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Abstract

Nanotechnology, the manipulation of matter at the scale of 1–100 nm, is present in
everyday life and continues extending into new areas of application. Aerosol synthesis
routes, the production of nanoparticles in the gas phase, are known to be continuous,
highly controllable, and even suitable for fabricating different types of nanostructured
metamaterials—materials with properties not found in nature. In this thesis, single
and multicomponent engineered aerosol nanoparticles with different morphologies were
synthesized for applications involving interactions between light and matter. The syn-
thesized nanoparticles included spherical silver particles, titania-encapsulated iron oxide
particles, silver-decorated silica particles, and silver– titania composite doublet particles.
Furthermore, the studied applications for the nanoparticles were magnetically separable
photocatalyst nanopowders and nanostructured metal –dielectric metamaterials with lin-
ear and nonlinear optical properties, more specifically, localized surface plasmon resonance
and second-harmonic generation, respectively.
The aerosol synthesis techniques utilized for the nanoparticle production in this thesis
included particle size selection, sintering, encapsulation, and coating. The sintering of the
size-selected silver agglomerates to spheres continued the trends found from the literature.
In the simple encapsulation process, liquid precursor containing solid particles was sprayed
into a tubular furnace where the precursor thermally decomposed on the surface of the
solid particles, forming multicomponent particles. This approach was demonstrated by
synthesizing titania-encapsulated iron oxide particles. As titania and iron oxide are known
to be photocatalytic and magnetic, respectively, the produced nanopowder could find
use as a magnetically separable photocatalyst. The silver coatings on the silica and
titania carrier particles, accomplished by physical vapor condensation, were found to form
different types of morphologies due to the migration of the silver on the carrier particles.
The wavelength of the localized surface plasmon resonance of spherical silver particles
deposited on glass substrates was tuned between 400–450 nm with the particle size. Due
to the random deposition process, particle–particle contacts on the substrate caused
broadening of the extinction spectrum with higher area fractions. On the other hand, the
silver-decorated silica nanoparticles maintained the narrow plasmon resonance band even
with high particle number densities. This enabled the fabrication of thicker bulk-type
optical materials. The nonlinear optical properties of bulk-type multilayer nanostructures
consisting of alternating layers of silver-decorated silica nanoparticles and pure silica were
investigated. It was proposed that the porous particle layers were in a key role in the
formation of the required non-centrosymmetric structure. Furthermore, both the silver
particles and the multilayer structure were important for the second-harmonic generation,
whose intensity increased with the number of layers. The fabricated structures could
be further optimized in order to increase the conversion efficiency of the second-order
nonlinear optical process.
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Tiivistelmä

Nanoteknologia, aineen manipulointi 1–100 nm mittakaavassa, hyödyttää ihmisiä arjessa
ja tuottaa jatkuvasti uusia keksintöjä. Aerosolisynteesimenetelmillä nanohiukkasia voi-
daan tuottaa kaasufaasissa jatkuvasti ja hallitusti. Lisäksi aerosolimenetelmiä voidaan
hyödyntää nanorakenteisten metamateriaalien valmistuksessa. Metamateriaalit ovat
keinotekoisia materiaaleja, joiden ominaisuudet eroavat luonnonmateriaaleista. Tässä
työssä tuotettiin yksi- ja monikomponenttisia aerosolinanohiukkasia erilaisilla morfolo-
gioilla sovelluskohteisiin, jotka liittyvät valon ja aineen vuorovaikutukseen. Tuotetut
nanohiukkaset olivat pallomaisia hopeahiukkasia, titaanidioksidilla koteloituja rauta-
oksidihiukkasia, hopeakoristeltuja silikahiukkasia ja hopea–titaanidioksidikaksoishiuk-
kasia. Tutkittuja sovelluskohteita olivat magneettisesti eroteltavat fotokatalyyttiset
nanojauheet ja nanorakenteiset metalli –dielektriset metamateriaalit, joilla on lineaarisia
ja epälineaarisia optisia ominaisuuksia kuten hiukkasten pintaplasmoniresonanssi ja taa-
juuden kahdennus.

Tässä työssä käytettyjä aerosolisynteesimenetelmiä olivat hiukkaskoon valitseminen, sint-
raus, kotelointi ja päällystäminen. Tulokset kokovalikoitujen hopea-agglomerattien sint-
raamisesta pallomaisiksi olivat yhdenmukaisia kirjallisuudesta löytyvien tulosten kanssa.
Yksinkertaisessa kotelointiprosessissa nestemäinen prekursori, joka sisälsi kiinteitä hiuk-
kasia, pirskotettiin putkiuuniin. Uunissa prekursori hajosi termisesti koteloiden kiinteän
hiukkasen sisäänsä. Tällä menetelmällä tuotettiin titaanidioksidilla koteloituja rautaoksi-
dihiukkasia. Koska titaanidioksidilla tiedetään olevan fotokatalyyttisiä ja rautaoksidilla
magneettisia ominaisuuksia, valmistettua nanojauhetta voidaan mahdollisesti hyödyn-
tää magneettisesti eroteltavana fotokatalyyttinä. Fysikaalisella höyryn kondensaatiolla
tuotettujen hopeapäällysteiden havaittiin muodostavan erilaisia morfologioita silika- ja
titaanidioksidihiukkasten päälle. Tämä johtui muodostuneiden hopeahiukkasten liikkeestä
kantajahiukkasten päällä.

Lasialustalle kerättyjen hopeahiukkasten plasmoniresonanssin aallonpituutta säädettiin
400–450 nm välillä muuttamalla hiukkasten kokoa. Sattumanvaraisen keräysprosessin
vuoksi hiukkasten väliset kontaktit levensivät ekstinktiospektriä, kun hiukkasten luku-
määrä pinnalla kasvoi. Sen sijaan hopeakoristellut silikahiukkaset säilyttivät kapean
resonanssikaistan jopa suurilla hiukkastiheyksillä. Näin ollen hiukkasista oli mahdollista
rakentaa paksumpia optisia näytteitä. Tässä työssä tutkittiin monikerroksisten nanora-
kenteiden, jotka koostuivat vuorottelevista kerroksista hopeakoristeltuja silikahiukkasia ja
puhdasta silikaa, epälineaarisia optisia ominaisuuksia. Hiukkaskerrosten huokoisuudella
ajateltiin olevan suuri merkitys tarvittavan epäkeskussymmetrisen rakenteen muodostu-
misessa. Tämän lisäksi sekä hopeahiukkaset että kerrosrakenne olivat tärkeitä taajuuden
kahdentumisessa, jonka voimakkuus riippui kerrosten lukumäärästä. Valmistettuja raken-
teita voidaan vielä optimoida epälineaarisen optisen prosessin vahvistamiseksi.
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1 Introduction

”There’s plenty of room at the bottom”, a lecture given by Richard Feynman in 1959
(Feynman, 1992), is considered the conceptual launch for nanotechnology, a term later
coined in the mid-1970s (Taniguchi, 1974). Nanotechnology can be understood as the
manipulation of matter in the scale of 1–100 nanometer, one billionth of a meter. Even
though such dimensions are a few orders of magnitude larger than the size of a single
atom, they are still beyond the scope of optical microscopy. Thus, the nanoworld began to
truly unravel just a few decades ago, after the enormous progress in the characterization
and manipulation of nano-sized features. Nowadays, the products of nanotechnology are
an invisible but inseparable part of the everyday life, not to mention what nanotechnology
has to offer for the future. Nanoparticles and -structures can be found from building
materials, health products, textiles, food supplies, and sports equipment, to mention
but a few. Moreover, current state-of-the-art nanotechnology enables the fabrication of
metamaterials—artificial materials with properties novel even to nature.

The properties of nanoparticles differ from the corresponding bulk material due to their
extremely small dimensions. For instance, the interaction between light and a nanoparticle
is highly localized, enabling the fabrication of smaller optical devices. Furthermore, the
increased surface area with decreased particle size, as volume stays constant, is relevant
for catalytic reactions taking place on the material surfaces. Besides the particle size, also
the shape of the particles determines many of their properties. Nanosized spheres, cubes,
rods, and tubes, all have their own distinct properties and areas of application. Even
more complex particle structures can be achieved when different materials are combined
at the nanoscale. This gives the opportunity to engineer multicomponent nanoparticles
with either enhanced or multiple unique properties. In order to take full advantage of
these multicomponent nanoparticles, the control over the morphology of the produced
particles is highly important.

Several different techniques, utilizing solid, liquid, and gas phase processes, have been
used in the production of nanomaterials. These techniques can be roughly divided into
two categories, top-down and bottom-up. In the former approach, larger bulk pieces are
reduced in size, until the nanoscale is reached. Examples of techniques that follow the
top-down principle are, for example, mechanical grinding and lithography, which can be
used for fabricating arrays of different shaped nanostructures on a substrate (Haynes and
Van Duyne, 2001). In the latter approach, nanoparticles are assembled from individual
atoms or molecules. The bottom-up techniques include, for instance, the production
of nanoparticle colloids through chemical reactions in a solution. These wet chemistry
techniques have been used for synthesizing both single and multicomponent nanoparticles
with various different shapes (Liz-Marzán, 2004).

Besides solid and liquid phase, nanoparticles can also be synthesized in the gas phase
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2 Chapter 1. Introduction

through both physical and chemical reactions. In the aerosol-based production of nanoma-
terials, the generation, as well as, the tailoring of the particle size, shape, and morphology
can be realized in the gas phase. Several upsides follow from this, such as, the synthesis
processes are highly controllable, pure, continuous, inexpensive, and scalable (Kruis
et al., 1998; Strobel and Pratsinis, 2007; Swihart, 2003). Moreover, the particles can be
monitored in situ during the synthesis processes with aerosol measurement instruments
that give information regarding, for example, the particle size, density, chemical composi-
tion, and concentration (Hinds, 1999; Kulkarni et al., 2011). In addition, the individual
nanoparticles can be deposited on a desired substrate directly from the gas phase, thus,
aerosol nanoparticles can be used in the fabrication of nanostructured metamaterials.

Currently, aerosol-synthesized nanoparticles, such as, carbon black, fumed silica, and
pigmentary titania, are produced annually several million metric tons (Skillas et al., 2011)
for everyday products, including, car tires, paints, foods, toothpastes, sunscreens, and
many others (Elvers, 2009). Moreover, an ongoing European project aims to scale-up the
aerosol-production of metal nanoparticles by physical synthesis methods to 100 kg/day
(BUONAPART-E, 2014). Recent advances in the synthesis of engineered nanoparticles
by aerosol methods have included the introduction of, for example, crumpled graphene
particles (Luo et al., 2011), coated Janus-like hybrid particles (Sotiriou et al., 2011a), and
semiconductor nanowires (Heurlin et al., 2012), any of which that could very well be the
next success stories in the field of nanotechnology.

Evidently, the products of nanotechnology are utilized at ever increasing rate. Thus,
in order to build improved and novel nanosystems, it is important to increase the
understanding in the manipulation of the engineered nanoparticles. In this thesis, different
methods for the synthesis of single and multicomponent aerosol nanoparticles are presented
and studied, with the emphasis on the size, shape, and morphology tailoring of the particles
for applications involving interactions between light and matter. The engineered aerosol
nanoparticles synthesized in this thesis include spherical silver particles (Paper I), titania-
encapsulated iron oxide particles (Paper II), silver-decorated silica particles (Paper III
and IV), and silver– titania composite doublet particles (Paper III). Furthermore, the
applications for the engineered nanoparticles include magnetically separable photocatalyst
nanopowders (Paper II), as well as, nanostructured metamaterials with linear and
nonlinear optical properties, more specifically, localized surface plasmon resonance (Paper
I and IV) and second-harmonic generation, respectively (Paper IV).

In Chapter 2 of this thesis, relevant aerosol processes for the synthesis of engineered
nanoparticles are reviewed. They include the generation of aerosol nanoparticles via the
gas-to-particle and the liquid-to-particle conversion, as well as, methods for tailoring
the size, shape, and morphology of single and multicomponent aerosol nanoparticles.
Furthermore, the aerosol-assisted fabrication of metamaterials is briefly discussed. The
applications for the fabricated nanostructured metamaterials explored in this thesis involve
interaction between light and matter. These applications, localized surface plasmon
resonance, second-harmonic generation, and photocatalysis, are introduced in Chapter 3.
The experimental methods, including synthesis, deposition, and characterization of the
engineered aerosol nanoparticles and fabricated metamaterials, as well as, the obtained
results are reviewed in Chapter 4 and 5, respectively. The introductory review of this
thesis concludes with the final remarks presented in Chapter 6. The publications included
in this thesis are appended in the end of the thesis.
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1.1 Aim and scope

This doctoral thesis aims to provide new information on the synthesis and applications of
engineered single and multicomponent nanoparticles produced with aerosol techniques.
The size, shape and morphology of the particles are tailored in the gas phase using methods,
such as, sintering, encapsulation, and coating. Furthermore, the synthesized nanoparticles
are incorporated into metamaterials with linear and nonlinear optical properties. The
main objectives of this thesis are formulated below.

• Develop and study processes for tailoring the size, shape, and morphology of single
and multicomponent engineered aerosol nanoparticles

• Incorporate the engineered aerosol nanoparticles into metamaterials by a direct
deposition from the gas phase

• Investigate the linear and nonlinear optical properties of the metamaterials fabricated
by the aerosol-assisted methods

The first objective was realized in all publications of this thesis. More specifically, size-
selected spherical silver nanoparticles were produced by sintering in Paper I, whereas, in
Paper III, a physical vapor coating process was used to produce silver-decorated silica
nanoparticles, as well as, rather surprisingly silver– titania composite doublet particles.
Moreover, in Paper II, a simple particle encapsulation method was introduced, and the
technique was demonstrated by synthesizing titania-encapsulated iron oxide nanoparticles.

The second objective was realized in Paper II, where the produced particles were collected
into a nanopowder with photocatalytic and magnetic properties. Furthermore, in Paper
I and IV, the synthesized nanoparticles were deposited on glass substrates in order to
fabricate quasilayer and multilayer nanostructures, respectively. Moreover, the linear and
nonlinear optical properties of these metamaterials were characterized, connecting to the
final objective of this thesis. A linear optical property of metal nanoparticles, localized
surface plasmon resonance, was studied in Paper I and revisited again in Paper IV. In
Paper IV, aerosol techniques were used, for the first time, in the fabrication of nonlinear
optical metamaterials. More specifically, the used techniques allowed the fabrication of
novel bulk-type structures with second-order nonlinear optical properties.





2 Engineered aerosol nanoparticles

2.1 Generation of nanoparticles

The synthesis routes for aerosol nanoparticles can be roughly divided into two categories,
gas-to-particle and droplet-to-particle (Gurav et al., 1993; Skillas et al., 2011), as depicted
in Figure 2.1. In the former synthesis route, the particles are formed from the individual
atoms or molecules of the gas via a nucleation process. The required supersaturation for
the nucleation is achieved by either cooling the vapor or by generating atoms or molecules
from gaseous precursors through chemical reactions. The nucleated particles grow by
condensation of the vapor atoms or molecules, and coagulation with other particles. As
this is a bottom-up approach, the obtained particle sizes can be extremely small. However,
the gas-to-particle route usually leads to highly agglomerated nanoparticles.

Solid Liquid

Heating

Vapor
or gas

Nucleation

Precursor
solution

Droplets

Evaporation Reaction

Reactant
vapor Reaction

Particles

Solid particlesLiquid particles

Gas-to-particle

Droplet-to-particle

Condensation and 
coagulation/

agglomeration

Spherical particles/
agglomerates

Figure 2.1: A schematic of the basic physical and chemical processes involved in the particle
formation and growth by the gas-to-particle and the droplet-to-particle conversion.

In the droplet-to-particle route (or the spray process), a liquid precursor solution is
atomized into a gas flow. First, the solvent evaporates from the sprayed droplets, after
which solid particles are formed from the liquid precursor through chemical reactions, such
as thermal decomposition or hydrolysis. The generated particles are usually spherical,
as they are formed directly from the liquid droplets. Furthermore, the particle size can
be controlled with the concentration of the solution. The difficulty of finding suitable
precursors is a major drawback of the droplet-to-particle route.
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6 Chapter 2. Engineered aerosol nanoparticles

High temperatures are usually required in order to provide the necessary energy for the
physical and chemical aerosol processes, such as, evaporation of materials and thermal
decomposition of precursors, respectively. Energy sources utilized in the nanoparticle
production include, for example, flames (Pratsinis, 1998), furnaces (Scheibel and Pors-
tendörfer, 1983), sparks (Schwyn et al., 1988), and lasers (El-Shall et al., 1994). Although,
in this thesis, flames are used to produce powders of nanoparticles (Paper II and III),
mainly tubular flow furnaces are utilized in the nanoparticle production. Compared
to many other energy sources, in furnaces, the whole gas flow is heated, making the
process rather energy inefficient. On the other hand, more controllable temperatures and
temperature gradients are achieved.

The gas-to-particle conversion was utilized in the nanoparticle generation in Paper I,
where bulk silver was heated at temperatures above its melting point (961.78 ◦C, Haynes,
2016), and the particles were formed by a physical evaporation–condensation (EC)
process. A different type of a gas-to-particle route, chemical vapor synthesis (CVS) (Heel
and Kasper, 2005), was exploited in Paper IV, where the thermal decomposition of
tetraethyl orthosilicate (TEOS) vapor led to the nanoparticle formation. The droplet-to-
particle conversion was utilized in Paper II by thermally decomposing liquid titanium
isopropoxide (TTIP) particles in a spray pyrolysis process. The thermal decomposition
of TEOS and TTIP leads to silica and titania nanoparticles, respectively, according to
the following reactions (Okuyama et al., 1986):

Si(OC2H5)4 → SiO2 + 4C2H4 + 2H2O (2.1)
Ti(OC3H7)4 → TiO2 + 4C3H6 + 2H2O, (2.2)

where the by-products are water vapor, as well as, gaseous ethane and propene, respectively.
Furthermore, the formed water can result in the simultaneous hydrolysis of the precursors.
The thermal decomposition of TTIP has been reported to occur already at temperatures
above 100 ◦C (Moravec et al., 2001), whereas, the decomposition of TEOS requires higher
temperatures; over 700 ◦C according to Okuyama et al. (1986).

2.2 Particle size, shape, and morphology

Particle size-selection
Many of the properties of nanoparticles are determined by their size. Although, the
process parameters, such as temperatures, flow rates, and concentrations, allow to tailor
the particle size to some extent, the size distributions of aerosol nanoparticles are often
quite polydisperse. In some applications, such as coatings and catalysts, this is usually
not a major issue. However, for example, electronic and optical applications often require
rather strict monodispersity from the nanoparticles.

A standard aerosol instrument, a differential mobility analyzer (DMA) (Knutson and
Whitby, 1975), can be used to select a narrow particle size distribution from the aerosol.
In brief, an applied voltage between two coaxial cylinders generates an electric field which
will change the path of charged aerosol particles, allowing particles with a certain mobility
to exit the instrument through a gap in the center cylinder. As for the particle mobility, it
depends on the particle charge, which often can be assumed to be one elementary charge,
and the mobility diameter. This equivalent diameter corresponds to the geometrical
diameter for spherical particles, whereas, for agglomerates the mobility diameter is larger
than the volume equivalent diameter. As only a small portion of the nanoparticles
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passes the DMA, a great amount of nanomaterial is lost in the size-selection process.
On the other hand, a very narrow particle size distribution, with a geometric standard
deviation (GSD) less than 1.1, can be achieved. The particle size-selection by the DMA
was utilized in Paper I and III.

Spherical particles by sintering

As an individual aerosol particle collides with another particle in the gas phase, they stick
to form agglomerates. This coagulation process depends on the particle size, concentration,
temperature, and residence time (Hinds, 1999). The formed agglomerates are fractal-like
structures consisting of several spherical primary particles. Such structures are optimal
building blocks, for example, for fillers and gas sensors. However, as many applications
require spherical particles, the ability to tailor the particle morphology is extremely vital.
Consequently, spherical aerosol nanoparticles can be obtained by sintering the formed
agglomerates in a heated gas flow.

