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Zet=E vl vl & oduA FAE, 22 Ay =4 tunability £
2o we AW [27, 28, 75, 76]1S 7FAa Ql7] wji-of o]o] T3t

AF7E Fuks] AaE 1 Qv [26—-28, 45—-48, 66, 72—95].

111 23R 7ke] FAa 9 Fe &2 A

AR Rl AEA oA AR Fo] vlAdtE2 4ak o]& (non—
relativistic Schrédinger equation with an effective mass)= W=+
Hhd ) s @S vk Axle Adled A o] (relativistic
Dirac equation) &2 3|4 & 4= 2li= massless Dirac fermion¥} A}k

AL 73 Yk,

99 1.2 2d8Y A% Tx (18] () B4 AAE 9 AxFow
olR ey mA%. W9 A4Y T A wh A4E (4,8)°]

2% 72 gz Aol Ak () aUwe) 3AY -
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JHFS a9 1.29 ol A ouyA] giddeA Y FEH o HE
W= (conduction band)®} 7}&x} W= (valence band)”} Dirac
e A Hoh

[13, 18, 24, 96]. ol&fst 4874 FA4F 54402 & 1¥daS =2

o

pointel Al W= AP A FEF-ouA A 5A

AAF o] F % (25%x105em?V~1s™t [19]) 4 7] ALwel Zo] nj
2 A714 54 (13, 16-201S 7F4 #nk ofyeg wl¢ =2 3
F38& ( Tx1-me?/hc~0977 [261)S HWS FaF oA
FAEHE FEES 7HA7] wWEel WA a3 EWAAE [29-32],

ZUAE (flexible) 9 A= [33-37] 53 & AR LA o9

8o AEH T Y
AFH A SAES 2 29aY A4 el o8 1dRe 13

Fe Axmel gl rbsekAl . WA a#HeS 1% 1.3(a) 9k
2ol A wi=et 7hAA M= Apele] W= A4 (band gap)©] =A5HA
7] wiiEell ZRAAA tieelA AL kA, AL el
o @ #z 54 (single photon absorption)”’} 7}s3HH
oligk 1@ el FY FF 5L w2 AA ok 543 §

234 Fuel F A%7) [38-4019 Agel £87 & A (1%

(28 1.3b)AAE Ax MEE oln] At e AArsel 9F)

A olUA (hw)7} 2B 8T A Fupe Ne F4E 5 glom po
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ek,

a Broadband b n-doped c p-doped
4 » »

—
ho,>2E. )2'\" kw, <2E,

_E‘

d Intraband

E

79 1.3 = el uhelh aeideld 2Adsks A F5 54l
s EAE [26]. (@) E=F°] HA &2 intrinsic 1R olA EAY k=

g
do P F¢ 54, b) n-%F adae §F¢ 54, 0 p-=F



1.4())el ot theFst AF [49-54]1% HFHGow W=

2
EFozE 57 Aol (O 1.3 =54 saEE ol&s F

Wx7] [55, 56] % A|e+E Q).
st Wl A3 AVE zhe dolA S ade] AUtEA =W

A Ax = "l s A oA del RbA| UETF dAjF o R
HE & EX AE] (non—equilibrium carrier population) ¢l ¢|2+ I %

A 2t (transient dynamic response) EA1S HolA Hrt}, o]z gt

Ao wAgd BE S 54 (1" 1.3(e), (H))o oist opakst
A0 M= 53], 327 A% (Pauli blocking) ol W& %

¥3p F5 @Y (29 1.3M)o] Fe (R d~A o) oA Eysh=
574 [97-99]% o] &3t 1aE wolA e 3 23 54 (saturable
absorber) = &8st A5 Aas (29 1.4(c))e] TxESY [100-
102]. o] dtel% Foiy F =vg (2% 1.4(d) [103], Kerr effect
[104], soliton [105—107]1 7 o] Z#jx o] Fuoje njxdy st 54

oie theret At ol FolAa gk,
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112 239 =R Le vg 242 A7

gAdA M= 7k dol EA (29 1.3(a)We Hol:= wiH n—-%3

ME g5 Aol (%4 M7t Add 2 Helzz s
e e

53], n-5% A AAES ol A2 F o] ddE
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rlr

Aol LAy eA wv =g el wel xdo] Tk

l

=
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(~

& &% S (momentum enhancement)”} ZASHA o

¥

otz e 9E o1E = Qe =3 A8 9 ]Iabe Hle] FEalaro
w2l TE (Transverse Electric) mode %% Ax}7]3t [72, 7318 TM
(Transverse Magnetic) mode 18| Zgt=& [73, 7412 o7|7}
BE 7best 5AE 27 wEel #Fdiel switchable ®¥ I
[7712¢] §&°] 7Feattt (29 1.5(a)). HEst 2 A Ak
T 54% @/ TM mode 1#3¥ 2= = 7]EC] noble
metal®] ZHA WSk 32H Eo=t ghof vlgte] w9 & oy
AAE, &2 Ay &4
Vo 3 ol B A [21, 2215 7HA AL 7] wiEel 1)

At Egt2RY S92 A2 EHFoRE ZHgta glom theksh
aH¥ B FReA wAske g EFek=E Rie] gist dTE

[75, 76, 78—85]°] At (1" 1.5(b)—(d).
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st Foy Wz 7hsAdH AdEn ol ol&3] WY ¢ dYs
Wz £ e F F5A [45-48]9F He A7) 9 S W

7bedt WER 29 [59-66] T W EH=EY W Axte] Oid
thekst AgtEo] H FHlow, agHle HY] MERE FHHo=w
Hzstogxn W3t 33t (transformation optics) [67, 80] 2 F=7)

(cloaking) [68, 69]° &€&t A Ay FxEAY (11 1.7).
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Proton Energy (s¥) X (pm) x(um) Intemmaty

Zop=o o3t Wz 4 F4A [48]. (b) ¥ ZEY WY FxRE
o] g3t HHAFY e X [65]914 ¢ H]AHA WAL (anomalous

reflection) &} A= &3} (c) W Fohz o] &3 T4 Eet=e L=

71Wke] FY|RE=23 A= (Luneburg lens) [67].
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2.1 133 2] magneto-optical A7) AE=

=

dtx oz g @ 9hERe magneto—optical 7] AEE

tensor FEHIZ 2zt 239 HHowg 7hFFol Y E A=

=

=

L —

Kubo formalism© ZHE I3 magneto—optical A7] HAELE

tensorg Toh= 7P dlxEA <l w2 [21, 60, 801 AUistal o]

=
k=1
o] =olx Yty 718 w), 1efH 2] non—local anisotropic &

AEEE 5% 22 tensor?] FEi=Z 2AE F St

=
=

7]

&(w,I,T,u(Eo),By) = RR0yy + XJ0y;, + Y20y + 990, (2.1)
o] W, w+ ZF XEFS (angular frequency), I's 3Fd Y] AbgHE
(charged particle scattering rate), T += <%, u+ 3}3 3dA
(chemical potentia) S WERNI Ey & By &= 9FolA <l7pst AF
upoloj i~ /A7l MZIE Sugid e B4 dyUEES
sty Qe rv dEbdos Fug, 5, JEo A7), duhe F9)
A]4= (Landau level index)ell ofj3st &4z ZdS 4 glom b

W)
=

=

AAbe]l AEst Aeso] 9= pui oA = [46, 89, 92] ol 4
AN G wpolol A (E, = 2E,) 8] A7} [22, 45, 47, 4812 %3 %4
7Vsste] £ o)ty FE7| % S},

Magneto—optical Lorentzian modelZ%-¥ 2] (2.1)° o,, = Tyy =
§ sy
19 -":lx_! _'q..-

e}

_

T



Oa, Oxy =0y =0,2 20 Hgetd (I, T, u(Ey) By) = 0,(&%+
99) + 0,(8y — %) & #°] diagonal H7] AE% (04) ¢ off—diagonal

(Hal) #A7] AE%E (0,)9 oz AT F =, std YA

ftlo

A (r)o] Faeel g &9 Aol dF

7F4 3} 37 Kubo formalisme ©] &34 ¢,9 0,5 ool 7o

rlr

A ke
A
=

o

_e*vp?leBy|a(w + i2I)
i

K A? ) U M) = f(Mn11)} + {f (=Myy1) — f(=My)}

Oq

e

X

1-— -
pr My M4 {(Mn+1 - Mn)z — (0 + lzr)z}(MrHl - Mn)

oA NUEM) — M)} + (M) = (M)
MnMn+1 {(Mn+1 + Mn)z - (w + izr)z}(MrHl + Mn)

S

+

(2.2a)

e?vp?eByh
T

8 N — M)+ M) = FM)
MMy 41 (Mp 41 — Mp)? — (0 +i25)?

O, = —

o0
3
=0

L+ A N\ {f(My) = f(Mn1 1)} + {f (=Mnyy) — F(=M,)}
MMy 41 (Mp 41 + Mp)? — (0 +i25)?

