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anocomposite glasses containing silver nanoparticles can be
microstructured by application of DC electric field and moderately elevated
temperatures. This is based on the newly discovered phenomenon of
field-assisted dissolution of metal nanoparticles embedded in glass. In
chapters 4 and 5 of the thesis the physical interpretation of the dissolution
phenomenon is presented. Afterwards, in chapter 6, it is shown that any pattern of the
electrode — down to the nanoscale — can be transferred into the nanocomposite glass
giving 2D metallodielectric microstructures.
The presented image here shows as background a regular array of squares with
2um periodicity, which was produced using macroporous silicon as an electrode. The
insets represent the base material (top left), electrode (top right), and an enlarged view
of one of the structures showing the remaining silver nanoparticles.
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Chapter 1: Introduction and general aims

Glasses and other dielectrics containing metal particles are very promising
materials for photonics applications owing to thamique linear and nonlinear
optical properties. These properties are dominatedhe strong surface plasmon
resonances (SPRs) of the metal nanoparticles. @uplasmons (SPs) are waves that
propagate along the surface of a conductor, usuméiyals due to their large but
negative dielectric constanSPs are essentially light waves that are trappethe
surface because of their interaction with the ®&etrons of the conductor. In this
interaction, the free electrons respond collecyiviey oscillating in resonance with
the light wave. The spectral position of the SPRthe compound materials can be
designed within a wide spectral range coveringviible and near-infrared spectra
by choice of the electronic properties of the matad the dielectric matrix [1.1,1.2],
or by manipulation of size [1.3], shape [1.4], asmhtial distribution [1.5] of the
metal clusters. This makes the compound materiatg promising candidates for
some applications in the field of photonics [1.8}1.0ne of the main issues in this
context is to structure the optical properties w¢hs materials on a micro-, or even
submicron scale. This aspect, in fact, occupiesymasearchers within the scientific
community. The scientific interest covers from 8tady of optical subwavelength
structures such as plasmonic waveguides based @ namoparticles [1.9, 1.10] to
the much larger scale, micrometer scaleheres the compound materials are
appropriate for production of a number of standand advanced optical elements
such as: gratings, segmented filters, polarizécs, e

One of the examples of a prototype of the compauatkrials, which in fact is the
one used here, is a glass containing embeddedicsghslver (Ag) nanoparticles of
30-40nm mean diameter prepared by"A®" ion exchange [1.11,1.12]. In this
particular case the originally spherical silver oparticles can via a microscopic
thermomechanical deformation process, be transfbrimé uniformly oriented
ellipsoidal ones [1.20], accompanied by the fororanf a strongly dichroitic optical
extinction [1.13], which makes these materials waltable as polarizers [1.21].

The interaction of laser beam with these matehatsextensively been studied in the
past. It has already shown that the interactiomltodshort laser pulses with silver

*

A medium with large but negative dielectric constanis a good host for surface plasmons. Most
common metals such as Au, Ag and Al can exhibitmaat absorption by surface plasmon excitation,
since in an isotropic medium having refractive mdend absorptiok where & =(n+ik)? , whenever
k>>n the criterion of large but negative is satisfied.



Chapter 1: Introduction and general aims

nanoparticles in glass can lead to shape modificaii the particles, depending on
the polarization state of the laser beam. This mwasroscopically observed as optical
dichroism [1.8, 1.14-1.16]. As a particular exampihe work published by M.
Kaempfeet. al. [1.14] can be mentioned where a glass sample ioimgaspherical
silver nanoparticles was irradiated by intense ¢m®tond laser pulses. The
irradiation resulted in permanent colour changesmithe laser wavelength was in
the region of the particles surface plasmon resocman

In fact the main stream of interest in study oérattion of laser light with composite
glasses is due to their spectral properties. hat difficult to understand if one
recalls that spectral, and hence optical propediesetal-doped composite glass is
strongly depend on the volume filling factor oétimetallic inclusions. This aspect is
detailed in the following chapters, where it wi# Bhown that the collective dipolar
interactions between silver nanoparticles embedugthss could cause a significant
broadening and red shift of the absorption bana @Esult of increase in filling factor
of the silver inclusions. Given a feature as sugtone can fail to turn his thoughts
towards exciting particles located in regions wdlferent metal fill factor in
composite glass using a laser with appropriate ieagéth. An example of this
approach can be found in our recent work [1.17].

Although in the past laser-based techniques prdweprovide a flexible tool for
structuring of the optical properties of these male there are a number of short
comings related to these techniques where one aaonty rely on them. First of all
these techniques are often costly. They requireadeing maintenance and this
could hamper mass production of many useful optelements based on the
nanocomposite glasses. The other short comingeigutdamental one. To the best
of the author’'s knowledge in contrast to the supggbnanoparticles, which can be
selectively evaporated from the substrate surfacectty by the absorbed laser
energy [1.18, 1.19], glasses with embedded metalicfgs can not be made
transparent by laser irradiation. This could putipper limit on structural abilities of
laser-based techniques.

Another alternative way for controlled nanodesignneetal nanoparticles is via
electron beam lithography [1.22]. Although by tkeghnique size and shape of the
nanoparticles can be designed and nanoparticlebeanranged and oriented in any
required pattern, the nanofabrication processiisdlighly demanding and costly.

This thesis presents the results of an investigaindio a new, physically very
interesting and technologically simple, approachstimcture optical properties of
composite glass containing silver nanoparticleplyapg a combination of an intense
direct current (DC) electric field and moderatelgvated temperatures, the particles
can be destroyed and dissolved in the glass mattixe form of silver ions, leaving
a transparent area. This leads to a promising @i of this technique, which is
the bleaching of the optical absorption band tlsats$sociated with the surface
plasmon resonance of silver in glass host. Througtie thesis it will be shown that
the underlying physical mechanism of this phenomeas@otentially promising for
the control of structural and optical properties sfver-doped nanocomposite
glasses.

In this thesis, for the sake of compactness, cohgmrgive reviews of optical
properties of metals as well as metal clustersirgentionally avoided. Thus, next
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chapter of the thesis (chapter 2) will only briefgview some of theses properties.
Also throughout the thesis, wherever it was regljitbe necessary background is
provided. Excellent reviews of optical propertigsnanostructured random media
can be found in references 1.1 and 1.2.

Chapter 3 presents preparation technique as wehasacterisation of silver-doped
nanocomposite glasses which were used for the naks@®s samples. This chapter
also provides some valuable information and thé&mketackground on spectral
properties of these materials.

The introduced phenomenon here is believed to lgeoéral interest in the physics
of nanocomposite materials. Given that chapter deigted to detail description of
spatial features and dynamics of evolution of M&&electric field assisted bleaching
of soda-lime glasses containing embedded spheasalvell as elongated silver
nanoparticles, with two different distribution piteg of the nanoparticles. This
chapter provides the key information on the phygicacesses leading to the electric
field-assisted dissolution (EFAD) of silver nandpaes.

The fifth chapter is then report on DC electriddiassisted formation of percolated
silver nanolayers inside the glass with embedddekrsmal silver nanoparticles. In
this chapter the ability of the EFAD technique fgaining control over spatial
distribution of the metallic inclusions is explorefl successful modelling of the
results is also presented.

Afterwards chapter 6 will present results on prdiuncof optical structures in the
glass containing silver nanoparticles using the ERéchnique. It is shown that this
simple technique is capable of producing fine, onicas well as submicron size,
embedded 2-D structures in the nanocomposite raégeri

Chapter 7 then draws the thesis to its conclusoyngiving a summary of the main
achievements and by offering some suggestions pasible future work.
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Chapter 2. Metals and metal-doped
nanocomposite dielectrics

2.1 Introduction

In this chapter the background to the optical prige of metals as well as
dielectrics containing metallic nanopatrticles arefty discussed. It gives definitions
of the terms used in the thesis and presents tie theeory.

It is, thus, divided into two main sections. Sewtid.2 deals with the optical

properties of metals and briefly discusses impartajects such as dispersion in
metals and reflection from metals. Section 2.3 ttiescribes some details of optical
linear as well as nonlinear properties of metaflanoparticles. In this section the
important subject of interaction of ultrashort lapalses with a dielectric containing
metallic nanoparticles is also briefly touched. Tdt@pter concludes with a short
section on what was described here.

2.2 Optical properties of metals

The characteristic feature of a conducting medidghes presence of free electric
charges. For metals these charges are electrdish) wiotion constitutes a current.

The current per unit area resulting from the apion of a field E is related by
means of th®©hm’s Lawto the conductivity of the mediuen. For a dielectric there
are no free or conduction electrons and tlmusO. However, for metalso is
nonzero and finite. In fact in real metals the agrion electrons undergo collisions
with the thermally agitated lattice or with impeasfiens and in so doing irreversibly
convert electromagnetic energy into joule heat.s@ption of radiant energy by any
material is a function of its conductivity.)

2.2.1 Basics of interaction of light with metals

Interaction between light and metals takes plateden the optical electric field and
the conduction band electrons of the metals. Somée light energy can be
transferred to the lattice in the form of heat wallisions. Hence, the optical
properties of metals can be characterized by twapconstants: refractive index,
n, and extinction coefficienk, that result in the complex refractive index, where:

A=n+ik. 2.1)
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The refractive index is defined as the ratio ofggheelocity of light in vacuum to the
phase velocity of light in the given medium. Theimotion coefficient is related to

the exponential decay of the wave as it passesighréhe medium. Both of the

constants vary with wavelength and temperaturg.[2.1

Hence, the expression for an electromagnetic waam iabsorbing medium contains
both of these parameters and can be expresseticas fo

E = Eoe—ZIk%oe-i(2m/x/Ao_a1) , (2.2

whereEyis the amplitude of the wave measured at the psifitin the mediumE is
the instantaneous value of the electric vector oreglsat a distance from the first
point and at some timg «is the angular frequency of the source, ahdis the
wavelength in vacuum.

The absorption coefficient is related to the exttorccoefficient by:

a= 4%0 . (2.3)

The absorption coefficient also appears in the gihiem equation in the following
form (Beer’s equation):

| = 1,67, (2.4)

wherelg is the irradiance at=0 (that is the interface). Thus the flux densityl\arop
by a factor ofe’ after the wave has propagated a distareé/ a , which is known
as the penetration depth. For a transparent matbéeapenetration depth is larger
than its thickness. However, the penetration ddpthmetals is very small. For
instance copper has a penetration depth of only mrthe light at 10pum and that
drops to the penetration depth of only 0.6nm farawiolet light at 200nm [1.1]. (It
has to be pointed out that the equation (2.4) iespthat the intensitidsandl, are
measured within the absorbing medium.)

The complex dielectric constast for metals is given by:
£ =€ +i€, (2.5)
where the dielectric constants are related to fhiea constants by:
£=n*-k?, (2.6a)
£ =2nk. (2.6b)

2.2.2 Implications of Lorentz and Drudetheoriesfor metals

The classical theory of absorption in dielectrislue to H. A. Lorentz [2.55] and in
metals to P. K. L. Drude [2.56]. Both models trded optically active electrons in a
material as classical oscillators. In the Lorentdel the electron is considered to be
bound to the nucleus by a harmonic restofimge, just as for the nonconductive
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dielectric. Drude, however, considered the eledtrtm be free, and thus set the
restoring force in the Lorentz model to be zerothBoodels include a damping term
in the electron’s equation of motion. (In a mored®m view this term is recognized
to be the result of electron-phonon collisions.)

The Lorentz model for dielectrics gives the relatreal and imaginary parts of the
dielectric constantg’, and £, in terms of ,N , the number of dipoles per unit
volume;e (in some text books shown gs- This form is adapted later on here) and
m, the electron charge and mags(in some text books shown ps- This form

adapted later on here.), the damping constangnd «,, the radian frequencies of
the field and the harmonically bound electron; agdthe permittivity of free space.
The results of the Lorentz theory are graphicaligven in Fig. 2.1. The range of

frequencies where increases with frequency is referred to as thgeasf normal
dispersion, and the region near= «, where it decreases with frequency is called

the range of anomalous dispersion.

In the Lorentz model for dielectrics,
as far as the ionic polarizability is
much smaller than the electronic
polarizability at optical frequencies,
only the electronic terms are
considered when evaluating optical
absorption.

The Drude model for metals
assumes, however, that the electron:
are free to move. This means that it
is identical to the Lorentz model

except thatw, is set equal to zero. Wy
The real and imaginary parts of the _ ,
dielectric constant are then given by: Figure 2.1: Frequency dependence &

and £ . The graph is adapted from [2.57].

& and & are shown in the graph with
indices 1R and 2R, respectively .

: 1
£ :1—(Nq§£0m)m,

2.7)

£ = (Ng2e,m) (2.8)

r
W +T?%)
The quantityl is related to the mean time between electronsiotis with lattice

vibrations. At low electromagnetic field frequerssi# can be shown that,, ~> £,5
and therefore one has [2.1]:

N

a =(wuo/2)?, (2.9)
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where y is the magnetic susceptibility. Therefore, theiagbtproperties and the

conductivity of a perfect metal are related throtigh fact that each is determined by
the motion of free electrons. At high frequencigansitions involving bound or
valence band electrons are possible and theréowifl noticeable deviation from the
simple result of the Drude model.

According to the Drude model only the plasma fremye(see section 2.2.3) should
dictate the appearance of metals. This approackssor many metals, e.g. Zinc,
however it does not explain why gold is yellow, pepis red and silver is colorless.
These metals are known as the “Noble Metals”.

Gold, silver and copper all have filled d-shellsdapossess the electronic
configuration of [Xe].4f*5d'°.6, [Kr].4d*.5s and [Ar].3d%4s, respectively. The
calculated values of plasma frequency for all tHieeat about 9eV. This value is
well outside the visible region, whereas, for ins& the reflectance spectrum of
silver shows a drop at about 4eV (Fig. 2.2), wellobethe expected plasma
frequency. In fact its reflectance rises again ffequencies just above 4eV. This
behavior is because silver has a d-band resonaadmat 4eV.

The d-electron bands lie below th

Fermi energy of the conduction ban L TR AL T
Thus transition from the d-band (witl
energyEy) to the empty states above tt
Fermi level (with energyer) can occur
over a narrow band of energies, name
Er-Eq. Therefore it turns out that thi
reflectance properties of noble mete
are influenced by the combined effec
of the free electrons (Drude model) ar
the bound d-electrons (Lorentz model).

ot

POEPLET S| DR R |

Reflectance

-t i e
It is customary to consider the effect
free-electrons via Drude model and tl Photon energy [eV]
bound d-electrons via Lorentz model. _
has to be pointed out that Drude thec Figure 22: Reflectance versus
. . : photon energy for silver. The
of optlt_:al properties of metals is only a graph is adapted from [2.58].
extension of the Lorentz model t
metals, where the electrons are free
(unbound), and hence they experience zero resttoneg [2.51]. The Drude model
will extensively be used throughout the thesis rfewiew of spectral properties of
embedded metallic nanoparticles in glass.

2.2.3 Dispersion in metals

In the previous sections it was discussed that dtveduction electrons are the
predominant contributors to the optical propert@smetals. If a metal has a
particular color, it indicates that the atoms aagtgking of selective absorption by
way of the bound electrons, in addition to the geh@bsorption characteristic of the
free electrons. A medium that is very stronglyaabig at a given frequency does
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not actually absorb much of the incident lightrattfrequency but rather selectively
reflects it.

Free electrons and positive ions within a metal lsarconsidered as plasma whose
density oscillates at a natural frequency.pf known as thdree electron plasma

frequencygiven by [2.1]:

N 2
w, = (- =), (2.10)
me,

whereN is the density of free electrons, is the effective mass of an electron and
&,is the electric permeability of vacuum. Thus, thgpdrsion equation for metals

can be expressed as [2.1]:
n*(w) =1-(w, /). ()1

From 2.11, it can be seen that plasma frequencyeseas a critical value below
which the index is complex and the penetrating wangps off exponentially from
the boundary. However, at frequencies above then@drequency the is real, and
hence the absorption is small and the conducttarsparent. The refractive index
for metals is complex and the propagating wave suffer absorption in an amount
that is frequency dependent.

2.2.4 Absor ption, reflection and transmission of metals

From equation (2.9), it is evident that a field @gating in a metal will be
attenuated by a factor @fe when it has traveled the penetration depth,

y = (2 auo)". (2.12)

After a light beam has propagated one penetratpihdinto a metal, its intensity is
reduced to 0.135 of its value at the surface. Fostmuetals, all the light that gets
into the metal is absorbed

Absorption of light energy by metals increases wattmperature. For instance, during
laser irradiation the absorption of metal increatgs to the increase of temperature.
If the Fresnel expression for the electric fieldeefance is applied to the real and
imaginary parts of the complex index for a metaltaierface, the field reflectivity
can be obtained and from that the following expogss$or the intensity reflection
coefficient can be driven [2.1]:

R =1-2ug,a/o . @)1

From this expression can be seen that since theuctwity ¢ decreases with
increasing temperatureR, decreases with increasing temperature, and at high
temperatures more of the incident energy is absorbe
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The ratio of radiant flux reflected from a surfaoethe total incident radiant flux is
called the reflectance Sincer is a function of the optical constants, it vaneash
wavelength and temperature. The relationship betwesdlectance and optical
constant is [2.1]:

(n-1)* +k2

r= .
(n+1)* +k?

12)

The reflectance is normally less than unity as d&&r some transmission and
absorption are always present. The relationshiyvdx these three properties is:

r+t+a=1. (2.15)

Transmittancd is the ratio of radiant flux transmitted througlswface to the total
incident radiant flux and absorptaneeis the ratio of the radiant flux lost by
absorption to the total incident radiant flux. Sirmht anda are functions of the
optical constants, hence vary with wavelength angperature.

For opaque materials, the transmission is neara®ideq. (2.15) takes the following
form:

r+a=1. (2.16)

2.3 M etal-doped nanocomposite dielectrics

Nanoparticles in general exhibit a wide range etglcal and optical properties due
to the quantum size effect and the surface effécthe nanostructures. In this
context, materials doped with noble metal nanogladi exhibit a large third-order
nonlinear susceptibility and an ultrafast nonlinegsponse. Thus these materials, for
example, are considered to be very promising foaiast all-optical switches in the
terahertz region [2.2].

As early as in 1950s surface plasmons (SPs) assbaidiie metals became widely

recognized in the field of surface science [2.3ld &ince then are of interest to a
very wide spectrum of scientists. So far, many istdvere carried out on the

fabrication of nanoparticles doped materials [2.4-2as well as spatial and size
distribution control of noble metal nanoparticlesdielectric matrices [2.8, 2.9] and

also their interaction with laser pulses [2.10-2.The surface enhanced optical
processes is the very reason why the existenceetdlinc structures much smaller

that the wavelength of light are vital for the masssignal enhancement achieved in
surface-enhanced Raman spectroscopy (SERS)-a teehtlig can now detect a

single molecule [2.22, 2.23]. The enhanced fieddoaiated with SPs makes them
also suitable for sensors [2.24]. Enhanced lo@dtesmagnetic fields have a strong
impact on higher harmonic generation of metal nantges [2.48].

In literature for second and third harmonic generat (SHG and THG)

measurements from metal nanoparticles the surfesnpn resonances (SPs) were
always identified as the source of large opticallime@ar susceptibility enhancement
[2.18, 2.19, 2.49]. Lamprechkt. al. measured the decay time of the electron-plasma
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oscillation of silver nanoparticles, at a film c@tgsg of regularly arranged,
identically shaped and identically oriented paetic]2.60]. Researchers found that by
design of a nancentresymmetric particle shape, SkGansmission at normal
incidence of the fundamental beam can be obtais#ddies of SHG of metal
nanoparticles have a relatively long tradition ur group. For instance Podlipensky

et. al. have recently observed resonant second-asdsceptibility (y*) in a thin

layers of ellipsoidal silver nanoparticles embeddedlass upon femtosecond laser
irradiation at 800nm [2.20, 2.21].

