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Full-color enhanced second harmonic generation
using rainbow trapping in ultrathin hyperbolic
metamaterials

Junhao Li"®, Guangwei Hu® 28, Lina Shi®8, Nan He?* Dagian Li', Qiuyu Shang®, Qing Zhang® >*, Huange Fu,
Linlin Zhou!, Wei Xiong® '™, Jianguo Guan® ©, Jian Wang® ', Sailing He® %’ & Lin Chen® ™

Metasurfaces have provided a promising approach to enhance the nonlinearity at sub-
wavelength scale, but usually suffer from a narrow bandwidth as imposed by sharp resonant
features. Here, we counterintuitively report a broadband, enhanced second-harmonic gen-
eration, in nanopatterned hyperbolic metamaterials. The nanopatterning allows the direct
access of the mode with large momentum, rendering the rainbow light trapping, i.e. slow light
in a broad frequency, and thus enhancing the local field intensity for boosted nonlinear light-
matter interactions. For a proof-of-concept demonstration, we fabricated a nanostructured
Au/ZnO multilayer, and enhanced second harmonic generation can be observed within the
visible wavelength range (400-650 nm). The enhancement factor is over 50 within the
wavelength range of 470-650 nm, and a maximum conversion efficiency of 1.13x10~° is
obtained with a pump power of only 8.80 mW. Our results herein offer an effective and
robust approach towards the broadband metasurface-based nonlinear devices for various
important technologies.
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onlinear optics deals with light interaction with materials

beyond of the simple description of linear relationships

between the induced polarization and incident field, which
has widespread applications in laser technology!, microscopy?, and
material science’. As the high-order term between materials’
polarizability and pumping?, the nonlinear optical responses of
crystals are usually weak and thus require the stringent phase-
matching condition or quasi-phase-matching condition, and suffi-
cient light-matter interaction length, to boost the nonlinear light
generation. Consequently, the resultant nonlinear devices developed
accordingly are bulky, which is against highly integrated on-chip
photonic technologies. Thus, searching more efficient nonlinear
materials, such as emerging two-dimensional nanomaterials>®, or
the new physical mechanism’~® to boost materials’ nonlinearity
becomes an important branch in modern optics.

Recent studies have shown great promise in metamaterials and
metasurfaces to enhance nonlinear light-matter interactions within
subwavelength nanostructures, remarkably relaxing phase-matching
conditions!%12 and developing multifunctional nonlinear photonic
components in the nanoscale. Plasmonic metasurfaces can squeeze
light into a deep subwavelength volume and thus greatly enhance
nonlinear harmonic generation, but the Ohmic loss and the weak
penetration of the field inside the metal significantly limits the
conversion efficiency!!"1>. In that sense, all-dielectric low-loss
nanostructures are widely explored, as high-quality Mie resonances
supported therein can compress the pump light to excite nonlinear
processes and meanwhile efficiently extract nonlinear signals ser-
ving as the nanoantennal®-20. Other approaches such as hybrid
nonlinear metasurfaces combining a resonant metallic structure
with another dielectric or novel nonlinear material have also been
proposed, further boosting frequency conversion processes™21-26,
Nevertheless, those approaches based on high-quality resonance
intrinsically suffer from the narrow bandwidth, which limits
broadband nonlinear applications.

In a rather different context, hyperbolic metamaterials
(HMMs), with an extreme anisotropy supporting effective per-
mittivities along different directions of different signs, have
enabled a variety of broadband applications including indefinite
cavities?’, enhanced spontaneous emission?3-30, hyperlens3],
optical absorption3233, and wavefront manipulation34. The phy-
sical origin comes from their exotic hyperbolic dispersions, with
very large momentum compared to free-space photons, to sup-
port boosted light-matter interactions, and does not require the
resonances in principle. Although efforts have been made to
enhance optical nonlinearities in HMMs such as metal nanorod
arrays and a nonlinear dielectric core wrapped by spherical metal/
dielectric multilayer cavities>>~3%, the narrow spectral bandwidth
is still inevitable due to the introduced resonances to satisfy
stringent phase-matching conditions.

