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ABSTRACT

Three-dimensional (3D) metamaterials show the potential for realizing efficient nonlinear nanoscale devices.
Despite the recent progress, the nonlinear metamaterials lack in terms of conversion efficiencies when compared
against conventional nonlinear materials that rely on phase-matching techniques. Here, we demonstrate how
the nonlinear responses of 3D metamaterials can be improved by stacking metasurfaces on top of each other
and by applying phase-matching techniques. We demonstrate this by successfully fabricating phase-matched
metamaterials consisting of stacked metasurfaces. Especially, we observe a 25-fold enhancement of second-
harmonic generation emission from a device consisting of five metasurfaces.
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1. INTRODUCTION

Metamaterials and metasurfaces are artificial structures that consist of sub-wavelength building blocks called
meta-atoms. With proper design of meta-atoms, metamaterials exhibit properties not found in natural materials,
including magnetism at optical frequencies, strong optical activity, negative index of refraction, and epsilon-
near-zero behavior.! ™ Recently, phase-engineered metasurfaces have shown potential for the development of flat
optical components, such as metalenses and polarizing interfaces.’>”

In addition to their linear optical properties, the nonlinear properties of metamaterials are a subject of
growing interest. Numerous photonic technologies utilize nonlinear optical phenomena, such as second-harmonic
generation (SHG), photon-pair generation, all-optical switching, frequency combs, and supercontinuum gener-
ation.® ! Unfortunately, the intrinsic nonlinear responses of materials are extremely weak. The traditional
nonlinear materials compensate for this limitation with phase-matching schemes, which enables the nonlinear
response to accumulate along the propagation in the material.'> These relatively long propagation lengths
are a significant limitation miniaturization of nonlinear optical devices, motivating the search for alternative
enhancement methods.

Recently, plasmonic metamaterials, consisting of metal nanoparticles, have shown promise for realizing ef-
ficient nonlinear metamaterials.'® The optical properties of metal nanoparticles are governed by the collective
oscillations of the conduction electrons, known as localized surface plasmons. In resonance conditions, electro-
magnetic interactions between the incident field and plasmons give rise to localized surface plasmon resonances
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(LSPRs). This leads to a significant enhancement in local field near the particles.'* As the nonlinear processes
scale to the higher power of the local fields, the plasmon-driven field enhancements can result in dramatic en-
hances in the nonlinear responses of plasmonic materials. As a result, numerous investigations have studied the
nonlinear optical properties of plasmonic metamaterials during the past decade.!®>1?

Here, we demonstrate a significant improvement in the nonlinear response of plasmonic metamaterials by
utilizing phase-engineering principles. We fabricate metamaterial devices consisting of periodically stacked meta-
surfaces. With proper design of metasurface resonances and with proper selection of the stacking period, the
devices become phase-matched to emit back-propagating SHG. The fulfilled phase-matching is confirmed with
the measured SHG signal that increases monotonically with the number of layers.

2. THEORETICAL BACKGROUND

The conventional nonlinear materials achieve their strong nonlinear responses with accumulation of the signal
over long enough propagation lengths. This requires that the both energy and momentum are conserved in the
nonlinear process. The momentum conservation condition is also known as phase-matching condition, which
for forward-propagating SHG is written as Ak = 2k, — ko, = 0, where k, = n,w/c and ko, = no,2w/c are
the wavevector amplitudes at the fundamental (w) and SHG (2w) frequencies, respectively.'? Traditionally, the
phase-matching condition is fulfilled by taking advantage of birefringent crystals (n, = na,) or by utilizing
quasi-phase-matching techniques.!? 20:21

Here, we design a phase-matched plasmonic metamaterial device that utilizes phase changes arising from
the scattering of light from the nanoparticles. We use notations J, and ds, for the phase changes at the
fundamental and SHG frequencies, respectively. These terms are highly depended on the optical response of
the nanoparticles, i.e. on their LSPRs.” Thus, by extending the phase-matching condition with d,, and 8s,,, we
can achieve phase matching with a proper metamaterial design. We demonstrate this capability by designing
and fabricating metamaterial devices that were phase matched for back-propagating SHG (see Fig. 1). With
conventional nonlinear materials, this type of phase-matching is difficult to realize, as it would require either
negative refractive indexes or the use of complicated phase-matching schemes.