During the sintering, necks starts to develop between the adjacent primary particles of the
agglomerate. By increasing the residence time or temperature, the diameter of the primary
particles increases by fusioning with each other. Meanwhile, the mobility diameter of the
agglomerate decreases, eventually becoming identical to the primary particle diameter for
a fully sintered sphere (Eggersdorfer and Pratsinis, 2014). Different sintering mechanisms
can be broadly dived into surface transport (e.g. evaporation/condensation, surface
diffusion) and bulk transport processes (e.g. grain boundary diffusion, viscous/plastic
flow) (Karlsson et al., 2005). The actual dominant sintering mechanisms depend on
the particle material and process conditions. Furthermore, particle sintering at elevated
temperatures can lead to higher degree of crystallinity (Magnusson et al., 1999), as well
as, phase transformations (Ahonen et al., 2001). In this thesis, sintering was used to
obtain spherical silver nanoparticles (Paper I), as well as, silica and titania nanoparticles
(Paper III and IV).

Morphology of multicomponent particles

Besides the particle size and shape, the morphology of multicomponent nanoparticles
strongly affects their properties. For example, the catalytic material needs to be on
the surface of a particle, whereas, potentially harmful materials can be coated with
a protective layer. Several aerosol methods can be used to produce multicomponent
nanoparticles, either by mixing different materials before the particle generation or by
adding new materials further in the production process. Generally, the morphology of
the produced particles can be tuned to some extent by the process parameters, such
as, relative amounts of the materials, temperatures, and residence times. However, the
material properties, such as, saturation vapor pressures, surface energies, and chemical
properties, determine the morphology of the end product.

In Figure 2.2, examples of different morphologies for spherical multicomponent particles are
presented. Here, the morphologies are roughly divided into two categories, internally and
externally structured. The internal structure can be, for example, a metal alloy (Zihlmann
et al., 2014) or a Janus-like particle (Sotiriou et al., 2011a), containing segregated
parts of different materials. More relevant to this thesis are the externally structured
multicomponent nanoparticles: core– shell/encapsulated (Paper II), decorated (Paper
III and IV), and composite doublet (Paper III).
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Core–shell/
encapsulated Decorated Composite doubletJanus-likeAlloy

Internal structure External structure

Figure 2.2: Examples of different types of morphologies for spherical composite particles divided
into two categories.

Ceramic nanoparticles, such as silica, titania, and alumina, coated with noble metals
(palladium, silver, platinum, and gold) can be utilized as gas sensors (Mädler et al., 2006),
catalysts (Keskinen et al., 2006), antibacterials (Sotiriou et al., 2011b), and in optical
applications (Paper IV; Boies et al., 2011). Aerosol techniques, both chemical and
physical routes, have been used for the coating process. The chemical routes include flame
synthesis (Keskinen et al., 2006) and chemical vapor deposition (Binder et al., 2007),
whereas, physical routes usually rely on the coagulation of smaller metal particles and
larger ceramic carrier particles (Boies et al., 2011; Pfeiffer et al., 2015; Sigmund et al.,
2014a).

Due to the small amount of the coating material, as well as, the surface energies between
the metal and ceramic materials (Pfeiffer et al., 2015), typically, the decorated morphology,
consisting of small metal nanodots on a ceramic particle, is obtained. Especially in optical
applications, a ceramic core–noble metal shell structure could be desirable (Oldenburg
et al., 1998). However, to the best knowledge of the author, such morphology has not
been produced by aerosol synthesis methods. On the other hand, core– shell structures
with other types of materials have been successfully synthesized (Karlsson et al., 2004;
Sigmund et al., 2014b; Teleki et al., 2008). In Paper III, silica and titania nanoparticles
were coated with silver by vapor condensation, obtaining decorated and composite doublet
morphologies, respectively.

2.3 Aerosol-assisted fabrication of metamaterials

Aerosol-synthesized nanoparticles can be collected on a desired substrate directly from
the gas phase by different deposition methods, such as, thermophoresis, impaction, and
electrostatic force. This opens up the possibility to incorporate or utilize aerosol particles
in various types of nanostructured metamaterials with unusual properties not found in
nature, such as, electrical, optical, magnetic, and catalytic (Kruis et al., 1998; Magnusson
et al., 2014). The deposition of nanoparticles from the gas phase typically leads to
quasilayers of randomly positioned particles. As the deposition time is increased, highly
porous structures of nanoparticle layers begin to emerge.

In flame synthesis, the temperature difference between the hot flame and the cold
substrate allows direct particle deposition, mainly due to the thermophoretic forces. The
agglomerated particles generated in the flame can be used as different types of functional
coatings with properties, such as, photoactivity and hydrophobicity (Aromaa et al., 2012;
Keskinen et al., 2006). In addition, the porous nanostructures of deposited particles have
been utilized as gas and biosensors (Mädler et al., 2006; Sotiriou et al., 2010). Furthermore,
gas sensors composed of macroscopic conical structures of size-selected flame-synthesized
agglomerates have been fabricated by impaction collection (Keskinen et al., 2009).
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Quasilayers of electrostatically deposited aerosol nanoparticles have been used in the
fabrication of semiconductor nanomaterials, such as quantum dots (Deppert et al.,
1994) and nanowires (Messing et al., 2009). In Paper I, the optical properties of
quasilayers of spherical silver nanoparticles on glass substrates were explored. Furthermore,
electrostatic deposition of nanoparticles allows the patterning of surfaces with a resolution
of approximately 100 nm (Kim et al., 2006), and even the assembly of three-dimensional
structures (Lee et al., 2011).

In order to build bulk-type metamaterials, different nanocoating techniques, such as spin
coating, atomic layer deposition, thermal evaporation, and electron beam evaporation,
can be utilized. For instance, after particle deposition on a substrate, spin coating has
been used to embed nanoparticles in a flexible polymer film (Blattmann et al., 2015;
Sotiriou et al., 2013). Such films can have, for example, magnetic, optical, and conductive
properties, depending on the material of the nanoparticle fillers. Atomic layer deposition
and vacuum thermal evaporation are techniques that have been used to grow ultrathin
films on deposited nanoparticles for water splitting (Valenti et al., 2015) and solar cell
(Jung et al., 2014) applications, respectively. Furthermore, in Paper IV of this thesis,
electron beam evaporation was used in the fabrication of multilayer nanostructured
metamaterials with linear and nonlinear optical properties.





3 Light and nanostructures

3.1 Localized surface plasmon resonance

The absorption and scattering of light, that is, the linear optical properties of metal
nanoparticles immersed in a dielectric environment are dominated by a phenomenon
known as the localized surface plasmon resonance (LSPR) or particle plasmons (Kreibig
and Vollmer, 1995). These particle plasmons rise from the coherent oscillations of the
conduction electrons as a response to the oscillating electric field of the incident light, as
schematically illustrated in Figure 3.1. The resonance wavelength (λ) depends on the size,
shape, and material of the particles, as well as, on the refractive index of the dielectric
environment (Kelly et al., 2003).

Electric field

Light wave
 +  +  +

− − −
e  e  e

 +  +  +

Dielectric environment

Metal nanoparticle

Electron cloud

− − −
e  e  e

Figure 3.1: An illustration of the plasmon oscillations for spherical metal nanoparticles in
a dielectric environment, showing the displacement of the electron cloud in response to the
oscillating electric field of the light.

In everyday life, the LSPR of nano-sized silver and gold particles manifests as intense
colors (Liz-Marzán, 2004), most commonly yellow and red, respectively. Thus, these
small metal particles have been used as decorative pigments in glass coloring, already
since the time of the Romans (Freestone et al., 2007; Gross et al., 1999). Besides art
coloring, the plasmonic nanoparticles have found use in a variety of different applications.
Most notably, as the resonance wavelength is sensitive to the changes in the dielectric
environment, LSPR-based devices have been used for chemical and biological sensing
(Anker et al., 2008; Willets and Van Duyne, 2007). Other interesting applications include,
for example, solar cells (Atwater and Polman, 2010), data storages (O’Connor and Zayats,
2010), cancer treatment (Hirsch et al., 2003), and nonlinear optical devices (Kauranen
and Zayats, 2012).

During the recent years, the LSPRs of aerosol-synthesized metal nanoparticles have been
utilized in ever-increasing rate. The plasmon resonances have been characterized from
the extinction spectra of nanoparticles consisting of silver (Paper I; Pfeiffer et al., 2014),

11
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silver/silica (Paper IV; Sotiriou and Pratsinis, 2010; Sotiriou et al., 2011b), silver/titania
(Gunawan et al., 2009), gold (Svensson et al., 2013; Thimsen, 2011), gold/silica (Boies
et al., 2011; Sotiriou et al., 2014a), gold/titania (Chiarello et al., 2008; Mädler et al.,
2003), and silver–gold/silica (Sotiriou et al., 2014b). This has given information about the
presence of metal particles, the particle size, concentration, morphology, agglomeration,
interparticle distance, and oxidation state. Furthermore, Sotiriou et al. have succesfully
employed flame-synthesized silver/silica particles in plasmonic biosensing and bioimaging
(Sotiriou et al., 2010, 2011a, 2013), as well as, gold/silica particles in photothermal cancer
treatment (Sotiriou et al., 2014a). Other applications for aerosol-synthesized plasmonic
nanoparticles have included, for example, solar cells (Jung et al., 2014; Pfeiffer et al.,
2014), photoelectrochemical water splitting (Thimsen et al., 2011; Valenti et al., 2015),
and surface-enhanced spectroscopy (Du et al., 2015; Saarinen et al., 2014).

3.2 Second-harmonic generation

When a material is irradiated with high-intensity light, the response of the material
polarization to the electric field of the light can become nonlinear. Thus, the oscillating
polarization of a material with a nonlinear optical response generates light at new
frequencies differing from the frequency of the incident light. In other words, the color
of the light changes as it passes through the material. A lowest-order nonlinear optical
process, second-harmonic generation (SHG) or frequency doubling, was first experimentally
demonstrated by Franken et al. (1961), soon after the invention of the laser. In SHG,
light at the doubled frequency and half the wavelength compared to the incident light is
generated. Effectively, two photons at the frequency of the incident light are destroyed
and a photon at the second-harmonic frequency is generated, as depicted by a photon
diagram in Figure 3.2.

Ground state

Virtual state

Incident light

λ0

λ0

λ  = λ /2SHG 0

Second-harmonic light

Figure 3.2: Second-harmonic generation depicted with a photon diagram. Two photons from
the incident light with a wavelength of λ0 are destroyed and a photon of the second-harmonic
light at a wavelength of λ0/2 is generated.

Only non-centrosymmetric materials, which are lacking inversion symmetry, can give
rise to SHG (Boyd, 2008). Typical nonlinear materials are non-centrosymmetric crystals,
such as potassium titanyl phosphate (KTP) (Zumsteg et al., 1976) and lithium triborate
(LBO) (Chen et al., 1989), which are extensively used by the laser industry for the
nonlinear frequency upconversion of infrared light, in order to obtain green and blue
lasers (Risk et al., 2003). Furthermore, SHG techniques have been used for studying non-
centrosymmetric structures found, for example, from biological materials (Campagnola
and Loew, 2003) and nano-sized metal objects (Bautista et al., 2012). Also, as the
inversion symmetry is necessarily broken at material interfaces, SHG techniques can be
used to probe surface properties of materials (Shen, 1989).
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In recent decades, enormous efforts have been made in the fabrication of various types of
different metal –dielectric nanostructures for nanoscale optical devices. The research has
been boosted by the rapid development of novel nano-fabrication techniques. However,
due to the symmetry constraints, the observation of the second-harmonic signal from
metal nanostructures has been mainly limited to surface geometries, such as rough metal
surfaces (Chen et al., 1981), arrays of nanostructures fabricated by lithographic methods
(Aouani et al., 2012; Grinblat et al., 2014; Klein et al., 2006; Kontio et al., 2009; Tuovinen
et al., 2002), and quasilayers of nanoparticles deposited on dielectric substrates (Belardini
et al., 2009; Zhang et al., 2011). Until the current research presented in this thesis
(Paper IV), no efforts have been made to incorporate aerosol synthesis techniques in the
fabrication of nonlinear optical metal–dielectric nanomaterials. In this thesis, aerosol-
assisted fabrication was utilized in the fabrication of bulk-type second-order nonlinear
optical materials.

3.3 Photocatalysis on titania

As incident light interacts with a semiconductor material, a photon with energy equal to
or greater than the band gap (3.2 eV for anatase titania) of the material is absorbed. From
this follows the excitation of an electron from the valence band of the semiconductor to
the conduction band, generating a positive hole in the valence band. Through oxidation–
reduction, the electron–hole pair reacts with oxygen and water molecules, generating
hydroxyl radicals, which are highly oxidative. These radicals can further oxidize organic
compounds forming carbon dioxide and water, for example, in air and water purification
applications (Chong et al., 2010; Fujishima et al., 2000). Figure 3.3 shows a schematic
presentation of the decomposition of organic material by the photocatalytic reaction on
titania.
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Figure 3.3: A schematic of the decomposition of organic material by the photocatalytic reaction
on titania.

Due to the larger surface-to-volume ratio compared to bulk materials, nanoparticles
are excellent candidates for photocatalytic applications. However, the recovery of these
small particles with conventional methods, such as filtration, is not very efficient. In
order to overcome this issue, magnetic recovery of the photocatalytic nanoparticles has
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been introduced (Polshettiwar et al., 2011; Yao et al., 2015). Magnetically separable
photocatalytic nanoparticles compose usually of photocatalytic titania and magnetic iron
oxide, synthesized with wet-chemical methods (Álvarez et al., 2010; Gao et al., 2003;
Watson et al., 2002). Within a few recent years, also aerosol synthesis techniques, flames
(Buyukhatipoglu and Morss Clyne, 2010) and spraying processes (Costa et al., 2012;
Jiang et al., 2014; Li et al., 2011), have been utilized in the production of such composite
nanoparticles for magnetically separable photocatalyst nanopowders. In Paper II of this
thesis, a novel approach to the synthesis of iron oxide– titania composite nanoparticles is
taken by combining the advantages of the two aerosol techniques, the high-production
rate of the flame, as well as, the controllability of the spraying process.



4 Experimental methods

This thesis consists of experimental work performed in several different research laborato-
ries. The aerosol synthesis, measurements, and nanomaterial fabrication was conducted
in the Aerosol Physics Laboratory of the Department of Physics at Tampere University of
Technology (TUT). In addition, a part of the nanomaterial fabrication process, electron
beam evaporation, was performed in the Optoelectronics Research Centre at TUT. The
produced nanomaterials were characterized in the Department of Materials Science and
Optoelectronics Research Centre at TUT, and in the Center of Microscopy and Nanotech-
nology at University of Oulu. Morever, the optical and photocatalytic measurements were
conducted in the Optics Laboratory of the Department of Physics, and in the Department
of Materials Science at TUT, respectively.

4.1 Synthesis

The nanoparticles produced in this thesis were synthesized using aerosol processes in
closed flow systems at atmospheric pressures. In all publications, high-temperature
tubular furnace reactors provided the thermal energy required for the physical and
chemical processes, such as evaporation, chemical decomposition, and sintering. The
furnaces were equipped with either quartz, at temperatures below 1000 ◦C, or alumina
worktubes. The source materials and precursors for the synthesized nanoparticles were
bulk silver (Ag) (purity 99.9 %) (Paper I, III, and IV); TTIP (97 %) (Paper II); TEOS
(98 %) (Paper IV); and nanopowders of iron oxide (Fe2O3) (Paper II), titanium dioxide
(a.k.a. titania) (TiO2), and silicon dioxide (a.k.a. silica) (SiO2) (Paper III).

A flame synthesis method called the liquid flame spray (LFS) (Tikkanen et al., 1997)
was used to produce the nanopowders of iron oxide, silica, and titania, used as source
materials in the subsequent synthesis processes. In brief, in the LFS, a liquid precursor is
sprayed into a high-temperature hydrogen–oxygen flame. Ideally, the sprayed droplets
evaporate, after which the vapor undergoes chemical reactions, leading to the gas-to-
particle conversion. The formed particles grow from condensation and coagulation, usually
resulting into a highly agglomerated end product (Eggersdorfer and Pratsinis, 2014). The
properties of the produced nanoparticles can be tuned with the operation parameters,
such as precursor concentration and feed rate, as well as, the gas flow rates and the
particle collection distance from the burner. A more detailed description of the LFS can
be found from the literature (Aromaa et al., 2007; Haapanen et al., 2015; Mäkelä et al.,
2004).

Figure 4.1 shows a schematic illustration of the experimental setups, with the most
relevant components, used in this thesis. The setups are divided into three parts: particle
generation, size selection and sintering, and coating. Note that not all of these parts are
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used in every experimental setup. Furthermore, the source materials and the furnace
temperatures are listed in the figure. In all setups, nitrogen (N2) was used as a carrier
gas.

Particle generation Size selection and sintering Coating
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Ag
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Coagulation
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Figure 4.1: A schematic illustration showing the main components of the aerosol synthesis
setups used in this thesis (Paper I– IV). The setups are divided into three parts: particle
generation, size selection and sintering, and coating. The used materials and furnace temperatures
are listed in the figure.

In Paper I, spherical and monodisperse silver particles with diameters of 50–130 nm were
generated using an EC method (Scheibel and Porstendörfer, 1983) followed by particle
size selection and sintering in the aerosol phase. First, silver was evaporated from a small
piece of bulk silver situated in the center of a tubular furnace. Due to the temperature
drop after the furnace, the silver vapor condenses into nanoparticles. As the goal was to
produce relatively large nanoparticles, the agglomeration of the particles was enhanced
by increasing the residence time with a coagulation chamber. Monodispersity of the
particles was accomplished with a DMA, after which the silver agglomerates were sintered
to spherical particles. Here, the DMA was placed before the sintering furnace in order to
study the sintering process of the monodisperse particles.

Iron oxide agglomerates encapsulated by titania were produced in Paper II. A sus-
pension containing LFS-generated iron oxide nanopowder and liquid TTIP in isopropyl
alcohol (IPA) was sprayed into a tubular furnace with an atomizer aerosol generator.
In the furnace, first the IPA solution evaporated from the droplets, and then the TTIP
thermally decomposed to titania on the surface of the iron oxide agglomerates via the
liquid-to-particle route, thus, encapsulating an iron oxide agglomerate inside a spherical
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titania particle. Similar type of processes, spraying of nanoparticles suspensed in a
liquid precursor, have been used to synthesize multicomponent particles. The produced
particles have been, for example, zinc oxide nanoparticles embedded in a sub-micron silica
sphere (Abdullah et al., 2004), and sub-micron mesoporous sphere composed of silver-
decorated titania particles (Zhao et al., 2012), in contrast to the core– shell/encapsulated
nanoparticles obtained in this thesis.
The coating process of spherical ceramic nanoparticles of silica and titania using silver
vapor condensation was studied in Paper III. Aqueous suspensions of either LFS-
generated silica or titania nanopowder was sprayed into a sintering furnace in order to
obtain spherical carrier particles. These particles were then coated with silver in a furnace
system containing three separate heating zones, with the bulk silver in the first furnace.
The coating process resulted in silver-decorated silica particles or titania– silver composite
doublets. A DMA between the sintering and the coating furnaces was used to study the
effect of the particle size and the concentration to the acheived silver coating.
In the final publication of this thesis (Paper IV), silver-decorated silica nanoparticles
were produced using a similar coating setup than in Paper III. The silica particles were
synthesized using a CVS method (Heel and Kasper, 2005). TEOS vapor was introduced
into a tubular furnace by bubbling nitrogen through liquid TEOS. After the decomposition
of the TEOS vapor to silica via the gas-to-particle route, the formed nanoparticles were
sintered to spherical. Finally, the silica particles were coated with silver in a single furnace
containing a bulk piece of silver.

