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Fig. 1 Comparison of LSPR and SLR in transmission spectra and electric field intensity enhancement. (a)(bh) Spectra for a single

particle and a periodic 1D chain, the gold particles are 80 nm in radius made in air environment, the period in the chain is

620 nm, and the total number of particles in the chain is 1000"”; (c) electric field intensity distribution on surface of a single gold
disk of 180 nm in diameter and 40 nm thick at A =930 nm (bottom) and of a gold disk in a 2D array with P=640 nm at A=

KT 5t 4 Jm A oK ORE 4 51 SLR 1 5 5 -, B AT
e T 1 f o 92 5 DN A O Q=2340 (7E 1550 nm %
Bo)M g 2(a) L (b) Fis . B KA K2 Bin-Alam
SR RO 20 25 4 28 R TURRUE U T 4 40 K
ki B9 HEE BE S [ 5] 2(a) 52=20 nm, L,=130 nm, L,=
200 nm, P,=500 nm, P,=1060 nm ], Pk ) 3L /)
TRES A, AT 45 SLR K K T LSPR K, A
W A0 o AU 4 e W WS A R B S e L SR X R 23 (1 15
AN TORLAE Ay b B HICH TR /N JE B SLR i 2 £
4 ISR TR CBIVEE A W 50 S8 1) o AT 7 S a0 b T
B 114 5 JEE R R YR B AE T X BT Q A A s [ ] 2
(c)]o ATRLAE B, Q B 72 B A [ 4] 9 B 1) 434 T B )
. RIS HET S T SO R B AT R RO
PRI A5 RS20 o AR OGP CEO) Ok T B4
UKL B AR 7 1) 25, S ARAR TG AR MR ] L 85, A T o R
HH T 8 1 L IR R AE B i HLZR e T AE . TR, S R
TR A R AR G L, A AR SR Z
ANTR) NS AR B 1 4t S 50T DN A g R R 3 5 L o 5
XF T 7] — A~ 600 wm X 600 pm () B4 31, 75 8 14 223806 34
KRS Q=2340, M 7E b £ XT 3 & T Il45 Q=1000.

il £ 7 T8 37 2ok HE R T A B SR AR T vk DR

982 nm (top)""

&)@, Y B 4 JE 9 R URL R £ 45 # B ASORL 2% T
TESUAR RN 33X —J7 T2 Y B A DTS B 2 30
Ty — 5 TR AL B T BN . AR = TR A JE
BTG 5 0 35 50 M AR 9 TR RE B, 55 G b R 2
Odom P41 42 H X BE i 1 A7 38 K Ak B foff O ey T
Bah S s o A& ORAE S YR KCFE 900 CRY R AR
Bl e[ 18 3(a) 1o MBI 3(b) A LA Y, IB A 75
7 I I ARL 5 A TR A B2 BRI | DA i e R 2 T '
T35 38 5], ) s S0k R 28 /o 4 &l 3(e) fifas , X
F P=600 nm ¥ 4 44 K ks 5 1 1451, iR kR SLR 19
FWHM H 4 nm, 17 3% A7 18 2k [R] 55 URL RS 9 0 R 6
HiFE S o SLR A FWHM 8 17 nm. 8 s B2 48 5k
KR ek s T MR R E P AR JORE S 7R S 2R B
FEf— A H e e R R AR AR . fhfiTie ik T Ag.
AL Cu 9 K Fikr , 25 5 B B b 3 i ks e 1Y
Hop . HE— 2, TR AR R K 9 Cu B0RL %
W 2 E AR VU A KA BB, R A A&
I AL 55 1) Cu Ok B 5 PO i T FWHM AL 2 2 nm (1)
AR

FE R koAb B LK K A B AR A A
ANt — b N T A ) TR AR A 4 R N oK

1623005-2



F43% F 16 H1/2023 £ 8 A/ RFFHR

b)1.2— T T T (© LSA  coherent incoherent
calculation source source
1.0 2, T l/_}wv\_l—\wl T T T
@ 8 24 = 1 [300 x 300 um?
208 S 20 :
= ' ' = ~ 1 { " [200 x 400 pm?
50‘6 : g 1.2 - {
' [500 x 500 pm?
& 0.4} lar=oesnm| 1 S o xR
— 03l = ‘Tw ™= .
0.2 1530 1560 o4 V } ' [600 x 600 um
experiment s w  |SA — ol 1 1 4 L
0 1 1 1 1 ]5,\9’\918 757\9,\9 ’S’ ,\9
800 1000 1200 1400 1600 25 5% %% %3 %9 %9505 59 %5 %

