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Abstract

Metal plates perforated with two-dimensional periodic arrays of
sub-wavelength holes (2D-MHAS) exhibit high transmission at selective
terahertz frequencies. This mechanism of the enhanced transmission
characteristic is usually attributed to the resonant coupling between the
incident light and surface plasmon-polaritons (SPPs) which are located at
the metal-dielectric surfaces. We experimentally and numerically
investigate the role of material in the holes on transmission characteristics
of the 2D-MHA. New phenomena, however, appear when holes of the
2D-MHA are filled with dielectric material. We find distinctive THz
transmission characteristics depending on the thickness and properties of
the adjacent medium for the 2D-MHA. of .which holes are filled with
UV-gel. For deeper holes,=SPP can exhibit two distinct modes, coupled
and uncoupled types as confirmed-in-the simulated results for the electric

field using finite-difference time-domain (FDTD) algorithm.
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1 Introduction

Every region of frequency domain is a treasury in nature. The
terahertz region of the electromagnetic spectrum ranges from frequencies
of about 100 GHz to 10 THz (10 x 10" Hz) as shown in Fig. 1-1 has wide
and unexplored applications. This corresponds to wavelengths between
about 3 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
components in mobile phones. At higher frequencies, near-infrared or
visible light is generated by "optical" devices such as semiconductor
lasers, in which electrons emit,light when they jump across the
semiconductor band gap. Unfortumately, neither electronic nor optical
devices cannot conveniently make work in the terahertz region because
the terahertz frequency range -sits-between the electronic and optical

regions of the electromagnetic spectrum.

electronics THz Gap photonics

ultrasonic microwaves visible x-ray ¥ -ray

100 10% 10 109
dc  kilo mega giga tfera peta exa zetta yotta

| | |
| | —>
12 1015 1018 1021 1024

Frequency (Hz)

Fig. 1-1 Electromagnetic spectrum. The terahertz region ranges from
frequencies of about 100 GHz to 10 THz.

Refer to http://www.wse.jhu.edu/~cmsd/Thz/
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This situation changed in the 80's with the appearance of ultrashort
pulse lasers of about 100 femtosecond pulse duration. Ultrashort pulses
can generate broadband THz radiation when they impinge on
semiconductors. Mourou and Auston et al. 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 [1-2]. In 1996, Zhang et al. developed free-space
electro-optic sampling (FS-EOS) technique to enhance signal to noise
ratio (S/N ratio) up to 10000 and to achieve much large dynamic range
[3]. 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)” [4].

On the other hand, microstructured devices, such as dichroic filters
[5], terahertz plasmonic filters. [6];-and, terahertz photonic crystals [7]
have received growing interests...These frequency-selective components
play an important role in the development of terahertz technology. In
1998, Ebbesen et al. first explored extraordinary transmission of light in
optical frequencies through a metal film perforated by an array of
sub-wavelength holes (MHA) [8]. Many researchers have paid much
great concentration on this field. Since the period of hole arrays must lie
on the order of wavelength, so the most difficult challenge to studying
periodical hole array is the manufacture in visible light. Fortunately, the
wavelength in THz region is much longer than visible light. For this
reason, it is much easier to fabricate periodical hole arrays in THz region.
Furthermore, the loss of metal in THz region is negligible so metals are

good candidates for periodical hole arrays [9].
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However, theories to describe this phenomenon are still ambiguous.
The most scientists consider these unusual phenomena are caused by the
coupling between the incident waves and the surface plasmon polaritons
(SPPs) [10]. Base on the theory of SPPs, the maximum transmittance
peak should to be independent of the hole’s diameter and the material
stuffed with the holes [11]. However, in our experimental results, when
the holes filled with the UV-gel, the number of the transmittance peak is
changed from single to multeity, and the peak frequency will change with
the thickness of the samples. Further, we attach translucent ScotchTM
tapes on the incident side of MHA filled with UV-gel. Peaks shift to the
left and decrease as the SPP resonances approach the cutoff frequencies.
These phenomena are analogous with previous reports elucidated in terms
of the SPP [12]. However, upon increasing the number of the tape, a side
peak on the high frequency side grew-gradually and red-shifted. For the
number of tapes up to fifteenlayers, the trend of shift still persists. We
also discovered that different peaks have different SPP-like surface wave
modes as confirmed in the simulated results using Finite-Difference
Time-Domain (FDTD) for the electric field. These findings are important
for understanding the fundamental mechanisms of enhanced transmission

and will be vital in designing devices based on this effect.



2 Basic Theories and Conceptions

2.1 Terahertz (THz) Field

Terahertz (THz) fields is a generic term for electromagnetic waves
with a spectrum between 0.1 and 10 THz (where 1 THz is 10"
cycles/second). From the viewpoint of wavelength, it includes millimeter
and submillimeter waves. THz signals were until recently an almost
unexplored area of research due to the difficulties in generation and
detection of electromagnetic fields at these wavelengths. The use of
ultrafast lasers to generate subpicosecond pulses of electromagnetic
radiation, THz pulses, has evolved into a very active research field during
the past two decades. In the other hahd, THz detection is also a quite
difficult work since the power of emitted ‘I'Hz signals is weak. Owning to
the high signal-to-noise ratio, the-use of photoconductive antennas to

detect THz wave is a very popular method.

2.1.1 Generation of THz Radiation Using Photoconductive Antennas
When the photoconductive antenna is illuminated by ultrashort
optical pulse, where the photon energy is greater than the bandgap of the
semiconductor, a planar photoconductor absorbs the incident light,
coherently exciting free electron-hole pairs. Photo carrier acceleration
results from an applied bias on the electrodes, which produces a transient

surface current. The expression can be described from the current-surge

model [13].



Current-surge model:

Initially, the radiating source is defined as time-varying parameter,

including charge density p(x,y,z,t), current density J(x,y,zt), electric

field E(x,y,z,t), or magnetic flux B(x,y,zt). And then, it is necessary to

construct Maxwell’s equation before deducing current-surge model.

Maxwell’s equation:

VxE= —é (Faraday’s Law) (2.1.1)
V-E =§ (Gauss’ Law) (2.1.2)
VxH = J+§ (Ampere’s Law) (2.1.3)
V-B=0 (2.1.4)

From (2.1.1) and

B-VxA (2.1.5)
VXE:—a—B:—Q(Vx A):Vx(—a—Aj

ot ot ot
:»w(mz_fj:o (2.1.6)

And then, some non-vector value, V, is induced in the equation.

From (2.1.6)
Set —vv -E+2 (2.1.7)
ot
And then,V x(-VA)=0 (2.1.8)
From (2.1.7),
E-—yv-A (2.1.9)
ot

Next, the two inhomogeneous wave equations written in terms of A



and V could also be deduced from the inhomogeneous Maxwell
equations:

From (2.1.3),

_7+P
ot

xH

VxB - OE

= =J+e—
7 ot

As I:I=E
Y7,

From (2.1.10), (2.1.5) and (2.1.9) can be written as

Vx(VxA)zy(j+8§}zy[j+£§[—vv—%AH (2.1.11)

\%

(2.1.10)

and D = ¢E

o°A
6t2

V(V-A)—VZAI/AT—V(/JE)%]—/AQ
- (2.1.12)

- O A - = o
:>V2A_ =—uJ+V|V-A+ |
HE t2 2 ( HE j

From (2.1.2),
V-D=p

:V-(gE):—V-[g[ijt%f‘H:p (2.1.13)

= V¥V +Q(V-A):—£
ot £

Set V-A+ g,u% =0 (Lorentz gauge) (2.1.14)
So that, (2.1.12) becomes as

5=

VZA—,ug(Ztﬁz—,uj (2.1.15)

From (2.1.14), v./&=—ygaa—\t’

As aresult, (2.1.13) can be written as
o’V
= __P (2.1.16)

g

\YaY, — ue

Finally, the two inhomogeneous wave equations expressed in (2.1.15)
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and (2.1.16) are demonstrated. These equations here are used to
determine a functional, time dependent form of the radiated electric field
in the far field.

From (2.1.3), the continuity equation of the free carriers, which is
generated in the biased semiconductor after the absorption of an optical

pulse, is obtained.

