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Abstract

Traditionally, to focus a beam of light into a tiny spot, we need a convex lens.
Recently, alternative approach based on the researches of the propagating waves in
photonic crystals (PhC) has been proposed: by choosing a negative-refraction (NR)
photonic pass-band as operating band, a plano-concave lens of PhC makes a beam of
incident light converge. Up to now, a huge amount of research papers discussing the
features of NR in PhC together with a few papers studying the focusing ability of
concave lenses of PhC have been published. As a kind of nano-optical component, a
concave lens of PhC has the advantage of shortening the focal length and focusing the
incident light beam into a spot of sub-wavelength size. However, the design and
fabrication of a PhC lens are still too complicated. We therefore propose in this thesis
the new idea of ‘air lens’ to simplify the previous designs. In addition, we investigate
thoroughly the focusing characteristics of this device.

In the thesis, we begin with the investigation of the NR phenomenon and imaging
characteristics of plano-concave nanolens in a 2D PhC. We then replace the 2D PhC
structure with a 1D PhC and explore if the same work can still be done. Finally, the
idea of air lens is proposed. We hope to avoid such a complicated structure like PhC
but achieve the same goal of making light converged effectively in the nanoscale
environment.

We first create a plano-concave air lens in a dielectric medium, whose concave
surface is cylindrical. As one of the simulation parameters, a large dielectric constant
of the background medium &, =12.96 is assumed in order to focus the incident light
effectively. When light propagates from a denser medium into a less dense one and
back to the denser medium, the concave air lens converges light like the convex glass
lens does in air. To find better converging characteristics, we then make the concave
surface non-cylindrical. We replace the cylindrical surface with several conic surfaces.
Moreover, we use FDTD (the wave optics based on Maxwell equations) method as
well as the ray-tracing (geometrical optics) method to simulate and predict the
locations of the focal points. In addition, we compare the spot sizes and focus
locations for different surfaces.

In our analysis, the second type of oblate elliptical surface has the best imaging
performance, in which the geometrical prediction matches the wave phenomenon very
well. As an example of application, we assemble an optical coupler of concave air
lens and a photonic-crystal waveguide (PCW) and show how efficiently the light
beam can be coupled into the PCW. We believe that appropriately designed air
nanolens will become a commonly used component in the nanophotonics in the
future.
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vxHA =547 J —oE
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A RS Encfe By ehlpde » 1% 2 55(23) - (24)¢ 7 1

TE:

OE 0

“V-do *+u—|H

ox (O-x ﬂﬁtj X
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o _o”
c u (3.13)
o, = O'y* =0

AalS LK b PML AT % T 38457 0 o, BRSO E DT S

&
I_i
o (M) =0 TZ (3.14)

O :_MWR(ON
2LAX

L% PML e e AX 2% - BEER MG 3 2-4 2 Biniide 5 1 K 0

570 o (i) £ 7 > d PR gy o

PML PMI. PML
6,#0 0,#0|0,=0 0,=0|0,#0 0.,#0
0,#0 0,%0| 0,#0 0,#0| G,#0 0,%0
PML PML
G,=0 0,=0 | AR#FZeR | 0,=0 ;=0
0,#0 0,#0 0,#0 0'#0
PML PML PML
y 0,#0 0,#0 | 0,=0 0,=0| 0,%0 0,%0
1 0,#0 0,#0 | 0,#0 0,#0|0,#0 0,#0
X

B33 T mpis & PML § ¢ % gl
Fodo* A ZEmE Hifipd poa Bt o

A Fr R kI LieiT FDTD ficgsrid * cnPML 35 & % 5 04a -
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B3k F 3F 5 FHLAAe A Az B P o TR R MR R Y hRE
(RfEz 2z @9 @ zhd Eendd i) 2 2 EPAcHHE > @ e b3 S
F o EHAR O (rt)=D, (r)exp(—iot) o sk FE Dl AR SR S E

Footts o 4 2 AL O(r,t) =D (r)exp(—iat) » 5 i * L H > 4250 (2.8)chfF
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»
e
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CHERE > T F BLLRE Sk > G TR B A2

(Helmholtz equation)

(V? +K*)G(r)=—475" (r) (3.15)
2 2
LA :%+% R TSI EE

% WM (3.14)ehfz %
G(r)=izH® (kr)

24

HP 2% 2 rF % - 4 Hankel &dc > @ % — 22 % = % Hankel & #cen @ & 4o ¢
(7)) :
H, (Z)_‘]n(z)+|Yn(Z) (3.16)

