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Abstract

To verify the possibility of realizing down-shifting phenomena inside pho-
tovoltaic cover glass panels, silicate glasses where doped by ion exchange.
Different salt mixtures were compared. The trends obtained from the char-
acterization have been interpreted on the basis of changes in the optical
basicity degree along the exchanged layers. A preliminary study is proposed
about the relation between the optical basicity degree of the glass and the
chemical state of the doping elements. The effectiveness of the improvement
of the power produced by a photovoltaic panel covered by the doped glasses
was also tested by a home-made system acting as a solar simulator.
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CHAPTER 1

Introduction

Diffusion is one of the most widespread phenomena of mass transport. The
term "diffusion" generally means the movement of a substance across a re-
gion where a gradient of properties is attained. This is a general concept and
examples of this phenomenon can be found in different areas, from physics
through chemistry to the biological area: for example, one could refer to all
the biological phenomena governed by diffusion until the most abstract con-
cept of the knowledge diffusion. The diffusive phenomena have been widely
used for the control of material properties and so evolution technology is
somewhat linked to this aspect; in this frame the synthesis technique known
as the ion exchange is probably the easiest example of how the diffusion
phenomena can be used to modify the materials properties. Nowadays ion
exchange has been successfully applied for altering the properties of glasses.
The most important application field for ion exchange is photonics for the
evolution of optical devices able to control light, as for example the waveg-
uides. Nevertheless it must be considered that the introduction of an element
in a matrix could be used to obtain advanced materials for a large class of
applications. For example and referring again to the world of glasses, transi-
tion metal doped glasses are also studied in the biological area as carriers of
medical or disinfectant species. That is only an example of the possibilities
allowed by this very simple synthesis technique that in the easiest implemen-
tation is realized by dipping the matrix inside a liquid source of the dopant
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1. Introduction

species required.
This work of thesis is dedicated to silicate glasses doped with transition met-
als, studied to take advantage from their optical features. More in detail two
different studies have been dealt with and the ion exchange is the common
thread linking them together. The first topic is related to the study of the
matrix influence on the oxidation state of a transition metal (TM). The im-
portance of this study concerns the fact that the final properties of a TM
doped glass are the direct consequence of the TM chemical state. In this
frame the electron density donor power of the medium, called optical basic-
ity, is of great importance for the TM dopant oxidation state. In the second
topic presented the TM doped glasses produced by ion exchange have been
studied in relation to the field of photovoltaic energy production. What has
been attempted is to take advantage of the doped glasses optical properties
to evolve composite materials acting as luminescent down-shifting (LDS) ma-
terials for the improvement of the solar cell yield. This means a new optical
application field for doped glasses: the photovoltaic area.
Seven chapters compose this dissertation. In the first chapter (introduction)
a brief description of diffusion and of the ion exchange techniques are re-
ported. In the second chapter a general introduction to the characterization
techniques used is provided as well. The third chapter reports on the prelim-
inary study results about the influences of the matrix characteristics on the
oxidation state of the dopant ions introduced by ion exchange. In the fourth
part, the preliminary study of application of Cu doped glasses and Ag doped
glasses produced by ion exchange as luminescent down-shifting (LDS) mate-
rials is proposed. The developments of Ag doped and copper glasses study as
LDS has been reported in the fifth and sixth chapter respectively. In the last
chapter the results obtained are summarized and some future developments
are proposed. Some experimental findings described in the second chapter
have been used for the discussion of the results reported in sixth chapter.

2



1.1. Diffusion: generalities

1.1 Diffusion: generalities

Diffusion is the movement of atoms or molecules in a material and can occur
in a gas, liquid and solid phase too. In the last case diffusion can be figured
out as the particles migration (ions or atoms) from lattice point to another
one in presence of a chemical potential gradient. Accordingly, the matter
diffusion is the main process of solid state reactions i.e. nucleation and
growth of new grains, phase separation, etc. Diffusion is not only favored by
a gradient of concentration but it is strongly influenced by the temperature
(atomic vibrations) and by the presence of defects. The main point is that
diffusion can be formalized by mathematical relations making it in principle
predictable and that make diffusion one of the most powerful phenomena for
changing the material properties. Ion exchange, the synthesis technique used
in this work, is based on the migration of atoms in presence of a concentration
gradient at high temperature.

1.1.1 I and II Fick’s laws

The most general approach for a formal description of the diffusion process is
based on the first Fick’s law (1.1) that, in the case of one-directional diffusion
(along x), is written as

J = −D
∂C

∂x
(1.1)

where J is diffusing species flux [atoms/m2s], D the diffusion coefficient or dif-
fusivity [m2/s] and C the concentration of the diffusing element [atoms/m3].
The first Fick’s law links the atomic flux of particles to the concentration
gradient by the diffusivity D that quantifies ease of diffusion of a chemical
species; diffusivity is tightly linked to temperature through an Arrhenius-
type temperature dependence (1.2)

D = Do exp(− Q

KBT
) (1.2)

where KB is the Boltzmann’s constant [1.38*10−23 J/K], T the temperature
[K], D0 is a temperature-independent constant and Q indicates the threshold
energy for an atom to break bonds and start to move inside the solid (called
activation energy).
In real cases diffusion is a dynamic process because the flux of diffusing
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1.2. The ion exchange process

species changes in time; in this situation (and if the diffusivity D does not
depend on composition) the second Fick’s law (1.3) is verified.

∂C

∂t
= D

∂2C

∂x2
(1.3)

From equation 1.3, assuming that the starting concentration of diffusing
atoms inside the matrix is constant and equal to C0 and the concentration
at the matrix surface is constant too, it is possible to obtain a relation
between local concentration and time (1.4)

Cx(t) = CS − (CS − CO)erf

(
x

2
√
Dt

)
(1.4)

where Cx(t) is the concentration of a diffusion species at the time t, at the
depth x, and erf(z) is the error function (1.5)

erf(z) =
2√
π

∫ z

0
e(−y)2dy (1.5)

being
z =

x

2
√
Dt

. (1.6)

The equation 1.4 is a solution of the second Fick’s law and it can be used to
predict the concentration profile of a diffusing specie inside a matrix. It is
worth noting that equation 1.4 can describe the concentration profile only if
the conditions assumed for the solution of equation 1.3 are attained; that is
true only in a small number of real situations.

1.2 The ion exchange process

The process for which ions under the material surface are replaced by dif-
fusion of an element initially not present inside the material is called ion
exchange (IE). This process is based on the diffusion phenomena realized
when a matrix is placed in contact with a source of the dopant species. The
first characteristic of ion exchange is that it permits to change the matrix
composition avoiding the melting of the substrate. For example, referring to
the glassy matrices, if a doped glass is prepared by melting the maximum
concentration of dopant ions is limited by the solubility point. Differently
in ion exchange the mobile ions diffuse inside the solid glass occupying the
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1.2. The ion exchange process

lattice points made available by the diffusion of ions initially present inside
the matrix; as a consequence, the possible precipitation of the dopant species
is negligible, and it is feasible to reach dopant concentrations of the order
of 1021 atoms/cm3 [1]. Furthermore, ion exchange makes possible to dope
glasses with more than one element by sequential dipping inside different
fused salts. All these features make ion exchange one of the most used ap-
proaches to introduce elements in a controlled way inside different types of
materials for the alteration of the final properties [2].
Ion exchange is not so new as it could be thought: the first examples of
ion exchange can be found in the heritage frame. It has been shown that
ion exchange was widely used for coloring ancient glass objects [3] and glass
luster on ceramics [4] [5]. Nowadays ion exchange is used mainly for techni-
cal, industrial and scientific purposes. From the beginning of the twentieth
century one of the biggest applications of this technique has been the surface
hardening of glass artifacts, usually known as chemical tempering [6] [7] [8]
[9]. Subsequently, from the half of the last century until now ion exchange
has been successfully applied in the field of photonics because useful to al-
ter the optical properties of a matrix by doping with a specific element. In
fact, from the early seventies the ion exchange was mainly studied to realize
waveguides and optical switches, devices able to control light in a defined
way [10]. Nowadays the application of ion exchange in waveguide produc-
tion represents the principal application field of this process. Although it
has been mainly used to dope glass matrices, there are examples of ion ex-
change processes realized on LiNbO3 crystals [11] [12] and on organic films
too [13]. In the literature examples are present of silicate glasses doped by
ion exchange with thallium [14] [15], litium [16], cesium and rubidium [17],
erbium [18] [19] [20] [21] and lead [22]. A wide literature exists about the
doping with silver or copper. Silver is interesting for the high increment of
the matrix refractive index achieved and for the relatively high diffusion co-
efficient allowing an easy doping. These features make silver one of the most
studied elements for the production of waveguides and for studying diffusion
inside the glass. The main drawback of silver is its tendency to form metallic
nanoparticles. These nanoparticles represent a source of optical losses for a
waveguide, but otherwise their formation is studied to evolve systems called
MNCGs (Metal Nanocluster Composite Glasses) characterized by non linear
optical features. For the final properties of MNCGs, shape and dimensional
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1.2. The ion exchange process

distribution of nanoparticles are fundamental and therefore a synthesis route
that allows a deep control of these parameters is needed. The general ap-
proach to realize MNCGs is to use a synthesis made by two steps at least:
the first step is the introduction of a dopant species inside the glassy matrix,
the second step is a treatment of the doped glass by energetic techniques
with the aim of inducing the clusterization of the dopant ions; in this frame
ion exchange is one of the most used ways of realizing the glass doping [1].
Copper shows features similar to those of silver and for that reason it has
been widely studied too. The peculiarity of copper is that it possesses three
oxidation states (metallic state, 1+ and 2+) related with each other by a dis-
mutation equilibrium that in glass makes the control of the oxidation state
ratio complicated.

1.2.1 The ion exchange techniques

During the ion exchange the matrix is placed directly in contact with a source
of the doping element. In that condition, a concentration gradient between
the substrate surfaces and the dopant source is developed and the diffusive
migration of the dopant inside the matrix occurs. Three different experimen-
tal setup are possible to be used and in general they are classified as follow:
thermal ion exchange, field-assisted ion exchange and the field-assisted solid
state ion exchange (FASSIE).
Hereinafter a brief description of the ion exchange techniques is reported.

1.2.2 Thermal ion exchange

The pure thermal ion exchange is realized when the tank of the foreign ele-
ment is a fused salt containing the dopant ions and the glass is dipped inside
the bath for a specific period of time; this is the easiest setup to realize
the IE and it is also known with the name of ion exchange by molten bath.
The diffusion phenomenon obtained is a thermal activated process generated
by the concentration gradient between the molten salt bath and the glass
and it could be controlled by changing the experimental parameters: bath
temperature, glass composition, time of exchange, bath composition. The
temperature must be controlled and maintained lower than the Tg of the
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1.2. The ion exchange process

glass to avoid the softening of the matrix. About the choose of the bath,
nitrate salts are the most used due to the low melting points of this class
of compounds but also mixture of different salts at the eutectic point were
used to lowering the needed process temperature [23].
The figure 1.1 schematically shows the exchange process during the immer-
sion of glass into the fused salt. The mobile ions (usually monovalent ions
such as Na+ in the case of silicate glasses) diffuse outward the glass and they
are replaced by the inner diffusion of dopant ions from the salt bath toward
the glass surfaces; the diffusion takes place on all the glass surfaces directly
in contact with the fused bath.
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Figure 1.1: Representation of thermal ion exchange process.

1.2.3 Field-assisted ion exchange

The ion exchange by fused salt does not have high diffusion rate when it is
applied to multivalent ions with low diffusivity. In that case, an external
electric field can be applied to the fused salt to promote the diffusion ob-
taining the so called field-assisted ion exchange [24]. In general the applied
potential interacts with the multivalent ions inducing an electric force that
drives the diffusion of the ions. That is also true for the monovalent mobile
ions of the glass, that diffuse deeply inside the matrix. The field-assisted
ion exchange can be thought as a thermal activated process driven by the
concentration gradient and by the electric field and it is represented in figure
1.2. The diffusion by field-assisted ion exchange can be controlled acting on
all over the setup parameters mentioned before for thermal ion exchange and
on the characteristic of the electric field too.
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1.2. The ion exchange process

Figure 1.2: Representation of field-assisted ion exchange process.

1.2.4 Field-assisted solid state ion exchange

The last typology of setup for the ion exchange is the field-assisted solid
state ion exchange (FASSIE), where the source of the dopant element is a
metallic film deposited over the glass surface via sputtering or by thermal
evaporation of a metallic target. The glass with the deposited metallic film
is closed between two metallic plates acting as electrodes and placed inside
a oven at temperature not higher than the Tg; applying a potential between
the two electrodes, the oxidation of metallic film is induced at the interface
between the deposited film and glass surface due to diffusion of negative
oxygen ions coming from the glass itself: then under the effect of the electric
field the positive ions start to diffuse into the glass [25]. Also in this case
there is not the retro diffusion of the monovalent ions from the matrix but
their migration toward the deepest layer of the matrix. This particular
experimental setup can be an alternative when the melting point of the salt
required is higher than the Tg or if the salt fumes are toxic. The process is
shown in figure 1.3.
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1.2. The ion exchange process

Figure 1.3: Representation of the field-assisted solid state ion exchange pro-
cess.

1.2.5 The exchange apparatus

The ion exchange processes realized for the synthesis of the samples reported
in this work have been done by the use of an electric oven; the possible
working range temperature is between RT and 1200 ◦C and the temperature
control is about 5 ◦C around the set point. The furnace has room of about
1700 cm3 inside that the melting pot with the salt mixture is placed. This
setup has been expressly upgraded with an electric engine (5-6 Hz) for the
sample rotation. This solution has been adopted with the aim of homogeniz-
ing the fused salt during the exchange by a stirring action, to obtain more
homogeneous samples. The specimen is linked to the electric engine with a

steel stick.
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CHAPTER 2

Characterization techniques

2.1 Optical Absorption (OA)

When the light interacts with the matter it can be diffused, transmitted
or absorbed. The absorption of light occurs when impinging photons have
energy comparable to the energy gap between two electronic states of the
absorbing system. When this condition is satisfied, an effective probability
exist for the photon to be absorbed by the molecule. The technique based
over the selective absorption of light by a medium is known as optical ab-
sorption (OA) and it can be used to study gaseous, liquid or solid samples.
The analysis is made changing the wavelength of an incoming light source
of intensity I0 and measuring the intensity of light transmitted I across the
sample of thickness x, being these two quantity analytically related by the
Lambert Beer’s law (2.1):

I(x) = I0 exp(−αx) (2.1)

where α is a constant value called absorption coefficient.
When solid samples are analyzed by optical absorption, the interaction of
light with matter has an absorption and a scattering aspect too. These two
contributions are introduced in equation 2.1 with the extinction coefficient
β (2.2). In the expression of β, N is the number of absorbing (or scattering)
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2.2. Photoluminescence

species, V is the sample volume and σext is the extinction cross section where
the probabilities for a photon to be absorbed (σabs) or scattered (σsca) are
contemplated inside (2.3).

β =
N

V
σext (2.2)

σext = σabs + σsca (2.3)

Using β the equation 2.1 becomes

I(x) = I0 exp(−βx) (2.4)

from that it is possible to define the optical density (O.D.) as:

O.D. = log

(
I0
I

)
= [log(e)]βx . (2.5)

Optical density expresses the damping of the light across the sample and the
spectrum recorded is called extinction spectrum.
The OA is a useful techniques for studying glasses doped with transition
metal. Generally speaking, when glasses doped with transition metals are
analyzed by OA the extinction spectra could show bands due to the inter-
band transition of the doping atoms, allowing to obtain information about
the oxidation state. Furthermore, another type of signals could be present if
metallic nanoparticles are buried inside a dielectric host. When the imping-
ing light hits the nanoparticles, the electromagnetic radiation interacts which
nanoparticles and generates a collective oscillation of the electron clouds in
resonance with the forcing electric field, as described in Chapter 5. That os-
cillation is called surface plasmon resonance (SPR) and generates a signal in
the extinction spectra. The position of SPR mainly depends on the chemical
element and on the matrix whereas the shape and the intensity are affected
by the dimension, shape and number of the particles too.

2.2 Photoluminescence

The absorption of energy by a system induces a transition from the ground
state (gs) to an excited state (es) of the electrons. When the system relaxes
towards the gs the most common via for loosing its exceeding energy is
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2.2. Photoluminescence

the emission of light. The features of the emitted light are related to the
characteristics of the system and for that it can be used to study the system.
On this phenomenon several analytic techniques are founded and the term
luminescence indicates the ensembles of techniques where the light emission
is not induced by heat absorption. More deeply, when the energy source
consists on photons the technique associated is called photoluminescence and
for definition, it indicates the light emission typically in UV-VIS or infrared
wavelength range stimulated by the light absorption. The general processes
of energy absorption and release of energy are resumed in figure 2.1.