V(VxH)=V- 7+L | v.5:2 (2.1.17)
ot at

Actually, the current in the bias photoconductor is a transverse current,
which is parallel to the surface of the photoconductor and perpendicular

to the direction of propagation, so that
V-J=0 (2.1.18)
Equation (2.1.17) and (2.1.9) imply that the charge density dose not vary

in time and not contribute to-the time-dependent radiated electric field. As

a result, from (2.1.9) the electric field'is

£, (t)=—§,5\(t) (2.1.19)

The solution to the wave equation (2.1.15) and hence for the vector

potential A leads to the expression for the time-dependent radiated

electric field E,, =(r,t) at a displacement r from the center of the

S > C
d

=]

photoconductor:

S
4re,c° o

E,.q(F.t)= a’ (2.1.20)

where ¢, 1s the permittivity of free space, ¢ is the speed of light in



vacuum, J, is the surface current in the photoconductor evaluated at the

retarded time, and da'is the increment of surface area at a displacement
r'from the center of the emitter. Integration is taken over the optically

illuminated area of the photoconductor. In the far field,

|f—f’|=r(1—¥}:r (2.1.21)

At the same time, the gap between the electrodes of the

photoconductor is assumed to be uniformly illuminated by the optical

Therefore, the surface current J, can be assumed to be constant at all

points on the surface of the emitter. And then, the radiated electric field

can be written as

£, (F )= —— A O3 (t—LJ, (2.1.22)

47[8002 (X2 + y2 + 22)1/2 dt 3 C

where A is the illuminated area of-the-emitter. It is considered that the

radiation emitted (and detect) on-axis (.. x=y=0), and let tet—(ij.
c

Thus,

- 1 Ad -
Erad(rat)

- ——J(t 2.1.23
472'80(:2 7 dt S() ( )

I

There is a result for the surface current

J _ O-sEb

1+n

where n is the index of refraction of the photoconductor at submillimeters,

n, 1s the impedance of free space which is equal to 377Q, and the

surface conductivity defined as

=20 ity )] (2.1.25)
w

—© Tcar
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where e is the electric charge, R is the optical reflectivity of the

photoconductor, 7w 1is the photon energy , m(t,t') is the carrier

mobility at time t of a carrier created at time t', | is the

opt
time-dependent optical intensity, and z_, 1is the lifetime of the excited

carriers. For the present derivation, a constant carrier mobility is

assumed:
m(t,t’) =m (2.1.26)
Also, the carrier lifetime is long, i.e. r, — . Finally a Gaussian

intensity profile of the optical beam is assumed:

' _tr2
lopt (1) = Ioexp( > ] (2.1.27)

With these assumption s the surface conductivity becomes

_ t 412
o, = S=R), dt’mexp[ a J (2.1.28)
ho Zo T

Equations (2.1.23), (2.1.24), and (2.1.28) lead to the expression

_ -2
E (t)=- E, Ae(l-R) Iomexp(_tjj{H noe(l— FQ)Iomt/I rexp(—xz)dx} (2.1.29)
T

4re,c’ 7 ho (n+Dhow .

As the comparison with the result from experiment, it is necessary to

rewrite the equation in terms of the experimental parameters E, , the bias

electric field applied across the photoconductor, and F,,, the incident

opt »

optical fluence, which is defined as

—00

—t2
ot = J |Oexp(z_—2)dt:«/;|(,rz

0

Eopt
A

F

(2.1.30)



where E,, 1is the average optical energy and A is the area of the optical

beam, where r is the measured ! radius of the optical beam. Set
e

Ae(1-R)m )
B=——"F" " — /J 2.1.31
4re,C2zhan 7 (ms/J) ( )
1noe(1-R)m 2
D=1~ /). 2.1.32
(n+Dhor (m=/) ( )

And then, the electric field in the far field can be written as

t

-2
F _t2 r
E,oq (1) = —BE, — exp( tZ)X[1+ DFoptjexp(Xz)dX] . (2.1.33)
T —o0

T

We can also discuss on the viewpoint of the carrier dynamics in
semiconductor to analyze the . THz gehetration by Drude-Lorentz model

when using the photoconductive antenna [.14,.15].

Drude-Lorentz model:

When a biased semiconductor is pumped by a laser pulse with
photon energies greater than the band gap of the semiconductor, electrons
and holes are created in the conduction band and valence band,
respectively. The time dependence of carrier density is given by the

following equation:

h__ i 2.1.34
dt T, (2.1.34)
where n is the density of the carrier, G is the generation rate of the

carrier by the laser pulse, and r, is the carrier trapping time. The

generated carriers will be accelerated in the bias electric field. The
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acceleration of electrons (holes) in the electric field is given by

dv,, Ven  Qen
e, - _ e, + e, E
gt . Tm, (2.1.35)

S

where v,, is the average velocity of the carrier, q,, is the charge
of an electron (a hole), m,, is the effective mass of the electron (hole),

7. 1S the momentum relaxation time, and E is the local electric field. The

subscripts ¢ and h represent electron and hole, respectively. The local

electric field E is smaller than the applied bias electric field, E,, due to

the screening effects of the space charges,

P

E=%—;g (2.1.36)

where P is the polarization induced by the spatial separation of the
electron and hole, ¢ is thediclectric'constant of the substrate, and o is
the geometrical factor of the photoconductive material. The geometrical
factor « is equal to three for an isotropic dielectric material. It is noted
that both, the free and trapped carriers contribute to the screening of the

electric field. The time dependence of polarization P can be written as

2 2.1.37
dt ¢ (2.1.37)

r
where 7z, is the recombination time between an electron and hole.

In eq. (2.1.37), J is the density of the current contributed by an electron

and hole,

J =eny, —eny, (2.1.38)

where ¢ is the charge of a proton. The change of electric currents
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leads to electromagnetic radiation according to Maxwell’s equations. In a
simple Hertzian dipole theory, the far-field of the radiation E,, is given
by

0J

d: —_—
THe = o (2.1.39)

E

To simplify the following calculations, we introduce a relative speed

v between an electron and hole,
V=V, -V, (2.1.40)

Then the electric field of radiation can be expressed as
E mevan+en
THz ot ot (2.1.41)

The first term on the right-hand side of eq. (2.1.41) represents the
electromagnetic radiation :due to-the carrier density change, and the
second term represents the  electromagnetic radiation which is
proportional to the acceleration of the carrier under the electric field.

The simulated THz waveform in time domain by solving the
differential equations in Drude-Lorentz model is shown in Fig. 2-1
referring to [13]. The momentum relaxation time is 30 fs, the carrier

trapping time for the emitter is 0.5 ps, and the carrier recombination time

¢ is taken as 10 ps. The carrier generation density is 10'® cm™ and the

r

applied bias electric field is 20 KV/cm.
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1. 30fs

1. 0.9ps

©: 10ps

n,: 10"°cm™
E, : 20kV/cm

THz Radiation, E,, (arb. units)

5t:130fs

T T T T T T T T T

-0.5 0.0 0.5 1.0 1.5 2.0
Time (ps)

Fig. 2-1 Simulated THz time domain waveform by solving the differential

equations in Drude-Lorentzzmodel referring to [13].

2.1.2 Detection of THz Radiation Using Photoconductive Antennas
Actually, the measurement of THz signal is the measurement of the
photocurrent induced in the detector by the simultaneous arrival of the

THz pulse and the gating optical pulse [13]. Because of the

non-instantaneous conductivity of the detector o,, a measurement of the

photocurrent j induced by the arrival of the peak of the radiated electric

field of the THz pulse at the detector at time t, is actually a convolution

of the radiated electric field and the conductivity of the detector after time

t,:

13



i(t)) = [E (t)oy (X' —t,)at" (2.1.42)

For the detector used in the experiments, the conductivity can be

assumed to have the form

0 if t, >t'
o (t'—t,)= % exp —-(t'-t,) o<y (2.1.43)
Ty Ty ’

where o, is the peak conductivity of the detector. The rise in the

conductivity can be assumed to be rapid because of the gating optical

pulse has a short duration. Therefore, it is assumed that z, >>0, and

Eq.( 2.1.43) can be written as

0 if t >t
o(t'-t)) =30, e <t (2.1.44)
7,4 P

Substitution of Eq. (2.1.44)into-Eq.(2:1-42) gives

i) :?J‘Erad (tdt’ (2.1.45)
d ty

If it is assumed that the radiated waveform of the THz pulse is symmetric,

then the measured photocurrent becomes

j~ 20_0 [ B )t (2.1.46)
Ty

Substitution of E_,(t") as given by Eq.(2.1.41 ) into Eq. (2.1.46) gives

t'/r -2

BE F . <=
%o exp(=x*)dx | dt’ (2.1.47)

12
- b" opt -t
=— ex x| 1+ DF
. 27, T j- ( 7’ )

opt

—00 —00

However, because of the internal reflection the back side of the

photoconductor, the amplitude of the radiated electric field is attenuated.

