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We use aerosol synthesis to fabricate ordered metal-silica nanocomposites consisting of alternating

layers of pure silica and silica nanoparticles decorated with silver nanodots. These multilayer

structures preserve the narrow plasmon resonance of the nanodots even for high optical densities and

allow second-harmonic generation due to spontaneous symmetry breaking arising from the interfaces

between silica and nanoparticle layers. Our concept opens up perspectives for complex structures for

advanced optical applications. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4852795]

The optical responses of metal nanoparticles arise from

the plasmonic oscillations of their conduction electrons. The

resulting localized surface plasmon (LSP) resonances give

rise to strong electromagnetic fields near the metal-dielectric

interface. Such local-field enhancement has many attractive

applications in biosensing,1,2 imaging,3,4 and solar cells.5,6

In addition, the plasmon resonances depend sensitively on

the particle size,7,8 shape,9–12 as well as their dielectric envi-

ronment, allowing broad tailorability of the resonances for a

given application.

The local-field enhancement is particularly important for

nonlinear optical effects, which scale with a high power of the

field. Indeed, enhancement of third-order effects, with no par-

ticular symmetry constraints, has been demonstrated in bulk-

type metal-dielectric nanocomposites.13,14 Second-order

effects, such as second harmonic generation (SHG), on the

other hand, require non-centrosymmetric samples, and their

observation has so far been limited to surface geometries.

Enhancement of SHG by rough metal surfaces was demon-

strated early on in a traditional surface geometry where the

incident beam is applied on the sample at oblique angle.15

More recently, lithographic arrays of non-centrosymmetric

particles have been introduced as second-order metamaterials

whose response can be accessed at normal incidence,16–19 but

such samples are not easy to fabricate.

The nonlinear responses (both second and third-order)

of a macroscopic sample can be enhanced by tuning the inci-

dent laser close to the plasmon resonance of the particles20,21

or by increasing the density of the particles. Unfortunately,

the latter approach spoils the quality (shape and linewidth)

of the resonances either due to agglomeration of particles,

which gives rise to inhomogeneous broadening,22,23 or

because of near field coupling.24 An associated problem is

the difficulty of fabricating bulk-type composite materials

with the required non-centrosymmetry for second-order. For

other types of materials, the organic ones in particular, the

non-centrosymmetry can be induced afterwards by poling in

an electric field25 or by using self-assembly, which in some

cases gives rise to a non-centrosymmetric structure.26 With

regard to metal nanostructures, the focus has been on the

plasmonic enhancement of the nonlinearity,27 but no meth-

ods have been demonstrated for fabricating thick non-

centrosymmetric structures.

Nanoparticle synthesis by aerosol techniques is fairly

inexpensive, simple, highly versatile, and also scalable.28,29

Particles can be generated in a continuous process and de-

posited directly from the gas phase onto the desired sub-

strate. Recently, aerosol techniques have been used to

produce plasmonic metal nanoparticles from different mate-

rials and with various morphologies.23,30,31 In addition, the

synthesized nanoparticles have been incorporated into multi-

layer polymer films in order to achieve for example magnetic

and plasmonic functionalities.32 However, even though aero-

sol synthesized nanoparticles have been studied extensively

using linear spectroscopy, their applicability in nonlinear op-

tical materials remains to be explored.

In this Letter, we use aerosol techniques to fabricate

ordered multilayer metal-silica nanocomposites with control-

lable linear and nonlinear optical responses. Our nanocom-

posites consist of alternating layers of silver-decorated silica

particles and pure silica glass. The fabrication technique

allows for precise control of the synthesis and deposition of

the silver-decorated particles, thus preventing the formation

of silver clusters and resulting in samples with reproducible

optical properties. The shape of the plasmon resonance in the

extinction spectrum of the ordered composites is perfectly

maintained during the layer growth and its amplitude grows

linearly as the number of layers increases. Significantly,

we further show that symmetry is inherently broken due

to interfaces between pure silica and a layer of decorated

nanoparticles, resulting in spontaneous growth of a non-

centrosymmetric structure and a SHG signal that increases

with the number of layers. The SHG is dramatically larger

than that observed from a single layer of decorated particles

with equivalent thickness.

