.4 mg/ml) result in TCNQ crystglias
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small rhombic plates with various size distributionsta@wn in Fig 3.10 (b). The largest
rhomboidal crystals have sides of about 15 u20in length. Only minor changes in the
vibrational spectrum are observed for this film and occur mamilye relative intensities
of the group of three lines near 3.5 THz. Fig 3.10 (c) shows the morphaflagyropcast
flm made from a relatively concentrated TCNQ solution (5mg/nilpe largest
microcrystals are formed here with sides more thapmd@n length. In addition, the film
also contains smaller rhombic plates and some dendritic strucflines absorbance
spectrum in this case shows a significant increase in thgveeintensity of the 1.28 THz
mode. This film morphology also produced the narrowest line widthHMW25 GHz
for the 1.28 THz mode, which is shown in the inset of Fig 3.10 (c). Theffequency
features were not measured in this case because of the sbsmgtion of the thicker
film, which required 100m spacers and also reduced spectral transmission towards the

high frequencies through the PPWG.

The TCNQ absorbance spectrum was significantly differenspancoated and
sublimated films (Fig 3.10(d) & (e)). Spin coating resulted in niyaineedlelike
microcrystals with average lengths of abounrhO In addition to these, a small fraction
of microcrystals resembled triangular platelets in shape. §ttong contrasts in the
vibrational spectrum of spin coated microcrystals are the redutensities of the 1.28
THz and the 3.44 THz features with respect to the other linesn&ildn produced the
smallest microcrystals and they were smaller than could belvesl using 100X
magnification. The vibrational spectrum is similar to that ofsghi@-coated film, with the

exception that the intensity of the 1.28 THz mode is almost totally attenuated.
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Clearly, a wide range of microcrystal shapes and sis#e obtained depending
on the method and specific methods of film preparation. The positions wibtiagional
frequencies and their line widths did not change for the differempmologies shown in
Fig 3.10, however significant differences in relative line intesis seen. In particular,
the modes at 1.28 and 3.44 THz are highly sensitive to the sizeofdioerystals. Both
modes exhibit significantly weaker relative intensity fdm8 containing the smallest
microcrystals, while the 1.28 THz mode shows increased relatiesity for the largest
rhomb microcrystals. This dependence on morphology suggests ¢lsat ifitodes have
substantial external vibrational character and are associatedowg range order of the

crystal lattice.

3.4.2 Determination of microcrystal orientation on the waveguideface using X-ray
diffraction:

The X-ray diffraction analysis of the polycrystalline filmsed in this study was
done by Dr. Joseph Melinger at Naval Research Labs and providesnsighe into the
degree of orientation and crystallinity of the polycrystallinengas. The following
description was a part of the publication P2 and is reproduced here tosatesthe fact
that the polycrystalline films obtained are of high quality anel aligned in a planar

fashion. [publication P2]

The planar order obtained for the polycrystalline films on theasarbf the metal
plates allow for polarization effects to be observed for the vdaki modes in
waveguide THz-TDS. Knowing how the microcrystals are orientech@mietal plate in

turn lets us know the angle the crystal axes make with respéloe propagating THz
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field. This knowledge allows us to assign line intensities for tfierdnt modes observed
and can assist in assignment of vibrational modes to differenomsotif the molecule

within the crystal lattice.

To determine their orientation and degree of planar order, TCM fivere
characterized using reflection X-ray diffractometry. This wWase for dropcast TCNQ
films on both Al and glass substrates that yielded the dendntic raombic plate
morphologies shown in parts (a) and (b) of Fig 3.10, respectivelya Fgiwven TCNQ
solution concentration, both the Al and glass substrates produced weilgr s

microcrystal morphologies under inspection with an optical microscope.

TCNQ is known to crystallize in the monoclinic system havingsmaoupC2/c
and with four molecules per unit cell [40]. The X-ray diffractiontgra observed for
dendritic TCNQ microcrystals is shown in parts (a) (on glasd)(b) (on Al) of Fig 3.11.
For both substrates, diffraction peaks due to TCNQat 20.93°, 21.94°, and 33.15°
(and 44.68° for TCNQ on glass) dominate the spectrum. In fig 3.11 (b), fteakg at
20 = 38.42° and 44.62° are due to the Al substrate. The positions and relangsties
of the TCNQ peaks were compared to a simulated X-ray diffraspectrum of TCNQ
using Mercury [41] and are found to be consistent with diffractiom fthe(00I) planes
of the unit cell (withl = 2, 4, 6, and 8). Considering the absence of strong peaks due to
other TCNQ planes, the data strongly suggest that the film ldasnanant orientation
where thec - axisof TCNQ unit cell points upward from the substrate surface, making
angle of 8.5° with respect to the surface normal, and th&0@ig plane of the unit cell is
aligned parallel to the waveguide surface. Consequently, for therystigitine sample

film, the distribution ofc - axesof the individual microcrystals defines a cone with an
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Fig 3.11 X-ray diffraction spectrums for TCNQ films on glass and polished Absed(a)
Dendritic microcrystals on glasd) Dendritic microcrystals on A(c) Rhombic microcrystals on
glass.(d) Rhombic microcrystals on Al. Peaks due to Al substrate ae=aB8.42° and 44.62°.

[publication P2]
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angle of 8.5° about the THz polarization. The diffraction spectrumheffitm on Al
shows a few relatively weak lines that are just resolvabia fthe baseline, which are
due to other TCNQ crystal planes and which indicate that other orientatigmeseat to
a minor extent. The higher degree of roughness of the Al surédeteve to the glass
surface may account for more variation in microcrystal oriemafihe X-ray diffraction
pattern corresponding to the rhombic plates is shown in Fig 3.1hdcjdy. Here the
diffraction peaks of th€00Il) planes again dominate the spectrum, however, there is a
somewhat stronger contribution from diffraction from other planedicpkarly for the
film on Al The film of rhombic plates is cast from a relaliweoncentrated TCNQ
solution (2.4 mg/ml), which produces a thicker film than that for the dendr
microcrystals. Partial stacking of the plates in the thidker is likely to produce a

greater fraction of microcrystals with different orientations witlpeesto the substrate.

A schematic of the TCNQ unit cell showing its orientation onsthiestrate and
with respect to the experimental electric field polarizat®rshown in Fig 3.12. In
addition, the molecular axd¥, Y, and Z)or an individual TCNQ molecule are also
defined.The X axidgs perpendicular to the plane of the TCNQ molecule, whilértaed

Z axesare in the plane and are oriented as shown. A table of proporticiagakitys for

band intensities along tke b, c,andc* (L ab) axesof the unit cell is reproduced from
data from ref 58. With th€001) plane aligned parallel to the waveguide surface athe
andb axesare perpendicular to each other and are in the plane of thgudeeand the

b andc axesare perpendicular. The#- axisis parallel to the electric field polarization. In

this configuration, internal vibrational modes that are polarized atbegY and Z
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Fig 3.12 (Left panel) Schematic of the TCNQ unit cell showing its orientation loa metal
PPWG surface and with respect to the electric field poléwizaThe electric field is polarized
perpendicular to the PPWG surfa¢Right Panel) Projection of the TCNQ unit cell onto the
(010) plane (top, left) ang100) plane (top, right) and with respect to the experimental eectr
field. For the projection ont(010) the two molecules on the left have their centees a0 and
b= 0, while the two molecules on the right are displaced one-haflaftice translation alongy
The c-axisof the unit cell makes an angle of 8.5° with the electrid fmlarization vector. With
the (001) plane aligned parallel to the waveguide surfaceathedb axesare perpendicular to
each other and are in the plane of the waveguide, anbl déinelc axesare perpendicular. The
molecular axes of an individual TCNQ are shown. Xhexisis perpendicular to the plane of the
TCNQ molecule, while thé& andZ axesare in the plane and are oriented as shown. The table

gives the proportionality factors for band intensities along the ciystsl [publication P2]
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molecular axes have greater projections alongcthaxis and are expected to show
enhancement in the waveguide film. A comparison of pellet and walee§jlm spectra
at 295 K (Fig 3.8 and 3.9 respectively) suggests that the vibraticodd mear 3.5 THz
gains relative intensity in the waveguide film spectrum, wisereades near 1.87, 2.4,

and 3.0 THz lose relative intensity.

Previous vibrational work done on the molecule differs in assignnuoénitsv
frequency vibrational spectrum [42 - 44]. An earlier study indicttat the lowest three
lines observed as external phonon vibrations [42]. This means these naagetheir
origins from vibrations external to the molecule itself and @so@ated with lattice
vibrations, translations and intermolecular liberations. Some other shaived that the
low frequency modes had a mixed character meaning both intrantardmolecular

motions.

Considering the three low frequency lines as intermoleculaesmonding to
external vibrations, then the results above suggest that the vibratiodas at 1.87 and
2.36 THz do not have strong projections ontodhaxis because their relative intensities
are attenuated in the oriented waveguide film spectrum. Ref 4thadbe mode near 3.0
THz (100 cm') to an out-of-plane ring bend (alonf), which has a relatively weak
projection onto the* axis, and the mode near 3.5 THz (115Ymas an in plane bending
of the NC-C-CN groups (along), which has a relatively strong projection onto tfe
axis. The enhancement in relative intensity in the waveguide film near 3.5 THzsppea
be consistent with this assignment of internal vibrational motionarl@lean angle
dependent THz characterization of an oriented single TCNQ ctvystdd be valuable to

more confidently assess polarization effects in waveguide THz-TDS. [ptidnti¢22]
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3.5 Demonstration Sub-10 GHz resolution capability of waveguide THz-TDS in

deter mining the vibrational modes using 2, 4-dinitrotoluene (24DNT)

In the preceding sections it was clearly demonstrated that osetey PPWGSs one
can significantly reduce inhomogeneous broadening and achieveareoyv line widths
for the vibrational modes of the molecules under study. The molesekesthen cooled
to liquid nitrogen temperature, quenching the effect of thermal briagl mechanisms
which further reduced the linewidth of the resonances and resul@ataming a very
precise narrow linewidth vibrational spectrum. It is anticipatetldbaling much below
77 K would allow us to further reduce thermal effects and achieveh macrow
linewidths for these vibrational modes. Experimentally it was rolesethat cooling
below 77 K to 10 K had a very great effect on the line shape and diteafi the modes.
The additional sharpening with further cooling implies that our pgégaliine thin films
have very strong planar order and with the individual microcrystagaining a high
degree of crystallinity. We can therefore obtain measurementsaabymg the quality of

single crystals, but with the easy to cast polycrystalline sample films.

The instrument resolution of the waveguide THz-TDS technique itetinby the
maximum temporal scan length one can perform before encounteiong seflections
from numerous optics within the system. The major reflectionshén stystem arise
primarily from the cylindrical Si coupling lens for the PPVd@&d the Si windows of the
chamber housing the waveguide. The first strong reflection is dine t6.56 mm thick
high resistivity Si coupling lenses at 150 ps correspondingspeetral resolution of 6.7

GHz (0.22 cr). This is the limiting instrument resolution of the system.
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Fig 3.13 Output terahertz amplitude spectrum of dropcast 24DNT filrhimwian Al PPWG at 11
K. (Inset) Time domain trace of the terahertz pulse through the 24DNT guales at 11 K.

[publication P5]
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2,4-dinitrotoluene (24DNT) is an explosives related solid and is a parcas well
as a byproduct of the degradation of the explosive 2,4,6-trinitrotoluBd&)( This
compound has been characterized earlier and pellet data fordl@suhe is available in
literature. 24DNT pellets were made by mixing 32 mg of sampieder in 330 mg of
polyethylene powder and then compressed at a pressure of 11toretgs. The 24DNT
waveguide film was obtained by drop casting 106f a 2.5 mg/ml acetone solution onto
a polished Al plate. The thick edges were removed by a solvent seakbd to obtain a
uniform film with an estimated mass of less than fi§0compared to 32 mg of 24DNT
used for the pellet sample. Alternatively another film wast ¢eom a concentrated
solution of 8mg/ml. The pellet as well as the two films was stigated using the

standard THz-TDS setup.