In this study, we demonstrated the broadband, covering nearly
full visible frequency, enhanced second harmonic generation
(SHG) in patterned HMM arrays comprising metal/dielectric
multilayer (see Fig. 1). Our results are majorly attributed to the
giant field localization due to the broadband and efficient cou-
pling of light at fundamental frequencies, thanks to the
frequency-dependent spatially localized slow light (termed as
“rainbow trapping”)40-44. We also experimentally observed sig-
nificantly enhanced SHG within a pump wavelength range of
800-1300 nm, i.e., full-color visible SHG photographs within the
wavelength range of 400-650 nm. Our reports here open a new
avenue towards the broadband nonlinear functional devices.

Results and discussion
Working principle. Figure 1 schematically shows our design, a
full-color second harmonic generator made of two-dimensional

Fig. 1 Schematic of a full-color second harmonic generator made of TP-
HMMs. The inset is an enlarged view of its unit cell. The alternating metal
and dielectric materials are Au and ZnO, with the thickness being marked
as t, and ty, respectively. The HMM width is linearly increased from w; to
Wp, and the periods along the x- and y-directions are equal and are denoted
as p.

(2D) taper-patterned HMM (TP-HMM) arrays, comprising
alternating Au and ZnO layers. It is noteworthy that ZnO without
inversion symmetry is a dielectric that allows SHG. Here, SHG
signals are generated and collected at the reflection side when
normally incident light pumps the structures and thus induces
strong field localization in the ZnO layer at fundamental fre-
quencies. In a general remark, the broadband field enhancement
and hence broadband SHG are achieved by designing an array of
HMNMs pillars with the graded width, i.e., the TP-HMM unit cells
with the width from wy, (the width at the bottom) to w, (the width
at the top) as described in the inset of Fig. 1.

To explain the underlying working principle, we start from the
untapered but patterned HMM (U-HMM) pillar arrays, ie.,
wp = wy = w (see the inset in Fig. 2a). As demonstrated, a spoof
surface plasmon mode at such U-HMM pattern can be
supported, with a flatband feature inducing the significantly
reduced group velocity, so-called “slow-light trapping” effect (see
Fig. 2a). Importantly, such effect can be flexibly controlled by the
HMM geometry3* (see Supplementary Fig. S1 and theoretical
derivations in Supplementary Note 1), exhibiting a continuously
decreased slow-light frequency with respect to the increasing
width of pillar. The fundamental reason behind is the
constructive interference of plasmonic modes reflected by the
sidewalls of the pillar, rendering a Fabry-Perot cavity, which also
strongly depends on the width of the pillar3*. However, the
U-HMM is intrinsically narrowband, which would only support
the remarkable absorption (Fig. 2b) and near-field enhancement
(see Fig. S5a in Supplementary Note 2) at a singular frequency,
unsuitable for the broadband optical components.

Therefore, it is important to introduce our tapered patterns to
realize the broadband performance. As shown in Fig. 2c, the
broadband absorption exists in TP-HMM with a cross-section
width varying continuously, which is also associated with near-
field enhancement (see Supplementary Fig. S5b). Here, we keep
Wwp =300 nm and vary w; from 300 nm (e.g., U-HMM) to 0 nm
(e.g., the triangle pyramid structure), from which we see the
emergence of more resonances that essentially give rise to
broadband absorptions. This could be intuitively pictured as the
TP-HMM pillar consists of many U-HMM pillars with a
continuously varying width and thus inherits the slow-light effect
at different frequencies supported therein, which results in so-
called “rainbow light trapping” effect. Specifically, for an optimal
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Fig. 2 Rainbow trapping in TP-HMM:s. a Dispersion curves of the SSP mode in U-HMMs with widths of w =100, 150, 200, 250, and 300 nm. The
propagation constant along the z-axis, k,, is normalized to 2rt/p,, with p, = t,, = t4. b Absorption for U-HMM with a varying w. ¢ Absorption for TP-HMM

with a varying top width of w; =

300-0 nm and a constant bottom width of w, =300 nm. d Absorption and near-field enhancement of E, for the TP-HMM

with. (i-iv) Field distributions of |E,| (normalized to the incident light) in the x-z plane of the TP-HMM at absorption peaks of 840, 915, 1123, and 1369 nm.
In a-d, the geometrical parameters are set at t,, = 40 nm, t = 40 nm, and p = 600 nm. In b-d, four pairs of Au/ZnO layers are used and the incidence is
an x-polarized normally incident plane wave. The permittivities of Au and SiO, are from the Palik model>9, and the permittivity of ZnO is from ref. 51. All the
simulations are conducted by finite difference time domain (FDTD) with the commercial software Lumerical FDTD Solutions.

