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Abstract

There is a growing requirement worldwide for low-cost, reliable, and green electricity.
From 2000 to 2015, the total installed capacity worldwide of solar photovoltaics (PV)
increased from 4 GW to 227 GW, and is worth more than £75 billion annually. Solar
photovoltaics are available in a multitude of technologies such as various morphologies
of silicon, perovskite, organics, and other semiconducting technologies. However, a
common issue regardless of technology is a spectral mismatch, where the incident solar
irradiance does not equally match the range in which the semiconductor efficiently
absorbs photons, and a second issue is degradation of polymeric components from UV
photons. Ultimately critical failure of a solar module can occur due to the degradation of
polymeric glues in the module, which allows for the ingress of water which rapidly leads
to failure. Even before the critical failure, transmission of light is reduced due to the
polymeric components becoming discoloured under UV irradiation to a yellow and brown

colour due to the formation of organic radicals and short chain alkenes.

Glass front sheets are used for the transmission of light to the active semiconducting
material in a PV module whilst providing environmental, chemical and physical protection.
Spectral mismatch and polymeric damage can be ameliorated through absorption of
ultraviolet (UV) photons in the glass layer of the PV module. Incorporation of particular
cations, in specific oxidation states into a glass matrix can afford strong UV absorption,
and no visible or infrared (IR) absorption allowing for the protection of the polymeric
species within the module with no reduction in transmission of lower-energy photons
required by the PV cell for conversion to electric current. Furthermore, broadband visible
emission can be induced from the absorption of UV photons with careful selection and

preparation of the cations in the glass matrix, which allows a better spectral matching
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from the incident (and re-emitted) radiation and the absorption profile of the

semiconductor.

This thesis describes the effects of certain cations with d° d° and s? electron
configurations in silicate glasses. Investigations into the optical, structural and chemical
properties of doping silicate (soda lime silica and borosilicate) glasses with cations of
titanium, zirconium, hafnium, niobium, tantalum, molybdenum, and tungsten (d°), zinc
(d19), bismuth, lead and tin (s?) ions. Shifts in the absorbance profiles of doped and base
glasses were measured by UV Visible IR absorption spectroscopy. These measurements
were conducted in conjunction with UV Visible IR fluorescence emission and excitation
spectroscopy measurements, by which the oxidation state(s) and fluorescence profiles of
the dopants can be elucidated. X-Ray diffraction (XRD) was undertaken to confirm the
amorphous nature of the materials prepared. Raman spectroscopy was used to
investigate the structure of the glasses and to determine whether changes occurred upon
addition of the dopants studied. Electron paramagnetic resonance spectroscopy (EPR)
and X-Ray Absorption Near Edge Structure (XANES) measurements were performed to
elucidate the oxidation state/s of the dopants within the glasses. X-Ray fluorescence
(XRF) spectroscopy was carried out to measure the proportions of oxides within the
glasses and confirm that the melt-quench regime did not result in excessive volatilisation
of materials or other contamination. Differential scanning calorimetry (DSC) was used to

determine the glass transition temperature (Tg) of the prepared glasses.

Keywords: Fluorescence spectroscopy, UV VIS IR spectroscopy, transition metal, post-

transition metal, silicate, photovoltaic
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1 LIMES Project and Sheffield Hallam  University Aims
1.1 LIMES

The LIMES (Light Innovative Materials for Enhanced Solar Efficiency) project was a
collaboration between six members, led by RISE (Research Institutes of Sweden)
compromising of the former Glafo and SP technical research institute of Sweden. In
addition, including Sheffield Hallam University, GB, Johnson Matthey, GB, Solar Capture
Technologies, GB, along with Agencia Estatal Consejo Superior de Investigaciones

Cientificas (CSIC), ES.

The aim of the project was to develop glass with greater functionality than that which is
currently commercially available for PV solar front sheets. One of the major objectives
was to transmit / emit more of the desirable wavelengths of light to the active component
of a solar module, whilst providing enhanced UV protection and still providing at least the
same chemical resistance and mechanical protection that are currently available. The
glass used in PV modules is typically 3 mm thick and can comprise up to 97% of the
weight of the module. The LIMES project aimed towards developing 1 mm, thermally
toughened glass, with enhanced optical, mechanical and chemical properties, and to
demonstrate a cost effective PV module with enhanced performance over a 30 year

projected life cycle. This comprised five key performance indicators:
1 +Produce 1 mm thick glass applicable for PV solar modules
2 +Measure of the thermal tempering through impact testing according to IEC 61215

3 tMeasure of the optical properties with Tvis > 99% and Tsol > 98%
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4 +Demonstrate high efficiency is retained after accelerated environmental testing with
a minimum of 95% of the maximum power point as compared with the efficiency prior to

accelerated environmental testing

5 xDecrease the cost of PV modules by 10%, from raw materials through to installation

1.2 Sheffield Hallam University

While the consortium-wide project focussed on the previous key performance indicators,
this PhD project completed at Sheffield Hallam University (SHU) comprised optically
active doped glasses for photovoltaic applications. This manuscript details the work

undertaken at SHU, and not the wider project work.

Glasses with optically active dopant additions have been studied in the LIMES project.
These absorb deleterious UV light whilst converting and re-emitting a proportion of those
absorbed UV photons as visible light, and subsequently into increased photon energy
available for conversion by the solar cells. Glasses have been developed with increased
mechanical and chemical resistive properties. Novel glass compositions developed within
the LIMES project give enhanced resistance to cracking by a factor of three relative to
commercially available glasses, and with enhanced chemical resistance by a factor of
four. With the increased optical, chemical and mechanical properties of the glasses
developed, the use of thinner glass front sheets is enabled, reducing the weight and cost

of PV modules. This has been exploited through a patent application [1] and a publication

2]
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Two main bodies of work were completed focussing on d° cations comprising transition
metal oxides of titanium, zirconium, hafnium, niobium, tantalum, molybdenum and
tungsten outlined in Chapter 4. Chapter 5 details a second set of dopants of s?
configuration such as bismuth, lead and tin oxides, whilst Chapter 6 shows results from
prepared PV modules made within the wider LIMES project with glass compositions
developed from this PhD project. Chapter 7 describes the additional cost of dopant

additions, and suggestions for future work.

The aims of the project outlined within this manuscript are to study the effects of doping
silicate glasses with transition and post transition metals to modify the UV absorption
edge to protect polymer layers within PV modules. Further to this, visible luminescence

of the glasses from the absorption of UV light will be characterised.
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2 Solar Energy, Photovoltaics and Silicate Glasses

2.1 Energy and CO2 Emissions
The Paris accord published in 2016, signed by 195 countries, aimed to prevent the global

average temperature raising above 2.0°C relative to preindustrial levels [3]. To minimize
the impact of anthropomorphic climate change, CO2 emissions must be reduced. This
can be achieved, in part, by increased use of solar photovoltaic energy [4]. While there
are forms of electricity generation which have lower emissions of CO:z per kWh [5,6] they
are not applicable to every environment. Onshore wind and hydroelectricity both require
high initial capital investment of £1000-1700 per kW and £800-6500 per kW respectively
[7,8]. Solar energy has a similar barrier to entry with, assuming 14% efficiency for a c-Si
PV system with battery storage, £3000-5000 installed cost per kW [9], there are
commercial examples exceeding 20% efficiency [10] which reduces the cost per watt over

the lifetime of the module.

Energy generated from the sun, via the photoelectric effect, is inexhaustible, clean and

widely available. The first demonstration of the photoelectric effect was by Edmund
%HFTXHUHO LQ /ILWWOH UHVHDUFK KD 8SdtoQrie@t ocKQWLO W
silicon-based solar cells became a viable method for energy harvesting on satellites.
Considerable research took place GXULQJ DQG DIWHU WKH RLO FULVLV RI
the development of new low-cost materials such as IlI-V thin films (GaAs and InP),

amorphous silicon, CIGS (CulnGaSez) and CdS/CdTe based solar devices. In 1988, the

first dye sensitised solar cell (DSSC) zDV FUHDWHG E\ *UDW]hkith tbeQG 2T 5H.
incorporation of an organic dye affording cost reductions of 50% relative to silicon solar

cells [11]. The first demonstration of a perovskite based solar cell occurred in 2009,
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initially with an efficiency of 3.8% [12]. As of March 2018, the most efficient perovskite
solar cell afforded an efficiency of 22.1% [10,13]. Solar energy has the potential to be
completely environmentally friendly, and to increase energy security without the
geopolitical issues sometimes arising with fossil fuels such as the Suez Crisis and the

fV RLO FULVLV DV D adikhvaSien@WdwatR WKH , U

From the years 2000 to 2015 total installed solar PV capacity increased from 4 GW to
227 GW, a factor of 57 [14], and is worth more than £75 billion annually [9]. However, it
is not without serious limitations at present, generally in the form of energy storage and
effective scaling for greater deployment [15]. Even with the dramatic increase of installed
capacity, solar PV contributes only 1.5% of all electricity used globally [16]. Other forms
of renewable energy also arise primarily from the sun - such as wind, wave, hydropower

and biomass.

This section will give an overview of the different parts of the solar spectrum. It will cover
how modifying this spectrum can confer a two-fold benefit in the context of PV modules:
(i) more efficient use of the solar spectrum; and (ii) increasing the service lifetimes of
photovoltaic modules. An overview of the photovoltaic effect will be given, with how
different types of PV modules take advantage of this. Finally, this section will discuss the
limitations of current PV modules, and methods that are available to overcome or mitigate

these issues.

2.1.1 Solar Spectrum
Sunlight in space consists of a continuum of electromagnetic radiation from X-rays
through to radio waves (in particular circumstances it may also include gamma rays),

however, this study focused on ultraviolet (UV), visible (VIS) and infrared (IR)
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wavelengths. Figure 1 shows the solar spectrum, and the variation of intensity as a
function of wavelength and height above sea level on Earth. The black line (AMO) shows
the wavelengths and intensities of photons emitted by the sun, this closely follows a black
body emitting at 5250°C, with characteristic wavelengths present of hydrogen [17]. The
AML1.5 spectrum shows that particular wavelengths are absorbed by molecules in the
atmosphere, such as Oz, Oz, H20 and CO2. The AM1.5 spectrum which is the average
VRODU HQHUJ\ RQ W K&l alzdnith\&rigl® \6f ABXRU[LB).FTiHe solar spectrum is
different at high altitude, and in space. Our research has focused on land-based PV
modules. Although H20 absorbs IR photons over a greater range, and therefore has more
impact regarding climate change, CO: is the primary issue of anthropomorphic emissions.
The solar spectrum shown in Figure 1 is at sea level, the relative proportions of
wavelengths varies as a function of altitude, and zenith angle on earth relative to the sun,
and in outer space UV wavelengths constitute a greater proportion. The research herein
focused on silicon based solar modules for terrestrial applications, however, it would also

be relevant to any PV module which suffers from UV damage.

This study aims to modify the spectral profile which the contents of a PV module will be
exposed to through doping soda lime silica cover glasses with transition and post-
transition metal oxides. Importantly, this includes absorbing and converting ultraviolet
(UV) photons to photons with longer visible wavelengths and re-emitting a proportion of
them, which provides a two-fold benefit; (i) protects the PV module from UV degradation
[19 21], (ii) produces photons which are available for absorption by the PV cell and hence

provide additional electricity generation [22 1224].
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Within this study ultraviolet (UV) will be defined as the wavelengths corresponding to
50000 cm* 26000 cm (200 nm-380 nm), visible photons corresponding to 26001 cm™ +
12800 cm (380 nm %780 nm), and infrared (IR) as 12801 cm 3300 cm* (780 nm #3000
nm). In this study graphs will primarily be presented in wavenumbers for clarity within the

UV portion of the graph, and, where appropriate, a second nanometre scale will be added.

Figure 1 AM1.5 irradiation profile, AMO is shown for comparison

AMO is the solar irradiance in space at the top of the atmosphere, this is broadly similar
to a blackbody emitter. AM1.5 corresponds to the irradiance at ground level with a solar
zenith angle of 48.2°, this approximates the yearly average of latitudes within Europe,
North America, China, Japan and Northern India. AM1.5 is used as a standardised

measure for testing of photovoltaic module efficiency [18].
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2.1.2 Photovoltaic Module Construction

Figure 2 demonstrates a typical crystalline silicon (c-Si) solar cell construction similar to
those shown in Figure 4; this study is focused on modifying the front soda lime silica (SLS)
glass front sheet as the technology is also applicable to other types of PV materials such
as perovskite (shown in Figure 3) and dye sensitised solar cells. Various glues are utilised
for the encapsulant layer, notably polyvinyl butyral (PVB), thermoplastic polyurethane
(TPU), and ethylene vinyl acetate (EVA), while the back sheets are either aluminium or
polyvinyl fluoride (known as Tedlar®) [21]. These backsheets are selected for a

combination of aesthetics, protection from the environment, and light reflectivity.

Glass

EVA glue

Figure 2 Typical c-Si solar PV module construction
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Glass

Transparent conductive oxide

h* selective contact

Figure 3 Typical planar n-i-p perovskite solar PV module construction

Figure 4 Solar modules mounted on solar trackers [25]
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Table 1 Cost breakdown of silicon solar modules

Component | Cost% [26]
Frame 20.1
Glass 8.3

EVA 2.7

Si Wafer 48.0
Stringing 3.7
Backsheet 7.5
Junction Box 9.7

Silicon based solar modules typically weigh between 15 and 25 kg depending on

manufacturer [27]. Typical c-Si panels are 1.4 m? £1.7 m?and 4 cm deep, with an average

of 72 cells within the entire module [28]. The silicon semiconductor is the most expensive

component shown in
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Table 1, while the glass front sheet and frame may be up to 97% of the weight [27]. PV
modules have a desired service lifetime of 20-30 years, however, in high UV areas this
may be reduced due to polymeric damage [29]. During the service lifetime c-Si PV
modules degrade between 0.6 - 2.5% per year depending on service conditions and
manufacturer [29,30]. A major cause of failure before the expected service lifetime of PV
modules is delamination, due to UV induced degradation of the encapsulant layers,
allowing water to ingress and corrode the materials within [19]. Even before delamination
occurs, the EVA layer can discolour turning yellow and ultimately brown reducing
transmission of incoming light, contributing to reduced efficiency [20]. Absorption of
damaging UV photons within the glass front sheet can increase the service lifetimes of
PV modules. Absorption of high-energy UV photons can give two effects; (i) the energy
converting to phonons (heat), (ii) fluorescence / downconversion to visible photons. Within
the module of all commercial modules, there are polymeric components, which undergo

UV induced degradation.

2.1.2.1 Photovoltaic Effect
The photovoltaic effect is the process of conversion of a photon into an electron-hole pair,

which can then be used to generate electricity.

Four basic steps are required for the generation of energy from light:

1. Absorption of photons in a semiconducting material
2. Creation of charge carriers, an electron-hole pair, by breaking bonds between
atoms in the material

3. Separation of these charge carriers before they are able to recombine
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4. Transportation of the charge carriers through electrical contacts and movement

through a circuit to generate work

A photon of energy equal to or slightly higher than the bandgap of the semiconductor is

absorbed (1), exciting an electron to the conduction band (2). Due to the nature of

semiconductor junctions, the electron can only move towards the negative terminal and

the hole moves in the opposite direction (3). The hoOH LV WKH SURSDJDWLRQ RI

covalent bond to the positive metal contact. The election can pass through a circuit to

extract work from the system (4). This process is schematically outlined in Figure 5.

Inefficiency or failure of any of these processes will lead to poor, or zero conversion

efficiency. This is why production of commercial PV modules is an interdisciplinary

challenge, involving multiple selections of materials and components which work

harmoniously to produce an effective module that can extract energy from the system.

]
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Figure 5 Schematic of photovoltaic effect at a simple p-n junction
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2.1.3 Silicon Semiconductors for Photovoltaic Modules

Since silicon is a poor conductor of electricity dopants are added to increase conductivity,
through the introduction of phosphorous (n-doping) or boron (p-doping) the conductivity
can be increased by a factor of 108, Table 2 outlines the differences between p and n-

type semiconductors.

Table 2 Comparison of p and n-type semiconductors

p-type semiconductors n-type semiconductors
X Majority of carriers are holes X Majority of carriers are electrons
X Minority of carriers are electrons X Minority of carriers are holes
x Group lll dopants (B, Al, Ga, In) X Group V dopants (N, P, As)
x Fermilevel is close to valence band x Fermi level is close to conduction
band

Figure 6 demonstrates the process of developing a depletion region across the p-n
junction. Initially at the p-n junction, the free charge carriers, as represented by the torus
and rectangle, which combine leading to a depletion zone. Due to the lack of charge
carriers within this depletion zone a positive region exists within the n-doped silicon, and
a negative region forms in the p-doped silicon, this gradient corresponds to 0.7 V. The
internal electric field across the p-n junction causes electrons to direct towards the n-
doped silicon and holes towards the p-doped silicon. While this is the most basic interface,
commercial semiconductors have more complex architectures, which overcomes the
Shockley-Queisser limit. Ojo et al have shown experimentally a single photon can
generate more than one electron hole pair, and state a higher short-circuit current density,

Jsc, above the Shockley-Queisser limit of a single p-n junction is achievable [31]. The
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graded bandgap induced by the method by Ojo and Dharmadasa effectively acts as
multiple p-n junctions which more efficiently splits the electron-hole pairs, and in turn

confers greater efficiency to the PV module.

Figure 6 Propagation of a potential gradient at a p-n junction, top is the initial state of the
system, an electron and hole combine to create a depletion zone with a positive to
negative gradient

At p-i-n junctions, where there is a layer of intrinsic or insulating material sandwiched

between the p and n type semiconducting layers, are more advanced than a simple p-n
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junction. The p-i-n junction leads to a more effective internal electric field, which reduces
the likelihood of recombination of the electron hole pair. Various other junctions have
been developed, and while beyond the scope of this project, the reader is directed to the

following resources [32 £34].

The absorption coefficient of silicon varies with wavelength, with the absorption much
weaker in the UV than in the visible and IR regions as shown in Figure 7. Due to the low
absorption, low conversion efficiency and harmful effects of UV light on a PV module,
there is an urgent need to convert these photons into more efficient and useful
wavelengths. There are several properties which are required for effective PV materials
and devices. Efficient light absorption over a large wavelength range, with the peak of
absorption being close to the bandgap of the material. This provides the greatest

conversion efficiency within the PV module.

The materials used within a PV module need to be low cost, and readily available for
large-scale production. Silicon solar cells are particularly beneficial due to the high
abundance of the metal on earth, and the methods of purification are suitable for the end
use. Perovskite materials are beginning to be used as PV devices, while originally they
had poor conversion efficiency and had poor environmental stability, modern materials
do not suffer these issues. Tandem perovskite - silicon PV modules have been
demonstrated to have 9% higher photoconversion efficiency with 30% lower
environmental impact [35], and these are particularly suitable to incorporate other

technologies such as quantum dots [36].

PV modules are required to have high environmental stability in regard to light, moisture,

and temperature, with environmentally friendly technologies for production of the
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semiconductor. Thin film technology, especially deposition methods such as
electroplating use low temperature, low concentration and readily scalable methods to
produce PV modules [37]. Novel work at Sheffield Hallam University has been undertaken
in thin film technologies, with graded bandgap CdTe showing efficiencies of up to 18.5%
[31]. CdTe is an important material for the future of solar energy harvesting with a 2 pm
thick layer able to absorb over 90% of photons with energies higher than 11,700 cm-!
(lower than 855 nm) [37]. The morphology of CdTe thin films can be readily controlled
and even stir rate of the electroplating solution has a significant impact on the final film,

and hence optical properties [38].

The semiconductors used in PV modules are required to have a low recombination level
of electron hole pairs. A reduction in the recombination level results in a greater proportion

of photons inducing a current, thereby increasing efficiency of the module [39].

2.1.4 Types of Photovoltaic Modules

There is a multitude of available technologies for PV materials, and while silicon based
modules dominate the market, emerging technologies such as thin film CdTe or copper-
indium-gallium-selenide (CIGS), and organic based PV modules are all available
FRPPHUFLDOO\ 7KHVH ZHUH LQLWLDOO\ GHYHORSHG
their efficiencies are making them more commercially viable. The efficiency of perovskite
materials, in particular, has shown dramatic efficiency increases, from 3.8% in 2009 to
22.1% in 2016. Silicon dominates the market for several reasons, firstly it is one of the
most abundant elements available on earth, with over 90% of the Earth { ¥rust being

composed of silicate minerals [40]. There are various technologies available for the
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purification and production of silicon wafers, for example the Czochralski process, that

result in comparatively low cost materials with well-defined properties.