Figure 2.1: Representation of photoluminescence process where: A = photon
absorption; F=fluorescence; P=phosporescence; S=singlet state; T=triplet
state; IC=internal conversion (non-radiative transition); ISC=intersystem
crossing.

After the photon absorption two different transitions are possible for the
system relaxation: the non-radiative and the radiative. The non-radiative
transition (indicated as internal conversion) does not generate light because
the exceeding energy is lost by vibrational, rotational and translational mech-
anisms and thus heat is produced; non-radiative transition can occur only if
the neighboring of the excited species are able to absorb heat. In the second
type of transition, the radiative one, the system relaxes toward the gs by
means of light emission. Two different types of radiative transition exist:
the fluorescence and the phosphorescence transition. Fluorescence occurs
when two states of singlet (S1 → S0) are involved during the transition from

13



2.3. Rutherford Backscattering Spectrometry (RBS)

the es to the gs. On the contrary, if the relaxation changes the molteplicity
state of the system (the transition arises from a triplet excited state to a
singlet ground state T1 → S0) the phenomenon is called phosphorescence.
The singlet state is more energetic than the triplet state and it possesses a
life time of 10−11 s ÷ 10−9 s shorter than the triplet life time (101 s ÷ 10−3

s) and as a consequence of that the fluorescence emissions occur much faster,
on the order of 10−8 s.
The photoluminescence study is realized by an spectrofluorometer appara-
tus with that three different kind of analysis can be done. In the first the
sample is irradiated by a fixed wavelength and the light emitted inside a
specific wavelength range is recorded. The result is called emission spectrum
and often it is indicated as PL. The second mode of analysis consists on
changing the excitation wavelength and recording the intensity at only one
emitted wavelength usually taken out from the PL analysis. This is similar
to an absorption spectrum and it is in general indicated as excitation spec-
trum (PLE). The last typology of analysis consists on the measurement of
the luminescent decay duration called life-time measurement. In this mea-
surement the samples is irradiated with a pulsed light source of the right
wavelength to stimulate a precise luminescent emission; the pulse duration
must be shorter than the emission life-time to avoid interference by the light
source.

The photoluminescence analyses presented in this work have been collected
at the Optic Laboratory of Veneto Nanotech S.C.p.A. (Porto Marghera-VE-
Italy) by a modular setup Fluorolog 3-21TR320-TCSPC-NIR (Jobin Yvon)
equipped with Xe lamp (450 W) as light source.

2.3 Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) is a nuclear non-destructive
analysis technique which lets one to obtain information about the qualitative
and quantitative composition of thin samples without using standards. In
this technique an accelerated beam of light ions (usually helium ions or
protons) is directed on the sample usually placed in a vacuum room (figure
2.2). The analysis consists on the determination of the energy of the light
ions backscattered by the sample atoms (E1) and on their count. Assuming
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2.3. Rutherford Backscattering Spectrometry (RBS)

only elastic collisions, knowing the initial energy of the accelerated beam
(E0) it is possible to obtain information about the composition of a sample,
being E0 and E1 linked each other by the equation 2.6

E1 = KE0. (2.6)

K is the kinematic factor and depends on the scattering geometry (angle
θ), the mass of the impinging ions (mp) and the target atoms mass (mt)
(equation 2.7)

K =

⎡
⎣mp cos θ +

√
m2

t +m2
p sin

2 θ

mp +mt

⎤
⎦
2

. (2.7)

The number Y of deflected ions with a certain outgoing energy (Eout) col-
lected inside a solid angle (Ω) under the detector is expressed by the equation
2.8 where σ is the differential scattering cross section: the backscattering
yield is linked to the surface density (Nt, where N is the sample density and
t is the analyzed thickness) of the scattering ions inside the sample

Y (Eout, θ) =
dσ(Ein, θ)

dΩ
Ω(Nt)

Q

qion
. (2.8)

When the collision between the target atoms and the probe nuclei occurs
under the surface layer the energy measured is affected by an energy loss
contribution due to the interaction of probe with the electronic clouds of the
sample atoms. Usually these events have a high probability to occur so the
energy loss can be considered as a continuous process along the incoming and
outgoing path. Taking into account the energy loss due to the backscattering
events inside the sample, the outgoing energy is expressed by equation 2.9
from that is possible to extract information about the concentration in depth

Eout(t) = K(Ein −ΔEin)−ΔEout. (2.9)

Is worth noting that RBS does not give chemical information (oxidation
state, chemical bonding . . . ); light elements (atomic weight comparable with
the probe’s one) are not easily detectable and overlap between signals can
occur. At last it is usually possible to get information only about the first
1-2 μm in depth.
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2.4. Solar simulator apparatus and the solar cell test

RBS analysis has been done at IFNM National Laboratories of Legnaro
(PD-Italy) with a 2 MeV 4He2+ ions beam under a backscattering angle of
160◦.

Figure 2.2: Layout of RBS apparatus.

2.4 Solar simulator apparatus and the solar cell test

A solar simulator is an apparatus that allows to measure the power produced
by a PV panel when it is irradiated with an artificial light source like a lamp;
the spectrum of wavelengths emitted by the lamp must be similar to the sun
spectrum as much as possible.
The typical analysis made by a solar cell simulator consists on the measure-
ment of the current produced as a function of the cell potential (I-V); from
that it is possible to extract the output power produced (equation 2.10)

P = V ∗ I (2.10)

where: P is the power [W]; V is the potential [V]; I the current [A].
Moreover form the I-V analysis it is possible to extract the cell characteristic
parameters: the short circuit current, the open circuit voltage, the maximum
power produced and the filling factor. The open circuit voltage (VOC) is the
maximum voltage available for a PV cell and it is defined as the voltage at
current equal to zero. Differently, the current measured when the applied
bias at the cell is zero (short circuit condition) is called current of short
circuit (ISC) and it stands for the highest current produced by the cell. The
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2.4. Solar simulator apparatus and the solar cell test

I-V sweep lets us to measure the output current by PV cell between ISC and
VOC and then to calculate the power produced (for additional explanation,
see Appendix A). Taking into account the definition of power, at ISC and at
VOC the power is zero but the product between these two quantities is the
power produced by the cell if that one works ideally. Considering all those
parameters it is possible to define the filling factor (FF) as ratio between
the real maximum power output by the cell and the theoretical power of cell
(2.11):

FF =
VMP ∗ IMP

VOC ∗ ISC (2.11)

where VMP and IMP stand for the voltage and current at the point of max
power measured by the system. So it is easy to understand the FF is an
evaluation of solar cell quality.

To analyze the down-shifting systems studied in this thesis a home-made
solar simulator apparatus was evolved. That system is composed by a DC
power supply, a light source, a solar panel and a digital multimeter (Tek-
tronix KEITHLEY 2410). The DC supply is directly linked to the lamp and
the multimeter is connected to the cell; the light is hold on the top of an
iron structure and the cell is perpendicular placed under the light source on
the plane below. The solar cell used in this apparatus is a commercial device
made of four PV elements inside; being the dimension of the cell much bigger
than the exchanged area of the samples it has been needed to extract a pho-
tovoltaic element of comparable dimension with the glass and to cover the
exceeding area by a dark mask. The setup was equipped by a 12 V halogen
lamp (Osram) as light source; this lamp is generally sold for civil application
and, as outcome of safety laws, halogen lamps are closed with an UV filter.
In fact it is well known halogen lamps emit along all the visible range in
a continuous way until the near UV range and, being UV light potentially
dangerous for the human wellness, they must be avoided (the producer de-
clares a transmission percentage close to zero for wavelength shorter than
350 nm). The UV-filter could be a constrictive condition for the testing of
down-shifting systems and so with the aim of improving the lamp emission
under 350 nm the UV filter was removed.
Using this apparatus the first measurements realized were the I-V sweeps of
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2.4. Solar simulator apparatus and the solar cell test

the bare solar cell; this kind of study is useful for our purpose because it lets
us to understand the properties of the cell used and for the comparison of the
data collected. The figure 2.3 shows the I-V sweep of the bare cell; in this
picture the value of ISC an VOC are indicated too. Applying the equation
2.11 the filling factor parameter has been calculated and it resulted to be
0.7. In the same picture also the outputted power produced by bare PV cell
evaluated applying the relation 2.10 is plotted.
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Figure 2.3: I-V sweep of the bare solar cell.

The I-V sweep of uncovered cell has been collected for thirty five minutes
by steps of 5 minutes and the results are reported (figure 2.4 and 2.5). Dur-
ing the observation period ISC is not constant, it decreases for the first 20
minutes and then random oscillation are recorded; as consequence the power
produced by the PV panel changes with time too. In general an alteration
on ISC value is due to a non homogeneous light source and so what appears
from this first analysis is that the setup is not able to provide stabilized and
constant condition for the measurement of the cell yield. That is due to the
fact the light source is not commensurate for that kind of applications and
the system is heavily affected by the environment. Nevertheless on the basis
of these results a specific measurement protocol was evolved to analyze the
samples under the best conditions. Every measurement session starts after
5 minutes of PV cell irradiation under the lamp; the determination of ISC
and VOC were done after 5 minutes of irradiation and after 20 seconds of
recording. Before and after the analysis of a sample, the I-V sweep of the
cell cover by the undoped glasses is recorded.
The figure 2.6 compares the behavior of the cell with and without the cover
glass before the ion exchange. When the cell is covered the outputted power
decreases due to the intrinsic optical features of the glass, mainly the ab-
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2.4. Solar simulator apparatus and the solar cell test

sorption and the reflection of light.
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Figure 2.4: I-V sweeps collected from the bare solar cell.
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Figure 2.5: Power produced by the bare solar cell.
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Figure 2.6: Comparison between the power produced by the bare solar cell
(black) and the power outputted from solar cell covered by the undoped glass
(red).
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2.5 X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy (XAS) is a type of absorption spectroscopy
based on the Lambert Beer’s law where the electromagnetic probe is a beam
of X-photons of energy usually between 10 to 103 keV. This technique is able
to give information about both the geometric and electronic local structure
of matter. XAS experiments are usually performed by using synchrotron
radiation sources, for their intense and easily tunable X-ray beams. Samples
can be in the gas-phase, solution, or condensed matter (i.e. as solids). When
X-ray radiation goes through a solid sample, its intensity decreases mainly
by three different phenomena: the photoelectric absorption, the scattering
of X-photons due to light-matter interaction, and the creation of a electron-
positron pairs as a consequence of the interaction between the X-photon and
the electrostatic field surrounding a charged particle. In the typical energy
range used for XAS (10 to 103 keV), photoelectric absorption is the most
important because the X-photon scattering has a low probability to occur
and the electron-positron creation is prohibited (figure 2.7).

Figure 2.7: X-ray absorption cross section for copper.

Photoelectric absorption phenomena occur when X-photons have an en-
ergy equal to a threshold value determined by the needed energy for an elec-
tronic transition to some unoccupied state. The energy threshold depends
on the electronic energy levels of the atoms in the investigated system: for a
given electronic transition, it increases with the atomic number Z and it is
specific for each atomic species (figure 2.8).
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2.5. X-ray Absorption Spectroscopy (XAS)

Figure 2.8: Binding energy of some core levels.

In the condensed matter, at energies lower than a given absorption thresh-
old the absorption coefficient shows a slow decreasing value by increasing the
X-ray energy; when the threshold energy value is reached, a strong increase of
the absorption coefficient is detected. By further increasing the X-ray energy,
oscillations of the absorption coefficient are recorded and a fine structure is
generated in the spectrum (figure 2.9). By the study of the fine structure
features it is possible to find out information about the absorbing species
and about their surrounding environment. The spectrum obtained by the
XAS data can be divided into two energy regions: the X-ray Absorption
Near Edge Structure (XANES) and the Extended X-ray Absorption Fine
Structure (EXAFS) ones. XANES is related to the fine structure shown
about 150 eV over a given absorption threshold. In this energy range the
photoelectron has a wavelength similar to the interatomic distances, whereas
its mean free path is larger. By the study of XANES fine structure one can
obtain information about the local electronic structure, the configuration of
the ligands and some information of the emitting atom oxidation state. The
fine structure located from XANES region up to 1000 eV over the absorption
edge falls in the so-called EXAFS energy region. Here the photoelectrons
are characterized by wavelengths lower than the interatomic distances and by
mean free paths close to tens of Angstrom. From EXAFS measurement, one
can get information about the average interatomic distances, coordination
numbers, thermal and structural disorder.
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Figure 2.9: Absorption coefficient behavior respect to the energy of the X-ray
photons.

XAS analysis can be realized through two different approaches:

• transmission mode: in this case the intensity (I0) of the impinging X-
ray beam on the sample and the transmitted intensity (I) are measured;

• fluorescence mode: the absorption coefficient is obtained by the mea-
surement of the photons emitted by fluorescence as a consequence of
the X-ray photoelectric absorption. In this case, the number of pho-
tons with an energy related to a specific relaxation transition for the
absorbing atomic species is evaluated. The fluorescence mode approach
is mandatory when: a) the sample absorption is so low that the trans-
mitted X-ray beam has not detectable intensity decrease if compared
to the incoming one; b) the sample absorption is so high to prevent
the detection of the transmitted X-ray beam.

XAS measurements reported in this thesis were performed at XAFS beamline
of ELETTRA synchrotron facility in Basovizza (Trieste, Italy); the storage
ring operated at 2.0 GeV in top-up mode with a current of 300 mA. Spectra
were collected at room temperature in fluorescence mode at Cu K-edge (8979
eV).
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CHAPTER 3

The optical basicity effect on silver oxidation state

In the previously chapter, speaking about the ion exchange techniques, it
has been reported that one of the parameters to control the process is the
glass composition. In fact, it is well known the oxidation state of a dopant
atom as a TM inside a glass is dependent on the interaction between dopant
and matrix too. The first attempt to express this relation has been the Lux-
Flood theory that depicts the acid-base characteristic of an oxidic medium
by the oxide ion activity; this approach has shown some limitations and only
restricted validity [26] [27] [28]. Successively a second approach based on
the application of Lewis’s acid-base theory was proposed. In this frame the
oxidic medium acts as an electron density donation center (Lewis’s base) and
the metal acts as an electron density acceptor (Lewis’s acid) [29]. The degree
of that behavior is expressed by the optical basicity (OB, Λ) that nowadays
is a formal way to express the relationship between the guest redox ratio
and the host. Optical basicity expresses the willingness of oxygen atoms of a
silicate medium to donate negative charge and it could be thought as a mea-
surement of the electron density inside a cationic site. The general accepted
definition for optical basicity is: the electron donation power of the oxygen
ions or atoms compared to the one of crystalline CaO (the optical basicity
of crystalline CaO is conventionally defined as equal to the unity) [30]. The
determination of the donation power can be made by the UV spectroscopy
techniques, taking advantage of the Nephelauxetic effect. The Nephelauxetic
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3. The optical basicity effect on silver oxidation state

effect is a well know phenomenon of the inorganic chemistry and it is related
to the energy shift of a transition metal complex molecular orbital due to
the ligand field generated by ligands. The first effect related to that is the
shifting of the guest absorption bands. In the case of an oxidic medium, the
optical basicity can be measured from the red shift induced by the donor
power of the environment on the absorption bands of a probe element intro-
duced inside the matrix. Tl+, Pb2+ and Bi3+ (external configurations 6s2)
were the most typical probe elements used because their 6 s−6p transition
undergoes to a red shift from UV to visible wavelengths with the increasing
of donor power of the matrix [29]. On this base the optical basicity is defined
as (3.1):

Λ =
νf − ν

νf − νCaO
. (3.1)

In equation 3.1, νf is the absorption frequency of probe element as free ion
(gaseous state), ν is the measured absorption frequency and νCaO is the fre-
quency of the probe ion absorption band measured inside crystalline CaO
[30]. The measurement of OB from refraction index evaluations was pro-
posed too but this approach has been shown to be feasible only if the cations
have a low refractivity or otherwise if the cations are not concentrated and
the system does not undergo to important structural changes [31].
The spectroscopic measurements have shown the possibility to calculate the
OB of an oxidic medium directly from its composition by means of the basic-
ity moderating parameter, γ, expressing the attenuating influence of every
elements on the oxide ions donation power [30]. For example, in the case
of an oxidic medium composed by two different oxidic components A and B
(oxidation state a+ and b+ respectively) in the proportion of x:y, the Λ can
be calculated by (3.2) [29]

Λ = XA
1

γA
+XB

1

γB
(3.2)

where X is the equivalent fraction (3.3)

XA =
ax

ax+ by
; (3.3)

the table 3.1 resumes the moderating parameters of some elements expressed
as oxides. For a single oxide component the equation 3.2 becomes
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3. The optical basicity effect on silver oxidation state

Λi =
1

γi
(3.4)

so the equation 3.2 can be rewritten as (3.5) [29]:

Λ = XAΛ[oxide(A)] +XBΛ[oxide(B)] + .... (3.5)

The equation 3.5 is additive for every oxide components and it can be
adapted in a similar way to calculate the optical basicity of multicompo-
nent oxidic systems [30].