Silver-decorated silica nanoparticles (Fig. 1(a)) were

synthesized in a continuous flow of nitrogen. The silica par-

ticles generated by chemical vapor synthesis from liquid tet-

raethyl orthosilicate (TEOS)33 were subsequently sintered in
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a tubular high-temperature furnace in order to obtain spheri-

cal carrier particles. Figure 1(b) shows the log-normal size

distribution of the sintered silica particles, measured with a

scanning mobility particle size (SMPS),34 with a geometric

mean diameter of 50 nm and a geometric standard deviation

of 1.4. The silver decoration on the silica carrier particles

was achieved by evaporation and subsequent condensation

of silver from a small piece of bulk material.31 This resulted

in the formation of silver nanodots with diameters of

1–2 nm. The synthesized silver-decorated silica particles

were then deposited from the gas phase onto glass substrates

(1 mm thick microscope glass slides) by electrostatic collec-

tion.35 The circular particle collection area on the substrate

had a diameter of 2 cm.

The thickness of the particle layer on the substrate

depends on collection time. Here, the collection time was set

to 30 min, corresponding to particle layer thickness of

approximately 1lm with an estimated porosity of over 90%.

This rough evaluation is based on the aerosol measurements

(particle size and number concentration), particle collection

parameters (gas flow rate, collection area and time) and real-

ized layer thickness. Moreover, our estimation is consistent

with previous reports of high porosity values for dry deposi-

tion of nanoparticles.36 The layer of decorated nanoparticles

was subsequently covered with a layer of pure silica using an

electron-beam dielectric coater and with thickness, here

approximately 200 nm, also determined by the deposition

time (Fig. 1(c)). Repeating the particle deposition and coat-

ing processes multiple times and with identical deposition

times allowed us to fabricate ordered multilayer nanocompo-

sites whose linear and nonlinear optical properties can be

controlled via the number of layers. Because the layer of

silver-decorated particles is very porous, the silica coating

penetrates it. However, the silica coating diffuses much less

towards the bottom of the particle layer, and hence the over-

all symmetry of each layer is broken between the bottom and

top interfaces (1 and 2, respectively, in Fig. 1(d)). Because

each individual layer exhibits the same type of asymmetry

the SHG response can grow significantly with the number of

layers. In what follows, we use the term layer to refer to the

combination of a single layer of decorated particles coated

with a silica layer. Figure 1(e) shows a transmission electron

microscope (TEM) image of the cross-section of a fabricated

nanocomposite with three layers where the alternating layers

of decorated nanoparticles and silica can be identified.

We first examined the linear optical properties of the

fabricated samples. For this purpose, we measured their

extinction spectra as a function of the number of layers with

a high-sensitivity, high-resolution UV-Vis-NIR spectropho-

tometer (Shimadzu UV-3600). First, we clearly identify in

each case the typical plasmon resonance of silver particles

centered at around 370 nm (Fig. 2(a)) indicating the absence

of silver clusters that would significantly broaden the reso-

nance. Significantly, we also see how the magnitude of the

extinction maximum grows linearly with the number of

layers (see inset in Fig. 2(a)) and how the spectral location

and width of the plasmon resonance remain unchanged with

the number of layers. Oscillations visible for the wavelength

FIG. 1. (a) TEM image of a silver-decorated silica nanoparticle. (b) Size distribution of the silica particles (note the log scale in the horizontal axis). (c)

Schematic image of one layer, which consist of a particle layer covered by a pure silica layer. (d) Schematic image of two neighboring interfaces explaining

the symmetry breaking. (e) TEM image of the cross-section of a fabricated three-layer sample.

FIG. 2. (a) Extinction spectra of the multilayer nanocomposites. The inset

shows the maximum extinction as a function of the number of layers. (b)

Second-harmonic signal generated as a function of the angle of incidence.
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above 600 nm arise from weak Fabry-Perot effects within the

active layers.