structure with w, = 100 nm, we show its absorption and near-field
enhancement characteristics in Fig. 2d (see Supplementary
Fig. S5¢, d for more details of near-field enhancement). The
broadband near-field enhancement and the efficient coupling to
the tapered mode from free-space pumping can be clearly
observed from the simulated absorption spectrum, implying the
important reason for enhanced SHG as will be demonstrated. The
multiple peaks of absorption and enhancement spectrums can
find the root of width-dependent slow-light effect, which can be
further demonstrated by Supplementary Fig. S6 (see Supplemen-
tary Fig. S6 in Supplementary Note 2 for absorption and
enhancement with varying Au/ZnO pairs). The rainbow light
trapping and the field enhancement supported in TP-HMM at
fundamental frequencies can be seen from Fig. 2d(i-iv) and
Supplementary Fig. S7 in Supplementary Note 2, which will be
exploited to boost SHG.

Before closing this section, we remark on several other
important features. First, the C6 symmetry and Kleinman’s
symmetry conditions on ZnO layers lead to two independent
nonzero components of the second-order susceptibility tensor:
Xozx = Xz = Xuxe = Xy = Ko = Xy a0 o We see that
the dominant electric field component at fundamental frequen-
cies in ZnO layers is z-component, i.e., E,. Therefore, SHG mainly
comes from y,,, whereas all contributions from other component
can be safely ignored. However, this introduces a problem, as the
induced nonlinear field will be dominant nonradiative E,
component. Fortunately, our patterned HMM arrays can brighten
the z-oriented dipole at second harmonic frequencies and
enhance their radiative rates by up to 38 times as compared to
the unpatterned area in the Au/ZnO multilayer (termed as
“unpatterned area,” see radiative enhancement in Supplementary

Xyzy

Fig. S8 of Supplementary Note 2), which is another unique
advantage of our structures?®

Second, we can further improve the enhancement of broad
spectrum in Fig. 2d, by choosing optimized pairs of alternating
layers in our TP-HMM (see more numerical results in
Supplementary Fig. S6 of Supplementary Note 2). Nevertheless,
we provide an alternative avenue to further enhance the
broadband performance by designing dual TP-HMM pillars with
different geometries in a unit cell, while keeping only four pairs of
Au/ZnO layers without complicating the required fabrication
when more Au/ZnO pairs are introduced. In such a dual-pillar
TP-HMM, the light will be localized in one of HMM pillars,
depending on the incident wavelength33. As a result, the near-
field intensity can be increased, in contrast with the single-pillar
TP-HMM array, while the working bandwidth is almost the same.
At the pump wavelengths to be tested (800, 900, 1000, 1100, 1200,
and 1300 nm), the dual-pillar TP-HMM array design offers even
stronger field enhancement of |E,| ranging from 15.5 to 35.0 (see
Supplementary Fig. S9 of Supplementary Note 2), superior over
the single-pillar TP-HMM with the near-field enhancement factor
ranging from 14.0 to 24.4. Such a dual-pillar TP-HMM array
design offers even stronger field enhancement, which is therefore
adopted in our experiment.

Experimental verification of broadband and efficient SHG. The
sample fabrication process starts with four pairs of Au/ZnO layers
alternately deposited on the silica substrate by using magnetron
sputtering (Fig. 3a). Then, the required tapered patterns are
formed by using a focused ion beam (FIB) milling. The fabricated
single-pillar TP-HMM and dual-pillar TP-HMM pillar arrays are
presented in Fig. 3b, ¢, respectively. The SHG measurement is
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Fig. 3 The fabricated TP-HMMs. a SEM image of the vertical cross-section of the unpatterned Au/ZnO multilayer. b SEM image of the single-pillar

TP-HMM. ¢ SEM image of the dual-pillar TP-HMM.
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experimentally implemented with the home-made testing setup,
as schematically shown in Fig. 4a. The measured SHG intensity,
I?9), as a function of the fundamental wavelength is presented in
Fig. 4b, where I is a normalized value extracted from the
spectrometer!>16:19:25 J29) is gver 6000 in the entire pump
wavelength range of 800-1300 nm for the 2D dual-pillar TP-
HMM, showing better SHG performance over the 2D single-pillar
TP-HMM, where I?%)>2500 lies in the entire wavelength range of
800-1300 nm. In addition, the SHG intensity of the dual-pillar
TP-HMM is higher than that of the single-pillar TP-HMM at
most of pump wavelengths (20 out of 26 wavelength points),
associated to the stronger near-field enhancement by using the
double-sized tapered HMMs. For the other six points, the single
pillar showed higher SHG intensity than the dual pillar; due to