Another important topic in the context of opticatoperties of metal-doped
nanocomposite material is their interaction witttaghort laser pulses. Laser induced
breakdown and damage in materials, particularlpspparent materials, have been
studied since the advent of high-power pulsed lasarces [2.33]. With the advent
of femtosecond lasers study of ultrashort lasesgailvith various materials became
of great interest. This is due to the followingtutist features of the femtosecond
lasers as compared to CW and long-pulsed lasers:

(1) Elimination of the thermal effect because oé thery short interaction time
(energy deposition time)

(2) Participation of various nonlinear processescWwhimade possible by high
localization of photons not only in time domain llgo in spatial domain.

Owing to the ultrashort light-matter interactiomé and the high peak power offered
by femtosecond lasers, material processing witeethasers generally characterized
by an absent of heat diffusion, and hence, of mdtger [2.34]. Due to the nature of
the ultrashort light-matter interaction, femtosetdamsers are capable of overcoming
the diffraction limit [2.35, 2.50]. Femtosecond leseare frequently used for

production of three-dimensional microscopic modifions of transparent materials
[2.36-2.44].

Studies of interaction of ultrashort laser pulsethwiielectrics containing metallic

nanoparticles have been extensively carried oubun group. Recently, it was

discovered that a permanent transformation ofalhytispherical metal nanoparticles
embedded in soda-lime glass into ellipsoidal (mgeeeral, non-spherical) shapes
can be made by irradiation with intense fs lasésqmi[2.10-2.13].

In order to determine the laser energy depositiorsuch systems one needs to
consider theoretical model which describes thermoiand photoelectric effects in
the metallic inclusions, due to the strong elecianitation in the ultrashort regime
[2.45]. At short time scales and intensities ofteby fs lasers, a strong injection of
electrons by metal nanoparticles in the surroundii@ectric matrix is inevitable,
and this leads to the creation of plasma aroundhitigsions, and thus to an increase
in the optical absorption of the medium. A greadld# information on the physical
mechanism behind the deformation and destructionamioparticles as a result of
laser irradiation as well as details on interactvds and ns laser pulses with metal-
doped nanocomposite dielectrics can be found inRé6 and 2.47.

10
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2.3.1 Surface plasmon resonance of metal nanoparticles

Propagation of an electromagnetic wave in a mediantaining spherical metallic
nanoparticles would cause displacement of conducékectrons relative to the
positively charged ionic cores. This in turn resutlt dipole oscillating with the same
frequency as of the incident wave. If radiuseshef manoparticles are much smaller
than the wavelength of the incident wave, the ebstatic approximation is valid and
the dipole moment of the nanopatrticles can be goyef2.52]:

SN — e B _ s §(@)-& ¢
P(w) = ag,E,(w) = 4E,R —é’i (@) + 2, E,(w), (2.17)

where g is the polarisability of the spherg,is the radius of the nanopareticl®, is
the strength of the incident wave, is the electric permittivity of vacuumeg, (&« )
is the relative complex electric permittivity of takand &, is the relative complex
electric permittivity of the host matrix.

Absorption cross section of a spherical metal isidn placed in a transparent
dielectric matrix, where the imaginary part of thelative complex electric
permittivity approaches zertnf[ €,] - 0) is then given as:

o(w) = 127R° Wy, | ‘gi"(“,j) — (2.18)
c le(@)+26,] +& ()

where £ (w) and & (w) are real and imaginary parts of electric pernitgtiof the

metal, respectively, and can be described via thed®Sommerfeld formula as
follows:

E(w)=¢, +1- (2.19)

p
W +iyw'
where &,is the complex electric permittivity associatedhwitter-band transitions of

the core electrons in atony is the free electron plasma frequency apis a
damping constant of the electron oscillations.

As it was briefly discussed earlier, for the NolMetals the calculated value for
plasma frequency is about 9eV. However, each oNiblele Metals has its specific
surface plasmon (SP) absorption band. For instasieer nanoparticles embedded
in glass matrix exhibit SP band at about 417nngaasbe seen from the extinction
spectra presented in Fig. 2.3. As it can be seBnfoSAuU and Cu nanoparticles is
shifted in red spectral range and peaked at 528min580nm, respectively. The
broad absorption bands below 500nm for both Au@undontaining hanocomposite
glasses are associated with interband transitioasiely from d- to s-shell, of the
core electrons in the metal atoms. However, foresithe interband resonance is
peaked at 310nm (4eV) far way from the SP resonfitje
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This can be explained if one recalls th 30
the well known Mie resonance shoul ——Agiglass

occur at a given surface plasmc  2°F Auigllass
frequency, ae, if the following < ,.F . Cu:glass
e . . o
condition in the Eq. 2.18 is fulfilled: 5
=
. 2 " ) o
[‘Si (a)SP)+2£h] té& (a’sp)z - Min. Ux_j

(2.20)

If for the imaginary part of the meta
electric permittivity £, (ws,), one has 7400 500 600 700 800
the following condition fulfilled: Wavelength, nm

& (wsp) <& (wsp); or it has small

frequency dependence, Eq. 2.20 gives:

, Figure 2.3: Extinction spectra of
& (wsp) = —2¢,,. (2.21) glasses containing spherical silver,
gold and copper nannopatrticles.

If this condition complies, the dipole moment amdadl field in the vicinity of a
given metallic nanosphere will grow resonantly &dues that overcome the field of
the incident wave by many orders of magnitudess Hhienomenon is responsible
for the surface plasmon enhanced nonlinearity efrtfetal colloids, as was briefly
discussed.

Thus, using Eqg. 2.21 and by substituting #(w,,) from Eq. 2.19, position of the
SP resonance can be expressed as follows:
W

Wiy = P -y*. 2.22
" Ref,)+1+2¢, 4 (222)

As it can be clearly seen, the core electrons hawgnificant influence on the
surface plasmon and obviously define position ef &P resonance in the extinction
spectra of a given noble metal particle. Equati@2 2lso qualitatively describes the
dependence of the SP resonance on the dielectigegiies of the host matrix; in
fact, increase in the dielectric constant (refrectindex) of the matrix causes red
shift of the absorption maximum [2.16, 2.53]. Tt@ be seen in Fig. 2.4.

This Fig. also shows that the position of the S#dmance also depends on the radius
of the metallic nanoparticles. In fact, its positioemains quasi-constant for the
nanoparticles with radius smaller than 15nm, while band halfwidth for these
clusters differs by the factor of 4. On the othandh for nanoparticles with radius
larger than 15nm, red shift of the SP resonancearscéccording to the mean free-
path model [2.16], this behaviour of the SP resoaanaximum can be explained by
an influence of the cluster radius on the dampiogstant and consequently on the
electric permittivity of the metal inclusions (EB.19). (This aspect was used in
chapter 4, where evolution of electric-field-assistlissolution of silver -

12



Chapter 2: Metals and metal-doped nanocompositiectiécs

nanoparticles is considered, in order to achieviéebeheoretical fittings to the
measured extinction spectra.)

Metal nanoparticles with nonspherical shape shovers¢é SP resonances in their
absorption spectra. For example, ellipsoidal chsstéth axisa # b # ¢ exhibit three
SP modes corresponding to polarizabilities alomgcgral axes given as [2.16]:

& (a) — &,
En T [gi () + Eh]l—k ’

a, (@) = 4?” abc (2.23)
where Ly is the geometrical depolarisation factor for eaotis (z L, =1), and

increase in the axis length leads to the mininagatf the depolarisation factor. For
spherical particles one hag=L,=L:[ 0.3.

0-8 L 50nm

o
o))

halfwidth MNeV]
(=]
'S

o
)

- —O— vacuum(e, = 1)

e QIGSS!Em =2.26) 16nm_ l0nm
o —0-= Tltanoxldelen, =6.26)
2.6 2.8 3 3.2 3.4

peak energy h wleV]

Figure 2.4: Plot of the halfwidth of the dipolar Mie resonanmfesilver nanoparticles
versus the respective peak energy for several edimiggdmedia and particles size.
Parameters with curves are the nanoparticles Bieefigure is adopted from Ref. 16.

Thus, if the propagation direction and polarisatainthe incident electromagnetic
wave does not coincide with the axis of the elligs@he extinction spectra can
exhibit up to three SP bands [2.16]. For spheraidsb = ¢ the spectra demonstrate
two SP resonances with a spectral gap in betweachwlses with increase in the
aspect ratio of the two axes of the spheroid (Eig).

For many years now, the dichroic property of elaagdametallic nanoparticles has
been used for manufacturing of broad-band highreshtpolarizers [2.54]. This
became possible owing to the fact that by appropdhoice of aspect ration between
the axes of the nanoparticles, the position of3Raesonance can be designed within
a broad spectral range. This aspect will be digmiss more detail in the next
chapter, however for now and as an example, tymgaitation spectra of a soda-
lime glass containing spheroidal silver nanopatidior light polarised parallel and
perpendicular to the major axis of the spheroidsh®w in Fig. 2.6.
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Figure 2.5: Position of SP resonances versus aspect ratio betaxes of silver and
gold spheroid nanoparticles. The figures are addjptea [2.16].
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Figure 2.6: Polarised extinction spectra of soda-lime glasgaining spheroidal silver
nanopatrticles.
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2.4 Summary

In this chapter optical properties of metals anthes®f the properties of metallic

nanoparticles have been discussed in brief. Effoatgee been made to provide the
necessary background for the rest of the thesis.réliew of optical properties of

metallic nanoparticles was restricted to those @ldéd in dielectric matrix and even

though was limited to some of the key physical naecéms behind their optical

behaviour. The presented review is not intendedeocomprehensive. Excellent
reviews of optical properties of nanostructureddean media can be found in Ref.
16 and 17.

The following chapters are mainly experimental afithough it was intended to
make them self consistent the information providethis chapter will prove to be
useful.
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Chapter 3. Glass containing embedded silver
nanoparticles. Preparation, Characterization &
Properties

3.1 Introduction

This chapter is essentially devoted to detail dpson of preparation and
characterisation of the samples used. | begin hiapter with a very brief review of
the tools employed for characterization of the dasyused during experiments
presented throughout the thesis. The samples assaf containing embedded silver
nanoparticles. (Sometimes also referred to asrsileped nanocomposite glass.)
This then followed by description of spectral pnd@s of composite glass with
considerable fraction of silver nanoparticles. Tie tnaterial presented in the latter
section is very frequently refereed throughoutttiesis. The symbols and units used
in the latter section are consistent with theirgesen other sections of the thesis,
Chap. 2 (2.3.1), although there are some unavaddbplications in the usage of
symbols.

3.2 Brief review of the char acterization tools

As characterisation tools, along with the convewlotolls such as: confocal
microscope, spectrophotometer, ext., the follovtows were employed:

Scanning Electron Microscope (SEM). SEM is a microscope that uses electrons
rather than light to form an image. There are madyantages to using the SEM
instead of a light microscope. SEM has a largetdepfield, which allows a large
amount of the sample to be in focus at one timév S50 produces images of high
resolution, which means that closely spaced featgan be examined at a high
magnification. Preparation of the samples is reddyi easy since most SEMs only
require the sample to be conductive. The combinaifchigher magnification, larger
depth of focus, greater resolution, and ease opkawbservation makes the SEM
one of the most heavily used instruments in researeas nowadays. All of the SEM
pictures presented in this thesis were taken at IM&erialwissenschaft, MLU-
Halle.

Transmission Electron Microscope (TEM). TEM works much like a slide projector.
A projector shines a beam of light through a slaeethe light passes through it gets
affected by the structures and objects on the .slilese effects result in only certain
parts of the light beam being transmitted throughtaen parts of the slide. This
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transmitted beam is then projected onto the viewdogeen, forming an enlarged
image of the slide. TEMs work in the same way ekdbat they shine a beam of
electrons through the specimen. Whatever partasstnitted is projected onto a
phosphor screen for observation. All of the TEMtyies presented here were taken
at Max Planck Institute of Microstructure Physicali.

Scanning Near-field Optical Microscopy (SNOM). SNOM offers the use of a very
small light source as the imaging mechanism. Bgaisi quasipoint light source with
a diameter much smaller than the wavelength oft,lighe can achieve resolutions
better than the diffraction limit. The probe, howevmust be very close to the
surface; much closer than the wavelength of tH&.lighis region is the "Near-Field"
and thus the name of the technique. Typically,rlaght is fed to the aperture via an
optical fibre. The aperture can be a tapered fio&ted with a metal (such as Al), a
microfabricated hollow AFM probe, or a tapered pigeNormally, the size of the
point light source determines the resolution olatbie. There are two types of
feedback typically used to maintain the proper waglkdistance of the probe to the
sample. One method is quite similar to how feedhagiks with an AFM - by using
a cantilevered probe, the normal force is monitptggically by using a beam-
deflection setup as in most AFMs. The second methees a tuning fork. By
attaching the fibre to a tuning fork, which osd#ia at its resonant frequency, one
can monitor changes in the amplitude as the tipasawer the surface. The tip is
moved laterally, and this technique is normallyerefd to as "shear-force" feedback.
Depending on the sample being imaged, there arépheumodes of operation for
SNOM, such asTransmission: Lightsource travels through the probe aperturd, an
transmits through sample. (This requires a tramspgarsample.) Reflection:
Lightsource travels through the probe aperture,rafidcts from the surface. Lower
light intensity, and tip-dependent, but allows épaque sample€ollection: Sample

is illuminated from large outside light source, ahé probe collects the reflected
light. Illumination/Collection: The probe both illuminates the sample and colldets
reflected light. Detection of the signal can bediad a number of different ways:
Spectrometer, APD (Avalanche Photo Diode), Phottiplidr Tube, or a CCD.

The SNOM pictures represented in the thesis (CBppiere taken in-house using a
a -SNOM in transmission mode.

3.3 Preparation and characterisation of glass containing
silver nanoparticles

All of the samples used in the experiments wer@amed from soda-lime float glass
(72.5 SiQ, 14.4 NaO, 0.7 KO, 6.1 Ca0O, 4.0 MgO, 1.5 AD3, 0.1 FeO3, 0.1 MnO,
0.4 SQ in wt%) by Ag-Na" ion exchange. For the ion exchange process glass
substrate is placed in a mixed melt of AgNahd KNQ at 400°C [3.1, 3.2]. The
thickness of the glass substrate, time of the igoha&nge process and weight
concentration of AgN@in the melt determine the concentration and distron of
Ag" ions in the glass. Following thermal annealinghef ion exchanged glass in H
reduction atmosphere, typically at 400-450°C, sl the formation of spherical
silver nanoparticles [3.1]. Depending on the iogkeange conditions two types of
silver-doped nanocomposite glasses can be producadely: polydisperse and
monodisperse.

17



Chapter 3: Glass containing embedded silver: Preparation, Characterization and Properties

3.2.1 Polydisper se samples

The polydisperse samples contain spherical sihagroparticles of 30-40nm mean
diameter (Fig. 3.1A) which are distributed in antsurface layer of ~6um thickness.
(The polydisperse samples described here were naejby CODIXX AG.) It has to
be pointed out that size and distribution of the megnoparticles in the depth of the
glass sample depends strongly on temperature mreddi Ag-Na" ion exchange as
well as on the annealing time in the reduction aphere. Using SEM the volume
filling factor (f=Vag/Viaa) Of Silver nanoparticles was estimated to start@G? near
the glass surface and decrease to zero within arfenons. This in fact defined as
volume of the inclusions per unit volume ok tbomposite material. Figure 3.1B

Fill Factor
O O O O o o o o

Depth, um

Figure 3.1: A) Transmission electron microscopy (TEM) picture of ¢gbispherical
silver nanoparticles in nanocomposite glaps. Scanning electron microscopy (SEM)
picture of the cross section of glass sample coimgispherical silver nanoparticles (Ag
particles are reproduced as white spots). The gmadif the volume filling factor of Ag
nanoparticles is shown in superimposition (The )»saxas adjusted to the length scale
of the picture).

18
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shows the SEM picture of the cross section of Hmapde where silver particles are
reproduced as white spots. In this figure the gmatdof the volume filling factor of
Ag nanoparticles is shown in superimposition. H#egaand through out the thesis
this type of samples where gradient of volumenifglifactor in the depth has an
exponential profile are refereed to &otydisperse-Type I-Original” samples.

The extinction spectrum of the sample is

given in Fig. 3.2. As it can be seen the °
strength of the absorption band was so
high that its peak, located between 412- .|
420nm, could not be measured. The_
existence of gradient in this type of £
samples enabled us to produce samples’|
with a very low silver filling factor by

removing the upper particles layer of .. - - - -
desired thickness, typically down to ~3- Wavelength, nm

5um' .In fact expe.rlm_entally . the Figure 3.2 Extinction
mformathn on the distribution of silver spectrum of the glass sample
clusters in the depth of the glass was containing embedded spherical
obtained by removing surface layers of silver nanoparticles.

various thicknesses from the sample via

etching in 12% HF acid for different retention tsné\fter this procedure SEM was
used to estimate the volume fill factof) of silver clusters in different distances
from the original sample surface. Fig. 3.3 represéme typical results of the etching
procedure. As is clearly seen in the SEM picturekig. 3.3 (A) by increasing the
etching time from left to right the silver contemas decreased. The volume filling
factor of the nanopatrticles was then estimatecetic=l0.08 at the depth of ~3um and
decreased to the lowest estimated value=@006 in the depth of ~5um.

A)

B)

Figure 3.3: A) SEM pictures of samples with
spherical silver nanoparticles etched in 12%
HF acid. Pictures are ordered along with
increase in etching time and hence decrease
in estimated value for volume filling factor
(f) of: 0.08 (a); 0.02 (b) and 0.006 (@)
Experimentally measured extinction spectra
of the same samples. Lettering of the spectra 2t
is according to the SEM pictures.

-In(T)

2

AT i
400 500 600 700
Wavelength, nm

PO
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In Fig. 3.3 (B) the corresponding extinction spaaif the etched areas are presented,
with the same lettering ((a) to (c)). By comparsuectra presented in Fig. 3.2 and
Fig. 3.3 it can be clearly seen that while the inafysample shows a strong and
broad SP band corresponding to the spherical Agpeaticles incorporated in the
glass matrix with high fill factor of up to 0.7 neta the surface of the matrix, etching
of the sample in HF acid results in fading of theaption band due to the decrease
in thickness of the silver-containing layer as wad decrease of fill factor of
nanoparticles in the sample. Through out the th#mstype-l samples with low
volume filling factor of silver nanoparticles arefereed to asPolydisperse-Type |-

low filling factor”.

Another type of the sample used here is a glastaicmng embedded elongated
(elliptical) silver nanoparticles (Fig. 3.4A). Tleesamples were made by applying
tensile deformation and simultaneous heating toRblgdisperse-Type I-Original
samples. This procedure resulted in production ah@es containing strongly
elongated (ellipsoidal) silver nanoparticles. Héme particle-containing layer was
reduced in thickness to ~1pum. Figure 3.4B showsuiew of the sample. The
picture is taken using SEM. The penetration deptthe SEM signal was ~100nm.
The elliptical shape of the nanoparticles can begrized.

Figure 3.4: A) TEM picture of typical elliptical silver nanopartislén nanocomposite
glass.B) SEM picture taken from the surface of a sampletaining embedded
elliptical silver nanoparticles.

As a result of the macroscopic thermomechanicabrdeition process the final
samples had a step profile of volume filling factdr silver nanoparticles in the
depth. The overall thickness of the sample was mdaced from 1mm to 200um.
Figure 3.5 shows a SEM picture take from the csaession of one of the samples of
this type. This type of samples with embedded tadig silver nanoparticles and step
profile of filling factor are referred throughouie thesis to asPolydisperse-Type
[1” samples.

20



Chapter 3: Glass containing embedded silver: Preparation, Characterization and Properties

Figure 3.5: SEM picture of the cross
section of glass sample containing
elliptical ~ silver nanoparticles (Ag
particles are reproduced as white spots).
The gradient of the volume filling factor
of Ag nanoparticles is shown to have
step profile.

Another important consequence of the deformatia@cegss is the uniform orientation
of the elliptical nanopatrticles in the final sangpl&his results in a strongly dichroitic
optical extinction [3.3] and makes these matenadsy suitable as polarizes [3.4].
Figure 3.6 shows measured extinction spectra ofstmaples for two different

polarizations of the incident light.
6 I
| original, lin. po].

original, lin. pol.
=

Figure 3.6: Extinction spectra of the
sample containing elongated Ag E
nanoparticles (“Type II” samples) with =
light polarized parallel (black) and
perpendicular (blue) to the long axis of
the silver clusters.