HrEZ) (Z): I (Z)_iYn (Z)
J. :Besseld#ic Y. : Neumand #ic
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B. 8 IR S v

HhFY g o BTH R ¥ B RO S

o, (rr;)= i irATHY (Kk]r - r,-\)emg”" (3.17)

70, FeRrorige
FOOBACHM Y BRI 5 kp RS H B AT RATH L e
N
D (r)=G(r)+ Y. @(r,r;) (3.18)

j=L, =i

d 3t B B Re? B F R M (singularity) & 3¢ 2 i v 32 2 Bessel S ficedp 4o

|nc

o! z BJ, (K|r-r])e™= (3.19)
X245 - HG(r) 7 41" Hankel & dcende iz oMl 4
G(r)=izH® (kr)
—mz H® (k|r,|)e ™™ 3, (k|r-r])e" (3.20)

= Z S 3, (k|r-r[)e™
si=izH  (R]r|)e™™
RSN LR

@, (r.r;)= i Ciid, (K[r-r|)e™ (3.21)

Cl= Z izATHE (Kr -r; )
& 5%(3.18) ~ (3.19)2 (3.20) % 1712 T Pdgchi h 5%

B, =S, + Z o (3.22)

j=1, j#i

MELN ) &> o ;7\(3 18)4\1 FRDB E{&Tvﬁﬁm {},T(A

P, (r)= i |:Bri1‘]n (k|r-r])+izAH® (k|r- ri|)]ei"9"” (3.23)

N=—o0
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C. HchHEPN 2%

FoOBACHRPNNAS T EHB M T g5 (3.18) % = Bessel Sy 4

D;, ( Z DiJ, (k Jr-r;[)e™ (3.24)

S A ~ . v ~ a)

AR FEOL 1 D S LA ;ﬁ»ﬁzkfc—

1

D. #F i
Feotil 4o R g B iE i
q)ext: int
1(6@) _i(aﬂj (3.25)
an 6“ int

P 0 sFRATH TS on 5RO 2 b T Sk o

Frobk s BEimdReniin G RGFELLH L R B2 Rig g
Fohopdd : FoHBEDER AHR2FRFEIEF7» 224
Fo s By T ied g o

#5(322)8 (323) % » £ (324)¢ + 4 @ =|r

BJ, (ka')+izAH" (ka')=D}J, (ka'/h) (3.26)

B J, (ka')+izAH (ka')= % D;J, (ka' /h)

a k ¢
9= "o (3.27)
faz i 3 D v @
B, =izl A (3.28)
. HP(ka')J,(ka'/h)—ghH® (ka')J, (ka'/h)  (3.20)
ghJ,’ (ka')J, (ka' /h)-J,(ka')J, (ka'/h)
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E. jaai

N o0
J'—lzm |:Z—o:o z (330)
611 = HE (K- e

T =S /iz=H® (k|r[)e ™
B P OACHARE AL j B AE 1 T N Bessel £2 Hankel &nfceirgdieran, | 457 o

$o I & doo o

£(3.30)2 4 L EMA=T )% « %% % 285 1 — £ 484 (inverse

matrix) » ¥ f2 A=M7T > & » 54(3.28)7 & B] - & 17 #h 3 h 3%

N 0

D, (r)=izHP (kr)+ > > iz AHP (K|r-r, |)e""9““ (3.31)

i=1l n=—w

¥ (3.26)f2m5 2 ) 2 B v d NT RGNS TD)
D, =izZ,A (3.32)

HO (ka')J, (ka')-H (ka')J, (ka')

[Jn (ka' 1h)3; (kai)—gthn (ka')3, (ke /h)}

n

Dl or FN(3.24)F f2 ISR N R o
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P % #ichi k3 & 48 (Photonic Crystals » ff # PhC) e 3 » s & ¢

T 4x % 4 (PhC slabs) = #f%47 & (resolution) eritsh » 30 = Hoi= B endpipl ¥
&7 % 22005 & is > T wik g (plano-concave lens) %7 3 i% jbr@ 4 » S

Rod F B A TP 4TI 0 RN ITHE A B P RF Y it

@ (Snell’s law) 4p g &0 s a 7w wig g BIEN N FRIRE R
da gk P dnpd e g £ 320 - gk PhC # 45 (prism) 2 Fl4e
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KB AF(FR)L G A FER)L & 34 F(F R)Ee @ & R LFAD
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G- B ke TR A BRI Fen R LHiE- AT