S

+

o] wl, f(e) =1/[1+exp{(e —u)/(kgT)}] © Fermi—Dirac w¥X ¥TF&
UEH AL, e =1.602 % 1071°C & A=}2] Astd, vy =10°m/s = Fermi

%, h=1054%x10"3%.s = Dirac &%, kg =1381x10"23J/K =

b o i
20 A =-TH



Boltzmann “4<Folth. $HH, M, = /A% + 2nvp2|eBo|lh & nH A TTHS-

99 o A], AL excitonic band gapS ov|d=d A7 A 77}

w9 22 9 (low magnetic field limit) ol = A=0°0.% 71d <

iy
o
Y
M
1>
o
Hl
o~
i

s WeE 4 vk

__iez(a)+i2F) 1 f°°6 of(e) of(=e) p
9a = mh? (w+i2IN2 ), de de

®  f(=e)—f(e) p
(@ + 212 — 4(e/h)2 €

(2.3a)

B e? vF eBO df (e) af(—e) p
% =~ l(w+12F)2,[ <66 Oe >

1
(0 + i2)? — 4(e/h)? del

2 AFoMs AF A voloAAE QUFeHA] 2 AS (B, =
0 285 71 A= olgfst 49, 4 (2.3b)EFH 1AL off—

diagonal (Hall) #7] AEE

rlr

0ol =i Af A7|d wpe]ojsk
F3#3k diagonal A7) AE% (0y) BT EASHA o 24 (2.3a)+
T N For ofFolA Sled A WA 2 2gEe W= o Aol
(intraband transition)©ll 2]t &35 owlsty F WA L TA 2

W= 7+ o] (interband transition)ol]l 2]+ &3}

i
kel

SES SRS

21 A L1

2=
AL M= AHZ oUA] W ()2 diAsk] 4 (2.2)= Uad



std, e o Aol sl 3 WAl e AR A FEFo=
Fo17F 7hseky & AFellA Abgst gl A BdW AV ARL
(complex surface conductivity) o] thst FF 21& th53 o] xdT
T Slth
Oy (w'r' T, .U(EO)) = Ointra + Ointer (2.4a)
__oTksT [” +21 (‘k”_T+1)] 2.4b
i = B .
Oimtra = g2+ i2) Ligr 7 2 \° (2.4b)
ie?(w+i2l) (® f(—€e)— f(e)
Ointer = 2 f . > > de (2.4—C)
h o (w+i2r)? —4(e/n)

A (2409 AR 42 FoHoR 7] oY wEel &

Ao M= =32 ejA] T2l MATLABS o] &3te] eide] 24
2]
=

22 ] 2-1



8 | > hw > 2|u|
6 —
@ ho < 2|ul (
Ol = Ointra °
2
2/ — Ointer
I |
0 a0 100 150
[
4 [
[
4 x10 :
[ = Ointra
|
Z 27 : = Ointer |
O :
E 0 I W -
|
-2 i :
0 50 100 150

f (THz)
a9 2.1 a9e 29 A7) AEES] AT E (Ongre, Ginter) T
S 54 (I'=043meV, T=3K). o] w, Q17}3 3184 Hulde f=
50THzE 2t 3AF olyxe Axt (u=103.4meV = hwy/2, wy = 21 X
(50THz)) ol 3Edat= #tol7] ®WEell oipper= S50THzE 7l o2 w243
W3 5A4S HolAl "tk WA, gippe & A T35 dl9elA Drude

A Fh g B Zhth

oo
£
il
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2 (2.4)8 23 2,104 4§ gl%ol, M= Ul Holo AT oy, 9
e 2 dolol & oipper v YA WO Fuk 9 Ao 3154
Heldd Uy Ad #AE 7H 3 ok ol st A AAE AAIG
ol B gt 2 (2.4) A |ul,hw > kgT L W, 6imera X Ointer =

et ol A1 4 9tk

e’u

Ointra = nhz(w + lZF_) (2.5&)
ie? 2lul — (w +i2IMN)h
, ~ l 2.5b
Ointer = ah <2Iul +(w+ i2F)h> (2.3b)

21 (2.5b) ZH-E 3 Ak AbebE (I = 043meV) o] 22 k& 714

 Omter = 54 FIF (0 =2lul/h)E 71522 1 o] +2438H
WAgtshe= ybd, M= ol dolell g gy v A (2.5a) A & F
Aol A F¢ oM Drude RE3 whg FARRE HEE A=
e & dnh Wb ho > 20ulE THATIE 3L S g (H

2.2(@)9 sk dd > f)olldE &Y B &4 (single photon

ki

absorption) o] 2J3F A2 W= 7+ do]l (2™ 2.2(h)9 KA

(0,)5 Omeer® AFE W F5 E20] W B 54 (Refo,) »

0)= Ko7 Hrt

94 '}"‘5 ui 1—l| =
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Conduction band

w(or Eg) —gremeeee
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FH, ho <20l A Fo et WE ) EekEE F5 o)
(29 2.2(0) 9 W HAmel WE g Bep=E F4 Aol (1

2209 =54 3ER)7E dojuAl Har olel g E ¥ T

FU

(momentum enhancement) & TAAA Ze=E BEE 7] Al
QA e e WAl mW A7 AEEE oier & Ginere 9
2o o& AAAT. = fi<f<f, ¢ W (a¥ 2209

.
224 ool ME 7 ZehxE F5 dolo] F oy

o] FEo]
SAE] Im{o,} <0 Q1 5AE Hol: whd, f
22@8 FIFA A elr= M= o Fe=i S5 dold g3
Omeradl B FO] 271 WiEel Im{o,} > 02 54L& HolA At

agae] xdW AV AREe= A (24), 25X & & slxol,

st WA (el dstel 2ol sbedkd ¥ 238 oleld Wx

sk AR RE A 3 B Wlx 5443 v P

rﬂ
é
rulm

ZHA ==, ol v Aol dispersion relation®

Kubo formalism® Z%E 3 TIZHF S magneto—optical 7]

s} o]7] (photoexcitation) ol 98] wHAE= wAH P EAS

H~l

23317 s % A (optical pumping) & F7iel wel WASH=
el EREA (carrier) 8] HIEE oyx X FE lgdste] AREAQL

Fermi—Dirac ¥3¥ thal x| gta] F=ojoF 3ttt} [97-99].

2 A &) €



-1 \ ‘ ' ' '
20 30 H1 H2 60 70 80

@ (meV)

AR W3l p<p<ud I G 9Dl 2999 52
29 A7l AEEE Im{o}<0 & WHeeE W, u>p, 1 99
(FFA FoDelAs Im{og} >0 EHE HATh p<p A 9

gAH W 7k F5 Aol dstel &
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H
)
Y
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22 W ¥E Z=E 3 B4

¥ Zg=E (SPPs: Surface Plasmon—Polaritons)< 21 A 2}
EA AFole]l AA oA EA o EA5ts AR ZelErte] R Fo]
oiAlE o] Ax}7|AH A3 (coupling)dte] THAS wel AytxE=

AZ714 5% (electromagnetic  excitation) @42 @3t} o] 3t

W EURE e adW 93 el EdelME B4% 5+ glor
218004 Ags deme A 38H SHow Qstel s]Ed

noble metal 7|WFe] SPPse H|3] 43t Av} 5AS 7}t

(L

oA WA= 7]E A gyl ZEEE BT

=
o

=

wte] H

.

lo
fu
%
I
Ao
e
s
=
Y
~
jfi
1o
o
for
B
ofo
ftlo

dispersion relationS X3}

221 ¥9H A7) AEXE (surface conductivity) =2

oY W3 vtehe ANIA O R 1nm olate] W% She FAE 2]
Mg EW W7 AEE (g, )% 2= A4 2A sk WAy
PgAow el 5 gtk 1w 243 ol Am tE uads
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Harmonic time dependence (4/0t=—iw)E

7S W, 29wk Ho F

g2l % curl equations THE53HA ®Th

29

;l_L
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.-J‘...;.}n-

e
tad
5
ol
(2

<
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O
o
il

REMES
A~

AA A= b3 o] =

o
=

(2.6a)

A & tfj &t
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_ aD .
(2.6b)

o wl, y#dFor N (g=gqy 0/0y=iq) st A% TM

mode (Hy, Ey, E,) 3l 2 (2.7a), (2.7b) 9} o] et}

( for z > 0) H, = Ajeldy=raz

1 .
E, = A etdy7H1z 2.7
y iw505r1K1 1€ (2.7a)
q iav—
E = A elay—K1z
2 wepg 1€
( for z < 0) H, = Ayeldytrez
E, =— ! K, Aty iz (2.7b)
Y iwege, = 2 '
q .
E = A, elay+rzz
2 wegEry 2¢
2 (2729 (2.7b)= ABA W (z=0)°lA ©7]1F9] tangential

W A7 AL A gdE=

=]

