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ABSTRACT: Plasmonic structures have been revealed as efficient units to
enhance localized nonlinear phenomena generated at dielectric−metal
interfaces. However, their effect on the nonlinear interactions provided by
quasi-phase matching processes in χ(2) modulated dielectric crystals have been
scarcely addressed, mainly due to the complexity in manufacturing
appropriate periodic plasmonic structures overlying the χ(2) dielectric
structure. Here, by a simple method we have fabricated a periodic structure
based on the combination of two commensurate lattices: a periodic lattice of
chains of Ag nanoparticles and a periodic lattice of χ(2)-modulation based on a
ferroelectric domains structure. The hybrid system supports multiple surface
plasmon lattice resonances (SLRs) at the technologically relevant NIR
spectral region, which yield the enhancement of the nonlinear diffraction
pattern generated by the χ(2) structure. The superposition of the plasmonic
and the χ(2)-modulation lattice results in a 20-fold enhancement of the
directional SHG due to the excitation of SLRs by the interacting waves involved in the nonlinear process. The results are obtained in
lithium niobate, a widely used crystal in optoelectronics, and demonstrate the potential of the approach to design integrated solid-
state platforms for on-chip optical steering, multiplexing or quantum technologies.
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Since the first demonstration of nonlinear (NL) diffraction
by I. Freud in 1968,1 ferroelectric domain structures have

been used to manipulate and control nonlinear optical
interactions in monolithic devices. These structures, generally
known as nonlinear photonic crystals (NLPC), exhibit a
periodic spatial modulation of the sign of the second order
nonlinear susceptibly, χ(2), allowing different quasi-phase
matching (QPM) NL processes.2−4 The periodic modulation
of χ(2) can be achieved in 1D, 2D, and 3D geometries, resulting
in a variety of phase matching schemes to simultaneously
control the spatial and spectral distribution of multiphoton
processes.5−9 NL generation and manipulation of Airy
beams,10 mirrorless optical parametric oscillation,11 simulta-
neous generation of second to fifth harmonic beams with
conical spatial distribution,12 or on-chip spatial control of
entangled photons13 are some examples of the capability of
NLPCs. However, novel strategies are needed to improve the
efficiency of the NL response in χ(2)-based miniaturized
devices.
In this context, the association of metallic nanostructures

with nonlinear dielectric crystals has provided an interesting
approach to improve the efficiency of frequency conversion
processes at the nanoscale.14−17 In particular, the extraordinary
capability of localized surface plasmon resonances (LSP) for

field confinement has been recently exploited to significantly
enhance quadratic nonlinear phenomena localized at the
metal−nonlinear dielectric interfaces.18−20 However, to our
knowledge, the collective effect of periodic arrays of metal
structures on the NL processes generated by dielectric NLPCs
has been little explored. In addition to the localized
enhancement of the NL response at the metal−nonlinear
dielectric interface, plasmonic lattices placed on the surface of
ferroelectric domain patterns can allow the interaction of
plasmonic surface lattice resonances (SLRs) with the waves
participating in the NL processes generated at the χ(2)

dielectric crystal. This can lead to new integrated NL platforms
for enhancing and shaping light in specific directions, as
required for scientific and technological applications.
In the last years, the use of arrays of plasmonic nanoparticles

(NPs) supporting collective SLRs has proven to be an
interesting approach for manipulating light−matter interac-
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tions with applications in a diversity of fields such as lasing,
biosensing, solid-state lighting, or photovoltaics.21−27 They
have also been employed for second harmonic generation
(SHG) experiments by using different design strategies.28−32

However, most of the plasmonic arrangements use single NPs,
and little attention has been paid to the study of complex
structures arranged in periodical patterns. This fact, along with
the lack of studies on hybrid systems analyzing the association
of plasmonic lattices with χ(2)-based NL materials, limits the
current impact of NL response in nanophotonic structures.
Here, we propose a hybrid plasmonic−dielectric architecture

that combines plasmonic superlattices with dielectric NLPCs
to generate, enhance, and control the macroscopic nonlinear
response of the NLPCs. In particular, we investigate the effect

of SLRs supported by periodic arrays of linear chains and
hexagonal necklaces of Ag NPs on the NL diffraction pattern
of NLPCs based on periodically poled lithium niobate, a
widespread used dielectric material in advanced photonics and
optoelectronics.33−36 On the one hand, we experimentally and
theoretically demonstrate the presence of multiple SLRs in the
near-infrared (NIR) spectral region due to the collective
optical response sustained by periodical arrays of linear chains
of interacting Ag NPs.
On the other hand, by the superposition of the plasmonic

superlattice on the domain engineered χ(2) modulated
ferroelectric crystal (NLPC), we demonstrate a noticeable
enhancement and beaming of the SHG due to the excitation of
collective SLRs by the interacting waves involved in the NL

