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ABSTRACT
Photovoltaic cells are often perceived as an ugly addition to glazing. Improvements
could make photovoltaics more attractive for use in architecture, increasing the
opportunities to generate electricity on the surfaces of buildings. This research
demonstrates methods of integrating crystalline-silicon photovoltaic cells into
decorative glazing. The aim was to explore the use of a combination of opaque,
reflective and coloured materials with crystalline-silicon photovoltaic cells in glazing
designs, to enhance appearance whilst maintaining good photovoltaic generation.
Colour was incorporated through the use of Lumogen F dyes (BASF) added to the
photovoltaic encapsulants Sylgard 184 (Dow Corning) and EVA (ethylene vinyl
acetate: Solutia Vistasolar Fastcure 486.00). The absorption and emission properties of
these new material combinations were measured. The dyes degraded quickly under both
accelerated and outdoor testing. Glazing designs were created that incorporated
Lumogen dyes, plus opaque and reflective materials. The opaque and reflective
materials were used to disguise the square photovoltaic cells. This demonstrated that
crystalline-silicon photovoltaic cells could be assimilated into a wide variety of
architectural glazing. Reflective materials and fluorescent dyes were shown to improve
maximum electrical current from widely-spaced crystalline-silicon photovoltaic cells.
Further work is recommended to establish durable material combinations for use with
photovoltaics in decorative glazing.
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CHAPTER 1: INTRODUCTION AND PRECEDENT
1.1

The problem of integrating photovoltaics into architecture

Conventional, crystalline-silicon photovoltaics (c-Si PV) are proving difficult to
integrate into a wide range of architectural styles in ways that are both functional and
aesthetically pleasing [7, 8]. The reflective surfaces of rectangular PV modules, filled
with rows of shiny, square cells, differ strongly from the appearance of many traditional
building materials such as roof tiles. It is important to solve this problem, as solar
energy is an ideal form of renewable energy for use in built-up areas, since PV can be
incorporated onto both the roofs and walls of building structures [9]. More widespread
use of solar energy could greatly assist in minimising the use of fossil fuels, and so
reducing carbon dioxide emissions and the damaging effects of climate change [10-12].
The UK government has set a target ‘of reducing carbon emissions 80% by 2050
compared with a 1990 baseline’, which will involve ‘emissions from all buildings’
being ‘reduced to practically zero’ [13]. The total amount of electricity generated by all
sources in the UK in the first quarter of 2015 was 94.9 TWh [14]. Photovoltaic use is
growing rapidly, with UK installed capacity now at 7.265 GW at the end of May 2015,
which is an increase of 0.5% of capacity from the previous month and is a marked rise
since the end of 2011 when installed PV capacity was 1 GW [15]. The capacity of
photovoltaic installations to generate electricity is usually described in terms of peak
power (Wpeak). This is an indication of the maximum amount of power that can be
produced with the photovoltaic panels at ideal orientation, with 1000 Wm-2 irradiance.
Power that has been generated by a PV panel is expressed in terms of Watt hours (Wh):
a multiple of the power and the time over which it was generated. Comparison of the
peak power and actual power generated over time gives a measure of the effectiveness
of a PV system. For example, a standard domestic 4 kWpeak system in Stirling, Scotland
could be expected to generate 3180 kWh per year [16].
This rapid increase in uptake means that PV is an established part of the UK
renewable energy mix, with ‘feed in tariffs’ providing an incentive to further installation
of PV through payments for each unit of electricity generated through use of PV [17].
PV now needs to be demonstrated to be an attractive and fashionable proposition for
architects and building owners in order to contend in the very competitive market for
building envelope materials [18, 19]. Improving the aesthetics of PV can assist in this,
ensuring that negative perceptions of the technology do not cause problems with the
uptake of the technology as has happened with wind energy in the UK [20, 21]. There is
1

a need to establish innovative use of PV as an appropriate building material before
standard blue, rectangular PV panels become the only known norm [22].
1.1.1

Choosing crystalline silicon photovoltaics (c-Si PV) from the range of PV
materials

There are many types of PV cell. Figure 1.1 is the main section of a conference poster
by the author [2] showing the range of PV, from the most efficient and expensive,
single-junction PV cells, made from gallium arsenide, that are used mostly in space.