Element γ Λ

Cesium(I) 0.60 1.7
Potassium(I) 0.73 1.4
Sodium(I) 0.87 1.15
Lithium(I) 1.0 1.0
Barium(II) 0.87 1.15
Strontium(II) 0.91 1.1
Calcium(II) 1.00 1.00
Iron(II) 1.0 1.0
Manganese(II) 1.0 1.0
Magnesium(II) 1.3 0.78
Aluminium(III) 1.65 0.60
Silicon(IV) 2.1 0.48
Boron(III) 2.36 0.42
Hydrogen(I) 2.5 0.40
Phosporus(V) 3.0 0.33
Sulfur(VI) 4.0 0.25

Table 3.1: Values of γ and Λ for some elements expressed as oxides. [29]

The optical basicity is a significant parameter into different areas and it has
been successfully applied in relation to the glass matrices but also into the
steel industry, mineralogy and ceramic area [32] [33] [34].
The study of the relation between the optical basicity of a matrix and the
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3.1. Objective of this work

oxidation state of a TM has been widely studied up to now. What has
been well established is that the chemical state is shifted towards the highest
oxidation state if the optical basicity is increased; that is true for all the TMs
studied. A particular case is represented by copper for that the redox state
decreases with the increment of the optical basicity [35] [36]. The results
presented in this thesis will be discussed on the base of these evidences.

3.1 Objective of this work

The first aim of this work is to study the relation between optical basicity
and the oxidation state of a transition metal at temperature below transition
temperature Tg. The interest towards this study is inherent to the hypoth-
esis that the optical basicity can be a fundamental parameter for the study
of the silicate glasses doped by ion exchange.
In the introduction of this manuscript it has been reported the ion exchange
is a technique widely used for the glass doping. Up to now a lot of work
about the influences of the matrix characteristic, expressed by the optical
basicity degree, on the TM oxidation state has been done but the biggest
part of these studies are related to TMs doped glasses produced by melt
quenching technique (for example see [37]). Being ion exchange completely
different from the melt quenching process it is important to verify how the
optical basicity of a glass interacts with the oxidation state of a dopant in
case of ion exchange process; that could be important to better understand
how to control the chemical state of a TM and then the final optical prop-
erties showed by the doped glass. To do that three glasses with different
optical basicity were doped by ion exchange with silver and then analyzed
by spectroscopic techniques. Silver has been chosen for doping the glasses
because of its high diffusion coefficient in silicate glasses, thus allowing an
easy and effective doping of the glass surface. Furthermore silver has only
two oxidation state: 1+ and the metallic one. For all of that silver represents
a preferred choice.
The study presented hereinafter would be a first step in that direction. In
my knowledge only Svecova et al. [38] and Capek et al. [39] have done a
similar study before now.
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3.2 Experimental

Soda-lime glass (SL), BK7 Schott borosilicate glass (BK7) and a UV400 clear
Corning glass were doped with silver by thermal ion exchange process using
the exchange apparatus described inside subsection 1.2.5. The glasses were
dipped in AgNO3:NaNO3 1% mol. salt bath at the temperature of 400 ◦C
for 60 minutes under stirring condition (5-6 rpm). After the exchange the
samples were analyzed by optical absorption, RBS and photoluminescence
spectroscopy. The composition of the different type of glasses is reported in
table 3.2; for each glass the optical basicity degree was calculated by eq. 3.5.

Component Soda-lime BK7 Corning

O 59.6 60.2 60.6
Si 23.9 22.4 16.5
Na 10.2 3.8 2.0
Ca 2.4 traces traces
K 0.5 1.8 2.3

Mg 2.6 / traces
Al 0.8 / 3.6
B / 11.0 11.2
Ti traces / traces
Ba / 0.8 0.7
Zn / traces /
Pb / traces /
Zr / / 0.6
Sr / / traces
Sn / / 0.1
Cu / / 0.1
Li / / 2.3
Fe / / traces

Optical Basicity 0.58 0.53 0.51

Table 3.2: Composition of the glasses studied in this work reported as atomic
percentage.
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3.3. Results and discussion

3.3 Results and discussion

3.3.1 Rutherford backscattering spectrometry

An example of the recorded RBS profile is shown in figure 3.1 where the
principal element edges are evidenced.
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Figure 3.1: RBS profile of Λ=0.58 glass after the ion exchange process. In
red, spectrum simulation.

From the simulation of the profile it has been possible to obtain an evaluation
of the dopant atoms concentration and some characteristics of the exchange
dynamic.
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Figure 3.2: Silver ions diffusion profile inside the different glasses as obtained
by RBS. The relative uncertainty on the concentration values is of the 10 %.

As can be seen from figure 3.2 the glass with highest OB degree results
the heaviest silver doped one with a silver surface concentration of 5.5%
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3.3. Results and discussion

and almost constant over the entire analyzed thickness. For this sample the
diffusion process involves sodium and potassium ions too in accordance with:

2 Ag+
bath � 1 K+

glass + 1 Na+
glass·

For every two silver ions migrating inside the matrix a sodium and a potas-
sium ion migrate outward the matrix making available some structural sites
for the silver diffusion. The glasses with OB equal to 0.53 and 0.51 have
a concentration of silver at the surface around 2.5% and 1.3% respectively;
under the surfaces the dopant concentration gradually decreases. Differently
from the soda-lime glass (Λ=0.58) the exchange seems to be compatible with
a one to one process between the silver and the potassium ions

1 Ag+
bath � 1 K+

glass.

The differences on silver surface concentration measured are mainly due to
the differences on alkali composition of the three glasses but it is important
to underline these are not related to the donor power features of the matrix
(optical basicity). In the introduction chapter, describing the ion exchange
process, it has been outlined how the dopant concentration is related to the
lattice sites made available by the diffusion out of the glass of mobile species,
such as sodium and potassium ions; as a consequence, it is possible to assume
that the higher is the alkali concentration the more will be the number of
dopant ions diffusing inside glass. Comparing the alkali composition of the
three matrices with the silver surface concentration, table 3.3 clearly shows
the decrement of the concentration is linked to the initial alkali concentration
in the matrix.

Glass Λ Na% K% Ag%

Soda-lime 0.58 10.2 0.5 5.5
BK7 0.53 3.8 1.8 2.5

Corning 0.51 2.0 2.3 1.3

Table 3.3: Comparison between alkali composition of glasses and surface
silver concentration.

In case of BK7 glass (Λ=0.53) and Corning glass (Λ=0.51), the final dopant
concentration is affected not only by the alkali concentration but also by the
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3.3. Results and discussion

exchanging species. RBS simulations showed for Λ=0.53 and 0.51 glass the
exchange was realized manly with potassium even if, considering their ions
dimension, potassium is expected to have a diffusion coefficient lower than
sodium (K ionic radius =1.38 Å, Na ionic radius =1.02 Å). Here, the mixed-
alkali effect probably comes into play to affect the final diffusion coefficients
([2] and refs therein). Moreover, the presence of boron can obstacle the
diffusion because, being boron part of the glass network, it makes the matrix
closer and more rigid. As a consequence, in BK7 and Corning glass the
diffusion of silver ions results hindered and the surface final concentration
lower than for soda-lime glass.

3.3.2 Optical absorption

The figure 3.3 reports the optical absorption spectra of the undoped glasses
studied in this chapter.
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Figure 3.3: Optical absorption spectra of undoped glasses.

The glasses with Λ of 0.58 and 0.53 (soda-lime and BK7 respectively)
show the typical "near-UV" absorption cut-off at 300 nm due to the alkaline
ions in the matrix. Corning glass spectrum (Λ =0.51) shows an absorption
edge at about 400 nm due to differences in glass compositions. This matrix
is composed by elements as Cu, Sn, Sr, Ti, Fe not present inside SL and BK7
glass and characterized by absorption bands under 400 nm [40].
After the exchange the increasing of optical density are observed due to the
presence of dopant atoms inside the glass (figure 3.4).
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Figure 3.4: Optical absorption spectra of glasses after ion exchange.

The optical absorption spectrum of Λ=0.53 glass shows a weak increas-
ing of optical density around 300 nm generated by the intraband transition
of Ag+ ions [41]. For Λ=0.58 the already noticed silver ions band at 300 nm
increases in intensity but a tail of absorption is clearly noticeable over 350
nm; this last one has been associated to silver multimeric complexes [42].
Focusing on the lowest optical basicity glass (Λ=0.51) no absorption signals
due to Ag+ ions and silver complexes are evident, being probably covered
by the glass cut-off at 400 nm; despite that a new band centered around 500
nm is present. This bump could be related to the surface plasma resonance
phenomena (SPR) indicating the formation of nanoparticles buried in glass.
As reported previously (subsection 2.1) the SPR band position on spectrum
is typical of the element constituent the cluster and of the dielectric ma-
trix; for example in silica and many silicate glasses the silver SPR is located
around 420 nm and the copper SPR is placed around 580 nm [43] [44]. In
the case of silver doped Corning glass the band is located between the silver
and copper SPR typical wavelengths making the assignment of the observed
band not easy. One could assume that SPR at 500 nm is generated by silver-
copper core shell structures or by Ag−Cu alloy nanoparticles. When core
shell nanoparticles are embedded in glass the absorption spectrum shows
the copper SPR separated from the silver SPR [45]. Differently silver-copper
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alloy nanoparticles generate a SPR placed between 410 nm (Ag SPR) and
580 nm (Cu SPR) and the features of the SPR band change in function of
the Ag/Cu ratio [46] [47] [48] [49]. Taking in account all these evidences,
the position of the SPR signal recorded for Λ=0.51 glass is compatible with
the formation of some kind of Ag-Cu alloy nanoparticles. Moreover from
theoretical simulation of SPR profile by using the Mie’s scattering theory it
has been found that a refractive index increasing of the medium surrounding
the particles can generate a red shift of the SPR band [50] [51] [52]. Con-
sidering then the broadness of the SPR band probably the nanoparticles are
very small and then the alloying of silver atoms and copper could not be the
only reason for the shifting of the SPR but also the glass index could give a
contribute. It is worth to underline the supposed presence of nanoparticles
alloy is a specific feature of this type of Corning glass due to its particular
composition. A deep structural characterization is needed to prove the ex-
istence of silver-copper alloy nanoparticles. Another possible explanation is
the formation of oxidic silver species that represent an intermediary step for
the formation of silver nanoparticles [53].

3.3.3 Photoluminescence

Silver doped glasses are known to show different emission bands between UV
and visible wavelength range. When Ag-doped silicate glasses are irradiated
by near UV light, a band between 300 nm and 350 nm and an emission
around 450 nm (blue emission) are expected to be found. Moreover an
orange emission (600 nm) is found when the doped glass is stimulated by a
blue radiation. These features have already been studied by several groups
during the years. The ultraviolet emission around 300 nm is associated to
the 4d10 → 4d9 5s1 transition of Ag+ ions as isolated emitter [54]. Differently
the band around 450 nm (blue band) were found by Borsella et al. [55] inside
high silver doped glasses and it was related to structure like Ag+−Ag+ pairs
[56]. The last emission expected, the orange one, is generally ascribed to the
formation of silver multimeric complexes as (Ag2)+, (Ag2)2+, (Ag3)+ and
(Ag3)2+; usually the position, the shape and the intensity of orange band
are dependent by the "complex" ionization state [57] [58].
The figure 3.5 reports the luminescence features of the undoped glasses under
an excitation wavelength of 260 nm; the sharp peak close to 2λexc. (512 nm)
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3.3. Results and discussion

on the emission spectra is an unfiltered spurious signal due to the Xe lamp.
The glass Λ=0.58 and 0.53 show quite similar emission profile. The Λ=0.51
glass shows an intense emission around 450 nm; considering the composition
of this glass it is possible to associate that signal to Cu+ ions in glass [59].
Increasing the excitation wavelength at 350 nm only the Λ=0.51 spectrum
shows a weak but broad emission over 500 nm (figure 3.6).
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Figure 3.5: Photoluminescence spectra of undoped glasses; λexc.= 260 nm.
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Figure 3.6: Photoluminescence spectra of undoped glasses; λexc.= 350 nm.

The analyses of the doped glasses are resumed in figure 3.7 (excitation
wavelength = 260 nm). After the ion exchange all samples emit around
480 nm; this emission is the aforementioned blue band generated by the
Ag+−Ag+ pairs. The band intensity increases from Λ=0.51 to 0.53 and
then falls down for the most basic glass indicating the Ag+−Ag+ pairs are
less present despite the high silver concentration.
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Figure 3.7: Photoluminescence spectra of doped glasses; λexc.= 260 nm.

The excitation spectra recorded at the wavelength near the maximum of
the luminescent band (figures 3.8, 3.9 and 3.10) show an absorption profile
between 300 nm and 350 nm due to the silver ions absorption. A particular
case is the Corning glass (OB= 0.51) because for this samples the PL spec-
trum shows only the intensity diminution of the band initially associated
to Cu+ ions but the shape and the position of this band appear unchanged.
Moreover the PLE spectrum of the doped glass does not show any absorption
increment amenable to silver ions.
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Figure 3.8: Excitation spectra of Λ=0.51 (λemis.= 480 nm, blue band).
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Figure 3.9: Excitation spectra of Λ=0.53 (λemis.= 480 nm, blue band).
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Figure 3.10: Excitation spectra of Λ=0.58 (λemis.= 480 nm, blue band)

Emission spectra were recorded using an excitation wavelength of 350
nm too. The results are reported in figure 3.11 and as it can be seen only
the glass with Λ=0.58 shows a huge band over 600 nm; this emission is the
typical orange emission generated by silver multimeric complexes.
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Figure 3.11: Photoluminescence spectra of undoped glasses; λexc.= 350 nm.

The related absorption band is located over 350 nm on excitation spectra
(figures 3.12, 3.13 and 3.14). Increasing the optical basicity the absorption
band is red shifted indicating that the absorbing species becomes more com-
plex and less similar to a free silver ions. The biggest absorption was found
for the Λ=0.58 due to the high concentration of silver complexes. This ab-
sorption signal is not present for the matrix with Λ=0.51 probably due to
the absence of silver complexes.
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Figure 3.12: Excitation spectra of Λ=0.51 (λemis.= 630 nm, orange band).
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Figure 3.13: Excitation spectra of Λ=0.53 (λemis.= 630 nm, orange band).
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Figure 3.14: Excitation spectra of Λ=0.58 (λemis.= 630 nm, orange band).

3.4 Discussion

Three different types of glasses were doped with silver by pure thermal ion
exchange process under the same synthesis condition. What clearly appears
from the whole optical characterization is the progressive stabilization of Ag+

ions and multivalent silver structures as the optical basicity of glass increases;
the term multivalent silver structure it is used to indicate silver aggregates
of few atoms with cumulative positive charge at least 1+. This evidence is
somehow in agreement with was already found at temperature well above Tg

[35]. An interpretation of these results can be done by taking into account
the oxygen chemical state expressed by the electronic polarizability α: the
polarizability can be considered as the volume occupied by the electronic
cloud of an atom or ion [60] or as the capability of the electronic cloud
to be distorted by an electric field [61]. These two complementary works
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depict how the power of donation of oxygen is affected by positive cations
with different electronegativity as neighbors. Inside an oxidic medium the
electronic cloud of oxygen will be somewhat distorted being the oxygen linked
to other atoms like silicon, boron, aluminium ecc. When the optical basicity
of the silica glass is increased by adding alkali metal ions (Na and/or Ca
and/or K) the electronegativity of these elements can balance the electron
clouds around oxygen with the result of changing the oxygen donor power.
As a consequence, when a host ion as a transition metal is placed inside
this system it can experience a more or less useful negative environment
for the stabilization of its positive charge, depending on the matrix optical
basicity degree [60]. It is important to underline that the cation stabilization
is realized by the sharing of negative cloud from oxygen toward the TM ion
and not through a true electron transfer [62]. Decreasing the capability of
oxygen to share its negative cloud (a decreasing of its polarizability), the
dopant ions become less stabilized and other processes can happen if there
are the right conditions, like for instance the reduction of TM ions to the
metallic state and the formation of nanocluster; the presence of SPR band on
optical absorption spectrum of glass with Λ=0.51 confirms that hypothesis.
Furthermore the orange band intensity close to zero shows the intrinsic glass
features are not able to stabilize efficiently multivalent structures.
There is another important question to discuss; the possible formation of
nanoclusters inside the glass with the lowest optical basicity degree. The
formation of cluster is due to the reduction of silver ions to the metallic
state and the growth of nanoparticles on the crystallization seeds [63]. Is not
aim of this work to discuss the nucleation and growth of nanoclusters but
some consideration on the reduction process of silver ions can be done. The
formation of TM nanoparticles in glass is one of most controversial and open
question of that research field. In general the interpretation of the formation
of silver nanoparticles in glasses is done by two different approaches: the first
assumes that the matrix defects are the electrons source for silver reduction
[64], the second considers the presence of a real redox couple between silver
and other elements with different potentials [65] [66].
Defects in a glass matrix are not to be thought as the alteration of an order
(like for a crystalline structure) but for instance the lacking of bonds and then
the presence of positive holes, negative charges and radical species. These
defects have been widely studied in silica before and after γ-irradiation [67],
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X-ray irradiation [68] or laser annealing [69] and some computational studies
were done [70]. The same kind of defects were founded and studied in alkali
silicate glasses [71] [72], phosphate glass [73] and borate glass too [74]. The
most used technique for the defect analysis is the UV spectroscopy and being
most of them paramagnetic center ESR (Electron Spin Resonance) is widely
used too [75]. By using the notation proposed by David L. Griscom et al.
[75] where ≡ denotes three Si−O in the network and . an unpaired electron,
the main defects in glasses and the position of the relative UV absorption
band are listed in the following table 3.4.