Figure 1. 1D hybrid plasmonic−NLPC. (a) Schematics of the fabricated structure showing the periodical arrangement of linear chains of Ag NPs
on the domain boundary surfaces of a PPLN. Top panel: spatially resolved confocal SHG image. (b) Polarization dependence of the localized SHG
enhancement produced by the plasmonic chains. Left and center panels: spatial distribution of the SHG intensity of a region containing two chains
of Ag NPs. The arrows indicate the orientation of the polarization of the fundamental beam and emitted SHG, respectively. Right panel:
normalized SHG integrated intensity as a function of the polarization angle, α, of the fundamental beam (α = 0° corresponds to light polarized
parallel to the plasmonic chains). Dashed red line represents the cos2 θ dependence. (c) Schematics of the noncollinear SHG process for a
fundamental beam propagating along the ferroelectric axis. The NL RN diffraction and CSHG are indicated. (d) From left to right, phase matching
diagrams for nonlinear Bragg diffraction, CSHG, and NL RN diffraction. The bottom panel represents the NL RN diffraction for different orders.
(e) Projection of the NL patterns displaying the simultaneous generation of CSHG (external spots) and the NL RN diffraction (central spots). The
expanded view shows a detail of the NL RN diffraction pattern. The numbers indicate the NL diffraction orders (m). The experiments were carried
out at normal incidence for a fundamental beam of 800 nm.
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process. The work provides a viable approach to manipulate
quasi-phase matched NL diffraction processes in miniaturized
photonic devices, enabling new avenues for shaping multi-
wavelength up-conversion processes.
In this work, we first analyze the effect of the LSP resonance

of a single plasmonic unit (linear chain of interacting Ag NPs)
on the SHG by the LiNbO3 crystal at the metal−dielectric
interface. Due to the coupling of the fundamental radiation
with the LSP mode of a single metallic chain, a localized SHG
enhancement of around 2 orders of magnitude is observed.
Then, the spectral and angular dependence of the NL
diffraction pattern generated by the NLPC is analyzed in the
presence of the periodical array of plasmonic chains. In this
case, the SLRs supported by the plasmonic lattice produce the
enhancement of the fundamental radiation, resulting in a
remarkable 20-fold enhancement of the macroscopic SHG at
the directions imposed by the NLPC.
Finally, to emphasize the potential of hybrid plasmonic−

dielectric superlattices for tailoring NL diffraction processes,
we extend the study to a 2D geometry by using a square lattice
of hexagonal plasmonic necklaces of Ag NPs deposited on the
domain boundary surfaces of a 2D ferroelectric domain
pattern. The NL QPM generalization from 1D to 2D-χ(2)

modulation expands the access to additional reciprocal lattice
vectors steering the enhanced radiated waves into different
directions. The results of this work demonstrate the capability
of SLRs to modify the nonlinear interactions in a χ(2)-nonlinear
dielectric material, enabling alternative paths for light shaping
into well-defined SHG beams.

■ RESULTS AND DISCUSSION
Periodically poled LiNbO3 crystals (PPLN) are extensively
used 1D NLPCs for efficient frequency conversion processes,
including multiharmonic generation, optical parametric oscil-
lation, and nonlinear diffraction.37−39 Additionally, ferro-
electric domain patterns in these crystals can be used as
templates for domain-selective photodeposition of metallic
NPs on its surface. This enables effective-cost fabrication of
hybrid plasmonic−nonlinear dielectrics by means of ferro-
electric lithography.40 Figure 1a shows a scheme of the 1D
hybrid material used for this study. A PPLN crystal with a χ(2)

spatial modulation of poling period Λ = 6.2 μm is used as a
NLPC. On top of it, a plasmonic lattice of linear chains of Ag
NPs is fabricated at the domain boundaries surfaces by the
aforementioned ferroelectric lithography technique. The spatial
period of the plasmonic lattice is Λ′ = 3.1 μm. Note that the
χ(2) period is Λ = 2Λ′. Therefore, we have fabricated a hybrid
plasmonic−nonlinear dielectric periodic structure based on the
combination of two commensurate lattices.
The plasmonic chains are composed of quasi-spherical Ag