Figure 1. Schematic drawing of a metamaterial consisting of periodically stacked metasurfaces. The incident light and
the generated SH signal are phase-shifted by the propagation between metasurfaces (¢, and p2,) and by the scattering
from the nanoparticles (., and d2,). With proper selection of the interlayer distances and with proper design of the
metasurfaces, the metamaterial becomes phase matched for back-propagating SHG.

Our devices consisted of up to five (N = 5) stacked metasurfaces, surrounded by a homogeneous medium,
and separated by distance h. To achieve phase matching, the accumulated phase of the back-propagating SHG
signal should be a multiple of 27. Now, we can write the phase matching condition for our devices as

2(0w + 0u) + 2w + o, = 27m, (1)

where m is an integer and terms @9, = koo, h and ¢, = k,h arise from the propagation of fields. With numerically
estimated phase terms §,, and da,,, the Eq. (1) allows to solve for h. Here, we estimated the phase terms by using
the rigorous coupled wave analysis.?? 23



3. RESEARCH METHODS

For this work, we fabricated metamaterial devices consisting of N metasurfaces composed of V-shaped gold
nanoparticles arranged into square lattices with a lattice constant of p = 1000 nm. We chose this lattice
configuration as it has shown to strongly enhance SHG.?* The nanoparticles had arm lengths of L = 180 nm
(L180-N) and L = 220 nm (L220-N), and arm widths of w = 100 nm resulting in LSPRs centered near 1060 nm.
Then, according to Eq. (1), the back-propagating SHG becomes phase-matched by choosing h = 225 nm. For
both device sets, L180-N and L220-N, the phase-matching condition was fulfilled for SHG process were both
input and SHG signal were linearly polarized along the symmetry axis of the nanoparticles (y-axis, see Fig. 2).
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Figure 2. (a) The metasurfaces were stacked up to five layers (N = 1-5) on top of a silicon dioxide (SiO2) substrate. To
fulfill the phase-matching conditions, each layer was separated by h = 225 nm.(b) Scanning electron micrograph from a
metasurface consisting of V-shpaed gold nanoparticles. The nanoparticles had arm width of 100 nm and arm length of
L. They were arranged into a square lattice with lattice period of p = 1000 nm giving rise to a LSPR around 1060 nm.

We fabricated the devices on fused silica (silicon dioxide SiO2) substrate using a fabrication process consisting
of following eight steps: i) spin-coating polymethyl methacrylate (PMMA) resist EL8 at 5000 rpm speed for one
minute, and then baking the sample on a hot plate at 150°C for five minutes. ii) Spin-coating PMMA resist A2
at 2000 rpm for one minute and baking at 180°C for five minutes, iii) spin-coating a third layer of conductive
polymer (E-spacer) at 2000 rpm for one minute, to avoid any charging effects during fabrication caused by the
insulating substrate. iv) Electron beam lithography of the nanostructures and bathing in deionized water in
order to remove the E-spacer. v) Development in methyl isobutyl ketone:isopropyl alcohol (1:3) solution for 12
minutes at 0°C followed by rinsing in isopropanol. vi) Deposition of a thin chromium layer (3 nm) and a layer
of gold (20 nm) on the patterned resist by electron beam evaporation at 1 A/s. vii) Lift-off by bathing with
acetone at 50°C for one minute. viii) Spin-coating spacer layer (spin-on-glass IC1-200) at 6000 rpm for one
minute followed by baking at 250°C for five minutes in order to obtain a h = 225 nm thick spacer layer. In order
to fabricate the complete device, this sequence was repeated then N times.