14



The Fresnel formulas for reflection at a plane interface and conservation
of energy, which indicate that the amplitude of the transmitted pulse is

decreased relative to its initial value by the amount
24n
n+1

Evaluation of Eq. (2.1.47) and multiplication of the result by Eq. (2.1.48)

(2.1.48)

lead to the following expression for the measured detector photocurrent:

. F/F

——ocCE — s g
j=-o0,C T (FIE) (2.1.49)
where

_ (n+Dhw (2.1.50)

T -Rym’ o

c :Afﬁ. (2.1.51)
dre,Con 27y

As shown above, n is the index of refraction of the emitter at

submillimeter wavelengths, 7@ “is the photon energy, 7, is the

impedance of free space, R is‘the optical reflectivity of the emitter, A is

the illuminated area of the emitter, &, is the permittivity of free space, ¢

is the speed of light, z is the emitter-detector separation, and -z, is the

lifetime.
Eq. (2.1.49) can be rewritten as

€, (peak) == —cg, L5

— s 2.1.52
o, "1+(F/F,) ( )

where E,_,(peak) is the experimentally measured value associated with

the peak of the radiated electric field and the right

side, —-CE,{(F/F,)/[1+(F/F)]}, is the form of the incident excitation

optical fluence and the bias field E, applied to the emitter. The constant

15



C provides a measure of the fraction of the bias field extracted in the far

field, whereas F, is the optical fluence required for extracting half the

maximum field.

2.1.3 Terahertz Time-Domain Spectroscopy (THz-TDS)

Figure. 2-2 shows a schematic diagram of a THz-TDS spectrometer
[4]. It consists of a femtosecond laser source (1), a beam splitter that
divides the laser into two branches, a THz emitter (2), focusing and
collimating optics (3), the sample (4), THz detector (5), a variable delay
line (6) that alters the optical delay between the THz emitter and detector,
and a lock-in amplifier (7). A computer (8) controls the delay line and
displays the detector photocurrent versus.path length.

The sources and detectors of THz-TDS consist of the same building
blocks. Both are based on the photoconductive antenna, which consists of
a semiconductor bridging the'‘gap ‘in a transmission line structure
deposited on the semiconductor substrate. The response of the
voltage-biased photoconductive antenna to a short optical pulse focused

into the gap between the two metal contacts is illustrated in Fig. 2-3.
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(1)Femtosecond Laser (5)THz Detector

(2)THz Emitter (6)Optical Delay Line
(3)Collimating Optics (7)Lock-In Amplifier
(4)Sample (8)Computer
®3)
2) <y 5)
(4)
Beam ()
Splitter

Z (6) !

I (8)

1)

Fig. 2-2 Schematic diagram of a THz-TDS spectrometer using a
femtosecond laser and photoconductive antennas to generate and detect

THz waves.

Photocurrent

//\ * Time

Fig. 2-3 Typical current response J@) ofa photoconductive antenna to a

short optical excitation pulse.
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The current through the switch rises very rapidly when injecting
photocarries by the optical pulse, and then decay with a time constant

related to the carrier life time of the semiconductor. The transient
photocurrent J(t) radiates into free space according to Maxwell’s

equations,

E(t)oc M (t)at (2.1.53)

Because of the time derivative, the radiated field is dominated by the
rising edge of the photocurrent transient, which is much faster than the
decay. Long tail of the photocurrent decay, which occur in most
semiconductor without high .defect density, are largely irrelevant to the
radiated field.

To convert photoconductive antenna to a detector of short electrical
pulses, a current-to-voltage  -amplifier is connected across the
photoconductor, replacing the voltage bias. The electric field of the
incident THz wave now provides the driving field for the photocarriers.
Current flows through the switch only when both the THz wave and
photocarriers are present. Because electronics are not fast enough to

measure the THz transients directly, repetitive photoconductive sampling

is used (Fig. 2-4). If the photocarrier lifetime, 7 is much shorter than

the THz pulse, the photoconductive switch acts as a sampling gate which

samples the THz field within a time 7 .
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V() Sampling
A Gate — ﬁ THZ/Waveform

|\ ,

Time

Fig. 2-4 Principle of photoconductive sampling. The photoconductive

switch acts as a sampling gate ithat-measures the waveform voltage V(t)

within the sampling time 7 .

Because the laser pulses which launch the emitter and gate the detector
originate from the same source, the photoconductive gate can be moved
across the THz waveform by changing the optical delay line shown in Fig.
2-2 (6). Fig. 2-5 shows using femtosecond pulse to analyze the THz
waveform whose duration is about picoseconds. We can get entire THz
transient waveform by employing this technique without the need for fast

electronic components.
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Sampling
Gate
THz Waveform

Electric Field

a A

L
»
v

=Y

» »

Delay Time

Fig. 2-5 Working principle of, THz-TDS., By changing the optical delay
between the optical pulse triggering the sampling gate and the waveform,

the entire waveform can be:mapped out sequentially in time.

2.1.4 Extraction of optical constant in THz-TDS

If the THz pulses before and after the sample insertion are denoted

as E(t) and E_ (t), respectively, then the ratio of their Fourier

transforms can be given by the complex refractive index of the sample

fi(w) as[16]

Ean(@) _t ()t () exp(i AN =D,

E. (@) C
D (F @) expli 2 o1t
- [T(@) expli(@))
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Since the field E_ (t) is a real quantity, the Fourier transform will be a

complex Hermitian spectrum with an angular frequency o ,

E(w)=E, (@) —iE, (@) , where E(w)=E(-o0). The { (0), f,(0) ,
f,(w) are the real Fresnel coefficients for amplitude transmission and

reflection at the sample surfaces. The d means the thickness of the sample.
The exponential factor represents the phase shift due to propagation in the
material of the sample, and the last term is the contribution of the

multiple reflection. The integer m represents the multiple reflection

concluded in the observational _time domain. T(w) and ¢(w) are

experimentally obtained “power transmittance and relative phase,

respectively. Since it is difficult to-ebtain the complex refractive index

A(w) =n(w)-ix(w) directly from (2.1.55), the expressions for the real and

imaginary parts of the complex refractive index of the sample are denoted

n(a)) - (¢((!)) + - + arg(tas (a))tsa (a))mi
2.1.56
(R (@) exp(— IZ”(“’)d”» ) =0
c T(®)
=— |
k(o) 2w n( i ] m-+1 2i(w)dw .

tas(w)ts.,,l(w)Z(( (@) exp(- IC))
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We use the value of the complex refractive index roughly estimated

from the THz pulse in the time domain before and after the sample

insertion as a starting point for an iterative loop wherein n(w)and x(w)

are calculated in a self-consistent manner. By performing this cyclic

procedure for only a few times, the value would lead to a convergence.
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2.2 Metallic Hole Arrays (MHAS)

Metal films with two-dimensional periodic arrays of subwavelength
holes can exhibit extraordinary optical transmission characteristics [8].
This discovery attracts much attention because of its potential
applications for subwavelength optics. The enhanced transmission is
explained to be due to the resonant coupling of incident light with surface
plasmon polaritons (SPPs) [10]. The enhanced peak was observed that it
will be changed strongly with different geometry of the structure. There
are three main parameters, such as hole diameter d, lattice constant s, and
thickness of the metal plate t.. The hole arrays can be cubic or triangular.
Schematic diagram of two-dimensional-metallic hole array (2D-MHA)

with triangular lattice is shown'below




Fig. 2-6 Schematic diagram of the 2D-MHA. There are three main
parameters, such as hole diameter d, lattice constant s, and thickness of
the metal plate t

Since every hole can be thought as a waveguide, there must exist a
cut-off frequency in this sample. Moreover, when the frequency of the
incident wave is larger than diffraction limit, it will be diffracted into the
first lobe due to the periodic structure [5]. It will be discussed explicitly

below.

2.2.1 Cutoff Frequency and Diffraction Limit
Consider a circular waveguide with metallic surface and radius a.
Equations of time-harmonic electric and magnetic field can be written as
following [17]:
V’E+k’E=0
(2.2.1)
V’H +k*H =0

For a straight and uniform circular waveguide, 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, =EJe™?,
where E! satisfies the homogeneous Helmholtz’s equation

rg —z

or V,E;+h’E; =0

VLE) +(7*+k*E; =0
(k) . (2.2.2)

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
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equation listed above.

