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We study second-harmonic generation from gold nanoislands covered with amorphous titanium oxide
(TiO,) films. As the TiO, thickness increases, the plasmon resonance of the nanoislands shifts away from
the second-harmonic wavelength of 532 nm, diminishing the resonant enhancement of the process at this
wavelength. Nevertheless, the second-harmonic signal is enhanced by up to a factor of 45 with increasing
TiO, thickness. This unexpected effect arises from the scaling of local fields at the fundamental wavelength
of 1064 nm—which is at the far tail of the resonance—due to a change in the dielectric environment of the

nanoislands.
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The optical properties of metal nanoparticles arise from
their localized surface-plasmon resonances (LSPRs). Such
resonances give rise to strongly enhanced local fields (LFs)
near the metal-dielectric interfaces, advantageous, e.g., for
catalytic activity [1], optical absorption and emission [2,3],
or Raman scattering [4]. The enhancement is particularly
interesting for nonlinear optical processes, which scale
with a high power of the optical field [5]. For the particular
case of second-harmonic generation (SHG), several studies
have addressed plasmon resonances at the fundamental
[6,7] and second-harmonic [8—11] wavelengths as well
as their interplay with symmetry rules and local-field
distributions [8,12—17].

The spectral positions of LSPRs depend on the dielectric
environment of the metal particles, which forms the basis
for plasmonic sensors [18]. When the particles are covered
with a dielectric film of increasing thickness, the spectrum
shifts gradually and saturates only when the evanescent
tails of the LFs are fully embedded in the dielectric. This
can be qualitatively understood by treating thin dielectric
films as bulk media with reduced effective permittivity,
which grows with the film thickness until the bulk value is
reached. The associated spectral shift occurs in parallel
with growing particle polarizability and, respectively, the
LF at the resonant frequency. Far less known is that the
modified LFs are not limited to plasmon resonances. In
fact, the dielectric loading increases the particle polar-
izability, thereby scaling the LFs even when the wavelength
is far from the plasmon resonance, providing unexplored
opportunities for nanophotonics.
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In this Letter, we demonstrate the usefulness of such
nonresonant LFs in nonlinear optics. More specifically, we
use SHG with the fundamental wavelength of 1064 nm to
investigate gold nanoisland films with plasmon resonance
at about 520 nm. This is close to the second-harmonic (SH)
wavelength of 532 nm, and the process is, therefore,
resonantly enhanced at the SH but not at the fundamental
wavelength. We then use atomic layer deposition (ALD) to
cover the nanoislands with amorphous titanium dioxide
(TiO,) films of increasing thickness. This shifts the
plasmon resonance away from the SH wavelength, thereby
decreasing the resonance enhancement. Nevertheless, the
SH signal from coated nanoislands increases by a factor of
45 with the TiO, thickness, while TiO, films on silica
without nanoislands do not exhibit any remarkable non-
linearity. The increase is well explained by the scaling of
the LFs at the fundamental wavelength associated with the
increased dielectric loading due to the TiO, film.

Our gold nanoisland films were prepared by air
annealing of gold films deposited onto fused silica sub-
strates by evaporation. The resulting films were comprised
of separate nanoislands of 10-20 nm in size (Fig. 1 inset)
[19]. The details related to the preparation of the samples
and measurements are presented in the Supplemental
Material [20]. The nanoisland films were coated with
TiO, films of varying thickness (about 3—100 nm) by
ALD. Ellipsometric analysis of similar TiO, films on
substrates without nanoislands showed that their refractive
indices varied by about 10% depending on film thickness,
probably due to densification of the thickest film in the long
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FIG. 1. Absorption spectra of the samples with gold nanoisland

film coated with TiO, layers of different thicknesses (indicated
near the curves). The spectra of the 51.9 and 97.9 nm samples,
which demonstrate irregularities, are dotted and dashed, respec-
tively. Inset: SEM image of the nanoisland film.

ALD process. These differences have no influence on the
main results of our work.