T A e ST SR A0 S AEE B R e S
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AFaa ERr Te L BB (PWE) 328 k3 SRR B iEa 3
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TUFRNOFITHREET L TS H B hg ird RS 05 1RAE <]
B A R RCE ken® o ¥ - AT PR EY o T L ok F gL F (optical

coupler)z * [

W42 2 BipATwEaR et R R R BRLms g s o2

¢ F R TMEEE BiR)HFm e as hted o TH 47 ¥ kg =12.96
(GaAs # it 43) > Fp il e v 3 f H0 * {343 2425 0da - 2@ Ly 5 3a -
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2-D Band Structure TM mode
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A XY b R 5

30



- B XS e TRHERA GBS P DSBS R B E% 43844
fwo Bl 411 i d R ARIET o F R X 2 e X3 B (% > B+ -] longitudinal
spot size) Ax=0.90244 > 7 %2 y > » L3 5 (R» = %2+ -] lateral spot size)

Ay=0.38404 » & ] % - Bk &~ ] o

o
©
.

o
o

o
i
T

Normalized Intensity

o
)

0 096 192 288 384 48 576 6.72
X/

Bl 4-11 % = § B8~ -] Ax=0.90241

05} ﬂ 1
204l ]
w0
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9
£ o3} 1
O
(5] > <
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®© 02} .
5 \
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=
0.1 |

S8a 288 4192 096 0 09 192 288 384
yiA
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Vodo #ctiththe L3 & = A HENF > BRE § 3754 2§ 3755 Bl
x"w\ﬁf 7 Snell’sLaw » i&m R A LB Ech 3 > TR 414 % B X B E -
F=19635 » et - mpit ik > R EE R A~ S PTG s @R LT i
oo Ra it H SRl T o G £ T G L Y - K2 T (R F] 4-15)

e Apitae B (LB 4-16)° 53857 3% % > 38R 5 Bt B OFAL W G B F SR R T o

0.15

0.1

r 005

-0.05

B 4-15 #-2ht Ry & g A f=196354 , #2380 4% 7 2 W

u.15

—0.1
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n

Bl 4-16 #-2hit Ry ok g A f=196354 , g2 358 0% 7 3 B
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437 F TWHE
PRt PR i 2008 £ S.Haxha #t4ehe & AR L HEE A A PR AT

HE2FE8EFHR Y g TME LSRR RHFE=E2F 73z L B4
R EA Xy T o0 U H R 10 hd BT e A~ Fs o FRATRS S
Np=3.6» TWEEPIME L AT 524 1 (v F 5 wal2zc=a/1=0305 > %
g % 16a%25a0 & AafF g4 E i AL B 9.11a. 1 T R 5 At ol 6 & §E
fo (0 F LT Ro) £ @44 R4 6 & =% (focal length) 2 = i< |
(spot size) eg: 58 o ;ﬁd #* FDTD B 7 3 M d L2 ThT B R H - £ &
B LG T ORGP RS R ARE- AT TR RS T

B B A F FlH07 i 2R RGE P R R TR

AHEEHBRAT W 2 —RE B F o gt )

BA FDTD 412 P R4EY 6 SENTHRAEL TR > TH IR NEE
SR EBEF SEE Xmaow Ymax) > 307 F RS8N bfa (e iv 3 BEf- B2FH
FEE HA TG o AR AP S KRR F AT S R BB
AR R - AL F X R Y B e R G B £ R 4 G

oA B ] AX R Rl F B ] Ay .
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B P—S GRE L ARG S ]

Bl 4-17 R &SE Bh o R B

d 3R EASE X 2wl rbaTg ko T NES- B4 (EET S
M)FERF GG EREF S S BA (BREY G )PER A o g AL T M
0i > 1345 Snell’s Law 7478+ & 0,2 i 4 £ 0=60-6,  BFH 42 K4
BHIE o E s TS DERAST My R 3T RARA T Mey 0 5 0D SR it o