NPs with an average size of around 55 nm, spaced around 2
nm. See Materials and Methods for experimental fabrication
details. SEM of the plasmonic structures and dark field images
can be found in Figure S1 of the Supporting Information. The
optical response of a single metallic chain has been reported
elsewhere.41−43 It is characterized by two main modes, a
transverse (polarization perpendicular to the plasmonic chain)
and spectrally narrow mode centered at around 400 nm, and a
longitudinal one (polarization parallel to the chain) centered at
around 600 nm, which extends from the visible to the NIR.
Their corresponding absorption and scattering cross-section
spectra are shown in Figure S2a and b, respectively. On the
other hand, as illustrated in Figure S2c, the amplitude of the

near-field is remarkably larger for the longitudinal chain
plasmon mode, showing intense hot spots localized between
the NPs.44

Figure 1a shows a spatial map of the SHG intensity on the
surface of the sample obtained by confocal microscopy. As
observed, a significant localized enhancement of the SHG is
obtained when the fundamental beam is focused at the
immediacy of the plasmonic chains. Indeed, to achieve a
comparable SHG intensity from the bare LiNbO3 substrate,
the incident power of the fundamental beam has to be
increased by 1 order of magnitude. Thereby, considering the
quadratic dependence of the SHG intensity on the
fundamental beam, a 100-fold SHG enhancement is estimated
to occur at the metal−NL dielectric interface, which points out
the key role of hybrid plasmonic−nonlinear dielectrics to boost
the efficiency of NL processes at subwavelength scales.14 The
polarization dependence of the enhanced SHG in the
proximities of the metallic chains has been analyzed for
different wavelengths and polarization configurations of the
fundamental and SHG beams. As shown in Figure 1b, the
relevant feature is the polarization of the fundamental
radiation, regardless of the polarization state of the nonlinear
generated waves. The SHG enhancement displays the highest
value when the incident light is polarized parallel to the chains
(α = 0°), decreasing when the polarization angle is increased.
Minimum values of the SHG occur when the fundamental
beam is polarized perpendicular to the chain axis (α = 90°).
These results are consistent with the much larger field
enhancement displayed by the longitudinal chain plasmon
mode with respect to that of the transversal mode and point
out the local field enhancement of the fundamental radiation as
the dominant mechanism of the plasmon-enhanced SHG.
Before studying the effect of SLRs provided by the arrays of

linear chains on the SHG, we analyze the NL diffraction
patterns generated at normal incidence by our NLPC in the
absence of plasmonic chains. The sample was oriented with the
χ(2)-modulation lattice vector perpendicular to the fundamen-
tal beam. The generated NL response was projected onto a
screen as sketched in Figure 1c. In this configuration, three
different NL diffraction phenomena can be distinguished
depending on the type of QPM condition (Figure 1d). The
first one is the so-called nonlinear Bragg diffraction, which
occurs when the full vectorial phase matching condition 2kω +
mG0 = k2ω is satisfied, kω and k2ω being the wave vectors of the
fundamental and second harmonic waves, respectively, m is an
integer number related to the diffraction order, and G0 is the
reciprocal lattice vector of the χ(2) modulation (G0 = 2π/Λ).
From here, two partial momentum conservation conditions,
which can be independently satisfied, can be derived. These
correspond to the longitudinal and transverse momentum
conservation, which provide the NL processes known as
Cerenkov-type SHG (CSHG) and NL Raman-Nath (RN)
diffraction, respectively. Figure 1e displays the simultaneous
generation of these two processes in our NLPC. The two
peripheral spots appearing at 66° and 68° correspond to
CSHG. Their angular position is determined by the refractive
index of the uniaxial LiNbO3 crystal and does not depend on
the lattice period.45 The diffracted spots observed at the central
region of the pattern correspond to a multiorder NL RN
diffraction. In this case, the deflected angles are determined by
the transverse QPM condition, k2ω sin βm = mG0, where βm
defines the angular position of the m-th NL diffraction
order.46,47 The external angles of the RN diffracted spots were
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observed at β1 = ±3.8° and β2 = ±7.8° for the first and second
order, respectively, in agreement with the χ(2) modulation
period of our NLPC, Λ = 6.2 μm. The NL conversion
efficiency was estimated to be about 10−6, in agreement with
previous works.48

