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ABSTRACT

This work is dedicated to theoretical and experimental investiga-
tions of electric field induced effects in glasses and glass-metal
nanocomposites (GMN), glasses embedded with metal nanoparti-
cles. The advanced models of charge transport during silicate glass
poling were developed and studied both analytically and numer-
ically. The theoretical predictions are compared with existing ex-
periments showing good correspondence. The modeling of charge
transport in GMN has allowed us to arrive at quantitative theory of
the electric field assisted dissolution (EFAD) of metal nanoparticles
in glass matrix. The estimations of dissolution time of individual
silver nanoparticle in a silicate glass have been done. The numerical
analysis of the electric field induced transport of the charge carriers
allowed us to develop the theory of the optical bleaching of GMN.
The predictions of the developed theory well correspond to the re-
sults of the performed experiments and demonstrate in particular
that dynamics of the dissolution process strongly depends on the
chemical content of glass matrix. 1D and 2D optical GMN-based
periodic structures were fabricated using EFAD technique. The per-
formed near field optical microscopy measurements revealed that
the EFAD resolution can be as small as 150 nm. Theoretical cal-
culations show that depending on the spectral region GMN-based
structures can be employed as either phase or amplitude diffraction
gratings. Finally, the results obtained in the Thesis demonstrate that
EFAD technique can be applied for fabrication of submicron and
subwavelength optical structures based on GMN.

Universal Decimal Classification: 538.958, 538.93, 535.421, 544.774,
681.7.02

PACS Classification: 73.20.Mf, 78.66.5q, 78.67.Bf, 81.05.Pj, 42.25.Fx,42.79.Dj,
73.63.Bd, 66.30.hh, 42.70.Ce,66.30.H-, 77.22.Ej, 79.70.+q

Keywords: surface plasmon resonances, nanoimprint, diffraction gratings,
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1 Introduction

Artificial composite materials based on a properly arranged collec-
tion of nanoentities in an appropriate matrix have been recently
emerged as an efficient alternative to conventional media in pho-
tonics applications. In particular these materials gave birth to pho-
tonics crystals allowing one to engineer bands for two- and three-
dimensional subwavelength structures (2D and 3D, respectively)
[1,2], while ensembles of quantum dots in dielectric matrix were
used as efficient saturable absorbers for mode-locking of solid-state
lasers [3,4]. One may also recall split ring resonators that have been
proposed as a model system with a negative refractive index [5]
and opened the metamaterial race. Having very few counterparts
in nature [6] artificial nanostructures are promising for develop-
ment a wide variety of optoelectronics and photonics devices with
enhanced and unusual functionality, ranging from superlenses to
electromagnetic cloaks [7]. New functionalities can arise from res-
onances associated with either periodic spatial arrangement of na-
noentities in the 2D or 3D array (e.g. in photonic crystals) or their
intrinsic degrees of freedom (e.g. in quantum dot mode-lockers).
However the most drastic enrichment in terms of functionality can
be achieved when resonances of different nature can simultane-
ously contribute to the optical response. One may recall in this
respect lasing when new functionality has been created by employ-
ing resonant coupling of the cavity eigenmodes to resonant quan-
tum states of ions, atoms or molecules.

Glass-metal nanocomposites (GMN) are well suited for fabrica-
tion of photonic structures and metamaterials with tunable optical
properties. GMN are glasses embedded with silver, copper, gold,
nickel or other metal nanoparticles. GMN optical properties are
governed by surface plasmon resonance (SPR) associated with col-
lective oscillations of electrons in the metal nanoparticles. Field
enhancement in the vicinity of a metal nanoparticles at the SPR

Dissertations in Forestry and Natural Sciences No 101 1
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Figure 1.1: (a) TEM image of GMN crossection. Individual nanoparticles are clearly seen.
Inset: High Resolution Electron Microscopy (HRTEM) image of 2 nm silver nanoparticle
in glass (with permission from [8]) (b) Optical density spectra of virgin glass, silver, and
copper glass-metal nanocomposites.

frequency results in strong optical nonlinearity of GMN leading
to a variety of optical effects. In particular drastic enhancement
of the third-order susceptibility of GMN in picosecond timescale
is very prospective for optoelectronics applications [9]. Enhance-
ment of the photoluminescence [10,11] and SERS [12,13] signals in
the vicinity of individual nanoparticles make GMN attractive for
development of novel active media for solid state lasers and bio-
photonics, respectively. It has been recently shown that GMN may
be prospective for data storage application [14].

One of the most attractive features of GMNs is an opportunity to
engineer their optical and electronic properties by nanopatterning.
Specifically, the GMN can be bleached by applyingof DC voltage to
the sample at elevated temperature [15-17]. It has been shown [15]
that the bleaching is due to the electric field assisted dissolution
(EFAD) of nanoparticles caused by drastic enhancement of electric
tield strength in the subsurface layer. The EFAD process opens a
route for imprinting of 1D and 2D structures [18] using properly
structured anodic electrode (stamp). Figures 1.2 (a) and 1.2 (b) show
SEM image of the positive electrode (anode) used for imprinting

2 Dissertations in Forestry and Natural Sciences No 101



Introduction
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Figure 1.2: (a) SEM image of anode electrode. Numbers 1, 2, 3 and 4 correspond to line
width of 100, 200, 300 and 400 nm. (b) Gratings imprinted in GMN via EFAD technique.

and an optical microscope image of gratings imprinted in the GMN.
It is clearly seen from Fig. 1.2 b) that the grating of period of 300
nm is well reproduced. The lines with 200 nm width cannot be
resolved by optical microscope.

EFAD technique allows fabrication of 2D [18,19] and even 3D
[20] periodic structures with submicron and subwavelength resolu-
tion. Taking into account nonlinear properties of GMN such struc-
tures may be used in actively developing field of nonlinear photonic
crystals and metamaterials. Moreover, since this technique can be
employed for imprinting of arbitrary structures in the GMN, one
can use it for fabrication of optical planar circuits. That is the GMN
may form a base for a cheap industrial technology of planar optical
components fabrication. Detailed description of EFAD and imprint-
ing techniques can be found in the chapters 3 and 4.

At elevated temperature, the DC electric field results also in the
formation of surface profile that complements that of anodic elec-
trode [21,22]. The average height of the profile imprinted on the
GMN surface is around tens of nanometers depending on fabrica-
tion conditions. Figure 1.3 (a) shows an example of the imprinted
surface relief on GMN. The profile of anodic electrode used for im-
printing is shown in the inset. The width of the imprinted structure
line is 50 ym. However submicron relief formation is also possi-
ble and corresponding structures are shown in fig. 1.3 (b). Such a

Dissertations in Forestry and Natural Sciences No 101 3
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technique can be applied for surface nanostructuring, in particular
for fabrication of antireflection coatings, one of the most important
problems in photovoltaics [23,24].

Figure 1.3: (a) Surface relief of GMN sample after thermal imprinting. Line width of
formed lamellars equals to 50 ym. Inset: surface profile of electrode; (b) Atomic force
microscopy of submicron relief profile on GMN surface after imprinting with electrode
shown in the inset.

The GMN properties described above make GMN very prospec-
tive for linear and nonlinear optics and photonics, optoelectronics,
biosensing, and photovoltaics. The Thesis is dedicated to investi-
gation of GMN properties, development of GMN nanostructuring
methods, fabrication and modeling of diffraction gratings based on
GMN.

4 Dissertations in Forestry and Natural Sciences No 101



2 Glass—metal nanocompos-
ites: optical properties, fabri-
cation, characterization

2.1 LIGHT SCATTERING BY SPHERICAL PARTICLES. SUR-
FACE PLASMON RESONANCE

The optical properties of GMN are governed by the resonant light
scattering by metal nanoparticles embedded into glass matrix. The
problem of light scattering by a spherical particle has been studied
for more than 150 years. It has been first formulated by Clebsch [25]
who studied scattering of elastic waves by a spherical inclusion.
Despite the fact that Clebsch had not arrived at full solution of the
problem, he was the first who considered variables separation in
spherical coordinates. His research has made an important contri-
bution in the development of the special functions theory. Cleb-
sch had considered Rayleigh scattering ten years earlier than Lord
Rayleigh in his work [26]. Large contribution to the scattering the-
ory was made by Lamb, Lorenz, Thomson and others [27] in the
late 19 annd early 20 century. Today the theory of light scattering
by arbitrary spherical particle is referred as Mie theory after Gustav
Mie, whose paper [28] was not the first on this subject but probably
the most comprehensive by that time. In particular, Mie has consid-
ered spherical inclusion with complex permittivity. Together with
Debyes work published in 1909 [29] Mie’s paper has made a basis
for the solution of light scattering problem that often referred to as
Lorenz-Mie-Debye theory [30]. The modern representation of it can
be found in Bohren and Huffman book [31].