) for single-pillar (c-e) and dual-pillar (f-h) TP-HMM s as a function of the polarization angle, 6, of the linearly polarized pump light at the central
wavelength of 800 (c, f), 1000 (d, g), and 1200 nm (e, h). The angular axis indicates 8 and the radial axis indicates the normalized (to the maximum) [

(2w)

this, the multiple peaks and valleys of enhancement spectrums for
the single-pillar and dual-pillar TP-HMMs are not at the same
wavelengths. TP-HMMs show significantly enhanced SHG
intensity over the unpatterned area. The SHG enhancement
factor (EF) is defined as the ratio of SHG intensity when the
incident light is focused onto the patterned sample and the
unpatterned area. The resultant EF is over 50 in 1100-1300 nm
for the single-pillar TP-HMM, whereas that for the dual-pillar
TP-HMM is over 50 in the pump wavelength range of
940-1300 nm and reaches the maximum value of about 535 at
1200 nm (see Supplementary Fig. S10 of Supplementary Note 2).

Supplementary Fig. S11 shows the SHG response on the pump
power for the TP-HMMs, indicating that the SHG intensity is
nearly a quadratic function of the pump power®!12. Figure 4c—f
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Table 1 Performance comparison.

References EF 729 Peak pump intensity (GW/cm?) Average pump power (mW) 10 dB Bandwidth (nm)
5 NA 5.4x10-10 NA 150 N/A

16 10,000 2x10°5 34 1.4 ~1010-1070

9 ~10,000 6x107> 3.4 n.4 ~970-1000

22 1700 ~3x1077 60 NA ~780-806

23 NA NA 0.3 471 ~750-855

25 300 2x10°6 <63.7 0.8 ~770-860

Our work 535 113 %10~ ~8.73 8.80 800-1300

verifies that the TP-HMMs present little polarization dependence,
as the SHG intensity varies gently with the polarization angle 6.
This is expected as the single-pillar TP-HMM carries the C4
rotation symmetry with respect to the z-axis and the light is
pumped normally (see Supplementary Fig. S12 of Supplementary
Note 2). For dual-pillar TP-HMM, the interleaved TP-HMM
pillars with different size renders the C4 rotation symmetric
arrangement. Therefore, those two devices are very useful for
polarization-independent nonlinear optical elements. Neverthe-
less, for some specific applications when polarization-dependent
nonlinear optical responses are required, we can resort to one-
dimensional TP-HMM as shown in Supplementary Figs. S2-54 of
Supplementary Note 1.

The SHG signals with different pump wavelengths are
demonstrated by the micrographs captured by the charge-
coupled device (CCD) camera, where full-color SHG signals in
the visible region are clearly presented in Supplementary Fig. S13
of Supplementary Note 2. In nonlinear optical processes, the SHG
conversion efficiency is a key factor for practical applications.
Here the SHG conversion efficiency, #?®), is defined as
72 = pe) /p@39 where P29 is the light power of the SHG
signal and P“) is the pump power. With P> measured by a light
power meter and P?®) extracted from the SHG micrographs
recorded by the CCD, 5> of the dual-pillar TP-HMM can be
estimated and is presented in Fig. 4b (see more details in
Supplementary Note 3). The maximum #?% of 1.13x 10° is
obtained with a pump wavelength of 900 nm and pump power of
8.80 mW for the dual-pillar TP-HMM. The 10dB bandwidth,
defined as the wavelength range with 7*) >10% of its maximum,
covers the entire pump wavelength range of 800-1300 nm. A
comprehensive comparison of the device performance with some
typical reports on metasurface-enabled SHG enhancement in the
visible has been summarized in Table 1. The previous studies on
nonlinear metasurfaces rely on the resonant structures so that the
SHG conversion efficiencies reduce sharply once the working
frequencies deviate from the resonant frequencies. The HMM
proposal here has significantly broadened the working band-
width, whereas the SHG conversion efficiency is comparably high.