A (Ey)ol AFolojof st
el &S 2X(ﬁ1—ﬁ2)=f5=ag§91 AA A& WSS o sk}
olgist AA FA FtolA TM mode 18 Ze}p=E2] dispersion

relationg Tha¥ o] UEpd 5 gl

SO | ) i-



+ = - . (2.8a)

K; = /qz — &.iko’, (i=12) (2.8b)

AZIM ke & AF AAHS A FIFelA Ax|HIL Zbe dhee
(wave number), g+ 17 3y U (yw3) A3

@'—?% QU]E‘]’D% K4, szf:_; H]%ﬁ% Erts SrZ—EE__ ;ljf:_; Z‘l]- %‘@iﬂﬁ]}ﬂ 7(:)]7‘—“
Sl

<
=
N
I
nf
==
S
N
+
<

q% — e,k = logwiyg (2.9a)

K; = /qz — &k’ (i=12) (2.9b)

4 (2.82), (2.92)°1M & 4 9%°] TM mode 1A Eeh=2 3
TE mode %W AAV|zt= Az o8 A3 54L& ztet o
2ol 82 free—standing Z1HWH (g =6, =12 AF+E 13 wd
&3] Jebdrl o] A ZF mode?] dispersion relatione thHS¥}

2ol Uehit,
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2 igy
TM mode : —_—= - (2.10a)

, we

q° — ko2 °

TE mode : 2 ’qz — kot = logwlig (2.10b)
K = /qz — ky? (2.10¢)

x2W Axs REE AA del A WIEdoR field Al7I7F
Aaete EAS 7HAoF 22 TM / TE mode B5F 74 A9
AFH= ST (Refk} > 0)olo]of gttt 2] (2.10a), (2.10b) el 7}z o]
A& AEgstd TM mode ¥ Zek=e EEs 3W ARR9
H7F 5 Umfo,} > 0L w B, TE mode %W Axp7|gh=
xW ARRS R & (Imfo,}<0)% Aol @AE

2.1804 3 9] Ha W M) dERS 2] (2.10a),
(2.10b) & olgste] 2+ REo] Aat A ()9 74 A5 wE 73l
H dnkd o TE mode ®W HAA7|He] Asp 47 W39
7 (ko) oF W A #ES 2E7] ool mode confinement7} W

weakly guided mode°|th. HESE ¥ 2.2(a) el YWEREO], Im{o,} <

——

0 W=t Aol interband Folel oJgh &E&Ao] A Fup
thefol wie F2 dHS zter w2 dgelde AdidoR
€ £ mode confinement® Y& 7FE Fug oo FHE 2t

TM mode 123 Z2k=to] 24 = Folth
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Ao 9 Heps 2= Fakg tf ol LA SH= TM mode e
ZH=EE Ve s® ¥ EFEEEe] 7]£9 noble metal oA
HAets W Eef=io wlste] zhe ARle dolrRy] fs WA
w5 FAA Apele] AA WHelA wAsteE 3W EffxeE REe

dispersion relations 73t v 2t} [6].

B kg | @) (2.11)
metal — "0 £r+€m((l)) .

AN & T en(@) A FAAG FHo B fRAE] S,

w59 v &2 A4 tidels et 2E Drude BRI AT

-—r (2.12)

F9 ASE o2 EW, w,=137x10%Hz, y=40.7x 10'2Hz |t}
[111]. 4 (2.11D), (212)22HE g =1, f=20THzYL W FofA
S 2 ZHkEEY Ag AFE TR Re{fa) ko OE
weakly guided mode”’} ¥+ HbEH, 2 (2.4), (2.100°2FH I =

0.43meV, T=3K, u=100meVd wWe TM mode 1d Zep=E

k%

e

Refqg}~ 70k o W% 2 A% 4SBT 2= Re A F Uk F
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=

bel e
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W] w2t 1nm ©]

2.2.2 57} A& (equivalent permittivity) 22
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A7}

Zzt= bulk material®

HA e
(volume conductivity)
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current density)= J, =g,pE 02 EHT F vy WAd By

RN

oA dslo] WA (Ampere’ s circuital law)2] time harmonic
E xH=J,—josEsl A4 A% 4% 2& gdste] 4w

o
o
<

£
dlo
_&'L_ll
>

.

VxH= (agy —jwso)ﬁ = —jwsoegE (2.13)

21 (2.13)0) oellA Hos a#we AA AV AREE folst]
e AEAow vg 2o b vRdEe de F v
gg(w) =1+ jo5(w)/weed (2.14)

HAskE g S92 229 dispersion relations 7-8H7] 918k
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&1

8/2

—-4/2

bulk material®. =

A R

1% 2.59)

e 57 fAg

EdoA @AS= TM mode 13]®
Ze=

9] dispersion relation< noble metal 7]¥F2] IMI (Insulator /

Metal / Insulator) A]ZAElo|A 2ASH= W S22 Rl FYUsH

WA (112102 f5 5 glom, ojeh 2 Ao WA WA}
AA Z71& £9] dispersion relations T3t tha3F
o238 _ <K3/€r3 + Kz/erz) <K3/€r3 + K1/€r1) (2.150)
K3/&s3 — Ka/€ra) \K3/&r3 — K1/&r1
= ,/qz — &iko”, (i=123) (2.15b)
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olAl AL FA (§)7F WF A= A, 4 (2.15a)7F xH
7] AE%E 249 dispersion relation (2 (2.8)) 3 AF-&3HS Ho]7]
Ad e/k; =X OS2 XE3te] 2 (2.15a)F v o] HYT &
AT}
) K326°

X+ X)) ——— = XX, s

— &30 2.16
tan(iks6) &rs (2.16)

HA 2] FATE v gkol FAE ¢ dvka 7B (6 - 0)
Sh, (lgirré(sr36)=i09/(a)€0)$} 2ol #Hok et (lgirré[ik36/tan(ilc35)]=
13} gi%[(_X1X2K3262)/(£T36)] =0<% Y322 dispersion relationg

obel 43} o] HEFHow P& 4 Yk

£ £ io
9 K; = /qz — &,:k? (2.17)
Kl Kz O)EO

g9 At 4 (2.8)9 FFF A AL AT £ ded F,
aAE w3 wee 3 RV e g wEel EW Y] dRnE

Sob madsR ABee dAo] Bty dud 4 9

)
r
=

71.3_ Hlxl 05wl A Hlxﬁ/ujq_ 7:1741 ﬁ—f\_ﬁ% %?q_ %_7]_ jc_>|_;‘<jj‘<:gg
EdoM TE mode %W AxA7]39] dispersion relation %3 2

(2.9) 8 A= e A& F A deld 2P mpel 2ol

e

AFodE= TM mode 28i® Zgf=Eo] 4SS T 9goemE TE

£ Hn

gt

rlo

mode ¥ ZA7]3}9]  dispersion relation®]] T 73
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a
iy — t=05nm$m |
=1 — t=0.33nm| =
& — DSDA Z,
© ©
- -
~ P
[64] [68]
W =50nm W =100nm
0.18 0.23 0.28 0.10 0.15 0.20
Photon energy (eV) Photon energy (eV)
b
Effective mode index n 4= Re{g}/k, 1052 10° Light-graphene overlap factor
1 S50
g™ — g™ 0.2nm
26.5 q\\ ™) — 5%€) 0.2nm
o] M) _ anm_ 0.2nm 10l l\ a) - g(6) _ 5, 0.2nm
o™ — g@,0.2nm : \ == =g - g®, 1nm
25.5 | - = - gM) = '), 1nm
a™) — g6 _ ) g.2nm 9.5}
- o glM) _ (G _ (D)
25 R ﬂ(n) = O'U” 1nm p | | \/W(ul-'nll o a a'l lnm
' |
24.5 - = = g™ _ g® 19m o N
- | 3
24 - = =g®™ _ g6) _ g 1nm I S
Y] S s~ - S -
235 —i |
—— ———— |
23 - 8 '
50 100 150 200 Wsax 50 100 150 200
w (nm) w (nm)

O™ 2.6 A EEk=l] A s Akl tid R FA (6) 9

d&F. (@ 2| F2 (ribbon) FEOIA Eg=E BE of7]of <3|

2

Aete 7 AFEH ynle wE W3l [76]. 2#Ee FATL
0.33nm (&4 AA) / 05nm (A DA wf, FE8] olZu(HA
A, DSDA, § =0) ol =t F77F S5 24+ #dagth (b)
374 2708 hybrid graphene gap plasmon =9} 1D—-SPP RE29]
8 REE= ZF4E% 2 light—graphene AA FX. adA° FA7}
0.5nm (AA) / 1nm (R wle] A a4 Ad37F w9 22 5§

QakE Holm A7,

: 5 428t



i

2.3 29 7|4k Eg=RY TuF 7

TM mode 13 Zz}=IE9] lateral W RE F423E Y3+
7 Al vkl e n-% g oS vers A ydlE Adst

a3 gE (ribbon) TF [76, 78]1EX o]+ 22+ IMI (Insulator /
Metal / Insulator) =32 A]A®El] sgstct (7282.7). HA 183
g2 ynul (w)7F 2o 34 (1) nvls] AR ow wig e A¢

(W), 2da 2 FxoM dsts E2t=s 331 S e

-

IR g2l ydlel Al 29 7] AR ofsiMtt A H =

AA714 44 (electrostatic nature)= %A v T8 &2l AA|

ke

WS wel A93E= Graphene Surface Plasmon (GSP) EEE2]
dispersion relatione a3 #2 A4 w74 (scaling

parameter) ol &3 AP A} [76].