Wavelength (nm) Wavelength (nm)

Bl 2 AETE 4 99K WURLIE 51 (1 SLR™ . (a) 544 75 78 P 5 (b)) 0k 14378 S5 Dl 3% (8 A50) P A AT 030 285 SR (4 20 L 4 1T O v Q X sy ik
KK (C)l@ﬁ'ﬂﬁﬁ i E e G ERR T 1 A 2 el
Fig. 2 SLR in a rectangular array of gold nanoparticles”"”. (a) Schematic of the array; (b) measured (black dots) and simulated (red line)

transmission spectra, and inset is the zoomed plot of the high-Q region; (c) effect of array size and coherence of light source
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Fig. 3 High-quality plasmonic SLR from annealed gold nanoparticle arrays'”. (a) Scheme of annealing setup; (b) SEM images of
arrays before and after annealing process; (c) measured transmission spectra of untreated arrays and annealed arrays with period

P=600 nm
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Fig. 4 Gold nanoparticle (GNP) arrays fabricated by template-assisted chemical method"". (a) Schematic of the fabrication process;

(b) photograph and SEM images of the sample; (¢) measured transmission spectra of GNP array under linearly polarized light;
(d) calculated near-filed distribution of |[E[* at Ay z=870 nm
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Fig. 5 SLR in complex lattices. (a) SEM image of asymmetric disc dimer array with a lattice constant of 450 nm""; (b) schematic of

bipartite nanoparticle arrays™”; (c) schematic of complex lattices built by removing nanoparticles periodically"”
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Fig. 6 SLR produced by periodically shifting the whole rows in a nanoparticle array”™. (a) Transmission spectra of three different
lattice arrangements (i), (ii), and (iii) with their corresponding schematic of lattices; (b) E, field profiles at 14 ,=1040 nm in

lattices (ii) and (iii)
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Fig.7 SLR from high-index dielectric nanoparticle arrays™"'". (a) Scattering efficiency spectra of Si spherical particles with the radius R

located in air; (b) extinction and scattering spectra of a Si particle with R=65 nm; (c¢) schematic of the square array of Si cylinders

on a SiO, substrate embedded within polymer; (d) electric-field-intensity enhancement spectra of a P=700 nm array, averaged

over three different horizontal monitor planes, insets are field-magnitude enhancement maps at resonance peaks; (e) electric-field-

intensity enhancement spectra of a P=1035 nm array; (f) electric-field-intensity enhancement spectra of a P=1500 nm array
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(c) design for breaking the symmetry
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dielectric pillars on a gold film; (b) SEM image of SU-8 pillar array (lattice spacing is 720 nm) on a gold-coated silicon substrate;

(c) reflection spectra at normal incidence and the narrow linewidth characteristic at A; corresponds to the lattice resonance mode

on the medium surface; (d) electric field intensity distribution on the top surface and cross section of the pillar array at Ag =

755 nm; (e) reflection spectra of SLR supported by TiO, pillar array (lattice spacing is 560 nm) on a gold-coated silicon substrate

in water; () reflection spectra around SLLR supported by TiO, pillar array (lattice spacing is 560 nm) on a gold-coated silicon

substrate in different media; (g) relation between Ay, and background refractive indices of SLR supported by TiO, pillar array

(lattice spacing is 560 nm) on a gold-coated silicon substrate
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Fig. 10 High-Q SLR supported by mirror-backed dielectric nanopillars
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(a)(d) Reflectance spectra, quality factors, and FWHM of SLR for different refractive index; (b)(e) reflectance spectra, quality
factors, and FWHM of SLR for different diameters; (c)(f) reflectance spectra, quality factors, and FWHM of SLR for

different height
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High-Q Surface Lattice Resonances
Du Yixuan, Ao Xianyu, Cai Yangjian™
School of Physics and Electronics, Shandong Normal University, Jinan 250358, Shandong, China
Abstract
Significance High-Q resonances that confine the light energy at subwavelength scales have applications in various fields

such as micro/nano-lasers, fluorescence enhancement, and optical sensing. Extreme light localization has been realized by
surface plasmons squeezed in plasmonic nanogaps, whereas there is intrinsic energy dissipation by electron oscillations on
metal surfaces. In contrast, high-index dielectric nanostructures supporting Mie-type electric and magnetic resonances
exhibit low optical dissipation but only moderate field confinement. When plasmonic or high-index dielectric nanoparticles
are arranged into periodic arrays, diffractive coupling in the plane of periodic arrays may occur. This can suppress the
radiative damping of individual nanoparticles, and produce surface lattice resonance (SLR) modes with significantly higher
(|E[/|E,[/>>10°) field enhancements and much higher quality factors compared with isolated nanoparticles.

