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ABSTRACT

We present the characterization of several,designed metallic hole arrays in THz transmission
and validate the observations by usihg the gigen-mode expansion method theoretically and
finite-difference time domain (FDTD) imethod:numerically. Extraordinary transmission is
obtained as the thickness of metallic plate varies, either approximately close to the incident
wavelength or within the skin depths. of the metal, i.e; several hundreds of nanometers. In
addition, the peak frequency of this extraordinary.transmission depends on the periodicities of
the arrays and on the shapes of the metallic holes. Cutoff frequencies of the guided modes in
the metallic holes and the lowest frequencies of surface plasmonic modes in the hole arrays
determine the peak transmission frequency of the metallic hole arrays. The normalized
transmittance is enhanced as the shapes of the metallic holes are rectangular, and the
enhancement increases as the ratio of length to width increases, similar to the results in the
single metallic hole. The bandwidth of this extraordinary peak increases as the surface
plasmon frequency is larger than the cutoff frequency and nearly remains as the surface
plasmon frequency is smaller than the cutoff frequency. As the incident angle changes by
tilting the metallic plates, we observes the interaction between surface plasmon mode and
localized waveguide mode as the frequencies of these two modes are approaching, and the
transmission peak shifts to shorter frequency as incident angle increases. Almost unvaried
transmission performance is achieved as these two modes are decoupled. These
observations can be applied to the multi-functionality bandpass filter designs in THz region
by using metallic hole arrays with different shapes and cutoff frequencies of metallic holes

and various periodicities and lattice structures of the hole arrays.
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& F{EA5L R (current-surge model) :
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FUBE o P LA (Maxwell s Equations).

JFj(Eq.2-1.5)f * (Eq.2-1.1)
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(Eq.2-1.31)
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Are,Cnyity

(Eq.2-1.40)
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T e lfk[6]7yE’Iﬂﬂa"‘%fu(Floquet Theory)[7] = fflt ® [+ At e ]

1# (Eigen-Mode Expansion Method) Eﬂ%ﬁﬁﬁ‘l‘%@ Fzﬁ’?“?@[iﬁ]\r/[w vt O
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(&2)
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Exl
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eXPli(K X+ K Z =@ 1)] oo,

expli(K X —K,,Z =@ t)] covveereeieees

(Eq. 2-2. 1)

(Eq. 2-2. 2)

(Eq. 2-2. 3)



Ex2
E,=| 0 [expfi(k,X—K,,Z =@ t)] e, (Eq. 2-2. 4)
EzZ

rJﬁﬁ%ﬂﬁ’Jﬁg}@%T‘i il EI%%J:@;@ , ﬁ'srfi z=0% > /U\%ﬁﬁﬁﬂj kel

Ba=Be Hyu=Hyo aBa =680 o (Eq. 2-2.5)

AV xH =525 SR

w
L - (Eq. 2-2. 6)
@
L2 L (Eq. 2-2.7)

A{(EQ. 2-2. 6)=(Eq. 2-2. T)HI i FHIE(EA, 2-2,5) - 5T 2]

1 -1

H . [H
Ku  Ke {Hﬂ}:DO[H”}O ........................................................... (Eq. 2-2. 8)
g & y2 y2

SRR B SN R Er det[B, |=0 =S P

Dy =~ 4 =22 = 0 oot (Eq. 2-2.9)
& &

D I (Eq. 2-2. 10)
c\e +e,

2
k, = g{ﬁj —K? T I (Eq. 2-2. 11)
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f&il%ﬁ??@?ﬁfu & ﬁljglrt heg ~ SEPYS F‘%ﬁ bey = e +iey ~ JRPIFHIE
[ 1 1 Ji{ B (Propagation Constant) 5 Ky, = kg, + ik, « JHf &y = & +igy [

(BQ.2-2.10) » AprFhE (VA HILL

Kspr _o I &g \/(ﬂ%r +“%%i +8d5mr)+\/(5%r +‘9r%1i +‘9d5mr)2 *ﬂ?ﬂ%i :_nsp (Eq 2.9 12)
CV(‘fmr*'gd)z*'gr%i 2
Eqmi e (Eq. 2-2.13)

ol

2 2
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B TRRIVBERH T > len | 2 e em e o [P (EQ.2-2.12) ¥ (EQ.2-2.13) i

%‘E F&}.J{@ F”Ig@ﬁﬁ B jﬁlﬂf’f[ ij IFF[ 53 fIFGE 5T RS

w w

kspr =€nsp Ezﬁgd ..................................................................................... (Eq. 2-2. 14)
o &

