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Abstract: We demonstrate a 60—fold enhancement of the second harmonic
generation (SHG) response at the nanoscale in a hybrid metal-dielectric
system. By using complex silver nanostructures photochemically deposited
on the polar surface of a ferroelectric crystal, we tune the plasmonic
resonances from the visible to the near-infrared (NIR) spectral region,
matching either the SH or the fundamental frequency. In both cases the
SHG signal at the metal-dielectric interface is enhanced, although with
substantially different enhancement values: around 5 times when the
plasmonic resonance is at the SH frequency or up to 60 times when it
matches the fundamental NIR radiation. The results are consistent with the
more spatially-extended near-field response of complex metallic
nanostructures and can be well explained by taking into account the
quadratic character of the SHG process. The work points out the potential
of aggregates of silver nanostructures for enhancing optical nonlinearities at
the nanoscale and provides an alternative approach for the development of
nanometric nonlinear photonic devices in a scalable way.
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1. Introduction

Nonlinear dielectrics play a key role in modern photonics since they constitute important
building blocks in a variety of applications for the efficient control of light. One of the most
widely exploited nonlinear phenomena is second harmonic generation (SHG) in which two
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photons of frequency ® are converted into a single photon of frequency 2® through the
creation of a nonlinear polarization. This process is commonly used to convert near-infrared
(NIR) radiation into visible light [1,2], usually via the second order susceptibility tensor, 3,
of a non-centrosymmetric crystal. Among nonlinear crystals, ferroelectrics have shown a
good performance as frequency converters since their symmetry breaking in the ferroelectric
phase, together with the possibility of shaping ferroelectric domain structures, allows for a
large variety of quadratic nonlinear processes [3—7].

Most of the currently employed frequency-conversion devices are based on birefringent
and quasi-phase matching processes. In both cases, the frequency conversion efficiency
depends on the device length, and therefore relatively large systems are needed, contrary to
the current miniaturization requirements in nanophotonics. An alternative route towards
improving the efficiency of frequency conversion phenomena in nanoscale dimensions can be
provided by combining nonlinear dielectrics with different materials in hybrid architectures
[8-13]. In particular, new light sources can be designed by associating nonlinear dielectrics
with metallic nanostructures supporting localized surface plasmon resonances (LSPs) able to
strongly confine and enhance the electric fields involved in the nonlinear process. By these
means, the inherently weak y*?-based frequency conversion phenomena at nanoscale
dimensions can take advantage of the extraordinary properties of LSPs to enhance and
confine the fundamental electric field at the metal/dielectric interface due to the quadratic
character of the nonlinear process on the local fields.

Recently, some of the authors demonstrated the formation of nearly monodisperse Ag
nanocubes on the polar surface of the RbTiOPO, (RTP) ferroelectric crystal by a simple
photochemical procedure. The plasmonic modes of the obtained nanocubes were used to
enhance the performance of the NIR to visible frequency conversion in the blue spectral
region by a factor of around 3 with respect to that obtained from bare RTP [14]. Here we
proceed a step further to show that the SHG response of RTP can be enhanced by a factor of
around 60 by means of aggregates of silver nanostructures deposited on its polar surface.
Specifically, by using different types of Ag nanostructures we show the possibility to tune the
plasmonic resonances from the visible to the NIR region to match either the SHG from the
RTP crystal in the blue part of the visible spectrum or the NIR fundamental radiation.
Consequently, two regimes of enhancement are observed: a low (3-5 times) enhancement
obtained when the plasmon resonance shows a maximum at the blue spectral region
coinciding with the SHG emission of the nonlinear crystal, and a high enhancement regime
(=60 times) achieved when the plasmon resonance matches the fundamental incident radiation
in the NIR region. The high intensification factor in the latter case is in agreement with the
nonlinear nature of the frequency conversion process, which involves the participation of two
fundamental photons to generate a more energetic one with twice the energy.

