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Abstract

Owing to negligible loss of metals in THz region, metals are good
candidates for photonic crystals. Metallic photonic crystals with a
periodical triangular array of circular holes were fabricated in THz region.
The structures were made of low-cost, easily available stainless steels
(SUS-304), and an array of holes was drilled by laser cutting. Using THz
time-domain spectroscopy to obtain transmission spectra, phenomena of
allowed and forbidden bands similar to photonic band gaps appeared
when waves were normally incident, and the band can be well defined by
Chen’s theory. This was also observed using the same structure of
aluminum alloy crystals. The same spectra with varying polarizations of a
normal incident THz wave . ware -found. It showed polarization
independence. Then extraordinary transmission due to surface plasma
effects by attaching tapes to-crystals was explored. Finally, a Fabry-Perot
etalon of two crystals with specifici 'spacing was made. The sharper

transmission peak caused by etalon effects was observed.
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1. Introduction

The terahertz region of the electromagnetic spectrum ranges from
frequencies of about 300 GHz to 10 THz (10 x 10* Hz) as shown in Fig.
1.1. This corresponds to wavelengths between about 1 and 0.03 mm, and
lies between the microwave and infrared regions of the spectrum. At
lower frequencies, microwaves and millimeter-waves can be generated by
"electronic™ devices such as those found in mobile phones. At higher
frequencies, near-infrared or visible light is generated by "optical"
devices such as semiconductor laser diodes, in which electrons emit light
when they jump across the semiconductor band gap. Unfortunately,
neither electronic nor optical devices can conveniently be made to work
in the terahertz region because the terahertz frequency range sits between
the electronic and optical regions of the electromagnetic spectrum.

In the past, only Fourier Transform InfraRed (FTIR) spectroscopy is
a method in this region, but the'lack of brightness of incoherent sources
and of functions to measure the real and imagine parts of response
functions at a certain frequency are its weaknesses. Therefore, the
development of terahertz spectroscopy has been hindered without suitable
tools. This situation changed in the 80's with the advent of ultrashort
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Fig. 1.1 Electromagnetic spectrum
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pulse lasers of ~100 fs pulse duration. Ultrashort pulses can generate
broadband THz radiation when they impinge on semiconductors. Mourou
and Auston [7-8] first demonstrated generation and detection of pulsed
THz radiation by photoconducting switch with advantages of time
resolution of picosecond and sensitivity enhanced by phase-lock
technique. In 1996, Zhang et al. [9] developed free-space electro-optic
sampling (FS-EQOS) technique to enhance signal to noise ratio (S/N ratio)
up to 10000 and to achieve much large dynamic range. These techniques
have now developed to a level for spectroscopy and sensing. The
spectroscopic technique using pulsed THz radiation is called “THz
time-domain spectroscopy (THz-TDS)”.

In the real world, the ‘region is:of great importance to the
spectroscopy of condensed-matter; for.example, the electronic properties
of semiconductors and metalsiare-much affected by the bound states
whose energies fall in the“‘terahertz: frequencies. It can show the
information of matters, which light at other frequencies can’t observed.

On the other hand, during past few decades, photonic crystals have
attracted a great lot of researchers’ interests and had much great
development in visible region. Because of the existence of forbidden gaps
for electromagnetic waves, they can have an important impact on science
and technology. However, one kind of photonic crystals is made of metals,
Metallic Photonic Crystals (MPCs). They can have similar characteristics
of corresponding dielectric photonic crystals but more compact and
lighter [1]. Besides, since the absorption of metals in THz region can be
largely negligible [1], MPCs are good candidates for THz applications.

Until now, some devices based on MPCs in THz region have been

2



explored, for example, phase shifter [2], wave plate [3], filters [4],
magnetic left-handed materials [5], etc. To meet the requirement of
popular THz components in the future, more low-cost, multi-functional,
and tunable devices are needed.

In recent years, Ebbesen et al. [6] explored extraordinary
transmission of light in optical frequencies through a metal film
perforated by an array of sub-wavelength holes. Many researchers have
paid much great concentration on this field. However, theories to describe
this phenomenon are still ambiguous. Therefore, the purpose of this thesis
IS to begin new explorations and to make new THz components in THz

field.



2. Terahertz Field and Metallic Photonic Crystals

Methods of THz radiation produced by fs laser are commonly and
easily used. This chapter describes mechanisms of generation and
detection of THz radiation. Finally, theories of metallic photonic crystals

used to calculate transmission spectra are chosen.

2.1 Principles of Optically Excited and Detected THz

Radiation and its Applications

A popular method to generate or detect THz radiation is using
photoconductive (PC) antennas or electro-optic (EO) materials
illuminated with fs laser pulses. Using EO materials can produce broader
bandwidth THz radiation but.the efficiency. of energy conversion is great
low. In the following sections,.their meechanisms are introduced.