Defect Structure λ (nm)

E
′ ≡Si. 215, 239

POR ≡Si−O−O. 239
NBOHCs ≡Si−O. 405, 610

TE 305

Table 3.4: Structural defects in silicate glasses where POR means peroxy
radicals, NBOHCs means non bridiging oxigen hole centers and TE means
trapped electron [75].

Furthermore μ−Raman spectroscopy can be used to study the role of matrix
on the TM reduction following the evolution of Raman Q-band [76]. Related
to that, an exhaustive collection of the Raman signals associated to the
structural fragments was done by Matson et al. [77] and by McMillan [78].
The figure 3.15 reports the magnification of optical absorption analysis under
300 nm of Λ=0.51 glass. Before and after the ion exchange the spectra show
detector saturation signals due to the high absorption of glass in the region
under 400 nm. As a consequence of that, it is not possible to observe anyone
of the fingerprint signals of matrix defects summarized in table 3.4 and for
that reason it is not feasible to make experience of the eventually structural
evolution of glass. At this point the role of the electrons pulled out from the
glass matrix toward the silver redox equilibrium stays unknown but at first
glance it can not be excluded without more specific analyses.
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Figure 3.15: Magnification of optical absorption spectra relative to Λ=0.51
glass.

The redox equilibrium for a multivalent element in an oxide medium is
express by

4Mn+
(melt) + 2mO2−

(melt) � 4M
(n−m)+
(melt) +mO2(gas) (3.6)

where: n indicates the oxidation state, M the multivalent element and m
the number of electrons involved in the reduction. This equation resumes
the parameters giving a contribute to the redox state control: temperature,
oxygen fugacity, concentration of the multivalent ion [79]. Thinking to the
possibility of a redox equilibrium in the glass, the easiest approach is to
take into account the series of standard potentials. The series of standard
potentials is referred to water as solvent and standard conditions (25 ◦C and 1
atm) so the information that can be figure out is in principle only qualitative.
To inspect the presence of a redox equilibrium between the different elements
inside the glass one should have a potential series referred to silica as solvent.
That has already been investigated up to now and the most general approach
has been to study the redox state after the quenching of a fused silicate glass
containing the multivalent ions. For example Schreiber et al. studied the
electromotive force series in a silicate fused glass and they evidenced how the
temperature influences only on the absolute value of the element potential
but it does not influence the series order [80]. Furthermore, in a borosilicate
melt the absolute value of potential is affected by the glass composition and
the only parameter that seems to affect the order of the potentials inside
the series is the oxygen fugacity [79]. Redox potentials were measured for
different ions in borosilicate glass and soda-lime glass by employing square-
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wave-voltammetry too [81]. Considering that the glass with lowest optical
basicity degree is a borosilicate one, the most useful potentials series is that
proposed by Schrieber et al. [82], whose values for the transition metals
present inside the matrix are resumed in table 3.5.

Redox Couple Potential
[V]

Ag+/Ag0 0.5
Cu2+/Cu+ -0.8
Fe3+/Fe2+ -1.7
Cu+/Cu0 -3.3
Ti4+/Ti3+ -5.0
Sn4+/Sn2+ -5.5
Fe2+/Fe0 -6.3

Table 3.5: Redox potentials for TMs present inside Λ=0.51 glass taken out
from [82].

At the beginning the glass does not contain silver; from the series reported
the most noble element is the copper because it shows the less negative
potential and so it is reasonable to assume copper at the 1+ oxidation state.
For example the following reaction could be proposed:

Fe2+ +Cu2+ → Fe3+ +Cu+. (3.7)

After ion exchange process silver ions are introduced inside the matrix and,
as is reported before (table 3.5), silver shows a redox potential higher than
copper so a new reaction could be proposed:

Ag+ +Cu+ → Ag0 +Cu2+. (3.8)

An additional proof of the reaction 3.8 can be found on luminescent prop-
erties of Λ=0.51. They could be interpreted as follows: the band at 450
nm of the unexchanged glass is the due to the luminescent features of the
Cu+ ions. When silver ions are placed inside the matrix the reaction 3.8
occurs, copper ions oxidizes itself and reduce silver ions. As a consequence
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the concentration of Cu+ decreases, so does the intensity of the band at 450
nm.
At last it is worth to underline the formation of clusters during the ion ex-
change process (SPR band in the optical absorption spectrum of OB=0.51
glass) is slightly unusual because the formation of metal cluster is in general
observed after a post ion exchange energy treatment, such as thermal treat-
ment [83], laser irradiation [84] or ion irradiation [85]. These treatments give
energy to the doped glass, inducing phenomena (reduction, nucleation and
growth) that bring to the clusters formation. Cattaruzza et al. [86] studied
the MNCGs formation in silver doped soda-lime glasses by ion exchange;
they obtained the raising of SPR band only after a thermal treatment in air
at 500 ◦C or after a laser irradiation. In silver doped soda-lime glass Simo et
al. observed an absorption band increasing around 400 nm after a thermal
annealing at 400 ◦C: this absorption has been clearly assigned to SPR signal
only after a treatment at 550 ◦C [53]. Formation of cluster at temperature
below 500 ◦C can be justified as the consequence of the low optical basic-
ity (less stabilization of the higher oxidation state) and by the considerable
presence of reducing species. In fact, inside Corning glass reducing species
are present in high concentration respect to the other glasses. As a conse-
quence, the redox reaction between silver and other less noble metals results
to be important and the formation of the first metal cluster seeds can occur
without inducing their formation by a post doping treatment.
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3.5 Conclusions

In this work glasses with OB of 0.51, 0.53 and 0.58 have been doped with
silver by ion exchange and characterized by nuclear (RBS) and optical tech-
niques (optical absorption and fluorescence spectroscopy) that allowed us
to obtain information about the concentration and oxidation state of the
dopant. In the case of soda-lime glass (OB=0.58) the huge orange emission
(PL analysis) and the absorption increasing over 350 nm on optical absorp-
tion spectra have been interpreted as the consequence of the multivalent
silver structures formation. The optical absorption spectrum collected in
case of Λ=0.51 (glass with the lowest optical basicty) showed the SPR sig-
nal, evidencing the probable formation of nanoparticles during the exchange
process. On the basis of the SPR position one could assume the formation
silver-copper alloy nanoparticles but further structural analyses are needed
to verify that; for example high-resolution TEM could be an useful tool to
study the shape, the dimension and the composition of the nanoparticles.
Finally, the silver reduction to the metallic state has been justified on the
basis of a redox reaction between silver and copper but, by taking advan-
tage of EPR and μ-Raman analyses it will be possible to obtain information
about the matrix contribution to the reduction process of the dopant.
Concluding, the main information obtained from this study is that the high-
est oxidation state of TM ions is progressively stabilized inside matrices
of high optical basicity degree also if the TM is introduced inside hosting
medium by ion exchange. This results is in agreement with the general
knowledge about the relation between the OB and TM oxidation state of
doped glasses produced by melt quenching technique. A possible develop-
ment of this work could be the systematic study of the TM oxidation state
(for example silver) referred to wide range of optical basicity degree. To do
that it is important to have the possibility of change the glass composition.
This could be possible for instance by taking advantage of the sol-gel ap-
proach to realize glass layers of different composition (and then OB) inside
that to study the chemical state of silver placed by ion exchange technique.
Moreover it will be important to deal with the study of the more complex
case of copper oxidation state.
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CHAPTER 4

Luminescent down-shifting panels for photovoltaic cells

The idea of producing current from light was proposed by Edmond Becquerel
during the first half of the nineteenth century and from that the interest has
grown from laboratory scale until the industrial scale. The first type of solar
cell widely diffused on the world trade, known as the “first solar cell genera-
tion”, were based on the crystalline silicon (c-Si) or multy-crystalline silicon
(mc-Si). With the improvement of technology and of the industrial processes
a second generation of photovoltaic (PV) panels was evolved thanks to the
thin films technology used to create new types of active medium. In par-
ticular this new class of active mediums are based on the amorphous silicon
(a-Si), polymeric films coupled with semiconductor junctions [87] or inor-
ganic based films as cadmium indium selenide (CIS) [88] [89], copper indium
gallium selenide (CIGS-cell) [90] [91] and gallium arsenide (GaAs) [92] [93].
The most negative feature of the solar technology is the inability of taking
advantage from all the sunlight spectrum for the current production; in fact
the spectral conversion of solar cell expressed as external quantum efficiency
(EQE) falls down in the region of blue-UV radiation principally due to addi-
tional losses at the top of the panel introduced by the industrial production
[94]. Moreover the PV panels evolved up to now present other types of spec-
tral loss sources as for instance the part of incoming sunlight not absorbed
because the photon energy is lower that the band gap of semiconductor, the
thermal losses due the absorption of too energetic incoming photons [94],
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the recombination phenomena near the surface that reduces the absorption
of high energy photon [95]. As a consequence, the efficiency of the solar
cell is not so high as it could be expected. For example, the theoretical
efficiency for a c-Si solar cell was calculated to be around the 31% [94] [96]
but the real terrestrial modules efficiency are close to the 22% for the first
generation module based on c-Si and between 10% and 15% for the second
generation panels; an exception is represented by AsGa thin films whose effi-
ciency reach the 23.5% [97]. Being the low efficiency the major drawback of
the solar technology evolved up to now, the research is working to improve
this limit and in particular it is looking on the enhancement of shorter wave-
length absorption [94]. For reaching this goal two different approaches are
actually explored. The first approach is to evolve new kind of systems with
the peculiarity to use in a better way all the incoming sunlight radiation.
This new class of PV panels represents the so-called third generation and it
is composed by multjunction [98] [99], heterojunction [100] and intermediate
band gap cells [101] [102]. Moreover, the last frontiers of the solar cell evo-
lution is the study of quantum dots [103] and nanoporous or nanocomposite
materials [104] [105] [106].
The second approach studied is to evolve additional systems that allow the
solar cell to take advantage of the shortest wavelength radiation. In gen-
eral these systems are layers showing particular optical features as down-
conversion or down-shifting phenomena. Being these systems directly ap-
plied onto the solar cell they represent a passive approach because the solar
cell properties are not changed.

4.1 The down-shifting frame

The down-shifting is a type of passive approach based on the most elementary
fluorescent process to improve the photovoltaic yield; the first examples of
down-shifting were proposed in the seventies by A. Goetzberger et al. [107]
and by Hovel et al. [108]. The down-shifting is generally realized by putting
between the cover glass and the solar cell a layer that contains a luminescent
system. The luminescent species absorbs radiation at wavelengths mainly at
the edge between UV and VIS wavelength range and then emits photons at
longer wavelength inside the spectral region for that the solar cell shows the
highest properties of spectral conversion. Due to the presence of the down-
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shifting layer the number of photons reaching the solar cell is increased, the
number of charge carriers became greater and the spectral conversion too
(EQE is increased). Referring to the typical solar cell parameters (FF, ISC ,
and VOC) it is important to note the first effect of down-shifting process
is to increase only ISC of the cell but the VOC and the FF are unchanged.
Nowadays the research are oriented on the evolution of new passive LDS
(luminescent down-shift) materials but to be successfully applied on the field
of LDS some fundamental properties are needed to be fulfilled. The host
medium should possess these features [94]:

• high transmittance all over the wavelength range of maximum spectral
conversion for the cell;

• photostability (the performance must remain over 80% of the initial
along 20-25 years);

• they must be optimum environment for the hosting of the luminescent
species;

• not to be altered by the manufacturing process.

Differently luminescence elements must have the following characteristics
[94]:

• wide absorption band in the wavelength region of the lowest cell EQE;

• narrow emission band inside the region of the highest cell EQE;

• highest separation between absorption and emission band (no overlap);

• high absorption coefficient;

• luminescence quantum efficiency (LQE) close to the unity;

• photostability over 20-25 year at least.

In general the light absorption by the host, the luminescence quantum ef-
ficiency below the unity and the overlap between absorption and emission
bands represent the main limitations to the gain introduced by the LDS. Fur-
thermore, the presence of an additional layer inside the photovoltaic panel
can introduce other loss sources due to reflection of light between interfaces
and lateral losses too. At last it is important to take in account the economic
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aspect too; LDS materials must be as cheap as possible to make convenient
the production on a large scale.
Up to now various types of host have been studied and they range from the
organic matrix like poly-vinil-acetate (PVA) [109] or poly-metil-metacrylate
(PMMA) [110] [111] to the inorganic ones as CaF2 or Al2O3 [108] [112].
About the luminescence species, the most widely investigated as possible
candidate are: quantum dots (QDs), rare earth ions (RE) and organic dyes
(ODs).
Semiconductor quantum dots (QDs) possess very interesting luminescence
features. The QDs show high luminescence efficiency and tuneable optical
properties [113]: in fact, absorption features are related to the dimension of
the QDs and the size distribution affects the Stokes’ shift [114]. Some ex-
amples of QDs performances applied as down-shifting luminescent materials
can be done: silicon quantum dots hosted in glass and applied over c-Si solar
cells improve the cell efficiency of about 0.4% [115]; conversely, if the QDs
are hosted in SiO2 the solar yield seems not to increase [116]. CdSe QDs
rise up the efficiency of a mc-Si solar device between 6.3% and 28.6% as a
function of the illuminating spectrum [117].
RE element ions are studied in the field of LDS for their high luminescence
quantum efficiency; however, their main drawback is the low absorption co-
efficients [114]. Total absorption can be raised by increasing the RE layer
thickness and/or the RE ions concentration, on the meantime avoiding clus-
tering effects that heavily decrease the energy transfer phenomena and the
luminescent efficiency [118]. Furthermore, the luminescent emission can be
enhanced using an organic ligand acting as sensitizer or antenna for the RE
emitting species [113]; as a consequence, these systems are usually know as
rare-earth organic complexes or organolanthanide complexes. Due to the
organic ligand acting as sensitizer, these systems show large Stokes’ shifts
and self-absorption phenomena are completely avoided [119] [120] [121]. Ex-
perimentally, the RE-LDS materials efficiency varies with the solar cell used;
nevertheless, the Si-based cells result to be the most sensitive to the pres-
ence of a RE-LDS layer [114]. Europium seems to be the most interesting
luminescent RE in the down-shifting frame; for example Eu3+ ions hosted in
PVA layer onto a c-Si solar device generate a performance difference of 2.8%
[122] and of 9.5% if RE ions are placed in SiO2 [123]. The gain of 5% was
measured by using Sm3+ ions in KMgF3 host on a CdS/CdTe solar cell [124].
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Eu3+ phenantroline in ORMOSIL (organic modified silica host) changes the
c-Si performance of the 18% [125]. About the a-Si solar cell, Eu2+ ions in
CaF2 resulted in a performance difference of 50% [126] and Tb3+ bypyridine
in ORMOSIL host increases the performance by 18% [125].
Organic luminescent dyes have been studied for the spectral conversion too.
As shown by Richards et al. ODs are very useful to increase the solar cell
efficiency mainly at low wavelengths. ODs can be used alone or blended with
other ODs to enlarge the range of wavelengths absorbed [111]. Examples of
gain obtained using ODs in PMMA host are: rhodamine 6G (c-Si) 48% [127],
rhodamine 6G (GaAs cell) 3% [108], coumarine 540 (GaAs cell) 3% [108],
lumogen-F (violet570 + yellow083) (mc-Si) 0.3% [128], coumarine (polymer
solar cell) 0.7% [129] and lumogen-F (CdS/CdTe cell) 17% [111].
The study of LDS systems concerns also the valuation of the obtained gain by
the application of a LDS over a solar cell; in literature the theoretical calcula-
tion and/or the experimental gain estimation is often presented. Klampaftis
et al. in their review pointed out the problem of the solar cell yield testing.
They compared the results obtained by testing a multi-crystalline silicon cell
(mc-Si) covered by a PMMA layer doped with the optimum dye mix, using
different spectra for illumination of the solar device (the same was done using
a CdTe solar cell instead of mc-Si). The most important result is the evi-
dence that gain changes as a function of the incident spectrum [94]. Despite
PV community has established the standard method for the test is to use a
AM1.5G spectrum lamp [130] of 1 sun intensity (1000W/m2), in literature
this protocol is often not followed and a wide variety of spectra is used for
yield measurements. As a consequence, comparison among LDS systems is
complicated and it should be made with caution due to the large disparity of
the test condition employed [94]. Moreover, Klampaftis et al. outlined the
different observed results are due to the large variety of systems studied and
on the procedure used for the test too, for instance the solar cell used and
the comparison of the behaviour with the uncoated cell one, or the presence
of the anti-reflective coating (ARC) on the solar device. In general the effi-
ciency of a LDS results to be dependent on the solar cell where it is applied
and, in particular, to the EQE at low wavelengths of the solar device.
About the use of silver or copper ions inside the cover glass panels for down-
shifting application, Zakhidov et al. observed a gain of 1.6% when silver
inside phosphate glass is used as LDS [131]. An example of copper ions glass
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for down-shifting can be found in the work proposed by Gómez et al. but
they did not report a measurement of the gain obtained by this kind of LDS
[132].