2

" 400 600 800 1000 1200
Wavelength, nm

3.2.2 Monodisper se samples

Homogenous distribution of silver cations in thesyl substrate can be achieved
depending on the duration of the ion-exchange m®c€he monodisperse samples
used in this thesis contained silver nanopartiolge mean diameter of 30nm in a
near surface layer of approximately 21pum.*

The nanoparticles were distributed with filling facof ~10*. Extinction spectrum
of the sample exhibited an absorption band whichkeé at ~413nm. This type of
samples with embedded spherical silver nanopastialed homogenous profile of
filling factor are referred throughout the theses ds ‘Monodisperse-Original”
samples.

* The monodisperse samples were prepared by Dr. Betty at MLU-Fachbereich Physik,
Fachgruppe Experimentelle Physik I-Glasphysik.
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3.3 Spectral properties of glass with high fraction of silver
nanoparticles

Throughout study of spectral properties of any miatecould reveal its potential
applications in photonics. In this context, sildEped nanocomposite glass is not an
exception and the spectral analyses are essentialinstance, the main stream of
interest in study of interaction of laser light lvitomposite glasses containing metal
nanoparticles is due to their spectral properttas.not difficult to understand if one
recalls that spectral, and hence optical propediesomposite glass are strongly
depend on volume filling factor of the metallic lmsions. This can be explained if
we remind from the last chapter that the absorpspactrum of a single metal
particle is characterised by the well-known Mieoresnce [3.5-3.7] occurring at the
SP frequencyw, under the followingsondition:

Ree, ()| = —2¢,, 3.9

where &, (« Jand ¢, are the complex dielectric constant of metal amaosinding

matrix, respectively. This results in resonant exeanent of the dipole moment of
the metal inclusion in a dielectric given as

- — 3 & (@)_Eh =3
P@) =4mE,R Y E(@), (3.2)

whereRis the radius of the nanoparticl&, is the electric field strength of an
incident electromagnetic wave amgyg is the electric permeability of vacuum. With

increasing metal content the average particle ntgt® decrease, and thus also
collective dipolar interactions between nanopatichave to be considered, which
strongly affect the linear and nonlinear opticabpmrties of a nanocomposite
material.

As a rough approach, it is sufficient to describis effect in the approximation of
the well known Maxwell-Garnett theory, which is widefpplied to describe the
optical properties of metal grains in dielectrictrizes [3.7-3.10].*The Maxwell-
Garnett theory does not correctly take into accotlet multipolar interactions
between nanoparticles considered in other work1f3.13]. However, yet it has
widely used because it describes quite well thatipasand shape of the surface
plasmon resonance and its dependence on the nligtadtor [3.8].*

* A widely explored approach for modelling the agati properties of a given composite media is via
effective medium theories. These theories providete@magnetically averaged optical constants for
the medium, calculated in terms of the optical tams of the composing phases and their
geometrical arrangement. The validity of these tiesds typically limited by the size of the struds

of the composing phases: large enough to localggrve their own electromagnetic properties and
sufficiently small for the composing media to appgamacroscopically homogenous [3.16]. Over the
last century, a considerable number of such theon@ve been developed, being the two most
successful approaches Maxwell-Garnett theory (MGI1{] and Bruggeman effective medium
approximation (BEMA) [3.18]. —

22



Chapter 3: Glass containing embedded silver: Preparation, Characterization and Properties

The effective dielectric constaal, («) of a composite material with spherical metal
inclusions having a fill factdris given then by the expression:

(& +2¢,) + 21 (£ — &)

Eg (W) =€ . 3.3
o () " (€i+2£h)_f(€i_£h) (5:3)
Using the Drude model for the dielectric constdrthe metal we can then write:
@,
E(w)=¢, +1- (3.4)

W +iyw'
where y is the damping constant of the electron oscilteti@nd &, is the core

electron dielectric function. Here., is the free electron plasma frequency given
earlier (See Eq. 2.10).

It was previously been shown that based on thiscrgg®n, the absorption
coefficient of a composite medium with dielectrionstant €4 (&) can then be

expressed as [3.15]:
2a
0o (@) == IM 24 (@), 3.5)

wherec is the light velocity. It was also argued that tlodlective dipolar interactions
between nanoparticles cause a significant broadeasma red shift of the absorption
band with increasing fill factor of silver inclusis in the glass matrix [3.15].

—

The MGT departs from the Clausius-Mossotti relatippli@d to a medium having a low filling factor
of small homogeneous inclusions and takes into wadceheir dipolar response. The effective
dielectric function £&x) of the composite medium can be calculated from:

Eat ~En - f & — &,
Eg T 28, & +2¢,

wheresg, is the dielectric function of the host,the one of the inclusions afids the volume fraction
(or filling factor) of the inclusions. This formuléreats the matrix and the inclusions in an
unsymmetrical fashion and it is in principle lindt¢éo low values of since it neglects multipolar
interactions among the inclusions. The MGT is ablel¢scribe qualitatively the surface plasmon
resonances for metal-dielectric composites, buhagaccount for percolation among the inclusions,
except for the trivial casesl.

In the BEMA the host and the inclusions are treateé symmetrical way and both phases are
considered to be embedded in the effective medinrthis case, the effective dielectric function can
be determined from self-consistent calculations:

E —€& E — &
(1_f)h LU R eff:O
&, + 284 E +284
In contrast to the MGT, this model includes thecp&ation among the inclusions for filling factors
f>1/3. However, it is not able to represent appraplyathe surface plasmon resonances for metal-
dielectric mixtures [3.19].
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Furthermore, using this feature particles locatedegions with different metal fill
factor in composite glass were excited using a lagh appropriate wavelength, and
this led to the production of 3D structures in sibdoped nanocomposite glass via
spatially selective nanoparticle deformation.

On the other hand, based on the description predeitove, the refractive index of a
composite medium with dielectric constan («) can be expressed as:

ng (o) =Re/e (@) . 3B

Using Egs. (2.5), (3.3)-(3.4) and (3.6), the disper spectra (Fig. 3.7) of glass with
spherical silver nanoparticles were calculated dsnation of the volume filling
factor of metal clusters in the glass matjx2.3, «,=9.2 eV, y=0.5 eV [3.14],

£,=4.2 [3.10].
From Fig. 3.7 it is evident that varying the fitliiactor strongly affects the effective
refractive index of composite glass. At filling fac as low as € <10™) the

refractive index is equal to 1.54. Increasing & fitling factor results in dramatic
increase of the refractive index, in fact from 53 in the visible spectral range.
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Figure 3.7: Calculated dispersion spectra of
glass containing silver nanoparticles using
Maxwell-Garnett theory.

Alterations in the absorption as well as dispersgpectra of the silver-doped
nanocomposite glass could obviously result in waneof the reflection properties of
the material with filling factor. This aspect wide considered in chapters 5 and 6. In
fact it will be shown that growth of the metal cemt results in increase of the
reflectivity from nanocomposite glass.

Thus the theory predicts that by controlling th#infy factor of the metallic
inclusions in metal-doped nanocomposite glassatkhbe possible to engineer the
optical properties of these materials. Therefougeehchanges in refractive index as a
result of increase and/or decrease in filling factiothe metallic inclusions can serve
to produce various useful optical devices.
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3.4 Summary

In this chapter, at first preparation and charasation of the glass samples
containing silver nanoparticles has been preserkdse samples are used for the
experiments described in the following chaptersisThas then followed by
description of spectral properties of glass comairconsiderably high fraction of
silver nanoparticles.

Increasing of filling factor of silver inclusions glass matrix leads to the broadening
and red shift of the absorption band. This iséw&d to be due to the collective
dipolar interaction between nanoparticles. Hemais shown that filling factor of the
metallic inclusions also strongly affects the efifex refractive index of the
composite glasses as well.
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Chapter 4: DC electric field-assisted dissolution
(EFAD) of silver nanoparticles in glass matrix:
Observations

4.1.1 Introduction

In this chapter result of the direct application aif electric field at moderately
elevated temperatures towards glasses containirfgpaohed silver nanoparticles is
explored. It is shown that this procedure leadsth® dissolution of the silver
nanoparticles in the glass matrix.

The first part of the chapter is devoted to delascription of spatial features of DC
electric field-assisted dissolution (EFAD) of siveanoparticles in glass matrix.
Here, some key information on the physical proce$sading to the EFAD of silver
nanoparticles in the glass matrix is provided. €kracted information is then used
to discuss the proposed physical mechanism behiadlissolution process. This
will then serve for better understanding of thédi@ing chapters.

4.1.2 Experiments and results

For the experiments performed here the following@as were used: Polydisperse-
Type I-Original (glass containing spherical silvenoparticles where the volume
filling factor of the nanoparticles have an expdra@mrofile); Polydisperse-Type I-
low filling factor; Polydisperse-Type Il (glass daming embedded elongated,
ellipsoidal, silver nanoparticles where the volufileng factor of the nanoparticles
have a step-like profile); Monodisperse-Originabaihg'-Na" ion exchange soda-
lime glass. For all of the experiments describece rend in fact throughout the
thesis, only single sided samples were used, mgderboving a sufficiently thick
surface layer from one side of the samples by etchn 12% HF acid. The
experiments were always performed inside a prograiohenfurnace (Novodirect
LABOROVEN-15L-1100°C,Af = +0.2°C), designed for use in laboratories.

The experiments were carried out by equipping esenmple with two pressed-
contact steel electrodes (rectangular 6x@mm or circular with diameter of 20mm),
and placing them in an air atmosphere inside tl@no¥vhe samples were equipped
with electrodes so that the nanopatrticles contgitager was facing the anode.

All of the samples were then heated to a temperabfir~280°C and then a DC
voltage of 1kV across the thickness of the sampies applied using a high voltage
source. (F.u.G. Elektronik HCE 7-3500 POS.)
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Figure 4.1 shows a typical experimental arrangerfzgrthe samples.

Since soda-lime glasses possess high ionic conitydi.7], special procedure for
the treatment of the samples employed. This praeesuconsisted of applying the
voltage in small amplitude steps, typically in steyd 0.2kV, in a way that during
each step the current never exceeded a few hunechietbamperes, typically
<250pA. The overall duration of the treatment wa®mi. The idea behind this
procedure is generally aimed to avoid electric kdeavn of the materials [4.8].*

At first this procedure was tested on a 1mm thigk-Na' ion-exchanged soda-lime
glass. Evolution of the current flowing through te@mple as a function of time
during the procedure is given in Fig. 4.2.

Silver containing layer,

. Type Il sample -

cathod

| 8

Figure 4.1: Typical experimental arrangement. The picture shiheross section of a
type Il sample and as it can be seen the nanoleartiontaining layer facing anode. The
picture is not to scale.

* |t has to be pointed out that a similar procedwas tor years been using for the purpose of
inducing second-order optical nonlinearity in vadgotypes of glass where the inversion
symmetry of the glass matrix is broken by the imdéelectrostatic field which is frozen in the
glass after treatment. As a result of this procedigcond-order nonlinear response to intense
light excitation is allowed. This technique is known the field of optoelectronics as thermal
poling of glass [4.5-4.7]. According to the genbrahccepted picture of the process the
mechanism behind the localisation of the nonlirigaréar the anodic surface as follows [4.7]:
under the action of the voltage applied to the debafiass (~300°C) the alkali metal ions, in
particular N3 because of its high mobility, and also Will drift to the cathode where most of
them are neutralised by incoming electrons, leaviabind a negatively charged region (so-
calledion depleted region) near the anodic surface. It is believed thatiésilts in appearance
of a high electrostatic field in the depletion gibelow the anode, and peaking at the surface.
This procedure, however, to the best of the autharswledge has never been previously used
towards glasses containing metallic nanopatrticles.

One curious point which has to be pointed out lierat the common usage of the phrase
electric-field poling refers to the direct applicet of an electric field with an external circuit
[4.21]. However, in order to avoid any confusionthwihermal poling of glass, | refereed to the
treatment presented here as DC electric field4{@sbtseatment.

A brief introduction to the thermal poling of glasggiven in Appendix A.
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Interestingly enough it was found that the ion-eded glass exhibited typical
behaviour of soda-lime glass for the same parasefetreatment. (See for example
Ref. 4.8.) From Fig. 4.2, it can be seen that ahesiep of treatment the current
decreased with time (peak current remained belo®@p2) and the decay of current
become slower from step to step, indicating that réssistivity of the ion-depleted
region, beneath the anode, increased progressively.

0 I T I I I I I I
0 5 10 15 20 25 30 35 40 45 50

t, min

Figure 4.2: Evolution of current flowing through the ion-exclgaad sample during the
treatment at ~280°C. Vertical dashed line indicdtes beginning of cooling of the
sample.

Samples containing silver nanoparticles, howevehjbited substantially different
current dynamics in comparison with the ion-excleghgample during the treatment.
Figure 4.3 represents evolution of the current iit@athrough the samples during the
treatment. In these samples the near surface iayeerely depleted of sodium ions
and contains silver nanoclusters. Thusithec conductivity in the layer is expected
to be low. This feature is consistent with the muhaller current which was
observed in the first two or three steps of thattrent. (Fig. 4.3.)
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Figure 4.3: Evolution of current flowing through the sample asiaction of time. Top
chart: Current dynamics of three type Il sampl&attom chart: Current dynamics of
the type I-original sample (Thin line), type I-lowihg factor (Dotted line). The thick
line in the bottom chart represents current dynashie type I-original sample which for
comparison purposes was polished down to the shitkness as type Il samples, i.e.
200pum. Vertical dashed line indicate the beginmihgooling of the sample.
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However, as it can be seen from the current dymngnaifterwards the conductivity
increased dramatically and in fact the evolutiontlsd current with time become
somewhat, qualitatively, similar to that of the dexchanged glass (Fig.4.2.) This
sudden change of behaviour is believed to be dubket@mnset of the dissolution of
silver nanoparticles, as will be discussed nextweier before going further and for
better understanding of the processes it is impbrta mention some of the
microscopic as well as macroscopic changes obsémthé samples after treatment.

4.1.2.1 EFAD of silver nanoparticles in Polydisperse-Type I
sample

Examination of the type Il sample after treatmemt hrevealed an interesting
macroscopic effect. The glass region under thetigesilectrode (anode) has
become completely transparent with sharp edgesegmonding perfectly to the

electrode size (Fig. 4.4). Since the original coloiuthe glass (green in the picture) is
due to the presence of silver particles, the blieachf the glass in the treated area is
then obviously due to the absence of the nanopestid.e. dissolution of the

nanoparticles in the matrix. However, obviouslytlier analyses were needed to
prove this conclusion and also provide further $itdwards understanding of the
phenomena.

9Immr

Figure 4.4: Photograph image of the type Il sample after treatmThe glass became
totally transparent under the anode after thertreat. The sharp edges of the bleached
region correspond perfectly to the electrode size.

Figure 4.5 gives extinction spectra and SEM pidwkthe sample before and after
total bleaching. The spectra (fig. 4.5A) show tlla¢ strong surface plasmon
resonance (SPR) bands of elongated silver nanolesrin glass (dashed lines) have
totally disappeared after the treatment (solid)lifénis effect is caused by dramatic
changes in the sample nanostructure. In fact thrs lme easily seen in the SEM
pictures presented in Fig. 4.5B and C, where tmselg packed, uniformly oriented
silver ellipsoids characterising the original saenfreproduced in white or light grey
in Fig. 4.5B) are no longer present in the opticathnsparent region (Fig. 4.5C)
after DC electric field treatment. In fact, a numlod dark spots in figure 4.5C
suggest the presence of hole-like structures (akiganoholes) in the upper layer of
the sample after treatment. (In Chap. 5 argumegtrding the existence of
nanoholes or nanopores will play an important mldiscussion of modification of
optical properties of samples after treatment.)
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This once again suggests that the particles hage testroyed during the treatment
without any (micro) damage of the glass matrixwnface, as was verified by optical
microscopy.

After the modified sample was annealed at ~6001Gfbours in air atmosphere, an
absorption band at a wavelength of ~ 410nm ocdummed dashed line in Fig. 4.5
A), which is characteristic for spherical silvemoparticles in glass. This indicates
that while the silver nanoparticles have been dgstt during the treatment but
silver ions are still present in the matrix and ardact capable of re-aggregation
upon the annealing procedure.

original, lin. pol. original, Iinf:}‘\
<:3:> S

Extcintion -In(T)

after treatment (EFAD)
EFAD+heat

T T T T T T T T T T T
400 600 800 1000 1200
Wavelength, nm

Figure 4.5: A) Extinction spectra of the Type Il sample, before ¢blanes, observed
with the light parallel and perpendicular to thadaaxis of the silver clusters) and after
(green line, directly after the treatment; red Jimdter the treatment and additional
heating) the treatmen and C) SEM pictures of the surface of the sample before and
after the treatment, respectively.

In another attempt towards better understandinth@fprocesses a cross section of
the sample was prepared and subjected to a SEM Xpectral analysis. The results
are shown in figure 4.6 (left-hand side “A”, originsample; right-hand side “B”,
modified sample). Taking the silica (Si) curve las indicator for the position of the
sample surface, it can be seen that both Ag anddigent have decreased close to
the surface and increased in the depth of a fewomsc The silver distribution after
treatment has a maximum at a distance of appeieimn 2.5um from the sample
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surface. Since Ag atoms and ions as well as Na saatand ions can not be
distinguished in the X-ray signal, it is an obviatmclusion that these changes are
due to a field-driven diffusion of Na and Ag ioriBhis confirms that the silver
nanoparticles have been converted to silver ions.

These results are in fact in an excellent agreematht the previous observation
where annealing of the sample after treatment texuth appearance of SP band due
to aggregation of silver ions in the matrix.
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Figure 4.6: Na, Ag, and Si distributions as a function of sangépth by local X-ray
element analysis of a cross sections of the sa(@plbefore and (B) after the electric
field treatment; the horizontal length scales dentical. The Ag peak found in (A) at ~
2.5 um corresponds to a single, large silver naricf®y seen in the SEM picture (not
shown).

4.1.2.2 EFAD of silver nanoparticles in Polydispee-Type |
samples

Unlike the type Il samples, glasses containing aidbd spherical silver
nanoparticles with exponential gradient of fillifigctor (Polydisperse-Type I-
Original) did only become patrtially transparentaagesult of the identical treatment
(application of 1kV over the thickness of the saenat ~280°C). Figure 4.7 shows
photograph of the sample after treatment. Thisiglaransparency also resulted in
fading of the extinction spectrum of the sampleg(Fi.8). The fading, however not
disappearance, of the extinction spectrum cleantygest that there are still some
nanoparticles exist in the depth of the sample.s&éh@anoparticles have obviously
not been destroyed during the treatment.

For further investigation, one of the samples walgsped down to ~0.2mm from the
non-nanoparticles containing side. Thus, the sarhptk the same thickness as the
Polydisperse Type Il samples. Once again only gdasteaching of the glass beneath

31



Chapter 4: DC Electric field-assisted dissolution (EFAD) of silver nanoparticlesin glass
matrix: Observations and Processes

the anode was observed. The current dynamics of shimple as a result of
application of 1kV over its thickness at ~280°(issented in Fig. 4.3 (thick line in
the bottom chart). Hence, it was concluded thatetktent to which the sample was
bleached is not qualitatively depend on its thigme

It was also found that in order to achieve completasparency in the Polydisperse-
Type I-Original samples a higher voltage of ~3kVdahence longer time of
treatment up to 180min was needed. Interestingbyigh this was in fact the case for
Polydisperse-Type I-low filling factor samples (Wit 0.01) as well.

On the other hand it was found that samples witlealy homogeneous distribution
of silver throughout their whole volume (MonodispeiOriginal samples) could not
be bleached even up to the electrical breakdownis Juggested that for the applied
conditions EFAD of silver nanoparticles occurs wh#re particles have a

considerable spatial gradient and/or in more gérierms density, which in turn is

restricted to only a thin layer (~a few um) closéhe surface.