2.1.1 Generation of THz Radiation-Using.PC Antennas

When a femtosecond (fs) laser _exeites a biased semiconductor with
photon energies greater than its bandgap, electrons and holes are
produced at the illumination point in the conduction and valence bands,
respectively. An electromagnetic field radiating into free-space with the
help of an antenna is produced by the fast changes of the density of
photocarriers and their acceleration due to the applied dc bias (V). The
production of ultrashort currents with a full-width half-maximum
(FWHM) of 1ps or less strongly depends on the carrier lifetime in the
semiconductor. [10]

The carrier density behavior in time is given by

dn/dt=-n/z, + G(t) 2.1)



where n is the carrier density and G(t)=n exp(t/At)’ is the

generation rate of carriers due to laser pulse excitation, with At the laser
pulse width and nq the generated carrier density at t = 0. The generated
carriers are accelerated by the electric field bias with a velocity rate given
by

dve,h /dt — _Ve,h /Trel + (qe,hE)/ meff,e,h (2-2)

where v, are the average velocity of the carrier, g, are the charge of the
electron and hole, 7 is the momentum relaxation time, and E is the local
electric field, which is less than the applied bias E, due to the screen

effect of space charges. More precisely,
E=E —-P/3¢ (2.3)

where & is the dielectric constant and P-is the: polarization induced by the
separation of electrons and heles.-Fhe polarization depends on time

according to the expression

dP/dt=—P/r_+] (2.4)

where 7, is the recombination time between electrons and holes (7. =
10 ps for LT-GaAs) and J= env, + (—e)nv, is the current density. The

far-field radiation is given by

E. o«dl/otecevon/ot+enov/ot, (2.5)

TH
where v = v, — vy,. The transient electromagnetic field Ety, consists of two
terms: the first term describes the carrier density charge effect while the
second term describes the effect of charge acceleration due to the electric

field bias.



2.1.2 Generation of THz Radiation Using Electro-Optic Materials

An alternative method [11] to generate THz radiation is using EO
materials illuminated with fs laser pulses. When laser pulses normally
incident on a thin EO slab of thickness L, the far-field field E generated
by this rectified polarization can be obtained by solving the wave
equation:

0°E _iaZE _oP™
ox>  c? ot? ot?

(2.6)

assuming that (i) the laser spot size is large enough to use plan wave
approximation and the laser pulse propagates in the x direction; (ii) the
rectification dipole P"“ is perpendicular to x; (iii) using the static
dielectric constant of the media, &, the dispersion of the radiation field is

ignored. The solution of Eq: (2:6) at the-region x >L can be found:

E(x,1) = 2P (1 - o)L P (- D= - )
1+— ¢ v (1+—)° C

U )
@7

where c, v, and v are the speed of the laser beam in the air, in the medium,

and the speed of radiation beam in the medium, respectively.

2.1.3 Detection of THz Radiation Using PC Antennas
The electric field of a Gaussian beam on the detector [12] as shown

in Fig. 2.1 can be expressed as:
E(x,y) = Eyexp[-(x* + y*) /] (2.8)

where w; is spot size. The total resistance over the detector is:



R = Pu LMt_(;_ Puls ~ p:dl—s (2.9)

where Ly, is the total length of the metal electrodes, Ls is the length of the
switch area between the two electrode tips, pv and ps are their
resistivities, respectively, and d is the width of the electrode and the gap
area. The average resistivity ps is much larger than py owing to the low
duty cycle of the driving laser (100 fs/10 ns =107°). The resistivity ps
depends on the photogenerated carrier density, which for homogeneous

illumination of power P, Scales as

— LS d
gplaser

2, (2.10)

where & is a conversion factor, between laser power and number of
photogenerated carriers. The| average field strength E across the
detector gives rise to a potential difference U = E(L, + L), so the

average current is

U_E(y+L)

| = td&P 2.11
R LZS (-f laser ( )
The average electric field across the detector area is
ECLd) =— [ [ E(x, y)dxd
(L, )_G ~Li2d-di2 (X, y)dxdy
E w2 L g (2.22)
= =" Erf (—)Erf (=)
Ld yAA 2w,

where Erf is the error function, and L= Ly + Ls. The peak strength of the
electric field, Eq, can be expressed in terms of the total power in the THz

beam:

Proc = e[ EX(x,y)aidy = vz (213)



= E, = 2 | P (2.14)
w, \ zce,

By inserting Eq. (2.14) into the expression for the detector current, Eq.
(2.11), we get

cPTHZ 2Rt Erf L (n=Dzw, ]Ef[d (n-1)zw,

I(v)=¢R
(0)= &Pl g, Bdoy(n-)v 2 R, cR,

v]

(2.15)

c R,

when focusing spot size Ilmw (A oess) = :
mva, (n—1)

— ff—

1

Fig. 2.1 Structure of antenna detector

2.1.4 Detection of THz Radiation Using EO Materials

Detection of the polarization change of an optical probe beam
produced by the THz field when both fields are applied on an
electro-optic crystal; this method is called free-space-electro-optic
sampling (FS-EQS).