The optical spectra of the nanoisland films covered with
TiO, layers of different thicknesses (Fig. 1) show that the
LSPR peak shifts toward longer wavelengths, as known for
covered nanoparticles [24-26]. Additionally, the peak
becomes more intense with increasing TiO, thickness.
Both trends saturate after the thickness of about 30 nm
when the electric field of the plasmon is completely inside
the covering layer [19]. The peak growth is similar to that
of metal nanoparticles when they are embedded in more
polarizable media [23,27], and this behavior is theoretically
well understood [28]. For the two samples with TiO,
thickness exceeding 30 nm (51.9 and 97.9 nm), the spectra
exhibit some irregularities compared to the monotonic
trend for thinner TiO, films. We relate these irregularities
to the very long ALD times of the thickest covers, which
could influence the size of the gold nanoislands, and
interference effects within the thickest TiO, films.
Nevertheless, even in these cases, saturation of both the
spectral shift and the absorption peak is evident.

The SHG responses of bare TiO, films and TiO,-covered
gold nanoisland samples with different TiO, thicknesses
were characterized using the Maker-fringe technique [29].
A laser with 70 ps pulses at 1064 nm was used as the source
of fundamental light [20,30]. Both the fundamental and
SH beams were p polarized, which typically gives rise to
the strongest SH signals. The experiments result in inter-
ference fringes between the SH signals from the sample and
the back surface of the substrate as the incident angle is
varied, as detailed in the Supplemental Material [20].
Representative Maker fringes from our samples are shown
in the Fig. 2 inset, where the SH response increases by a
factor of 45 with increasing TiO, thickness. We emphasize
that the SH signals from bare TiO, films of any thickness
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FIG. 2. SH response from gold nanoisland films coated with
TiO, layers as a function of the TiO, layer thickness. The
resonance offsets A4 (nm) between the LSPR and SH wavelength
are indicated near the corresponding data markers. The SH
intensity is normalized by the SH signal from the nanoisland
film without the TiO, cover. The line is a guide for the eye only.
Inset: SHG Maker-fringe patterns from representative samples.

were about the same and comparable to the signal from the
silica substrate, approximately 80 times weaker than the
signal from gold nanoislands with no TiO, coating. This
proves that the TiO, films are amorphous as expected from
ALD [31].

The dependence of SHG from gold nanoisland films on
TiO, thickness is shown in Fig. 2. The signal is normalized
to that from the nanoisland film without cover. The SH
signal saturates at about 30 nm film thickness, near the
range where the LSPR spectral shift saturates [19].
Importantly, the SH response grows with the TiO, thick-
ness despite the detuning A4 = A;gpgr — 532 nm of the
LSPR wavelength from the SH wavelength (532 nm); see
the magnitudes of the resonance offset indicated near the
data markers in Fig. 2. A small decrease in the SH signal
for the thickest TiO, cover is probably related to the effect
of the temperature on the gold nanoparticles in the long
ALD process.

Physical insight into the observed effects can be obtained
by considering the polarizability of a spherical particle of
radius R [32],

a= R3 Eme — Eout _ R3 (gme + 280ut) - 3£0ut ’ (1)
Eme + 2'gout Eme =+ 2gout

where ¢, is the permittivity for the metal and ¢, that
for the embedding medium. By assuming that &, is real
and by separating &, into its real and imaginary parts
Eme = Eme T+ I€0e, it is evident that the polarizability
exhibits a resonance when &), = —2¢,,. The absorption
cross section of the particles, which is of interest here,
depends on the imaginary part of the polarizability
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FIG. 3. Influence of outer medium permittivity (e,,) on the
dispersion of the imaginary part of the polarizability of a
spherical gold nanoparticle of radius R.

[6% o« Im(a)] [33]. The imaginary part of the resonant
polarizability is, thus,

8011
Im(ares) = 3R3 1/ t; (2)
me

i.e., it is proportional to the permittivity of the outer medium.
The real part ¢, for metals becomes more negative
with increasing wavelength. By then treating the layer of
the embedding medium by effective permittivity, which
increases with film thickness, it becomes clear that the
resonance shifts to longer wavelengths and becomes more
intense as the layer thickness increases. Note that the
imaginary part &/, for metals is assumed to be small, which
allowed neglecting the real part of the resonant polarizability.

It is less evident, however, that this thickness-dependent
scaling is not limited to the line center of LSPR.
Equation (1) typically leads to a Lorentzian line shape.
If its linewidth does not change much with the thickness of
the outer medium, the tails of the LSPR must increase in the
same proportion as at the line center. We applied this simple
model for small gold spheres using the Johnson-Christy
data [34] for the permittivity of gold. The results are
illustrated in Fig. 3 for the imaginary part of the polar-
izability. When the effective permittivity is increased, the
resonance shifts and becomes more intense, as observed
experimentally (Fig. 1). Furthermore, the increase also
affects the tails of the LSPR, reaching the fundamental
wavelength of the laser. Finally, similar effects occur also
for the real part of the polarizability. The changes in the LFs
arise from both the real and imaginary parts of the polar-
izability and are, therefore, fully carried through to the tails
of the resonance.