Modified region

Original sample

Figure 4.7: Photograph image of the type l-original samplerditeatment. The glass,
under the anode, became only partially transpaasena result of the treatment. The
sharp edges of the bleached region correspondatigrfe the electrode size and shape.
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Figure 4.8: Extinction spectra of the Type I-original samplefdoe (dot line) and after
(solid line) the treatment. Unlike the type-ll sdagonly fading of the spectrum after
treatment was observed. This was attributed to #istemce of non-dissolved silver
nanoparticles in the depth of the sample and wilékplained in the next section.
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It is beneficial to conclude the experimental paith two extra but very important
observations regarding the EFAD of the samples;

a) At room temperature (~25°C), high voltage of ~4k¥és applied to a 1mm thick
Polydisperse-Type I-Original sample. No macroscagiange, including partial
transparency or colour change of the treated avas,observed for 5min, 15min
and 30min of treatment.

b) A Polydisperse-Type I-Original and a Polydispefsge Il samples were treated
with the nanoparticles containing layer facing tahode instead of the anode.
After the treatment, 1kV at ~280°C, no change hwak observed for 50min of
treatment.

4.1.3 Synopsis of the observations

The given observations and analysis clearly magessible to go one step further
and set up the physical processes leading to thEDEST silver nanoparticles in
glass.

It is well-known that in contrast to the pure sdittl@e glass, where the conductivity
at= 300 °C is dominated by the migration of Nations in the matrix (see Appendix
A), in composite materials containing metal nanbpl@s the contribution of

conduction electrons play the primary role for &ectric current [4.9-4.15]. It has
already been observed and confirmed by many rdsear¢hat the conductivity of
these materials approaches that of a bulk metdl witcreasing fill factor of the

metallic nanoparticles in a given dielectric mafdxi1, 4.12, 4.15-4.17].

In fact the dependency of conductivity with fillifigctor and temperature for silver-
doped nanocomposite glass can be qualitativelysasdeby means of a simple
experiment, namely by equipping a sample of a kit two electrodes so that both
of them are facing the nanopatrticles containingtaidere it was done by means of
two electrodes, size of 10mmiOmm, placing them ~1mm apart. The experiment
was performed for two polydisperse-type-I samplagirg a filling factors of=0.1
and f=0.001. (The filling factors were assessed via SEN were intentionally
chosen to be small in order to avoid the onset ofiifitation processes during the
measurements.) The samples were heated to diffeeemperatures as a constant
voltage of 0.2kV was applied and for each tempeeatile amount of the generated
current was measured. Figure 4.9 shows the resthiese it can be seen that while a
measurable current for the sample with higherdiliactor (left) can be registered at
~170°C, for the sample with a very low filling fact(right) the threshold of the
current registration is as high as 300°C. Thispénexperiment hence supports the
idea of high electronic conductivity in the nandfudes containing layer.

In fact the accustom picture to describe generaifaectric current in such systems
is that of a heterojunction of metal and insulaf#rl8], where the energy of
conduction electrons in the metal clusters haxteed the potential barrier formed
by the interstitial insulator layer. If the volurfiing factor of metallic inclusions is
high enough, the potential barrier between two meagiring metal clusters is so low
that thermally activated electron tunnelling ashaslhopping is possible. This in
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turn leads to the repeatedly observed rise of ccindty in systems as such, upon
increase of temperature, as was reported in [4.18}4

f~0.1
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Figure 4.9: Current versus temperature characteristic of mrapes with different filling
factor, f~0.1 (left) and f~0.001 (right). For thaseasurements both electrodes were placed
on the nanoparticles containing layer. See theemiffce in thresholds for registration of
current.

An additional increase of conductivity in these teyss can be expected in the
presence of trapping centres in the glass in then fof interstitial cations or
positively charged anion vacancies [4.19], via atidun of the height of the potential
barrier for electron tunnelling.

Here glass with embedded silver nanoparticles neax-surface region constitutes a
composite material with high electronic conductivih the cluster-containing layer,
and (much lower) cationic conductivity throughobie tremainder of the material
(glass). When an electric field is applied to sackample in a way that the anode is
facing the particle-containing layer, there will&@eurrent due to electrons tunnelling
from the silver clusters towards the anode, anchgvid the high electron mobility
this process would leave the silver particles poaitively charged state. Since there
is a considerable field enhancement in the vicinityAg nanoclusters [4.20], it is
highly probable that they will be further ionizentily due to strong Coulomb forces,
silver ions are being ejected from the metal chsséand then diffuse away from the
anode. Fig. 4.10 shows a schematic diagram ofrieeps.

At the same time, an additional field enhancemendd:be present due to a cation
depletion zone, which plays an important role foertnal poling of glass (see
Appendix A). This Ad ejection increases the fading electronic conditgtibecause
now again there will be uncharged silver clustergiing electrons of high mobility.

Here it is important to note that as long as theidgks have not yet diffused out of

the particle-containing region, they may furthesrease the probability for electron

emission by decreasing the height of the tunnefiotgntial barrier. These processes
can go on until the Ag nanoparticles are completidgtructed and the produced
silver cations have been dissolved in the glassixnat

The central point of this line is the electroniaremt and thus the height of the
potential barrier for tunnelling of electrons, wnidecreases strongly with the
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average distance from cluster to cluster. This @&rpl easily the experimental
observation that samples with a low silver fill tacare not being modified by an
applied electric field of ~1kV across their thickseat ~280°C, and suggest much
higher threshold of modification for these samplggpjcally ~3kV. The presented
picture of the physical processes also explainsntbachanges were observed with
exchanged electrodes (i.e., cathode placed on aper Iwith Ag nanoparticles),
because then a thick layer of insulating glassh(ngspect to electrons) between the
anode and the layer containing silver nanopartiplevents the electronic current
and ionization of the clusters.

te
anode e -
vAg'
A\ A\o A\o A\ A\
cathod

| 3

Figure 4.10: Schematic diagram of the process. Under the cordla@ntion of the applied
DC electric field across the sample and moderatdbvated temperatures silver
nanoparticles are being dissolved in the glassixatr

However, while the present discussion in princgkplain most of the observations,
it is crucial to have a closer look on the evolntmf the modification processes in
order to seek better understanding of the phenoméirius aspect is discussed in the
next section.
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4.2 DC electric field-assisted dissolution (EFAD) of &rer
nanoparticles in glass matrix: Processes

4.2.1 Introduction

Thus far, it was shown that application of a DCcele field at elevated temperature
is capable of bleaching silver-doped nanocompogiEss up to a complete

transparency. In fact, depending on the nanocorngasiaracteristics, e.g. volume
filling factor of the nanoparticles, and experinarntonditions (applied DC voltage

of 1kV across the samples at elevated temperatfre280°C) either complete or

partial bleaching of the glass was demonstratet slitarp edges corresponding to
the electrode size. The underlying physical medmnhas been identified as
electric-field assisted dissolution (EFAD) of embed silver nanopatrticles.

However, some of the questions regarding dynamicghe bleaching remain
unanswered. For instance, while during the treatmeltage was increased step by
step up to 1kV there is no indication that at whigbitage step the bleaching
appeared and how long it took to complete. Moreoggperiments were performed
at a fix temperature of ~280°C. The goal now isatldress these issues. In the
following, glasses containing silver nanoparticlese treated using various
combinations of voltage, time and temperature.

4.2.1 Experimental

For the experiments presented samples of 1-mm thatk soda-lime float glass
containing embedded spherical silver nanopartieiéis exponential profile of filling
factor (Polydisperse-type I-original samples) wased.

First experiment is performed by equipping onehaf samples with two flat press
contact steel electrodes X8mnT) so that the positive electrode was facing the
nanoparticles containing layer, then placed inraide the oven, and was subjected
to eight successive treatment steps at ~280°Canfdliowing sequence: 0.2kV-
10min, 0.2kV-20min, 0.2kV-40min, 0.4kV-10min, 0.6KAOmin, 0.8kV-10min and
1kV-15min.

Between each step of treatment, using an UV-vidibiR spectrometer (with 2-mm
diameter aperture) transmission spectra from thmumy bleached region of the
sample were recorded.
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Besides, six additional samples (identical to tine ased earlier) were treated at
various temperatures: 150°C, 190°C, 220°C, 2508072 and 300°C. In the latter

case, the voltage was increased by steps of 0.28mif each) and up to 1kV. This
was done for the sake of comparison with the erpamtal results previously

presented.

4.2.2 Results and Evolution of EFAD

The experimentally measured extinction spectrdefsample treated at the constant
temperature of ~280°C, however at various timeagmt steps is presented as solid
curves in Fig. 4.11. As it can be seen, while & temperature bleaching occurred
for the applied voltages lower than 1kV (namelyQd&kV and at 0.6kV as can be
seen from Fig. 4.11-b and -c, respectively), howepet the strength of the surface
plasmon resonance (SPR) band was so high thatats gould not be measured, as in
the pristine sample (Fig. 4.11-a). After treatmehtp to 1kV, however, the entire
band could be measured, revealing SPR band atxapmately 420nm (4.11-d).

Within the surface plasmon resonance (SPR) rangsptwerical silver nanoparticles
in soda-lime glass in the visible spectral regidr2?], the extinction spectrum of
metal-doped nanocomposite glass can be calculatad the Maxwell-Garnett
theory via the following expression:

=2—“’L{Imweh (e +2¢, )+ 2f (X, _gh)ﬂdx, 1)

C32 (£i+2£h)_f(x(£i_£h)

where the expression under the square root is dhalir effective (complex)
dielectric function,&4 («), (see chapter 3), L in the sample thickness,the speed

of light, «wis the angular frequencyg, and &, (&, = 223) are the dielectric
constants of the metal and host material, respagtivhe complex functiors;, was
calculated using the Drude model of a metal (see2Ed). In the case of silveke,

is equal to 9.2eV and the functian(c.) is well approximated, within the wavelength
range of interest, by taking, = 48ndhy =05eV[4.23].

Assuming that bleaching proceeded “layer-by-laygdm top surface one can
definedd as the thickness of the layer whefdx)=0 as a result of bleaching

(0<x=<d). Inunbleached layersi(< x< L), on the other hand, one can take:
f(x)= f,exp- x/wf). 2%

The values ofy andw; were determined by fitting the extinction spectrofpristine
sample using Eq. (4.1) ardi= . Orhe value ofl after treatment was determined by
fitting the extinction spectrum of bleached p&nusing Eq. (4.1) and as free
parameter. By fitting the measured extinction spedhe evolution ofl with time
and voltage was estimated (Fig. 4.12).
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Wavelength (nm)

Figure 4.11: Extinction spectra of glass containing sphericlklesinanoparticles with

exponential gradient of filling factor (solid cas)e as-received sample (a); sample
treated at 280°C with successive time-voltage sf(eps text): after 40min-0.2kV step
(b), after 10min-0.6kV step (c), after 15min-1k\¢t(d). Dotted curves are best fits to

Eq. (4.1).
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Figure 4.12: Top charts: Thickness of bleached layer as a fomaif time and voltage.
Bottom chart: Depth gradient of particle’s volunilérig factor in pristine sample. The
values ofd were obtained by fitting extinction spectra. Knowithe valued, the filling
factor at depthg=d can be calculated.

Current measurements of the EFAD process showeld thiga current dynamics
changed as bleaching developed. This is an integefgature of the EFAD process.
The current dynamics are presented in Fig. 4.13. Rharcurrent dynamics, it can
be seen that due to the mixed mobile ion effe@dy the conductivity is expected to
change with the fraction of dissolved particleshia host (denoted for simpliciky.
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Whenx<<1, the current is mainly due to the migrationiarfs originally present in
the host (e.g. N& This situation is likely to prevail during thest step where the
current dynamics (Fig. 4.13 — a) is more similarthat in soda-lime host glass
(Fig. 4.13 — s) than in AgNa’ ion-exchanged host glass (Fig. 4.13 — i). »As
increases, the current dynamics changes in a qoitglicated way (Fig. 4.13— b to
g).

Accurate description of the current dynamics wotdduire taking into account
mixed motion of Ag and N4, evolution of relative ion concentrations, andcerien
contribution. This is obviously is not a trivialsta and was only qualitatively
explained in section 4.1.2. What can, however, &d Bere in that increase of the
contact area is expected to increase the curremtigie dissolution extends to new
regions of the glass). Bumps and jumps in theetiirevolutions — either during the
treatment stage at 28C (Fig. 4.13 — e, g) and/or the cooling stage (Fii34- f, g)

— are attributed to gradual and sudden change$eofcontact, respectively. The
contact issue is further investigated in Appendix B
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Figure 4.13: Evolutions of the current in Ag-doped nanocompoglass during the first
seven steps. Voltage: 200 V (a-d), 400 V (e), 60@)vand 800 V (g). Curves were
shifted along time axis for clarity. Vertical aws indicate the beginning of cooling.
Evolutions of the current during the treatment (280200 V) of soda-lime host glass

(s) and Ag-Na" ion-exchanged host glass (i) are shown for corspar{current values
were divided by 10).

From what was said up to now, the results presehézd show that applying a
voltage as low as 200 V across the sample is seifico initiate the dissolution of
spherical Ag nanoparticles. Re-heating of the sarbpfore each next treatment step
obviously caused redistribution of mobile ions {Nag") in the host. However, it is
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unlikely that re-aggregation of silver clusters weed during this heating because
the temperature (28) is not sufficient. The results also showed thiaaching
increased for longer times of the treatment (at\2pQntil saturation took place and
that higher voltages were required to increaserthér. Incomplete bleaching is due
to the presence of silver nanoparticles which acated deeper in the depth with
smaller filling factor, where the electric fieldretgth is not high enough to cause
their dissolution. The filling factor plays a acdl role here as the uppermost layers
(with larger filling factor) are expected to be sbé/ed first. As the voltage is
increased, the electric field gradient which resditom ion depletion increases in
strength and extends deeper in the host. Botlhigtesr local field strength and the
extension of the depletion layer contribute to ales those silver particles which
remain deeper in the glass.

On the other hand, temperature dependence dynainihe EFAD process revealed
that by applying a voltage of 1kV across the sampleaching occurs in the
temperature range from 150°C to 300°C (Fig. 4.1d4nd g). However, SPR peak
decreases considerably and in fact can be recbydire spectrophotometer, only for
treatments at temperatures above 280°C (Fig. 4)14f ¢ important to point out

that samples could not be treated above 300°C becalucurrent runaway due to
high ionic conductivity of the host glass. (Thiglige to the fact that the current flow
locally increases the temperature and this leadsven more current flow and
consequently more heat. Eventually current tend$iierge. This process is known
as “thermal run away”.) Once again by fitting measuextinction spectra, the
evolution ofd, however this time with temperature was determiffegl. 4.15).

%0 40 500 00 700
Wavelength (nm)

Figure 4.14: Extinction spectra of glass containing sphericldesinanoparticles with
exponential gradient of filling factor (solid cas)e as-received sample (e); samples
treated up to 1kV at various temperatures: 220j@ugtl 280°C (g). Dotted curves are
best fits to Eq. (4.1).

A remark concerns the fitting of the extinction sjpa. For pristine samples, best fits
were obtained by takingy = 05eV whereas, for the treated samples, the following

values were takenhy =10eV (Fig. 4.11) and20eV (Fig. 4.14), in order to
improve the fit quality. The resulting broader Sfdtd can be interpreted, in terms
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of the Mie’s scattering theory [4.26], as a deceeas particle’s (mean) diameter,
here from 30~40 nm to less than 10 nm [4.27]. Fosélparticles subsisting in glass
after treatment, it could mean that only a fracwdrsilver ions was ejected from the
cluster.

d (um)

Figure 4.15: Top charts: Thickness of bleached layer as a fumatiotemperature.
Bottom chart: Depth gradient of particle’s volunilérfy factor in pristine sample. The
values ofd were obtained by fitting extinction spectra. Knogithe valued, the filling
factor at depthg=d can be calculated.

Current dynamics as a function of time for diffaréemperatures are presented in
Fig. 4.16. For the experiments six identical polydrse-type I-original samples were
equipped with two electrodes with anode facing nla@oparticles conaining side,
placed inside the oven, heated to different tempera ranging from 150°C to
300°C, and each was subjected to the applied \adtérgm 0.2kV to 1kV with steps
of 0.2kV. The duration of each step was 10min.

As it can be seen from the figure, dynamics ofalig#on is different for treatment at
temperatures lower than 280°C (see circles). Aromamt feature of the treatments
is the slow rise in current after increasing théage, which then reaches a steady
state level with time. This is indeed in contrasthwthe dynamics of the samples
treated at higher temperatures (280°C and 300°@¢reva sudden jump in current
just after increasing the voltage is observed.

It is plausible that here owing to the slower dyi@nat some depth the electrons
moving towards anode may neutralize the Ag cations their way, thereby
increasing the silver concentration at a certapthlerhis can lead to production of a
layer containing “percolated” silver clusters, at cartain depth, depending,
presumably, on the experimental conditions suclapgtied voltage, temperature or
both simultaneously.

This aspect of the work is further explored in thext chapter, where slower
dynamics for treatment at lower temperatures tf&0f@, namely ~<250°C, is used
for production of percolated silver nanolayersdesglass.
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From what was said so far the evolution of bleachuity treatment conditions can
be explained in terms of the underlying electrieldiassisted dissolution of
embedded metal nanoparticles. Both ionic and @etrconduction must be taken
into account here. While in the glass matrix, thedtynactivated migration of mobile
ions (such as N leads to the formation of ion depleted layer undath the anode
where a high electric field builds up [4.24, sesoalppendix A], in our case this
field is further enhanced in the vicinity of silveanoparticles.

10° T T T T T

200V 40V 600 v 800V 1000 V

Current (u A)

1 1 1

30 49 50 60
Time (min)

Figure 4.16: Current as a function of time in samples with sjgaé¢ silver
nanoparticles. Samples were treated by steps &¥Q20min) up to 1kV. Treatment
temperatures: 300°C, 280°C, 250°C, 220°C, 190°Cl&fdC.

On the other hand, as soon as the threshold fazaton of the silver clusters is
exceeded, electrons move towards the anode aret 8iws, which are ejected from
the ionized clusters due to strong Coulomb forckdt away in the depth. Since
silver clusters in regions of high filling factoclgse to the surface in our samples)
are ionized first, the dissolution proceeds “laggrlayer” from the top surface. It
has to be pointed out that both release of silwes and injection of 0" or H' from
atmosphere (at the anode) should be taken intouatcfmr a more complete
description of the ion depletion process.

On the other hand, incomplete bleaching for theiegpsoltage of 1kV across the
sample at 280°C can be explained by, and is beli¢vde due to, the presence of
nanoparticles which are located deeper in the degthsmaller filling factor, where
the local electric field strength is not high enbug cause their dissolution.

As the voltage is increased, the electric field@ases in strength and extends deeper
in the sample. As it was said before applicatior@KV across the polydisperse-type
I-original samples is enough for complete bleacluhthe treated area.
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The actual field distribution depends on ion deptetand metal cluster distribution
in a non-trivial way. Thus, both the higher locald strength and the extension of
field distribution contribute to dissolve thosevsil particles which remain deeper in
the glass. The increase af thickness of the bleached layer, with temperafsee
Eqg. 4.1), on the other hand, is consistent withtttemally activated nature of the
ion migration process.

4.3 Summary

In this chapter, at first, the effect of an intei3€ electric field applied to glass
samples containing silver nanoparticles in a thiriaxe layer of a few micrometers
was investigated and discussed. It was shown thelesated temperature of about
~280°C, and using samples with sufficiently higlvesilvolume fill factor, the silver
clusters can be destructed completely into Ag iartsch are being dissolved in the
glass matrix and diffuse into deeper layers ofsiéuaple.

It can obviously be argued that the presented phenon is of general interest in the
physics of nanocomposite materials. Beyond theadly interesting capability to

make the glass totally transparent under largesgreatricted only by the size of the
anode used) with sharp edges, the underlying phlysiechanism is potentially

promising for the control of structural, and hemqeical properties of metal-doped
nanocomposite materials, as will be shown in tlevieng chapters.

In the second part of this chapter dynamics anduéea of the EFAD of spherical
silver nanoparticles with exponential profile of lmme filling factor of the
nanoparticles in glass matrix, as a function ofetimmoltage and temperature was
investigated. The optical extinction band due daaparticles’ SPR, around 415nm,
was measured and Maxwell-Garnett theory was usdi the extinction spectra.
Fitting allowed us to determine the evolution of thékness of the near-surface
layer where nanoparticles’ volume filling factorshdropped to zero as a result of
bleaching process.