To analyze the collective response in the hybrid plasmonic−
NLPC, we will focus on the NL RN diffraction, since the lack
of transverse phase-matching in CSHG prevents the
observation of any effect associated with the plasmonic lattice.
Figure 2a compares the NL RN diffraction patterns obtained in
the absence (left panel) and in the presence of the array of
metallic chains (right panel). The results are shown for two
different polarization states of the fundamental beam: parallel
and perpendicular to the plasmonic chains. As observed, in the
absence of plasmonic chains, the diffraction patterns obtained
for fundamental waves polarized parallel and perpendicular to
the chains display similar intensities, in agreement with the
symmetry of the NL χ(2) tensor that governs the process.49−51

However, the RN diffraction pattern generated in the presence
of the plasmonic arrays features a marked polarization
dependence. Specifically, the plasmonic lattice significantly
enhances the SHG RN diffraction pattern when the
fundamental beam is polarized parallel to the chains. When
the fundamental beam is polarized perpendicular to the chains,
the intensity of the RN pattern is similar to that obtained in the
absence of plasmonic nanostructures. Here, it is interesting to
note that the positions of the spots in the RN pattern are not
modified by the presence of the plasmonic lattice, which
indicates that the SHG enhancement takes place at the same
angular position as those obtained in the bare PPLN crystal.
This is consistent with the fact that the spatial period of the

χ(2) modulation and that of the plasmonic lattice commensu-
rate.
The intensification of the NL RN diffracted pattern can be

explained by the presence of multiple SLRs originated from the
long-range coupling between the longitudinal LSP resonance
supported by the metallic chains and the diffraction modes of
the plasmonic lattice.52 Specifically, when the diffracted waves
travel at a grazing angle on the sample surface (Rayleigh
anomaly, RA), they interact with a number of plasmonic
chains, and their interference with the LSP yields the
emergence of SLRs located at the low-energy side of the
main LSP resonance.21−23 Figure 2b shows the numerically
calculated extinction spectrum of our plasmonic lattice (red
line). For the simulation, the plasmonic chains were periodi-
cally placed along the x-axis on top of a semi-infinite substrate
with a refractive index of n = 2.25 (that of LiNbO3 at the
fundamental wavelengths of our experiments).53 The period of
the plasmonic lattice was fixed at Λ′ = 3.1 μm, and the
polarization was kept parallel to the chains. Dashed lines in the
figure correspond to the theoretical position of the m-th order
of RA calculated by:54

λ θ λ θ= Λ′ [ ± ] = Λ′ [ ± ]_ _m m
n1 sin sinRA air in RA LNB in (1)

where λRA_air and λRA_LNB stand for the RA in air and substrate,
respectively, Λ′ is the plasmonic lattice periodicity, n is the
substrate refractive index, m is an integer number related to the
diffraction order, and θin is the angle of incidence. For the sake
of comparison, the extinction spectrum of a single plasmonic
chain calculated in a homogeneous environment (air) for light
polarized parallel to the chains is also included (blue line). It

