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Abstract

Abstract

The emerging nanophotonics, a crossing-field between traditional optics and nano-
science, aims at manipulating light and studying light-matter interaction on nanoscale,
showing great potentials in quantum physics, photo-catalysis, and bio-sensing.
Polaritons, coupling photons with coherent oscillating charges, provide an effective
platform for the goal in nanophotonics. The scattering-type scanning near-field optical
microscopy (s-SNOM) is a versatile optical imaging technique with nanoscale spatial
resolution of 10 nm, which can probe and image polaritons in real space. In order to
measure the spectroscopic information of polaritons, we have to develop s-SNOM,
making the characterization simultaneously have spatial and spectral resolution, which
will be quite important for polaritonics. The two representative members in polaritonics
are graphene and hexagonal boron nitride. The state-of-the-art graphene plasmonics
exhibit high spatial confinement of mid-infrared light and gate-tunability. However, the
lifetime of graphene plasmon remains as 100 fs, which is not enough for the practical
applications. Another powerful candidate in polaritonics is phonon polaritons in boron
nitride, whose lifetime can reach up to picoseconds. Given of un-tunability due to the
wide bandgap and the narrow Reststrahlen band (200 cm™) in which phonon polaritons
exist, it is always important for nanophotonics to search better polaritonic materials and
novel methods for their tuning.

The dissertation is categorized into three aspects: 1. Build home-made Fourier
transform infrared nanospectroscopy (nano-FTIR) simultaneously with spatial (~10 nm)
and spectral (~6.25 cm™) resolution. 2. The real space imaging of surface plasmons in
indium arsenide (InAs) nanowires was carried out for the first time by using near-field
imaging technique, and the related physical properties were studied in combination with
numerical simulation. We find that surface plasmons simultaneously exhibit high
confinement and low propagation loss. Besides, the characteristics of surface plasmons
include plasmon wavelength, dispersion, confinement factor and damping rate, can be
controlled by changing the nanowire diameter and the surrounding substrate. This can
provide a new choice for polaritonic materials. 3. Because that phase change materials
exhibit two phases with different permittivity, we successfully control the propagation
and focusing of phonon polaritons in boron nitride by changing local dielectric
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environment. The results show that we can engineer polaritonic wavefront and sub-
wavelength focusing. Reversible change between two phases of phase change material
without damaging polaritonic materials can provide a new idea for the manipulation of

polaritons.

Key Words: Nanoscale spectroscopy, Polariton, Low-loss, Tunability
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Fig. 1.1. The dispersion relation and coupling of surface plasmons. (a) The dispersion relation for
electromagnetic waves in metal; (b)-(e) methods to excite surface plasmons in order to provide
momentum compensation: (b) Kretschmann lens; (c) Otto lens; (d) grating structure; (e)

subwavelength particles. (23!
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Fig. 1.2. Optical field confinement and focusing of metal nano materials. (a) Propagation of
surface plasmons in silver nanowires(®l; (b) optical waveguide of surface plasmons in V type metal

groovell: (c) propagation and nano focusing of plasmons in metal transmission linel**!; (d)
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localized plasmonic modes in gold nanostructures™; (e) localized plasmons in different metal

nanorods[¢l; () optical confinement and enhancement of bow metal antennal*7l.
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Fig. 1.3. Graphene plasmons. (a) Schematic of graphene plasmons on SiC substrate*™]; (b) the
dispersion relation of graphene plasmons on SiC substratel*™; (c) near-field optical images of
graphene plasmons on SiO; substratel®; (d) near-field optical images of graphene plasmons on

SiC substratel*®l; (e) excitation of graphene plasmons by gold antennal7l.
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Fig. 1.4. Graphene plasmons with long lifetime. (a) Near-field optical images of low-loss
graphene plasmons in hBN/graphene/hBN heterostructurest®; (b) near-field optical images of
graphene plasmons with ultralong propagation lifetime under liquid-nitrogen temperaturel®?; (c)

near-field optical images of hybridized plasmon-phonon polaritons in graphene/hBN

heterostructuresf=3!.
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Fig. 1.5. Graphene plasmons with different modes. (a) Near-field optical images of experimental
and simulated 1D edge mode and 2D sheet mode in graphene nanocubes®l; (b) near-field optical
images of 1D edge mode in graphene nanoribbonst®; (c) near-field optical images of localized

mode in graphene nanobubbles®e,
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Fig. 1.6. The applications of graphene plasmons. (a) Phase control of infrared light by gate-

tunable graphene plasmons®l; (b) hybridized polaritons in graphene/hBN heterostructures™,
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Fig. 1.7. hBN phonon polariton properties. (a) In-plane and out-of-plane permittivity of hBNI®%l;
(b) near-field optical imaging of phonon polaritons in hBNI2; (c) super resolution imaging of
phonon polaritons in hBN [7%; (d)sub-wavelength focusing of mid-infrared light through a hBN

crystall™l,
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Fig. 1.8. Hyperbolic phonon polaritons in hBN. (a) Resonant modes of phonon polaritons in hBN

antenna with different lengthst’?; (b)surface and volume-confined mode of phonon polaritons near

the edge of hBN crystal(”l; (c) manipulation of phonon polariton propagation with different angles

of hBN crystal"; (d) in-plane optical anisotropy realized by nano-pattering hBN crystal(’sl.
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Fig. 1.9. Exciton polaritons in transition metal dichalcogenides . (a) Near-field optical imaging of

exciton polaritons in WSe,[®%; (b) Near-field optical imaging of exciton polaritons in MoSe,®,
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Fig. 1.10. Three types of scanning near-field optical microscope. (a) Aperture SNOM; (b)
apertureless SNOM; (c) tip-aperture SNOM[®Y,
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Fig. 1.11. Commercial aperture scanning near-field optical microscope. (a) Olympus company; (b)

Quantum Design company; (¢) NT-MDT company.
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Fig. 1.12. Two types of apertureless scanning near-field optical microscope. (a) Scattering typel®l;

(b) transmission typel3l,
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Fig. 1.13. Applications of ultrafast near-field technique. (a) Ultrafast near-field imaging of
graphene plasmons with different time delays!®”!; (b) ultrafast dynamics of surface plasmons in

indium arsenide filmt®l; (c) ultrafast near-field imaging of photo-induced plasmons in graphene
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encapsulated by two hBN layers[?; (d) propagation of phonon polaritons in hBN with different
time delays(®l.
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Fig. 1.14. Nanoscale Fourier transform infrared spectra of polymethyl methacrylate and

polydimethylsiloxanel*%!
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Fig. 2.1. Schematic of Michelson interferometer optical path.
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JCUE R I I R N Es = |Egle®ot, XERIFIEHR Iy o |Egl?. G A F1 B [¥IH
S5 Sy A
E, = |Eylet®ot Fl Ep = |Eg|el(@ot+¢) (2.1)
Hrhg = dnw NP MR IIFIAL 2, DGR SRERIIE T2 5
N

Ip < |EpE}| (2.2)
Ep =E,+Ep (2.3)
Ip(D) = |E4|? + |Eg|? + 2|E4||Eglcos(4mw,l) (2.4)
%I, = Iz = 0.51,, N
Ip(1) = 0.5I4(wo) (1 + cos(2mwyl)) (2.5)

SE PR R R A5 5 0 2 2 AR ZRE M, BN o RO RGBS« R 48
Ry AT FEOR 5, (EX SE AR SR Geads RIS, BT RART BUR — AN AR 1
FZIEFFR(wo) i, N

Ip(1) = 0.5R(wg)Iy(we) (1 + cos(2mwyl)) (2.6)
HEILE XS (wo) = 0.5R(wo)lg(we), FEZMEH K, M.
Ip(1) = S(wg)cos(2mwyl) (2.7)

YNSOCNIESI IR, T 9 BRI AR 5 T
1) = fj:S(a))COSZR'wldw (2.8)
X0 0 5 AT AT L P AR 4 ) RTA5 B AN e, R)
S(w) = [T 1()cos2nwldl (2.9)
P B R BT A 38 AT G BR R S 2 8, R4 5k nT DAAE G PR iy 1 1
Iy HEERAT RN BT T KIEEEEAOGIE, FrUASEbrd i T RT sl i sh A TR,
ReeFaA REDGIE 2%, IF HAG 5 MRS E A BREFRAEF L, MR
T AT E R KR omax s IXBFROA G T 5 -
Nano-FTIR ', S5{E4iH) FTIR AFE)E, B2 st fetoa s
FE i AEREE A B AL, B HUN S 2. 1l &R s S H F IR 45 & m s
fie i, IR RES T Bl OB RAIRE G R IALT 30 i — M, iy AT
AT 3 P AT (e R A 3 S 5 T [ IS4 380 40k DU o 7 L 1 0 3 R M AT A At

