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inducing electromagnetic fields.[9,10] In 
general, SHG conversion efficiency relies 
on several factors: inversion asymmetry 
of the hosting media, spatial overlap of 
the fundamental and second-harmonic 
(SH) modes, quality factor (Q-factor) of 
the involved modes, and the field intensity 
of the fundamental resonant mode.[11–16] 
Among these factors, plasmonic nano-
structures[17–23] have a clear advantage of 
being particularly effective in inducing 
strong electromagnetic field that can 
increase the SHG conversion efficiency. 

For instance, the large field confinement associated with the 
magnetic resonances of split-ring resonators (SRRs) has led to 
a significant SHG enhancement.[23–28] While these prior results 
have been a major step forward in demonstrating SHG in plas-
monic structures, further improvement is needed if they were 
to become a competitive alternative. Take SRR metasurface as 
an example, most of fabricated SRRs are of planar subwave-
length structures, in which they lay flat on a high index dielec-
tric substrate as illustrated in the inset of Figure 1a. While such 
planar SRRs (PSRRs) are relatively easy to fabricate, the strong 
fields present in PSRR gaps are inevitably exposed to the under-
lying substrate, resulting in leakage of the electromagnetic 
energy into the substrate, reducing the exposure of enhanced 

The second harmonic generation (SHG) of vertical and planar split-ring 
resonators (SRRs) that are broken centro-symmetry configurations at the 
interface of metal surface and air is investigated. Strong interactions, better 
electromagnetic field confinements, and less leakage into the substrate for 
vertical SRRs are found. Experimental results show a 2.6-fold enhancement 
of SHG nonlinearity, which is in good agreement with simulations and 
calculations. Demonstrations of 3D metastructures and vertical SRRs with 
strong SHG nonlinearity majorly result from magnetic dipole and electric 
quadrupole clearly provides potential applications for photonics and sensing.

Stereometamaterials 

Since its discovery soon after the invention of the laser, the 
second harmonic generation (SHG) as a prominent nonlinear 
optical effect has played an important role in various photonic 
applications ranging from light source,[1] high-resolution 
imaging, to spectroscopy.[2–4] Fundamentally, SHG is prohib-
ited in bulk noble metals such as gold and silver occasion-
ally used in metamaterials because of their centrosymmetric 
crystal lattices. Recently, the phenomenon of SHG has been 
widely studied in various metallic nanostructures, such as 
nanorods, nanoparticles, multiresonant, nanoantennas, etc.[5–

8] In plasmonic systems, nonlinearity was mainly attributed 
to either the broken centro-symmetry at the metal surface or 
to the high degree of the asymmetric spatial variation of the 
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plasmonic fields at the structural interface.[29–31] This is an unde-
sirable scenario for the SHG process whose conversion efficiency 
strongly depends on the square of the strength of involved elec-
tromagnetic fields. In addition, under normal excitation, PSRRs 
are efficiently coupled to the incident electric field polarized 
along the PSRR base rod (x-direction in Figure 1) but are unre-
sponsive to the incident magnetic field. As a result, PSRRs only 
couple with a portion of the incident electromagnetic energy.

We have recently developed a unique nanofabrication 
technique that can accurately align nanofeatures on top of each 
other,[32,33] allowing us to build up a platform of vertical SRRs 
(VSRRs), as shown in the inset of Figure 1d. This type of 3D 
structure as stereometamaterials has recently attracted a lot 
of attention since their optical properties are more adjustable 
and flexible than conventional 2D ones.[34,35] When VSRRs 
are excited by a normal incident light with its electric field 
polarized parallel to the VSRR base rod while the magnetic field 
is perpendicular to the opening gap of VSRR, both the incident 
electric and magnetic fields offer required projection compo-
nent for exciting the magnetic dipolar response of the VSRRs. 
As a result, it generates stronger localized fields within the 
opening gaps.[29] We have subsequently explored feasible appli-
cations based on VSRRs, such as optical anapole excitation,[30] 
plasmonic sensing,[31] and anomalous beam steering.[32] 
Another benefit from VSRR is that the induced strong plas-
monic fields are away from the dielectric substrate surface so 
that the previously mentioned field leakage issue is signifi-
cantly reduced. The combination of efficient coupling with the 
excitation fields and the reduction in field leakage consequently 
leads to a high enhancement of the SHG efficiency. It is also 
possible to further enhance the fundamental localized field via 
the configuration of four-tined fish spear. The whole structures 
and sample surface are covered with gold films, which fully 

prevent leakage issue naturally, and the four prongs establish 
more tight energy confinement within the opening gap.[36]