Figure 2. Optical response of 1D hybrid plasmonic−NLPC. (a) NL RN diffraction pattern in the absence (left) and in the presence (right) of the
arrays of plasmonic chains. Top panels: fundamental beam polarized parallel to chains. Bottom panels: fundamental beam polarized perpendicular
to chains. (b) Numerically simulated extinction spectrum of the plasmonic lattice deposited on the surface of the LiNbO3−NLPC (red line) and of
a single plasmonic chain in air (blue). For the sake of comparison, the spectra were normalized. The absorption spectrum of LiNbO3 is also
included (black line). Dashed lines correspond to the position of different RA. The spectral position of SLRs is also indicated. (c) NLRN diffraction
patterns obtained from the hybrid system for different fundamental wavelengths. (d) Enhancement factor of the NL RN diffraction pattern (red
dots) in the spectral region of the fundamental wavelength. The spectral dependence of the RN intensity obtained from the bare NLPC crystal is
also depicted (black dots). The localized SHG enhancement measured in the vicinity of a single metallic chain is also shown (blue squares). Dashed
lines are a guide for the eye.
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corresponds to the longitudinal and broad LSP centered at
around 600 nm, overlapping the fundamental and SHG
frequencies used in this work.
The spectrum of the plasmonic lattice displays a broad band

centered at around 600 nm, close to that of a single plasmonic
chain. Additionally, it reveals the presence of different RA
orders and SLRs in the near-infrared spectral region. As
marked in Figure 2b, up to five SLRs for m = 11, 10, 9, 8, and 7
emerge in the 700−1200 nm spectral range. They appear at
λLNB
11 = 742 nm, λLNB

10 = 822 nm, λLNB
9 = 892 nm, λLNB

8 = 1003
and λLNB

7 = 1120 nm, respectively. Three additional air
resonances for m = 5, 4, and 3 are also sustained by the lattice,
their spectral position overlapping the λLNB

11 , λLNB
9 and λLNB

8

substrate modes. The extinction spectrum was also calculated
when the incident light is polarized perpendicular to the chain
axis (Figure S3 in the Supporting Information). In this case, we
obtain a negligible response of the SLRs in the spectral region
of interest in agreement with the SHG results. Numerical
simulations have also been used to analyze the modifications in
the near field distributions in the x−y and x−z planes due to
the presence of the SLRs in our system with respect to the case
of a single plasmonic chain. The results are shown in the
Supporting Information (Figure S4) and show that the field
distribution is enhanced both around and in between the
chains.
Figure 2c shows some representative NL RN diffraction

patterns generated by the hybrid system when the fundamental
beam is tuned in the 780−910 nm spectral range. The intensity
of the patterns reveals a marked dependence on the
fundamental wavelength. Figure 2d shows the spectral
dependence of the NL enhancement factor of the RN
diffraction patterns generated when the sample was illuminated
at normal incidence with a spot size of about 100 μm (red
dots) as a function of the fundamental beam wavelength (NL
excitation spectrum). This dependence is compared to that
obtained for the localized SHG enhancement observed in the
vicinities of a single plasmonic chain (blue squares) by means
of confocal microscopy. In both cases, the polarization of the
fundamental beam was parallel to the plasmonic chains. It is
important to note the flat spectral response of the NL RN
pattern produced by the NLPC in the absence of metallic
nanostructures (black dots).
As observed, on one hand, the localized SHG enhancement

in the vicinities of a single plasmonic chain decreases when the
fundamental beam is detuned from the LSP resonance of the

chain (Figure 2b), in agreement with previous results pointing
out the dominant role of the fundamental beam enhancement
in the localized SHG intensification.14,15 On the other hand,
the collective RN diffraction pattern clearly shows a spectral
shoulder at around 840 nm, which is consistent with the
spectral position of the λLNB

10 = 822 nm SLR observed in the
extinction spectrum (Figure 2b). Several factors, including
slight deviations from periodicity at the illuminated area, the
broad spectral line width of the femtosecond laser source used
for excitation, and small deviations from the normal incidence
condition in our experimental setup, can account for the 18 nm
mismatch between theory and experiments. Larger SHG
enhancement could be expected by setting the fundamental
wavelength at around 740 nm that, unfortunately, is out of the
limit of our experimental setup. In addition, given the broad
spectral extension in which the different SLRs are observed
(700−1200 nm), a spectral tunability in the optical region
beyond 300 nm can be anticipated. As compared to other
systems based on regular periodic arrangements of metallic
nanostructures supporting multiple resonances,55,56 the SLRs
in our system display a much broader spectral line width with
the subsequent reduction in the total intensity. In addition to
the slight deviations of the periodicity, the spectral broadening
can be explained in terms of both, the size of the plasmonic
units and the asymmetric (nonuniform refractive index)
environment of our system.57 In this respect, a homogeneous
index environment would probably result in a stronger
diffractive coupling leading to narrower SLRs resonances and
therefore more intense field enhancement.58,59 An alternative
to further improve the local field enhancement includes NLPC
with a submicrometer poling period matching the first order
lattice mode. However, such a short periodicity would prevent
the access to higher-order Bragg modes, which are of interest
to expand the tunability of the NL process.
To analyze the possibility of directional tuning of the NL