.
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2.2.2 SCEGERE

Fiber laser —m- \ s-SNOM
1s60pm | N e m e m =
td ~
/ A
h Detector \
| |
I |
I |
A ' ! !
" AgGaS, : ZnSe — :
Fiber laser |- - V4 I , 5-12.5 pm |
980-2200 nm 4 l 1 |
CaF, Filter : lntcrfcrumcter:
I |
1 I
Delay | |
I |
I |
]

\ \ Sample ,'

T e ———

K22 HFEFHE nano-FTIR SL48 6 K
Fig. 2.2. Schematic of home-made nano-FTIR optical path

WK 2.2 s Asese b 5T 25 1) Neaspec A ) s-SNOM #5% nano-
FTIR RE0UGHREE . B, H 2 GHEEMFE 80 MHz. ik 100 fs. i i
4371749 1560 nm F1 980-2200 nm KA CAMEOLAS (BT Toptica & w]) A1
T SR Fik O GRS (CaF) [l B B R AR (AgGaS) whiAiltf7T 2%
S, T R B ) R ST 6 AR UE T SR R R SO R, B AR B KIS 5-
12.5 pumfJHP LA E . e, P AMRERI AL (ZnSe) IR A Hia
NP, — O R R R M B R SRR b, S — B R
AR RN TIREEWE & LS EE . KBEIRIE 8 PK N 1500 um, L5
Fase PERAE A B e H T R G b, IBHERE 5K 25 mm. 4R 5 FE S
HAER G, #ET QBT e R R F B R BA A RS R R s %
GO BE S R A T, AR IR B R A BN AMRINES o )5, Xt
RIS 5 AT = OB, e S ERA BN R, AT
BL (1), X AT AR 6, R 2T 15 B HUN OGS, (w) o
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o

gty

Intensity 1,(d) (a.u.)
° 9

00
400 080 800 800 1000 1200
optical path difference d (um)

Intensity (a.u.)

2.3 HEEE nano-FTIR (UMK, (2 nano-FTIR R4 &K  (b) s-SNOM R4 ¥ %
K (o) RMTEE: (D @RIEHIIOEER: (o) FthfhLasheig .
Fig. 2.3. Test of home-made nano-FTIR. (a) Home-made nano-FTIR in lab; (b) s-SNOM in lab;
(c) interference diagram of gold film; (d) near-field infrared spectrum of gold film; (e) output mid-

infrared spectra by difference frequency generation.

2.3a JySESn i A ) nano-FTIR &AL &, SRy 1560 nm
HIOGET AP IO & th I 2Dk b ', At 2 AR Ty 980-2200 nm ) i
LT RO A R I R, 402 MITRRAE AgGaSy A Hp 2247 A [
ZLAMKE, T8 2.3b 2 s-SNOM R e 4% 1], B €8 il 2% 8l 43 (10350 40 T,
AESHE. KBRS & MBI TR E . BT SEBEAN DM BOE
RS, RIETEFI, H b AR R, BT CASRI0 o 8 1 FH S ) & 22
B R AL AN . B 2.3c YA TR nano-FTIR R G0 &: 1)< i+
WHE, BEEENASR)EERE 2.3d Fosfmn s eibl, By fd
AR A S PN N 2 o N T TR 5 - == /) AR R 3 BT 77 EA R A S P
AR R R A EE, WK 2.3 B, EEGEHE 800-2000 cm™t, X R i
KAEH 5-12.5 pm.
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2.2.3 BERIESHNH

Nano-FTIR H1, {8 B2 Holu il & Hidt 2 S b A2 8 A B AT, 4t 2R
HURAR 2], B2 T8 REUH PO IE & VF 2 5 5E, P LR 2005 ST
R4l

2.2.3.1 SRR
BEOR SRR AR ELATE P 5205 B R B B0, DL g PR AR LA Y T A4
SENBUN #¥8o = se'?fik, B
Esca = 0Ein (2.10)
Horpr s Mooy mlRARIEFAIAHAL, Eip AN, Egeg NS 1.
FHRHUR OGS R SR A A LY E,p ANEHRAH LR B
HAS 5 Epgs WREEUR I N: Eyrq = Eny + Eyy» FUCHRIIZERIEG RIE
laet ® Iseq & |Escal? = |Eng + Eng|” = (Eng + Epg)(Ens + Eng)”  (2.11)
A1 T4 R DU RS, IR Q3R BLRY » IF ARG IRIEZ N T AS6E K,
BIIE B,y A By B BERH], M IO RN
Esca = Eng + Epg = Xp=0 Enfgn cos(nQt) + X350 Epg ncos(nlt) (2.12)
Enfn = OngnEim = Sppne ?nEpy, (2.13)
Epgn = OpgnEin = sbg,nei‘pbg'nEin (2.14)
Forti R0 w3 BT FIE 1 1 B {8 (01 LI SR
H T AT B B p 5 5T AR S O TR]EE B2 0 ZU R AE PR SC 2R, BRI Bl
85 B TTHR S IR IR QI R OB Qi 7, TS SR Epg R BEE A
S LI IR A ) 3 AT A, R AEAE N K S G 0D, AT LA A
PR R MR, XHUE S TE IR TE R IR Q, Hit, i
ST A S AT SR (n>2) , BRESH n B R ZE0E /)
TIEHHURE S n E R R (opgn K Onpn) > BATHCREE, MITIHEEH
EE T o (EESEER T R ZL MR 3 00 2 B2 B 658 seq» HI T Lgeq
|Escql?®s BUEGHR AL S BTN A5 5 R A ARPY, 2 il = ) i fin = 2,
H R RAG T Epgn, WG SN

Un x Ebg,OE;;f,n + Enf,nE;g,O (2-15)
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HHEy g o IR TR 5100, S 5 il Vi (R I W B 43 Bt AT 3R 45
STEARAFHIESE S .

2.2.3.2 dEXFREEMTHRLIINLIE
NT EEIIEE =E S, nano-FTIR HRA THEXRR FTIR Jeit ik, B
BRORFIFE M AL T [ — b e b, SR T 53— o XAEIAEX R A W
AL, H— @ AR T, IG5 23 3 SRR eI
SFRGAHEE T ASCDI AR, prbLR L 5 TR R 228003, BRI 21
DNZERE I Pger X \[PrefPacqs TIADUREIRIEU D12 Py, (75 AT M50 LN R
gg00% 3L R mT LA R I SRAF IR ME AN AR AL G B B, AT A] DL A i 1) SR A
BR (11001,
MEINSENHBAT TG, SRNG5S 3T B i T 15
Up & SppnlSbg0 COS(@npn = @go) + Srepcos(Pnpn — Orer)] (2.16)
Herb s Ml 23 BT M IRIEATAIAL o 24 LAl PR B 28 R s 2 58 0 B
AARRTHAETULD, HE@rer = 2nwl, XTS5 AT 8 H 28 0 7] 13 21
i
Sp(w) = fooo Snfn|Sbg,0 COS(Pnfn = Pigo) + Srercos(Pnpn —
2nwl)]e?meldl (2.17)
ALVERSE—BE S REERME T, BRESHERHINNESITLR, 5
N0, #HXTw > 0fa AL A0k, ME—HAESERES, HERBT
L, FRCLOHE ST =B iR, W] DR BT 5 2050
Sp(@) & Sy p(@)e Prrn®) (2.18)

2.2.4 53—k

SEGH) FTIR —FF, WA AR G MaxHE SE Mg, FELhRIE R
(EREVSE

En(w) = R(w) 0y (0)Eiy(w) (2.19)

HorP R (w) B A a8 AW N PR K. P DA RS B2 AR AR i 1R O 1 X v B A

Ja BEREHEAT I 4k, T3 P AR RS 5 250 B NS BO B A AN, B
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WF3H (o gran(@) = const) , & WHIBRERE NGB . H—4 5 P13 21405 1
VinZ AR i

En(@) _ Inf(@R(W)Ein(w)
Enstan(@)  const-R(w)Ei(w) Onf (w) (2.20)

B 2 0y r () HIR B2 5T R SRR A Z TR LA AR OF AL R
PRSI, T RINALARIZ N T A, £ nano-FTIR A AF i 1 R4k
LT AN R I — I 37 1 ) R e R 1071001,

n =

np (@)
(@) = Il (@)] = Im -2 (2.21)
sp(w) .
m[nn (w)] = m51n((ﬂn(w) - q)n,stan(w)) (2-22)

2.3 PMRRE_SHRELLINCIERNE

a 1.0f S
64 nm Si0 .: 1120 cn

os} .