Theory of light scattering had been advanced in 1940-1950’s due
to strong demand from industry and defense (development of var-

Dissertations in Forestry and Natural Sciences No 101 5
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ious types of radars) as well as from physics of atmosphere and
astrophysics [32]. However these researches were mainly focused
on the far field. Recent advances in nanotechnology gave birth to
photonics and plasmonics, which deal with properties of the elec-
tromagnetic waves at the wavelength and subwavelength scales.
Control of local electric fields at the scales of tens and hundreds
of nanometers opens a new route for optical devices for optoelec-
tronics, biology and medicine.

In GMN, the local electric field can be strongly enhanced due to
surface plasmon resonance (SPR) associated with collective oscilla-
tions of free electron gas in metal nanoparticles. Resonant scatter-
ing of light with metal nanostructures gives giant enhancement of
local electric fields in the vicinity of nanoparticles. In this Thesis,
we will consider only spherical metal nanoparticles embedded in
glass matrix. Let us briefly review the basic concepts of the SPR
in the quasistatic limit, i.e. when the light wavelength is much
longer than the nanoparticle circumference, A >> 2R, where R is
nanoparticle radius. In this approximation, we can neglect varia-
tion of the electric field magnitude on the size of the particle. It is
well known [33] that a sphere with permittivity ; embedded in di-
electric with pemittivity e, and subjected to a uniform electric field
accrues the dipole moment:

d = e>aE,
where polarizability a can be expressed as

&1 — &
oczlizR‘g.
€1+ 2¢;

The absorption and scattering cross-sections of the sphere with per-
mittivity e, are given by the expressions [31]:

8
Oaps = 47tkoIm(w), Oocn = ?k‘é]odz,

where k, = \/exkg, where kg = 27t/A is the light wave vector
in vacuum. One can observe that the absorption cross section is

6 Dissertations in Forestry and Natural Sciences No 101
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proportional to koR, 0,55 ~ koR, while the scattering cross-section
Osca ™~ (kOR)3. Thus for small nanoparticles the absorption domi-
nates over the scattering because 0scq/0yps ~ (A/R)?. The SPR fre-
quency wspr can be found from the condition that the denominator
in scattering or absorption cross section tends to zero:

|€1 +2€2| — 0.

Dielectric permittivity of noble metals (e.g. silver) can be expressed
via Drude model [34]:

w?

P
€] = €0 — —————, 2.1
1 (@) (2.1)
where ¢, in high frequency dielectric permittivity, w, is plasma
frequency of metal, and v is damping factor that is proportional to
reciprocal scattering time of electrons in metal. Neglecting damping
one can readily obtain the SPR resonance frequency:

w
P
WspR = .
V €co + 282

For silver and copper nanoparticles embedded into the soda-lime
glass this expression gives SPR wavelength of about 420 and 560
nm, respectively. The SPR resonance is clearly seen in the optical
density spectra of silver and copper GMN shown in Fig.1.1 (b).
It is worth noting that in copper-based GMN, the sharp increase
of the optical density in the blue part of spectrum corresponds to
3d — 4s interband electron transitions responsible for reddish color
of copper.

Equation (2.2) derived the frequency of the dipole resonance

(2.2)

of electronic gas that dominates in scattering and absorption in
small metal particles. However when nanoparticle size increases
the higher multipole order resonances [35] (quadrupole, octapole
etc.) become important. In the quasistatic approximation resonant
frequency of n-th order multipole resonance can be found from the
following condition [30,31]:

n+1

€1+ e =0.
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In the framework of Drude model the frequency of the n-th order
resonance equals to:
(m _ “p
Wspr = :
1
oo + nt €2

It is worth noting that at n — oo, i.e. when there are many nodes
of electric field over nanoparticle circumference, SPR resonance fre-
quency tends to the frequency of surface plasmon-polariton propa-
gating at the planar metal/dielectric interface [36]:

Wiy — Wwspp = 2
SR nveo Vewt e

That is the more periods of the light wave can be placed on the the
particle circumference, the closer spherical surface of the nanopar-
ticle is to the flat plane.

2.2 SILICATE GLASSES

2.2.1 Glass structure

In this Thesis, we consider only silicate (“soda-lime”) glasses based
on SiO; network. Fig. 2.1 a) shows a structure of silica glass based
on amorphous random network. In the silica glass, the basic ele-
ment is a tetrahedra with silicon atom in the center and four oxygen
atoms in the vertices forms (in the projection shown in Fig. 2.1 only
three bonds for each Si atom are seen). Each pair of silicon atoms
is connected via an oxygen atom that is called “bridging oxygen”.
Impurities concentration in silica glass usually does not exceed 10-
1000 ppm.

Soda-lime glass has SiO, amorphous network either, but in the
contrary to silica glass, the concentration of additional components
(modifiers) may be as high as 25 wt % (see Table 2.1 ). The main
modifier in soda-lime glass is sodium oxide. Absolute concentra-
tion of Na atoms in the soda-lime glass is about 5 - 10?! cm™3.
Sodium atoms are bonded with so called “non-bridging” oxygen

8 Dissertations in Forestry and Natural Sciences No 101
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ions as it is shown in Fig. 2.1 (b) and have partial charge +1. Ca

atoms are bonded to two non-bridging oxygen atoms and have par-
tial charge +2.

Table 2.1: Typical content of soda-lime glass

Oxide NaQO A1203 MgO CaO SiOz

Wt. % | 154 1,1 2,8 80 | 73,6

esiQo Qo OQa On Qa”

Figure 2.1: Amorphous structure of silica glass (a) and soda-lime glass (b)

2.2.2 Charge transport

At elevated temperatures silicate glasses exhibit ionic conductivity
due to relatively low (below 1 eV) activation energy of alkali ions.
In the case of soda-lime glasses the temperature of 200-300° is suffi-
cient to stimulate migration of sodium ions under electric field. This
can be considered as switching of sodium chemical bonds from one
non-bridging oxygen atom to another. Calcium ions also participate
in the transport but they have two bonds with glass network that
makes their mobility much lower than sodiums. Thus at elevated
temperature silicate glass can be considered as solid electrolyte with

Dissertations in Forestry and Natural Sciences No 101 9
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Arrhenius type mobile spices. Diffusion coefficient can be written

as: 0
D = Dgexp <_kT> ,

where D is the self-diffusion coefficient, Q, is the activation energy,
kT is the thermal energy. Mobility and self-diffusion coefficient are
connected via Nernst-Einstein relation:

e

D HkT’
where e is electron charge, and Haven constant H ~ 0.3 for soda-
lime glasses [37].

Analisys of experimental data presented in the literature gives

an estimation of sodium activation energy in soda-lime glass Q, ~
0,8 eV.

2.3 FABRICATION OF GMN

Two main techniques of GMN fabrication are ion implantation [38]
and ion exchange [39,40].

Ion implantation technique is based on the bombardment of the
glass substrate with metal ions with energy of 30 to 200 keV. Ac-
celerated ions penetrate under the substrate surface and form a
layer saturated with metal ions at the depth of hundred nanome-
ters. Consequent annealing of the sample leads to neutralization
of implanted ions and activation of the nanoparticles growth. Both
distribution of ions after implantation and diffusion processes dur-
ing nanoparticle growth define the spatial distribution of formed
nanoparticles.

Although the ion implantation technique enables formation of
high concentration of nanoparticles in the subsurface layer of glass,
it is not a cost-effective. GMN fabrication based on the self assem-
bled growth of nanoparticles using ion exchange process is much
more common. It includes of two stages:

e Jon exchange. Soda-lime glass substrate is placed in a melt
of the mixture of sodium nitrate and silver nitrate (NaNO3 —

10 Dissertations in Forestry and Natural Sciences No 101
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® Molecule H, O lon H* @ Atom Ag' © Ion Ag'

Figure 2.2: (a) Ion exchange process; (b) hydrogen reduction.