In this work, we numerically and experimentally demon-
strate that VSRR metasurfaces can produce stronger SH signal 
compared with PSRRs. Furthermore, the individual VSRR 
establishes fascinating nonlinearities enabling us to manipulate 
the SH signals. In conventional nonlinear processes, electro-
magnetic waves of higher order harmonics typically propagate 
along the same path as the incident fundamental wave. In 
practice, separating the desired harmonics with orders of 
magnitude weaker intensity from its fundamental wave is 
always a matter of concern. Prior studies utilizing metasurfaces 
for SHG have employed rather complex schemes to obtain 
spatially varying phase modulation to deflect SH emission 
toward the desired direction.[37–40] These schemes are imple-
mented with the design and fabrication of spatially varied 
dimensions or orientations of the individual PSRRs that are 
specifically arranged to construct metasurfaces with the desired 
phase response to a given incident light. With this point of view, 
we numerically found that individual VSRR possesses exotic 
SH signals that are offset from the normal incident direction, 
making them easy to be detected and characterized.

The origin of the nonlinear optical response of metallic 
nanostructures has become the main subject of study for some 
time.[10,41] The electric properties at the surface of metallic 
structures have been experimentally verified as the origin of 
SHG in SRR metasurfaces.[42] Using a rather simplistic hydro-
dynamic model that takes into account of both linear and 
nonlinear processes occurring at the metallic surface, the SH 
nonlinear surface polarization and the effective SH surface 
current density can be described in terms of the linear bulk 
polarization in the metal that is induced by the incident electro-
magnetic field at the fundamental frequency.[43] The nonlinear 
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Figure 1. Comparison of optical response between PSRR and VSRR metasurfaces under normal incidence with x-polarization. a) Simulated reflectance 
(green curve), transmittance (red curve), and absorption (blue curve) for PSRR metasurfaces. b) The induced electric field at the 1008 nm wavelength 
of the fundamental magnetic mode of PSRRs. c) The intensity distribution across the dashed line (above structural edge 0.1 nm) shown in (b). 
d) Simulated reflectance (green curve), transmittance (red curve), and absorption (blue curve) for VSRR metasurfaces. e) The induced electric field 
at the 910 nm wavelength of the fundamental magnetic mode of VSRR. f) The intensity distribution across the dashed line (above structural edge 
0.1 nm) shown in (e).
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response descriptions were arrived from a nonlinear driving 
source that has contributions from electric quadrupole-like  
Coulomb, magnetic Lorentz force, and electron gas convective 
terms. Since metasurfaces composed of VSRRs coupled 
strongly with both incident electric and magnetic fields when 
excited under a normal incident light polarized parallel to 
the VSRR base rod,[31] they are expected to deliver stronger 
SH signals than can be observed from a PSRR metasur-
face. Using the COMSOL Multiphysics software based on the 
finite element method (FEM), we have conducted numerical 
simulation on both gold VSRRs and PSRRs deposited on 
a glass substrate with identical structural dimensions (see 
Figure S5 in the Supporting Information for details) and 
periods except one standing upright and the other laying 
down flat, as shown in insets of Figure 1a,d for comparison. 
Figure 1a,d shows the reflectance, transmittance, and absorp-
tion spectra of VSRR and PSRR metasurfaces, respectively, 
under x-polarized illumination (parallel to SRR base rods as 
shown in the insets). The magnetic resonances can be excited 
in both PSRR and VSRR samples. It is noticeable that a wave-
length shift of magnetic resonances between the VSRR and 
PSRR samples occurs, which is due to the different dielectric 
surroundings in the vicinity of the two SRRs. The optical field 
confinement in the PSRR gap is exposed more to the under-
lying glass substrate that has a higher index of refraction than 
air. Consequently, the fundamental mode of PSRR is located 
at a longer wavelength than that of a VSRR as expected. The 
induced fundamental surface currents are indicated by the pink 
arrows in Figure 1b,e for PSRR (x–y plane) and VSRR (x–z 
plane), respectively. Associated with these induced currents 
that loop around the SRR is the oscillating magnetic field that 
is confined at the edge of the gap. One can also make the obser-
vation by comparing Figure 1b,e which reveals that the VSRR 
supports stronger electric field intensity than the PSRR. The 
normalized intensity distribution of VSRR and PSRR along the 
cross-section marked by orange and red dashed lines is pro-
vided for the comparison of the field enhancement. As shown 
in Figure 1c,f, VSRR holds a relatively stronger field enhance-
ment that is consistent with our prediction—the stronger field 
present in the VSRR is the combination of the accessible cou-
pling with both the incident electric and magnetic fields under 
normal illumination and the negligible field leakage into the 
substrate, and the stronger field enhancement in VSRR proves 
beneficial to the nonlinear generation of SH signals.