Additionally, due to the experimental configuration used in our work and to the symmetry
of the ¥ quadratic susceptibility tensor of RTP [15], the obtained nonlinear response is
spatially restricted to the ferroelectric domain boundaries, which, in fact, act as nanosized
SHG sources [16], providing additional spatial control on the process. The obtained results
are of particular technological relevance since they open the pathway to new efficient
frequency-doubling nano-devices in a scalable and cost-effective implementation.

2. Materials and experimental methods
2.1Bulk crystal growth

Ferroelectric RTP single crystals were grown by the top-seeded solution growth (TSSG)
method from high temperature. Solutions with a composition Rb,O-Ti0,-P,05-WO; = 42.24-
16.80-18.96-20.00 mol% were prepared from Rb,CO;, TiO,, NH4H,PO, and WOj; precursors
in 125 cm’ cylindrical Pt crucibles. WO; was added to the solutions to reduce their viscosity
and to facilitate the growth process. A c-oriented crystal seed, located on the surface of the
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solution and on the axis of the Pt crucible, was used for the growth of RTP crystals. The
crystal seed was rotated at an angular speed of 45 rpm to favor the homogenization of the
solution of growth, and avoid the formation of flux inclusions in the crystals. Further details
on the crystal growth procedure can be found elsewhere [17]. For the experiments, 1mm thick
plate samples with their main faces perpendicular to the polar axis were cut and polished up
to optical grade.

2.2 Domain fabrication

The periodically poled ferroelectric patterns were fabricated by direct electron beam writing
by means of a Phillips XL30 Schottky field emission gun electron microscope driven by an
Elphy Raith nanolitography software. The electron beam was focused on the ¢- surface of the
RTP crystals. The main experimental parameters used to carry out the inversion process were
an acceleration voltage of 15 kV, a beam current of ~450 pA and a charge density of 200
pC/em?. The periodicity of the alternate polar structures studied was 20 um. The inverted
domains were directed along the ¢ polar axis of the crystal and crossed the whole thickness of
the sample (around 1 mm). Details on the procedure can be found elsewhere [18].

2.3 Ag deposition

The photoinduced silver deposition process was carried out by a method previously
developed by Kalinin and associates [19]. The polar surface of the c-cut RTP crystals was
illuminated with above-bandgap UV light by means of a mercury lamp with its main line at
253.6 nm and emission power of 5400 pW/cm?, while the crystal was immersed in a 0.01M
AgNOs; solution at room temperature.

2.4 Optical measurements

Extinction spectra were obtained in transmission mode by means of a double beam Lambda
1050 Perkin Elmer spectrophotometer. The extinction spectra of the Ag nanostructures were
obtained by subtracting the bare RTP absorption spectrum (which is transparent from 370 to
1000 nm) from those corresponding to the hybrid RTP-Ag nanostructures systems.

Far-field SHG experiments were performed in a laser scanning confocal microscope. A
femtosecond Ti:sapphire laser (3900S Tsunami Spectra Physics) tuned at 840 nm was used as
a fundamental beam. The laser beam, polarized perpendicular to the domain walls, was
focused onto the RTP surface by a 50x microscope objective. The SHG response at 420 nm
was collected in backscattering geometry with the same objective and detected by means of a
spectrometer and a cooled CCD detector. The samples were placed on a two-axis XY
motorized stage in order to register a map of the SHG radiation from the periodically poled
RTP crystals. The spatial resolution of the stage was 0.3 pm.

2.5 Numerical simulations

The near-field distribution around the Ag nanostructures, as well as their spectral response,
was obtained by solving Maxwell's equations in time domain with perfectly matched layers
(PML). A commercial finite-difference-time domain (FDTD) software (Lumerical Solution)
was used for the calculations. The computational domain was discretized using grid spacing
of 0.5 nm for type A NPs and 0.8 nm for type B. The dielectric function of Ag was obtained
by fitting the experimental data from Palik [20]. The refractive index of the RTP substrate
was fixed at n = 1.8, according to reference [21].