At 280°C, bleaching started with voltage as low0a2kV and saturated with time

after about one hour. It was found that voltagatdéast 1kV and temperature higher
than 200°C is required in order to obtain signfiicand uniform bleaching in the

treated area. The results discussed in terms ofitderlying electric field assisted

dissolution of embedded metal nanopatrticles. It alas shown that the dynamics of
dissolution is different for treatment at temperasulower than 280°C, opening up
the possibility of gaining control over the disg@a process.

Indeed the nanoparticles’ dissolution process waned to be controllable through an
appropriate choice of voltage, time and temperatiitdés feature of the EFAD

process will be explored in the following for mamigtion of optical properties of

silver-doped nanocomposite glass.
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Chapter 5: DC Electric field-assisted formation
of percolated silver nanolayers inside glass:
Observations

5.1.1 Introduction

In the previous chapters it was shown that howraluoation of a DC electric field
and moderately elevated temperatures to a silveedlamanocomposite glass could
lead to dissolution of the silver nanoparticleshie glass matrix. From a macroscopic
point of view, this effect was called “electriclfieassisted dissolution” (EFAD). The
phenomenon was physically interpreted in terms afization of the metal
nanoclusters followed by the removal of ions frdra tlusters and their drift in the
depth of the glass substrate.

Here, by using the EFAD technique, it is shown thatv the conditions can be
selected for which a buried layer of percolatedesilclusters is formed several
hundred nanometers below the glass surface, gngegto almost arbitrary colours
observable in reflection due to light interferengiare generally, it is discussed how
this technique could allow engineering of the agtiproperties of the material via
gaining control over the spatial distribution df/er in the glass.

5.1.2 Experimental

For the experiments described in this chapter pspgise type I-original samples
(see chapter 3) were used. The electric-field sbidissolution of Ag nanoparticles,
as described in detail in chapter 4, was done bgging two electrodes (7m@mm
size) on the sample surfaces, the anode facindagfe¥ containing nanoparticles.
Then the sample was heated to a temperatufe290°C, and a DC voltage was
applied. For the main results presented here, agaa the voltage was increased in
steps of 0.2 kV to a maximum value of 1 kV withinogal time of 50 min, keeping
the current below 200 pA at any time; finally tha@lteage was disconnected and the
temperature was reduced down to the ambient tertypera

5.1.2 Results and synopsis of observations

As it was described earlier the experimental praocedexplained in the previous
section leads to nearly complete bleaching of thea ainder the anode. As an
example, Fig. 5.1 gives microscopic pictures ofemthed sample; the two pictures,
presenting exactly the same sample area (wherengrcof the anode was placed),
were recorded in reflection (Fig. 5a) am@nsmission mode (Fig. 5b) of the
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microscope (see the figure caption), respectivilyreflection mode the border
region shows a rainbow-like pattern consisting @eguence of several blue, green
and red rings. In transmission mode (Fig. S5lojlowving the same path from
untreated (location O) to treated area (locatipnf@he sample, no rainbow pattern
is observed, but only a gradual change of colanfdark brown to faint yellow. The
latter colors can be understood by the SP absorpfithe silver nanoparticles being
present in the sample initially, and their desinrctby the dissolution process,
governed by the strength of the electric field hguite obviously decreases with
increasing distance from the anode edge. The remgglight yellow color within the
bleached area indicates that a small amount oérsihanoparticles remains non-
dissolved in the depth of the sample where thmdlfactor of nanoparticles is very
low. This incomplete bleaching, as already obseraed discussed, is due to the
limited applied voltage of 1 kV. An important poimére to note is that the bleaching
extends slightly outside the electrode area (whéee rainbow like pattern is
observed).

75 pm

Figure 5.1: Photographs of the segment of the anodic surfacg@r nanoparticles
containing glass sample after treatment at 1kV;@5@hotographs were taken using a
microscope spectrophotometer [MPM 800 D/UV, Zeisglipped with CCD camera in:
(a) reflection and (b) transmission mode. Numbe&<)( refer to locations where
reflection spectra were measured (see Fig. 5.2).

To get an idea about the physical origin of thalaw pattern, reflection spectra at
different positions within the border region werecorded using a microscope
spectrophotometer [MPM 800 D/UV, Zeiss], using ataagular diaphragm of
1pmx10pum. The results are shown in Fig. 5.2, whereitlésidual spectra are
labeled along with the numbering of the locatiosslaown in Fig. 5.1a: at position 2
(in the first, dark blue ring) there is a ratheghireflectivity of R=22% at 380nm
wavelength, but quite low reflectivity throughoutost of the visible range; in
contrast, the broad green ring (no. 3) exhibitscat band of high reflectivity with a
peak of R=24% at 521 nm. The color of the next, red ring (Ap.is obviously
determined by the broad band of reflectivity aro@8nm with R..x=23%, and
finally the bright blue ring (no. 5) is characterizby the band around 459nm with
maximum reflectivity of R=17%.
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Figure 5.2: Reflection spectra measured at different locationshe sample surface
using a microscope spectrophotometer [MPM 800 D/B&iss]. The reflection spectra
are numbered according to different locations showfig. 6.1a. For more information
refer to the text.

The most reasonable explanation for these spemtichthe whole rainbow pattern) is
to assume that, during the dissolution process,indéerface with considerable
reflectivity in a variable depth of typically a felundreds of nanometers has been
produced and that the depth of the interface dependhe experimental conditions.
At this rate the wavelength-dependent constructivedestructive interference
between the light reflected at this layer and tpbtlreflected at the sample surface
would be the source of reflection spectra, anddifferent colors would be due to
different depths of the interface.

In fact a very simple experiment was performed heok the plausibility of this
assumption: if the colors are really due to intenfiee, the rainbow pattern must
change dramatically when the phase changathypon reflection at the sample
surface is cancelled by a highly refractive confapiid dispersed on the sample
surface. And in fact, a thin film of G (n = 1.74) provided a dramatic change of
the colors observed (Fig. 5.3), whereas a thin @ifrwater (n = 1.33), not shown, did
not change the pattern at all, only its brightrdssreases considerably. The latter is
compatible with the decreased reflectivity at tmeiface sample — liquid, as
compared to the interface sample — air.

Figure 5.3: A photograph of segment of the sample with CH232L(r4) on. During
the experiment an area with small bubble was cagtuhere a dramatic change of the
observed pattern can be clearly seen.
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While the idea of interference appears to be correbe nature of the

“interferometer” has to be clarified. In particuldre following question has to be
answered: which type of reflective layer is beingduced during the electric field

and heat treatment? For this purpose we studiechdnestructural changes in the
samples using SEM. Fig. 5.4 shows the border regeiween modified (left-hand

side) and unmodified (right-hand side) regions sheple which was cleaved along
a line crossing these regions; note the differengih scales of top view (Fig. 5.4a)
and side view (Fig. 5.4b). For both pictures theViS&ignal refers to an electron
penetration depth of ~ 100 nm, and silver partiel@gear as white spots.

“ Border region
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Figure 5.4: a) SEM picture of the surface of the sample taken icktecattered
electron (BSE) regime (top view). Insets 1, 2 anekf@r to locations in untreated
region (location O in Fig. 5.1a), border regiorcétion 1 in Fig. 5.1a) and modified
region (location 6 in Fig. 5.1a), respectively.3BM picture of the cross section of
the sample.

In the top view of Fig. 5.4a and the insets, whigre taken at higher magnification,
it is clearly seen that the originally very highncentration of silver nanopatrticles
close to the surface (inset-1) starts to decreadbe very border region (inset-2),
until in the bleached area no remaining silver panticles can be identified any
more (inset-3).

The side view in Fig. 5.4b shows that in the tréaéeea the nanoparticles were
destroyed not only in the near surface region,itibte depth of the sample as well.
Moreover, a shiny belt can be observed at a dep#pproximately 5um from the
surface, the distance of this belt to the surfeserehsing towards the border region.
Silver ions, which were ejected from the nanopagdauring the dissolution process
and drifted away in the depth, are at the origirtha$ belt, which could act as a
buried reflective layer because of the depth grada# ion concentration. In the
second part of this chapter this aspect will beudised in detail.

Fig. 5.5 gives the definitive proof of the intedatial origin of the observed
phenomenon and exhibits the nature of the buriBlectese layer: in the central part
of the microscope pictures of the original rainbawga (left, narrow part) and of the
same region after the removal of a number of veny surface layers by etching of
the sample in 12% HF acid are shown. Clearly theboav pattern has changed
dramatically due to the removal of surface layéitsthe position indicated by white
circles (green ring, location 3 in Fig. 5.1a) tlemple was carefully examined by
SEM before etching and after each etching steanAgtched depth of approximately

47



Chapter 5: DC Electric field-assisted formationpafrcolated silver naolayers inside glass:
Observations and Characterizations

400nm a layer containing densely-packed percolatre@r islands was observed
(Fig. 5.5a).

Etching of a slightly deeper layer revealed that $iiver filling factor is still very
high in the depth (Fig. 5.5b). For comparison BEigc shows the SEM picture taken
from the very surface of the examined green redpefore etching, demonstrating
again that the Ag particles close to the surface lteeen completely destroyed there.
As it will be discussed later, this buried layerd#nsely-packed percolated silver
clusters should, in principle, provide the refletyy needed to observe, via
interference, the rainbow colors in the borderargi

Figure 5.5: SEM pictures taken from the location of the firsegn ring (location 3 in
fig. 5.1a). Pictures a and b were taken after ssice etching of the sample surface up
to depths of approximately 400nm. Picture c is gmésd for comparison and shows the
surface of the sample before etching. The pictariné middle shows a segment of the
border region of the sample before and after etchin

To the best of the author's knowledge, there islosed description for the optical
properties of percolated silver films up to now.ushthe brief discussion here is
restricted to a plausibility check of the interfaedlectivity. Generally speaking,

percolated silver films represent an intermedigéesbetween the limits (i) isolated
nanoparticles and (ii) compact metallic film. Tletér has, in case of silver, high
reflectivity (R > 95%) throughout the visible rangaused by a very low refractive
index (n= 0.05) and strong absorption. Owing to the pertin@n penetration depth

of typically 10 nm, silver films can be describey their bulk properties — e.g.,
maximum reflectivity — already for film thickness & 20 nm and above [5.6].

However, as it was described earlier (see chaptrd23), the optical properties of
isolated metal nanoparticles, representing therdifm&, can often, up to quite high

metal content, reasonably well be described usiagwéll-Garnett theory [5.1-5.4].

Based on this description, the complex refracthnaek of a composite medium with
dielectric constank,, («) can be expressed as:

neff (C()) = 4\ geff (C()) ' Iﬁ
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Using Egs. (2.10), (3.3), (3.4) and the paramedigrs2.3,u, = 9.2 eV,y=0.5eVg,
= 4.2, (see chapter 2 and 3), the optical constanis k(w) of glass with spherical
silver nanoparticles were calculated as actfan of the volume filling factor of
metal clusters in the glass matrix. Finally, Fré'snéormulae were applied to
determine the reflectivity of an interface of trenocomposite to the pure transparent
matrix material (here glass with n = 1.5). The hssaf the calculation are shown in
Fig. 5.6.
As it can easily be seen from Fig.
5.6, there is a strong dependence
of reflectivity on the Ag filling
factor, which influences both the
real and imaginary parts of the
effective refractive index of
Maxwell-Garnett composite glass.
At low filling factor (f<10?) the
reflectivity IS negligible
(Rmax~ 10°), while at quite high
filling factor of f ~ 0.3 the required
reflectivity R>20% is achieved
throughout the visible range. 400 s0 &0 | w0 800
However at such high filling Wavelength [nm]
factors the Maxwell Garnett model
IS no longer a very accurate
description of the optical _Figure 5.6: Calculated reflectivity_ for_
properties, in particular not for the interface between .MaxweII-Garnett svar in
case of early-stage percolation as glass nanocomposite and neat glass, with fill

. ! factorf as parameter
observed for the buried layers in
this work. So it makes no real sense to try to &teuthe observed interference
spectra on the basis of this too simple modeloalgh some qualitative agreement
can be achieved assuming depths of 100 to 400 nthddouried layer.

Reflectivity [%]

On the other hand these simple considerations aliswto draw the important
conclusion that already a rather thin layer of oalyew tens of nanometers with
relatively high silver content will definitely béoke to provide the reflectivity needed
to explain the reflection spectra observed by fatence.

Based on the above observations the buried lagee¢b the border region is created
due to the following mechanism: the combination @€ electric field and
temperature at first induces destruction of silmanoparticles at the upper layer
close to the surface of the sample. Further treattmee. increase of the applied
voltage, results in the drift of silver cations the depth of the sample, and
simultaneously electrons are attracted towardsatiogle, in the opposite direction of
the cation movement. So at some depth the electmmas neutralize the cations
again, thereby increasing the silver concentratiene, which can lead to percolation
and production of a layer containing densely-pagiectolated silver clusters. The
threshold of the dissolution process depends diyoog the filling factor of the
nanoclusters (See chapter 4).
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Thus, the magnitude of the voltage applied to apdamwvith a gradient of the
nanoparticle filling factor defines the distanceawmsen the surface and the buried
layer of percolated silver clusters. This layenafly, acquires a reflectivity that is
high enough to observe interference of light reééldat the sample surface and at the
buried layer. Since, in the border region the aapélectric field — and thus the depth
of this reflective layer — is non-uniform, rainbdike patterns can be observed there.

At this point the obvious question occurs whetherilar experiments are possible,
in which the experimental parameters such as aedield, temperature and
processing time are chosen so that a larger homneogsnarea of interference is
produced, and hence a uniformly colored region.tRis purpose some preliminary
experiments were conducted, where DC voltages 0A\20400 V, and 600 V were
applied at ~250°C in one step, for a total time&@fmin; electrodes with an area of
1 mmx2 mm were used. Due to imperfect contact (See ehapt not the whole
regions under the electrodes were homogeneoustyemhl but at least areas with
dimensions of several 100 um were produced whigieappredominately in blue,
green and red. In Fig. 5.7 two pictures show thgeedf the green and red regions
produced.

100pum

Figure 5.7: Preliminary results showing large-area coloratibrough electric-field-
assisted production of a buried percolated silaged; processing ga) 400V and(b)
600V.

For further analysis a sample which was exhibitedd green area (Fig. 5.7a) was
cleaved and its cross section was then subjecteSENd examination. Fig. 5.8a

shows the results. The buried layer responsiblegHergreen colour in this sample
can be identified. The distance between this layet surface of the sample was
estimated from the SEM to be ~500nm. For comparksign 5.8b shows the cross

section of untreated (original) region of the sam(plolydisperse type I-original).

Once again it can be clearly seen that thecrdeed treatment results in
dissolution of silver nanoparticles starting freime very surface of the sample and
down to a particular depth (here ~480nm) dependmthe magnitude of the applied
voltage.

The last remark which has to be pointed out is that size of the produced
monochromatic area in each case was only limitethbysize of the electrodes used
providing that there is a good contact betweerstimaple and anode. This obviously
requires good quality of both surface of the sangid the electrodes used. This
requirement is in fact put an upper limit on scaiigbof the described technique.
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Sample surface

Figure 5.8: a) SEM picture taken from the cross section of thepdarexhibiting large
green areab) Shows the cross section of the original (untrgateda of the same
sample.

Now that the main experimental achievements weesgnted and a synopsis of the
results was given, it is the time to introduce aeraccurate model for description of
the interference spectra.
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5.2 DC Electric field-assisted formation of percolted silver
nanolayers inside glass: Characterizations

5.2.1 Introduction

Here, following the results presented in the presipart, the optical characterization
of silver-doped glasses subjected to electric feddisted dissolution of nanoparticles
is presented. The characterization is performed niiyans of fitting of the
spectrophotometric measurements.* The optical ptigse of the investigated
samples are described in terms of the interferémteeen the light reflected from
the glass surface and the light reflected fromheesicontaining layer formed in the
depths of the glass.

The analysis of the data reveals the porosity ef glass in the region where
nanoparticles are dissolved, that can be attributedhe presence of residual
nanopores. The procedure starts by employing alsimmdel to represent the
physical structure of the samples. The complexitthe model then increases until a
satisfactory description of the experimental datadhieved. This approach allows
determining the critical parameters that contr@ tptical properties of the buried
silver-containing layer as well as the glass regwinere the nanoparticles are
dissolved.

5.2.1 Model

As it was said earlier, due to the changes in theetiral properties of the samples,
the coloration observed in reflection can be easilgerstood in terms of interference
between the light reflected from the glass surfacd the light reflected from the
buried silver-containing layer. Depending on the&emsity of the applied electric
field, this layer will be formed at different depthchanging the interference
condition of maxima and minima and giving placetdifferent coloration. Thus, in
the border region, due to the gradient of the atedield intensity, there will be a
depth-gradient of the silver-containing layer, oraging a continuous variation of the
coloration (rainbow-like pattern). Partial bleadhiaf the sample, as was discussed
earlier, can be attributed to the fading of theoasded surface plasmon absorption
due to the dissolution of nanoparticles. The ainth& point is to find a physical
model for the treated regions that can explainotbeerved coloration. The reliability
of the model will be checked by fitting the measurreflectance spectra, since the

* Fitting of the experimentally measures spectraewsarformed by Dr. Sancho-Parramon using
NKDSoftware [5.7].
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measured transmission is very low due to the serfaasmon absorption of the
remaining nanoparticles and hence does not proddmificant quantitative
information.

In order to simulate the measured reflectance smdtis necessary to determine the
reflectivity of the buried silver-containing layand therefore it is indispensable to
establish an appropriate model for the descriptibiis optical constants. A widely
exercised approach for modelling the optical prbpemnf composite media is via the
effective medium theories, namely Maxwell-Garnbtdry (MGT) and Bruggeman
effective medium approximation (BEMA). Since thetiogl behaviour observed in
the reflectance spectra is dominated by interfeakepffects, in order to reproduce
the experimental data it is necessary to use @lounk for the propagation of light in
stratified media.

For the calculations general-purpose software far optical characterization of
multilayer stacks, namely NKDSoftware [5.7], is ds&his software allows defining

a multilayer structure where each layer is desdritne few parameters: typically, its

thickness and a variable number of parameters atiogufor the dispersion of the

optical constants of the layer material. In thisywthe optical behaviour of the

sample is completely represented with a set ofrpatars, whose optimal value can
be found by the minimisation of ti merit function defined as:

1 Mneg yi—y(xi;a,Pz,...,PNp)
-N, -1= o,

2

EZ(Pl,PZ,...,PN )= . (5.2

p
nmeas

wherenneasis the number of measured poingsare the experimental data measured
at the wavelengtly, ands; are the associated experimental measurement .&Pors
P.,...Ryp are theN, parameters defining the sample ax,...,P., P», ..., Rp) are the
data calculated with standard algorithms for commuutihe optical properties of
multilayer structures [5.8, 5.9].

The software presents some particular featuresheossibility to use different
effective medium approximations for representingefa made up of mixtures of
materials. It also allows accounting for in-deptindmogeneity of the refractive
index within the layers, assuming different mathecaiprofiles for the variation of
the refractive index through the layer thickness.

5.2.2 Characterization of the large coloured areas

In this Section the results of modelling of theicglt properties of the regions were
the electrodes were placed are presented. Theiattesifocused on a sample where
the green colour in reflection was observed (Figah.As previously mentioned, the
SEM cross view of the treated area (Fig. 5.8a) emdd dissolution of the silver
nanoparticles in a region of approximately 500 nmd éormation of a thin buried
silver-containing layer at this depth. The presesiceone-dissolved nanopatrticles at
deeper regions of the glass can also be observed.

According to the SEM picture, the simplest multilayeodel that could describe the
optical behaviour of the sample would be a 2-layarcture: a glass surface layer
where nanoparticles were dissolved and the buriedrstiontaining layer. The rest
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of the glass would only play the role of substrai@ick enough to neglect
interferential effects. Fig. 5.9 shows a schematgmm of the model.