We then proceeded to investigate the second-order non-

linear response of the multilayer composites. The nonlinear

response was characterized by measuring the SHG response

as a function of the incidence angle in a Maker-fringe

setup.37,38 The fundamental beam was derived from a

Nd:YAG laser producing 70 ps pulses at 1 kHz repetition

rate and with 1064 nm wavelength. A 25 cm focal-length

lens was used to weakly focus the beam into a spot size of

around 20 lm at the sample plane, leading to the generation

of SHG radiation at the 532 nm wavelength. Any potential

SHG from the laser itself was removed with a long-pass IR

filter inserted before the sample. The fundamental beam was

blocked after the sample with a combination of a short-pass

filter and an interference filter (central wavelength 532 nm,

bandwidth 10 nm). The transmitted SHG signal was detected

by a photomultiplier tube and the polarization states of the

fundamental and SHG beams were controlled with calcite

Glan polarizers. The sample was mounted on a high preci-

sion rotation stage to detect the SHG as a function of the

angle of incidence. The SHG signal was found to be a highly

directional beam, thus verifying the coherent character of

the process.

The measurements were performed for samples consist-

ing of 1 to 4 layers, for various polarization configurations

and the maximum SHG was observed for the input and out-

put polarizations parallel to the plane of incidence (pin–pout

configuration, Table I). Very weak SHG signals for the

pin–sout and sin–sout combinations suggest that the sample is

isotropic in the plane of the sample as expected due to the

fabrication process. In order to eliminate the possible influ-

ence of inhomogeneity in the sample plane, a series of meas-

urements were conducted at ten different spatial locations on

the samples. The SHG intensity was then averaged over all

ten measurements. The results (Fig. 2(b)) show that the max-

imum of the SHG signal occurs for an incidence angle of

approximately 60�. Most importantly, the strength of the

SHG signal increases with the number of layers in the sam-

ple. The Maker-fringes are also clearly observed and result

from interference between the SHG signals arising from the

back side of the 1 mm thick glass substrate. The thickness of

any composite itself is much smaller than that of the sub-

strate and their effect on the Maker-fringes cannot be

resolved. The shift of the SHG signal maximum originates

from the fact that that the values of the susceptibility compo-

nents for the active layers and the bottom surface of the sub-

strate are different. As the active layer becomes thicker, its

response becomes more important giving rise to changes in

the fringe structure.

In order to evaluate the origin of the second-order

response of the structures, we fabricated two additional con-

trol samples (see Fig. 3(a) for a schematic illustration). The

first (CS1) consists of a single layer of silver-decorated par-

ticles coated with one layer of silica on top. Both layers were

deposited so as to match the effective thicknesses of the re-

spective layers in the four-layer sample. The other control

sample (CS2), was prepared by depositing four layers of

silica particles with no silver decoration. The collection time

for the silica particles and the thickness of the deposited silica

were identical to those of the four-layer sample with the sil-

ver decoration. The purpose of these two samples is two-fold:

CS1 allows us to investigate the effect of structuring the sam-

ples into multiple layers whilst CS2 allows verifying the role

of the silver particles in the nonlinear response.

We first compare in Fig. 3(b) the extinction spectra of

the control samples and the four-layer sample. The linear

response of the samples is seen to be essentially independent

of the exact layer structure and only depends on the total sil-

ver and silica content. This can be understood from the fact

that the only parameter that determines the overall extinction

is the total amount of silver dots and silica and not the partic-

ular arrangement within the sample. This is an important

result as it implies that any differences in the nonlinear

response can be ascribed to the structuring of the samples

into multiple layers. On the other hand, in the linear response

of CS2 with no silver inclusions, we note, as expected, the

absence of the plasmon resonance with an increase in the

extinction for decreasing wavelengths consistent with typical

silica absorption. These results clearly show that the extinc-

tion of the samples with silver-decorated particles is

TABLE I. Normalized SHG signals for different input-output polarization

configurations.

pin–pout sin–pout pin–sout sin–sout

1 8.9� 10�2 4.4� 10�3 0.7� 10�3

FIG. 3. (a) Schematic images of the multilayer nanocomposites and control samples. (b) Comparison of the extinction spectra between the four-layer sample

and the control samples: CS1 with equivalent amount of metal and silica and CS2 with layers organized identically with four-layer structure, but without silver

inclusions. (c) Comparison of the SH signal for the four-layer sample and the control samples CS1 and CS2.
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dominated by the plasmon resonance as determined by the

silver particle size and their total amount.