The VSRR and PSRR are prepared by e-beam lithography and 
the lift-off process. For the PSRR, the 495K PMMA (polymethyl 
methacrylate) photoresist was deposited by spin coating and 
then baked at 180 °C for 3 min. To prevent the charging issue, 
the conductive polymer layer, ESPACER (SHOWA DENKO 
K.K.), is spin-coated over the PMMA layer. This layer can be 
removed by directly rinsing the fabricated sample with deion-
ized water. After the exposure, an adhesion layer Au is depos-
ited on the SiO2 substrate with 5 nm by sputtering and followed 
by E-gun evaporation with 45 nm. After e-beam exposures (with 
100 keV acceleration voltage and 100 pA current), the sample 
was rinsed with deionized water to remove ESPACER, and then 
developed in the solution of methyl isobutyl ketone (MIBK) 
and isopropyl alcohol (IPA) of MIBK:IPA = 1:3 for 60 s, subse-
quently rinsed with IPA for 20 s, and blow-dried with nitrogen 

gas. For the fabrication of VSRR, the position of the base struc-
ture is defined on PMMA resist relative to the two 100 nm thick 
cross gold alignment marks, which are predefined before the 
fabrication of VSRRs. The base structure is then defined after 
the lift-off process. The prong structures are subsequently 
aligned and fabricated the cross markers. The related SEM 
images are presented in Figure 2a,b. The spectral responses of 
PSRRs and VSRRs are obtained by a Fourier-transform infrared 
spectroscopy (FTIR, Vertex 70, Bruker), as shown in Figure 2c. 
Compared with the numerical results, the measured funda-
mental resonance of PSRR shifts to the longer wavelength 
(1035 nm) owing to the fabrication imperfection. A similar 
tendency can also be observed in the case of VSRR (856 nm).

To analyze the SH field in VSRRs and PSRRs, we imple-
mented the hydrodynamic model that describes the linear and 
nonlinear processes in the metal nanostructures in conjunction 
with the COMSOL Multiphysics software. We first calculate the 
linear polarization vectors of the SRRs under the normal inci-
dent light with x-polarization near the resonance wavelength of 
their fundamental modes. The linear polarization of the SRRs is 
then plugged into the expression given in ref. [43] to obtain the 
SH surface current densities that in turn behave as the nonlinear 
source from which the far-field SHG pattern can be calculated 