Single crystal, non-concentrator, silicon PV modules have efficiencies of up to 25.6% [41]
however, efficiencies have stagnated over the last 15 years with only small further
efficiency gains. The efficiency rate of change shown in Figure 8 on the emerging PV
technologies such as perovskite, quantum dot and dye sensitised solar cells, are much
steeper showing significant and rapid advancements, and are poised to become
commercially available over the next decade. Tandem solar cells are also to become
increasingly efficient and commercialised within the next 5-10 years. Various technologies

and their efficiencies are outlined in Figure 8 [10].

2.1.5 First, Second and Third Generation Solar Cell Modules

Solar cell technologies have been divided into three distinct generations. The first
generation were typically based on silicon wafers, with an efficiency of between 15-20%
[42]. Silicon based solar cells still dominate the market, accounting for 87% of global PV
sales [16] due to the mature technology and robustness, with polycrystalline silicon itself
accounting for 63% [43]. The silicon wafer used in these PV modules are between 200-
250 pm thick, which accounts for 50% of the cost of the module [43]. However, absorption
of solar photons occurs within the first tens of microns of the silicon. Therefore, reducing

the thickness of the absorbing layer will reduce the cost.

Second generation solar cells employed thin films of absorbing layers to reduce the price
and reduce the cost per Watt. Deployment of second-generation solar cells is now
happening at significant quantities [44]. The main technologies include amorphous silicon

(a-Si), CdTe thin films and copper-indium-gallium-diselenide (CIGS).
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Up to 99% less semiconducting material is required to absorb the same amount of light
in thin film devices than in a corresponding c-Si cell [16], with layers between 1-4 um thick
[45,46]. a-Si solar cells are the most developed second-generation PV module, due to
both the wide availability and comparative ease of fabrication (continuous chemical
vapour deposition). However, due to the lower efficiency than traditional c-Si systems
[47], it is only suitable for application in specific conditions where curved surfaces are

required [48].

Third generation solar cells are primarily in the research and development stage, however
some devices are beginning to be commercialised. The new PV systems include
concentrating photovoltaics [49,50], dye sensitised solar cells [44] and organic solar cells
[51]. Concepts are being developed to complement third generation PV systems such as
qguantum dot [41,52] and upconversion / downcoversion technology [53,54]. Third
generation technologies, on the graph in Figure 8, highlighted as emerging PV, show the
sharpest efficiency gradient within the past 10 years. The technology is rapidly developing

and shows significant promise.

Multi-junction solar cells, or tandem solar cells, are PV modules with multiple
semiconducting materials with differing responses to wavelengths layered together. This
allows for a broader absorption of sunlight. While a single junction of Si has a maximum
efficiency limit of 33.1% [55], multiple layers in conjunction of different bandgaps can
overcome this limit. However, there are still technological hurdles to be bypassed with
this approach, and the increased difficulty in manufacture offsets the gains in efficiency.
For non-terrestrial purposes tandem PV modules have proven popular where weight is a

significant issue such as aerospace [35].
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2.1.6 Limitations of Photovoltaic Modules by Component

Each component of a PV module, as illustrated in Figure 2, has limitations that reduce
the overall PV module efficiency. The issues are caused either by absorption or
transmission being inefficient or non-existent, or by the component having a high cost.

Modification of the encapsulant glass layer can improve all of the issues outlined below.

2.1.6.1 Glass Front Sheet

2.1.6.1.1 Absorbance and Transmission

All soda lime silica glass contains some quantity of Fe203s, whether deliberately added or
present as an impurity. While section 2.2.4.1.5.5 will give detailed coverage on the
theoretical basis for the optical absorption of iron species in glass, for brevity here, Fe3*
absorbs in the UV and blue regions and Fe?* absorbs more strongly in the red and IR
regions. The precise values of absorptivity are affected by factors including concentration
of iron species, the glass composition and the redox ratio *as given by Equation 1,

N (A6> >(A6>?
(A:PKIJy X A6> 2E X AI> ?

Equation 1

Whilst Fe?* and Fe®' in glass strongly shift the UV absorption towards the visible,
beneficially protecting the polymeric layers from UV damage, the visible and IR optical
transitions parasitically absorb photons that could otherwise be converted by the
photovoltaic material. Absorptions in the UV to visible from 27,250 cm™ (366 nm) to
21,550 cm (464 nm) corresponding to Fe3*, and strong absorptions within the IR centred

at 10,380 cm™ (963 nm), 7490 cm™ (1335 nm), and 4950 cm* (2020 nm) corresponding
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to Fe?* [56,57], limit the effectiveness of doping with iron for solar control. Absorptions
such as these from 0.01mol% Fe20s3 in silicate glass can cause a 1.1% loss in module
output power, and a 9.8% loss for a 0.1mol% Fe203 doped silicate glass front sheet [58].
Reduction of the concentration of iron oxides in glass is therefore a requirement to more

effective photovoltaic panels, and has been employed industrially.

Ti3* gives a strong crystal field band centred at 20,000 cm™ (500 nm) which extends to
10,000 cm (1000 nm) [59], directly reducing the transmission properties of soda lime
silica front sheets in a PV module. The asymmetry of the band originates from Jahn-Teller
effects observed in d! and df oxidation states, i.e. Ti®* and Fe?*. When combined into one
glass, Fe?* and Ti®* display a charge transfer band at 24,000 cm (416 nm), with stronger
absorption than the sum of the individual components. However, Ti%* is unlikely to occur
under standard float glass melt conditions. The charge transfer band corresponding to
Fe?* : 7 B centred at 24,000 cm™ (416 nm) strongly affects the UV absorption edge [59]

and is significantly more deleterious for PV module efficiency.

Any absorption by the cover glass of photons able to induce the photovoltaic effect will
directly reduce the efficiency of the PV module. Minimising the quantity of iron species
and reduced forms of titanium will lower the visible absorption but also reduce the UV
absorption leading to increased rate of reaction for UV induced polymeric damage.
Therefore alternative compounds need to be introduced into the soda lime silica matrix to
fulfil the desirable UV absorption characteristics whilst having minimal or no absorption

within the visible and NIR regions.
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Figure 9 Typical UV VIS IR absorption curves for increasing Fe>O3 concentration in
soda lime silica glasses [57]

Figure 9 shows the typical absorption profiles of increasing mol% Fe203 content in SLS
glasses [57]. Glass front sheets require low iron content i.e. below 0.09wt% [58,60], with
increasing iron content the efficiency of the module is decreased due to competitive
absorption of the photons in the cover glass. For glass containing 0.01% Fe203 this
equates to a loss of 1.1% [58]. However, photons of light above 27,500 cm (below 360
nm) induce damage to the polymeric components within the PV module [19]. Therefore,
removal of all the iron oxides is both technologically difficult [61] and negatively affects
the long-term reliability of the PV module. There is therefore a requirement for minimising
the quantity of Fe species with the addition of novel optically active dopants to absorb UV

photons but without visible or near-IR absorption.
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2.1.6.1.2 Reflectivity

Reflectivity of the cover glass also reduces the number of available photons for the
generation of energy. In fixed PV systems (without solar tracking) around 20% of the
available photons are lost per day due to reflection of the glass [43]. This can be
ameliorated with anti-reflective coatings [62], usually processed through a sol-gel route
by dip coating or a spinning technique [63]. The long term stability of the coating is highly
dependent on the initial surface conditions, and is suitable over a narrow wavelength
range and incident angle [63]. For example, for the complete transmission of 18,181
cm (550 nm) photons, a coating refractive index of 1.22 with a thickness of 112.7 nm is
required; however, photons of different wavelengths will suffer some reflection. Stronger
adhesion of the coating to the underlying glass is possible through vacuum processing,
however, this is cost prohibitive for large areas and large volumes. Etching of borosilicate
glasses has been demonstrated to modulate the reflective properties of a flat panel [64]:
as fewer photons were reflected a greater proportion were transmitted, from a maximum

transmission (Tmax) of 92% to a Tmaxx Of 98%.

2.1.6.1.3 Weight

The typical dimensions of a domestic PV panel are 1.4 m? +1.7 m?, with glass cover layer
3-4 mm thick [28]. The density of commercial PV SLS glass is ~ 2.52 g/cm?[65], therefore
the average weight of glass may be between 14-24 kg and comprises some 97% of the
total module weight [27]. Due to these weight constraints, heavy support structures are
required, further adding to the weight and installation costs of the module [15]. The weight
restricts exploitation of portable off grid PV modules, and the volume of glass used bears

an environmental and energy cost. To melt 1 kg of soda lime silica glass at 1450°C
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requires 2500 +£2800 kJ, depending on composition and furnace type [66]. These factors
result in the glass cover layer constituting between 20-30% of the price of a solar module

[9] shown in
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Table 1. To simply reduce the thickness of the glass front sheet is not practical, as the
optical properties are directly affected by the thickness of the glass sheet according to
Beer-Lambert law, and mechanical properties can also be affected. Common soda lime
silica glass products such as float glass have strengths of the order of 14-70 MPa,
however, the theoretical strength may be up to 13-14 GPa for fine silica fibres. The large
difference arises from surface defects on the glass which act as stress concentrators,
allowing a relatively small load to form a crack and ultimately cause critical failure of the
glass product. For a thinner piece of glass to have the same crack resistance, the surface
must be more pristine than a corresponding thicker piece of glass. Surface flaws typically
extend only 1-10 um, but they reduce the strength of glass to around 1% of the theoretical

value [67].

2.1.6.2 First Polymeric Glue Layer

EVA glue is the most commonly used polymer for c-Si based PV modules with 80% of
PV modules encapsulated by EVA [68]. The structure of EVA is given in Figure 10. The
primary roles of the glue is to offer electrical insulation, structural support and high optical
transparency in the visible region with transmission >91%. However, the polymer
undergoes UV degradation over time, initially causing discolouration of the polymer due
to oxidation and free radical formation, and ultimately to delamination of the PV module
[19]. The oxidation and formation of free radicals lead to the production of acetic acid, the
formation of aldehydes and ketones, along with volatile gasses such as methane, carbon
dioxide and carbon monoxide [19]. Degradation processes form alkenes of various

lengths, which have strong absorptions within the UV, fragmentation of the chain lengths
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cause a broadening of these absorption bands. The acetic acid formed also has a catalytic

effect of the yellowing caused by UV photons in the EVA polymer [69].

Figure 10 Chemical structure of EVA copolymer

This is the primary cause of efficiency reduction and failure for Si based PV systems [29].
As the EVA becomes brittle, the mechanical structural support between the cover glass
and the glue layers begin to fail, eventually leading to water ingress. The dissolved
minerals within the water can short the circuit and reduce the effectiveness of the
semiconducting layer: this affects all types of semiconductor [39,70,71]. UV filtering glass
cover layers which absorb photons of energy greater than 28,500 cm™ (lower than 350
nm) effectively reduce the rate of UV induced discolouration and subsequent degradation

of the PV module.

2.1.6.3 Photon Absorbing Layer

All semiconductors have a range of wavelengths close to their bandgap over which they
most efficiently convert photons into electricity; photon energies that do not fall within this
range are inefficiently converted or not absorbed at all. The bandgap of silicon is 1.1 eV
(8872 cmor 1127 nm), and as shown in Figure 7 absorption by silicon in the visible and

UV is significantly lower. Modulating the number of photons with energies in the range
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that can be converted, through upconversion and / or downconversion, is a promising

technology in third generation solar modules. This is discussed in section 2.1.4.

The cost of the wafer in c-Si PV modules constitutes around 48% of the total price [9] as

shown in
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Table 1, thin film Si based systems use up to 99% less material, and are subsequently
cheaper, however the lower efficiency offsets the cost per watt. Promising research into
thin film technologies may be found here [32,72]. Electrically conductive layers on glass
(indium tin oxide or fluorine doped tin oxide) allows for the growth of thin film
semiconductors in a low cost manner such as electrodeposition. Electrodeposition
confers several cost saving measures such as self-purification of raw materials [31], it is

a low cost and highly scalable method of production.

2.1.6.4 Second Polymeric Glue Layer

The second encapsulant glue layer as shown in Figure 2 undergoes UV induced damage
in the same manner as the first encapsulant glue layer, albeit to a lower degree as a
proportion of the UV photons have been absorbed either by the first glue layer or reflected
by the c-Si layer. However, enough of the photons pass through to induce damage to this

glue layer and lead to the same processes outlined in section 2.1.6.2.

2.1.6.5 Backsheet

Backsheets are used to protect the PV module from light and moisture, and act as an
electrical insulator. The colour of the backsheet can impact the module efficiency, with
white backsheets reflecting light back into the semiconductor, this increasing the current
flow [73]. Backsheets are commonly either aluminium or polyvinvyl fluoride (e.g. Tedlar®)

[21].

During operation backsheets undergo UV induced degradation, yellowing the polymer
over time. An increase in the yellowing increases the overall temperature of the module,
giving a two-fold negative effect. Firstly the higher temperatures decrease the efficiency

of the module and secondly the heat increases the rate of degradation of the module [21].
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As with the EVA layer, as accumulated UV induced damage increases in the backsheet,
the likelihood of delamination and water ingress increases, ultimately leading to module
failure [29]. UV absorption in the glass cover layer may reduce the damage, leading to

longer services lifetimes.

2.1.7 Front Sheet Modifications

Several technologies are being developed for use within PV modules, involving the

functionalisation of the glass front sheet, such as the following:

2.1.7.1 UV Control

While it is not technologically or commercially feasible to remove all of the iron content in
flat glass production, a reduction in the total quantity of iron can minimise the efficiency
loss of the PV module. In order to maintain the UV protection of the polymeric layers
dopants, alternative dopants such as d° and d° ions may be added [74,75]. Dopants such
as Ti** or Bi®* exhibit strong UV absorption and visible fluorescence emission [76 #8],
while having no visible or near-IR absorption bands, giving a two-fold benefit to the PV

modules Yong term stability and efficiency.

Bulk doping of glasses to induce visible fluorescence from absorbed UV light is a method
for enhancing the performance of next generation solar cells. Bulk glass doping confers
several advantages over coatings or field assisted solid state ion exchange techniques
[79,80], in particular ease of fabrication, and it does not require secondary and expensive
techniques. Doping of soda lime silica glasses offers multiple advantages; UV control,

visible emission, and modulation of the refractive index to reduce reflection losses.
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Akin to bulk doping of cover glasses for optical modulation, quantum dots such as bismuth
doped aluminosilicates [81,82] or CdSe [54], may be used as downconverting /
upconverting materials for PV systems. Quantum dots offer the ability, as with fluorescent
cover glass, to be easily retrofitted into existing technology and readily enhance the

efficiency of the PV module.

Glass ceramic based encapsulant layers can offer fluorescence [83] giving the same
advantages as bulk doped glass and quantum dots. Through control over the size of the
crystals, transparency may be high whilst providing enhanced mechanical and chemical
properties [84]. Investigations into glass ceramics for photovoltaic applications are

beyond the scope of this thesis.

2.1.7.2 Antireflective Coatings

Reflective losses can be minimised by the application of an antireflective (AR) coating.
Coatings are applied either through a vapour deposition process [85] or a dip coating or
spinning technique [67]. Minimising the reflective losses results in a greater intensity of
photons available for PV energy generation. The high cost of coating glasses currently
limits the application of this technology. However, advances in AR coatings with added
functionality such as self-cleaning and fluorescent systems can offset the high cost
through enhanced efficiency and lower maintenance costs [43,85]. Up to 20% of all
available photons are reflected in a fixed array PV system [43], however, with
antireflective coatings and optical metamaterials, a 4% increase, under standard test

conditions, can be observed due to an increased flux of photons available [86].
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2.1.7.3 Luminescent Downshifting Front Sheets

Bismuth oxide (Bi2O3) has shown promise in phosphate laser glasses for its NIR emission
at 7700 cm (1300 nm) from 12,500 cm™ (800 nm) excitation [87]. Experiments have
shown that this process can be ascribed to transitions of Bi*, as the isoelectronic
compounds TI° and PbP display similar luminescent behaviour [88]. However, for effective
UV to visible conversion bismuth must be in the Bi** valence [89]. Bismuth is a multivalent
ion, and can exist in oxidation states from 3" to 5%, and therefore, careful control of the

oxidation state is required for effective luminescent downshifting sheets.

Luminescent downshifting front sheets (LDS) are a more attractive technology for third
generation solar cells compared to improving the electronic components within the
module. Various technologies have been developed which improve the efficiency of PV
modules such as thin-films or graded bandgap materials, although commercialisation is
comparatively low relative to the dominance of silicon based PV modules [90]. LDS front
sheets are applicable to be added to any type of solar cell in which UV light degradation
occurs [91 93], and the passive approach does not interfere with the architecture of the
module. LDS technology was first proposed in 1979 by H.J Hovel, and with non-optimised
optical components, plastic sheets containing organic dyes, gave an efficiency increase
of between 0.5 and 2.0% in photoconversion [94]. Similar values for the effect of LDS
layers on the efficiency increase of PV modules have been calculated by C.P. Thomas at
1.5% [95] with organic dyes using a modified Shockley model. An LDS layer has been
utilised in CIGS modules to give a 1.8% efficiency increase in short circuit current density
(Jsc) [91]. Studies using nanoparticle phosphor coatings on the glass front sheet have

been undertaken with silica particles doped with up to 3wt% Eu®*, the combination of the
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anti-reflective properties of the nanoparticles and the LDS effect gave a total Jsc increase
of 5.17% using multiple species of phosphor in Si phosphors [96], and with a YVOa4: Bi®*
/ Eu®* complex coating gave a 4% increase in Jsc [97]. LDS technology proves to be
particularly beneficial in PV modules and garners much research interest in the solar
energy community [98]. Combined with bulk doping of SLS glasses, LDS is the technique

utilised in this study.

2.1.7.4 Electrically Conductive Layer for Electrodeposition of Semiconductors

Indium tin oxide (ITO) or fluorine doped tin oxide (FTO) layers coated onto silicate glass
allow for the electrodeposition of semiconducting materials directly onto the glass layer.
The coated glass is the cathode in the electroplating system, with a Pt wire being the
anode. A solution containing the required ions, usually CdSO4 and TeOg, with a current of
around 2 V and 1 mA, is used to reduce the ions onto the glass surface, growing the
semiconductor device [32,37]. This method of production allows for lower quantities of
expensive semiconductors to be used, while conferring other benefits such as low cost
processing methods. Itis highly scalable and is self-purifying, allowing for the use of lower

purity raw materials [32].

2.1.7.5 Replacement of Backsheet

One possible method to remove issues with backsheet degradation is to replace the
polymer backsheet with a second glass sheet. Such modules are called bifacial PV
modules, and one is schematically represented in Figure 11. Bifacial PV modules are now
beginning to be commercialised. The backsheet in these modules is replaced by a second

glass sheet, allowing for absorption of light arriving from both sides. This increases the
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efficiency of the module due to the additional absorption of photons. Bifacial PV modules
are suitable for vertical installation, reducing the size footprint of the system, and

particularly useful for building integrated PV (BIPV) modules.

]
Glass

EVA
Silicon
EVA

Glass
]

Figure 11 Bifacial PV module, typically installed vertically or at 45°
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2.2 Glass Structure and Properties
2.2.1 Definition of Glass

Glass is an often-misunderstood material; in the general public lexicon, glass usually
refers to soda lime silica type glasses, namely windows and drinking glasses. However,
in the technical sense glass refers to a state of matter and is not specific to any particular
material, element or compound. Glasses exist in metallic [99,100], organic [101 #.03] and
non-silica based systems [104]. While there are multiple definitions of a glass, the current
GHILQLWLRQ RI pehalbiowh, han-ddys@liE condensed state of matter that
exhibits a glass transition. The structure of glasses is similar to that of their parent
supercooled liquid (SCL) and they spontaneously relax towards their SCL state. Their
XOWLPDWH IDWH LQ WKH OLPLW RO5LiSthe @dstebmpebénsiveLV WR F
definition to date. The formation method to produce the glass is not a defining metric
either, glasses can be produced from the traditional melt quench method, or more modern
sol-gel [106 #108] or vapour deposition methods [109]. Glass has been the driving
technology for vital research in many disciplines, including biology (microscope lenses),

chemistry (glassware), and astronomy (telescope lenses).