AgNO3) at temperature of 320-350° C. High temperature ac-
tivates diffusional migration of Na*t ions out the glass sur-
face and migration of Ag™ ions inside glass via available non-
bridging oxygen sites (see Fig. 2.2). Thus, after the ion ex-
change processing the subsurface region of the glass is en-
riched with silver ions chemically bonded with glass network:
Ag-O-5i=03 = ...

e Hydrogen reduction. After the ion exchange the glass sub-
strate is placed into hydrogen atmosphere at temperature of
about 300 C. Hydrogen molecules penetrate into the glass,
and hydrogen atoms replace silver ions bonded with oxygen:

2(Ag" =0 —..)+Hy, = 2(H"—0"..) +24g°

Reduced silver atoms start to precipitate forming silver nanopar-
ticles, which size and spatial distribution in the glass matrix
can be tuned by changing temperature and other parameters
of the process.
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24 CHARACTERIZATION OF GMN SAMPLES
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Figqure 2.3: Silver concentration profile in the glass matrix after ion exchange and hydrogen
reduction obtained using RBS and SIMS techniques. Inset: Concentration profile of Na
and H ions after hydrogen reduction (normalized by maxima).

Fabricated nanocomposites have been characterized using Sec-
ondary Ion Mass Spectrometry (SIMS) and Rutherford Back Scatter-
ing (RBS) techniques. The obtained results show that silver nanopar-
ticles are located at the depth of several hundred nanometers under
the glass surface. Figure 2.3 shows profiles of silver concentration
in glass before and after hydrogen reduction measured using SIMS
and RBS. One can see that after ion exchange the concentration of
silver in ionic state is almost uniform at the scale of 600 nm while
its penetration depth during diffusion is several microns. Low con-
centration of silver at the glass surface is due to the existence of
50-100 nm thick subsurface dealkalined layer in which almost all
alkali ions are substituted with ions taken form the atmospheric
water vapors. After hydrogen annealing silver atoms start to mi-
grate from the glass depth to the surface where the concentration
of penetrating hydrogen is high. Thus a nanoparticle concentration
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is maximal at the depth of 150 nm beneath their surface. Both RBS
and SIMS measurements revealed that the width of the nanoparti-
cle distribution about 100 nm. Approximate value of filling factor
at the depth where the silver concentration is maximal is f ~ 0.08.

Thus it is necessary to stress that major part of silver nanoparti-
cles is located at the depth of about 200 nm under the glass surface
and that nanoparticle concentration rapidly decreases deeper in the
glass.
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3 Charge transport in glasses
and glass-metal nanocompos-

ite under DC electric field

Early studies of EFAD revealed that charge transport in glasses play
very important role in this process [15]. EFAD is also referred to as
poling assisted bleaching because of its similarity to well-known
phenomenon of glass poling [41-43], which is governed by the
charge redistribution in glass when an external voltage is applied
at elevated temperature. However the term “poling” is usually as-
sociated with the DC field induced second-order non-linearity of
glasses. In both EFAD and glass poling processes, DC voltage ap-
plied to the glassy slab at elevated temperature [17,18,44] creates
a strong electric field in the subanodic layer [20,45]. The drift of
ions in field results in the depletion of the subsurface layer with
metal ions, preferably sodium ones. Glass poling manifests itself as
the decrease in glass conductivity [46] and the formation of spatial
charge in the subsurface glass layer. Poled glasses have attracted a
considerable attention because the internal electric field created by
the spatial charge breaks the inversion symmetry and hence per-
mits the Pockels electro-optic effect [47] and second harmonic gen-
eration [41] in the glass. Thus studying of glass poling is important
for both revealing EFAD process origin and for poled glasses appli-
cations in optics and photonics.

Charge transport in glasses can be described by the system of
diffusion-drift equations:

acfa(:’t> +V-ji(r,t) =0 3.1)
ji(r,t) = wF(r, t)Ci(x, t) — D;VCi(r, ), (3.2)
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Figure 3.1: (a) The scheme of the glass poling process that takes place at elevated tem-
perature and DC voltage. (b) Redistribution of the carriers during poling and consequent
electric field build up (c).

where subscript labels type of carriers, C; is charge carrier concen-
tration, j; is the total i-th carrier flux that contains both diffusional
and drift components, F is the local electric field. In the course
of the carrier redistribution local electric field is being built up and
driving the carriers drift. Since the ionic transport is relatively slow,
the Poisson equation may be used to describe carrier concentration
and local electric field:

V- F(I‘, t) = £ (Zqui - Co) , (3.3)
EEQ 7
where g; is i-th carrier charge and Cy concentration of nonbridging
oxygen atoms (see Fig. 2.1). As it was mentioned in the previous
chapter alkali and alkali-earth ions are responsible for the charge
transport in silicate glasses. Positively charged ions switch their
bonds from one nonbridging oxygen atom to another, while oxy-
gen atoms do not participate in charge transport as they are tightly

connected to silicon atoms. !

1t is worth noting that although the oxygen and electron transport had been
discussed in [42,48,49], mechanisms behind the negative charge transport in sil-
icate have not been properly explained yet. One may expect that in some cases
the transport of negative and positive ions takes place simultaneously [50] being
activated by high electric field. However in this Thesis, we do not consider the
transport of the negatively charged carriers.
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In the geometry shown in Fig. 3.1 the system of equations (3.2-
3.3) can be reduced down to one-dimensional problem, i.e. the
charge concentration C;, flux density j;, and electric field F being
functions of depth x and time ¢.

The system of equations that govern field induced charge trans-
port in glass yields:

aCi(x, t) + ajz-(x, t)

ot ax
oF(x,t) e
ox - a (Zz %Cz - CO) ’ (34)
ii(x, ) = wiE(r, )Cilr, t) — Diacs(;’t), P=1.m,

where j; and F are x-components of the i-th carrier flux and elec-
tric field vectors. Boundary and initial conditions for drift-diffusion
equations system (3.4) dependend on the specific problem. The
electric field distribution in glass should satisfy the following rela-
tion:

L
/ F(x,t)dx =V,
0

where L is the sample thickness and V) is the applied voltage.

Silicate glass poling was considered in papers I and II devoted
to the theory of charge transport on the basis of system 3.4 . When
the diffusion component of the total current is neglected, 3.4 is re-
duced down to the system of the first order differential equations,
which can be solved analytically. This nonlinear system has dis-
continuous solutions, which are referred to as shock wave solu-
tions [51,52]. This approach was developed in papers I and II to
describe the poling of the two components sodium-silicate glass
and poling of the glass additionally containing low-mobile Ca ions.
To account the contribution of the diffusion to the ion redistribution
current the system (3.4) was studied numerically. It was shown that
diffusion smears the carrier profiles at the concentration frontiers
and do not significantly affect the glass poling dynamics.

The process of poling of GMNs resembles that of virgin silicate
glasses they are based on. However in GMN, the process dynamics
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differs considerably because of different initial conductivity of glass
and GMN. One of the main effects is that GMN poling results in
nanoparticle destruction as it was mentioned above. Comprehen-
sive comparison of glass and GMN thermal poling and the analysis
of GMN poling was done in paper III.
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4 Electric Field Assisted Dis-
solution of Nanoparticles

The electric field modfication of GMN was first reported in 2004 by
Deparis et al. [15]. In order to enhance second-order nonlinearity
they performed poling of the the glass containing silver nanopar-
ticles. It has been discovered that poling resulted in destruction
of silver nanoparticles and optical bleaching of the sample. Sev-
eral years later electric filed assisted dissolution of gold [16] and
copper [17] nanoparticles was also demonstrated.