Figure 1.1: Types of PV with efficiency and lifetime details, from the poster to
accompany ‘The Search for Building-Integrated PV Materials with Good Aesthetic
Potential’ [2]
2

At the other end of the scale are organic PV cells which can be made at very low cost,
but have short lifetimes leading to unsuitability in many architectural applications. The
majority of standard PV modules contain PV cells made from squares of crystalline
silicon (c-Si) [23] which generally appear blue or black due to the addition of antireflection coatings, so that maximum amounts of light are absorbed. This type of PV
offers the best combination of efficiency, durability and cost [2], and have been
developed over several decades [24]. There is continual improvement of all types of PV,
leading to gradual increases in efficiency for PV materials [25, 26]. The maximum,
recorded efficiency of a monocrystalline c-Si PV module has increased from 19.7%
when the information in Figure 1.1 was compiled in 2011, to 22.9 ± 0.6% in 2014, with
similar increases in efficiency for other types of PV [27]. In parallel with these PV
efficiency increases, there is an ongoing discussion about better methods for integrating
PV into the built environment [28, 29]. Large-scale incorporation of PV into clusters of
buildings has already taken place [30]. This leads to the possibility of a backlash against
this change in appearance of the built environment [22]. If PV is to become a desirable
addition to architecture, the development of functional building-integrated PV with
good aesthetics requires as much attention as improvements in PV efficiency [1, 18].
1.2

Photovoltaics in architecture

PV can be applied over entire building envelopes, with c-Si PV modules now
established for use in both roof and façade-mounted installations. Figure 1.2 shows
roof-mounted PV in the UK and Germany.

Figure 1.2: Roof-mounted PV in Newcastle-upon-Tyne, UK (left); and in
Paderborn, Germany (right)
There is a mismatch between the red roof tile colours and the blue, reflective surfaces of
the PV panels. The panels are applied to the existing building skin, rather than being
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integrated into the architecture. Panels with red backings are available, to overcome the
colour contrast [31]. The entire roof surface can also be covered with PV [29],
especially when there are no obstructions such as chimneys or roof lights. Products such
as c-Si PV roof tiles and slates are also available to disguise the appearance of PV on
roofs [32]. These replace existing roofing materials, and are more expensive than
standard c-Si PV panels, so are less-commonly used [33].
Table 1.1 shows a selection of inventive uses of roof-mounted PV. The first
photo shows the Sunovation headquarters, where matching of colour and shape between
the roof and façade ensures that the square shapes of the PV modules fit in with the
colour of the structure.

Table 1.1: Examples of roof-mounted PV
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The use of a circular roof highlights the square PV module shapes. The second photo is
a playful installation in which the PV modules are highlighted by the angles at which
they are placed, as well as the contrast in colour and texture between the wooden
structure and PV. The photo at the bottom of the table shows flexible, amorphous
silicon panels on a bus shelter. These are visible only from above, so there is little need
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to blend their colour in with that of the bus shelter roof. These examples show that PV
can be fitted onto many different types of structure, but that the blue and black,
rectilinear modules tend to dominate the appearance of structures into which they are
incorporated.
1.2.1