Fig 3.13 shows the transmission spectrum of a 2.5 mg/ml 24DNTwithin an
Al PPWG at 11 K. Fig 3.14 shows the temperature dependence of thgoriat modes
in both the pellet as well as the waveguide film. For the pellstrong broad resonance
is seen at 1.06 THz. Upon cooling to 11 K, features sharpen moderatelypnmy a
minor change below 80 K, resulting in 7 observable features at 1lieKeatures also

blue shift during cooling.

The waveguide film on the other hand has a dramatic responseitgyctrolsharp
contrast to the pellet, there is substantial sharpening ofah&és at lower temperatures,
particularly below 80 K. At 11 K, this sharpening resolves 19 obserwabtational
lines. This is nearly 3 times the number of lines observed withdlet and corresponds
to a substantial increase in information obtained about the vibratioo@ésmof this

material as well as the precision of their identification. Spectral datading line
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frequencies and line widths, for both the 24DNT pellet sample hasvéhe waveguide

film are collected in Table 3.2 for comparison.

The amplitude absorbance of both the 24DNT pellet and waveguide atidl K
shown in Fig 3.15. The dramatic difference between the wasdeguid pellet absorbance
is clearly seen. The waveguide clearly resolves the doublet near 1.1 THz, the deablet
1.5 THz and the broad feature near 1.9 THz, corresponding to a narronenfaipr of
5, 10 and 20, respectively. Of the 19 lines, 11 have a measured linewidfis dfian 15
GHz (0.5 cnt). The limiting resolution being 6.7 GHz, we can expect thatrttimsic
linewidths of some of these lines to be much narrower. Table 3.2 cesnibee present
data to work previously carried out by other groups on this molecideiods work has
measured up to five broad features in this frequency range, oenfmathe 19 narrow
lines measured in this work with the low temperature waveguidd345The narrowest
lines so far measured with the waveguide technique having a ditewfi 7 GHz are at

0.88 and 1.06 THz, indicated in Fig 3.15.

As evident from Fig 3.15 some of the absorption modes especialgrdswhe
higher frequencies are weak and almost disappear into the ramselfl order to bring
out these features a concentrated (8mg/ml) solution was used t@sirtipe film. Fig
3.16 compares the absorbance of the two films. Clearly all therésaare stronger and
the high frequency modes are more clearly evident with mesg lkoming in between 2.2
and 3 THz. Another prominent change is that the second featQré2afHz is missing
and the cluster around 1.25 THz is now merged into one strong resonanice rend

longer clearly resolved. This may be due to the fact that these resonanseshahow
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Table 3.2. Comparison of line center frequencies (THZz) of 24DNT for this study and previouswork [publication P1]

This Study This Study This Study Liu et al. J.Chen et al. Y.Chen et al. Hu et al.
Waveguide Pellet Pellet Pellet (45) Pellet (46) Pellet (47) Pellet (48)
11K 11 K 295K 295 K 295 K 295K 295K

0.58 (0.008) 0.55 (0.034) - 0.43 0.43 - -
0.62 (0.010) 0.63 (0.045) - 0.66 0.66 - -
0.88 (0.007) - - - - - -
1.06 (0.007) 1.07 (0.112) - - - - -
1.12 (0.014) - - - - - -
1.22 (0.043) 1.20 (0.08) 1.06 (0.18) 1.08 1.08 1.08 1.08
1.24 (0.010) - - - - - -
1.46 (0.008) 1.46 (0.10) - - - - -
1.62 (0.012) 1.60 (0.13) - - - - -
1.65 (0.018) - - - - - -
1.70 (0.010) - - - - - -
1.89 (0.008) - - - - - -
1.95 (0.015) 1.92 (0.24) - - - - -
2.03 (0.017) - - - - - -
2.22 (0.009) - - - - - -
2.48 (0.050) - - - - - -
2.77 (0.040) - - - - - -
3.02 (0.130) - - 2.52 2.54 - -
3.46 (0.150) - - - - - -
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Fig 3.15 Comparison of Absorbance for 24DNT pellet and waveguide films. [publircB5]
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associated with short range order and when larger cryseéateraned with a concentrated

solution, they go away. Similar behavior was seen with TCNQ.

24DNT crystallizes in th@21/nspace group with 8 molecules per unit cell [49].
Density functional theory of an isolated molecule [47] has attribtite vibrational
modes in this frequency range to that of phonons. There are 6B-3 phonos mode
predicted for a unit cell containing B molecules, thus for 24DNT 45 phorodes are
anticipated with 21 being infrared range to phonons. Also the low freguen
intermolecular modes also occur in this frequency range. Givea theery predictions
it is not surprising that waveguide THz-TDS revealed 19 modgs Kt It's possible that
high precision THz measurements such as provided here can help theforetical

modeling [14, 50] of THz vibrational spectra in the crystalline state. [puldic&b]

As clear from the above discussion, the limiting factor forfitag@uency resolution
is the reflection from the Si optics in the system. In Chaftare will discuss about
different coupling schemes and how these reflections can be dvandehow one can

fully utilize the capabilities of waveguide THz-TDS.

3.6  4-lodo-4-nitrobiphenyl (4INBP): demonstration of 1 GHz precision in

vibrational line center deter mination

One of the driving reasons to study 4INBP using waveguide Tb&-Was the
fact that this molecule exhibits a series of well resolvedviddal vibrational lines at

cryogenic temperatures. Using the highly resolved 4INBP sprave can demonstrate
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how the high resolution and high sensitivity of the waveguide THz-EDIShique can be

used to determine line-center frequencies to a precision of upto 1 GHz.

Polycrystalline thin films of 4INBP were cast from 2 mg/solutions in
chloroform on copper as well as Al. The optical micrograph of 4IABRY Fig. 3.17
shows a morphology consisting of needlelike microcrystals. ThayXdiffraction
spectrum confirmed the integrity of the 4INBP film and indicdteal strongly preferred
orientations, with th€004) and(020) crystal planes of 4INBP parallel to the plane of the
waveguide surface. The waveguide films were measured at mopetature and the
films did not reveal any noticeable vibrational structure. But uponrgpad 11 K the

films on both Cu as well as Al revealed 10 well separated vibrational features.

The great S/N of the technique allows us to determine the literdeequencies
with a precision as high as 1 GHz. To demonstrate this capabadly sdividual
temporal scan was zero padded to 2667 ps and Fourier transformed abddtimance
calculated for each of these spectral amplitudes. For a 150 ps &rmspan the data
points in the spectrum are separated by 6.7 GHz. Interpolation to 26&5utis in a 0.37

GHz separation between points in the spectrum.

In Fig 3.18 we plot the absorbance spectra of both Cu and Al waeefyund.
The lowest frequency mode of the 4INBP/Cu film generated frewers independent
zero-padded waveforms is plotted in the inset. The uncertaintyOdd £5Hz about the
zero-padded average of 0.8061 GHz is the spectral region thatnsoaliaof the line-

center frequencies of the individual zero-padded absorption spectra and is
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100 microns

Fig 3.17 Optical micrograph showing needlelike morphology for the 4INBP on Al PP\&®.pl

[publication P6]
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Table3.3. 4INBP line center frequencies and uncertaintiesfor filmsand pellet

sample. FWHM linewidthsarein parenthesis. All valuesare given in THz. [P6]

4INBP/A 4INBP/Cu Pellet
11K 12 K 12 K
0.8061 + .0005 0.8059 + .0005 0.820
(0.008) (0.010) (0.032)
1.3178 + .0005 1.3178 + .001 1.29
(0.010) (0.013)
1.4243 + 0006 1.4243 + .0007 -
(0.008) (0.010)
1.6845 + .0005 1.685 + .0015 1.67
(0.011) (0.021)
1.8450 + .0009 1.8443 + .001 1.82
(0.014) (0.018) (0.076)
2.2425 + 0009 2.241 + .0015 2.20
(0.016) (0.021)
- 2.482 2.32
2.533 +.002 2.535 +.001 -
(0.017)
2.7716 + .0015 2.769 + .0025 2.68
(0.013) (0.020) (0.10)
3.0060 +.003 3.006 + .005 2.93
(0.016) (0.030) (0.12)
3.183 +.005 3.183 +.005 3.08
(0.025) (0.032) (0.13)
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illustrated in the inset. The precision is dependent on the S/N aricheiadth. Larger

S/N and narrower linewidths result in increased precision.

This high precision in the measurement of the line centers gasulemarkable
reproducibility of the data for independent film measurements. Thelara® spectra
depicted in Fig 3.18 shows data where 4INBP/Cu was prepared andtehaea more
than one year after the 4INBP/AIl. One difference betweernwtbedaita sets is a shorter
scan time of 100 ps for 4INBP/Cu (due to an interfering reflacfor this film),
compared with 150 ps for 4INBP/Al. Both spectra were obtained hypaaiding the
temporal scans. The line-center frequencies and FWHM linewidéhswemmarized in

Table 3.3.

Fig 3.18 and the data in Table 3.3 clearly demonstrate the higitduegyility of
the techniquewhere most of the line-center frequencies for the two fdgree to within
1 GHz. There is one deviation, where a small and relativelyddesture appears in the
4INBP/Cu spectrum but not in the 4INBP/AlI spectrum. We also nwote general
agreement in relative line intensities exhibited by the twosfilThe broader linewidths
for 4INBP/Cu is due to its shorter temporal scan. The minor w@r&in relative line
intensities, linewidths, and extra feature in 4INBP/Cu areylidleke to slight variations in

the polycrystalline properties of the two films produced by drop casting. [P6]
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3.7  Substrateindependence of THz vibrational modesin waveguide THz-TDS

The key requirement to achieve line narrowing within a PPWG wsawgguide
THz-TDS is the ability to cast a polycrystalline film of the analytéh@nmetal surface of
one of the plates comprising the PPWG. The film so formed on #tal surface has a
high degree of planar order and this significantly reduces inhamogs broadening
which plagues the traditional pellet samples used in the far ieftaand THz-TDS
techniques. The increased resolution and narrower features oftenimeswignificant
increase in the wealth of vibrational data that can be obtaired far infra red

spectroscopy.

But given the fact that metals are reactive and when inisolutadily give out
ions, make them a reactive substrate for growing sample fifaesce, there may be
chances that metal ions get incorporated in the crystallitieelaif the polycrystalline
film formed on the metal surface. But, it is our assumption tiekthd of incorporation,
even if it occurs is limited to the few thin initial layerstbé polycrystalline layer which
comes in contact with the metal surface and is not entirebugfmout the crystalline
lattice. A recent article by C. Guadarrama -Perez etmdel and analyze the
crystallization of the molecule RDX on the Al surface. In thisgpathe authors predict
the formation of metal-RDX complex mediated by the oxygen-Al bonigiading to the
formation of RDX-Al complex which also results in a conformalngeawithin the RDX
molecule. The authors then predict that this resultant interastione of the reasons for
the additional modes resolved using the waveguide THz-TDS technique Eit]in
recent studies conducted by us, RDX was characterized usingatlegude THz-TDS

technique on two different substrates namely Au coated Cu and Al, andavee
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observed that the THz vibrational spectrum does not change, indittzindpere was no
evidence of interaction between the substrate (Al) and RDX fisigni enough to
influence the THz measurement.[P6] Our only case of metaltenalteraction was
observed with tryptophan on Cu during our earlier attempts to charactaalogical
samples, wherein the white crystalline films turned greenesimg an interaction with
Cu. This reaction was observed only when water was used as a sawdnthe
crystallization process occurred over a period of few hours (tdaysome cases),
compared to less than a minute for a solution made from volstileents like
chloroform, acetone or any alcohol. This increased contact time dretiine metal
substrate and the solvent and the fact that the solvent was aratsome of the reasons
for the interaction with Cu. We found that the incorporation of Cu ioretlgraffects the
THz spectrum and only one of the four resonances observed at 77 K suiihiges.
specific reaction to Cu was isolated and never happened whenike\sabtent was used
or when Al was used as a substrate [P3]. When tryptophan filnesewcast from a
methanol solution, no color change or interaction was observed. Moretwesr tive
tryptophan films where cast from water, as well as methanalieo$ on an Al substrate,
the two sets of absorption lines matched, showing no significanal-an&lyte

interaction. [P3]

In order to address this aspect of solvent, sample and substeatection, a
detailed experimental investigation of whether or not thereyisastrate dependence of
the observed vibrational modes with waveguide THz-TDS was donader to study
the substrate dependence of the vibrational modes, three differaaitsudaces were

chosen namely gold, copper and aluminum. In addition, these three matalicates
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were compared to two neutral substrates, a dielectriqu®.8hick Mylar) coated
aluminum waveguide plate and a self-assembled mono layer (SAM)vatged Au
coated Si insert incorporated within a Cu PPWG. These two péssisubstrates
represent two different passivation techniques namely a simptbameal passivation
using a dielectric and the other a much more controlled, molecutdisgEassivation
through SAMs. The well-ordered arrays and ease of functionalizatitimeafintethered
end of the molecule, makes SAMs ideal for substrate passivatiocaanalso provide a
controlled crystal nucleation center and facilitate better aiemt of the polycrystalline
layer. The SAM used here is cast from 11-hydroxy-undecanethioh dhuecoated Si
chip. The sulphur end of the molecule bonds with the Au surface wherehgdtioxyl
end faces away from the Au surface and forms an ordered monolajieyliSacid is
chosen as a test material as it is known have distinct and well separatédnabraodes
at THz frequencies and for the ease with which it crysealio form a polycrystalline
film using the dropcasting technique. Four different substratesiyaheCu, Au and a
dielectric (2.5um thick mylar) are used to cast the polycrystalline filmsyé&tystalline
thin films were cast on these substrates from a 10mg/nalybalacid/acetone solution.
The PPWG was reassembled in each case and the test carrigginguthe procedure
described earlier. For the case of the mylar the waveguide was assesndtesva in Fig
3.19. Each of the waveguides were cooled to 13 K using a He cryo codldrear THz

absorption spectrum was compared.

The amplitude transmission through the PPWGs made of four differaetials
namely Al, Cu, Au coated Cu and mylar coated Al, and with no sampj¢ace are

compared in Fig 3.19. All the metal PPWGs exhibit good TEM mode propagation, with a
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spectral throughput extending all the way up to 4 THz. The Ateddau PPWG has the
maximum spectral amplitude transmission. The mylar coated PBWgorts single
TEM mode propagation and only introduces a minor dispersion and broadband
absorption above 1 THz due to the Rr& thick layer. The high frequency components
are attenuated by the mylar layer, and we obtain measuraplgual® transmission only

up to 2.5 THz. But the clean TEM mode propagation through this PPWG prowrdas f

easy way to make a neutral substrate for waveguide THz-TDS.

The absorbance spectrum extracted from each measuremeotllacted and
compared in Fig 3.21. As evident from the data (13 K) shown in Fig 3.2hawe
achieved a remarkable reproducibility of the vibrational modes fbrsabstrates
including mylar and SAM, suggesting that no metal-analyte interaciccurs and the
modes observed are indeed that of the analyte (salicylic atidjdér to further confirm
these results the comparison of microcrystals on the various sebsaad XRD
measurements of each of these films was performed to \keily crystal structure and
orientation with respect to the substrate. The optical microgm@iphese films on all the
substrates are shown in Fig 3.22. Comparing the optical micrographisrotrystals of
salicylic acid on each of the substrates, we can see a sinoitayity in the microcrystal
shape and sizes. Clusters of thin, long, needle like crystagngthl ~200-30Qum are
obtained. This similarity is confirmed by the XRD data whichveh@n identical @
spectrum. The XRD data is presented in Fig 3.23. Salicylic agistatlizes in the
monoclinic system having a space grdvgil/awith 4 molecules per unit cell [53]. The
films on all the substrates show strong orientation along(1t@) direction with a

corresponding strong peak at 10.968d the next stronger peak at 17.@@rresponding
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Fig 3.21 Comparison of the THz vibrational modes for salicylic acid obtained wgwveguide
THz-TDS for different substrates within the PPWG. The absorbancegrshifted vertically

for better clarity. [publication P12]
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Fig 3.22 Optical micrographs of salicylic acid dropcast films on four déffiéisubstrates namely

Cu, Mylar, Au and Al. Scale bar applies to all the micrographs.[publicafigh P
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to the (210) planes. We also see very weak peaks at 151274, 17.56, 28.02 and
33.34which closely match to the data base values observed for pundisalizd. Upon
careful observation we see that except in the case of miykaeakRD results match up
very well suggesting similar crystalline structure and oaigéorh. For mylar we observe a
broad scattering peak centered arourtla?id it is probably due to the mylar itself. Apart
from this all the other lines match up and suggest simijataliine environment for all

the films which is also confirmed by the THz data.

The results of this controlled experiment for salicylic acil @nsistent with our
previous observations of substrate independence of organic films on diffeetalk
surfaces. The results presented here indicate that in mostdtagegg the crystallization
of the analyte on the metal surface there is minimal ictiera with the metal surface.
Moreover, the metals usually used for waveguide THz-TDS, Al amdr€ known to
develop an oxide passivation layer which is few atomic layerk Wien exposed to the
atmosphere. Also, before dropcasting any sample, the waveguide grlateleaned in
oxygen plasma, to form an oxide passivation layer on the metacsurFrom the
literature, it is known that exposing a Cu surface to oxygen pldemabout 15 min
generates an oxide layer of the order of 50 nm. Since, the Cu plabes case were
oxygen plasma treated for 2 minutes, this oxide layer should be ofdke of few nm.
[52].Also, even if there is some metal analyte interactias,our understanding that it is
restricted to the layers within the interfacial region betwthe substrate and analyte and
does not influence the subsequent layers which crystallize ovEhet.THz radiation
transmitted through the waveguide does not respond to these initas,layhich is

clearly evident from the waveguide data.
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Chapter 4

Characterization of polycrystalline films
of molecular solids using high resolution
Waveguide THz-TDS

4.1 | ntroduction

This chapter presents the work done in applying the technique of hghti@s
waveguide THz-TDS to characterize a wide array of moleaaeging from organic,
biological, pharmaceutical and explosive compounds in the form of padigtirys solid
state films. This is done to show the versatility of the technigueharacterizing
molecular samples belonging to all classes and establial @ new tool for high
resolution spectroscopy. The molecules chosen for this demonstratidheaorganic
molecules Tris and melamine, biological molecules deoxycytidiné B-glucose,
pharmaceutical molecule aspirin and explosive RDX. These moldtavesbeen chosen
based on their known activity in the THz frequency domain and assespatives of
different types of molecules which are usually studied usingnfea red spectroscopy.
Far infrared studies of some of these molecules have been repditechture. Applying

the waveguide THz-TDS technique, the most precise and narrow linewidth absorption
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spectrum to date of these molecules is obtained and facilitatestablishing a very

accurate vibrational spectral fingerprint. [publications P1-P12]

4.2  Organic molecules

4.2.1 Melamine — harmful food additive

Food additives are substances added to food during the manufactaoceggfor
its preservation and in some rare cases to mimic the preséncertain nutrients.
However, some of them are harmful when accumulated in our bodyexanple
saccharin is often added to soft drinks and ice cream and has been proven to caese uterin
cancer in rats. Thiabendazole and o-phenyl phenol, which are presss\aften applied
on the surfaces of grapes, bananas, and lemons, are reported todndunesomal
aberrations in mice. EDTA-2Na (ethylenediaminetetraacetwod adisodium salt
dehydrate) is often added to mayonnaise and canned food and resggesisthat it is

related to low blood pressure and digestive trouble when consumed regularly [54].

In the summer of 2008, it was found that a harmful organic mateai&d
melamine was being added to pet food, milk powder and even chocolate Eainikie
and its derivatives are of great interest for industrial appicst Melamine is combined
with formaldehyde to produce melamine resin, a very durable thetiimgsplastic. It is
also often added to polymers such as nylon to improve its Bistaace and mechanical
properties [56]. These molecules are rich in nitrogen and are knovehetse nitrogen
when burnt or charred, which helps in retarding fires. Since thesdaztiemre nitrogen
rich they are found to be added to food items to mimic the presémpeeteins. Ingestion

of melamine in pets and cattle is known to lead to serious heattidelis related to the
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reproductive system and kidney and in some cases lead to deathtl\R#éwre have
been many reports about deaths of many babies who consumed meknteae milk
powder in China [57]. In order to aid its detection and identificatiois, holecule has

been characterized using the pellet technique as well as waveguideDS1z-T

The melamine pellet was prepared by mixing 25 mg of melamirg30 mg of
polyethylene host and compressing the resultant powder mixture patheh The THz
transmission of this pellet was measured in a standard THzseRP at 295 K and 77
K. The polycrystalline melamine film was prepared by dropegdtiom a water solution
onto a polished copper waveguide plate. Many concentrations and solveatsi@etin
order to obtain a suitable and working polycrystalline film for vgavmgée THz-TDS. It
was found that dropcasting from a saturated solution (10mg/ml) ainmred in de-
ionized water yielded a very thick highly crystalline film @n@scopic triangular
crystals). The optical microscope image of the film is showiig 3.6. But this film was
too thick to fit in to a 5Qum gap in the waveguide. Hence a @@0gap was used. But
this film despite being crystalline, when examined in a THz-T&%up yielded a
featureless transmission spectrum at 295 K as shown in Fig 4.1. Oplimgcto 77 K a
very weak evidence of a absorption feature emerges around 1.8 andi2.ITHis
suggested that the absorption spectrum of melamine is highly depemdemtrocrystal

size as well as orientation on the metal surface (long/short rangal onyisr).

A 100 pl dropcast from a 2.1 mg/ml solution in de-ionized water was found to
yield an ideal thin polycrystalline film (see Fig 4.2 (inseyhich easily fit within the

desirable 50m gap of the Cu PPWG. The metal sample plate was then incorporated into
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Fig 4.1 (Inset) Optical micrograph of polycrystalline melamine film dropcast feoooncentrated

solution (10mg/ml). Corresponding THz transmission spectrum at 295 and 77 K.
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Fig 4.2 (a) Spectra of THz pulses transmitted through melamine pellet at 295 K #hd 77
respectively(b) Absorbance Spectrum of melamine pellet at 7fcKSpectra of THz pulses
transmitted through waveguide containing melamine film at 295 K and 7 pEatesely.l nset
shows optical micrograph of the melamine film on Cu wavegyijeAbsorbance spectrum of

waveguide film at 77 K. [publication P11]
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a parallel plate waveguide with a pth gap between the plates. The THz transmission of
the melamine PPWG was measured both at 295 K and at 77 K. Theudmglitectra of
the THz pulses transmitted through the melamine pellet at 288dK77 K is shown in
Fig 4.2 (a). The absorbance spectrum at 77 K is shown in Fig 4.2wo).spectral
features are seen at 1.98 THz and 2.25 THz at 295 K, which have lméougly
reported at the same frequencies [58]. These lines margstelpen when cooled to 77

K. The FWHM linewidths at 77 K are 150 GHz at 2.1 THz and 180 GHz at 2.39 THz.

In contrast the transmission spectrum of the waveguide film eshsbiarper
features at 2.01 THz and 2.26 THz, even at 295 K. Cooling of the waveguideK
yields dramatic sharpening of these features resultingionsharp spectral features at
2.12 THz and 2.41 THz, each having a FWHM linewidth of 37 GHz. Isis abserved
that the spectral features both in the pellet as well as @aveguide film shift by more
than 100 GHz to higher frequencies upon cooling to 77 K. A similar stroagthift to

higher frequencies with decrease in temperature was observed in 1,20CB [P1

This application of waveguide THz-TDS to melamine shows thdtag the
potential to generate well resolved absorption features and cardb@sign important
experimental technique to establish high resolution spectral fimgais to aid in its

detection. [publication P11]
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4.2.2 Tris (hydroxymethyl) aminomethane - temperature dependdmeecenters of

vibrational modes

Tris (hydroxymethyl) aminomethane (Tris) is an amino alcoRkt@resively used
in biochemistry and molecular biology as a component of buffer solutions its first
introduction by Gomori in 1946 [59-60]. Commonly known as Tris or THAM, iais
stable white crystalline powder having high solubility in watenc8iits first use as a
buffer component, this molecule has proven to have other important dppksauch as
in the field of medicine as well as in thermal energy stof&des2].Tris is used as a
component of buffer solutions, such as in TAE (Tris-acetate-EDTW) BBE (Tris-
borate-EDTA) buffer, especially for solutions of nucleic acidss Tias a pKa of 8.06,
which implies that the buffer has an effective pH range of [63-6b¢ useful buffer
range for Tris of 7-9 coincides with the typical physiological pH of mestdiorganisms
[59-60]. This and its low cost make Tris one of the most importanetsufised in
biology and biochemistry [62-66]. This widely used buffering agestatso been shown
to act as an inhibitor of acetocholine, a neurotransmitter found in thetlperipheral
nervous system and the central nervous system in many organismdingdiumans. At
concentrations ranging from 5 to 10 mM, it has been demonstrated tmifuas a potent
inhibitor of both excitatory and inhibitory responses to iontophoreticatiplied
acetylcholine [65, 67]. More recently, Tris has been used in thk dfemedicine as a

drug to cure metabolic acidosis in acute lung injury [61, 62, 68].

This molecule was chosen to be studied as a consequence of outsatsm
studying bacteriorhodopsin thin films in the waveguide. Bacteriorhadopss
suspended in a TRIS buffer solution. When it was attempted to dr@ppasicrystalline
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thin film of bacteriorhodopsin, a white crystalline substance ptatga out.
Bacteriorhodopsin is a purple colored membranous substance and cleanyhite
crystals which precipitated out were not bacteriorhodopsin. The lmabttbpsin
suspension consisted of the Tris buffer as well as some amountro$esueft behind
from its extraction. Hence, the decision was made to chawmctiars. Also, Tris being a
common buffer component used in many biological samples, it's impdaadmow its
THz vibrational response (far-infrared modes) to avoid erroneoushassng of modes
belonging to Tris to that of the actual sample being studied.eBadtodopsin itself
when measured in the waveguide, never showed any features and bnbadband
absorption was obtained. Bacteriorhodopsin being a membrane proleiows to be
active in the THz region and calculations have shown that this ulelkas very closely
placed vibrational modes. This also may be one of the reasonsd@xpress continuum

absorption behavior.

Tris (99% pure) in white crystalline powder form was purchasenoh fSigma
Aldrich and was used without further purification. Tris pelletsenmade by mixing 330
mg of polyethylene powder with 20 mg of Tris, and the mixture wesspd into pellets
of thickness 2 mm and diameter 1 cm. For the films used within RNVéQ the inner
surface of the waveguide plate was first cleansed with sochrehthen plasma-cleaned
before casting the films. Two different film preparation techrsguamely, dropcasting
and sublimation were employed to get different microcrystal nobogies on the
waveguide plates. Dropcasting from a solution of the sample gavesuapic crystals,
whereas sublimation yielded a uniform film with very small nmécystals. The dropcast

film was made by placing200ul of Tris solution in water (10 mg/ml) on the polished
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Fig 4.3 Optical micrographs of the Tris dropcast film on @lgft panel) and the sublimated film

on the(right panel). [publication P8]
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inner surface of the Al waveguide plate. The solution was alloweddporate overnight
to obtain a planar distribution of fairly large microcrystals the waveguide plate.
Following evaporation, the relatively thick areas of the film gltime outer edges were
removed using a solvent soaked swab to leave a visually uniformAlternatively,

~100-200ug of the sample was placed in a glass sublimation unit, with theguale

plate attached to the cold finger. The unit was then evacuated arftetited to deposit a
uniform film of Tris on the waveguide plate. Similar to the degtdilm, the outer edges
were swabbed to obtain a rectangular patch of uniform film. iaghod yielded very
small sized microcrystals, in comparison to the dropcast techniGe. optical

micrographs of both films are shown in Fig 4.3. A typical film snags estimated to be
~ 60 - 80ug. All the samples, the pellet as well as the waveguide fiere then cooled

to 13.6 K and the temperature dependent THz absorption spectrum was recorded.

Fig 4.4 shows the amplitude spectrum transmitted through the pslieell a
dropcast film in the waveguide at 13.6 K. The transmission throhghpellet had
spectral components all the way up to 4 THz (fig 4.4 (a)). Thesrmession spectra at
room temperature showed the presence of four absorption features at 1.23, 1.45, 1.75, and
2.11 THz. At 13.6 K, these features showed minimal narrowing and detteiofme
features at 1.31, 1.57, 1.76, and 3.14 THz. The narrowest feature at 13.6 K\Wativa

linewidth of 150 GHz for the 1.76 THz line.

For the waveguide film, as evident from the temporal data whilbiés a long
ringing tail extending all the way upto 130 ps, many sharp resesan the frequency
domain were observed. The transmission through the waveguide baalspamponents
extending all the way up to 4 THz, as shown in Fig 4.4 (b). The transmission spectra at
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Fig 4.4 Output terahertz amplitude spectrum of Tris pélgand Tris film within an aluminum
PPWG(b) at 13.6 Kinset: Time domain trace of the terahertz pulse through the Tris pellet at

13.6 K. [publication P8]
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room temperature showed the presence of three absorption featigslar8, and 2.22
THz. In contrast to the pellets, upon cooling the waveguide film to 13.8aKous
thermal broadening mechanisms were quenched, and the transmisston epaved to

reveal 12 highly resolved and narrow resonance features, as shown in Fig 4.4 (b).

Fig 4.5 compares the absorbance spectra at 13.6 K for sublimatedopedstr
films and clearly compares the difference in evolution of sdefdedures for both the
films with temperature. The sublimated film does not show resonatce808, 2.064,
2.489, and 3.640 THz. The features at 2.173, 2.392, and 2.712 THz with linewidths 39,
25, and 39 GHz are broader than the corresponding features seen witsdfibpcat
2.142, 2.393, and 2.691 THz with linewidths 27, 39, and 27 GHz, but the sublimated film
shows three features that do not show up in the dropcast film: nan&l$29, the broad
feature at 1.92, and 3.471 THz. At 13.6 K, the cluster of lines around 156%e$blves
into only two features at 1.655 and 1.706 THz with linewidths of 17 and 23 &Gtz i
dropcast film, whereas in the sublimated film, the cluster vesointo three features
atl.629, 1.647, and 1.70 THz with linewidths of 15, 12, and 20 GHz, respectively. The
line at 1.647 THz is the narrowekving an FWHM linewidth of 12 GHz. The line at

2.484 THz in the sublimated film is very weak as compared to its dropcast counterpart.

Sublimated films are composed of microcrystals that are mmeltles than the
ones obtained by dropcast, as evident from Fig 4.3. The disappearanceeocbfstima
modes in the sublimated film may be due to the fact that thesesmaoelelependent on
the long range order of crystallinity as we had discusseld thi¢ case of TCNQ in
chapter 3. There is also a possibility that when the thin fdfriBris are formed by the

two different methods, the microcrystals may be oriented slightly iftrin the two
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Fig 4.5 Comparison of the absorbance of dropcast and sublimated Tris thin fils avit
polished aluminum PPWG at 13.6 K. The colored bands indicate the différemesen the two

absorbance spectra. [publication P8]
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Table4.1: Line-center frequenciesand FWHM linewidths (within parentheses) for
the TrisPellet and Tris Film Samples® [publication P8]

Pellet Dropcast film ° Sublimated film ®
295 K 13K 295 K 13.6K 295 K 13.6K
1.23 1.31% - 1.308(0.021) - -

- - - - - 1.629(0.015)
1.45 (0.21) 1.57(0.16) 1.50 (0.07) 1.655(0.017)  1.51(0.07) 1.647(0.012)
1.78'  1.76(0.15) 1.78(0.12) 1.706(0.023)  1.80(0.14) 1.701(0.020)

- - - - - 1.918(0.165)

- - - 2.064" - -

- - - 2.142(0.027) - 2.173(0.039)

- : - 2.181%" - 2.246"
2.11(0.21) - 2.22(0.21) 2.393(0.039)  2.14 (0.18)392 (0.025)

- - - 2.489(0.040) - 2.48%

- - - 2.691(0.027) - 2.712 (0.039)

- 3.14" - 3.176(0.026) - 3.177 (0.031)

- - - 3.465" - 3.471 (0.033)

. : . 3.640(0.083) - -

& All values are in THz
P “w" represents weak absorption line. “sh” represents shoulder.
[P8]
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films, and consequently, some of these modes, such as 1.308 and 2.484 THz in t
sublimated film, may be diminished or totally absent due to theipalimn dependence

of the modes with respect to the propagating THz field.

Temperature dependence of THz vibrational modes:

The temperature dependence of the THz vibrational modes foukenated
film and the dropcast film is shown in Fig 4.6. It is clear fittva figure that the spectral
features undergo a frequency shift upon cooling. This frequency shifbentowards the
high frequency side called thblue shift”, or towards the low frequencies called the

“red shift”.

The features beyond 1.704 THz experience very negligible frequsdmity For
the two specific resonances at 1.656 and 1.704 THz (at 13.6 K), the frecgleftiag
large but of a different sign. The resonance at 1.656 THz is sddnetshiftfrom its
room temperature value of 1.50 THz, and the one at 1.704 THz undergeesshift
from 1.78 THz. This opposite shift of these two adjacent resona@cé=arly tracked in
Fig 4.6. The fractional shift in frequency of these two resondiocetropcast as well as
sublimated films is summarized in Fig 4.7. This fractional $bift..656 THz (blue shift)
and 1.704 THz (red shift) is seen to follow a quadratic dependenbechdtnge in

temperature.

In previous work, [65, 69] Tris has been shown to crystallize in the adhdric
system havindg®n2a space group with four molecules per unit cell. Tris crystalliizes
layered structure with strong hydrogen bonding within each lagdrweak hydrogen

bonds between layers. The blue frequency shift is, in part, due to compression of the
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crystalline lattice upon cooling, which results in a steeper nrmdkscular potential.
Anharmonicity of the vibrational modes may also contribute to th# Bf0]. The

anomalous red shifting with cooling temperatures has been reportedrmie hydrogen
bonding solids and has been interpreted to be due to weak intermoleccdgr (fvan der
Waals forces) that soften the vibrational potential as the tatuype is lowered [71,72].
The extensive hydrogen bonding within the crystal lattice witferdintial hydrogen
bonding strengths within the plane compared to between planes is cedsiolgrlay a

role in the red shift of resonances [71, 72]. [publication P8]

4.3  Biological molecules

4.3.1 Deoxycytidine

Deoxycytidine (dC) is a deoxyribonucleoside and is one of the buibdous of
the DNA. They are nucleosides containing a deoxyribose componengieattto them.
The other deoxyribonucleosides are deoxyadenosine, deoxyguanosine, thyamdine
deoxyuridine. dC is chosen here to represent this class of bidlogatecules and to
show that the waveguide technique can be successfully used ts gejhtresolution

vibrational spectrum

The dC film was prepared by drop-casting a 12 mg/ml solutialeionized (DI)
water onto an optically polished, plasma-cleaned Cu waveguide plsetrdnsmitted
spectrum through the dC film at 295 K and 77 K is shown in fig 4.8. Thetrgpeat
room temperature is featureless and does not show any evidetiee presence of any
vibrational modes and is almost similar to the transmission of a bare waveguide with a
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Fig 4.8 Measured transmitted spectrum for deoxycytidine films at 295 K and 77 K. The
featureless spectrum at 295 K is compared to the transmission through pvergguide.

[publication P3]
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Table4.2: Comparison of absorption linefrequenciesfor deoxycytidine studied by

waveguide THz-TDS and two other groups [publication P3]

Waveguide Fischer et al. Lietal.
THz-TDS 10K 10K
77K

- 0.85 (0.05) -

- 1.55 (0.07) 1.54 (n.o.)
1.62 (0.02) - -
1.78 (0.03) 1.75 (0.10) -
2.09 (0.05) 2.09 (0.13) -
2.17 (0.03) - -
2.30 (0.04) 2.35 (0.09) -
2.48 (0.04) 2.5 (0.06) 2.43 (n.0.)
2.76 (0.04) - 2.76 (n.0.)

- 2.82 (0.06) -

Values in parentheses are the FWHM linewidths. Both frequencies awitlling are given in
THz. Frequencies for Fischer et al. [73] and linewidths for botheefess [74] are estimated
from corresponding figure. n.o - linewidths not obtainable.
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broadband absorption. But upon cooling to 77 K a dramatic change is seenoagd str
sharp absorption features appear. The absorption lines sharpen sigyifiaad
linewidths of 20 — 50 GHz is measured for the observed features. aGuiber
observation made during the study was that these modes are hegldgdeént on the
surface morphology of the film suggesting that these modes aranter molecular in
nature. The morphology of the film depended strongly on the humidity, thathbest

results resulting from the film drying in a high humidity environment (~ 80%).

dC has been studied previously in pellet form at 10 K by Fisctadr @3] and Li
et al. [74] The absorption line frequencies observed using waveguideTDBH is
compared to those obtained by these studies in Table 4.2. From thé isldkear that
the waveguide data obtained doesn’t fully agree with the data atth@ st two lines
observed by Fischer et. al is missing in the waveguide data at 77 K. trobablyrgot to
do with the additional cooling required to resolve and develop thesenlittesaveguide
THz-TDS. For many samples we have observed that cooling to 10 #hdbex7 K
produces dramatic effects and resolution of many vibrational &satWwhen these
sample films were measured the capability to cool to 10 Khiwvasplace and provided
by the fact that the sample films of dC are very tough to nmefkarts to cool to 10 K
wasn’t made. If the dC waveguide films were cooled to 10 K, éxected that much

more vibrational data could be resolved than that observed at 77 K. [publication P3]
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4.3.2 D-Glucose

The D-Glucose film was prepared by sublimation onto an optigadlished,
water cooled Al waveguide plate. Attempts at making dropcasts fifrom water
solutions often resulted in amorphous glassy looking films, which showetisesvable
spectral features. The spectrum of the transmitted THz phisegh the waveguide
containing sublimed film is shown in Fig. 4.9. Three absorption lineolserved at

1.89, 2.11, and 2.57 THz at 295 K.

The observed absorption features do not agree with previous results Ba dry
glucose [75-77], but they agree with the absorption features obseitredglucose
monohydrate [78]. This might be due to the fact that the D-Glucose films \eted to
sit at ambient humidity for several hours before any hint ofvikible crystal structure
appeared in the films. This exposure to ambient humidity cleadlytdewater getting
incorporated into the D-glucose film after sublimation resulting ydrated D-glucose
film. On cooling to 77 K these 4 resonances significantly narrowIddrequency line
at 1.89 THz appears to red shift to 1.65 THz, while the rest blue 2méw resonances

are resolved at around 1.67 and 2.46 THz at 77 K. [publication P3]
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Fig4.9 Spectra of THz transmitted through the waveguide with D- gluclsé€Hydrated).
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normalized to unity. [publication P3]
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4.4 Phar maceutical molecules

4.4.1 Salicylic acid and Aspirin

Aspirin and its precursor salicylic acid (2-hydroxy benzait)acome under the
category of small organic molecules having important applicationsbiology,
pharmaceutical and cosmetic industry. Salicylic acid is well kntw its use in acne
treatments and is a constituent of many skin creams and beaudlyci® apart from
being a precursor to the synthesis. Aspirin (acetylsalicylid)as a very popular and
well studied drug, used primarily as an analgesic, antipyretic, aodalblood thinning

(antiplatelet). The chemical structures for both the molecules are showgriai

The salicylic (2-hydroxybenzoic) acid waveguide film wagpared by drop
casting a 10 mg/ml acetone solution onto a polished Cu waveguide plake,the
aspirin waveguide film was prepared by drop casting a 27 mgéthanol solution onto
a polished Cu waveguide plate. The pellets for both the samples maxe from a
28:330 mg mixture of analyte to polyethylene. The optical mieq@ug of the dropcast
films for salicylic acid and aspirin are presented in Fig 4.11h Bofages confirm the

presence of a good crystalline film on the waveguide surface.

The absorbance of the waveguide films of both these compounds obtained using
the pellet technique as well as the waveguide technique is camipafeégs 4.12 and
4.13. Also the vibrational lines observed for both the samples alohgtlvair FWHM

linewidths is collected in Table. 4.3.
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OH

Fig 4.10 Chemical structure df) Salicylic acid andb) Aspirin

100pum

Fig 4.11 Optical micrographs df) Salicylic acid andb) Aspirin [publication P4]

Table4.3: Absorbancelinefrequenciesand FWHM linewidths (in parentheses) in

THzat 77 K for salicylic acid and aspirin. [publication P4]

Salicylic Acid Aspirin
Pellet Waveguide Pellet Waveguide
1.21 (0.05) 1.23 (0.04) - 1.11 (0.05)
1.53 (0.04) 1.55 (0.03) 1.68 (0.25) 1.87 (0.06)
1.77 (0.05) 1.79 (0.06) 2.14 (0.37) 2.17 (0.06)
2.00 (0.06) 2.04 (0.07) - 2.35 (0.11)
2.21 (0.10) 2.25 (0.07) - 2.49 (0.05)
2.39 (0.06) 2.42 (0.04) - 2.87 (0.12)
2.52 (0.12) 2.56 (0.07) - 3.34 (0.23)
2.91 (0.10) - - 3.69 (0.11)
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Fig 4.12 Absorbance oftop) salicylic acid pellet an¢bottom) salicylic acid film in the

waveguide at 77K [publication P4] .
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Fig 4.13 Absorbance oftop) Aspirin pellet andbottom) Aspirin film in the Cu waveguide at

77K [publication P4]
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For salicylic acid the cooled waveguide film reveals Tuies with linewidths ranging
from 40 — 80 GHz. With the pellet the four features between 2.0 and 2.%Véilap
somewhat, while with the waveguide they are distinct (sed ER). The lines at 2.2 and
2.5 THz for the waveguide film have a linewidth approximately orietha value of the
corresponding line in the pellet and are better resolved in theguale. The relative
intensities of the absorption lines differ between the pelletth@dvaveguide. This is
probably due to the greater planar ordering of the microcrystalthe metal surface,
resulting in the electric dipoles associated with the absorptres Ihaving a fixed
orientation with respect to the THz electric field within thaveguide, in contrast to
random orientations for the pellet. In particular, the 2.2 THzisirstrongly enhanced for
the waveguide, while the 2.9 THz line has vanished, suggestinghthabrresponding
molecular dipole might be along the waveguide surface (i.e., pegodenrdio the THz
electric field). For aspirin, a substantial line narrowing for the wawne film is observed
in comparison to the pellet. The pellet reveals just 2 two broadrésaat 77 K. But with
the waveguide eight narrow features with linewidths rangiagn f50 — 230 GHz. all of
these lines have been observed in previous work [79], but with considertibherdi
relative amplitudes. The line centers and linewidths for bothy$ialiacid and aspirin

samples are collected in Table 3. [publication P4]
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45  Explosivesand energetic materials

45.1 RDX - Cyclotrimethylene-trinitramine

RDX and acronym for Research Department eXplosive is arogxpl nitro
amine widely used by the military and in industrial applicatiotsschemical name is
Cyclotrimethylenetrinitramine. It is a white crystallinelid, which is stable in storage
and as an explosive used in mixtures with other explosives anctiglkasti It is one of
the high explosives used by the military. One of the promisingagigins of THz-TDS
is the detection and identification of explosive materials. Inrdiatethat to happen one
needs a database of spectral finger prints, to which data onlthedirebe compared, to
make an unambiguous identification. So, using waveguide THz-TDSlénsnstrated

that a high resolution spectral fingerprint can be obtained for this class pbuods.

Thin polycrystalline films of RDX were formed by dropcastifigm volatile
solutions. RDX standard solutions (1 mg/ml in 1:1 acetonitrile:metharek purchased
from Accustandards Inc., and concentrated to 2 mg/ml by slow evapotander a
vented chemical hood. 2pl0of the concentrated solution was dropcast on the surface of
Au coated Al and Al waveguide plates. An optical micrograph of the RDXon an
Au-coated waveguide plate is shown in Fig 4.14 and reveals a cordpleditic

morphology for the film. A similar morphology is observed for RDX on Al.

The stable polymorph of the explosive solid RDX crystallizehénspace group

Pbcag with eight molecules per unit cell (Z=8) [80]. The X-ray diffraction spectrum of
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100 microns

Fig 4.14 Optical micrograph showing a dendritic morphology for the RDX on Au. [pattin

P6]
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RDX on both metal surfaces showed several peaks, all of which cowddsigned to
crystal planes of thébca unit cell, and confirmed that the film contained a single
polymorph. The strongest diffraction peaks came fron(1té&), (200), (201)and (021)
planes. Because of the presence of multiple diffraction peakenatude that the RDX
film is not as highly oriented as other molecular films thatew@ade by dropcasting,
where the X-ray diffraction spectrum was dominated by diffoactrom a single crystal

plane [80, P2].

Both the films on Au as well as Al were incorporated withinRP&Gs and their
transmission spectrum was measured as a function of tempefdtareaveguides were
cooled to 13 K. The temperature dependent evolution of the transmissaruspéor
both the films is shown in fig 4.15. Both the films reveal a broadrpben at room
temperature which evolves into 21 lines at 13 K. The transmission thritugg Al
waveguide had more bandwidth compared to the Au waveguide and hence hesore |

could be resolved for the Al waveguide film.

Fig 4.16 compares the absorbance spectra of the two filmskattd. & digitally
reproduced data of a pellet from a reference [81]. The line-ckatprencies and FWHM
linewidths are collected in Table 4.4. The spectra of the twosfishow general
agreement in terms of the number of lines, line frequencies, and relative iaserAditof
the major lines are observed in both absorbance spectra at meadgme line-center
frequencies. The higher signal to noise for RDX/Al permitsottservation of vibrational
lines beyond 3 THz. It can be noted that many of the lines exhibit a tail on the reaf edge
the line shape. This effect is more pronounced for the RDX/Au film. This typHeut is

commonly observed in THz spectra of polycrystalline pellet samples due &riscatt
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Fig 4.15 Spectral amplitudes as a function of temperature for RDX thin.flesh&RDX/Au. (b)
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Table 4.4. Line center frequenciesfor the RDX films samples previous measurements of pellet samples. FWHM linewidthsin parenthesis

[Publication P6]

RDX/AI film RDX/Au film RDX/AI film D.GAlliset al. D.GAlliset al. J.chen et al. Y.Huet al.
12K 11K 295 K [81]Pellet [80]Pellet [82]Pellet [83]Pellet
7K 298 K 298 K 298 K
0.839' (0.010) 0.83Y9(0.009) - - - - -
0.876" 0.877" - - - - -
1.04 (0.090) 1.04 (0.082) 0.85 0.99 0.81 0.78 0.81
1.276 (0.010) 1.278 (0.007) 1.06 1.23 1.05 1.05 1.05
1.351 (0.025) - - - - 1.35 1.35
1.548 (0.028) 1.553 (0.026) 1.40 1.50 1.38 1.44 -
1.642 (0.017) 1.646 (0.010) 1.55 1.62 1.53 1.56 1.56
1.808 (0.015) 1.810 (0.018) - 1.77 - 1.77 -
1.864 (0.015) - - - - 1.92 -
1.943 1.9471" - - - - -
- 2.005' (0.009) - 1.98 - - -
2.069" 2.069' - - - - -
2.290 (0.046) 2.286 (0.050) 1.98 2.27" 1.98 - -
2.370 (0.018) 2.370 (0.015) - - - - -
2.524 (0.025) 2.520 (0.030) 2.23 2.49 2.22 - -
2.603 2.600 - 2.55" - - -
2.625 (0.028) 2.625 (0.030) - - - - -
2.91 (0.027) 291 - 2.88 - - -
- - - 3.00 - - -
3.20 (0.040) 3.19 - 3.09 - - -
3.32(0.042) - - 3.33 3.09 - -
- - - 3.39 - - -
3.45 - - 3.48 - - -
3.61 - - 3.66 - - -
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from the grains. In the RDX film the tailing effect is likeue to scattering from
individual RDX microcrystals. Table. 3 also compares the waveglatke to the earlier
work. It is clear that the waveguide results provide more exiaugibrational data

compared to the earlier work involving pellets and single crystals.

A comparison of Figs. 4.16 (a) and (b) shows that the RDX wavedilias,
generally exhibit much sharper linewidths than the pellet. Fompbka the 7 GHz
linewidth for 1.278 THz mode of the RDX/Au at 13 K is at leastciofaof 5 narrower
than the corresponding line (1.23 THz) in the RDX pellet at 7 K. Thepsr linewidths

of the films result in a more informative vibrational spectrum. [publication P6]
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Chapter 5
High Q THz Bragg waveguides

5.1 Introduction

In the previous chapter, we saw how metal PPWG can be eadbloy high
resolution spectroscopy of various classes of molecules. In thidechggt another
adaptation of the PPWG for spectroscopy is explored. As discussgwapter 2 metal
PPWG are excellent guiding structures at THz frequencieshairelow loss dispersion
free propagation of the TEM mode [21]. This property and the ease with whichauive
passive components can be integrated within it, the PPWG has sheatpgtential as a
THz interconnect device [24].

Propagation of electromagnetic radiation through periodic media asertts in
many interesting and potentially useful phenomena. Periodic seactuch as photonic
crystal bandgap materials and surface plasmon resonators @metlguseing researched
extensively for their potential as frequency filters and highsisgity sensors. Two-
dimensional (2D) metallic THz photonic structures used as the bttt of a PPWG
have shown sharp bandgap turn-ons with high dynamic range [84]. A 1pbAdianic

metal PPWG with high throughput and well defined stopbands has also been
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demonstrated [85]. Periodic deep grooves in one waveguide plate exgked arder
propagating and non-propagating modes, thereby producing broad stopahiansisarp
turn-offs and turn-ons. Incorporating a defect produced a sharp 17 mkBnission
resonance with a Q of 120 [85]. Structures like these which procwap $figh Q
resonances often have applications in thin film detection as wettaas element
detection. We have already demonstrated in the previous chaptdrahapplication of
PPWG for spectroscopy only requires only microgram sample quantities.

In this chapter the fabrication and incorporation ofirth thick dielectric THz
Bragg gratings within a single TEM mode metal PPWG is discussed. Bragggrasive
long been used as frequency selective devices for integrated.dptagg gratings are
capable of extremely sharp frequency responses and are commealinutber optics
for filtering and in semiconductor lasers as part of cavispmators [86]. Optical Fiber
Bragg grating sensors have been widely used in many sensinga@ippbcincluding

temperature, strain, and pressure measurements [87, 88].

In this study, 2 different grating samples were fabricaredl incorporated into a
PPWG and experimentally demonstrate the resulting Qigasonances. High resolution
measurements of THz Bragg resonances of different strengthdireewidths were
obtained. The application of these highBragg gratings for sensitive spectroscopy is

also demonstrated. Ability to detect nm thick patterned structures is demexshstrat
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Fig 5.1 Fabrication of dielectric Bragg gratings using standard lithogragstdametallization

techniques
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Fig 5.2 Cross sectional view of the PPWG assembly together with the sBnagjg chip.

[publication P7]
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5.2  Fabrication and construction of High-Q Bragg PPWG

High quality one dimensional gratings were fabricated ideancroom using
standard lithographic and metallization technigues (MEMS technolody).
approximately 1um thick layer of Shipley S1813 photoresist was spun onto a high
conductivity Si wafer which was previously coated with a 300 noktAi layer. With a
custom designed lithographic mask, the photoresist film was exposedexeloped.
After the lithography, the soft photoresist gratings on the waége baked at 15T in a
convection oven, which transforms the soft structures to permahard, polymer
structures. These steps are illustrated in fig 5.1. The finakrtess of the grating
structure, measured using an atomic force microscope, was 90@@igss.3). The 0.3
mm thick wafer was diced into 15 mm wide x 30 mm long chips tihditPPWG setup
shown in Fig 5.2. Two different 1D grating sample chips were fatai; symmetric
Sample A with 8Qum of photoresist followed by 80m of space (16@m period), and
asymmetric Sample B with 75om of photoresist followed by 2bm of space (10Gm
period). The 1D THz Bragg PPWG was constructed by sandwichingnplesahip
between the two polished Al plates of the original PPWG withmbtalized face of the
chip serving as the 30 mm long new bottom plate of the waveguidegm58pacers
separated the top Al plate and the sample chip. Two plano-cylihbrgtaresistivity Si
lenses were used to in-couple and out-couple the THz pulses. Thaulddzpropagation
was perpendicular to the lines of the grating, with the THz peiton being

perpendicular to the plates.
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Fig 5.3 AFM thickness measurements of the Bragg samples (~ 900 nm)
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53 Char acterization

The resulting 1D Bragg waveguide assembly was then placed in thecabnf
beam waist of a photoconductively switched terahertz time domattrescopy (THz-
TDS) system for characterization. An average of nine measurediitgut pulses from
the symmetric Bragg waveguide (Sample A), and an averagx &br the asymmetric
Bragg waveguide (Sample B) was used to obtain the THz tranemggsectrum of each
of the Bragg samples. The output amplitude spectrum of the symBedigg sample is
illustrated in Fig 5.4 and for the asymmetric sample in Fig bt experimentally
determined linewidths were obtained from pulse train measuremdstsding to 150 ps,
which determine the corresponding spectral resolution to be 6.7 Thlzspectra of the
transmitted THz pulses were calculated after zero-paddaghe 150 ps data pulse was
extended to 2667 ps by adding a train of zeros at the end of the Anlseportant
consideration to be kept in mind while zero padding is that, a too teanlgation of the
time domain pulse and starting the zero-padding before the mdsgamped out, results
in a broadened line shape accompanied by small spectral Buiftethen a time pulse
signal has disappeared into the noise (as in our experiments), subsagoepadding

should not affect the line shape and not produce observable frequency shifts.

The line centers were determined from the interpolated ardplgpectrum of the
zero-padded average of nine independent transmitted THz pulseiremasts for
Sample A and six for Sample B. The indicated uncertainty of £ 0.2 &bbut the
fundamental frequencyB= 0.9347 THz for the zero-padded average of Sample A, is the
spectral range that contains all the central frequency peake ofine individual zero-

padded THz pulses. This same procedure was used for the six indixetagbadded
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Fig 5.4 (a) Output transmission spectrum of type A Bragg waveg(byland(c) Waveguide
absorbance spectrum zoomed in at the fundamental Bragg frequesiegt Bs third harmonic

3B,. Open circles indicate non zero-padded data points separated by 6.7 GHeafjoubR 7]
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Table5.1: The Bragg resonance frequencies v, and their uncertainty, absorbance

fwhm 4v and Q valueslisted for the two samples. [publication P7]

Waveguide v (TH2) Av (GHz) Q =v/Av
Sample A 0.935+ 0.5 GHz 6.0 155
2.803 £5.0 GHz 9.6 290
Sample B 1.497 £ 0.5 GHz 6.0 250
2.996 + 2.0 GHz 7.0 430

129



pulses of Sample B. This uncertainty is strongly dependent on/Mhaalio of the
spectrum; as the S/N ratio increases, the corresponding ungedaareases, and vice
versa. It is noteworthy that the, Bequencies have been determined to a precision of
0.5 GHz, compared to the spectral resolution of 6.7 GHz. Hence, for sgdmations
frequency shifts of 0.5 GHz or more should be measurable. The obsesmthnce
frequencies and their uncertainty, their FWHM linewidths @nhfhctors are listed in
Table 5.1.Q values are calculated using the relatigrw /40, whereo, is the line center
frequency anddv is the absorbance fwhm linewidth of the resonance. k430
measured for the second harmonic of sample B is one of the hgt@stimentally

measured for a periodic structure incorporated within a metal THz PPWG.

54  Analysis

One important observation one makes when we look at the output spectrum from
the Bragg PPWG is that the waveguide preserves TEM mode prnopadatpite the
incorporation of the sub micron thick Bragg stack within the PPWG.i$ltiecause, the
depth of the grating (Fig 5.3) of ~ 900 nm is about 2 % of the wadegap of 5Qum
and the grating only acts as a small perturbation to the propagatioea ®EM mode of
the PPWG. An earlier demonstration by A. Bingham et.al whergiilas metal Bragg
gratings where incorporated within the PPWG had depths of aboum2@hich was
about 20% of the 10pm gap. This kind of arrangement gave rise to complicated output
spectrum consisting of strong band gaps and clearly excitedmodHki propagation [85].

In comparison to that result the present arrangement preservesThite mode
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propagation with the expression of clean high-Q Bragg resonartasekiid of output is

desirable for thin film and trace material sensing.

The grating within the waveguide can be considered to be a simpl®&rthgg
stack of alternating regions of two types of hypothetical buditennal with indices of
refraction of 1.0057 and 1.0000. For sample A, the Bragg stack equivalent beuld
alternating 8Qum long regions to achieve a total length of 30 mm and fopka, it
would be alternating layers of 7#n of n;=1.0057 and 2um of n,=1.0000. Propagating
through this Bragg stack, the terahertz pulse would be reflected by eatdcafdane. If
the Bragg condition is not satisfied, the reflections from the sueséqgnterfaces
become progressively out of phase and would eventually cancel out. Wehdragg
condition is satisfied, the reflections from each interface addtrcmtisely in the
backward direction to form a back-reflected peak and a corresponding fotvgargton

peak, both with the same center frequency.

One can use the principle of momentum and energy conservation toidetéren
center frequency of the Bragg grating. Energy is conservediagadiation propagates
through the Bragg stack. For conservation of momentum the sum of tikeninc

wavevectok; and the grating wavevectirmust be equal to reflected wavevedtor
ki+ K = k, 5.1
When the Bragg condition is satisfiled= k; hence,

2T 2T 2T

T Merr T T T T Mesr 5.2

This can be simplified as,
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Fig 5.6 lllustration of the weak bulk equivalent of the Bragg stack straavithin the PPWG.
Regionn, has an index contribution from the 900nm thick photoresist apand®ick air region

(ny=1.0057)and regiom, = 1.0000 (air).
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AB = ZneffA 5.3
Where /g is the Bragg wavelengthf is the grating period ande is the effective
waveguide index. The first order Bragg condition in terms of frequency can benverstt

c
5.4

(o]

wherec is the speed of light

The refractive index of baked S1813 photoresist at 1 THz is 1.65. [8@§lém to
calculate the effective refractive index of the region cormgithe photoresist and a gap

of ~ 5Qum we use equation 15 from ref [19].

Since we have a ~ 900 nm layer of photoresist and a gapohbthe effective
refractive index of the region comprising the photoresist withexrwaveguide can be
calculated to be 1.0057. This gives an effective index of 1.0028 and 1.0043 ®Atype
and B Bragg waveguides, respectively. Using this refractive jriglebor 4/=160pum and
100 um is calculated to be 0.934 and 1.492 THz. The experimentally determined
resonances at 0.935 and 1.497 THz are in good agreement with the gredligés. The
length of the Bragg waveguide is 30 mm. from this the intrilnsewidth predicted can
be calculated. Since we have assumed a weak Bragg stackgleersflection coherence
length is 60 mm, which gives the expected linewidth to be 5 GHzexperimental
resolution is 6.7 GHz. Hence ti@predicted for the third harmonic resonance of sample

B at 2.996 THz is ~ 600, whereas the experimentally obt&neds 430.
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55  Application of high-Q Bragg PPWG for sensing

High-Q resonant structures have great potential in sensing applicaivbic)
require narrow, easy to detect features. The 1D Bragg wavegandesieal for such
sensing applications, in particular refractive index sensing, hwiscimportant for
biological and chemical detection of a number of substancesO@¥®]such application
would be in the detection of antibodies and antigens [91]. Antibodies graferential
attraction toward antigens. Hence a dielectric grating of emsigformed on the
metallized plate can be used to detect trace amounts of antibdthes this grating is
dipped in a solution containing antibodies, the binding of antibodies to mmtig@nges
the effective index of the Bragg waveguide, thereby causing & ishithe Bragg

resonance together with a large change in signal strength.

This capability can be achieved in 2 different ways:

1. Deposit the analyte layer on the opposite plate of the PPWG fd@ngragg

stack (400nm detection limit)

2. The analyte itself is patterned as a Bragg stack (50 nm detection limit)

To demonstrate the first method sample B was used and S1813 photoassist
used as the analyte and thin films of different thickness wascepied on the opposite
plate of the PPWG. The PPWG was reassembled usingnbGpacers. The THz
transmission spectrum was measured for different film thidesedrig 5.7 summarizes
the results for 2 different film thicknesses of b and 3.7um obtained by varying the
spin RPM and the time of spinning. The effective index for apuhbfilm can be

calculated to be 1.0095 which estimates the new Bragg frequency of the loaded
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Fig 5.7 Shift in Bragg resonance for different film thickness on the opppksite of the

Bragg PPWG
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waveguide to be 1.485 THz. The experimentally observed value is 1.484 whiehyi
close to the calculated value. Similarly for the ~817 film the expected value is 1.470
THz and the experimental value is 1.466 THz. The experimental tiintlie frequency
shift that can be detected based is 0.5 GHz, which is the exgmeahuncertainty. A shift
of 0.5 GHz in frequency domain translates to film thickness of ~ 40@iich can be
detected and sensed with the Bragg waveguide in this arrangement.

To demonstrate the second technique a sample chip (sample A) Mad813
photoresist was taken and placed in plasma cleaner (ash&0) ffion. the plasma cleaner
burns the photoresist and a small change in refractive indésois®gpected along with
thickness change. After 10 min the sample chip was taken out addtteof the Bragg
stack was remeasured using the AFM. The final depth of the Btagk was found to be
~ 50 nm (see fig 5.8).

This Bragg chip was reincorporated as before into the PPWGaws®um gap
and the transmission spectrum was measured to see if any himd pfesence of the
burnt Bragg structure was seen. No evidence of any Bragg resomascseen at 50m.

The gap was then lowered to 38n and the Bragg waveguide reassembled. The
comparison between Sample A with 900 nm depth angdndGo the waveguide with

50nm depth and 3pm gap is shown in fig 5.9. The expected line center for the depth of
50 nm and a gap of 3an is 0.936 THz and is very close to the observed value of 0.934

THz.
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m Section Analysis
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Fig 5.8 AFM thickness measurements of the plasma burnt Bragg samples fon {0 Bl nm)
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5.6 Bragg PPWG gas sensors

This demonstration clearly shows the power of the Bragg waveguidései
ability to detect sub 100 nm thick perturbations within the PPWG. Wishcapability it
is possible to detect small changes in refractive index of thggilm as well as sample

film on the opposite plate of the PPWG.

The refractive index change can be brought about my many phghe@omena
like adsorption of gas molecules to certain specially designed padytam certain films of
antigen and antibody which have specific preference to each otiese Phenomena
often induce a very small index change which we believe cantbete@ by the Bragg

technique.

Based on this proof of principle demonstration there are plans for wctnstr of
Bragg PPWG based sensors for threat gases and vapors. Certdio gplgmers have a
property of adsorbing or trapping vapors and gases of specific typedrdpping of gas
molecules results in a measurable index change which can be nuobrijotiee shift in
the Bragg resonance. Patterned polymer films or unpatterneddiirtise opposite plate
of the PPWG can be used to construct a PPWG based Bragg senpoecise and

sensitive identification of vapors and gases.
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Chapter 6

Enhanced THz wave coupling using metal
flares

6.1 I ntroduction

In the last few chapters, the adaptation of metal PPWGs féorgéng high
resolution spectroscopy and sensing was discussed. The key fehtcineewabled this
application was the fact that metal PPWGs can support low lcstertadin free and
dispersion free propagation of broadband THz pulses in the lowest @&hNembde. The
TEM mode is unique in the sense that it does not possess a frequeoif and thus

supports propagation of broadband THz pulses.

The mode profile within the PPWG is described by yheomponentof the
electric field, which has a spatial dependence proportionabsfmry/b] as given by
equation (2.3) in chapter 2. This dependence results in an even uniforre fyofihe
TEM mode (TM), an odd profile for the TMmode and an even profile for the M
mode. Hence, the next higher order mode, the y-polarized, on-axisevgutGaussian
beam is going to couple into is the TMhode. So, in order to sustain single TEM mode

propagation through the PPWG, the gap spacing between the platebbdahtsen such
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that the cutoff frequency of the TMnode lies outside the range of the input spectrum.
This condition dictates the maximum allowable gap for sustainisigpgle TEM mode
propagation necessary for spectroscopic applications. For a gaprof 8@ cutoff for
TM, mode is 6 THz and for a gap of 1Qfh this cutoff drops to 3 THz which is well
within the available spectral range of the input signal (0-5THIsp, we have observed
that for a gap of 5@m we achieve the best sensitivity for performing THz-TD6the
thin films. So for majority of the applications in this thesis, dhp size chosen is 5@n

and below.

But having such small gap sizes makes the coupling of THz ptdsésese
PPWGs challenging. One way to do it is to use the quasi-optic nguigchnique of
cylindrical lenses to shape and reduce the beam extent and nsakabte for coupling

into the sub-wavelength gap.

6.2  Quasi-optic coupling using Si plano cylindrical lenses

The material chosen for the plano-cylindrical lenses wasjl due to its low
dispersion and absorption properties. PPWG with the Si lens assesellyfor coupling
is shown in Fig 6.1. The dimensions of the lenses chosen are: 15mm xXL8rBGmm
with a radius of curvature of 5mm and focal length of 6.71 mm. The inppta8o
cylindrical lens focuses the THz beam to an elliptical spoheécentrance of the PPWG.

The lens produces a line focus, with a minor axis given by:
A
Wo2 = f/na)01 (6.1)
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Wherel is the wavelengtH,is the focal length andp; is the input beam radius. Hence at
1 THz, for a beam radius of 9 mm, and focal length 6.71 @yn= 15Qum. Hence for a
plano-cylindrical lens having a thickness of 6.56 mm with the fouss heyond its
surface, focuses the 9mm beam at 1 THz down e diameter of 300m at the input
face of the PPWG. This arrangement dramatically improvesgece coupling to the
PPWG and an identical plano-cylindrical lens at the output faceayiles the THz

beam on to the receiver.

The quasi-optical coupling of a freely propagating terahertz betmihe PPWG
at the beam waist of a confocal terahertz system is suglgisefficient over the entire
bandwidth. Compared to the free-space system, the insertion ofhentwo cylindrical
lenses separated by their focal lengths reduces the ampiitilde transmitted terahertz
pulse by the multiplicative factor 0.4 = 0.8 x 0.5, where 0.5 is thenEtdransmission
through the uncoated Si lenses (due to the reflective losses duidaces), and 0.8 is
the quasi-optical amplitude coupling (transmission) through the two airiéstses. The
introduction of 5@m air spaced 30mm long Cu PPWG reduces the transmission to 0.24
= 0.6 x 0.8 x 0.5, where the additional factor of 0.6 is due to the wawegoigpling loss

with a smaller loss due to ohmic losses of the metal.

Three different Si lenses were tried and their performansecompared. Apart
from the 6.56 mm thick lens another lens having the same designhgtararut being
slightly thicker at 7.07 mm was also used. Along with this a mhidker lens, almost
double the thickness of the first 2 lenses at 15 mm (r = 10mmplsasused and the
performance of all three lenses compared. The 6.56 mm lenses had an amglificig c

ratio of 24 %, the 7.07 mm lenses had 18 % and the thick 15 mm lenses had 9%. One of
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Fig 6.1 Metal PPWG with Si lens couplers
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Fig 6.2 Comparison of the coupling performance of the Si lenses
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the reasons the coupling characteristics of the thicker Si lassstudied, was to delay
the reflection arising from the flat surface of the lens,ciwhimited the maximum scan
length for the waveguide THz-TDS which in turn limited the unstental frequency

resolution.

For the 6.56 lens the reflection occurred at 150 ps after the mais, mpdigch
limited the instrument frequency resolution to 6.6 GHz. By using theniblens this
reflection could be pushed back to almost 310 ps which doubled the frgqesaotution
that could be achieved. Of all the three lenses tested, the 6.56mpelkéormed the best
in terms of amplitude coupling as well as the broadband perfornamtdhe lowest
performance was from the 15mm lenses which had just 9% ampidibuging ratio. The
performance of the three lenses is summarized in fig 6.2. Huygiency dependent

coupling ratio is also shown.

Despite the good performance of the 6.56 mm lenses one cannot halptibet
that the reduction in performance comes from the big Fresmhettteh which occurs due
to the high refractive index of Si (n = 3.412). About 30% of the beamflexcted from
each of the two lenses and subsequently induces a ~ 50% loss. As tatedike best
amplitude coupling ratio achieved was 24 %. Hence any mechanisrawoccoupling
scheme which betters this performance will lead to incredstd field coupling and
concentration within the sub-wavelength gaps of the PPWG and yhambase system

performance as well as S/N of the measurement.
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Fig 6.3 (a) Schematic of the horn antenna like structure used by W.Maineult etcalufpling

THz radiation between the QCL and freespace. (b) SEM picture of tleestarature [93]
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6.3  Adiabatically varying metal flares as an alter native coupling scheme

The inspiration to try an adiabatically varying metal flasea coupling scheme
for PPWGs came from the observation made by M.Theuer et.al [92]Hanpulse
compression using a metallic cylinder over a coated metal. Siteeauthors observed an
unprecedented compression of the THz surface wave on the sheett\ehenuntered
the metallic cylinder in its path. The authors measured mifisgnt fraction of the
incident radiation go through the gap between the metal cylinttrttee sheet. The
adiabatically varying gap between the cylinders efficientlgnpresses and funnels the
THz radiation through the sub-wavelength gap. [92] This gave igearthat a similarly
varying adiabatic metal structure could be used as a coupler ahtrance of the PPWG.
In fact, upon looking through literature we found at least 2 exargdl¢his idea being
implemented to couple THz waves into a wave guiding structure.ifBheémonstration
was from W. Maineult et.al who implemented this horn antenna liketste to couple
THz radiation from freespace to metal-metal waveguideagplications in construction
of THz Quantum cascade lasers. The structure they implemisrgkdwn in fig 6.3. [93]
A much more recent demonstration was by S. H. Kim et.al, who apigetechnique to
the coupling of metal parallel plate waveguide. The authors useda#dally varying
machined plates having tapered end faces and demonstrated thaf flope angle to
the taper they could achieve as high as 56 % coupling at 1 THz. [94¢0tpding
efficiency for Si lens coupled PPWG at 1 THz was about 24 %th&dapered end
coupling almost doubled the efficiency of the Si lens. J. Zhang alsademonstrated

coupling into adiabatically compressed PPWG'’s using Si lenses. They clciehdly
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Flare Coupler

opening

Fig 6.4 The metal flare assembly used to demonstrates the maximum cougbreneyf
achievable using this configuration. The cylinders indicate theymegoints which could be
moved in control fashion using a micrometer to control the opening andriveum gap at the

center. [92, publication P9]

Cu Flare

PPWG -

THzin ——— — 5 THzoul

S —

Fig 6.5 Adaptation of the metal flare coupler assembly to a 3cm long PPWG
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couple in the THz radiation into the adiabatically varying gap atith@ the THz

radiation out only limited by the ohmic losses of the metal plates.[95]

Encouraged by the results with the cylinders and the recent deatoms we
decided to apply a simplified version of a horn antenna to the coupling &RWG. We
manufactured adiabatically varying metal flares from corcrally available copper
shim. This in our opinion is a easy to use and a low cost alterriatiaehieving better
coupling to the PPWG. The construction of the flares is simplefastdUsing a paper
cutter, 15 mm wide strips are cut from a 9 cm diameter, 15 ae vall of standard
commercial 10Qum thick copper shim. The strips are then slightly pressed and rolled
using a metal cylinder to make them flat and to remove bendsvaloage the coupling
efficiency of this arrangement independent of the waveguidesldsse experimental
arrangement shown in Fig 6.4 is used. This introduces 2 symmdtieatouplers back
to back. With this arrangement the coupling efficiency of the @aupler was studied as
a function of flare opening as well as the minimum gap size. Zwanm diameter
circular rods compress the copper shims together in the centes,thdidap is kept open
by the mechanical spacers outside of the THz beam. At the pudintated in the figure
the cylinders could be moved back and forth using a micrometer to control theegap siz
the flare opening. The results obtained from this investigatioprasented in Fig 6.6.
From the figure it is very clear that independent of the gap 8ie best coupling ratio is
obtained for an opening between 5 — 8 mm. In particular for the gap weese
interested in, i.e. 50 and 100 microns, the maximum coupling ratio of 88d%41 %
respectively was obtained for a flare opening of 6.3 mm. This couigliafjnost 15 %

more than the maximum achieved using a 6.56 mm Si lens. All these efficiencies
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obtained were for the TEM mode operatidhe transmission can be further maximized
or the best broadband coupling achieved by adjusting the flare opemirigef best

adiabatic couplingValues above 50% were reached) [92, publication P9].

Encouraged by these results the metal flares were incorpanéed 3cm long
metal PPWG as shown in Fig 6.5. This is the same metal PRIEGO0 um gap used
with the Si lens coupling. Unlike in the previous case wherein the dlaening could be
controlled using a micrometer, the PPWG arrangement did not hgwoatnol surfaces.
This was not necessary and not spatially feasible as we intdndede the same
assembly for cryogenic characterization of samples in ty@stat. Hence the Cu shim
was carefully shaped into a funnel shape by hand. It is impddgmbint out that this
particular shape wherein the taper starts out parallel and thesinusoidally and
adiabatically tapered to a funnel shape was key to achieve thedogding. A linearly
varying taper and circularly varying tapers did not perfornwak as the sinusoidally
varying taper. In fact it is found in literature that sinusoidalbrying tapers are
employed for coupling at microwave frequencies.[96] The spacerteated between
the flares but outside of the THz beam. The entire assembignsscrewed together to

form a rigid PPWG which could be easy to handle.

Fig 6.7 compares the temporal pulses coupled into the PPWG using ar6.56 m
lens and the adiabatic Cu flare. The transmitted THz pulsesgh the flare coupled
PPWG show an increase in amplitude coupling. The amplitude coupliid® %o
compared to the 24 % achieved for the Si lens system. Even thoughctieigse is
moderate, the technique’s power is demonstrated in the frequencyndeimaiein at 1
THz the coupling efficiency for the flare is about 35 % compared to the 22 % achieved
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for the Si lens system. Moreover, the coupling remains higherttie Si lens system
throughout the spectral bandwidth having a coupling ratio of 10 % eveftdz.4The

decrease in coupling ratio towards the high frequencies could bbutstiito the
increased ohmic losses arising from more metal-THz interacccurring due to the
flares. Ohmic losses are known to increase as the square rdw @feguency with

increase in frequency (Equations 2.7 — 2.9).

Another important feature observed with the flare coupled PPWGMvaes the
temporal scan was extended beyond 150 ps, the pulse remained distegi@mdrno
reflections were seen despite doing a very long temporal scas.isTl@n important
performance improvement wherein the temporal reflections due t&ithens were
eliminated and simultaneously there was moderate increase inrngpuplios. This
increase in signal contributes to enhanced S/N ratios allowiresurements to be
performed with better accuracy and as well as having no systaations being placed
on the resolution that could be achieved. Moreover the Cu flareasyeaimplement

and much more cost effective in comparison to Si lenses.

6.4  Application of Flare coupled PPWG for waveguide THz-TDS

Two molecular samples namely TCNQ and 12DCB, which were earlie
characterized by Si lens coupled PPWG were chosen to demotis¢raterformance of
the flare coupled PPWG for high resolution THz-TDS. Both sampéss dropcast from
their respective solutions onto the copper shim. The film was swablfedn a uniform

polycrystalline sample layer and this copper shim with the sawgmeincorporated back
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into the PPWG setup as shown in Fig 6.5. Simultaneously a regulemsSPPWG was
also prepared in the same fashion and both the waveguides were etime@dct room

temperature and at 77 K using the same THz-TDS setup used earlier.

The transmission spectra of both waveguides with the sampleponatad are
shown in Fig 6.8. From the figure it is very clear that both the flare coupled PRWV& a
lens coupled PPWG perform similarly. The absorption features showsupmall
resonance features at room temperature and evolve into nartoveseat 77 K. The line
centers and linewidths obtained by both the techniques were identical, confinenifiagtt
that both waveguides have similar performance characteristicsn@able difference
between the two methods was that the flare coupled PPWG wat® essemble and had
very less alignment time compared to the Si lens coupled PPMW@s lalso moderately
robust in maintaining its mechanical structure upon cooling and not dagridation in
coupling was observed upon cooling due to mechanical stresses on ¢heuarto
cooling. But one noticeable performance issue was with respdiee ttmtal bandwidth
supported by the 2 waveguides. The flare coupled PPWG, due to ragjak-THz
interaction length, had higher ohmic losses towards the high fregsestil as a result
the bandwidth transmitted was limited to about 3 THz towards theftaghencies. But

other than this the performance of the flares was exceptional and easy toentplem
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Chapter 7

Conclusion

This thesis summarizes the successful demonstration of the amamthinetal
parallel plate waveguides for sensitive and high resolution wadeduiiz time domain
spectroscopy. The technique requires microgram sample quaimtittesnparison with
standard pellet technique which has a milligram sample requiremBm technique is
also superior in comparison to the pellet technique in the sense that it has théygapabil
measuring sub 10 GHz linewidths of absorption resonances with a precision of +0.5 GHz
Linewidths as narrow as 6 GHz have been measured (lactoseypeftoemance of
waveguide THz-TDS approaches the performance of the single Ictgshmique, in
determining the vibrational fingerprint of a molecule with gneadcision and narrow

absorption linewidths.

The validity and generality of the technique is established byyiagplthis
technique to measure the high resolution vibrational modes of a widetyvaf
molecules ranging from organic molecules, inorganic molecules, malogamples,
pharmaceutical molecules to threat substances like explosia¢edelkolids. The

vibrational linewidths obtained for majority of the molecules isrtherowest measured
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to date for a sample in solid crystalline state. This demoiwstrastablishes waveguide
THz-TDS as a new novel spectroscopic technique capable aetcemg high resolution
spectral data using microgram sample quantities. This technidiem applied in
conjunction with the standard THz-TDS or FTIR techniques can lead éatansive and
detailed characterization of the vibrational response of the matecwystals at THz

frequencies.

The thesis also successfully demonstrates the independence of the THanabrati
modes of the sample to the metal used for the parallel ptateguide. By characterizing
a sample with known response at THz frequencies using the pelletleas waveguide
THz-TDS technique 5 substrates namely Al, Cu, Au, mylar coatecanrdl SAM
passivated Au , we have shown the independence the vibrational modesuiostiates
used. This establishes the fact that there is minimal raptdjte interaction limited to
the first few crystalline mono layers close to the metalasar In addition passivated
metal surfaces can be incorporated into metal PPWGs and wavegHird DIS

characterization can be performed on samples with known reactivity to metals.

The ability to incorporate periodic structures within the mefRWM&S and the
sensitivity of the PPWG to these structures was demonstrated by incorpeyeaimggtric
and asymmetric weak Bragg gratings within the PPWG. Theabilithis structure to
produce very high — Q resonances was demonstrated. Q factbighaas 430 was
obtained and is one of the highest Q-factors measured periodic fsu@urtTHz
frequencies. The sensitivity of the PPWG to such a periodictate was demonstrated

by detecting 50 nm deep structures incorporated within the PPWG. Tigse Q
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waveguides can be implemented as very sensitive sensors dtirdetainute quantities

of samples.

The last part of the thesis summarizes the work done in improvingotiying
characteristics of the parallel plate waveguide. The pedoce of the PPWG based
applications can be improved by improving the percentage of theddition that can
be coupled in to it. The proven microwave technique of horn antennas iedagpline
PPWG at THz frequencies by using adiabatically varyingahitares to couple THz
radiation in to the PPWG. Greater coupling performance comparée tuasi-optic Si

lens coupling, is obtained and the technique is easy to implement.

As with any area of research or set of experiments thdremendous scope for
improvement of the experimental technique or to advance the resealdhwith
continued experimentation and exploration. One area which greatly insprinee
performance of waveguide THz-TDS is by using the adiablatie fechnique to couple
the THz radiation into the PPWG. This coupling technique could bdymegtroved by
using rigid adiabatically varying cylindrical structures whare mechanically robust and
easy to assemble. PPWGs with such coupling structures could gseaplify the
coupling technique and also provide better performance. With sucldregdhPPWGs
pump - probe characterization experiments on molecules can benpeatfavherein you
could have an IR/visible pump and THz probe beams. The 2 beams could be co
propagated along the PPWG and the pump-probe spectroscopy could duk aatiriThis
capability is not possible with the Si lens coupled PPWG as i8itisransparent in the

visible region.
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Scope and Method of Study: The research summarized in thertdism is on the
investigation of the application of metal parallel plate wavegu{@WG) for
performing high resolution spectroscopic measurements of molesniids at
THz frequencies. The dissertation also presents results omdbgparation of
high Q periodic structures within a metal PPWG and their apigican sensitive
detection of materials by monitoring change in refractive indibe. experimental
results were obtained by measuring the transmission of mEAIGP with
samples in a standard THz time domain spectroscopy systenu lmase
photoconductive switches in 4f geometry.

Findings and Conclusions: The main finding of this endeavor is thatgwiake THz
time domain spectroscopy using metal PPWGs can be efficiaptlied to
extract high resolution vibrational resonances associated witbcaolal solids.
This technique discovered as a part of this research is a new aridnatlied
which for the first time facilitates high resolution spestiopic measurements of
solid microcrystalline films which are easy to make in congoarito single
crystal samples, but allows us to extract high resolution vibratroodes of the
molecules. This technigque can be complimentarily applied withtédmelard THz-
TDS and Fourier transform infra-red spectroscopy to resolve thepletam

vibrational response of any molecular solid. We have also shown that me

PPWG also allows the incorporation of periodic structures like akviBragg
stack and be applied as a very high - Q frequency filter havingcapph in

chemical sensing. The Q factors obtained by us are among thesthigpbtained
for resonant and periodic structures within waveguide structures. céh
conclude that the PPWG acts as an efficient 2-D plane whidwslffor

performing high resolution spectroscopy and for incorporating frequidteryng

devices with in the sub wavelength gap.
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