Modern life would not be possible without glass, from communications in the form of fibre
optic cables [110] and mobile phone screens, to insulation (fibreglass), to medical
applications (bioglass and bone repair [111,112]) and to energy applications (radioactive
waste immobilisation [113,114] or solar glass [54,115]). This has led some to postulate
the modern world may be defined as the glass age [116] akin to the bronze age or space
age. Glass has always had cultural significance, originally in the form of decorative beads

from ancient Egypt [117] to renaissance cathedrals stained glass displays [118,119].
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Glass art continues to the modern era with artists such as Patchen and Chihuly, as well
as books published on the topic [120]. Modern architecture would not be possible without
glass; the unique combination of properties glass provides, results in contemporary
buildings having large glass facades. Notable examples include the botanical garden of

Curitiba, Brazil and 30 St. Mary Axe (the Gherkin), England.

2.2.2 Structure of Glass

In crystalline solids, atoms have a highly ordered structure with the bond angle and bond
lengths at specific lengths dependent on the material, and this short-range order extends
in all planes of direction. Discrete repeatable units of the crystal are called the unit cell,
and these unit cells allow for Bragg diffraction. There are two defining characteristics of a
glass: no glass has long-range periodic order (i.e. glasses are amorphous according to
their X-ray diffraction patterns). In addition, all glasses exhibit a time dependent glass
transition temperature (Tg) which is determined by a reversible transition from a brittle
pJODVV\Y VWDWH WR D YLVFRXV RU pUXEEHU\Y VWDWH DV WK
thermodynamically unstable and will, in infinite time, revert to a crystalline form. A glass
is not a true solid due to its thermodynamic instability: a substance in a true solid state
has an atomic configuration that is time independent. Glasses do not retain their shape
and will spontaneously start to relax, for soda lime silica glasses (Tg ~ 550°C) relax over
geological time scales [121], whereas some organic glasses (Tg ~ 20-50°C) relax within
hours [105]. The rate of flow of soda lime silica type glasses is in the order of 0.1 nm in

1010 years [121].
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2.2.2.1 Silicate Glass zVitreous Silica

Early structural studies relied on studying vitreous silica as a model compound for
glasses. The theory of Goldschmidt [122] stated that glasses are likely to form if the ionic
radius of the cation in RnOm is within the range 0.2-0.4, as this tends to form tetrahedral
motifs. However, this theory failed to state why the tetrahedral configuration was
favourable for glass formation and it was purely empirical. Following this, Zachariasen
wrote a paper explaining why certain coordination numbers favour glass formation
behaviour [123]. In this paper, it is stated that silicate crystals readily form glasses instead
of devitrifying after a melt-quench process, and thus forming a three dimensional network.
This network consists of tetrahedra connected at all four corners, with the bond length
essentially the same as in the corresponding SiO:2 crystal, but the bond angle varying as

shown in Figure 12.

Figure 13 shows a scanning tunnelling micrograph (STM) of a film of silica displaying both
vitreous and crystalline phases, experimentally displaying Figure 12. Zachariasen also
stated that no oxygen atom can be linked to more than two cations, and all tetrahedra are
corner sharing and not face or edge sharing. This theory has been widely accepted and
is known as the random network theory. The four rules derived by Zachariasen, for a

compound of formula AmOn, wherein A is a cation and O is an oxygen, are:

X An oxygen atom is linked to no more than two glass forming atoms of A

X The coordination number of the glass forming atoms is small, either 3 or 4

X The oxygen polyhedra share corners with each other, and do not share edges or
faces

X At least three corners are shared
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It therefore follows that the oxides of formulas A20 and AO do not satisfy any of the rules.
Oxides A203 (e.g. B20s3) satisfy the rules providing the oxygen atoms form triangles
around each central A atom. For AO2 (e.g. SiO2) and A20s (e.g. P20s) type oxides the

rules are satisfied if the oxygen atoms form tetrahedra around each A atom.

crystal glass

Figure 12 Schematic structures of crystalline and amorphous silica, note the fourth Si-O
bond is above the silicon atom. Black circle £Si, White circle +O. [124]

crystalline > vitreous

Figure 13 STM image of a silica film, with crystalline (left) and vitreous (right) phases
observed [125]
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While the lack of long-range periodic order appears to preclude the idea that glasses have
a definite structure, it is the short to medium range order which gives rise to the

macroscopic properties.

The coordination number of cations within the vitreous network determines how the
HMEXLOGLQJ E O Rralkuths RilUaragel Xe- Mio tetrahedra, triangles, octahedra.
These structural motifs exhibit order within the range of several atoms [126]. The
coordination number (CN) of the cations within a glass structure determine whether they
are network formers (CN=3 or 4) such as Si, B, P, Ge, As, Be, or network modifiers
&le ZKLFK UHGXFH WKH FRQQ H&cWds¥Wh,W,\CRor BaKTHe@ &8s/ ZR U N
exists a subset of intermediate cations which, depending on their CN, either reinforce the
QHWZRUN &1 RU ORRVHQ WKH QHnaAiR tbhn adglass alBéW FDQQ|
[123,124]. The ways in which the individual structural motifs are connected together
induce randomness into the network by variation of the bond angles and bond rotation.
These structural motifs can be determined through Fourier Transform Infrared (FT-IR)

and Raman spectroscopies [126,127].

2.2.2.2 Alkali - Silicate Glass

Due to the prohibitively high temperature required to melt pure silica (2200°C), fluxes and
modifiers are added to reduce the melting temperature to more accessible temperatures.
These additions modulate the properties (chemical durability, colour, viscosity, and
mechanical properties amongst others). In order to reduce the melting temperature

sodium oxide (Na20) is added: this gives a twofold change to the network. Firstly, it
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reduces the connectivity of the glass network by introducing non-bridging oxygens

(NBOs) as demonstrated in Figure 14, which significantly reduce the viscosity.

esi 00 O

Figure 14 Arrangement of ions in Na20O-SiO2 glass. Na20 ruptures oxygen bridges and
the larger Na* ions are located within the interstitial cavities [128]

Figure 15 Q" tetrahedra in a silicate glass, grey = Si, red = O
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NBOs reduce the connectivity of the silicate glass network, and thus reduce the viscosity.
Through Raman spectroscopy, this reduction in connectivity can be quantified by
measuring the Q" speciation [129]. Q* refers to a SiO4 tetrahedra fully coordinated to four
other SiO4 tetrahedra, and inversely Q° indicates that the SiO4 tetrahedron is bonded to
no other SiO4 tetrahedra, as shown in Figure 15. Determination of the concentration of
each of the five possible Q" units can be used to characterise the connectivity of the
network. The relative concentrations of each of the Q" structures are dependent on the
concentration of the modifier ion, as shown in Figure 16 [130]. Between 0 and 15mol% of
M20 (where M= alkali), Q* tetrahedra are preponderant. Upon further addition of alkali
oxide to 20-40%, the Q* concentration decreases while Q3 concentration increases to a
maximum at ca. 32% alkali oxide. Q' and Q? conformations become dominant towards

50+% concentration of M20.
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Greaves proposed a modified random network model (MRN) [131] suggesting in an alkali
silica glass, the overall structure is composed of two interlocking sublattices. One is
comprised of network formers (i.e. SiO2) and the other is inter-network regions or
percolation channels, consisting of network modifiers (i.e. Na20). This is demonstrated
schematically in Figure 17. Structures shown in Figure 17 occur when the volume fraction
of the modifier oxide - ,RQLF WUDQVSRUW LV PRUH UHDGLO\ VXSSEK
channels as the activation energy decreases with increasing modifier content. At low
concentrations of modifier oxide the ratio between self-diffusion and ionic conductivity (i.e.
correlation factor, f) is not associated. Upon increasingthe PRGLILHU FRQFHQWUDWLF
the correlation factor plateaus at a value close to one. This has been calculated and

measured experimentally [131,132].
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Figure 17 MRN schematic of a 2-dimensional oxide glass. Covalent bonds are shown
by the solid lines and ionic bonds are given in dashed lines. The shaded regions
represent disclinations (line defects) which pass through the non-bridging bonds. The
percolation channels of the modifier are shown with a white background [131]
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2.2.2.3 Alkali tAlkaline Earth -Silicate Glass

In order to improve the chemical durability whilst maintaining a technologically available
melting temperature ternary silicate glasses (R20-RO-SiO2) are made. Soda lime silica
glasses constitute the majority of technological and commercial glasses. Of the order of
95% of commercial glass production is oxide based glasses, with the majority silica based
[133]. Generally, the composition for soda lime silica glasses falls within the ranges 10-
20mol% Na20, 5-15mol% CaO and 70-75mol% SiOz2, and other minor additives modulate
the optical, chemical and mechanical properties. These additives are strongly affected by
the soda lime silica network and it is therefore imperative to understand the topology of a
soda lime silica glass before the structure is further convoluted upon the addition of other

components.

O Oxygen

® Silicon

@ sodium

@ Calcium

As shown in Figure 18 every R?* ion must be connected to two NBOs to balance the local

charge. This provides a stronger linkage than the corresponding R* ion, and R?* cations
are thus bonded more strongly into the network and are relatively immobile. Replacement

of the more mobile R* ions by less mobile R?* ions reduces the overall mobility of the
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network and hence improves the chemical durability significantly, whilst also contributing

to decreasing the viscosity of the molten glass.

2.2.2.4 Hydration and Dissolution of SLS glass

The long-term chemical durability of soda lime silica glasses is determined by the rate of
exchange and interdiffusion of alkali ions with protonic, generally hydronium ions H3O*,
species from water. Dissolution behaviour is dependent on both the composition of the
glass and the solution in which it resides. Five types of dissolution behaviour were
observed by Hench and Clark [134] , type 1 corresponds to inert glasses in a neutral pH
solution where there is a very thin (ca. 5 nm) surface hydration layer, this occurs in pure
silica in deionised neutral water. Type 2 corresponds to durable glasses which form a
diffusion limited hydrated layer in the order of 10 nm to circa 500 nm, which occurs in low
alkali silicate glasses in pH < 9 solutions. Type 3 is the same as type 2 in the hydration
layer and conditions but is distinguished by an additional layer of secondary phases that
are redeposited onto the hydration layer. Type 4 corresponds to glasses with a high alkali
content in which the hydration layer is not diffusion limited and leads to further dissolution.

Type 5 is characterised by complete dissolution and observed in high pH solutions >10.

The long term performance of glass products depends on the chemical resistance, the
importance of chemical durability is shown by four ISO tests [135 #138]. Glasses may
exhibit strong chemical resistance to one of these tests but be susceptible to corrosion

from another.

In glasses containing highly mobile ions, notably alkali ions, ionic exchange between
those R* and acidic water (HsO") can occur. This is the initial step in the dissolution of

sodium silicate glasses [139]. The process is diffusion controlled so the depth of
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penetration of hydronium ions into the glass increases with the square root of exposure
to the solution. This ion exchange process is predominant initially but becomes self-

limiting at increasing hydration thicknesses [140].

As congruent dissolution occurs at a constant rate, while ion exchange processes are
proportional to the square root of time, the congruent dissolution process will begin to

dominate over longer periods [141].

log rate= 0.49 pH - 4.54

log rate= -0.49 pH + 2.60
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Figure 19 Glass dissolution as a function of pH [142]

The solution conditions affect the rate of dissolution greatly [143]. Factors which favour
dissolution include a very large surface area, the solution is replenished constantly (or the
volume is infinite), the solution is dilute in dissolved ions, and the pH remains constant at
either extreme of the pH scale i.e. greater than 9 or lower than 3 as shown in Figure 19
[142]. At the extremes of pH the Si-O bonds are affected directly resulting in differences
in durability becoming negligible. Even the addition of alumina, which typically improves
chemical durability, in strongly acidic solutions the Al-O bonds are broken leading to rapid

dissolution of the network [140]. While beyond the scope of this work, glasses with phase
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separation may exhibit different chemical durabilities with different orders of magnitude

[144].

2.2.2.5 Minor Additives for SLS glass

2.2.2.5.1 AlR*

In oxide crystals, aluminium ions are found in both tetrahedral and octahedral
coordination [145,146]. In SLS type glasses the aluminium ions occur in aluminium-
oxygen tetrahedra almost exclusively, providing the R* and R?* content is egimolar or in
excess [147]. This is required for two reasons; firstly as Al2Os provides only 1.5 oxygen
atoms per aluminium atom, the oxygen provided by the R* or R?* oxides is needed to
complete the two oxygen atoms per tetrahedra (giving Q* speciation) [148]. Since the
oxygen atom supplied by the R* or R?*is utilised as a bridging oxygen upon the addition
of aluminium ions, it cannot be a NBO. Hence, for every one atom of aluminium one NBO
is removed from the network, increasing network connectivity and chemical durability
[149,150]. The second reason the R* and R?* ions need to be in excess for tetrahedral
Al®* jons to occur is to balance the local charge, as the effective charge for the AlO2
tetrahedra is -1 distributed over the anion which is balanced by either one R* or two R?*

cations, demonstrated in Equation 2.

H#Hg? E4> R tH#HHg? E 45

Equation 2 Local charge balances of aluminium-oxygen tetrahedra
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2.2.2.5.2 Mg?*

In aluminosilicate glasses modified by R?* ions, Ca?* and Mg?* confer different local
environments. Mg?* has a smaller ionic radius than Ca?*, and the coordination number of
Ca?* is generally six-fold or seven-fold [151,152], whereas the coordination number of
Mg?* has been reported as being four, five or six-fold [153,154]. This suggests that Mg?*
may act as a classical network modifier or a network former. Mg?* allows for the formation

of more Al-O-Al bonds relative to Ca?* in aluminosilicate glasses [155].

2.2.253K*

Potassium has been used as a glassmaking reagent since at least 1000AD [119],
primarily in the form of wood ash. The raw materials in the production of wood ash glasses
contained a higher amount of Fe203 and MnO, the resultant glasses were a deep green

+blue colour [156].

Potassium oxide is used as a flux in the same manner as sodium oxide, to lower the
viscosity of the main glass former. As K* has a lower field strength than Na*: the viscosity
is higher with the same molar amount [157]. Recently the glass industry has utilised
potassium to chemically strengthen the surfaces of glass and induce a stress profile [158].

See section 2.2.3.3.1.

2.2.2.5.3.1 Mixed Alkali Effect
In glasses, containing two different alkali ions the diffusivity of either component is orders
of magnitude greater than in the corresponding glass with either of the alkali ions

[159,160]. This is termed the mixed alkali effect. The mixed alkali effect decreases the

71



temperature at which viscosity is equal to 10*? Pa.S, the annealing temperature as shown

by Figure 20. See section 2.2.3.1.2 for viscosity fixed points.
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Figure 20 Viscosity at 1012Pa.S at constant alkali molar concentration [161]

2.2.2.6 Non-Negligible Components of Soda Lime Silica Glasses

Since glass is used to transmit visible light into buildings, to transmit light through a PV
module cover glass and to transmit photons through optical fibres, the colour of
commercial glass is of great importance, with a great deal of research undertaken to fully
understand the chromophores present in silicate glasses [61,78,162 164]. The main two

chromophores present in soda lime silica glasses are iron and titanium;
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2.2.2.6.1 Fex0s3

In all commercial glasses Fe20s is present, either as a deliberate addition or as an
impurity, particularly from the silica source [165]. Iron is usually present in glass in the
oxidation states Fe?* and Fe®', with raw materials and melting conditions strongly
affecting the Fe?*/Fe®* redox ratio [163]. The content, redox ratio and environment of iron
in the glass matrix can modulate the optical absorption in the UV, visible and IR regions

[57,166].

2.2.2.6.2 TiO2

TiO2 is another polyvalent ion found in commercial glasses, with effects in the UV and
visible regions [167]. Ti** in silicate glasses shifts the UV absorption edge towards the
visible region due to the absorption of 2p orbitals from O ions to the d° metal ion, inducing
a fluorescence effect [74,78]. In the Ti3* oxidation state an optical absorption around

20,000 cm* (500 nm) occurs due to the ?T2g?Eg transition of the 3d electron [167].

2.2.2.6.3 NaxS04

The addition of Na2SO4 has several pronounced effects on glass production; it is both a
source of Na20 and SOz* in the glass. It promotes the formation of low melting eutectic
liquids during the silicate formation portion of the melt [168]. Primarily the addition of
sodium sulphate to the melt is to aid in refining, through the decomposition at high
temperatures forming large bubbles aiding the removal of seed, and due to the release

of oxygen at high temperatures it is an oxidising agent [169].
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Refining agents are used in a glass melt to aid homogenisation through the release of
large quantities of gas release. The large volume of gas has a two-fold benefit; firstly, the
large bubbles rise faster than the small entrapped bubbles. This process is characterised

E\ 6WRNHVY ODZ R U Lyl aibcaus BEdi, olMng Rquation 3.
(« L xé R4R

Equation 3 Stokes' law on the force of viscosity on a small sphere moving through a

viscous medium

Where; Fq = frictional force, G\QDPLF Y, R&Er&IMs MSphere, v = flow velocity

relative to the moving object

Utilising Equation 3 it follows there are two methods to increase the speed of the
entrapped bubbles to rise to the surface, increase the radius of the bubble or to lower
viscosity. Common refining agents include potassium and sodium nitrates, sodium
chloride, fluorides of calcium and sodium and sodium sulfate (Na2SOa) [164]. Historically

oxides of arsenic and antimony were used to aid in bubble removal.

2.2.2.7 Commercial Compositions of Soda Lime Silica Glasses

Glasses that attenuate UV light and have high transmission in the visible are used for PV
modules [60]. Critically the composition must fulfil several criteria; high chemical
resistance, good mechanical properties, high transmission in the visible and NIR and
strong attenuation in the UV [27]. The ranges of compositions are outlined in Table 3.
Selection of low iron oxide raw materials is crucial. Commercial soda lime silica glasses
are melted at temperatures of between 1450°C to 1550°C [27]. Resultant glasses are

frequently tempered to increase the strength and to reduce risk of serious injury [170].
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Table 3 Typical compositional ranges of PV solar glasses [171,172]

Oxide Molar %
SiO; 70-74
Na,O 12-16
CaO 5-11
MgO 1-3
Al;O3 1-3

2.2.3 Chemistry and Physics of Glass Processing

2.2.3.1 Mechanisms of Glass Melting

Specific details regarding the mechanisms of melting are dependent upon the specific
batch materials and the type of glass produced. For silica based glasses, especially the
formation of soda-lime-silica glasses, far more information is available in the literature
about specific melt processes [124,173]. The major mechanisms in soda lime silica glass

melts are:

X Release of adsorbed water around 100°C. Generally, raw oxides and carbonates
have been dried before melting in a furnace to obtain a reliable weight. However,
some components are hygroscopic (CaO or NaOH) or contain water in their
crystalline structure and to remove the water from these components requires
extra energy input.

X Release of volatile gases and combustion of organic compounds between 200-
600°C [174]. Carbonates also begin to decompose leading to large volumes of
CO2, for one mole of CaCO3z 22,400 cm?® of CO:2 gas is released, a volume
expansion of around 600 times.

X Solid-state reactions occur between components leading to binary or ternary

systems. This leads on to the eutectic melting of Na2O and CaO at 775°C and

75



sodium disilicate and SiO2 at 800°C. Solid state reactions begin to occur over this
temperature range. The viscosity is low at this point and the rate of dissolution of
silica and alumina rapidly increases with increasing temperature. As the
concentration of silica increases in the liquid phase, the viscosity increases,

resulting in the required high temperatures to aid in refining.

At high temperatures, fining processes lead to homogenisation of the glass melt where it

is subsequently processed.

2.2.3.1.1 Commercial Glass Melting Procedure

Float glass manufacture, or the Pilkington process as named after the inventor, produces
parallel flat glass sheets by floating molten soda lime silica glass on a molten tin bath.
Although some speciality borosilicate glasses such as Borofloat® by Schott are prepared
through this method, the majority of commercial production corresponds to the soda lime
silica family of glasses. In 2009 annual flat glass production globally was 52 million

tonnes, worth globally £20 billion [175].

Melting furnace

(65m)
Float bath
molten tin (70m)
‘ ——
LA A A 4 4 A 4 4 2y

Figure 21 Schematic of float glass furnace, float bath, and lehr

Figure 21 shows a typical float glass 250 tonne per day float glass furnace. Batch input

corresponds to the pre-mixed composition of soda lime silica with minor additives and
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cullet. The mixture enters the melting furnace with a batch charger, the rate of which is
determined by the output and retention time of the furnace. The melting furnace is typically
between 1450°C and 1575°C depending on composition [27], desired redox of any
constituents and throughput. Typically these are heated through natural gas or oxy-gas,
a mixture of hydrogen and oxygen which burns cleaner and hotter [176]. To induce
thermal convection currents heating electrodes are frequently used, these are electrically

powered and assist in homogenisation of the melt [177].