3 f o

50.8- .. i

% oal _.' \
02} _-'" ...
0.0 L T " e,

1000 1050 1100 1150 1200

S, 40 (0)/S, ()

Frequency o (cm”)

)
(=9
B

/N S0,
. 1120 cn* /1 al  Bi0, ! 1113 cm!
Ch /1) =
" ~ ]
w .' c
S 10 §
a
3 & 3
g | N <
o 05 e 'o'.b}~
N . . . .
. .
4 2 e
W 800 900 . 1.,00(.) . 1,100 1,200 . %4000 1050 100 11150 1200
Frequency @ (cm™) Frequency o (cm™)

2.4 “HEMEERAIMEE . () WA SO T AEERE ST ARM B (b)) AL
EMITIH AN GIE R K (o) ZRMEERIEIHL AN EIE SCEREIN,  (d) brdEddE A
AR I AT
Fig. 2.4. Infrared spectra of SiO,. (a) AFM topography image of SiO, marked with gold; (b)
experimental near-field infrared spectrum of SiOg; (c) near-field infrared spectrum of SiO, from

literature1%l; (d) far-field infrared spectrum of SiO from database.
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% 2.1 B EHBEAE A nano-FTIR 3 th#s

Table. 2.1. Comparison of different parameters between home-made and commercial nano-FTIR

ZH H 342 nano-FTIR 7 nano-FTIR
i 800-2000 cm 600-2200 cm
(5-12.5 pm) (4.5-16.6 um)
Jeik R 6.25 cm' 6.4 cm?
75 [A) 43 HE R 10-30 nm 10-30 nm

N TR TS IR P LU, AR ARSI T A SAnic i 4k
FEVE N RE o ] 2.4a BRI B Ja R A i) ARM JESIEL, 36X 30N
ehric, WOXEON Ak 355, E s FIEUE A (B 2.4a FHIZL
s AT T IE I S RO HOE — 13 21 2.4b BTR IE 35 4040 61 1
Sy si0, (WIS, 4y (@), T LA BUFE L 1120 cmt 4 H B 1 BH S8 10 — S Ak ) 2 i 75
THARIE, S5CERTR B —E (K 2.40) B, DN T 5Tz 406 b, ik
BB T bR AR P P I A REZLAMG R, W] 2.4d BN, FEEER 1113 cm? [
PGB T WU o DRI R DAE BH BT 4% 2 1) nano-FTIR 7] BASEEIGK 44 723 1] 4y 26
(V130T 37 1 R I AR e 2T A 1 )

N TR EMEPE E R nano-FTIR S5k ik nano-FTIR JEATX EE, AT
TEMOCIE G D61l 7 A A0 23 8] 73 e = AN BB S YO I AT T XL, sk
2.1 W[ LAE B =ANSHOEAHR R B 7R R KA, I LI 2 F A L
T AL nano-FTIR Mg & it =4y —, HRTE 1A

2.4 ANEEINGE

A TARAEHUN R a0 S BB AL b, S B A2 s
WA S SR T GR A H AR 2T AP 3l AR AR o A o R 22 AR R B T
PR T AKTE ] 5-12.5 pum B REOGIE R A6, R IR R BEEE S, B
ST RN BA A A0 #EEE (<10 nm) ADGIE 73 A (~6.25em™) HIRAETB.
A TAF R AT, R AL G B AR LD AMDGTE ) 2 R 7 AR BR A, ST
TAEGUR G (8 5 FR 3R XS ORHEL A6 E il &, O BLS B Aok RO R AN R 25
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RIPRMA R EE Ry GHREIE . B TR SRR I T IINBOR S, JFH
FEAN TR (AR} S SR A HAT AR KV B 70 o AESR A AR 75 ik ity 3t 7
P ek AN ) 0 A 2 2 it VA e 0 5  HE P PR 20416353 SE 87, 008 100~200
cmt, AR RUG AT PASE B w06 AR R A, NG B R A
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E3F WULBARRREFEMTIEAM G BE

3.1 MiRE=H

SR (0N LAY RS A BT 32 5 5 B PRS2 24 1T Fl - S T ) = 2 )
(01, ST IR SR 4N B AR AR RR . REFE. SR ARE A 3 R B
FEA B EEE L JGHUR T B TR Y MU 2R T 55 B ot el 't R i8HE
KR 2SR, R AR SR /N T 2RI g iR 2 — [0 1L 1020 SR
SRS WOCBIA B 1) 5 O B A A2 (7 R S B0 g 1D 2 1 S 3l M ROAEG P A AR kB 131,
& JBVERE —RRME BB/ RAE AR T 207, (A4 8R4 BT
23 1) SRR/ 7E K I BB R R HL T2 L 2 R 4% PR ) 17 L s AR I, G L4,
A BRI M S B O T2 AT, 2012 4E Fei S5 Chen %543 Bl EBR Ak ik def AN
AR R B RSEEL T A SR AR BT I 0 R B L. SR RS B
T ZE TR, X B 2 (DG 1 SRt AT ik 50 %, A E A BRI R K 7
R RO BAER, SO R BT R R OSSR T 5. H
A PRI AR LB, — 3 ) A% YO A FOR W7 R R 4R SR, BN, 2015 4R
Koppens i 7t 20 il £ 7 &AL S50/ ZAGH 5 i 45 0Y, BR800 55 B0 L
PRl F 34 % 25, EAESMH & PR 28, BOMRIIPRBIR 2, 2 34
IRRMA 2, S KT P 18k 4 55 25 UG I R D8R, i, F. Wang #F FU 2 7E — 4
BEANK R SR T AR (Luttinger liquid) 45 B1oc M, RE T4 &
SERSHUT, HARRRE RN E T, T [E % s i R I AL R T
ERBRAKE B, ERERBIET RSN . SRR, K28 M5%E S Hoct
FAR R IRIES BB B ARk, BATEVE S 5 T2 S IR BT 2 E AL
EHE

VLA, WY SRS BT IR 78 5 MR 3L 2 SR R A3 B
M IE . T LS B Rl i 22 SE I e gt 42 . B 41 4 7 [
(0.354eV) p Pt BARIE @ BoTH B, AMURART oA, Ko 7T
FeZ 1k = 33000cm?/(Vs) 115 1161 AHLEFHoe 1-V i Sk, nmiieex, H
RIMAFBOLAFERUZ, M CRRITINIA @R B i = RIS, 2 PKae
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DRAE Sty I, DT 3 T B H A AR B8 Z I 8L, 2 HOBEAT AL 248 2RI, i
WP PRI EJE I, ELLANRB iR B i o Tl 3P e R i &
B WoTh AT E R, e R T 4 R OT KR A R R R
TBORATRAE o X fift A 80 38 T A5 T SO 1 OO R 2R T 2Ok A, B
McConville BF FEALA H =70 7 HL 1 RESR RIS X AL AR T <5 B oc b AT TR 5
PRI, WEFE AR T B AT B R R A [FIRE i 46 VA DL SR IR R S
XTI 4E BT A SR (K st 1231, dRlt, Basov i ST 4H R A T8 43 ' 1 1
AR, LA IO AR AR, BN LB TR, X B AR T S R T
TEHN I EAT T TR, (EK G AR A I A5 R AR AR, X e R T A5 T Y
sl B E A

3.2 SLIERSY R IRILIKIE

3.2.1 FLIRZAREHIFI &

FAT I 7R B U T A S S A URE (CVD) fEREAS R E il 4% 7 AL 4R 4%
Kk AR
(L 'S, HNEH. SR % T AN F R IGEAT B A AL B, &K 10-15 77
B
(2)  HIE B> B KM AERE R b, KK TR KA R
(3) BAENEKIFAELL A K (200 mg, 405 99.999%) Hlisf JEEAK VX & 1E
R P AT N, AEREG T E G, RS ZHEE 16 cm 4.
(4) XATEE A IR =R, BB AN (AF 99.999%) , it
HIEHIAE 100 scem, LREFNT 23BN 150 Torr.
(5)  XPATCEIMTAHE, RS 25 F+ & 500 & 800 fF, FEfhfE 800 R
TEIRAA 30 8h. frddl 2=, BUHE.
H T i B 1) 4 5 b R AR R B R AL A1, VR & R AT B2 E A
AT T A2,
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3.2.2 MLSRLNAKERIRAE

ALK LT D de A 4548 . LT INAFAT 454 (Zine Blende, ik ZB) A
INTTEFEERT 4540 (Wurtzite, TETAR WZD o GoKZR 11 di i 4 M A T AR K 464
HFBATRFE AR CVD IR K HBLESONER, P LA R ELRRSAT i
I SURT AR S5 ) o ARV SO BRATT T ) 26 (KU B A 220 ZB 2544, (B2 9 A S 2
ARG 1A 2E ZB AR, W MBUR S TRE, R R R A
FAVEAR IR ST 02 dtl s B A e, o IR v PR S R

a b

3.1 LI R T MBI .. () BAANEET 4l (b)) 2GR
W48 o
Fig. 3.1. Scanning electron microscope (SEM) images of indium arsenide (InAs) nanowires.