I m{ag (wp)}

pr

ntgyW) =x (2.18)

o] W, w,i= GSP =9 Fx Fa, k= GSP REe g W
At A, o, 28] B A7) AEE, y=2/(eq +e) T TH
I, owis adA el Yujejth A4
T kW e FeEA YER] el

EX yYnvlg =3 gEe zt= gdd gE FFRoA 2 dispersion

2
)
=
_[
=
Ir
)
o,
©
e
rlr
R

relation® . ZFE 4 W& (curve fitting) S %3] GSP mode?

TR FIF (wp)7F AW EE 2 (2.18) 9] scaling lawell &3 HH] 4
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=33 ¥ Wigle] W GSP mode® X+ dispersion relationg 7%

E, (V)
05

Winm)
25
ke A Free standing 50
75

» scoe LN ]
-

Photon energy (eV)
n= xlm{c(o)”)}impW

0

L
™ 2.7 aHR 2l grxelM 2Ask: GSP RE 54 [76]. W=
100nm , Er=500meV ¥ W, free—standing 1A &£ (a)
dispersion relation® (b) GSP REE9] #71% EX EA. (¢) v}k
Ul (w)sek =3 @8 (Ep)el 8] F&do= riSshe A

w7 (A (2.18)).

wol g Y AA xWEs ugt disls GSP R-EERh

%

obel g 2l 29 A EAske = -1k 5% / #4A

o,
e
=2
oN

}alA =+A3lxlo] A8l Graphene Edge Plasmon (GEP)
mEgo]l EAgt (29 2.8). 229 HAx 7k~ =9 (2DEQ) %
Fols W42 (Poisson’s equation)® #AA  (quasistatic)
A =R e 29 W] dRwE A8shd, vt 2ol GEP

=9 dispersion relationg T8 4 3t} [79].
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24/3/2 60w

Beep = 3/2P2p = Im{ag(w)}

(2.19)

2ol
2
1o
R
Jdo
!
o
&
S
rir

1.8 -
» Edge modes  enisisintommane =
== sBulk mode ges®®” -
sm'l 2| “.17
~ S
C]
0.6
2DEG

0 0.75 15 225
qa

1% 2.8 semi—infinitedt 1A o] E A EloA As= GEP FE -9

2.25 3

dispersion relation (F5: 22t A=} 7k~ 2d 95 1A A

9 7] Arx=E ul

s
T,
o2
oL

ZA3}). Bulk modes F3F HWe gdd

o] gt

o

-
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)
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ox
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L
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e
il
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Loz A2" [80]. (@) AF
A7Fste] W, = 200mm o @S
EAE 2 st 2 &

(b) 3L W2og 13 wut

JH¥ g e J29ds AUl web mAgex dAseE
E U4 (inhomogeneity) @ A3 (defect)oll o3& ZFep=iE RE=9
Aat &4 FA4 [28]1F o718 4 Sl whd, 9 299 2 A
olgfgt wAE I F dow uekst 7xo AxY EuE AAH

AAZ gold AHE zZted 1™ 2108 e WS o] 835ty
AAR 139 F&5 / FAA AACA s 1D-SPP REE
HojF a1 9lth 1D-SPP R+ GEP =9 fAlskAl 2219 AA 74~
mdy Ford WAl FAHA AMlE o]lgste] ¥ ol

dispersion relatione +& 4 At} [85].

'B ~ 2 3/2 Er&pW
1057~ (m{a® (@)} + Im{a® (@)D
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cD() & F&54 3 54 (oW >0)S zhe= a89d 99 27
AEE, o® () A4 B 549 (6®<0)e 2t 299 499
A7) AExelth. olggt 1D-SPP R &4 7|uko] 2id Z4

FAA A "o A TAe= T Z2*E E =9 dispersion relation
(2 @211))F FAFEHA Im{J(L)}+Im{0(R)}=0 g w, Hi A
(Bipspp) 7t TAFSH= cut—off 54 (19 2.10(@) S z=tvh T3 2
(2.20)0A ¢® =0 W=dH Bipepp 2\/3_/2£r£0w/1m{0(”(w)} o]
=6 o]l GEP X9 dispersion relation (2 (2.21)) ¥ x| 3skc},
%, 1D-SPP ®E=+= GEP =8} A duf 54 245 ¢®(w)el

ot matE Qlske] v FgE AVNF HAE S4e Zdev (aH

2.10(b)).
a b
30FT— ;
20 0.5

10} 05 055 o6 -

's!lkl.-l ”
— 't
Eol <
~ R
-10 E
20 I |
o0 3 0
80 400 a0
0 X T 30k, xom R . . | . .
0 0.2 0.4 0.6 0.8 1 -60 -40 -20 0 20
-K (™" X (nm)

18 2.10 1D-SPPoAA 6B (w) &) 93] YEhtE (a) §8 2=
=245 W3lel (b)) 2= AL EA W3t [85]. —a®(w)/oe®(w) 7}
1o 774914 ol fra FdEo] 5438 S7kst EE A& 540

&g
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A 3 & Light-graphene A3 2H8-2] A& 93

X4 hybrid graphene gap plasmon

Ut [45-95]. ARt Al Az 2 5L Fs B
(optical mode) 2} 18] HZH 44 (overlap factor)E TAAIA
B A des Aldete 2dZ A AR st S,
A -2Ade FAES zZe 2R dubgos FA4 -~ YinuE
2ADe] BRE AVE Zbe aE ZEERE Abolola wAEE scale
mismatch®™ light—graphene interactionS @A 3tA 7FAAlA 29
Fehkm B gk aaF]l Ao 9 wxE wWeieiA doh webA

adY Zgzry Wz &

gAIZ171 SeiM= 1

Tzl BE Apol= AHAlE Al Wek [82, 85]wRE ofyE

2L

o =
o Aes T

gAY JAHE FAE SIS AT T3 vl =28 o]qro|th
&, noble metal 7|9te] Zet=my mutZ oAl 24 (Refey)} <
0)3 F%A (Re{eg}>0) Abolel 9k gap 4 (0<Refe,} <

Re{eq} )5 Adsto] &tz REQ AVAS gap Il A3

oft

A3IA O Z M field enhancementE XA 7] =4 02 light—
matter FE&4EE FUgsts stolBREE Eebx=rY T9E (2
3.l gk A7t 3= o] ghoh [5, 113, 114].
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=200 =100 0 100 200

h=10nm =
20  -100 0 100 200
¥ (nm)
a3 3.1 (a) 2% 7|49 stolrelE ZEltARY SR F R RAE

[113]. &5 71 (&) FAA4A 7 (g.) AFolel wl-¢ Sk gap

A (e0)7F AT (b) M2 w2 FA Afolelld LAs= 4

A7V Ao =945 AAl 208 o83kl =] AVIES gap
TRl AeA a3 g Ak

B ZoxE= o]#]3t noble metal 7]HFS] stolBEE Zexnd
ZutE oA zkersle] A2} metal-gap—dielectric (MGD) E3=%

A2EE TS =9 A we g g3 54 T4

MGD =32 A|AEe 7 A 2 (1D) AA 2o 9skd, gap
a3 o Al FAstE o] d3st= A hybrid graphene gap
plasmon (H-GGP) R EE WAAZI, o] Feofr= WA H-GGP

mre Fo R 5455 TAsal 53], H-GGP REe 553

2
X
o
M
1!
_‘j:—_l“
i}
=
N
0,
of
ol
£
N
I

°] graphene edge plasmon (QEP)
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[78, 791, 1D plasmonic mode (1D—SPP) [85]¢l H]a] wj-¢- skAMH
light—graphene #AXE FXE 2+ 5AS AYsi=s shzlgh. =3t
ol¢} o] Z7}% light—graphene HF FXx9 J&Foz IzH 9

A7) Ax% W3l o] H-GGP RE2 mode profiled =

rE

FABEA Hu AR Wz UgE G4 AE wzr s

=

Ho|%

it

s

o,

b
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3.1 A=Y metal-gap-dielectric (MGD) =32 A|AH]