Integrating PV into architecture
PV can be integrated in any position on a building envelope that is not shaded:

roofs and façades are the most common. Table 1.2 (below) shows examples of c-Si PV
mounted on vertical surfaces. The first photo shows PV covering a section of wall,
providing a strong contrast with the white wall and the green creeper. In the second
photo, one wall is completely covered in PV panels whilst another has spaces between
the modules. The photos in Table 1.2 show the tendency to arrange PV modules
geometrically, which is similar to the method of application of many building materials,
but is limiting when attempting to use c-Si PV artistically, as discussed in section 1.2.2
below. The examples show c-Si PV retrofitted to building surfaces. The photo at the
bottom of the table shows retrofitted c-Si PV modules used to create a curtain wall. In
new build, PV modules can replace other materials such as glass panels that are often
used to create curtain walls [18, 28, 34]. Innovative examples of design with buildingintegrated PV have been extensively documented [9, 29, 28, 30, 35, 36]. The IEA
(International Energy Agency) task 7 developed a set of guidelines for good practice in
integration of PV into architecture [37]. These included a requirement for PV to be ‘in
harmony’ with other building materials [18]. The guidelines indicate that PV should be
both an integral part of the building, and an ‘eyecatching’ feature. More recently, the
findings of IEA task 41 state that PV products are required that can replace other
building components [38]. These building-integrated PV components must have all the
characteristics of the required building materials, including structural properties. PV
module design should also be adaptable if PV is to be integrated into a wide variety of
building styles. Kanters [39] describes a need for PV and with good aesthetics, and
Farkas [40] points out that PV integration into a building should take place at all levels,
from cell to array. One method of ensuring that PV is more widely used in architecture
is to aim for ‘visual mediocrity’ of the PV elements, as suggested by Lüling [41]. This
is particularly difficult due to PV products being complex assemblies of several
materials [42] with a very different appearance from many building materials.
Scognamiglio described an approach that capitalised on this, in which traditional
building styles were complemented by the addition of photovoltaic elements [43].
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Table 1.2: Examples of vertically-mounted c-Si PV
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In contrast, Hermannsdörfer and Rüb describe projects where the approach was often to
disguise PV materials added to traditional buildings [44]. This included screen-printing
on the glass covering PV cells, which reduces module efficiencies. An approach is
required in which improved aesthetics can be combined with maintenance of good PV
efficiencies.
1.2.2

The use of artistic techniques to improve the aesthetics of PV

The use of art offers one way of resolving the conflict between the need to make PV
desirable, and ensuring that PV products do not clash with other building elements. This
approach is recommended by both Claus [45] and Farkas [40]. Investigations such as
the BIMODE [46] and HAVEMOR projects [47] demonstrated that variation in colour
and shape of PV cells and modules could be achieved. In both of these projects, the
anti-reflection coating thickness of c-Si PV cells was altered to change the surface
colour, but this led to decreases in efficiency compared with standard blue or black c-Si
PV. Coloured c-Si PV cells are commercially available [48], but are rarely used [49]
due to the lower efficiencies. Table 1.3 shows some examples of standard blue or black
c-Si PV used artistically. The first photo in Table 1.3 contains an example of PV applied
over the surface of a gable end. Neon lighting covers the PV and is visible at night, as
shown in the second photo of the building. The other photos show c-Si PV incorporated
into structures. The rectilinear nature of the c-Si PV cells and arrays dominates all the
examples in Table 1.3. This greatly limits the artistic application of c-Si PV. Alternative
approaches are required.
1.2.3

c-Si PV in glazing
The advantage of light-transmitting PV is that it is straightforward to incorporate

into new-build or to retrofit into architecture [50]. Baum has amassed extensive
databases of innovative structures that contain PV [7, 49]. He concludes that many
innovative PV installations are part of light-transmitting structures. These typically
comprise c-Si PV cells sandwiched between layers of translucent glass or polymer, and
arranged so that there are gaps through which light can pass, as shown in Table 1.4.
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Table 1.3: Examples of artworks incorporating PV
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The first example in Table 1.4 (below) shows c-Si PV modules that are mounted
in front of windows. Light is transmitted through the gaps between the c-Si PV cells.
The second photo shows a retrofitted glass façade incorporating monocrystalline c-Si
PV modules [52]. The photo on the right shows the detail of the opaque, square c-Si PV
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cells that are laminated into clear glass-glass modules. There is a large area of glazing at
the top of each window aperture that does not contain PV cells, in both this and the first
example in the table. The strong light-dark contrast between the dark c-Si PV cells and
surrounding areas of glass leads to a grid pattern of light reaching the building interior,
as shown in the photo on the bottom, right of Table 1.4. This can be acceptable for an
outdoor structure such as the canopy shown at the bottom of the table. But the
rectilinear patterns could be intrusive if transmitted to a building interior, as shown by
Gunnarshaug-Lien [53].

