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Fig. 1. Definition of THz waves.
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Fig. 2. Characteristics of surface polaritons [74]; (a) SPPs at the interface between a metal and a dielectric material
have a combined electromagnetic wave and surface charge character; (b) this combined character leads to the field
component perpendicular to the surface being enhanced near the surface and decaying exponentially with distance
away from it. In the dielectric medium above the metal, the decay length of the field dq4, is of the order of half
the wavelength of light involved, whereas the decay length into the metal dm, is determined by the skin depth; (c)
the dispersion curve for an SPP mode shows the momentum mismatch problem that must be overcome in order
to couple light and SPP modes together, with the SPP mode always lying beyond the light line, that is, it has
greater momentum (hkspp) than a free space photon (hkg) of the same frequency w; (d)—(f) the illustration of
dielectric functions €1 + ieg for plasmon polariton, phonon polariton, and exciton polariton. The corresponding

surface polaritons can be supported within the frequency range when £1 < 0, as shown in the shaded area [55]
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Fig. 9. Plasmonic metamaterials working at THz
range (791 (a) Schematic of the plasmonic metamate-
rial showing holes in yellow; (b) SPP dispersion curve
near the Brillouin zone boundary. The green curve
indicates the light line, the blue curve is calculated by
modal expansion approximation, and red points are

from finite-difference time-domain simulation.
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Fig. 10. Superfocusing on a corrugated cone of length
2 mm, with constant groove depth h = 5 pm and pe-
riod d = 5 um. Cylinder radius R is reduced from
100 to 10 um. The plot shows the magnitude of the
E field on a logarithmic scale spanning 2 orders of

magnitude (831,
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Fig. 11. (a) Experimental setup used for exciting THz
SPPs on the sample [85], the incoming THz beam is
focused on the incoupling aperture controlled by ra-
zor blade K1, the SPPs travel along the sample sur-
face/interface until scattered at the outcoupling aper-
ture controlled by another razor blade K2; (b) THz
SPP transients, the gray curve corresponds to SPPs
propagating on a flat n-doped Si surface with a car-
rier density of N ~ 10'® c¢m~—3, the black curve cor-
responds to a SPP transient transmitted through a
grating of 30 grooves with a lattice constant of 442 um,
groove depth of 100 pm, and groove width of 221 ym
structured on a similar Si wafer; inset, scanning elec-

tron microscope image of an SPP grating [86].
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Fig. 12. Transmittance as a function of the frequency
of SPPs propagating on gratings of grooves structured
on Si wafers. The open circles are measurements and
the solid curves numerical calculations: (a) Corre-
sponds to a grating structured on n-doped Si with a
carrier density of N =~ 10'® ¢cm™3, while (b) corre-

sponds to a similar grating structured on p-doped Si

with a carrier density of N ~ 109 em—3 (861,
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Fig. 13. Dispersion relation of SPPs on a grating of
grooves structured on an n-doped Si wafer. The open
circles are measurements, while the solid curve is a cal-

culation. The dashed curve represents the dispersion

relation of SPPs on a flat Si surface 561,
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Fig. 14. Resonance position versus electron density
ns. The solid circles are the data from experiments.
The solid curve is the calculated. Inset: the schematic

of cross section through Si MOSFET with transparent
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gate and grating overlay (58],
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Fig. 15. Polaritons in vdW materials 1], vdW polaritons exhibit strong confinement, as defined by the ratio

of incident light wavelength Ao to polariton wavelength Ap.
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16 7 AR TR by 92)

Fig. 16. Electronic dispersion in the honeycomb lat-

tice 921 Left, energy spectrum; right, zoom in of the

energy bands close to one of the Dirac points.
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Fig. 17. Plasmon dispersion for (a) graphene of simi-
lar charge density (Er = 0.57 6V, n ~ 2 x 1013 cm™2)
and (b) Si(111)-Ag surface-state band (Er = 0.19 €V,
n ~ 2 x 10" cm™2). The respective band struc-
tures (inset diagrams) show the origin of single-particle
excitations (SPEs) @ intraband and @ interband.
Graphene is ambipolar with electron and hole car-
riers in separate T, T* bands. ¢ indicates the on-
set where plasmon enters the damping region. The
blue dashed curves correspond to ql/2 dispersion of
free 2DEGs with the same electron density, and the
red full curves correspond to best fits to experimental
results using high-resolution angle-resolved reflection

electron-energy-loss spectrometer (HREELS) [93],
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Fig. 18. Calculated edge plasmon polariton dispersions for (a) 2DEG and (b) graphene with the edge layer width
a, w? = e?ng/(2m*ea) in the 2DEG and w2 = ezvpn;/z/(in/Zhsa) in the graphene, where ¢ is the background
dielectric constant (951 (c) THz edge and waveguide modes. A graphene ribbon of the width w placed at the interface
between two dielectric half spaces with dielectric constants €1 and e2, the mode propagates along the y axis. The