4.2 Deposition

The LFS-generated iron oxide, silica, and titania nanoparticles were collected into a
nanopowder directly after the flame with an electrostatic precipitator (ESP) consisting of
two parallel metal plates separated by a distance of approximately 60 mm. High voltage
was applied to the plate that contained several corona wires used to charge the aerosol
particles which were then collected on the grounded plate.
Nanoparticle deposition in the closed flow systems for electron microscopy characterization
and on glass substrates was accomplished with an ESP preceded by a small corona charger.
The charger used in this thesis was introduced by Harra (2010) and later utilized by
Arffman et al. (2014) in the electrical detection of aerosol particles with a high-resolution
low-pressure cascade impactor, whereas, the used ESP was similar to the one introduced
by Krinke et al. (2002). In this thesis, the 5 mm inlet of the cylinder shaped ESP widened
to 100 mm inside the device, leading to a decrease in the particle velocity. Inside the ESP,
a perpendicular electric field of 2.5–4.0 kV cm−1 was applied between the ceiling and the
round collection electrode with a diameter of 20 mm. The charged aerosol particles were
deposited on the desired substrates placed on top of the collection electrode. Figure 4.2
shows a schematic illustration of the particle charging and subsequent deposition with an
ESP. With the knowledge of the particle size and concentration obtained from aerosol
measurements, it was possible to estimate the obtained area fraction of the deposited
particles on the substrate.
Illustrations of the two different types of metamaterial nanostructures studied in this thesis,
(a) a surface sample, and (b) a bulk-type sample, are shown in Figure 4.3, along with
electron microscopy images. The studied surface sample was a quasilayer of spherical and
monodisperse silver nanoparticles (Paper I), and the bulk-type sample was a multilayer
structure with alternating layers of silver-decorated silica nanoparticles and pure silica
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Figure 4.2: A schematic illustration of the particle charging and subsequent deposition on a
substrate with an electrostatic precipitator (ESP).

(Paper IV). In the latter structure, the porous nanoparticle layers were covered with
silica layers with an electron-beam dielectric coater. Due to the porosity, it was suggested
that the silica partially penetrates the particle layer, as also illustrated in Figure 4.3b.
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Figure 4.3: Illustrations and electron microscopy images of the two different types of metal–
dielectric metamaterial nanostructures studied in this thesis: (a) a surface sample with a
quasilayer of silver nanoparticles (Paper I), and (b) a bulk-type multilayer sample with porous
layers of silver-decorated silica nanoparticles separated by layers of pure silica (Paper IV). The
inset shows the proposed structure of the layers.
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4.3 Characterization

Several characterization techniques were used to study the properties of the produced
nanomaterials, both during the nanoparticle synthesis process and after the particle
deposition. Table 4.1 lists the instruments and methods used in the publications of this
thesis. The aerosol measurements refer to the instruments used to detect the aerosol
particles during the synthesis process, whereas, the deposited particles were studied
with electron microscopy imaging, and elemental and phase analysis. Other studied
properties of the produced nanomaterials included optical, both linear and nonlinear, and
photocatalytic properties.

Table 4.1: A list of the instruments and methods used for the characterization of the produced
nanomaterials.

Paper Particle Aerosol Electron Elemental and Other studied
materials measurements microscopy phase analysis properties

I Ag SMPS TEM — Linear optical
CPC SEM

II Fe2O3 SMPS TEM EDS Photocatalytic
TiO2 XRD (Magnetic)

Raman

III SiO2 SMPS TEM EDS —
TiO2 CPC SAED
Ag ELPI+

IV SiO2 SMPS TEM — Linear optical
Ag FIB Nonlinear optical

Aerosol measurements
Aerosol instruments were used to measure the particle number size distributions and
monitor the nanoparticle production in the gas phase in all of the publications. Mainly,
a scanning mobility particle sizer (SMPS) (Wang and Flagan, 1990) composed of a
radioactive neutralizer (Krypton-85), a DMA, and a condensation particle counter (CPC)
measured the size distribution of the generated particles at different stages of the synthesis
processes. The number concentration of the nanoparticles in the gas phase was measured
using a CPC with a cut point of 3 nm in Paper I and III. In addition, the total current
measured by an electrical low pressure impactor (ELPI) (Järvinen et al., 2014; Keskinen
et al., 1992) was utilized in Paper III, as the total current is directly proportional to the
total condensation sink (CS) of the aerosol particles (Järvinen et al., 2015; Kuuluvainen
et al., 2010). Moreover, the CS is the attachment rate of the condensing atoms and
molecules onto the aerosol particles.

Electron microscopy imaging
Electron microscopy imaging is the most reliable method used in this thesis in order
to obtain information about the nanoparticle morphology and the structure of the
nanomaterials. A transmission electron microscope (TEM) was used to image individual
particles deposited on carbon coated metal grids in all of the publications. Furthermore,
an image processing and analysis software ImageJ (Schneider et al., 2012) was used to
calculate the particle number size distributions from the obtained TEM micrographs
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in Paper I. Moreover, a scanning electron microscope (SEM) was used to image the
glass substrates containing the deposited nanoparticles shown in Figure 4.3a. The cross
section of the multilayer nanostucture in Paper IV was fabricated using the focused ion
beam (FIB) technique and imaged with a TEM (Figure 4.3b).

Elemental and phase analysis

The elemental composition of the nanoparticles produced in Paper II and III were
studied with an analytical TEM equipped with an energy-dispersive X-ray spectroscopy
(EDS) instrument. The measured EDS spectra were analyzed both qualitatively and
quantitatively. For the latter, a commercial software was used to calculate the mass
percents of the different elements.

The phase of the produced nanoparticles was analyzed in detail in Paper II and III. In
Paper II, X-ray diffraction (XRD) was used to determine the phase of the both materials,
titania and iron oxide, in the composite particles. As magnetite and maghemite phases
of iron oxide have nearly identical XRD patterns (see e.g. Pinna et al., 2005), Raman
spectroscopy was successfully used to distinguish the crystal structure of the produced
nanoparticles. The crystallinity of the ceramic particles generated in Paper III was
studied using the selected area electron diffraction (SAED) mode of the TEM.

Linear and nonlinear optical properties

Both linear and nonlinear optical properties of the nanoparticles deposited on glass
substrates were studied in this thesis. Simplified schematic illustrations of the experimental
setups are presented in Figure 4.4. The linear optical properties of the samples fabricated
in Paper I and IV were studied by measuring their extinction spectra with ultraviolet–
visible spectroscopy (UV–Vis) at wavelengths of approximately 300–1000 nm (Figure
4.4a). A clean glass substrate was used as a reference, and thus, only the contribution of
the nanomaterial to the optical extinction was included in further analyses.
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Figure 4.4: A schematic illustration of the experimental setup used to measure (a) the linear
(Paper I and IV) and (b) the nonlinear optical properties (Paper IV) of the fabricated samples.
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Besides optical extinction, also the second-harmonic generation of the fabricated multilayer
nanomaterials was determined in Paper IV. This nonlinear optical response was measured
as a function of the angle of incidence (θ) in a Maker-fringe setup (Maker et al., 1962)
(Figure 4.4b). A fundamental beam of laser light with a wavelength of 1064 nm was
focused on the sample plain resulting in the generation of the second-harmonic signal at
a wavelength of 532 nm. The fundamental beam was filtered out after the sample, and
the SHG signal was detected by a photomultiplier tube. A more detailed description
of the measurement setups used to determine the optical properties of the fabricated
metamaterials are presented in the doctoral dissertation of Mariusz Zdanowicz (2014).

Photocatalytic properties
In Paper II, the photocatalytic properties of the encapsulated iron oxide–titania
nanopowder were measured by the discoloration of methylene blue (MB) under a UV
lamp. The concentration of the MB in an aqueous solution was monitored at one hour
intervals by first separating the powder particles from a small amount of the solution, and
then measuring the absorbance of the MB at a wavelength of 665 nm with an experimental
setup similar to the one presented in Figure 4.4a. These measurements were meant to
demonstrate the photocatalytic activity of the produced nanopowder. As no reference
nanopowders were used, the results must be treated qualitatively.





5 Results and discussion

5.1 Tailoring the particle morphology

Figure 5.1 shows a compilation of the different particle sizes, materials, and morphologies
synthesized in this thesis. Illustrations of the particles are placed on a graph were the
horizontal axis indicates the geometric mean diameter (GMD), and the vertical axis
shows the geometric standard deviation (GSD), both measured in the aerosol phase with
an SMPS. The measured GMDs are between approximately 50 and 150 nm, and the
GSDs range from less than 1.1 to approximately 1.9. The narrow distributions with the
lowest GSDs (shaded area in Figure 5.1) were accomplished with the particle size-selection
through a DMA (Paper I and III), while the broader distributions obtained in Paper
II are a result of the used air-blast atomizer (Chen et al., 2011).
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Figure 5.1: The range of particle sizes, materials, and morphologies synthesized in this thesis
(Paper I–IV). The geometric mean diameter (GMD) and the geometric standard deviation
(GSD) of the particles is presented on the horizontal and vertical axis, respectively. The shaded
area (GSD < 1.1) corresponds to the nanoparticles size-selected with a differential mobility
analyzer (DMA).

As seen from Figure 5.1, the synthesized nanoparticles compose of four materials, metallic
silver, as well as, oxides of silicon, titanium, and iron. In the end products, silica had an
amorphous structure and iron oxide was crystalline maghemite. With titania, both crys-
talline anatase and rutile were produced. Furthermore, the different particle morphologies
synthesized in this thesis include both single and two-component nanoparticles: spherical
(Paper I), encapsulated (Paper II), decorated (Paper III– IV), and composite doublet
(Paper III). These morphologies were accomplished mainly using aerosol techniques of
particle sintering (Paper I), coating (Paper III– IV), and encapsulation (Paper II).

23
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Sintering of silver nanoparticles

Spherical silver particles in the size range of approximately from 1 nm (Alanen et al., 2015;
Kangasluoma et al., 2013) to 200 nm (Arffman et al., 2015) have been produced with
aerosol synthesis techniques in the recent years, mostly for test aerosols. In Paper I, fairly
large spherical silver particles (dsphere ≈ 50–130 nm) were produced by sintering DMA
size-selected silver agglomerates (daggl. ≈ 70–200 nm) in a heated flow. The sintering
process was investigated by measuring the mobility diameter of the particles as a function
of the sintering temperature with an SMPS.

Figure 5.2 shows the mobility diameter for three different size-selections as a function
of the sintering temperature, along with schematic illustrations of a silver particle at
different stages of the sintering process. Three processes typical to the particle sintering
can be distinguished from the figure: the compaction, the internal restructuring, and the
evaporation. Starting from the room temperature, at first the mobility diameter of the
agglomerates decreased fairly linearly due to the compaction, until a certain temperature,
the compacting temperature (Tc), introduced by Karlsson et al. (2005), is reached. Even
though, the mobility diameter stays constant after this temperature, internal restructuring
shapes the particles from a spheroid-like to more spherical. According to e.g. Ashby
(1974), Shimada et al. (1994), and Weber and Friedlander (1997), the dominant sintering
mechanism for silver nanoparticles is grain boundary diffusion. Finally, near the bulk
melting point of silver, the particle size begins to decrease again due to evaporation.
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Figure 5.2: The mobility diameter of the size-selected silver nanoparticles as a function of
the sintering temperature. The arrows indicate the compaction temperature, after which the
mobility diameter remains constant until the particles began to evaporate near the bulk melting
point. The schematic illustrations show the evolution of a particle from an agglomerate (mobility
diameter daggl.) to a compact particle, and finally to a spherical particle (dsphere). (Adapted
from Paper I.)

Several studies have investigated the sintering process of monodisperse silver nanoparticles,
usually in the size range of 10–100 nm (Deppert and Magnusson, 2001; Ku and Maynard,
2006; Schmidt-Ott, 1988; Shimada et al., 1994; Weber and Friedlander, 1997). In a recent
study by Arffman et al. (2015), spherical silver nanoparticles as large as 200 nm were
produced by sintering polydisperse agglomerates at a fixed temperature of 800 ◦C. In
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Figure 5.3, the mobility diameter of the size-selected silver agglomerates, as well as, the
compacting temperature as a function of the diameter of the sintered spherical particles
are presented. The findings of Paper I of this thesis are in agreement, and also continue
the trends for larger particle sizes set in the literature.
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Figure 5.3: The mobility size of the size-selected silver agglomerates (left), and the compacting
temperature (right) as a function of the diameter of the sintered spherical particles. The results
of (1) Paper I are compared to the literature values by (2) Schmidt-Ott (1988), (3) Shimada
et al. (1994), (4) Weber and Friedlander (1997), (5) Deppert and Magnusson (2001), (6) Ku and
Maynard (2006), and (7) Arffman et al. (2015).

The two graphs in Figure 5.3 give a rough estimation of the requirements for producing
specific-sized spherical silver nanoparticles by sintering agglomerates. The solid black
line in the left-hand graph shows the required mobility size for the agglomerate size
selection, whereas, the required sintering temperature is within the shaded area of the
right-hand graph. Furthermore, the results suggest that particles with diameters smaller
than approximately 10–20 nm are spherical already at the room temperature. This is
in line with the reported sizes of the silver primary particles (∼7.5–22 nm) (Ku and
Maynard, 2006; Schmidt-Ott, 1988; Shimada et al., 1994; Weber and Friedlander, 1997).
In order to obtain fully spherical particles, the sintering temperature has to be somewhat
higher than the compacting temperature, approximately 50–200 ◦C for spherical particles
with diameters of 50–100 nm, according to Ku and Maynard (2006).

As all the referenced studies employ different experimental setups, it should be noted
that different parameters, such as, the primary particle size, the sintering time, and the
possible impurities will have an effect on the obtained results. For example, the theoretical
sintering time, that is, the time required for the coalescence of two equally sized spheres,
can change orders of magnitudes with relatively small changes in the temperature and
primary particle size (see e.g. Nakaso et al., 2002; Shimada et al., 1994).

Coating of ceramic nanoparticles with silver
Ceramic carrier particles of amorphous silica and crystalline rutile titania were coated via
silver evaporation and subsequent heterogeneous nucleation and vapor condensation in
Paper III. Under investigation was the effect of the different coating parameters: the
material, size, and concentration of the ceramic carrier particles; and the evaporation
temperature of silver. The amount of the evaporated silver was estimated by measurements
with an SMPS and calculations using the evaporation rates reported by Lu and Zhu (2007).
The results along with the upper limit obtained by assuming that the gas was saturated
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with silver (Alcock et al., 1984) are presented in Figure 5.4. Taking into account the losses
of the evaporated silver vapor and the silver particles formed by homogeneous nucleation,
it is obvious that the calculation provides higher values than the measurements.
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Figure 5.4: The total mass concentration of the evaporated silver as a function of the evaporation
temperature measured with an SMPS and calculated using the evaporation rates determined
by Lu and Zhu (2007) (left). The total mass concentration of silver particles measured with an
SMPS and a CPC as a function of the temperature of the second heating zone at an evaporation
temperature of 1200 ◦C (right). In both figures, the solid line corresponds to a full saturation
concentration at the evaporation temperature, and the dashed gray lines represent fits of the
functional form of the silver vapor pressure to the measured and calculated values. (Adapted
from Paper III.)

In order to avoid the homogeneous nucleation of the evaporated silver, the temperature
gradient after the evaporation of silver was optimized by adjusting the temperature of
a second heating zone followed directly after the evaporation furnace. It was assumed
that at the optimal temperature, no silver particles would exit the furnace system. After
setting the evaporation temperature to 1200 ◦C, the concentration of the silver particles
was measured with an SMPS and a CPC. Figure 5.4 shows that at low temperatures,
the steep gradient between the evaporation furnace and the second heating zone allowed
particle formation. On the other hand, at high temperatures the silver stayed in the
vapor phase until particle formation after the second heating zone. However, when the
temperature of the second heating zone was set to approximately 500–800 ◦C, no particles
were detected, even with the CPC alone (cut point 3 nm). Thus, at these conditions,
without the presence of the carrier particles, all the evaporated silver condensates onto
the tube walls. The temperature of the second heating zone was set to 600 ◦C in the
further particle coating experiments.

The effect of the silver coating on the particle mobility diameter, and the morphology
of the coated particles were studied with an SMPS and a TEM, respectively. Figure 5.5
shows how the mobility diameter of the size-selected carrier particles began to increase
after the evaporation temperature reached approximately the melting point of bulk silver.
At the maximum evaporation temperature of 1200 ◦C, the mobility diameter of the silica
and titania particles had increased approximately 10 and 20 nm, respectively. In addition
to this discrepancy in the mobility diameters between the two materials, notable difference
in the particle morphology are evident, as seen from the TEM micrographs in Figure 5.5.
On the silica particles, the silver formed small nanodots or decorations. These decorated
particles are probably the most common morphology obtained in the aerosol coating
processes of ceramic particles with noble metals (Backman et al., 2004; Binder et al.,
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2007; Boies et al., 2011; Pfeiffer et al., 2015; Sigmund et al., 2014a). However, on top of
the titania particles, the silver formed a single larger structure leading to a morphology
that could be described as a composite doublet.
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Figure 5.5: The mobility diameter of the size-selected approximately 90 nm silica (left) and
titania (right) carrier particles as a function of the silver evaporation temperature. The dashed
lines correspond to the melting point of bulk silver. The TEM micrographs show images of the
uncoated and silver-coated silica and titania carrier nanoparticles, with decorated and composite
doublet morphologies, respectively. (Adapted from Paper III.)

TEM micrographs, taken with a higher magnification, of approximately 90 nm silica and
titania nanoparticles coated at different silver evaporation temperatures can be seen
in Figure 5.6. In addition, the insets show typical SAED patterns of the particles at
the corresponding temperatures. These patterns show diffusive rings and reflections
corresponding to amorphous silica and crystalline rutile titania, respectively. The evap-
oration temperature had no effect on the phase of the carrier particles. However, at
the evaporation temperature of 1200 ◦C, reflections from nanocrystalline silver on silica,
and starting from 1000 ◦C, reflections from crystalline silver on titania were observed.
Furthermore, the TEM micrographs show small silver nanodots on both carrier particle
materials already at the evaporation temperature of 900 ◦C.

In the case of the silica, the size of the silver decorations increased with the temperature
from approximately 1 to 10 nm. However, on the titania, the silver formed larger structures,
already at 1000 ◦C, which can been seen to coalescence with each other at 1000–1100 ◦C.
Titania particles smaller than 120 nm contained only one silver structure, whereas, several
structures were observed on larger carrier particles. Furthermore, the silver structures
had different shapes, including triangular, rod-like and hexagonal. Depending on the
evaporation temperature and the diameter of the titania particle, the size of the silver
structures could be tuned between 20 and 100 nm.

Figure 5.7 shows a schematic illustration of the proposed routes to different particle
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Figure 5.6: TEM micrographs of approximately 90 nm silica (top row) and titania (bottom
row) nanoparticles coated with silver at different evaporation temperatures. The insets show
typical SAED patterns from the particles at the corresponding temperatures. The patterns
indicate amorphous silica and crystalline rutile titania particles. At the evaporation temperature
of 1200 ◦C, reflections (marked with arrows) from nanocrystalline silver on silica, and starting
at 1000 ◦C, reflections from crystalline silver structures on titania particles can be observed.
(Paper III.)

morphologies. The migration of the small silver particles, and the subsequent particle
collisions and coalescence on the titania carrier particles was suggested to be the cause
for the composite doublet morphology. This is supported by the relatively high diffusion
coefficient of silver (see e.g. Gontier-Moya et al., 2004), as well as, the formation of the
different shaped silver structures, likely resulting from coalescence of two single crystals,
as suggested by Harris (1995). Due to the amorphous structure of the silica, the particle
surface is rougher, hindering the particle migration (Bartholomew, 2001). Furthermore,
similar sintering experiments by Binder et al. (2010) with palladium-decorated silica and
titania particles showed that the palladium was more stable on silica than on titania.
However, in their study, the decorated morphology was maintained, most likely, due to
the relatively low diffusion coefficient of palladium.
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Heterogeneous nucleation and condensation 
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Coalescence and sintering of migrated particles

Figure 5.7: A schematic illustration of the formation of the ceramic– silver composite particles
with different morphologies. (a) The initial steps are similar for both silica and titania carrier
particles. Due to the differences in the Ag particle migration on (b) silica and (c) titania,
decoration and composite doublets, respectively, are formed. (Paper III.)
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Multicomponent nanoparticles by encapsulation
In Paper II, maghemite iron oxide agglomerates were encapsulated within spherical
titania particles via a liquid-to-particle route. In the simple particle synthesis approach,
iron oxide nanopowder and liquid TTIP suspensed in IPA was sprayed into a tubular
furnace. After spraying, the alcohol evaporated, leaving a TTIP droplet containing a solid
iron oxide agglomerate particle. As the TTIP thermally decomposed to solid titania, the
formed spherical titania particle encapsulated the iron oxide agglomerate. At the furnace
temperature of 500 ◦C, some of the TTIP evaporated before decomposition, forming small
titania agglomerates through the gas-to-particle route, as also previously observed by
Ahonen et al. (1999).