(a) Single crystal pure zinc blende structure; (b) twin superlattice structure.

+ Twin boundary
\

100 nm

=2

Intensity
i
~—z
e
o z
=

In
In

0 50k 100k 150k 20.0k 250k 30.0k

5nm

Energy (eV)

3.2 7R i s B A K 2 i i T B . (@) AR E S T R
(b) YRR EH x HLIEE: (o FREmnIREH BT ERsE.
Fig. 3.2. Transmission electron microscope images (TEM) of an InAs nanowire with twin
superlattice structure. (a) Bright-field TEM image of the nanowire; (b) energy-dispersive X-ray

(EDX) spectra of the nanowire where the chemical compositions of the nanowire can be extracted,;
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(c) high-resolution transmission electron microscope (HRTEM) image of the twinning superlattice

surface of the nanowire showing zigzag facets indicated by the green lines.

FATE e R T B (SEMD Sl 45 (R P R SR R gl R Rdk 4T 1 AL,
il 3.1a b s, PFRSEAYGNOK LR T A 3R E S RORLE AL AE K AER . 98
KLk 152 P M AR T A KA R e A8 & AR A R o P TS b B 2
AR i RS, BT DLBRATT SR S BT AR (TEMD (ORZ S R g ok 2 i
177 RAE, ik 3.2 f. A 3.2a Hm] DAE 28 1 21 9K 28 3 01 HA M 1R 4
R, HZE SRS R, BN 78 nm. 1] 3.2b SRR IR (B x L
(EDXO3, FH LA 58 9K 2R (A0 e 43, i RO 6 38 5K 1 T T80 R Ot R
SEREFW, PREPHE T (55%) E LR TR T (45%) , UiIIgKEL
RIS IR T R0 AR B2 RATBEN YUK LRRAT T =0 PS5 T B
(HRTEM) &, WK 3.2c Fiw, AKR&AEKTTRA [111], HA<111>A A
<111>B IR T (SREsik) , mERELARER T . Bl KEK TEM
FAERIL, ZBRGUREER TN [111].

3.2.3 FRRF

AR SIS R FRATFH 380 B AN S A A A H - B (TEMD 6% B4R (OMD |
RE B A X ot (EDX) « BEFRBOEOLE (QCL) M Bl fiiE st
FEME (s-SNOM) .

S8 A B A FH 12 0Kk B 78 [ Neaspec A 74277 1 s-SNOM, FE 544y AFM,
ST TR N FOC R AELEET R b, PRI AR S . LSRR Daylight 2
AP QCL #4142k T Nanoworld A & 4= A 4B 8% 2 (PYID
ITEEFR . s-SNOM [ AR 4 R ER NS TE O, AU TEH IR i %242
(~25nm) o <& JEEFRBE A LLAMG IS e H AR w7 A R I i, TRAM NG
HREFEBEHoTE s EZ, WNMER RIS EIT. Skinr, HOr TR
21 250 kHz, FHORSFEMAHEAER, BEFIHUR BOGE ZHNE . B THUH A
BT ISR SO IS R AE TS, BT IR TG 53T T m SO (DY
BRI AL IR E T, JER AN E TR RN AR 2] Vi iRmE A AAE S .
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3.2. 4 ISR

RIHE WL R T I B H BT 5 A5 R BAE R A AR Y
o AR FAERAE B HER T, @I FBRE, LR R RS E
A i, TP~ AE R T 25 B e ), I B2 SRIe wl i@ i A1 in i R e s
WM TR, XEE)RATAE &R . B A 3 & B oS 7573
LA ENTE  ERNTE A BUE T 505 o A S rh AT 3 2N BB T R A
BRJ6i% (Finite element method, FEM) W STl L A4 K 63 T 46 B oG, A
Ak COMSOL.

3.2.4.1 BLSBANK L ERNMRIAY Drude 455

KPR, W45 40 ST A 58 4 i T S0 B B 1 20
Ri. HAN, SCB6 TR A AR Tk T 40 nm, AT BAAS FH % 58 RS i
SRR TANER, PR, FofiTF 2 S Drude KU LA K25 A HLTR R
HET T 4402, )

2
(W) = £, (1 - wz“:’wy) (3.1)
Ne2
wp = . (3.2)

Hrfe P HEEL o AR, w2558 T, yitH @i
AU, N EE BB TR, e RRAHEME, m BRI THME. K,
Tt A R A K 2 A L ) I T AT R T 20 3

€ = £q (1 _ 9 ), £ =¢ ©pY (3.3)

® w(w2+y?)

wZ+y2

——Ns=6*10" cm* ol Wi - = =Ns=6*10" cm?
-100 —— Ns=8*10" cm™ %12 78 - = =Ns=8*10" cm™*

——Ns=10*10" cm™ YN == =Ns=10*10" cm™
2120 Sk NN

ST===g5a

-140 1 L 0 L L LT T T g gy
500 1000 1500 2000 500 1000 1500 2000

o(cm™) oo (cm™)

K 3.3 N[BT LK A f B (2 AU (b) &
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Fig. 3.3. The real (a) and imaginary (b) part of permittivity of InAs nanowire with different
doping levels, respectively
&1 3.3 A1 b 73 Bl AN 5 A T L AL A0 K 248 A Fi A0 SEE A R
Hry™t =01 ps, m" =0.023m,, &, = 11.8 U8, fELANEET, “BIIRSE
B, S E BRSSO UE, RIDve R, 2 AR A B EHou e A b
INESEEE

3.2.4.2 WLIHARGREFEHT _HERN S0

a .
Air

=
g

|E| (a.u.)

o

|E| (a.u.) =
5

(=}

Si02 substrate

K 3.4 BUERBAURIRIML AR LR TS ABoci . () B EmaER; (b)) -

(&) “HMEEMENR L, REMFEFOTIHME (m=0) M—Fri (m=1) @7 nAmE. 5
JR 50 nm.

Fig. 3.4. Numerical simulated surface plasmon modes of InAs nanowires. (a) Schematic of cross

section of model structure; (b) —(e) the electrical field distribution of different plasmon modes

(m=0, m=1) in InAs nanowire on a SiO and Si substrate, respectively. Scale bars, 50 nm.

2T THEAEATE LR AIR L, AR R R -K - TR AR
MFRE SR, R B A R BE TR . Ty 1 Hr i AR g oK 255 B i oe R,
FATTRLHI 72 COMSOL A (i S s A A B AU I 5 2% - B 3.4
PR R R E I, AR, PUREHEARE N — DR KPS, HA209 104nm
X 3 A AR A 23 A ] il A D xR T FRL R A S 20 A s TR ATT SR A T
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AR BT T A AT 1) 22 e 497 5 O R0 e SRR AR I R TR I AR AEE DT AR, W]
AR K 2k rp 2 1 25 B8 e e AN AR AR AR XA T nege = ngge + ngge A
S FR) A% 3 5 BN 25 9B = niegeko o 1L, PR EE R T 45 B BT HI R RKsp = NegrKo-
o R THI A5 B HOTIE A R 513, ko9 B B2 [EDE AR, 4] 3.4b-
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Fig. 3.5. Three dimensional simulation of surface plasmons in an InAs nanowire. (a) Schematic of

numerical simulated model structure; (b) numerically simulated spatial electrical field distribution
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above an InAs nanowire with diameter of 104 nm at 901 cm™; (c) line profiles of the nanowire

extracted from (b) (white dashed rectangle box). Scale bar, 1pm.
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Fig. 3.6. Comparison between InAs-plasmon dispersion in two-dimensional film and one-

dimensional nanowire on SiO; substrate. The plasmonic dispersion is evaluated as the imaginary
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part of complex reflectance 7, (k, w) for InAs film described by Drude model, shown as the
background color. The red-dashed and yellow-solid lines represent the free-space light and the