2148004 AR wpel o] e #¥ AV] ARks Tk
(w=2nf), =% (T), 3+ YA+ 4tek& ('), chemical potential (u)
EE =3 gl gt 35 (o4(w,I,T,n) = Refo,} + jim{o,}) =
Zdg F glon 53], 387 =golyt electric biass Fall WAt
7Vs stk [45-48, 92]. 19 3.2% f=w/2n =20 THz, I = 0.43 meV
[80], T =3K% ®i, Kubo formula [21, 60, 80]¢l 2]all AAFsE 1A
xu A7) AE% 9 normalized chemical potential (271 = p/hw)°ll
st &S HojFa Qledl, oleh o]l T#iwe] :;d A7)

HAE%+ scaling propertyel &3 & T35 UYgogixE FL3

Re{eg(w)} =1- Imizqo(;)} ~ — Imi)ago(;)} (3.1b)
R
Im{e;(w)} = %(;)} (3.1¢)
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2 @B.DorPH adde] T4 F3 54 (Relg}<0)& 27
AHME Imfo,} >0 WEslolop hv o= 071>069 Fo (1
3.29] FIFA goe sietct. WA, 05<071<069 ¥ (¥
3.29 a4 Jd) oM Imfo,} <08 VEFEE TN FHA A

FF BA (Rele,} >0 & 2 2 & 5 Utk

T T T

1

0.4 0.6 0.8 1
O =u/hw

1% 3.2 Normalized chemical potential (271 = u/hw)°l st 12

xW A7) AEE Wl 05<071<06% F9 GHEAN FG) A

JHRe FAAA B 54 (Umfe,}<0)S Hol= Rid, 071> 0.6
o3

FHA oot F54 #8 54 (mfo,}>0)& walth

il

N1<05¢2 992 interband #ojo] 29

e
ol
N
rbr
(2
o)
=
IM
Au)

(Re{a,} » 0).
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722 A a9 metal—gap—dielectric (MGD) =32 A|AEHS AA| S 4
Atk A=Y MGD Z32 A]AElS 5+ semi—infinitedt 90 M
)

d F (54 2 54 m{e™}>03% D 2@ 5 (FAAA

o
12
=2
D)
I
)
)

F3 545 m{c®} <0) Atole] UH] wE ZH= gap
= (FRAE #3545 mm{c@}<o0)ol A Ue FRE
o]Fo14 9ltt. ©] wuwl, noble metal 7IWF9] SlolH|E ZEpxny
Lut® 7] [5, 113, 11413 FAFHA AAkd MGD E3t® Al E o]
gap 18 Foll AstAl =4stEo] A3kt hybrid graphene gap

plasmon (H-GGP) EEZ WAA7]7] f&liA= 2] gap mode

Im{c?} < Im{c@} < 0 < Im{c™} (3.2)

MGD E3t2 AJAwlo] Z} g AAoA] gap mode F7 (&) 3.2)¢ Y=
2d A7) AR (oM g0 D )H)E zH7] Qe ZF J oA 9
normalized chemical potential®] 0.5< (Q(D))_l < (.Q(G))_l <0.6<

@) & WHFES =3 (u))Holok sHzEl ot W wE
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(MGD) L3tz AJAH9

metal—gap—dielectric

=

a9 3.3 ARt

o] Q& AAY MGD E3g A|AHS & o

=
5

I

H o]

.ﬂmw_lo

i

—

ay

A (6™ x<0),i) D 99 (6@, x>w),iil) G 99 (@D, 0<x<

}+= hybrid graphene gap plasmon

5]

w). ol Lukg AJAEjo A Y

s

G =qk 9

y S2 W

o
e

(H-GGP)

o
w0

ITTA

)
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g

w A2
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JE Ee=El ¥R SAsE FIAE 7 Qe Wetew
3P ribbon T%9 edge°olA wAS= graphene edge plasmon
(GEP)el theh A7k AfH=d oj9h #dsto] o 283 /
aHa A e 1A SE-FFA A weld #Ads: 1D
plasmonic mode (1D-SPP)E &3 Z#=& 2t 33 HAS5EE
0% &A1 5 ol Akd uvk vy # AoA= kol AASH
AL MGD =32 A|A"Ele] u§ Zgb=2E 2 =<l hybrid graphene
gap plasmon (H-GGP)<9 #A71% E¥ 4 FQ = EAS Mysiy
GEP [78, 791, 1D—SPP [85]%}9] vl E T3] 1 EolAS #Axstuat
=g

H-GGP E=9] ofg] 7k 545 #4st7] fdto] # Aol =

43t 24  (Finite Element Method) 7]5Fe] AFE  ZHALEA}

(&

2713l COMSOL MultiphysicsE o] &ttt 182 ululo.

e
v
ofj

T 67F 02nm<Q] gk ZF [85]10= 7HEsta U & 2d (4

3.D)2FE f8 vFdE

o
X
24
off
o
2
rO
N
)
ol
o
rlr
o
1>
o
i
2
>
2l
S~
>
i

Al om o] w, e ¥ 7] FAEEE IF 3.20049

4

27 (f=w/2r=20THz , IT'=043 meV , T =3K )°lA Kubo

formula®l] @3] AArst zk-& AF8-31 )
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321H-GGP BEE9 AV|F E¥ EA

COMSOL Multiphysics® IFEE &4 (eigenmode solver) =

olgshl Folxl sz AAge] nf Ash me

i
4
i
¥
30
rr
=

a4 34@e gelAd AARE Axe MGD E=d2 (¥ 3.3) A

2o EA parameter® zte= FdoA WA¥stE GEP RE(1¥™
3.4(b)), ID=SPP 2= (19 3.4(c)) 9 A71% EEe} v w3}t
].

x5S JlTo® A7 Arxe ¥3HA vy el wle & GEP R&

agw wE wue 23

olr
rlr
-
ot
r>~
I
o
w
=~
1o
oY,
o
1z
1%t
f_t

(loGe| < lo(=x,y)| for z=0)$ &g, 1D-SPP =X H-GGP

td

== o3 vyHAAES &3 (o(xy) ~ —o(—x,y) for z=
O oZN GEP R vls] 49 AV =43tE 22 7 AUTh
53], H-GGP 2=+ 1D-SPP R =9 ]3] A7 transverse &
(Ex)el gap el 99 (@) FWe| ZAetA =as Ho Q=

=E3t B dAS Hol= d o]+ noble metal 7]HFe] SfolBH =

Zajxwy maw 7147 fAe adE wE vk Edeis 47
z30] o4 WAy S4or}
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a O'(M) O'(G) O'(D)

E, E,

& e

H-GGP H-GGP

GEP

1D-SPP

¥ 34 998 EFexe REEe AV 2 54 (a) H-GGP
BE ((0@) 7 =054, w=5nm), (b) GEP X, () 1D-SPP RE.
(D) =4, (@) = 050022 EAsA ALE 7} AY)F AR

e @S ubehs yERd o

)

rlo

Aitsrehach, WA 59 A



79 3.39 AxY MGD T3E AAHo= F 1D AA 7o)

A= WA M-G L Abel o] w&/mA BA el s A

—

z71 (Im{e @} <0< imf{c™})e] °3te] 1D-SPP K9} mpzriA =

A wel Fubslol Anshs A EFeprE wEsl B4E ®

o

G-D Z#:® AA W] A, F add Fo] BT A4 4de
WA E2 A7 He WE  (electric displacement vector)2] 3
AT (Dy=cEy )0l A& AA =& w5spoof s &, F4
B7 vE 7 wAAY AACA A7 b B 32 AsE (the
polarization surface charges)?] =folo]l Qs 719 +z AFE
(B2 74 A5 v sjdats EA5A (B, D/ED =®)/e@) &

20 Hd S A Bae ol gty vhewt gol AT 4 Ytk

E,D  wed+jo®
E®  web +jo©®

(3.3)

o wj, 1ejA w5 kel FAZE wl$- gk (5 - 0) ¥ Ed 7]
MER9 A o] v 27 "ol (Re{s,} < Im{o,}), 2

(B.3)= vt 22 A £oR IAE F Utk

E,D  Im{c®}
E,® " Im{c©®}

(3.4)

Wb AxY MGD E3tE AJAElo] Al (3.2)¢] gap mode X<
=3 wf, H-GGP EX9 E, A¥Fo] gap IZ#®  GofA

Im{c®}/Im{c@®} o ngste] FuHEE 54 HolA Hth 1d

55 SE 1_.]i



3.5 289 @F "o FA5 (xF) S wet H-GGP EE=$F 1D-
SPP R=9 A 3t ¥ E,—field profile2 Hlmate] Yehfa Q=)
H-GGP =% 2] (3.4)9 AA Z7de 2t} 1D-SPP RE9} 2
¥ EAS wol E, field7} gap Z1EiF

Hl© %4 (non—monotonic) &3

Gl FetA F&Hel Qi e FAT F ok

a b
H-GGP 1D-SPP
. -2
0.5 |El 0.5 |E|
[P N——
-30 -15 0 15 30 -30 -15 0 15 30
x (nm) x (nm)

%9 35 H-GGP 2=¢ 1D-SPP Rt Tgld w3 vbat 1 g,
field ¥ wa: (a) H-GGP 2= ((@®) =4, (2©) " =0.54,
(@) =05002, w=5nm), (b) ID-SPP RE ( (o)™ =