3. Results and discussion

In this work, periodically poled RTP samples, with their main faces perpendicular to the
ferroelectric polar ¢ axis, were used as nonlinear substrates. RTP is a relevant electro-optic
and nonlinear crystal [22,23]. It shows a high ability to grow in large single-domain crystals
[24], and a very high optical damage threshold [25]. Furthermore, it shows relatively high
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nonlinear coefficients useful for efficient quadratic frequency conversion in the blue range of
the electromagnetic spectrum [26].

The deposition of Ag structures on the RTP polar surfaces was carried out following a
low-cost photodeposition procedure by illuminating with UV light the polar surface of the
periodically poled RTP samples immersed in an AgNO; solution at room temperature (see
Experimental).

For an illumination time of 2 min, direct formation of silver nanocubes was observed.
Figure 1(a) shows a scanning electron microscopy (SEM) image of the resultant nanocubes,
which are characterized by an average edge length of around 60 nm and a low size dispersion
(around 10%). As previously discussed [14], the well-defined cubic shape and the presence of
preferential orientations of the nanocubes suggest the possibility of epitaxial growth related to
the crystal structure of the RTP polar surface.

Photo-deposition time
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Fig. 1. SEM images of Ag nanostructures obtained on the polar surface of RTP after different
photodeposition times. (a) Ag nanocubes (time < 2 min), (b) elongated prism-like shaped Ag
nanoparticles (type A structures) (time 4-8 min) and (c) large Ag aggregates (type B structures)
(times > 8 min). The scale bars corresponds to 200 nm. (d) Experimental and (e) simulated far
field extinction spectra for type A structures. (f) Experimental and (g) simulated far field
extinction spectra for type B structures.

Different Ag nanostructures were obtained on the domain surfaces of RTP varying the
illumination time. The rest of parameters (AgNOj; concentration, temperature of the substrate,
UV flux) were kept constant. Figure 1(b) shows a typical image of the Ag nanostructures
obtained for photodeposition times between 4 and 8 minutes. As observed, the deposited
structures no longer maintain their cubic shape. Instead, elongated nanoparticles exhibiting
nanoprism-shaped structures (hereafter type A structures) are formed. These nanostructures
keep the nanocube average width of around ~60 nm and show lengths in the range of 80 - 120
nm.

Finally, for photodeposition times of 8 min and longer, large aggregates of Ag
nanoparticles connected in a network-like arrangement with total size of several microns were
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obtained (hereafter type B structures). The corresponding SEM image is displayed in Fig.
1(c).

The different types of metallic nanostructures were obtained separately in different
samples by modifying the photo-deposition conditions. In each sample, the plasmonic
structures display a uniform morphology all over the surface, as confirmed by scanning
electron microscopy images at different areas of the different samples. Additionally, contrary
to what has been previously reported for other systems [27,28], no preferential silver
deposition (leading to particular aggregates or alignments of nanoparticles) has been observed
on the domain boundary surfaces of RTP.

Figures 1(d) and 1(f) show the experimental optical extinction spectra associated with
both type A and type B Ag structures, respectively. As expected, they display different
plasmonic responses. In particular, type A nanostructures exhibit a broad response covering a
good part of the visible spectrum, with the maximum peaking at around 400 nm, and a long
decreasing tail down to ~800 nm [Fig. 1(d)]. The more complex type B structures show a
quite different plasmonic response,whose main spectral feature is the emergence of a band
near 900 nm [Fig. 1(f)] and the decrease of the response at the blue region. Consequently, by
varying the silver photodeposition time, it is possible to obtain different metallic
arrangements on the polar surface of RTP, thus tuning their plasmonic response from the blue
(type A structures) to the NIR region (type B structures). The spectrum of the isolated Ag
nanocubes could not be obtained due to the low fractional coverage of these structures on the
RTP substrate.

