W H :

£ &

B I T A
T8N

B N5 B O TR IHT Y

I 42 5 TR S B

Fril

Pz

(D ELp R

KRE Hi%

2022 43 H 25 H



PN e VA7
B RS B OGRS BRI S AR ST N

Ye#: Fril
FIh. XM FF

PR KRB B
Bl A4S HERERERE

Dispersion controlling of surface waves of Tamm plasmon

and its applications in thermal radiation

by Tong Qiao
Supervised by Prof. Hui Liu

Department of Physics, Nanjing University

National Laboratory of Solid State Microstructures



THEL oSSRt 1
N 01 1 o4 RSP 3
BB ZETL et 6
1.1 R BIBITOIE TR ettt 6
1.2 S B I B TEIIIIE U oot 15
1.2.1 HoZEEE M AR BEBITOATZH oottt 15

1.2.2 2B A BB AT I ST v 20

1.2.3 H2E AU B BTOHIRLFH oottt 24

1.3 AR S IBEEFIE SCLE I oot 30
BEZE SRR vttt sttt 31
W YRR B O AN AR S BT e, 35
2.1 ] B ettt 35
2.2 —YEES I T T RIIFAIE oo 37
2.3 BT RIS 5 ARG oo, 40
2.4 BEUEET S BRITTTE oottt 43
2.5 IS BT HNE S IR SEIATERI ..cooo e 45
2.5.1 EEHHA AN T A HISEIL oot 45

25.2 WA A RS 5 AR BB S, 47

2.6 BEORA AN S A BT BT TE G T e, 51
2.7 FHAES A AN SR A BB oo 54
2.8 ARFL/INGE oot 55
BETE SRR v veeviee et 56
W= YRR BTG T AR BT BRI SRR 60
Bl ] B ettt 60
3.2 B BT T I T o 62
3.3 RS AU T R AR IR SRS G SR 65
3.4 AR EEOOL TR AR HIH B BRI IR 70
3.5 AR BT T R A BR CBIU I oo, 74
3.8 AT /NG ..o 75
BEZE SRR vttt bbbttt 76
VU B BT A HIEIRBEIE oot 79



4.2 EIEE B HOCHTER RGBT oot 81

4.3 T IR S AR R ) 2 S AR AR I B s 88
4.4 FEAR RBEFR GIRFEIIIIE oo 90
4.5 BEUNAE BT IR S5 AT S8 IR EE AT oo 93
B8 ZRFE/INGE oo 99
BEFETSLMIR vttt 100
FEILEE BAEEE IR st 104
ELRRGRFERITIE T oottt 107



b LHEE

B R SEA S AR BV SO SO 1 T A 4K
BNV SO H - BRI AR B O RR T 14 4 O 4% 5 RAE 56 18

YR k2016 HIEHAEMHA: I
RSB (4. BFR: XIRE H#%

HE

PEURSE BT RO T A R ) SO —, IR S T E AT T
H IR 65 RGNS A BBEOTE ot 7 SRR e R 2 S SRS, 4K
TR B WOTHIE 2 N FRAE, W sm M REAL . (H-5 038 <5 2% 1 5
TEAFENE, ERFEE ML, mMHEOEMA L -, Y ERS AN
AR A, AT E AT IR S OO s Sl vl LB, X T IR VA R e 4
MNATTXS B U A BT R SEA R BROAR OGN F BEAT 1 R G0 7T, 15 W5 B IWOT e 1
SEC-WI AR ELAE R, WA SRS R S U A N . AR S
ISR EOT AT AL, (E 2 H TR I AR Th AR 2 T 1 ik /R At
T 7 1 PR J 3, T SR FAT T F T 7 [ AR 5 T e 3 T W R IB OR B, BA
LGN D6 SRR AR P S Z A ST I o AR SCIB R AE e R AR 1 5N A Ak
IR, OB RO T AR S, RETAT T IR T TR B A
WOTRIR ML L, IR15 T I WSS B BTG 7 AR A 5 I 555 o [ 3
IR 1 B a5 B EHoT IR SHE RO R R G BT o A S BT U0 F A
R

1. MiE —4E B IS BBODE T A RS, IRt — DRI MR A A, el
A T8 AT PR AN R ORI 5 01 A 2 RS RS B T O T
A, SCHLEE RS tRieEAn BN DO 3T 8, TR 1A e 7 de My B N 1) 35 28
TR, SRR S5 IS HOT LB WG 5 BN R . 3E— B
AN [ P P i ) B S5 R BT O B RS B HE e T T AR AR S A, A IS A A R
T ARAFAE S P AN ORI B A S T 2, AR S S R R S T 1 7 R R ko
IR SRS (OIS, PR OV T AR T S T S Rl R A 5, R Se Bl A

1



b LHEE

s 98 A A%, IR R A5 B — 2L 11 (A Ok, HR SR AR 5 (1437 Ry 3k
RSO A FETC R, A AR G I 45 R RT DL B R A R AT R . 25K
ey, FRATTIE L Ay 73 SN SR ULIN B 1 BE G i KB 98 T I PR 4R T AR
Lo

2. Wi RIS R R OTC T R, SRS AL T BRI R S e AR
Tl S R 2 AL DT R 0 < v B AL R S5 e v, B AE BOT S AR
FBPOTER AL T AR R BRSO R S TR
BRI R/NOR TR 5 50 o AR FLASF IR/ BA ), TSN R RN
JeT kR, RN s AR AR S ] SEEe b, R IR AR T AN AN
S 73 9 BN G A, BATECHOULIN 2 1 AR5 B ot OB & LSRR IR
H SRR A TR o

3. P BSOS B IOT SEIL O AR R GE R 3G 5 - AT BETE 1 —Fiole 1 B AR
55 R R A S G M VRO FAAR SR AR, R D't S B AR 2 W A RS I PR
ik LR AT U PR 98 5 D6 AR FRL Tty B 5 X I R e AR UL T, AT S B 7 4T ) 2k
THABEMSNHOCR RS ZRHOCR ARG RA R HREME, BRI IRFERIR
R RGRR, AR E RIG LA T HOBIR R G FTIL 33.7%, 53T 58 A
TIE R AL IR R G EL, BEBHOLIR R ARCREAN R RO AR T2 1
ST g s, DA AT T SR e RCR KGR

SRR IS EEOT. TR, R, RN . S BT AR T



ELHZ

B 5UR ST U A BV i SO SR B TR 4K

THESIS: Dispersion controlling of surface waves of Tamm plasmon and

its applications in thermal radiation

SPECIALIZATION: Physics

POSTGRADUATE: Tong Qiao

MENTOR: Prof. Hui Liu
Abstract

Tamm plasmon is a significant topic in nanophotonics, which has attracted many
researchers' attention in recent years. As a kind of optical state localized at the
interface between a photonic crystal and a metal layer, optical Tamm plasmon inherits
many advantages of surface plasmon, such as field enhancement and localization.
However, unlike the surface plasmon, Tamm plasmon has lower intrinsic loss, and its
dispersion is located above the light cone that allows it to be directly coupled to
free-space light without the aid of coupling gratings or prisms. The basic physics
behind Tamm plasmon and its novel applications, including in the realm of enhancing
light-matter interactions and controlling light absorption, emiting or detection, has
been widely studied. However, so far the research about Tamm plasmon mainly
focused on the filed localization along the vertical direction of photonic crystal/metal
interface. There are little work about the dispersion controlling of surface waves of
Tamm plasmon and its filed localization in plane. In this thesis, by introducing
periodical microstructures in a metal layer, we design Tamm plasmon photonic
crystals and superlattices, exploring the new propagation phenomena along the
parallel direction of the interface as well as tunable Tamm photonic bandgaps and
topological interface states. We also show the application of Tamm plasmonic thermal

emitter in solar thermophotovoltaic systems. The main contents are as follows:

1. Realizing Tamm topological supermodes with a tunable bandwidth in Tamm
topological superlattices (TTS). We combine subwavelength double-layer metallic
gratings with one dimensional photonic crystals (PCs) and . By ultlizing one
dimensional Tamm plasmon photonic crystals (TPCs) composed of This complex

3



ELHZ

structure supporting Tamm photonic bandgaps analogous to the bandgap of PCs is
called TPCs. Due to backfolding of the dispersion of Tamm modes induced by
periodical structures, a photonic bandgap of TPC is formed at the edge of the first
Brillouin zone, which is contained inside the bandgap of PC. Adjusting the geometric
parameters of periodic structures endows us with the ability to tailor the width of the
TPC’s bandgap facilely. Furthermore, two kinds of TPCs which belong to different
classes of topologies are stacked alternatly to form a TTS. On the boundary between
adjacent TPCs, there will be a Tamm topological interface state within the TPC’s
bandgap. Each Tamm topological interface state hybridizes with its nearest neighbor
and forms hybrid collective modes, called supermodes. By adjusting the coupling
strength between adjacent Tamm interface states, the bandwidth of the dispersion of
supermodes can be controlled and finally a nearly flat dispersion of supermodes with
strong localization is obtained, regardless of excitation angles. All the results can be
fully described by a tight binding model. Experimentally, the dispersion of TPCs and

TTS can be directly verified by angular-resolved reflectance spectra measurement.

2. Realizing a tunable bandgap induced by the coupling effects and loss suppression
in the structure of two dimensional TPCs. We combine metallic hole square arrays and
PCs to form two dimensional TPCs. Under certain polarization direction, the Tamm
state localized at the interface between the metallic structure and PC will couple with
surface plamonic modes and thus forms a hybrid bandgap. The size of bandgap
depends on the coupling strength. By changing the period of the hole arrays, the
coupled photonic bandgaps with different sizes can be achieved. Meanwhile, the
radiative loss of a specific plasmonic mode can be suppressed due to the coupling
mechanism. In experiments, using focusd ion beam processing and angular-resolved
reflection spectrum measurement, we can directly observe the coupling dispersion and

the tunable photonic bandgap.

3. Enhancing the efficiency of solar thermophotovoltaic system by using Tamm
plasmoic thermal emitter. We design a thermal emitter comprising of one dimensional
photonic crystals and a cavity on a metal layer. Utilizing the adjustable characteristics
of optical Tamm states, the sharp emission peak of Tamm plasmonic thermal emitter
is designed to match the bandgap energy of photovoltaic cells, and thus a new Tamm

thermalphotovoltaic device is achieved. This device has a narrow radiation bandwidth,
4
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low loss and high system efficiency. Under certain concentration factor parameters,

the simulated overall system efficiency can be up to 33.7%. Compared with the
coherent perfect absorption (CPA) thermalphotovoltaic device based on the broadband
absorption, Tamm thermalphotovoltaic efficiency can be comprehensively enhanced

given different area ratios and concentration factors.