The furnace is lined with refractory material to withstand the temperature and
atmosphere, in the hot end of the furnace thermal regenerators are frequently used to
recapture flue exhaust heat [178]. Within the flue are chemical scrubbers to remove SOx,

NOx and fine particulates which are tightly controlled by EU legislation.

After homogenisation the molten glass flows into a molten tin bath via a spout. The
atmosphere is controlled with N2 and H2 under positive pressure to minimise oxidation of
the tin. Tin diffuses into the glass and oxidises, this can be revealed through reflectivity,
fluorescence and ellipsometry measurements [179]. The temperature of the tin is circa
600°C, the viscosity of the glass rapidly increases within this section. At the input the

glass is generally 1200°C, and is cooled to above Tq4 by the end of the float process [180].

The viscosity is sufficiently high to not deform under the weight of the glass, i.e. the
Littleton softening point, as it enters the annealing lehr [181], see section 2.2.3.1.2. Over
the distance of the lehr the temperature is gradually reduced to remove thermal stresses
within the glass where it is subsequently cut and prepared for transport. Within the lehr,

coatings can be applied to enhance optical and mechanical properties. Until this portion
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the process is referred to as the hot end, and any subsequent post melt and cooling are

termed the cold end such as applying labels and cutting.

2.2.3.1.2 Typical Viscosity Curve
In commercial processes, there are four standard viscosity points that must be controlled,
and which are essential to ensure a high throughput of glass. These points are shown in

a typical viscosity curve in Figure 22 [147] and are as follows:
X Working point +103Pa.s
x Littleton softening point +106%° Pa.s
X Annealing point +10% Pa.s

X Strain point +1013° Pa.s
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After the melting temperature (of 1-10 Pa.s to aid in refining and homogeneity), the glass
is delivered to a machine to be worked, generally a float or bottle forming section, hence
the working point. This viscosity allows for the formation of shapes under reasonable and
technological stresses but the glass must be supported until below the Littleton softening
point. This point is characterised as the temperature which the top 10 cm of a glass fibre
of between 0.55-0.75 mm diameter and 23.5 cm length is heated in a furnace at 5°C
min! begins to elongate under its own weight at a rate of 1 mm min* [181]. Note, the
viscosity of 106 Pa.s only refers to the specific glass which was originally tested by
Littleton; if the density of another glass is different the softening point will vary from 10965

Pa.s.

Viscosity is a measure of the resistance of a liquid to shear deformation, given by
Equaton4 ZKHUH YLVFRVLW\ LV GHILQHG E\ WKH IRUFH DSSC
sheets of (d) distance, divided by the area (A) of those plates and the relative velocity (v)

of the two plates.
BL T

Equation 4

Glasses most readily form either if the viscosity is high at the melting temperature, or if
viscosity increases rapidly upon cooling from the melt to the solid. Both of these high
viscosity situations impede the crystallisation of the melt as atomic rearrangement is
significantly reduced in a high viscosity liquid. The annealing point is generally defined as
MWKH WHPSHUDWXUH DW ZKLFK%Dhf LO\DW V V¥ BN DGEH YV HA MDKMH)

DQRG WKH VWUDLQ SRLQW pWKH VMBBHVY UHOHDVH>V@ RYHU
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2.2.3.2 Crystallisation of Glass

:KLOH DOO JODVVHYVY ZLOO FU\VWDOOLVH RYHU D ORQJ HQRXJ
limit of infinite time, is to crystalli V H[Y05], uncontrolled bulk crystallisation tends to

produce poorly-performing glass-ceramics, as the devitrification process occurs at

random times and locations [182]. However, upon addition of a suitable nucleating agent

such as TiO2[183], ZrO2, halides [184], phosphates [185], or Ag20 [186], the nucleation

and subsequent crystallisation occurs at a particular time and location within the network

and under the right conditions, allowing careful control of the subsequent glass-ceramic.

Figure 23 Time - Temperature schematic for the production of glass ceramics

There are several critical steps to produce a suitable glass-ceramic, as shown in Figure
23. The raw materials are melted until a homogeneous liquid is formed, and then cooled
and formed into the desired morphology below Tg4. The glass must be annealed to remove
thermal stresses before reheating to T1 or above. This is the minimum temperature for
(technologically feasible) devitrification, and produces large numbers of small crystallites.

T2 corresponds to the temperature in which growth of the crystallites is at a maximum,
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and must be below the liquidus temperature. After the appropriate time the glass-ceramic

is slowly cooled to room temperature to remove thermal stresses.

Crystallisation of glasses have been extensively researched and developed since
Stookey first proposed glass-ceramics in 1959 [187], leading to novel hybrids overcoming
classical drawbacks of glasses. Glasses are readily formed into a multitude of shapes
and structures, and the subsequent glass-ceramics have zero porosity. Glass-ceramics
have interesting properties that are difficult to achieve with either component. The
mechanical [188,189], optical [184,190 #192] and electrical [193] properties can be

dramatically improved upon partial crystallisation.

2.2.3.3 Mechanical Properties of Glass

Fracture strengths of glasses are generally far lower than the maximal theoretical
strength. Various environmental and surface flaws give rise to a large variation in fracture
strengths, and hence fracture strength can only be described as a distribution function.

The stress required to form two new surfaces is given by Equation 5.

;S»D)
_
z| Sl

Equation 5
:KHUR LV WKH 2URZDQ VWUHVV ( LV <RXQJYV PRGXOXV LV

and ro is the interatomic distance. The terms in Equation 5 are generally independent of
glass composition, resulting in all glasses having a fracture strength within the range of
1-100 GPa. Equation 5 allows for calculation of breaking of individual chemical bonds,

and does not allow for surface flaws acting as stress concentrators. The typical practical
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fracture strength is around 7-32 MPa for silicate glasses [67]. During manufacture,
transport and use of glass products flaws in the surface develop, which act as stress
concentrators increasing the local stress to levels higher than the theoretical level and
hence causing a fracture. In practical terms, glasses with a higher scratch resistance will
have a higher strength (all else being equal) due to the ability to resist the build-up of
flaws. However, flaws can occur not just from mechanical actions but also from chemical
attack, such as hydration of the surface [141], or from thermal actions. Rapid heating and
cooling of glasses reduce the strength of glasses due to the outside of the material being

heated faster than the inside, inducing stress due to thermal expansion.

2.2.3.3.1 Strengthening of Glass

Other than producing a pristine glass with near zero surface flaws [67], there are two main
methods to increase the strength of glass; both methods rely on the same principle of
inducing surface compression and internal tension. Introducing a stress gradient
according to Figure 24, allows the surface of the glass to resist scratches and fractures
[194]. Typical thermal toughening occurs due to rapid air quenching of glass from above
to below its Tg. The surfaces solidify rapidly while the core remains in a relaxed fluid state,
upon further cooling the surfaces cannot shrink further while the core shrinks slightly

building in the compressive and tensile stresses and balancing the stress distribution.
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Figure 24 Schematic of residual stress profiles in A) thermally and B) chemically
tempered glasses as a function of depth

Chemical toughening occurs through an ion exchange process wherein a larger ionic
radius ion replaces a smaller, more mobile ion, usually between alkali ions [195], however
various sulphur oxides can also be used to induce stress [196]. Due to the larger, less
mobile ion becoming embedded within the network at the surfaces of the glass, a
compressive stress layer is built in with greater control over the thickness and with a
higher total stress [197]. Fracture toughness of a glass can be controlled through
composition, with larger, less mobile alkaline earth ions increasing fracture toughness
[198], and between 5-15 vol% Al203 content in SLS glasses fracture toughness increases
[117]. Typical silicate glasses have a fracture toughness of between 0.6 +0.8 MPa.m'?

[199].

2.2.4 Optical Properties of Glass

Soda lime silica glasses have a unique combination of properties that make their use
widespread: perhaps the most important are their optical properties. The ability to transmit
visible light allows for illumination of homes and PV modules while the chemical inertness

protects from the elements.
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The optical properties of glasses may be divided into four categories: (i) bulk properties
that refer to refractive index, scattering and optical dispersion; (ii) absorption properties
refer to the colour of the glass, UV Vis and IR absorption profiles, colloidal dispersion
amongst others; (iii) surface properties including reflection; and (iv) other properties such

as photochromism, Faraday rotation of light and luminescence [133].

Silicate glasses are one of the few commonly available materials that allow the
transmission of visible light. The optical properties of glass allow communication through
optical fibres [200], the refractive index and transmission allows for optical instruments
and enhanced solar PV modules [95] and the aesthetics of the material are useful for
architecture and glassware. The colour of glass have been studied for many years by
technologists understanding chromophores particularly iron and other transition metals
[201]. Stained glass has been produced for over 1000 years, due to its aesthetics, for

mosques, cathedrals and other buildings of cultural importance.

There are many other optical characteristics that change the properties of the glass such
as luminescence, scattering, photochromism and opalescence. In the 1959 book
H&RORXUHG JODVVHVY E\[2R]ONbIl R W ofthe Hadies outlined have
been modified since his book was written, the main bulk of the work is still crucial to the

modern glass scientist.

2.2.4.1 Basics of Light

As outlined in section 2.1.1, the wavelength ranges outlined in this study are defined as
ultraviolet (UV) have been defined as the wavelengths corresponding to 50000 cm™ +
26000 cm (200 nm-380 nm), visible photons corresponding to 26001 cm* 12800 cm™

(380 nm 4780 nm), and infrared (IR) as 12801 cm* £3300 cm™ (780 nm #3000 nm). This
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is outlined in Figure 25; the UV VIS IR range is a narrow band of the total electromagnetic

spectrum.
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Figure 25 Electromagnetic spectrum. Public domain image from Louis E. Keiner via
Wikipedia Creative Commons

Electromagnetic waves transport energy through a vacuum at 2.997x10® m s (notated
by the symbol C). As light passes through a medium the wave is absorbed by the atoms
in the material, the electrons undergo non-resonant vibration and then emit the wave.
This process is repeated multiple times throughout the material, ultimately slowing the

propagation of the wave.

The reduction in speed at an interface leads to a refraction of the wave. A vacuum, by
definition, has a refractive index of 1, air at STP has an R+=1.00023, and SLS type glass
has an Ri=1.502-1.557 depending on composition and treatment [58]. Refractive indices

are not constant and vary with wavelength: shorter wavelengths are deviated more
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strongly than longer wavelengths, following the derivation given in Equations 6-10, and

shown in Figure 26.
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Figure 26 Variation of refractive index by wavelength for soda lime silica glass (data
from [58] and smoothed)

4y L i
"R
Equation 6
Velocity can be defined as;
RL asB
Equation 7
Substitution into Equation 6 gives;
4y L 22 x0 e
% @ x U @#D

Equation 8
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The frequency term cancels leaving;

Bap x U e
% %o x U
Equation 9
Therefore,
4y B
Equation 10

2.2.4.1.1 Refraction

Transmission of light from the air to glass to air interfaces leads to two changes of

refractive index, as demonstrated schematically by Figure 27.

Emergent Ray

Normal

Glass Air

Incident Ray

Figure 27 Schematic of refraction and transmission of light

The refractive index is dependent on the photons finteraction with the electrons from the
atoms forming the glass. Increases in either the electron density or polarisability of the
ions lead to an increase in the refractive index. Glasses with heavy ions such as Pb or Bi

have higher refractive indices, generally around 2.0 [203,204]. Lead crystal glassware
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has been produced for centuries for its brilliance; this is partially attributed to the high
refractive index of 24wt% PbO glasses. Anionic contributions such as F lower the
refractive index. The proportion of non-bridging oxygens (NBOs) to bridging oxygens
(BOs) modulates the refractive index as NBOs are more polarisable, leading to higher

refractive indices.

2.2.4.1.2 Reflection

Reflection is a change in direction of a photon as it passes through one medium to the
surface of a second medium. In glasses, the electric field of the photon interacts with the
electrons within the glass, which in turn reradiate the light outward. In the context of solar
PV modules, this occurs at several points and must be minimised at each surface, not
only for better conversion efficiency but also for air navigation requirements. In fixed PV
systems up to 20% of the available photons are lost through reflection per day [43].
Antireflective coatings are frequently applied to glasses which reduce the reflective losses
to below 7% in 1986 [205], and have recently been demonstrated to reduce them to below

5% losses, with the additional benefit of having self-cleaning properties [62,206].

Antireflective coatings work most effectively at a particular wavelength, and cause greater
refraction for photons of other wavelengths. Antireflective coatings on glass can increase
the transmission to above 98% over the visible range. However, long term stability of the
coatings is highly dependent upon the initial surface conditions and is most effective over

a narrow wavelength range [63].

At any interface with a difference in refractive index, refraction occurs. In photovoltaic

modules efficiency can be increased through a refractive index matching of the EVA and
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glass front sheet layers, additionally when combined with a luminescence downshifting

layer [207].

2.2.4.1.3 Charge Transfer Bands

Silicate glasses have strong absorption of photons in the ultraviolet region; this absorption
is termed the ultraviolet edge. The ultraviolet edge is caused by a photon exciting a
valence electron of an anion (e.g. O%) to an excited state. NBOs lower the energy required
for this excitation process to occur, hence the addition of modifiers (Na*, Ca?* etc.) shift

the ultraviolet edge towards the visible region.

Due to impurities such as iron and titanium, arising from the raw materials and
refractories, the inherent ultraviolet edge is infrequently measured. Strong absorption
bands occur in Fe3*2* and Ti** in silicate glasses due to an oxygen metal transfer band
[56,78] from the cation to a network anion. The intensity of these bands is so great as to

effectively shift the ultraviolet edge towards the visible.

A charge transfer band is a change in the electron distribution between a metal and ligand.

There are two types, which are defined by the direction of electron transfer;

2.2.4.1.3.1 Ligand to Metal Charge Transfer Bands

Ligand to metal charge transfer (LMCT) bands involve the transfer of electron(s) from an
orbital of a ligand, to the orbital of a metal. This is favoured where the ligand has high-
energy lone pairs (e.g. O%) and the metal is in a high oxidation state (e.g. d° metals) as
the acceptor level is low in energy. Metal ions that are more readily reduced tend to have
lower energy transitions.
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2.2.4.1.3.2 Metal to Ligand Charge Transfer Bands
Inverse to LMCT, metal to ligand charge (MLCT) transfer bands involve the transfer of
electron(s) from the orbital of a metal, to the orbital of a ligand. This is favoured with low

H Q H U'Jorbifals in aromatic ligands, and if the metal has a low oxidation number.

2.2.4.1.3.3 Transition Metal and Lanthanides Charge Transfer Bands

Particular transition metal ions such as Fe?*3* [208], Cr°*/6* [209] and lanthanide ions,
notably Ce3*4*[210], absorb strongly in the UV region and their presence in the cover
glass will thereby confer protection to polymeric species beneath. However, all of these
metal ions in glass produce strong visible absorption. Cerium oxide has been used as a
model UV absorbing agent for the protection of polymers in PV modules [28], however

CeOz2 solarises over time, resulting in less effective protection over time [211].
2.2.4.1.4 Luminescence

Fluorescence, downconversion and upconversion are types of luminescence with subtle
differences. Fluorescence (sometimes referred as downshifting) involves the absorption
of one photon and the emission of up to one photon, after losses of non-radiative decay
mechanisms. Downconversion (DC) processes involve the absorption of one photon and
the emission of more than one photon of lower energy. Upconversion (UC) processes
involve absorption of multiple photons (at least two) and release of a photon of higher
energy. These three variations of luminescence are schematically shown in Figure 28.
Luminescence in silicate glasses can allow a PV module to access a wider range of
photons available for conversion to electricity. All solar cells have a range of photons
which are able to be absorbed and converted to electricity, c-Si PV modules absorb

according to Figure 29, note this follows the solar spectrum as shown in Figure 1.
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Figure 28 Schematic of absorption and emission processes of photoluminescence (PL),
downconversion (DC) and upconversion (UC) [2]
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Figure 29 Potential gain of up and downconversion processes for a Si-PV module.
Figure considers no other losses than spectral mismatch. DC +downconversion, UC +
upconversion. Copied from [212]

Downconversion processes (including fluorescence) can lead to a theoretical efficiency
increase in a c-Si solar module of up-to 36.5% [213], upconversion processes can lead

to a theoretical efficiency of 37.0% [214].

There are two forms of light emission, blackbody radiation and luminescence. Blackbody

radiation was briefly discussed in section 2.1.1, the various forms of luminescence and
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their mechanisms will be detailed here. The absorption and emission of light is quantised

according to Equation 11;

D?
"L DRL—

a
Equation 11
KHUH Y IUHTXHQF\ F VSHHG RI O$ImaNck consEabtYAd e QJWK D
energy is proportional to the frequency there is a great variation over the electromagnetic
spectrum (108 eV for gamma rays to 109 eV for radio waves). Within the scope of this
thesis, luminescence discussion is limited to transitions induced by UV and visible

photons (12eV +1.6 eV), which involve the transitions of the outer atomic electrons.

2.2.4.1.4.1 Absorption

There are several possible outcomes after the initial absorption of a photon to dissipate
the energy through phonon losses, decomposition, reactions, or by re-emission. The
guantum efficiency (QE) factors all the mechanisms and details the statistical chance of

photon emission and can never exceed 1 (or 100%) given by;

LDKPKAOEPPA @
LDKPK3®OOKN>A@

At room temperature, most electrons are in the ground state (termed So) in the lowest
vibrational level. Absorption of a photon, of near or equal to the energy of the bandgap,
induces an electron to be promoted to either the first (S1) or second (Sz) excited state as

demonstrated schematically in Figure 30.
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Figure 30 Transitions leading to fluorescence absorption and emission spectra [215]

The Jablonski diagram in Figure 30 shows the energy levels on the vertical axis, the bold
lines represent the limit of a particular electronic transition, with the fine lines
corresponding to vibrational levels, and between the bold and fine rotational levels can
be represented. For clarity, not all lines are shown in Jablonski diagrams. Straight lines
show the conversion between a photon and the energy of an electron, with curved or

wavy lines representing non-radiative pathways.

Absorption of a photon of a particular energy promotes an electron from the ground state
(this is usually the case as statistically most electrons occupy a low-lying energy state at
room temperature). The absorption process is in the order of 101 seconds (1

femtosecond).
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2.2.4.1.4.2 Excitation

Excitation can induce an electron into any of the vibrational energy levels associated with
each electronic state. Although the energy is quantised, and the resultant absorption and
emission bands should therefore be very narrow, this is rarely observed except in
molecules that are rotationally inhibited such as planar configurations. In molecules with
rotational freedom the number of potential absorption transitions is dramatically increased
leading to broad absorption and emission bands (the resolution limits of the instrument

does not allow these individual transitions to be detected individually).

As the electron is in an excited state in one of the higher vibrational levels, the excess
energy begins to dissipate through intermolecular collisions. This culminates in the
electron residing in the lowest vibrational level of the excited electronic state (e.g. Si).
From this state, the electron may return to any of the vibrational levels associated with
the ground state (So) with the remaining excess energy being released as a photon, i.e.

fluorescence.

There is one common transition in the excitation and emission spectra, from the lowest
vibrational level in the ground state (So) to the lowest vibrational state in the first excited
state (S1). All other transitions require more energy to excite than to emit, i.e. other than
the common transition, the emission spectrum will be of lower energy than the excitation

spectra.

2.2.4.1.4.3 Emission
In an excited state energy can be dissipated in several ways, either through a radiative
or non-radiative mechanism. Non-radiative decay occurs through vibrational relaxation,

indicated by the wavy line in Figure 30, where the energy is shifted to the vibrational
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modes within the molecule, or transferred to other molecules within the vicinity. This
process occurs between 101* seconds (10 femtoseconds) and 10! seconds (10
picoseconds). This non-radiative decay occurs through vibrational levels, and only rarely
through electronic transitions. If there is overlap between the vibrational levels and
electronic level, an internal conversion process may occur. Internal conversion processes
have a higher probability of occurring in the higher energy regimes, i.e. S2, Ss, as the
vibrational and energy levels have greater overlap. Due to the large energy, difference
between the first excited state and the ground state internal conversion is unlikely to occur

between these two energy levels and is therefore a slower process.

Radiative decay, the emission of a photon, or fluorescence occur in the order 10°°
seconds (nanoseconds) to 107 seconds (100 nanoseconds). Emission most frequently
occurs between the first energy level and the ground state. Radiative decay and non-
radiative decay are competitive processes, as the non-radiative decay mechanisms are
orders of magnitude faster than radiative processes these tend to dominate at higher
energy levels. Due to a large number of vibrational levels that can be coupled to the

electronic levels, emission is distributed over a range of wavelengths.