Since the early studies [53] it has been suggested that nanopar-
ticles dissolution has strong connections to thermal poling of glass.
High electric field (up to 1 V/nm [45]) built up in the sub-anodic re-
gion owing to formation of spatial charge is responsible for nanopar-
ticles dissolution. However, despite the advances in the GMN bleach-
ing complex modeling of EFAD process has been accomplished only
very recently in paper V.
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Figure 4.1: The scheme of EFAD process at time moments ty < t; < tp. The process takes

place at temperature of 200-300°C. The dissolution of nanoparticles occurs only beneath
the anode allowing fabrication of submicron structures shown in Fig. 1.2.
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4.1 METAL NANOPARTICLES IN STATIC ELECTRIC FIELD

Conventional qualitative models of nanoparticle destruction in the
presence of static electric filed [15,53] rely upon the continuous pro-
cess of ion and electron emission into the glass matrix. However
such a gradual decrease of the nanoparticle size is not the only pos-
siblity. It is well known from early works of Lord Rayleigh [54] that
charged liquid droplets tend to fragment if the Coulumb energy
becomes higher than the surface tension energy. This condition im-
plies that electric field induced stress dominates over the Laplace
pressure under curved spherical surface. This instability, which is
often referred as Coulumb or Rayleigh instability, can lead to ex-
plosion of liquid particles. Inhomogenuity of the electric field may
also cause particle destruction when the electro-static energy of po-
larized sphere is higher than surface tension energy. This instability
is also called Taylor instability after G. Taylor’s pioneer works in
1964 [55]. These two instability mechanisms can be responsible for
explosion-like destruction of charged liquid particles.

Thus problem of charged particle instability was discussed for
liquid particles only. To the best of our knowledge there are no
studies related to instability of solid metal nanoparticles embedded
in solid matrix. Although melting temperature of nanoparticles is
lower than that of bulk media, they remain solid in the EFAD pro-
cess. For example, melting point of silver decreases from 1036
C for bulk down to 450°C [56] for nanoparticles of 4 nm diame-
ter, being still higher than the temperature range of EFAD process
that is 200-300°C. However, whilst metal nanoparticles stay solid,
the EFAD process temperature is high enough to activate electric
field induced ion migration in glass, which leads to the building
up of high electric field in the subsurface region and charging the
nanoparticles. The detailed analyses of metal nanoparticle stability
during EFAD process was done in the paper IV. It has been shown
in particular that the nanoparticles are stable at the electric field
strength built up inside the glass matrix. Thus we can conclude that
instability does not affect the EFAD process provided that electric charge

20 Dissertations in Forestry and Natural Sciences No 101



Electric Field Assisted Dissolution of Nanoparticles

of the nanoparticle does not exceed the threshold value. This threshold
charge was estimated in paper IV.

While electro-static instability is unlikely involved in the EFAD
process, it may manifests itself the processing of metal nanocom-
posite with intense ultrashort light pulses [57,58] that can result
in explosive-like metal nanoparticle destruction [59,60]. Depend-
ing on the conditions, two mechanisms of metal nanoparticle de-
struction by intense laser pulses can be distinguished: thermally
or electric field activated evaporation [59,60] and Coulomb explo-
sion [61,62]. While the evaporation corresponds to heating of metal
nanoparticle due to the transfer of energy from excited electronic
system to the ion core, the mechanism of Coulomb explosion in-
volves fast excitation of electronic system with consequent charging
of the nanoparticle via electron or ion emission. Thus, nanoparticle
can be charged before melting and according to studies presented
in paper IV Coulumb instability of metal nanoparticle may lead to
explosion-like destruction that was observed in the experiment [58].

4.2 DISSOLUTION OF NANOPARTICLES VIA ION EMISSION

The destruction of nanoparticles in electric field resembles well-
known phenomena in solid-state physics. The first one is ion evap-
oration in high electric field that forms the basis of ion microscopy
[63,64]. Although the local electric field strength at the surface of
metal nanoparticle in glass is almost one order lower than the elec-
tric field strength in the ion microscopy, it is high enough to activate
ion emission into glass. This is because the emission barrier in glass
matrix is lower than in vacuum. The second phenomenon is the
electric field assisted dissolution of silver [65] and copper [66, 67]
films deposited on the glass surface. This effect has been used for
a long time for fabrication of optical waveguides in glass [65]. In
these experiments, metal ions from the film were transferred into
glass matrix under applied static electric filed and participate in
charge transport together with intrinsic alkali carriers under exter-
nal voltage of 100-200 V. This process can be seen as electrolyses of
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metal electrode with glass playing a role of a solid electrolyte.
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Figure 4.2: (a) Scheme of nanoparticle destruction via ion and electron emission in inten-
sive electric field. (b) SIMS measurements of silver concentration in nanocomposite before
(Ag°) and after (Ag™) EFAD with different treatment time. Sodium distribution is also
shown. Applied voltage was 600 V at 230 ° C.

The important difference between the electric field assisted dis-
solution of metal nanoparticles and metal films process is that the
metal nanoparticles have no direct electric contact to anode. This
indicates that in the EFAD is governed by the charge accumula-
tion and that the key issue is the mechanism of electron emission
from nanoparticles. In [53], electron tunneling from one metal par-
ticle to another has been proposed as the mechanism of negative
charge emission. However this mechanism may be significant for
nanocomposites with high nanoparticle concentration when aver-
age distance between nanoparticles is small. It unlikely can play
the major role in the nanoparticle destruction in strongly diluted
nanocomposites reported in [68]. Moreover, the dissolution of nanopar-
ticle goes as a frontier from anode to cathode as it is shown in
Fig.4.2. Thus the tunneling mechanism should be blocked as soon
as no nanoparticles remain in the vicinity of the anode.

The mechanism of nanoparticle dissolution is not studied well
especially at the last stages when the most metal atoms have been
transfered from the nanoparticle to glass matrix. However, it has
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been shown recently [69] that nanopores are formed in glass after
nanoparticle dissolution. Small angle x-ray spectroscopy revealed
that spatial and size distribution of pores coincides with that of
nanoparticles. Indirect proof of pores formation was also shown
in [70]. The pores have been also observed in [23] when static
electric filed had been applied to glass sample with nanoparticles
grown on its surface. SEM images of spherical nanoparticles at dif-
ferent stages of dissolution are shown in Fig.4.3. One can see that
nanoparticle change their size and shape during dissolution, and
nanopores are formed after the total destruction of nanoparticles.

Figure 4.3: (1) Optical density spectrum of the glass sample with silver nanoparticles
grown on its surface at different stages of dissolution. (2-7) SEM pictures of partially dis-
solved nanoparticle on the glass surface. Picture has taken with permission of publisher

from [23].

By exploring existing concepts and experimental results author
has developed the quantative model of the EFAD process that has
no analogues in the literature. The model describes the electric
field formation and charge transport in GMN in the course of pol-
ing process. The detailed description of it can be found in paper V.
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Figure 4.4: (a) (a) shows optical density spectra of GMN after EFAD at several passed
charge densities. One can see the bleaching of the SPR due to nanoparticle dissolution;
(b) Maximal optical density dependence on passed charge (circle scatter corresponds to
experimental studies, line I and 11 corresponds to different initial concentration of sodium
and hydrogen ions, shown in (b) inset); (c) Profile of silver concentration in nanoparticles
for different initial concentration shown in Fig. (b) inset. Figure is adopted from V

The dissolution time of metal nanoparticle in glass matrix was ob-
tained using estimated ion and electron emission energy barriers.
The developed model well corresponds to the experimental data
and allowed us to reveal most important parameters that influence
EFAD dynamics. In Fig. 4.4 (a) the spectra of GMN samples after
EFAD is shown for different passed charge density. One can see the
decrease in optical density (optical bleaching) due to nanoparticle
dissolution. In Fig. 4.4 (b), the dependence of optical density at
the SPR on passed charge is shown with circle scatters. Solid lines
show results obtained using the developed EFAD model.