Key Words: Tamm plasmon, photonic crystal, superlattice, topological interface state,

plasmonic thermal emitter



4

B—F &l

Jestat T E R B INUREXS T UADE 2 IR R, BIWEE T 5
B AT, — BB E e, S DA A &2
BRI RO - R BEE BN IN TER N R e, NG IAEG KRR
ERER TR LS RIS RE, R T2 S e G2 IR )
B RN ERE T, TREOL A U A 5 B TR B S W T RUE RS
2o A B E AR R E SR R RBOR, B8 -2 O R
T T SRR WSS B 0T .. S8 B WoTlE Jy & i a8t 7 Ik % P
JRITEIOR, W UM AR L e R SRR, WA EZ LN 55
Wotrl oy AASRIARSE, Bln e Ja v 1 B il i 8RR 5 5 A S R R £ vl
LU e 1 55 AL IoT, AP R BT DASeBl i Rt 538 08, (H4
Jo I ) R A 2 38 ol T 58 S e e B DR T o, PR 1 FL N Ve o
ZE, MWL T S el E S8 gl 1 IEmeEEEoo, K2
FE IR T i A S )8 At _ERee . BT RIS o, BREE
WO RA T 2 PUH A2 0 BLHTHT 5% o A 5 3ATT 56 f] A 4 3R 1 5 BT o 1 T
67 52 5 BB FEAME A S o ARG A1 4R G 5 B AR BT 1 B AT SEER BRIE
B T WSRO A A ELR G B SEDUAT R o

1.1 RIEFHETTH L FTIR

A. REFEBCTHA

TS AL T (Surface Plasmon Polaritons), f&i#k SPPs, &4 )& 3K [
I FL 172 5 5 40 S R RE & J5 T B — Rl B A=, e mT LB 3 1902 4%
Wood FH 't HE S 380 <6 Ja8 Sl b P R IR PR S o 1 e B G (1] & S S Dl i R BRI
BEMEA B RNAATE, 1941 FknFI AT ER MR T XM TR 5=
ASE BRI, XK TR R I R A A e A (2] .
S, 1957 AEWEFUHE F mRe T ORI IR SR R, RO T & B RO 4,
e T RS S TR R] . M, PIRIRFEZAIR I 1R & AR
BRIMER, JRgh T HERU 2[4, 5] 7EMLIERL b, BSREZ A 5 SPPs LA

6



4t
BRI, NTEARE 7RG EI SR SPPs 77216, 7] . I S8R E i n T
BRI, NTAT AT R & RSN S/ R Xt SPPs #EAT #4% [8-12] .

a E ~

zh Og ™~ 100 nmn

Oy, ™~ 10 nm

Dislectric

K 1.1 a B2 SPPs LA SRR 2K, 4 &l SPPs /e & E 51 R 7
SR P PR SR AT T L ) 2 3R L [13]

SPPs 2 A7 7545 B F I 11 R IR i A2 o, DR FRATT T LA BB 428 5 10 R e
T IR, HRI &R S A RS T AL R A, HE S R S BT AT
TESAE R A BOTRE . N ST F 05 A S el Rt R [14]

V’E +k,’¢E =0 (1.1)

% ST IR KSR 5 A M I P TI, HREAIE x TR, T
TE B3, Wiy

2

Ey 2 2
572 +(kye—p )Ey:0 (1.2)
OE
H, =i LS (1.3)
wu, 0Oz
H, = p E, (1.4)
Wy

Hr, k ZBER, 1 BT E AL
BRI BATBOESE 2 /T 0 TR ERIE, HAHHE e <o AT 01

TR RN IR, HAHE e, >0



4

Vi
y Dielectric
Metal
Kl 1.2 a SPPs 7£4: )& Ao it S i 45t s = B [15] .
Xf 1.2 BT R 15
7> 01 XA
_ ipX 4—Ko2Z
H (z) =—iA, ! k,e" e (1.6)
o
H, (2)= A2 B cingt (1.7)
0
7 <0 XA
E,(z) = Ae”e" (1.8)
. 1 : ,
H (2) =iA ke ek (1.9)
Of,
H, (z)= Al P gk (1.10)

Ho
N T RS W I E SR SR A
Ak +k,)=0 (1.11)
BB 101 R T 0, T kAT K, 2 LR 2 R4 ST 3B B0 1) i
A0, PFrbha=0. RUEFATGE] A, =0 . Kk SPPs I AL AE TE HK.

FIBRAAE SRR, X T TM AL, Besh TR .

azHy 2 2
>+ (k,'e—=p)H, =0 (1.12)




4L

oH
E, =-i 1 !
weEs 0L
E,=- p H,
WEE
z>0 X3
H,(z) = Ae"e™
H 1 ifx A—kyz
E.(2) =1A, ke e "
WE,E,
EZ (Z) — _A1 IB eiﬂxe—kzz
WEHE,
zZ <O WX,
H, () = Ae"e"
E,(2) =—iA k.e"*ek?
WE,E,
EZ (Z) — _A1 ﬂ ei/i’xeklz
WE,E,
N TS B H e, HESEEID B AT
A=A
h__&
Kk, &

£ 1.23 A1 1.24 A A2 1.22 FAf 15

B= ko fity

& té&

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

(1.

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

X TM fidik T & 2R i & B oo U iR & ol LB, 3l

VR AR TE WIRIFEEFoT, 1AAT TM B,

9



08 r

06 éf" I-" =0 /(1+g, )m

kcfmp

Kl 1.3 B Ag 5 SPPs RIEE &R, e tiEL[16],

B. REFEHITHILISMH

MHTSC AR T SRR SFEHUCH O, 13 % T e
£4[15]. FATTARIL, MIFHR T, SPPs MR AT A I HDEIBR, [
Tk 5 A A RDE BB A . N TR SPPs BER, JRATIAAISI N IR S5 itk
TR ILAL .

M3 SPPs MUK RS B HH S G R 72 e LRSI ) 73 (18], Bl &
HEREHEME M. B 14 SR THMHAFEREREGSEN: Kl
Kretschmann 4514 [6], 473452& Otto 4544 [7]. Kretschmann 4544 & 75 4% 45 4% T 1%
—Z&JEIE, M Otto 773U M & B SEIn &8 IR, (S5 &8 IR iE Bk
WA WA AR RDGE A SRR, NI R T I A B, Jedl 4
T PN EN=R 1 ey iala =X -3/ S VA= v & s SRR g e 7 P SN S i)
%, IS SPPs IR RAHIL, MUK 4 )& 5 2SS IF) SPPs.

K 1.4 PR R SR & 20RO SPPs B (6, 7] .

10



4t
BEAE s N3 5 A A e in A il i S 1) < S e Mt ke SPPs,
B 1.5 s Al eI 0 i B A A —4E el 10 B SR R R UL RS, AT
#Mz SPPs [R5 B A ADGEER ZE 5 . XMOR T NG & A 11 2 50m)
W, BEREULEC AR SPPs MICA 26t . RN et Etite 5 Tl %, AR HI T
ROt BN ) Ok e RS R, ARG 1
JEI IR /N FLEE Bl A2 2% (R S5 R SR SEDIN SPPs FRIRUA AT 425 o

K 1.5 {ERIAR GO S R UL R R Bk SPPs #43[15] .

UK SPPs J& anef #EAT UL 2 — A BB 1) el @ KDy SPPs B RS H A
[A] Y6 R ANIUHC, DMt SPPs A J0vk BB B B 23 1), 75 A4 1 e Bh
B AT o WL J7 A RSk 2 e, k7 s8R Leaking #55X
AT AR SR

einfE 2003 4, Devaux 58 ANH 065 B0 MUK 1) SPPs 1 Uidk 4T
T, 1.6 Fros (171 AbATTH) & 1 2SR R Bl e T Z4E =TT FLIR PRSI
RIEAT R RAME:, Wk SPPs L, IFAE Tt 5 A BT #EAT I s . BAR SPPs
Tk H i SRR, (EUr e 2 BB AT LAKT 4 e R T A 48 6 25 Bl T H
i, NI SPPs [1)4% 75 .

RIVETH

11



4

702 2
| | e
N 8
| H0.15.E
0.1 F
E
0.05 Z
-10 0 10
X (pm)
¢ .
| 5
j02 8
I =
U & 0.1 S
[+ ]
0 E
.

10

-10 0
X (um)

K 1.6 a LR S mILBEANAN, A KIEARRS RS, Ry NEAR AR EE 515

Hh B R 8 KOG B SRS P51 L0k SPPs, FIIIZt 2 B e W 21 1) SPPs 1%
RRILRE: N EGEAH FE U SO, AT BLW 25 SPPs LK [7] .

B R A BOUTE KRB b B A B0 103 R s 5 3w e o, DR v
DU T3 5P 0 fAH AR o AR AL R T RS B HOUcHfF, Rt
AR . Houn 3 & i1 2 — st R RIS B WUT UL : 0 Rk AT
R 45 2 oc Se I B B % (18], W 1.7 2 AT o AT TR AR A Sy
BB, £ 35nm ERDCZIIR ERR, IR TR0 ARM B 2R
L EG . —/NEL “NANO” B IIIAIRAR T 29 65nm [¥153#d%, X1EMLS
T RGP ATRER o BhAh, HABBT FE B ST R T A 2% 18T 45 1 G AR
% [19-24], Wl 1.7 A B PR, XHPEHE 7RIS EHOTHEEKRE 50
Z1F49:(19], FI 2R B HoC LI LB PUK & IR 5 h 2 B8 (211, WS
IR GE R 30 27 1% [ 20] DA S 1] % tip-on-aperture (TOA) #R%1[22-23]1%%.

12



%L

Ultraviolet illumination
Plasmonic
flying head §
‘\}_ —_
\ Rotating substrate 3

& 2108

107

n=10"%cm=

1,000 nm

Cu Si0, W Si Single transistor

Bl 1.7 7c & a-c B2 R F R T 45 B oc AT Tk K 4 5 (18] o 1 SR A6 B SR 1 i
NANO FBEE %, lid AFM MR 5 2RISR I EHR . A K a-d J@os 1 HAh B T
RIMFEBOTHIW K G 7 40[19-23] . a AR MERHUCHZ RGUR= EI[19], b 2R
TRANKAE I s 2 5 (211, ¢ 2 i 5 34 6 5 B4 [20] , d /2 tip-on-aperture
PREHY SEM 5 [22-23] .

S B, 5 JE RIS B o SE I 1 9 A PR AR B 2R RT DAR N AR
2kt oA [25-32] o« WEFUE BLIE 1 M A5 B TR R ok SE m AR M Al i
(IR, A < AR PP T 25 R B SR SR MG i — I I8, I8 Id 5 SPPs IR &

AT DU < Ja F T ) — O 5 — MR L L

e Au (70nm thick) f
I . * Il N

GaAs

YD) )
o) ©) c) ©) ©) T)

ROOOO

Input pulse

B 1. 8 a-d 52 M 2 i 45 RSO CREAT A0 9 o a2 A IR G544 [25] - b-d 73731 7 2 8 XU AL [26]

JFETEALRTIM T P ALAZRE A [28]: e 2R T &R Aok &I 5E[29]. £ AT g 2032 Ak
13



4

ARG RN R, LIRS R SEM [EI1£[30-32].

an el 1.8a-d Fitai , A8 FH 2 AR 52 1 4 e RS 8 v =) 008 S 3 RIS A% [ 25
SABNFR) 1 55 5N AE FAth VB A LA 2540 o Ml 82 21, gl B B AL [26] . i 1
HILALL2TV R TE 7 FLAERE 51 (28] oAb, 2585145 44 ) DL B N FE M A IR
R ISR LR AL [29] o FERE] 1.8e H, AL AR Hh gk B X8 bl T i sk
R, AT AT LA L AR SR AR HOR AR LR ME A R (i LINDO) KNS 4% [29], 4
JEASLRESI A R RAER, WIIESE R 4™ S5 AR 3 RIS IR, &l 4F A 4g Pos
[30-31].

B2, BRI A EOT W TR FONTEEA R N DGRt T2 3
B, R R TIR R T — RIS LA A AT AR BR 28 . JTHGZRE
H IO LHARI A E, K& @R 5 S Hoc 5B R BGER AL &, 7Y
RO T EA I BOTHR OO B ATHT A 9, 11-12, 24] . (B2, &RKIEEFH
P RIS th 52 PR T 45 R I R A, 3 3 BT R A B A BRI 5 RE, DA B
SREAT I ZA G 55— PR B 0 S5 B oo s B I AR B O

14



4

1.2 SRFIERE R HTHIBT

1.2.1 B RERHOTN A

FEE AP B, —4ER RN G TR, RSB TS RS I, B
{7 R A IR gl A — 4 B0 i 5 DU T . — 248 A B b ) AR A IR B A AT DA
FE BRI ACL S BRAR 1 7™ 2 AT Ve b g BRAN RE 71T 2R 1R A2 Fd A 1 45 P
BT D L. HUEFER, BRFIFFAAAETIR R I 5e 5 A WIaity, Dt —
AT R, ey A i e P A BRI, X 5 i A o Bk e 28 O T A
P eg R, AT EEAN YRR R D A B A BT

—HRGFNSHORIE W, FIREILR 5 T, K 28 T 57
IR TC . A A 20 120 30 R4, PB4 (Tamm) B 742 HAE — 4k
AR R RITAL R T AR T I AT B, DR T R A R A8 P 1 S AN T
AR RERT, WA E TILH R 7 A4 (33] . Unf&l 1.9 Frow,  FfAAT i 0 I8¢ R
FERMEAL (Z=0) ¥ AWK, ML T H RS, Bl fEHss.
TR AR AL T b 2T A2 U5 oA B S e — e R BOE Bk B A6 A, T e AR A T
LA i AR U B R 5

E—E LK, WA IN AR S R, RO 271 oM E A K 57 o 45
] B A PR PR AR AR MEAS 21— 28 RS 1P B SR i, AN B R I BNV AR B 2%
AELLX 73 K i A5 5 HoAl AR 5

200

1 (a) J\A’ AE=755meV (b)
AE la Ly
AR
mhlle“JU {0 LB 0 A O A VAL

ELECTRON EIGENENERGY (meV)

PROBABILITY (arbitrary units)

50 1 1 1 L 1 1
0 200 400 600 800 0 200 400 600
ENERGY DIFFERENCE, AE (meV) POSITION (A)

15



4

B 1.9 —4E A GAS TR iR 245 (33] .