For TM waves in circular waveguides,

E,(r,d,2)=E}(r,§)e7".
The solutions are

E)=C,J (hr)cosng

r

E’ = —%Can '(hr)cosng

0 =—IP0¢ 3 (hrysinng

¢ h2r
HY =—J2N ¢ 5 (hr)sinng
h°r
HY :—%CHJH'(hr)coanﬁ

HY =0

(2.2.3)

(2.2.4)

where jBis equal to vy, J, is:a Bessel functiom, and C, is a coefficient. The

eigenvalues of TM modes:are determined from the boundary condition

that E; must vanish at r = a
3 (ha)=0

For the lowest TM mode, TMy,,
2.405
(h)TMOl = T ’
which yields the lowest cutoff frequency:

(h) 0.383
(f )y, =——F== (Hz)
2\ e a\ ue

For TE waves in circular waveguides,

H,(r.4,2)=H;(r.$)e”

The solutions are
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(2.2.6)

(2.2.7)

(2.2.8)



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

He =480 15 (hrysinng

¢ 2
W (2.2.9)
E’ = Jz)j;” C.'J.(hr)sinng

£ :mTﬂCn'Jn'(hr)cosngﬁ
E' =0

z

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 (2.2.10)

For the lowest TE mode, TE; 5
1.841
(h)TE11 _ — (2.2.11)

which yields the lowest cutoff frequency:

(1), = e _ 0293 ) (22.12)

2\ pue  a\Jue

In conclusion, the cutoff frequency for an infinitely long cylindrical

waveguide is defined by the hole diameter d
C
Voofr = 1.841— (2.2.12)

zd

where c is speed of light in free space.

In addition to the cutoff frequency, owing to the triangular hole array

represents a 2-D grating. When electromagnetic waves with frequency
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above

2C

Vyr =——
diff S\/§

it will be diffracted into the first lobe. where s is the hole spacing.

2.2.2 Theories of Surface Plasmons (SPs)
In order to understand the characteristics of surface plasmons, we

consider a p-wave propagates along the interface between dielectric

material (g) and metal (g,) in the x-direction. The metal locate in the

area where z<0, such as in Fig. 2-7:

z1

(Dielectric Material)
(&)

x1

(Metal)

(&)

v

k22

kx2

Fig. 2-7 A p-wave propagates along the interface between dielectric

material (¢) and metal (g,) in the x-direction when z>0.
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H,=(0,H,,,0)exp (K, X+K, z—at)
= (E,,0,E, Yexpi(k, x+k,z—t) (2.2.14)
when z<0
H,=(0,H,,,0)exp (K, X—K,,Z—t)
E, = (E,,.0,E,,)expi(k,x—k,,z — o) (2.2.15)
The above equations must satisfy the Maxwell equations,
V.E =0 V-H =0 VxE=-pu M gup 1%
c ot c ot (2.2.16)
and =12
Then, using the boundary conditions,
E.=E. H,=H,, gE, =&E,, (2.2.17)
We can obtain the following results:
w6 &E¢& ]
I(xl = kx2 = I(x = _(#)A
C & +¢&,
(2.2.18)

Ky =15 (2)° N R

This is the relative formula for the surface plasmons in metal. We can

find that

816 b o
K, ——( 2 )/ / (2.2.19)
C & +é&, C
That is to say the wavevector of electric field in the surface plasmon is
larger than the incident electromagnetic wave. Fig. 2-8 shows the

dispersion relation of the incident electromagnetic wave and the surface

plasmon.
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Fig. 2-8 The dispersion relation of the incident electromagnetic wave and
the surface plasmon. Mediuml: the dispersion curve of EM waves
propagate in dielectric material; SP: the. dispersion curve of surface
plasmon.

Since the dispersion curve of surface plasmon always lies to the
right of the incident electromagnetic. wave so the usual incident photons
can’t excite surface plasmon polaritons (SPPs). However, periodical holes
in the metallic film can lead to the in-plane momentum which aids the
photon energy coupled to surface plasmon polariton modes [18]. The

corresponding relation for conservation of momentum is

Ky, =k, +iG, + jG, (2.2.20)
where k, is the wave vector associated with the SPP, k, is the
transverse wave vector component of the incident radiation, G, and G,

are the wave vector components associated with the two-dimensional

array, and 1 and j are integers. k =(2z/Asinf) is the component of the
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wave vector of the incident light that lies in the plane ( =0 for normal

incidence), From the above calculation,

@, B E4€

p—g(g +; )2 (2.2.21)

where o is the frequency of the incident electromagnetic radiation, ¢ is

the speed of light in vacuum, ¢, is the dielectric constant of the
dielectric interface medium and ¢, is the (complex) dielectric constant
of the metal. This last quantity may be expressed as ¢, =¢,, +ig,; ,

where &, and ¢, are the real and imaginary components of the

dielectric constant of the metal, respectively. The complex propagation

constant for the SPP wave ean beexpressed as k, =k, +ik,; , where the
two individual components:can be written as [19]
1 9 4
:Q &4 ]E[ge +(ge +€d mi )2 ]2 _Q
spr 2 2
C (&, 84) + & 2 C
| (2.2.22)
_@ &4 B €4 Emi
spi 2 2 11
C (&n.&q) +Em S
( mr+ d) mi {2[€ez+(6'e4+8d28mi2 2]}2
with  ¢’=¢ *+¢," +6¢, . In the limit where &>, and

|eme|.€mi > €4, Which is true for most metals at THz frequencies, the real

and imaginary components of the SPP wave vector can be greatly
simplified. The real component of the SPP propagation constant may be

approximated as
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w w
Ko =2 M =% (2.2.23)

and the imaginary component of the SPP propagation constant may be

approximated as
3

_ 0 &’

T 2¢&,;

(2.2.24)

spi

At normal incidence, Eq. (2.2.23) gives the position of the maxima:
_l
_ i2 4 12y 2 |
/lmax T aO(I + ] ) &y (2.2.25)

for a square lattice. For a triangular lattice a similar derivation yields

4 L
A 230[5('2 +ij+ )] (2.2.26)
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2.3 Finite-Difference Time-Domain(FDTD) Algorithm

Maxwell’s partial differential equations of electrodynamics,
formulated circa 1870, represent a fundamental unification of electric and
magnetic fields predicting electromagnetic wave phenomena which
Nobel Laureate Richard Feynman has called the most outstanding
achievement of 19th-centry science. Now engineers and scientists
worldwide use computers ranging from simple desktop machines to
massively parallel arrays of processors to obtain solutions of these
equations for the purpose of investigating electromagnetic wave guiding,
radiation, and scattering phenomena and technologies. In this chapter, we
discuss prospects for using numerical. solutions of Maxwell’s equations,
in particular the finite-difference time-domain (FDTD) method.

There are seven primary reasons for the expansion of interest in
FDTD and related computational “selution- approaches for Maxwell’s
equations [20]:

1. FDTD use no linear algebra. Being a fully explicit computation,
FDTD avoids the difficulties with linear algebra that limit the size of
frequency-domain integral-equation and finite-element electromagnetics
models to generally fewer than 106 electromagnetic field unknowns.
FDTD models with as many as 109 field unknowns have been run; there
1s no intrinsic upper bound to this number.

2. FDTD is accurate and robust. The sources of error in FDTD
calculations are well understood, and can be bounded to permit accurate
models for a very large variety of electromagnetic wave interaction

problems.
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3. FDTD treats impulsive behavior naturally. Being a time-domain
technique, FDTD directly calculates the impulse response of an
electromagnetic system. Therefore, a single FDTD simulation can
provide either ultra wideband temporal waveforms or the sinusoidal
steady-state response at any frequency with the excitation spectrum.

4. FDTD treats nonlinear behavior naturally. Being a time-domain
technique, FDTD directly calculates the nonlinear response of an
electromagnetic system.

5. FDTD is a systematic approach. With FDTD, specifying a new
structure to be modeled is reduced to a problem of mesh generation rather
than the potentially complex reformulation of an integral equation. For
example, FDTD requires no-ealculation of structure-dependent Green’s
functions.

6. Computer memory capacities-areincreasing rapidly. While this trend
positively influences all numerical ~techniques, it is of particular
advantage to FDTD methods which are founded on discretizing space
over a volume, and therefore inherently require a large random access
memory.

7. Computer visualization capabilities are increasing rapidly. While this
trend positively influences all numerical techniques, it is of particular
advantage to FDTD methods which generate time-marched arrays of field

quantities suitable for use in color videos to illustrate the field dynamics.