Upon the promotion of an electron to a higher excited state, the spin of the electron is
preserved, as most molecules have an even number of electrons that are arranged in
pairs of opposite spin. It is possible for the spin of the promoted electron to be reversed,
resulting in the molecule having two electrons of the same spin in different orbitals. In
such a state, the molecule may be in three states of slightly different energies, a triplet
state. The spin quantum number is S = 1 and as such the three values of the spin

component correspond to Ms = -1, 0, and 1. Similar to fluorescence, phosphorescence
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results in the emission of a photon, but involves an intersystem crossing. The electron
changes its spin state from an excited singlet to an excited triplet state. This is a slower
process than fluorescence, in the order of 10* seconds (100 microseconds) to 107
seconds. A schematic showing absorption, fluorescence, intersystem crossing and

phosphorescence is shown in Figure 31.
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Figure 31 Jablonski diagram showing absorption, fluorescence, intersystem crossing,
and phosphorescence

In the triplet state, relaxation to the ground state is a forbidden process, through coupling
of the vibrational modes into the selection rules, the transition becomes weakly allowed.
Intersystem crossing events are reversible and can lead to delayed fluorescence.
Phosphorescence leads to lower energy wavelengths than fluorescence as more energy
is lost during the intersystem crossing, and during the long lifetime in the triplet, state

energy can further dissipate through non-radiative decay mechanisms such as phonon
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losses, bimolecular interactions or internal conversion. The difference in maxima between
absorption of photons and emission is termed the Stokes shift. Anti-Stokes shift
corresponds to an emission of photons of higher energy than the absorbed photon. The
extra energy comes from phonon energy leading to a cooling of the sample; it may also

arise from the absorption of two or more photons, i.e. an upconversion process.

2.2.4.1.4.4 Quenching

Fluorescence quenching is a process that leads to a reduction in intensity of fluorescence
emission. This may occur through an increase of non-radiative decay mechanisms,
competitive absorption of photons, bimolecular energy transfer. In silicate glasses, iron

ions strongly quench UV induced fluorescence.

2.2.4.1.5 Glass Phonon Interactions

2.2.4.1.5.1 Crystal Field Theory
Absorption in the visible region gives rise to coloured glasses. D or F block elements
colour glasses in a predictable way according to ligand field theory, an extension of crystal

field theory with considerations of the effect of the metal-ligand covalent bonding.

Crystal field theory suggests a breaking of the orbital degeneracy of metal complexes due
to the bonded ligands. The strength of the metal-ligand (M-L) bonds alters the energy of
the system, which changes the photon absorption characteristics and ultimately the colour

of the complex.

The approach utilised by crystal field theory follows Equation 12, where E is the bond
energy between the charges, qi and gz are the charges of the ions and r is the distance

separating them.
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Equation 12

This leads to accurate predictions for large cations with low charge such as alkali metals
as the orbitals are degenerate and symmetrical. However, for transition metals, the
orbitals are not degenerate. Ligands interacting with the transition metal ion affect some
orbitals more strongly than others dependent upon the geometry of the coordination
complex. In a complex with octahedral geometry, ligands coordinate to the metal ion
along the x, y, and z axes, thus stabilising the complex. The electrons in the dx?-y? and dz?
orbitals have greater repulsion. More energy is necessary to have an electron in these

two orbitals, causing a splitting of energy levels in the d-orbitals shown in Figure 32.
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Figure 32 Crystal field stabilisation energy diagram for an octahedral complex

Electrons fill from the lowest energy orbitals to the highest energy orbitals according to
the Aufbau principle, therefore the dxy, dxz, and dy: (t2g orbitals) will fill before dx?>-y?> and
dz? (e.q. orbitals). In a d® complex, the tzg orbitals will each contain 1 electron. However, in
a d* complex the electron may either fill a higher energy e.q. orbital or pair with an electron
intheteg RUELWDOV ,I WKH VSLQ SDLULQJ HQHUJ\ LV ORZHU WK|
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WKH HOHFWURQ ZLOO SDLU DQG WKH FRPSOH[ ZLOO EH LQ Ol
spin pairing energy the electron would be in a higher energy orbital and the complex be
LQ KLJK VSLQ 7KH YDOXH RI 0 LV LQIOXHQ Fé&teni&distni<e] FDWLRC

and the symmetry of the coordination complex.

$V WKH FKDUJH RQ WKH PHWDO L RQe&s@d-Thelibcxebise of th&rge Y D O X H F
on the metal ion causes the ligands to be more strongly attracted, and hence have a
greater overlap of orbitals. The spectrochemical series highlights the effect on the value

RI WKH YDOXH RI1 0

| " <Br <S?<Cl"<F"<OH <C03?<0%<S03%

Ligands towards the left of the spectrochemical series are weak field as they are highly
polarisable, due to a combination of their large volume and low charge. These produce
OLWWOH FKDQJH danQ ggvié&aly YoDrOhiglidspginl c@mplexes. Weak field strength
ligands form high spin complexes, which absorb photons of higher wavelengths (red to
IR), whereas strong field ligands tend to form low spin complexes with unpaired electrons
and absorb low wavelengths (UV to blue photons). Iron in oxide glass tends to form high
spin complexes, with different glass compositions and hence different ligands affecting

the absorption profiles [208].

The interatomic distance of the metal ligand (M-L) bond affects 0 DFFRUGLQJ %R DQ LQ
fifth-power law [216]. Therefore small variations in the M-L bond length strongly affects
0 7KH FKDUJH FRRUGLQDWLRQ DQG JOlbnteratbrmoMistaricdd OO PR G
Techniques such as extended X-ray absorption fine structure (EXAFS) and neutron

diffraction are used to determine the bond length of M-L bonds. Bismuth is often used
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commercially in replacement for Pb due to similar glass forming properties. The stability
against chemical reduction allows for control of the optical properties afforded through the
incorporation of Bi [217]. EXAFS measurements estimate Bi®* cations have an average
coordination of between 5 to 7 with Bi-O bond lengths of typically 286 pm [218], whereas
Pb?* tends to have a more ordered structure with a 6-fold octahedral coordination with an
average bond length of 233 pm [217]. The complex [BiOs] may be misleading as studies
have shown non-uniform bond lengths relating to a distorted octahedron [219], the

variation in bond lengths within such a complex affects the valuH R1 G

In tetrahedral complexes, the four ligands are bonded to a central metal ion. The splitting
is reversed relative to octahedral splitting due to poor orbital overlap, shown in Figure 33.
The bonding orbitals are directed along the axis while the ligands are between the axis,

and hence orbitals.

dxz'yz’ d_22 dxy! X2z’ dyz
TAV 0.6A AtetI 0.4A
0.4A || o6

dxy= dxz: dyz dxz'y2! d22

Figure 33 Splitting of d-orbitals due to octahedral ligand field (left) and tetrahedral ligand
field (right)

For the same ligands, a tetrahedral complex will have a lower crystal field corresponding
W Ret G bet. 'XH WR WK Wequéntly smaller than the spin pairing energy,

predominantly forming high spin complexes.
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energy level as demonstrated in Figure 34.

Figure 34 Absorption of a photon, inducing the promotion of an electron from the ground
state to the excited state

Certain wavelengths of light are absorbed, causing the complex to appear coloured. A
ODUJHU 0 UHVXOWY LQ WKH DEVRUSW loRsChat®l akbhl&kght) HQHU J'
configuration such as Ti** ([Ar]) and / or have no unpaired electrons in the outermost shell
e.g. Bid* ([Xe] 4f1* 5d'° 6s? 6pY) the complex appears colourless as the absorption is

centred within the UV portion of the electromagnetic spectrum.

2.2.4.1.5.2 Laporte Selection Rules
Selection rules for electronic transitions in metal complexes are governed by the spin
selection rule given in Equation 13 and the orbital rule given in Equation 14;
éoLr
Equation 13
. L Gs

Equation 14

The spin rule dictates that transitions which involve the promotion of electrons which
involve a change in their spin states are forbidden. The orbital rule stipulates that

transitions within a set of orbitals, e.g. d-d or f-f transitions can be forbidden in a
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centrosymmetric molecule such as in an octahedrally coordinated Fe3* ion bonded to 6
oxygen atoms [FeOs]>* 7 K HGR Q D W L-&deRihy (@operties of ligands can hybridise
with d or f orbitals resulting in transitions that are no longer purely d-d or f-f, and thus no

longer violating the spin rule.

Relaxation of the rules can occur through spin-orbit coupling, which allows for the
formation of weak, spin forbidden bands to arise. This coupling occurs between the spin
and orbital momentum of an electron, giving the total angular orbital momentum quantum
number, j. This type of coupling is also known as Russel-Saunders coupling. An electron
with spin, S, is spinning upon its own axis inducing a magnetic field corresponding to L.
A second magnetic field is induced by the spinning electron moving around the nucleus.

These two magnetic fields interact allowing for the absorption of a photon [220].

An octahedral molecule is never perfectly centrosymmetric due to thermal vibrations of
the bonds, absorption of photons is possible during these moments of asymmetric
stretching. This vibronic mechanism is only partially allowed according to the Laporte
selection rules and therefore weak, but resolvable through luminescence excitation
measurements [221]. Tetrahedral molecules have no centre of symmetry and have strong
absorption bands due to the greater degree of d and p orbital hybridisation. The resulting
absorptions may be 10-100 times more intense than from octahedral sites. Expected

YDOXHV RI 0 FRQUsHan§tions arédutlined in Table 4.

Ligand to metal charge transfer (LMTC) bands arise from the transfer of an electron from
aligand (in silicate glasses this is usually O?%) to a d-orbital of a metal ion. As the distances
involved in this transfer are large, there is a large dipole moment. This transition is allowed

according to the orbital rule and the transitions are 2-3 orders of magnitude stronger than
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d-d or f-f transitions. In the case of Fe3* the tail of the LMTC extends into the visible from

the UV and obfuscates some d-d transitions [56].

Table4 ([SHFWHG YDOXHV RI 0O EDVHG RQ YDULRXV WUDQVLWLRC

Transition type Example Complex 0 Fmol?
Spin forbidden, orbital forbidden [MNn(OH2)e)?* ~0.1
Spin allowed (octahedral complex), orbital forbidden [Ti(OH2)e]** 1-10
Spin allowed (tetrahedral complex), orbital partially [CoCl4)* 50-150

allowed (hybridised)

Spin allowed, orbital allowed (charge transfer MnOy4 1000-10°

bands)

Inter-valence charge transfer bands involves the exchange of an electron between ions
of the same element in different oxidation states, e.g. Fe3* and Fe?*. This occurs when
polyhedra are edge sharing, this process can be induced by thermal effects or photon
absorption. The strong coupling between the ferric and ferrous iron breaks the symmetry
of the d-orbitals of the Fe?* ion, allowing for d-d transitions and greatly intensifies the

absorption.

2.2.4.1.5.3 Quantum Numbers

Four quantum numbers accurately describe the movement and trajectories of each
electron within a molecule. The Pauli Exclusion Principle postulates all electrons
contained within a molecule must have a unique combination of quantum numbers. The
guantum numbers determines the electronic configuration of an atom and the probable

location of the atoms electrons.
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The principle quantum number, J, described the electron and the most likely distance
from the nucleus. This determines the principle electronic shell, with increasing values of
Jthe farther the electron is from the nucleus, and hence the larger the orbital in which the
electron populates. The values of Jcan be any positive integer with J L scorresponding
to the ground state. As an electron absorbs energy from a photon, the electron may be
promoted to a higher energy level where J L t &i& 4, a positive change in energy levels

is associated with absorption and a negative change with emission.

2.2.4.1.5.4 Jahn Teller Effect

The Jahn-Teller effect results in a broad and asymmetric band due to distortions in the
coordination polyhedra [179]. Orbitals are theoretically degenerate, i.e. have the same
energy however, the molecule will spontaneously distort to where the degeneracy is
removed and one energy level becomes more stable at the expense of another. Overall,

this rearrangement allows a molecule to exist at a lower energy.

Jahn-Teller distortions are small in t2g ground state orbital groups, such as that of Fe?*.
The theory allows for predictions in the splitting of energy levels upon absorption of a
photon at higher energy levels. During the lifetime of the excited state the upper energy
levels are split, this is known as the dynamic Jahn-Teller effect [222]. This leads to further
asymmetry and broadening of bands, and is found in Fe?* and Ti** containing oxide

glasses frequently [223].

In the complex [Fe(H20)s]?*, the main spin-allowed band arising from the transition of
T2 ' : °E(D) centred at 10,400 cm™ (961 nm) exhibits a dynamic Jahn-Teller effect
typical of Fe?* [59]. The peak displays two maxima separated by circa 2000 cm* (20 nm)

[224]. The fine structure splittings arise from a combination of the crystal-field interaction
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and the spin-orbit coupling of the central metal ion and the ligands, along with the Jahn-

Teller couplings.

For octahedral coordination complexes, the expected magnitude of the separation

induced by the Jahn Teller effect is given by Table 5.

Table 5 Strength of Jahn-Teller distortions as a function of d-electron count. s = strong,
w = weak

Number of d- | 1 2 3 4 5 6 7 8 9 10
electrons

High / Low HS LS HS LS | HS | LS | HS | LS

Spin

Strength w | w - s w - w w - w s - s

2.2.4.1.5.5 Beer Lambert Law
The Beer-Lambert law given in Equation 15 gives the relation between the extinction
FRHIILFLHQW O D PHDVXUH RI WKH SUREDELOLW\ RI DQ H

irradiation, the concentration of the absorbing species (c), and the path length (l).

#L FY?H

Equation 15

The Beer-Lambert law is limited in the range of concentrations available for
measurements, >0.01M non-linearity occurs due to electrostatic effects associated with
the increasing concentration of absorbing molecules. Further issues giving non-linearity
include scattering from particles within the sample and luminescence, and for samples

with a high refractive index.
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2.2.4.1.5.5.1 Behaviour of Fe?* and Fe3*

As iron is the fourth most abundant element on earth, it is a chronic impurity in the glass
making process, either from the raw materials of the glass, or from the refractory in the
furnace. The concentration and valence of iron can dominate the resultant colour of
silicate glasses. Glass manufacturers must carefully control both the concentration (often
from the selection of purity of raw materials), and oxidation state. This is particularly
pertinent to the production of solar glasses as visible and IR absorption reduce the
efficiency of the module significantly. Only 0.10mol% of iron oxide in a soda lime silica

glass can reduce the efficiency of the module by 1.1% [58].

Fe2* dominates relative to the concentration of Fe®* in silicate glasses prepared in a
reducing environment (e.g. carbon crucible, H2-N2 environment [163]). The resultant
glasses have strong IR absorption at ca. 9000 cm™ (1100 nm), which allows for greater
heat flux to the glass melt from the gas burners. However, due to the higher IR emission,
the glass has a shorter working time than a glass with the equivalent concentration of
ferric iron. Silicate glasses containing Fe?* have an LMCT band at 42,400 cm (235 nm)

[163].

Fe3* in silicate glasses has a complex absorption spectra, with six transitions between
21,200 cm™ (471 nm) and 27,190 cm (367 nm) and an LMCT band corresponding to O%

:) H3*" at 36,400 cm™(274 nm) [163,225].

In commercial glass manufacture a mixed valence of iron species is usually observed
with the proportion of Fe?* compromising between ca. 15-30% [163,225] which further
complicates the absorption spectra. Solar glasses require low levels of either valence of

iron, as Fe3* parasitically absorbs visible photons, (however it does provide useful UV
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protection), while Fe?* absorbs IR photons which both increases the heat to the module

whilst deleteriously affecting conversion efficiency.

2.2.4.1.5.5.2 Behaviour of Lanthanides

Lanthanides in silicate glasses have been extensively studied for their upconversion
properties for solar energy, the reader is directed to the work by T. Fix et al [226] and the
book by van Sark et al [53,212]. Lanthanides are used as dopants in glasses for
luminescence downconversion front sheets. UV absorption from a codoped Nd3* and
Yb3* transparent yttrium aluminium garnet glass ceramic leads to an emission of two NIR
photons at 10,200 cm™? (980 nm) [227]. The absorption and emission profiles of
lanthanides tends to be narrow relative to d or p block metal ions, due to the crystal field
splitting being small. Transitions between f orbitals are also forbidden due to the Laporte
rule. However, as the f-f transitions are forbidden, upon absorption of a photon and the
molecule placed in a higher energy state, decay to the ground state is slow making
lanthanide-doped materials particularly useful for lasing applications, as population

inversion is relatively easy to achieve.

2.2.4.1.5.6 Optical Basicity Scale

An important development by Duffy [228] aided in characterisation of the quantity of
negative charge carried by O% ligands. Oxide glasses consist of acidic oxides such as
SiO2 and basic oxides such as alkali oxides and alkaline earth oxides. With increasing
basicity, i.e. with more alkali and alkaline earth content, there is increasing negative
charge on the O? ion. Probe ions such as TI* or Pb?*, which are isoelectronic, are
modulated in their absorption spectra by a quantitative manner by the magnitude of the

negative charge they receive from the O% ions.
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Equation 16.

Eol e Be E:coeFcoe EivoEsoe
Equation 16 RSWLFDO EDVLFLW\ ; PRODU IUDFWLRQ
The average optical basicity can be calculated for the bulk glass, as well as the local
optical basicity to focus on particular sites within a glass [229]. Bridging and non-bridging

oxygens have different basicities which can aid in characterisation of site specific

phenomena [230].

2.2.4.1.5.7 Phonon

A phonon is a vibrational motion in which a series of atoms oscillates at a particular
frequency. The emission of a photon causes an atom to be pushed back due to the
conservation of momentum. Optical phonons such as these can be measured by Raman
spectroscopy, for silicate glasses the phonon peak is considered to be the 1100 cm peak
corresponding to Q3 speciation [231]. Phosphate or fluoride glasses have lower phonon

losses and therefore a relatively higher fluorescence emission under the same conditions.

2.3 Conclusions
Due to increasing demands for cheap, carbon free electricity, solar photovoltaic energy

has seen a dramatic increase in adoption across the world. Crystalline silicon based PV
modules remain the dominant type due to the robust technology and sufficient cost per

Watt for widespread adoption.

Unfortunately, over time modules containing polymeric compounds such as EVA glue and

polymer backsheets undergo UV induced degradation which discolours the material. This
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yellowing reduces the transmission of visible photons and subsequently reduces module
efficiency. Ultimately, over prolonged time this may lead to critical failure and allow water

to ingress into the module.

Absorption of deleterious UV photons within the glass front sheet therefore may protect
PV modules from long term yellowing and damage. Incorporation of transition metal
oxides in d° oxidation or post-transition metal oxides in s? oxidation can absorb UV
photons in silicate glass front sheets. Furthermore, these oxides do not absorb in the
visible region which would critically reduce module efficiency. The oxides emit visible
fluorescence from UV excitation and may therefore enhance module efficiency by

providing a marginally higher flux of visible photons.
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3 Experimental Procedures

3.1 Glass Preparation
The initial glasses melted for this study had the nominal composition listed in Table 6.

Raw materials of *99.9% purity sand (SiOz), aluminium hydroxide (Al(OH)s), magnesium
carbonate (MgCO3s), calcium carbonate (CaCOs), sodium carbonate (Na2COs), and
potassium carbonate (K2COs) were dried for at least 24 hours at 110°C to remove
moisture, then weighed and mixed in a polyethylene bag. Batches to produce 100 g of
glass of the nominal composition outlined in Table 6 were melted in corundum (Al203)
crucibles by ramping from room temperature to 1450°C at 5°C/min with a dwell of 5 hours,
before pouring into moulds on a steel plate and annealing at 530°C for 1 hour then cooling

to room temperature to remove thermal stresses.

Table 6 Initial nominal glass composition

Oxide Mol %
SiO2 70.89
Al203 0.59
MgO 5.49
CaO 9.27
Na20 13.75
K20 0.01

The first glass melted (SLS1) corresponds to Figure 35. The glass had significant
guantities of bubble remaining and a pink hue, from a selenium oxide impurity in the
calcium carbonate as shown in the absorbance spectra in Figure 36 [232]. The peak
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centred at 20,000 cm™ (500 nm) corresponds to a characteristic weak absorption for
molecular selenium, and calcium in the glass allows for greater retention of elemental

selenium [233].