Different initial ion distribution in GMN before the electric field
is applied are considered. Line I represents results of the GMN
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bleaching modeling assuming initially uniform distribution of sodium
ions in glass matrix (see inset I Fig. 4.4). One can clearly see that in
such a case results the experiment and modeling are quantitatively
different. However, it has been shown [71,72] that after nanoparti-
cle formation the subsurface are of glass is saturated with hydrogen
that can form hydronium complexes bonding with non-bridging
oxygen atoms. Line II represents the results of the modeling un-
der assumption that hydrogen is homogeneously distributed in 200
nm thick layer (Fig. 4.4 (b)). The obtained results corresponds well
to the experimental data showing that initial chemical content of
GMN significantly influences the EFAD dynamics. In particular,
high content of hydronium in GMN influences the redistribution of
electric field inside the glass. In Fig. 4.4 (c) the modeled dynamics
of nanoparticles dissolution is shown for different time moments
corresponding to experimental point in Fig. 4.4 (b). In the absence
of hydronium (see Figure 4.4 (c) I), the dissolution goes with fron-
tier as hydronium starts to penetrate from the surface. When the
hydronim content is high in the subsurface layer (see Fig. 4.4.(c)
IT), intense electric field is formed in the whole region containing
nanoparticles immediately after applying external voltage and si-
multaneous dissolution of all the nanoparticles is observed.
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5 Fabrication of optical struc-
tures

Development of telecommunication systems and rapid growth of
informational technologies demands new methods of optical data
processing and novel devices based on plasmonic chip-scale tech-
nology. These novel devices should exhibit both high data pro-
cessing rate and have small critical dimensions due to high con-
finement of plasmonic waves [73]. Among plasmonic components
that currently attract a widespread attention of the research com-
munity are waveguides, couplers, ring resonators [74-76]. One
of the major problems here is high costs of plasmonic structures
fabrication. The typical dimensions of plasmonic waveguides are
well below the spatial resolution of photolithography process. Thus
these structures should be fabricated using electron beam lithogra-
phy (EBL), which enables typical dimensions of tens of nanometer.
However implementation of the highly expensive and time con-
suming EBL-based fabrication of plasmonic components in wide
scales is questionable. This makes important to search for alterna-
tive techniques of the subwavelength surface structuring. In [76]
nanoimprint lithography is proposed for the fabrication of on-chip
plasmonic circuits based on metal films. In particular, effective
medium theories predict negative dielectric permittivity of GMN
in the vicinity of the SPR and the propagation of surface plasmon
polariton modes, which have recently been observed in [77-79]. It
makes GMN attractive as a material for plasmonics and photon-
ics components. It was already mentioned in the Introduction that
one possible solution is nanostructuring of GMN using teh EFAD
process [72].

Imprinting of plasmonic nanostructures in GMN is based on
change of the nanoparticles density in the subsurface layer of glass
via EFAD technique. The scheme of the EFAD-based imprinting
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process, which has allowed us to imprint test structures with 600
and 800 nm linewidth is shown in the fig. 5.1 (a). The SEM image
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Figure 5.1: (a) The consequent stages of the EFAD imprinting process. (b) SEM image of
anode surface. (c) Optical microscope image (reflection regime) of the GMN surface after
EFAD imprinting. (d) AFM image of the GMN surface after imprinting.

of profiled anode is shown in fig. 5.1(b). The optical microscope
image of the GMN surface in reflection mode is shown in Fig. 5.1
(c). One can see the clearly imprinted subwavelength structure. The
brighter lines correspond to glass regions embedded with nanopar-
ticles that gives rise in the reflectance. Along with the dissolution of
nanoparticles formation of surface profile that complements stamp
profile is observed [22,70]. The image surface profile with height of
tens of nanometers obtained with optical profiler is shown in Fig.
5.1(d). Surface profiling occurs due to the volume defects, which
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are formed in the glass matrix through the evacuation of alkali ions
from subanodic region towards cathode. It is important to stress
that the static electric field applied results in the formation of the
surface profile of nearly the same height in glasses and GMN [69].
This clearly indicates that nanopores, which are created in the sub-
anodic area in the GMN due to nanoparticles dissolution [70], have
a minor effect on the profile formation.

Despite the results in imprinting of surface structures there are
still remain fundamental problems that prevent fabrication of GMN
based plasmonic and photonic components using EFAD. One of
the important questions to be answered in this respect is spatial
resolution of thermal imprinting process. It is already shown that
nanoparticle concentration can be controlled in the submicron scale
[18,19]. In this Thesis, we demonstrate GMN structures with line
width as low as 300 nm (see Fig. 1.2 (b)) imprinted using EFAD
technique. To measure the resolution of imprinting beyond the
diffraction limit of optical microscopy we employed the scanning
near-field optical microscopy (SNOM).

51 RESOLUTION OF GMN IMPRINTING

To determine the resolution of the EFAD process, a profiled glassy
carbon stamp was fabricated using EBL. The stamp represented a
set of grooves varying in width from 100 to 500 nm with increment
of 50 nm, and from 500 to 1100 nm with increment of 100 nm. The
grooves depth was 350 nm, and the distance between the grooves
was 2 ym. The stamp was used as an anode for the EFAD im-
printing of GMN sample and virgin glass [80]. The imprinting was
carried out at the temperature of 250° C and voltage 600 V applied
to 1 mm thick sample.

The imprinted structure that is the set of GMN strips was tested
using AFM and SNOM techniques. The results of the AFM mea-
surements performed with AIST-NT SmartSPM scanning probe mi-
croscope are shown in Fig. 5.2. One can observe that the imprinted
surface profile complements that of carbon stamp [22,70]. It is
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worth noting that the formation of the profile is not connected to
the relaxation of nanopores because profile height both in glasses and
GMN is of the same order [70]. One can see from Fig. 5.2 the height of
the profile imprinted on the glass surface increases up to 45-50 nm.
Such a height is reached at the groove widths of 500-600 nm. The
relation between width and height exists owing to the concurrence
of normal and lateral components of electric field in the vicinity of a
groove and consequent interplay between normal and lateral ionic
fluxes (see paper VI) and the diffusional smearing is also responsi-
ble for the hump width-height relation.

Processes of the surface profile formation and nanoparticle dis-
solution are tightly connected via local electric fields formed in the
course of the ions redistribution. Nevertheless, the formation of sur-
face profile humps 100 nm width does not correspond to the mod-
ulation of nanoparticle concentration on the same scale. To obtain
information about nanoparticle distribution on such scales we re-
sorted to SNOM technique. Near-field optical microscopy measure-
ments were performed using an aperture-type SNOM (AIST-NT
CombiScope Scanning Probe Microscope with optical fiber probe)
in transmission mode [81]. The setup allowed us to perform the
scanning both in contact with the surface and at constant height
above the surface.

Structures imprinted both in GMN and in virgin glass were
tested at the wavelengths of 633, 532, and 405 nm. Since the plas-
mon resonance in the GMN is centered at 420 nm, the optical den-
sity of the GMN increases with the decrease of the laser wave-
lengths. The electric field vector of the incident light was polarized
perpendicular to the imprinted stripes. The signal cross-section was
obtained after averaging of the 2D scanning data over the stripe
length. The results for GMN sample are shown in Fig. 5.2.

In the virgin glass, the electric field intensity modulation is of
the order of ~ 3%, while the electric field structure is similar for
all the wavelengths. The amplitude increases with the increase of
stripe width becoming constant at the stripe of 500-600 nm width.
Two physical mechanisms can contribute to the observed modu-
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Figure 5.2: (a) SEM image of 100, 150, and 200 nm grooves on anode surface; the scheme
of imprinting process. Transmitted intensity distribution at 633 nm (b), 532 nm (c), and
405 nm (d) wavelengths; AFM surface profile is shown for each measurement.

lation of the light intensity. The first possible mechanism is the
interference of incident wave with the wave scattered by the sur-
face humps. The second mechanism of the intensity modulation
may be associated with the phase shift accumulated due to the
refractive index change in the poled glass that can be as high as
An ~ —(0.03 — 0.09) [82]. The performed calculations showed that
at the obtained poling depths of about 1 ym the accumulated phase
shift is not sufficient to produce the observed modulation of the
optical signal. On the other hand, the modeling of light scatter-
ing with COMSOL Multyphisics package for 10-50 nm humps on a
glass surface revealed that the intensity modulation can be as high
as several percents. Thus, most likely the scattering mechanism
is responsible for the observed optical signal modulation in glass
sample.
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Figure 5.3: (a) 2D plot of the calculated light intensity in transmission geometry at 405
nm wavelength; (b) Calculated electric field distribution at different wavelengths.

The SNOM measurements in GMN sample at red and green
wavelengths also showed light intensity modulation with maximal
amplitude of about 10%. The amplitude increases with the in-
crease of stripe width becoming constant at the width of 500-600
nm. No significant difference in the intensities in the contact and
lifted regime was observed. The modulation has the same origin as
that in virgin glass because the optical absorption of GMN is low
at the red and green wavelengths.

Maximal transmitted ligth modulation of up to 50% was ob-
served at the wavelength that corresponded to the SPR in silver
nanoparticles. In contrast to the irradiation with red and green
light, we observed decrease of the light intensity at the wavelength
of 405 nm. This confirmed that nanoparticles in the unpoled areas
survived. One can observe from Fig. 5.2 that the narrower is the
line, the lower is the amplitude of the intensity modulation. One
can also conclude that the best spatial resolution was of order of
150 nm because the image of the 100 nm thin line was smeared
after averaging of 2D data.