To get better physical insight into the nature of the plasmonic response, detailed FDTD
simulations were performed. For type A, the experimental spectrum is well reproduced by
considering randomly oriented Ag nanostructures with morphologies and sizes similar to
those displayed in Fig. 1(b). Specifically, the representative nanostructures used in our
calculations consisted of 60 nm wide nanoprisms with discrete lengths in the range of 80-120
nm. The simulated spectrum is shown in Fig. 1(e). The extinction peak in the blue part of the
spectrum is associated with LSP modes corresponding to charge oscillations along the short
axis of the nanoprisms, including those related to the Ag-RTP and Ag-air interfaces. On the
other hand, the long wavelength extinction tail originates from plasmonic oscillations along
the long axis of the nanoprisms. The multiple discrete peaks are due to the relatively few
length steps in the simulations, and should disappear for a continuous size and orientation
distribution.

The more complex type B Ag structures were modeled as clusters of Ag nanoparticles
assembled into a network-like arrangement with a spatial morphology similar to that
experimentally observed in Fig. 1(c). The simulated extinction spectrum is displayed in Fig.
1(g). As observed, it qualitatively reproduces the experimental spectral features [Fig. 1(f)],
particularly the band around 850-900 nm. It should be noted that the obtained type B
structures present certain similarity with systems showing percolation, in which an abrupt
step in the electrical and optical properties takes place when metallic isolated nanostructures
connect to form large networks. For those systems, the effect of charge delocalization
associated with the growth and link of the isolated metallic nanostructures produces a spectral
shift of the plasmonic response from the visible region to the near and mid- IR region
governed by delocalized plasmons [29,30].

The effect of the obtained metallic structures on the nonlinear properties of RTP is studied
by analyzing the blue SHG radiation at 420 nm (around the maximum of the spectral response
of type A structures) obtained when the fundamental radiation is set at 840 nm (in the spectral
region of type B structures). For the experiments, the fundamental beam is launched along the
c-axis of the crystal and focused on the surface of the RTP sample. The SHG radiation is
collected in backscattering configuration (see Experimental). The sample is set on a two-axis
stage, which allows mapping the SHG intensity on the surface of the sample. As previously
mentioned, according to the symmetry of the ¥ tensor, no SHG should be observed from
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bulk RTP for a fundamental beam propagating parallel to the c-polar direction (z-axis of the
nonlinear tensor) [15]. However, the symmetry relaxation at interfaces allows SHG at the
ferroelectric domain boundaries, which indeed behave as nanometric nonlinear second
harmonic sources [16]. The effect of the different Ag nanostructures on the SHG intensity can
be evaluated by comparing the obtained SHG signal before and after the deposition of the Ag
structures. Three cases are analyzed: bare RTP, hybrid metal-RTP system with type A silver
structures and hybrid metal-RTP system with type B complex aggregates (the effect of the
silver nanocubes on the SHG has been the aim of a previous work [14]).

a)

SHG Intensity
I:-

SHG Intensity (Arb. Units)

416 418 420 422 424

— Wavelength (nm)

10 pm

Fig. 2. SHG collected at the domain wall surfaces in backscattering geometry in plasmonic-
RTP nonlinear crystals. (a) Schematics of the process and SHG intensity spatial maps of bare
periodically poled RTP (bottom), hybrid RTP/type A silver nanostructures (middle) and hybrid
RTP/type B complex aggregates (top). For the sake of comparison the SHG intensity
corresponding to bare RTP and type A metallic structures have been multiplied by a factor 5.
(b) SHG spectra recorded at a single domain wall surface for bare RTP (black), hybrid
RTP/type A (blue) and hybrid RTP/type B structures (red).