Kepi = o e A oo Y et (Eq. 2-2. 15)
C 28,
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(Eq. 2-2. 17)
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(Helmholtz's Equations)[8]=5 " | &1 H Ptk I 5 5t fas bV B350 7y 7t
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(Eq. 2-2. 19)
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E; :J%Cn JI(NF)COS(NG) oo (Eq. 2-2. 24)
B2 =0 ettt (Eq. 2-2. 25)
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fE, =0 H,(x,y,2)=H)(x,y)-e7* % * (Eq2-2.19) > T’ R AR 55

EX(x,y)= Jﬁ)ﬂ( » jH cos(maﬂ x)sin(%Z yj ..................................... (Eq. 2-2. 28)
E)(x,y)= —%(m?ﬂjHo sin[% xj cos(%Z yj ................................. (Eq. 2-2. 29)
S S (Eq. 2-2. 30)
HO(x, y):h—CL%jHosin(%xjcos(n{ yj ....................................... (Eq. 2-2. 31)
HY(x, y):hlz(n%jHo cos(%xjsin(%[ yj ........................................ (Eq. 2-2. 32)
H°(x,y)=H, cos(% xj cos(%{ yj ...................................................... (Eq. 2-2. 33)

HE I 8 (S B AL 2 TE (52 @y by S8 &1 ES

1 c
f =——= .. R ... B Eq. 2-2. 34
(e = " 22 (Eq. 2-2. 34)

2-2.3 Ep.ﬁﬁ[ﬁi@’ﬁi@?(mcalized Waveguide Resonance)

FUE TS T RCFRREGA J 0 & Ty s d > E = s
TR LR AR o 5T Pl VPR I T 1S R R RS - S
ik (S0 AT P PR A 2 LA R R« SR SRR R
PR IR R S RS PR R TR R T (S R I PR
PR I SR S R AR S i AR 1R[] - g

IR IR » ST P RS BRI 57 AT R 4

24



T N
I11

Fig2-5 : H17%& - J‘L?Iﬁ;]\ ﬁ’kﬁ%ﬁ'
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Hy(r)=H{C(r)+ I_wdkp(k)exp[i(kxx +kyy - kzz)] ............................ (Eq. 2-2. 35)
= Z[Am exP(iﬁmz)"‘ Bm exp(— iﬁmz)]¢m (X’ Y) ....................... (Eq. 2-2. 36)
=

HI (1) = r@ dkz(k)explilkyx+ky y +ky 2

—00

......................................... (Eq. 2-2. 37)
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......................................................................... (Eq. 2-2. 38)
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g(x)= i F(X =) v (Eqg. 2-2. 39)

FIIE st B S5 TR R o T (R

g(kx)zif‘; g(x)exp(jk,x)dx =$g jf(x—na)exp(jkxx)dx= F(kx)gexp(jnkxa) """" (Eq. 2-2. 40)
A S
27z 2nrx
Zexp jnk a) " Z 5(k ——j .................................................... (Eq. 2-2. 41)
j(Eq.2-2.41)71(Eq.2-2.42) {* * (EQ.2-2.43) - ZH{FIf" I tHZ]
§(x) i&(k —Zr‘—”j ............................................................. (Eq. 2-2. 42)
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Gk, JREE T (k,) 1 JEVERS 2nfat il - U1(EQ.2-2.44) THHT -
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= bt = . (Eq. 2-2. 44)

P (EQ.2-2.42)F1(Eq.2-2.44) » 75 [F1E A (k, ) 7 K 2 fIf9 53 b= G (x) 27~ (it
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Vio =Pl X VoY + 72| (Eq. 2-2.45)
u,, =ksin@cosg+ 27;' e (Eq. 2-2. 46)
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u,, =ksin@sing -+ ZZ'q L2 e (Eq. 2-2. 47)

Hilrp, q=0, £1, £2,---, £o0 > ijd, > d, Fla Fig2-10 ¥ > 6 ~ oJ[EL * AL

EJ@ o
PSS ) 2 VA RS

AT S S (¢ (Eq. 2-2. 48)
==y K2 =t TO8 K® U2 s (Eq. 2-2. 49)
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Fig. 1. Geometry of a perivrated conducting plate.

Fig2-10 © Yl 71l £ oAy =
H1(Eq.2-2.50) & (Eq.2-2.51) » ¥ k* > t2, > @%ﬁﬁﬁ*gwpq EVHEE 5w g 87T il
47 PO R RSB T o S [y ERER s B ERER E 2 R
Tf= RN > FIES ?ﬁ‘ﬁﬁi(evanescent wave) o [ 4 51 /%ﬂﬁtﬁiﬁ}[ﬁj’:ﬁl 575y TE
HIUTM ffl 2 A2 PRtz
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et [Yag Uy for TE &%) (Eq. 2-2. 50)
- t y l//pq F‘f 1= g. .