color plot presents THz electric field x-component spatial distribution in the z-y plane, and the arrows correspond

to the electric field lines in the z-z plane 991,
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Fig. 19. Electronic dispersion and plasmon dispersion in topological insulator BiaSes: (a) The surface states with a
single Dirac cone, the warmer colours represent higher local density of states (LDOS) on the [111] surface; the red
regions indicate bulk energy bands and the blue regions indicate bulk energy gaps; the surface states can be clearly
seen around the I" point as red lines dispersing in the bulk gap [98]; (b) experimental and theoretical dispersion
of plasmons in BizSes 99, Main panel is experimental plamon dispersion at 6 K (blue circles) compared with the
calculated plasmon dispersion for Dirac (dashed black line) and massive (dotted blue line) electrons, the additional
point (green diamond) refers to a seventh sample with ribbon width W = 1.8 um and period L = 4 ym; inset: linear

dependence of plasmon frequency v, on W1/2.
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Fig. 20. The real parts of the tangential and axial permit-
tivities of BioSes. The sign changes of the permittivities are
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Fig. 21. Calculated confinement factor 3, which is obtained by normalizing the free-space wavelength to the confined

wavelength, and figure of merit of propagation property '~

1 for various 2D materials such as graphene, bilayer

graphene, black phosphorus (BP), and MoSa. I'~!/(2n) gives the number of cycles the 2D plasmon polariton can

propagate before its amplitude decays by 1/e. Result for Au monolayer is shown for comparison. BP exhibits highly

anisotropic in-plane electronic dispersion, with effective masses along the two crystal axes differing by a factor of

~10. Both the high (z)- and low (y)-mass directions are displayed

P A AR T A B - T, AME
FRYIR B % 5T DA R 3 TR M 48 3 — 20 BRI HL A i
SR N D= RN R & v B U S v X A 1
FROR R 220 B, 77 A o KL TAE TR 2%
BB N L 7 5 45 M AR R, AF B B A< 5T
R 45 1 5 T 2 e SR BUA O 75 1 U . 9 PRI —
BUAE, ELRH S W S5 A, D Bk B ik TR BOR
EARRANER GHTF, 18 /B8 AR B R
P N TR T AL BT SE AL AR B AE, Ot
— B IR BB ROR R 2L Th e a4, b i 3R T 4
B AR OT PR R, AT A AN B b 2 3 400 1)
% THTHSURT $0 K 00 T 25 B B TR e I 453 4 1 1) 5
J5id, 4@ i T2 (template removal) 1071 4
FEAE K (epitaxial growth) 1, J5F Z U (atomic
layer deposition) %1 & H1 i (single-crystalline) &
57 [109,110] &

7 RARAMELKERLHT

URHT IR, R 2435 BV 2R T AR AL o BAT %
FEIPEER A, AR i = A A ioe SR FE (R T AR
PRBLR, YRI5 BT B A ot BT Al R PR (E A%
AT S, AR MRS H A, Warss

[55]

#F B A, R ANE AT 2

\\%

I

7.1 KEREF-FBFREHET

Bk R Bl R S AR E S T R INAEAE,
M558 AR ARG, X HEIRNZEW
A AT S AR S T E A A 23 B 4
Kl 22 flios N5 2% 2 R e BB M A RL S e B
FRABLE R 254, %% B PSR ARPE N LA 75
G TAEI VS WA ELAE F, 8 58T A 7= A R
ZRIRE AR A 1 - B T IR BT, ST IR
RN T Fe v B A AR I B B e — & T ) R &
SERJE, X —HEE R OE T B A AR AL FL A
AR, AR, ok PO B 23 BoR T R H
JEB FA I L 1 S h B LV S50 TE R W FEL R AL,
I A 2 AR ELAR G (A, S5 AT DLEAT
P o FE i S B R S, DT R 24 Wi N A3 1
A SRR 1 A, X R G TR 2 R
H (wavelength division multiplexing, WDM) #%/F
AL T VIR SONa AR, TR A A AR 4y
Ry fe DLRO g K5 MM, XM R 1 - 55
TAGET AT DL A ROk, AT DL i B R B
FEAE L TN R 22 W KA R I T 2 ek 5 R
e Ol

148705-13


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 14 (2017) 148705

structure
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Fig. 22. Schematic of a one-dimensional piezoelectric
metamaterial film in contact with a semi-infinite semi-
conductor or metallic metamaterial substrate. The
stripes periodically arranged along the x axis repre-
sent two components with different piezoelectric coef-
ficients. a and b denote the widths of two components
and d the thickness of the film [°0],

