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10.1 Introduction

Many innovations in medicine, optoelectronics, or computer
sciences rely on the development of new materials. To overcome the
limitations of the well-established fields of semiconductor (silicon)
and dielectric (glass fiber) materials, metal plasmonics recently
demonstrated high performances [1]. Indeed, since semiconductors
are limited in speed due to electric interconnects and dielectrics are
limited in size due to the diffraction limit, metallic nanostructures
seems to be ideal to reach higher speed and keep the size small, even
though they exhibit resistive losses due to the physical nature of
metal [2]. Therefore, hybrid nanomaterials are anticipated to be part
of new solutions for recently described paradigms in sciences, e.g.
optical nanocircuits [2]. Adapted from Brongersma and Shalaev [1],
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Figure 10.1 Widely studied materials, as semiconductor or dielectric, and
their limitations in size and speed. Within the younger field of plasmonics
emerges nano-oxide photonics based on hybrid nanostructures combining
oxides and metallic nanomaterials. Adapted with permission from Ref. [1].

Fig. 10.1 summarizes the advantages and limitations of the above-
mentioned materials.

Recently we showed that combining a metallic shell with a
nano-oxide core, either a BaTiO; nanosphere [3], or a KNbOj
nanowire [4], can increase the functionality of the materials. Well
known in bulk form or thin films, oxides such as LiNbO3 with a
special crystal structure are ferroelectric, piezoelectric and possess
a nonlinear optical polarizability suitable for daily applications
in telecommunication [5]. Compared to semiconductors’ planar
structures suited for the infrared spectral range and semiconductor
quantum dots that need to be as small as 2-10 nm to sustain
optical resonances in the visible range for fluorescence microscopy
[6], oxide nanoparticles, either spherical or anisotropic, cover
more easily a broad spectral range taking advantage of nonlinear
physical processes such as second-harmonic generation (SHG),
mostly regardless of feature sizes. The multiplexing effect that seems
to be lost in the nonresonant process such as SHG can be in fact
facilitated by other mechanisms such as polarization dependency.
Since SHG is a coherent process, the orientation of the particles may
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be controlled and adjusted with polarization-sensitive illumination
schemes [7]. The respective resonances can be engineered with
metallic shells of different thicknesses taking advantage of plasmon-
polaritonic effects. Moreover, oxide nanoparticles, particularly when
thinly covered with a noble metal such as gold, seem to be much
more biocompatible than metals used to fabricate quantum dots.

This chapter focuses on the nanowires hybrid nanostructures
with an alkaline niobate core (Li-, K-, NaNbO3) and a gold
shell. Indeed, nanowires have interesting electronic and photonic
properties suited for a wide range of applications such as nanolasers
[8], solar absorbers [9, 10], generators [11], waveguides [12],
or light-emitting diodes [13]. Biological applications are also
of great interest and include nanowire-based devices such as
nanoendoscopes or biosensors [14, 15]. We will present the state
of the art of such hybrid nanostructures and their synthesis. Then
we will show spectroscopic measurements and nonlinear optical
experiments of single core-shell nanostructures to demonstrate
the enhancement of the SHG using the localized surface plasmon
resonance of the gold shell.

10.2 State of the Art

Bulk oxide materials such as lithium niobate (LiNbOs3), used in
mobile telephones or optical modulators [5], still possess their
optical properties at the nanoscale [16]. Furthermore, metals, first
thought to be useless in optics except as mirrors, are now considered
with great interest if the dimensions of their typical features are tens
of nanometers, giving rise to resonant surface plasmon-polaritons
in the optical spectral range [17]. Therefore, a large choice of
materials for nanophotonics seems available besides well-known
semiconductors. In this section, we give an overview of the fields
of nonlinear photonics, nano-oxide wires or spheres, and core-shell
plasmonic structures that are currently available.

The field of nonlinear photonics has been at the cutting edge of
optics and quantum electronics research since the first experiment
on SHG in 1961 [18]. Many important advances are reported
since then as the demonstration of stimulated Raman scattering
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[19], soliton generation in optical fibers [20], and Bose-Einstein
condensation [21]. Combining those well-established concepts with
the recent progress and freedom of designs in nanotechnology
is paving the way for the investigations of many exciting and
unprecedented nanoscale systems.