enhancement due to the presence of multiple SLRs in the
system, we have fixed the fundamental beam at 1064 nm and
varied the angle of incidence.
Figure 3a shows the evolution of the RN diffraction patterns

for different angles of incidence. As aforementioned, the
angular position of the RN spots was not altered in the
presence of the plasmonic lattice. However, at specific angles of
incidence, a SHG enhancement of around 1 order of
magnitude was observed. Figure 3b shows the enhancement
factor calculated as the ratio between the integrated intensity

Figure 3. Angular dependence of the NL diffraction enhancement. (a) RN diffraction patterns in the presence of metallic chains for different angles
of incidence. The fundamental wavelength was fixed at 1064 nm. (b) SHG enhancement factor, estimated as the ratio between the total integrated
intensity of the patterns with and without metallic chains, as a function of the angle of incidence. The different SLRs involved are indicated. (c)
Enhancement factor measured for the zero (black line), first (red line), and second (blue line) orders of the NL diffraction as a function of the
angle of incidence.
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with and without metallic chains as a function of the angle of
incidence, θ. The maximum enhancement values occur at θ
angles of around 5°, 15°, and 20°. These values are close to the
angles of incidence that satisfies the RA condition on the air
side for m = 2 and 3 and on the substrate side for m = 6 and 7,
which confirms the participation of different SLRs on the
enhanced NL diffraction. Thus, the collective coupling of LSP
via SLRs provides a means to enhance the transverse condition
of NL diffraction due to the superposition of the plasmonic
lattice and that of the χ(2) modulation.
Additional information on the NL optical performance of

the hybrid system can be obtained by analyzing the
enhancement factor of the zero, first, and second orders of
the NL RN diffracted waves as a function of the angle of
incidence. The results are shown in Figure 3c. As observed, the
enhancement of the zero order is substantially less intense than
those corresponding to the RN diffracted beams at first and
second orders. This behavior can be accounted for in terms of
the conversion efficiency of the SHG process. Note that unlike
the zero-order, the first and second order diffracted beams
satisfy the transverse QPM condition provided by the spatial
modulation of χ(2), being more efficiently generated when the
SLRs matches the fundamental radiation wavelength. Addi-
tionally, we observe that the enhancement of the second order
NL RN diffracted beam is approximately twice that of the first
order. This effect can be due to the additional diffractive
coupling of the localized enhanced SHG produced by each of
the single plasmonic chain at each domain boundary (see
Figure 1a). In fact, the plasmonic lattice periodicity (Λ′ = 3.1
μm) allows the diffraction of the SHG photons enhanced at
the domain walls with deflection angles that coincide with the
even orders of the RN diffraction pattern generated by the
spatial modulation of χ(2) (Λ = 6.2 μm).
Finally, to emphasize the potential of combining engineered

χ(2)-based NLPC with periodical arrays of plasmonic
nanostructures, we extended the study to a 2D configuration.
The 2D NLPC studied in this work consists of a square lattice
of hexagonal inverted ferroelectric domains in LiNbO3, with
domain sizes and separation distances of around 1.5 μm. The
extension of the QPM conditions from 1D to 2D χ(2)

modulation allows access to several reciprocal lattice vectors,
leading to a different spatial distribution of the SHG
waves.2,4,12 Accordingly, as shown in Figure 4a, conical
CSHG and NL RN at pairs of diffraction orders (m,n)
reflecting the 2D symmetry of the reciprocal lattice can be
distinguished.
The combination of Ag NPs with the 2D-NLPC results into