Adv. Mater. 2019, 31, 1806479

Figure 2. SEM images and spectral response of metasurfaces. a,b) SEM 
images of fabricated PSRRs and VSRRs, respectively. The white scale 
bars are 1 µm. The inset is taken with tilted angle 45°, and the white 
scale bar is 500 nm. c) Measured transmittance spectrum of VSRR and 
PSRR metasurfaces. The red and blue shaded areas indicate the resonant 
position of VSRR and PSRR, respectively.
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along with its nonlinear power. The physical constants used here 
for gold are free electron density n0 = 5.98 × 1028 m−3 and electron 
collision rate γ = 1.075 × 1014 s−1.[44] The SH electric field induced 
by the fundamental field in PSRRs is illustrated in Figure 3a 
(top view, x–y plane). The red arrows denote the SH surface cur-
rent, JSHG. Evidently, most of SH surface current is parallel to 
the y-axis acting as an electric dipole, consistent with the pre-
vious work.[43] We simulated the SH electric field of VSRRs as 
shown in Figure 3b. For SH field comparison, all the SH field 
distribution is displayed in the x–y plane. The quadrupole-type 
SH surface current pattern along the y-direction arises from the 
cancellation of SH surface current in x component as indicated 
by the purple arrows. Through the analysis of multipole decom-
position, we find that except for electric dipoles VSRRs are char-
acterized by the electric quadrupole but PSRRs by the magnetic 
dipole, which is evident by that the SH signal mainly stems from 
the magnetic dipole and electric quadrupole (see Figure S1 in the 
Supporting Information for details). In the SH signal measure-
ment, the optical pumping was conducted with a tunable mode-
locked Ti-sapphire ultrafast laser (Chameleon Ultra II, Coherent) 
with a pulse duration of 140 fs and a repetition rate of 80 MHz. 
In order to maximize the SH signal, the chosen pumping wave-
length is in accordance with the realistic resonant position, 
1035 nm for VSRR and 858 nm for PSRRs. The emitted beam 
impinges upon the sample with a focal spot of 4 µm2 via 20 × 
objective lens (numerical aperture (NA) = 0.4, M plan Apo NIR, 
Mitutoyo), and the induced SH light is collected by 60 ×  objective  
lens (NA = 0.95, Plan Apo, Nikon) and reflected by a dichroic mirror 
into a Monochromator (Acton SP2150, Princeton Instrument). 
Finally, the signal is captured by an EMCCD (ProEM: 512B, 
Princeton Instrument) attached to the Monochromator for the 

SH signal spectrum analysis (see Figure S4 in the Supporting 
Information for more details). The measurement result is shown 
in Figure 3c with x-polarized illumination at an incident power 
of 33 mW. As one can see, VSRRs establish 2.6 times stronger 
SH signal than PSRRs as expected from the numerical analysis 
that the incident light is more efficiently coupled into the SRR 
structure, directly boosting the SH signal. Interestingly, the two-
photon-induced luminescence (TPL) incurred in the longer wave-
length region from VSRRs (Figure 3c). Different from SHG, TPL 
is the result of two-photon absorption associated with the imagi-
nary part of the third-order nonlinear susceptibility. Both are 
nonlinear processes with squared dependence on the incident 
pump power. Both signals originate from the same pumping 
source and compete with each other. TPL has been demonstrated 
on gold nanoparticles with a strong dependence on their sizes[45] 
and in semiconductor material when the energy of incident light 
exceeds the material bandgap.[46]

The measured SH polarization patterns of VSRRs and 
PSRRs are also obtained by collecting SH far-field signal in the 
x–y plane with linearly polarized analyzer in different angles, 
as shown in Figure 3d. The measurement result of VSRRs is 
supported by the simulation result in Figure 3b that x-polarized 
incident light is converted to y-polarized SH signal. With 
tuning of the incident wavelength, we can confirm that the SH 
signal primarily arises from the plasmonic enhancement in the 
SRRs (see Figure S2 in the Supporting Information for more 
details). At the same time, we can also reveal the squared power 
dependence of the SH signal of the incident power for both 
(see Figure S3 in the Supporting Information for more details).