The ratio of iron oxide to titania, as well as, the particle size and morphology was tailored
by the composition of the sprayed suspension. Figure 5.8 shows SMPS measurements of
the particle number size distributions of pure iron oxide particles, as well as, encapsulated
particles generated with two different precursor compositions. The weight percent of the
solid iron oxide nanopowder was the same in both precursors; however, the weight percent
of TTIP in the precursor 1 was an order of magnitude lower than in the precursor 2. The
GMD of the particle size distribution remained unchanged at approximately 80 nm in the
encapsulation process when using the precursor 1, suggesting that the titania only fills
some of the voids in the iron oxide agglomerate, thus, resulting to a partially encapsulated
particle. Due to the higher amount of the TTIP in the precursor 2, the GMD increased
to approximately 130 nm, resulting to a fully encapsulated particle.
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Figure 5.8: Particle number size distribution (top left) of pure iron oxide agglomerates and
encapsulated particles produced with two different precursor compositions resulting to partially
and fully encapsulated particles. The decomposition temperature in the encapsulation was 300 ◦C.
TEM micrograph of a partially and a fully encapsulated iron oxide– titania particle (below). A
typical EDS spectrum from a fully encapsulated particle (top right). The peaks of C, Cu, and Si
were caused by the TEM grid and the equipment. (Adapted from Paper II.)
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The conclusions made from the aerosol measurements were supported by the TEM
micrographs shown in Figure 5.8. Furthermore, an EDS spectrum verified the presence
of iron oxide in the fully encapsulated particles. EDS measurements were conducted for
several individual fully encapsulated particles in order to find out the uniformity of the
produced particles. The composition of the particles corresponded to the composition
of the sprayed suspension, and no dependency on the particle size was detected. The
elemental analysis also showed that some of the smallest particles contained no iron oxide.
The number of these particles was estimated to be approximately 10 % of all the particles.
In the particle mass, this constituted less then one percent.

5.2 Applications

Plasmonic silver nanoparticles
The LSPR of spherical silver particles with diameters of 50–130 nm (Paper I), as well
as, approximately 50 nm silica particles decorated with 1–2 nm silver dots (Paper IV)
were investigated in this thesis. Figure 5.9 shows a comparison of the extinction spectra
of 90 nm silver particles and silver-decorated silica particles deposited on glass substrates
with different area fractions and number of particle layers, respectively, along with TEM
micrographs of the synthesized particles. The optical extinction is the negative logarithm
of the transmittance (− log10 T ), and it includes both the absorption and the scattering
of light.
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Figure 5.9: The optical extinction spectrum of 90 nm spherical silver particles on glass substrate
with different area fractions (left) and silver-decorated silica particles with different number of
1 µm thick particle layers separated by silica layers (right). The nanoparticles are shown in the
TEM micrographs. The insets show the spectra normalized to the maximum extinction of the
LSPR. The wavelength of the LSPR is indicated by the dotted lines. (Adapted from Paper I
and IV.)

A quasilayer of silver particles were deposited on a glass substrate with area fractions
of approximately 2–8 %. The extinction spectra shows multiple peaks, two of which are
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near 400 nm, and a broader peak at a longer wavelength. The theoretical calculations
suggested that the two former peaks are caused by the dipolar and the quadrupolar
resonances. The spectral broadening at the longer wavelength is likely caused by the
particle–particle contacts on the substrate, as a consequence of the random deposition.
This is supported by the normalized extinction spectra showing increasing extinction at
the longer wavelength with increasing area fraction.

The silver-decorated silica particles were deposited in layers with thicknesses of approxi-
mately one micro meter separated by pure silica layers with thicknesses of approximately
200 nm. It was possible to fabricate such thick structures while maintaining the narrow
plasmon resonance due to the silica in the particles. Clearly, this dielectric material
prevented some of the contacts between the individual metal particles. Moreover, as the
size of the silver dots in the decorated particles was considerably smaller than that of
the spherical silver particles, the wavelength of the plasmon resonance was at smaller
wavelengths. The increase in the extinction for decreasing wavelengths is due to the silica
absorption.

A few recent studies have measured the extinction spectra of aerosol synthesized silver
and silica– silver nanoparticles in various dielectric environments, such as deposited on
glass substrates, as powders, in aqueous suspensions, or spin coated inside a polymer
(PMMA). The different aerosol synthesis methods include mainly flames (Sotiriou and
Pratsinis, 2010; Sotiriou et al., 2010, 2011b, 2013), but also sparks and furnaces (Du
et al., 2015; Pfeiffer et al., 2014). Results from the literature along with the findings of
this thesis are shown in Figure 5.10 where the wavelength of the LSPR is presented as a
function of the size of the silver particles. Theoretical and measured reference values of
silver particles embedded in environments with different refractive indices are also shown.
A simple interpretation would be that n = 1.0 corresponds to air, 1.3 corresponds to
water, and 1.5 corresponds to glass.
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Figure 5.10: The wavelength of the localized surface plasmon resonance (LSPR) as a function
of the diameter of spherical Ag nanoparticles. The results obtained in this thesis are compared
to other studies involving aerosol-synthesized Ag nanoparticles: (1) Paper I, (2) Pfeiffer et al.
(2014), and (3) Du et al. (2015); and Ag/SiO2 composite nanoparticles: (4) Paper IV, (5)
Sotiriou et al. (2010), (6) Sotiriou and Pratsinis (2010), (7) Sotiriou et al. (2011b), and (8) Sotiriou
et al. (2013). The reference LSPR wavelengths of Ag nanoparticles in different environments
(n = 1.0–1.5) are (9) calculated from Mie theory (see Paper I), and (10) reported by Kreibig
(2008). The dotted lines are guides for an eye.

If the effect of the silica absorption is subtracted from the extinction spectrum of the
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silver-decorated silica particles synthesized in Paper IV, the wavelength of the plasmon
resonance is at approximately 400 nm, which is consistent with the literature values
measured from flame-generated silver– silica nanoparticles. The results imply that the
dielectric environment consist mainly on the silica, which has a refractive index near 1.5
(Haynes, 2016).

Both theoretical and measured values in Figure 5.10 show that the plasmon resonance
wavelength for silver begins to red-shift after the particle size reaches approximately
50 nm. In Paper I, the wavelength was tuned in the range of approximately 400–
450 nm. As the dielectric environment in the case of the deposited silver nanoparticles
consist of two components, air and the glass substrate, the measured plasmon resonance
wavelengths are naturally between the theoretical values predicted for the individual
dielectric environments. The results for the spherical silver nanoparticles suggest that for
smaller particles, the contribution of the glass substrate is higher. All in all, the plasmon
resonance wavelength can be tuned by the particle size or the dielectric environment. The
latter can be changed, for example, by spin-coating the deposited particles in a polymer
matrix (Du et al., 2015).

Second-harmonic generation from multilayer nanostructures

The SHG of the multilayer silver-decorated silica particles was measured in Paper IV.
In Figure 5.11, the SHG as a function of the angle of the incidence laser light is presented
for samples containing 1–4 particle layers, as well as, for a plain glass substrate. The
measurements show typical fringes caused by the sample geometry with a maximum SHG
intensity at approximately 60°. Moreover, the SHG intensity increases with the number
of particle layers. Figure 5.11 also presents the SHG intensity averaged over all angles of
incidence as a function of the number of layers, showing that the SHG signal from the
4-layer sample was approximately 40 times stronger than the one measured from the plain
glass substrate. Furthermore, the quadratic growth of a simplified thin film model fitted
to the measurements agreed well with the obtained results. A more rigorous model for the
second-harmonic response of the fabricated nanostructures was developed by Zdanowicz
et al. (2014), who determined the components of the second-order susceptibility tensor.
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the measurements. (Adapted from Paper IV.)
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In order to study the origin of the SHG signal, two different types of control samples
were prepared: a thicker 1-layer sample containing equal amount of material with the
4-layer sample (labeled CS1), and a 4-layer sample without the silver decorations (CS2).
Illustrations of the samples are presented in Figure 5.12. The aim of the control samples
was to study the effect of the layered structure and the silver decorations. The extinction
spectrum of CS1 and the 4-layer sample were similar, as expected, since they contained
the same amount of silver and silica. On the other hand, as there were no silver particles
in the structure of CS2, the plasmon resonance was not present, only an increase in the
extinction for decreasing wavelengths due to the silica absorption. Furthermore, CS1 had
similar SHG than the thinner 1-layer sample, while the SHG intensity of CS2 was even
lower than the glass substrate alone.
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Figure 5.12: Illustrations of the different type of layered structures for studying the origin of
the second-harmonic generation (SHG). The extinction spectra (left) and the SHG (right) of the
samples. (Adapted from Paper IV.)

The optical measurements of the control samples showed that both the multilayer struc-
ture and the silver decorations play an important role in the nonlinear optical process.
Furthermore, in order to produce the SHG, the sample needs to be non-centrosymmetric.
Therefore, it was speculated that the silica layer fabricated by the electron-beam dielectric
coater partially penetrates the top of the porous nanoparticle layer, resulting to differences
between the top and the bottom particle layers, as illustrated in Figure 4.3.
The conversion efficiency of the second-order process (η = ISHG/I0) for the 4-layer sample
was estimated to be in the order of 10−12. This value is quite modest but comparable to the
efficiencies of other types of metal nanostructures reported in the literature (η ≈ 10−14 –
10−7) (Aouani et al., 2012; Belardini et al., 2009; Cai et al., 2011; Feth et al., 2008;
Grinblat et al., 2014; Klein et al., 2008; Lu et al., 2010; Park et al., 2012; Zhang et al.,
2011; Zhou et al., 2010). The metal–dielectric metamaterials studied earlier have been
surface geometries, while, the multilayer samples fabricated in this thesis, were bulk-type
structures.
Based on the obtained results, the efficiency of the introduced multilayer structure could
be improved by fabricating thinner particle layers, as well as, by adding more layers to
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the structure. The optimization of the porosity of the particle layers and the amount
of the silver could also lead to higher conversion efficiencies (Zdanowicz et al., 2014).
Furthermore, enhancement in the SHG conversion is also expected when the incident
laser light is operated at a wavelength closer to the LSPR (Kauranen and Zayats, 2012).

Magnetically separable photocatalyst nanopowder

As titania is known to have photocatalytic and iron oxide magnetic properties, the
encapsulated iron oxide– titania nanoparticles synthesized in Paper II could find use as
a magnetically separable photocatalyst nanopowder, for example, for water treatment
applications. According to the Raman spectroscopy measurements (Figure 5.13), the
iron oxide was identified as crystalline maghemite (γ-Fe2O3), typical phase for flame-
generated iron oxide nanoparticles (Strobel and Pratsinis, 2009). Furthermore, no
unwanted hematite was observed, however, due to the broad Raman bands, a minor
contribution from magnetite phase cannot be completely excluded.
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Figure 5.13: The Raman spectrum of the iron oxide nanoparticles (top), along with the
positions of the peaks reported in the literature (de Faria et al., 1997; Shebanova and Lazor,
2003). The XRD pattern of the as-synthesized and calcinated fully encapsulated iron oxide–
titania nanoparticles (bottom). The latter pattern shows peaks typical to crystalline anatase
titania. (Adapted form Paper II.)

According to the XRD measurements (Figure 5.13), the titania in the as-synthesized fully
encapsulated multicomponent nanoparticles was amorphous, as expected from the used
temperatures (Moravec et al., 2001). However, amorphous titania is almost inactive as a
photocatalyst (Ohtani et al., 1997). In order to obtain photocatalytic crystalline anatase
titania, the particles were calcinated at 400 ◦C for one hour. The iron oxide could not be
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detected from the XRD pattern of the fully encapsulated multicomponent particles, most
likely due to the low concentration.

The photoactivity of both the partially and the fully encapsulated particles was measured
by the decolorization of MB in an aqueous suspension. The partially encapsulated
particles were found to be practically inactive as a photocatalyst, most likely due to their
morphology; the titania particles were partly covered by the iron oxide agglomerates.
Thus, the apparent surface area of the titania is considerably reduced by the masking
iron oxide. On the other hand, the fully encapsulated particles showed photocatalytic
activity as seen from Figure 5.14, where the relative absorbance of the MB is presented
as a function of time. Even though, the photocatalytic mechanisms of iron oxide– titania
nanocomposites have been studied earlier (see e.g. Beydoun et al., 2000), an extensive
research is required to find out whether the iron oxide actually increases or decreases the
photocatalytic activity of the titania in the encapsulated nanoparticles synthesized in this
thesis.
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Figure 5.14: The relative absorbance of methylene blue at a wavelength of 665 nm as a
function of the time with the fully encapsulated iron oxide– titanium dioxide nanoparticles as a
photocatalyst. The inset shows photographs of the particles in an aqueous suspension (a) before
and (b) after the application of an external magnetic field. (Adapted from Paper II.)

The magnetic properties of the prepared fully encapsulated iron oxide– titania compos-
ite particles were demonstrated qualitatively. Figure 5.14 shows a photograph of the
nanopowder dispersed in an aqueous suspension. After the application of an external
magnetic field caused by a permanent magnet, the powder particles were attracted to
the wall of the glass container. The observations of the prepared nanoparticles indicate
that the optimal magnetically separable photocatalyst nanopowder would be such where
the iron oxide particles are fully encapsulated by the titania, and at the same time the
particles should have high iron oxide/titania mass ratio.





6 Conclusions and final remarks

As the benefits of nanotechnology have become evident, novel nanoparticle synthesis
methods, new types of nanostructures, and interesting applications are constantly sought
after. Aerosol-based processes are highly intriguing options for the synthesis of nanoparti-
cles and fabrication of metamaterials, as the gas phase techniques are considered tunable,
inexpensive, and scalable even for industrial scale. In this thesis, aerosol-based techniques
for the synthesis of single and multicomponent nanoparticles were explored. Furthermore,
the size, shape, and morphology of the generated particles were tailored in the gas phase.
Finally, the nanoparticles were incorporated by direct deposition from the gas phase into
metamaterials, whose light–matter interactions were characterized.

The different types of nanoparticles, including spherical silver particles, titania-encapsu-
lated iron oxide particles, silver-decorated silica particles, and silver– titania composite
doublet particles, were synthesized and tailored using aerosol techniques, such as, particle
size-selection, sintering, encapsulation, and coating. The particle size-selection with a
differential mobility analyzer followed by a sintering step at elevated temperatures is a
widely used aerosol technique for producing monodisperse spherical nanoparticles. The
results obtained in this thesis were in line and continued the trends set by the previous
studies found in the literature. It should be noted that monodisperse spherical aerosol
nanoparticles can also be produced with other methods, such as, vapor condensation
(Yli-Ojanperä et al., 2010; Zihlmann et al., 2014).

The simple particle encapsulation technique introduced in this thesis consisted of spraying
a liquid precursor containing solid particles into a tubular furnace. Through a liquid-to-
particle conversion, the precursor thermally decomposed, encapsulating the solid particle.
This technique could be applied to the synthesis of multicomponent nanoparticles with
different materials, provided that the decomposition of the liquid precursor occurs before
the evaporation. In this thesis, the technique was demonstrated by synthesizing titania-
encapsulated iron oxide nanoparticles. As titania and iron oxide are known to possess
photocatalytic and magnetic properties, respectively, the produced particles could find
use as magnetically separable photocatalyst nanopowder.

Ceramic silica and titania nanoparticles were coated with silver by physical vapor conden-
sation. The homogeneous nucleation of the evaporated silver was minimized by optimizing
the temperature gradient after the evaporation. It was found that the morphology of the
multicomponent particles depended strongly on the material of the carrier particles. Silver
formed small nanodots with diameter of 1–10 nm on silica particles, whereas, larger silver
structures with diameter of 20–100 nm were formed on titania particles. Furthermore,
the silver structures on these composite doublet particles had different shapes, such as,
triangular, rod-like, and hexagonal. It was proposed that the silver migration on the
titania particles was the main mechanism leading to this interesting morphology.
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Localized surface plasmon resonance, a phenomenon that predominantly determines the
linear optical properties of noble metal nanoparticles, can be utilized in applications,
such as, colored coatings, biosensors, and solar cells. The use of aerosol techniques in the
fabrication of plasmonic materials has increased rapidly in the recent years. In this thesis,
the resonance wavelength of spherical silver nanoparticles deposited on a glass substrate
was tuned between approximately 400–450 nm. In addition, as the particles were fairly
large, higher order resonances were observed. However, due to the random particle
deposition process, the particle–particle contacts on the substrate caused unwanted
spectral broadening with higher area fractions. Silver-decorated nanoparticles, on the
other hand, retained the narrow plasmon resonance even for high particle number densities,
thus, allowing the fabrication of thicker bulk-type optical structures.

Multilayer nanostructures consisting of alternating layers of silver-decorated silica nanopar-
ticles and pure silica were used as metamaterials with the ability to double the frequency
of the incident laser light. This second-harmonic generation was measured for the first
time from a nanostructure fabricated with aerosol techniques. Due to the porous structure
of the deposited nanoparticle layers, non-centrosymmetric bulk-type materials, required
for the second-order nonlinear optical process, were formed. As the fabricated nonlinear
optical materials were not optimized, the achieved conversion efficiency could be further
improved by at least a few orders of magnitude. Furthermore, the nonlinear optical
properties of similar bulk-type multilayer nanostructures, fabricated by atomic layer
deposition, are currently being studied (Alloatti et al., 2015; Clemmen et al., 2015).

All of the introduced and studied synthesis techniques and applications for the aerosol
nanoparticles require further development and extensive research before they can be
adapted to the industrial scale. However, I am confident that many of the issues considered
in this thesis are of interest to people working with aerosol synthesis or nanotechnology in
general. The enormous progress in the nanotechnology, even during the relatively short
period of my doctoral thesis project, has become evident for me. Although, prediction is
very difficult, especially about the future, it is very likely that the nano is here to stay.
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Abstract Aerosol techniques were used to synthe-

size spherical and monodisperse silver nanoparticles

for plasmonic materials. The particles were generated

with an evaporation–condensation technique followed

by size selection and sintering with a differential

mobility analyzer and a tube furnace, respectively.

Finally, the nanoparticles were collected on a glass

substrate with an electrostatic precipitator. The parti-

cle size distributions were measured with a scanning

mobility particle sizer and verified with a transmission

electron microscope. A spectrophotometer was used to

measure the optical extinction spectra of the prepared

samples, which contained particles with diameters of

approximately 50, 90 and 130 nm. By controlling the

particle size, the dipolar peak of the localized surface

plasmon resonance was tuned between wavelengths of

398 and 448 nm. In addition, quadrupolar resonances

were observed at shorter wavelengths as predicted by

the simplified theoretical model used to characterize

the measured spectra.

Keywords Aerosol synthesis � Silver nanoparticle �
Localized surface plasmon resonance

Introduction

Nanoparticles are widely studied and utilized in many

scientific fields due to their unique properties, which

differ from the corresponding bulk material. Optical

properties of noble metal nanoparticles, such as silver

and gold, are dominated by coherent oscillations of

conduction electrons which give rise to localized

surface plasmon resonances (LSPR) (Kreibig and

Vollmer 1995; Halas 2010). These resonances can be

tuned to a desired wavelength by changing the particle

size, shape and dielectric environment (Kelly et al.

2003). Such tunability is essential for several inter-

esting applications of nanophotonics, including sur-

face-enhanced Raman spectroscopy (Nie and Emory

1997), optical data storage (Ditlbacher et al. 2000),

cancer imaging and therapy (Loo et al. 2005),
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biomarkers (Sotiriou et al. 2011), biosensors (Hoa

et al. 2007), plasmonic solar cells (Catchpole and

Polman 2008) and colored coatings (Beyene et al.