The FS-EOS uses the linear electro-optic effect in an EO crystal
excited by an optical probe field and the THz field. Both fields propagate
in the same direction but have different polarizations. For instance, if z is

the propagation direction, the optical probe is polarized at 45° in the (x, y)

8



plane perpendicular to z owing to birefringence of the EO crystal, while
the THz field is perpendicular to the y axis. Since the electro-optic effect
Is practically instantaneous at the THz scale, the output of a FS-EOS
detector is directly proportional to Ery,(t). Due to the presence of the THz
field a phase retardation A of the optical field is produced over the
distance dz, which is strongly dependent on the electro-optic crystal type
and orientation. ZnTe is a material for which a high signal-to-noise ratio

Is obtained. For ZnTe the phase retardation is given by

Ap(r) = (w/c)nir, E,,, (r)dz =const, ., x E,,, (r)dz  (2.16)
where w is the optical frequency of the probe and r4, is the electro-optic
coefficient. From the above equation. it follows that the THz field can be
obtained after propagating over a. length L'in a ZnTe crystal, a material

with small absorption and a refractive-index difference of An = ny,-Nopt =

0.22,is

E...(7) =Ap(r)/(Lxconst, ). (2.17)

Thus, measuring the phase change we can determine the time variation of

the THz signal Ep,(t).

2.1.5 Applications

THz technologies have made great progress for aiming at
applications such as radio astronomy, remote-sensing, spectroscopy
[13-15], optical properties of semiconductors and dielectrics [16],
Imaging of general substances [17-19], and biomedical imaging [20-21].
It also can be applied to find specific spectroscopic fingerprints of

biological matter in this region [22].



2.2 Metallic Photonic Crystals

Photonic crystals are periodically structured electromagnetic media,
generally possessing photonic band gaps: ranges of frequency in which
light cannot propagate through the structure. The crystal can thus form a
kind of perfect optical “insulator,” which can confine light losslessly
around sharp bands, in lower-index media, and within wavelength-scale
cavities, and among other novel possibilities for control of

electromagnetic phenomena.

2.2.1 Metallic Photonic Crystals
Photonic crystals made of metals are called “Metallic Photonic
Crystals” (MPCs) which have been'widely uised to form bandpass filters,

reflector surfaces, Fabry-Pérot interferometers, and so forth.

2.2.1.1 Infinite-long Circular waveguides

Fig. 2.2 shows electromagnetic (em) waves can propagate inside
round metal pipes with radius of a. Equations of time-harmonic electric
and magnetic field can be written as following:

V’E+k’E=0

(2.18)
VH +k*H =0

>

Fig. 2.2 A circular waveguides

10



For a straight and uniform circular waveguide, as shown in Fig. 2.2, it is

convenient to decompose the 3-D Laplacian operator  into two parts:
r¢2 and ,° for transverse and longitudinal components, respectively.
For TM waves, H,= 0 and E,# 0, all fields can be expressed in terms of

E,=EJ)e 7, where E satisfies the homogeneous Helmholtz’s equation

rg —z

or V,E;+h’E; =0

VEE?+(y* +Kk*E! =0
. (2.19)

For TE waves, E,= 0 and H,# 0, all fields can be expressed in terms of
H,=HJe”?, where H) satisfies the same homogeneous Helmholtz’s

equation listed above.

For TM waves in circular-waveguides;
E,(r,4,2)=E)(r,@)ei’*. (2.20)
The solutions are

E)=C,J (hr)cosng

r

E’ = —%Can '(hr)cosng

E' = Jhﬂ” C.J_(hr)sinng

b 2.21)
HY =—12N¢ 5 (hr)sinng
h°r
HY :—%CHJH'(hr)coanﬁ
HY =0

where jSis equal to vy, J, is a Bessel function, and C, is a coefficient. The

eigenvalues of TM modes are determined from the boundary condition

that E; must vanish at r = a:

11



J (ha)=0

For the lowest TM mode, TMy,,

2405

(h)TM01 - a o

which yields the lowest cutoff frequency:

(h) 0.383
(fc)TMm = ™o _

(Hz)
2\ e A\ ue

For TE waves in circular waveguides,
H,(r.¢,2) =H;(r,$)e

The solutions are

H?=C,'J (hr)cosng
HO :—%Cn'\]n'(hr)coanﬁ

HY =—th: C,'3,(hr)sinng

ij;” C.'J.(hr)sinng

E’ =

£ :mTﬂCn'Jn'(hr)cosngﬁ

E'=0

z

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

where C,’ is a coefficient. The eigenvalues of TE modes are determined

from the boundary condition that the normal derivative of H) must

vanish at r = a:
J.'(ha)=0

For the lowest TE mode, TE,;,

1.841
(h)TE11 = T s

which yields the lowest cutoff frequency:

(2.27)

(2.28)

12



h
(f)re, = Wre, _ 0293 o (2.29)
2\ pue A\ ue

2.2.1.2 Chen’s theory
In this thesis a robust theory [23] based on microwave circuit
problems to calculate transmission spectra of our MPCs was used. The

theory in detail is shown below:

INCIDENT

/ / PLANE WAVE

;o
‘ . 7’
P00

PERFORATED PLATE

N\
PLANE OF INCIDENCE

Fig. 2.3 Geometry of a perforated plate

The fields on both sides. of the plate as shown in Fig. 2.3 are
expanded into a complete set of Floquet modes ®yq, with two spatial
harmonic number p and g, and a third subscript r, used to denoted TE or
TM mode. Each Floquet mode has a propagation constant ypqalong the z
axis and a characteristic modal wave admittance &p. The fields inside
the holes between two apertures are expressed in terms of conventional
waveguide modes W, with a characteristic modal wave admittance 7y
and a propagation constant [, The incident wave is of arbitrary
polarization with modal voltage coefficient Ay, and Ayp. By matching
the transverse electric and magnetic fields at the aperture z = - |}, an

integral equation for the unknown transverse field at z = - | is obtained:

13



2 2 © o 2 o o
22 A.OOr gof()r(DOOr = ZZZ gpfqrq) par J.J.qy:)qr ' Etda + zz z anernr\Pmnr
r=1 P q P q

r=l1 aperture r=l

(2.30)

p, qZO, il, iz,, too

m,n=0,1,2,....., oo

where F., and Y., are the modal coefficient of the conventional
waveguide modes and the input admittance looking into the waveguide
from the aperture at z = - |, respectively. In the cases of open and short

circuits at Z = 0, the input admittance is

Ymnr =+ jnmnr tan(lgmnrll) for open circuit

== e COUB 1) for short circuit (2.31)

By substituting (2.31) into (2.30), two integral equations, one for the
open-circuit and the other for the short-eircuit problem, are obtained. The
open- and short-circuit aperture ‘fields'at z = - |,, E, and E; are obtained
by solving these two integral equations independently by the method of
moments. Thus the transverse aperture fields at z = - |; of the original

problem are
_ 1
Et(Z=+|1)=E[EOiES] (2.32)

where the positive sign applies to the aperture field on the incident side of
the plate, and the negative sign applies to the aperture field on the

transmitted side. The reflection coefficient atz = - | is

qur = '”‘ Et(z = _Il)@;qrda_épq A()Or (2.33)

aperture

14



where d,q=1 for p = g = 0, otherwise 8pq =0

The transmission coefficient at z = |, is

.U E(z=1)- q)Toqrda (2.34)

aperture

For the case of normal incidence, the reflection and the transmission

coefficients are reduced to the forms

1 |
T j[A+Btanh(A)  1— jlA+ Beoth(A)]

(2.35)

1 1
" 1- j[A+Btanh(A) 1- j{A+Bcoth(A)]

(2.36)

where A and B are functions of element spacing and aperture size. For

circular openings with equilateral triangular lattice:

(471 a (472 a
A=12G Gy - fﬂad 1 47{; §
b (BRSO (0o

1.841+/3d 3°d Bd
(2.37)
fora>0.28 dand d <0.57A

0.2934

B=0. 33( ) (——= " ) =12 (2.38)
p=(E oy (2.39)

where a is the radius of circular apertures and d is the spacing between

any two apertures.

15



2.2.1.3 Theory of Surface Plasmons (SPs) [24]
The electron charges on a metal boundary can perform coherent
fluctuations that are called surface plasma oscillations [25]. The field of

surface plasma on smooth surface, Fig. 2.4, can be expressed as
E =E; exp[+i(k Xt k,z—wt)] (2.40)
where K, =27/4,. According to boundary conditions,

k, Kk

Dy =—+—=0 (2.41)
& & '
W 2 2 2
&CE)=kx+&i (2.42)
The dispersion relation (2.42) cah be wtitten as
W g¢
sk =L (=192 Jl2
» C(81+82) : (2.43)
shown in Fig. 2.5. Besides a teal ® and &;; assuming that £,°<| €,’,
K = w £8, 112
YC g te,
K =W £€ 2 & (2.44)
Yoc g te, 2g)
& =& Tlg

£,=&,+l&,
when can be obtained.

k =k +ik’

For metal and semiconductor & <0 and |5|>¢,, k. is real.
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Fig.2.4 The charges and the em field of SPs propagating on a surface in

the x direction.

w l_f/U_:I:C-kx

Fig. 2.5 The dispersion relation of SPs and light in vacuum

From the results of Fig. 2.5, it indicates that SPs cannot transform into

light without any assistance. Grating components are used to couple the

light to SPs as depicted in Fig. 2.6. Light wave vector is increased by a

Aky = v g (v: integer) value to “transform” the photons into SPs.

W W | &€
k, =—sin6g, +vg =— |[——— =k,
c c\e, +¢

(2.45)
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The reverse also takes place: SPs propagate along the grating to reduce

Kx by AKyx. Then SPs is transformed into Light.