plasmonic dispersion in nanowire, respectively.
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Fig. 3.7. Near-field optical images of surface plasmons in InAs nanowires. (a) AFM topography
image of an InAs nanowire with 104 nm diameter; (b-€) near-field infrared images at 901, 930,
950, and 985 cmL; (f) numerically simulated spatial electric field distribution above the InAs
nanowire with diameter of 104 nm at 901 cm; (g) line profiles of the nanowire extracted from (b)
(white dashed rectangle box) and (f) (white dashed rectangle box). Black dots and red line

represent the experimental and simulated results, respectively. Scale bars, 1um.
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Fig. 3.8. The influences of InAs nanowire diameters on plasmonic properties. (a-e) AFM images

of InAs nanowires with diameters of 42, 94, 104, 128 and 176 nm, respectively, on the SiO,/Si

substrates; (f-j) near-field images for the nanowires shown in (a-e) with the same excitation
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frequency of 950 cm™. Scar bar, 1um; (k) calculated relationship between plasmon wavelength
(Ap) and the nanowire diameter; (1) relationship between Ap and the nanowire diameter at different
excitation frequencies; (m) confinement factor (Ao/Ap ) as a function of the excitation frequency in
the range of 901 to 985 cm* for nanowires with various diameters; (n) dispersion relation of
plasmons in InAs nanowires with various diameters; (0-p) the numerically simulated electric field

distribution of the m=0 and m=1 mode, respectively. Scar bars, 50 nm.
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Fig. 3.9. Near-field response of an InAs nanowire with varied diameters. (a) AFM topography of a
slightly tapered InAs nanowire of 11 pm length on a SiO2/Si substrate. The diameter of the
nanowire ranges from 100 to 60 nm from thicker side to thinner side; (b) corresponding optical
image with incident frequency of 950 cm™; (c-e) topography line-profiles extracted from dashed
lines in (a). Dots are experimental data. Curves are the Gaussian fitting; (f) plasmonic line-profiles
of three different segments extracted from b (dashed boxes); (g) the plasmon wavelength as a
function of diameters with the incident frequency of 950 cm*. Black dots show the extracted
experimental data from f. Blue line represents the calculated result. The experimental data are in

good agreement with the simulation. Scale bar, 2 um.
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Fig. 3.10. Oscillations of the near-field optical signal from plasmons in one nanowire with
diameter of 128 nm, which is on a SiO/Si substrate under the excitation frequency 930 cm-.
Black lines show the optical signal averaged along the nanowire. Fitting of the optical signal

yields a plasmon inverse damping ratio of yp1=21.
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Fig. 3.11. Near-field images of an InAs nanowire on a Si substrate. (a) AFM topography of a
nanowire with the diameter of 90 nm; (b-e) near-field images taken at the excitation frequencies
901, 930, 950, 985 cm'!, respectively. Scale bar, 300 nm.
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Fig. 3.12. The influence of diameters on the confinement factor on Si substrates. (a-d) The
confinement factor (Ao/Ap) as a function of diameter at the excitation frequencies 901, 930, 950,
985 cm?, respectively. Dots are experimental data. Green and orange curves are calculated results

for the carrier density ns = 6.5*10% cm2and ns = 9.2*10% cm3, respectively.
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Fig. 3.13. The influence of different substrates on plasmonic properties. (a) Ae as a function of the
excitation frequencies for the same nanowire with diameter of 135 nm on the SiO»/Si and Si
substrates. Dots are the experimental data and lines are the calculated curves; (b) corresponding
experimental values of yp™ for the same nanowire samples in (a); (c) A» as a function of the
excitation frequencies for the same nanowire with diameter of 102 nm on a SiO,/Si and a Si

substrate. Dots are the experimental data. Lines are the calculated curves; (d) corresponding

experimental values of yp* for the same nanowire in (c).
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Fig. 3.14. Figure of merits of different polaritonic materials
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REAT T HCEE, PR RE & RAT, (RS HG T 4 WA — 440 R 22 1 R T 45 BSOS
R R R TS EHOT A E m s Rt . &5, BATLEEE SR
ZK LR EAR AN FPA B0 3R I A B WOC MR R EEAT 1A ROR R, IR I A A HOT
P 5 YKL B PR PTG O R, ANy PR 7 DM i 2 LA B KT/, 9 L
DR I B Rl — RRGAK 2R — SR A T e 3 THT 45 B e KK F7E R
PR L, A3 SR T AR o

g BT, BEAHZOR SRR HOT M RHR B T — AN BT E, I LR
Py A1) 4% 7 AR S A P B A B 2 SO T 2SR OB BT T 158 1 SR T « A 5
) AR IE 75 2B — PR AN KB AL .

B, ATRIAAIIT 1 R0 E B FOTHI 2 EDEEER, sz s /5
SREIRTT. AR SR TInmBE IR, mTUEGPKE MG P T, #t
FTENACRERIRAR, 7 LA BN BRI 45 B OT ) A, IMTAT FE RE BlO S5 7%
PRI FE A AT SR AR ML I B O o LU, F 025 R e O 8 o 3 T 45
BT IR . AT, BEORTE—SERRNK T A RS AR PU AR R 0L
BIBRACWTT, (BB R BIPPRL R T S5 A3 ORI RE R, O LR S R B 4 1
VBT FE K 22 D9 8 P28 S5 F 7 S By L A B BEAT 3R AE, D2 T B AR ARE
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DR FE T R S5 M O BIE FERE M AT+ B2 55 =, S5l 2 i A B X 2R T
SEEBOTIE AT I, BFOVE R UK N T ARRANRDE T B, RIS B3
TCH L AR G, (R I 3 AT 298 oK 2 ' Al i
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B4E EHWEFRCHTEREE

4.1 HARER

W T 32 RURTHS AR IR, AL GEA AR RS 52 B BRI A BEAE K B4, D2
RESCILGR G R B S e /5 BRI AR AL BTk B vh 2 T) [ 6 R 1 £E AT 56 1
PR (R4 oK RUBE o LI AR RT DL SE BV 22 S0k (14 6 5% R 5 4810 X i 5 e 1143
G K Z) ] B ) BT AR S MO DL R AT S I R AR A . BRI
WRFER M, e E F A% 398 1) 1 SR o it AR A Ak e 2 SEBLE AT B R 1K) e i, 2L
7 T PSR T OUH ZREAARE  AF-5 S ) FL S B Y T A AT D A6 0 B BT A 3
J7 1 Ay A ARl e,

B(w) = g— arctan (1\/:“88;(((’2)) 4.1)

Horb ey =exy = gy Mg, = &, 70BN EF T A (IE BT b D AT 4k
CPAT T f4D M ES. dTHAMEIMINEERR T (gy <0, &>
08 &4 >0, & <0) , MEGAERFIRAEMREA BEEATNE, B4
PRI A EEDE T XUAPREIE < S H R B 20 5, NI ORILE 1 A4 BoT vl AAE
XA R LR GAULT R 5 S Boc e &R/ Ut AR R 2D o K, 8
NEEUUT TSNP N0 S PG ST E b oW DR

A0 A 57 2838 1 R N A R AR SE B, 9 < - L 22 SR DS
ZOR LMV R AL R BT RIGHK G B B 21071 (B X 28 3 AT LA
RO HUH B LK R ITH) LTS B e Mo, Sf 3 v fo i 6 B K A% 3
RAEPRF NGS5 Hu i R, BEy BRI 1 a] PASEELE i BO6 52 R 3 i oy
HeR, JF H 8 A 5% e [ A e 40 B 1 KL T A B O AL BT R . 7
TR AR AR RE T, BALT SO 1R 2 AR R AL Ry
a4 i, BALE S 1 RA e a5 0, RS ROSRYa T, Ti py A T
AR HEBORN R H 5, DRI 26 20 S B 5t LA A S B A R g [z 1490
K 4.1a AARFRIEAICHE T, BALTRR B H S, WL B A2 SR P 260
A, IR AR S 2 i 7 (Reststrahlenband) , 6 REFAS[E (ARG, BRI
SCor RIRROA TR A B3, SR IR AR PR (TO) AR (LoD o
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P T BB GIE I, G, A E RS L XA A R I H
MAT A, I H A SRS B B ) SRl R A B LY, PRI T A |
WA X 2RI (Re(eyy) > 0, Re(e,) < 0, SFJEH 760-825 cm™) Fik
TI(Re(gyy) < 0, Re(g,) > 0, FFIEH 1360-1610 cm™) ALl 75 T AR AL T,
WK 4.1b iR .
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K 4.1 BALR P 2L A BOS iR, () ZALITI AT A L 2 (b) 2RA—An
Y X £ A0
Fig. 4.1. Hyperbolic behavior of hBN in mid-infrared light. (a) In-plane and out-of-plane
permittivity of hBN; (b) typel and typell hyperbolic dispersion(4°,