We subsequently performed the Maker-fringe experi-

ments for the control samples under conditions identical to

that of the multilayer composites. The results are presented in

Fig. 3(c) along with the SHG intensity obtained from the

four-layer structure and from the sole substrate. We first note

that CS2 containing no decorated particles produces negligi-

ble SHG. In fact, the SHG signal from CS2 is even weaker

than that from the substrate itself. On the other hand, CS1,

which contains decorated particles, shows an increase in

SHG compared to CS2 or the substrate, showing evidence of

the importance of the silver nanoparticles in the SHG process.

But most importantly, the SHG signal is more than order of

magnitude weaker than that generated from the four-layer

sample with the same quantity of silver. This is a truly re-

markable result illustrating that (i) the multilayer structure

plays a central role in enhancing SHG and (ii) SHG arises

from the multiple coherent second-harmonic contributions

induced by the symmetry-breaking arising from the differen-

ces between the top and bottom interfaces of each layer.

The SHG response from the multilayer samples can

be modeled by assuming that each individual layer of

silver-decorated nanoparticles covered with a silica layer is

equivalent to a thin film source of SHG signal. Within this

approximation and because the thickness of each layer is

identical, the amplitude of the elementary SHG field gener-

ated from each layer is the same. With this model, we can

express the total SHG field as ESHG¼C(1þNb), where

ESHG represents the total SHG field generated within a nano-

composite with N active layers. Here, C is the normalization

constant representing the SHG contribution from the back

side of the substrate39,40 and b is the contribution from one

nanocomposite layer normalized to the response of the sub-

strate. Note that to account for the possible phase differences

in the elementary metal-dielectric sources, we allow b to be

complex. The corresponding total intensity is given by

ISHG ¼ C2j1þ Nbj2 and the measured SHG intensity aver-

aged over all angles of incidence was fitted with this model

as a function of the number of layers. The result (Fig. 4)

shows excellent agreement with the experiment. The contri-

bution from the thin film source manifested by parameter b

exceeds that from the substrate which is normalized to 1,

consistent with the observations of Fig. 3(c). Corresponding

value of the conversion efficiency of the second-order pro-

cess was estimated to be of the order of 10�12 for the 4-layer

sample, based on the experimental data. We also remark that

the imaginary part of b is extremely small (1.1� 10�5),

which is consistent with the fact that the SHG wavelength of

532 nm is significantly detuned from the plasmon resonance

(see Fig. 3(b)). In principle and according to our model, the

strength of the SHG signal could be boosted even more by

depositing more active layers in the structure. In fact, with

our thickest four-layer sample, we already observe 43-fold

stronger SHG signal than the one measured for the substrate

(see Fig. 4). In addition, the structures prepared for the pres-

ent experiments are non-optimized. Therefore we expect that

further development and optimization process allows the

second-order response to be increased even more.

In conclusion, we have introduced a concept for the fab-

rication of silica-metal nanocomposites with controllable lin-

ear and nonlinear optical properties. Aerosol synthesis

techniques were used to fabricate nanoparticle structures

with enhanced nonlinear optical properties. The fabrication

process allows creating ordered multilayer structures that

preserve the shape of the plasmon resonance independently

of the number of layers. We have further shown that separat-

ing multiple layers of decorated nanoparticles by silica

results in an overall non-centrosymmetry that leads to

second-harmonic generation that scales with the number of

layers. Due to the flexibility of the used aerosol synthesis

techniques, the material as well as the size of the carrier par-

ticles and the decorative nanodots can be varied to obtain

nanocomposites with different optical responses (linear and

nonlinear).
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