2011).

Various techniques have been used to prepare both

silver and gold nanoparticles for optical studies, for

example ion implantation (Stepanov 2011), sputtering

(Xu et al. 2005), pulsed laser deposition (Donnelly

et al. 2006) and wet chemical techniques (Liz-Marzán

2004). These techniques usually offer very poor and

often rather restricted size control of spherical nano-

particles which results only in relatively small parti-

cles with diameters less than *30 nm. However, the

size range of spherical nanoparticles generated in the

gas phase with aerosol techniques covers practically

the whole nanoscale from a few nanometers to over

100 nm. This gives the opportunity to tune the LSPR

more extensively. In addition, aerosol synthesis

requires neither expensive vacuum technology nor

liquid solvents. Aerosol processes are also continuous,

scalable, and the generated nanoparticles can be

directly deposited on the desired substrate. Therefore,

aerosol synthesis offers high potential for preparing

nanoparticles for plasmonic materials.

Different aerosol synthesis techniques of silver

nanoparticles have been widely studied (Mäkelä et al.

2004; Ku and Maynard 2006; Tabrizi et al. 2009). In

addition, silver nanoparticle samples for different

types of applications have been previously prepared

with aerosol techniques. For example, Deppert et al.

(1994) deposited spherical silver particles on a semi-

conductor to serve as etch masks for quantum-dot

structures and Kang et al. (2004) prepared patterns

consisting of silver nanoparticles for electronic

devices. More recently, Sotiriou et al. (2010) used a

flame aerosol method to prepare silica coated silver

particles for plasmonic biosensors. The silica coating

prevented flocculation of the silver particles when

dispersed in aqueous suspensions. Thus, the plasmon

spectrum was tuned by controlling the amount of silica

in the samples. However, aerosol techniques, espe-

cially the particle size control aspects, have not been

fully exploited in the preparation of plasmonic

materials.

In the present study, aerosol techniques were used

to prepare plasmonic materials. The prepared samples

consisted of spherical and monodisperse silver nano-

particles with diameters of approximately 50, 90 and

130 nm deposited on a glass substrate. As a result of

the particle size control, the dipolar resonance of

the samples was tuned within the wavelengths

398–448 nm. Furthermore, the measured extinction

spectra displayed additional peaks at shorter wave-

lengths. The theoretical calculations confirmed that

these peaks are most likely quadrupolar resonances.

Experimental

Figure 1 shows a schematic diagram of the entire

experimental setup to prepare the silver nanoparticle

samples. The particles were generated using an

evaporation–condensation technique introduced by

Scheibel and Porstendörfer (1983). A ceramic crucible

containing a small amount of bulk silver was placed

inside the ceramic worktube of a tube furnace

(Carbolite TZF 15/50/610). The silver was evaporated

at the center of the furnace at temperatures between

1,300 and 1,400 �C. The formed metal vapor was first

carried out of the furnace and then diluted with inert

gas streams of nitrogen (N2). Both flow rates were set

at 3 L/min with mass flow controllers (MFC). Because

of the sudden temperature decrease after the furnace,

the silver vapor condenses to form primary nanopar-

ticles, which then coagulate to form agglomerates.

According to previous studies with similar particle

generation setup, the chain-like silver agglomerates

consist of spherical primary particles with diameters

of approximately 20 nm (Weber and Friedlander

1997; Ku and Maynard 2006). In the present study,

coagulation was enhanced by placing a coagulation

chamber with a volume of 8.5 L in the flow line.

After the chamber, the aerosol passed through a

radioactive Am-241 source, which was used for

bipolar charging of the particles. A narrow particle

size distribution was then selected from the aerosol

with a differential mobility analyzer (DMA) (Knutson

and Whitby 1975). This standard instrument classifies

particles with an electric field according to their

electrical mobility, which is a function of the size and

charge of an aerosol particle. The selected particles are

mostly singly charged, either negatively or positively.

The mean size and the width of the selected size

distribution can be altered by changing the voltage and

flow rates in the DMA. The sheath and excess flow

rates of the Vienna type DMA used in this study were

set to 10 L/min with MFCs, while the sample flow rate

was 1.5 L/min. After the DMA, the size-selected

Page 2 of 10 J Nanopart Res (2012) 14:870
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agglomerates were sintered to spherical nanoparticles

in an additional tube furnace (Schmidt-Ott 1988;

Karlsson et al. 2005). A quartz worktube was used in

the sintering furnace (Carbolite MTF 12/38/400), and

the temperature of the furnace was set to 800 �C.

Even though the size-selected and sintered silver

particles were already charged, their charge level was

increased with a unipolar corona charger to ensure that

the electrical mobility of the particles is high enough

for electrical collection. An electrostatic precipitator

(ESP), similar to the one studied by Krinke et al.

(2002), was used to collect the silver nanoparticles on

a substrate. The cylinder shaped ESP had an inlet with

a diameter of approximately 5 mm which widened to

100 mm inside the ESP. This caused the velocity of

the particles to decrease, while a nearly perpendicular

electric field of 2.5 kV/cm pulled the charged particles

on a substrate which was placed on a round electrode

with a diameter of 20 mm. Due to the increased

particle charge obtained in the corona charger, the

collection efficiency of the ESP exceeded 90 %. The

substrates were standard 1 mm thick microscope glass

slides. In addition, particles were collected on carbon-

coated copper TEM grids for electron microscopy.

A scanning mobility particle sizer (SMPS) (Wang

and Flagan 1990) consisting of a DMA (TSI Model

3081) and a condensation particle counter (CPC, TSI

Model 3025) was used to measure particle size

distributions in the gas phase both before and after

the size selection at sampling 1 and sampling 2,

respectively. The CPC alone measured the number

concentration of the size-selected and sintered parti-

cles at sampling 2. After the collection, the nanopar-

ticles were studied with a transmission electron

microscope (TEM, Jeol JEM-2010), and particle size

distributions were determined from the TEM images

with an image processing program ImageJ (Abràmoff

et al. 2004). In addition, a scanning electron micro-

scope (SEM, Zeiss ULTRA PLUS) was used to study

the actual glass samples with the deposited particles.

The extinction spectra of the samples were measured

with a UV–VIS spectrophotometer (Shimadzu UV-

3600). A clean microscope glass slide was used as a

reference sample.

Pump

Sampling 2:
SMPS
CPC

Ag

MFCN

MFC

N

Tube furnace

Coagulation
chamber

Exhaust

Am-241
Sampling 1:

SMPS

HV

MFC N

MFC Pump

DMA

Sintering
furnace

Corona charger

Glass

HV

ESP

Fig. 1 The experimental setup for preparing silver nanoparticle samples
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Results and discussions

Aerosol measurements

Figure 2 shows the original particle size distribution

of silver agglomerates before the size selection for

different furnace temperatures at sampling 1. The

measured distributions were log-normally distributed

ranging from a few nanometers to hundreds of

nanometers depending on the temperature of the tube

furnace. When the temperature was increased from

1,000 to 1,400 �C, the geometric mean diameter of the

size distribution increased approximately from 10 to

70 nm. In addition, the total concentration of the

particles increased by approximately two orders of

magnitude from 105 to 107 #/cm3. Both increases, the

particle size and concentration, resulted from the

higher evaporation rate of silver at higher tempera-

tures. In order to avoid extensive collection times

during the sample preparation, it was preferable to

have high particle concentration. Therefore, the tube

furnace was set to temperatures of 1,300-1,400 �C

during the sample preparation.

Size distributions of the size-selected and sintered

particles were measured with the SMPS at sampling 2.

Figure 3 shows typical examples of the particle size

distributions for different sintering temperatures.

When the sintering temperature was increased, the

particle concentration decreased. In addition, the size

distribution shifted to smaller particle sizes and

became slightly narrower. However, at temperatures

near the bulk melting point of silver (962 �C), the size

distribution clearly broadened. It should also be noted

that there is a second, much weaker, particle mode

with a larger particle size. This mode partly merges

into the main mode when the temperature is increased.

These larger particles are most likely doubly charged

by the radioactive source. Therefore, they have the

same electrical mobility as the desired particles. This

results in their selection in the DMA. In order to

eliminate these particles and to narrow the size

distribution before the collection, another DMA could

be used after the sintering furnace for a second size

selection. However, that might notably lower the

particle concentration and lead to extended collection

times.

Three particle sizes were chosen for the sample

preparation. Agglomerate sizes of approximately 70,

150 and 220 nm were selected with the DMA and

sintered to spherical nanoparticles with diameters of

approximately 50, 90 and 130 nm, respectively. For

the preparation of the 50, 90 and 130 nm particles,

tube furnace temperatures of 1,300, 1,350 and

1,400 �C, respectively, were used. Figure 4 shows

the mode sizes of the particle size distributions as a

function of the sintering temperature for the three size-

selected particle sizes. According to Karlsson et al.

(2005), the sintering process can be divided into three

steps: compaction, internal rearrangement and evap-

oration, which are also evident in Fig. 4. First, at near

room temperatures, the diameter of the agglomerates

begins to decrease due to compaction. After the

sintering temperature exceeds approximately 300-

500 �C, depending on the particle size, the particle

Fig. 2 Size distributions of silver agglomerates for different

furnace temperatures. A log-normal distribution has been fitted

to each measurement

Fig. 3 Size distributions of size-selected silver particles

sintered at different temperatures. The temperature of the tube

furnace was 1,350 �C
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diameter stays constant. This means that the compac-

tion has finished. However, internal rearrangements

still occur, which lead to spherical particles with

higher degree of crystallinity. Finally, at temperatures

near the bulk melting point of silver, the particle size

suddenly decreases again because of evaporation as

reported by Schmidt-Ott (1988). To ensure that the

silver nanoparticles were as spherical as possible

without excess losses, the sintering temperature was

set to 800 �C for the sample preparation.

Figure 5 shows the final normalized size distribu-

tions of the three size-selected and sintered particle

sizes before the collection. Normal distributions were

fitted to the size distributions with mean diameters of

50.3, 94.5 and 132.2 nm and relative standard

deviations of 9.1, 9.5 and 9.6 %, respectively. The

small tails caused by the doubly charged particles were

not taken into account in the fitting.

Electron microscopy

Figure 6 shows TEM images of the size-selected and

sintered silver nanoparticles collected on carbon-

coated copper TEM grids. The sintering was success-

ful, since most of the particles are spherical. However,

deviations from spherical shape can be noted with

some of the larger silver particles, which are slightly

elongated. In addition, some of the particles are

attached to each other, most likely during the collec-

tion process, and form agglomerates consisting of two

or more spherical particles. This means that when the

particle coverage on the substrate is increased, the

fraction of separated particles will decrease. More-

over, if the spherical particles have a galvanic

connection to each other, the optical properties of

the nanoparticle samples most likely differ from an

ideal situation. A possible way to prevent these

galvanic connections would be to coat the silver

particles with a dielectric material in the gas phase

before the collection. This method could also be used

to change the dielectric environment of the particles.

The collection times for the 50, 90 and 130 nm

silver particles in the TEM samples were 163, 68 and

57 min, respectively. Rough estimates of the particle

coverage on the substrate were made before the

collection based on the particle concentration mea-

sured with the CPC, the flow rate in the ESP, and the

size of the collection electrode. It was assumed that the

particles are monodisperse and that the collection was

ideal. The estimated particle coverage in all the TEM

samples was 6 %, while the coverages calculated from

several TEM images for the 50, 90 and 130 nm

particles were 4.2, 7.4 and 3.4 %, respectively. The

measured coverages are reasonably close to the rough

estimate. The reason for the low coverage of the

130 nm particles can be explained with non-ideal

collection due to the low electrical mobility of the

larger nanoparticles. It was evident that the collection

area of the 130 nm particles was slightly larger than

the area of the collection electrode.

Particle area distributions in the TEM samples were

determined from several TEM images and converted

to particle size distributions assuming spherical shape.

Figure 7 shows size distributions of the three different

Fig. 4 The mode size of the size-selected silver particles as a

function of the sintering temperature. At 800 �C, the particles

are spherical with diameters of approximately 50, 90 and

130 nm

Fig. 5 Normalized size distributions of the size-selected silver

particles sintered at 800 �C. The total particle number concen-

tration was 4 � 104; 3 � 104 and 1:5� 104 #=cm3 for the 50,

90 and 130 nm particles, respectively. A normal distribution has

been fitted to each measurement
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samples shown in Fig. 6. Clearly all of the size

distributions have two distinctive modes. The largest

peaks at particle sizes of 46.6, 90.9 and 130.4, with

relative standard deviations of 10.7, 9.2 and 8.7,

respectively, correspond to separated spherical parti-

cles. The particle sizes and deviations are in good

agreement with the SMPS measurements in Fig. 5.

The second mode is partly caused by the tail extending

to larger particles observed in the SMPS measure-

ments. However, the main reason is the agglomeration

on the substrate during the collection process as

discussed earlier. In Fig. 7, the vertical lines, near the

peaks of the second modes, at particle sizes of 71, 127

and 184 nm correspond to two attached spherical 50,

90 and 130 nm particles, respectively.

Figure 8 shows SEM images of the actual samples

containing 90 nm silver particles on a glass slide with

surface coverages of approximately 2 and 8 %. In the

sample with 2 % coverage, the particles are mostly

separated whereas the sample with 8 % coverage

contains also agglomerates with sizes up to a few

hundred nanometers. Sotiriou et al. (2010) found

micrometer sized silver agglomerates from nanosilver

films on a glass slide. These large agglomerates were

formed within an aqueous suspension. However, no

similar large silver agglomerates can be found in

Fig. 8b and the particles are rather homogeneously

dispersed, most likely because in this study the

particles were deposited directly on the glass substrate

from the aerosol phase. Direct deposition was also

applied by Mädler et al. (2006) in the preparation of

tin dioxide films using a flame aerosol method. These

films were homogeneous and highly porous with a

thickness of up to a few tens of micrometers.

Evidently, the process yield in flame techniques is

much higher than in the more delicate size selective

furnace technique used in this study, in which the total

process yield was estimated to be on the order of

10 lg/h.

Comparing the optical measurements

with the theoretical calculations

Figure 9a–c show extinction spectra of the prepared

silver nanoparticle samples with particle diameters of

approximately 50, 90 and 130 nm, respectively. Three

extinction spectra are shown with each particle size.

These spectra correspond to samples with different

particle coverages ranging approximately from 2 to

8 %. Obviously, as the particle coverage on the

substrate increases, the extinction increases as well.

For qualitative analysis of the measured extinction

spectra, the systems were modeled by using a classical

electrodynamical approach. A single homogeneous

spherical particle in a homogeneous background

medium was assumed and the excitation source was

modeled as a time-harmonic plane wave. The solution

for the problem was obtained by using Mie theory

(Bohren and Huffman 1998), and finally the extinction

cross-sections were deduced. Two refractive indices,

1.0 and 1.5, were used for the dielectric background

medium to examine two extreme cases where the

surrounding medium is air or the glass substrate. In

addition to single particles, the cross-sections for

distributions of spherical particles were calculated by

using the size distributions from Fig. 7. The calculated

spectra are shown in Fig. 9d–f, for silver particles with

diameters of 50, 90 and 130 nm, respectively.

Fig. 6 TEM images of size-selected and sintered silver nanoparticles with diameters of approximately a 50, b 90 and c 130 nm
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The measured extinction spectra display multiple

peaks, of which two are near 400 nm and one at a longer

wavelength. By comparing the measured spectra to the

two single particle theoretical spectra, it can be

concluded that the peaks (peak 1) at wavelengths of

398, 415 and 448 nm for the 50, 90 and 130 nm

particles, respectively, are most likely dipolar LSPR

peaks. The positions of these peaks fit between the

dipolar resonance peaks of the two extreme cases.

In addition to the red-shift of approximately 50 nm, the

dipolar LSPR peaks broaden with increasing particle

size, as expected from the theoretical calculations.

However, the peaks in the measured spectra are not as

sharp as implied by the theoretical calculations. This

discrepancy can be explained with the low particle

coverage in the samples. The average distance between

the particles is roughly of the order of the wavelength

and the samples contain particle free areas which lead to

absorption flattening (Duysens 1956).

In addition to the dipolar resonances, the measured

spectra show extinction peaks (peak 2) at shorter

wavelengths of 367, 374 and 388 nm for the 50, 90 and

130 nm particles, respectively. Similar resonance

peaks, which increase with particle size and refractive

index, can be observed in the theoretical results. These

peaks are quadrupolar plasmon resonances, as was

verified by the theory. For the 50 nm particles, the

theory is unable to explain the extinction peak in the

measured spectrum as the quadrupolar resonance is

very weak. For the larger particles, the quadrupolar

resonance most likely contributes to the measurements.

Fig. 7 Size distributions of size-selected and sintered silver

nanoparticles with diameters of approximately a 50, b 90 and

c 130 nm. The distributions were calculated from several TEM

images assuming that particles are spherical. The number of

counted particles was 2546, 1289 and 594 for the 50, 90 and

130 nm particles, respectively

Fig. 8 SEM images of 90 nm silver particles on a glass slide

with a surface coverage of approximately a 2 and b 8 %
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In Fig. 10, the wavelengths of peaks 1 and 2 are

presented as a function of the particle diameter

together with the theoretical wavelengths of the

dipolar and quadrupolar peaks for dielectric indices

of 1.0–1.3. Even though the particle size dependence

of the measured peaks differs from the theoretical

resonances, these results strengthen the previous

hypotheses, i.e. the dipolar and quadrupolar reso-

nances clearly contribute to the measured peaks.

The broad extinction peaks in the measured spectra

at longer wavelengths, approximately at 650, 750 and

over 800 nm for 50, 90 and 130 nm particles, respec-

tively, are not visible in any of the theoretical results.

The extinction of these peaks as well as the ones below

400 nm becomes stronger in relation to the dipolar

resonances with increasing particle coverage. This
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Fig. 9 Measured extinction

spectra of the silver

nanoparticle samples with

particle sizes of

approximately a 50, b 90

and c 130 nm and calculated

theoretical extinction

spectra of spherical silver

particles with diameters of

d 50, e 90 and f 130 nm. The

three measured spectra in a–

c correspond to different

particle coverages.

Theoretical spectra in d–

f were calculated for single

particle using refractive

indices of 1.0 and 1.5 and for

particle size distribution

using a refractive index of

1.0 for the dielectric

environment
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Fig. 10 The wavelengths of the extinction peaks as a function

of the particle diameter. The theoretical dipolar and quadrupolar

LSPR peaks for different refractive indices of the background

medium were calculated from the single particle model
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implies that the extinction peaks are likely related to the

agglomeration of the particles during the collection.

The theoretical calculations that use the particle

distributions instead of single particle show better

correspondence to the measurements for the long

wavelength part of the dipolar resonance peak. They

also suggest that higher order resonance peaks are

nearly indistinguishably merged to the dipolar reso-

nance peaks. However, even these calculations cannot

fully explain the extinction peak of the 50 nm particles

below 400 nm and the peaks over 600 nm.

The theoretical model predicts the main characteris-

tics of the prepared silver nanoparticle samples, i.e. the

locations of the dipolar plasmon resonances. Discrepan-

cies occur mostly for two reasons. First, to keep the

model simple, the dielectric substrate has been neglected

even though the substrate is known to significantly red-

shift plasmon resonances (Malinsky et al. 2001). To

some extent, this effect can be accounted for by tuning

the refractive index of the surrounding medium but for

quantitative analysis this is insufficient. Second, the real

particle distributions also contain some non-spherical

particles as shown in Fig. 6. Prolate ellipsoids and

elongated bar shaped particles have been shown to

exhibit plasmon oscillations along distinctive particle

dimensions with significantly different resonance wave-

lengths (Gotschy et al. 1996; Kooij and Poelsema 2006).

In addition, dimers of metal nanoparticles display

different plasmon resonances for incident wave polar-

izations parallel and perpendicular to dimer axis. The

wavelengths of these resonances are red and blue-

shifted, respectively, in comparison to the single particle

resonance (Atay et al. 2004).