Table 1.4: Examples of light-transmitting c-Si PV installations
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The first two examples in Table 1.4 show c-Si PV module placement limited to
the bottom of the window apertures to ensure that most light reaching the building
interior is not transmitted through rows of c-Si PV cells. PV glazing is commercially
available, such as that from Onyx solar, which has a ‘pixellated’ appearance [54]. The
ASI-thru glass used on the Schott-Iberica building also demonstrated that dark PV
elements contrast with sections of transparent glazing [55]. For all PV glazing, the
proportion of glass that needs to be covered by PV cells depends on the amount of
electricity that is required from a given area of glazing. This has to be balanced with the
amount of transmitted light that is required. A method is required to reduce the strong
contrast between light-transmitting areas of glazing and dark areas covered by PV cells.
1.2.4

Artistic development of light-transmitting PV

Current PV module rectilinear production and assembly systems constrain architectural
glass artists into working with the contrast between geometric PV and translucent,
coloured or patterned areas of glazing, as discussed in section 1.2.2. The decorative PV
glazing in Figure 1.3 is an example of this.

Figure 1.3: Glass panel incorporating c-Si PV cells by Raphael Seitz (on the left).
Photo included with permission from Derix Glasstudios, Taunusstein, Germany.
Detail of Jochem Poensgen’s c-Si PV glazing at Parkhaus Pilgrimstein, Marburg
(on the right). Photo reproduced with permission from Jochem Poensgen.
There is rich tradition of decorative architectural glass, which has been used to
enhance architecture artistically, and to alter light levels and colours within buildings
for centuries [56-58]. The traditional design of architectural glass shown in Figure 1.4 is
one example of the level of sophistication and detail that has been reached in this
medium. Many artists are keen to increase the sustainability of their work [59] with a
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need to work to benchmarks such as BREEAM® [60] when designing glazing for use
in buildings. Work with PV can assist in this, and some artists are already working with
PV, as discussed in sections 1.2.2 and 1.2.4. Increasing the range of styles and materials
for design of decorative PV glazing will facilitate this development, leading to a wider
variety of building-integrated PV.

Figure 1.4: A traditional example of decorative architectural glass at Peters
Studios, Paderborn, Germany. Photo reproduced courtesy of Peters Studios.
A variety of architectural glass artworks have been created, using c-Si PV [49, 40].
Baum developed a series of light-transmitting PV designs [61]. These utilise the
rectilinear nature of the PV modules and strings. Colour, lettering and other artistic
forms have been introduced into novel module designs, from Jochem Poensgen’s
minimalist use of a few PV cells and some colour [62], shown on the right in Figure 1.3,
to use of colour and text in conjunction with PV cells, in Lynn Goodpasture’s PV
windows in Pearl Avenue Branch Library, San José, California [63] (shown on the left
in Figure 1.5), and Sarah Hall’s c-Si PV designs, such as Lux Nova, at Regent College,
University of British Columbia, Canada [64], shown on the right in Figure 1.5. These
examples all explore the strong contrasts between the opaque, square PV cell shapes,
and other aspects of the designs. They also contain straight strings of PV cells in
rectilinear groupings. Methods are required to create curvilinear as well as rectilinear
designs, as well as disguising the opaque squares of c-Si PV.
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Figure 1.5: Solar Illumination 1 / Evolution of Language ©2008 Lynn Goodpasture
Art & Design at Pearl Avenue Library, San Jose, CA (on the left). Photo by Lucas
Fladzinski reproduced with permission from Lynn Goodpasture. On the right is
Sarah Hall’s Lux Nova installation at Regent College, Vancouver, Canada. Photo
reproduced with permission from Sarah Hall.
1.2.5