The spatial maps of the SHG intensity obtained from the RTP surface are depicted in Fig.
2(a). The SHG map at the bottom corresponds to the bare RTP case. As expected, the SHG is
produced at the domain boundary surfaces following the ferroelectric domain pattern. After
the deposition of metallic nanostructures, the SHG signal becomes more intense and remains
localized at the domain walls. This can be seen in the middle and upper maps, which
correspond to the SHG response boosted by the presence of type A and type B structures,
respectively. Though the silver nanostructures are distributed on the polar surface of RTP, the
second harmonic radiation is predominantly generated at the domain walls, so that the
contribution of possible nonlinearities associated with the metallic nanostructures can be
neglected.

Figure 2(b) shows representative SHG spectra at around 420 nm recorded by focusing the
fundamental beam on a single domain wall on the polar surface. The spectrum obtained for
bare RTP before Ag deposition (black line) is compared with those obtained when the Ag
nanostructures are deposited on the sample. The SHG intensity increases by a factor of
around 3 in the presence of type A structures (blue line). On the other hand, in the case of
type B complexes (red line) the SHG signal experiences a 60-fold increase.
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Fig. 3. Experimental SHG intensity enhancement factor as a function of the Ag
photodeposition time. The two regimes observed are marked with different colours. The low
enhancement regime (blue colour) corresponds to type A nanostructures whose plasmonic
response is resonant with the SHG wavelength. The red colour highlights the high
enhancement regime, associated with the type B complex aggregates, for which the plasmonic
response is resonant with the NIR fundamental radiation. In this case the SHG response is
quadratically boosted. The dashed line is a guide for the eye. The inset shows the scheme of
levels of the SHG process.

The experimental enhancement factor of the SHG intensity is depicted in Fig. 3 as a
function of the Ag photodeposition time, which governs the formation of the different types
of Ag structures. The enhancement factor has been defined here as the SHG intensity
collected in the presence of Ag structures divided by the intensity obtained from the surfaces
of bare RTP. The presence of two different enhancement regimes is clearly revealed by the
abrupt step obtained when the photodeposition time increases above 8 min. For shorter times,
randomly oriented nanoprisms (type A structures) are formed on the RTP surface and the
plasmonic response peaking at the blue range of the spectrum matches well the emitted SHG
radiation at 420 nm. This provides a SHG intensification factor in the range of 2 to 5 (blue
squares in the figure). For photodeposition times around 8 min and longer, type B Ag
structures are formed, with their spectral response matching the fundamental radiation
wavelength at 840 nm. In this case, the SHG intensification dramatically increases up to a
factor near 60, as depicted by the red squares in Fig. 3.

To analyze the plasmon-enhanced SHG, the near-field distribution around the
photodeposited plasmonic nanostructures has been calculated for some representative Ag
nanostructures. The results are shown in Fig. 4, where the electric field at the fundamental
(840 nm) and SHG wavelength (420 nm) in the proximity of the Ag/RTP interfaces, at 5 nm
below the different types of Ag structures, is plotted. To evaluate the plasmon-enhanced SHG
response we introduce a phenomenological local field enhancement factor, g(®), which
accounts for the field enhancement at a frequency ® through Ej(®) = g(®) Ej,(®), where
Ej,(0) and Ej, (o) are the local and incident electric field amplitudes, respectively. Therefore,
according to the quadratic dependence of the SHG signal on the fundamental radiation, the
enhanced SHG intensity, /(20) can be approximated as /(2®) ~go) |g(w)]* A(w) [31,32],
where /(@) accounts for the fundamental intensity at the RTP surface without Ag structures.
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Fig. 4. Calculated near-field intensities for the Ag structures modelled at the fundamental (840
nm) and SH (420 nm) wavelengths 5 nm below the RTP surface. (a) and (b) Electric field
enhancement for two representative type A structures corresponding to elongated nanoparticles
80 and 120 nm long (width 60 nm), excited by a plane wave at 840 nm and 420 nm
respectively. (c) and (d) Electric field enhancement at the same wavelengths for type B Ag
structures. The arrows mark the direction of the incident electric field. In all the panels, the
electric field enhancement is depicted with the use of the same colour scale. The scale bar
corresponds to 50 nm.