The study of semiconductor nanomaterials is a well-established
field yielding useful application-oriented research with 2D quantum
wells [22], 1D nanowires [23, 24], or 0D quantum dots [25]. Nano-
oxide syntheses of anisotropic alkaline materials are reported since
2005 using various bottom-up methods such as template-assisted
pyrolysis resulting in regular arrays of tubes [26], solution-phase
synthesis resulting in rod-like structures [27], or hydrothermal
synthesis producing free-standing nanowires with high aspect ratio
[28]. Up to now, the crystal properties of nanomaterials have
been well characterized using standard material science methods
such as X-ray diffraction, scanning electron microscopy (SEM), or
transmission electron microscopy. However, nonlinear optical or
electro-optical properties have been rarely studied and almost no
further processing steps such as doping or coating have been applied
to those nanostructures. Only a few applications have already
used these types of nanowires by combining the various physical
properties of perovskite alkaline materials and the anisotropic
shape at the nanoscale level. A nanometric SHG light probe
manipulated by optical tweezers and capable of guiding light has
been already described [29, 30]. In 2009, we demonstrated localized
SHG light sources in optofluidic environments [31].

The first experiment with metallic nanoshells considered an
Au,S dielectric core surrounded by a gold shell without independent
control of the core size [32]. Later on, Oldenburg et al. used
dielectric cores, such as silica nanospheres, and varied the thickness
of the shell or of the core to engineer optical resonances [33].
However, most of the core materials are found to possess no
additional interesting properties and the nanoshells are used
only to interact with the surrounding medium, for instance by
local heating [34]. In 2010, we showed that a BaTiO3 core with
nonlinear optical properties can greatly benefit from the presence
of a metallic nanoshell [3]. Basically, the strong localization of the
light at the nanoscale associated with the excitation of localized
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surface plasmon-polaritons at the metallic nanostructures entails
the possibility to locally enhance the electric field by several orders
of magnitude, boosting nonlinear responses, such as SHG. The
demonstration of this strong resonance may also contribute to
plasmonic laser research using a thin metal planar layer and semi-
conductor nanowires [35]. There have been some attempts to coat
ZnO nanowires with gold; however, the coating was achieved only
via sputtering [36, 37]. No chemical synthesis enabling to surround
the complete surface of a nanowire has been reported or modelled.

10.3 Fabrication

In this section, we focus on bottom-up fabrication methods of
alkaline nanowires, and especially KNbO3;. However, a top-down
approach was also demonstrated for LiNbO3 nanowires based on an
ion-beam-enhanced etching method that reduces chemical stability
of LiNbO3 after ion-beam irradiation [38].

10.3.1 Bottom-up Fabrication of the KNbOs Core

Different chemistry-based approaches have been developed to
fabricate crystalline alkaline niobate nanowires. Nanowires have
been mainly produced by the sol-gel route [39], hydrothermal route
[28, 40-44], and molten salt synthesis [45, 46].

For KNbO3 nanowire used in the optical experiments of Sections
10.4 and 10.5, we used hydrothermal synthesis. This technique
crystallizes substances under moderate temperatures (200-250°C)
and high pressures. With an autoclave made of a thick-walled steel
cylinder with a hermetic seal, anisotropic crystalline materials can
be obtained in one step. Typical scanning electron microscopic
images of bunch and isolated KNbO3; nanowires can be seen in
Fig. 10.2. This is a very convenient approach since a large amount of
material can be fabricated in a one-step synthesis. Many synthesis
parameters can be adjusted, such as temperature, time, pressure
(by an external pressure or the degree of the autoclave filling),
solid-liquid ratio, and additives, to control the properties of the
end product. Thus, hydrothermal synthesis is powerful because
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Figure 10.2 SEM images of typical KNbO3; nanowires with aspect ratio up
to 25.

many parameters can be modulated to control the particle size and
morphology. Due to its simplicity, the hydrothermal technique has
been widely studied and employed in inorganic synthesis for many
years. A huge advantage of chemical synthesis in respect to chemical
vapor deposition (CVD) or lithographic fabrication of nanowires is
the ability to synthesize free-standing nanowires. Thus, no further
step is needed to isolate or detach the nanowires, because no
substrate is involved in the synthesis. If needed though, a substrate
can be incorporated in the autoclave and nanoneedles have been
demonstrated as well [47].