4.2 The main objective

The aim of this work is to study the possibility to realize down-shifting
phenomena directly inside the solar cell cover glass panels by doping them
by ion exchange. Putting the luminescent element inside the cover glass, it
will be possible in principle to avoid the limits due to the introduction of
a supplementary layer over the cell because no additional lateral losses are
introduced; furthermore, the glass is in principle a chemical and mechanical
stable material, cheap and also it is a good environment for the dispersion of
luminescent TMs. The choice of taking advantage from ion exchange process
is another selling point because is a cheap, easy and widely studied technique.
Being this study somehow oriented towards a possible industrial application
of the doped glasses, it has been chosen to work on the glass type usually
used for the photovoltaic panels. These panels are made of soda-lime glass
(table 4.1) produced by float process (Pilkington S.p.A).

Component Atomic %

O 60.3
Si 24.9
Na 8.9
Ca 3.3
Mg 2.2
Al 0.2
K 0.2
Zr >0.01
Cl >0.01
Ti >0.01
Fe >0.01

other elements traces
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Table 4.1: Pilkington glass composition.

4.3 The float glass

Nowadays the glass slides are produced mainly by float manufacturing pro-
cess also known as Pilkington method. The innovative characteristics of this
process is that it makes possible to obtain glass slides with virtually parallel
surfaces and high optical features in a relatively easily way without me-
chanical processes. In this process, after the furnace, the fused glass passes
continuously over a fused tin bath under controlled environment condition of
temperature, atmospheric pressure and composition. The fused glass floats
and spreads itself over the tin bath forming parallel and levelled surfaces; the
glass side not directly in contact with tin bath are also fire polished. During
the floating the diffusion of tin inside the glass occurs because it is favored
by the high temperature and the concentration gradient realized between the
tin bath and the glass. The resulting penetration of tin is determined by the
manufacturing conditions in terms of temperature profile, impurity in the
atmosphere and inside the tin bath, time of contact between glass and bath
[133]. The tin contamination is not avoidable and it represents the major
drawback of float process; for that reason float glass is studied to understand
how the tin can affect the physical and structural properties of glass as well
as how to control the tin diffusion for tailoring the final characteristics. For
example Hayashi et al. [134] have observed the tin concentration is the main
parameter affecting the mechanical properties. Moreover they have detected
the role of tin on the ion exchange reactions at the basis of the weathering
phenomena. Takeda [135] has investigated the tin effect on silver and oxygen
diffusion inside float glass. He observed the diffusion rate is different for both
glass sides and the oxygen diffusion is inhibited due to the reaction with the
Sn ions. Moreover he collected the silver SPR signals only on the tin side
of glass as the result of redox interaction of silver with tin. Zhang and co-
workers [136] proposed a model to describe the tin diffusion with the aim of
using it to control the real diffusion process during the floating. Dimitrova
et al. [137] obtained the coloration of float glass with no need to any re-
ducing agent. They exposed the glass at CuCl fumes and they observed the
reduction of copper favored by the presence of tin. A similar study on the
coloration of float glass doped by silver and copper was done by Dimitriev
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et al. [138].

4.4 The choice of dopant species

The choice of the TM used for the glass doping by ion exchange was done
following these criteria:

• luminescent properties compatible with the down-shifting process;

• diffusion properties;

• the glass after the doping should show high optical quality in terms of
transparency and less coloration as possible.

On the basis of optical properties and of diffusion features both silver and
copper could be good candidate and for that some preliminary ion exchange
experiments were done. The silver optical features have already resumed on
the chapter 3; the copper optical feature are resumed hereinafter.

4.5 The copper optical features

Copper in a glass matrix shows three different optical absorption bands in
function of the redox state. In general, to Cu+ ions is associated a typical
absorption signal placed around 280 nm [139] [140] while Cu2+ ions generate
a broad absorption band spread between 790 nm and 810 nm [141] [142].
Differently if copper nanoclusters are embedded inside a glass a SPR band
is expected around 560 nm [143].
The luminescence features of copper in glass are already known and a widely
literature exists. When an UV light is used for excitation, cuprous ions ex-
hibit a blue-green emission around 520 nm generated by the 3 d94 s1 → 3 d10

transition [144]. This band is influenced by the hosting matrix [145] and
by the local atomic order [146]; in pure porous silica two bands at 430 nm
and 490 nm are found from copper inside cubic site and octahedral distorted
site respectively [147] [148]. Ti et al. [149], in relation to a strong emission
around 510 nm, found a band between 260 nm and 310 nm on the excitation
spectrum associated to the absorption of Cu+ ions inside an octahedral site
tetragonal distorted. Fujimoto et al. [150] recorded an emission band around
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550 nm that changes in shape and intensity if the excitation wavelength is
changed between 270 nm and 350 nm; from the PLE analysis the absorption
band due to Cu+ ions resulted centred around 260 nm and 290 nm. At last,
when an excitation wavelength around 320 nn is used in presence of cop-
per, an emission over 600 nm (orange-red emission) could be observed; this
band has been associated to the formation of structures like (Cu+)2 (cop-
per pairs) and it was detected for copper ions in glass, crystalline CuLaO2

and CuZr(PO4)3 too [59] [151] [152] (also demonstrated by computational
calculation [153]).

4.6 Silver: first attempts

4.6.1 Experimental

To dope the PV glass panels, Ag+-Na+ ion exchange has been realized by
immersion of the matrix inside a fused AgNO3:NaNO3 (1:99) salt mixture.
The exchange was performed at the temperature of 320 ◦C for 60 minutes
following two different procedures: some samples were doped by immersion
inside the fused salt (indicated as ‘dipped’) while other glass slices were
doped floating on the bath surface, with the tin rich side not in contact
with the bath. After the doping, some samples were annealed in air at the
temperature of 350 ◦C for 1 h or 16 hours or at the temperature of 400 ◦C
for 1 h.

4.6.2 Results

The optical absorption spectra of the samples exchanged by dipping or by
floating are reported in figure 4.1. Considering the dipped samples, the as-
exchanged glass shows a red-shift of the UV absorption edge generated by
the intraband transition of silver ions. The same result was obtained for the
as-exchanged sample prepared by floating, but in the case of dipped sample
the edge shift is higher due to both the contribution of two surfaces to the
total absorbance and the possible presence of small aggregates, like (Ag3)

2+.
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Figure 4.1: Optical absorption of cover glass doped by floating (panel a) or
by dipping (panelb) in AgNO3:NaNO3 (1:99) salt bath, and subsequently
thermal treated.

The spectra of the floating samples annealed at temperature lower than
400 ◦C show only the increment of the absorption over 350 nm associated
to the silver complexes absorption. In case of the dipped samples, after the
thermal treatment a well-defined band at 430 nm is present which can be
attributed to the SPR of silver aggregates.
The optical absorption spectra of the samples showing the SPR band have
been simulated by means of the Mie’s model to get information about the
mean size of the embedded silver nanoparticles. The Mie’s model gives an
analytic expression of the extinction cross section (σext) to describe the op-
tical response of composite systems form by metallic nanoclusters embedded
in dielectric media. The theory has been evolved for diluted system (i.e., for
metal filling factor Vcl �1) and for spherical metal particles of radius R much
lower than the incident light wavelength (usually few nm of size); the latter
condition defines the so-called quasi-static regime. In this regime, the metal-
lic nanoparticle experiences the electric field of the incoming electromagnetic
wave as constant in space but variable in time; as a consequence, the inter-
action between light and particle induces a rigid oscillation of particle free
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electrons with respect to the particle centre, thus originating an oscillating
electric dipole (dipole approximation). Moreover in the quasi-static regime
it is possible to neglect the effects related to the multipole momentum (for
instance, magnetic dipole and electric quadrupole moments) simplifying the
description. The expression for σext in the Mie’s theory is:

σext(ω) = 9
ω

c
ε3/2m Vcl

ε2
[ε1(ω) + 2εm]2 + ε2(ω)2

(4.1)

where Vcl is the filling factor (also called volume fraction) of the metallic
nanoparticles, εm is the dielectric function of the host transparent medium
(in this case εm is simply the square of the refractive index), ε1(ω) and ε2(ω)

are the real and the imaginary part of the metallic nanoparticle dielectric
function, respectively. The maximum value of the extinction cross section is
attained when the denominator of equation 4.1 reaches its minimum value;
in most cases it simply happens at the frequencies for which:

ε1(ω) + 2εm ∼= 0 (4.2)

and so when :

ε1(ω) ∼= −2εm (4.3)

The frequency that minimizes the denominator corresponds to the SPR band
detected in metal nanocluster composite glasses. The real and imaginary
part of the metallic nanoparticle dielectric function ε(ω) in equation 4.1 can
be obtained by the following relation 4.4, starting from the bulk metallic
dielectric function: the dependence of the metallic dielectric function from
the nanoparticle radius R is introduced to take into account quantum con-
finement phenomena in case of particle size less than the electron mean free
path (i.e. usually less than 10 nm).

ε(R,ω) = εbulk(ω) + ω2
p

(
1

ω2 + Γ2
− 1

ω2 + Γ(R)2

)
+

+ i
ω2
p

ω

(
Γ(R)

ω2 + Γ(R)2
− Γ

ω2 + Γ2

) (4.4)

where: ωp the plasma frequency, Γ is the experimental damping constant of
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the bulk metal and
Γ(R) = Γ + a

vf
R

(4.5)

(where a is a geometrical constant of value close to the unity and vf is
the Fermi velocity). The simulation of the experimental SPR bands has
been done by using the expression proposed by Quinten for the bulk silver
dielectric function [154]; we obtained a mean particle diameter of 1.6 nm,
1.8 nm, and 2.0 nm for the samples 350 ◦C-1 h, 350 ◦C-16 h, and 400 ◦C-1
h respectively.
Photoluminescence spectra were recorded by using an excitation wavelength
of 260 nm (figure 4.2 a). As it can be seen, the spectra are characterized
by the presence of the blue emission (420 nm) generated by silver pairs;
this emission increases its intensity after thermal treatments. The same
analyses, performed on the tin contaminated side of the dipped samples, did
not show this feature, probably because the reduction of Ag+ and the silver
aggregation to form metal particles leave a very low amount of silver pairs
inside the matrix.
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Figure 4.2: PL spectra (panel a, λexc.= 260 nm) and PLE spectra (panel b,
λemis.= 430 nm) of cover glass doped by AgNO3:NaNO3 (1:99) salt bath.
The sharp peak close to 2λexc. in the PL spectra is an unfiltered spurious
signal due to the Xe lamp.

From the excitation spectra (figure 4.2b) it results that the blue band is
excited mainly in the UV region and between 300 and 425 nm, showing a
shift at higher wavelengths after thermal annealing. Increasing the excitation
wavelength from 260 nm to 340 nm, the annealed samples exhibit the PL
band around 600 nm (figure 4.3a); this band can be associated to the typical
orange emission generated by the formation of silver complexes (like (Ag2)+,
(Ag2)2+, (Ag3)+ and (Ag3)2+) .
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Figure 4.3: PL spectra (panel a, λexc.= 340 nm) and PLE spectra (panel b,
λemis.= 550 nm) of cover glass doped by AgNO3:NaNO3 (1:99) salt bath.

This emission increases with the annealing temperature; in particular for
the 350 ◦C samples the intensity does not depend on the annealing time,
as previously observed for the pairs band, while it is higher for the sample
treated at 400 ◦C for 1 h. The PLE related spectra (figure 4.3 b) show
a broad and intense absorption band around 350 nm. These PLE and PL
spectra outline how both the pair and the aggregate signals can absorb the
light in the 300-400 nm wavelength range with a consequent emission in
the visible range, which is quite interesting for the modification of the solar
spectrum for commercial photovoltaic panels.

4.7 Copper: first attempts

4.7.1 Experimental

The copper doped PV panels were realized by using two different salt bath:
a CuSO4:Na2SO4 mixture at the eutectic composition (45:55) at the tem-
perature of 550 ◦C for 20 min and a CuCl:ZnCl2 mixture (11:89) at the
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temperature of 350 ◦C or 400 ◦C for different times between 20 min and
16 h. For both the copper salts used the glasses were doped by totally
immersion. After the exchange no systematic heat treatments in air were
performed.

4.7.2 Results

After the doping by CuSO4:Na2SO4 salt bath, the glass resulted transparent
but colored by green and red. The optical absorption spectrum for this
sample is proposed in figure 4.4; the absorption profile shows the copper
nanoparticles SPR signal at 560 nm which lowers the glass transparency in
the visible region, with a detrimental effect for solar applications. The well-
defined absorption band around 700 nm could not be associated to the Cu2+

ions because in general cupric ions absorption originates a very broad band
placed over 700 nm. The signal recorded under 700 nm could be ascribed to
some multipolar effects as consequence of the dimension and/or a possible
non-spherical shape of the copper nanoparticles: actually, a simulation (in
the Mie frame, for spherical nanoparticles) of the SPR peak centred around
560 nm suggested a mean copper particle radius well over 10 nm.
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Figure 4.4: Optical absorption of cover glass doped by dipping in
CuSO4:Na2SO4 at the eutectic composition (45:55 % mol.) and at the tem-
perature of 550◦C for 20 minutes.

Due to the strong coloration and the high absorption feature of this sample,
the CuSO4:Na2SO4 bath has been discharged.
As reported on the experimental part PV glass panels were also doped by
the CuCl:ZnCl2 mixture. Nebolova et al. [155] have already studied this salt
bath, obtaining a glass mainly doped by Cu+ ions (the optical absorption
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analysis showed only a red-shift of the glass edge). They justified this fact
invoking the capability of Zn2+ of preventing the oxidation of cuprous ions.
After immersion in CuCl:ZnCl2 salt bath the Cu atomic percentage was
measured by RBS. At the sample surface the copper is around 1 atomic %
and after 20 min of ion exchange at 350 ◦C the Cu-doped region is extended
over 2 μm in depth. Looking for the increasing of the dopant concentration, it
has been chosen to realize exchanges at the temperature of 400 ◦C. Actually,
from simulation of the RBS profile collected in the sample exchanged for 4
hours at 400 ◦C, the Cu depth profile resulted quite flat within the probed
region, suggesting that the whole exchanged layer should be of some tens
of microns. For the sample exchanged at 400 ◦C the RBS analysis was
performed on different points of the surface too. By these studies it has been
evidenced the surface accumulation of either Cu or Zn forming large opaque
island on the glass surface as showed by the scanning electron microscopy
analysis (most probably zinc chloride, as suggested by the energy-dispersion
spectrometry analysis, EDS). The formation of ‘salt islands’ is generated by
the interaction between the fused salt and the glass surface (figures 4.5 and
4.6).

Figure 4.5: SEM image of the sample 400 ◦C-4 h, magnification 100X; on
the top of the image the dipped part of the sample and in the bottom the
not dipped part.
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Figure 4.6: SEM image of the sample 400 ◦C-4 h, magnification 1000X; on
the top of the image the dipped part of the sample and in the bottom the
not dipped part.

The presence of ‘salt islands’ represents a negative feature for the appli-
cation of the doped PV panel as LDS because they lower the surface optical
quality and also they could partially avoid the Cu ions penetration inside
the matrix. The optical absorption spectra for some Cu-doped samples ob-
tained by ion exchange in CuCl:ZnCl2 are reported in figure 4.7. As it can
be observed, only a red shift of the glass cut-off and a small increasing of
optical density over 350 nm are noticeable; these features show that the cop-
per seems to be mostly present in 1+ oxidation state. The higher absorption
recorded at higher wavelengths for the sample exchanged at 400 ◦C can be
associated to the light scattering from the salt islands before discussed.

Figure 4.7: Optical absorption of cover glass doped by CuCl:ZnCl2 bath.