Figure 35 SLS1, pink discolouration and bubbles

Wavelength (nm)
1000 800 600 400
0.4

Absorbance (arb. units)
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Figure 36 UV VIS NIR absorption spectra of SLS1
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Glass produced with the composition in Table 6 melted at 1450°C result in a glass with
significant levels of bubbles from a combination of lack of refining agents and bubbles
introduced from dissolution of the corundum refractory crucible. Refining agents are
utilised in the production of glass to aid in the removal of trapped gas bubbles. A refining
agent is a material which thermally decomposes to produce large quantities of gas(ses)
at a temperature below the liquidus of the resultant material. The large quantity of gas
produced has a two-fold benefit; removal of small bubbles and aiding in homogenisation.
A second glass was produced with the same melt quench anneal cycle incorporating
0.22mol% sodium sulfate (Na2S0Oa4) into the batch in replacement of silica (SiO2). A new,
more pure source of CaCOsz - %HWWHU (TXLSSH Gavodiihé pifKk HG WR
discolouration found in SLS1. The resultant material SLS2, shown in Figure 37 shows

fewer and smaller bubbles relative to that shown in Figure 35.

Figure 37 SLS2, no pink hue, with bubbles remaining

To aid in the homogenisation a third glass was prepared containing two refining agents,

sodium sulfate (Na2SOas) (0.22mol%) and table sugar (Ci2H22011) (0.22mol%) in
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replacement of silica, were used. The two refining agents decompose at different
temperatures, to aid in homogenisation over a wider temperature range. The resultant

glass had very few bubbles remaining, shown in Figure 37.

Figure 38 SLS3, with bubbles remaining

A base glass utilizing the refining agent sodium sulfate (Na2SOa4), with the composition
outlined in Table 6 was prepared by melting in a zirconia grain stabilised platinum (ZGS-
Pt) crucible. Use of the ZGS-Pt crucible afforded a bubble free and homogenous glass

for optical and structural measurements.

3.1.1 Soda Lime Silica Glasses

For all soda lime silica glasses produced herein the standard procedure outlined below
was used to prepare the materials unless stated otherwise for a particular glass. Batches
to produce 100 g of glass were prepared by drying of the raw materials in a furnace at

120°C for 24 hours, then weighed and mixed in polyethylene bags to two decimal points

113



precision. The raw batch material was then added to the zirconia grain stabilised platinum
(ZGS-Pt) crucible and added directly to the furnace set to 1450°C to melt and homogenise
for 5 hours. The resultant glass was poured onto a steel plate in a steel ring and then
annealed at 530°C for 1 hour before cooling to room temperature. This was the standard
melt quench process for all glasses unless stated otherwise. Glasses for optical
measurements were polished on both faces to a mirror finish with decreasing SiC grit
sandpaper on a disk polishing machine to 1 um grit, before a final polish with 1 um CeO2
powder in water. The melt quench process is outlined in Figure 39. Top left shows a
homogenously mixed bag of constituent powders, top right shows retrieval of the crucible
and glass contents after melting. Bottom left shows a recently poured silicate glass on a
steel block, and bottom right shows the temperature of the glass cooling ready for

annealing.

Figure 39 Melt quench process for the lab scale production of SLS glasses
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3.1.1.1 d%ion Oxide Doped Soda Lime Silica Glasses

Seven d%ion oxide were prepared using the standard method. A doping concentration of

0.20mol% was selected for TiO2, ZrO2, HfO2, Nb20s, Ta20s, MoO3 and WQOa3. TiO2 and

Nb20s were promising candidates for codoping to enhance fluorescence emission

intensity. Nominal compositions are outlined in Table 7.

Table 7 Sample nominal and measured (XRF) compositions (mol%) and measured

densities of d° SLS glasses

) Density
Sample SiQ ALOs MgO CaO NaO SQ Dopant
(9/cm®)
70.51 0.59 5.48 9.25 13.95 0.22 2.484
Base SLS 0.00
(72.00) (0.48) (5.01) (9.13) (13.20) (0.18)
0.20 TiQ 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.490
0.20 ZrQ@ 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.497
0.20 HfQ 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.501
0.20 NbOs 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.504
0.20 TaGs 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2,518
0.20 MoQ 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.493
0.20 WQ 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.510

3.1.1.1.1 Codoped Glasses

3.1.1.1.1.1 Al203

To elucidate the effect of Al2Os on the absorption and emission properties of TiO2 and
Nb2Os in soda lime silica glasses, three glasses with 5.00mol% Al.O3 were prepared
using the standard melt quench procedure. Nominal compositions of these glasses are

given in

Table 8.
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Table 8 Sample nominal compositions and measured (XRF) (mol%) and measured
densities of Al2O3 SLS glasses

Density
Sample SiQ AbQOs MgO CaO NaO SQ Dopant
(g/cmd)
66.10 5.00 5.48 9.25 13.95 0.22 0.00 2.511
5.00 AlOs
(68.52) (5.03) (5.22) (8.94) (13.55) (<0.10) (<0.10)
5.00 Al0;0.20 TiQ 65.90 5.00 5.48 9.25 13.95 0.22 0.20 2.513
5.00 Al030.20 NbOs 65.90 5.00 5.48 9.25 13.95 0.22 0.20 2.522

3.1.1.1.1.2 ZnO

TiO2 and Nb20s were codoped with 1.00mol% ZnO in replacement of MgO. A 1.00mol%

ZnO base glass was also prepared as shown in Table 9.

Table 9 Sample nominal compositions (mol%) and measured densities of ZnO SLS

glasses
Density
Sample SiQ ALOs MgO CaO N&O SQ ZnO Dopant
(g/crmd)
70.51 0.59 4.48 9.25 13.95 0.22 1.00 0.00 2.521
1.00 ZnO
(70.37) | (0.52) | (3.12) | (8.89) | (14.30) | (0.31) | (0.82) | (<0.10)
1.00 ZnO 0.20 TiIQ 70.31 0.59 4.48 9.25 13.95 0.22 1.00 0.20 2.523
1.00 ZnO / 0.20 N 70.31 0.59 4.48 9.25 13.95 0.22 1.00 0.20 2.521

3.1.1.1 Bi2O3 Doped Soda Lime Silica Glasses

Bismuth oxide doped soda lime silica glasses were produced in a ZGS-Pt crucible with

the compositions outlined in
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Table 10. A low iron (100 ppm Fe203) sand was used to prepare the series of glasses

with different Bi2O3s contents.
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Table 10 Sample nominal compositions (mol%) and measured densities of Bi-Oz doped

SLS glasses
Density
Sample SiQ AbQOs MgO CaO NaO SQ BiOs
(g/cn)
70.51 0.59 5.48 9.25 13.95 0.22 2.484
Bi0.00 0.00
(72.00) (0.48) (5.01) (9.13) (13.20) (0.18)
Bi0.01 70.50 0.59 5.48 9.25 13.95 0.22 0.01 2.485
Bi0.025 70.485 0.59 5.48 9.25 13.95 0.22 0.025 2.487
Bi0.05 70.46 0.59 5.48 9.25 13.95 0.22 0.05 2.497
Bi0.10 70.41 0.59 5.48 9.25 13.95 0.22 0.10 2.502
Bi0.15 70.36 0.59 5.48 9.25 13.95 0.22 0.15 2.513
Bi0.20 70.31 0.59 5.48 9.25 13.95 0.22 0.20 2.518

3.1.1.2 PbO Doped Soda Lime Silica Glasses

Lead oxide (PbO) was selected as a dopant due to the isoelectronic nature of Pb?* and

Bi®*. Five glasses were prepared in Al203 crucibles ramped at 5°C/min to 1450°C with a

dwell of 5 hours, all glasses were poured into a steel mould and annealed at 530°C for 1

hour. Concentrations of PbO, in mol%, were 0.20, 0.50, 1.00, 2.50 and 7.50 as shown in

Table 11.

Table 11 Sample nominal compositions (mol%) of PbO SLS glasses

Sample SiQ AbOs MgO CaO NaO SQ PbO
0.00 PbO 70.51 0.59 5.48 9.25 13.95 0.22 0.00
0.50 PbO 70.01 0.59 5.48 9.25 13.95 0.22 0.50
1.00 PbO 69.51 0.59 5.48 9.25 13.95 0.22 1.00
2.50 PbO 68.01 0.59 5.48 9.25 13.95 0.22 2.50
7.50 PbO 63.01 0.59 5.48 9.25 13.95 0.22 7.50
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3.1.1.3 Fe203 / Bi2O3 Doped Soda Lime Silica Glasses

Three glasses containing 0.20mol% Bi203 and 0.01mol%, 0.05mol% or 0.10mol% Fe203
to elucidate doping effects into representative style float glass systems were produced.
Glasses were melted with the standard procedure, with the nominal compositions in Table

12.

Table 12 Sample nominal compositions (mol%) and measured densities of Bi>2Oz /
Fe>O3 SLS glasses

Density
(g/cm?)
0.20 BiOsz/ 0.01 FeOs 70.30 0.59 5.48 9.25 13.95 0.22 0.20 0.01 2.518
0.20 BiO3/ 0.05 FeOs 70.26 0.59 5.48 9.25 13.95 0.22 0.20 0.05 2.519
0.20 BiO3/ 0.10 FeOs 70.21 0.59 5.48 9.25 13.95 0.22 0.20 0.10 2.523

Sample SiQ AbOs MgO CaO NaO SQ ZnO Dopant

3.1.1.4 Fe>0O3 Doped Soda Lime Silica Glasses
Three iron oxide doped glasses were prepared as models for solar glasses available
within the photovoltaic industry. Doping concentrations, in mol%, of 0.01, 0.05 and 0.10

were used in this study, shown in Table 13.

Table 13 Sample nominal compositions (mol%) and measured densities of Fe2Oz SLS
glasses

) Density
Sample SiQ AbO; MgO CaO NaO SQ FeOs
(g/crm?)
0.01 FeOs 70.50 0.59 5.48 9.25 13.95 0.22 0.01 2.491
0.05 FeOs 70.46 0.59 5.48 9.25 13.95 0.22 0.05 2.492
0.10 FeOs 70.41 0.59 5.48 9.25 13.95 0.22 0.10 2.494
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3.1.2 Borosilicate Glasses

5DZ PDWHULDOV RI = S XA aMMin& (AIYODIR) Gsodéum2carbonate
(Na2CO3), and bismuth oxide (Bi2O3) were dried at 120°C for at least 24 hours to remove
moisture, then weighed and mixed before melting. H3BOs was not dried at that
temperature to avoid decomposition reactions occurring. Batches to produce 100 g of
glass of the nominal compositions listed in Table 14 were melted in an alumina (Al203)
crucible at 1450°C for 5 hours, before pouring into moulds on a steel plate and annealing
at 500°C for 1 hour then cooling within the furnace to room temperature to remove thermal
stresses. Samples were polished with decreasing SiC grit sizes to 1 um, before a final
polish of 1 um CeOz2 for optical measurements; all other measurements were carried out
using powdered glass, prepared in a vibratory disc mill. Due to the transparency of boron

to X-rays these glasses were not analysed by XRF.

Table 14 Sample nominal compositions (mol%) of Bi-Oz Borosilicate glasses

Sample SiQ AbOs B.Os NaO BiOs
Base Boro 65.00 1.00 16.00 18.00 0.00
0.01 Bi Boro 64.99 1.00 16.00 18.00 0.01
0.025 Bi Boro 64.975 1.00 16.00 18.00 0.025
0.05 Bi Boro 64.95 1.00 16.00 18.00 0.05
0.10 Bi Boro 64.90 1.00 16.00 18.00 0.10
0.15 Bi Boro 64.85 1.00 16.00 18.00 0.15
0.20 Bi Boro 64.80 1.00 16.00 18.00 0.20
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3.2 Optical Measurements
3.2.1 UV Vis NIR Fluorescence Spectroscopy

3.2.1.1 Schematic of Instrument
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Figure 40 Schematic diagram of a spectrofluorometer (reproduced from [234])

Figure 40 shows a general schematic diagram of a spectrofluorometer, there are five
essential components, a light source, a grating to monochromate the incident source, a
sample holder / chamber, a second grating to filter stray light and a detector. In the case
of the Varian Cary Eclipse spectrofluorometer primarily used in this study the light source
was a xenon flash lamp. Xenon flash lamps confer several advantageous properties for

fluorescence measurements; the spectrum is broad and generally flat over the
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wavelength range 50,000 cm™ +10,000 cm™ (200-1000 nm), the short term stability is in
the order of 2-3% difference of maximum power, and the drift or long term stability is in

the order of 2000-3500 hours of operation.

The excitation grating minimises stray light, the degree of stray light is determined by the
slit width selected, thinner slits result in a more spectrally pure light but with diminished
intensity. The monochromators in the Varian Cary Eclipse spectrofluorometer use
concave reflective surfaces fitted with a stepwise motor for fine control of the relative
angles to control the wavelength of light passing to the sample. Due to small (2-3%)
variations in the short term power output, a beam splitter made of quartz is used to direct
approximately 4% of the photons to a stable fluorophore, with known emission
characteristics which is detected by a photomultiplier tube (PMT). Changes in the short
term intensity of the xenon flash lamp are then corrected by the software by dividing the

intensity of the sample by the intensity of the fluorophore.

Lasers are often used in spectrofluorometers due to their small spot size and temporal
coherence. Tuneable lasers are also frequently used but are limited to a wavelength
range in the order of 200-300 nm, whereas flash xenon bulbs or mercury discharge may
extend up to 2000 nm. Polarisers are available in some spectofluorometers for the
detection of fluorescence anisotropy, as glasses in this study were homogenous this

feature was not utilised.

The Varian Cary spectrophotometer used in this study uses photomultiplier tubes (PMT)
for the detection of emitted photons. PMTs are current generators with the current
proportional to the intensity of light. PMTs are vacuum tubes consisting of a photocathode

followed by a series of dynodes shown in Figure 41.
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Figure 41 Schematic of a PMT. Modified for clarity from [235]

The photocathode is a thin film of metal, where upon photon absorption an electron is
discharged from its surface. The electron is focused and directed towards the first dynode
due to the photocathodes high negative potential. The dynodes are held at a negative
potential, with each in succession having a potential closer to zero. Upon the primary
electron colliding with the first dynode between 5 to 20 electrons are emitted and
subsequently directed towards the second dynode. This process is repeated along the
chain until the anode which records the current. Between 5% and 20%? electrons are
generated per single primary electron. This current is proportional to the intensity of
incoming photons. To increase the gain, higher voltages can be applied across each
dynode; this produces more secondary electrons per dynode, which allows for the
detection of weakly emitting samples. However, careful control must be applied as to not
increase the voltage and saturate the current carrying capacity of the PMT. This leads to
saturation of the signal and meaningful data cannot be measured. An alternative detector

would be a charge coupled device (CCD), these typically have 108 or more pixels. Since
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each pixel acts as a detector, spatial measurements may be done to produce a two

dimensional image.

All fluorescence measurements in this study were conducted on glass samples. A solid
stage sample holder was used to maintain the sample within the beam pathlength. All
samples were held at 30° to the incident beam to maximise signal output and minimise
reflections to the detector. Not all samples were perfectly parallel and some degree of
wedging was observed in the order of 5° from parallel due to the polishing technique
utilised. This effect was minimised by adjusting the angle of the sample holder so all the
surface of the sample was held to 30° rather than the sample holder itself. An angle of 45°
should not be used due to the high flux of photons reflected directly towards the detector.
A second set of monochromators is used to direct particular wavelengths to the PMT
detector. The step size of these monochromators defines the resolution of the instrument

and the integration time affects the total counts at a given wavelength.

The monochromators in a fluorescence spectrophotometer are used to separate
polychromatic light into the desired wavelengths. In most commercially available
spectrophotometers diffraction gratings are used rather than prisms. Diffraction gratings
are characterised by their efficiency in separating particular wavelengths, and the
magnitude of stray light levels. Slits control the intensity of light passing through the
monochromators proportional to the square of the slit width. Slit widths are variable, with
larger widths allowing for increased photon flux and hence increased signal levels.
Conversely, smaller slit widths afford higher resolution at the cost of reduced intensity.
Monochromators are either planar or concave gratings, schematically shown in Figure

42. Imperfections in the reflective surfaces are a source of stray light within a
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spectrophotometer. A planar monochromator has three reflective surfaces, whereas the
architecture for a concave affords one reflective surface, which minimises the stray light
propagation, as a concave grating acts as both a diffracting and focusing element as

shown schematically in Figure 42.

Collimating
Mirror

— — Entrance Sut
Exit St - e
Grating ( %{\.-t
. /’ /_)
-
Sc =

Entrance Siit

Concave Grating
Plone Grating

Figure 42 Planar (L) and concave (R) monochromator configurations

3.2.1.2 Stray Light

Stray light is any light that passes through the monochromator other than the wavelengths
defined by the program. Reduction in the intensity of stray light is critical for the proper
use of a spectrophotometer. The spectral output of a Xenon flash lamp in the visible may
be as intense as the fluorescence emission to be measured therefore it is imperative to

minimise the stray light through the use of a monochromator and bandpass filters.

3.2.1.3 Second Order Transmission

A particularly problematic source of stray light is second order transmission diffracted by
the monochromator. This is where the monochromator cannot distinguish and separate
multiples of the excitation wavelength, for example if the excitation wavelength is set to
300 nm, stray light may be detected at 600 nm, 900 nm etc. Bandpass filters are used to

remove these undesirable wavelengths from the incident beam, and therefore not allow

125



their propagation through the instrument. This second order transmission is demonstrated

in Figure 43 $V PXOWLSOHV RI SURSDJDWH DW D UDWH RI

separate them through destructive interference.
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An ideal spectrofluorometer would have a light source with a constant output of photons
across the wavelength range required, monochromators which only allow for the
wavelength of interest to pass through, and which transmits all photons equally and a
detector which is equally sensitive to all photons. As this ideal spectrofluorometer has yet
to be realised corrections are made within the instrument or software. However, even
though the intensity from the excitation source is not linear and is corrected through the
beam splitter and fluorophore, the response of both the detector and the reference
material may vary over the excitation wavelengths available. The emission spectra may
further be distorted from self-absorption in the sample. However, device independent
spectra are rarely reported in the literature as most commercially available

spectrophotometers show similar responses over a particular wavelength range due to
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their similar components. Corrected spectra are needed for the calculation of quantum

yields.

3.2.1.4 Operation of Instrument
An emission spectrum is measured across a range of wavelengths with a fixed excitation
wavelength. Conversely, an excitation scan is a measure of the intensity of a fixed

emission wavelength over a particular range.

There is a debate over the most appropriate units in which present excitation and
emission spectra, either in nanometres (nm) or in wavenumbers (cm™), for the purposes
of this study wavenumbers have been primarily reported, since wavenumbers are linear
in energy, the scale of UV absorptions can be more clearly represented in this format. As
the primary function of glasses produced in this study is to protect the polymeric
components from UV damage the information is best presented in this manner. For
convenience a hanometre scale is presented in graphs where appropriate. Wavelengths
and wavenumbers are converted by taking the reciprocal of each value, for example 500

nm corresponds to (500x10~" cmt) which is equal to 20,000 cm-2.

Fluorescence measurements were collected on a Varian Cary Eclipse fluorescence
spectrophotometer. Samples were held at 30" to the excitation source and scanned at
240 nm to 330 nm in 10 nm intervals, with the 360-1100 nm filter to remove excitation
interference. All samples were scanned with 120 nm/min scan rate, with a data interval
of 1 nm, and slit widths of 20 nm for excitation and 20 nm for emission; the detector
voltage was set to 400 V. Excitation beyond 330 nm was not possible due to the bandpass
filters transmitting wavelengths in the visible in the same magnitude as the fluorescence

emission photons.
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3.2.1.5 NIR Fluorescence Emission Spectroscopy

NIR fluorescence measurements were conducted on an Edinburgh Instruments FLS1000
spectrophotometer. Excitation between 43,500 cm™ and 10,000 cm™ (230 nm and 1000
nm) was from a 450 W ozone free Xenon arc lamp. Samples were excited between
13,300 cm™* and 11,750 cm™* (750 nm and 850 nm). Bandpass filters were not available
on this instrument so second order transmission of the excitation wavelength is

superimposed onto the emission spectra.

3.2.2 UV Vis NIR Absorbance Spectroscopy

3.2.2.1 Schematic of Instrument

UV-Vis-NIR absorption spectra were measured on a Varian Cary 50 Scan UV visible
spectrophotometer over the range 200-1000 nm, at a scan rate of 60 nm/min with a data
interval of 0.5 nm. NIR absorption spectra were measured using a Perkin EImer Lambda
900 UV VIS NIR spectrophotometer, at a scan rate of 100 nm/min. Background removal
for both instruments was carried out through measurement of the empty chamber,

subtracted from the measurement. This removed the device interference from the

absorption profile.
Reference
cell

Light source
(Mercury Monochromator
discharge lamp)
Sample
cell

Figure 44 Schematic of a UV-VIS-NIR spectrophotometer

Detector Data processor
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Shown in Figure 44, a UV-Vis-NIR spectrophotometer has a relatively simple design.
Photons travel from the left to right in this schematic for the detection of absorbance
bands. The Varian Cary 50 spectrophotometer used in this study uses a Xenon flash lamp
as the light source which allows for a range between 50,000 cm*and 9090 cm™ (200 nm
to 1100 nm). The white light is then separated with a monochromator, which works
identically to those found in a fluorescence spectrophotometer. The beam of photons is
split with a beam splitter which sends a portion to a reference cell, the majority of the
beam passes through a sample cell which attenuates some of the light. A reduction in
intensity from the sample cell, relative to the reference cell, indicates absorption at that
particular wavelength which is measured by the detector and sent to a data processor.
Conventional UV-Vis spectrophotometers cannot measure above 50,000 cm (below 200
nm) due to the absorption of molecular oxygen, measurements in the vacuum UV, as the

name suggests, must be carried out under vacuum.