1-sing, =n,sing,

6, =sin™ sind,
t nb

tang, =m,
tano =m

refr.
BTG L ESRG Loy~ IR G Ling ~ ATS R (5K ) 5 Leerr ~ F B 37545
& Npo

BEN I ANEETEPP60 EETELREUNLREFE o ¥ -
S5 o0 BB 200 5 E B R A A T T A X BB 1T B Frear & B
BRI Fry o #5 BLA RS BT TP R A F A4 A 2R 1 e o

g S B ) AX P BB b R B R BT R AR L T B2
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(a4)
Bl 4-18 T wid S (Fl4im )7 b 5 252 = ifss & Bl & L SE PR 0 (al) 3 (a3)

(a5)

6 7

22 (ad)3](a6)» = 5 Ro=R, Ro:gR, Ro:gR

(a6)

FDTD/ Ray-tracing

ERef[H = £] i X fEE s ) AX[E i £ ]
Fl4ad m
Flit®m 1 Ro=R 10.27/10.11 1.92/0.72
Flired 2 Ro=6R/5 12.27/10.68 2.09/0.74
Flitd 3 Ro=7R/5 14.25/11.26 2.33/0.75

7. 4-1 FDTD & sk & if pr2. & pEgr 8k o v i (FlHe g )
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XIh
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>35} o
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S
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yiA

B 4-20 T o S A (FHLG )F b F LT Ro¥ B2 y & w56 B A T

1] 4-15(al) s LT Ro=R & A 4GP 12 80 14 B ek ] kR
SR e F PSRRI ER T R FP il R F L ISH e
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432 % ¥R

PR G B L Edht ] b=R > B4 X K dha ch N @ LR o

ZH LG b =a md k5L

(al)

(a4)
Bl 4-21 v & (2 #FF % )7 b B EEZ = fose & B 2 Sk sig )0 (al) 7 (a3) 2 (ad)

1

(a5)

6

E'J(aﬁ)ﬁ:\ 5 ];1 f():—R,f():—

N

7
R, fo=— R
5/3 ' 53

(a6)

FDTD/ Ray-tracing

EpEf[H ok £ ]

o N BE L ] AX[H i £ ]

Msd &
3R 1 fo:%R 12.30/12.02 3.46/3.87
6 13.26/12.90 4.20/5.19
T Rle 2 f=—=R
FIF] o 0 573
7 14.27/13.92 4.31/6.77
TRl 3 f=—=R
FIF] o 0 573

% 4-2 FDTD £ sk 53¢ pr 2 & pE27 gl = o b (2 5 F] & )
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XIh
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yiA

Bl 423 TS (1 FlG) 7 F EFEY > %5 & A T F
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433 K&

B e B 2L £ bt o] @R RS Liih b o N 6 B R foH e

ZHEF b+ =a ol 5

(a4)

(ad) 3] (ab) B 2 & =] 5 fo:% R, fozg

(a5)

10

R , fo:lR

o & d SRRl chgidn X Il E B BIE T

(a6)
B 4-24 T E B (HEIFR S )F b R & 58 B B 2 kg B 0 (al) 7 (al3) e

FDTD/ Ray-tracing

£ e f[H ok £ ]

o N BE A ) AX[H i £ ]

F4id o

1 8.76/8.61 1.35/1.51
s 1 f0=7R

3 7.93/7.94 1.78/2.48
B 2 fo= R

7 6.23/7.09 2.47/3.50

s 3 fo=R

% 4-3FDTD £ k 53¢ fr 2 & FE27 Bl = o b 8 (3 5] & )
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X/

Bl 425 TS B(HEERG) 7 b EIEX S 5 B A T B

—f=172 |
— =35 |
——f=7H0||

=
o

Normalized Intensity
o - N w
Ggn = O N Ol W o R

-06 -04 -0.2 0 02 04 06
YA

Bl 4-26 T (B 1FF5) # F BEEY 2 255 B A F B

FHFY & B OBR PF > M7 - 55— 33 s BAH B § 0 o EjE
4P| 0.6R PF o & B fBbends R AR KARIRIT ;A 3 0.7TR PFR|d 3 B 5 ehife
BEE RS h B A A - BRI
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A34 %% &
(a1) (@2 (@3)

(a4) (a5) (ab)
Bl 4-27 T s (Pedew )7 B B EEZ & s B Bl 2 kAR PR (al) 7] (a3)= (ad)
R R 2R
7(a6) 4 %] & fo=—, fo=—, fo=—
(@)~ w5 fo 5 =5 ==

FDTD/ Ray-tracing
EFEf[H =t £ ] o X B ) AX[H =t £
Flé4id o
9.83/11.47 2.31/8.99
féiﬁr_’ﬁ 1 fO:B
3
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