For a more detailed treatment of the observed effects, we
need both the linear polarizability of the gold nanoparticles
and the local-field factors (LFFs) near the particles. For
this, we use an approach [19,35] where the polarizability
and corresponding electric potential of a truncated
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FIG. 4. (a) Schematic of a truncated gold nanosphere on a glass

substrate and covered with a TiO, layer, f-truncation angle.
(b) Influence of the TiO, (e.,5 = 5.5) cover of different thickness
(h) on the imaginary part of the polarizability of a truncated gold
sphere (truncation angle ~50°) of radius R placed on a substrate
with &g, = 2.25; the h/R ratio is labeled near the curves. Inset:
Polarizability at the fundamental wavelength 1064 nm vs the h/R
ratio. Dispersions of the substrate and the cover are neglected.

nanosphere on a substrate [see Fig. 4(a)] are calculated
in quasistatic approximation. In the following, we present
the results for the case where the field is polarized along the
glass surface. The normal polarization components are
known to exhibit similar behavior albeit scaled by a factor
that depends on the truncation angle [36].

We applied this model to small gold nanoparticles with
radius R by using the Johnson-Christy data for the
permittivity of gold [34]. The truncation angle was taken
to be @ = 50° [Fig. 4(a)]. The permittivity of TiO, was
taken to be €., = 5.5 and its thickness h was varied.
The permittivity of the glass substrate was taken to be
Eqp = 2.25. The absorption spectrum [Fig. 4(b)] is seen to
depend on the ratio i/R.

The general behavior again follows that of the absorption
presented in Fig. 1. The LSPR is seen to shift toward longer
wavelengths and become more intense with increasing
cover thickness. The shift has been discussed elsewhere
[19,37], while not much attention has been paid to the
growth in polarizability [38]. A key difference between the
experiments and simulations is that the latter exhibit higher
LSPR quality factors. This is because the simulations did
not account for deviations in the size and shape of the
particles in the real samples or for the mutual interaction
between the particles. The trend in the polarizability is
similar to the one for spherical particles in a medium with
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effective polarizability (Fig. 3). The polarizability at our
fundamental wavelength, i.e., the far tail of the LSPR,
grows rapidly with the TiO, cover thickness and starts
saturating at the ratio 4/R of about 3 [inset of Fig. 4(b)]. For
our nanoisland samples with average radius of ~9 nm, this
corresponds to ~30 nm thick TiO, cover, in very good
agreement with the experiment (Fig. 1 inset).

We next apply this model to interpret our experimental
results for SHG. For this, we need the LFFs at the
fundamental and SH wavelengths. For nanoparticles, the
LFFs are space dependent, describing the redistribution of
optical energy to “hot spots,” and tensorial, because the LFs
can contain polarization components not present in the
incident field. Keeping these limitations in mind, the source
polarization for SHG can be written as [39]

P2 = Xt LawL L} (3)

Ow>

where )(gg is the effective second-order susceptibility, L,

and L,,, are the LFFs at the fundamental and SH frequen-
cies, respectively, and E,, is the incident field at the
fundamental frequency. Thus, the SHG intensity depends
on the LFFs as

ISHG X L%(”Li). (4)

It is crucial that the dependence at the fundamental
frequency is to the fourth power and at the SH frequency, it
is to the second power.

The application of Egs. (3) and (4) depends greatly on
how the effective susceptibility y; is chosen. We assume
that the SH response arises from the surface nonlinearity of
the gold particles and that the dominant tensor component

of the surface susceptibility is )(gz)l | 1> where L refers to the
normal component, as justified in a number of works
[40-42]. This local response, thus, needs to be integrated
over the shape of the nanoparticle. Therefore, the LFF for
frequency Q is defined as

L=

oEL )

where EY, is the incident electric field, ES(r = R) the local
normal component of the field on the particle surface, and
(-++)gp denotes angular averaging, with 6 and ¢ being
spherical coordinates for the truncated nanosphere.