3.2.2.2 Operation of Instrument
UV-Vis absorption spectra were measured using Varian Cary 50 Scan UV visible
spectrophotometer over the range 200-1000 nm, at a scan rate of 60 nm/min with a data

interval of 0.5 nm.

NIR measurements were carried out using a Perkin Elmer Lambda 900

spectrophotometer over the range of 1000-2200 nm at a scan rate of 200 nm/min.
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3.3 Structural Measurements
3.3.1 X-Ray Diffraction

3.3.1.1 Theory and Schematic of Instrument

X-Ray diffraction (XRD) is a technique used to determine the structure of crystalline
materials in three dimensions. Diffraction is the slight bending of a wave of light around
the edges of an obstacle, this is most pronounced when the wavelength of light and
obstacle are of similar sizes. X-rays are able to be diffracted upon the atomic lattice of a
crystal. This is because the interatomic distance of the lattice is on the same order of

magnitude as the X-ray radiation, in the order of 1 A.

Diffraction of an X-ray beam occurs when it interacts with the electron cloud of a material,
the beam is partially scattered upon interacting with the first layer of the material, the
beam is then partially scattered upon interaction with the second and third to n layers as

shown in Figure 45.

Figure 45 Bragg diffraction of X-UD\V VWULNLQJ SODQHV VSDFHG G DSDUW

If the diffracted beams are in phase, constructive interference occurs and a diffraction
peak can be detected. However, if the diffracted beams are out of phase they destructively

interfere and no peak may be detected. Only certain angles allow for constructive
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interference to occur for a particular d-spacing according to Bragg's law shown in

Equation 17.

OEJ_aJ—a
t@

Equation 17 Bragg's equation of diffraction
:KHUH LV WKH DQJOH RI-rbyQir LG HDF HQRV KK ; LV WKH ZDYH

X-ray and d is the spacing between the atomic layers.

A simplified schematic X-ray diffractometer is shown in Figure 46. There are five essential
components to generate a diffractogram. To generate X-rays a tube, containing a
tungsten cathode and a water cooled copper anode, is held under vacuum. The cathode
and anode have a large potential difference so when electrons are fired from the tungsten
cathode they are directed rapidly towards the copper anode. The generated electrons are
able to knock out a core electron from the copper atoms, as an electron in a higher

valence drops to fill that energy level and emitting an X-ray.

K. X-ray radiation is dominant from the emission from copper at a wavelength of 1.54 A,
however a second emission of radiation, K , with wavelength of 1.39 A is emitted. K
radiation is filtered using a nickel or iron filter; otherwise all peaks appear to be doublets
in the resultant diffractogram. The K. signal is monochromated using an appropriate slit,
which reduces the intensity but also reduces the line width of the diffracted peaks. The
beam is then diffracted due to the sample towards the detector, which are either PMT

type detectors or based on semiconductor transducers.

131



Filter
Collimator

Detector

Sample stage

Figure 46 Schematic of an X-ray diffractometer

Amorphous materials do not have long range periodic order, which precludes the
diffraction pattern from showing narrow, defined peaks. An X-ray diffraction pattern for a
glass cannot be used to quantify the material, as would be possible in crystalline
materials, but gives information regarding the glassy state and whether any crystallinity
is contained within the material. Resultant diffraction patterns for an amorphous material
are described as an '‘amorphous hump' with few to no peaks as shown in Figure 47. This

is contrasted to the heat treated glass ceramics with clearly defined sharp peaks.
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Figure 47 X-ray diffraction patterns of Bi doped glass and heat treated glass ceramics
[236]

3.3.1.2 Operation of Instrument

XRD was carried out using a Philips X-Pert X-ray diffractometer, with Cu K. radiation =

1.54 A, working at 40 kV and 40 mA on a spinner stage with a step size of 0.001°

Samples were measured between 10° and 80° $00 VDPSOHV ZHUH PHDV)

powders prepared in a vibratory disc mill.

3.3.2 Raman Spectroscopy

3.3.2.1 Theory

Upon a compound being irradiated by a monochromatic intense light source, such as a
laser, some of the light is scattered. Most of the light is scattered without a loss in energy,
known as Rayleigh scattering, however, additional frequencies are symmetrically

imposed above and below the Rayleigh line. The differences between the Rayleigh line
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and those bands above and below correspond to Raman scattering from the vibrational

frequencies in the compound.

Raman spectroscopy is not an absorption effect but is dependent on the polarisability of
a bond. The photon interacts with the bond of a molecule and distorts the electron(s),
promoting them to a virtual excited state, see Figure 48. Upon returning to a lower state
there is a difference in energy corresponding to a Raman shift. Stoke Raman shifts are
more commonly measured than anti-Stokes Raman shifts, as at RT most electrons are in

the ground state.

Excited state(s)

- - Virtual excited state(s)

Vibrational energy levels

4 \

Ground state

Rayleigh Stokes Anti-Stokes
scattering Raman Raman
scattering scattering

Figure 48 Rayleigh, Stokes Raman and Anti-Stokes Raman scattering energy diagrams

3.3.2.2 Operation of Instrument

Raman spectroscopy was carried out using a Thermo Scientific DXR2 Raman
spectrometer, using a 532 nm laser with a power of 10 mW in a depolarised configuration.
The aperture was set to 50 um slit, with an estimated spot size of 0.7 um. Scans were

carried out over 20 seconds with 20 exposures each with a 10x objective lens, with
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fluorescence correction. Measurements were done on flat polished samples. Using
ThermoFisher Omnic software baseline corrections were done to remove the tilt
associated with it. This was done within the software by clicking on portions of the spectra,
at both the beginning and end of the spectra and any points between which deviate from
D ]JHUR OLQH 7KH VRIWZDUH WKHQ EULQJY WKH FOLFNHG SRI
around to more accurately represent a flat spectrum. Through proper use of this function
peaks may be more clearly observed. Fluorescence correction was also applied within
the software program, this was completed by inputting the emission wavelengths from the
excitation from the laser which was subsequently removed to allow clearer observation
of peaks. Post processing was done by subtraction to observe any additional peaks by
normalising the largest peak in the spectra to 1.0. All traces were done in this manner

and doped spectra were subtracted with the base glass spectra.

3.3.3 X-Ray Near Edge Absorption Spectroscopy

3.3.3.1 Theory and Schematic of Instrument

Strong monochromatic X-rays have sufficient energy to excite a core electron within an
atom to an excitonic state. Different core electrons require distinct energies to excite due
to their binding energies, so element specific measurements can be made. The
absorption edge corresponds to the absorption of an X-ray photon by a specific core

electron shell as shown by
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Table 15.
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Table 15 Absorption edges and the corresponding principle quantum number

K Edge 1s

L Edge 2s 2p

M Edge 3s 3p 3d

N Edge 4s 4p 4d Af

The absorption edge has complexity called pre-edge structure which correspond to 1s to
nd (where n=2, 3, 4, or 5) transitions. The pre-edge structures are conventionally within
50 eV of the absorption edge. The pre-edge structure and absorption edge confer
information relating to the oxidation state of the atom as with increasing oxidation the
absorption energy increases. In an electrostatic model, atoms with a higher oxidation
state require X-rays of greater energy to excite the core electron as the nucleus is less
shielded and has a higher effective charge. It is also possible to derive 3-dimensional
structure of an atoms environment. The XANES pre-edge structure is sensitive to small

variations in geometry of the absorbing atom.

As shown in Figure 49 a beam line monochromates the X-ray beam towards an end
station which contains the sample holder and then detector, along with shielding for the
protection of the user. The X-ray source is most frequently a synchrotron, although
laboratory scale X-ray sources have been successfully used in the past. The path of
photons passes through mirrors and gratings to modulate the width of the energies

available at the end station.
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Figure 49 Standard beam line schematic, end station contains sample holders /
detectors relevant to experiment

3.3.3.2 Operation of Instrument

The Bi(Lm) edge at 13,418 eV XANES measurements were performed at the European
Synchrotron Radiation Facility (ESRF) in the BM26A beam line using a Rh harmonic
mirror. Transmission measurements were recorded using Bi metal, Bi2O3 and NaBiOs as
reference materials indicating Bi°, Bi®* and Bi°* respectively. All measurements were done
on powders diluted with cellulose pressed into pellets. Data was corrected and analysed
using the ATHENA and ARTEMIS XAS software package [237]. XANES measurements

were collected on behalf of the author by colleagues from SHU.
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3.3.4 Electron Paramagnetic Resonance Spectroscopy

3.3.4.1 Theory and Schematic of Instrument

Electron paramagnetic resonance (EPR) is a spectroscopic tool based on the absorption
of microwaves by unpaired electron(s) tuned by an external magnetic field. An electron
has spin and therefore a magnetic moment, and will precess in an applied magnetic field,
and will undergo transitions in spin states upon energy of the correct frequency being
applied. An EPR spectrometer can detect molecules containing an electron with unpaired
spin. The magnetic moment of an electron is principally contributed by the spin magnetic
moment, while the orbital magnetic moment provides a smaller contribution. The spin
magnetic moment is shown by Equation 18.

— D
/7 L ¥5:5Es,—
te

Equation 18 Electron spin magnetic moment

Where, Ms is the total spin angular moment, S is the spin quantum number and h is
SODQFNYTV FRQ Y &ubpQnant ak 251 different values, so for a single electron

only the two values of Ms equalling +1/2 or -1/2 are possible.

In EPR a sample is held in a magnetic field while microwave radiation is applied
monochromatically over a between 300-400 GHz. The microwave energy is monitored to
detect absorbance corresponding to an electron the promotion of an electron from the
lower energy ms=-1/2 to the more energetic ms=+1/2 as shown in Figure 50. In the

presence of a magnetic field the difference in energy states is given by Equation 19.

¢ LIRLCQ$,
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Equation 19
Where, g=2.0023 for the free electron, Q is the Bohr magneton, and Bo is the external

magnetic field.
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Figure 50 Resonance of a free electron

As shown in Figure 51 an EPR spectrometer has a microwave source which is directed
towards the sample, held between two magnets, which is then directed back towards a

detector. The magnetic flux experienced by the sample is held constant whilst the

microwave radiation is modulated.
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Figure 51 Schematic of an EPR spectrometer

|

Magnets

3.3.4.2 Operation of Instrument

There are several commonly used microwave bands used in EPR spectroscopy, in this
study all measurements were conducted in the X-band frequencies, circa 9.5 GHz. EPR
measurements were obtained using a Bruker EMX Premium X EPR spectrometer at the
national EPR facility and service at the University of Manchester. Powdered samples
were measured in silica capillary tubes at room temperature (20°C) at X-Band frequencies
(~9.80 GHz). Magnetic power was adjusted to collect convenient signal-to-noise ratios

without saturation.
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3.4 Chemical and Physical Measurements
3.4.1 X-Ray Fluorescence Spectroscopy

3.4.1.1 Theory

X-Ray fluorescence (XRF) is a process wherein X-rays ionise an atom by exciting a core
electron, the subsequent cascade of electrons from higher shells and emission of K. and
K X-rays is detected as shown in Figure 52. The energy of a particular electron depends
on the shell and which element is bound to, the X-ray emission characteristics are
determined by the difference in energy levels. The fluorescence emission for a particular
element has a discrete energy and hence the concentration of each component can be
calculated from the total photon count. In wavelength dispersive XRF the emission is
collimated by crystals or monochromators, this step affords greater resolution at the

expense of wavelength range.

hv

/Ka

Figure 52 Excitation of a core electron and subsequent cascade and X-ray emission

Wavelength dispersive XRF spectrometers can detect from PPM to 100% elemental
analysis from carbon to americium. Lighter elements including boron and lithium are
effectively transparent to XRF due to their low energy levels in which the generated

photons are reabsorbed readily.
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3.4.1.2 Operation of Instrument

The chemical composition of the prepared base glasses were analysed using a Phillips
Magix Pro X-Ray fluorescence spectrometer and a Panalytical Axios Fast fluorescence
spectrometer in a 1:10 sample to lithium tetraborate flux ratio as a fused bead. Beads
were melted in a Pt/5%Au crucible at 1065°C for 15 minutes before being air cooled.
Scans were carried out on the SuperQ 3-1Q+ software in the oxide setting. Uncertainties
in XRF analysis results are conservatively estimated to be +2% of the measured

concentration.

3.4.2 Density Measurements

Densities of all glasses were measured on samples of 10-30 g bulk glass using the
Archimedes method in deionized water. This involved weighing the sample in air and in
distilled water at a known temperature (room temperature, 20°C) then performing the

calculation given in Equation 20.

, 9 ..
%BO&W Ra6coa

Equation 20 Calculation of density of glass by Archimedes method

KHUHyjass! LV WKH GHQVLW)\ wRelisvihi€ Hensify DMdater!at 20°C, Wa is the
weight in air of the glass, and Ww is the weight in water of the glass. Samples were

measured in triplicate and averaged.
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3.4.3 Differential Scanning Calorimetry

3.4.3.1 Theory and Schematic of Instrument

Differential scanning calorimetry (DSC) is used to quantify the heat change during a
chemical or physical process. In DSC, as shown in Figure 53, a sample and reference
pan are heated equally, as measured by thermocouples. Differences in the required heat
flux are shown on a thermogram, corresponding to physical or chemical reactions. In this

study the glass transition temperature, Tg, was of most interest.

Thermocouples

ﬂ |

Sample Reference

Heater 1 Heater 2

Figure 53 Schematic of a DSC instrument

Thermograms corresponding to the difference in heat flux applied to the sample and
reference pans, in an exothermic reaction such as crystal formation less heat energy is

applied to the sample pan, the reverse is true for an endothermic reaction such as melting.

3.4.3.2 Operation of Instrument

10-15 mg of powdered sample was heated from 50°C to 725°C at a rate of 10°C/min in a
Pt sample pan using a Perkin EImer DSC 8000 differential scanning calorimeter. An
empty Pt sample pan was used as the reference. N2 flow of 20.0 ml/min was used to aid

in heat conductivity whilst remaining inert at higher temperatures.
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3.5 Preparation of Photovoltaic Modules
Glasses of the composition outlined in Table 16, were melted in Pt crucibles at 1450°C

for 5 hours. A steel mould was heated to 550°C, along with a steel press. The glass was
poured into the mould, the schematic of which is outlined in Figure 54. Due to the high
viscosity of other SLS melts within this study being prohibitive for the preparation of large
7 cm? plates ca. 2mol% of Li2O was added to reduce the viscosity while maintaining the
same melt temperature. Excess glass flowed out of the overflow channels to afford a
70x70x4 mm? glass plate. The glass monoliths were then annealed at 530°C. These
glasses were prepared at Johnson Matthey, Sonning Common, UK, with B. Allsopp and
a consortium member. Following cooling to RT, the samples were polished to 1 um CeO3,

and sent to Solar Capture Technologies, Blyth, UK.

Table 16 Sample nominal compositions (mol%) of SLS glasses for PV modules

Name SiQ AO; | MgO | CaO NaO | LpO NaSQ | BiOs GaOs

LIMES A 69.29 | 0.58 5.38 9.09 13.48 | 1.96 0.22 0.00 0.00

LIMES B2 69.09 | 0.58 5.38 9.09 13.48 | 1.96 0.22 0.20 0.00

LIMES BGA, | 69.09 | 0.58 5.38 9.09 13.48 | 1.96 0.22 0.10 0.10
B, C

LIMES B2G2| 68.89 | 0.58 5.38 9.09 13.48 | 1.96 0.22 0.20 0.20

LIMES B2G 4 69.99 | 0.58 5.38 9.09 13.48 | 1.96 0.22 0.20 0.10
B

A base glass was prepared LIMES A, along with seven other glasses containing

proportions of BizO3 and Gd203 as outlined in Table 16.

Increasing the temperature to lower the viscosity was considered but not done due to the
redox effect of polyvalent elements. The low addition of Li2O was less likely to affect the

redox of Bi2O3 than increasing the temperature of the melt.
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Figure 54 Steel mould schematic

Solar modules were prepared at Solar Capture Technologies. C-Si was tabbed with silver
paste, a Tedlar® backsheet, EVA glue, and the glass front sheet were cured together
using Solar Capture Technologies standard commercial procedure as shown in Figure
55. As this is commercially sensitive it is not outlined herein. A commercially available

float glass SLS was prepared into a PV module in the same manner as a baseline.

Electroluminescence measurements and efficiency measurements were taken on a solar
simulator device with 1.5AM illumination as stated in [18]. Both the string and module
were measured to compare differences corresponding to the processing. In some cases
the lamination process would crack the string resulting in a lower surface area for the

collection of photons, and therefore, a lower apparent module efficiency.
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Figure 55 Typical PV module prepared at Solar Capture Technologies, Blyth, UK
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4 Structural, Chemical and Optical Properties of Doping
Silicate Glasses With d%lon Oxide Transition Metals for
Photovoltaic Applications

4.1 Introduction
Recent research in spectral modification for photovoltaics has been primarily focussed on

glasses doped with lanthanide elements [83,238 2240]. This interest has been
predominantly in upconversion of IR wavelengths to visible wavelengths [22,53,241].
Rare earth elements tend to have sharp absorption and transmission peaks, and are not
particularly beneficial for the protection of polymeric species because of this. Doping of
luminescent front sheets with transition metals has been infrequently studied as many
transition metals produce strong and broad d-d absorption bands in the visible and near-
IR ranges, particularly from Fe203 [242] and chromium oxides [243]. These absorptions
negatively affect the efficiency of PV modules due to parasitic absorption of photons

which may have been converted into electricity [58].

Currently critical failure of c-Si PV modules is often caused through the ingress of water
after delamination occurs [29,30]. This reduces the total lifetime of PV modules, and
therefore increases the cost per watt across the service lifetime of the module. Dependant
on manufacturer, location, and other environmental conditions the service lifetime of a PV
module is expected to last between 20-25 years. Degradation occurs as soon as the
module is mounted and subject to UV irradiation, with module efficiency degrading with a
median value of 0.5% per year [244] from the yellowing of the EVA glue [20,68] which

reduces the transmission of visible light.

Absorption of UV photons, therefore, may protect PV modules from UV induced

degradation. Critically the absorption cannot be within the visible and NIR where the
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semiconductor material absorbs as this will lower module efficiency significantly, up to
1.1% for 0.01mol% Fe20s SLS front sheets due to these absorption [58]. However,
particular metals in certain oxidations states, notably those with a d® configuration
[74,78,245], have a full outer electron shell, which has traditionally been thought to
hamper electronic transitions, produce no d-d absorption bands in the visible or near-IR

[246,247] but fluoresce in the visible under UV excitation [179,191,248].

From this it was hypothesised that such a dopant at low concentration may prove
beneficial for doping PV front sheets as the visible and near-IR absorption would be
minimised whilst the beneficial UV absorption would be increased. Furthermore, the
glasses would demonstrate a downconversion or fluorescence emission within the visible
range to further enhance efficiency of a PV module. Emission of 1mol% d° transition metal
oxide has been demonstrated to emit within the visible, from UV excitation [74]. However,
the comparatively high doping concentration used within that study would prove costly for
full scale production for PV front sheets. Only a few studies [74,78,179,245] have
investigated the phenomenon of downconversion and fluorescence emission of d° ions in
silicate glasses. There is extensive literature concerning d° fluorescence in crystalline
materials [249 £253] and thin films for solar harvesting [254 #56], which demonstrate

broadband visible emission from UV excitation.

The low doping levels used within this study potentially confer two benefits: (i) relatively
low additional raw materials cost due to the low level of additions; and (ii) may enable
technologically achievable melting in float glass plants due to minimal changes in
composition. By modifying the cover glasses in PV modules, an efficiency increase can

be envisaged, along with protecting the polymeric glues from UV light degradation. In this
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work, the structural, chemical and optical effects of adding low doping levels of d°
transition metal ions in a representative soda-lime-silicate (SLS) float glass system have

been investigated.