JaR, BEEWMANMIEARRIED, & K2 R SOy e, JCHE
FECEE AR GE R, WL [ A B A A A D T i RS RR . AT TR+
BORIOECHALFEREAT HIZ . ST BIAY) B R I8, 2007 SRk B4 R
St TGRS RS [34 ], AT HE ML BRI A Bk S A R SR —4EAn
Fik% [ #5(DBR), Wl —4t ik, EHRIAE S L — 2R, dit
B3 7 RIS T fa A S R B S T R AR, X ST AR AR B
WS KIC AR . T 40T S AR T S R, TS B A A3 NI g B
MRST 2 B NLAE RSO FH - DT & T B 2R, el o 1 s
WA BT I R 6

(c)

K 1.10 a Al b 20l EfE—4E DBR, LIAHEZREBRE & RGHHHEI M. ¢ &5 miF
A7 B 58 B A ol OB R S S s i B (34

WK 1.10 s, MR EZE—) DBR 5& B AN E S 2%, /£ DBR 54
BRI L, BRE A BREE R, I8 HAERE TR N

16



4

1 _ eXp(ICD) 0 rright
A[Q]_A( 0 exp(icb)j(T) .20

i B 72 I S TE 0 S5 R, Mg A DU ST P S R, D R B X 1)
MR AR, AR—AEEL 6T 1.26 AT 45
ett Fignt EXP(21D) =1 (1.27)
BRI, AR IRA HERUE I 98 B x 1WA /N2 0, B ARUEIEL, T DBR 548
TR B e, SR D Rt I P A A A S A I A o oF L) S S R B -
et rigne =1 (1. 28)
PRI, P A AR TR 2 ) 2 Rl . 4B IR S S R S e 7 b AR THT 1Y
5t BRBCRAA 1,

7 X R R BRI AT LU e R I FEE /R 2 2 X e R,
H S R HON:

r _ Np = Nyeral

Metal — (1. 28)
rlA + nMetal

Horp, n, ZFIL &R BB BRI A, 100y 2 B/ HFTH R Ny
FILAME ] Drude BEBY43 5], [FRY, DBR ST R EOAT LI e 8% R R 16 77 12:45%
B, @aditH, RARINERERRN(34]:
— @y

1+2n,m, /\/gﬂa)p)
Hrr, o, & BIER TRM%, ¢ /& Drude B8 RN HH %, B2 DBR

Y ARSI Z

@ (1. 29)

BEAt, WEICE A 7SRO A B G £, il 111 Pos. B
WESTE TE AL TM PEAM IR T, LR 296 TObtEZ e b, SE A
i EE R A O AT A B B 2 DGO o ARSI 2R e (i, o m] DK

1y SENIE SN

17



4

PRVE

LR

Energy (eV)

097 4

096 4

0.95 . ,

K [um"':l

B 1. 11 BN KCE D7 ) B i £, PR sl e TE B, ML TM Bt [34],

FESE I, 2008 4F 4 2 M UR AL (35] R FH 4 1 R AN SE A K 4 T
GaAs/GaAlAs St ik, Bt ILE 19 ANE. M TEE i R g % — 2
30 AR e SRR, SRR TR ALESDEHE, Wl 1.12 Pos. L
TR S PR B T DA AT S UL 5 38— A A U 5 B A, X T B S AR S A7
fEo [N, ANFREE R W SR N SR 2 R R, X TRIR T SO S
MBI HE I AL . BEAh, a-b B2 B e, gt — 2o
TR AL, BWESPR SR AERD), RN AR AL E A
1.12 A EH, WiRER IR OEM L. rT IR SR E R 5 1.11 85 R LR
2

1k, g e WE s
o | ‘[ A=7TmeV " (a)
& i

=
=)
>3
[
2
-

T=300K
d=30nm

,_.
[ =)
o
P B
Energy, eV

‘

0

Energy, eV
s
L]
|

Angle, degrees

B 112 St B ARSI [35] . a-b ANIRL T g 5 SR R SR S 5B
o A BN RO ALE SO BEBOR A R . PR B DR B AR ) Bt 25

[Fl—4F, BR 7 RRATHESE ARG, HAREAR M FOL T SR S H

18



4t
TaRE S RGN R 7 IE WA KA [36] o AR TE — 2 ALRE S T A 4Rk
I FOL T RAAR 113 fos, AMPHE T — DR T S A, ERALT Rk
(o F T A AE RS GRS, XL 1 3 S o R e ) S B (R S e o e T TR
e mT DL A R R B 2, AR T TR, b KR T ke 1 5 1)
W G T dn R RGURBE AL A WA, IR BT A ROt I S S A
[37-42],

Al
T
S

=
T
8]

Dielectric constant
(]

=]

)
Amplitude of electric field (arb. units)

600 700 800 800 1000 1100
Wavelength (nm)

-
T

|
[

05 00 05 10 15 20 25
Depth (um)

113 BPDLT Sl R Gt B S (36 . acb LT P ML T b
BRI R GE ARG A A EOBIMOL TSRS IR, DL A4 H
A

19



4

1.2.2 J=A B RS B BT A SE L 5 1

R SCHR AR T EEES IR, DULOGS: R G0 B S I B 52 AT S i
BIE, NATTAC R AR D 1 b A R G SEBIDG 2 B A Do 2 R 4 Th AR A I
TPt TR Z R . AT IA T — D U 206 S B A AS  SEELA 27
[l A AR AE SR AN B EE GG IR, AR 1 db i S S AR ST AT 0 1 REATT 18 A7 X
TOLA RIS A R

AT SR T SRS S B AR AS (1 26 A e — 46 7 fn Ak 5 & s TS 1) I ik R 4K
FeR N Lo BHIR SR B AN B 062 R AEAR T8, AT R B — A s AR R i g
BARIX 54 B -1 % T4 (Fabry—Perot interference) K45 RIE, (EY)FEALH]
N AZAE RN o AN —> 1 B2, B UNS 1) S A0 R 5 AN [R) G5 A 1 S S AR AT 5
2014 FE R RS MR T2 HU R 20 [43] 8 70 T — 46 T iR RS U AH
R AN RET, Wik 1.14 PR — 461 S A i SO T LA SR AR AL R R R «

r, =e'% (1.30)

RS SO REL dr 2 STREAL.

BB, O T OGBS TR R RO &R, T 1,30 v Al 2 1. 28 1,
A13[44]:

Poc + Pjera = 2N7T (1.3D)

XHH) dpc &40 T RARHI RN, e 2R E B SRHAHAL, n
IEEA. Bl RESRATRE A A3 — 400 T MR 5 & s B SR AH A 2 AN 20
P ECRS, BURT DAME OGRS o BT 8 MR SO AR A — O U, P
PR N1 S AR S A A6 55 1 AR S 80, 6 2 SRR AR 2 A 0 BIVAT, 3 2 e T B
FR O 7 A A S R R A& 7 2

NERXNER, —400 7 RSO B IE TR B, JCHGR A T
Hro BREENILAR (4310 SO R L, W DA RS Y B i 1) —4E R G0 Zak ALK
TR — e T BRI AN EAL, Zak FHALZ5 IR AT LML A% RE B A5 21 1 AL ¢ 2R 2
RiFo WHELARWE 114 Fox, BT IEEE— 4807 d iR 2 BAT LXK
RFAIE, DT Zak AHGL R BEDN 0 5w, b ARG H 1 B — 26 BEAIT Y Zak AHAL . [FIR

20



4t
MREE NI TAE A R 7 RET 1Y Zak AHA 57 AR FRYE ) OC &, X s A7E N ik
B TAEFIER
(a) (b),
X

g
2
4 <
XA

...>\

o

— c
(]

1 S 1
o

o

(TR

05 00 05

qA/(2r)
1. 14 —4ER O X FRIE F AR TR aes SR MEAL [43] . a —4EF O X FR IS T S AOR
B b G AR aEas oh R S 0 8 BE A P AR AL

TRAVHAEBRSE NBE FE AR (At I [44], FRaOXERR 0 — 4t 7 i g —
AT Zak AR AREUAR T AR PR o o AR R B A — X ik,
YT R ACRE R RE T R LA T SRR X IR SO AR AR . ] 1.15 s,
XS PR 20 5 3R, T SORARAS i L B i v o RIS, sk — R BT Y i )
T AR S AR QI FRAR [, EL Uy oy SO FReR, A4 Zak HAGZmE A 0. [ 2,
N R S FRIEAR S5, B4 Zak MEALHLE no BERE—2, AR X
PRVEREHE— 20 SR SR AR AL X TR — 1 B, R BIA %, ARSI 1A 5
55 AT TR QR R 2 5 R X FR- IS FR, U Gap 3 A 4, IR 7 B ) SR AR
REtie N 0 B, [ 2 [ FR-XF Bk F A-m 2] 0.

Photonic Crystal

21



4

® Symmetric @ Antisymmetric >0 W p<0
SIS (b)
1.8+ il Gap 4 e sl
S ] ' —
= 1.6 1 s
>
c
8 1 Gap 3 :/ il
o =
=
w 1.44 B —
1.24 /.\ i G_RJ) 2
T T T 1 T ¥ 1 v E
-04 -02 00 02 04 -1 0 1
K(2r/A) Reflection Phase(m)

K 1.15a 4 OoXd FRIDL T i ik g 25 S I AN [44) 0 b —HEFOXIARIE T A
5w MR SO AR R I, KM ER T S A SO AL, 5 0 il 2 2 < T P e
SHARAL

Z Ul FRATEE — 46T A IRRRTT 1 Zak AL, AR HHY A R AR 1 T
LIPS 2047 B S S ARALIR IR A, b mT DL — 4Bt 7 i A a1 SRS A o 1 fE
e JR VHEBEIS , LY BGUR R TRARAE DG A I s o (A I SR AR AN I S ok, il
RS e MO A B S R BAFAE, AT AT DU R XS B, AT
7 A W — 4R 5 SR AR BE A ) Zak AHAL, SXAF AT LA S SRAEAE — MR R FIT R
AR -

FER TG BSOS I BRI N 73 AT (R BR il FRATIR 2 00 2 B S A
TR RIS, — R U T B AR, R U AR R TR I 4 SR R
AT 2 Hi B0 A v — Ao e A OGRS E AL G R 1T Metasurface £
A& TR R, e R4 R R T 1 SO AR, SEBILN e B RS P R 4% . k4,
FH TR R T EA AR SR ) & 1) e A DRI LR RAT TP DR 4% MR AR 7 1) b (90 22 T
SO W 116 THEMSEIREE R, AR T IS BUR A
HRENTT A, 3K AT BT RVE 2 VF 2 300 R 1K) 52 H [46-63]

22



%L

Hyperbolic Metasurface Y-polarized X-polarized
_ ———— (b) d= 0Onm

d=50nm
d=100nm
d=150nm

Y d=200nm

Experiment

Measurement of Reflection

(d)

. Theory | -
M2 14 18 18 1.2 14 16 18
A(um) A(um)

K 1,16 HRIMEMWITIEMASRAE44]. £ EENEBRIESER SEM K, A FENEERR

KIS AR B a-d AFRWIRIGES T, B0 A RTHE 5508 45 R

B 1 BT A AR T ) <2 S S5 R SR G S BRI B A, 51—y
FRBA T ARSI 117 s, SR A ZR5UKEE) Hirofumi Daiguji 5 A
[45 ] <52 Ja S B MUBUZ O 1 i AR O 20 B 49 3 Y BE SR 2R DG S B IS 45 4, X

] DA AE ST o r DR T B AR A e J P B %, A BN T B s R 1
R AR G

&b
He

b) g : 10
i}
Q\OJ 0.5
]
® Q~1908 .
H
g 3 0.0=
g : E
4 I, =
/ -0.5
’.-"
| . | oo=h— : 1.0
4.4 4.8 5.2 3.5 4.0 45 5.0
Wavelength (pm) Wavelength (pm)
Metal-OTS (&) - . 10
5 B g 8
08 2 g z B
g = ! =
- o = rp 2 o g
E Eo6] G < =
= 32
c B 0.0 T
:‘% § 04 &2 10 Absorptance
Q ﬁ ° 6 Transmitancy
N " I
0.2- CF 1 & o
{1 1
00+ ; 00—=
15 0 4.4 48 52 445 450 455
|EI/IE,| Wavelength {um) Wavelength (um)