To verify the obtained experimental results we performed FEM
modeling using COMSOL Multyphisycs package. In the calcu-
lations, we employed the Maxwell Garnett effective medium ap-
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proach with filling factor f = 0.01 to model optical parameters of
the GMN. The depth of the nanocomposite layer used in the calcu-
lations was 300 nm. One can observe from Fig. 5.3 that obtained
light intensity distribution in the nanocomposite well corresponds
to the experimental data. It is important to stress that according to
the modeling results nanoparticle concentration is nearly the same
we can conclude that in the 150 nm wide imprinted stripe as in
the initial GMN sample. Thus, the obtained minimal imprinted
linewidth proves the applicability of EFAD technique for fabrica-
tion nanoscale GMN-based plasmonic and photonics components.

5.2 GLASS POLING WITH PERIODIC ELECTRODE

Imprinting technique can be used to fabricate optical structures
in silica based glasses. Last years glass poling have been of high
scientific interest because of its applicability in nonlinear optics
[41], electrooptics [47], integrated optics [83], and sensoric [84].
The methodology of glass imprinting is similar to that of GMN.
The difference is that in the case of glass imprinting, the phase
modulation is caused by the refractive index change is observed,
while in the GMN imprinting, where amplitude modulation domi-
nates. Though the obtained refractive index change is small (An ~
0.03 — 0.09 [82]) the non-zero second order nonlinearity of the pe-
riodically poled regions can be employed in nonlinear optical and
photonic devices. However for possible nonlinear optical and pho-
tonics applications it is crucial to know the achievable spatial res-
olution of electric field imprinting. The detailed modeling of silica
glass imprinting with periodical electrode was carried out in paper
VI. It was established that there exists a set of poling parameters
(time, voltage) that provide optimal photonic structures of given
spatial dimensions in the subanodic region. These optimal imprint-
ing conditions are determined by the interplay of diffusion and drift
components of the charge flux in the course of glass poling with
profiled anode.
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6 GMN based diffraction
qgratings

Since the optical properties of GMN are mainly governed by the
SPR, it also strongly influences characteristics of GMN based pho-
tonic structures and, in particular, diffraction gratings fabricated
using GMN. In this Thesis we consider optical properties of 1D
diffraction grating based on GMN.

6.1 EFFECTIVE MEDIUM APPROACH

Optical properties of composite media can be described using effec-
tive medium theory approach [85] that implies the homogenization
of composite by introducing effective dielectric constant ¢.¢¢. It can
be defined from the following constitutive equation:

(D) = &5 (E),

where (E) and (D) are mean electric field strength and electric dis-
placement. One of the key parameters that determines the effective
constant €,y is filling factor or, the same, nanoparticle volume frac-
tion

Vnanoparticles

f=

Vcomposite

Depending on the structure of nanocomposite its optical prop-
erties can be described by different effective medium theories. One
of the common approaches is based on Bruggeman theory [86] that
considers two-component composite with indistinguishable phases,
i.e. the structure of nanocomposite does not change after swapping
the phases. This theory well describes composites with filling factor
around f ~ 0.5, however it can not be employed to describe the op-
tical properties of the metal-dielectric nanocomposite in the vicinity
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of SPR [87]. Since one may expect that most significant effects in
GMN-based structures take place when the frequency of the light
wave is close to the SPR, in this Thesis, we will use Maxwell Garnett
(MG) approach [88], which is valid in the whole spectral range. In
contrast to the Bruggeman thory, the MG theory can be employed
only at small filling factor, i.e. when the GMN is far from perco-
lation threshold and when the nanoparticle diameter radius R is
much less than the average distance between nanoparticles, which
in its turn is much less than the light wavelength A, R < a < A.
However experimentally measured bounds of Maxwell Garnett the-
ory applicability are smeared. The filling factor range f < 0.2 and
f > 0.8 ensures correctness of MG theory, but in the further calcula-
tions we consider fill factor up to 0.3 to illustrate the basic properties
of GMN based gratings. In the framework of the MG theory, the

(2) €m (b)
e ~ o fP £f
o 02.3 _100 \}Zﬁdk metal
Bulk metal
o\, .7

S
0 pA
o :
2R 0.2 0.4 0.6 0.8 1

Frequency, 0/w,

Figure 6.1: (a) Glass metal nanocomposite. (b) Real and imaginary part of e,s for pure
glass (dashed line) and filling factors f = 0.03,0.09,0.15 (blue lines) and for bulk metal
(red line).

effective dielectric permittivity is described by the following equa-
tion:
em +2e4+2f (em —€4)

8€ff = 8d Sm +28d —f(8m _ 8d) 7 (6‘1)

where ¢, and ¢, are permittivities of metal nanoparticles and glass
matrix, respectively (see fig. 6.1) .

36 Dissertations in Forestry and Natural Sciences No 101



GMN based diffraction gratings

By using Drude model (2.1) for dielectric permittivity of metal
the effective constant of the GMN (6.1) can be presented in the fol-
lowing form:

o wz—w%—i—i'yw

‘Seff(w) = geffwz — w% +Z’)’C¢J’ (6.2)
where
~ 142
£eff - ‘Sd 1 _];fl
1+2f
2 2
T = e 264+ 2f (00 — £4)” (63)
and
1-f
2 2
— . 4
“L w”soo+28d—f(eoo—ed) 64

Frequencies (w;) and (wr) are usually referred to as longitudinal
and transversal frequencies, respectively. The dielectric permittiv-
ity in the form (6.2) is typical when the optical properties of the
medium is governed by a strong resonance [34], e.g. in molec-
ular gases, ionic crystals, dye doped solids, and semiconductors.
In GMN, this resonance is associated with localized surface plas-
mon, i.e. dipole oscillations of free electron gas in metal nanopar-
ticles. It is worth noting that if the nanoparticle circumference is
comparable or larger than the wavelength, higher-order multipoles
(quadrupole, octapole, etc.) strongly influence its polarizability. In
such a case the equation for the effective permittivity (6.2) should
be complemented with extra terms of similar structure, which de-
scribe contributions of these higher-order resonances [36].

At f = 1 equation (6.2) turns into (2.1) thus describing per-
mittivity of pure metal as wr — 0 and wp — wy//éx. For low
nanoparticle concentration wr — wp as f — 0. The evolution
of real and imaginary parts of effective dielectric permittivity of
GMN with different filling factors is shown in fig. 6.1 (b) for silver
nanoparticles (¢cc = 3.9, wp = 9.1eV, T = 30 fs [89]) in silicate
glass with e; = 2.25. The permittivity of bulk silver is also shown.
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The damping factor o determines electron scattering frequency
1/7 and in bulk metal it is mainly governed by the lattice scatter-
ing frequency 1/7.. However, in a metal nanoparticle, the electron
scattering on the nanoparticle surface also should be accounted [85]
resulting in
Loy

LA R

where v is Fermi velocity and A is phenomenological factor of
order of 1. In small nanoparticles, the surface scattering dominates
over lattice scattering giving rise to the dependence of the effective
permittivity on the radius R. However, in this Chapter, we will
neglect this dependence that is acceptable for nanoparticles of R >
5 nm.

6.2 OPTICAL PROPERTIES OF GMN BASED GRATINGS

In this section we discuss the 1D GMN based gratings to analyze
how GMN optical characteristics influence optical properties of the
grating. In order to reveal this we consider binary gratings with
duty factor 0.5 (see Fig. 6.2) and normal incidence of TE and TM
plane waves.

E
™ r’
k
media 1
_mc_diag . N S - N
A\ nO N

media -1

Glass slit Nanocomposite slit

Figure 6.2: Structure of diffraction grating considered in this Thesis.