In order to describe the glass surface layer ardgihss substrate, their optical
constants are fixed to those found in literaturesimda-lime glass. At this stage the
effect of the none-dissolved nanoparticles in tlegsubstrate are neglected due to
the very low filling factor. It was assumed that theied silver-containing layer is a
mixture of glass and silver (with optical constafids the silver taken from the
literature [5.10]) and its optical constants is midetl using the effective medium
theories. Thus, the first model requires a totaB gfarameters: the thickness of the
glass surface layeddasy, the thickness of the buried silver-containingeladag-giasy

and the filling factor of silver in the buried s#icontaining layerfg).

If the MGT is used to represent the optical propsrtf the buried silver containing
layer, the achieved fitting of the data reachesalues of the merit function of
£=16.8, with the following values of the optimized @@etersdyass= 546 NM,dag-
glass = 83 nm andg = 0.05. However, if the BEMA is used, a significantigtter
fitting is obtained (2:5.4) with the parameter valu€giass = 547 nm,dag-glass = 29
nm andfag = 0.14. Figure 5.10 contains the fit achieved udimg BEMA for the
buried silver-containing layer (See red line).

A simple observation of the simulation obtained wita previous modelling reveals
that the discrepancies between the computationrendxperimental data are mainly
found in the values of the maxima and minima of gspectra, while the position of
the fringes is well tuned. Typically, such discregan are related to an in-depth
inhomogeneity of the refractive index of the layfsl1]. In chapter 4 a plausible
explanation proposed which could describe suchndgeneity, plain-view SEM
pictures of the modified area suggested the presehdole-like structures in the
region where nanoparticles were dissolved (Fig. 4.5).

In this way, this region may have a notable porogiit would lower the refractive
index of the glass. However, since the pores wouldriggnated by the dissolution
of nanoparticles and nanoparticles were embeddexd distance of a few tens of
nanometer from the glass surface, the very sudatiee glass would be compact. In
this case, a more realistic model for the sampleldvbe represented by a 3-layer
structure on a glass substrate: a very thin lafyepmpact glass, a porous glass layer
(where the nanoparticles were embedded in the isdialple), and the buried silver-
containing layer. Fig. 5.11 shows a schematic dragvathe model.

Glass
Glass + Ag (Either BEMA or MGT)

Glass

Figure 5.9: Schematic diagram of the 2-layer model.
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Figure 5.10: a) Measured reflectance spectra of the area showiggeen coloration (dots)
together with the fits assuming: i) a 2-layer mol&l. 5.9): glass layer and BEMA silver-
containing glass layer (red line) and ii) a 3-laysvdel (Fig. 5.11): glass layer, homogeneous
porous glass layer and BEMA silver containing layblue solid line).b) Measured
reflectance spectra of the area showing a blueaiidm (dots) together with the fit assuming a
3-layer model: glass layer, inhomogeneous poroassghyer with a pore concentration equal
to the original distribution of silver nanopartisl@nd BEMA silver containing layer (solid
line).

The optical constants of the porous layer can peesented using effective medium
approaches, considering a mixture of glass and svoklrthermore, we shall
primarily assume that the concentration of poresl w# the same as the
concentration of silver nanoparticles in the urtedasample. As far as the silver
filling factor near the surface varies approximates (see Fig. 3.1b):

f(x)=07-06x , (5.3)
wherex is the glass depth in microns.

The thickness-dependence of the refractive-indexthid layer is implemented
dividing the layer in a fixed number of sub-layefsqual thickness. Each sub-layer
is modelled with the BEMA, with a pore concentrati@hcalated according Eq. 5.3.
Now the model of the sample requires 4 parametees:thicknesses of the 3
considered layerstfiass Oporous-glass dag-glasg and the filling factor of silver in the
buried layer fag). This model enables a significant improvemerthefdescription of
the data, as the merit function reduces to 3.92 Vhlues of the optimized
parameters aredgiass=30 NM, dporous-glass619 NM, dag.gias=28 Nm andfag = 0.1.
Similar results are achieved if the MGT is employEis is due to the fact that glass
and voids both have relatively similar optical damss (specially, compared to the
difference between the optical constants of silveadt glass) both theories lead to
similar results [5.12].

Even though a significant improvement in the dedion of the data was obtained,
our primer assumption that the porosity in the tedasample exactly follows the
filling factor distribution of silver nanoparticles the untreated sample may be
rough; as it neglects the possible collapse optires once the silver is dissolved.
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In this sense, it seems necessary to check if anetilue of the pore concentration
can lead to a significantly better data fittingr Bois reason, we shall now consider
the pore concentration as another parameter whishitdhe optimized. In order to

avoid an excessive number of parameters, a constambgeneous concentration of
pores through the layer where nanoparticles areoldiss, is assumed. This

parameter is defined by the pore concentrdtjog,

Glass
Glass + voids (BEMA)

Glass + Ag (BEMA)
Glass substrate

Figure 5.11Schematic diagram of the 3-layer model.

Therefore, a total of 5 parameters will define saenple giass Oporous-glass dag-glass
fag foored. Using this modelling, a slight improvement of ttiata is reached,2=
3.2), with the parameter valuedyass = 39 NM,dyorous-glass= 570 NM,dag=23, fag =
0.1, fpores= 0.29. This concentration of pores is lower thamdlierage concentration
of silver in the original sample in the same thiegs [10.5). The fitting of the data
using this model is shown in Fig. 5.10a by blue.lin

In order to assess the validity of the model, it a® applied to the sample where a
blue coloration was observed via application of ¥)2kOnce more it was assumed
that the pore concentration follows the originatriisition of silver nanoparticles. A
good fitting of the data is obtained, with a valdettee merit function of 1.3. The
value of the optimized parameterdigss= 39 NM,dporous-glass= 279 NMOag-glass= 19
nm andfag = 0.02.

Fig. 5.10b shows the reflectance spectra for tlisype, evidencing the good
agreement between the simulation and the experiine@ata. Similarly to the
analysis of the green coloured sample, it was ammxled if another value of the
pore concentration could lead to a better fittinfy tbe data. With the pore
concentration as a free parameter, the merit fanaecreases only to 1.29, with the
parameter valuedyass=42 NM,dporous-glass2 72 NM,dag =17 nm,fag= 0.01,f0res=0.67.

In this case, the pore concentration is closehéoaverage filling factor of silver in
the original sample in the same thickndd3.§).

A summary to what was said so far would contain theessment on the initial
qualitative explanation for the observed coloratioh the treated samples: the
interference between the light reflected at theggtasface and the light reflected in a
thin layer containing silver. Such layer can be wetidelled as a mixture of glass
and silver within the BEMA, rather than with the MGTurthermore, the refinement
of the data fitting reveals the presence of poted tvas already suggested by
previous SEM observations which seems to be origthatia the dissolution
processes
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5.2.3 Characterization of the border region

Here the aim is to extend the obtained model tobthreler region of the sample
where the rainbow-like pattern was observed. It iseddue to the fact that the
phenomenon has the same physical origin. The taftespectra presented in Fig.
5.2 were fitted using the model consisting of 3 tay@ompact glass layer, porous
glass layer, silver containing layer). It is assdmimat the porous layer is
homogeneous, and the pore concentration as a parawidach has to be optimized.
Furthermore, it is impose that the compact glagsrlavill have the same thickness
for the fitting of all the spectra, allowing a retioa of the total number of necessary
parameters.

The results of the data fitting using this modgjliare summarised in Table 5.1.
While the description of the light blue and reddpee is quite good, the fits for the
green and dark blue spectra are rather unsatisjads indicated by the obtained
values of the merit function. The fittings of thdeeations become even worse if in
order to simulate the distribution of pores in thmbow area the original distribution
of silver is considered.

The most suitable explanation for the failure af thodel in describing of the two
last spectra is that they are taken in the regi@ry close to the untreated area.
Therefore, one can expect that the effective DCtrtefield is significantly lower
than under the electrodes area and that the déphile duried silver-containing layer
should be smaller. In this case, there might bdreng influence of the none-
dissolved nanoparticles, situated beneath the duager and in the depth of the
glass.

Spectra ?ﬁﬁs}; ?r;;c;;:;s-glass fpores ((jr/:?]:]g)lass ng EZ
Light blue (4) 238 0.1 27 0.11 1.17
Red (3) a4 198 0.54 34 0.09 0.97
Green (2) 137 0.46 60 0.04 6.80
Dark blue (1) 25 0 35 0.2 3.4

Table 5.1: Value of the optimised parameters resulting frow teflectance fitting of
the different locations of the border region aresmg a 3-layer model (glass layer,
porous glass layer, BEMA silver containing layer).

In fact, the SEM pictures of the border region led sample have already revealed
the presence of none-dissolved nanoparticles (8ee5Ha). To account for these

remaining nanoparticles, it is assumed that ben#athburied layer there is a

gradient of silver nanoparticles, with a filling fac that decreases linearly from a
maximum valud to zero within a certain thicknedsg-nans

f(x):—d S fl. (5.4)

Ag-nano

According to the initial distribution of the nanopeles, an exponential variation of
the silver filling factor would be more appropriategwever the linear model is
simpler and would allow us to check easily the afl¢he remaining none-dissolved
nanoparticles.
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Thus, the model for the border region will consietvnon a 4-layer structure: the
surface glass layer, the porous glass layer, thiedgilver-containing layer and the
layer with a linear filling-factor gradient of renméing none-dissolved nanoparticles.
A schematic diagram of this model is presented gn 5i12.

The gradient of this layer is implemented by dimglithe layer in a fixed number of
sub-layers of equal thickness and calculating ithed factor of silver nanopatrticles

for each sub-layer according to Eg. 5.4. However, timneffective optical constants
of the sub-layers are calculated using the MGT,esihés more appropriate for the
topology of none-dissolved nanoparticles. In thisdel two more parameters which
both have to be optimised are introduced: the tiesk of the layer containing none-
dissolved nanoparticles{;.nang and its maximum filling factorf().

With this model, the fittings of the green and datke spectra are significantly
improved, as listed in Table 5.2, together withvihkie of the optimized parameters.
The fits of the spectra of the rainbow-like regame shown in Fig. 5.13. It has to be
pointed out that the remaining none-dissolved nartagles do not have significant
weight neither in the other spectra of the bordeiore or in the coloration of the

treated areas.

Glass
Glass + voids (BEMA)

Glass + Ag (BEMA)

Glass + Ag (MGT)
Glass substrate

Figure 5.12A schematic representation of the 4-layer model.

dglass dporous— dAg—gIass dAg—nano 2
Spectra (nm) ?ﬁﬁ] ) foores (nm) fag (nm) fL ¢
Light blue (4) 242 012 25 010 - <10 1.15
Red (3) 45 191 0.48 38 0.08 - <10 0.96
Green (2) 124 053 41 0.02 768 0.09 0.80
Dark blue (1) 14 078 0 0 690 0.12 1.85

Table 5.2: Value of the optimised parameters resulting frowa teflectance fitting of
the different locations of the border region using-layer model (glass layer, porous
glass layer, BEMA silver containing layer and inh@aoeous MGT layer with silver
nanoparticles).
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Figure 5.13: Measured reflectance spectra of the differenttiona of the border
region (dots) together with the fits assuming aayet model: glass layer,
homogeneous porous glass layer, BEMA silver comgitayer and inhomogeneous
MGT layer with silver nanoparticles (solid line). &Hdifferent locations in the
Figure are indicated by different colors.

5.3 Discussion

The use of interferential calculations for the diggion of the experimental
measurements is very satisfactory, assessing thktaiive explanations proposed
earlier to describe the modification of the optipedperties of the samples. Thus, the
buried silver-containing layer seems to be resp@gor the observed phenomenon.
It is found that the buried silver-containing layeibetter described within the frame
of the BEMA than the MGT. It was assumed that suclerlag formed by the
aggregation of silver ions in heterogeneous clasteom the dissolved silver
nanoparticles, with a possible interconnection amochugters (percolation), and
hence the picture agrees better with the BEMA assongptthan with the MGT.
From a numerical point of view, the BEMA provides th&ied layer with a rather
high absorption (and thus, reflectivity) througte twhole visible spectral range (as
we observe experimentally), while the MGT can onlyegavsignificant reflectivity in

a narrow region around the surface plasmon resor(@eo&red approximately at 400
nm). The comparison between the MGT and BEMA is ohlgws for the simplest
model (the 2-layer model consisting of a compaesgllayer and the buried silver
containing layer), but as it was checked for all ¢iteer tested models the BEMA
gives significantly better fittings than the MGT, Wwiterit functions approximately
3 times smaller.

The depth of the buried silver-containing layeruitesg from the fittings (given by
the sum of the parametaiigass anddporous-giasy 1S IN a fair agreement with the values
determined by SEM for the sample exhibiting greetoration (500 nm, with a
resolution of several tens of nanometers). The ldepbtthis layer for the sample
exhibiting blue coloration is smaller; around 30 what can be expected due to the
applied DC voltage was lower for this sample. Thekiméss of the buried layer can
not be well estimated from the SEM pictures, indigathat it should have a value
around a few tens of nanometers, what agrees wéhotitained values for all the
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tested models. The thickness and the silver coret@nt of the buried layer is lower

for the blue coloured sample than for the green asecan be expected from the
experimental conditions: the lower the applied \gdtathe lower the total amount of
silver that will be dissolved and form part of theied layer.

In any case, the filling factor of silver in theyler seems to be low if compared with
the high concentration of silver that is suggedigddhe SEM images. The values
found by the data fitting refer exclusively to nmiktasilver (i.e: silver with a
“metallic” optical behaviour). The dissolution oamoparticles is produced via the
ionization of silver and therefore the silver tigpresent in the buried layer could be
mainly in the form of cations, undistinguishablernfr metallic silver by SEM. Silver
cations do not play an important role in the optp@perties of glass in the visible
spectral range [5.13]. Hence, it can be assumdditagpresence of the silver ions do
not substantially modify the optical constants loé fglass, especially if compared
with the effect of metallic silver.

In fact, the required concentration of silver whiths to be achieved in order to
observe the reflectance can be roughly estimatenh fthe following expression
[5.14]:

no RTR.*2/RR, (55)
1+RR,+2/RR, '

This equation relates the maximum reflectiviB) of a single dielectric layer on an
absorbing (metallic) substrate, beiRg and R, the reflectivity of the air-dielectric
and dielectric-metal interfaces, respectively. Thassuming a refractive index of 1.5
for the glass, in order to obtain a valueRof 20% (maximum values observed in the
experimental spectra), a valueR{[1.0% is required. This value can be achieved in
the visible spectral range with a silver filling tac of ~10% using the effective
medium theories. Since the refractive index ofdlass is actually lower due to the
porosity, the filling factor of silver can be evienver to reach the same valuePf

The refinement of the data fitting reveals that gfess beneath the surface should
have a lower refractive index that can be explaibgdhe presence of nanopores
originated by the dissolution of silver nanopaggl The assumption that the
distribution of pores follows the filling factor digution of silver nanoparticles in
the original sample enabled us to achieve a fgdgd description of the data. By
considering a different pore concentration only teda slightly better fitting for
measurements of the green coloured sample. Thigylar result suggests a lower
pore concentration. This could be understood imseof a partial collapsing of
pores. This phenomenon may depend on the treatrmenditions, since no
improvement was achieved in the case of the blueucetl sample. More complex
mathematical models for the distribution of poregewnalso tested; however, they
only led either to the same results or to physycaleaningless results. In any case,
the confirmation of the presence and distributidnpores will be the subject of
future research.

The extension of the model to the description ef dptical behaviour of the border
region is partially satisfactory. While the speabfathe border region closer to the
treated area can be successfully fitted, rtiaglel scarcely describes the spectra

60



Chapter 5: DC Electric field-assisted formationpafrcolated silver naolayers inside glass:
Observations and Characterizations

measured in locations close to the untreated &eaever, if the contribution of the
remaining none-dissolved nanoparticles is takew iatcount (through a linear
gradient of filling factor of nanoparticles in tlepth of the glass), the measured
spectra can be remarkably reproduced. It has foob#ed out that the contribution
of the gradient of none-dissolved nanoparticles masable to improve the fitting of
the light blue and red spectra of the border regjidwtually, looking at the value of
the parameters, on can observe that the gradems st a maximum value of 12% of
Ag nanoparticles for the dark blue spectra and af®@%he green one. Therefore, we
can expect that it would have even lower valuesterdpectra of the border region
taken closer to the treated area and, consequemtlery weak weight in the
reflectance spectra.

From the value of the optimised parameters (T&d), & can be established that the
depth of the buried silver-containing layer dimimés as the spectra correspond to
locations approaching to the untreated area. Tdssltr can be expected from the
lowering of intensity of the DC electric field in th@rder region. The concentration
of pores also increases in the same direction, esigy that the pores are
inhomogeneously distributed and mainly concentrated region very close to the
surface, as expected from the distribution of silve the original sample.
Nevertheless, the considered value for the pore exdration is lower than the
average filling factor of silver in the original mple, once again indicating the
possibility of a partial collapse of pores aftee tHissolution of silver. The total
amount of silver in the buried layer (estimatedty product of layer thickness and
silver concentration) decreases for the spectraecldo the untreated area. This
behaviour suggests that the buried silver layerbsahardly defined for the locations
close to the untreated area. In fact, for the @iéuk spectra, the presence of this layer
is overlooked by the optimisation procedure. Thaefthe interference effects in the
border region closer to the untreated area seebe toriginated by the remaining
none-dissolved nanoparticles, rather than by thetsilver-containing layer.

A typical problem in the optical characterizationmterials is the use of a large
number of parameters that can lead to numericalydgsolutions but lacking of
physical sense. Here the procedure started withyasiemple model and test more
complex models in successive steps, accordingdartformation provided by the
structural characterization of the sample. The owpment in the modelling is
evaluated by the reduction of the values of theitnfanction. In this way, the

possible use of an excessive number of paramdtatsdb not allow a noteworthy
improvement in the description of the experimedtth was avoided.

5.4 Summary

In the first part of this chapter by applying ateimse DC electric field at 250°C to

a glass containing silver nanopatrticles in a thirfaxe layer of a few microns, a
buried layer of percolated silver clusters with nfiedi optical properties was

produced. The buried layer was located in the barelgion between the treated and
untreated regions of the sample. Reflection oftlisbm the buried layer and its

interference with the light reflected from the sodaof the glass is thought to be
responsible for the observed rainbow-like pattern.
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Scaling of this technique via varying the appliegtage resulted in production of

large areas which show homogeneous colors in reflectn each case the distance
between the produced buried layer and the surfacthefsample was strongly

dependent on the magnitude of the voltage applate again reflection of light

from the buried layer and its interference with lilgat reflected from the surface of

the glass is believed to be responsible for themiesl spectra in each case.

In the second part fitting of the measured spewvaaled that the observed optical
behaviour can indeed be successfully explained eirmg of interferential
calculations. Furthermore, the fitting procedurewa$ establishing what parameters
determine the coloration. Thus, the buried layenseto have a thickness of a few
tens of nanometers, with a 10% content of metailesthat can be well described
within the BEMA.. The fitting of the data also suggette presence of pores beneath
the glass surface that can be formed by the dissolof silver nanoparticles. The
coloration observed in the border region can alsoekplained with this model,
although the interferences for the spectra measimetbcations closer to the
untreated area originate from the light reflectgdte region with none-dissolved
nanoparticles in the depth of the glass.

Further thorough studies of the threshold and imésliate conditions as well as
dynamics of the process are needed; this will balbgest of future work. What is
clear, however, is the potential offered by thisgertechnique to produce, based on
metal-doped nanocomposite glasses, devices witkdfoe wavelength selection.

62



Chapter 6: Metallodielectric 2D structures made by DC electric field microstructuring of
nanocomposite glasses

Chapter 6. Metallodielectric 2D structures
made by DC electric field microstructuring of
nanocomposite glasses

6.1 Introduction

During the experiments presented in chapter 4ag feund that the EFAD technique
allows producing micrometer-scale optical strucuras it is shown by the dark
horizontal lines on the right-hand side of Fig..@ he image is the reproduction of a
microscope picture; the left part gives a 10umesqaiotographed with the same
magnification. The dark lines, which clearly havetrackness of<1um were
produced by simply making scratches in the steedanwith a diamond marker
before the EFAD procedure, and then pressing thetrede with the scratched side
on the glass surface containing silver particlefterAthe treatment, the whole area
under the anode was transparent, with the exceptiothe scratches, where
obviously the Ag particles have not been destructed

This result served as a main hint and source obwagement to conduct series of
experiments towards capability study of the EFARhteque for fine optical
structuring in the silver-doped nanocomposite glas$his chapter is in fact devoted
to these studies.