Fig. 2.6 The grating coupler. SP: dispersion relation of SPs, I: light line

For a 2-D rectangular grating [26], and tilted incident light with wave

vector k ,
- -

K, =k, +iG+ j(gy:Esiné?nLiz?ﬁ)AH j%”Q (2.46)

where G, and G, are reciprocal lattice vectors, i and j are integers, a

y
and b are holes periodicities along the principal axes, and @ is incident
angle. In the case of a square lattice with periodicity of a,, together with

Eq. (2.45), the dispersion relation of SPs is given by
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ksp = [(Z—ﬂSin9+ iz_ﬂ-)2 _,_(jz_”)z]l/z
’ * ) (2.47)
= Q ﬁ)1/2
C g +e&,

For a triangular lattice of holes, however, Eq. (2.47) gives the position of

the maxima if normal incidence:

_babn_yi2 (2.48)

Ao = B[P if + T
3 &t é&,

In THz region, &, is a much larger value than & so the

A xcey’ (2.49)

max

2.2.2 Transmission Characteristics of MPCs

From this theory, transmission preperties of MPCs are independent
on the polarization of normal incident-waves. Recently, Miyamaru et al.
[3] showed that no polarization. change was observed because two
orthogonal-polarized electric fields along the principal axes of the
triangular lattice after passing through the MPC had equal transmittance

and phase shifts.
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3. Experimental Methods

3.1 THz-TDS System

The THz-TDS system was shown in the Fig. 3.1(a), and transient
current was generated optoelectronically by femtosecond laser pulses (1)
impinging on a photoconducting material, dipole antenna on a GaAs:As”
substrate (2). Emission of electromagnetic (em) pulses (3), THz radiation,
of about ps duration were produced by the current. The THz pulse was
collected and guided by gold-coated parabolic mirrors (4). Fs laser pulse
as a probe beam with time delayed by motor stage (6) and the THz pulse
collinearly impinged on a nonlinear crystal (ZnTe) (8). The transmitted
laser pulse with polarizationschanged:, by electro-optical effect was
separated into two beams:with orthogonal polarizations by Wollaston
beam splitter (9). The two beams: coupled to a balanced detector (10)
connecting to a lock-in amplifier (L1A) (11). Signal from LIA can be
easily obtained using PC.

To reduce the water vapor absorption of THz signal, an acrylic box
by continuously introducing pure nitrogen was used as a humidity
controller in THz optics. The humidity can be rapidly lowered to few
percents in tens of minutes. Furthermore, due to the stable atmosphere in
THz optics, the THz system became more stable.

Assuming that the THz beam was spatial Gaussian distribution, the
THz radiation can be considered as a plane wave, i.e. normal incident to
the sample when the sample was located in the image plane, as shown in
Fig. 3.1 (b).Consequently, the analysis was simplified to normal

transmission.
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Fig. 3.1 THz-TDS system

21



(b)
Fig. 3.2 Real pictures of (a) THz-TDS system and (b) Ti-sapphire

ultrafast laser
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3.2 Fabrication methods

One of fabrication methods for MPCs is to use laser cutting by a
high-power pulsed laser. Laser cutting provided high-speed, precise
orientation to form vector, raster cutting and etching capabilities over a
range of materials. Its mechanism was shown in Fig. 3.3. Another method
Is mechanical manufacture. It also provides sufficiently fine structures to

meet our need.

Laser Laser Laser
Beam — Beam Beam

Erosion Erosion .
Erosion Front Front
Front
(a) Drilling (b) Cutting (c) Grooving

Fig. 3.3 Laser cutting mechanism (from MIT Media Lab)

3.3 Structures of MPCs Samples

All samples were metal slabs perforated periodically with a
triangular array of circular holes. Three parameters (s: spacing between
holes, d: diameter of holes, I: slab thickness) can be controlled to change
the transmission properties of MPCs. One of samples named JMPC is
made of aluminum alloy and produced by mechanical manufacture in
Japan. The others named #1 to #3 are made of stainless steels SUS-304

and produced by laser cutting by La Kang Co., LTD.
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3.4 Sampling and Data Processing

Transmission properties were noteworthy issue in MPCs. Using
THz-TDS method, amplitude information can be easily obtained. First,
resolution in frequency-domain corresponding to the empirical data sheet,
shown in Appendix 1, was chosen.

Second, THz radiation propagating through W/O a MPC as a MPC
signal or a reference, respectively, was measured. Two time-domain
waveforms can be used to obtain frequency-domain spectra using
numerical fast Fourier transform, and then the MPC data divided by the
reference should be the amplitude transmittance of this sample. Power
transmittance was the square of,the amplitude transmittance. The
transmission properties of a.certainrsample at different frequencies can be

observed.
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4. Experimental results and discussion

4.1 Free Space THz-TDS Waveforms and Spectra

When THz radiation propagates through optical component in the
same distance but with different humidity, THz time-domain waveforms
are shown in Fig. 4.1. The amplitude of oscillations after main peaks
decreasing as the humidity decreases can be found. It can speculate that
the oscillation is caused by water vapor absorption. From the Fig. 4.1 (d),
the noise is lowered after N, purged. Moreover, the signal to noise ratio
(S/N ratio) is better after vapor exhausted. Fig. 4.2 depicted the spectra
with 0.0073 THz resolution of fast Fourier Transform of these waveforms.
Some deep dips at 0.556, 0.754,:0.988,1.113, 1.164, 1.208, 1.230, 1.413
THz disappear as the humidity goes dewn. This is obviously due to
absorption of water vapor,-which. are consistent with the results of van
Exter et al. [27].