Use of colour

Photovoltaic cells function by converting light to electricity [9]. Light is perceived by
the human eye as colour, with white light being a mixture of primary light colours [65].
Colour can be defined as the way in which the human eye experiences light [66]. Colour
is a vital component of much artistic design, including stained and decorative glass, in
which changes in the transmitted and reflected light provide changing displays of colour
observed as part of the artwork itself and transmitted into the surroundings [58, 67].
Perception of colour varies between individuals [68], and accurate description of
colours is vital to ensure consistency in reproduction of colour in applications from TV
screens to preparation of glass paints [66, 56]. Colour can be described accurately
through use of colour space as defined by CIE 15 [69, 70]. Each point in the CIE colour
space indicates a different perception of colour. The colour space is broken down into
three components:
Hue: The wavelength of the light, giving the position in the electromagnetic spectrum
Lightness: The amount of light incident on the human eye
Saturation: The amount of white light included in the mixture [66]
The hue can be described by the name of the colour, such as red or yellow. The
lightness and saturation values give precise details of the intensity and paleness of the
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colour. Colour difference can therefore be described accurately through use of separate
sets of coordinates in colour space.
Colour is such as important component of much decorative, architectural glass
[57] that its use in combination with photovoltaic cells was seen as an important part of
this PhD research. The following section gives details of addition of colour to PV
through use of luminescent solar concentrators (LSC’s).
1.2.6

The use of luminescent solar concentrators

Colour can be added to PV modules by addition of coloured films or backsheets [31].
These alter the colour of the areas surrounding the PV elements as well as the
appearance of the backs of the PV cells. These materials do not alter the appearance of
the fronts of the PV cells. Another method of creating coloured PV modules is to use
luminescent solar concentrators (LSC’s). These are devices in which thin strips of PV
are applied to the edges of translucent plates that contain fluorescent dye [71]. Light is
emitted by the dyes and can be guided to PV cells [72]. The principle is illustrated in
Figure 1.6. This shows light incident on a PV cell that is covered by a material
containing Lumogen Red 300 fluorescent dye. The dye molecules absorb light,
particularly in the green to yellow area of the visible spectrum (500 – 580 nm). They
then emit red light (585 – 670 nm). This process is called luminescent downshifting.
Some of the emitted light is reflected between the surfaces of the dye-doped materials,
in a process of total internal reflection. This process transports light to the PV cell from
adjacent areas. LSC’s can function in diffuse light, making them useful in regions where
cloud cover is common [73]. A variety of materials can be used to absorb and re-emit
light within LSC’s including fluorescent dyes, which are available in a range of colours
[72, 74]. Lumogen F dyes are established from among the available fluorescent dyes as
suitable for use in LSC’s [75, 76]. These dyes absorb light over narrow ranges of
wavelengths, altering the colour of encapsulants whilst still allowing light at other
wavelengths to reach underlying PV cells [72, 77, 78]. LSC’s offer possibilities for
artistic use, because of the colour of the dyes, and the fact that the PV cells can be
concealed at the edges of modules, leaving coloured areas of translucent, dye-doped
material, through which light can be transmitted.
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Figure 1.6 Schematic of a luminescent solar concentrator, with light being
absorbed by a Lumogen Red 300, fluorescent dye molecule; emitted at a longer
wavelength; then moving through the encapsulant material, until it reaches the
surface of a PV cell.
1.2.7