Figure 6.1: Microscopic photographgf sub-micrometer lines made by EFAD using an
electrode scratched with a diamond marker (rigimehside); left-hand side: calibrated
length scale with same magnification.
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6.2 Experimental

The polydisperse type I-original samples (see @rapj were used for all of the
experiments described here. Experiments were paeidrby equipping the samples
with two electrodes pressed on the surfaces, toheeafacing the layer containing
nanoparticles. While plain steel electrodes (10mi®mm), served as cathode, as
anode structured electrodes were used. Samplestherglaced in oven and heated
to a temperature diR50°C; then a DC voltage of 0.6 kV (in steps & KV) was
applied in each case. The total time of treatmémtagch sample was approximately
30min. Finally voltage disconnected and temperatadeiced down to the ambient
temperature.

For the experiments described in this chapter flifferent structured electrodes
were used: anacroporous silicon, b) nanoporous silicon, ¢) microline electrode and
d) nanoline electrode.

a) Macroporous silicon: macroporous silicon was grown via a
photoelectrochemical etching process of lithogregply
prestructured <100> oriented n-type silicon waldre front side of
the wafer was in contact with hydrofluoric acid (HEHF=5wt.%;
T=10°C) whereas the backside was illuminated geimgralectron-
hole pairs. An external anodic bias consumes teetreins and the
electron holes diffuse through the whole waferilican electrolyte
interface promoting the silicon dissolution thefidne pores with
very flat surfaces and high aspect ratios growigitaalong the
<001> direction of the silicon single crystal. Ekert reviews of
the preparation technique can be found in Ref.ahd 6.2. The
structured anode (15mxi5mm) used here had a squared lattice of
pores (holes) with a lattice constant of 2um and téckness of
~1um and was sputtered with 20nm chromium film. $pettering
of chromium film prevented silicon-glass anodic bdung during
the experiment [6.3, 6.4]. Fig. 6.2a shows a pluita segment of
this electrode taken in transmission mode of a osope
spectrophotometer [MPM 800 D/UV, Zeiss] equippedhva CCD
camera, while Fig. 6.2b shows a SEM view of thetetele.

b) Nanoporous silicon: preparation technique of the nanoporous silicon
was the same as the micropourose silicon. Howéneg the lattice
constant was 500nm and once again the electrodspuaiered with
10nm chromium film.

C) Microline electrode: microline electrode was simply a metal-
substrate grating with 125lins/mm. Fig. 6.2c shavghoto of a
segment of this electrode taken in transmission enod the
microscope spectrophotometer.

d) Nanoline electrode: nanoline electrode was simply a metal-substrate
grating with 1250lines/mm.
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Figure 6.2: a) Photo of a segment of the macroporous silicon usednode for
structuring, andb) SEM picture of the electrode) A segment of the metal-substrate
grating with 125 lines/mm (the so-called microliekectrode) which also was used as
anode for line structuring.

6.3 Results and Discussion

Lattice structuring

First series of experiments on structuring was gearéd using the microporous
silicon (Fig. 6.2a and b) as an anode. After treaiinand removing the electrodes, it
was found that the exact pattern of the electrode mirrored on the samplEig.
6.3a and b show a segment of a sample after treatmbe photos were taken in
reflection and transmission modes of the microscopeectrophotometer,
respectively. Clearly the pattern of the anode @xctly mirrored on the sample in a
way that the contact regions have been bleachedidsmably as a result of
dissolution of silver nanoparticles in the glasstrmawhile the spots beneath the
holes of the macroporous silicon anode remainetdamged.

The structured area on the sample was then exanused scanning near field
optical microscope (SNOM) equipped with a laseddiat 635¢ 15) nm. Fig. 6.3c
and d represent the results of the SNOM examinakoom the topography picture
(Fig. 6.3b) it was concluded that the created sines are embedded and that the
height difference between the structured and narctstred areas is in the order of
~20nm.

The overall conclusions from visual impression adlws the SNOM observations

were then fully confirmed by scanning electron msmope (SEM) examinations.

Figure 6.3e represents the top-view SEM picturenfied segment of the structured
region. The picture was taken using backscattelextren mode of the SEM. The

SEM signal presumably stems from the upper ~100ayer|l and hence the light

areas indicate silver close to the sample surfalsaving the sample and analyzing a
cross-section of the structured area using SEMatedethe information on the

spatial distribution of the silver nanoparticlegyufe 6.3f shows that the structuring
processes resulted in silver depletion regionsvbéle contact areas. As it can be
seen from the figure, the interface between theesitich and depleted regions has
approximately the shape of a circle segment, witlneximum distance from the

surface of ~500nm.
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The results obtained here can be understood comgjdéhe material presented in

previous chapters, namely that the threshold velttyy the EFAD process is

inversely proportional to the filling factorf ahe nanoparticles, and that for the
applied voltages below 1kV there are intermedidéges where the particles are
already dissolved in the uppermost layer of thepdamith highest filling factor.
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Figure 6.3: Optical, SNOM and SEM images of the metallodielectstructures
produced using the macroporous Si electrode witicéaconstant of 2pma and b)
Microscopic images of the structured area takenrdfiection and transmission,
repectively.c and d) SNOM pictures showing topography and intensityfifg®e of a
segment of the structured area on the sample, aidaglg. The structures appeared as
shiny spots in the intensity profile) SEM picture of the sample after treatment, white
indicates silver close to surfadg. SEM picture of cross section of the structured.area
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According to the situation as such the drift oeilions away from the surface is
stopped due to the formation of a buried, percdlaitver layer in a depth of a few
hundred nanometres (see chapter 5). As it was fpuenously in this intermediate
situations the distance between the sample sudiaddhe buried layer is defined by
the final magnitude of the voltage applied. Creatod the buried layer due to the
dissolution process in combination with the preseat a fill factor gradient then
results in the standing profile (upward shape) loé structures rather than a
downward profile, which one would expect intuitiyaf total dissolution of silver
particles below the walls of the silicon electradsuld have occurred.

Optical properties of the composite glass are gtyoaffected by dissolution process
and redistribution of the silver content. Indeeds & has previously been
demonstrated using the Maxwell-Garnett theory aorption coefficient as well as
the refractive index of the medium strongly depemshe filling factor of the silver
nanoparticles (see chapter 3). This fact definesatteration of the transmission
spectra of the original sample presented in Fid. As it can be seen, transmittance
of the sample subjected to the structuring via ERAEhnique raises in the spectral
range of 500-700nm. This can be explained by disien of the nanoparticles near
the surface and hence fading and slight blue shtfte surface plasmon.
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Figure 6.4: Transmission spectra of the original (line) andicired sample (dash
line). The spectra are recorder using an UV-vistlB- spectrometer and a 2mm
diameter aperture. For the sake of clarity theedéffitial spectrum is also represented
(dots), and shows the change in transmission timamuigthe experimentally measured
region.
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Dissolution and hence decrease in filling factaalso responsible for the increase of
the transmittance in the 2 micron spectral regibecrease in filling factor results in
subsequent decrease in refractive index whichrimwould result in decrease of the
surface reflectivity. This decrease of refractimdax could be due to the presence of
the residual nanopores, see chapter 5). Howewduiced losses in the spectral range
from 700nm to 1.5um are believed to be due to iffeadtion from the generated
periodical structure; the pertinent diffractiontgat can be easily observed.

A rough estimation based on the experimentally mnegkspectra gives a maximum
diffraction losses of ~5% of the incident light eénsity aroundA = 1000 nm at
normal incidence. At wavelengths larger than threcstire period X=2 um) no
diffraction losses were observed, i.e. throughbetttansparency range of the glass
(up toA ~ 5 um) the transmission of the structured areanig slightly higher than
that of the original sample (measured by FTIR spscbpy, not shown).

Photonics properties (if any) of the produced nhediélectric structures should be
most pronounced for light traveling along the samglirface. This is qualitatively
demonstrated by the angular dependences of trasismiatA = 1047 nm (obtained
using a Nd:YLF laser). The results are presenteBign6.5. Whereas the original
sample for P-polarization shows a transmission mara at a Brewster angle of ~
65° (suggesting refractive index of n > 2), no suhximum is observed in the
structured region; instead, transmission is deectay up to 30% arourfil= 70° as
compared to the result of the original sample. Hfiisct can apparently be attributed
to the in-plane component of light propagation @asing towards larger incidence
angles. The detailed study of the photonic feat(ees. band gap) of the presented
2D structures is out of the scope of this work apgarently is the main aspect of
future works. In particular the possibility of ingwement of the depth profile, a
feature which is essential for production of phatoecrystals using this technique,
will be addressed. Our recent investigations confinat it is indeed possible to gain
control over the depth profile by varying the preg@arameters.
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Figure 6.5: Incidence angle dependence of the sample trangmi$sansmission for P-
and S-polarized light of = 1047 nm of original sample and structured sarapa, as a
function of incidence angle:
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Before leaving this part it is worth mentioning thessibility of joining the features
presented in the previous chapter that is prodactiba silver containing buried
layer, along with the 2D structuring presented hé&ig. 6.6-(a) presents a SEM
picture of cleaved-end of the structured sampleshiy belt of silver ions, very
similar to the one shown in Fig. 5.4-(b), can beadly seen. Significance of
production of the buried layer and the interferepattern as a result of that is then
shown in Figures 6.6-(b) and (c), where microscgpatures of a segment of the
border region are recorded in reflection (Fig. @H-and transmission (Fig. 6.6-(c)).

Once again, in reflection mode the border regioowsha rainbow-like pattern
consisting of a sequence of blue, green and rgg (fior comparison see Fig. 5.1). In
transmission mode (Fig. 6.6-(c)), however, follogv the same path from
untreated (location O in both Fig. 6.6-(b) ang {owards the structured area of the
sample, no rainbow pattern is observed, but ogyadual change of color from dark
red to faint red. The observation of colors waseoagain attributed to the reflection
of light from the buried layer and its interferenaéh the light reflected from the
surface of the sample.

Border region

A Ca—
= =N ] =

ey Ty

Figure 6.6: a) SEM picture of the cross section of the structwsathple.b) and c)
Photographs of the segment of the border regighefstructured sample. Photographs
were taken using a microscope spectrophotometeNB0 D/UV, Zeiss] equipped
with CCD camera in: (b) reflection and (c) transsioes modes.d) Production of
structures representing different colors. The phsttaken in reflection mode of the
microscope. For structuring experiments preseneed macroporous silicon with lattice
constant of 3um is used.
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A peculiar feature offered here is the possibitdy production of structures which
each can exhibit different colours in reflectiom Axample of this is presented in
Fig. 6.6-(d). It is believed that the intentionajtyovided inhomogenous contact
between the electrode and sample is responsiblthifoobservation. This irregular
contact between the electrode and sample led toptbduction of structures at
different depth from the surface of the sampleislbelieved that interference is
responsible for the observed coloration.

Down scaling

Second structuring attempts involved usage of amotemplate consisting of

hexagonally arranged pores in silicon with a latttonstant of 500 nm (nonporous
silicon).All other experimental conditions were identicakie experiment described
above. Figures 6.4-(a) and (b) show SEM pictureg {iew) of two regions of the

structured areas of the sample after treatment.adgmily even these submicron
structures of typically ~ 300 nm in size are repicetl quite well on the silver-glass
nanocomposite. Due to the small size of the strastuhowever, the individual

distribution of nanoparticles within the non-disssd spots becomes important,
obviously limiting the regularity of the pattern.

The granular shape of the edges within the prodwstectures should also have
consequences for their optical properties; howdahese studies have not been
performed here. Another important question to bewamed is if for submicron
structures, as demonstrated here, effective methewries are still applicable, or if
the spots consisting of only a few nanoparticlegaévery special optical properties
which have to be discussed in terms of Mie theargluding interaction of the
individual particles. This is also an upper limitr the down scaling ability of the
presented technique, in the sense that the resolati the structuring process is
limited by the size and density of the individualles.
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Figure 6.6: a and b) SEM pictures showing top view of the submicron gstites
produced by the EFAD technique using nanoporouss Qilectrode (lattice constant ~
500 nm).

Line structuring

For the sake of complicity, here the results of doiciion of large areas
(20mmx20mm) of 2D embedded lines made of densely-pacitegt :ranoparticles
with ~4pm as well as 400nm in width and each upSimm in length are presented.
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The experimental conditions as well as the physidbe process are identical to the
previous discussed material and thus | concenwtatehe results only. The only
difference is that here microline and nanoline tetetes are employed as anode.

The preliminary experiment was performed on a pisjyerse-type Il sample using
microline electrode with 125lines/mm as anode (Bigb). Fig 6.7 shows the results
after treatment. As it can be seen the whole aezeedith the anode is transparent,
with the exception of the metallic lines whereréhevas no contact between the
sample and anode, and thus the silver particlesnba®een destroyed during the
EFAD processFig. 6.8 shows a segment of the sample after tesattaken in the
transmission mode of the microscope spectrophotmménce again the structured
area was also perfectly working as a diffractivéiagh element both in transmission
and reflection (not shown).

The sample was then subjected to SEM examinatian @9). The SEM picture
revealed that the region beneath the gaps remaineltanged, whereas the regions
in contact with the metallic lines on the anode dmee optically transparent,
obviously as a result of the dissolution proces$g Width of each structured line was
measured to be ~4um. Fig. 6.9 also contains amgauaarea of one of the lines. As
it can be clearly seen each line is consist of asely-packed orderly-orientated
ellipsoidal silver nanoparticles. Thus, indeed dihroitic properties of the sample
preserved (see chapter 3).

More information on the produced structures was thained by analyse of cross
section of the structured area using SEM. The tesuk shown in Fig. 6.10 and
6.11. The arrows in both pictures are showing tivéase of the sample, where the
anode was placed. As it can be seen the structures are in fact embedded and
once again a shiny belt of silver ions can be btleseen where the dissolution of
silver nanopatrticles took place. The depletion kepas estimated from SEM to be
~600nm. The over all destruction, dissolution ammdcturing mechanism is believed
to be the same as explained earlier.

Figure 6.7: Photograph of the Figure 6.8: Segment of the sample after treatment.

sample after structuring. Numbers The result was a area with embedded structures with

show: 1) original (untreated), 2) 125 metallic lines/mm. Here area with the lightygre

transparent and 3) structured colour show the transparent region after the treatm

regions of the samp whiles the structured metallic lines are shownankd
grey.

71



Chapter 6: Metallodielectric 2D structures made by DC electric field microstructuring of
nanocomposite glasses

Figure 6.9: SEM picture of a segment of the structured area.iff$et shows an enlarge
part of one of the structured lines.

Figure 6.10: SEM picture of the cross Figure 6.11: SEM picture of the same area

section of the structured area. The arro as shown in Fig. 6.10 with one of the lines

shows the surface of the sample where t enlarged. The arrow once again shows the
anode was placed. surface of the sample.

Scalability of the technique was examined usingolydisperse type | —original
sample and the nanoline electrode (1250lines/mnanasle. All other experimental
parameters including the applied voltage and tifnéh@ treatment were identical to
the previous experiments:ig. 6.12 shows the result of structuring. Asaih e seen
embedded lines of densely-packed spherical silvaenoparticles were easily
produced. The width of each structured line wasneged to be ~400nm.

One final remark is that the sizes of the structeeas were only limited by the size
of the structured electrodes used, here 15mh&mm.

Figure 6.12: SEM image of the type
[-original sample structured
employing the nanoline electrode.
The width of each structured line was
estimated from SEM to be ~400nm.
The length of each line was a few
mm. The overall structured area was
only restricted by the size of the
anode.
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6.4 Summary

In this chapter, a novel, easy-to-implement, andgrtul technique for engineering
optical properties of metal-doped nanocompositesgylgia gaining control over
spatial distribution of the metallic inclusions tescribed. In particular, 2-D
structuring, down to submicron size in glass caonigg silver nanoparticles, was
demonstrated. The presented technique is basdueqgrhenomenon of D.C. electric
field-assisted dissolution (EFAD) of metallic naadjcles in glass matrix. This
technique is potentially useful for production d@fractive optical elements, channel
waveguides, submicron optical structures suitatmegpfasmonic applications as well
as metallodielectric photonic crystals working e tvisible wavelength range, all in
metal-doped nanocomposite glasses.
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Chapter 7: Conclusions and Future Directions

This chapter not only summarises the work describdatie preceding experimental
chapters, but also tries to give an indicationhef direction some future work might
take. The investigations have involved the studyhef physical mechanism behind
the DC electric field-assisted dissolution (EFAD) silver nanoparticles in glass
matrix as well as dedicated to the applicationthefEFAD technique.

This chapter is split into two main sections, degahvith each of the chapters on the
experimental work in turn and then discussing thssiple future directions. All that
remains to be given afterwards apart from the aighlowrriculum vitae (CV) and list
of publications and contributions for both conferes and journals, is a brief
introduction to thermal poling of glass, a tech@aguhich is very similar to the one
used here for achieving the EFAD of silver nanapi@s and a final remark on the
evolution of the EFAD.

Summary of theresearch

The research presented here is the result of astigation into a new approach for
modification and manipulation of optical as well stsuctural properties of silver-
doped nanocomposite glass. The strategy describesl Was based on seeking a
technologically simple and economically attractivepproach for gaining
comprehensive control over spatial distributiorthed silver nanoparticles within the
glass matrix. This was achieved by applying a comiion of an intense direct
current (DC) electric field and moderately elevakmperatures to the material. This
resulted in destruction and dissolution of theesilmanoparticles in the glass matrix
in the form of silver ions. Thus, results of aneaipt to explain the dissolution
phenomenon and investigate its potential applioatisas constructed the thesis.

At first the research was dedicated to the spdéatures and dynamics of the
dissolution process. For this purpose glass sampitts embedded spherical and
elongated silver nanoparticles with either expoiaénitype 1) or step (type II)
gradient of volume filling factor of the metallindlusions were used. Application of
strong DC electric field (~1kV) and temperature §82C) to the type | (type II)
sample resulted in partial (total) bleaching of thptical absorption band that is
associated with the surface plasmon resonancdvef sianoparticles in glass host.
From a macroscopic point of view the phenomenadea®minated as “electric field
assisted dissolution” (EFAD) and physically intefed in terms of the ionisation of
the silver nanoclusters followed by the removakibfer ions from the clusters and
their drift in the depth of the glass matrix, untlee combined action of the applied
DC electric field and temperature.
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Afterwards the possibility to structure a buriegidaof percolated silver clusters in
the type | samples was explored. The results aliows to claim the ability to
engineer optical properties of the material vianga control over spatial
distribution of silver in the glass. The astonighiisual effects of the phenomena
were investigated, modelled in detail and discussed

Fine optical structuring in nanocomposite materiasg the EFAD technique was
then subject of the further investigation. Usinig tiechnique micron and submicron
size structures in the type | as well as type thgi@s were easily produced. The
physics of the process as well as outlooks ofdpigication of the EFAD technique
were discussed.

Future Directions

Beyond the already interesting capability of theABRechnique to make the glass
containing embedded silver nanoparticles locallgdar micrometric areas with
sharp edges, totally and/or partially transparghere are several other very
promising applications of the work presented i thesis.

Although a lot of research should yet be condutbeeards better understanding of
the underlying physical mechanism of the EFAD pimeoon, here mostly the
potential applications of this effect are consideais to possible future works.

a) DC dlectric field-assisted production of channel waveguides in silver-doped
nanocomposite glass

This becomes fairly evident by simply taking anoth®ok at the predictions of
Maxwell-Garnett theory presented in chapter 3, whér was shown that by
controlling the filling factor of the metallic ingsions in metal-doped nanocomposite
glass it should be possible to engineer a metaiagung layer with desired optical
properties. This, in fact, is what offered by thEAD technique, namely gaining
control over spatial distribution of the metallrciusions.