10.3.2 Synthesis of the Gold Shell

Since nonlinear optical processes such as SHG are generally
inefficient at very small scale, we propose to take advantage of
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Figure 10.3 SEM image of KNbO; nanowires: (a) nanowires with poly-
electrolyte coating, (b) nanowires seeded with gold nanoparticles, and (c)
nanowire after the gold shell growth. The different nanowire diameter can
be between 100 nm and 150 nm.

localized surface plasmon resonances from metallic nanostructures
to strongly enhance nonlinear optical responses. We follow a
typical silanization functionalization scheme [33] and demonstrate
a BaTiO3 core and gold shell structure [3]. Similarly, KNbO3
nanowires are covered by a thin layer of gold to reach a near-infrared
plasmonic resonance and enhance the SHG signal for optimized used
as imaging probes or localized light source. The synthesis of the gold
shell on a dielectric core is a process involving three stages: first, the
functionalization of the core surface to make it positively charged
(Fig. 10.3a); second, the adsorption of small gold particles negatively
charged (seeds) onto the functionalized core (Fig. 10.3b); and third,
the growth of the gold shell on the previous seeded structure (Fig.
10.3c). We follow Duff et al. for the synthesis of the gold seeds
[48]. The seeds have a diameter of 1-5 nm, a negative surface
charge, and a narrow size dispersion. Then the nanowire surface
needs to be functionalized. Several schemes can be followed to make
the nanowire positively charged, either amino silane layer as in
[3] or by using a polymer (PDACMAC) to coat silica spheres [49].
Recently, we demonstrated the advantage of polymer concerning the
functionalizing of KNbO3 nanowires, since the seeding is much more
uniform than with the amino silane process [4]. After the adsorption
of the gold seeds, the nanowire is supposed to be uniformly covered
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by them. The final step is the shell growth around the seeds using an
appropriate reducing agent, here hydroxylamine.

The resulting core-shell nanowire is not smooth (see Fig. 10.3c),
but if the gold islands are touching each other, the collective
oscillation of electrons can take place and consequently become a
localized surface plasmon resonance.

10.4 Single Nanowire Spectrosocopy Measurements

The plasmonic resonances of the gold-coated KNbO3; nanowires are
studied by performing single particle spectroscopic measurements.
Since the nanostructures are non-spherical and with large size
distributions due to the chemical synthesis processes, ensemble
measurements in a colloidal suspension are not possible. As the
core-shell nanowires are produced in liquid environment, we
drop them on a glass slide with a pipette. The glass substrates
are patterned with numbers to recognize the position of the
nanoparticles, either under an optical microscope or by SEM. The
spectroscopic setup consists of an inverted microscope with a
pinhole in the image plane to select the collected area with a
spatial resolution of 1.6 um. This enables precise measurements
with a limited background signal due to the selective pinhole.
Extinction measurements are done in transmission with bright field
illumination of the single gold-covered KNbO3 nanowire. Figure 10.4
shows the extinction spectrum of a single core-shell nanostructure
with length and diameter of approximately 1.5 pm and 80 nm,
respectively. We measured resonant peaks slightly below 700 nm
and around 900 nm. According to the simulations (see next section),
there are several core radii and thicknesses of the gold shell
that exhibit plasmonic resonances close to such resonances. The
geometry of the current wire corresponds to a shell thickness of 7.5
nm for a core radius of 35 nm to match with the resonance at 900 nm
and to a shell thickness of 15 nm for the resonance at 700 nm. Those
two different thicknesses are probably due to the nonhomogeneous
gold shell along the nanowires. In nonlinear optical measurements,
we therefore expect an enhancement of the excitation wavelength
slightly below 700 nm and a strong enhancement at around 900 nm.
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Figure 10.4 Single-wire spectroscopic measurements of the core-shell wire
shown in the inset with length and diameter of approximately 1.5 pm and
80 nm, respectively. Adapted with permission from Ref. [4].