Besides, in the insect of Fig. 4.2, regular oscillations, high frequency
fringes, are found in spectrum. When other antennas of different kinds, i.e.
different refractive index, or thickness of substrate are used, the
oscillation frequency is changed. It is obvious that the major factor comes
from the etalon effect between radiation and the substrate of the emitter.

Appendix 2 shows the results in detail.
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In June 26, 2004, a fire accident occurred in the basement of
Engineering Building V which our laboratory is located in. This accident
causes the change of free-space spectra as shown in Fig. 4.3. A significant
change is found at 0.131 THz, where a deep dip caused by characteristic
absorption line of sulfur dioxide [28]. It is obvious that sulfur dioxide is

produced after fire accident and it can be found using THz-TDS

technique.
T T !
‘ —— Before accident
1E-3 After accident
o 1E-4 " BRERE =
T / E i
= il
2 1E-5 I
< 0.131THz ‘«
1E-6
1E-7 4 - . - - ' ' '
0 1 2 3 4

Frequency (THz)

Fig. 4.3 Spectra comparison before and after fire accident

28



4.2 Metallic Photonic Crystals (MPCs)

4.2.1 Basic transmission properties of MPCs

Fig. 4.4 displayed pictures of four samples from a camera and an
optical microscope. S, D, and L represent hole spacing, hole diameter,
and plate thickness in unit of micron, respectively.

Individual THz waveforms and spectra of MPC samples were shown
in Fig. 4.5 ~ 4.8. Each spectrum had clear forbidden band and almost
unity transmittance at predicted frequency. Amplitude transmittance
spectra ware depicted in Fig. 4.9. Obviously, it was hard to eliminate
water vapor absorbed highly at 1.164, 1.669, 1.720 THz even though the
low humidity ~5%. Some narrow, and, steep peaks were found due to too
small signal at the specific frequencies by water vapor absorption.

In Fig. 4.10, it’s clear that the experimental spectra of power
transmittance were excellently- coincidental with calculated spectra by
Chen’s theory. Among them, transmission spectrum of JMPC had better
signal to noise ratio because the peak of the THz signal was around the
cutoff frequency of JIMPC.

The parameters used to characterize their transmission properties
were listed in Table 4.1. In Table 4.1, experimental cutoff frequencies
agreed well with those calculated according to Chen’s theory, but had a
little difference from those corresponding to the infinite-long circular
waveguide theory. However, cutoff frequencies were well inversely

proportional to diameters of holes as shown in Fig. 4.11
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(a) S= 995 D= 565 L= 480 (b) S= 425 D= 284 L= 20
PR . ol OB . ;

(c) S= 295 D= 248 L= 150
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o rsber e
Sl ~ 3

Fig. 4.4 Real pictures of (a) IMPC, (b) sample #1, (c) sample #2, and (d)
sample #3. In unit of um
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Table 4.1 Parameters and characteristics of MPCs

c ex $
Sample S D L Veut™ Ucut Ucut P Liff Tporosity

JMPC | 995 | 565 | 480 | 0.311 | 0.289 | 0.289 |0.348] 0.292

#1 425 | 284 | 200 | 0.619 | 0.642 | 0.660 |0.815] 0.405

#2 295 | 248 | 150 | 0.709 | 0.746 | 0.754 |1.174] 0.641

#3 225 | 155 | 100 | 1.134 | 1.129 | 1.142 |1.539] 0.430

S, D, L: in unit of um.

Ucut*,l)cutc, DCUtexp ) Udiff#: in unit of THz

c: according to Chen’s theory

*: infinite circular waveguide theory

Toorosity: the proportion of the hole area to the aperture area

I 3 T T T T T
~ 1.2 y=P1/x
I Weighting:
= y No weighting
~ 1.0 Chi"2/DoF  =0.00087
o R"2 = 0.99291
S P1 18044477  +3.43565
;’g 0.8
S 06-
>
O
0.4 1
0.2 T T T T T T T T T
100 200 300 400 500 600

Hole diameter (um)

Fig. 4.11 Cutoff frequency vs. holes diameter of MPCs
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4.2.2 Polarization rotated around the optical axis of sample #1

From the results of Fig. 4.12, it can be known that normal
transmission of THz radiation with different polarizations is the same.
The same results are also shown in Miyamaru et al. When the incident
angle is zero, transmission is independent of the polarization due to equal

phase difference and transmittance of two orthogonal polarizations.

(a) (b)
—0 —15 30 [
0.000034 | —45 60 ——75 | E
90 | |
—~ I v, b
=t | 10N ]
S N 1] [‘ o =
o - e /m‘ NIA £
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©o Y Y Y <
b [l | ) o
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Fig. 4.12 (a) Waveforms, (b) spectra, and (c) transmittances of Sample #1
with rotation
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4.2.3 Transmission properties of MPCs with 3M tapes

Fig. 4.13 shows that the spectra and the transmittance of 1 to 4
layers of 3M tapes of 60 um thickness. In Fig. 4.13 (b), the tapes are
almost transparent to THz radiation of 0.1 ~ 1 THz. If the tapes attached
to the incident side of MPCs, Fig. 4.14 displays that transmission peaks
shifted to low frequency and the peak amplitude dropped more than the
attenuation effect of tapes in Fig. 4.13.