0.6
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a
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Fig. 23. The dispersion curves of (a) surface plas-
mon polaritons for a similar layered system shown
in Fig.22, where the metamaterial film is replaced
by a 200-nm-thick LiNbOg film textured with the ¢
axis normal to the substrate, and (b) surface phonon-
plasmon polaritons for the layered system shown in
Fig.22. Two components in Fig.22 correspond to a
textured 200-nm-thick LiNbO3 of width of 20 nm with
the +c axis along the +z direction and the —c axis
along the +z direction. The labels denote the order
numbers of transverse “phonon polaritons” woven into

the surface plasmon polaritons [P0].
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Fig. 24. (a) Hyperboloidal isofrequency surfaces of

hyperbolic phonon polaritons for two frequencies wi
and w2 (w2 > wi), the asymptote angle 6 with re-
spect to the k*-kY plane is shown; the group velocity
v makes the same angle with respect to the k? axis;
(b) model geometry: a topological insulator slab of
thickness d sandwiched between a substrate of permit-
tivity es and a superstrate of permittivity g, the two
thin (orange) layers represent the top and the bottom

surfaces states [101],
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Fig. 25. Collective mode dispersions of graphene-hBN-graphene (G/hBN/G) and BisSe3 slabs rendered
using the false color maps of the imaginary part of reflectivity Imrp (101] The parameters of the calculation
for G/hBN/G are: (a) d = 60 nm, g = 0, (b) d = 60 nm, p = 0.29 €V, (c) d = 30 nm, pu = 0.29 eV. The
other parameters are v = 1.00 x 108 cm/s, v, = 1.00 THz, g = 1, and &5 = 1.5. The parameters of the
calculation for BipSes are (d) d = 120 nm, u =0, (e) d = 120 nm, p = 0.29 eV, (f) d = 60 nm, p = 0.29 €V.
In these three plots, v = 0.623 x 108 cm/s, v, = 1 THz, €9 = 1, and &5 = 10. Equal doping of the top and

bottom surface state is assumed. The vertical dashed lines correspond to experiments.
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Fig. 26.

dielectric spacer of permittivity € is sandwiched between

(a) The graphene-metal plasmonic waveguide: a
metal (bottom) and graphene (top); the guided mode
propagates along the x direction and exponentially decays
along the z direction; a bound field distribution is repre-
sented by the red curve [111]; (b) experimental and theo-
retical THz graphene plasmon dispersion relations; the red
symbols display the experimental values; the error bars
(standard deviation) are within the symbols size; the blue
colour plot shows the calculated dispersion of graphene
plasmons in an air/hBN/graphene/hBN/AuPd/SiO2 het-
erostructure assuming the experimental carrier concen-
tration and layer thicknesses; the thin blue solid line
shows the calculated plasmon dispersion for free-standing
graphene (air/G/air) of the same carrier concentration;
the dashed black line displays the calculated plasmon dis-

persion, the dashed blue line indicates the light line in free
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| (a) Re(Eg
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Fig. 27.

plasmons:

Near-field distribution of THz graphene
(a), (b) Numerical simulations of the
near-field distribution of THz graphene plasmons
excited by a point dipole source located above a
free-standing graphene sheet (air/G/air) (a) and an
air/hBN/G/hBN/AuPd/SiO2 heterostructure (b) as-
The real
part of the vertical field component, Re(E;(z, z)), at a

suming the experimental layer thicknesses.

frequency of 2.52 THz is shown for both cases. The +
and — symbols in the zoomed-in image in (b) sketch
the charge distribution in graphene and AuPd. In-
set: in strong contrast, the field is concentrated inside

the 42-nm-thick hBN layer between the metal and the

space [106], graphene [106]
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Fig. 28. Summary of the possible applications of surface polaritons (551,
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Abstract

Enormous efforts have been made to manipulate the light-matter interactions, especially in sub-diffraction-limited
space, leading to miniaturized and integrated photonic devices. In physics, an elementary excitation, called polariton,
which is the quantum of the coupled photon and polar elementary excitation wave field, underlies the light-matter
interaction. In the dispersion relation, polaritons behave as anti-crossing interacting resonance. Surface polaritons
provide ultra-confinement of electromagnetic field at the interface, opening up possibilities for sub-diffraction-limited
devices, and various field enhancement effects. In the electromagnetic spectra, terahertz (THz) regime was called THz
gap before the 1990s, but has now been thrust into the limelight with great significance. This review is devoted to the
emerging but rapidly developing field of sub-diffraction-limited THz photonics, with an emphasis on the materials and the
physics of surface polaritons. A large breadth of different flavours of materials and surface polaritonic modes have been
summarized. The former includes metallic, dielectric, semiconductor, two-dimensional (2D) materials, metamaterials,
etc.; the latter covers surface phonon-, plasmon-, and hybrid polaritons. In the THz regime, 2D surface plasmon
polariton and artificial surface phonon polaritons offer more attractive advantages in ability to obtain low-loss, tunable,

ultracompact light-matter modes.
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