10.5 Nonlinear Optical Measurements

The alkaline nanowires, such as KNbO3, with non-centrosymmetric
crystal structures possess second-order optical properties. Such
nonlinear effect scales with the square of the electric field, and since
this is a volume effect with the sixth power of the nanoparticle
radius [50], contrary to weak surface SHG effect of centrosymmetric
materials [51, 52]. The optical response is expressed by the
polarization P as a power series of the electric field E as

13 =80X1E+80X2E2+80X3E3+... (10.1)
where ¢( is the permittivity of free space and y; is the ith-order
nonlinear optical susceptibility tensor [53]. Each x; represents a
different optical effect that can be summarized as follows for a
physical understanding of Eq. 10.1. x;, the linear susceptibility, is
related to absorption and reflection of light. x, encompasses sum
and difference frequency generation such as SHG. x3 describes



October 22,2014 17:13 PSP Book - 9in x 6in 10-LucianoDeSio-c10

332 | Nonlinear Optical Enhancement with Plasmonic Core-Shell Nanowires

(a) near (b)
Inf d incident
In rared inciden ZOJﬂ Virtual states
aser —_————r - r--
Visible SHG
[Q)
\ 9 Q)

Gold shell

KNbO, core \ ®

Ground state

Figure 10.5 (a) Diagram of the SHG mechanism in a core-shell nanowire.
The SHG arrows are bold to sketch the enhancement. (b) Energy diagram of
the physical SHG mechanism.

multiphoton absorption, third harmonic generation, or coherent
anti-Stokes Raman scattering.

To illustrate the SHG effect, Fig. 10.5a shows a core-shell
nanowire optically excited at a fundamental frequency w; it
emits the optical signal at the exact doubled frequency 2w . The
corresponding energy diagram of the SHG mechanism is displayed in
Fig. 10.5b, where two photons are simultaneously reaching a virtual
energy state prior to be recombined in a single photon of half the
wavelength or doubled frequency.

The setup for the nonlinear optical characterization of the SHG
signal is shown in Fig. 10.6. A near-infrared laser light is slightly
focused onto a sample by a 10x objective, and the 100x objective
collects the signal imaged through a 4f configuration. Filters are used
to cut the fundamental frequency and detect only a narrow band
around the SHG frequency onto an electron multiplying charges
coupled device.

The measurement of the SHG signal of single core-shell
nanowires uses the home-built transmission microscope setup
described in Fig. 10.6 and with more details in Ref. [54]. The laser
can be tuned from 690 nm up to 1040 nm wavelength. The averaged
laser power incident on the wires ranges between 50 mW and
70 mW with a spot size of 4 um, therefore illuminating the whole
wire uniformly. We used the spectroscopically characterized core-
shell wire (Fig. 10.4) and a bare KNbO3 nanowire, both lying on a
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Figure 10.6 Setup for measuring SHG from individual nanowires dried on
a microscope glass slide.

glass substrate. The length and diameter of the gold-coated wire are
approximately 1.5 um and 80 nm, respectively, and that of the bare
wire are 2 um and 150 nm, respectively.

In Fig. 10.7, the results of the SHG measurements from the bare
and the core-shell wire are displayed. The SHG responses of both
wires are plotted from the excitation wavelength of 700 nm up to
1040 nm. The bare wire exhibits a nearly constant SHG output over
the measured spectral range. But the core-shell nanowire shows
an enhanced output at larger wavelengths with a peak position
identified at 900 nm.

We normalized the SHG output of both wires on the respective
wire volume and the pulse peak power to be able to calculate
the enhancement between the bare and core-shell wire. The
enhancement factor is plotted along the measurement curve of
Fig. 10.7 and shows its highest value at an excitation wavelength of
960 nm reaching an enhancement of 250 times. Below 700 nm, it is




October 22,2014 17:13 PSP Book - 9in x 6in

334

Nonlinear Optical Enhancement with Plasmonic Core-Shell Nanowires

| TP R (8
0.8l —I—;bare wigre 1200
— | —*— wire with shell . E
= —#*—8SHG enhancement £
= 0.6 | | | 150 8
a &
5 =
© 0.4} 100 @
Q O
7 %
0.2 150

[
0 furuma 10

700 750 800 850 900 950 1000
fundamental wavelength [nm]

Figure 10.7 Measurement of SHG output and enhancement factor over
excitation wavelength of a core-shell nanowire with a core radius of 35 nm
and a shell thickness of 7.5 nm. Adapted with permission from Ref. [4].

not possible to reliably measure the SHG due to the laser wavelength
limitation.