In fact, the large-scale solution of Maxwell’s equations for
electromagnetic wave phenomena using FDTD and similar grid-based

time-domain approaches may be fundamental to the advancement of the
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ultra complex and the ultra fast. Maxwell’s equations provide the physics
of electromagnetic wave phenomena from do to light, and their accurate
modeling is essential to understand high-speed signal effects having
wave-transport behavior. A key goal is the computational unification of
electromagnetic waves; charge transport in transistors, Josephson
junctions, and electro-optic devices; surface and volumetric wave
dispersions; and nonlinearities due to quantum effects. Then these can
attack a broad spectrum of important problems to advance electrical and

computer engineering and directly benefit our society.

2.3.1 Finite-Difference Expressions for Maxwell’s Equations
Imagine a region of space where which contains no flowing currents
or isolated charges. Maxwell's curl -equations in can be written in

Cartesian coordinates as six simple scalat equations. Two examples are:

oH, 1(%E, oE,

ot wu oz oy
0E, 1(0oH, oH, (2.3-1)

oo &\ oy 0z

The other four are symmetric equivalents of the above and are obtained

by cyclically exchanging the x, y, and z subscripts and derivatives.

Maxwell’s equations describe a situation in which the temporal
change in the E field is dependent upon the spatial variation of the H field,
and vice versa. The FDTD method solves Maxwell's equations by first
discretizing the equations via central differences in time and space and

then numerically solving these equations in software.
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The most common method to solve these equations is based on Yee's
mesh [21] and computes the E and H field components at points on a grid
with grid points spaced Ax, Ay, and Az apart. The E and the H field
components are then interlaced in all three spatial dimensions as shown in
Fig. 2-9. Furthermore, time 1s broken up into discrete steps of At. The E
field components are then computed at times t = n At and the H fields at
times t = (n+1/2) At, where n is an integer representing the compute step.
For example, the E field at a time t = n At is equal to the E field at t =
(n-1) At plus an additional term computed from the spatial variation, or

curl, of the H field at time t.

' 9 E}f
R >
x / Hz Ex
Ex ! 1
> : Ez
A E'_-,-' : ]
b 3 ’:"" >
Ez o Hy
H: :
Ey Ex
L 4 >
(1J.k)
< Ay >

Fig. 2-9 Yee’s mesh
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This method results in six equations that can be used to compute the field

at a given mesh point, denoted by integers i, j, k. For example, two of the

six are:
n+1/2 _ n-1/2

Hx(i,j+1/2,k+1/2) - Hx(i,j+1/2,k+1/2)

At . .

+ ,uAZ (Ey(i,j+1/2,k+1) B Ey(i,j+1/2,k))
At © e

o 2(i, j+Lk+1/2) — =z(i,j.k+1/2)
HAY
n+1 . n

x(i+1/2, j+Lk+1) = =x(i+1/2, j+1,k+1)

n At H n+l/2 _ 2 (2.3.2)
EAy ( 2(i+1/2, j+1/2,k+1) z(i+1/2,j—1/2,k+1))
At n+1/2 n+1/2

—— (H = )
A7 y(i+1/2,j,k+1/2) y(i+1/2, j.k+3/2)

These equations are iteratively solvediin a leapfrog manner, alternating

between computing the E and H fields at subsequent At/2 intervals.

2.3.2 Stability in FDTD algorithm

Now we discuss that how we determine the time step At. An EM

wave propagating in free space cannot go faster than the speed of light.

To propagate of one cell requires a minimum time of Al = AX/¢,.

When we get to two-dimensional simulation, we have to allow for the

propagation in the diagonal direction, which brings the time requirement

to At=AX/ (\/ECO) . Furthermore, At=AX /(\/gco) is required in
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three-dimensional simulation. This is summarized by the well-known
“Courant Condition” [22]

AX
\/H'CO

At < (23.3)

where n 1s the dimension of the simulation.

It is convenient to specify the time step for any simulation in (2.3.4).

At—ﬁ

"o, (2.3.4)
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2.4 The Drude Dispersion Model for Metal

In keeping with IR spectroscopic notation, all frequencies will be

expressed in cm™. The complex dielectric function ¢, and the complex

index of refraction n, , are defined as

g =& +ig, =n" =(n-ix)’ (2.4.1)
The Drude model dielectric function is [23]

®,’
Ec =&s o +ioo, (2.4.2)

where @ , @, and ®@,, have units of cm™. Separating the real and

imaginary parts yields
a)p2
& =€E,—— >
W +o,
prwT (2.4.3)
& =73 2
@ + 0w,

In these equations, the plasma frequency is

1 4zNe* 1
o (cm™) = )2
,(cm™) 2ﬂc( — ) (2.4.4)

where N is the free electron density, e is the electron charge, m" is

the effective mass of the electrons, and &,  1s the high frequency

dielectric constant. The damping frequency @, expressedin cm™,is

o,(cm™) =

2 rCr (2.4.5)

where r is the electron lifetime in seconds and c is the velocity of
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light.

If we have a group of (&,¢,) at any frequency, from (2.4.3) we
can calculate the value of ®, and w, by solving the simultaneous

equation.

o = we,
’ (1_‘91)

w,’ =(1-&) 0" +0,°)

(2.4.6)

This was done for several values of co to obtain several pairs of co,

and cop, which produce the curve with the best eyeball fit to the data.
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3 Experiments and Simulated Methods

3.1 THz-TDS using LT-GaAs photoconductive antanna

The THz-TDS system we used was shown in the Fig. 3-1, and
transient current was generated by femtosecond laser pulses impinging on
a photoconducting material, dipole antenna on a LT-GaAs substrate.
Emission of electromagnetic pulses, THz radiation, of about picosecond
duration were produced by this current. The THz pulse was collected and
guided by gold-coated parabolic mirrors. Femtosecond laser pulse as a
probe beam with time delayed by motor stage .Also using the LT-GaAs
antenna to detect the THz wave. Finally, connect the detected voltage
signal to the lock-in amplifier,:Signal from the lock-in amplifier can be
obtained using PC easily. The photo of our THz-TDS system is shown in
Fig. 3-2.

Because of its unique ‘properties (high carrier mobility, high dark
resistivity and subpicosecond carrier lifetimes) low temperature-(LT)
grown GaAs is widely used to be the material for the THz emitters or
detectors [24]. Post-growth annealing of LT-GaAs at temperature above
600°C leads to the nucleation of excess arsenic in As precipitates. The
influence of As precipitates on the high resistivity of annealed LT-GaAs is
related to As clusters, which is also responsible for the fast recombination
of the photoinjected carriers. Recently, the trapping time reduction was

observed for heavily doped LT-GaAs.
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(1)Ti:Sapphire femtosecond Laser

(2)Neutral Density Filter

(3)Quarter Wave plate

(4)Beam Splitter

(5)Mirror coated with Ag

(6)Object Lens

(7)Emitter:LT-GaAs Photoconductive
Antenna with Silicon Lens

(8)Parabolic Mirror coated with Au

(9)Detector:LT-GaAs Photoconductor

Antenna with Silicon Lens
(10)Optical Delay Stage s

Fig. 3-1 Terahertz Ti\m'é‘:-"DQmai_'r]:;"'Spﬂectroscopy in our lab.
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~| = ] o L

Fig. 3-2 The photo of our THz-TDS system. The photoconductive emitter

and detector forms a symmetry type can be seen.
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We also use the silicon lens to make the second reflective signal
from the substrate far away from the expected time domain waveform.
There are three possible silicon lens designs are depicted in Fig. 3-3 [4].
In the hemispherical design (Fig. 3-3 (a)), the emitted source is located at
the center of the silicon lens all rays exit the lens/air interface at normal
incidence. The radiation pattern inside the substrate is preserved in the
transition to free-space because no refraction occurs. The design in Fig.
3-3 (b) is the aplanatic hyper-hemispherical substrate lens. Like the
hemispherical design, it has no spherical aberration or coma, and when
using silicon as a lens material, no chromatic dispersion. The design

specification for the aplanatic design is

p= % (3.1.1)

where p is the distance from the center of the lens to the focal point, r is
the radius of the lens, and nvis the refractive index. This design provides a
slight collimation of the beam. ‘The design in Fig. 3-3 (c) locates the
dipole source at the focal point of the lens so that geometrical optics
predicts a fully collimated output beam. However, diffraction is important
because of the long wavelength of the THz wave compared to the lateral
dimension of the beam exiting the lens, and, unless substrate lenses with a
diameter much larger than the wavelength are used, the beam propagates

with a larger divergence compared to the other designs.
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(a) (b) ()

Fig. 3-3 Three different silicon design. (a) the non-focusing hemispherical

design. (b) the w_ and (c) , the collimating

substrate lens.