Conclusions

Plasmonic silver nanoparticle samples were prepared

with aerosol techniques. The preparation technique

consisted of a continuous chain of consecutive steps in

the gas phase. First, agglomerated silver particles were

generated in a tube furnace with an evaporation–

condensation technique. The particle generation was

followed by a selection of a narrow particle size

distribution with a differential mobility analyzer and a

sintering step in an additional furnace to obtain

spherical particles. Finally, the size-selected and

spherical silver nanoparticles were collected on glass

substrates with an electrostatic precipitator.

The size of the silver particles calculated from the

transmission electron microscope images was consis-

tent with the measurements in the gas phase with the

SMPS. This shows that the particle size control, which

is important for tuning the localized surface plasmon

resonance, can be very accurate when using aerosol

techniques. In the present study, the size of the

particles ranged within approximately 50–130 nm

with a relative standard deviation close to 10 %.

However, a small tail caused by doubly charged

particles was also observed in the size distributions. At

the expense of the collection time, it might be possible

to further narrow the particle size distribution.

Since chain-like silver agglomerates were not

present in the electron microscopy images and most

of the particles were spherical, the sintering was

effective. However, some of the larger nanoparticles,

with diameters over *100 nm, were slightly elon-

gated. The authors are not aware of any prior work that

contains aerosol synthesis of spherical silver particles

with diameters over 100 nm. Therefore, it is possible

that the sintering step might set some limitations to the

synthesis of large and completely spherical silver

nanoparticles. The electron microscopy images also

revealed that the particles attach to each other during

the collection and form dimers, trimers, etc. on the

substrate. These unwanted contacts could be elimi-

nated by coating the nanoparticles in the gas phase

with dielectric material before the collection.

The dipolar resonance of the prepared silver

nanoparticle samples was tuned from 398 to 448 nm

by changing the particle size in the samples. In

addition to the dipolar resonance peak, other peaks

were observed in the extinction spectra. The quadru-

polar resonances evidently contributed to the extinc-

tion, especially with the larger particles. However, the

dipolar and quadrupolar resonance peaks predicted by

the simplified model were not able to explain all the

characteristics of the measured extinction spectra,

most likely because the theoretical model did not take

into account particle dimers, elongated particles and

the effects caused by the substrate.

All in all, plasmonic silver nanoparticle samples

were successfully prepared. Furthermore, the possibility

to control the size of the nanoparticles over a wide size

range with the help of aerosol techniques improves the

tunability of the localized surface plasmon resonance.

Consequently, aerosol techniques offer high potential

for tailoring nanoparticles for plasmonic materials.
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Composite nanoparticles are of a great interest due to the possibility of combining properties of several differ-
ent materials. In this study, a spray pyrolysis process utilizing flame-synthesized nanopowder was used to
generate iron oxide–titanium dioxide (γ-Fe2O3–TiO2) composite nanoparticles. Iron oxide and titanium diox-
ide were selected because they are known to have magnetic and photocatalytic properties, respectively.
First, dry γ-Fe2O3 nanopowder was prepared with the liquid flame spray technique. After that, the flame-
synthesized nanoparticles were mixed with liquid titanium(IV) isopropoxide (TTIP) and isopropyl alcohol.
This mixed-phase precursor was sprayed into a tube furnace where TTIP thermally decomposed to form
solid TiO2, encapsulating the γ-Fe2O3 powder particles. The synthesized nanoparticles were characterized
with aerosol measurements, transmission electron microscopy, X-ray diffraction and Raman spectros-
copy. The size distributions of the composite nanoparticles were broad, and the mode diameters were
80–130 nm. The particles consisted of a γ-Fe2O3 agglomerate that was either partially or fully encapsulated
by a spherical TiO2 particle, depending on the concentration of TTIP in the mixed-phase precursor. The
flame-synthesized iron oxide powder was crystalline maghemite, whereas, spray pyrolyzed titanium dioxide
had amorphous phase. The as-synthesized composite nanoparticles were calcinated to attain crystalline ana-
tase TiO2. The crystal structures as well as demonstrated photoactivity andmagnetic response suggest that the
composite nanoparticles could find use as magnetically separable photocatalyst.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Combining different materials at the nanoscale provides an oppor-
tunity to engineer composite nanoparticles with enhanced or multi-
ple unique properties, such as antibacterial, catalytic, magnetic, and
plasmonic functionalities. Depending on the desired functional proper-
ties, the morphology of the composite nanoparticles can be, for exam-
ple, core–shell, decorated, or Janus-like [1–3]. Therefore, controlled and
flexible synthesis techniques are required.

Maghemite iron oxide crystallites (γ-Fe2O3) and anatase titanium
dioxide (TiO2) are known for their magnetic response and photocata-
lytic activity, respectively. If these two materials are combined at the
nanoscale, the formed γ-Fe2O3–TiO2 composite nanoparticles could
serve as magnetically separable photocatalyst for water treatment
and other applications [4,5]. Most syntheses of such composite nano-
particles are based on wet chemical techniques [6–9]. Gas phase

synthesis techniques, however, have gained popularity because they
are versatile, inexpensive, and scalable [10–12].

Both flame synthesis and different synthesis techniques utilizing
high-temperature furnaces have been used for gas phase synthesis of
multicomponent nanoparticles.When using flame aerosol techniques,
different liquid or solution-based precursors can be mixed together
[13], or the flame-synthesized particles can be coated in an enclosed
reactor [14]. Furnace aerosol techniques, on the other hand, have
been used to synthesize composite nanoparticles, for example, by
the evaporation–condensation technique [1] or by spray pyrolysis
[15]. Moreover, both flames and furnaces have been used to produce
composite nanoparticles composed of iron oxide and titanium dioxide
[16,17]. However, by combining the advantages of both techniques,
the high production yield and the simplicity of the flame as well
as the controllability of the furnace, more flexibility and versatility
could be achieved in the nanoparticle synthesis process.

In this study, a synthesis technique that takes advantage of both
flame and furnace techniques has been used. Fig. 1 shows a schematic
presentation of an extremely simple method to synthesize composite
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nanoparticles with a spray pyrolysis process that utilizes flame-
synthesized nanopowder. First, the dry nanopowder is mixed into a
thermally decomposable liquid precursor. After that, this mixed-
phase precursor is atomized into a tube furnace where the sprayed
liquid droplets thermally decompose via the liquid-to-particle aerosol
route to form solid nanoparticles that are bound to the surface of
the powder particles. Thus, the powder particles are encapsulated
by the particles formed from the liquid precursor. The morphology
of the resulting composite nanoparticles depends mainly on the
composition of the mixed-phase precursor. The structure of these as-
synthesized composite nanoparticles can be further tailored using
after-treatment techniques, such as calcination. Commercial nano-
powder could be used in place of the flame-synthesized powder, but
the capability to tailor the properties or to employ multicomponent
nanoparticles would be lost, at least to some extent.

Somewhat similar techniques have been used to synthesize, for
example, luminescent ZnO–SiO2 [18] and photocatalytic Ag–TiO2

nanocomposites [15]. In contrast to this study, the synthesized com-
posite particles have been mesoporous, nearly micron-sized spheres
comprised mostly from the colloid precursor nanoparticles. In this
study, encapsulated γ-Fe2O3–TiO2 composite nanoparticles, with di-
ameters of approximately 100 nmwere synthesized. The morphology
of the nanoparticles was tailored to achieve partially and fully encapsu-
lated composite nanoparticles. Furthermore, aerosol measurements,
transmission electron microscopy, X-ray diffraction and Raman spec-
troscopy were used to characterize the nanoparticulate product. In
addition, photoactivity and magnetic response of the synthesized com-
posite nanoparticles were demonstrated.

2. Experimental

Dry iron oxide nanopowder was prepared with the liquid flame
spray (LFS) [19] technique that has previously been used for both sin-
gle component and multicomponent nanoparticle synthesis [20–22],
and for producing functional coatings [23,24]. In the LFS, a liquid
precursor is atomized into a turbulent high-temperature hydrogen–
oxygen (H2–O2) flame, where the precursor evaporates and under-
goes chemical reactions that lead to particle nucleation. Condensation
and coagulation contribute to particle growth. A more detailed de-
scription of the LFS can be found from a previous study [25].

In this study, the precursor for the LFS contained 32 mg(Fe)/ml of
ferrocene (Fe(C5H5)2, Alfa Aesar 99%) dissolved in xylene. The precur-
sor feed rate was set to 4 ml/min, while the O2 and H2 gas flows in the
burner were 20 and 40 l/min, respectively. The iron oxide nano-
particles formed in the flame were collected with an electrostatic pre-
cipitator consisting of two parallel metal plates separated by a
distance of approximately 60 mm. The high-voltage plate had several
corona needles attached to it to generate ions that charge the particles,
while the grounded plate served as a collection substrate. After the

collection, the dry flame-synthesized iron oxide powder was scraped
off of the collection substrate.

A scanning mobility particle sizer (SMPS) [26] consisting of a ra-
dioactive neutralizer (Krypton-85), differential mobility analyzer
(TSI 3081), and a condensation particle counter (TSI 3025) was used
to measure the size distribution of the flame-synthesized nano-
particles in the gas phase. The SMPS measures the so-called electrical
mobility diameter, which for a spherical particle equals the diameter
of the particle [27].

For the synthesis of the composite nanoparticles, amixed-phase pre-
cursor containing flame-synthesized nanopowder, liquid titanium(IV)
isopropoxide (TTIP, Ti{OCH(CH3)2}4, Alfa Aesar 97%), and isopropyl
alcohol (IPA) as a solvent, was prepared. In order to prevent sedi-
mentation and further agglomeration of the nanopowder, the pre-
cursor was mixed by sonification throughout the spraying process
conducted with an atomizer aerosol generator (Topas ATM 220).
An inert gas stream of nitrogen with a flow rate of 0.5 l/min was
used in the air-blast atomizer. In addition, the aerosol was diluted
with nitrogen (1.5 l/min) before entering a quartz worktube inside
a tube furnace (Carbolite MTF 12/38/400). The nitrogen flow rates
were controlled with mass flow controllers. Different furnace tem-
peratures were used, ranging from 200 to 500 °C, and the estimated
residence time of the aerosol in the furnace was 7.7 s.

In the furnace, isopropyl alcohol evaporated from the precursor
droplets, whereas, TTIP thermally decomposed to produce solid titani-
um dioxide. Particle formation by pyrolysis of TTIP has been reported
to occur already at a temperature of 100 °C [28]. The synthesized two-
component nanoparticles consisted of an agglomerated iron oxide
powder particle encapsulated by a spherical titanium dioxide particle.
By changing the composition of the mixed-phase precursor, the en-
capsulation state of the composite nanoparticles was varied. Two pre-
cursors, whose compositions are listed in Table 1, were used in the
present study. The weight percent of iron oxide nanopowder was
the same in both precursors, whereas, the weight percent of liquid
TTIP was tenfold higher in precursor 2 than in precursor 1. This
means that the diameter of the spherical TiO2 particles synthesized
from precursor 2 should be more than twice the diameter of the TiO2

particles synthesized from precursor 1, assuming that the droplet size
generated by the atomizer is the same when using both precursors.

The SMPS was used to measure the size distribution of the com-
posite nanoparticles in the gas phase. In order to use electrostatic par-
ticle collection, the nanoparticles were charged in the gas phase with

Nanopowder

Flame-synthesized

Commercial

Mixed-phase
precursor

Atomization

Thermal
decomposition
and structuring

Tube furnace

Composite
nanoparticles

Fully
encapsulated

Partially
encapsulated

After-treatment
(e.g. calcination)

Fig. 1. A schematic presentation of gas phase synthesis of composite nanoparticles by a spray pyrolysis process that utilizes dry nanopowder.

Table 1
Compositions of the mixed-phase precursors used in the present study.

Precursor γ-Fe2O3

(wt.%, mg/ml)
TTIP
(wt.%)

IPA
(wt.%)

1 0.5, 4.0 2.9 96.6
2 0.5, 4.2 29.0 70.5
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a unipolar corona charger. The charged particles were then collected
with an electrostatic precipitator [29] on carbon films (Agar, Carbon
film 300 mesh Cu). A transmission electron microscope (TEM, Jeol
JEM-2010) equipped with an energy-dispersive X-ray spectrometer
(EDS, Thermo Scientific Noran Vantage, Si(Li) detector) was used
for imaging and elemental analysis. The crystal structure of the syn-
thesized nanopowder was determined with an X-ray diffractometer
(XRD, Siemens Kristalloflex D500, Cu Kα radiation).

The flame-synthesized iron oxide nanopowder was characterized
with Raman spectroscopy carried out with a spectrometer (Andor
Shamrock 303) and a cooled CCD-camera (Newton 940P). The excita-
tion laser was a 532 nmwavelength Cobolt Sambawith a beam diame-
ter of 0.7 mm. The samplewas illuminatedwith a collimated laser beam
in an approximately 30° angle with respect to the sample surface. The
laser power was adjusted to 100 mW, and the beam was unfocused to
avoid sample heating. The scattered light was collected with a micro-
scope objective along the normal of the surface of the sample, and
Rayleigh scattered lightwasfiltered outwith a Semrock Razoredgefilter.

A photocatalytic measurement was performed in an aqueous solu-
tion of methylene blue (MB). Synthesized composite nanopowder
(10 mg) was dispersed into a 100 ml of 0.015 mM MB solution in
an open beaker and the dispersion was magnetically stirred during
the whole experiment. In order to reach adsorption equilibrium, the
test solution was first kept in the dark for 60 min, after which a UV
lamp was turned on. Illumination was done from above with a
power of 100 W/m2 using Ledia NIS330U-MUV-Gun (peakmaximum
at 365 ± 5 nm). The concentration of the MB in the solution was
followed by UV–VIS spectroscopy (Shimadzu UV-2501PC Spectropho-
tometer). At one-hour intervals a 3 ml sample was taken and
subjected to centrifugation to separate the photocatalyst particles
from the solution. After this, the absorbance of theMB at a wavelength
of 665 nmwasmeasured. The discoloration of theMB under a UV irra-
diation but without the nanopowder was also tested to confirm that
the irradiation does not decompose the MB intrinsically.

3. Results and discussion

3.1. Flame-synthesized γ-Fe2O3 nanoparticles

A TEM image of the flame-synthesized iron oxide nanopowder is
shown in Fig. 2. The particles are highly agglomerated and consist of

spherical primary particles with diameters of approximately 5–20 nm.
Fig. 3 shows the normalized mobility size distribution of the iron
oxide agglomerates measured with the SMPS in the gas phase. The dis-
tributionwas lognormalwith amode diameter of approximately 80 nm
and a geometric standard deviation (GSD) of approximately 1.7.

The XRD pattern of the flame-synthesized iron oxide nanopowder
(Fig. 4) is typical to either maghemite (γ-Fe2O3) or magnetite (Fe3O4)
crystal structure. Diffraction peaks at 2θ equal to 30.4°, 35.7°, 43.8°,
57.0°, and 63.1° can be indexed as (220), (311), (400), (511), and
(440) lattice planes of maghemite (JCPDS 39-1346) or magnetite
(JCPDS 19-629), respectively. The high intensity diffraction peaks of
hematite (α-Fe2O3) that differ from those of maghemite and magne-
tite, located at around 33° and 49° (JCPDS 33-664), were not observed.
Thus, unwanted weakly ferromagnetic hematite, which decreases the
average saturation magnetization of the nanoparticulate product, was
not present.

Due to the nearly identical XRD patterns of maghemite and mag-
netite, Raman spectroscopy can be used to distinguish the different
structural phases of iron oxide [30]. Fig. 5 shows a Raman spectrum
of the flame-synthesized iron oxide nanopowder displaying three
broad Raman bands. According to literature [31,32], maghemite has
three broad bands at around 350, 500 and 700 cm−1, while magne-
tite has a sharper band at 668 cm−1 and two weaker bands at 306
and 538 cm−1. The measured Raman spectrum suggests that the
iron oxide nanopowder is mostly maghemite phase. Due to the
broad Raman bands, aminor contribution frommagnetite phase can-
not be completely excluded, though, according to previous studies,

Fig. 2. A TEM image of the flame-synthesized iron oxide nanopowder.
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Fig. 3. Normalized mobility size distributions of the flame-synthesized iron oxide
nanoparticles (F) and the γ-Fe2O3–TiO2 composite nanoparticles synthesized from pre-
cursors 1 (P1) and 2 (P2). The distributions were measured in the gas phase with the
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Fig. 4. An XRD pattern of the flame-synthesized iron oxide nanopowder.
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flame synthesis of iron oxide nanoparticles usually leads tomaghem-
ite phase [33,34]. Hematite phase can be distinguished from the two
other phases of iron oxide, for example, from a sharp and strong band
at 412 cm−1, which was not observed in the Raman spectrum, thus,
supporting the conclusions made from the XRD measurement.

The average crystallite size was estimated by applying the Scherrer
equation (D = 0.9λ / B cosθ) [35] to the diffraction peak (311). The
result was approximately 7 nm, which corresponds to the size of the
primary nanoparticles observed in the TEM image (Fig. 2). Thus, the
iron oxide agglomerates consist ofmonocrystallinemaghemite prima-
ry particles.

The magnetic properties of the flame-synthesized iron oxide
nanopowder were not measured quantitatively. However, maghemite
is a ferrimagnetic material, and the dry nanopowder clearly showed
magnetic response in the presence of an external magnetic field, that
is, the powder particles were attracted to a permanent magnet. Mag-
netic properties of flame-synthesized iron oxide nanoparticles are
widely reported in the literature [33,34,36,37].

3.2. Partially encapsulated γ-Fe2O3–TiO2 nanoparticles

Fig. 3 shows the normalized mobility size distribution of the com-
posite γ-Fe2O3–TiO2 nanoparticles synthesized from precursor 1 at a
furnace temperature of 300 °C. The mode diameter of the size distri-
bution remains practically the same, at approximately 80 nm, after
the encapsulation. This suggests that the liquid TTIP fills some of the
voids in the γ-Fe2O3 agglomerates without fully encapsulating the
particles. The GSD of the size distribution was approximately 1.9, and
the size distribution broadened to cover also larger particle sizes. The
broadening can be explained with the broad size distribution of the

liquid droplets generated by the air-blast atomizer, for which the GSD
is typically greater than 1.8 [27].

Fig. 6 shows TEM images of composite nanoparticles synthesized
from precursor 1 at furnace temperatures of 200, 300 and 500 °C.
The composite particles in Fig. 6(a) and (b), with diameters of ap-
proximately 80 nm, consist of γ-Fe2O3 agglomerates that are partially
encapsulated by spherical, approximately 50–70 nm diameter, TiO2

particles. Some fully encapsulated particles, similar to the one seen
in Fig. 6(c), with diameters of a few hundreds of nanometers were
also detected. This is in line with the broadening of the size distribu-
tion observed in the SMPS measurements.

No visible differences were found between the particles generated
at temperatures below 500 °C. At 500 °C, however, small agglomer-
ates, as small as 10 nm, were detected in the TEM images, as seen
in Fig. 6(c). These particles were identified as titanium dioxide. This
suggests that at higher temperatures a fraction of the TTIP evaporates
from the droplets before it decomposes thermally. TiO2 vapor then
nucleates and coagulates to form small agglomerates. Similar obser-
vation, also at a synthesis temperature of 500 °C, has been reported
in an earlier study [38]. Some of these agglomerates are most likely
attached on to the composite nanoparticles.

Fig. 7 shows a TEM image of a single partially encapsulated
γ-Fe2O3–TiO2 nanoparticle formed at a temperature of 200 °C and
two EDSmeasurements from different sides of the composite particle,
one from the agglomerated part and the other from the spherical part.
The measurement from the agglomerated part showed larger iron
content than that from the spherical part. For titanium the situation
was reversed. The peaks of carbon, copper, and silicon in the EDSmea-
surements were caused by the TEM grid and the equipment.

3.3. Fully encapsulated γ-Fe2O3–TiO2 nanoparticles

Based on the measurements when using precursor 1, a tempera-
ture of 300 °C was used to synthesize composite nanoparticles from
precursor 2 to minimize gas-to-particle conversion. Fig. 3 shows the
normalized mobility size distribution of the γ-Fe2O3–TiO2 nano-
particles synthesized from precursor 2. Due to the higher concen-
tration of TTIP in the precursor, the mode diameter of the size
distribution shifted to approximately 130 nm. This suggests that the
γ-Fe2O3 agglomerates were fully encapsulated by the formed TiO2.