To sum up, we have demonstrated that tapered HMM
nanostructure arrays enable broadband, enhanced field localiza-
tions due to the rainbow trapping effect, thus significantly
boosting the SHG conversion efficiencies over a wide spectral
bandwidth. Full-color SHG within the wavelength range of
400-650 nm has been experimentally observed, superior over the
previous metasurface-based nonlinear devices. A maximum SHG
conversion efficiency of 1.13 x 107 is obtained with an 8.80 mW
pump at the wavelength of 900 nm. Our results here may solve
the long-standing bandwidth issue with nonlinear metasurfaces
and advance new technically feasible applications. Future work
could use our proposals to devise broadband nonlinear optical
devices and could even tailor the naturally born hyperbolic
materials such as van der Waal structured nanomaterials for
other broadband devices*’~4°.

Methods

FIB etching. In the FIB process, a constant current of Ga+ ions (with an electric
current of 120 pA and a dwell time of 10 ps) is focused onto the multilayer under
normal incidence and the position of the beam can be adjusted by a lithography
system. Grayscale bitmaps are also used to precisely determine the tapered angle. The
etching depth ratio between different pixels is controlled by setting the grayscale
intensity in the bitmaps, whereas the absolute etching depth by setting the overall dose.

SHG measurement. A femtosecond mode-locked Ti:sapphire laser (Coherent,
Chameleon Discovery, 100 fs pulse width, 80 MHz repetition rate) is used as the
light source that generates linearly polarized laser beam with the working wave-
length tunable from 680 to 1300 nm and a narrow full width at half maximum of
about 10 nm. A tunable attenuator is used to tune the pump power onto the
sample; a half-wave plate is used to rotate the polarization angle to check the
polarization response of the HMM samples. Reflected by a short-pass dichroic
mirror (Thorlabs, DMSP750B), the incident light is focused onto the sample by a x
40 objective (Olympus, LUCPLFLN40X, NA = 0.6). The SHG signals and reflected
pump light on the reflection path are collected with the same objective. To guar-
antee pure SHG signals reach the spectrometer (Princeton Instrument, Isoplane-
320) and the CCD camera (Olympus, DP22), a short-pass dichroic mirror
(Thorlabs, DMSP750B) and a short-pass filter (Thorlabs, FES0700) are inserted
along the reflection path to filter the reflected pump light.

Data availability
All relevant data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Code availability
The code that supports the plots within this study is available from the corresponding
authors upon reasonable request.

Received: 3 January 2021; Accepted: 22 October 2021;
Published online: 05 November 2021

References

1. Yu, L-H. et al. High-gain harmonic-generation free-electron laser. Science
289, 932-934 (2000).

2. Campagnola, P. J. & Loew, L. M. Second-harmonic imaging microscopy for
visualizing biomolecular arrays in cells, tissues and organisms. Nat. Biotechnol.
21, 1356-1360 (2003).

3. Corn, R. M. & Higgins, D. A. Optical second harmonic generation as a probe
of surface chemistry. Chem. Rev. 94, 107-125 (1994).

4.  Ward, J. F. Calculation of nonlinear optical susceptibilities using diagrammatic
perturbation theory. Rev. Mod. Phys. 37, 1-18 (1965).

5. Hu, G. et al. Coherent steering of nonlinear chiral valley photons with a
synthetic Au-WS, metasurface. Nat. Photonics 13, 467-472 (2019).

6. Dai, Z. et al. Artificial metaphotonics born naturally in two dimensions. Chem.
Rev. 120, 6197-6246 (2020).

7. Koshelev, K. et al. Subwavelength dielectric resonators for nonlinear
nanophotonics. Science 367, 288-292 (2020).

8. Alam, M. Z, De Leon, L. & Boyd, R. W. Large optical nonlinearity of indium
tin oxide in its epsilon-near-zero region. Science 352, 795-797 (2016).

9. Lee, J. et al. Giant nonlinear response from plasmonic metasurfaces coupled to
intersubband transitions. Nature 511, 65-69 (2014).

10. Wang, C. et al. Metasurface-assisted phase-matching-free second harmonic
generation in lithium niobate waveguides. Nat. Commun. 8, 2098 (2017).

11. Pendry, J. B., Holden, A. J., Robbins, D. J. & Stewart, W. J. Magnetism from
conductors and enhanced nonlinear phenomena. IEEE Trans. Microw. Theory
Tech. 47, 2075-2084 (1999).

| (2021)12:6425 | https://doi.org/10.1038/s41467-021-26818-3 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Klein, M. W., Enkrich, C., Wegener, M. & Linden, S. Second-harmonic
generation from magnetic metamaterials. Science 313, 502-504 (2006).