2014 4F Dai %5 IRAESEES EUESE 1 AT XU 2 75 5 B Ak e JF o FLadk
A7 7 927 (B AR A, A AT R IS T AR AT AT DATE JE BE A T LK R AL B
JE R, B A sl RELE T 204 B R I e RO 2 SR BB AN /N I A% 3R 45
FEo HHT OIS OReE , BB S AR AT LA S R R I R v E 1
58 AL R 100991, G SR e (R R M A OB B T XGRS A L R 2
BEZAUL . AT, BAIEAREAER (6.0eV) , BRIAR MR i
G, IR D7 AR R EE A B B 0k B[R] )5 2 R BB, (EX AR
KBRS 7SRRI o BEJE, Li 53R KA BL GesShoTes (GST) H A3t
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MG, ESh BB GST J5 A A s (i 75 1 iR ST JR sk ik e 25 42 i,
XHF 7 nm B GST, P RALBOTE R Al R = AN IEI 230 4, [FINAIH
GST il FIAF AR FIARIR,  SEBLT 0 7 Ao 12 i rr i e, 3 ik
W IRTESEAE 7 — AN A B, ER %W SO B 1 X A AR A SO B
iz, I, Caldwell B FC ALK — AL IAT IR, R HAEASFRR L T A A
A2 A A A A1 v O T 2 B A A 5 B Boe e, S SI9T T IR
(U, ERRXFPITIEAAAERIR, A SRR R A R BEALE, IF BE
AR IR N 3 AF . R, H AT SEBU BALHH A 7 R A SO i i Je 4wl 38 i
J2 7 AR LR ]

FEARTE R, BAVET AL 7 T AR A oo HE LA sh iR i 1), 3@ B e AR
EY] 7R AHAEREL IngSbTe (IST) 1EJNFSIR, w] LA R 42 AL B = 14
WHOTHI RS BT, KB RT 5 5 2 5.

4.2 IBpIRIE

4.2 1 NHEIMENETFRCEITRIEN

O FLRBTATRL T R A e R I R A% S S 2, DB g K
JEME) B RN, FICEATRAE RS 2 E) B IR R B g m e
T HER R, SRR BTN T RGO BRI, T DU 25 2T N
MR, TEIXAE I BRAE I, ARABTC A T SRR .

Ap=g=4#mq£j,d«xp 4.2)

Forfre, Ao i BRSSO i E o2 PN E, ot ASDEIIE, k,
FE T A B AT BB R o ARAGITC 370K A B 1 T ~ A / 2 PR 2 A S 4R
i N FL- o ] R

Ni i wSp

(4.3)

;wz—w%ﬂwrfl

A2 — T (Drude Hi) Ron oy H B LA TR, 55 30 (Lorentz T #RoR
R SO THOTTHR, S, 1S, AL, wp B TERS TR, 1,
My e LR T 18] o
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R AR, WO LR E Z R TR, S,~e?/
) fonpr Fon~Nym/M < 1, Hhf SERMABH, N AELIE TR, m
TR, MR TR

XHF—MAONEOAT B BT, DL b AR R =
JRER R, R 7 TR LT £ T 27 e,

q(w) + ik(w) = —2 arctan (- (4.4)

P = ﬂ (4.5)

i\/€xy

Horf, g M1k VA FARACOCEC R B SEHMEE A, g0y 6y Exy~ 70N E
PR RATER . BUREALTR T A AT AR L 2L 1=0,1,2,3..

PRl FATT AT LAE i AR AT (4 i1 2 B A SR A A L B S 1
PRACTTCI A o (B U SR AR SRAT R A K IR P 1 AR A OTAEAE 7 2R & 1 &AL
s R, HIEEAON LIRS, B iR BoTi Rl U INE B = [D6) 25
i, (EL 2 S 28 N 2] 500 nm I, 75 T RAGOT IR S B B DGR 3 #51,
1115 F A 22 e UK R A KR A dh R i, RSB IR H, &
A H T [ A 56 RE BSUARME SE BIL E B 4% o A ARARU T DL R A e DAL P A 1]
AL E SR EAMERIR AP, RARAARR AR, B ARG AR
(92l JLR, XA AT DA I Dl m R i DR (KA L e e, O LS R AR
S8, BRIk, FEA TAE T ATEARL A KL IngSbTex (IST) 5EAMIIAHL &, #id
IST 725 T 7] LALAF B FE S AN A0S 75 1 IR T kA7 4%
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4.2.2 TR} InsSbTe, F MR AEIT B FRACE TSN

c ]

- ‘//
1 T e w}
a-1ST S e H
’ :
b d 1800

5 100 150 200

Frequency (THz)

4.2 InsSbTe B2 . (a) BUEBIMRI SR E R (b AFEAREIST Z (A #y%
HorEB:  (© aISTAREH: (D) c-IST /.
Fig. 4.2. Optical properties of InsSbTe,. (a) Schematic of the simulated model; (b) schematic of
switching between two phases of IST; (c) permittivity of a-IST; (d) permittivity of c-IST.

AR TAEHIE B AAEE InsShTe, (IST) o K 4.2a MK BKIE, £
SEAIERT S EBCE AR ARL IST, AR5 M A 578 1ST b, d@idxh IST A
[FIAEE . T AR, SIS T AR A WOC i B 4% . IST 7E% IR T A ™
ANHH, JEEAH (a-IST) RIEAH (c-IST) , i 4.2b fiow, JFH AT BUs R Yeel s
IR (AR B e . P 4.2, d 2300 IST (RIAE Sl AR S AR 7E R RN B AT
A R B DX AR B AR DL R B A Y Bl 40-50 THz (1334-
1668 cm™) , X BT EALHI Y e AR S R E T, W LUE B SRYEE R a-IST A
HHSSBAIE, 1 c-IST B i BEEHOA 7, JFHAEmBE. AR
FIRAA 56 AR 62 o, FEIE B YE Y a-IST RIA S itk c-IST
R & mE, AT DU EAGTIER Bt 58 4R [F [/ F IR B

a
20nm hBN

b
250nm IST b B b IL b B b D

4.3 AEJEAR c-IST.  (a) THEBARETE R A (b AFEEAR c-IST mEE.
Fig. 4.3. C-IST with different shapes. (a) Schematic of cross section of simulated model; (b)

schematic of c-IST with different shapes.
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a > b
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Fa49 2N o2
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=~ I*IO. 3 - I’9- 1

Kl 4.4 AFTEAR c-IST I A B BALI T oT g A s il sl . (a) ELA =M
(b HFEEM =M (© BEMHEE: (A 5.

Fig. 4.4. The real part of electric field distribution of phonon polaritons in hBN launched by c-IST

boundaries with different shapes. (a) Right-angled triangle; (b) isosceles right-angled triangle; (c)

right-angled trapezoid; (d) rectangle.

AT F F AT A CST AT BB, L SN At . |
4.3a Nt HAS R R R & B, BALIERE 20 nm, IST JEF 250 nm, A4
MEAH Eo7 BN B9, AT 7 M RITEARE c-IST, Wil 4.3b fir
w, BANERZ=MAY. FEEA =M. EAMIEANER . B 44a-d BR T A
BHGAIA 4318 THz 7, c-IST 435l A DUFRA [F] JEAR IS (¥ 75 7 iR AT B s 4 A
SEESEE . PURRARIY a 1 b LK E#SS A 1 pmM 2 pm. A AT ELE] R
& B DUFP TR 3L FAOR T 7 FIRAGEOT, LT REGRUR, Wi B T il il %
AFTEARI c-IST RESLIAMABITHIRE, (RATAES, N T HRHEFRML
WOt IST AN[RIAH I FRI I 1 8, FRAT 175 B3k e c-I1ST 30 S0 - [
BTATEAE T AFTER RS, YE R TR A T IRBOTiIR . AT H
W EE AR AN RS X 7 P RO OR (e, AT AN c-1ST TR AR
SR RO S REAT T 4, R 4.0, SEFIUAMIR, 2 a. b & ovE/D
EI, SRR SRERK (75 2) , fEMBI a. b BT, BEAZMLMMER
(I SR R ABh . HEARRTE, S5 LA = A A L T B DR A e v [ e o
J¥ .
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® 4.1 AFEJERFIRA c-IST 8 FH R BACII S - H AL ot s s
Table. 4.1. Intensity of phonon polaritons in hBN excited by c-IST boundaries with different

shapes and sizes

JEAR a pm b pm 58JE Vim R

1 2 4.9 1

1 0.5 10.1 2

A =fp 0.5 2 3.2 3
15 3 7.0 4

2 2 10.1 1

1 1 9.2 2

SME A=A 7 7 97 3
3 3 5.9 4

1 2 4.4 1

0.5 1 10.3 2

HfuthT 1 1 10.1 3
15 3 5.9 4

1 2 6.4 1

0.5 1 9.1 2

Y 0.5 2 4.4 3
15 3 6.7 4
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4.3 IEHIRERLHEL B FRUHTRYIEE