Fig. 8(a) shows a TEM image of spherical TiO2 nanoparticles whose
diameters range from smaller than 100 nm to several hundreds of
nanometers, consistent with the SMPS measurement of the particle
size range. The mode diameter of the TiO2 particles synthesized from
precursor 2 is roughly twice that of the TiO2 particles from precursor
1, as predicted. Moreover, the estimated original droplet size required
to generate TiO2 particles of approximately 60 and 130 nm from pre-
cursors 1 and 2, respectively, was about 500 nm, which is a quite real-
istic value for the used atomizer.
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Fig. 5. A Raman spectrum of the flame-synthesized iron oxide nanopowder. The Raman
bands of maghemite (γ-Fe2O3) and magnetite (Fe3O4) according to literature are
shown as a reference.
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Fig. 6. TEM images of partially encapsulated γ-Fe2O3–TiO2 nanoparticles synthesized from precursor 1 at furnace temperatures of (a) 200, (b) 300 and (c) 500 °C.
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A closer inspection of a spherical nanoparticle synthesized from
precursor 2, shown in Fig. 8(b), reveals an agglomerated γ-Fe2O3

core inside the spherical particle. Thus, the γ-Fe2O3 agglomerates are
fully encapsulated. Moreover, no partially encapsulated particles
were detected. The EDS measurement from the fully encapsulated
particle (Fig. 8(c)) confirms the presence of iron.

EDS measurements were conducted for several fully encapsulated
γ-Fe2O3–TiO2 composite nanoparticles with different diameters. Fig. 9
shows the mass ratio of iron to titanium as a function of particle size
according to the EDS measurements. The particle sizes were deter-
mined from TEM images. According to the measurements, the particle

size has no clear effect on the composition of the fully encapsulated
nanoparticles, thus, the atomizer keeps the composition of the mix-
ture fairly uniform. In addition, the average mass ratio of the mea-
sured particles is close to the theoretical ratio determined from the
composition of the mixed-phase precursor. The theoretical weight
percents of γ-Fe2O3 and TiO2 in the composite nanoparticles were
5.6 and 94.4%, respectively.

In the EDS measurements, it was also observed that a portion of
the smallest particles had no iron oxide core (triangle markers in
Fig. 9). This suggests that some of the sprayed droplets did not con-
tain a powder particle. Using a rough estimation that half of the
smallest particles (b 80 nm) had no core particle, and based on the
particle size distribution measured with the SMPS, approximately
90% of the particles were, nonetheless, composite particles. This con-
stitutes clearly over 99% of the particulate mass. Moreover, magnetic
separation can be used to select only the composite nanoparticles
from the synthesized nanoparticulate product.

Fig. 10 shows anXRD pattern of the fully encapsulatedγ-Fe2O3–TiO2

composite nanopowder synthesized from precursor 2. The character-
less XRDpattern of the as-synthesized particles showed no clear diffrac-
tion peaks suggesting that the phase of the TiO2 was amorphous. This is
supported by previous studies with similar synthesis temperatures
[28,39]. The anatase phase transition is reported to initiate at 500 °C
in a nitrogen atmosphere [38]. However, at such high temperatures
small TiO2 agglomerates were formed due to the evaporation of TTIP.
The diffraction peaks of maghemite were neither observed in the XRD
pattern. Due to the low concentration of iron oxide aswell as the encap-
sulation, the detection of the iron oxide core with an XRD might be
difficult.

Because amorphous titanium dioxide is almost inactive as photo-
catalyst [40], calcination is required to transform amorphous tita-
nium dioxide to crystalline anatase. The calcination temperature for
the crystallization of TiO2 should be kept as low as possible in order
to avoid the oxidation of the ferrimagnetic core to weakly ferro-
magnetic hematite [41]. Consequently, the composite nanopowder
was calcinated at 400 °C for 1 h. Fig. 10 shows an XRD pattern of the
calcinated composite nanopowder that is typical to anatase tita-
nium dioxide. Diffraction peaks at 2θ equal to 25.4°, 38.0°, 48.1°,
54.1°, 55.1°, and 63.0° can be indexed as (101), (004), (200), (105),
(211), and (204) lattice planes of anatase (JCPDS 84-1286), respec-
tively. According to the Scherrer equation applied to the diffraction
peak (101), the average anatase crystallite size was approximately
14 nm.

Photoactivity of the fully encapsulated and calcinated composite
nanopowder synthesized from precursor 2 was measured with the
discoloration of methylene blue in an aqueous solution under a UV
lamp. In Fig. 11, the relative absorbance of methylene blue at a wave-
length of 665 nm is presented as a function of time, showing that
the synthesized composite nanopowder was photoactive. The same
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Fig. 8. (a) A TEM image of fully encapsulated γ-Fe2O3–TiO2 nanoparticles synthesized from precursor 2 at a furnace temperature of 300 °C, (b) a TEM image of a single composite
particle, and (c) an EDS spectrum from the particle.
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photocatalytic measurement was also conducted to the partially en-
capsulated and calcinated composite nanopowder synthesized from
precursor 1 at a furnace temperature of 300 °C. The measurement re-
vealed that the partially encapsulated nanopowder was inactive as
photocatalyst. The reason for this is most likely due to the morpholo-
gy of the particles. As seen from the TEM images (Fig. 6), the titanium
dioxide in the partially encapsulated particles is mostly buried inside
the agglomerated iron oxide. Thus, the surface area of the titanium di-
oxide is significantly reduced by the masking iron oxide. In other
words, for photocatalytic applications, the two materials in the par-
tially encapsulated particles are in an adverse order.

Recent studies have discussed about the possible photocatalytic
mechanism for iron oxide–titanium dioxide systems in which iron
oxide is dissolved into the titanium dioxide lattice [42] or clustered
on the surface [43]. However, these particle morphologies differ con-
siderably from the fully encapsulated particles synthesized in the
present study. In a research concerning a more similar system, titani-
um dioxide-coated magnetite particles, the electron interactions be-
tween the iron oxide core and titanium dioxide shell are discussed
in detail [6]. All in all, different parameters, such as synthesis method,
particle morphology and the amount of iron-dopant, affect whether
the iron oxide increases or decreases the photoactivity of the titanium
dioxide. Thus, a more detailed study is required to fully understand
the photocatalytic mechanism of the encapsulated nanoparticles syn-
thesized in the gas phase.

The magnetic properties of the calcinated composite nanopowder
synthesized from precursor 2 were tested qualitatively. Fig. 12(a)
shows a photograph of the nanopowder dispersed homogeneously
in an aqueous suspension. In Fig. 12(b), the suspension is transparent
and the powder particles are attracted to the wall of the beaker due
to an external magnetic field caused by a permanent magnet. Thus,
the nanoparticles showed magnetic response after the encapsulation
and calcination.

Due to the lower titanium dioxide–iron oxide ratio, the partially
encapsulated particles are presumably more magnetic than the fully
encapsulated particles. On the other hand, the photocatalytic mea-
surements suggested that it might be favorable to enclose the iron
oxide core with titanium dioxide. Therefore, at least to some extent,
the optimum magnetically separable photocatalytic nanopowder is
a trade-off between the two desired functional properties.

4. Conclusions

This study described the synthesis of partially and fully encapsulat-
ed γ-Fe2O3–TiO2 composite nanoparticles through a spray pyrolysis
process that utilized flame-synthesized nanopowder. A mixed-phase
precursor containing flame-synthesized γ-Fe2O3 nanoparticles, liquid
TTIP, and isopropyl alcohol was mixed and then sprayed into a tube
furnace. In the furnace, the alcohol evaporated from the droplets and
TTIP thermally decomposed to form solid TiO2. The resulting compos-
ite nanoparticles consisted of agglomerated γ-Fe2O3 particles which
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ratio is based on the composition of the mixed-phase precursor.
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were either partially or fully encapsulated by spherical TiO2 particles,
depending on the concentration of TTIP in themixed-phase precursor.

The flame-synthesized iron oxide nanopowder was crystalline
maghemite, which is a ferrimagnetic material. With a calcination pro-
cess, the titanium dioxide in the composite nanoparticles was crystal-
lized to anatase, which is known to have photocatalytic properties.
Photoactivity and magnetic response were also demonstrated. Thus,
the resulting composite nanoparticles could find use as magnetically
separable photocatalyst, for example, for water treatment applica-
tions. However, further research and optimization of the magnetic
and photocatalytic properties of the composite nanoparticles are still
required.

The spray pyrolysis process used in this study takes advantage of
dry nanopowder dispersed in a liquid precursor that is thermally de-
composable. Thus, synthesis of composite nanoparticles comprised
from various different materials is likely compatible with this tech-
nique. In addition, the morphology of the synthesized nanoparticles
can be tailored to suit different types of applications. All in all, this ex-
tremely simple and highly versatile synthesis technique is a promis-
ing tool for engineering composite nanoparticles.
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Silica and titania aerosol nanoparticles are coated with silver
through a physical coating process. The silver is evaporated in a
tubular furnace flow system and condensed on the ceramic
carrier particles with diameters of approximately 100 nm. The
temperature gradient in the furnace system is optimized in order
to avoid homogeneous nucleation of the silver. The generated
ceramic–silver composite nanoparticles are characterized with
aerosol measurements and analytical transmission electron
microscopy. Two completely different particle morphologies are
clearly observed, silver-decoration and composite doublet, with
amorphous silica and crystalline rutile titania as the carrier
particles, respectively. The former morphology consists of
multiple silver nanodots with diameters of 1–10 nm, while in the
latter morphology the silver had formed a larger structure with a
size comparable to that of the carrier particle. Different shapes
are observed in these larger silver structures, such as triangular,
rodlike, and hexagonal. Differences in the silver particle
migration on the surface of the silica and titania particles is
proposed to be the key factor resulting into the two distinct
particle morphologies.

1. INTRODUCTION

Ceramic nanoparticles (e.g., SiO2, TiO2, and Al2O3) coated

via aerosol methods with noble metals (Pd, Ag, Pt, and Au)

have been utilized as gas sensors (M€adler et al. 2006), cata-
lysts (Height et al. 2006; Keskinen et al. 2007; Faust et al.

2013), antibacterials (Sotiriou et al. 2011), as well as in optical

applications, such as plasmonics (Boies et al. 2011; Zdano-

wicz et al. 2013) and nonlinear optics (Zdanowicz et al. 2013,

2014). Both chemical and physical routes to the coating of

nanoparticles in the aerosol phase have been demonstrated.

Chemical coating routes, such as flame synthesis methods

(Keskinen et al. 2007; Teoh et al. 2010) and chemical vapor

deposition (Binder et al. 2007), are known for the high produc-

tion rate and the precise control of the coating parameters,

respectively. However, finding the suitable precursors for the

desired chemical processes can be challenging. Physical coat-

ing routes usually rely on the coagulation of smaller metal par-

ticles or clusters and larger carrier particles (Boies et al. 2011;

Pfeiffer et al. 2015). Even though the particle coagulation can

be enhanced with the electrical attraction between oppositely

charged metal and carrier particles (Sigmund et al. 2014), the

amount of the metal coating on an individual carrier particle

has been usually low.

Condensation of vaporized material onto a seed particle is a

physical coating route exploited extensively, for example, in

aerosol measurement instruments and reference aerosol gener-

ation (Yli-Ojanper€a et al. 2010). In these applications, it is

more practical to use liquid as a “coating” material. Due to the

low vapor pressures of noble metals, high temperatures are

required for their substantial vaporization. Sparks are an effi-

cient method to vaporize metals for nanoparticle production

(Pfeiffer et al. 2014). However, the huge temperature drop

after the spark leads quickly to particle formation through

homogeneous nucleation. More controlled temperature gra-

dients can be achieved in systems where the complete gas flow

is heated within a tubular reactor. Backman et al. (2004) used

such a reactor in their evaporation/condensation system for

coating titania agglomerates with silver, resulting in nanome-

ter-sized silver particles on the surface of the carrier particles.

Much higher amounts of condensated material was achieved

by Zihlmann et al. (2014), who grew gold seed particles with

silver. In their experiments, the produced particles were spher-

ical, although not core–shell, as the two materials were evenly

distributed in the particles, forming a metal alloy.

Here, we study the coating process of two ceramic materi-

als, amorphous silica and crystalline rutile titania, via silver

vapor condensation. The size of the coated particles is around

100 nm. The produced composite particles are characterized

using aerosol instruments and analytical transmission electron

microscope. In the case of the silica carrier particles, we find

that the silver forms separate nanodots (a.k.a. decoration).

This is probably the most common morphology obtained in
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the different coating processes for aerosol nanoparticles

(Backman et al. 2004; Binder et al. 2007; Boies et al. 2011;

Zdanowicz et al. 2013; Sigmund et al. 2014; Pfeiffer et al.

2015). However, the silver behaves quite differently on the

crystalline titania, forming larger particles and resulting into a

morphology that could be described as a composite doublet.

2. EXPERIMENTAL METHODS

In this study, two separate aerosol synthesis processes were

combined in order to produce ceramic–silver composite nano-

particles. In the first process, ceramic aerosol nanoparticles

were produced with a flame method and collected into a nano-

powder. The second process involved the spraying of the pre-

viously produced nanopowder into a closed gas flow, followed

by the sintering of the sprayed ceramic nanoparticles, and

finally the coating of these particles with silver. It should be

noted that as both of the used synthesis processes take place in

the aerosol phase, it might be possible to combine them into

one continuous aerosol process. However, as the current

research concentrates on studying the coating process of the

ceramic nanoparticles, it was more convenient to utilize two

separate aerosol synthesis processes.

2.1. Generation of the Silica and Titania Carrier Particles

The silica and titania carrier particles were generated from

nanopowders of the said materials. The nanopowders were

produced with a flame synthesis method called the Liquid

Flame Spray (LFS) (Tikkanen et al. 1997). In the LFS, a pre-

cursor dissolved in a liquid solution is atomized into a turbu-

lent H2/O2 flame. Due to the high temperature, the precursor

evaporates and undergoes chemical reactions that lead to a

particle nucleation. The formed particles grow through con-

densation from the vapor phase and coagulation with other

particles, usually leading to a highly agglomerated end product

(Eggersdorfer and Pratsinis 2014). A more detailed description

of the LFS can be found from the previous studies (Aromaa

et al. 2007; Haapanen et al. 2015). In this study, tetraethyl

orthosilicate (TEOS, Alfa Aesar 98%) and titanium isopropox-

ide (TTIP, Alfa Aesar 97%) dissolved in isopropyl alcohol

(50mg(Si)/mL and 50mg(Ti)/mL) were used as precursors for

silica and titania, respectively. Furthermore, the precursor feed

rates were 4.2 and 6.0mL/min and the H2/O2 flow rates in the

burner were 30/30 and 40/20 L/min for the generation of the

silica and titania nanoparticles, respectively. The LFS-gener-

ated particles were collected into a nanopowder with an elec-

trostatic precipitator (Harra et al. 2013).

A schematic illustration of the experimental setup used for

the continuous production of the ceramic–silver composite

particles is shown in Figure 1. The setup can be divided into

three sections: (1) generation of the carrier particles, (2) coat-

ing of the carrier particles with silver, and (3) aerosol measure-

ment and sampling. In Section 1, aqueous dispersion of LFS-

generated silica (3mg/mL) and titania (6mg/mL) nanopow-

ders were aerosolized with an atomizer aerosol generator

(Topas ATM 220) using nitrogen as a carrier gas. The sprayed

aerosol was diluted with nitrogen in order to avoid water con-

densation on the tube walls, resulting into a relative humidity

of approximately 90% at the room temperature. In order to

study the coating process, the agglomerated particles were sin-

tered in a tube furnace (Carbolite TZF 15/50/610, alumina

tube, inner diameter 25mm) at a temperature of 1500 �C,
while the flow rate was 1.5 L/min. The water was removed

from the gas phase with a diffusion drier only after the furnace,

as the water vapor is known to enhance the sintering process

(Goertz et al. 2011). A differential mobility analyzer (DMA,

Vienna-type) was used as an option to select certain particle

sizes and also to reduce the particle number concentration.

The DMA was preceded by a radioactive neutralizer

FIG. 1. A schematic illustration of the experimental setup divided into three sections.
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(Krypton-85), and the aerosol/sheath flow rate in the DMA

was 1.5/4.5 L/min.

The particle number size distributions were measured with

a scanning mobility particle sizer (SMPS) depicted in Section

3 (Figure 1). The SMPS composed of a radioactive neutralizer

(Krypton-85), a DMA (TSI 3081), and a condensation particle

counter (CPC, TSI 3025). The total condensation sink (CS) of

the carrier particles was estimated relatively using an electrical

low pressure impactor (ELPI+) (Keskinen et al. 1992;

J€arvinen et al. 2014), as the total current measured by the

ELPI is directly proportional to the total CS (Kuuluvainen

et al. 2010; J€arvinen et al. 2015). Table 1 lists the parameters

of the carrier particles used in this study. Examples of the par-

ticle number size distributions are shown in Figure 2. The dis-

tributions before the DMA were broad with geometric

standard deviations near 1.6. Due to this, the doubly charged

particles form a large fraction of the size distributions after the

DMA. We take advantage of this, and analyze both particle

sizes in the bimodal distribution by fitting log-normal distribu-

tions to the measurements.

2.2. Coating of the Carrier Particles with Silver

The coating section of the experimental setup (Section 2 in

Figure 1) consisted of an alumina tube (inner diameter

25mm) heated inside two consecutive tube furnaces (Carbolite

MTF 12/38/400), both with a heated length of 400mm. A

heater band with a length of approximately 300mm was added

as a third heating zone. Three pieces of bulk silver with diame-

ters of approximately 5mm were placed in a crucible in the

middle of the first heating zone (temperature T1). The nitrogen

flow rate through the coating section was 1.5 L/min, and the

maximum silver evaporation temperature was 1200 �C.
The amount of the evaporated silver in different tempera-

tures was estimated by measuring the total mass of the silver

particles formed through homogeneous nucleation with the

SMPS directly after the first furnace. This gives the lower limit

to the actual evaporated mass. The upper limit is obtained by

assuming that the gas is saturated with silver. Furthermore,

values calculated from the evaporation rates of silver in a gas

flow (Lu and Zhu 2007) provide intermediate estimations. The

functional form of the vapor pressure of silver (Alcock et al.

1984) was fitted to the measured and calculated values. The

estimations of the total mass concentration of silver as a func-

tion of the evaporation temperature are presented in Figure 3a.

In order to avoid homogeneous nucleation of silver, the

temperature gradient inside the heating zones was optimized.

To find the correct temperature gradient, we measured the

total mass of the generated silver particles with the SMPS as

a function of the temperature of the second heating zone

(T2), while the evaporation temperature in the first heating

zone was set to 1200 �C. The results are shown in Figure 3b.

With lower temperatures, the temperature gradient is steep

enough for the particle nucleation to occur. On the other hand,

higher temperatures shift the location of the particle nucleation

after the second heating zone. At intermediate temperatures of

approximately 500–800 �C, no particles were detected, even

with the CPC alone (cut point 3 nm). Thus, the homogeneous

nucleation is minimized and the silver vapor condenses on the

tube walls. The temperature of the second and third (T3) heat-

ing zones were chosen to be 600 and 300 �C, respectively, for
further experiments.

In the presence of the carrier particles, some of the evapo-

rated silver forms coating on the carrier particles through het-

erogeneous nucleation and vapor condensation. The effect of

the coating to the mobility size of the particles was measured

with the SMPS. In order to analyze the particles with an ana-

lytical transmission electron microscope (TEM, Jeol JEM-

2010), they were charged with a corona charger (Arffman

et al. 2014) and deposited on carbon coated copper grids using

an electrostatic precipitator (Krinke et al. 2002; Harra et al.

2012). Morphology and crystal structure studies of the

Table 1

The parameters of the generated carrier particles

Material DMA GMD (nm) N (cm¡3) CS (a.u.)