(2®)™ = 05002).
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e
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12

o] Yol z2Hd @& H-GGP Rt FQ

BoAgea A AxY MGD =32 AJA® (19 3.3) A
W AEt= H-GGP 25X gap 28l 99 Y] Walo] e} F 71X

1D-SPP Rt= $#H3l7] uZo H-GGP RT9 F4o Rt ENES

1o
ofN
e
o
12
=

e 5 =584 A$<9d 1ID-SPP EEE Ao
=l

WA, 29 3.6 gap 2 F92e YH] (w)E 0.lmm ~ 200nm
2 A3 s W, H-GGP =9 f3 RE =4 % (effective mode

index) stE RHolFETh WA gap 1] Yn|7F Ol +HSHA ¥,

X

Fojzl MGD LT3z A|AEL M) — 50) x}o]e] 1D-SPP Al AH
(15 3.69 st Ha) o= st o wel ffa BE

gt 2ot

i
i
flo

2-(3/2)Y2% - gy
Im{cM} + Im{c(P)}

Nerrmp = Re{q}/ko = (3.5)

gap 1¥1¥ g yn|7t Srkgre] wel H-GGP B=9 fa BS

i
()
i
flo

Neppmp O ETE WEA ZHAste] HFA 0w HH[ZF e
AFeHAl HH oM — 6@ Apo]e] 1D-SPP AlA~®l (19 3.69 =54
A nerme &2 FHSHA "k o] W, MGD E=3E AAFE
Im{c®} < Im{c@} <09 A& WH37] wlEel 2] (3.5)22HH

e o % ek

NeffMG < Neff,Mp T

tlo
n2

7 ; -
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26.5

26
- g _ (D)

25.5
- M) 5O

g _ 5(6) _ 5D

50 100 150 200
w (nm)

7% 3.6 Gap 1o UM (w) WEte] wE H-GGP RE=9 fr&
BT ZHE ngy = Relql/ko. WHF/ZEM FAe 1D-SPP REES

Uebdith ¢™,6@), g™ = 77 35004 AFgst ghat st

1% 3.7 gap 2#l¥ 9¥e] Yu|Zk 1/ 10 / 20 / 30nm o,

H-GGP EX=9 modal cross section areas YERIL Q=6 UH]

Aste] gk = Afo]=9] JEAHNE ffE Rt 2HEYN 2 APNS

84 A9 1D-SPP EEE  Afe]lel F3F e
s 4= 3lt}. o] wl, modal cross section contour+ U3}
Zol AA A7 A7) (electric field intensity)? 80%Z 3E3tel=

5471 Ao elaher,
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ﬂ|l§|2d5/ﬂ|l§|2d5 =08 (3.6)
A

150

100 ¢ s

- g _ 5(D)
Y 1 ) e ()]
w=1nm
w = 10nm

w = 20nm

-50 w = 30nm
100 T
-150 - ‘ ' ‘ '
-250 -200 -150 -100 -50 0 50 100

X (nm)
% 3.7 Gap Z2#3A2 YH] (w) ¥H3le] W2 H-GGP E=2] modal
cross section contour. ZZZ{¥ HIEFS x = (z=0)7%o] =9 3o
&/ FE2A HAHLE 1D-SPP RE5S yedt. o™ 5@ 50 =

I 35904 AHER @t e,
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3.23H-GGP 2= A7|% A% 54 4 light-graphene H3 4]

H-GGP EE+ 85 Rt Z4F W RE Afo]=ox Yehs
A g2 553 A7 Bx 54 (19 3.4)& Holy 53],

a9 ©F uee] YoM 1D-SPP Rl nls wWlg w
=
“

2% 3.8 gap 1 P YvH|E 2 /5 /10 / 20 / 30nm=
zAstle W, 2Hd @5 e FAS ()AL AV AV
32 BstE e Sledl, 23¥ WielM s gap EE AA =1
(2] (3.3l 98t @712 transverse ¥ (E,)°] AHjZo]7]
u ol AA A7) AV 1% 3.59 fAFSHAl gap 1EE G

X SAS HolAl #Arh S gap

M

A A% Qe wlwzy

aehe geje] vulsk Sokael weh oleld H-GGP 2o wjazd

y
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14 ><1014‘
e M) _ (D)
121 \ (V) S ()
— W =2nm
101 — w=5nm
—— w = 10nm
—~.2 8 —— w = 20nm
|E| \ —— w = 30nm
\

~
D

2 L ~
*I

0

-20 -10 0

X (nm)

% 3.8 Gap Z2#¥8¥ 9] YH] (w) W3t W& H-GGP Bx=9 1e8id
G g O, AV A7) B H3E dA7E M7= g 3

wute] 4% (3) S e SYsYT AA 23 e A7 A7

=

gow Astatdet (|| = B o0 /B ds ). s+ / %A

e 1D-SPP RES5S e oM 5@ 0= 77 3504

ol¢} 72 in—plane® & mode confinement 4 EAJo] H-

GGP B9} 789 w3 ulule] As k8o ux= S Folshy)

¢

REA

dtel Ted gol, B Al BEH b AA 7% Ane]

O

121 e e A B ol s e I i I T S B ) B B 7 e



H& % light—graphene A3 T4 (p)E A2kt

=2 —,2
p= H |E| dS/ff|E| ds 3.7)
graphene

H-GGP EE=+= 1% 3.9°A 9} #&o] gap 1] Yr7F 54 3¢
(0 <W <Weypopr = 40nm) 9] k& AT w, + Fe4 492 1D-
SPP A AEl (¢ -0 ]D-SPP RE: p=181%x10"3 / ¢™ — 5@
ID-SPP HEE: p=170x10"3)3¥ GEP EX= (p=10.728x1073)°]

Hl&)] =2 light—graphene HF FAE 7HAH 53], w=wpe =

p
g wE vk YR in—plane®d A7)0 gap 1WA

0;

. 8-t 8



2.1

o ()

S (T ()

— gM) _ 5(6) _ 5(D)

Wmax 50 100 150 200

2% 3.9 Gap 139 YH] (w) W3te] ©E H-GGP EE=9] light—
graphene HF T3 (p). Wpgx =5nm, Weyropp = 40nm . 37/
254 AL 1D-SPP REES yehle oM, 6@ P = T4

3.5014 AL w3t Eelrh
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3.24 A& (T=300K)°| << H-GGP RE &4

o Hx

e

.
R
)

A A7 AERE oy(w, I, T,p) = A 24 &
T 91%°], chemical potentiald##%F ofye} &% (T) ¥ T35 (0=

2nf)ol wel 1 5490 WstetAl Hv ¥ 3.102 olHd &S

HolFa gt

f =20THz

0.3 0.5 06 0.8 1
O t'=pu/hw

19 3.10 Normalized chemical potential, =% % S35~ WH3lo| u}&
JY® 2Y A7) AExe] Wl (wk ApR, g e (a) f=
20THz Y W, &% W3} (A T=3K, 94 T=20K, F4: T=
120k) %] 93 (b) T=300KkY |, 35 W3l (A4 f=150THz,
34 f=100THz , 4 f=50THz )2 9. g, = op=e?/4h=

6.085 x 10~4s 0. 2 A3} ).

A 29 3.10() 9k el A% Fuka (f =20THz) ©lA
k=i el 1 g R S R s R B B R e i ) B B P e e |

Hi, 54 2% (T=120K) °]¥°] =W 05<071<06 9
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@A Dol fEAE 3 54 (Imfg)<0)e A H==

oo A A|eket AL MGD =32 A]AEHS o F35oA] H-GGP

o\
)
>,
o

HEZ H ol wAAY G B AT B4 Frg

g9 ¥ JY] AR st 2xo JFgS HAg oz ol

dHel EAS IdE fAE F 7] wited Axkd MGD E=utE
A 2E (Im{oP} < Im{o@} < 0 < Im{c™}) 2] AA7} 7153,

% 3112 Skeld AAE Az MGD =3tz AAE (29
3.3) 14 (2) ' =2, (2©) " =059, (2®) " =0.5002, f = 100THz
A o, AL (T =300K)°A BFst= H-GGP 2t A7 2 4

O mTu EXA]
A - o

il

BojFar gl

N
i
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E 46.5
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w (nm)
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5 - g™ _ g6 ||
—_— w=1Inm
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4 — w=3nm
- 2 | w = dnm

54, (@ A71F &% 54 (w=1nm), 24 A7 A8 st

sgov A4 9 Aae 19 93 wee gehdth (b) Gap

a9 G v o, AV A R wsh aE/254 JA42 1D-

SPP REES5 yeER}
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Lo
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=
12

WielM el A7 AEEE SRR Sef=E BEel g

&
»e 4% 49 Fo BT 5EAO H3sE 1D-SPP, GEP R:=¢}

WA eto A AAS AxY MGD 32 (729 3.3)o4 2zt 719

e

R=h

9o U3t normalized chemical potential?] W3S FUS
( (M) =4+a0", (2@) T =054+0070, (2®) =0.5002 +
AD™Y), H-GGP RE9] f& RE ZFHE W} (Angs/ng) S 1D-SPP,
GEP mr=e} wlwsd (2d 3.129 A4). H-GGP -y &%

dile] 22 HE (A 1)d disiA GEP REel HlE fa&

td
(1

=dEo] ¢ wsHA HzkE ®uk ooy, AT <0.015 <!

S

Tl = 7 1D-SPP E=59 HisiE Wx Ygs Ak A3

Wzl AsEe & Ak
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0.08

M) _ 40)
L ) _ 56
006 S [— O'(M) —_ O'(G) — O'(D)
GEP

0 0.005 0.01 0.015 0.02
AQ™Y = Au/hw

1% 3.12 Normalized chemical potential®] Z2 (AQ™ 1)) W& =&
e Z4ES HE 54 (Angp/ng). A T#id 59 AA Gl

=g e wskE 7k Apolv HAE gap 1A G (w=

o

Bl

il

Wmax=57l"l)€T THoR 3Wmax9’] BAA HE FoA B3
WEAIZ Aol dgath (M) = 4+4071, (@) = 054+ A071,

(2®)" = 0.5002 + A0,

olgd H-GGP F=9 =33 #d W3l vt
2

il
ol
o

W)
|o

= wEe Hx 77 Gwpay)
AA) 9L F9sA JeElg=d], o] H-GGP 227 gap 13i¥
d e in—planeW &2 A7 &S AsHA HAESE 54 (I3 3.8) A

H-GGP Rt =3 9¥ wWx (A1) tjshed
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54
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graphene HAF Fx9 &
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transverse

B

el o] g}

24
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12 I><10‘I4 .
— AQ"Y =
10| AQ~1 = 0.005
— AQT'=10.01
— AQ™Y =0.015
8" — A1 =0.02
-, 2
|E|" >
4 L
2 L
0 L 1
-5 0 5 10
X (nm)
b
pq ¥10° |
2 M) _ ,(6) _ (D)
a —ad —ad
1.9
1.7: g™ — 5(6)
1A6. i
0 0.005 0.01 0.015 0.02
AQY = Au/hw

1% 3.13 Normalized chemical potential®] =& (AQ~1)o] W&
H-GGP RE9 2 Wz 54. (a) H-GGP RE9 I#d ©F et
W, A71 A7) 3% W3} (b) light—graphene A3 42 W3} v 1w,
GEP 2+ ml$ & 3k (p ~ 0.728x1073)S zt=t} 7 139

=3 9 dshe 29 3129 At
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= Aollde =8 dle] wel W Y] AR
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)
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a8 547 noble metal 7|¥Fe] StolB Y= ZefxnY EukE
=g ol&ste], ZHE 7Ire] Az MGD EdtE AIAEE
Aloralgl o o] e A|AEE 7]E9 electric field bias [22, 45, 47,
48]} substrate level control W2 [115]& ©]&3to] AA| F-& o]
7bestth. Ax MGD E=3tE AJAES 7 1D AA =7 9t
gap 13 Fol AstAl wAstEol dust= Axkd H-GGP E:=g
WAl 7| ol d H-GGP RE9 %EF A7g EX e

71¢18ke] 719 GEP, 1D-SPP X nla] w$ &AE  light—

HH FH9 odggor H-GGP EXZ+ mode profilex Itz
FASHEA I A AR UgE A AY ARV VbR =

A ZxErY Wz Ao As e ThsAS A

ot
HE
=

2
Yz} optical transformation 7]%& [80, 116, 117]<S 7|Wto= 3t
kst ojxpl st AlAEIY] FE e 80| 7hsstth

s, Skelld AR T 7pake] Axkd MGD EvhR
Al 2~E oA, gap 2 P HuZE w2 SEAQl A (w<
1nm )] A= H-GGP Rt EA g A Fx A
Aal A= A=F el vl 43t 29 (non—local effect) 2} =}

A}o] =
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WA FAA ol V1Y) Ux 3 VIER Aol gold &
NEF AYE (g,=¢g; [123D) 02 7MH3ta, n—%3 1349 @35
ghoke] g9 17] AR (0™ )E T =300K, pu=500meV% ®, Kubo

formula (& @Q4)EFH F3 S AFESS 9, COMSOL

Multiphysics® IFEE &AHS o]g3t9] DLGSP EE9 F9

I8 445 h=200nm, w=100nm<l DLGSP =3z A]AHA
WA= 1 A3 BR=E9 A (dispersion) @ BT 543}
E4S HojFa Qth DLGSP REE9 A7 BX7F F234 30

ol

Hdak= UB] (w=100nm) QoA ZatAl =438tso] Q= 2 (1d
4.40b))E & F ed, ole dWrAl fAA Edre F&
A g AR, fFAA Zole] 2 Eo] T FHdel Hlato] =2
# (Vem >Ve) = ZE7] wiolth, webs] 19 4.4(a) 9 o] DLGSP
REE A A5 (v Fol FAA 7% (g6, =1, g, =¢&g) $19
J A A HAsE GSP RES AT AT (kespeore) SF EHCPOE
=0 29 OH¥ (g4 =&, =1 oA A= GSP B9 Au; A
(kgspeiaa) 2l 3 el A = kgspeore S kespeiaa © 2

(4.2)° osf w53} 2t

R {k }—— ko =~ —1 St ( 3a)

e n = 4,
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25 e 77140 A4 (crysta) We] AxpEo] wwdd o
A7 st A HEshs @4 [123] 02 AnbAQl A = Ao
9t (wave packet)©] Zt&= 7FH34d AlZE (coherence time)©] E2 &
o] F7lel Blsf vl g A o Adtolyt A} 3He] Abghol
T dds Adst] wiEel WA =AAF (semiconductor
superlattices), YA A]A®El (atomic system) 2 {AFSE AelA
Azel 2235 g dAds #5stels do=0] AAH [124-126].

FH 2o §AA =92 [127-129], &< 7|9 Zg=2RrY Tug

431 F3AA F3 2#HW EF=2E BE TRk A E3E AAH

W= ZZAAF (semiconductor superlattices) oA & x}2
TS WA s Aot g AUES AU EH
AA #H'llAd dquAl mE JAAATIIE A [124]13 FAEH, Ad

DLGSP L3t2 A|A"eA Fsta BEx2s Fx ds Fdst7]
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AAAE 7 wiwe) uf wE



Ay FHalzE Baste [130, 1311, Al 4.24804 & & ko], &Y
DLGSP =3z WAet= DLGSP R=9 Ad A4 (g)+= n—%%
g9 md A7 AEE (¢M), 2H® 93 vtk 2w GHA S
HHAE (g4, &) T 2485 (h=yew), 929 ¥o] (h) % YH]
(w)el wet Mxrt 7hestEz olelsh 5A4ES ol&std ffa BE

Z#HE (ngpr=q/ke) el AFH T

i
>1}14
rr
iy,

QL
)
=
o
w0
v
&
l

A 2Ee AT 5= 9lth,

Z7A3ste] DLGSP EZ=9 #& REE =ZHES WEse WS
Aestgion, ¥ 4.7@<e ol AHEE VI (n? =g, =gy
[132])& A7Ztsle] o] (h=100nm)E 23 UH|7F o8 T3z
TZE (W, =50nm ~ wy =200nm, N=19)2 dAs =7] 7+4 (p=
250nm) O PAT T 71 9o n—53 THA &5 Bteks HAA
As DLGSP =32 AA"S vgsiglth. 13 4.7(b)+ f = 20THz,
T =300K , u=500meV & uw, COMSOL Multiphysics® IHFE=
gAHS o] gstel 3k ZF DLGSP RE9 f&E RE FHES

BolFal Qe E=dze yHlE AdsA SIS RA fa =
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432 A EE o|E3 0|&F £EEE JF X

2
=

r‘-ln‘.

QoA AAIgh Ak DLGSP =utz AlAglelA dAlshs 2235
A% XS &Asty] 98 238 2T o]lE (coupled mode theory)
[130, 13118 AFg3k3ich 178 4.4() oA &1t uiel Fo], DLGSP
BEX Jateral W BT FAg7 WS 7] wio| A3 DLGSP

LEaE A|AH

r1o

U3 A3 24 (tight binding model) & +AME &
itk [130, 131]. wapbA 1-skA 2 Tut=2 7Fo] Aghs HFAlshd
mAA T2 oA = DLGSP BEE m—1, m+ 1A £z 9

g el e g AY BE wgdow mdd 4 vk

da,, (Z)
dz

= jCm- 1,mAm-— 1(2) +]qmam(z) +]Cmm+1am+1(z) (4.4)

of W, an(z)v= m¥A L3z AVIE AZIE YEY, Cuogm &
Comir S A7 mWAAS m—19A, m+14 E92 7+e] 28 AFE
Uetdth g, myiA =tz Ax AeE ovlet N2 EuE
& MFolth Cneim, Cmmers qm© B5F zol FHst2E 2 4.4+

2 v A A Y] dEE d9o A )9 Al BEe

3
i

o
off

M:j Cm—l,m dm Cm,m+1 (4-5)

Cn-2n-1 9n-1 Cn-an
Cn-1n qn | :
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ol ™ g W Cumar & A7E B EtEe} o] mupEelA ]
FAN S Fel do golth o] F ol &t A FH M AFA
i LHEE AE TR S Jlon, R BE e 0] AF Afow

AA vz ajdeM e A7) A71E R = Slvh

dA
d(ZZ) —YA@) = MA@), A = [0(D) (D) . ay@DI  (46)
N
an(z) = Zni eXiZ\;(m), xihi =MA;, (i=12,..,N) 4.7)
i=1

ZF af REo My A A g e 27 238 A0 g8 o3

A©) =) mihi=An, 1 =ATAQ) (48)

da,, (Z)
dz

= jqam(z) = ij,m+1am+1(Z) +ijam(Z) (4.9)
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dam+1(z)

dz =jqam+1(z) =ij,m+1am(Z) +qu+1am+1(z) (4.10)

dm — 4 Cm,m+1 ][ am ]

Am+1

=0 (4.11)

Cm,m+1 Am+1 — 4

2l (4.11)°] A3l (non—trivial solution)E 7}#of 2= (q-—

T
= 47

:0{:11

N,
=
oM

0n) (@ = Gms) = (Comer)” S TESFE, 0] W T

%)
b

(symmetric) 2E$} R (anti—symmetric) R EZo dldste
(g5, qo)olth &4, o] =3tz 1

%
A % 9lon] olo] W} Cppyp©l THE3 ol AR H T

td
I
>
>
o
off
:c’){:rs
=

=

i

|f \/(qs - Qa)z - (Qm+1 - Qm)z
m+1 = .
o \/(qs - Qa)z - (Qm+1 - Qm)z
- > ) s < {qa

+

a9 48@+« °olF E¥dE (m=10,11)°4 A= oA
Bl by RE9 E, —field ¥XE HoFi 9loH, 1f RE
FAAE Tl D2 g Cumer o 138 4.8(b) 7 o] et
o A AF DLGSP =3tz A|AEA wAss E235 WE5s
157l Qo] oA EgEE V|eor 279 LIERE RIXAF
(FWHM) 6.2 2= 7k H (Gaussian beam)©] <A TRaL

7Pk, 271 23S v 2ol A4 5 i

_ (exp[— (m — 5)?/22] (m = 3,4,5,6,7)
am(0) = { 0 (m<3,m>7) (4:13)
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1% 4.8(c)E f=20THz, T=300K, u=500meVd o, 912 4=

of
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g Ze 235 AFe FUE Iy T FH ) Bus B/A 224 &
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A5 RT EEd B9 olgs 3%

JHA-SAA O vt 7)uke] Frhel 9l 3

oA 71 Al tfdol o] 277X, vheFst kg tj oAl 1
@GS vtake od F FE FUAI7I7] % 22 dFEo] X3 E o
kot [27, 45-48]. AR, 2R FAZF W% ek AAY Fx

S 7Idste] st mrol aede] HH FA7F @A 27wl
gite]l 2 TNt FE F5AE 57 580 =4 &2 HAE
Bt o]y st #AE sidsty] S =5 7Nt ety 337
[133], S8 -dZ &% (Fabry—Perot cavity) [134], 534 A=}
(dielectric grating) [135] % & A% % (photonic crystal) 2}<]
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e vEEde o8 R Al el o dukE
Euz el @e 54 FareA 4% (group velocity) 7k 0ol 717b=

BT EXNS zZH HEd), olyd Eold RS 9 H (slow light)

rlo

Brdh vk [137-140]. &= degtEd =29 =9 4 R= 54
dispersion relations 7o ZX s|A=E 4 3109, o]# 3l dispersion
relations @7] flsted 29 5.2(a) W EAES #HL EiEE
ZHEetth. 99 e vlewd &S 2t =9%, 949 I, I
EyzE 298 widelw BAs A4 z=a 9 z=-a °JTh
EoRoMe 7} W FAES =g, gy =g,=¢ OlH

Aqes A7 e 7t

( fora<z) H, = Ae'9*~¥1z
( for —a<z<a) H, = Bel*~ikaz  Celaxtikzz (5.2)
( for z<a) H,, = Del@**¥sz

ol W, k;, ky 2 wWZeAM9 & FI W (iso—frequency
surface)oll gt AHo=zHyYy dS F glow 77 by ol

Yepeto}.

q? + (ix;)? = &,.k? K; = /qz —e.ko®  (i=13) (5.3a)
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—+ = =k k, = \/st§ — (e1/8)Dq? (5.3b)

Maxwell Wg2S o]gslo] 2 (5.2)°=2%¥H E & 3 3 7

AAANA H, E,° a% 1S AEetd ofdel #2 dispersion

ik, ﬁ) (lk_Z _ ﬁ)
ptkaa _ €L &7 & &3 (5.4)
(lk_Z + ﬁ) (lk_Z + ﬁ) .
€&, &7 "€ &3

a4 5.2 EARC dTstes = dEEd =R
dispersion relation (2] (5.4))S =322 YH] (W =2a) W3} w2t
et AddE, T3z yuld wmet A2 ogE 54 FIgolA

TEEZE O 7PE A= =9 8 dAde]l YEbd S #le 5 Sl

A9

32

o [137,138] (129 5.2(b)).
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Abstract

Graphene plasmonics for actively
tunable integrated photonic
devices

Yunjung Kim
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

Graphene, the atomically thin material in which carbon atoms are
arranged in a hexagonal lattice, has become a leading candidate for
deep—subwavelength plasmonics due to its two—dimensional (2D)
structure with extremely large conductivity from the massless Dirac
point. Along with its structural advantage for the integration, the giant
and tunable conductivity of the graphene layer also enables the
modulation of its optical properties. A number of devices such as
absorber, modulators, and tunable metamaterials controlling optical
flows through the designed graphene layer have been proposed and
demonstrated, by manipulating the dispersion of graphene
conductivity via electric gating or chemical doping. During my Ph.D.
study, I have been trying to exploit intriguing features of graphene
plasmon to provide some novel paths for the efficient manipulation of
light flows in actively tunable integrated photonic devices. In this

116 2] 2- )



dissertation, the tunable graphene plasmonic systems are
investigated aiming to improve modulation efficiency in terms of
light—graphene interaction and mode confinement.

In the theoretical part of this dissertation, the theoretical
description for optical response of graphene sheet is provided in most
general formalism, Kubo formula. Based on this model, I discuss the
analytic expression for tunable graphene conductivity and the
existence of surface waves across the graphene. I also introduce
dispersion relations for several different graphene plasmon modes,
such as graphene surface plasmon, graphene edge plasmon iIn
graphene ribbon structure, and 1D plasmonic mode in one
dimensional hybrid graphene/graphene interface.

Through the numerical and theoretical studies, I firstly propose
the low—dimensional waveguide system supporting hybrid graphene
gap plasmon (H—GGP) modes, the field profile of which is strongly
confined inside the graphene gap between metallic and dielectric
graphene layers. From this distinct in—plane intensity distribution,
the H-GGP modes exhibit the unique property on out—of—plane
confinement, in terms of the light—graphene overlap factor. By
exploiting the tunable graphene conductivity through the chemical
potential modulation, highly sensitive and linear modulation of the H—
GGP propagation constant is also achieved with its stable mode
profile.

I also introduce a novel dielectric—loaded GSP (DLGSP) structure
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to confine and guide graphene plasmons at the deep subwavelength
scale without tailoring the graphene sheet or spatially varying
graphene conductivity. Utilizing the evanescently coupled DLGSP
waveguide arrays, actively tunable spatial Bloch oscillations (BOs) of
graphene plasmon are also demonstrated with experimentally
accessible material parameters. The period and amplitude of BOs can
be flexibly controlled by chemical potential modulation in sub—
wavelength scale due to strong mode confinement of DLGSPs.

Furthermore, I proposed tunable broadband perfect light absorber
based on graphene / dielectric multilayer structure. Originating in the
extraordinary slow light modes in hyperbolic metamaterial waveguide,
the saw—tooth shaped multilayer structure was designed and its
broadband absorption at infrared frequencies was numerically
demonstrated. The modulation of absorption band is also achievable
by adjusting the chemical potential of graphene.

The proposed graphene plasmonic systems with improved light—
graphene interaction pave the path way toward actively tunable

integrated photonic devices on graphene.

Keywords: Graphene plasmonics, Hybrid graphene gap plasmon,
Dielectric—loaded graphene plasmon, Optical Bloch oscillations,
Broadband perfect light absorber
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