the formation of micrometric hexagonal plasmonic necklaces
arranged in a square lattice with the same periodicity as that
displayed by the NL structure Λ2D ∼ 3 μm (Figure 4b).
Moreover, the separation between the hexagon sides, Λ2D′ ∼
1.5 μm, also commensurate with the χ(2) spatial modulation. As
for the 1D case, the hexagonal necklaces support a broad and
intense LSP extending from the VIS to the NIR region, which
spectrally overlaps the optical fields involved in our experi-
ments.60 As demonstrated, they also exhibit an extraordinary
localized SHG enhancement (up to 400 times) due to the
coupling of the plasmonic modes of the necklaces with the
fundamental radiation.15 The expanded view of the central NL
pattern displayed in Figure 4c highlights the multidirectional
enhancement of the RN SHG radiation in the presence of
periodical arrays of hexagonal necklaces (right panel). In
Figure 4d we show the spectral dependence of the enhanced

NL process recorded at normal incidence for two different
polarization states of the fundamental beam, parallel to the x-
axis (blue dots) and perpendicular to it (y-axis, red dots). As
observed, the slight variations of the lattice periodicity along
the x and y directions, spectrally shift the corresponding RA at
the fundamental wavelength. In particular, the coupling of the
LSP modes sustained by the necklaces to the m = 10 Bragg
mode in the square plasmonic lattice (⟨10,0⟩ and ⟨0,10⟩ for x
and y polarizations, respectively) leads to the emergence of a
SLR centered at around 850 nm. We also note the presence of
a much weaker resonance centered at around 800 nm, which
could be attributable to the fifth order diffraction mode of the
square plasmonic lattice on air. The similarity of the results
obtained for orthogonal pumping polarizations is consistent
with both the far-field plasmonic response supported by the
necklaces, which is polarization independent,60 and the square
arrangement of the plasmonic lattice. The measured enhance-
ment factor is comparable to that obtained for the 1D lattice
for the same experimental conditions (Figure 2d) and could be
improved by finely tuning the lowest order SLRs under oblique
incidence. It is worth mentioning that the spectral features are
better resolved in our 2D system than in the 1D one, which is
related to the larger number of illuminated patterns.

■ SUMMARY AND CONCLUSIONS
To summarize, we have experimentally demonstrated the
ability of plasmonic lattices composed by periodical arrays of
metallic chains to enhance quasi-phase matched NL diffraction
processes in a NL crystal with a spatial modulation of χ(2). The
plasmonic lattice supports multiple SLRs at the technologically
relevant NIR spectral region providing a new path for
generating and control coherent light with broad spectral
tunability in miniaturized optical devices. When combined
with NLPCs, the excitation of SLRs at the fundamental
frequency allows to enhance the directional SHG originated in
the NL system in around 1 order of magnitude. The
enhancement is achieved without the need of refractive index

Figure 4. Nonlinear diffraction in a 2D hybrid plasmonic−NLPC. (a)
Far-field SHG pattern showing the conical SHG distribution obtained
for the CSHG. The central region shows the spots corresponding to
the multiorder NL RN diffraction. (b) SEM image of a square lattice
of hexagonal plasmonic necklaces of Ag NPs formed on the domain
boundary surfaces of inverted hexagonal ferroelectric domains in
LiNbO3. The scale bar is 1 μm. (c) Detail of the NL RN diffraction
patterns obtained without (left) and with (right) plasmonic
nanostructures for a fundamental wavelength of 800 nm. (d)
Integrated RN SHG enhancement factor as a function of the
fundamental wavelength at normal incidence for two different linear
polarization states of the fundamental beam, parallel to the x-axis
(blue dots) and perpendicular to it (y-axis, red dots). Dashed lines are
a guide for the eye.
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matching and displays a broad spectral tunability which can be
of interest for in vivo sensing applications where an air (or
water) superstrate can be needed.
In addition, due to the plasmonic field localization around

the nanostructures, the superlattice also exploits the intriguing
nonlinearity of ferroelectric domain walls, enabling additional
routes for the generation of SHG processes at the nanoscale
that collectively contribute to boost the coherent radiated
waves at well-defined directions. The results further expand the
potential of plasmonic lattices for light manipulation and
control and can be extended to other spatial configurations
provided by NLPCs such as vortex beam generation for the
nonlinear manipulation of orbital angular momentum. In fact,
the integration of the functional properties of NLPC with
engineered arrays of plasmonic nanostructures opens interest-
ing prospects for the development of new integrated platforms
with an active control on the directional NL response. Finally,
it is worth mentioning the potential for increasing the
plasmonic enhancement of the χ(2)-based NL process by finely
engineering the period of the NLPC at submicrometer scales
and by optimizing the Q factor of the SLRs in a homogeneous
index matched configuration.