- u \'
I dld [t—"“f( +tﬂy}//pq LY (Eq. 2-2. 51)
Xy pa pa

e = T ™ S & R FE T L RGBT 1

=

Et = ZAOOrCDOOr ZZZRDQF(D PUT oo (Eq. 2-2. 52)

p q r=1

FUHCEY pg FEHE ﬂ’:ﬁij fl T SRR R, or=1 ER TE B r=2 85 TM -

& T IR S i 55 5 o B e, COMSIF 1 PR i I S eI

MR o £ [y Mo (PP T SRR AR S e AR L 0 - Aer) - 35

2
FERF S VR I A ZZZqurq’pqr
p g r=1
WU IRy BBy, o WEERIGIOTEST B E A, B L
PR 2SR E]
2

E, —ZAOO, oor +ZZZR Do =D DB D g e (Eq.2-2.24a)

q r=l p gq r=l

E, =0 over the conductor ina unitcell ... (Eq.2-2.24b)

AL SlipoeE (9] - [10]) - FpH
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- 1

AT a1 AT Beom(p ) (Eq.2-2.25)

B S D BRI

ofg| e ]
3\d

(Eq.2-2.26a)
2 2 dr-a
4r-a )
1- i A
(1.841\/§dJ L(dj } V3d
d)* |(0.2932)°
B:O.BB[—j ( ' j -1 (Eq.2-2.26b)
a a
2
ﬂ=2/f (o.z;aszj 1 €0.2-2.260)
[P, FEIF[I*FFTU/ e JF;'
2 r 12
2r-a , 2722
Y J{( d j L
=8 (—) -1 - +8\/2£—j - .
d _(272’-&) d _[27[\/5&}
Hod | \1841d ) | Eq.2-2.272)
2 2
2 2
8 Jl(daJ I Jl(dﬁa]
2 2 27
Y —-a A ““\2a
- 2 -1
(d ‘ (dj d
2 2
B:g[gj (0'293@ -1 (Eq.2-2.27b)
7T\ a a
2
:2/;’ (0'2;9%) 1 (Eq.2-2.27¢)
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A T ] e
Sin[ 2 a] 2 (Eq.2-2.28a)
2 J3d
401\ 27 4
Ja) 1| s
2 2
B = V3x (ij -1 (Eq.2-2.28h)
16 \\ 2a
B = 2z (ijz -1 (Eq.2-2.28¢)
A\ 2a -

] ) 2 (Eq.2-2.29a)
7a 7a
2 2 2 COS(dj sm(dj
+|2 2(-) ~1- 2 " ~
A a m
A 12
thj ! ( d j d
2 2 2
B:%(%) (%j -1 (Eq.2-2.29b)
27 I 2 Y
p="ae] 1 (Eq.2-2.29c)
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BRI ESA R R 1 o 0 P SRR R ORI > Ffer eV T
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TNV 0| O R 1 « [T S BSEOR 2 PR A

~ 3 g (Fast Fourier Transform) £ £ iz Ey,
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ot 0z oy
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Ok, _1[oH, X, (Eq.2-3.1b)
a eloy @

154#54(Eq.2-3.12)%(Eq.2-3.1b) » [i" I'| AR EHA (R ) o 2 IR [ =22 S (o) e
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P = B 2 2 ISR RIS (oric) 77 S5 Ax ~ Ay ~ Az [
B Fig2-11 > 25 (YR 1 PR S A S T 2 T 50 PR A S -
S P47 62 FOE IR 15 = nat IRAH H 03 TRt = (n+ Dt £

A

o . At T, ) At . )
|}J/k (.Jyk _qu [Ey(i,j,k) - Ey(i,j,kl)]__my [Ez(i,j,k) - Ez(i,j—l,k)] (Eq.2-3.2a)

el en n+/ / n+/ n+y
Exijk) = Ex(iik) ™ gAy{ 2(i,j+1.k) z(i,J,k)} EAZ{ y(i, ,k+1) Hy ,k) (Eq.2-3.2b)
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F=§iZ (Comparison) :

Tablel : #ipi(bandwidth)pv s 1 4 ﬁgj = Pr(FWHM) © [T 37314 (enhance factor)fiu a6 ki ff 4
5 4 73 (porosity) ©

Biia D Rile e

*E i (THz) 0.438 0.408 0.308 0.288
*SPP #fisk (THz) 0.427 0.432 0.352 0.340
i% ffi i (TH2) 0.4043 0.3955 0.3149 0.3002
LS5y 0.6389 0.7018 0.9936 0.7019
I(TH2) 0.0162 0.0186 0.0286 0.0677
g 2.887 2.673 3.272 2.182

* o RATF R > B AR R

75 Bl a PN R A e FRER AR T B RIS TR TR TR - ELERE T

I SR RS A U922 (1 0.04 THZ - 3% FLHTE i

r | ;%,ZU—‘U ;[%ZL?WFIEJ@%%IW{ o
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