The fluorescence spectra recorded with λexc =260 nm are reported in
figure 4.8 l a; all the PL spectra show the Cu+ ions green emission band
(peaked around 500 nm) to whom corresponds an excitation band around
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250-310 nm in the PLE analyses (figure 4.8 b). For exchange times higher
than few hours, the PL intensity decreases and the absorption increases
probably due to the quenching effect generated by the presence of bivalent
Cu ions [150].

Figure 4.8: PL spectra (panela, λexc.= 260 nm) and PLE spectra (panelb,
λemis.= 510 nm) of cover glass doped by CuCl:ZnCl2 salt bath. The sharp
peak close to 2λexc. in the PL spectra is an unfiltered spurious signal due to
the Xe lamp.

Recording the PL spectra using a light of 340 nm for excitation (figure
4.9) only the sample exchanged at 400 ◦C and the glass doped at 350 ◦C
and annealed at 500 ◦C for 1 h show an emission band centered around 600
nm. This band can be related to the presence of copper pairs, as discussed
before..
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Figure 4.9: PL spectra (λexc= 340 nm) of cover glass doped by floating in
CuCl:ZnCl2 salt bath.

So, it can be concluded that high process temperatures promote the
formation of copper dimers. Considering the luminescence trend recorded,
the best condition for the copper emission seems to be the realization of
exchange of short duration.

4.7.3 X-ray Absorption Spectroscopy (XAS) analysis

The samples doped by CuCl:ZnCl2 bath have been studied by XAS analysis
in order to investigate the copper oxidation states. Soda-lime glasses doped
with CuCl:ZnCl2 and studied by XAS were previously described by Lee et
al [156]. After few days of doping they found the copper mostly under the
monovalent state and the coordination number was found to be variable, in
same case similar to Cu2+ ion. XAS analyses of soda-lime glasses doped
with a CuSO4:Na2SO4 were done too. By taking advantage of the grazing
incidence approach, it has showed that the Cu+/Cu2+ ratio is not constant
along the exchange layers; in particular the Cu2+ ions resulted concentrated
mainly inside the first layers of the exchanged glass [157]. Maurizio et al.
showed that the Cu+ characteristic pre-peak XAS intensity can be influenced
by the O−Cu−O angle [158]. The X-ray absorption near edge structure
(XANES) spectra of the four samples analyzed are reported in figure 4.10;
in the same picture the XANES spectra of the Cu, CuO and Cu2O standards
are included. Observing the evolution of the recorded profile it is possible to
notice a modification of the Cu K-edge with the increasing of the exchange
duration.
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Figure 4.10: Cu K-edge XANES spectra of copper doped PV panels obtained
by CuCl:ZnCl2 bath.

The pre-peak placed at 8982 eV (focusing on the spectra of Cu2O stan-
dard) is characteristic of Cu+ ions. This signal is clearly visible for the
sample 350 ◦C-4 h and then it decreases with the increasing of the duration
of doping. Furthermore, the spectra recorded have been simulated with a
linear combination of the standard XANES profiles as proposed for instance
by Gonella et al. [157]; this operation lets us to do an evaluation of the ratio
between the different oxidation state of the dopant ions inside the doped
glass. The results are resumed in the following table (table 4.2).

Cu0 Cu+ Cu2+

350 ◦C-4 h <0.2 0.6-0.8 0.1-0.3
350 ◦C-8 h <0.2 0.5-0.7 0.2-0.4
350 ◦C-16 h <0.1 0.2-0.4 0.6-0.8
400 ◦C-4 h <0.2 >0.8 <0.1

Table 4.2: Cu oxidation state fractions evaluated form the K-edge XANES
simulation.

It can be noticed that, by increasing the process duration, the amount of
Cu2+ increases at the expense of the Cu+ ions, while if the exchange tem-
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perature is increased an opposite trend occurs. In spite of the presence
of copper in the +2 oxidation state, the absence of Cu2+ optical absorption
band (in the optical absorption spectra of the 350 ◦C samples) is consequence
of the small total amount of dopant ions in our glass (the total amount of
copper inside our 350 ◦C samples is lower than 1017 atoms/cm2, as obtained
by RBS data).

4.8 Solar cell power measurements

The capability of the doped PV panels to act as a LDS has been tested by the
measurement of the output power of a solar cell covered by the doped glasses
and illuminated with a solar simulator. For the samples proposed until now
the I vs V test has been collected by a solar simulator (Abet technologies-sun
2000) located at the “Legnaro National Laboratories (LNL)-INFN” equipped
with a GaAs small solar cell (fill factor 0.77). Some examples of the most
representative samples are showed in figure 4.11.

Figure 4.11: Comparison between the power produced by PV cell cov-
ered by some glasses doped with Ag (floating) and with Cu-doped glasses
(CuCl:ZnCl2 bath).

Focusing on the silver doped glasses, the dipped and the annealed samples
gave poor results if compared to the untreated glass. That can be justified
on the basis of the marked optical absorption in the visible region gener-
ated by the tin oxo-reduction action that promotes the silver precipitation
to form nanoparticles (for the dipped glass) and by the annealing induced
silver aggregation. The floated slide gives the best result despite the mea-
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sured power is slightly lower than for the untreated glass. For the samples
exchanged with CuCl:ZnCl2 salt bath, the two best performing were resulted
to be the 350 ◦C-20 min and the 350 ◦C-3 h: for this last the increment of
the maximum output power with respect to the virgin PV glass is of 2%.
The Cu-PV panels exchanged for times longer than 3 h, give rise to curves
comparable to the reference one within the experimental errors. In fact for
these samples the XANES analyses showed the increasing of the Cu2+/Cu+

fraction: the quenching effect of the Cu2+ presence on the Cu+ emission
could be the principal reason for this result [159]. The samples doped at
400 ◦C for 4 h increased the output power no more than the 350 ◦C-20 min
sample, even if the dopant species seems to be present mainly as Cu+. The
reason for this result could be found on the presence of salt islands that
reduces the optical quality of the sample surfaces, thus increasing the light
scattering.

4.9 General considerations

From this preliminary study it results that both silver and copper doped
glasses (exchanged by CuCl:ZnCl2) are able to realize the down-shifting con-
version of light. Despite that, in case of silver doped glasses the reduction of
the dopant and the precipitation of silver nanoparticles are the major draw-
backs because they increase the visible absorption. The photoluminescence
quantum yield (PLQY) was measured for the as-exchanged glass realized by
floating; due to the small signals recorded, it was estimated an upper limit
for the PLQY close to the 0.5% (λexc=280 nm). The copper doped glasses
are promising too. In this case the presence of cupric ions resulted to be the
limiting parameter owing to its capability to quench the green emission of
cuprous ions. The PLQY has been evaluated also for the glass doped with
copper at 350 ◦C for 3 h; the PLQY is ≤ 0.4 % (λexc=280 nm). With the
aim to continue the study about the application of TM doped glasses by ion
exchange for down-shifting application, the key role point seems to be the
increasing of copper concentration avoiding the cupric ions formation. For
that CuCl:ZnCl2 seems to be the most suitable salt bath but it is important
to preserve the optical quality of the glass surfaces too. About the silver, the
most promising method seems to be the control of the luminescent species
formation, on the meantime avoiding the nanoparticles formation. The study
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has been then continued following these directions. In particular, in the fol-
lowing a study about the optimization of the luminescence silver properties
is presented. About the copper, being one of the most interesting samples
the glass exchanged at 400 ◦C due to its intense emission and low presence
of Cu2+ ions, it has been chosen to explore this temperature with the aim
of improving the dopant concentration and the green luminescence, being
aware of the surface quality.
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CHAPTER 5

Silver doped silicate glasses for solar cells covering

One of the most recently published paper on silver doped glasses was done
by Simo et al. [53]. In this work they studied the growth mechanism of sil-
ver aggregates inside Ag-doped silicate glass. They showed that the cluster
formation is mainly affected by two factors: the annealing conditions after
the ion exchange and the number of the non bridging oxygens (NBOs) in
the glass structure. The control of the average size of the silver aggregates
is actually devoted to temperature and time of the post-synthesis thermal
treatment, while the NBOs have the task of reducing agent for the silver
ions. Moreover, one of the most interesting evidence they have taken out
by their research is the existence of a threshold annealing temperature to
whom the growth process and the final dimension of the silver aggregates
depend. They found for their Ag-doped silicate glass the threshold annealing
temperature to be 410 ◦C. Below 410 ◦C, the formation of molecular cluster
of diameter less than 1 nm, mainly dimers or trimers, was observed; these
molecular clusters are stable inside the glass matrix and do not dissolve.
Above the threshold temperature, the grown of nanoparticles of size larger
than 1 nm is attained.
In the previous pages, a starting study of silver doped glasses for down-
shifting application is reported. From the preliminary attempts, the silver
showed to possess the right luminescent properties but the major drawback
resulted to be the high absorption of the doped glasses, mainly related to the
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formation of silver nanoaggregates. Considering what has been proposed by
Simo et al. [53], the determination of the threshold temperature Tth for our
Ag–doped glasses could be the right way to maximize their down–shifting
properties by a suitable thermal treatment after the ion exchange. In fact by
carefully controlling the thermal treatment after the doping, a better control
of the glass luminescence and absorption can be achieved by increasing the
formation of silver dimers, trimers and very small clusters, and by avoid-
ing high concentrations of silver nanoaggregates, these lasts detrimental to
the glass transparency due to their well known surface plasmon resonance
(SPR) absorption band centred around 400 nm of wavelength. So, the aim
of the following approach is to look for the right conditions (Ag salt bath
concentration, post–synthesis annealing temperature and duration time) to
obtain the most useful down-shifting properties. To do this, tin-free soda-
lime glasses were used to avoid the tin influence on the dopant redox state;
the composition of the glass is reported on table 5.1.

Component Atomic %

O 59.6
Si 23.9
Na 10.2
Ca 2.4
K 0.5

Mg 2.6
Al 0.8
Ti traces

Table 5.1: Composition of the soda-lime glass used in this study.

5.1 Experimental

Ag+-Na+ ion exchanges were performed by dipping soda-lime slides inside
a molten salt bath of AgNO3:NaNO3 (1:99) for 1 h at the temperature
of 320 ◦C. Moreover, some soda-lime slides were doped by dipping inside
AgNO3:NaNO3 mixture concentrated at the 0.1% mol. of AgNO3; the ex-
change temperature and the duration were unchanged. After the doping
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the doped glasses were thermal treated in air at the temperature of 380 ◦C,
410 ◦C or 440 ◦C; for each temperature of annealing three different duration
were explored: 1 h, 4 hours and 16 hours. After that the samples have been
studied by optical absorption, photoluminescence spectroscopy and by the
P vs V cell test.

5.2 Characterization and results

5.2.1 AgNO3:NaNO3 0.1% mol. bath

The optical absorption spectra are reported in figure 5.1; as it can be seen,
not particular absorption bands are present probably due to the low amount
of silver inside the glass.
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Figure 5.1: Optical absorption spectra of soda-lime glasses doped by
AgNO3:NaNO3 0.1% mol. salt bath and thermal treated.

The luminescent study of the samples has been done under similar con-
ditions already used and reported for the same analyses presented in the
previous chapter. Exciting the samples with a wavelength of 260 nm, the
characteristic emission generated by the presence of the Ag+-Ag+ pairs was
detected (figure 5.2). The highest intensity is recorded for the as-exchanged
sample; after the annealing the emission band changes in intensity and po-
sition too. It is interesting to note the maximum of the emission results
blue-shifted with the increase of the temperature of annealing and/or in-
creasing the treatment duration.
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Figure 5.2: Emission spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 0.1% mol. salt bath and thermal treated; λexc= 260 nm.
The sharp peak close to 2λexc. in the PL spectra is an unfiltered spurious
signal due to the Xe lamp.

The highest intensity is recorded for the as-exchanged sample; after the
annealing the emission band changes in intensity and position too. It is in-
teresting to note the maximum of the emission results blue-shifted with the
increase of the temperature of annealing and/or increasing the treatment
duration. The band detected is placed around 350 nm and can be ascribed
to isolated silver ions. This could be due to a decrease of the surface sil-
ver concentration as a consequence of diffusion phenomena introduced by
the thermal annealing. The related PLE spectra (figure 5.3) show the Ag
absorption band under 350 nm and mainly concentrated under 300 nm.
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Figure 5.3: Excitation spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 0.1% mol. salt bath and thermal treated (λemis.= 450 nm,
blue band).

The orange emission trend collected under λexc =350 nm is resumed
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5.2. Characterization and results

in figure 5.4; in this case the band is placed close to 500 nm. Generally
speaking the glasses treated for 4 hours show the best intensity, moreover
the highest intensity is recorded for the sample 410 ◦C-4 h. Differently, the
glasses treated for 16 h show the less intense signals. PLE analyses (figure
5.5) are characterized by the presence of the absorption band between 350
nm and 400 nm. This band shows the same trend intensity of the PL orange
band.
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Figure 5.4: Emission spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 0.1% mol. salt bath and thermal treated; λexc.= 350 nm.
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Figure 5.5: Excitation spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 0.1% mol. salt bath and thermal treated (λemis.= 550 nm,
orange band).

5.2.2 AgNO3:NaNO3 1% mol. bath

The optical absorption evolution as a function of the annealing parame-
ters is reported (figure 5.6); from the as–exchanged sample, the changes
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5.2. Characterization and results

are more marked for annealing at higher temperatures as well as at longer
times. The glasses treated at 380 ◦C are characterized by an absorption
band located around 350 nm; this feature could be related to the absorp-
tion by sub-nanometric silver multimeric complexes [53] [160]. At 410 ◦C
the same absorption band around 350 nm was found; in this case the most
intense absorption is observed for the sample treated for 4 h indicating the
highest formation of absorption species obtained with this treatment. The
glasses treated at 440 ◦C are the most absorbing samples and the absorption
increases in intensity by increasing the annealing duration, indicating the
progressive formation of silver aggregates inside the samples; the presence of
small nanoparticles could not be neglected due to the faint slope changing
over 400 nm in case of 440 ◦C-16 h.
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Figure 5.6: Optical absorption spectra of soda-lime glasses doped by
AgNO3:NaNO3 1% mol. salt bath and thermal treated.

In the perspective to use these glasses as cover for PV cells, a good
transparency is required: for that, the worst samples seem to be those treated
at 440 ◦C for the longer times and the 410 ◦C for the medium time.
The luminescence spectra obtained at λexc=260 nm show the typical blue
emission of Ag+-Ag+ pairs. The samples series treated at 410 ◦C is the only
one showing an increasing of blue band intensity with the annealing duration,
and the sample treated for 16 h shows the most intense emission (figure 5.7).
The PLE spectra related to the blue emission (figure 5.8) evidence that the
silver pairs absorb mainly under 400 nm and in particular for the samples
410 ◦C-16 h, 440 ◦C-16 h, 440 ◦C-4 h and 380 ◦C-16 h an absorption peak
is clearly noticeable around 350 nm.
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Figure 5.7: Emission spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 1% mol. salt bath and thermal treated; λexc.=260 nm. The
sharp peak close to 2λexc. in the PL spectra is an unfiltered spurious signal
due to the Xe lamp.
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Figure 5.8: Excitation spectra of glass doped by dipping in AgNO3:NaNO3
1% mol. (λemis.= 450 nm, blue band).

Using an excitation wavelength of 350 nm it has been recorded the orange
emission (charged silver multimers); also in this case the 410 ◦C series is
characterized by a trend different form the other two series and, as observed
in case of blue emission, the doped glass treated for the longest time shows
the highest intensity (figure 5.9). From the PLE spectra the absorption
related to orange band result placed under 400 nm but a faint absorption is
presence well above 400 nm; the most absorbing samples are the 440 ◦C-16
h and the 410 ◦C-16 h (figure 5.10).
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Figure 5.9: Emission spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 1% mol. salt bath and thermal treated; λexc.=350 nm.
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Figure 5.10: Excitation spectra of soda-lime glasses doped by dipping in
AgNO3:NaNO3 1% mol. salt bath and thermal treated (λemis.= 600 nm,
orange band).
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5.3 Photoluminescence quantum yield measurements

Table 5.2 summarizes the PLQY values measured at λexc=350 nm (recorded
emission in the 380–750 nm region) for the most interesting samples doped
with the 1 % mol. silver bath.

Silver bath Treatment PLQY

0.1 % 440◦C 4 h 5%
1 % as-exc. 2 %
1 % 380◦C 4 h 17%
1 % 410◦C 1 h 14%
1 % 410◦C 4 h 8%
1 % 410◦C 16 h 26%
1 % 440◦C 1 h 13%

Table 5.2: Photoluminescence quantum yield measured at λexc.= 350 nm.