In the case of type A nanostructures, nanoprism-like shaped nanoparticles are distributed
with random orientations and a relatively small area coverage on the RTP crystal, producing
very small field enhancement at the fundamental frequency. This effect can be easily
identified in the near-field distributions displayed in Fig. 4(a), where we show the electric
field inside the RTP crystal, at 5 nm below two nanoprisms with different lengths (80 nm, left
contours, and 120 nm, right contours), excited at 840 nm by a plane wave polarized along the
short or long axis (upper and lower part of Fig. 4(a), respectively). A considerable field
enhancement is produced only when long nanoprisms are found on the sample with their long
axis parallel to the incident polarization, a situation that occurs only rarely, as observed in
Fig. 1(b). This is in agreement with the far-field spectra of Fig. 1(d) where it was shown that
the plasmonic response is negligible at the fundamental wavelength (840 nm). On the other
hand, at the SH wavelength all the plasmonic type A-nanostructures produce a more spatially-
extended near-field enhancement around them and into the RTP crystal [Fig. 4(b)], regardless
of their orientation with respect to the polarization of the incident field, thus enhancing the
SHG signal mainly through the field enhancement at the SH wavelength. Therefore, in the
case of type A structures, /(2m), can be approximated by I(20) ~|g4(20)* F(®), ga(20) being
the field enhancement factor of type A structures at the SH wavelength.

In the case of type B structures, a much larger field enhancement is clearly produced at
the fundamental frequency [Fig. 4(c)], extending to large areas within the RTP crystal, as
expected from the corresponding extinction peak [Fig. 1(f)]. This field enhancement is much
less pronounced for the SH wavelength at 420 nm [Fig. 4(d)]. Consequently, for this type of
complex Ag aggregates (type B), the contribution from gp(®) dominates the SHG signal

#259743 Received 19 Feb 2016; revised 4 Apr 2016; accepted 4 Apr 2016; published 11 Apr 2016
© 2016 OSA 18 Apr 2016 | Vol. 24, No. 8 | DOI:10.1364/0OE.24.008491 | OPTICS EXPRESS 8499



according to 1(20) ~|gg(w)]* P(w), gs(w) being the field enhancement factor of type B
structures at the fundamental wavelength. In this situation, the SHG is enhanced by more than
an order of magnitude due to its quadratic dependence on the field enhancement at the
fundamental frequency. We can thus conclude that the particular near-field spectral
distributions associated with the different morphologies of the plasmonic nanostructures of
our two cases, together with the corresponding spatial field extent over a large area below the
nanostructures, provide an adequate qualitative and quantitative interpretation of the observed
differences in the SHG enhancement. Therefore, despite the complexity of the structures, the
tendencies and values derived from the theoretical analysis correlates well with the
experimental observations and support the conclusions about the influence of the quadratic
dependence of the SHG on the local field enhancement values.

4. Conclusion

In summary, we have shown that by controlling the photodeposition of silver on the polar
surface of nonlinear RTP crystals, it is possible to tune the LSP resonances of the Ag
structures to match either the fundamental or the SHG radiation wavelength. As a
consequence, two enhancement regimes can be achieved: a low enhancement regime (3-5
times), when the plasmon mode is resonant with the blue SHG of the crystal, and a high
enhancement regime (60 times) when the plasmon resonance matches the NIR fundamental
beam, in agreement with the two-photon character of the SHG process. Furthermore, due to
the symmetry of the RTP nonlinear tensor, the blue SHG in our experimental configuration
only occurs at the surface of the ferroelectric domain walls. That is, the intensification of the
nonlinear response due to the field enhancement of the metallic nanostructures takes place at
the nanoscale. The results point out the role of aggregates of silver nanostructures for
enhancing SHG processes at metal/dielectric interfaces and open up alternative paths for the
development of efficient nanoscale frequency-converter devices in a scalable and low-cost
implementation.
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