4.3.1 BEFRCEITTITERIEE

4.5 ARG RAPOBL T c-IST RIS TIREUTERE. () BUEBIEI
M RER: (b BEAVERER: (o - (9 AEBERSE N ZAHIE TR BT
L) 70 A1 S o
Fig. 4.5. Propagation of phonon polaritons in hBN through rectangular c-IST launched by a non-
resonant gold antenna. (a) Schematic of cross section of simulated model; (b) plane schematic of
simulated model; (c)-(g) the real part images of electric field distribution of phonon polaritons in
hBN at different excitation frequencies.

B, BATRNHAEIHR & REBOR B A T Boc. Bl 4.5a N1t
PR AT R B B, A AR B R0 400 nm IST AR R RE&E
TEEN 20 nm EAMI 2 T, JEHRERLK 10 um, %2 um, & 400 nm.
NG NEACTN b7 1 NS, S [y 42.24-43.448 THZ (1409-1449 cm™) .
& 4.5b J BRSPS, 18 IST H, BATET T —/Mieks f 220" 1R % X 35
FEHN GBI c-IST, K 2 pm, % 1 pm, HARXECANHILE a-IST. 18 4.5¢-
g R T ARFENSHINER T, AT FIRAETCH B A s i, JEtiRé:
RN OB FE TR TCH [ AMERE, B ORI IR, S8R FEIR/N,
REEFE T A BT KA S IF B, AT T4 8 380 S 77 B 7= A 7 % 40
REE B TR EOR T B F Ao, I H, BRE RN M E-F oo
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BASAREE THETE AN A R s N B L)y, X2 R ¢-IST AHEL T a-IST A 5 i i)
I U E AR, TEFTA ORI T, 2475 TR oo A& 1 2R 505 TV 42 J 3800 5Lt
BB BTSSR, BATAAIXZ BT c-IST 1L R BUR 8 SR 4R 2k
WORBREEA Y, s T A TR E R M SCR I S, SR A R R G R
LR T A RO S LR

4.3.2 BETFHRCETEERNET

42.82THz

M Max

i

42.52THz I 43.448THz

Kl 4.6 ARG R ZeioR il i1 B 8 B B S TR oe g . () AR HIRE
Bl (b)) - () ARSI N BN S 7 Ao B i e B .
Fig. 4.6. Propagation of phonon polaritons in hBN through a plano-convex lens launched by a
non-resonant gold antenna. (a) Plane schematic of simulated model; (b)-(f) electric field intensity

images of phonon polaritons in hBN at different excitation frequencies.
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L

‘ ”“&3“ 5 5 42.82THz

i

*ii‘lli\:w:[l{{uo.

“’”“‘ 43.13THz

42.52THz i 43 448THz

B 4.7 AR3LR G R AU & B B A T IR oe e 3. (2 BB IR
Bl (b)) - () ANENERSE N EAHN S 5 I Ao i i s B
Fig. 4.7. Propagation of phonon polaritons in hBN through a plano-concave lens launched by a
non-resonant gold antenna. (a) Plane schematic of simulated model; (b)-(f) electric field intensity

images of phonon polaritons in hBN at different excitation frequencies.

P, TAWE ST Fifih 7PN IE S4B c-IST, &4 5 um, &S
4079 a-IST, il 4.6a, A HIEILESE AN B 02 S S I RGN 75 1 i AL
WOt 8 4.6b-F A RO T LR 4 REUR BAGIN 5 7 i Asoe it
ML . A IR I I E B S IR A KA R, RERNLZ
BB T TR BoT A R L 1 o RIS, JRAEE IST Attt 7 P
BRIk c-IST, Wil 4.7a, ~FINEG 428 2 pm. & 4.70-F AHFHEK
IS , BACH 5 AR Eoe B f s fE ], mT LB A B2l & B e
WAL TTEOR AR TR, (HXA R T FIMIESE N S U BEIE R, 1T~ M
BRI TR T WACHoTHE, B AR B WU g i P AR R . BTRL, JRATTR I
AL R 4 RERMUR 5 FIRAHOT, TR T A AR (0 & JE 38 c-IST, #4
PR g 6 o 3 1 32 R -0 T U 5 A 81 R Ay 7 A 3 A L 00 25 S B B 7 A
BT IR S
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4.4 HiRERLEMEA B FRUHITRIEE

HHR G RE T LA AR 13 14 58, I H O SCRRHRIE 1 R FH LR 4 R4k
TR AT 5206 55 B ioc T, BT LR AT R W AR SR 4 R 2 4 L AR 4 R 4R UK
POt EERE N 43.13THz F, BiEdE & RENK. %, BES
B, ARSI R KPHARERE RS (K 1.7 pm, %: 250nm, )5
FE: 60 nm) . W1 4.8 Fi7R, & REWUR FACHIFE AL IO HLI 43 A S
B, FTDAE B SR A LA IR c-IST 1 UMUK 35 1 .

& / G

30.5

-30.5

Bl 4.8 LR R ZRIMUR AL A T AR AT H% 43 A ST A
Fig. 4.8. The real part images of electric distribution of phonon polaritons in hBN launched by a

resonant gold antenna

4. 4.1 BEFRCETIFETRIEE

K 4.9 FIREREHA T, FUIA TR EoclE BM =M c-IST W3t . (a) BiR
gitrEr; (b BEFHREE: (o) HAZMIY cIST W BRI TR
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TCHIAEIRE: (D - (@) AFRBRIET, FACAE THREEoTirigs: (D K
RINF 43.13 THz FHIBOKE.

Fig. 4.9. Refraction of phonon polaritons in hBN through a right-angled triangle c-I1ST launched
by a resonant gold antenna. (a) Schematic of the simulated model; (b) plane schematic of the
simulated model; (c) the real part image of phonon polaritons in hBN launched by right-angled
triangle c-IST boundaries; (d)-(g) refraction of phonon polaritons in hBN at different excitation

frequencies; (h) zoom in image of (f).

] 4.9a AR R = B, AR AR R B R B 250 nm IST & T
JEEES 20 nm AN T, HHRE REE TE MW LJ7, NS RE 17
FEANMN . K 4.9 HEAFRURE R, ATER 7R 4L L SEA=MEN
&J@IF c-1ST (a=1 pm, b=2 pm) , EEN 250nm, =MIEHMESr IR a-IST.
4.9c NEAH B RE&R, SJEIR c-IST Bk 17 TR ETT fg 70 A SEER I, T
U 26 B IR A SR 7 T IRAGEOT . B 4.9d-g NANFRBURSER TR, HLiRke
RGBT L 70 A S I o T 3R G R GIUR 7 AL I 1 3 s
T B O SRS, BUE S & ORI S, PRI b & R B0k
(P TR AL ot AR B = AR S B R, HRD a-IST Al c-IST FIIL e, ik
WAL R T 1A 3, BURAE T Hrid o 7B T AR A BOTE AR I S A B RBL T
JCAE P MAN [R) A 50 S TR A%, DRIt HL 37 (8 T RH 00 5 1) 32 8 S A1 SE VR /R HT 559
g e

Sinec _ neff’a (4 6)

sinB, Neff ¢

Horh 0, M6, 70 | N AE G R AT A H g b 7S AR AL BT AL R S 5 Mg, AMnegra U
I R AR BT M, T nege = Ao/Apns Ao NI, A WA T
Ao, W R TR R

sinBc _ TNeffa _ Aphgc (4 7)

sinf, Neff ¢ B }\ph,a
ForAt Ay M1 Ay o 73 1) D9 4 8 BAT A RSl AR 5 - IR AL BTG o FRAT TN & 1 38
RAFN 43.13 THz T HI A T IRALIBOCAE AN R AR A A% 3% A1 AN K (I 4.9hD),
M T2 SRR, A R A, It LA - IRAGEOT I Kt A T AH AR Sk ST i,
H:

sinB¢ _ sin24 — 059 (48)

sinB,;  sin430
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Zehe 314 _ 56 (4.9)

)‘ph,a 564
BE— RN 7 RN TS S 1 TR EOT T I IR

a

4.10 LIRS RELHAK T, A A TIABOTIEEFRIE c-IST B4 .  (a) BAZHY
PR EE: () BE c-IST AR B A T ot i e A se it ;- (o) - (D
ANFRERARZET , BT T ARAC BT B Y c-IST 5 94 -

Fig. 4.10. Refraction of phonon polaritons in hBN through a right-angled trapezoid c-IST

launched by a resonant gold antenna. (a) Plane schematic of the simulated model; (b) the real part
image of phonon polaritons in hBN launched by right-angled trapezoid c-IST boundaries; (c)-(f)

refraction of phonon polaritons in hBN at different excitation frequencies.