Therefore, change in refractive index as a reduli@ease and/or decrease in filling
factor of the metallic inclusions can serve to lgaproduce various waveguide
structures, channel waveguides, in the compoundmats.

b) DC electric field-assisted 3D structuring in silver-doped nanocomposite glass

From the thermal-poling of glass it is well-knowhat sodium ions can be
redistributed within the glass matrix under the bomad action of a D.C. electric
field and elevated temperatures. Also silver icas also be redistributed within ion-
exchange glass by the application of an electelfilf such modification be done
before particle formation, in principle, arbitrai¥D optical structures can be
produced by using the EFAD technique.

c) DC electric field-assisted ion implantation in glass

lon implantation is another promising aspect ofliaggion of the EFAD technique.
Preliminary experiments conducted in our group shibat it is possible to
implement silver ions in soda-lime glass substiaing this technique. This was
done by simply covering one side of the soda-lineesg substrate by Ag past,
equipping the glass with two pressed contact eldes so that anode facing the side
with Ag past, and placing the sample in an ovenpliption of 1kV at elevated
temperatures was enough to implement large amoliler ions to the glass
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substrate. This was confirmed after the experinbgnannealing the glass in an air
atmosphere inside an oven. The annealing resuitadgregation of the implanted
silver ions and creation of the silver nanoparsigle the near surface region (~1pum)
of the sample, as appearance of surface plasmod hawund 430nm in the

extinction spectrum of the sample testified latég( 7.1-red spectrum). The size of
the produced nanoparticles was estimated from tkdéhveof the SP band to be ~5-
10nm (see chapter 2, Fig. 2.4). Annealing of theesgample longer times resulted
in production of larger silver nanoparticles. Tretiraated value for their size is 40-
50nm. In this case the peak of the SP band wassppately around 420nm (Fig.

7.1-black spectrum).

This could be an alternative way to prepare metgled nanocomposite glasses as to
the classical ion-exchange technique [7.1] and beam [7.5]. However, this
obviously requires further throughout study of pinecess.

0 L ) . i —
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Figure 7.1: Extinction spectra of the samples prepared via [2Ctiéc field assisted ion
implantation in the glass. The red spectrum belotogshe sample after short time
annealing while the black spectrum represents pleeteum of the same sample after
longer annealing times. Inset is a photo of the @anexhibiting the red extinction
spectrum.

d) DC dlectric field-assisted submicron optical structuring in glass for surface
plasmon subwavelength optics

Perhaps one of the most attractive aspects ofcaiglasmons (SPs) is the way they
help to concentrate and channel light using subleageh structures. This could lead
to miniaturisation of photonics circuits to muchallar length scales than currently
achieved [7.2, 7.3].

In principle, a properly structured circuit wouldst convert light into SPs, which in
turn would propagate and be processes by logic ezlesn before being converted
back into light. However, an attractive feature &ty such circuit is that, when
embedded in dielectric material, the circuit useddropagation of SPs can also be
used to carry electrical signals. A newly born lotanf photonics, called plasmonics,
is dealing with feasibility study of using SPs f@rious applications in this field.
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In the last experimental chapter it was shown that EFAD technique allows to

produce submicron embedded metallic lines in silayed nanocomposite glass.
SEM analysis of the structures revealed that thewsist of densely-packed

nanoparticles. This makes the study of their plasmproperties feasible. Research
on this aspect of the work is currently under wagaollaboration with our colleagues
from the Queen’s University of Belfast, U.K.

e) DC electric field-assisted production of metallo-dielectric photonic crystals

I would like to finish this chapter and in fact ttleesis by giving some outlooks on
using the EFAD technique for production of metajlass photonic crystal. Photonic
crystal is a periodic structure of more than twelettrics whose size is in the order
of wavelength. They function as a photon equival@semiconductors. In other

words, they can control the existence of photonth wiertain wavelength and

polarisation by their so-called “photonic bandgap’in brief PBG. PBGs in turn are

ranges of frequencies in which photons can notrgpttetonic crystals as long as
certain conditions are met. A great deal of infaioracan nowadays be found in the
literature, and in particular in Ref. [7.4], on tbperational mechanism and physics
of photonic crystals.

However, metals can also be used as the ingrefdiephotonics crystals. These sort
of photonic crystals are commonly known as metdiiectric photonic crystals
(MDPC). Metallic photonic crystals have not beemestigated as much as their
semiconductor counterparts, due to their high adigor which is quite critical for
these devices. However, they offer a number of @idgges over other dielectric-
based photonic crystals such as: a) Metal compenesm be used for writing of
future optoelectronics integrated circuits, b) PBGVIDPC can be more robust to
disorders of their structures, c) High temperatoperation with MDPC may be
possible, d) Metals exhibit stronger nonlinearitart other optical material, €) SPs in
metal components can be existed and finally buttnmgortantly metals are more
reflective than for instance semiconductors overnige range of wavelength. Thus,
MDPC will tend to exhibit pronounced PBGs with fevi@yers than semiconductor-
based photonic crystals. Thus the advantages oélsnean be used to produce
photonic crystals with unique properties.

Indeed, MDPCs have been already proposed as possibdidates for creation of
PBGs in the optical spectral range [7.5-7.8]. Ins tltontext silver-doped
nanocomposite materials can be used as a basedahfite production of MDPCs.
The EFAD technique, in this case in combinatiorhvéser-assisted techniques, can
be used for structuring in these materials, anccégmoduction of silver-dielectric
photonic crystal would be possible.
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Appendix A: Thermal poling of glass. a brief
Introduction

Silica glass is an amorphous material and possdssession symmetry on a
macroscopic scale. Hence the vanishing second aaiginearity (SON)y?*, makes

it impossible to use this material for efficientcerd-order nonlinear processes.
Nevertheless, in 1980s many researchers report@thatoinduced second harmonic
generation (SHG) from optical fibres by launchingstrong Infrared (IR) beams

from Nd:YAG lasers [1-5]. These were the very fasimonstrations of breaking the
symmetry of an amorphous material such as glass.

Coherent photo-galvanic effect was identified asdhuse of the photoinduced SHG,
through which a spatially modulated static eledietd along the fibre is established

[6-10]. The electric field couples with third ordapnlinearity (TON),x?, of the

glass and results in an effectjyé. The period of the self-organized electric field i

the fibre alternates spatially to provide consimgcinterference through quasi-phase
matching (QPM). The efficiency of the frequency bllmg process was high enough
to pump a dye laser with the green light producgdphotoinduced SHG [3].
Following this demonstration a considerable redehas been carried out in order to
understand the fundamental physics behind the wbdgrthenomenon and assess the
compatibility of the new method with nonlinear dals. Eventually, the efficiency
of the photoinduced SHG was found to be limited thg low value of the
nonlinearity, 1¢ pm/V, as well as by the length of the self-orgedifQPM-grating
which cannot exceed 60-80 cm. (This was due torghtiz dispersion and phase
modulation [4].) Efficiencies up to few percentagpase been demonstrated [11-17],
but unfortunately this figure did not make the mhotduced SHG attractive for real
applications.

An important point in the search for an efficientags-based second-order
nonlinear material was the work of Myest al.in 1991 [18]. The authors observed
that a permanent SON is induced in a fused-silizssg plate once heated to
moderately elevated temperatures of 250°C-330°6G antapplied voltage of about 3
kV -5 kV for 15 min with subsequent cooling to thmbient temperature with the
voltage still applied. (This procedure is calle@ tithermal poling of glass.) It has
been suggested that a high electrostatic figldappearing in a thin depletion region
near the anodic surface, is in fact responsibléhferobserved phenomenon, similarly

to the explanation of the photoinduced SHG. Degpi¢evanishingy? in glass, the

coupling between the electro-static fiélgl and the intrinsic third-order nonlinearity
of the glass resulted in observation of effecti@NS According to Ref. [19] the
SON and TON are related via the following equation:
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X? =3¢°E,. (A.2)
This expression shows that the interaction betwbenTON and the electrostatic

field produces the same effect as a SON on theapiield. For the strong field
strength ofEq~2x10° V/m [21,22], fairly close to the dielectric breakuo of fused

silica, and taking into account that for silica jtés approximately equal tox210%2

m?/V? [20], the x2in poled glass is expected to be ~1pm/V. This vaas indeed

measured experimentally and is of the same ordenamnitude as the nonlinear
susceptibilities of some of the widely used nordinerystals for frequency doubling,
such as KDP (~1pm/V), BBO (~3.8pm/V), and quart2.6pm/V) [23].

The mechanism that leads to the establishmenteo5tDN in the glass has not

yet fully understood. The origin of the electrotistdield Ey4, responsible fox?, has

been subject of debate since 1990s, although pblatbeen studied before in the
context of polymers [24, 25]. The application ofiivoltages to silica at elevated
temperatures has been studied since 1970s, althmigh the context of optics [26].
From these studies it was known that alkali iorchsas Naand Li', that are present
in silica as impurities, are bonded to negativéigrge non-bridging oxygen (NBO)
sites, and may drift under the action of electigdds. It was also known, from the
work of Myers' and co-workers [18], that the noeknity was located in a thin layer,
typically in less tharlO um, beneath the surface of the glass platehthtoeen in
contact with the anode electrode. As an explanai@nmechanisms were proposed:
either the nonlinearity was caused by orientatiblbands or by the creation of a
space charge field, both leading to a DC electrpolarization [27, 28].

It has been suggested that the high temperatur@vied in the poling process
increases the mobility of the impurities presentha glass, mainly alkali ions such
as N&. Therefore, upon the application of an electr@dj the positively charged
sodium ions drift towards the cathode where theg meutralized by injected
electrons. Under the hypothesis of zero ionic caetidity at the anode (blocking
electrode), during the migration ions leave a neghbt charged depleted region
behind themselves. The depleted region is locatiesdvanicrons beneath the anodic
surface. Due to the lack of mobile charges the etegl region has a much larger
resistivity than the rest of the glass. Like in @tage divider, the applied voltage
tends to mainly drop across the more resistiveedeglregion. As a consequence, a
large static electric field is established betwt#endepleted layer and the anode. The
process is schematically represented in Fig. A-1.

Kazanskyet. al. distinguished between two possibilities that coalibe at this

stage [28]. In fact, either orientation of NBO benaol glass ionization could take
place under the action of the high electrostattdfi In the former hypothesis, the
high temperature increases the mobility of the N&g@oles, whereas the applied
electric field forces them all to orient in the sadirection. After cooling, the dipoles
would be frozen in one direction, thus breaking Hyenmetry of the glass and
accounting for the observed SON.
In the latter hypothesis, the static field is resgble for the ionization of the glass in
the anodic region, leading to the creation of atpascharge layer that screens the
external field and stops the process. When the leammpooled down the ions are
trapped in their positions. A high static elecfredd, between the positive layer and
the negatively charged region, is then frozen i ghass once again breaking the
centro-symmetric structure.
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There are strong arguments against a significantribotion to the effective
SON due to the orientation of dipoles in silicasgl§29-33]. The theoretical models
suggested for the poling process can be classifiexd two main groups, namely
single carrier and multiple carrier models, namshgle carrier model and multiple
carrier model.

.+5kV

— Electric field: 5kV/5um
~ 10 Viem

depletiorI e

region

Na" and/or H”

+ + + + + + + _

l l l l l ll l /lc_giilg:]gf neutralised
Q OV

Figure A-1: A schematic representation of the thermal poliracess.

As early as in 1953 researchers developed a modé¢hé space charge build-up in
alkali halide crystals [34]. The model can be gaadlapted to the case of positive
charge carriers. According to this model,"Na assumed to be the only mobile
charge carrier. The anode is assumed to act asckitd electrode, and under these
circumstances electrical neutrality requires anaegamount of fixed negative
charges to be present in the glass, for instangatively charged NBO. (The NBO
sites are assumed to be immobile.)

At steady state the electric field is given by [34]

E, = %(ddep ~X) 0<x<d (A2)

dep?

E,.=0 X>d (A.3)

dep?
wheredqep is the thickness of the depleted regigaijs the elementary chargl is
the fixed charge density associated with the NB(@-lentres and is the dielectric
permittivity of glass. This simple model in fact cepable of describing all the
essential features of thermal poling. During thgnation of N&, the charge front
which separates the depletion region and the rletgggon moves in the glass
according to:

d(t) = dy,tan 15, ). (A.4)

wheredgepand 7 in A.4 are given as following:
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e
ddep:\/(z qu); r= d%ﬂEo'

whereu is the effective mobility of sodium. The motion thle charge front can be

measured by the current that flows through thesglaking into account thale, is
much smaller than the thickness of the glass; thieent can be well approximated
by [34]:

~1(0)
1= %oshz(tIZT) ’ -5

Where the current a0 is given byl (0) =|Aq,Nd,,,/27], where A is the cross

section of the electrode.
Using the following known values for fused silich[85]: & = 3.8¢,; N=2x107m’>;

.. =1x10"mPV's?, the thickness of the depletion region can beutaled to be

~9 um. The depletion region for a 1mm thick siligass is formed on the time scale
of ~20 min poled at 4 kV. This is ten times fadtera ten times thinner sample. The
frozen electric field peaks at the surface in contéth the anode and its maximum
value according to eq. A.2, is ~1&/m which is very close to the value of the
electrical breakdown in silica. It suggests thahhiield ionization stops the poling
process, as envisaged in [29]. As a consequenc8@eis also limited in silica to
values of ~1 pm/V. The applied field mainly alt¢hhe time scale of the process and
Eqc depends on the charge carrier concentration. Ena@simple model it is possible
to infer that a glass sample having lower chargecentration will exhibit lower
nonlinearity and a wider depletion region. Thessults were confirmed by the
findings of researchers reported in [36-39].

Although the single carrier model describes theegalfeatures of the poling process
reasonably well, it did not account for some of #gerimental evidence. For
instance two time scales was found by researchensigd poling and de-poling
current measurements [35]. This behaviour wasatid to the presence of a second
charge carrier with much lower, ~ an orders of nitage lower, mobility. In-
diffusion of H from the atmosphere, driven by the high electtwstield, was
thought to be taken place during the poling. Indibedpresence of a positive charge
layer between the negatively charged depleted megitd the anodic surface was
revealed using a thechnique called “laser-induceldeppressure (LIPP)” [31]. In
[40] researchers pointed out the relevance of thiengp atmosphere by performing
poling in air or under vacuum (fatm.). Samples poled in vacuum exhibit wider
depletion regions and consequently lower nonlitg@ompared to samples poled in
air for the same time. It was speculated thatHsD" may in-diffuse from the
atmosphere, while poling in air [35, 40]. LIPP m&asnents also showed a different
charge distribution for poling in vacuum and air. pdsitive charge layer was
revealed to be present also in the samples poleddaum. It was therefore thought
that, in vacuum, glass ionization with liberatioh @ must take place. The same
phenomenon is probably occurring in air as welly iouthat case in-diffusion of
positive species from the atmosphere is believdzttthe dominant mechanism.
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Recently a study of the dynamics of thermal pohlmgdifferent sample thicknesses
was published, where researchers show the existdrazeoptimum poling time, ~10
min depending on the sample thickness, for whiehatthieved SON was maximized
[41]. The decrease in SON for longer poling timaarmt be explained by a single
carrier model. In order to account for the new expental findings new models
have to be developed. In Ref. [35] two charge eesrivith a very different mobility
were considered. However, the same hypothesesRefii34] were used. Diffusion
of ions has been considered by the authors in [A2¢ models have shown good
agreement with experimental results when appligabtmng of a Suprasil silica glass.
Other researchers have considered the ionizatioth@fglass together with in-
diffusion of kO™ and H from the atmosphere [43, 44]. The model predibts t
existence of anonospheresandwiched between the positive charge layer aed th
negatively charged depletion region, in agreemeith whe findings of the
researchers in [40].

Understanding of the physical mechanism behindieemal poling is crucial for
identification of the critical parameters affectitige process. Knowledge of this sort
could lead towards engineering of the glass systedfor of the poling procedure for
enhancing the induced second-order nonlinearityvéd@r, much effort has still to
be made towards the better understanding of theepso This can, for instance, be
done by improving the characterization techniques development of new methods
for better accessing depletion region and obtaininfprmation regarding its
thickness, profile and dynamics.
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Appendix B: On the evolution of EFAD

This appendix is devoted to the importance of fiog a good contact between the
electrodes and samples and its role in evolutioim®fEFAD process. Essentially, in
the context of the evolution of the EFAD proces® tole of the glass-electrode
contact can be considered if we recall that elesttannelling from ionised clusters
have to be extracted at the anode. In order to @ajualitative picture the following
experiment was conducted. A 1mm thick polydispaype- I-sample was equipped
with two flat contact steel electrodes (6mBmm) so that the positive electrode was
facing the nanoparticles containing layer. The dampas then placed inside the
oven, and as explained in detail in 4.2, was stjeto the following treatment steps
at ~280°C: 200V -10 min (a), 200V - 10 min (b)p02V - 20 min (c); 200V -
40 min (d); 400 V - 10 min (e); 600 V - 10 min éind 800 V - 10 min (h). Between
each step of treatment, microscopic images of anepte were recorder. The results
are shown in Fig. B-1.

As it can be seen, for treatment at 280°C, bleacbuoturred with voltage as low as
0.2kV but did not cover the entire electrode afég.(B-1 a-d). Bleaching started in
a central zone which covered approximately 13%bhef tbtal electrode area after
10min of treatment. It has to be pointed out that zone was extended only slightly
with increasing of the treatment time. After 10rti@atment steps at 0.4kV (Fig. B-1
e) bleaching started near the electrode edges #s Mawvever, it was only a
treatment steps at 0.6kV and 0.8kV that the blehdwmes in the middle and near
the edges started to merge progressively (Fig.fBahd h, respectively). Finally,
after 15min treatment step at 1kV, the entire araderneath the electrode was
bleached (not shown here but for comparison seedFi(.

Mechanically contacted electrodes did not obvioysigvide a perfect uniform
contact with the sample surface over the entiretelde area and the bleached zones
were, hence, associated with tight contact. An eawig of this effect was found
when the sample was probed in reflection from adhside just after the poling step
at 0.6kV while the anode stuck on glass surfacetdwedectrostatic forces (Fig. B-1
g). Areas where tight contact was achieved wereesponded to bleached zones.

The present results show that physical contachdrathan ionised species from
atmosphere [1]) is needed to extract electrongieffily. The electrostatic force
exerted on the sample is further enhanced duentonigration during the treatment.
This can be qualitatively estimated as the eletdtios force between two plane
electrodes is given by:

F = 056,625V 2L, (B-1)
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whereS is the electrode surfac¥,is the applied voltagd, is the distance between
electrodes and, is the relative permittivity of glass sample saiched between the
electrodes. When 1kV is applied to our sample atréemperature, the electrostatic
force is as weak a§=1.2x10°N (taking S=54mnf, L=1mm and &,=2.2). At
elevated temperatures, however, the applied voltiages almost entirely across the

ion-depleted layer [1]. This results in much strenglectrostatic force due to the
decrease of the effective distance between théretkss.

Figure B-1: Microscope images (in transmission) of the surfatéhe sample after
successive treatment steps at ~280in the following sequence: 200 V -10 min (a),
200 V - 10 min (b); 200 V - 20 min (c); 200 V - 4fin (d); 400 V - 10 min (e); 600 V -
10 min (f) and 800V -10min (h). Dotted rectawlrepresent the electrode
(6x9 mnt). Zones where embedded silver nanoparticles haea dissolved appeared
yellowish in the images. Microscope image (in retiten) taken from sample’s cathode
side while the anode stuck on glass surface issdswn (g). Images (a-h) were taken
using 2xobjective. Zoomed inset image in (a) whenaising a 50xobjective.

An important point to consider is that for the enppents presented in the main
body of the thesis flapress contact steel electrodes were used. While these
electrodes considerably improve the homogeneitythef contact between the
electrode and glass, but the overall contact lisfatifrom perfect, as some jumps in
the current evolutions were indicated (See for gplamFig. 4.12). The contact can
be further improved by using a carbon ink layemiaein the electrodes and glass.
However for the experiments described in the thibssstechnique was not applied.
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