It is showed transmittance spectra of JMPC without tapes, with one
tape on incident side, and with one tape on each side in Fig. 4.15. The
magnitude of transmission peak dropped to ~60% and the peak frequency
shifts from 0.309 THz to 0.282 THz as one tape is attached to the incident
side of JMPC. If another tape is attached to the other side of JMPC, the
magnitude of transmission- peak rises-to ‘almost equal transmittance of
JMPC without tapes, and: the. peak-frequency shifts again to lower
frequency ~ 0.266 THz. The change of peak frequency may be caused by
the surface plasma effect. The transmittance of JMPC with one tape on
each side is larger than that of JMPC with one tape on incident side,
which is attributed to impedance matching on both interfaces of input and
output sides.

Fig. 4.16 shows that shifts of peak frequencies are obviously
observed. Transmittance at peak frequency monotonically decayed until
the saturation when number of tapes is four. Moreover, peak frequencies
shift to lower frequencies below cutoff. Shifting to lower frequency is
related to surface plasma effect.

From Fig. 4.15 and 4.17, it could be deduced that tapes attached to

each side of JMPC should produce larger transmittance

41



(a)

1.2

0.0000025 , : : : . | . |
— Reference
0.0000020 - " ——— llayer 1
‘ 'V\" M'\ 2-layer
— 3-layer
 0.0000015- /' — dtayer _
2 f | \ il
2 [ N\
£ 0.0000010- | - _
< ‘ ‘N \ 0
/t ’ ‘\\\1.“'5’! ““\4“
e
0.0000005 - / B ‘,‘\ |
"“W'/ N
0.0000000 - , N
0.2 0.4 0.6 0.8 1.0
Frequency (THz)
(b)
1.2 . , . } : .
1.0}
3 !
e 0.8+
8
£ 0.6
c
©
T 04-
0.2+
0.0 . , : : . : : .

Fig. 4.13 Spectra and transmittances of 1-4 layers of tapes

0.2

0.4 0.6 0.8 1.0
Frequency (THz)

42



(a)

0.0018 ——
0'0016__ — Reference
0.0014 - Sample #1 with
1 no tape
o 000121 1 tape
E 0.0010 - — 2tapes
=3 1 —— 3 tapes
£ 0.0008- 4 tapes
0.0006 -
0.0004 - V
0.00024 WW W m/vmm%
' Ay W /s
0.0000 LAY ol o
0.0 05 10 1.5 2.0
Frequency (THz)
(b)
Q
(&)
c
{
IS
wn
C
©
|_

0.2 0.4 0.6 0.8 1.0
Frequency (THz)

Fig. 4.14 (a) Spectra and (b) transmittance of Sample #1 with tapes on
incident side



Amplitude transmittance

1.0

I I ' I ' I |
[\ —=—JMPC only
0.8 /\

—4— JMPC with 1 tape on incident side
JMPC with 1 tape on each side

0.2 0.4 0.6 0.8 1.0
Frequency (THz)

Fig. 4.15 Amplitude transmittance of JMPC with one tape on

incident/each side

Table 4.2 Peak frequency and amplitude-transmittance of JMPC with

tapes on each side

Film thickness| vpea (THZ) Av/Aty Ta T,
(1m)
0 0.309 NA 0.884 2.68
60 0.267 7E-4 0.711 1.73
120 0.240 5.75E-4 0.621 1.32
180 0.230 4.39E-4 0.444 0.67
240 0.230 3.29E-4 0.318 0.35

Ta: amplitude transmittance at peak frequency

T,: normalized transmittance at peak frequency
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due to the impedance matching and more obvious peak shifts owing to
refractive index change, respectively.

From the results of Fig. 4.18, peak frequency shifts exponentially to
lower frequency and peak frequency change is linearly decayed as the
thickness of attached tapes was changed,. It could be due to increasing of
the attenuation length with the thickness increasing.

Fig. 4.19 displays that normalized transmittance equals ~2.68 times
of porosity at peak frequency of JMPC. Normalized transmittance of
JMPC with 0 to 2 tapes (0-120 um) shows larger than unity of porosity.
Hence, extraordinary transmission occurs at some transmission

frequencies of JMPC.

