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Large optical nonlinearity of indium tin
oxide in its epsilon-near-zero region

M. Zahirul Alam,! Israel De Leon,** Robert W. Boyd':2
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Fig. 1. The ITO sample under investigation and its linear optical response. (A) Structure under
T — z ﬁ investigation. (B) Linear relative permittivity of the ITO film measured via spectroscopic ellipsometry
A Iﬂ] H n2 = (symbols) and estimated by the Drude model (lines). The condition Re(e) = O occurs at g = 1240 nm.

The shaded region shows the spectral range investigated in our nonlinear optical characterization.
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High-harmonic generation from an epsilon-near-zero material

Yuanmu Yang©™, Jian Lu©?, €1 al. NATURE PHYSICS | VOL15 | OCTOBER 2019 | 1022-1026 |
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FIG. 2 (color online). - Perfectreflection. (a) The magnetic field FIG. 3 (color online). Various field profiles illustrating perfect
distribution for an“arrangement of three defects embedded in a transmission. In (a) the magnetic field pattern is shown for the
MIZIM. The radii are R, =4 mm, IEZ =38 mm,_and R; = same setup as Fig. 2 but with the modifications €3y = 9.3, €35 =
12 mm with respective materials €33 = 3.7, €, = 11.9, and 16.4, and €55 = 19.1. In (b) the corresponding E field is shown
€3 =15.7. The E field magnitude is shown in (b) with its
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Total Transmission and Total Reflection by Zero Index Metamaterials with Defects

Viet Cuong Nguyen,' Lang Chen,"* and Klaus Halterman®
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Transformation-Invariant Metamaterials

Youming Zhang,l‘* Yu Luo, ™" J. B. Pcndry,3 and Baile Zhangl“*‘i

PHYSICAL REVIEW LETTERS 127, 123902 (2021)

Three-Dimensional Electromagnetic Void Space

Changqging Xu L* Hongchen Chu 27" Jie Luo,’ Zhi Hong Hang,3 Ying Wu

1, .
.7 and Yun Lai

2%

Y



4.1.2 TG R 4E

i<t

58



T s R4 KAV HARIERH
G, BRRISEENZHIR

EQ Uize,
.
.
A

TCO (Al:ZnO or Ga:ZnO)

Zno_|,

Gl n®

04 OB 42 1B 20 24
Wavelength (um)

ENZ points are at 1.19 and 1.29 pm for Ga:ZnO and Al:ZnO

JONGBUM KIM and AVEEK DUTTA et al., Role of epsilon-near-zero substrates in the
optical response of plasmonic antennas, Optica 3, 339 (2016)

59



0.8 1.2 16 20 o8 1.2 16 20

Y — 0.09 T T 0.09
g*’l k gw &mﬁ*&iﬁ*u — Ga:iZn0 =k | GEIND ) = L=300nm
S YA N™ 1/ (G =700nm) {
S 006 — L =400 nm -
o (G =600 nm) n
§ — L =600 nm
o (G = 400 nm) f
8. o ~— L =800 nm
, é 9 , (G =400 nm)
[»)
i o lor 5
)_‘ L L, 0], 5
X o \%r g 008
3 4 %
; & 004
he]
o
LAY H g
e = S =
e = “.«4:-." e @oldAntenne— 8 [
—— —-&——"‘ Sm— " 0.04 / 0.10
(%]
(%)
TCO (Al:ZnO or Ga:ZnO) 8 o , ”»
ﬁ 0 0

04 0.8 1.2 16 2.0 24 04 0.8 1.2 1.6 2.0 24
Wavelength (um) Wavelength (um)

BEEW RTEERE ], KAKRXEHNEIELIBER, SHKERN
PRREBEIEFT R BRINRMNA = iR, AR KIERE TG
FERKHLE

JONGBUM KIM and AVEEK DUTTA et al., Role of epsilon-near-zero substrates in the
optical response of plasmonic antennas, Optica 3, 339 (2016)

Cross-Polarized Reflection (Simulation)



TR R-RESFEHATHERSEN

2 0.4
a
|.,-| N — Re (¢)
s U —_—m() |*°
.‘; - 0
: 1 10.2

| -14 :
1 ; ; 0.1
a‘ -21 \
T : T T 0-0
570 640 710 780 850
: A (nm)

RPN SRR 37 NGRSV E Y N
A SR AL IR HEFR RGN I 8k S 1 HE AR
AT SR B R AR B B J3 TR ST 4R A

Xueke Duan and Ying Gu et al, Accumulation and directionality of large spontaneous

emission enabled by epsilon-near-zero film, Opt. Express 27, 7426 (2019) 61



FHH R RO IHRERYB, RISE ZEAEER

1007

4.5_' (a}ﬁs-,r nm | MIE:? fim BENZH K :
e 2 | kmsema g Esisa s,
—reim | S ERRSERKMERE S

oL B Ly

i

1 (b) in vacuum . 1
20 - y

HBENZH K :

Ju BT R, SR
; WABHRE

A (nm)

Xueke Duan and Ying Gu et al, Accumulation and directionality of large spontaneous
emission enabled by epsilon-near-zero film, Opt. Express 27, 7426 (2019)
62



ISEet

N, BANMABTERHRMNNED, PLERYE
S, RENMETENSEMRESER, 81 X5
IS E[IES BFHR, ENZEERR, URES
EH PRI X FEFEE. MRS, #MAh—#
FARHIEM R, FIMHEMBPAXEET HPALFR0
RAR, FREtEE s ERESTRNER

63






Zero-index structures as an alternative platform for

quantum optics

Ifiigo Liberal® and Nader Engheta®' B822-827 | PNAS | January 31, 2017 | vol. 114 | no.5
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