Kl 411 EAMHIFE T IRAEOCEE A AR c-IST M- st El. (@) H¥;
(b) EEEA =M.
Fig. 4.11. The real part images of electric distribution of phonon polaritons through c-IST with
different shapes. (a) Rectangle; (b) isosceles right-angled triangle.

FEFFEIOR ARG S, BATBEIEROR T3 4.1 10 15 HABEE N E
JE 35k c-1ST . |81 4.10a J AL < B, MBI =264 KE 25y a=1 um,
b=2 um, ¢=0.5 pm. & 4.10b NEA IRE RN BRI &m0 s 1
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Aot Iz A SE I, R U A AR O, 1R TR AoT . 1B 4.10c-
f AN RNBUR IR T A 3R B R I A T IR AT 3 0 A SR . AR &
REGHR BINAC T A BRI, WRIPIAHIRIL S, [FIRER A T Hss. it
B AT 55 A RPE AR CRE A AN S B A = 8 ) (0 < JR 3k AT 1 BU{E AL,
ik 4.11a. b, e RIBIAFA S THRACHOT KL TITH, (HRE S E A
=MV e EERRA A R A E DI R APTRILER, ma mMEL T T AL AT
72 KA = 1 B REL ORI 75 T AT 5 AR REL R L 3T 36 1 7S 1 AR oo™ A2
T, JEHAR AL AR E A = AT M AR BRI ORI .

4.4.2 BEFHRUCETRENEE

4.4.2.1 NEHIEFERIR

Au

20 nm hBN

50 nm IST

M Vax

|
Mo

Kl 4.12 ZALIN A TARAEOTIEE A FE G IR c-IST LB RE. () BAREEIH R
=B () - (© &R ANNEEMTFMERNEAFREE: (D - (o) &8
553 A AN I B AN T (B R I S T AR A G H I e R P
Fig. 4.12. Sub-wavelength focusing of phonon polaritons in hBN through c-IST with different lens
shapes. (a) Schematic of cross section of simulated model; (b)-(c) plane schematic of simulated
model when the metallic domains are the convex and plano-concave lens respectively; (d)-(e)
electric field intensity images when the metallic domains are the convex and plano-concave

lens respectively.
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FATIERI T BRI IE B N & BN c-IST,  [RIFE R 3L IR & R &K
PR EOT. Bl 4.12a AR R R, JEIEY 20 nm RN E T 5%
A50nmIST bJ7, ZHEMEEARIR, HIRGERELE TEMM L7, NS4
RE FHEENG, SRy 43.13 THz. Bl 4.12b-c 73 5184 @ I0E N iE B A-F 1
B RPN B o B BRI I B M 24240 50 6.5 pm Al 2 pm. B
4.12d-e XL T ARAGIEOC R R R o IRIR B R ABUR I A TR AL EOTE
MM ESE HIL T 2RISR (K 4.12d) , XZEHT a-IST # c-IST 2R F A
PRSI B, [ BT 33 B LR 8 R R SR B 25 (. T B I SO o X TP 1]
FEGE, LIRS REMWE TEGEMIBCR, FAEE T EGE-FIHBEUK, 757 IR
TP MES R KA. Bl 4.12e FEIR T B TIRWBUTREIIR . LiRe
KRBT FHACHOCAR IR 2 B, K23 R T = AR SR, (Hi T
[ A B AT O A BT I 7 A SR AR, BT DA B SR AR I R 2 h 2 L (R B

4.4.2.2 BIiBERG

4.13 BANEB B Ao KR . (@) - (D) ARBRSIET, Bl
W PR Ao A A S (o) - Ch) SR I BRI 7 AR Ak Husg s
Fig. 4.13. Sub-wavelength focusing of phonon polaritons in hBN by a convex lens. (a)-(d) The
real part images of electric field distribution of phonon polaritons in hBN at different excitation
frequencies; (e)-(h) electric field intensity images of phonon polaritons in hBN at different

excitation frequencies.
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Table. 4.2. The phonon polariton wavelength in a-IST and c-IST at different

excitation frequencies

WA (TH2) | Ao(um) | Apna(mm) | Appc(nm) | Nefra Neff ¢ Deffc
Neffa

42.52 7.05 929 310 7.6 22.7 3
42.82 7 526 248 13.3 28.2 2.1
43.13 6.95 330 197 21.1 35.3 1.7
43.448 6.9 250 160 27.6 43.1 1.6

N T IR T ARG I R, BABEE T MBS E A &R c-
IST #E47 7 S b — D MEUE R 7T, BB 4208 6.5 pm, KFlRIAL il 7
SN 4 pmAN 0.75 pm. 1P 4.13a-d AAFEESER T, F RGBT 5 1
SERE . 1 4.13e-h AN R RS AR AL O R SR EE I . RIS P A R
e B WO AR B I 3, AR B B DI R RS (R 4.2) o Y
BRIy 42.82. 43.13 F1 43.448 THz Itf, 7] DL SCHR 508 FF & v 5] 65 21 7=
THMBoTEE @SS, WL T RENR . X THOMZE T 42.82 THz Itf, AT LA
U S B IR ROC BOR R E AR R i b, AR RS 110 nm, A
LE T AR (Tum) i/ 73K 64 %, HIEURSIER N 4252 THz I, A E F
FEINR, BATN N F XM T, 7 FARACBIT R AAE PRI A 1
ZAHBOR, MIishaE 2K, B R G EE G0 T 5 .
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Fig. 4.14. Manipulation of phonon polaritons in hBN. (a)-(c) Electric field intensity of phonon

polaritons in hBN when the convex lens thickness is 50 nm. 100 nm and 200 nm respectively.
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Table. 4.3. The phonon polariton wavelength in a-IST and c-IST at different convex

lens thickness

Lens thickenss /10 Aph,a (nm) Aph,c (nm) Neffa Neff ¢ _neff'c
(nm) Neff,a
50 7 526 248 13.3 28.2 2.12
100 7 407 230 17.2 30.4 1.77
200 7 365 226 31 19.2 1.61

e, BANVBUE BRI T AR RL IST BJEE, A SR WAR J g B i) )5
&, XA PR BOT R IR . i 4.14a-c 2R T, ZAGHESE 20 nm,
BORAIA 42.82 THz T, (i85 5735179 50, 100 #1200 nm i, 75 5 HRALiH
TG P37 R R P o TR )R 0, PR P P 7 AR A BTG R S s (R
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4.4.2.3 WiBERS
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Fig. 4.15. Sub-wavelength focusing of phonon polaritons in hBN by double convex lens. (a)-(d)
The real part images of electric field distribution of phonon polaritons in hBN; (e)-(h) the
corresponding electric intensity images of phonon polaritons in hBN.
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0.75 um, ZAWIEE 20 nm, BASEBEEAN 2 um, ASOEEREEA
42.52-43.448 THz. [&] 4.15a-d YA [FHEURARE TS, 7 T AR Ao Rz 70 Al SE
K] 4.15e-h AAHXS R 7S TR A OT eI R EE Bl . TEBUR IRy 42.82, 43.13 N
43.448 THz T, & R IIMAGEUTBOEE XN IE SR R St)5, KAET RED
Fo EWORIZN 42.52 THz I R E B REN R R E X AMHET, H7)
WHTCAE AR N B B 22K, 2 SO AL TG A% 39k 2 g B2 8 3 1 ST
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Fig. 4.16. Manipulation of phonon polariton propagation in hBN. (a)-(c) Electric field intensity
images of phonon polaritons in hBN at different lens spacing; (d)-(f) electric field intensity images

of phonon polaritons in hBN at different lens thickness.
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