We start from the case of gratings with period much longer than
the light wavelength, d > A.
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6.2.1 Long period limitd > A

When the light wavelength is much shorter than grating period d
one can employ the thin element approximation [90] assuming that
electromagnetic field inside the grating layer 0 (see Fig. 6.2) can
be treated as a plane wave. Such an assumption is valid if lateral
energy flux is much less than normal one, i.e. when h/d < 1,
where & is the grating height. The transmitted and reflected waves
at z = —h can be presented in the following form:

Er(x,—h) = T(x)E;(0),  Er(x,—h) =R(x)E;(0),  (65)

where T(x) and R(x) are grating transmission and reflection coef-
ficients and E;(z) = Epexp(ikz) is the incident wave. Here we drop
time dependence ~ exp(—iwt). Note that for normal incidence
there is no difference between TE and TM polarizations, for they
have the same Fresnel coefficients. The transmission coefficient can
be written as

T(x) = t,-1(x) exp (ip(x)) exp (—a(x)),

here t; _1(x) = t10(x)to—1(x) is Fresnel transmittance coefficient
from media 1 to -1, ¢(x) is the phase shift that wave accumu-
lates while propagating through the 0 region, a(x) is the attenu-
ation coefficient in layer 0. Introducing complex refractive index
n(x) = n'(x) +in"(x) that is periodic function we can write

¢(x) =k(n'(x) —no)H(x),  a(x)=kn"(x)H(x).

H(x) is periodic profile function that in the case of grating pre-
sented in the fig. 6.2 equals to

0,0<x<a
H(x)_{h,a<x§d

Similarly to (6.5) we can write the expression for the reflection co-
efficient

R(x) = r10(x), (6.6)
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where r19(x) is Fresnel reflection coefficient. It is necessary to note
that in the Egs. (6.5,6.6) we do not take into account multiple re-
flections from the regions boundaries, otherwise, for example, re-
flection coefficient should be written as

R(x) = 7’10(1 + 19,1t exp(i2cp(x)) exp(—Za(x)) + )

forming a series with rapidly decreasing components.

Since, T(x) and R(x) are periodic function, the electric field of
the transmitted and reflected waves can be decomposed into the
Fourier series as the following;:

Er(x,z) = T(x)E;(0) exp(inpkz) =

= Eo Y% T exp(inokz + ingmKx), (6.7)
27
K=—.
d

The diffraction field in reflected rays has similar form
Er(x,z) = R(x)E(0)exp(ingkz) =

= Eo ) Ry exp(ikz + imKx). (6.8)

Each term in the sums (6.7)—(6.8) relates to m-th diffraction or-
der. The diffraction efficiency of m-th transmitted and reflected
orders can be expressed as 0, = |T,|* and 7, = |Ryu|?, respectively.

The transmittance and reflectance spectra of the GMN grating
with high filling factor of f = 0.3 is shown in fig. 6.3 (a) for zero
and first diffraction orders. The dielectric parameters of silver were
taken from Johnson and Christy [91].

One can see that spectral properties of GMN gratings are mainly
governed by GMN dielectric permittivity, which is also shown in
Fig. 6.3. The longitudinal A; = 27mc/w; and transversal At =
27c/wt wavelengths divide the considered spectral region into three
bands. In the first (A < Ar) and the third (A > A7) bands the
real part of dielectric permittivity is positive, and imaginary part
is small. This corresponds to phase grating regime, in which trans-
mittance is determined by the phase difference accumulated by the
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Figure 6.3: Properties of GMN grating (see Fig. 6.2) with the following parameters:
h =300nm,a/d = 0.5, ng = 1.5. (a) Reflectance and transmittance spectra at the GMN
filling factor of f = 0.3 . (b) Zero-order transmittance spectra at the GMN filling factor
of f =0.1,0.2,0.3. Spectra of the GMN permittivity are also shown.

incident wave after transmission through GMN slits. The second
band (A, < A < Ar) corresponds to negative permittivity region
with high losses at the resonance frequency. In this band, the in-
cident light is mainly reflected from the GMN slits (see reflectance
spectra in Fig. 6.3 (a)). Such a reflectance band often is referred in
the literature as reststrahlen band [92]. It corresponds to the band
of constant transmission as the transmitted light is passing mainly
through glass slits. In this band, since the transmission is deter-
mined by light passed through glass slits, the diffractive grating
manifests itself as an amplitude grating. The width Aw,s of the re-
flectance band depends on filling factor. This can be seen from fig.
6.3 (b) where transmission spectra for different filling factors are
shown. In the frames of the Drude model, the spectral width of this
band is determined by Aw, s = wy — wr, and for low filling factors
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f < 1it gives:
9 Eqwy

wrfl(f) = E\/ﬁﬁ
Thus the reflectance band of GMN grating can be changed by
tuning the filling factor.

6.2.2 Gratings withd ~ A

The considered case of long period gratings gives a clear picture of
how nanocomposite microstructure influences the diffraction prop-
erties. However, for photonics applications gratings with period
comparable with wavelength and even subwavelength gratings are
more relevant. Description of the light diffraction by gratings with
period and height comparable with light wavelength (d ~ A and
h ~ A') requires solution of the rigorous diffraction problem. For
that we will imply Fourier Modal Method (FMM) [90,93-95] that al-
lows construction of the rigorous solution of the plane wave diffrac-
tion problem on binary grating. Considering the case of TE polar-
ization the diffraction problem is reduced to the solution of Helmholtz
equation for y-component of electric field E,(x,z)

0*Ey(x,z)  9%E,(x,z)
dz2 dx?2

with corresponding boundary conditions at the grating surfaces.

+e(x,2)kgEy(x,2) = 0 (6.9)

We will look for the solution in the upper and lower regions (region
+1 and -1 respectively) in the form of Rayleigh expansion:

E, = Eo exp(iki“x) exp(—ik¥z) + Y Ry exp(ikemx) exp(ik],z),
m=—oo
- (6.10)
E, = Z Ton exp (ikxmx) exp(—ik,,z),
m=—oo

where the first term is the E; corresponds to illuminating the grat-
ing incident plane wave with wave vector k;,, = (ki", —ki"°) and
amplitude Eo. The sums in the expressions for E,” and E, cor-
respond to reflected and transmitted diffraction orders with am-
plitudes R,, and T, respectively. Applying the pseudoperiodicity
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condition we can conclude that

‘ 2
kym = K + mK, where K = %

is Bragg vector and m is diffraction order. In the grating layer O the
solution can be obtained after devision of variables resulting in

Ep(x,z) = Y exp(ikenx) (" exp(ivz) + ¢~ exp(—ivz)),
m=—oo
where 7 are propagation constants within the grating layer. Ex-
pressing magnetic field component of TE mode H, via E, we can
write down the boundary conditions:

E;(x,04) = Ej(x,0—)  Hy(x,04) = HJ(x,0—)
0 _ - 0 _ -
E,(x,—h+) =E, (x, —h—) H)(x,—h+) = Hy (x,—h—).

This system gives us an eigen value problem that allows finding a
set of propagation constants {7 }. Thus we can obtain the solution
for the light amplitude within the grating layer in the following
form:

E)(x,z) = Y Y Aw(cf expliniz) +c; exp(—iviz)) exp(ikemx),

k=—o00 M=—00

where A, is matrix formed by eigen vectors of the considered prob-
lem. The required mode amplitudes T, Ry, c,j, ¢, can be found
with S-matrix algorithm [93].

The case of TM-polarization can be considered in the same man-
ner as the TE case, for the basic equation has similar form:

d 1 0Hy(x,z)

az <€(x,2) 9z ) + (6.11)
J 1 0dHy(x,z) B
ax (E(XIZ) ox ) +k(2)Hy(x,z) = 0.

However, implementation of FMM for TM polarized illumination
requires special regularization to avoid numerical instability [94].
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In this section we consider the results of the numerical analysis
for grating with period d = 800 nm and height & = 200 nm (see
Fig. 6.3). In contrary to long period gratings considered in previ-
ous section, the diffraction by the submicron grating is polarization
dependent even at normal incidence. The transmittance spectra of
the first order obtained from exact solution of diffraction problem
are shown in fig. 6.4 (a) for TE polarization and different GMN
filling factors.
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0.1}
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+0.00

0
300 400 500 600 700 800 900 300 400 500 600 700 800 900
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Figure 6.4: Transmission spectra of first diffraction order of TE (a) and TM (b) polarized
wave obtained with FMM method. Grating parameters d = 800 nm, h = 200 nm,
a/d = 0.5, ng = 1.5. Optical constants are taken from Johnson & Christy [91].