4.2.4 Fabry-Perot etalon made.by two JMPCs-with a cavity of ~ 0.5 mm
spacing

A Fabry-Perot etalon as shown. in Fig. 4.20 was fabricated by two
JMPCs with a cavity of around 0.5 mm spacing. According to etalon
effect, the 0.5 mm spacing corresponds to 0.3 THz and its higher-order
harmonic frequencies. Fig. 4.21 shows the etalon effect makes the
transmission peak sharper as the dash-dot circles indicated. Effect of a
Fabry-Perot etalon with two mirrors replaced by MPCs is successfully

accomplished.
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Fig. 4.21 Transmittance of a Fabry-Perot cell with a cavity of ~ 0.5mm
spacing
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5. Conclusions and Future Works

The transmission properties of metallic photonic crystals perforated
with a triangular array of circular holes in THz region are known.
Transmission band of MPCs can be well controlled by changing the three
parameters of MPCs. Besides, 3M tapes shows no obvious absorption in
0.1~1THz. When they are attached to incident side of the MPCs,
transmission bands of MPCs displays anomalous drop in a certain region.
Furthermore, if they are attached on each side with equal layers of tapes,
peak frequency of transmission band shifts to lower frequency below the
cutoff. This phenomenon may be caused by refractive index change
derived from surface plasmon theory.. Finally, a Fabry-Perot cell of two
MPCs is constructed. The results. of this cell show shaper transmission
band. It could be attributed-to‘the Fabry-Perot-effect.

In the future, effect of-defect structures will be an interesting topic
because it may have some large transmission peaks in the forbidden band.
In addition, THz components of MPCs with tunable transmission band
will be fabricated. To achieve this goal, liquid crystals (LCs) will be
essential elements. Therefore, a MPC cell infiltrated with LCs can be
made to change the transmission band by tuning the effective refractive
index of LCs applied by magnetic field because metals of the MPCs in

this study show no magnetic response.
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Appendices

Appendix 1 Resolution in Sampling

Table A1 Time resolution vs. Frequency resolution for 1024 sampling

points
Sampling delay | Time resolution | Frequency Frequency
step size (um) (ps)’ Range (THz)? | Resolution
(THz)®
4 0.02667 18.74 0.03653
5 0.03333 14.99 0.02922
6 0.04 12.499 0.02436
7 0.04667 10.708 0.02087
8 0.05333 9.37 0.01827
9 0.06 8.329 0.01624
10 0.06667 7.496 0.01461
11 0.07333 6:81477 0.01328
12 0.08 6.2469 0.01218
13 0.08667 5.76635 0.01124
14 0.09333 5.35447 0.01044
15 0.1000 4.9975 0.00974
16 0.10667 4.68 0.00912
17 0.11333 4.40956 0.0086
18 0.12 4.16458 0.00812
19 0.12667 3.9454 0.00769
20 0.13333 3.748 0.00731
26 0.17333 2.88317 0.00562
27 0.18 2.77639 0.00541
30 0.2001 2.49875 0.00487
33 0.22011 2.27159 0.00443
40 0.2668 1.87406 0.00365
42 0.28014 1.78482 0.00348

'Time Resolution (ps) = [Sampling Delay step size (um) * 2] / Light
Speed in vacuum 300 (um /ps)

?Frequency Range (THz): Full positive frequency range after fast Fourier

transform (FFT).

3Frequency Resolution (THz) = Frequency Range (THz)/ [1024 /2+1]




0.040 T r ' 1 1 1 - 1 T T T' 1 T T

0.0354 For 1024 sampling points I T
N i
E 0.030 -
S 0.0254 _
5
6 0020— Data: Data6_points1024
g Model: Allometricl —
<>_)‘ 0015 - CR:T;\ZIDC—_’F]_ =1.1032E-11
C -
ié 0.010+ b oowos 7 0000
(] -
'L 0.005+

0.000 T T r + 1+ T1 r 1 +r 1 1 1T 1 1T T 1

0 5 10 15 20 25 30 35 40 45

Step size (um)

Fig. A1.1 Sampling step size vs. frequency and time resolution

0.30

o o o
= N N
Time resolution (ps)

o
=
o

0.05

0.00

51



Appendix 2 Etalon effect

Etalon effect is caused by multiple internal reflections when
radiation passes through a parallel-sided material. The exiting light with
numbers of internal reflections interferes so that fringes occur.

Assuming normal incidence and the material located in air (n=1), the
electric field E; (w) of exiting light can be written as a function of electric

field E; (o) of incident light:
E. () =E; (a))tltzeiwt +E; (a))'[ltzl‘lrzei(“’t'5) +E, (C())tltzl’l2 r22ei(a)t-25) +ee

(A2.1)
where t, t, are transmission coefficients in 1% and 2" interfaces,
respectively:

_ 2n(w) = 2
" n@+1’ 7 n(@)+1
r,, I, are reflection coefficientsiin 1% and 2"%interfaces, respectively:

_1-n(w)

r=r=r=
Pl n(w)+1
n(w) is the frequency-dependent refractive index of the material, and & is

the phase difference induced by internal reflections:
S = 2n(w)d

where d is thickness of the material. Summed to infinity, the transmitted
electric field can be reduced to:
it E i (a))t1t2

1-r2e® - (A2.2)

Multiplying E«(w) by its complex conjugate yields the irradiance of the
exiting light:

E.(w)=¢e
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(t,t,)’

CT (141 - 2rcos (A2:3)

If introducing the coefficient of finesse F such that

2r %

1-r°

The Eq. (A2.3) can be written as
I 1

F=(

1+ Fsin®(a42)

I
I i

Theterm [1+ Fsin®(5/2)]™" = A(@) is known as an Airy function.

o

S,

Fig. A2.1 Hllustration of Fabry-Perot etalon effect
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