Measurement of the properties of light-transmitting materials for use with PV

The performance of the dyes used in LSC’s is normally measured by investigation of
the way in which the dyes absorb and emit light [73, 76]. Use of CIE colour
measurements (as discussed in section 1.2.5) could also be used, but this does not
provide detail about the fluorescence of the dyes. Fluorescence of light can be measured
using spectrometers or fluorospectrometers. The materials are placed within the
machines so that light within precise wavelength bands can be measured as it is directed
towards the material, or as it is output. The setup can be varied so that the fractions of
light that are absorbed, transmitted, reflected or emitted by materials are measured [79].
LSC’s are primarily intended for use in glazing [71]. Glazing is used mainly to
transmit light to the interior of buildings. The methods of measurement of the
performance of glazing are designed to give details about the amount and quality of
transmitted light [80]. Light can be lost through absorption within materials such as
glass, or by reflection or scattering. BS EN 410 [80] sets out the method of calculation
of the fractions of incident light that are absorbed, reflected and transmitted by glazing.
Building glazing systems should also be designed to provide as much insulation as
possible. U-values define the amount of insulation provided by each element within a
glazing system. U-values can be calculated from the properties of the glass and
additional materials [81] or measured using the ‘guarded hot plate method’ [82].
The standard test method of performance of PV modules involves measurement
of current-voltage (IV) characteristics [83], which is a measure of the power output of
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the PV over a changing load. This shows the maximum power that can be generated by
the module at a given irradiance, as well as being a test of the performance of the circuit
of connected PV cells. The method of IV testing is ideal for comparison of performance
of PV glazing modules.
1.3

Chapter conclusion

Increased use of building-integrated photovoltaics can provide an alternative to alleviate
reliance on fossil fuels. There is a wide range of inventive architecture and art that
incorporates PV, especially the most widely used crystalline-silicon (c-Si) PV. Use of cSi PV in architectural glass is one important area of evolvement, as glazing is relatively
straightforward to retrofit into buildings. There is a rich tradition of architectural glass
art, but rows of opaque, square c-Si PV cells are difficult to blend into translucent
glazing. Development of more design options would enable PV to be integrated into a
wider variety of decorative glazing. Use of luminescent solar concentrator technology is
one possible area of development. This is discussed further in Chapter 2, which also
gives details of the choice of methodologies to move on from the precedent.
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CHAPTER 2: CHOICE OF METHODOLOGIES
2.1

Chapter synopsis

This chapter gives details of the chosen methodologies and materials for this PhD
research. The aim was to integrate c-Si PV into a range of glazing designs. An approach
was chosen in which improved aesthetics could be combined with maintenance of good
PV performance. The use of front-facing luminescent solar concentrators (LSC’s) with
dye incorporated within the encapsulant layer was chosen, combined with traditional
and modern methods of applying coatings to glass.

2.2

Research aims for this PhD

Chapter 1 showed that one problem with current development of building-integrated PV
is the difficulty in blending c-Si PV cells into a wide variety of glazing designs. There
has been extensive discussion of good practice in integration of photovoltaics into
architecture, as described in section 1.2. Building and glazing designers have
incorporated c-Si PV into architecture, working with the rectilinear PV cell and array
shapes. This PhD advances the research by establishing practical methods of integrating
c-Si PV cells into a wide range of decorative architectural glass styles. This can already
be achieved by sacrificing some PV efficiency, as discussed in section 1.2.2 and in
Hermannsdörfer and Rüb’s study of projects in which the PV was integrated into
traditional architecture [44]. The aim of this PhD research is to blend c-Si PV into
glazing whilst optimising electrical power production from the PV. This involves
creation of designs and selection of materials that will enhance the appearance of the
architectural glass whilst ensuring that optimal amounts of light reach the c-Si PV cells.
This practical approach combines use of scientific methodology with techniques from
architectural glass art practice.
Figure 2.1 shows the decisions to be made when designing a piece of decorative
glazing that incorporates PV. The section highlighted in green illustrates the main areas
covered by this PhD research. The top of the diagram shows that the first steps are to
establish the need for glazing and the need for PV. Glazing is usually required for light
transmission. This function can be combined with creation of a dramatic statement
through design of architectural glass that demonstrates the aspirations of the building
users or owners [56, 58]. This can incorporate promotion of ‘green’ credentials [1, 44].
This may mean that the PV cells are to be displayed prominently, in which case a
scheme incorporating lines of square c-Si PV cells can be ideal. But if PV is to be
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assimilated into an increasingly wide range of decorative glazing, including curvilinear
designs, then additional approaches are required, as discussed in chapters 3, 7 and 9.
This development could also prevent a backlash against widespread use of buildingintegrated PV [22], as has occurred for wind turbine generators [21].