The SHG responses of the fabricated devices were characterized using the setup illustrated in Fig. 3. As a
light source, we used an optical parametric oscillator (OPO) that was pumped with a pulsed Ti:sapphire laser
with a center wavelength of 780 nm, pulse duration of 220 fs, and repetition rate of 80 MHz. In order to avoid
possible sample damage, we limited the power of our light source to 10 mW. With a linear polarizer and a half-
wave plate, we selected the correct polarization for the input laser beam. Then, the beam was focused on the
sample that was aligned using a camera. The back-propagating SHG signal was guided with a dichroic mirror,
metallic mirrors, and lenses to a photomultiplier tube (PMT) for photon detection. To ensure that only the
light generated with OPO reached the sample and that only the SHG signal was measured, long- and short-pass
filters were used along the beamline. By tuning the OPO wavelength from 1000 to 1300 nm, we measured the
SHG emission spectra as function of the input wavelength.

4. RESULTS

The measured back-propagating SHG spectra are shown in Figs. 4(a) and 4(b) for the sets L220-N and L180-N,
respectively. For the set L220-N, the signal increases with the increasing number of metasurfaces (N), but only
up to N = 2. This might result from the fact that the phase-matching condition is not fulfilled, or that most
of the incident light is absorbed after two metasurfaces. Fortunately, neither of these occur for the set L180-N.
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Figure 3. The experimental setup used to measure the back-propagating SH signal. An optical parametric oscillator
(OPO) pumped with a Ti:sapphire femtosecond laser was used as a light source. The input power and polarization were
controlled with a linear polarizer (LP) and a half-wave plate (HWP). The laser beam was weakly focused on a sample
with a lens L1 and a camera was used to accurately aim the laser beam. The back-propagating signal was collected and
guided to the photomultiplier tube (PMT) with dichroic mirror (DM) and lenses L2 and L3. The long-pass filter (LPF)
assured that only the light generated with OPO reached the sample, while the short-pass filters (SPFs) assured that only
the SH signal was measured.

Instead, the signal strength increases monotonically with N around the incident wavelength range 1100-1150
nm which we attribute as the region where the constructive phase matching occurs. The weakest signal is
detected around 1000-1050 nm where the destructive phase matching occurs. The strongest SHG signal of 70
fW is emitted by the device L180-5 around the incident wavelength of 1120 nm. At this incident wavelength,
the SH emission is no longer linearly dependent on IV, but instead follows close-to quadratic dependence. This
quadratic dependence further confirms the fulfilled phase matching. In addition, the devices were successfully
phase matched in the challenging backward direction.?”
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Figure 4. Measured SHG emission spectra for two set of metamaterials (a) L220-N and (b) L180-N. For L220-N, the
phase-matching condition is not fulfilled and the SH emission does not improve by stacking more than two metasurface
layers. For L180-N, the phase-matching condition is fulfilled and the SH emission increases monotonically with the
number of layers.

In addition to the successful phase matching, another interesting feature is detected from L180-N emission
spectra. The emission peaks blueshift from 1150 nm to 1120 nm when N increases from three to five (see Fig.
4(b). This behaviour could result from the optical coupling of adjacent metasurfaces.?%27 It has been shown with
planar metasurfaces, that the optical coupling of adjacent nanoparticles can result in collective responses known
as surface lattice resonances, that enhance the SHG emissions from metasurfaces.?* 2830 It seems plausible that
similar effects could occur also along the propagation direction.?” Unfortunately, due to the difficulties in our
novel fabrication process, we could not yet fully control the relative position of adjacent metasurfaces. In the



future, however, we aim to overcome this lack of control and properly design the optical coupling between the
metasurfaces. Then, the combined impact of phase matching and optical coupling could pave the way towards
efficient nonlinear metamaterials.

5. CONCLUSION

To conclude, we demonstrated how to improve the nonlinear responses of metamaterials by stacking metasurfaces
into three-dimensional devices. These devices can be easily phase-matched by controlling the nanoparticle
dimension and the separation between the adjacent metasurfaces. We confirmed this ability by phase-matching
back-propagating second-harmonic generation, which is a difficult task to fulfill using conventional nonlinear
materials. We fabricated metamaterial devices consisting of up to five stacked metasurfaces and demonstrated a
clear monotonic increase in the second-harmonic signal with the increasing number of metasurfaces. Our results
show promise for further development of three-dimensional metamaterials, that could utilized for example to
realize more efficient nonlinear metamaterials.
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