Kim, S. et al. High-harmonic generation by resonant plasmon field
enhancement. Nature 453, 757-760 (2008).

Yang, D. J. et al. Magnetic Fano resonance-induced second-harmonic
generation enhancement in plasmonic metamolecule rings. Nanoscale 9,
6068-6075 (2017).

Segal, N., Keren-Zur, S., Hendler, N. & Ellenbogen, T. Controlling light with
metamaterial-based nonlinear photonic crystals. Nat. Photonics 9, 180-184
(2015).

Liu, S. et al. Resonantly enhanced second-harmonic generation using III-V
semiconductor all-dielectric metasurfaces. Nano Lett. 16, 5426-5432 (2016).
Shcherbakov, M. R. et al. Enhanced third-harmonic generation in silicon
nanoparticles driven by magnetic response. Nano Lett. 14, 6488-6492 (2014).
Liu, H. et al. Enhanced high-harmonic generation from an all-dielectric
metasurface. Nat. Phys. 14, 1006-1010 (2018).

Vabishchevich, P. P. et al. Enhanced second-harmonic generation using
broken symmetry III-V semiconductor Fano metasurfaces. ACS Photonics 5,
1685-1690 (2018).

Semmlinger, M. et al. Generating third harmonic vacuum ultraviolet light with
a TiO, metasurface. Nano Lett. 19, 8972-8978 (2019).

Aouani, H., Rahmani, M., Navarro-Cia, M. & Maier, S. A. Third-harmonic-
upconversion enhancement from a single semiconductor nanoparticle coupled
to a plasmonic antenna. Nat. Nanotechnol. 9, 290-294 (2014).

Grinblat, G. et al. High-efficiency second harmonic generation from a single
hybrid ZnO nanowire/Au plasmonic nano-oligomer. Nano Lett. 14,
6660-6665 (2014).

Kruk, S. et al. Enhanced magnetic second-harmonic generation from resonant
metasurfaces. ACS Photonics 2, 1007-1012 (2015).

Li, Z. et al. Fano-resonance-based mode-matching hybrid metasurface for
enhanced second-harmonic generation. Opt. Lett. 42, 3117 (2017).

Han, X. et al. Harmonic resonance enhanced second-harmonic generation in
the monolayer WS,-Ag nanocavity. ACS Photonics 7, 562-568 (2020).
Hong, X. et al. Structuring nonlinear wavefront emitted from monolayer
transition-mmetal dichalcogenides. Research 2020, 10 (2020).

Yang, X, Yao, J., Rho, J., Yin, X. & Zhang, X. Experimental realization of
three-dimensional indefinite cavities at the nanoscale with anomalous scaling
laws. Nat. Photonics 6, 450-454 (2012).

Galfsky, T., Gu, J., Narimanov, E. E. & Menon, V. M. Photonic hypercrystals
for control of light-matter interactions. Proc. Natl Acad. Sci. USA 114,
5125-5129 (2017).

Hu, G., Zheng, C,, Ni, J., Qiu, C.-W. & Al, A. Enhanced light-matter
interactions at photonic magic-angle topological transitions. Appl. Phys. Lett.
118, 211101 (2021).

Zhang, Q. et al. Interface nano-optics with van der Waals polaritons. Nature
597, 187-195 (2021).

Liu, Z., Lee, H., Xiong, Y., Sun, C. & Zhang, X. Far-field optical hyperlens
magnifying sub-diffraction-limited objects. Science 315, 1686-1686 (2007).
Cui, Y. et al. Ultrabroadband light absorption by a sawtooth anisotropic
metamaterial slab. Nano Lett. 12, 1443-1447 (2012).

Yin, X. et al. Ultra-wideband microwave absorber by connecting multiple
absorption bands of two different-sized hyperbolic metamaterial waveguide
arrays. Sci. Rep. 5, 15367 (2015).

Yin, X. et al. Hyperbolic metamaterial devices for wavefront manipulation.
Laser Photonics Rev. 13, 1800081 (2019).

Sun, Y., Zheng, Z., Cheng, J., Sun, G. & Qiao, G. Highly efficient second
harmonic generation in hyperbolic metamaterial slot waveguides with large
phase matching tolerance. Opt. Express 23, 6370-6378 (2015).

Duncan, C. et al. New avenues for phase matching in nonlinear hyperbolic
metamaterials. Sci. Rep. 5, 8983 (2015).