The type of our silicon lens iemispherical lens, the radius is

6.75mm and the total 8.35mm. When using the
hyper-hemispherical silicon lens, the focal length of the first collective
Au-coated parabolic mirror is changed due to the silicon lens, and we can
use the equation in geometric optics. For example, in Fig. 3-4, this is the
case of our setup, the thickness of the GaAs substrate is 0.355mm. If we
want to know where is the imaging point of the dipole antenna through
the hyper-hemispherical silicon lens, we can use the well-known equation

in geometric optics.

1:m—D_n

| r | (3.1.2)
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where 1 is the object distance, I' is the image distance and r is the
radius of the silicon lens. n is the refractive index of silicon in THz region,

the value is about 3.5. Filling the values into the equation, we can get

L 2:9 3.9 = |'=-31.548mm

' 6.75 8.705

Therefore, the imaging point is located in the left side of GaAs substrate

and the distance L is 31.548-8.705 = 22.843mm. If the focal length of the
first parabolic mirror is 7.5cm, we have to make it short to 7.5-2.284 =

5.216mm.

3
\
\—

r

6.75mm

—] |

0.355mm
Fig. 3-4 The schematic diagram of silicon lens and GaAs substrate. The
radius of silicon lens is 6.75mm and the total thickness is 8.35mm. The
thickness of the wafer is 0.355mm. The imaging point of the dipole

antenna through the silicon lens is located in the left side with L distance.
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The effective focal length of the first parabolic mirror is very critical, so
we strongly recommend that combining the emitter with the object lens in
one stage shown in Fig. 3-5. That will be convenient for avoiding missing
the focus of femtosecond laser on the photoconductive antenna when

aligning the effective focal length of the first parabolic mirror.

Fig. 3-5 Photo of the setup of the "THz emitter and the object lens. The

emitter is combined with the object lens in one stage.

In our system, THz wave is parallel between two parabolic mirrors,
the MHA is place on the middle of the optical path. We put a pinhole
beyond the sample in order to control the THz beam size passing through
the MHA. 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, as shown in Fig. 3-6. For convenience, we define the
transmission direction is z-axis and the periodical structures is distributed

in X-y plane.
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Fig. 3-6 Schematic diagram of the transmission properties of THz wave
through MHA. THz wave is parallel between two parabolic mirrors and

normal incident to the sample.

We measure THz radiation propagating through MHA or not as a
signal or a reference, respectively. Two time-domain waveforms can be
used to obtain frequency-domain spectra using numerical fast Fourier
transform, and then the MHA signal divided by the reference in frequency
domain should be the transmittance of this sample. The transmission
properties of certain sample with a board band frequency spectrum can be
observed. From the above steps, we can obtain the basic transmission

properties of MHAsS.
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3.2 The Structure of MHAs and the sample fabrication

Our sample is a aluminum film perforated periodically with

hexagonal lattice of circular holes shown in Fig. 3-7, and the photo of the

real sample is shown in Fig. 3-8. The spacing between holes ,s is 995 um
and the diameter of holes ,d is 565 zm. The thickness of MHA ,t is about

500 #um. These parameters can be controlled to change the transmission

properties of MHA.

s =995.m

t =500um

é//
- &
e
X

Fig. 3-7 The structure of MHA. hole diameter d=0.56 mm, lattice

constant s=0.99 mm, and thickness of the metal plate t=0.5 mm
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UV-gel into the holes. The UV-gel we used is produced by Norland

company and the number of this product is 68. The reason we chose
UV-gel is due to the negligible absorption and the flat curve of dielectric
function. The procedure of filling UV-gel into the holes of the MHA is

shown below and drawn in Fig. 3-9.

1. We let the MHA lay on the UV-gel from top to bottom in order to avoid
producing the bubble within the UV-gel.
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1 —~

MEEEEEEEN (MHA)

MHA filled with UV-gel
/

Fig. 3-9 (a) Procedure 1 of fabricating the MHA which holes filled with

UV-gel

UV-gel. Let the MHA lay on the UV-gel from top to bottom, and then a
MHA filled with UV-gel can be obtained.

2. Devising a mold for fixing the MHA to benefit thinning the thickness

of the MHA.

|

The mold
Fig. 3-9 (b) Procedure 2 of fabricating the MHA which holes filled with

UV-gel. Devising a mold for fixing the MHA.

3. Using the miller to drill the MHA, and to obtain a thickness t of the

MHA which holes filled UV-gel we want by controlling the miller.
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The miller «—

Fig. 3-9 (c) Procedure 2 of fabricating the MHA which holes filled with
UV-gel. Using the miller to drill the MHA, and to obtain a thickness t we

want.
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The photo of the real sample is shown below.

Fig. 3-10 The photo of the MHA with expected thickness which holes

filled with UV-gel.
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3.3 Parameters of FDTD Algorithm

The equipment of our computer is P4 2.4GHz with 2G RAM. For
convenience, we use the commercial software “FULLWAVE” invented by
the RSOFT company to proceed the FDTD simulation. The parameters of
the simulation are listed below.

The FDTD method is used to numerically simulate the THz
propagation problem. In this approach, the 2D-MHA occupies the space
from z = 0 to t. Terahertz wave is normally incident in the z-direction
from z<0 and polarized in the x-direction. The grid spacing for FDTD
calculation are 30um in x and y dimensions and 8um in the z-direction.
For the periodic triangular arrays with period of 990um, the total
computational grid is about 7:5mm x 8.3mm x 0.9mm. The beam size is
6mm which is large enough to ‘avoid the finite size effect. The system is
defined by specifying the relative dielectric constant, er(X, vy, z, ®). At
first, the hole material and the adjacent medium are air, so we set eR =
eair = 1, and for Aluminum we set eg = ea(®) using the Drude model
shown in Fig. 3-11 (a). For example, it gives €5 = -3.3820x104
+2.1882x106i at 0.3THz. Complex refractive index is also shown below
in Fig. 3-11 (b). The grids are truncated with uniaxial perfect matching
layers to simulate absorption of field components approaching grid edges

where appropriate [20].
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Fig. 3-11 (a) Dielectri¢ function of Aluminum versus frequency.
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Fig. 3-11 (b) Refractive index of Aluminum versus frequency.
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4 Results and Discussion

4.1 Free Space THz-TDS Waveform and Spectrum

THz time domain waveform is shown in Fig. 4-1. The amplitude of
oscillations after main peaks are due to the humidity can be seen in the
tail of the waveform. It can speculate that the oscillation is caused by

water vapor absorption.

0.00020 —

0.00015 —

Reference

0.00010

0.00005 -

0.00000 -_/} NWWMNWWWV‘”" .

-0.00005

electric field (a.u.)

-0.00010

' | ' | ' | ' | ' | ' | ' |
0 20 40 60 80 100 120 140

time delay (psec)
Fig. 4-1 Free space THz time domain waveform
Because of the silicon lens contacted with the substrate of antenna,
we can eliminate the reflective signal from the waveform. Then, using
numerical fast Fourier transform can obtain the frequency spectrum
shown in Fig. 4-2. Some deep dips at 0.556, 0.754, 0.988, 1.113, 1.164,
1.208, 1.230, 1.413 THz are cause by water absorption [25].
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Fig. 4-2 THz frequency domain spectrum

From the frequency spectrum, we can estimate the signal-to-noise ratio in
our system is larger than 10° and the bandwidth approaches 2THz.
Because this spectrum was measured in free space without passing any

sample, we call this signal is reference signal.

4.2 Characteristics of MHAS

MHA in THz region is like a band-pass filter, and the normalized
transmittance at peak frequency is about 260% to the porosity of the
sample. The porosity means the area of holes divided by the total area of
illuminating, the value is about 0.29 in our sample. Theory of this

extraordinary phenomenon is still unclear; the widespread explanation is
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the coupling between the incident electromagnetic wave and surface
plasmon polariton. Recall the equation (2.2.26) about the resonant peaks

in triangular structure,

4 ., .
Apax = ao[g('2 +ij+ J°)] Zx/g (2.2.26)

the maximum transmittance only concern with the spacing and the
adjacent material. This phenomenon has been verified by experiments,
for instance, the peak can be tuned when the adjacent dielectric material
iIs changed from air to tape. However, in this formula, the max.
transmittance peak seems to be independent of the thickness of the MHA
and the material stuffed with the holes. We want to check this point ,and
then some brand-new phenomena happened in our experiments that the

formal experiences can’t to-expound.