To compare this experimental result with the expected value
from the theory, we model a typical core-shell structure. With
these simulations, we can analyze the optical measurements and
determine the best geometrical parameters of gold shell and core
radius.

The optical response to the excitation at the fundamental
frequency and the emission of the generated second harmonic
are calculated analytically by the expansion of the electric and
magnetic fields into cylindrical harmonics [55-57]. The SHG is
treated in the undepleted pump approximation, i.e., the fundamental
field in the core induces a nonlinear polarization at the second-
harmonic frequency. The interaction between fundamental and
second harmonic as well as the depletion of the fundamental wave
are neglected. A more detailed description of the method can be
found in Ref. [4]. The induced nonlinear polarization coefficients d;;
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within the core are given by [53, 58]

Ey (0)°
2
PN (20) 0 0 0 0ds0 Ey (@)
PN (20) | =260 0 0 0 dsp 0 0| E2(®
PJ;\”" (20)) d31 d32 d33 0 00 2Ey(w) Ez(w)
“ 2Ey(0) E, (0)
2E,(0) E, ()
(10.2)

Because the electric field at the fundamental frequency w has
onlyan E, and an E,, component, the induced nonlinear polarization
is z-polarized and second-harmonic emission is, therefore, TE
(transverse electric) polarized.

We calculated the SHG (in analogy with two photon excitation)
cross section osyg both for bare KNbO3; nanowires and for nanowires
with an additional gold shell. The cross section is given by

he Psug

= —— 10.3
TsHG = — 12 (10.3)
where Pgyc is the emitted second-harmonic power per cylinder

length, I, is the incident intensity, and fw is the photon energy at

SHG enhancement

-
(&)}
o

100}

core radius [nm]

50

; ; P 2
600 700 800 900 1000 1100 ' '°
fundamental wavelength [nm]

Figure 10.8 Simulation of the optical properties of KNbO3; nanowires:

resulting SHG emission enhancement. Adapted with permission from
Ref. [4].
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Figure 10.9 Simulated results for the SHG enhancement and SHG emission
cross section of a core-shell nanowire with a core radius of 35 nm and a shell
thickness of 7.5 nm. Adapted with permission from Ref. [4].

the fundamental frequency. The SHG enhancement due to the gold
shell

- USHG(core-sh.ell) (10.4)
osug(bare wire)
is shown in Fig. 10.8. All resonances lead to an enhanced second-
harmonic emission. However, the enhancement due to the lowest
energetic fundamental resonance is by far the strongest and reaches
values well above 10%.

Figure 10.9 shows the SHG emission cross section of a core-
shell and bare wire as well as the SHG enhancement versus
the fundamental wavelength. In contrast to the simulation results
introduced in Fig. 10.8 for all kinds of radius, here only the specific
core radius of 35 nm for the KNbO3; was taken into account. The
simulated enhancement of the second harmonic has its peak at
950 nm and reaches a value of 30,000, which is about two orders of
magnitude larger than the measured value of 250. This discrepancy
can be due to several factors. In the simulation, we assume a
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perfectly smooth gold shell and a plane wave excitation. But both
conditions are not fully realized in the experiment. Indeed the shell
is quite rough, and the nanowire is not perfectly cylindrical.

10.6 Conclusion

In this chapter, we showed how to enhance nonlinear optical
signals as SHG with the growth of a plasmonic gold shell around
KNbO3 nanowires. We tested two types of functionalization to obtain
the smoothest gold nanoshell. The gold shell with polyelectrolyte
shows a more uniform coverage than silanized wires. We performed
spectroscopic and SHG measurements on individual core-shell wires
functionalized by the polyelectrolyte. Both measurements show a
strong response slightly above 900 nm with an enhancement factor
of the SHG signal of approximately 250 as compared to a bare wire.
Such a strong signal enhancement is promising for applying the
core-shell nanowire as a bright local light source in life sciences
using the spectral filtering from nonlinear optical effects. Moreover,
the chemically based synthesis is very simple to implement without
any nanolithography processes involved.
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