Starting from the as–exchanged glass (PLQY about 2%) the subsequent ther-
mal treatments help to increase the PLQY as a consequence of the formation
of the useful Ag luminescent aggregates. At the annealing temperature of 380
◦C, the most interesting samples is the 380 ◦C–4 h (PLQY 17%) suggesting
that at this temperature the formation of large silver aggregates is prevented,
thus favoring the anyways slow formation of silver dimers, trimers, and small
multimers. The samples annealed at 410 ◦C exhibit a marked increase of the
PLQY showing once again that the best–performing sample is obtained af-
ter 16 h of annealing. For this series of samples the 410 ◦C–4 h exhibits
again an unclear behaviour; the low PLQY recorded could be associated to
the presence of important auto–absorption phenomenon. The silver doped
glass treated at 440 ◦C-1 h shows a interesting improvement of PLQY; in
this case the shortness of the thermal treatment induces the formation of the
“right” Ag aggregates without significant formation of larger silver precipi-
tates, which are detrimental due to their high absorption and low emission.
About the samples exchanged with the less silver concentrate bath, only the
glass treated at 440 ◦C-4 h has been analyzed; the PLQY is very low proba-
bly suggesting once again the dopant concentration is too low to permit an
useful light conversion.
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5.4 Solar cell power measurements

Taking into account the experimental findings, we expect that the best per-
formance of our glasses should be obtained by the samples that showed the
highest PL emission intensity and, on the meantime, the lowest absorption:
the best–performing sample is expected to be the 410 ◦C–16 h. The perfor-
mance of the Ag–doped silicate glasses as PV cell cover was evaluated by
the setup acting as a solar simulator described in the chapter 2. Placing the
doped slides on the Si solar cell the output power has been extracted from
the I vs V measurement. The results are summarized in figures 5.11 and
5.12.
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Figure 5.11: Power produced by soda-lime glasses doped by AgNO3:NaNO3
0.1% mol. salt bath and thermal treated.
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Figure 5.12: Power produced by of soda-lime glasses doped by
AgNO3:NaNO3 1% mol. salt bath and thermal treated.

The obtained curves show that up to now none of the Ag–doped glasses
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is able to increase the cell yield; in fact, the output power is always less than
the power produced by the cell covered with the undoped glass. The worst
results have been obtained for the samples treated at 440 ◦C for the longest
times, and the 410 ◦C–4 h one. About the firsts two, the bad behaviour
is probably related to high absorption showed by these samples due to a
notable formation of sub–nanometric silver aggregates (i.e., made of more
than few atoms): these structures are strongly absorbing, inducing a loss of
transparency without a significant down-shifting effect. About the 410 ◦C–4
h sample, its behaviour is really unclear and it needs additional investiga-
tions. As far as the other samples, they show a similar behaviour: probably,
the annealing treatment cannot increase significantly the formation of silver
luminescence aggregates. At last the best-performing, as expected, is the
sample annealed at 410 ◦C for 16 hours.

5.5 Discussion

What appears by the characterization exposed is that up to now the power
produced by the cell when the doped and annealed glasses are used as covers
is close to the power produced with the undoped glass. The results obtained
by the luminescent study could be interpreted assuming the coexistence of
two different processes activated by the thermal treatment: the dilution ef-
fect due to the silver diffusion through the matrix and the growth of silver
luminescent aggregates. Referring to the samples exchanged with the 0.1%
Ag bath, the amount of dopant ions inside the glass is limited. Probably
as a consequence of the low silver concentration, during the annealing the
diffusion counteracts the formation of silver aggregates and it becomes the
most important phenomenon. The presence of the UV emission of isolated
silver ions on the PL spectra (λexc=260 nm) support this hypothesis. In the
case of glasses exchanged with the 1% Ag bath and treated at 380 ◦C and
440 ◦C the blue emission (silver pairs) and orange emission trend show an
improvement of the emitted light with the increasing of annealing time from
1 h to 4 h and then a decrease is recorded. Differently, the PL emissions from
the glasses treated at 410 ◦C grows up with the time of annealing. At 380
◦C the formation of the first luminescent silver aggregates takes place; the
increasing of the PL intensity from 1 h to 4 h of treatment at 380 ◦C is due to
the rising of the luminescent species number. Differently, the reason for the
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decrease of the PL intensity recorded in case of the sample treated for the
longest time (380 ◦C-16 h) could be justified by considering concentration
quenching mechanisms of the luminescent emission. Concentration quench-
ing is a phenomenon observed in organic and inorganic system, consisting on
the decrement of the emission intensity when the luminescent centers con-
centration is above a critical value [161]. This phenomenon has been widely
studied; despite a general explanation does not exist yet, the principal pro-
cesses invoked to justify this type of quenching are: formation of luminophor
aggregates with not luminescent properties (nonluminescent polymers), colli-
sional quenching between luminescent species, non-radiative energy transfer
between an excited species to an unexcited one separated by large distance,
and resonance energy transfer between luminophores (fluorescence resonance
energy transfer, FRET [162]) [163] [164]. In general, these theories have in
common that the quenching needs a reduced distance between luminescent
centers to occur, condition verified when the centers concentration is high
[161] (or when the interaction between fluorophores is diffusion-controlled
[165]). Probably in case of 380 ◦C-16 h sample, the thermal treatment du-
ration increases the formation of luminescent silver aggregated but - at the
same time - the low temperature makes the ions diffusion very slow. Being
the luminescent species concentrated in a small portion of sample volume,
it is possible to assume that the condition of proximity among luminescence
centers is attained and the quenching can occur. At 440 ◦C the tempera-
ture is sufficiently high to induce the formation of the first silver precipitates
(probably over 1 nm in size) that do no possess luminescent properties. In
fact, for these samples the optical absorption analyses showed an increment
of optical density over 410 nm (the starting seed of the SPR band of the
silver nanocluster). The temperature of 410 ◦C seems represent the best
condition to that corresponds the best equilibrium between the formation of
luminescent aggregates and dilution effect (this last decreasing the probable
quenching effects). Although the PLQY analyses were collected only for a
small number of samples, the results appear to be in agreement with this
hypothesis.
In order to estimate the right value of the Tth of the exchanged samples, a
statistical fitting approach has been used (Statistica 8.0) to study the pos-
sible variation of PL emission. This was done by referring to the orange
emission (λexc=350 nm; wavelength recorded range: 400-700 nm). The PL
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area of the spectra recorded as a function of the t and T values has been
evaluated; this was done only for the 9 annealed samples after doping with
1% silver bath. The intensity obtained I(t,T) has been fitted by using a
spline smoothing fit type. In figure 5.13, the 2D projection of the 3D simu-
lated surface is reported; from the simulation the most promising annealing
conditions to maximize the 350 nm PL emission should be a temperature in
the range 405–420 ◦C, for duration times in the range 9–12 hours. Although
the experimental points are limited in number and not homogeneously dis-
tributed in the (t,T) plane, the obtained estimations are in agreement with
the experimental findings reported above.

Figure 5.13: 2D projection of the 3D simulated surface plot; the white circles
represent the experimental points and the blue circle the best-performing
sample (410 ◦C-16 h).

Similar fits made with other smoothing functions (such as the distance-
weighted least square and the negative exponential smoothing) gave compa-
rable results. Starting from these suggestions, the prosecution of this work
could be a more refined experimental investigation in the suggested (t,T)
best-region, made for instance by the realization of additional thermal treat-
ments of the as-exchanged 1% glass, with steps of 5 ◦C for T and of 30 min.
for t.
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5.6 Conclusions

In this study it has been tried to determine the most favourable anneal-
ing temperature for Ag–doped soda–lime glasses to improve the luminescent
emission and to reduce as much as possible the formation of VIS-absorbing
aggregates. To do that, the photoluminescence properties of the silver doped
glasses have been studied after thermal treatments in air at different temper-
atures and duration times. The luminescent trends have been interpreted as-
suming that two processes occur: the diffusion of dopant ions and the growth
of nanoaggregates. These two processes can occur with different importance,
in relation to the dopant concentration and the annealing conditions. In par-
ticular, for the less concentrated samples the dilution of the matrix seems
to be the most enhanced effect. In the samples exchanged with the most
concentrated silver bath, the growth of luminescent aggregates is prevailing,
thus inducing the best luminescent properties for the sample annealed at
410 ◦C for 16 h. The study of the PLQY seems to confirm these results.
The samples were used then as cover of a Si cell in our home-made solar
simulator to easily check their performances; none of the Ag–doped glasses
showed a detectable increase of the output power. Considering all the results
obtained, the reported range for the post–synthesis annealing (405–420 ◦C
for the temperature, 9–12 hours for the time) could allow the production
of best–performing Ag–doped samples. In the next future these conditions
will be investigated, with more refined T and t steps (5 ◦C and 30 min.,
respectively).
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CHAPTER 6

Copper doped silicate glasses for solar cells covering

In the chapter 4 two different copper salt mixtures were studied to dope the
PV glass panels with the aim to induce down-shifting phenomena. The first
salt bath used was a CuSO4:Na2SO4 mixture (45:55); after the exchange
process the glasses resulted coloured and characterized by high absorption
in the UV-VIS range due to the presence of copper nanoparticles. These fea-
tures are detrimental for the solar application of the doped glasses and for
that the sulphate salt bath has been discharged. More encouraging results
were obtained doping the PV panels with the CuCl:ZnCl2 bath (11:88); in
this case an improvement of the solar cell maximum output power has been
detected. On the basis of the optical properties (absorption and photolumi-
nescence) and of the Cu2+ presence revealed by the XAS measurements, it
has been concluded that the best condition for doping the PV panels with
copper is to realize the ion exchange at 400 ◦C for medium duration (4 h).
Starting from this point, the aim of the study reported hereinafter is to dope
the PV glass panels by improving the Cu+ ions concentration and reduc-
ing as much as possible the Cu2+ ions concentration; acting in this way it
could be possible to enhance the luminescence properties of the dopant and
the spectral conversion too. For that the exchange temperature of 400 ◦C
has been studied. To avoid the formation of the Cu2+ ions, the exchange
duration lower than 4 hours has been taken into account; moreover the less
dipping time inside the bath and the stirring action of the bath should avoid
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the salt islands formation on the glass surface.

6.1 Experimental

PV cover glass panels (composition is reported on table 4.1) were doped with
copper by thermal ion exchange process. The glasses were dipped inside a
11:89% mol. (eutectic concentration) CuCl:ZnCl2 (CuZn) fused bath at the
temperature of 400 ◦C for 20, 80 and 320 minutes. The copper bath was
fused inside a ceramic crucible and the samples were dipped holding the tin
contaminated face oriented towards the external part of bath; the stirring of
melt has been manually done by a glass stick every 15 minutes. Moreover a
new type of salt mixture was studied too. PV cover glasses have been doped
by dipping inside a CuCl:NaCl 74.5:25.5% mol. (CuNa) eutectic mixture
at the temperature of 400 ◦C for 20, 80 and 320 minutes of exchange; the
exchanges were carried out under the same experimental condition used for
CuZn bath.
After the exchange the sample were analyzed by RBS, optical absorption
and photoluminescence spectroscopy and by recording the I vs V cell curve
to measure the solar cell yield covered by the exchanged samples.
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6.2 Results

6.2.1 CuCl:ZnCl2 salt bath

The diffusion profile of copper inside the glasses doped by CuCl:ZnCl2 is
reported on figure 6.1; increasing the exchange time the penetration depth
becomes greater and the shape of distribution profile changes. In the sample
doped for the shortest time the copper is concentrated immediately under the
surface and its relative atomic concentration is about 1.3%. After 80 minutes
of exchange, the first 100 nm below the glass surface resulted depleted of
dopant; the highest copper concentration is reached at about 300 nm in
depth and it is close to 0.5 atomic %.
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Figure 6.1: Copper diffusion profile inside PV cover panels doped by
CuCl:ZnCl2 fused bath for different time as obtained by RBS measurement.
The relative uncertainty on the concentration values is of 10%.

In the sample exchanged for the longest time the concentration of copper
below the surface is the lowest and it decreases from the surface towards
the bulk following an almost flat distribution; in this case copper seems to
be diffused over 1 μm in depth. At last for every samples the dynamic of
exchange is compatible with:

1 Cu+
bath � 1 Na+

glass.

The figure 6.2 reports the optical spectra of the copper doped panels; the
exchanged glass spectra are shifted along the optical density axis probably
due to light scattering phenomena by the surfaces. At the lowest wavelength
(around 400 nm) the absorption seems to increase respect to the undoped
glass; this increment could be associated to the presence of Cu+ ions.
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Figure 6.2: Optical absorption spectra of PV cover panels doped by
CuCl:ZnCl2 fused bath for different time.

On figure 6.3 the photoluminescent analysis under an excitation wave-
length of 260 nm is reported. The virgin glass shows two emission bands at
450 nm and 510 nm and after the exchange an increasing of the emission
bands is recorded due to the typical green emission of cuprous ions in the
matrix.
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Figure 6.3: Emission spectra of PV cover panels doped by CuCl:ZnCl2 fused
bath for different time; λexc.= 260 nm. The sharp peak close to 2λexc. in the
PL spectra is an unfiltered spurious signal due to the Xe lamp.

The excitation spectra were collected at both emission maximum ob-
served on the emission spectra (457 nm and 510 nm respectively) (figures
6.4 and 6.5). In both cases, the absorption profile shape is not changed by
the exchange process but the absorption intensity is increased mainly under
320 nm by the Cu+ ions absorption. This result confirms the association
between the improvement of the emission observed and the green emission
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of Cu+ ions in the matrix; moreover the absorption and the emission spectra
follow the same trend.
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Figure 6.4: Excitation spectra of PV cover panels doped by CuCl:ZnCl2
fused bath for different time; λemis.= 457 nm.
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Figure 6.5: Excitation spectra of PV cover panels doped by CuCl:ZnCl2
fused bath for different time; λemis.= 510 nm.

The luminescence properties were also studied using an excitation of 350
nm with the aim of verifying the presence of copper pairs (orange band). As
it can be seen (figure 6.6), no particular emission band was recorded at least
of a weak gain over 600 nm to that correspond absorption profiles similar to
ones recorded for the emission at 510 nm (figure 6.7).
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Figure 6.6: Emission spectra of PV cover panels doped by CuCl:ZnCl2 fused
bath for different time; λexc.= 350 nm.
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Figure 6.7: Excitation spectra of PV cover panels doped by CuCl:ZnCl2
fused bath for different time; λemis.= 610 nm.

6.2.2 CuCl:NaCl salt bath

The copper distribution inside the glasses doped by CuCl:NaCl salt mixture
is reported in figure 6.8. The maximum copper concentration is always
reached inside the first layers under the surface and the quantity of dopant
increases with the time of exchange. As already seen for the samples dipped
in the CuZn mixture the exchange process involves the diffusion of copper
ions from the bath and the sodium ions of the glass in ratio of 1:1.
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Figure 6.8: Copper diffusion profile inside PV cover panels doped by
CuCl:NaCl fused bath for different time as obtained by RBS measurement.
The relative uncertainty on the concentration value is of 10%.

As seen previously, also in this case the optical absorption analysis does
not show any particular feature related to the dopant ions in the matrix.
(figure 6.9).

��� ��� ��� ����

�����

�����

�����

�����

�����

�����

�����

�
��
��
��
��
��

���������	
���


�������


���


���


����

Figure 6.9: Optical absorption spectra of PV cover panels doped by
CuCl:NaCl fused bath for different time.