Segovia, P. et al. Hyperbolic metamaterial antenna for second-harmonic
generation tomography. Opt. Express 23, 30730-30738 (2015).

Wu, W. et al. Second harmonic generation enhancement from a nonlinear
nanocrystal integrated hyperbolic metamaterial cavity. Opt. Express 25,
21342-21348 (2017).

Marino, G. et al. Second-harmonic generation from hyperbolic plasmonic
nanorod metamaterial slab. Laser Photonics Rev. 12, 1700189 (2018).
Tsakmakidis, K. L., Boardman, A. D. & Hess, O. ‘Trapped rainbow’ storage of
light in metamaterials. Nature 450, 397-401 (2007).

Dixon, K. et al. Tunable rainbow light trapping in ultrathin resonator arrays.
Light. Sci. Appl. 9, 194 (2020).

Tsakmakidis, K. L., Pickering, T. W., Hamm, J. M., Page, A. F. & Hess, O.
Completely stopped and dispersionless light in plasmonic waveguides. Phys.
Rev. Lett. 112, 167401 (2014).

Tsakmakidis, K. L., Hess, O., Boyd, R. W. & Zhang, X. Ultraslow waves on the
nanoscale. Science 358, eaan5196 (2017).

44. Chen, L., Wang, G. P, Gan, Q. & Bartoli, F. J. Trapping of surface-plasmon
polaritons in a graded Bragg structure: frequency-dependent spatially
separated localization of the visible spectrum modes. Phys. Rev. B 80, 161106
(2009).

45. Wang, G. et al. Large second harmonic response in ZnO thin films. Appl. Phys.
Lett. 80, 401-403 (2002).

46. Lu, D, Kan, J. ], Fullerton, E. E. & Liu, Z. Enhancing spontaneous emission
rates of molecules using nanopatterned multilayer hyperbolic metamaterials.
Nat. Nanotechnol. 9, 48-53 (2014).

47. Dai, Z. et al. Edge-oriented and steerable hyperbolic polaritons in anisotropic
van der Waals nanocavities. Nat. Commun. 11, 6086 (2020).

48. Hu, G. et al. Topological polaritons and photonic magic angles in twisted a-
MoO3 bilayers. Nature 582, 209-213 (2020).

49. Li, P. et al. Collective near-field coupling and nonlocal phenomena in
infrared-phononic metasurfaces for nano-light canalization. Nat. Commun.
11, 3663 (2020).

50. Palik, E. D. Handbook of Optical Constants of Solids Vol. 3 (Academic, 1998).

51. Stelling, C. et al. Plasmonic nanomeshes: their ambivalent role as transparent
electrodes in organic solar cells. Sci. Rep. 7, 42530 (2017).

Acknowledgements

This work is supported by National Natural Science Foundation of China (Grant
Numbers 11674118, 12074137, 61774067, and 51991340), National Key R&D Program of
China (Grant Numbers 2018 YFB2200200 and 2017YFA020570), State Key Laboratory of
Advanced Technology for Materials Synthesis and Processing (Wuhan University of
Technology), and State Key Laboratory of Artificial Microstructure & Mesoscopic Phy-
sics. We thank Cheng-Wei Qiu for helpful discussions. We thank Wei Wang for the
support in FIB etching, Wei Xu in the Center of Micro-Fabrication and Characterization
(CMFC) of WNLO for the support in magnetron sputtering, and the Center for
Nanoscale Characterization & Devices (CNCD), WNLO, HUST for the support in SEM
measurement.

Author contributions

J.L. and L.C. conceived the original concept and initiated the work. J.L. and G.H. per-
formed the theoretical analysis and conducted the simulations. L.S., N.H., and S.H
fabricated and characterized the samples. Q.Z. and W.X. developed the setup. J.L., D.L.,
Q.S., HF,, and L.Z. performed the measurements. ].W. and J.G discussed the results. J.L.,
G.H., and L.C. wrote the manuscript and all authors reviewed the manuscript. L.C.
supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26818-3.

Correspondence and requests for materials should be addressed to Qing Zhang, Wei
Xiong or Lin Chen.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:6425 | https://doi.org/10.1038/s41467-021-26818-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-26818-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Full-color enhanced second harmonic generation using rainbow trapping in ultrathin hyperbolic metamaterials
	Results and discussion
	Working principle
	Experimental verification of broadband and efficient SHG

	Methods
	FIB etching
	SHG measurement

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