The last two decades have seen significant progress in SLRs supported by metallic and high-index dielectric

nanoparticle arrays under normal incident excitation. However, due to limitations in the involved materials and available

1623005-11
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nanofabrication methods, there is still a series of challenges in achieving a high Q-factor in the visible regime, especially in

asymmetric refractive-index environments. Thus, it is necessary to summarize the existing studies to guide the future

development of this field more rationally.

Progress We first introduce the basic properties of SLRs in metallic and high-index dielectric nanoparticle arrays under
normal incident excitation. The periodic lattices are usually generated by various top-down lithography methods. The
difficulty in experimentally achieving SLLRs with a high Q-factor from noble metal nanoparticle arrays is that the precise
fabrication of defect-free nanoparticle arrays is hard. One strategy to overcome optical dissipation and reduce the linewidth
of SLRs is to shrink the particle size relative to the lattice spacing. Reshef ez a/. at the University of Ottawa reported a Q-
factor of 2340 in the telecommunication C band, and this is the ever reported highest value (Fig. 2). Another strategy is to
make the particles smooth and uniform. Odom ez al. at Northwestern University reported that thermal annealing can
improve the uniformity, surface roughness, and crystallinity of metal nanoparticles produced by physical vapor deposition
methods, which can lead to SLRs with dramatically improved Q factors (Fig. 3). Nie es a/. from Fudan University
proposed a method to produce metal nanoparticle arrays by combining solvent-assisted soft lithography and wet chemical
with annealing processes, and thus a metal deposition process in a vacuum is not required (Fig. 4). Furthermore, SLRs
can also be supported by arrays composed of complex basis or localized surface plasmons with multipolar characteristics,
and these arrays show much richer optical responses compared with arrays with only one particle in a unit cell (Figs. 5 and
6). Arrays of high-index dielectric nanoparticles can support SLRs with characteristics of magnetic dipole (MD) besides
electric dipole (ED), and both types of SLRs can be tuned independently (Fig. 7). By choosing lattice periods
independently in each mutually perpendicular direction, Babicheva ez a/. from Georgia State University found that it is
possible to make the ED-SLR and MD-SLR overlapped in a certain spectral range, which leads to the resonant suppression
of the backward scattering (lattice Kerker effect).

Subsequently, we summarize the progress in achieving high-Q SLRs based on mirror-backed high-aspect-ratio
dielectric nanopillar arrays in asymmetric refractive-index environments (Fig. 9). In this hybrid system, dielectric
nanopillars are arranged periodically on an optically thick metal film, which blocks the light transmission completely.
Therefore, the issue of a symmetric dielectric environment between the substrate and the upper cladding does not exist, in
contrast to the requirement of a symmetric environment for realizing sharp lattice resonances in all-plasmonic or all-
dielectric systems. Meanwhile, the electric field enhancements are comparable to lattice plasmon modes from arrays of
noble metal nanoparticles, but with strongly reduced plasmonic dissipation, since the enhanced fields are away from the
metal surface. The narrow linewidth resonances can be tuned over a wide wavelength range from ultraviolet to mid-
infrared by simply scaling the dielectric lattices and combining them with appropriate highly reflective metals.
Additionally, numerical simulations show that it is possible to achieve a Q-factor of tens of thousands on this hybrid

platform (Fig. 10).

Conclusions and Prospects SLRs arise from the diffractive coupling in periodic arrays, which can theoretically achieve a
high Q-factor and greatly enhance the interactions between light and matter in the background media. This prominence has
brought about the development of potentially practical devices for optoelectronics, biosensing, and other applications,
using common materials such as noble metals and transparent dielectrics. Nanoparticle arrays of other functional materials
like magnetic metals and newly emerging materials such as two-dimensional layered materials still need new design
principles to mitigate their intrinsic optical dissipation to achieve high-quality surface lattice resonances with fascinating

properties.
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