The SH intensity calculated according to Eq. (4) as a
function of dielectric coating thickness % for truncated gold
nanoparticles of radius R is shown in Fig. 5, while the
powers of calculated LFFs L, and L,, [Eq. (3)] are
presented in the inset.

The expected resonant behavior of the LFF at the SHG
frequency L,,, is evident in the inset in Fig. 5. The LSPR
passes through the SH wavelength (4 = 532 nm) for very
thin coatings, but this resonance is quickly lost as the
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FIG. 5. Calculated SH intensity for truncated spherical
gold nanoparticles (50° truncation angle) on a glass surface
(equp = 2.25) as a function of the TiO, (g, = 5.5) coating
thickness. The intensity is normalized by the SH signal from bare
gold nanoparticles (h = 0). Inset: Calculated LFFs at the funda-
mental and SH frequencies. Dispersions of the substrate and the
cover are neglected.

coating thickness increases. The fundamental wavelength
(A = 1064 nm), on the other hand, is at the far tail of the
LSPR, and the LFF L, monotonically grows with the
coating thickness. Obviously, these differences are accen-
tuated for the higher powers of the LFFs. The average
particle radius in our case is about 9 nm [19], so the A/R
ratio for the maximum cover thickness of 100 nm is about
11. All the LFFs for SHG [Eq. (4)] are combined in Fig. 5.
The contribution of the monotonic growth of L, is seen to
override any resonant features of L,,. This, of course,
arises because the scaling with L, is to the fourth power,
whereas with L,,, it is only to the second power.

The qualitative agreement for the SH signal strength
between the experimental results (Fig. 2) and theory
(Fig. 5) is seen to be very good. The main difference is
that the experimental enhancement is about a factor of 45,
whereas the theory predicts a factor of 240 for /R = 11.
The factor of 5 discrepancy in SH intensity, however,
corresponds to only a factor of 1.5 difference in field
amplitude. This difference can be, for example, due to the
size distribution of the nanoparticles and due to Fresnel
reflections at the air-TiO, interfaces, which could be
remedied by antireflection coatings on the interfaces.

Our results have links to nonlinear composite materials
[43,44]. The focus in that area has been on bulk-type
composite materials with different dielectric properties. In
addition, the role of a host material with high permittivity
on enhancing nonlinear properties has been emphasized
[45]. On the other hand, for metal-dielectric composites,
only the role of plasmon resonances is usually considered
[46-49]. The present work goes beyond these earlier results
by highlighting how systematic variations in the dielectric
environment affect the nonlinear responses and how the
local-field effects at nonresonant wavelengths can com-
pletely overrule the role of any resonant effects.
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It is evident that the theoretical analysis of the present
results can be significantly improved. In particular, we
describe the local nonlinearity of the metal-dielectric
interface by a single component of the susceptibility tensor.
By more extensive modeling, additional components could
be included, as has been done for nonlinear scattering
[42,50] and numerical description of nonlinear metamate-
rials [41]. A more important future question, however, is to
consider how the local-field effects influence the overall
response of our samples. It is likely that due to the
anisotropy of our thin-film structure, the local-field effects
are different for different polarization components of the
fundamental and SH beams. Such effect would then
influence different tensor components of the sample in
different ways, whereas the present results were discussed
only in terms of an effective scalar SH susceptibility.
However, such additional factors have no influence on
the main results of the present Letter.

In conclusion, we showed that covering metal nano-
particles with a dielectric coating allows the efficiency of
second-harmonic generation to be enhanced, independent
of the spectral position of the localized surface-plasmon
resonance of the particles. The enhancement was observed
for gold nanoislands covered with a dielectric layer of
amorphous titanium dioxide of varying thickness. We
modeled and explained this phenomenon by the growth
of the local-field factors at the fundamental wavelength.
This growth dominates the decrease in the local-field
factors at the second-harmonic wavelength caused by the
shift of the plasmon resonance away from the second-
harmonic wavelength. The importance of the LFFs at the
fundamental wavelength over those at the second-harmonic
wavelength arises because the second-harmonic signal is
proportional to the second power of the local-field factors at
the second-harmonic wavelength and to the fourth power of
those at the fundamental wavelength. We believe that this
phenomenon is of great importance and can be observed in
a variety of contexts, independent of the particular shape or
even size of the nanoparticles. In addition, the effect is not
limited to second-harmonic generation but should open
new opportunities in all cases where the tailoring of the
local fields can be used to advantage in photonic
applications.
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