4.2 Results
4.2.1 X-Ray Diffraction
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Figure 56 X-ray diffraction patterns of d® doped and base SLS glasses

XRD patterns for the base and 0.20mol% d° oxide doped glasses are shown in Figure 56,
all patterns are consistent with an amorphous silicate structure, with none showing sharp
Bragg diffraction peaks. All display a broad amorphous hump centred at ca. 25 °
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Through neutron diffraction and NMR studies it has been shown Si-O bond lengths do
not vary greatly relative to SiO2, however the range of bond angles and different Q"
speciation result in the observed glassy structure. No crystallisation is observed in these
glasses, however surface and bulk crystallisation has been demonstrated in 60SiO2-
20Al203-20MgO glasses incorporating 0.20mol% MoO3[257], this glass was melted under
reducing conditions and then subsequently heat treated. Transition metals of d° electronic
configurations have the propensity for crystal nucleation in glasses due to their large ionic
radii, high charge density and predilection for clustering [129]. However, the doping
concentrations used in this study are below thresholds for crystallisation observed in other
studies [258,259]. 0.10mol% Nb20s in lithium disilicate glass slightly decreases the steady
state nucleation rate, resulting in fewer crystals developing relative to the base glass
[259]. Crystals are unlikely to form in the glasses produced as the dopants are dilute, the
glass was not heat treated, and soda lime silica glasses do not tend to crystallise without

sufficient nucleation points (such as lithium disilicate [260]).

4.2.2 Raman Spectroscopy

Raman spectra of base and doped glasses are shown in Figure 57. Each trace is
composed of five main peaks, consistent with other float and soda lime silica systems
[261,262]. Samples doped with Nb20Os and MoOs have an additional peak highlighted by
" DQG v UHVSHFWLYHO\ 7KH & Ridrespdr@iMd[NIEDsDoahedra
which have a higher Raman cross section relative to the glass matrix. Due to the high
Raman cross section of [NbOe] octahedra the peaks are detectable at low (>0.10mol%)

concentrations in SLS glasses [263,264]. The additional bands from NbOes octahedra are
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also present in both the Al203 and ZnO co-doped sample Raman spectra, shown in Figure

58 and Figure 59 respectively.
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Figure 57 Normalised Raman spectra of base and doped glasses, ” 1 Egdctahedra
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Molybdate tetrahedra also present strong Raman cross sections, thus giving rise to a
stronger signal relative to the corresponding network [265]. The peak at 925 cm in Figure
57 corresponds to symmetric stretching of [MoO4]%> tetrahedral entities in the glassy
phase [266,267]. As with the X-ray diffraction patterns in Figure 56 no crystallisation is
observed in the d° doped glasses Raman spectra shown in Figure 57, Figure 58 and

Figure 59.

Within the Raman spectra shown in Figure 57, Figure 58 and Figure 59 there are no major

differences suggesting no significant structural changes occur between the different base
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systems. This is commensurate to the X-ray diffraction patterns shown in Figure 56 not

showing discernible differences between the base glasses.
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Figure 58 Normalised Raman spectra of Al2Oz base and doped SLS glasses

ZnO crystals provide Raman peaks at 502, 681, 766, 865 and 967 cm™ corresponding to
mutiphonon modes [268], a peak at 438 cm™ corresponds to the E2 mode, related to the
hexagonal structure of ZnO [269]. The peaks are not apparent in the Raman spectra of
ZnO doped and codoped glasses shown in Figure 59. A difference spectra is shown in

Figure 60 showing doped glasses with the effect of the base glass removed.

After deconvolution of base SLS and 0.20 mol% Nb20s SLS using the program FitYK and
applying 5 Gaussian peaks, the ratio of NBO:BO was found to be 0.361+0.025 for the
undoped SLS glass and 0.364+0.025 for 0.20mol% Nb20s SLS glass shown in Figure 61.
As both glass systems contain around 36% NBO and 64% BO this indicates the glasses

are well polymerised and the transition metal doping does not significantly alter the
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structure. Other dopants were not deconvoluted due to the dilute doping concentration,

and the Raman and XRD evidence do not show significant changes from the base glass.
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Figure 60 Difference Raman spectra of d° doped SLS glasses
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Figure 61 Raman fitting of 0.20mol% Nb2Os SLS

4.2.3 Electron Paramagnetic Resonance Spectroscopy

Figure 62 shows EPR spectra of powdered glass samples, measured in silica tubes at X-
band frequencies. Two signals, g=4.3 (1.6T) and g=2.0 (3.4T), correspond to
paramagnetic Fe3* in isolated and clustered environments respectively [163], though this
is highly contested in the literature. Whilst Mn?* which is isoelectronic to Fe3* results in
resonances at g=4.3 and g=2.0 [270,271], the lack of hyperfine structure at g=2.0 further
indicates that the observed resonances are due to Fe®'. Furthermore, Fe203 is a
ubiquitous impurity in commercial SLS glass production. Fe203 was not deliberately
added to the glass melts and is present in impurity levels of circa 100 ppm. Doped
samples display the same peaks as the base glass, indicating the dopants are in the

expected oxidation states of Ti**, Zr#*, Hf**, Nb%*, Ta%, W®*, and Mo®*. In the case of

155



MoOs doped glass there is an additional weak resonance at g=1.92 (3.7 T) corresponding

to Mo®*, shown in the inset of Figure 62.
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Figure 62 RT X-band EPR of base and d° doped SLS glasses
4.2.4 UV Vis NIR Absorption Spectroscopy

UV VIS absorption spectra of base and doped glasses are shown in Figure 63. These
spectra all show strong UV absorption edges arising from the Si-O network and network
modifying cations such as Na*, Ca?* and AI**. This band is strongly modified by transition
metals including Fe-O bonds. The MoOs doped spectrum is circa 4,000 cm™ (~40 nm)
shifted towards the visible region relative to the base glass. The dotted line is reproduced

from Yang et al. [272] and extended with data from Fix et al. [93], giving the absorbance
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of EVA glue. With different compositions of the glue and age the absorbance can shift

[28], with older, more irradiated glue having absorption shifted towards the visible due to

yellowing.
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Figure 63 UV-Vis absorption of base and doped glasses (AM1.5 data from [18])
The AM1.5 solar spectrum shows that high energy photons (>25,000 cm, <400 nm) have

lower spectral irradiance, however these photons are particularly detrimental to the
polymeric species within a PV module. The UV absorption profiles of the doped glasses
absorb significant portions of these high energy, damaging, photons, particularly in the
case of MoOs. Higher energy photons do correspondingly more damage to the polymer
layers and therefore absorption within the glass front sheet of these particularly

deleterious photons is essential for the longevity of PV modules.
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Figure 64 UV Vis IR absorbance of d° doped glasses and Fe>O3 doped glasses

Figure 64 shows UV Vis IR absorption spectra of the d° doped glasses along with Fe203
doped glasses. Although increasing quantities of Fe20Os in silicate glasses shift the UV
edge towards the visible there are visible and NIR absorption peaks within their
absorption profiles. The prominent peak at 26,220 cm™ (381 nm) corresponds to the
6A1 6 “E(D) transition of Fe3* [56] which is present in all samples, a function of the
chronic impurity of Fe20s in silicate glasses, in a lower intensity in the d° doped samples.
MoOs doped SLS glass has a UV edge of similar position to that of 0.05mol% Fe203, with
lower intensity of bands at 26,220 cm! (381 nm). Absorption in the IR region corresponds
to Fe?* [56] and prevents the transmission of photons close to the bandgap of ¢-Si solar
cells, deleteriously impacting efficiency. All sample were 8.0+0.1 mm thickness and were

normalised to 10 mm thickness.
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Figure 65 NIR absorption spectroscopy of d° doped SLS glasses

NIR absorption spectroscopy of d° transition metal doped glasses was undertaken to
confirm no deleterious absorptions were occurring across the 1000-1200 nm range where
c-Si panels can effectively absorb. As shown in Figure 65, the profile is flat across the
range of 1000-2000 nm, with a small broadband centred at 2200 nm corresponding to
H20 content [273]. PV modules utilising c-Si have a strong absorbance near the band gap
of Si (circa 1100 nm), as these glasses are not strongly absorbing within this region unlike
Fe203 containing glasses, they may prove beneficial for the use as front sheets. There is
little absorption corresponding to Fe?* between 10,000 cm™* +7490 cm™ (1000 nm +1335

nm) [56] in Figure 65. Note there is a filter change at circa 1420 nm.
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4.2.5 UV Vis Fluorescence Spectroscopy
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Figure 66 Fluorescence emission intensity under 41,666 cm-1 (240 nm) excitation
(mercury discharge lamp)

The fluorescence emission spectra from 41,666 cm™ (240 nm) excitation of d° doped
glasses are presented in Figure 66. All glasses demonstrate broadband emission
between 19,000 cm* and 25,000 cm (400 nm to 525 nm) with a range of intensities. The
colour photograph in Figure 67 shows the variation in colour and emission intensity upon
UV excitation. ZrO2 and MoOs doped glasses weakly emit visible photons at these

excitation wavenumbers [74].
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Figure 67 Visible fluorescence from d° doped SLS glasses. Photograph taken under
39,370 cm (254 nm) UV light
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Figure 68 Variation of emission intensity as a function of excitation wavelength and

dopant type
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Figure 68 shows the maximum emission intensity at various excitation wavenumbers. All
dopants have stronger emission at higher wavenumber excitation with a rapid decrease
in emission intensity, however there is measurable emission at all measured
wavenumbers. The glasses doped with Nb20s and Ta20s contain twice the quantity of
active ions relative to TiO2, ZrO2, HfO2, MoO3 and WOs. This may, in part, explain the

greater emission intensity of the 0.20mol% doped SLS glasses with Nb20s and Taz20s.

Modification of the host matrix positively affects the emission of TiO2 as presented in
Figure 69, with the addition of 5.00mol% Al20s into the glass in replacement of SiO2
increasing the emission intensity by a factor of 2. The effect is also observed in Nb20Os
doped glasses with a modified glass matrix, the addition of 1.00mol% ZnO increases
emission intensity by a factor of 2.5, as shown in Figure 70.
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Figure 69 Fluorescence emission intensity of doped TiO: glasses
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Figure 70 Fluorescence emission of doped Nb2Os glasses

4.3 Discussion

The XRD patterns in Figure 56 show no sharp Bragg diffraction peaks indicating the
presence of crystalline phases, thus confirming the amorphous nature of the
representative samples considered. The diffraction patterns are consistent with other
oxide glasses, showing the amorphous "hump" typical of silicate glasses [124]. Transition
metal ions have been used as nucleating agents in lithium disilicate glasses [258,274].
While the transition metals may induce crystallisation in glass melts, the low doping
concentrations in this study are below the thresholds observed in other studies [129,258].
Furthermore, soda lime silica glasses used in this study are less prone to nucleation than

lithium disilicate glasses. Differences in XRD profiles are not readily resolved in SLS
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glasses with the addition of Al20s below circa 7.0mol% Al203 [275], although with
increasing Al203 content there may be an increase in the formation of Q3 structural units

[276].

Fluorescence emission intensity is lower in amorphous materials, but the bands are
broader by comparison to crystalline equivalents [277]. Broader absorption and emission
bands in the front sheet glass is advantageous for the protection of polymeric species.
Both ZnO and Al2Os demonstrate intermediate glass forming characteristics [124] they
both can integrate and act as network formers. Densities are presented in section 3.1.1.1
and are consistent with both the Fluegel model [278] and other experimental values [261],
indicating that glass compositions, for all samples, are close to their nominal compositions

based on batch calculations under similar conditions.

The Raman spectra in Figure 57 show only small variations between the base and doped
glasses, with only Nb2Os and MoO3s showing significant changes as indicated by the circle
" DW cm! DQG WKH VTXD @i respediively. The six Raman bands in the
base glass spectrum correspond to different structural configurations, the most intense
band centred on 1093 cm™ is due to the stretching mode of Si-O-Si in Q2 arrangements
[126,279 £81] indicating a highly polymerised silicate network. The broad band centred
at 990 cm? is consistent with the Si-NBO stretching mode (i.e. Q?) [280,281]. The band
centred at ca. 944 cm™ is due to Q? speciation. The band centred at 796 cm™ arises from
Si-O-Si symmetric stretching modes between Si-O tetrahedra [127,279,281]. The bands
at 450 cm? and 556 cm correspond to Si-O-Si symmetric stretching of Q* and Q3
species, respectively [282]. Deconvolution of these bands in base SLS and 0.20mol%

Nb20s SLS show NBO comprise 36.1+2.5% and 36.4+2.5% respectively.
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The SLS glass sample doped with 0.20mol% Nb20s exhibits an extra band relative to the
base glass, at around 875 cm-*. This is attributed to Nb-O symmetric vibrations in [NbOe]
octahedra [283]. [NbOs] octahedra have high Raman cross sections and the peak at 875
cm? is detectable at low (>0.10mol%) concentrations in SLS glasses [263,264] and is
present in Figure 57, Figure 58 and Figure 59. Deconvolution of Nb20s spectra along with
base SLS through the program FitYK shown in Figure 61, give a BO:NBO ratio of circa
64:36 indicating high polymerisation and non-significant changes to the polymerisation
with the incorporation of 0.20mol% Nb20s and are consistent with other similar glasses
[262]. Molybdate tetrahedra likewise present strong Raman cross sections, thus giving
rise to a stronger signal relative to the corresponding network [265] demonstrated in
Figure 57. The peak at 925 cm in Figure 57 corresponds to symmetric stretching of

[MoQO4]? tetrahedral motifs [266,267].

Bands associated with the dO transition metals, Ti** (937 cm corresponding to internal
vibrations of TiO4 tetrahedra, and 1100 cm™ to symmetric stretches of TiO4) [284], Zr**
(642 cm tetragonal ZrO2) [283], Hf** (680 cm™ tetragonal HfO2), Ta®* (786 cm
octahedral TaOs) [285] and W®* (916 cm™, 958 cm™, 1017 cm™ octahedral WOs) [286],
were also expected due to their high polarisability relative to Si. However, these were not
observed even through a subtraction of the base glass spectr XP TlURP WKH GRSHG JO
spectra. The high polarisability of the transition metals confer a higher Raman cross
section relative to the silicate network, however, the low doping concentrations used in

this study may result in low intensity peaks which are not readily observed.

EPR is used to detect unpaired electrons, and therefore d° dopants in their expected

oxidation state are silent to this technique. Hence the two resonances at g=4.3 (1.6 T)
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and g=2.0 (3.4T) shown in Figure 62 correspond to Fe3" which occurs as a chronic
impurity in the raw materials used to produce all sample glasses. Both resonances have
been widely observed, even in spectra for glasses with very low (ppm) Fe®* concentration
[163]. The resonance at g=4.3 (1.6 T) corresponds to Fe3* in an isolated environment
[270,287]. The resonance at g=2.0 (3.4 T) is due to exchange-coupled Fe®* ions
[166,287,288]. It occurs even at impurity concentrations, but has also been attributed to

octahedral Fe3* [163,289].

Since EPR detects unpaired electrons and d° ions have no unpaired electrons, the lack
of additional EPR peaks is commensurate with the dopants being present in the expected
oxidation states of Ti**, Zr#*, Hf**, Nb>*, Ta>*, Mo® and W®* [74,246,247] . However, the
EPR spectrum for the MoOs doped glass (Figure 62 and inset) shows an additional weak
resonance at g=1.92 (3.7 T) which corresponds to Mo>* [246]. Mo®* (d*) can give induce
a yellow colour in silicate glasses due to 4A2-4T2 absorption bands centred at 28,500 cm-
1(350 nm) and 22,700 cm (440 nm) [77,246,290]. This may partly explain the shifted UV
edge in the optical absorption spectra shown in Figure 63 and Figure 64 relative to other
d° dopants. However, given the weakness of the Mo>* EPR resonance in Figure 62, it can
be concluded the concentration of Mo®* is to be very low, and the majority of Mo is present

as Mo®*.

The oxidation state of Fe in soda lime silica glasses is affected by batch constituents,
melting temperature, and any redox conditions during melting. The oxidation state or
states of d° transition metal oxides in silicate glasses can be controlled by the redox
conditions of the melt, ultimately affecting the absorbance and emission properties of the

glasses [246]. Control of the redox conditions is crucial for any commercial glass

166



manufacture process. Typical Fe?*/&e redox ratios of ~0.2-0.3 are common in
commercial float glass manufacturing processes [162]. Although the glasses prepared in
this study did not utilise commercial glassmaking raw materials, and the melting
atmosphere was more oxidising than within a commercial float glass furnace, the glasses
were melted at similar temperatures and chemical proportions. Therefore, according to
9DQ WIT+RIIVY ODZ LW LV ?H&FMedeDritos@ thie lgiBsSaes\WrkpdredHn
this work were not dissimilar to that found in commercial float glasses, albeit it is likely

they were marginally more oxidised due to the furnace atmosphere [57,162].

While it was not possible to quantitatively measure the iron content from the EPR spectra
as the measurements were made to qualitatively determine the oxidation state of the d°
dopants, the weakness of the Fe3* resonances are qualitatively consistent with Fes3*
contents in the ppm range [291]. Fe?* cannot be measured though room temperature X-
band EPR due to its short spin-lattice relaxation time and lack of unpaired electrons [163].

The Fe203 content was below the limit of detection for the program used for XRF (ca. 200

ppm).

For titanium doped glasses redox potentials developed by Schreiber et al [292,293]
indicate that, under all but very strongly reducing conditions, these dopants will occur in
soda-lime-silica glasses as Ti**. No comparable glass redox potential data was identified
for the other dopants studied here, however, based on aqueous redox potentials it can
reasonably be assumed that these dopants will occur in soda-lime-silica glasses prepared

under oxidising melting conditions, predominantly as Nb>*, Ta%*, Zr**, Hf*" and W®*. The
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results of this study are consistent with this view demonstrated in the EPR and

absorbance measurements shown in Figure 62, Figure 63, and Figure 64.

Optical samples were polished to 8.0+0.1 mm thickness and normalised to 10 mm
thickness and, as shown by the transmission spectra in Figure 63 and Figure 64, all are
of high quality optical polishing as poor polishing leads to large amounts of diffuse
scattering at the air-glass interface and results in poor transmission of light. The UV
absorption edge is characterised by photons of an energy high enough to induce
absorption of the silicate network [129]. Meng et al demonstrated that in broadly similar
silicate glass compositions, 1mol% MoOs shifts UV absorption to lower wavenumbers
(higher wavelengths) more strongly than other d° ions (Ti**, Zr**, Nb%*, Ta>* and W¢*) [74],

this work shows a corresponding result.

It has been demonstrated that the local structure of MoO3s has a strong influence on the
absorption which can shift the absorption edge towards ca. 24,000 cm™ (415 nm) [294].
However, as shown by our EPR results and the corresponding optical absorption spectra,
in the Mo-doped sample studied here, a very small fraction of the molybdenum has been
reduced to Mo>" which could contribute to the shifted absorption. In Figure 64, Fe203
doped glasses are shown to shift the UV edge towards the visible region with increasing
guantities of iron oxide. It has been demonstrated 0.01mol% Fe203 doped silicate glass
as a PV encapsulant layer reduces module output by 1.1% due to the visible and IR
absorptions at 26,220 cm™ and 11,000 cm™ (381 nm and 909 nm) of Fe3* and Fe?* [58].
Doping silicate glasses with 0.20mol% of d°ion oxide provides the solar protection,

shown in Figure 63, without the deleterious bands shown in Figure 64.
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EVA glues absorb strongly above 26,666 cm™ (below 375 nm) [272] with photons of
higher energy inducing greater damage. Yellowing index is a measure of transmission
losses in polymers, with higher dimensionless numbers indicating a higher transmission
loss [295]. An NREL study demonstrated in a c-Si based PV module with a front sheet of
standard SLS glass, with a UV edge of 295 nm gave a yellowing index of 81.9. Identical
PV modules with SLS glasses doped with CeO:2 to shift the UV edge to 325 nm and 330
nm had yellowing indexes of 23.8 and 17.8 respectively [28]. All modules underwent 35
weeks of accelerated aging to demonstrate the yellowing from UV degradation and no
measures were undertaken to correlate this to an exposure time of modules in operation

[28].

The glasses in the NREL study were doped with cerium oxide: we postulate that the d°
doped glasses studied here may also be suitable to achieve similar UV protection. As
shown in Figure 63, glasses with UV absorption closer to that of the EVA absorption line
do not act as 100% effective bandpass filters. Shifting the absorption of the glasses to
overlap the EVA absorption would in