■ MATERIALS AND METHODS
Sample Preparation. The ferroelectric patterns were

fabricated by using direct electron beam writing. The inverted
domains cross the whole sample thickness, the size and shape
of the irradiated areas being the same at both crystal faces.
Details on the fabrication procedure can be found else-
where.61,62 The crystal thickness was about 500 μm and the
surface was polished up to optical grade. The hybrid
plasmonic−NLPCs were fabricated by means of ferroelectric
lithography.40 Periodically poled LiNbO3 structures were
immersed into an AgNO3 solution (0.01 M) at 60 °C, while
their polar surface was irradiated with above bandgap UV light
(Hg pen-lamp at 253.6 nm) for 4 min. The average NP size
and interparticle distance were estimated from high-resolution
images obtained by a scanning electron microscope (Philips
XL30 SFEG). The dark-field images were obtained in
transmission mode by means of an Olympus BX51 microscope
equipped with a dark-field condenser.
Optical Characterization. Confocal SHG Experiments.

The SHG scans were recorded on a customized confocal
microscope (Olympus BX41) provided with a XY motorized
stage driven by Labspec software. A tunable femtosecond
Ti:sapphire laser (3900S Tsunami Spectra Physics) delivering
100 fs pulses at a repetition rate of 80 MHz was used as a
fundamental beam, and focused onto the LiNbO3 surface by a
100× microscope objective (Olympus, N.A. 0.9) The SHG
signal was collected in backscattering geometry with the same
objective and fiber-coupled into a Peltier cooled photo-
multiplier tube (Hamamatsu R636). The image contrast was
obtained by plotting the SHG integrated intensity recorded at
each step (pixel). To avoid damaging the structures, the
incident pump power was kept below 1 mW. Half-wave plates
were used to control the laser polarization.
Nonlinear Diffraction. The nonlinear diffraction experi-

ments were performed with the fundamental beam traveling
parallel to the ferroelectric axis. The laser beam was linearly
polarized and launched into the surface with a spot diameter of
about 100 μm. The input power was 5 mW. The multiorder
nonlinear diffraction patterns generated by the nonlinear
system were projected on a screen and imaged with an

ANDOR Zyla sCMOS camera. The spectral dependence of the
NL RN diffraction process obtained at normal incidence using
a tunable femtosecond Ti:shappire laser (Spectra Physics
Model 177-Series) delivering 100 fs pulses at a repetition rate
of 80 MHz as a fundamental beam. For the angular analysis,
the sample was mounted on a rotating stage. As a fundamental
radiation, a picosecond Nd:YAG laser operating at 1064 nm
with a nominal repetition rate of 35 kHz was used.

Numerical Calculations. Three-dimensional finite-differ-
ence time-domain (FDTD) simulations were performed
employing the software FDTD Solutions from Lumerical
Solutions. Arrays of silver NP chains on top of a semi-infinite
LiNbO3 substrate were illuminated with a plane wave polarized
parallel to the chains axis. Silver dielectric function fitting the
optical data from Palik was used for the plasmonic NPs,63 and
a refractive index n = 2.25 was set to characterize optically the
LiNbO3 substrate.53 Spherical NPs of diameter d = 55 nm,
with a 2 nm gap between consecutive particles, were
considered. Periodic boundary conditions were applied along
the x and y directions of the 3D simulation box, and perfectly
matching layer (PML) conditions were imposed on the
boundary along the plane wave injection, taking one unit cell in
the simulations. Specifically, to get converged results, the size
of the simulation box along the z-axis was fixed to 2 μm, and a
uniform mesh type with a maximum mesh step of 1 nm was
needed, setting the mesh refinement to “conformal variant 1”.
Finally, reflectance (R) and transmittance (T) results were
obtained, accordingly, from frequency-domain field monitors
at the illumination (air) and transmission (LiNbO3 substrate)
regions.
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