SiO2 Yes 96 2.7£104 1.0

149 1.9£104

SiO2 No 150 8.2£105 35

TiO2 Yes 64 4.0£104 1.3

93 2.0£104

TiO2 Yes 123 7.7£104 3.8

177 2.2£104

TiO2 No 107 2.1£106 55

The geometric mean diameter (GMD) and particle number concentration (N)
of both particle modes after the differential mobility analyzer (DMA) are pre-
sented. The presented total condensation sink (CS) values are the normalized
total currents measured by the ELPI+.

FIG. 2. Examples of the number size distributions of the carrier particles

before and after the DMA.
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particles were done by TEM imaging and selected area elec-

tron diffraction (SAED), respectively. In addition, elemental

analysis of the particles was performed with an energy-disper-

sive X-ray spectrometer (EDS, Thermo Scientific Noran Van-

tage, Si(Li) detector). The weight percents of different

elements were determined by the conventional qualitative and

quantitative EDS analysis procedures using Noran Vantage

Spectral Display software. The reference library used in the

crystal structure analyses was the database (PDF+ 2014) from

International Centre for Diffraction Data (ICDD).

3. RESULTS AND DISCUSSION

3.1. Particle Sizes Measured in the Aerosol

The mobility size of the particles selected with the DMA

was measured with the SMPS at different evaporation temper-

atures. The temperatures of the second and the third heating

zones were the same as the evaporation temperature until at

600 and 300 �C, respectively, after which only the evaporation

temperature was increased. The particle sizes were determined

from the measurements using bimodal log-normal fits. In the

case of the largest titania particles, only the first mode was

properly resolved. Figure 4 shows the mobility diameter of the

size-selected silica and titania particles as a function of the sil-

ver evaporation temperature. With both particle materials, the

mobility diameter stays constant, until, after the melting point

of bulk silver, the particle diameter begins to rapidly increase.

With all of the studied particle sizes, at the maximum evapora-

tion temperature of 1200 �C, the diameter of the silica and tita-

nia particles had increased approximately 10 and 20 nm,

respectively.

The ELPI+ was also used to measure the particle number

size distributions. However, even though greased impaction

substrates were used, particle bounce and subsequent charge

transfer interfered with the measurements (Kuuluvainen et al.

2013; Arffman et al. 2015). Interestingly, at least the charge

transfer ended when the particle size began to increase, pre-

sumably, due to the formation of the conductive metal on top

of the dielectric particle material. Although, the size distribu-

tions measured with the ELPI+ were unreliable, the total mea-

sured current could be used as an estimation of the total CS of

the aerosol particles.

FIG. 4. The mobility diameter of the size-selected (a) silica and (b) titania

particles as a function of the silver evaporation temperature (T1). The tempera-

tures of the second and third heating zones were the same as the evaporation

temperature until T2 D 600 and T3 D 300 �C, after which only the evaporation

temperature was increased. The dashed lines correspond to the melting point

of bulk silver (962 �C).

FIG. 3. (a) The total mass concentration of silver as a function of the evaporation temperature (T1) measured with the SMPS directly after the first heating zone.

The calculated values are derived from the evaporation rates determined by Lu and Zhu (2007). (b) The total mass concentration of silver as a function of the tem-

perature of the second heating zone (T2) measured with the SMPS. The evaporation temperature was T1 D 1200 �C. At intermediate temperatures (500–800 �C),
no particles were detected with the CPC. In both figures, the solid line corresponds to a full saturation concentration at the evaporation temperature, and the

dashed gray lines represent fits of the functional form of the silver vapor pressure to the measured and calculated values.
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3.2. Particle Morphologies Observed with Electron
Microscopy

The TEM micrographs shown in Figure 5a reveal that the

silica particles were quite compact but not fully sintered to

spheres after the sintering step. Obviously, the residence time

in the furnace (approximately 2 s) was insufficient for com-

plete sintering. Similar observations on the sintering behavior

of pure silica have been reported in the literature (Binder et al.

2010; Goertz et al. 2011). The titania particles in Figure 5b,

on the other hand, were sintered to a faceted form, as expected

(Ahonen et al. 2001; Binder et al. 2010). Based on the previ-

ous studies, the LFS-generated titania nanopowder is mostly

crystalline anatase (Aromaa et al. 2007, 2012). However, after

the sintering step at 1500 �C, we expect that the phase of the

titania changes to rutile (Ahonen et al. 2001). In order to con-

firm the phase of the titania carrier particles, the corresponding

electron diffraction (ED) patterns were analyzed (Figure 6)

and the distance between the adjacent lattice fringes from the

TEM micrographs was measured. The ED patterns indicated

the crystal structure of rutile with main crystal orientations

[001] and [111]. In addition, a lattice spacing of 0.324 nm was

obtained, which can be assigned to the interplanar distance of

rutile phase [110] plane.

At silver evaporation temperatures of 1100 and 1200 �C
(Figure 5), we see two totally different particle morphologies.

In the case of the silica, the silver forms nanodots, referred

here as decoration, that cover the silica particles uniformly.

The size of the dots increases with the evaporation tempera-

ture. However, with titania, the silver forms a single larger par-

ticle whose size increases with the evaporation temperature,

leading to a composite doublet morphology. No individual sil-

ver particles were detected with the TEM.

The different particle morphologies for silica and titania are

consistent with the SMPS mobility size measurements. For sil-

ica at 1200 �C, the evenly distributed silver particles have a

diameter of approximately 10 nm, and thus the mobility size

increases less than 20 nm. For doublets of spheres, the mobility

size is about 1.3 times the size of the individual spheres (Kas-

per 1983). In the case of the 60 nm titania particles, the silver

particles have about the same size, and thus the mobility diam-

eter increases approximately 20 nm.

TEM micrographs at a higher magnification from approxi-

mately 90 nm silica and titania particles coated at different sil-

ver evaporation temperatures are shown in Figure 6. Before

coating, the particle surfaces are clean, but already at 900 �C
we observe extremely small (<1 nm) silver nanodots on top of

both carrier particle materials. With silica, as the size of the

spherical decorations increases with the temperature, their

number density on the particle decreases. On the titania par-

ticles at 1000 �C, larger silver structures have been formed. As

the evaporation temperature increases, the size of these struc-

tures increases as well. However, we still see some smaller sil-

ver dots on the titania particles.

Titania particles smaller than 120 nm contained only one

larger silver particle. However, multiple silver structures were

found in larger carrier particles. Figure 7a shows a nearly

400 nm titania particle containing several silver structures,

whereas an approximately 160 nm titania particle with a grain

boundary in the middle contains two silver particles on each

side as seen in Figure 7b. The silver structures observed on the

titania particles had a variety of different shapes, including tri-

angular, rodlike, and hexagonal.

The ED pattern in Figure 6 for an uncoated silica particle

shows diffuse rings, characteristic to an amorphous material.

At the evaporation temperature of 1200 �C, the ED pattern of

the silica particle decorated with approximately 10 nm silver

particles shows crystalline rings, marked with arrows, charac-

teristic to nanocrystalline material. As the size of the silver

decorations decrease with lower evaporation temperatures, the

rings can be expected to become more diffuse. Furthermore,

as these rings are similar to the ones caused by the amorphous

silica, we were unable to detect the effect of the silver decora-

tions on the ED patterns at the lower evaporation temperatures.

For uncoated titania particles, we observed reflections caused

by the crystalline rutile structure with main crystal orientations

FIG. 5. TEM micrographs of (a) silica and (b) titania particles before and

after the coating with silver at evaporation temperatures (T1) of 1100 and

1200 �C. Silver-decoration and composite doublets were formed with silica

and titania carrier particles, respectively.
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[001] and [111] at every evaporation temperature. Thus, no

additional crystal phase shift occurs with titania in the coating

section. At the evaporation temperature of 1000 �C, extra

reflections caused by the silver were detected. The number of

these reflections increased with the evaporation temperature,

as the size of the silver structure increased.

3.3. Characterization of the Silver Coating Using
Elemental Analysis

An EDS analysis was performed on several individual par-

ticles in order to determine the weight percents of the different

elements in the particles. Only elemental silver (Ag) and sili-

con/titanium (Si/Ti) were included in the analysis. From the

obtained weight percents, we could calculate the mass of silver

on an individual carrier particle by assuming that each Si/Ti

atom is bonded to two oxygen atoms, i.e., we have pure silica/

titania (SiO2/TiO2). Also, bulk densities for the substances,

2.2, 4.23, and 10.49 g/cm3 for silica, titania, and silver, respec-

tively, were assumed. For each obtained value, approximately

five measurements from different individual particles were

averaged.

Figure 8a shows the number density of the decorative silver

dots on the silica particles as a function of the diameter of the

silver decorations. The average dot size was determined from

the TEM micrographs and the number density was calculated

using the mass of silver obtained from the EDS analysis and

the dot sizes. Interestingly, all the calculated values from the

silica particles with different sizes, as well as with completely

different total CSs (gray markers), are on the same line, with

the number density approximately inversely proportional to

the dot size. The size of the silver dots varies between approxi-

mately 1 and 10 nm. If we extrapolate the line to larger dot

sizes, eventually maximum packing density is reached, that is,

all the silver spheres are in contact with their neighboring par-

ticles. Based on this study, we can only speculate whether a

silver shell structure would be formed on the silica cores. In

order to reach the maximum packing density, higher evapora-

tion temperatures are required. Based on the available data, we

estimate that this critical temperature for the size-selected sil-

ica particles is approximately 1250 �C, resulting into a silver

shell with a thickness of approximately 12 nm.

For the titania particles, we calculated the mass equiva-

lent size of the formed silver particles from the EDS meas-

urements. The calculated size of the silver particles was

consistent with the TEM micrographs. Figure 8b shows this

diameter as a function of the evaporation temperature for

titania carrier particles with different diameters and total

CSs. Besides the evaporation temperature, the size of the

silver particles increases with larger titania particles and

lower total CS. This shows that the particle sizes of both

FIG. 6. TEM micrographs of approximately 90 nm silica (top row) and titania (bottom row) particles coated with silver at different evaporation temperatures

(T1). The insets show typical electron diffraction (ED) patterns from the particles at the corresponding temperatures. The ED patterns indicate amorphous silica

and crystalline titania particles. At T1 D 1200 �C, reflections (marked with arrows) from nanocrystalline silver on silica, and starting at T1 D 1000 �C, reflections
from crystalline silver structures on titania particles can be observed.

FIG. 7. A TEM micrograph of (a) a large titania particle containing several

silver structures and (b) a titania particle with a grain boundary containing two

silver structures. Different shaped silver structures were observed, including

(1) triangular, (2) rodlike, and (3) hexagonal. The evaporation temperature

was T1 D 1200 �C.
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materials, titania and silver, can be independently tuned in

the composite doublet particles. Here, the size of the silver

particles on the titania particles varied from approximately

20 to 100 nm.

The amount of the silver coating on an individual carrier

particle depends on the amount of silver vapor, the size of

the carrier particle, and the total CS of the carrier aerosol

particles. In Figure 9a, the mass of silver in an individual

approximately 90 nm silica and titania particle is presented

as a function of the vapor pressure of silver, i.e., the

amount of the evaporated silver controlled with the evapo-

ration temperature. The two different carrier particle mate-

rials are comparable, as the size of the carrier particles and

the total CSs are similar. We can see that for titania, the

mass is directly proportional to the silver vapor pressure.

For silica, this is not the case. At the lowest evaporation

temperature (900 �C), the mass of silver on the different

materials is quite similar, as seen also from the TEM micro-

graphs (Figure 6). With higher temperatures, there is approx-

imately an order of magnitude difference in the silver mass,

until at the highest evaporation temperature, the relative dif-

ference decreases again. The observed results could be

explained with the formation of the different sized silver

structures on the silica and titania particles. That is, the con-

densation rate of silver on the silica carrier particles contain-

ing small silver nanodots is limited by the higher effective

vapor pressure of silver. As larger silver structures are

quickly formed on the titania particles, already at the evapo-

ration temperature of 1000 �C (Figure 6), the condensation

rate is no longer limited by this Kelvin effect.

The effect of the size of the carrier particles and the total

CS for the mass of the silver coating on the titania particles

FIG. 8. (a) The number density of the decorative silver dots on a silica parti-

cle as a function of the diameter of the silver dots. (b) The diameter of the sil-

ver particle on a titania particle as a function of the evaporation temperature.

In both figures, the open and gray markers represent results calculated from

particles with and without the DMA selection, respectively.

FIG. 9. (a) The mass of silver in a carrier particle as a function of the silver vapor pressure. The particle diameters (approximately 90 nm) and total CSs for both

particle materials are similar. The error bars represent the standard deviation of several measurements. (b) The result of a minimization to find out the dependency

between the silver mass and the diameter of the titania particle and the total CS. The open and gray markers represent results calculated from particles with and

without the DMA selection, respectively.
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was estimated using a least squares minimization. The mini-

mized expression was

P
log a£PAg £ dbTiO2

£CSc
� �

¡ log mAg

� �h i2
; [1]

where a, b, and c are the output parameters obtained from the

minimization. The result derived from the minimization is

shown in Figure 9b. We found that the mass is proportional to

the diameter of the carrier particles with a power of 1.77 and

to the total CS with a power of ¡0.23. The former exponent is

close to the particle size dependency of the CS near 100 nm

(Kuuluvainen et al. 2010). Furthermore, the total CS affects

the mass in two ways. With higher total CS, the same amount

of silver distributes to a larger particle population. However, a

larger particle population also reduces the wall losses of the

silver vapor. These two effects partially cancel each other, and

therefore the dependency is rather small.

3.4. Formation of the Different Particle Morphologies

A schematic illustration showing the proposed routes for

the formation of the different particle morphologies is pre-

sented in Figure 10. The TEM micrographs at the lowest evap-

oration temperature (Figure 6, T1 D 900 �C) suggest that the

initial particle formation by heterogeneous nucleation and

vapor condensation on the silica and titania particles are quite

similar. With higher evaporation temperatures, vapor satura-

tion, and thus the beginning of the condensation, is reached

earlier. From Figure 3a, we can estimate that at the evapora-

tion temperature of 1200 �C, the vapor begins to condensate at

a temperature of approximately 1000 �C. Already at a tempera-

ture of 800 �C, over 99% of the available vapor has condensed.

This temperature is reached between the first and the second

heating zone; thus the second zone with the temperature of

600 �C acts as a sintering step (residence time approximately

3 s), where the formed silver particles can migrate on top of

the carrier particles.

The two different particle morphologies suggest that the sil-

ver migration on the silica particles is rather slow compared to

that of the titania particles, on which nearly all silver has been

collected into a single large particle. Binder et al. (2010) con-

ducted similar sintering experiments for palladium-decorated

silica and titania particles, and found that the palladium par-

ticles grew faster on titania. They speculated that the rougher

surface of the amorphous silica compared to that of the titania

could hinder the palladium particle migration or even trap the

particles. Especially, pores with sizes equivalent to the diame-

ter of the decorative dots can increase their stability during the

sintering (Bartholomew 2001). From Figure 8, we saw that the

silver particle number density on silica decreased with the size

of the Ag particles. Therefore, some particle migration, even

though hindered, could be expected to have occurred in our

system. In the case of palladium on silica, an increase in the

particle size of approximately 50% was observed at 600 �C
(Binder et al. 2010). Gold particles, on the other hand,

remained stable on silica at temperatures under 900 �C (Boies

et al. 2011). As it is challenging to estimate the sizes of the

possible pores on the silica particles, thorough comparison

with other studies might be difficult.

In the case of titania carrier particles, Binder et al. (2010)

found that the size of the palladium dots had approximately

doubled at a sintering temperature of 600 �C, nevertheless,
maintaining their original decorated morphology. As palla-

dium has considerably higher melting point than silver, we

could expect that palladium particles are more stable on a sup-

port than silver (Bartholomew 2001). Also, as an indirect evi-

dence of the particle migration, the TEM micrographs

(Figure 6, T1 D 1000–1100 �C) clearly show approximately

FIG. 10. A schematic illustration of the formation of the ceramic–silver composite particles with different morphologies. (a) The initial steps are similar for both

silica and titania carrier particles. Due to the differences in the Ag particle migration on (b) silica and (c) titania, decoration and composite doublets, respectively,

are formed.
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10 nm silver particles merging into larger silver structures. In

order to estimate whether the particle migration of such large

particles is indeed relevant in our system, we can calculate the

diffusion coefficient for a spherical 10 nm particle using the

derivation presented for example by Harris (1995). With the

literature values collected by Gontier-Moya et al. (2004), the

diffusion coefficient of a 10 nm silver and palladium particle

at 600 �C receives values of 2 £ 10¡9 and 7 £ 10¡15 cm2s¡1,

respectively. As a consequence, the migration distance in a

time period of 3 s for silver and palladium particles could be

estimated to be approximately 1.5 mm and 3 nm, respectively.

Thus, in the light of these values, it is likely that the migration

of the silver particles is the key factor controlling the particle

morphology. Furthermore, the migration of silver particles is

considerably faster than that of palladium particles, and there-

fore with silver on titania, the decorated morphology is not

maintained. Instead, the silver forms larger structures through

particle collisions and subsequent coalescence.

The silver particles observed on titania have a variety of

different shapes, such as triangular, rodlike, and hexagonal

(Figure 7). Similarly shaped metal particles on ceramic sup-

ports have been reported in earlier studies as a consequence of

sintering (Wynblatt 1976; Kim and Ihm 1985; Harris 1986).

Harris (1995) suggested that such shapes are formed by the

abnormal growth of twinned structures, resulting from the coa-

lescence of single crystals. Thus, the presence of these struc-

tures also implies that particle migration is really the key

factor for the different particle morphologies. All in all, our

coating process includes simultaneous condensation of new

material on the carrier particles and on existing silver struc-

tures. The condensation rate is most likely affected by the size

of the different silver structures, as speculated with Figure 9.

In addition, metal–substrate related interactions between the

formed silver particles and the ceramic carrier particle affect

the particle migration and sintering. With the current coating

setup, the complete distinction between all these different pro-

cesses might be challenging.

4. CONCLUSIONS

Ceramic–silver composite nanoparticles were synthesized

with a physical coating process. Silver was evaporated and

condensated on silica and titania carrier particles in a tubular

furnace flow system. The homogeneous nucleation of the

evaporated silver vapor was avoided by optimizing the tem-

perature gradient in the furnace system. The effect of the car-

rier particle material, particle size, total CS, and evaporation

temperature on the formed silver coating was investigated.

We found that the different ceramic carrier particle materi-

als, amorphous silica and crystalline titania, resulted in

completely different coating morphologies. Typical silver-dec-

oration was formed on the silica particles. Interestingly, the

number density of the decorative silver dots on the silica was

inversely proportional to the diameter of the dots. The dot size

increased with the evaporation temperature from less than 1 to

over 10 nm. Furthermore, the results suggest that a core–shell

structure could form on the silica when using higher evapora-

tion temperatures than in this study (>1200 �C).
On the titania carrier particles, the silver coating formed

substantially larger nanostructures, with sizes ranging from

approximately 20 to 100 nm, thus forming titania–silver com-

posite doublets. Furthermore, it was possible to independently

tailor the particle sizes of the two materials. The size of the sil-

ver particles increased with the evaporation temperature and

carrier particle size, and decreased with the total CS of the car-

rier particles. The large silver structures consisting of different

shapes, including triangular, rodlike, and hexagonal, suggest

that the silver particles on the crystalline titania have grown

due to the particle migration and coalescence. In the case of

the amorphous silica, the rougher surface structure hindered

the particle migration.

The coating process of ceramic carrier particles with silver

used in this study is purely physical, and thus no chemical pre-

cursors are required. Furthermore, the amount of the coating

material achieved is substantially larger than with the physical

coating processes that rely on the coagulation of smaller metal

particles and larger carrier particles. In addition, here the

homogeneous nucleation of the coating material was avoided.

We expect that the synthesized silica/titania–silver composite

particles are relevant in different nanotechnology applications,

such as optical, catalytic, and antibacterial.
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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.

251907-2 Zdanowicz et al. Appl. Phys. Lett. 103, 251907 (2013)
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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.

251907-3 Zdanowicz et al. Appl. Phys. Lett. 103, 251907 (2013)
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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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