The ability to manipulate light by a metasurface composed 
of supercells is enabled by the phase modulation to incident  

Adv. Mater. 2019, 31, 1806479

Figure 3. SH signal of PSRRs and VSRRs. a) Simulated SH field and current distribution of PSRRs in the x–y plane. b) SH field and current distribution of 
VSRRs are displayed in the x–y plane at z = 120 nm. The SH current is denoted as red arrows. c) SH response of VSRRs and PSRRs. TPL appears in longer 
wavelength. λin is the pumping wavelength. d) The relevant SH polarization of far-field patterns of VSRRs and PSRRs are displayed in the x–y plane.
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light of the constituent unit cells that make up those super-
cells. The determination of phase modulation by an indi-
vidual unit cell involves substantial computation and analysis. 
The radiation characteristics of the individual unit cells 
can then be used as the basis for constructing the overall 
radiation pattern of the supercells, reducing the demand for 
a full-blown time-consuming calculation. The design of non-
linear light propagation direction can be conducted in the same 
manner.[47,48] In this work, we first analyzed a unit cell of VSRR 
and found that under x-polarized illumination it induces two 
SH surface current distributions that generate two categories of 
SH signals propagating in six different directions, as shown in 
Figure 4a. One of the SH surface currents on the VSRR prong 
tops is presented in Figure 3b. This nonlinear current acts as a 
nonlinear source producing four y-polarized SH signals in the 
quadrupole radiation pattern that radiates at 45° to the normal 
of metasurface, two on the same side of normal incident wave 
and the other two on the opposite side as shown in Figure 4b. 
The other category has two z-polarized SH signals in a dipole 
radiation pattern generated by the SH surface current pattern in 
the VSRR plane perpendicular to the metasurface (Figure 4c), 
resulting in SH signals that are normal to the incident wave. 
All the nonlinear signals from the VSRR metasurface are there-
fore conveniently offset from the normal incidence at the fun-
damental frequency. In contrast, only four SH signals in the 
dipole radiation pattern emerge from the PSRRs as one can see 
in Figure 4d–f along with their far-field patterns. Two polarized 
in the y-direction and the other two in the z-direction consistent 
with the previous work.[43] Two of the SH signals that are polar-
ized along the y-direction propagate normal to the metasurface 

along the traveling direction of incident excitation at the funda-
mental frequency, an undesirable optical path for the purpose 
of separating SH signals from the illumination.

In conclusion, we have experimentally and theoretically 
investigated the nonlinearity of metasurfaces made of sub-
wavelength PSRRs and VSRRs. Novel 3D nanofabrication 
has allowed us to fabricate VSRRs that vertically stand up, 
which has a number of significant advantages over that of the 
conventional PSRRs. The VSRRs have the ability to couple with 
the excitation energy from both the electric and magnetic fields 
of an incident wave and to lift the SP localized fields that are 
tightly confined between the two vertical prongs away from 
the glass substrate. This feature results in a stronger field that 
significantly enhances the nonlinear process. We specifically 
compared the SHG process of PSRRs and VSRRS of equal 
dimensions by optical measurements. The nonlinear optical 
measurements from VSRR metasurface indicate improvement 
of 2.6 times in SHG. The SH signals from VSRR metasurface 
are naturally deflected away from the optical path of the inci-
dent light, which is convenient for characterization and usage 
of VSRR metasurface. With further optimization of VSRRs in 
their sizes and fabrication techniques, we expect that a better 
nonlinear efficiency and an effective nonlinear light manipula-
tion VSRRs metasurface can be achieved.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Adv. Mater. 2019, 31, 1806479

Figure 4. The schematic of SH far-field distribution of VSRR and PSRR. Nonlinear SH far-field patterns for VSRR and PSRR. a,d) Schematics of induced 
SH signals radiating from VSRR and PSRR. b,c) Four y-polarized SH signals radiating in the quadrupole far-field pattern and two z-polarized SH signals 
radiating in the dipolar pattern generated by VSRR. e,f) PSRRs display the SH dipolar far-field pattern for both y- and z-polarizations. Insets show the 
corresponding SH far-field patterns in the y–z plane.
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