Many information resulted from the luminescence study. Using a wave-
length of 260 nm for the excitation, the emission spectrum of the undoped
glass is increased in intensity (figure 6.10); recording the excitation spectra
at 457 nm and 510 nm (figures 6.11 and 6.12) an increasing of the absorption
around 300 nm for the doped glasses is noticeable.
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Figure 6.10: Emission spectra of PV cover panels doped by CuCl:NaCl fused
bath for different time; λexc.= 260 nm. The sharp peak close to 2λexc. in the
PL spectra is an unfiltered spurious signal due to the Xe lamp.
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Figure 6.11: Excitation spectra of PV cover panels doped by CuCl:NaCl
fused bath for different time; λemis.= 457 nm.
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Figure 6.12: Excitation spectra of PV cover panels doped by CuCl:NaCl
fused bath for different time; λemis.= 510 nm.
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Considering the position and the trend of the absorption bands recorded
it is possible to associate them to the cuprous ions and as consequence,
the increment on the emission spectra to the green emission by Cu+ ions.
Photoluminescence analysis was done also by using an excitation wavelength
of 350 nm but only faint emissions over 600 nm were recorded (orange band)
(figure 6.13); on the excitation spectra only a tail of absorption is probably
present between 320 and 340 nm (figure 6.14).
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Figure 6.13: Emission spectra of PV cover panels doped by CuCl:NaCl fused
bath for different time; λexc.= 350 nm.
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Figure 6.14: Excitation spectra of PV cover panels doped by CuCl:NaCl
fused bath for different time; λemis.= 610 nm.
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6.3 Discussion

The diffusion profiles obtained for samples exchanged by CuZn bath deserve
more attention. If a doped glass is maintained at high temperature close
to the Tg value without any ion exchange process, it could be expected the
dopant atoms will be able to migrate towards the deepest layers inside the
matrix, decreasing the initial gradient concentration and the surface concen-
tration too. Comparing the sample exchanged for the shortest time with the
longest one, the shape evolution could be explained assuming the glass is not
only subjected to the diffusive phenomenon but, being the glass hold at high
temperature for a long period of exchange, also a process equivalent to a
thermal treatment could be verified. It is like the copper diffusion inside the
glass could be active for a period shorter than the total duration of dipping
and for the remaining time the temperature could induce the migration of
the dopant atoms across the glass; the more is the time of exchange, the
more the copper can be spread inside the matrix. In this model the pro-
file observed at 80 minutes of exchange represents a snapshot of the system
evolution between 20 minutes and 320 minutes. Is not easy to propose an
explanation of why all that occurs. The simulations of RBS profiles were
made assuming the ion exchange involves the sodium ions of the glass; prob-
ably in case of CuNa bath the presence of Na+ ions as counter ions inside
the bath can have a function on the control of copper migration toward the
substrate (competing itself with the TM diffusion). When the glass is dipped
inside CuZn bath the diffusion of copper is initially favored due to the ab-
sence of sodium ions and the accumulation of copper at the surfaces could
be realized. The local high concentration of copper at the interfaces between
glass and bath could generate a layer that obstacles the dopant diffusion.
At this point being the ulterior diffusion of TM blocked the glass undergoes
to a thermal treatment inside the bath. A possible contribute to that is the
high Cu+ concentration ions (probably as consequence of Zn ions) and the
more favored diffusion of cuprous ions than cupric ions, being the last ones
multivalent.
What results from optical characterization is that after the ion exchange
the copper is present as Cu+ ions and a relatively low presence of copper
dimers is ascertained. From the fluorescence analyses of the CuNa series it
is resulted that the green emission increases with increasing of the exchange
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time and then with the increasing of the copper surface concentration. Actu-
ally, the luminescence intensity recorded in case of CuZn bath is comparable
with the PL intensity of CuNa bath despite that RBS analysis have shown
the highest concentration on dopant atoms in the case of CuNa. A possible
explanation could be the quenching effect due to an energy transfer between
Cu+ ions (donor) and Cu2+ ions (acceptor); in general the Cu2+ quenching
phenomenon is effective only if cupric ions are concentrated over 10−3 M.
[150]. From the characterization reported before there is not information
about the presence of cupric ions inside the samples but some considerations
can be done. The RBS analyses of CuNa samples have shown that copper
is mainly concentrated in the first layers of the glass and the exchange pro-
cess involved the Na+ ions of the matrix; as a consequence it is possible to
assume that along the exchanged layers the concentration of alkaline ions
is lower than in the initial glass composition and the optical basicity of the
exchanged layers is lower than for the virgin glass.
In general TM ions are assumed to be coordinated in glass as aqua-coordinated
ions but being part of the glassy network they are able to feel an alteration
on basicity occurred far from the anionic site wherein the ion is placed [166].
Moreover it is well known that the disproportionation reaction is shifted to-
ward the oxidized state if the optical basicity is decreased [36]. Considering
that, when copper ions are placed inside the glass by the exchange process,
the changes on composition could induce the oxidation of copper from Cu+

to Cu2+ primarily in the first layers under the surfaces where the dopant
concentration is the highest. In this condition it is possible that locally the
presence of cupric ions is high enough to realize the quenching of Cu+ emis-
sion over hypothesized. The general improvement of the emission with the
exchange duration underlines that the emissions recorded is the result of
two competitive phenomena: the increasing of Cu+ concentration and the
quenching effect.
A change on optical basicity degree can be used to justify the luminescent
trends of the CuZn series. What is resulted is that the sample in which the
copper is concentrated under the surfaces (20 minutes of exchange) shows
the lowest green band intensity. The evolution of the concentration profile
has already been justified as a consequence of a phenomenon similar to a
thermal treatment that makes copper ions to migrate inside the matrix but
the thermal diffusion can involve also the other mobile ions of the matrix
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(Na+ and K+), changing the alkali distribution along the glass layers, the
optical basicity and then inducing the stabilization of the dopant oxidation
state as Cu+. In other words, after 20 minutes of dipping the first 100 nm in
depth are dopant-concentrated and alkali-depleted. For periods of exchange
longer than 20 minutes (80 and 320 minutes) the migration of copper and
the diffusion of the alkali ions through the matrix cause an average increas-
ing of optical basicity and the dilution of dopant concentration inside the
exchanged layers so that the general environment around Cu+ ions is more
useful for its green emission.
Reporting the results in the frame of the down-shifting systems, the main
information obtained is that the copper doped cover glasses absorb the light
radiations under 350 nm, i.e for whose wavelengths the cell is less active, and
emit in the visible range where the PV panel is more efficient. So in principle
these systems possess the principal characteristics for acting as LDS. Also
the overlap between absorption band and emission has been calculated and
reported in the following table (6.1). The calculation of the overlap relative
to the orange band (610 nm) is not reported due to the experimental condi-
tions that not allow to calculate it. Considering the glass exchanged for 80
minutes with CuZn bath shows the highest emitted intensity and the low-
est overlap it is possible to presume this could be the best performing sample.

Duration Bath

CuZn CuNa

20′ 5.2% 1%
80′ 0.4% 0.8%
320′ 0.5% 0.5%

Table 6.1: Percentage of overlapping between green emission and absorption
band.

94



6.4. Solar cell power measurements

6.4 Solar cell power measurements

The output power by the cell covered with glasses doped by CuZn bath is
reported in figure 6.15. As it can been seen the samples exchanged for the
shortest and the longest time do not improve the yield because the power
produced is lower than that of cell covered by the undoped glass. The sample
exchanged for 80 minutes shows a little increment of the power produced
respect to the virgin cover panel glass; the gain is about 0.8%.

���� ���� ����

��

��

��

��

�	

�


�
�
�
�
��
��

	



��������	�


������

����

����

�����

Figure 6.15: Power produced by PV cell covered with the Cu-doped glasses
by CuCl:ZnCl2 bath.

Analyzing the sample exchange by CuCl:NaCl bath no improvement of
the yield respect the undoped glass is recorded (figure 6.16).
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Figure 6.16: Power produced by PV cell covered with Cu-doped glasses by
CuNa bath.
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6.5 Conclusions

The aim of this work has been to generate down-shifting phenomena by dop-
ing the PV cover panel glasses with a transition metal having luminescence
properties. The glasses have been doped by ion exchange process with cop-
per ions, exploring two different chloride copper salt mixture for the doping:
CuCl:ZnCl2 and CuCl:NaCl. RBS analyses showed a particular evolution of
the dopant profile with the increasing of exchange time; being these features
observed only for samples exchanged by CuZn bath they have been justified
assuming the zinc inside the bath could somehow affect the dopant diffu-
sion. The optical absorption spectra did not give any information about the
presence of copper but the photoluminescence spectra let us to record the
typical blue-green band generated by the Cu+ ions in the glass. The trends
on the emission band were discussed involving a possible effect of quenching
by Cu2+ ions as the result of the oxidation of copper ions from 1+ to 2+
state due to a local change on optical basicity degree. The luminescence
study showed that the copper doped glasses absorb light between 260 nm
and 350 nm and emit photons around 500 nm, showing to posses the basic
features to be used in the field of LDS (despite that the PLE and PL spectra
are overlapped each other). Finally the samples have been tested with a
home-made solar simulator apparatus to obtain a qualitative evaluation on
the effective utility of the doped glasses. It has been evidenced that only
the sample with the most intense emission and the lowest overlap can induce
a slightly improvement of the maximum power produced by the solar cell
(below the 1%). This result is coherent with the down-shifting theory but
is worth to underline that it could be affected by the quality of the appara-
tus used for this measurement. For this reason the future developments of
this work could be represented by the measurement of EQE and PLQE to
prove clearly the copper doped glasses can realize down-shifting phenomena
and by recording the XANES spectra to study the copper oxidation state.
It could be interesting to analyze the surface quality of the doped glasses
for understanding if the ion exchange affects the surfaces too. Moreover,
on the basis of the results obtained, changing the optical basicity degree of
the glass used could be useful for the control of the copper oxidation state
and then for the optimization of the luminescence properties; to do that,
glasses of different composition should be studied but as consequence of the
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industrial application, the mechanical and structural requirements must be
always fulfilled. At last, the cover glass panels are usually chemical tempered
and the surfaces are treated by a texturing coating; the influences of these
processes on the dopant distribution and on its optical feature must be taken
in account and verified.
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CHAPTER 7

General conclusions

In this work the ion exchange by molten salt bath has been used to dope
silicate glasses with transition metals. In the first part of the thesis, glasses
with different optical basicity (OB) degree (0.51, 0.53 and 0.58) have been
silver doped to study the relation between the matrix features and the dopant
oxidation state. The samples synthesized were mainly analyzed by nuclear
(RBS) and optical techniques (optical absorption and fluorescence spectro-
scopies) that allowed us to obtain information about the concentration and
oxidation state of the dopant ions. The optical absorption spectrum col-
lected in case of OB=0.51 (glass with the lowest optical basicity) showed
the SPR signal, evidencing the probable formation of nanoparticles during
the exchange process. Finally, the silver ions reduction has been justified
on the basis of a redox reaction between silver and copper ions. In the case
of BK7 glass (OB=0.53) the blue photoemission evidences how the silver is
present inside the matrix as Ag+ and Ag+−Ag+ pairs. Differently for soda-
lime glass (OB=0.58) the huge orange emission on the PL spectrum and
the absorption tail over 350 nm on optical absorption spectrum have been
interpreted as the consequence of the formation of silver structures with oxi-
dation state equal and/or higher than 1+. The results from this preliminary
study suggest the increase of the matrix optical basicity promotes the sta-
bilization of the highest oxidation states of a TM also if it is introduced by
ion exchange inside hosting medium. This outcome is in agreement with the

99



7. General conclusions

knowledge about the relation between optical basicity and oxidation state
of TMs studied by melt quenching technique. The second part of the the-
sis has been mainly devoted to the realization of down-shifting phenomena
inside the cover glass of the photovoltaic panels, with the aim at increasing
the solar cell output power. To do that, the doping of PV panels with sil-
ver or copper were studied due to the interesting optical features of these
two TMs. Silver doped glasses did not increase the power produced by the
solar cell; that was justified on the base of the silver aggregates formation
that increases the UV-VIS absorption of the doped glasses. To avoid this
problem, the right post doping annealing condition must be determined to
enhance the formation of emitting silver aggregates and at the same time,
to reduce the UV-VIS absorption. In literature, the existence of a threshold
temperature for the formation of high absorbing clusters is predicted. Soda-
lime glasses were then doped with silver by dipping inside AgNO3:NaNO3

bath at 320 ◦C for 1h. After the doping the sample were thermal annealed
in air at 380 ◦C, 410 ◦C and 440 ◦C; the durations of 1 h, 4 h and 16 hours
were investigated. The sample with the best balance between absorption
and emission features appears to be the glass treated at 410 ◦C for 16 hours.
Nevertheless, with this glass used as cover an increment of the PV output
power has not been evidenced. From the first attempts about the use of cop-
per for the doping, it resulted that only the PV panels doped with copper by
dipping in CuCl:ZnCl2 eutectic mixture are able to increase the maximum
power produced by the cell. This has been justified by the control, on these
samples, of the quenching effect of the Cu+ green emission by Cu2+ ions.
By XANES analyses the fraction of Cu2+ ions has been determined. Having
the glass exchanged at 400 ◦C for 4 h the less presence of cupric ions and
the highest green emission intensity, it has been chosen to investigate more
deeply this temperature. To do that, PV cover glass panels were doped by
dipping inside CuCl:ZnCl2 fused bath at the temperature of 400 ◦C for 20,
80 and 320 minutes; moreover the same was done by using a CuCl:NaCl
eutectic molten bath. The copper doped glasses resulted uncolored and they
showed to absorb light around 350 nm and to emit around 510 nm; moreover,
the absorption and emission bands resulted overlapped. The luminescence
trends were justified invoking the quenching effect of Cu+ emission band
(510 nm) by Cu2+ ions. The oxidation of copper ions has been interpreted
on the basis of the optical basicity change along the exchanged glass layers
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as the consequence of the alkali ions migration during the doping process.
The exchanged glasses were tested as PV cover panel: only the sample with
the highest emission intensity and the lowest overlap between absorption and
emission bands was able to improve the yield of the solar cell. At this point
some developments can be suggested. About the first topic, namely the re-
lation between optical basicity and oxidation state, it could be interesting
to do a systematical study of the TM oxidation state inside glasses of differ-
ent OB. For example, by taking advantage by the sol-gel synthesis it could
be possible to synthesize glass layers with a large variety of optical basicity
degree, thus doping them with TM by ion exchange and studying the oxida-
tion state. About the down-shifting, first of all it is important to complete
the characterization of the most promising samples with the measurement
of the external quantum efficiency (EQE) to verify the effectiveness of the
down-shifting phenomenon. After that, the work could be driven toward the
research of the best synthesis condition for the improvement of the doped
glasses PLQY. In particular, referring to silver doped glasses, it is funda-
mental to go further in the research of the best post annealing conditions.
In this frame the conditions suggested by the statistical simulation of the
emission intensity must be verified. In general, an analysis able to determine
in which way the glass matrix (by the structural and electronic defects) in-
fluences the TM doping oxidation state could help to throw light on the
whole oxo-reduction equilibria involving the doping elements: in this frame,
an experimental approach based on μ–Raman measurements performed in
cross-section along the doping depth profile could give findings about the
importance of the matrix modifications on the determination of the final
chemical state of the doping TM: this is one of the possible next approach
about the basic aspects of the research here reported.
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Appendix A

An introduction to the solar cell.

A solar cell is a device able to convert the photons energy into electrical en-
ergy. Nowadays the solar cell technology is founded upon the semiconductor
materials in fact the most common solar cells are made by a p-n junction
based on the silicon that is one of the most known semiconductor element.
When a photon impinges on silicon sheet, if the photon energy is higher than
the silicon band gap (1.12 eV) it can be absorbed; as a consequence of that
a transition of an electron from the valence band to the conduction band oc-
curs, a positive hole is generated in the valence band obtaining the formation
of a mobile electron-hole couple (p-n junction). A p-n junction or diode is a
semiconductor that it has been functionalized in such a way to improve the
number of electrons produced by the n-type side and the number of holes by
the opposite side (p-type side). At the conjunction between p and n side the
diffusion of the holes and electrons occurs driven by the gradient concentra-
tion; the charges motion induces the formation of a portion of volume (space
charged region) where the neutrality of charge is not maintained and, as a
consequence of that, an electric field is generated stopping the diffusion of
electrons and holes across the space charged region. In this situation if the
n-type side and the p-type side are linked each other by a wire, a current
starts flowing throughout the conductor.
The solar cell can be described by an equivalent circuit composed by a diode
in parallel linked to a source of current (for an ideal solar cell). In the case
of a real solar cell the equivalent circuit is more complicated and a shunt
resistance (RSH [Ω]) and a series resistance (RS [Ω]) are needed to be added

117



7. Appendix A

(figure 7.1).

Figure 7.1: Equivalent circuit for a real solar cell where: I is the output
current [A]; ID is the diode current [A]; ISH is the shunt current [A]; IL is
the photogenerated current [A] [167].

Considering that, it is possible to show that the characteristic cell equa-
tion is [168]

I = ISC − I0

[
exp

(
q
(V + IRS)

AKBT

)
−1

]
−(V + IRS)

RSH
(7.1)

where: A is the ideality factor for the cell; T absolute temperature [K]; KB

the Boltzmann’s constant; q the elementary charge [C]. Being the equation
7.1 a transcendental function it is solved by numerical methods.
The cell behavior can be evaluated by the measurement of the power pro-
duced by the photovoltaic cell and that is possible to be done collecting the
I vs V curve of the cell placed under a constant illumination and at fixed
temperature. The I-V sweep lets us to evaluate a characteristic parameter
for the cell (or figure of merit) called fill factor (FF). The fill factor (FF)
is defined as the ratio between the power produced by the cell acting as an
ideal cell (Pi) and the maximum power effectively produced by the cell (Pm)
(equation 7.2):

FF =
Pm

Pi
=

ImaxVmax

ISCVOC
. (7.2)

At the ideal cell behavior, the I vs V sweep has a square step shape like and
the FF is equal to the unity (product between ISC and VOC). For the real
cell the resistances induce a sweep with a knee in proximity of VOC and the
FF is lower than 1. For that reason the FF is a direct evaluation of the solar
cell quality and it is used to control the massive production of solar panel.
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