One can see that similarly to the case of long period grating
there exists a reflectance band (constant transmission) that gets
wider with filling factor increase. This corresponds to amplitude
grating mode. The distribution of y-component of electric field am-
plitude |E,| is shown in Fig. 6.5 at wavelengths A = 400 nm for
f = 0.2 and TE polarization. One can see that (Fig. 6.5 a) almost all
the light that incidences the nanocomposite slit 0 < x < a scatters
back in accordance with calculated reflectance spectra in Fig. 6.4.
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Meanwhile the glass slit a < x < d reflects light only partially and
the other part is being transmitted in the region -1.

The long (A > Ar) and short (A < Ar) wavelength regions cor-
respond to phase grating regime. At 520 nm the nanocomposite
slits become transparent, and light passes through. Corresponding
interference pattern in the transmitted field can be observed (Fig.
6.5 b). However in contrast to the case of long period gratings we
observe sharp deeps in the transmission spectra. It is worth not-
ing that the GMN refractive index is high in the spectral region
A > Ar. Indeed, it has been shown that in symmetric homogenious
ionic crystal slabs with dispersion law (6.2) there exists waveguid-
ing mode as refractive index is high [96-98]. This indicates that the
sharp deeps in Fig. 6.4 may be associated to resonant excitation
of waveguide modes propagating in the grating layer (Fano reso-
nances). Such a conclusion is supported by the image of the field
distribution in the vicinity of resonance (A = 676 nm) shown in Fig.
6.5 (c). One can see that the wave is mainly localized in the grating
layer that confirms generation of waveguide mode.

TM polarization spectra have structure similar to TE case (see
tig. 6.4 (b)) that is they demonstrate the reflectance band in the
region of negative dielectric permittivity as well as the excitation
of waveguide modes. However, in the reflectance band there exist
the deeps that were not observed in the TE polarization. These
deeps may be associated with localized resonances of individual
nanocomposite stripes having negative real component of effective
dielectric permittivity. The field distribution is shown in Fig. 6.5
(d, e). We should stress that in the region A < A < At surface
polariton modes may also propagate in the grating layer as negative
permittivity is the main condition of their existence [36], and their
contribution into total diffraction spectrum is possible.

6.2.3 Gratings withd < A

The limit of long wavelengths, i.e. at A > d implies that no diffrac-
tion is observed. Materials with subwavelength structuring are
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Figure 6.5: Spatial distribution of the electric field amplitude for TE-polarized incident
wave at 400 nm (a), 520 nm (b), 676 nm (c). Spatial distribution of the magnetic field
amplitude for the TM polarized incident wave at 404 nm (e) and 418 nm (d). TE and TM
transmittance spectra are also shown for GMN with f = 0.2.
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called metamaterials and nowadays attract much interest in pho-
tonics and nanoelectronics [99].

We consider light propagation through based on GMN sub-
wavelength grating based on GMN using two approaches. The first
one uses rigorous FMM method that gives exact solution of the
problem. The second is approximate solution that is based on ho-
mogenization of grating layer. Since the light wavelength is much
longer than the grating period we can implement effective medium
approach. Thus, the considered grating consists of nanocomposite
slits which can be described with MG theory and glass slits ac-
cording to Fig. 6.2. Such a double composite nature of the grating
imposes the restriction on the minimum size of the grating period.
Specifically, the grating features should be much larger than the
distance between neighbour nanoparticles. Applying this “double”
homogenization procedure we can write effective permittivity of
grating layer for TE and TM polarization (see Fig. 6.6) :

ere = ge1+ (1 — 9)ea, for TE polarization

and

1 g (1-g)

== 4 20 for TM polarization,
ETM €1 &
where ¢ = seff(f), ey = g4, and ¢ = a/d is filling factor of grating.
Simple algebra allows us to find that the effective permittivity of
the grating has the same form as (6.1). Neglecting losses v = 0 we
can write it down:

__ g0 w* — @F (f/g)
ETE = STE(f/g)wZ——aLJ%(f)/ (6.12)
2 .2
ETM — S?M(f,g) a%, (613)

where wr(f) and wr(f) are defined by (6.3) and (6.4). The pa-
rameters &r(f,g) and @r(f,g) are new characteristic frequencies
that depend on two filling factors because ¢ and f together equally
define the amount of metal in the grating layer.
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Figure 6.6: Transmittance spectra of subwavelength grating with period d = 30 nm,
g=a/d =05, f =0.3, and h = 200 nm for TE (a) and TM (b) polarization obtained in
the frames of effective medium approach and with rigorous FMM solution.

Having expression for et and er) we used simple T-matrix
method to simulate reflectance and transmittance of normally inci-
dent light through grating layer with period d = 30 nm, g = 0.5 and
f = 0.3. The results of the simulation are shown in Fig. 6.6 with
black line. One can see that at d < A there exists zero transmis-
sion region, in which effective permittivity of the double-composite
media is negative and which corresponds to the reflection band dis-
cussed in previous sections. Beyond these region, the transmittance
is governed by interference of the incident wave and the waves re-
flected from grating layer planes z = 0 and z = —h.

The results of the exact solution obtained with FMM method are
also shown. One can clearly see that in the case of TE polarization
both approaches give identical results. However, in the case of TM
polarization local resonances in the grating layer, which can not be
predicted by the effective medium theory, essentially influence the
transmittance. In this case the describing the periodic structures
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with effective medium approach is not valid.

The mismatch between effective model approach and exact so-
lution in analysis of periodic structures has been discussed actively
last decade. This discrepancy originates from excitement of surface
waves in the grating layer that gives contribution in the transmis-
sion spectrum. One of the most known examples that has the sim-
ilar nature is extraordinary transmission of periodic subwalength
apertures in metal films [100,101]. The generation of surface plas-
mon waves is responsible for enhanced transmission effects. Mode
analysis of layered metal-dielectric structures [102] also exhibit sig-
nificant difference between exact solution and solution based on the
effective medium approach. The discrepancy shown in Fig. 6.6 can
be related to propagation of plasmonic modes in the gap between
grating slits. Thus one of the alternative descriptions can be based
on the consideration of grating as a system of interacting plasmonic
waveguides in the direction normal to the surface.

Thus, we can conclude that optical properties of GMN-based
structures strongly depend on the nanoparticle concentration. This
additional degree of freedom gives a powerful tool to control diffrac-
tion properties of GMN gratings.
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7 Conclusions

This Thesis is focused on joint electric field and temperature effects
in glasses and glass-metal nanocomposites and on the fabrication
of subwavelength planar optical structures via electric field assisted
dissolution of metal nanoparticles in GMN. Optical properties of
GMN-based photonic structures have been examined both theoret-
ically and experimentally.

The main results obtained in the presented work are the follow-
ing:

e Modeling of soda-lime glass poling was performed with the
account for low mobile ions drift. Both analytical and numeri-
cal results showed a good coincidence with experimental data
reported in the literature.

e By using the proposed models of the glass and GMN poling
the theory of the EFAD process was developed. Performed ex-
periments on EFAD assisted bleaching showed that the devel-
oped theory well describes the experimental data and reveals
main factors that influence dissolution of metal nanoparticles
in silicate glass.

e Modeling of the electric field assisted imprinting on the glass
surface was performed. It was demonstrated that there exists
optimal set of imprinting conditions allowing one to fabricate
a planar periodic structure with prescribed parameters.

e Subwavelength planar optical structures were fabricated via
EFAD assisted bleaching of silver-based GMN fabricated via
ion exchange process followed by hydrogen silver reduction..
Near field optical microscopy measurements confirmed that
the EFAD technique enables fabrication of structures with fea-
ture size as small as 150 nm.
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e Theoretical study of GMN-based diffraction gratings was per-
formed. We showed that the these gratings exhibit either
amplitude or phase behavior depending on the nanoparticles
volume fraction and the SPR frequency. This gives additional
degree of freedom for engineering diffraction patterns.

We can conclude that obtained results demonstrate high application
potential of GMN for optics, photonics, and plasmonics. The theo-
retical and experimental findings presented in Thesis open a route
for simple, precisely controllable, and cost-effective fabrication of
planar structures with subwavelength resolution.
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This work is dedicated to theoretical
and experimental investigations of
electric field induced effects in glasses
and glass-metal nanocomposites.
Basing on the effect of electric

field assisted dissolution of metal
nanoparticles 1D and 2D optical
subwavelength periodic structures
were fabricated. According to
theoretical calculations optical
properties of nanocomposite-based
diffraction gratings can be controlled
with nanocomposite properties that
gives additional degree of freedom to

engineer their diffraction patterns.
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