Figure 2.1: Decisions to be made when designing decorative PV glazing
The centre of the second row of Figure 2.1 shows that a balance has to be
achieved between sections of glazing through which light can be transmitted and areas
covered by opaque or semi-translucent PV from which electricity can be generated. This
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balance dictates the spacing of PV cells, which is also dependent on the choice of PV,
as different types of PV generate dissimilar amounts of electricity per unit area.
The most widely-used type of PV is c-Si PV, as discussed in section 1.1.1. The
research in this PhD focuses on use of c-Si PV in order to make the work relevant for
use now. An alternative is to apply thin-film PV directly to substrates during
manufacture of the PV [84]. If the efficiencies and lifetimes of thin film PV become
suitably competitive with those of c-Si PV, then the method of manufacture of
decorative glazing can be altered, so that PV can be applied to substrates in a wide
variety of configurations. It is important to establish a precedent for good aesthetics and
extensive design variety in PV before use of thin film PV becomes more widespread.
This can ensure that building-integrated PV glazing is shown to be an adaptable and
desirable architectural component.
This PhD research focuses on establishment of an initial range of designs and
material combinations that can be used to create decorative glazing into which c-Si PV
cells are blended. This precedent can then become a start point for further development
of designs that will fit into a variety of architectural styles. Placing PV within
architectural glass is a compromise between the need to generate as much electricity as
possible from closely-spaced PV cells, and the need for areas of glazing through which
light can be transmitted. The ideal balance between electricity generation and light
transmission will vary according to the location in which glazing is to be installed, the
electricity requirements and the design style constraints for the given piece of
architecture. There is some discussion of this balance in chapters 3 and 9, but the main
aim is to establish design variety.
2.2.1

Summary of thesis aims

The main aim of this thesis is to establish that great variety in design of c-Si PV glazing
is possible, and to create designs that demonstrate this. The principles can then be
applied widely through use of a range of materials and by variation of PV cell layout.
The secondary aim of this research is to ensure that power outputs from c-Si PV cells
are optimised through use of designs and materials that enhance the amount of light
incident on the PV. This provides some compensation for reduced electricity production
per unit area due to wide PV cell spacing within light-transmitting glazing.
2.3

Initial designs

Section 1.2.6 described two main methods for incorporating c-Si PV cells into glazing:
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•

By sandwiching c-Si PV cells between layers of glass or polymer

•

By placing strips of c-Si PV at the edges of fluorescent materials to make
luminescent solar concentrators

To experiment with both of these methods, two initial designs were made up by the
glass artist Sigrid Blekastad, with assistance from the author [4]. These are shown in
Figure 2.2. Both artworks incorporated engraving on glass: to add detail around the
standard array and to provide a focal point in the LSC artwork. In the design of the
artwork with a conventional c-Si PV array, the aim was to detract attention from the
central, square PV cell shapes by use of a curved piece of blue glass behind the c-Si PV
cells, and by incorporating broken PV cells into the array shape. When the panel was
placed in front of a light source, the translucent, blue glass also transmitted light, so that
the opaque c-Si PV cell shapes still dominated the design. In the LSC artwork (on the
right in Figure 2.2) sections of metal tabbing strip were used decoratively. These
reflected light, especially in conditions of low lighting, adding interest to the artwork.

Figure 2.2: Decorative glass panels incorporating c-Si PV, made by Sigrid
Blekastad. