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Chapter 1 Introduction

1.1 Introduction of surface wave study

Surface waves, which are also called surface plasma polaoitasface plasmons, are
the propagation modes of an electromagnetic wave which is bounded itdettiace
between two mediums. Different terms are used for emphasigham #he quantum or
wave nature. In this study, because in the THz range thepraperty is the main aspect
of interest, surface waves will be the most appropriate ternggolbhe surface wave
propagates along the interface while in the normal directionsitelRponential decay on
both sides of the interface (evanescent waves). To satisfycanidition, the dielectric
constant of one of the mediums must be negative. Therefore, theeswdae is mostly
studied on the surface of metal or doped semiconductors. As aosotlitMaxwell’s
equations on the medium boundary, the form and the evanescent propertiesuofiaite
wave has a great dependency upon the surface morphology and tleatagidectric

distribution [2].

The earliest study of surface waves can be traced back toyeHi® ago [3]. Since
Sommerfeld and Zenneck [4] did the groundbreaking work on studyingceurfaves on

a cylindrical surface and flat surface, theoretical models have been $uitgéssit to



understand surface waves since the early @htury. However, because of the limited
availability of experimental techniques in the early days, thpemxental study
developed slowly. Especially the fundamental studies which mamdiydes source,
coupling configuration, propagation property, de-coupling configuration atectibn

are technically difficult in practice.

Technology advances in other fields promoted the research of theeswave in some
aspects. The surface wave was first studied in radio frequangg [5, 6]. In the 1960s,
after the invention of laser, which provided a new type of lightevsource, people
started to study the surface plasmon in the optical range. Thelogment of
semiconductor devices provided sensors for the detection. The couplicgymleyg and
propagation of the surface wave were the first missions forceuvfave researchers. To
couple a freely propagating wave into the surface wave, apéaiumching was used first
[6]. In 1968, Otto proposed the prism coupling/decoupling method based omt&dstr
total internal reflection [7]. Raether discussed the feasibdit utilizing the surface
roughness for the coupling and decoupling [8]. A lot of progress was asagehnology
further advanced. Especially in recent years, thanks to the mayalodment in
microchip fabrication and near-field techniques, researchers ble @ study
experimentally and to manipulate the propagation characterisficsurface waves.
People have used bent, thin film coatings, periodic structures andjat@ausurfaces to
control the coupling, propagating and decoupling process of surface wanidg. [
Numerous investigations have been carried out on the development of newaboiele

devices, based on the evanescent property of surface waves. Thiapaplications



include bio-material analysis and spectroscopy, near-fieldosgopy, high density

optical data storage and optical displays.

The propagation of surface waves was also extensively studied iy;thearever, the
experiments are difficult to realize because the direct uneaent of the bounded
(evanescent) field is difficult in practice. Surface wavegehgreat dependency to the

dielectric constants of the metal and the dielectric on thalmarface. From optical to

the far infrared and THz range, the frequency dependent metattd@lconstant,, =

en t+ 1 &, undergoes drastic change (see appendix Il). The difference ial met

conductivity and the consequent metal dielectric constant resultheirsignificant

changes of the surface waves in different frequency ranges.

In optical and near infrared range, according to Drude’s theoneyal conductivity has
small real part and big imaginary part which makes the nzefalssy medium. As a
result, surface waves have small spatial evanescent extandiba aird,; and in the
metaldnmeta (the distance where the field drops to 1/e of the surface) and short propagation
length L (the length at which the intensity drops to 1/e), relative sawveivelength as
shown in comparison table below. Therefore, once an optical waseued into the
surface wave, the energy is confined to vicinity of the surfaitle avrelatively short
propagation length. The tightly bound surface wave field in the dftezpuency range is
difficult to detect directly. Therefore, the traditional waly studying surface wave in
optical range is first to couple the wave into free space aredtdedm far field, and then

to use theoretical method to retrieve or reconstruct the fieldudiace. For the direct



measurement of the field, the near-field scanning optical m@pescould be a

promising technique for the detection of surface fields [12].

On the other hand, in the microwave and THz range, the realfpagtal conductivity is
very high and is equal to its handbook dc value for aluminym, 4 x 10 S/m (the
corresponding conductivity at optical frequencies at800 nmg; = 1.2 x16 S/m). The
real part of metal dielectric constant is a negative constanile the much larger

imaginary part is proportional to the wavelength.

Table 1-1. Evanescent Field Extent

0.5 THz ¢=600) 1 THz {=300pm) 375 THz =800 nm)
8air 8metal I—i 8air 8metal I-i 8air 8metal I—i
12.6
Al 160 mm| 111 nm| 137m 56 mm 78 nm 34m 1Ry 235um
nm
23
Ag 189 mm| 87 nm 210m 63 mm 59 nm 53m (u68 267um
nm
25
Au 158 mm| 107 nm| 141 m 54 mm 74 nmn 35m @Bl 117um
nm

The spatial extensioris; andometa Of the evanescent field and the propagation length L
of the surface wave increase when the conductivity increasesfditeein THz range,
because metals have high conductivity and behave close to idealdassidsictor, large

spatial extension and propagation lengths are expected as shownahléhkeelow. The



field extends into the air many hundreds of wavelengths. The lowalsssnables the

surface wave to propagate for tens of meters.

However, as the conductivity increases, the surface field extentis smto free space
that the surface of the conductor has little confinement to the mosiafate wave. In
fact, as it had been pointed out by many early researchérblzirand the equivalent far
infrared, the surface wave is difficult to build up on surfaaabse it is so loosely bound
to the surface, that coupling and decoupling occurs simultaneously #ientpng
propagation length [13]. A solution to this problem is to cover theasarof the
conductor with a thin layer of dielectric or to corrugate the sarfach as using gratings.
With the enhanced confinement introduced by these structures, thacesurf
electromagnetic wave can be established. In 1950, Goubau [14] and AtfiMsjod
predicted the surface wave confinement in dielectric coateddeidal wire and plane
surface of perfect conductor, respectively. According to Attwood’/siseof the coated
perfect conductor, the field has a trigonometric form inside thrednd an exponential
form outside in the vacuum. In 1953, Barlow and Cullen did an excellent eweofithe
surface wave studies in the early half of'2@ntury [5, 6]. In their works, surface waves

at radio frequencies are discussed in detail.

The effect of coating dielectric films and gratings wendhfer studied. In optical range,
Schlesinger et al experimentally studied the far infrarethsairplasmon propagation at
119 um on germanium coated gold and lead surface [16]. In 1982, Stegemarednaly

Schlesinger’s experiment in theory by assigning the substratal ra finite value of



dielectric constant [17]. More detailed and generalized thedretiady of absorbing
layers in microwave range have been carried out [18-22]. Thegeatd corrugation in

microwave and infrared were also studied [23, 24].

THz surface wave (TSW) study was only started in receatsy Researchers applied
techniques in both microwaves and optics to study surface waves. IBotiHz
Sommerfeld and Zenneck waves have been studied experimentally [25H2&uifface
propagation using lens coupling has been achieved [27]. Extraordinaryrartdmission
through subwavelength hole arrays has been observed and thegretqddlined [28,
29]. The coupling and confinement of TSW using gratings and periodicsisfaicture

have been extensively studied, exciting results were obtained [10, 30-33].

1.2 Purpose of this study

Success on the studies of THz surface wave (TSW) has shown &ipgofature for
THz plasmonic devices. The observed enhanced transmission and bty &fé in fact
due to the interaction between the TSW and the subwavelength eetalictures.
Therefore, it is important to be able to physically pictureabial surface wave field
pattern on the metal surface and how it could be manipulated. Howevegpremental
techniqgue to study this fundamental property hasn’'t yet been availdlile
characteristics such as absorption and dispersion of surface plasmibiesdielectric

coating layer on metal surface have been only studied in theory [34].



The THz wavelength has unique advantages in surface wave studis. tie

conductivities of many metals are large enough in the THz raagiat they can be
considered as perfect conductors. Consequently, many simplifying apptmxiscan be
made without losing accuracy. Second, the wavelength in THz rasperisenough so
that most quasi-optical devices (such as mirrors, lenses, .fipease available with
reasonable dimensions for manipulating and guiding of THz beams. More@spite

the “loosely bound” property of the THz surface wave due to the higdl cenductivity,

because of the short wavelength, the spatial extension of THxsusMave is not more
than a few centimeters. Thus, a complete picture of the swkaece field decay is much
easier to measure compared to microwave range. Third, GrischKewdHy antenna
receiver makes it possible to measure the broad band THzeswéve field in a quasi-

near field scalex(12).

In this study, the experimental technique has been successfailgloped and
demonstrated. The surface wave is experimentally studied on ahsthabhot polished)
metal surface and a dielectric coated metal surface. For dastes, the complete
transverse field profile and the propagation parameters such aptedysand dispersion
are measured. The effect of field confinement induced by thectliel coating is

demonstrated. The results are favorably compared to the theoretical predicti

1.3 Scope of this report

In this report, we present our experimental and theoretical stoidiee surface waves on

both bare and dielectric coated plane metal surfaces.



In Chapter 2, the experimental setup is introduced. The standard D8zsystem was
modified to directly measure the electrical field distributiegar the surface with high

spatial (25um/step) and temporal resolution.

In Chapter 3, the measured time domain signals on bare and dietszted metal
surface are presented. The results are discussed togéthénendiffraction effect in the
system. Fourier transforms of the time domain signals arerpeetl to view the surface
wave field in the frequency domain. The quasi-near field measmtsmare successfully
performed. The observed exponential transverse field decay is inagoeeiment with

the theoretical predictions.

Chapter 4 is focused on theoretical study. For the bare metal surface,shddde wave
extension distance, also called skin-depth, is derived. For the ce@atgdes instead of
using the general electromagnetic wave equation method to atfadyggucture [22], we
took advantage of the feature of the high THz metal conductivitysfynaing the metal
to be perfect conductor. The problem is then simplified and easyv® gsing a well-
established model, which maintained high precision. The accurabg assumption was
verified by comparing our results to the non-simplified solution fraerature. The
dispersion and absorption of the film coating structure are alsalatdd. The overlap
integral method is used for the evaluation of the system couplihg. coupling
coefficients, as well as other system parameters, whichegapensible for the reshaping

of the surface wave pulse, are also calculated and estimated.



In the second part of chapter 4, the theoretical predictions ardedelify the
experimental results. The observed surface wave field showsxphenential fall-off
feature in good agreement with the theory. The input THz referpulse is used as the
input for the numerical simulation of the surface wave propagatioceps. The
calculated output surface wave pulse shows excellent agreembntheiexperimental

measurement.

Chapter 5 and 6 will review the work presented here and dravwusants about what

has been learned. Future work will also be discussed.



Chapter 2 Experimental Setup

The schematic of the experimental setup is shown as the fig. [Bw, lvéhich shows the
complete lay-out of the modified THz-TDS system. Femtosecond pases generated
by Ti:Sapphire laser are split into two arms: one goes to the transmitterpasrtheulse

Laser pulse from

Ti: sapphire Beam splitter
= 7 Laser beam goes to transmitter
° 3
= O
oo
@ 3
e
o g
Computer o Legends
controlled o
retroreflector 3
i 3 .
delay line - & O -~ Mirrors. Len:
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@ B -= Silicon len:
<+“—>
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THz receiver ' PPWG _

1
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1
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Figure 2-1. 2D schematic of the system setup
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and the other goes to the receiver as the probe pulse. At theittanside, when the
laser pulses are focused onto the transmitter chip, the THz puksegnerated by the
transmitter with E field vertically polarized. The generatetbgecond THz pulses pass
through three silicon lensesg,LL, and L3 and are focused into the entrance slit of the
parallel plate waveguide (PPWG). The plano-cylindrical lepprbduces a line focus on
the input air gap between the two Al plates of the PPWG, therebpgling the THz
pulses into the waveguide. The PPWG is the starting part olitfece wave apparatus,

which is shown in the dashed box 1.

3.5 cm cover Al sheet

1.2 mm ﬁ//) =

S Sample Al sheet

Cross-section

Sample Al sheet — Top view :'Cj:::::::k:’:i?
y P =
Al blocking platt - f‘;gi_'._'.‘.j.;,:uﬁ
() A
z Top view

spacer

Figure 2-2. 3D schematic of the surface wave apparatus

Fig. 2-2 shows the detail of the surface wave apparatus. ThesUitece wave (TSW)
propagates on a 24-cm-long by 10-cm-wide by 00thick sample Al sheet with a bare

or dielectric-coated surface. As shown in the upper right in {&. 2n extension of the

11



Al sheet is placed into the PPWG on top of the lower plate oPEWWG to couple the
THz wave onto the Al sheet. On top of the sample Al sheet, iharether piece of 3.5
cm long Al sheet with 10um separation from the bottom sheet to form the actual
parallel plate structure. The TSW launching part is the agedutside the left of the
PPWG, the two waveguide sheets make a 1.2 mm slowly openingflareire structure

to realize the excitation of the surface wave. This launching configurat@milar to the
earlier Zenneck wave setup [26], however, the newly added 3.5 cmléxilgld cover
sheet forms an adiabatic flare opening, which provides better bahdwwdipling

efficiency [35].

It has been theoretically proven that no surface wave launcheprcaide a 100%
conversion of the incident power into surface wave power [6]. Thereftmeg with the
surface wave, there is always a freely propagating Talzevweoming out from the flare.
To eliminate the effect of this part in the received sigrmaB5 mm-deep adiabatic curve
is intentionally made to the Al sheet in order to creatdfardnt propagation path for the
two parts of waves. Then a 10 cm wide Al plate is verticallggaan front of the curve
with 3 mm opening below the edge of the plate at the downstre#ime cfirved surface.
The distance from the blocking plate to the end tip of the Al ské&&tm. However, it is
impossible to completely block the freely propagating wave becdiffsaction occurs
when the freely propagating wave is passing through the slit. Méadediediscussion

will be in Chapter 3.
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The receiver is located at the end of the sheet to detech#eelyi polarized TSW field
that is perpendicular to the sheet surface, as shown in the 8g.TBe receiver is
fabricated on a double side polished silicon-on-sapphire (SOS) watbatthe laser
sampling beam can penetrate the sapphire substrate and irthdiasemiconductor
between the antennas. To enable the direct measurement of thecatlded, the
receiver is modified from the standard THz-TDS system. Tisame silicon lens attached
to the receiver chip and no second identical large convex siliconidefment of the
receiver to focus the incoming THz wave from the Thus the mirror symmetry of the
system, which is a required condition for 100% energy transfegmpromised. Without
the silicon lens in between, the metal antenna side is closstgglo the edge of the
sheet (distance less than 80) to allow a direct detection of the THz electrical fiedd.
shown in dashed box 2 in fig. 2-1, a periscope configuration is usealeehe vertical
movement of the receiver. The receiver and two optics (M2 and olainsglare mounted
on a breadboard so that they can move vertically to measure thefigldVét different
heights relative to the surface. The movement of the breadboamonislled by a

micrometer knob whose minimum measurable distance is 1/1000~28h4um).

13



M1

SOS receiver

4

<+— Siside

Breadboard
mount

Figure 2-3. The optical part of the receiver

Two samples are prepared for the study. They are made ofdembically sized (24
cmx10 cmx10Gum) Al sheets. For sample 1 the Al sheet is directly useditgitoriginal
bare surface; for sample 2 the Al sheet surface is coated 2:5um polyethylene film.
The refractive index of the film is assumed to be constant.b #nlhe frequency range

of interest.

Similar to the standard THz-TDS system, on the receids, shere is an optical delay
line made up of a computer controlled motorized retroreflector. Toement of the
retroreflector can change the laser path length at theveeceide and consequently
change the timing of the photo-conductive switched receiver. Theriexents were
performed in this way: first, the receiver is moved to a plested position. Then, the
system starts to take data by controlling the delay linecan shrough a long enough
distance (8 mm ~ 10 mm). Scans are repeated as the receivaved to different

positions.

14



During the experiment, the receiver changes its position upwatdvanward as shown
in fig. 2-1. The movement of the receiver mount will change tharmtst between two
mirrors (M1 and M2) and consequently change the optical path length otdmeereside

as well. For example, if the receiver is moved upward, thendistbetween M1 and M2
will become smaller. Then the total optical path length on theivexcside will be

smaller. This will make the probe laser pulse arrive the vecaarlier. However, the
arrival time of the THz surface wave pulse remain unchangestefidre, the motorized
delay line needs to scan further to compensate the shortenecl gpdith and

consequently the detected signal pulse appears later in timg@acmmwith before
moving the receiver upward. Therefore, when studying the atitinilg of the received
surface wave signal, the path length change induced by the ranvehreceiver should

to be considered and compensated.

Scanning range and step sizes

The system allows the maximum receiver scanning from 3 elowbthe surface to 22
mm above the surface. But the scanning range for most experiamehtseing compared
as a common range is from 1.65 mm below surface to 1.14 mm aboweeswiach is
called acomplete set of data. Small step sizes (2an and 5Qum) were used in the range
of -0.5 mm to +0.5 mm from surface, and bigger step sizesy@i2&nd 250um) were

used for the other positions.

15



Chapter 3 Experimental Results and Discussions

3.1 Individual Signal

The reference THz pulse in fig. 3-1 is taken with the surfeeee apparatus out of the
system. The optical arrangement for the reference pulskoisnsin fig. 2-1 and the

schematic diagram in fig. 3-1.

50 \ w 250
Free space (reference)

40 -

30+

Amplitude (a. u.)

20+

10+

(THz) 1.

Average Current (pA)

Receiver SilensL, Transmltter

Figure 3-1 Reference signal

10 -

20+

-30 ‘ |

The focal length of the large convex silicon lensid 15 cm and the receiver is located

about 40 cm left to the,LThe lens Lk collects the collimated THz beam from the

16



transmitter located at the right focal plane of L, focuses the THz beam into a
frequency dependent spot at the left focal plane with beam radwp®rtional to the
wavelength. For example, the spot size for 0.5 THz is approximately 20 mm eliamet

spot size for 1 THz is around 9 mm. Then, the THz beam continues propagating freely 25

cm illuminating the receiver with a much bigger frequency depeniddéntoeam spot, for
example, 25 mm for 0.5 THz and 16 mm for 1 THz. As shown in fig. 3-1 that
bandwidth and amplitude are smaller than those obtained with the standiatDS

systems [36].

3.1-1 Signals on bare metal surface

As introduced in Chapter 2, sample 1 is a 24 cm long, 10 cm wide andriftck, bare
aluminum sheet; sample 2 is a sheet of the same dimensions, hua W2.5um
polyethylene film coating. The measurements of samples caarbed out by taking
multiple scans with different vertical positions of the receivem below to above the
surface. Fig. 3-2 (a), (b) and Fig. 3-4 are the THz surface siguals of sample 1 and 2

taken at the level of surface. The corresponding amplitude spectra are pldtiedcset.

Fig. 3-2 (a) is taken on sample 1, the bare surface without the fdoplate. From the
structure of the coupling mechanism, it is obvious that the receigedl $6 a mixture of
the surface guided wave and the unguided freely propagating wave bdtagsgstem
structure allows the collinear propagation of both waves. The coupled and wicoupl

THz waves come out together from the flare opening of the PPW& surface wave

17



coupling occurs during its entire propagation, and the coupled swrEace propagates
along the adiabatically curved surface. The freely propagatavg comes out from the
1.2 mm flare opening of the PPWG and radiates into free spasarthee as a diffracted
wave which keeps spreading as it propagates.
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Figure 3-2. (a) Surface wave pulse on bare metal surface, no block (b) Surface
wave pulse on bare metal surface with block.

With the blocking plate with a 3 mm opening perpendicular the surface, as thé figse o

3-2 (b), the signal amplitude is greatly reduced. This is beliedmdto blocking the
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majority of the diffracted wave from the flare. However, tbéuced signal arrives at the
same time as the unblocked one. This indicates that the recegread still contains
wave that comes along the path of the freely propagating wavessHidugs that the
unguided free space waves again “find” their way to overcomelik@acles under the
help of diffraction and propagate to the receiver. The surface wdke signal, although

is weak, can also be identified and will be shown in the later data processing.

On the bare metal surface, diffraction has a significant contibtd the signal. So it is
necessary to assess diffraction from the waveguide flaréharslit of the blocking plate
in more detail. To simplify the problem, the metal sheet israsd to be a straight plane
with no curvature. When there is no blocking plate, the only difbmas from the 1.2
mm wide flare opening of the waveguide, equivalent to single shtadifon with a
conducting sheet extending in the propagation direction from one edge sfit. The
diffracted wave from the flare opening propagates 20 cm to ebeiver without
disturbance. Because of the Al sheet’s mirror effect, the equoivairaction slit width
should be doubled to 2.4 mm, and the Al sheet is the centered symnaetaclpere, the
Fresnel number F Z/4L}), where a is 1.2 mm, the half width of the slit, L = 200 mm is
the propagation distance ands the wavelength. At = 600um, corresponding to 0.5
THz, F = 0.012 <<1, so it can be considered to be far field diftraciihe far-field half-
space amplitude diffraction pattern of a single slit is desdras agind)/0 function with
the central maxima at the metal surface. Assuming theatgueak signal amplitude
taken without blocking plate to be 1, the area defined by the intafiffitaction pattern

stands for the total power from the 1.2 mm slit.
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Figure 3-3. The intensity diffraction pattern for 0.5 THz 600um: (1). The
1.2 mm flare opening without block, (2) the 1.2 mm flare opening at the
blocking plate, (3) the 3 mm slit of the blocking plate

In fig. 3-3, curve 1 shows the power diffraction pattern from thee fgpening at the
receiver plane. When the blocking plate is inserted at 8 cm fiwn réceiver,
corresponding to 12 cm from the flare opening, the free spaceswéfract 12 cm from
the flare opening and arrive at plane of the 3 mm slit betweepldke and metal sheet.
The slit truncates the diffraction pattern to 3 mm; the tramsdhivave from the 3 mm
aperture diffracts again as it propagates to the receiver. Quindig. 3-3 shows the
diffraction pattern at the blocking plate — it contains the sam@&uat of power as curve
1. Then the transmitted power through the 3 mm slit (the shadowegdsadktiracted to
the receiver 8 cm downstream shown as curve 3, whose area is @thualshadowed

area. Therefore, according to the calculation conserving the totarpaiven inserting
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the blocking plate, the peak amplitude at the receiver should change t@flt2&

unblocked signal.

In the actual experimental setup, more processes occur besidedfiaetion. The
surface wave coupling and decoupling occurs along the entire sampleesuifec
adiabatic curve of the sheet interferes with the free spiftaction. The blocking plate
introduces not only the diffraction but also the decoupling of the surave. As a
result, the experimental data in fig. 3-2 clearly show thatré¢lceived signal has much
more reduction when the blocking plate is inserted in the syskem,predicted in the

simple calculation above.

The surface wave launching/coupling efficiency is determinethé overlap integral of
the excitation field (the diffracted wave field) and the sw@afaave field [6]. A well-
known fact is that THz surface wave (TSW) is weakly coupldatiedoare metal surface
due to the high metal conductivity, resulting in the TSW exponentibbffafield
extending transversely from a few tens to hundreds of millimeddove the metal
surface, as shown in Table 1-1. Therefore at the 1.2 mm flare oprtimg PPWG, the
coupling to surface wave is very low because of the small overegral of the two
field patterns. As the propagation distance increases, the tBtirgging)/6 pattern
expands whereas the exponential surface wave field pattermeethaisame, because it
is the single mode solution determined by the constant metal conigudthe coupling
of the two fields increases at first as the diffracted waald is expanding closer to the

extent of the TSW field giving a larger overlap integral. Thiératition field pattern
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keeps expanding and becomes much larger than the TSW field patiernhe coupling
decreases as the two fields are becoming less overlagping3-4 below shows the
overlap integral at different distances for 0.5 THz. From therdigi75 cm gives the

optimal coupling.

0.9

0.8

0.7

0.6

0.54

0.4

Overlap integral

0.2

0.1

0.37‘ .

0 ! ! ! ! ! ! ! ! !
0175m 5 10 15 20 25 30 35 40 45 50
Diffraction distance (m)

Figure 3-4. Overlap integral of the surface wave field pattern and the tdfrac
pattern at different distances

Fig. 3-5 below shows the transverse intensity and field prdféefew selected distances.
ForA = 600um on an aluminum surface, the TSW field pattern is constant ahdwans
as the dotted line, with 1/e amplitude value of 160 mm. The diffrapatterns at 80 cm,
175 cm and 500 cm and 5000 cm from the flare opening are plotted asrsdidAt 80
cm, the two fields are normalized for comparison. At 175 cm, thelapventegral
between the free space diffraction and the surface wave hasmgieum value of 0.825,
as the two patterns have their most overlapping shapes. Furthermmaaeprapagation

distance of 500 cm and finally at 50 m, the spatial extensioheotwo waves have
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become so different that they are considered to be well separatew longer coupled.
Therefore, in the measurement on sample 1 with only 20 cm @bpaglistance, the

signal actually contains only a small portion of surface wave while therityaemains
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Figure 3-5. Overlapping of the surface wave field pattern (dashed line) and
the diffraction pattern (solid line). (a) Intensity. (b) Amplitude.
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as the uncoupled freely propagating wave. The TSW is predictpdbpagate 137 m
before the intensity drops by 1/e. For this distance the 1l/e eftéme¢ diffracted wave
amplitude is 2800 cm, compared to the unchanging extent of the T$NWawl/e
amplitude extent of 16 cm. In summary, an optimum long (>1)008tance is a desired
condition for the best coupling of surface waves, however it is impossible to obtain a pure
surface wave signal since there is no 100% overlap integral titwaotithe entire surface.

An important point is that the two waves propagate with the same phlxity to 1 part

in 1¢°. Consequently, fok = 600um, the coherence length for energy exchange between
the two waves is the stunning value ofX1& 60 km, which raises the question as to

whether or not these waves can ever be completely decoupled.

More loss is introduced with the blocking plate in the system. ilge Ispatial extension
of the THz surface wave results in a large portion of the wave energyggdetncated by
the blocking plate. Moreover, the 3 mm slit opening of below the blockiatg [

simultaneously an aperture decoupler which couples the surfaeehaak into the free

space.

Although there is predicted radiation loss of the surface wave aturface bending [11],
it believed to be an insignificant loss factor in this experinbeicause not much energy
is actually coupled into the surface wave. However, the surfakrigeis responsible for
the signal reduction because it creates an indirect path faliffrected wave from the
PPWG flare opening so that even less energy finally gsetsvity through the slit.

Therefore, the measured surface wave after the blocking plate is loweplitudm
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3.1-2 Signals on dielectric coated surface

In the measurement of sample 2, as shown below in fig. 3-6, the pradehe dielectric
coating greatly compresses the spatial extension of surfage am@d consequently
greatly improves the surface wave coupling. Therefore, tmalsig much stronger. The
dielectric coating confines the surface wave field to withity a few wavelengths from
the surface so that the wave can pass through the slit andadrineereceiver. The signal
of sample 2 also shows that the pulse has been stretched to 25 pstloagpasitive
chirping feature, where high frequencies arrive latter in tinmes | also evidence that
the dielectric film is guiding the wave with dispersion. Thatree smooth spectrum of
the signal shows no sharp low-frequency cut-off or any unusual gscilaindicating

single TMy mode propagation in the dielectric with zero cutoff frequency.

Compared with the reference spectrum, the amplitude spectrumgoehcy from 0.5 ~
0.7 THz of film-coated surface wave is higher than the reéerefhe first reason is that
the free space signal has low transfer efficiency as oredi at the beginning of this
chapter. However, the surface wave apparatus has a confocal & kmangement
which provides better coupling from the free space into the wavegystem. The
second reason is the surface waves on the dielectric caatedespropagate in more

tightly guided mode so that more energy is preserved during the propagation.
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Figure 3-6 THz surface wave pulse on dielectric coated surface with block

On the coated surface, diffraction is no longer the dominant effébeireceived signals
compared to the case of bare metal surface. The comparison ismthdefig. 3-7, the
top curve (@) is the signal taken without block, and the middle chjvs faken with the
blocking plate. It shows when the blocking plate is inserted, no roagrge happens to
the signal as it does on the bare metal surface. This faedithat with the improved
coupling due to the dielectric film, more energy is being cdrbg the surface wave
mode and propagates closely along the surface, whereby tlkenglptate can have very
limited influence. The unguided freely propagating part of the waatecan be blocked
or diffracted can be obtained by subtraction of the curve in (b) frencurve in (a). As
shown in (c), the freely propagating wave is the small leadinggbdahe signal which

propagated along the shorter straight line path.
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Figure 3-7. TSW pulse on coated surface without block. (b) TSW pulse on coated
surface with block (c) The freely propagating wave given by subtraction of TSW
pulse (b) from TSW pulse (a). Inserts show corresponding spectra
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3.2 Signals taken above surface

Signals at different heights above the surface are measune\bgg the receiver. As
introduced in the fig. 2-1, the time delay effect of the movemetiteofeceiver has to be
compensated to indicate the actual arrival time of each sigfakhgresenting the THz
signals in time domain. For example, in the fig. 3-8 (a), thed@wese was taken at the
surface and the upper curve was taken 0.60 mm above the surfaceh&rogure it can
be seen that there is an apparent time delay between the two signals. Assigpvizal,
when the receiver is moved upward by 0.60 mm, then the distance bedteand M2
becomes shorter by 0.60 mm, and therefore the optical sampling pillseriwe the
receiver 0.60 mm/c = 2.00 ps earlier. However, the arrirahg of the THz pulse signal
remains the same. Therefore in order to measure the signagriping pulse will need
to “wait” 2.00 ps longer to be synchronized with the surface measurement and swethe ti
delay is created. Therefore, in order to compensate foritesdelay, the signal above
the surface needs to be moved to 2.00 ps earlier in time (tofthheslative to the signal

on the surface, as shown in fig. 3-8 (b).

The fig. 3-8 (b) shows that after removing the effect of positimenge of the receiver,
the peaks in the surface wave pulse at 0.6 mm above the surfaalggaeel precisely
with the corresponding ones in the pulse on the surface except forsthaller

amplitudes. This indicates that the signal above the surfacallpciurives at the same
time as the one on the surface which is expected according taaihe wave mode

profile, because the entire wavefront propagates with the same velocity.
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Figure 3-8. THz surface wave pulses measured at the sarfdcat 0.6 mm
above surface (a) before compensating the time delay causeadiyere
movement. (b) after compensai

As the receiver moves above the surface, the signal amplitudeshosdmople 1 and

sample 2 decrease. The dielectric film covered sample 2 exktbonger confinement of
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the surface wave than the bare surface and hence resulasterafall-off of the surface
wave field. Fig. 3-9 shows the comparison of signals measured at the surfabevand a

12 ‘

(@)

10 ‘ 3.4 mm abowe surface ‘
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Figure 3-9. Comparison of signals measured at the surface and above slirface (a
bare surface — sample 1 with block. (b) dielectric coated surface — samitihe 2 w
block
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the surface. In fig. 3-9 (a), for the bare surface - sampleelygper curve is measured at
3.4 mm above the surface, the amplitude drops 50% of the lower cutve surface,.
For sample 2, shown in fig. 3-9 (b), when the Al surface is doai¢gh a 12.5um
dielectric (n = 1.5), the field extension of the surface wawgeatly compressed. At 3

mm above the dielectric-coated surface, the amplitude drops to 20% of the surfate sig

As the receiver keeps moving, more signals are taken, a dadrdaf TSW field fall-off
is observed. In below fig. 3-10, the time domain signals are plottexdatg to their
corresponding receiver positions. It clearly shows a snapshot ehtlie surface wave,
and gives the field fall-off profile above the surface. Because all the hifite Isave been

compensated, in fig. 3-10, the displayed relative positions of the waveforms in time
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Figure 3-10. The time domain surface waveforms above dielecaied
surface with blocl
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reflect their actual arrival timing. This again shows thHa THz surface waves at
different height above the surface hit the receiver at the sianee It is also worth
noticing that in the fig. 3-10, the long ringing tail of high frequelcomponents fade
away, as the wave extends higher into the space. The frequenaydelepe of the
fringing field fall-off is again a nature of the guided sadawave, which is better

presented in frequency domain.

Fourier Transforms are performed on all the above time domaimlsigo that the
amplitude spectra of the signals taken at different recqusitions are obtained. By
putting the spectra together in the order of their correspondingveeqaositions, the
amplitude fall off of the surface wave can be compared in frequémimain. Fig. 3-11
shows the spectra from surface to 6 mm above the bare metdeswithout blocking

plate.

Figure 3-11. Amplitude fall-off viewed in frequency domain
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Therefore, for each individual frequency, by picking out the amplitude aintall
positions from the spectra in fig. 3-11, a spatial amplitude faltistribution can be

obtained, as shown in fig. 3-12

Figure 3-12. unnormallized frequency dependent field fall off curves: a- bare
metal surface without block, b- bare metal surface with block

Because the amplitude has its maximum value at the surfacieahmplitudes are
usually normalized to the amplitude at the surface to sholeaaet comparison. The
normalized amplitude fall-off curves for each individual frequemoynf0.2 to 1.2 THz
are plotted fig. 3-13 (a) for bare metal without block, (b) for aetal with block. Fig.

3-13 (a) and (b) show the experimental results of the frequency depefield

distribution on the bare metal surface without and with blocking pkeéeectively. Both
of the two situations show that the detected surface wave figlchhaimum strength at
the surface, and then the field decreases with the increade afistance from the

surface. The field strength increases when the distance is greateeitiaam\ealue,
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Figure 3-13. Experimental surface wave fall-off (a) bandase without
block. (b) bare surface with blc

however for some lower frequencies the increase happens outsite mfatgin of the
figure for it takes longer distance. Both the decrease andaserare frequency
dependent. The field distribution with the blocking plate has poor signabise ratio

which causes the trend less obvious.

As discussed earlier, both surface wave coupling and free sp&eetaih occur to the
bare metal surface case. Therefore, the theoretical figltbdisons of these two effects
are worked out and plotted. Fig. 3-14 (a) is the surface wave &kldff on aluminum
surface. High metal conductivity in THz results in loosely boundasarfvave field,
therefore the fields are hanging far away above the surfaceshaowd a slow fall-off
curve. Fig. 3-14 (c) is the far field diffraction pattern of thaveguide flare opening
which corresponds to the unblocked case. After diffracting 20 cm &waythe flare

opening, the diffraction pattern is widely spread across the akepligne and also results
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in almost flat field distribution within 4 mm from the surfaceqg.FB-14 (d) is the
diffraction pattern of the 3 mm slit of the blocking plate which egponds to the case
with block, short distance and wider slit width results in narrdwstr order diffraction
peaks, especially at frequency higher than 1 THz, the second dfdmrtain peaks even

show up.

The bare metal surface case is a combination of weakly boundeswéae and strong
free space diffraction, therefore both features of surfaceeveamd diffraction can be
found in the experimental field patterns. In the case of bare suwdhout blocking
plate as shown in fig. 3-13 (a), the field decrease fromuHace maximum shows that
there is coupled surface wave existing in the signal. The fietdase at some distance
from surface is believed to be due to the diffraction. Also, becdnesavave has long
propagation length on the surface, the diffracted wave expands tddkersurface wave
pattern, which is, the surface wave field pattern fig 3-}4#a similar distribution as the
far field diffraction of the flare opening fig. 3-14 (c). Thfare, the condition does allow
a better surface wave launching which is confirmed in the3fit3 (a). Due to the same
reason, when blocking plate is inserted, the launching condition iswanseresults in
lower signal amplitude. The field pattern before normalizatidovbe&learly shows the

change.

Comparing with the theoretical fall-off curve of bare Alfage of fig.3-14 (a), the actual

field falls much faster than the theoretical prediction. Thisrésmncy is not surprising

because it has been observed and reported by many earliechesedl3, 22, 23, 27,
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37-40]. T. Jeon of our group had the similar observation [26]. According ttn¢loey,
surface waves are modeled on ideal flat metal surface. Sxperiment, extremely
optically smooth and flat surface is needed to satisfy the tierprediction of large

spatial field extension. Surface roughness of the sample Al sheet alscasdiea
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confinement to surface plasmon and results in smaller spateaisean and propagation
length. In the study conducted in ref. 25, the observed field fals@8itimes faster than
the theoretical prediction. Because we are using the same type of Al steesindy, in
fig. 3-14 (b), 28 is used as an empirical factor to re-plot the thealréall-off curve. It
clearly shows a better agreement with the experiment. Hoyetether the factor is a
frequency dependent number still remains for further investigatvhen the blocking
plate is in the system, the secondary diffraction in fig 3-14Hdyvs a much under-sized
field pattern compared to that required by surface wave. Tdrerghe coupling doesn’t
really happen efficiently which results in rather noisy field pattern.

In fig. 3-15 (a), the “loosely bound” field on bare metal surfacebdem®me to “tightly
bound” field due to the thin layer of dielectric film. As discussethe introduction, the
thin film provides strong confinement to the surface wave energy and therefgpafids s

extension above the surface is largely reduced in all frequencies.

Figure 3-15. (a) Experimental surface wave &dfl-on coated surfac
(b) Theoretical fall off on coated surface
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Excellent agreement between experiment and exponential figidfffadf dielectric-
coated surface can also be observed in fig. 3-15 (a) and glphdwn in fig. 3-16, the
theoretical exponential field fall-ofe™ and experiment field fall-off curves at a few
selected frequencies are re-plotted. Again, the frequency depdmaiierall-off agrees

reasonably well with the corresponding theoretical fall-off.
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Figure 3-16. Comparison of theoretical and experimental amplitude fall-off at
selected frequencies

In summary, with the dielectric film, surface plasmons exhabinuch better guided
characteristic and more robust to the perturbation such as bendingsaffdee. The thin
dielectric coating is proved to be an excellent solution to theneeh@nt of THz surface

plasmons which is very important to the further applications of surface plasmons.
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Chapter 4 Theoretical Treatment

The objective of the theoretical work is to understand the propagatoagsrof the THz
pulse on both bare metal surface and dielectric coated surtacieMbare metal surface,
since the diffraction effect has been discussed in chapter 3, @lyatbulation of the
transverse profile of the surface wave field is introduced Ikenethe dielectric coated
surface, it includes four parts: 1. The transverse field profilth@fpropagating mode.
With the comparison with the experimental results, this procesgsighe correctness
of the simplified theoretical model. 2. The dispersion relation, whadloumnts for the
frequency dependent phase delay. This process introduces chirgrntganinput pulse
and explains the long lasting ringing feature in the output sign&@heabsorption. This
process introduces amplitude attenuation to the input signal. 4. Thengpbptween
different elements of the system. The last 3 processessp@nstble for the reshaping of

the output signal.

4.1 The surface wave field on bare metal surface

The surface wave function on metal surface contains a propagatiomtthe direction z

along the surface and an exponential decay term in the directtbe stirface normal y.

Therefore, it is described as:
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ik.z Ky
E=Eoe'kzze ym m=12 (4-1)

Where z axis is the propagation direction along the surface, yisa#i®e direction of
surface normal. kis the wavevector in z direction, which is also known as projmegat
constant, {, is the coefficient of the exponential field fall-off in the medion either
side of the surface, hem = 1 stands for the metal amd = 2 stands for the dielectric or

air. k; and k can be determined using the metal-dielectric boundary conditions[41]

From the ref 41, given the complex dielectric constants on both sitie aiterface, the

wave vectors of the surface wave have the relationships below:

K =2 |52
©oc\e +e, (4-2)

K2 +k2 =2,(2)? m=1,2.
C

Wheree, = ¢’ + 1 &” is the complex dielectric constant of the metal, ant the

dielectric constant of the dielectric outside the metal seyfatich is air in this case
is the angular frequency ands the speed of light. From (4 -2) it can be seen that hoth k
and kn are frequency dependent. Ongg, ks calculated, the theoretical field fall-off

curve as fig. 3-13 (a) can be plotted.

Furthermore, the 1/e field fall-off distances (skin depth) on both sides of thadetere:
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C g+ &
so, 5. =— |12
ar o\ & (4-3)

In microwave and THz ranges,]| >> | &'| >> &, furthermore, the Drude complex
dielectric constant of metal can be expressed &xaallent approximation as

o) . O
_ dc+| dc

el g

& =& He"~ 4-4)

Whereaoy. is the dc conductivity of the metal, is the vacuum permittivity and is the

damping rate. By using all the above approximati@ensuch simplified expression for

the above skin depths can be obtained as:

&' 20'dC

C
0) o° 80/10 (4-5)

. 2 1
metal 1 1 / a),uo O_dc

4.2 The surface wave field on dielectric coated surface

4.2-1 The transverse field profile
The dielectric coated metal surface structure awshin the fig. 4-1 (a). General modal

analysis to this 3-layer structure is often congikcl in theory because of the complex

41



metal conductivity [15, 17, 22]. However, in THge the problem can be viewed in a

much simpler way.

In THz range, the real part of the metal conduttivis high and can be considered to be
frequency independent constant and to be equaktbdndbook dc value (for aluminum,
or = 4 x 10 S/m), in contrast to metallic conductivity at opfidrequencies, at = 800
nm, o; = 1.2 x10 S/m [42]. Therefore, as shown in the fig. 4-1 & dielectric coated
metal surface can be viewed as a classic wavegsidecture --- dielectric slab
waveguide on perfect conductor, also called grodndielectric film waveguide. To
solve the wave field in this type of waveguide, pfegfect conductor plane can be treated
as a symmetric plane. Then the problem is equivakersolving a waveguide that is
combined by the film and its mirror image, whichaistually a free-standing dielectric

slab waveguide with twice thickness as shown in4id (b). Therefore, the problem

ya B.
v E >
h — B [ Dielectricfilme
Metal,
/ //% etal,c
@
l g
N
2h bz z

Dielectric film, ¢

T (b)

Figure 4-1. Theoretical model equivalence of slaveguide structure, if the
conductivity in (a) is infinite, then its field drgoution is equivalent to the
upper half of (b)
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of the surface wave is simplified to the model gsial of a dielectric slab waveguide. The

detailed solution of modes and wave vectors isdstahand can be found in appendix I.

Both theoretical [2] and experimental work [43] I&m®wn that in our very thin £20)
dielectric slab waveguide setup, only the domin&My, mode is coupled into the
waveguide and therefore our surface waveguide teteids working in single mode
propagation. According to the field solution in Agoplix |, the transverse electrical field
inside the slab has cosine form while the fieldsmlé the slab decays exponentially
(evanescent wave). Therefore, once the transveske féll-off constant and the wave

vector are calculated, the problem is then solved.

The left chart in fig. 4-2 shows a typical pivhode E field solution of a 2um dielectric
slab (n = 1.5) waveguide at 0.5 THz. Inside then fithe E field is a small portion of a

cosine curve which falls off from its apex. At tthelectric-air boundary, the

Ey field distribution at 0.5Thz, of 25um thick, n=1.5 slab waveguide Ey field distribution at 0.5THz, of 12.5um thick, n=1.5 surface waveguide

|
|
| I
I~~~ Field in 7
‘ | free space
| |
L >~ I
| |
)
|

Ey field

Field inside the
dielectric slab of
twice thickness
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dielectric film
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Figure 4-2. left: E field TMp distribution at 0.5 THz of a plastic slab
waveguide; right: field profile of coated surfa¢e.=1.5)
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Ey field has a jump because of the discontinuityhef tlielectric constant. Outside the

film, the E field fall-off is the functione ' where the fall-off constant,,= 7.64 cn.
As for our case, which is a metal surface overabateucture with 12..um dielectric

film, the field profile on the right is half of thaf dielectric slab waveguide on the left.

In the dielectric slab structure, electromagneitdt propagate in the T¢vmode both
inside and outside the slab with the same waveove@therefore, although a perfect
conductor does not support the surface wave, whendovered with a thin dielectric
film, a guided surface wave can be establishedsTthe wave that is propagating on the
dielectric coated metal surface is in fact the saase the guided mode of the
corresponding dielectric waveguide. The surfaceen®sre is the same as the evanescent

field of the guided mode outside the dielectricliay
As shown in fig. 4-3, the exponential fall-off ouas the film is plotted against frequency
to compare with the experimental measurement shiowing. 3-15 (b). Because our

sample film is only 12.5 um thick, the cosine fuoctinside the film is not detectable.

Our approach of treating metal as a perfect comduat THz frequencies has greatly

simplified the problem. Earlier researchers soltrexigeneral wave equation of the
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Figure 4-3. Theoretical normalized surface wavedtlcurve
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Figure 4-4. Exponential field fall-off constan@l@ulated with and without
perfect conductor assumption
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surface wave on coated metal using the actual émcyu dependent metal dielectric
constant, which must be used for the optical ra2®je[ The general solutions of
exponential fall-off decay constants on coated mata compared to our simplified
solutions in fig. 4-4. Not surprisingly the two ges almost overlap which proves that the
perfect-conductor treatment is an accurate assompti THz, similar to the usual

approach in microwave theory to derive the modeseifal waveguides.

4.2-2 The dispersion

Using the method described in Appendix |, the fexgry dependent wave vecfy(w) of
the guided mode can be calculated. Therefore, giten propagation length, the

frequency dependent phase delay can be calculated.

If the signal at the input end of the film wavegriid described using its electrical field:

Efw) , then at the output end, the electrical fielgd{w, z) can be written as [43]:

(4-6)

EOut (CI), Z) =E (a))TC e_iﬁzze—az

ref

Whereo is the angular frequencf; is the wave vector of the surface wave mode.at
Both the wave inside the film and outside the fidropagates with the same wave vector.
a is the amplitude attenuation of the waveguide.afl is the transmission coefficient, C

is the coupling coefficient.
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As discussed previously, the dispersion in signalsep can be understood in the
dispersion of the dielectric slab waveguide whogaddfdistribution is frequency

dependent. Therefore, the fraction of power thaippgates inside and outside the
dielectric slab is also a function of frequencyeTiaction of power can be calculated
using the mode parameter method in Appendix 1. Aigker the frequency, the bigger
fraction of power is held inside the slab. Furtherey bigger portion of energy inside the
slab, the closer the propagation speed to the spkédht of bulk dielectric; the less

portion of energy inside the slab, the closer ttupagation speed to the speed of light in
free space. This explains why in the surface waymeas on dielectric coated surface, the

lower frequency components travel faster than thedr frequency ones.

Once p,(w) is obtained, the phase velocityp:% , and the group velocity

Vg =d%ﬁ [2]. Fig. 4-5 shows the calculated group velodityd phase velocity as

functions of frequency. Both group velocity and gdavelocity decrease as frequency

increases, which is in agreement with the experiaieasults.

With respect to the energy exchange between the EBW the freely propagating
diffracted wave traveling at c, the coherence lerigtat 0.5 THz from fig. 4-5 i8/2 =
0.0025 L, Lc = 200\, L, = 120 mm or 12 cm which is % our guided wave path,
consequently the waves can decouple. At 1 THz tbeerence length shortens

considerably td/2 =0.01 L, Lc=50. =50 x 0.3 =15 mm = 1.5 cm.
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phase welocity and group welocity for over coated surface waves

phase welocity

0.99

0.98

0.97

0.96

ratio to ¢
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0.94

0.93

0.92

THz
Figure 4-5. Group velocity and phase velocity ratospeed of lighof the
fundamental TN modeof dielectric slab waveguide with a thickness o
um and an index of refraction of 1.5
Therefore, when thg,(w) is obtained, the phase change due to the propagedio be
calculated ag,L whereL is the length of the thin film waveguide which28 cm in our
case. The phase delay as a function of frequenkty&applied to the phase term of the

corresponding frequency of the input signal spectrfhe amplitude term will be

discussed in the next two sections.

4.2-3 The absorption coefficients
The absorptior of the thin film over-coating contains two partise absorption of the

dielectric filmag, and the absorption of the metal due to its fingaductivityom.

a=a, t+a, (4-7)
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1) Thedielectric absorption ag
Based on the definitions of model parameters inaggn (5) to (8) in appendix I, we
have V, U, W and\ as model parameters. Then using these parameteaed, [1], the
fraction of power in the core can be calculated:

2 72112
n;nyU 4-8)

co’ cl

n2naV? +niW? + njWu?

co cl

n=1

Fig. 4-6 shows the fraction of power as a functdrirequency for our 12;8n surface
waveguide structure.

Fraction of Power for 12.5 um, n=1.5 film on perfect conductor
0.1 T T

0.09

0.08

0.07

0.06

0.05

0.04

Fraction of Power

0.03

0.02

0.01

frequency THz

Figure 4-6. Fraction of poweg) at different frequencies in our surface
structure

The power absorption coefficient due to the digledayer is [44]:
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Ay =na, — (4-9)

Where o is the absorption of the bulk dielectric, in owperiment, the dielectric is
polyethylene, whose absorption is lower than 1I'dab]. In this calculation we use
frequency independent value 1 tras the value ofy. v is the group velocity of bulk

material and/y is the mode group velocity within the waveguidgela We have [1]:

v, =c/ng
(pg 243, table 12-2[1]) (4 - 10)

c p 1
Vy=—F "
° nl k1-2AQ-7n)

Amplitude absorption due to the dielectric 12.5um, n=1.5 coated surface
0.03
\ \

0.025F----=====-------

0.02

0015 -

1/cm

0.01 ~— -

0.005F - -=-=======------

Frequency: THz

Figure 4-7. Amplitude absorption due to the digledayer
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Given fraction of power#) and group velocities, using equation 5, the atué
absorptioneg /2 due to the dielectric layer can be calculated &mation of frequency,

as shown in fig. 4-7.

2) The metal absorption any,

i) Analytical method
The Joule heat is generated by the surface cumdnted by the surface wave mode
field near the metal. This can be treated usinigh@le approximation method. The detail
analytic calculation is described in the Appendix The analytic result for the metal

absorption can be written as:

(4 Hy  n’s, \/—
1/ 4-11
/ o 4ho yogo /16 4h ( )

In below figure, the amplitude absorption due @ ttietal is plotted.
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metal absorption, analytical method
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Figure 4-8. Amplitude absorption due to metgl2 using analytical method

i) Approximation method:
To simplify the calculation, the metal absorpticancalso be approximated using the
metal absorption of dielectric filled parallel @atvaveguide (PPWG). Consider the
dielectric coated surface wave guide system asVd@®Rith top plate removed. Details

are introduced in appendix lll. The obtained appr@tion is:

oSV = 05na pwe Vi 0.577arzPW7 4-12)
m ) m v n

g

This result gives the amplitude attenuation coriqi@dure to the metal) of the surface wave

as fig. 4-9 shows the curve of>"versus frequency which agrees well with the restilt

the analytical method in fig. 4-8:
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metal absorption using approximation method
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Figure 4-9. Metal amplitude absorption calculateshg approximation
method

4.2-4 The coupling coefficient

When THz pulse propagates in the surface wave apysit will go through a number of
junctions of different waveguide elements, suctcdmdrical lens coupling to parallel

plate waveguide (PPWG) and PPWG to thin film coatedface waveguide. At each
junction, THz energy is transferred from one eletrtenthe other. Since the energy is
carried by guided modes of the corresponding elésnéime coupling at the junctions is

eventually the coupling of modes between differeateguide elements.
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Two coupling processes are considered here: 1cdtpling between the PPWG and the

thin film surface waveguide. 2. The coupling at éeminum sheet block.

The well-known overlap integral is used to calorl#ihe power coupling coefficient

between two waveguide elements [46].

. [jé-EZ dg)?
- I|E1|2dsI|E2|2ds

(4 - 13)

WhereE; andE;, are the mode fields of the two waveguides, s dantite integration
over the waveguide cross section. HAres the normalized power coupling coefficient;

the amplitude coupling coefficient is the squaret f A.

1). The coupling between the PPWG and thethin film surface waveguide.

As fig. 4-10 shows, this process contains two stépsQuasi-TEM mode in the PPWG
couples into the quasi-TEM mode in the flare, wheelm be considered as an adiabatic
structure PPWG. (2) the quasi-TEM mode in the ftareples into the surface Tovhode

of the surface waveguide. For region (1), accordingthe work of J. Zhang and
Grischkowsky, the coupling can be considered toubity for adiabatic compression
shape waveguide [35]. So its coupling coefficienhdt calculated. For region (2), the E
field of the quasi-TEM in the flare and the §khode in the thin film surface waveguide

are shown in (4 - 14) and fig. 4-11:
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z
Figure 4-10. Zoomed drawing of the PPWG-Surfaceenawction

12.5um film

-

1
0< y< 12.5um
E,=1225 COS(f,4Y) 0<y<125m
yl : 125um<y<12mm E . = (4 i 14)
y2 —2yoY
0 y>1.2mm e’ 12.5um <y <oo

The detailed definitions of the parameters aredish the appendix.

By s PPWG Ey 4
: Surface wave
film i space film space
: y

Same as fig.-2 (right)

Figure 4-11. Electric field functions of the twouging modes
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In PPWG, the E field is perpendicular to the wavegplates and has the same value
over the entire cross section. When the bottoneptatovered by a thin film, the E field
in the space can still be considered to be the sasn¢he film can be treated as
perturbation. However, the field in the film neetts satisfy the boundary condition,
namely, the ratio of the E field inside and outside film should equal to the inverse
ratio of the dielectric constants. In our caserdite is 2.25. The calculated normalized

amplitude coupling coefficient is shown in fig. 2:1

coupling of PPWG to SWG

Figure 4-12. The calculated amplitude coupling toeint of PPWG — SWG
junctior

2). The coupling at the aluminum sheet block
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R TR Wave front

Al shim stock sheet

12.5 pm thin film | |

Figure 4-13. Schematic of the wave propagatiohestit

When the surface wave is propagating along theecliét coated surface, as discussed
previously, its field extension into the free spaaleove the surface is frequency
dependant. Lower frequency component has longensikin. When the wave runs into

the aluminum sheet block as shown in fig. 2-2 agd4-13, the wave front will be

COS(Byd y) 0<y<12.51m
E. =
yi 12.5um <y <o
efayoy
(4-15)
cos( B4 Y) 0<y<12.5m
_ —ayoY 12.5um <y < 3mm
E,,=7e "
0 y >3 mm

truncated by the block. Only the part of the wavat is below the slit height (3 mm in

our experiment) can pass through and re-estabisisarface wave. In other words, the
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aluminum block acts as a spatial window filter whitan be described using a binary
function and applied to the overlap integral tccaldte the coupling coefficient. The two

E fields for overlap integral are shown mathemdiiaa (4-15) and graphically below:

Ey a A .
Surface wave Slit
film E space
2.25 I
. 1 \‘:
12.5um TMo y 3 mm
Same as fig.-2 Mode field of the slit

Figure 4-14. Electric field functions of the twouging modes at the slit

The calculated amplitude coupling coefficient ot tklit is shown in the fig. 4-15.

Because the thickness of the slit is negligibleyatks as a perfect block which maintains
the part of the wave front that falls onto the alid completely blocks the rest part that
falls onto the metal sheet. Therefore, the functmnthe slit is the same as the input
wave front in the slit opening area and is zenest part. As shown in the right fig. 4-15.
The product of the above two coupling coefficiegitgees the parameter C in the equation

(4-6).
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Coupling coefficient of 3 mm slit
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1
0 0.5 1 15
Frequency: THz

Figure 4-15. The calculated amplitude coupling icieht of the slit

So far the main mechanisms that are responsibleéhforsignal reshaping have been
calculated. It includes the absorption of the digle material and metal, the dispersion
in the film and the coupling coefficient at the m@inctions. The Fresnel's transmission
coefficient of the silicon cylindrical lens is alsgtimated to be 70%. Other uncalculated
coefficients are believed to be frequency independectors and will only have slight

effect on the pulse magnitude. Therefore, giverea §pace reference signal, the output
signal can be theoretically worked out. In fig. @-1 shows comparison of theoretical

output surface wave spectrum and the actual expetath surface wave spectrum. The

two spectra are normalized to match their peaksdarparison.
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Figure 4-16. The theoretical output spectrum (slri€l) and experimental
output spectrum (dot) on dielectric coated surface

The calculated spectrum shows good agreement tttexperimental spectrum. From
the figure, compare with the experimental spect{dotted curve), the theoretical one
(solid curve) has more low frequency component ieim@ than the experimental one.
We believe this is because that waveguiding sysiirays works as a high-pass filter, in
which lower frequency is much easier to get distdritsince it has more energy
propagates as the fringing field and there aré atiew loss factors not yet considered

due to the system complexity.

Finally, inverse Fourier transform is performedtie calculated spectrum so that the
theoretical time domain signal can be obtainedhéabove figure, the solid theoretical

time domain curve is compared to the red dotteck tohomain experimental signal.
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Excellent agreement is obtained which shows thatstirface wave on dielectric coated

surface is well understood.
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Figure 4-17. The comparison of time domain cunatsvben experimental (dot)

and theoretical (solid line)
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Chapter 5 Conclusions

The objective of this project is to study the prggtgon of THz surface waves and the
field confinement effect of the dielectric coatirguring the past one and half years,
standard THz-TDS system was modified to be capableneasuring the transverse
electrical field in subwavelength resolution. A doguality thin film coated aluminum

sample was made and THz surface wave field prafile measured for the first time. The
experimental results are analyzed in both time dioraad frequency domain. Theoretical
models were built and have excellent agreement tivélexperimental results. Compared
with general surface wave model, our approach gesvia much simpler way of

calculation with better physical insight and nosla$ accuracy.

In the experimental part, the uniqueness of the Wdze granted the success of this
study. In microwave and lower radio frequency raripe long wavelength and high
metal conductivity make it more difficult to binte surface wave. In the optical range,
on the other hand, the short wavelength and lowaheEinductivity make the surface
wave field difficult to observe. The THz wavelengthables reasonable dimensions of
sample size and measurement range. Metal stilhlggsconductivity in THz frequency

so that significant changes in surface wave confgr@ can be observed.
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In our study, the THz surface system is modifiedhtke the receiver movable so that the
surface wave field distribution can successfullyaswed in subwavelength scale. The
sample of metal sheet with a tightly attached swelemgth dielectric layer was

successfully made. Comparing with the bare metdiase measurement, the surface
wave on the dielectric coated surface is signifigaoompressed to a few wavelength

ranges. The THz surface wave field pattern wastiyreneasured for the first time.

In the theoretical part, we developed an improviedpke approach for THz surface
waves on both bare metal surface and dielectritedoaurface. In the past, the wave
equations of surface wave on dielectric coated Irmigface have complicated forms
because the complex metal dielectric constant daites more complicated boundary
conditions. With the perfect conductor assumptioiiHz range, the metal boundary can
be conceptually removed and the film coating onainstirface becomes equivalent to
dielectric slab waveguide with twice thickness. Blodutions to the latter have relatively
simple forms which maintain the high accuracy. Theoretical model based on the
perfect conductor assumption is proved to be cbard much simpler than the general
equation solving method. Therefore in THz, the clicaged dielectric coated metal

surface can be studied using the classical modgsaméor dielectric slab waveguide.
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Chapter 6 Future Work

The study has demonstrated the effect of a thilectiéc layer on the THz surface wave.

The success of this study has opened THz surfage vesearch in two ways:

First, dielectric coating has shown extraordindifeativeness in enhancing the surface
wave attachment to the metal surface. Precise ciesization of the film coating has
provided the possibility of a new technique in higansitivity THz surface wave

spectroscopy.

Second, recent surface wave or surface plasmorestotbstly focus on the transmission
or reflection property in the surface normal dir@ctin the far field. The experimental
study presented here demonstrates a new approduhoprecision near field study in
the direction along the surfaces which could offere fundamental understanding and
physical insight to the surface wave phenomena.example, the intensively studied
transmission enhancing hole arrays can be studigkis system to measure the surface
wave propagation between the hole arrays. Togethlerthe theory of overlap integral of

surface waves [29], it can explain the mechanisth@®enhanced transmission.
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Appendixes

Appendix | Model analysis of dielectric coated surface

In our study, the surface waveguide structure asvshin below fig. A-1(a). h = 12.5 pum,

eq = 2.25, and the metal underneath is assumed alumin

Yy Ail’, &o

h Dielectric film &g
> Z
Metal, o,
Em
------------------- > Z

Dielectric film, &g
T (b)

Figure A-1. Equivalent wave guiding structures

Method 1 and 2 assume in THz, aluminum is perfect electrical conductor (PEC), o

=00,
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To solve the wave equations in this structure &) refer to the solution in ref.[2], it is

possible to first solve the wave equations in a-8&anding dielectric slab waveguide of
twice thickness of the same material, as shownginA-1 (b), then apply the boundary
condition (perfect conductor boundary at the plaheymmetry) to eliminate unsuitable

modes and select the correct modes for (a)

Two methods of solving the dielectric slab waveguage introduced here.

1. Direct wave equation method. [2]

E, field exp(oyay) E, field

exp @yoy)

Figure A-2. Perpendicular {Fand tangential field (f of TMg mode of
dielectric slab waveguide[2], it should be noteat tthe TM-E; field is
much smaller ~ 0.05 than the T, field

The Helmholtz wave equation is used in the dieleclab waveguide structure. The

formats of the solution to the Helmholtz equatiarsiab structure include: TE and TM
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modes. In our scope of studying, to couple freespeave into surface, it requires that
the electric field vector lie within the incidenpkane, therefore, only TM field need to be
considered. Furthermore, because of the symmettheofstructure, the solutions have
two types of symmetric modes: even and odd. As shiowfig A-2. However, with the

existence of PEC plane in the center, the onlynatbmodes are TM even mode which
satisfies the boundary condition as tangentialtetzat field to be zero on the PEC plane.
Below figure shows the E field profile of the fumdental even mode, where the
tangential field Eis zero at the plane of symmetry. It will be dissed later that the

waveguide is running under single mode @) lropagation.

The field solution of TM even mode is listed below:
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ﬂ 182 — B,z
Ey === A cos(f,,y)e
W4
2 2
. — B, . Ry O<y<h
ES =—]) c;,u—g A(Tj] Sln(ﬁydy)e & In the film
d€d
IB — B,z
H{ =" A, cos(g,,y)e
Hy
d
Hy =0
H!=0
E% —0
0+ o IBZ + A~ %yoY A 1552
Eyf =—~Bye e
W&y
. 1 —-a —iB.2
E,) =-] (Bs - B7)Bye el y >h
WLE In the air

H O+ — _ ayO BO+ e_ayoye— jﬂzz
X m
Ho

0+
HY =0
HO =0

Where the superscript d in all field variables retefields inside the dielectric and 0+ is

for fields in vacuum above the dielectric,and B> is field amplitudes which will be
evaluated at the boundayfy, is the wave vector in propagation directionfgy and ayo

are y components of wave vector inside the film enthe air, respectively. These three
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parameters are unknown and have to be determinedder to have the complete wave
field expression. From the above fields inside aatside the film, it can be seen that in
this structure, only & E; and H field are not zero. In addition, inside the fillretfields

are trigonometric functions and outside the filneythare exponential functions. By

enforcing boundary conditions, ti®, fyq and ay, can be determined by numerically

solving the simultaneous equations bel@&g. (8-160), (8-167) and (8-168) in ref.[2])

A-1
(o) + () = a° (A1)
£, (A-2)
g(ﬂyd h) tarl(Byd h) = ayoh
a50+/63d =B - P = 0 (g4 — Ho&s) (A-3)
Wherea = why/ g0/ 11,8, —1
For TM even mode, the cutoff frequency is
(f.),, = m wherem =0, 2, 4, .... (A-4)

Ahy p1a&q — Moty
Substituteh = 25 um, eq = ge0 = 2.25 x 8.854 x10° F/m, ug = po = 4710 H/m, we

have

fe=mx2.68 THz
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Therefore, for the dominant moda/’, (m=0), £ = 0, which means all frequency can
have unattenuated propagation in this mode. Fosé¢lend lowest modgn = 2)isf; =
5.36 THz which is higher than the highest frequency of system. Thu3 My is the only

mode that is allowed in our surface waveguide syste

2. Mode parameter method [1]

Another method published in Snyder and Love’s bala more general method for
dielectric waveguide with symmetric structures.sFiit defines some dimensionless
parameters base on the waveguide refractive inde#dgand cross-sectional geometry.
Then, the quantities of interest (such as wave ovectattenuation constants, group
velocities, fraction of power in the dielectric aatt.) are worked out as expressions in

Snyder and Love’s notation.

Given the frequency of electromagnetic wdyethe half thickness of the dielectric
waveguidep (which equals to h in method 1), the refractive index of the dielectric
(core)ne, and the refractive index of surrounding mediunadding) r;, we define:

1. Waveguide and fiber parameté(Eq. 11-47, pg.227 ref.[1])

2m
V =20, - ni)? =tk (g, i) (A-5)

Wherekzz—”:ﬁ
A C

2. Profile height parameter(Eq. 11-48, pg.227 ref. [1])
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A=t ”;2' ) (A-6)
2 n

co

3. Modal parametetd; andW (Eq. 11-49, pg.227 ref. [1])

/
U, = p(k’ng, - 1)

(A7)
W, = p(5? ~ k)2

Wherep; is the wave vector both inside and outside ofdiedectric, which is the, in

method 1, clearly we ha{&q. 11-50, pg.228 ref. [1])

(A-8)
U2 +W? = p2k?(n% —n2) =VV2
For TM modes, it hagTable 12-2, pg.243 ref. [1])
n2
cl
W, =—-U, tanU, (A-9)

co

Equation (8) and (9) form up simultaneous equatanscan be solved numerically.

OnceU; andW are solved, according to the tables on page 242248 in ref. [1], the

field distribution and other quantities can be gidted accordingly.

Example
Fig. A-3 is the identical result of applying theoak two methods on a silicon slab
waveguide. In this example, half thickness of tlad ¢ or p) is 65um, refractive index is

3.42.
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Normal E field at 0.3THz for n=3.42, 130um thick dielectric slab

E field a.u.

Dielec#tric slab
of twice

Figure A-3. Ey field distribution of Thf mode in a silicon slab waveguide

From the figure, it shows the fundamental ¢f Mhode. Inside the slab waveguide, E field
is a cosine function, while in the air, the fieddan exponential function. Then for .65
silicon waveguide on PEC plane, the field distribtis just simply cut the below figure

into half through the center (0 cm vertical line).

Method 3 treats aluminum as nor mal metal with complex dielectric constant ¢,,

This method was worked out by Schlesinger and $8g22]. In their paper, they tried to

directly solve the wave equations in the surfaceegaide (fig. A-1(a)) with complex
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metal dielectric constant. The complex wavevegtas solved numerically, as given in
below equation 9. Then the exponential decay cahgtahe perpendicular direction can

also be calculated using the same relation in ezuéd) in method 1.

f— — 2 —
B, zﬂ{l_ 2:1- +|: (64 -1 4 Gd j|x+|:l(8d 1)2 yfa 2(&4 1)}(2
m ‘9d

Cc g (-£.)"% (-¢,)%? 2" &y 2e2 (&)
4[ (&4 jl)z n &y (‘Cid _1)}(3 4 (€4 _Al)z X4} (A-10)
8d (_8m)1/2 (—8) 3/2 2(_5m)

Where ,32 is the complex wave vector of surface waageis the dielectric constant of
overlayer, £,is the complex dielectric constant of substrate ametAt 1THz, for
aluminum we havé, =-33x10" +i64x10. x in the equation i&zh/i. WhereA is the
wavelength of surface wave, h is the thicknesswveflayer and c is the speed of light.

From this equation, the real part,[Qf corresponds to thg calculated in method 1 and 2.

Appendix Il Metal conductivity
According to simple Drude model, the frequency-aelemt complex dielectric constant

is given in Sl units as[47].

En=EntHe"
=g, +io,/(e,m) (A-11)

=&, —a)ﬁ/a)(a)+il“)

Where the corresponding Drude complex metal comdtycts given by
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A-12
o zadciF/(a)HF):ieoa)ﬁ (e +1T) ( )

In above equationsg, is the vacuum permittivityg  is the contribution of the bound

electronswy, is the plasma angular frequency dni$ the damping rate, which is defined

asI” = 1k wherer is the average collision time.

In the optical and near infrared range, metal cotidity has small real part and big

imaginary part which makes the metal lossy medium.

On the other hand, in the microwave and THz ramgE<<l, as a result, the Drude
complex conductivity and dielectric constant of ahetan be expressed to an excellent

approximation as

(A-13)

Within this accurate approximation, in the THz ranthe metal conductivity is equal to
its handbook dc value which is very high and carcdresidered as ideal conductor. The
real part of metal dielectric constant is a negatoonstant, while the much larger
imaginary part is proportional to the wavelengtlinefiefore in the THz range, metals

have high conductivity and behave like ideal lossleonductor.
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Appendix |11 Metal absorption

1) Analytical method

»
»

Figure A-4 Surface waveguide structures

Due to the uniformity along the x axis as showihi@ above structure in fig. A-4, there
are only 3 field components need to be solved enNllaxwell’'s equations: fHyx and E.

According to the (8-62) on ref [2], page 377, tlwavpr absorbed and dissipated as heat

by the metal surface, denoted assP

_dP_11 .,

c _E_ 25 x| y=0 (A'14)
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Where o is the conductivity of the metal and ~ /i is the skin
ouoc

conductor.

The power flow inside the dielectric lay@y; is
1~ ¢h
Py =2 jo Re[E, x H,]dy
Similarly, the power flow outside the dielectrigéa (in the airlP,, is
P, =Ta.[ ReE, xH,Id
22 _Eazjh e[Ey>< x] y

Therefore we have the total power flGwv

P=P,+P,
The metal power absorption, is defined similar to equation 4- 9,

P(2)=PRe ™

ap
a, = dz
P(2)
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Wherev is the group velocity of bulk material amglis the mode group velocity within

the waveguide layer. As the expressiotipBndE,, are all known, after substituting into

|1y DEq
_ V20 (A-19)
Fm = sin2f3,4h d
7_{_
2ﬂyd

the above equations,

Wherey is the fraction of power within the dielectric &yug= p/Mo = 4rx10" H/m (=
1 for non-ferrites)gq = N =1.5° x8.854 x10* F/m, for aluminumo = 4x10 S/mpyq is

the wave vector in the y direction inside the famd it has:

(A-20)
Bz +ﬂ5d =’ y€,

Equation A-19 can be simplified by making some agpnations. Foh in um, we have:

(A-21)

B2= Po = w4 os,

Substitute the above into 20, the simplified exgpi@s of amplitude absorptiany/2is:

a/ L, oN’s, ﬁnzx/gm nnarzpwy
\/ Ao 4h 4 (A-22)

4ho ,uogo

2) Approximation method
In a dielectric filled parallel plate waveguide {WB), as shown in below fig. A-5(a),

when studying the metal loss due to the finite catigtity, our surface wave case can be
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approximated that one of the metal plates has bemoved (fig. A-5(b)). Under this
approximation, the loss due to the finite metalduartivity can be acquired in 3 steps:
First the loss is reduced to half of the loss oW&because there is only one metal plate.
Second it needs to be multiplied by the fractiomodél power within the film because the
power is flowing both inside and outside the filfhird, the power is no longer
propagating with the bulk dielectric group velocifg/n) but approximately with ¢
because the majority energy is hanging outsiddilime Therefore, the velocity ratio is
also needed as a correction factor [44]. From4#g. it shows that although the E field
inside the film is a cosine function, for such aafinthickness h compared to the
wavelength, the field variation is almost flat. $lwan be approximated to be uniform,

which is just the same as the TEM mode in PPWG.

(@)

Figure A-5. Using parallel plate waveguide to apprate surface waveguide

b)

For fig. A-5(a), the metal plate amplitude logs for TEM mode propagation can be

written as [48], attenuation coefficient:

anI:PWG _ n% h (amplitude loss) (A-23)
0
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And the corresponding power attenuation coefficiemivicexr.""®. Where n = 1.5 is the

index of refraction of the dielectric, R = 10.880%110"/(c)o)]? for TEM mode. h =

12.5 um is the thickness of the dielectriec = 4x10 S/m for aluminum and
Mo = ”%0 ~ 377Q is the impedance of free space.

For the surface waveguide, the amplitude loss that of the PPWG multiplied by the
fraction of powem (equation (4 - 8)) within the dielectric layer thickness h and the
velocity ratio. The approximated metal amplitudéemation coefficient in surface

waveguide is:

@ = Osafe Y 051an™ /! (A-24)
Vv

g

This result gives the amplitude attenuation coriqi@dure to the metal) of the surface wave
as fig. 4-8 shows the curve of>"versus frequency which agrees well with the restilt
the original analytical method:

PPWG Y
a3 = 05100 144x10% x % % ~ 09(a, 12) (A-25)

m
O,
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