4.2.1 Basic Transmission properties of MHAs

First, we measure the THz waveform in free space as the reference,
and then we measure THz propagating through MHA as the siganl. Two
time-domain waveforms can be used to obtain frequency-domain spectra
using numerical fast Fourier transform, and dividing MHA signal by the
reference in frequency domain will be the transmittance of this sample.
The transmission properties of certain sample with a board band
frequency spectrum can be observed. From the above steps, we can
obtain the basic transmission properties of MHAs.

From the above steps, we can obtain the basic transmittance
properties of MHAs shown in Fig. 4-3 (a) is the time domain signal

compared with the reference. (b) is the frequency domain signals via the
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FFT from (a). (c) is the power transmittance, we can observe a obvious
characteristic of band-pass filter, and the magnitude of the peak almost
get up to 100%. The little peaks at 0.55 and 0.75THz are the inaccuracies
owing to the water absorption.

The finite time extent of the terahertz pulse scans, 136 ps (in 1024
steps), limits the frequency resolution of the numerical Fourier transforms
in THz-TDS. To perform a numerical interpolation between the measured
frequency points, the measured pulses in the time domain were extended

with zeros (zero padding) [11] to a total time duration of 1500 ps.

0.0003 - Ref
I —— MHA signal amplified to 300%
0.0002 -
—
-
B8, 0.0001 A
S
QD
[Sm—
© 0.0000 -
=
3
o) -0.0001 —
-0.0002 —
! | ! | ! | ! | ! | ! | ! |
0 20 40 60 80 100 120 140

time delay (psec)
Fig. 4-3 (a) The time domain signal compared with the reference

57



1E-16

1E-17

STEN
Yl

1E-24

power (a.u.)

1E-25 . , . , . , .
0.0 0.5 1.0 15 2.0

Frequency (THz)

Fig 4-3. (b) The frequency.domainsignals via the FFT from (a)
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Fig. 4-3 (c) The power transmittance of the MHA. A obvious
characteristic of band-pass filter, and the magnitude of the peak almost

get up to 100%.
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In order to grasp this phenomena more, we use the FDTD algorithm
to simulate this structure. It is successful that we got almost the same
result compared with the experiments. Owing to the lack of our RAM, the
spectral linewidth of the peak is wider slightly than the experiment, but
the peak frequency is also located at 0.3THz nearby. So we can affirm
that this simulated tool is accurate enough to express the real situation.
The simulated results shown Fig. 4-4 (a) is the time domain signal
compared with the reference. (b) is the frequency domain signals via the

FFT from (a). (c) is the power transmittance.

0.25 +

0.20 - Ref.
0.15 4 —— MPC:signal magnified to 300%
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0.05 +
0.00 +

-0.05
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-0.20

-0.25
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0 20 40 60 80 100 120 140

time delay (psec)

Fig. 4-4 (a) Simulated result: The time domain signal compared with the

reference
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Fig. 4-4 (b) Simulated result: The frequency domain signals via the FFT

from (a)
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Fig. 4-4 (c) Simulated result: The power transmittance of the MHA. The

spectral linewidth of the peak is wider slightly than the experiment, but

the peak frequency is also located at 0.3THz nearby.
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From both experimental and simulated results above, we can observe
a almost monochromatic waveform in time domain that can response to

the peak at 0.3 THz in the power transmittance.

4.2.2 Using SPP Model to explain the extraordinary transmission peak

The MHA we used is an Aluminum plate perforated with an array of
triangular holes (hole diameter d=0.56 mm, lattice constant s=0.99 mm,
and thickness of the metal plate t=0.5 mm). For this sample, the cut-off
frequency is vqur=0.311 THz. In Fig. 4-3 (c), we can observe a obvious
peak at 0.301THz which is left to the cutoff frequency. The enhanced
transmission is commonly believed to be due to the resonant coupling of
incident light with SPPs.

Nevertheless, the peak . frequency calculated from eq.(2.2.26) is
0.348THz which is not -accurate-enough- to the observed peak at
0.301THz shown in Fig. 4-5 (a). Furthermore, we checked the MHA with
cubic arrays with the same parameters (d=0.56 mm, s=0.99 mm, and
t=0.5 mm) to the triangular one using FDTD algorithm, the theoretical
peaks also laid on the right side to the simulated peaks, as shown in Fig
4-5 (b).

Although the peak positions are not the same with SPP model, they
are still very close to each other. And the spacing between the two peaks
in Fig. 4-5 (b) show almost identical range. For this reason, we can

presume SPPs play an important role in the extraordinary transmissions.

61



1.0

0.301THzn 0.348THz

0.8
0.6

0.4+

Power transmittance

0.2 \

~~ -
0.0 T T T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Frequency (THz)

Fig. 4-5 (a) Using SPP model to estimate the transmission peak in the
triangular MHA. The peak.‘frequency ‘calculated from eq.(2.2.26) is
0.348THz right to the observed peak at.0.301THz
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Fig. 4-5 (b) Using SPP model to estimate the transmission peak in the
cubic MHA. The peak frequencies calculated both are right to the the

observed peaks.
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4.2.3 Altering the thickness of MHAS

In order to make sure that the maximum transmittance peak
frequency won’t change with the thickness of MPC. We use two different
samples to do experiments. The structure of the first sample is s (spacing)
=1.13mm, d (diameter) =0.68mm and the second sample is s =0.99mm, d
=0.56mm. From the experimental results shown in Fig. 4-6, we find only
the cutoff frequency shifts to left, but the peak frequency is almost

invariable. This agrees with the prediction from the equation (2.2.26).

1.0
d=0.68mm,s=1.13mm
—0.20 mm
o 0.8 - ——0.25mm
Q 0.30 mm
£ —=——0.50 mm
= 0.6 | 1.00 mm
§ ——2.00 mm
g 04
o
o
0.2
0.0 '
0.1 0.2 0.3 0.4 0.5
frequency (THz)

Fig. 4-6 (a) Altering the thickness of the first sample. The structure of the

first sample is s =1.13mm, d =0.68mm.
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Fig. 4-6 (b) Altering the thickness of the second sample. The structure of

the second sample is s =0.99mm,d-=0-56mm.
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4.3 Features of MHASs when their holes filled up with UV-gel

We recently demonstrated a THz tunable filter by controlling the
index of refraction of nematic liquid crystal filling the holes and adjacent
to the MHA on one side. New phenomena appeared when holes of the
MHA are filled with dielectric material. The effect of filling dielectric
material into the holes cannot simply be explained by increased effective
hole diameter of the 2D-MHA and equation (2.2.26) also cannot predict
the peak frequencies. Therefore, we want to fill some dielectric material
into holes of the MHA for studying the effect on hole material.

The optical constants of the UV-gel are very suitable for us to fill it
into the holes in MHA. The real part.of refractive index is about 1.68, and
the attenuation is negligible.in our, case: The.dispersion curve is shown in
Fig. 4-7, it seems to be almost non-dispersivein THz region.

2.0

| UV-gel 68 produced by Norland company |
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frequency (THz)

Fig. 4-7 (a) The dispersion relation of the UV-gel in THz region. The real

part of refractive index is about 1.68 with almost non-dispersion.
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Fig. 4-7 (b) The imaginary part of refractive index of the UV-gel in THz

region. The attenuation seems to be negligible'in our case.

The imaginary part of refractive index is related to attenuation, and it
can be expressed below [26]. Fig. 4-8 shows the attenuation coefficient

versus frequency.

- 20K
c (4.3.1)

where « IS attenuation coefficient. And the inverse of attenuation

coefficient means the depth of penetration.
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Fig. 4-8 The attenuation coefficient of the UV-gel in THz region.

4.3.1 Transmission Properties When.Holes of the MHA Filled with
UV-gel

When the holes filled with UV-gel, the effective hole diameter
becomes larger, so the cutoff frequency shifts to left. Except for this
predictable result, frequency range between the cutoff frequency and the
diffraction limit occurs some unusual phenomena. The transmission peak
broadened and multi-peak features are observed. The original single
transmittance peak changes into three peaks shown in Fig. 4-9. The
transmittance of the peaks are reduced, but they are still larger than those

according to the porosity (0.29).
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Fig. 4-9 Power transmittance of the:-MHA which holes filled with UV-gel.

The transmission peak broadened and multi-peak features are observed.

For the pure sample, the cut-off frequency is veuw=0.311 THz, but
when holes of the MHA filled with UV-gel, the effective hole diameter
becomes larger so the cutoff frequency is reduced to 0.311/1.68
=0.185THz. Diffraction limit frequency remains the same due to the

changeless lattice constant.
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4.3.2 Dependence on Thickness When Holes of the MHA Filled with
UV-gel

Further, altering the thickness of MHA will let the peaks shift
strongly. With the thickness becomes thinner, all peaks shift to high
frequencies and disappear when they approach the diffraction limit. The

range of shift seems to be random. Finally, multi-peaks return to one

when the thickness reaches around 100xm, as shown in Fig. 4-10.
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Fig. 4-10 Altering the thickness of MHA when the holes filled with
UV-gel. All peaks shift to high frequencies and disappear when they

approach the diffraction limit.
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Fig. 4-11 FDTD simulated:results:-Altering the thickness of MHA when
the holes filled with UV-gel It shows the same trend with experimental

results in Fig. 4-9

The simulated results using FDTD algorithm as shown in Fig. 4-11
qualitatively agree with the experimental results. They have the same
trend that all peaks shift to high frequencies and disappear when they
approach the diffraction limit. However, owing to the rough grids (30um)
in x and y dimensions, the inaccuracy of cutoff frequency will be more
obvious in the simulated results. The peak values are lower in
experimental results owing to the inaccuracy of sample fabrication.

In order to look for the trend of these phenomena, we aim at the first

and the second peaks from left, the first valley, and the spacing between
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the first and the second peaks, as shown in Fig. 4-12 below.
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Fig. 4-12 (a) The first peak frequency as the function of the thickness
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Fig. 4-12 (b) The second peak frequency as the function of the thickness
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Fig. 4-12 (c) The first valley frequency.as the function of the thickness
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Fig. 4-12 (d) The spacing between the first and the second peaks as the

function of the thickness
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From the above figures, we can see that there exists a gap, around 200um,
between two distinct regimes. There appears to be a line of demarcation:
only one transmission peak is observed when the thickness of the MHA is
below 200um. The first peak from left seems to be depressed by the
cutoff frequency. So when the thickness becomes thicker, the shift of the
first peak will tend to saturation. And if the thickness is thicker than
200um, the second peak wavelength seems to be linear with the thickness

of MHA.

4.3.3 Changing the adjacent medium When Holes of the MHA Filled with
UV-gel

The transmission spectra.when'we attach translucent Scotch™ tapes
on the incident side of 100um-thick2D-MHA filled with UV-gel is
studied. Peaks shift to the left.and decrease as the SPP resonances
approach the cutoff frequencies, as shown in Fig. 4-13 (a). Refractive
index of the tape is about 1.7 in THz region. These phenomena are
analogous with previous reports elucidated in terms of the SPP. However,
upon increasing the number of the tape, a side peak on the high frequency
side grew gradually and red-shifted shown in Fig. 4-13 (b). For the
number of tapes up to fifteen layers, the trend of shift still persists, as

shown in Fig. 4-13 (c).
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Fig. 4-13 (a) 100um-thick MHA which holes filled with UV-gel attach

hTM

different layers of Scotc tapes on theincident side. The number of

tapes is from zero to five.
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Fig. 4-13 (b) 100um-thick MHA which holes filled with UV-gel attach

hTM

different layers of Scotc tapes on the incident side. The number of

tapes is four, six, eight and ten.
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Fig. 4-13 (b) 100pum-thick MHA which holes filled with UV-gel attach

different layers of Scotch™ .tapes on thé-incident side. The number of

tapes is from thirteen to fifteen.

The same trend is also found.in. the case of 400um-thick 2D-MHA
filled with UV-gel, as shown in Fig. 4-14. Owing to the original double
peaks in 400um-thick sample, the situation of attaching tapes exhibited

more complication.
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Fig. 4-14 (a) 400um-thick MHA which holes filled with UV-gel attach
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4.2.4 Verify the Existence of Surface Plasmons Resonance by Observing

the Electric Field in Near-Field Range

It is well-known that an in-plane momentum is needed to modify the
incident wave to achieve the enhanced transmission. Either the SPP
model, or the model of evanescent wave diffracted by the hole edges
[27, 28] can provide such a mechanism. In order to identify these
contentions, we have calculated distributions of Ez of the electric field
amplitude for 400pum-thick 2D-MHA filled with UV-gel, as shown in Fig.
4-15. The frequencies of the incident THz wave are 0.191THz in Fig.
4-15 (a) and 0.276 THz in Fig. 4-15 (b), respectively. At 0.191 THz, the
charge distribution on the side wall of ‘each individual hole shows an
anti-symmetric pattern between the top.and.hottom portion of the hole. At
0.276 THz, the charge distribution-is-symmetric, and surface waves on
the top and bottom are coupled together.-We also observe that the CW
wave at 0.191THz impinges on the MHA, it will induce the maximum
SPPs when a wave crest or trough passes through the medium of the
MHA shown in Fig. 4-16 (a). Contrary to the first peak at 0.191THz, the
CW wave at 0.276THz impinges on the MHA, it will induce the
maximum SPPs when a wave crest arrives at the front surface of the
MHA and a wave trough arrives at the back surface shown in Fig. 4-16

(b), and vice versa.
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Fig. 4-15 (a) Simulated z component E, of the electric field amplitude for
100um-thick MHA filling with UV-gel:. The incident CW wave at

0.191THz.
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Fig. 4-15 (b) Simulated z component E, of the electric field amplitude for
100pum-thick MHA filling with UV-gel. The incident CW wave at
0.276THz.
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Fig. 4-16 (a) Simulated E, and E, for the 400um-thick 2D-MHA at
0.191THz. (1)-(6) shows a cycle of propagation.
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0.191THz. (1)-(6) shows a cycle of propagation.

80



Contour Map of Ex at Y=0 E

g
€ e ]
= =
N
-1000 0 1000
X (},Lm) a3
Contour Map of Ez at Y=0 15
£ )
=1
(]
-500 -400 -300 -200 -100 0 100 200 300 400 500 -
X (um) -1.56
()
Contour Map of Ex at Y=0 80
E !
é -
N -
X (um) 6.0
Contour Map of Ez at Y=0 6.0

Z (um)

-200
-500 -400 -300 -200 -100 0 100 200 300 400 500

X (um)

(6)
Fig. 4-16 (a) Simulated E, and E, for the 400um-thick 2D-MHA at

0.191THz. (1)-(6) shows a cycle of propagation.
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The intensity of electric field is normalized to the incident CW wave
amplitude. The SPP-like surface wave showing in the simulations of the
electric field amplitude agrees with the results studied by Miyamaru et al.
[29]. Different SPP modes were also reported by Ebbesen et al. in visible
light [30]. However, in our samples, the effective hole depth become
deeper and the band-pass frequency region become broader owing to
filling UV-gel into the holes of MHAs. Therefore, we consider this is the
reason why we can observe both modes at one sample. These might be
the causes of multi-peak appearance.

Details of peak frequencies and reasons of the peak drift are still not
clear, but it is clear that SPPs play an important role in enhanced

transmission characteristics.
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5. Conclusions and Future Works

We experimentally and numerically investigate the role of material
in the holes on transmission characteristics of the 2D-MHA. New
phenomena appeared when holes of the MHA are filled with dielectric
material. The effect of filling dielectric material into the holes cannot
simply be explained by increased effective hole diameter of the 2D-MHA
and SPP model also cannot predict the peak frequencies. When the holes
filled with UV-gel, the transmission peak broadened and multi-peak
features are observed. The transmittance of the peaks are reduced, but
they are still larger than those according to the porosity. Further, with the
thickness becomes thinner, all .peaks shift to high frequencies and

disappear when they approach therdiffraction limit. Finally, multi-peaks

return to one when the thickness reaches around 100.m. Peaks shift to

the left and decrease as “the. SPP resonances approach the cutoff
frequencies when we attach translucent Scotch™ tapes on the incident
side of 100um-thick 2D-MHA filled with UV-gel. Upon increasing the
number of the tape, a side peak on the high frequency side grew gradually
and red-shifted and for the number of tapes up to fifteen layers, the trend
of shift still persists. For deeper holes, SPP can exhibit two distinct modes,
coupled and uncoupled types as confirmed in the simulated results for the
electric field.

In the future, we want to design a sensor using 2-D MHA for

detecting the absorption line.
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