B 1. 17 FIROUZ D67 it PRSI B i it o R 1 (0 B U S 4544 (45

23



4t
1.2.3 6 MRS R BT AN A

JeEEBE IS BAT AR OB 0 S I BB S i, [RIIN RO 1 iR S st i R
R, PR SAERR A ER S R, I HLHL AT DA AT & M sk 5 B
Wk, R REAEARCAIE WS R R 2 N . HamDe A B 25 ag MR il vy
CAFR SEL5E 2 (641, 455 —4ERDRHK I [65] 55 s 3R BLAI R BETHBK W]
VRIS PRSI AR ST AR (66], MR AR AR I RCR 255 [67-69] o AT EEAGH
PSR RGP A RN

A. SERRWS PR

Wk, HTEESESsmEEETTARZEY, E8RERD, K
7 HAH B T4 8 22 1 4 B o BT SEAR I BURE o (B RRR B 4 28, Sl
R QU F ZEE P T & Jm b, phnT DASEILRE A e, E AR e SRR, W&l
1.18 # a fl ¢ Fron, Wang ZE A [64] % it T N S-& R E- N RE S =E4
Fa), IS U2 SEEL T RS R i 0.991 1158 FE M ik o 28 55— T T4 v, Xiang
2 N [651HF T T A7 SR ) B I 45 B BT R 40, Al 40 B0 2 40 SR RN B T ik A
<R VIR ], R FH P GRS SR B A SR RS R N 2.3% 3 T I ER T 100%,
iR T B S O A RS 14 I R, Sy AR R L A A e 0 R TR T
B .

a

x10°
3
5| -

3

5

of  ®

s —

e c
500 1500 2500 des—Tioe—3h E”E

Wavelength (nm) Wavelength (nm)

1500 1550 1600 1850
Wavelength (nm)

Yoa | HiH (TMLAE, )
1/ %) 508 j 1 1
{ Y e i T bythe TMM

e Rby the TMM |
—— Abythe TMM

02 @j *uu‘ by the FOTD]

i ¥
1200 1400 1600 1800 206500 TEte 1700 1800
Wavelength (nm) Wavelength (nm)

Position -1

K 1. 18 P AL B A SEBL I S 45 50 SR I 7E S el [64-65] . a T ik & RE &

BHRIRNT BB SR B R [64] 0 b B SAE Y SEHL R AT SR IA 1 72 Sl [65] -« ¢ ot
24



%L

Tl A IS B S AR AT RUE R GE . o PSS G5 ST R A SR A 1 B 1

M2 B GRS (10 SR AT R (Y R A e [ A RT LA 2 P - SRR S 5 R A S
wefF. Qiu FEA[66] it 12k TSR FoT ik F AR 4. W 1.19
Ha Ml ¢ fras, ARATIFE—4E DBR 25k M1 <: v i L [l o5 2% < Js IR DBR
wJa— RSB JE L, AT LASEI 3 ) R A SR A ae . [RIN h Faii R —
YL, AN E AN TEOR, BT AT AR RRAS . KA il . 73— AR,
Voisin 55 N\ [67 18 1K — MEOK R/ 4 J [ B TR E — 4~ 44 DBR 4544 L,
i TE i H B SR 58E ROtk 5 87 ARG, AIseBl B k485
B, ik 1,16 b A1 d . FESEER TR, AT A DX R, IR
WSS R AR, SEBL T AR 5t PR RN AR 2, AT AT A ] B
FARSSRCRAE 2 DN BRIV A AL

Energy {6V}

1
2 o
3 o
o 0 £
4 R/ | a AN , s2 W20 -
I 0 - A
z 2 —
/ . ! S ool
[ R i i i 0y | i i o | o
(1] 4 0.8 12 a o8 16 24 0 1 2 3
# axis (um) zaxis (pm) z (ym) ‘4_2 G TR T
C 4 d Distance to disk center (jm)
_ a) ZumDBR _
B E
S 2
3 "
: ;
z 2 =
1 50 100 150 10 20 30 40 50
DBR’slastlayer thickness (nm)  Metal layer thickness (nm)
7 Ta
- ) 7
g 3
g £
; : I
5 E 3 1.36 1.38 2 4 6 8 2 4 6 8
Enangy {aV] (Diametar (i) Dt (Jm)

20 30 40 50

10
Metal layer thickness (nm)

DBR’:Iﬂ?hyc?ﬁMﬂiﬁu?nm]
B 1,19 AL S SEHAE B Eon I I S F KR S 1595 (66-67] . a SEIB IR 4%
FyBE S . b T GRS AWK BT 5 g fi . ¢ SEEESHAEA R
B, ANA& R DBR iS5 N AL, d AR BERSHMBIE &8 B ES ATl Ea &
R 1 0

25



4

B. #5RIRL RN

BT 1237 AFKIGHE, A UL RS EAT B I sn o), Ik
B 2R 1025 JE T AR T ARZe M e 22 2 7 . Fedyanin 55 A [68] 1 1 61 i
BT R A, R TR B R TRBUTIIAAE T, IR — 0o =
USRS BB 58 . Wil 1. 20 7 a-b A1 d s, fEGZEIE A HIBUR B
BfiE, — EEGUR S S ETMANE S, OB A RCR A AR & R i S =
T 245 RIPEES SIS KAES, (H IR K 5 RIS & 1A
AR E BN, HBCRE R DREY, O RE R = OB RS 2.
B0, Wil 1.20 o ¢ frax, Chen 258 A [69] B it MULIRMIES M AR, 0L
55 BB = IR VSR I (R B B e, I AT A T B R S o, I S 0
A UAFSE e A RO 2

JEF RIS I 55— A E RN AR B SO [70-73] . Bellessa URGEIZL A A i
THOEE R T O AT, ATBOH T SR A F SRS EOE.
BNk 1. 21 a-b A SIS 37 1 s R AR SEELEE iSO [70-71], ¢
gk — 2D PR S R BT R I AR B E IS S oG [72] 5 A2 d &, ATt —2b
BT T Super SEU S5 (73], 3@ AE G T S VRRT & JR VAR Z IR IR AT 36 =
JE/b T B ARSI NI R R TP I RE U, I SEBL 1= IR 2610 N MBI S0 .

L
E
z A .
: .-
ie |]]¢ ..
T T
H .
34 .
H - "
& .
s .
3 .
i A i
#04 § . .’ L
i =i § B
to 4 - 3
i af o L
Fas " 10 20 30 &0 50 0
C d a Angle of Incidence (deg)
"
L A il : i
- 1‘,‘,:, TN ad {‘ =5 1 Ll
Y w0 w0 ./} ¥ z # 3
o DSV VAR | i £ H 5
2 it i 215 0z
P 3 2
length(nm) g ‘% H g E
_ g3 ! £ € 7
o s : '; § g 3
2 / L "
. 01" 3
=107 1 ¥ i' Jos
& g
. g‘ N ; 5
= « . 2
%050 1055 1080 1085 1070 1075 1080 ) -‘-n %

Wavelength of FF wave{nm) Anale of incidance |

Kl 1. 20 S A A iR AR VE RN [68-69] . a KADHOG Pump-Probe F 4TRSS G A5 4544
AEE. b IS IS =06 . ¢ RUILIRIE GRS ST B AIUR A5 AR () B 3 o

26



4

d HBEWASIE S ARE AR B NP8 A4
a b

f
.
| ¢! lho
N
f./ L ho
ot

166 150 200 250
Absorbed Pump Power (W)

(@) {b)
- af nm },; 5000 ot
1 i ~& at 846 nm ; 3000
—— h
: /
= 2000 8

TR

..; i‘ \‘4\_.;—;4 58

1. 21 SE A HOE[70-73] . a FIE T PFSCBUE RO . b A S M SRR #OL
K. ¢ ARl G5 A SEIL B IR AR OB IO . d AT N IR0 SR A R .

C. I RGEFHIEM/E

EER, MR G, KT R T ERERIGINE, AMTHE
TR RS 7RI T SRR INEAT N, DG N S ARG R i &
J&, X R G AN LR BATE 2 WA B LB, 9]0 ar LS I L R A
FRIVEAAAE, X TC T B AL 15555 . AEXrha], AT XSS B
LRGP HIH NI RBAT TR

Hrp i —MRME LR IE 1.22 Pros: BRAEE IO FNLBT 74081
AR < VIR ZE R B A A S A (74, B AR T BT A0 R R 3R AT T RO
fAII2E T IS AR A A R L R S R R, IR B 7oL T iR S e R R AR T
BHPTAISERERR, AFRSE N AR (431 A A, 206 7 dh RS & e R R T BT
SEHRARAE, 1 RE AR S 4 n] LLIA B UL BC 25 A, RIS B i A BV R 22 B A 2
L, WET R G TR . SCRER MRS &8 AT R B A B DG
RSP R BRI B IRES XML 2 B IR 2 2 BD6 1 S iR SR M AL RS 1,
BV 5 AR Bl & R VAR N ' 1 dn MR R IR, HES 7 RS AN R
P, B2 AIEMM MRS EAAAE . FELLEERS L, AR DG A SRR
SEERHITE O A8 A A PR rR 3 AR 23 AR DR Jey AR A o Al ATT AL

27



4

W B EARIE 1 XS R 2 A AR S AL A A2 AT £ e S AR SR 1 RV, oAl
TR P IR IS G I g, AR BEAR I RBUZ R 1T — DR L.

(a} X Si02:150nm  gi,N,: 87nm (C)
SizNy: 90nm ;
Z ,.—'J'—_ v
sl
Au:50nm 1
YA
(b) “_Ph(. S th'mﬂ o o8
E 0.6 F
04l
Au+ Substrate
Source 02r
. -

0 ) . . ) \ ) X
700 710 720 730 740 750 760 70 780
Wavelength (nm)

Bl 122 S62 BN R T A BTIC AL [74] . a —4E)6T Sk S &8 MR AL i) SE IS 2544
b FEMASLMSER AR . ¢ St T iR S &R AR PHITAI S RE AR, SEARAN K AR AT 2L
Fic 25 A0 L AR R BE U 25 ) i i

R —MEINRGIWT L, EGHVRF R T =4Esh i as(n], pril
RO RLIRDE S SRR 0 B 2%, JEHAE AT WOEI BORH 3% T2 2RI . I
b, JrHAR R A E I B R 5L T 6 e L A (75 ] RARE s 22 (A1
A, ATPUORK R M R BT X B A e B ) AR L LA
ZHEEBA. 1E 2017 4F, FRUKEEM Wang 55 AR — 24800200 di i 2R 4t s
LT B R AN R £(76] . Bl 1.23 (A TR F AL MR IciE, B
WENRIERAE T p Mg AU SEL 5IEARATE R =4
JRAE L2 (8] A5 IAE P 22 (B AFAE A 6 5 IR R LR I [ S S AR S i e o A
APAVE 2 &R 4D 200 T e R I, IR e A s, il
1.23 1 c-d P o XZ R ANR )AL SARARAL I e, DS B SR AR 2 A
- Bll+m A4, IR AE TSI LG S B S A AE I SO AR AL EER e Rt — 20 i
p AT q A R A A DG A BRSSO R, B 1.23 i e o, AT TAT AL 22 2]
— 2R MOGEEAN R s R I [ L FHE R IR B, X 5 BER S RS EE A
AR R SRIA-73 SR A8

28



4

i b
| dnl = (1 +P)da
Vdyy = (1+q)d,

ency £ (L/k)

0.495

e
Y
©

Normalized frequ
=

K 1. 23 GRS MDA R e R SIEMA[T6] . a —4EN4oe T aMikai, B2
JERESH p M1 q WA N TYERE[122] b & BRAEFE A AR s BB S O AL ig.c —
4Ot Tk S S RERE . ¢ AT TR P I, d SRS & gk
JE 2 TR SR TR A R AR R SR

BEHRAE, BATNRME B BTSN K EIT IS, RENA 7Ol
WOt S A SR S, FFBE— 25 MG T i AR SN AR AT S S HE AL 1 A1 BEIR N2 11
T HMBAR T o AEBLEEA E, &R0 BRI T A BN AR BT S s ok
INNESTINPO PR S N GIvEZ 31 I op K VA=) E B (il NN IE 9= 2 P E
RGBS BT I 78 £ B TP e 1 ik S &8 2 A i 3k BT )
XF AT T T R b3 SR A BB AR AR D . DB TR R M A i T
PR T B2 I B A B AR, DR e ] SEBLNGS S 1 P47 7 1R B 3 Ry A
GrA s LR PBOR CL I TR i BN 1 — A R AR g R 1 1)

29



4

1.3 AR3CHT T B B AR S5

A SCRI AT Sk 5 &8 A, KRG 7L IE S B BUT R K
W RS, IR TR TR BUT RO RE . 23 TR, B
B EENEN:

—HONWIRSY, IR T IS SO R R IR, IR R G R

GBS BT B AN SR U, IRl 1 i 25 — L8 E B IR A S U AR R i
THEES AR HHERE o HEAh, BATHA A 7 XS HoT RGP RN IR B 5T

5 2 B DU B VR T ARSI N A

B wmrh, RATEN USSR ST SR A, MIE T — 4IRS
WOt Tk (TPCs), SEIL T HMOE TR, BCRXUREMISEL, W AR
PTG T BRI R/ o FERGIEAE b, FRATTE A BA P A B A R PR
JRI) TPCs, it IS AN A (TTS) . FEfF—4LAH4E TPCs [ 74im 1, #P
FAEZ MRS S A, AR A A A AR SRR T TTS Itk
AR, TR MEBARE o 15 R A0 0 ST 25 1 R A 2R T SR A € B s 5 T O
BeJa, AR A S S IR I0AIE T Bt 1 B AR

B mmrh, RATHE— G AE 4 R R 2 Pl AL IE DT RS, vt T 4
W5 BT R A . TE— 8 R T 1) b, BSOS BSOS R AR B O s
ARG, R, BTGB IE a7 Wi B A28 &, AT
HILT BT RS SBUR AR SUR AL, AT SRR RN RS S
ST B, T B A ) S BSOS R B TR A I R S . S8 b, AN
B3 SRR S RO TR 4 S AR R e & SR AT T R AR

EFE, AT S S RUT AR A S N BRIk R G, W
IS AR A IS CHRSRD U 5 o B Pl b B 0 P32 %ot 12 ) RE B AH DU ARG, BTG SO 17 36
R I RO IR RS IPHEREY, £ RS ET, BEAGLRAR
G REETIA 33.7%. XFHHOGLIR R G BA A W ARE ST S AR 40, 53T %
7 8 S IR AH - 58 SRR ROEAR RGA LG, HAEAF LA ZROG EE RG22 ROt 24
TSGR BT E] T AT

HTERBATR I TAER 4SS, RN 4 5 TAETT R .

30



4

276 3 HR

[1] R. W. Wood, "On a Remarkable Case of Uneven Distribution of Light in a Diffraction Grating
Spectrum," Proceedings of the Physical Society of London 18,269 (1902).

[2] U. Fano, "The Theory of Anomalous Diffraction Gratings and of Quasi-Stationary Waves on
Metallic Surfaces (Sommerfeld&#x2019; s Waves)," Journal of the Optical Society of America 31,
213-222 (1941).

[3] R. H. Ritchie, "Plasma Losses by Fast Electrons in Thin Films,” Physical Review 106,874-881
(1957).

[4] C. J. Powell, J. B. Swan, "Origin of the Characteristic Electron Energy Losses in Aluminum,"
Physical Review 115, 869-875 (1959).

[5] E. A. Stern, R. A. Ferrell, "Surface Plasma Oscillations of a Degenerate Electron Gas," Physical
Review 120,130-136(1960).

[6] A. Otto, "Excitation of nonradiative surface plasma waves in silver by the method of frustrated total
reflection,” Z. Physik 216,398-410 (1968).

[7] E. Kretschmann, H. Raether, "Radiative decay of nonradiative surface plasmons excited by light," Z.
Naturforsch. A 23,2135 (1968).

[8] E. Prodan, C. Radloff, N. J. Halas, et al. A hybridization model for the plasmon response of
complex nanostructures. Science, 302, 419-422(2003)..

[9] E. Ozbay, "Plasmonics: Merging Photonics and Electronics at Nanoscale Dimensions,” Science
311,189-193 (2006).

[10] M. J. Kobrinsky, B. A. Block, J. F. Zheng, "On-chip optical interconnects,” Intel Technology
Journal, 8, 129-142 (2004).

[11] R. Zia, J. A. Schuller, A. Chandran, et al. "Plasmonics: the next chip-scale technology,”" Materials
Today 9, 20-27 (2006).

[12] M. L. Brongersma, V. M. Shalaev, "The Case for Plasmonics," Science 328 , 440-441(2010)

[13] H.Raether, Surface plasmons on gratings. Springer, Berlin, Heidelberg, 91-116(1988).

[14] M. Born, E. Wolf. "Principles of Optics," Cambridge: Cambridge Univ. Press (1999).

[15] S. A. Maier, Plasmonics: fundamentals and applications. New York: springer, (2007).

[16] A. V. Zayats, I. I. Smolyaninov, A. A. Maradudin. Nano-optics of surface plasmon polaritons.
Physics reports, 408, 131-314(2005).

[17] E. Devaux, T. W. Ebbesen, J. C. Weeber, et al. Launching and decoupling surface plasmons via
micro-gratings. Applied Physics Letters 83(24), 4936-4938(2003).

[18] N. Fang, H. Lee, C. Sun, et al. Sub-diffraction-limited optical imaging with a silver superlens.
Science 308, 534-537 (2005).

[19] W. Srituravanich, L. Pan, Y. Wang, et al. Flying plasmonic lens in the near-field for high-speed
nanolithography. Nature Nanotechlogy 3, 733-737 (2008).

[20] A. J. Huber, F. Keilmann, J. Witthorn, et al. Terahertz near-field nanoscopy of mobile carriers in
single semiconductor nanodevices. Nano Letter 8, 3766-3770 (2008).

[21] A. Hartschuh, E. J. Hanche X. S. Xie, et al. High-resolution near-field Raman microscopy of
31



4

single-walled carbon nanotubes. Physical Review Letters 90,095503 (2003).

[22] T. Kalkbrenner, M. Ramstein, J. Mlynek, et al. A single gold particle as a probe for apertureless
scanning near-field optical microscopy. Journal of Microscopy 202, 72-76 (2001).

[23] T. H. Taminiau, R. J. Moerland, F. B. Segerink et al. lambda/4 resonance of an optical monopole
antenna probed by single molecule fluorescence. Nano Letter 7, 28-33 (2007).

[24] J. A. Schuller, E. S. Barnard, W. Cai, et al. Plasmonics for extreme light concentration and
manipulation. Nature Materials, 9(3), 193-204 (2010).

[25] H. J. Simon, D. E. Mitchell, J. G. Watson. Optical second-harmonic generation with surface
plasmons in silver films. Physical Review Letters 33, 1531-1534 (1974).

[26] A. Nahata, R. A. Linke, T. Ishi, et al. Enhanced nonlinear optical conversion from a periodically
nanostructured metal film. Optics Letter 28, 423-425 (2003).

[27] A. Lesuffleur, L. Kumar, R. Gordon. Enhanced second harmonic generation from nanoscale
double-hole arrays in a gold film. Applied Physics Letters 88, 261104 (2006).

[28] Nieuwstadt Van, M. Sandtke, R. Harmsen et al. Strong modification of the nonlinear optical
response of metallic subwavelength hole arrays. Physical Review Letters 97, 146102 (2006).

[29] T. Xu, X. Jiao, G.-P. Zhang, et al. Second-harmonic emission from subwavelength apertures:
Effects of aperture symmetry and lattice arrangement. Optics Express 15, 13894-13906 (2007).

[30] W. Fan, S. Zhang, N. C. Panoiu, et al. Second harmonic generation from a nanopatterned isotropic
nonlinear material. Nano Letter 6, 1027-1030 (2006).

[31] W. Fan, S. Zhang, K. J. Malloy, et al. Second harmonic generation from patterned GaAs inside a
subwavelength metallic hole array. Optics Express 14, 9570-9575 (2006).

[32] J. A. Schuller, E. S. Barnard, W. Cai, et al. Plasmonics for extreme light concentration and
manipulation. Nature Materials, 9(3), 193-204 (2010).

[33] I. Tamm. On the Possible Bound States of Electrons on a Crystal Surface. Phys. Z. Sov. Union. 1,
733 (1932).

[34] M. Kaliteevski, I. lorsh, S. Brand, et al. Tamm plasmon-polaritons: Possible electromagnetic
states at the interface of a metal and a dielectric Bragg mirror. Physical Review B 76, 165415(2007).
[35] M. Sasin, R. Seisyan, M. Kalitteevski, et al. Tamm plasmon polaritons: Slow and spatially
compact light. Applied Physics Letters 92, 251112(2008).

[36] T. Goto, A. V. Dorofeenko, A. M. Merzlikin, et al. Optical Tamm states in one-dimensional
magnetophotonic structures. Physical Review Letters 101(11), 113902. (2008).

[37] O. Buchnev, A. Belosludtsev, V. Reshetnyak, et al. Observing and controlling a Tamm plasmon at
the interface with a metasurface. Nanophotonics 9, 897(2020).

[38] H. C. Cheng, C. Y. Kuo, Y. J. Hung, et al. Liquid-Crystal Active Tamm-Plasmon Devices. Physical
Review Applied 9, 064034(2018).

[39] SU. Rahman, T. Klein, S. Klembt, et al. Observation of a hybrid state of Tamm plasmons and
microcavity exciton polaritons. Scientific Reports. 6, 34392(2016).

[40] C. A. Downing, L. Martin-Moreno, Polaritonic Tamm states induced by cavity photons.
Nanophotonics 10, 1, 513-521(2021).

[41] R. Bruckner, A. A. Zakhidov, R. Scholz, et al. Phase-locked coherent modes in a patterned metal—

32



4

organic microcavity. Nature Photonics 6, 322(2012).

[42] G. C. Dyer, G. R. Aizin, S. J. Allen, et al. Induced transparency by coupling of Tamm and defect
states in tunable terahertz plasmonic crystals. Nature Photonics 7, 9205(2013)

[43] M. Xiao, Z. Q. Zhang, C.T. Chan. Surface impedance and bulk band geometric phases in
one-dimensional systems. Physical Review X 4(2), 021017(2014).

[44] Q. Wang, M. Xiao, H. Liu, et al. Measurement of the Zak phase of photonic bands through the
interface states of a metasurface/photonic crystal. Physical Review B 93, 041415(2016).

[45] Z. Wang, J. K. Clark, Y. L. Ho, et al. Ultranarrow and Wavelength-Tunable Thermal Emission in a
Hybrid Metal-Optical Tamm State Structure. ACS Photonics 7,1569-1576(2018).

[46] N. F. Yu, P. Genevet, M. A. Kats, F. et al. Light propagation with phase discontinuities: generalized
laws of reflection and refraction. Science 334,333 (2011).

[47] X. Ni, N. K. Emani, A. V. Kildishev, et al. Broadband light bending with plasmonic nanoantennas.
Science 335, 427 (2012).

[48] A. Pors, O. Albrektsen, 1. P. Radko, et al. Gap plasmon-based metasurfaces for total control of
reflected light. Scientific Reports 3, 2155 (2013).

[49] Y. Zhao A. Alu, Manipulating light polarization with ultrathin plasmonic metasurfaces. Physical
Review B 84, 205428 (2011).

[50] X. B. Yin, Z. L. Ye, J. Rho, et al. Photonic spin Hall effect at metasurfaces. Science 339,1405
(2013).

[51] G. Li, M. Kang, S. Chen, et al. Spin-enabled plasmonic metasurfaces for manipulating orbital
angular momentum of light. Nano Letter 13, 4148 (2013).

[52] N. K. Grady, J. E. Heyes, D. R. Chowdhury, Y et al. Terahertz metamaterials for linear polarization
conversion and anomalous refraction. Science 340, 1304(2013).

[53] C. Pfeiffer, C. Zhang, V. Ray, et al. High performance bianisotropic metasurfaces: asymmetric
transmission of light. Physical Review Letters 113, 023902 (2014).

[54] X. Cai, J. Wang, M. J. Strain, et al. Integrated compact optical vortex beam emitters. Science 338,
363 (2012).

[55] S. Sun, Q. He, S. Xiao, et al. Gradient-index meta-surfaces as a bridge linking propagating waves
and surface waves. Nature Materials 11,426 (2012).

[56] N. Shitrit, 1. Yulevich, E. Maguid, et al. Spin-optical metamaterial route to spin-controlled
photonics. Science 340,724 (2013).

[57] O. Y. Yermakov, A. I. Ovcharenko, M. Song, et al. Hybrid waves localized at hyperbolic
metasurfaces. Physical Review B 91, 235423 (2015).

[58] L. L. Huang. X. Chen, H. Mihlenbernd, et al. Three-dimensional optical holography using a
plasmonic metasurface. Nature Commununication 4, 2808 (2013).

[59] W. T. Chen, K. Y. Yang, C. M. Wang, et al. High-efficiency broadband meta-hologram with
polarization-controlled dual images. Nano Letter 14, 225 (2014).

[60] M. Esfandyarpour, E. C. Garnett, Y. Cui, et al. Metamaterial mirrors in optoelectronic devices.
Nature Nanotechnology 9, 542 (2014).

[61] V. S. Asadchy, Y. Ra'di, J. Vehmas, et al. Functional metamirrors using bianisotropic elements.

33



4

Physical Review Letters 114, 095503 (2015).

[62] L. zZhang, T. Koschny, C. M. Soukoulis, Creating double negative index materials using the
Babinet principle with one metasurface. Physical Review B 87, 045101 (2013).

[63] M. Decker, C. Kremers, A. Minovich, et al. Electro-optical switching by liquid-crystal controlled
metasurfaces. Optics Express 21, 8879 (2013).

[64] Y. Gong, X. Liu, H. Lu, et al. Perfect absorber supported by optical Tamm states in plasmonic
waveguide. Optics Express 2, 19, 18393(2011).

[65] X. Wang, X. Jiang, Q. You, et al. Tunable and multichannel terahertz perfect absorber due to
Tamm surface plasmons with graphene. Photonics Research 5, 536(2017).

[66] H. Zhu, H. Luo, Q. Li, et al. Tunable narrowband mid-infrared thermal emitter with a bilayer
cavity enhanced Tamm plasmon. Optics Letter 43, 5230(2018).

[67] O. Gazzano, S. M. De Vasconcellos, K. Gauthron et al. Evidence for Confined Tamm Plasmon
Modes under Metallic Microdisks and Application to the Control of Spontaneous Optical Emission.
Physical Review Letters 107, 247402(2011).

[68] B. Afinogenov, A. A. Popkova, V. O. Bessonov et al. Phase matching with Tamm plasmons for
enhanced second- and third-harmonic generation. Physical Review B 97, 115438(2018).

[69] C. H. Xue, H. T. Jiang, H. Lu, et al. Efficient third-harmonic generation based on Tamm plasmon
polaritons. Optics Letters 38(6), 959-961(2013).

[70] C. Symonds, A. Lemaitre, P. Senellart, et al. Lasing in a hybrid GaAs/silver Tamm structure.
Applied Physics Letters 100(12): 121122(2012).

[71] G. Lheureux, S. Azzini, C. Symonds et al. Polarization-controlled confined Tamm plasmon lasers.
ACS Photonics 2, 842-848(2015).

[72] C. Symonds, G. Lheureux, J. Hugonin, et al. Confined Tamm Plasmon Lasers. Nano Letter 13,
3179-3184(2013).

[73] V. Toanen, C. Symonds, J. Benoit, et al. Room-Temperature Lasing in a Low-Loss Tamm Plasmon
Cavity. ACS Photonics 7, 2952-2957(2020).

[74] Y. Tsurimaki, J. K. Tong, V. N. Boriskin, et al. Topological Engineering of Interfacial Optical
Tamm States for Highly Sensitive Near-Singular-Phase Optical Detection. ACS Photonics 5 (3),
929-938(2018).

[75] L. Yuan, Q. Lin, M. Xiao, et al. Synthetic dimension in photonics. Optica 5(11), 1396-1405(2018).
[76] Q. Wang, M. Xiao, H. Liu, et al. Optical interface states protected by synthetic weyl points.
Physical Review X 7(3), 031032 (2017).

34



— B E BB AL LR HELRAE

BB —HBRBEEBOURINE SR EBEERE
2.1 5§

LA, S5 B WOITRCA TANG2 UR — M AR R, HONTEOR RO B 5k
BRI RIS ME T — 08k [, 2] fildn, RIS B0t (SPPs) A 1R 3
ey R g g s v, MIESR OGS JEERMOES: . SR, TRl
M TGRS ) T ) 2 N [2-4] . SRT, SPPs 4544 42 (R R A5 5 E
o PR R R FE ORI 8, FEAS T L Se PR A Vel [5-6] Ik, £ T
— AT RS S (DBR) 5 4 Ja8 TR S T 1) JE 1 55 B 0 (TPPs) [7-8] 45512 T
MR . 5 SPPs AHEL, TPPs BE4k/K | SPPs HIiE 2, X EAA /MR
¥ S E B, TPPs [AIR B TE/TM BiFisat, Hasih 2 ok 2 b,
PR e W] AR 2R (DG B, AN T BRSO B B o #E B [7-19] 0
TUL LS, FA R TPPs T LLTE & MK+ d84F thmr LUR W& Hh 52 3%
B, AT S 25 50 S50 03 (R R LA FH o Sk SRR (R R M DR T 8 S5 11 0
., 53Rl [9-10], WS & ABoGE [11-13], Ju 28l [14-15] P15 4
HARG 22 [16-18], ARLR LR 195 [19-201 2%, BbAh, Bk T 1E G000 4B Rk se
Pl TPPs #b, WFFL N GOE R B [21-22] ¥ R s Hh g1 [24-25] S5 4544
SKYE TPPs, [HIX A5 5 BAE R a7 ik 5 4 8 S 4 B 7 ) Fok3a R
AL RS, T PAT T T AR 2D

FJrH, HBAL NG [29-31] S1E TS BRI, R B
AR DG AR A IR GF R &R, AT ASEINS A% ot Bk e i) S, Caf) ™
Z SR e B AR daas 1 (32] . ROt a8 [33-35], SRR 1L 14
PFa5 o [, ANMEARRK RS HIHGRR SR EI G, BEEEEoT R
4:[38-47]. RIS SIABISE B FOT RGP AR I AL BESE AL 7R
@A, MHSZAHRIER SR, FOA A A5 BEOT 2R 90 1
PEAROE TORTROBRAR, 1 H AT UK Rt S B oe i # i kit (40-42] . HET, A
IIC 242 [33-35] RGP R T V2 A B IIRINI R, LA LS5 8 1 o 11

35



— B E BB AL LR HELRAE

% Weyl SUFIZRoKIK[38-40], R ISFEEHIT S M W inh FL s [(41-43], #h4h
FRIH P SPPs 1 WAL R (4415 . MhAh, MRS BRlonHE M S I A i) iz
WEFE, LLan 4 Jm 9K AR 51 25 1 vh i #h 4 A A2 [44-481, FLRTR 4R b SR & 5
WA R, JEHSZ, Chen S5 AN TAE (491438 T A I7E 65255 T =L 1
To BRI A P i ORI B T 2 s R AL SR T AS o (R B I8 I R ks R T A e
OS], T DR 5n R R R A H A N B I R SR T A o SRR B H ATk, 1R
MSHETTCH KB TPPs Hffda b Ay, JUHE H TR A 5T TPPs ol Sk sk
T RIARIE, T AR — AN RIS AT 0 TPPs #h4b &y, W T 5e86-FA7J7 ) 1
Yy JRs A iz, DLRF ST A S B T R G AR M B

FEARTE R, FAVEN T — DR INE R (TTS) e B BA AR FMERR
HIEE A 1 fi i (TPCs) 2R B I Hs Coiseit, FATIERAS 1AL 44T TPCs Fitif ik
PN A, AN 8RR & S S i 4 A i SRR IR L R
DN [50-52] o B R o B (R IR 9%, FRATTSEEL 1 08 W] I ) 35 AR I T
AL, ESEI T, A TLEL A0S RGE] T TTS Bet i .

36



— R B E BB AL HERR AR

2.2 —HEE ML T MARHI IS

YT mfEk (photonic crystals, ic/E PCs) &P L i 7 2 Ge vh ) 1 i dk
HI AN R 47 56 AR ST B N A, R A8 B 117 B AT DA 6 %
FEEAT VAR o T FH ) SR 2 W 0T A I AR AT VR A PR L, ZEAR T R, JRATTE SR
FIXUZ 45 8 Y EE A R A T — R 5| — S 6 Tk, SIS e 1A pe, 1X
72 J5 A B B U Th I fe i R Bl

HISC 1.2.2 iR AT L4, A — b o S O M AT 7 U Fel 2 Rl
R Metasurface # UM% GEEs IS BOMUT At TP G Jm R, 7T DASEBLE e 2 B4
GSAEA FMRARAIRZS T I A% o (E ELFE B J) S 405 R S U S AT I i
FAAE RN, 32 2 SR RO IR 1 B AS B G S5 B8 Bon 4 40 vh < AR 19 5
BV, NINSBUERRE R 2 AhiltEE . JCHRAE T WO, AR EES
8 AR AR S ik DL A e SR AT 8 )| AT RES (b2 823 S350 - S v

BLRTAE SPPs (URTFLAR, O TR ML RERCR, BRI, M s
WHFCAL SR H AN 2.1 Fros M XUZ R T 45H [54] o XUZE R AL AR g
Btk R A, RIS A e i B A, R DL B R DL RC PR
SPPs FA [ A% HE A RICR o TXF XL B 2 T 45 A6 D B AT A R B A 25 18 e AT Vi
INERER AL/ RSN

B 2.1 OUZ B T 45 44 SEEIL SPPs 52X RO 1A L )% 3k (54, S & XUR & Rl R I 45440,

KECRENTUZ.

37



— R B E BB AL HERR AR

TRATHE S A S5 B WG 45 M (R 5T\ BUZ 43 8 Y &b 440, e A BRIty
PR 22532 (FDTD) T 50X b 1 B 28 2 Th 45 4 (1 S ol . il 2.2 o, a Al
SRR TATBT 1 B2 5 XUZ M a5 M ) s =L W RUE B, a 454 A R 50%
¥ DX 40 A 1 4 S 7 5« TP TE b A5 A 3RATTHE IR 2 MHIR A B T AR A i UZE
M6 T AR AR A P — )= 4 Ja8 T 5 48 78 i SRt A 2t 2 o 45 40 Hhoxt 82 1) 23
SR A LS 400nm, HRAEE S 50nm; ABA B SRR F i A R E
OB A & HfO, , FTAJi B /2 SI0,, WMt B4 2 5¢ B )5 4351y 50.8nm
5 78.2nm, h=50nm . c Al dpalfEoR T8 E S5 XUE G a5 1) (1) SO %2
BB B SO SR d IAR AL, 7R R EURZTRRIC H OG- AT BRAY, RATTH]
DAE B2k, XA T BBt LK SO 4y BB Gl 56 B2 d A
100nm JE/NEN 0, SR KB, SHHc M d nTUEREL, HZE et
BEE d B, A OSBRI, W Q (EBRBRAR, PRI i L AR 5Bk
O, 5 ELRTH R WS S5 IS IS AR 28 (R FF T 88 (1 Q 1H .

dinm)

P

o |
36016 38817 42080 45966 50828 56343 63512
A{nm)

. ¥
016 32807 42050 45085 SOBIS 56343 63542
nm)

K 2.2 BRS50EEECH B S EEoTa X . a F1 b 235l 8RS R4 e
ST R EIE . AL /2 400nm, HREJE R 9 50nm s ABA BDG TR TR i A 2
HfO,, H/ i B /&Si0,, EE47IA 50.8nm 55 78.2nm, h=50nm . ¢ I d 4372 ¥ 2
5502 4 @ A5 A4 ¥ S 2 B 2 K S 06 9 2 ol AR AL

38



— B IE BB AIBIAR LA 5 AR AR

A _EXUZ 4 J8 e 28 100 /2 U B AR (R 00, T SR e — 25 25 R S B 1 L 20 ok
AR, EI2.200 0 Z5 K SEIVBUON R . 2% FE 21 J5 2R AT S50 A R P R AR S 1 SR T
R (FIB) HEATHE il 4, BT AFRATTi3E— 25488 FI COMSOL T T X2 46 #) v B 4
SIAMERER, WE2.307R. 4S8 SRR R, 6T s ik R ECN 18,
K123 7R 1) /& 5 2 5 U2 45 M I TPCs HH B8 A A A A 5 (KL/(2m) = 0.5) I L% i
JEo3 A, Herp e MR “A Unit cel”RRXUZ 5 Jo i, A M“B Unit cell” F£oRH
JRAER O . ISR EE A T AR I, X2 46 0 B AR 8 2 3 2 R BRAE XUZ
GBS ST AR A b TR AR L), X2 450 s a A iU
A4 IS S B TR B T S

25 LA BT AT AR BN 4518 WUZ 4@ e 4 K LA T SIS AS a5 A B0 THAf S FT LUK
KBEARIR I HAFE, 2ESEIITPCSHILb %2 1F

kL/(2m)=0.5
A Unit cell B Unit cell

A Unit cell B Unit cell

air )(

-
A

iz

~r
-
-

PC

DBR: 18 pairs of
AHFO)-B(5i0:)-A2(HFO;)

DER: 18 pairs of
AS(HFO,)-B(5i0;)-A/2(HFO,)

K 2.3 R 5XWZE5H TPCs th B A H L AR (KL/(27) = 0.5) T B 37 5 B 73 A1 o 2240
A Unit cell”Rom XUz e @M /7oL, A “B Unit cell” Ron 8= &Rt 45t oo
M. PSR EEL T IRRR SRR E .

39



— R B E BB AL HERR AR

2.3 BT R & 5 F AT HRERNE

TE 2. 2795, AT 21 T F 00 4 i e P T B A S 45 ok B MER B SR LR
SRy ST I P GRS A 1 A B8 Rl . AR R A — IR T ik (TPCs) 1)
BETE DA sz b He e th 2 1l
K 2.4a .on 7 TPCs 135145k &, TPCs 1 PC MINUZ 4xJ&@ YoM 4, it
C 45t 18 N JT, WA un] IARid N AI2-B-AR2 F=ZH k. HP AE
N HfO,, B JZH Si0,, HfO, JZ/E A 84nm m, SiO, JEFEA 115nm, Hrhf R 434
N2 1 1.46. W 2.4a P EREL N, PCIMRITEIA A = 199nm. &It T
X4 Gt I L, B BRI 58 FE D w, 1] 2.4a TR 2 TR FE S UK
he XUZ4EEHE ) HPE 4 MR:  LTE A etibric e, T fetbric
Nb’, TPCs HIJHEHI‘b/2°, ‘@’ Fl*h/i2’ =#r Hpk. 5 2 AT 4RaE FIaT 040 X 381
SERIAALL, R XU 48 6 T LAR 1L B U A Rl B M 3 23 Sk, T e K
g e . Rltk, AT TPCs 7E 7T WL a ik B S e B Rl AT . TESEIe, &
% 7 I L = 400nm, 3158 17 [m) A 96 2 9 w = 160nm 1 J] 14544,
ZIVBhEREE h 9 85nm. A IR B 1) 34 PR 1 AR (SEM) I an P 2.4b B .

. b b
Unit cell: 5 /a/5

t‘l : 1 l’b,l l’a} b
‘—
A te—ste— _
[ s A :_{_ 1 ] E
1 ﬁl 1

===l nTn i

X DEBER: 18 pairs of
A2(HfO,)-B(510,)-A2(HfO,)

K 2.4 TPCs MR mERISZIFE T . a TPCs ISR EE . WZ Ag Y3 ) i w8 4>
e EEebr e, FECR b’ BTk Hb/27, ‘a Mt/ = H AR JIRHES PC H
PRI Z A B HE B ULR, 43 RN A(HFOL) Rl B(SiOy), PC HIPNAN A F 41 (5 i R hic -
b TPCs £ iR I 451 SEM E%, FIIN L, YeMserEh w, fEIGE A A EL R

N T SERANGE TPCs IR AiH,  BATFIN T A HLHE 22 48 (56 ] 4

40



— R B E BB AL HERR AR

B TPCs FEAh I S ETE, JeEt BN 2.5 P, fEotigaityt, hif T
JCIE RIS S A 2 P15 100 885 51 T 3EHE, DRI RE 7215 HL
7% [ Bl & 22 8] P AR A 215 B S s £R T SR 25 AR, P BAERATTRT
AT B8 B 23 B] b g — RIS B e [RIRT, 33 6 A7 N IR F 10 A0 £ 2 43
PR SR R fE T SEHE, B CAERATT AT DO SO A G £ NS T A A
JEHr i ERIALE, T2 TPCs B AEAN R A L T B R AHGiE, &5
FILAE BN G — A HLIH X A e

scanmingfiber

BS2

- p3 angleresolving plane

scanningfiber
Spectrometer

K 2.5 MEDHERATEMRK RSt HOBELERICENPUE, XN TS (5AHE). BS,
WA L B8 P, fWIRER: A, DG P, AN P2, fordETm.

FEVHE A, A 7433 BB TPCs # 5 I ik, FATTHIH COMSOL Multiphysics
Xf TPCs i) TE #Ab 710 (Bl 2.4a WP y J7 [H) HIRE AT S5 /2047 T BB THEL . 5
RS e A& 2.6a Hh i) SR [ Bl s, bR (X 380N PC IR RERT . H
X6 B PC TR, 1B 2.6a H IS IR AS T AT (R RE S M AT AE e HEZ 07 . i T
JE A S5 K 51 RS S AR A (U B 4 S, TR TPCs 5 — A N IX I TE R T —
AT, TS PC KR RN EAERRZ, BT A
FAFFIFES S B PC R RN S, Hh— o mimmii S aEas T PC i
R a, REGBRASHENOBEEES. Kb, fTF3SasEs5 PC

41



— R B E BB AL HERR AR

I B AR L IAIAN TS AR B, IS i — SN 28R, X
e A 2R A (1) SRR AL

a 600 b 600
560 560
= 520
£
<480

0.0 0.1 0.2 0.3 0.4 0.5 0 01 02 03 04 05 00 01 02 03
kLI(2m) kLI(2m) kLI(27)

K 2.6 TPCs gy (5 5 Se it as 5. a TE Hfk TPCs MIRET 4589 . KX PC ()
BevheT . ilid COMSOL AR 31 B A R T PC Ay B SIS #E. b Mok
ST ) TPCs [l WS Z M PC B AN AR R. ¢ HE 2.5

S8 IS0 11 70 9% B S D'l o I 1 € S it 2k

b4, B 2.4a FETHE TPCs HES A A (1 LA &2 TPCs (171 BRISAL T
2 BJ7, IXREWRAE CAVRE S8 M o P R ik i iy i E AR 2. JATIEE A
PRI 386 PR 22 4315 (FDTD) 4L T TPCs (i, HAE TE fth T s R an e
2.6b Jr7, Horh B O i BREGIE T S5 AR AS A 18 R AR AE, S5 ] 2.6a H TPCs
T 26 S . SEER b, FRATRIAHE 2.5 FiRif) 240 & TPCs 1)
SHERSIERE, Lo TE B4k T EeTr 45 Rl 2.6c fiax. TPCs AR T8 B
N 27.4THz, M2T PC 254 %5 1 25%, S5 B 45 R &8s, thah, szl
ZVPRIRFE h T A FRAT TR 68 77 U 3 1 5% TPCs 6771 BRI 96 S

42



— R B E BB AL HERR AR

2.4 WL S BRI

fE 2.3, FRATE 55 Seaomm 2 1 2 2R h = 85nm 251
TPCs bR . AT HRATEHE S h 5, TPCs 17 B % B (1 AR A 1 1o«
ZIIRFE h LEFRATT S it Fos bR PR 4 et i v BE 22, I h ATLUR
T H AR TPCs YTl BRI T8 . I 2.7 7 a-d 43515 h = 60nm, 70nm, 85nm

100nm I} TPCs il i 4L IRRAUGE S, e-h JAAH NI AR 20 HF S5 i Il 45 R
MDA SZIG rh 8] AR HY, Z0 PR BE hiBlok, TPCs HH BB 58 -

A oo Slm.ulatlon € o EXper“_EEEtJ

=520

480

520}
=

e
~ 480 -

o520
-

=)
480 -

520
=

=)
480

440

—

0 0.1 0:2 0:3 0.4 05 0 0.1 0.2 0.3 0?4 0.5
kLI2m) KL/(2m)

2.7 N EEIF 3 HAAFRZI IR h = 60nm, 70nm, 85nm H] 100nm i, TPCs £5 4 EHT

BB (a-d) A S 46 i (e-h) 45 2R
43



— B IE BB AIBIAR LA 5 AR AR
TEE] 2.8 HIRAHRIL T 5 h ARG BRTE L, M DUE A, i h
M 60nm 3 HNE] 100nm B, HBRTE M 11.9THz 34 K E| 34THz. X 7] LA EERL
56T 210 A FEREAT A RE . TPCs Sl BRI 55 BE B a1 A 1 b A RS AR 2
ISR I AR 72 . h RO, AR [ U8 % Ak A o 5 8 € G ot 6 (1 0 22 K
NS I PN 2V E i R = (R PN - 8

50 - -
- --- Simulation
o Expt.Gap
40
ﬂ"\so_ "‘—""" %
t -
S,
<20
-3
10 ¢
0 1 . 1 L 1 . 1 N Il
60 70 80 1] 100

h(nm)
K 2.8 HZIThERE h A 60nm 34K E] 100nm I, SEU T BUAR T 55 P AR ILTT B (B £8)
SR (AL m)EUR, AR O BT K. BRIRIE K 2.7,

44



— B E BB AL LR HELRAE

2.5 SEWE R WOTIR NG SR B SEBLURIER I

AL LA RHE R TPCs, AN EATMEA AR IhAMEF ) TPCs it
AT IR 2 R MR B I A, JFE R BN A% (TTS) S5#K
W FC e AT 18] AR A A AR AR 2

2.5.1 BRI T HEASKI LB

Ha I e B A I IS B WOCHR AN RS (TIS) &SPl TTS B AUFEA,
ARATEVEGN N B an T 5 b TIS BAK TIS B4R MRS IR, B 2.9 R T mifh A
A AR ORI FRIER) TPCs e, Hr, a B (a’/2-'b’-a’/2) Jui A si bR
AP, 1M b B H(b/2- - b 2) e MR R bRl g IX B R D 5 ] 2.4 Hh
B B E& R MR A RS 4. FATH pn (@) REREE n AL p
(@) A7CHEM TPCs, Wiff TPCs ¥y ot Oxi B, Fra M S, R
FEWFE TPCs JOMIXT AR GANE], BT CAEAT A A R B 4544, (HRE T (1 4
VR X 5. BRI, 4FRA T WFl TPCs PHEAE— R ST — A4 5, 16 TPCs
T B I TIS.

T W] TIMs B3R FNEIR, A0 —4E PC o A4k FMAE ST AT (77 21 1]
Jii. A\ Chan %5 N AR [STIR] R, AN [F) G 1~ db i 5 i e 18] Bt o e 75 A7 AE SR h 57
A BR TG T S AT R MR . 2R —4E (1D) T R4, PC
FMEAI T LUH Zak phase KAk . % 1D PC 55 e FRety, HAn4b A 4%
T80 ) Zak phase (g7 ) RKikiE, & X T4 [57]:

97 =J€[ijumtce"g(z)u;y}< (2) 0, Uy« (z)dz} dK , (2.1

IXHLTHE 1D PC AW B C K, e(z) & PC WY i (I z Bl -4 fa 55K,
Un i (2) R 5 m A REAT A P (A 1R AR BR B, AR SR K

WRYE L8 5T [67-69], Xt FARE BA FLXFRIER 1D PC &4t FATELA]
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BRI RBLZFR L, WTUEH, EHE Bl T RPA~ TPCs 1) Zak phase
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t o,

XH @, REANH— TIS FIARMALIE, G I
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A B AT LA ik e

N[

w5 = @, +1, |§DS> = 2 (|¢1>+|¢2>)
w = , (2.3)

2 (1) 1))
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b N |
 Unit dimer_ e
el

L
d k*8L/(2m) e f
god0 05 10 15 20 25 30 35 40 o) __ 000 o
© {Tamm bands t’ on
O Super-mode g : ,
Sl ; : 560 560
ped —TBM | : [ - "
520 | e _ mi"] S 520} . §520r
S i = i o [ttt
-

f(THz)
&
o

SRS B e et [ =} [ = =
P ! ' <480 | f S~ 480 -
400 i i 400 ‘ 400 -

00 01 02 03 04 05 0 01 02 03 04 05 00 01 02 03 04 05
kL/(2m) kL/(2m) kL/(2m)

Kl2.10 —4E TTS M9t S R ieiy se oW il. a FE: #iE TTS M FANE TPCs 19
JEHL, 3 RIAREA p: (ar2-b-a/2)f1 q: (b/2-a-b/2); HEl:  py AN g, B TPCs P45 SRR
A TIS (I A T 0apa-gs B TPCs AN I AR S TIS T8 24 A B 2 i e
Yo A, FRRSFREEA(S), TR RAFRAS)EIR . B R LR RAHAE TPCs iA 5,
B RGEMTOALE, FoRMFRIESE S, b EE: TTS HSgkrEE, tps g, 2L
) TTS JCHE Iy 8L: FEl: TTS SR0pUEF (=R BA/REE. ¢ TTSHER
9 SEM &1, F IO 2 Hh pa A1 qu LA TTS JEM. d TTS 72 TE Hedb 77 -
RET A I . 15 (B Bl % on COMSOL THEEE L, 21 h il 25 2 % R 408 (Tight-Binding Model,
TBM)Z; HH BB BB 45 R . T &5 PC B AR a5 38 7 B (o iU T 40 6

48



— B E BB AL LR HELRAE

RELRFETEAN, FHA Tl A i 2ok 3R « PRI RE LR 7R TTS Al it Bior xS 1 I TPCs 28—
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4.3 FFERREN AR & SRR E

FE 4.2 TRV T A IS et B g, IR AR AR s Ho
REGE (STPV) o, AFTIRATEE N AHOCRASEH ] £ 5 Hm S B &

FESER Y, AR TARAER F 7 78 K T2 HI/E DBR 5 Mo g ZHIE
HEER, ME A5 B, B 45 (@) RAFERERANARE, B nfo, M
i sio, FIAHFFIZL A T DBR 4544 PR AT 4T 5% 1E 1.9um 4053514 2.06
A 1.44, EATBIR T S 5 22 R My s i T DBR Z5 M (KB AE AR k4L,
HfO, AT sio, X B2 ) JE BE 43 i 230nm A 300nm, X EEER T ALK 2, N
TSR — B e T BR[43], A2 R 7 T N A%

A
d=— (4.10)
4n

Hrp, d Z2HARNFRZEREE, n k& RIS

DBR 454 — 364 4 A, 32 B 4.2 rf SEE R K AR 5 3R BT 2 ) J B
ST E R, WALERE TH (Mo), KRRy e R B 5 1 s R sk 1)
R TEELT Mo A EHIIESE T Hfo, » BN R &8s T 2%,
PR 7 J52 P85 A8 A T DA SR B K R YRR AR A, o] DASIE S R B e 2 B S D K
. seateh, FRATBE AR 200nm, M sSeBl4E SR oK S
InGaAs Je R a4 B A VL EC -

FATTFI F FIB-SEM XU 5 G0 4 25 S V)R i, 49 2 AT ¥ SEM B,
WK 45 () fion. /£ SEM ZkBFEIE T, SR BAE RN Z
Hfo, )2, TiFHMERZE, EWEEKMNESsio,Z, §— EMIARr 7 BIFr T
FE. B 45 (¢) Ban T SRBRE S ZLAMRE S G T AINAZ SR, a5
2 5L &Y & ARG, T RS B iR PR 20 0.97, Sei b ilfe
72 0.85, O A 7E 1.9um BT, THEH ALpwim 79 48nm, SE56:H 45 2 67nm,
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DBR 14 )& 2 Wil AR HOE I, X0 B 2 B A A5 SRR ALE

100
— Simulated
""" Measured
80 F
>
=
= 60
w
a
E 4 !
L {
!
20 :
u 1 1 1 u 1 1 1 1
1 2 3 4 5 0.0 0.5 1.0 15 20 25

Wavelength(um) Length (um)
K 4.5 EBEWERRI RS 5NE. a AEIEWENER R0 2 ERS R EE,
—YEAT RIS SN A (DBR) 2445 4 AN, #8172 230nm ) 486 5s (HFO,), 1 {f/2 330nm
1 5 A6EE (Si0y); DBR 5482 Z A HO, I JE 52 200nm. b 35448 #4m S 21
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4.4 HRARGHRSHAER R

TERTFIAS/NT R, BATHEAAN A T ARSI RO R R G h§a SR 1 1
THERRS, Jl i SRR IMNRLRAE B B PAT IR . AT, A TR R S5 0
HOBLR RA MR R, @ EEAR T EF WA= (Aewam) F
POl () WHOCRRGHRI R (nsp), AGHE (01) FEHERIARFE (02) 55
ENGEZGREAR

ST RIS s BB AR R AT 1S T, BATITHIRL 7 2 RS S IR S AT fE
ERHACR . RERFIACE AR AR IR N e e fr o e [46] -«

2
Vo, V) exp (hv/KT)-1

nsp V3 (4.11 )

d
Jo & (V)exp(hv/kT)—l '

o, av) AT AR T SRR RORR S 5 PR . v 2 5 B B T
I . B NSEDER RS MR T, RIHFR v BT ve ST DMK
B AL TR, BRIV, = hy, 1q. Ho q 3R T R
(10]. T BEHAIACR nop 52 BIPTFRBTEENUBINO I 20 : — BRI 96 M
S TRIA, — T (sub-bandgap) RO T, TG bR
Pl LTSS IR 5 BURT BLF 03 i 0, KA

ol
g

3 2

oc Vv
d _
_.[vgge( )exp(hv/kT -1 V-[ exp (hv/kT)-1

IO e(V)exp(hv/kT)

(4.12)

V3

J.O Fe (V)exp(hv/kT)—l

V3

I:ge (V)exp(hv/kT)—l

dv

0, =
dv

(4.13)
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AT IHEDGIE I RCE, AT EABER A RR I R AR . R,
AT — AN AR 2L LM RS W RN G IS INES, & SIS INASTE 2um M )%
SHELREFE 2 —8, WK 4.6 () Fim. N T RMER I, FRATNEE R 1449 K
TR IR, L EARAE SIS KA 2um Ab. BRI, AT AR
WEBSH: FRER OBK 2, ML TE Adpwam, AR BE B S R
EEREEM . H—0T, JSESeR R RSB E AN, BRAER 0K 4
5 BRI SEFE 58 AU . 4.6 (b) JE/R T2 4 A\ 1.7um 3K 2um B, #fb
HFE 01 M 14.7% T FEE] 1.3%, 17 AERUSCHIHE o2 WIRGE A 2.3%H fn %) 47.0%.
KB 2 A BT BR S BE, REE BRI K. Rl 2 L AU R
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PAR I, Adpwem FIIE KR ZE A spe 24 A2ewnm A\ 0.1um 3G INE] 2um B, g
2 A A 80.5 % T P E1) 34.4%, iX F B2 HH T 6, M 13.8%38 hnF| 57.4% 2L,
1M 6y BARAAE ., FT LRI 0T, AT TEAFE 2 R Adpwn ZEF, 75
ARG IESL, W1 4.6 (d)) Fm. T SR RAGIN e, FRATIESEIE MBS0 5
PR K 1.9um, 2 5 95 8 48 nm, L5 45 B B R i KK 7sp 9 87.5%

ERERERRZ, 411 B AR ARSI frose, i HEEA R L
SEARSSR I TARIR LN o DRIEAE SEBRTE DL, A 0 2[RI IR 2% FE 1K 1 A R 2K 10
SN o R AP A LS vy P2 A 0 A v ) R (A 23 (o) P S B 1)
MIRER ST IEER, T BLRARN:

3

E, dv=0
eV (hvIkT)-1 1

T[] Gl B Ee, LARIREREMRI R . B 4.6 () BRIV
SERRH, BEE TGN, AR N TR R O, T S BT ARIR R
PR . AR BE BRIt — 20 S BT AR I Z0R%, T A A3 AR ISR FE o,
IR, WK 4.6 (F) FiR. 24 Adpwam = 2um I, 0, (E &1k 66.1%, XK 4.6
(c) iR FE T 1) 57.4%11) 6, fH 5
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4.5 BEIRSERHOTAVE S 5T e RIBCR TR EL AT

AT, AT TR (OTS) ik A FIEE T Adewnm X R EGE
R nsp, AAGRE 00 MAEMRMIRFE 0 AUSEMREAT 1 &Il b . FEATT R, JATTHs
BE— 20X BT R B OS5 B oT IR S S T 5E SRRSO M ARl R GefE Dy STPV 48
SR R GRCR, UL T B S 1 STPV R GUAR LU T 98 41 AH T 5 56
Wiy STPV RGERARKAH, T LLSEIA R R MF ™ RGBT iR Tt

N T BRI AR R 1) STPV RGMEARZCR, RN AFTE
BRI R G RCRIAT T 8 EXT LT B RGURR E SO MIGAR s = A 1 LR
5 NGHEERUR D2 M HAE . IXELE T PIME AR, — MRS A BH A
IR, R AN SR 2 At R R T o SISO nsor-ans PTIE I SR AR AR 2

nga (V) Erar (v)dv—jga (V)Eg (v, T)dv
Msol-abs = CJ' Esolar (V)dV

Forfr Esolar(v) /2 K FH A SAALPAAR SR, RFHRDEHEE Tl &, Es(vT) 2R
FEON T I SRR B AL KOG Il &

EB(V,T)ﬂ PLRRHA

(4.15)

27V?

" (exp(hv/KT)—1)

Es(v,T) (4.16)

ea(V)AIIEE v NIRRT, C ONFERARRDE RGN TRk
Nsol-absys B TV EAERL o 25 f 1 — AN BRAR (R R FEO B sedas, iz mfioid BBk
RO T, AR L I AR A R AT )l B AN Y 2 B B DR AT T A4 AL
R SRR 1) F el ) FAER ST R T e SQ ARFR M, RO A[47]:

Memi—cenn = Tsp ‘VF-FF (4.17)

Job, g B 4 1L P LA, VE RHLERT (VE VN, » Ve
NIFIRHLE, Vg B TE B N L), FRZHARE, Efid TAERDIFRS
T % B, H AN % R 5 T R SR AR 2 B
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PRI, S8R sor-abs 5 memi-cen THFE, FTLAR R RGHE nse  1E STPV RSt
H, T HRE s, IR S R S A R BE AR DDA, R A SR R 3R
IRl EOGEE (Concentration) 5 JLfIZEOGEL (Arearatio, Fa5 14 5 IIA
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EZHMEH IR, H OTS KRG RGN RERTI AL G CPA RSt Hm 1 #ik
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(M) A1 CPA (5 fh) HESHEXTEL . b OTS Al CPA Wikl R4 h R GAESCE (), PIRFE
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7EE] 4.8 (b-c) H, FATHE T KRG WFHHE P LK 5 %% Concentration
A Area ratio i NS EK K R &L b ¢ 73 AR T CPA RGEH OTS R4 45
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A LLRIR A
s = MNsol—abs “Msp ‘VF -FF (4 18)
S, e B s 2R T B SO MR 2 ARG
Rz, HusC AR —8. T VF fa 2 B kS5

0

J. hv/kT
KT " i
vzqw(f _ ) (4. 19)
Vo ———dv
: th/kTC _1
FF 278 540
2
VA

m (4. 20)

- A+z, —e )z, +In(L+z,))
qV,
In(L+2,,) =2 4.21
z,+In(l+z,) T (4.21)

EIFE A, BT, FHEN 277K,

V3

W WS A Bl ot A ) AR P2 T LS P e B~ L AT 1B
-[ (V) exp(hv/kT) -1

R OLY Y2 RN 0) Adv=0

a1l
(4.22)
Hrb, i RAGEREES IR, Ay 2SRRI, A ZfRSTHAT,
T 4 e A AR WA A 4 TR AR B A Bt 2 J LA R BE Carearatio) S48, #€ XN A A1
A, I ELAE .

ME 4,10 T LLE R, TLigsd a BII OTS RAILE b K1) CPA 24:, K&
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OTS ARG TAFIRE 2 1892K, 1fi CPA R4NIZ 1607K. TfifE STPV RGifT
FAMEL T, SiO, SARIIME s /2 1986K, T RGN TAEIREE, R ALRHE R AT LA
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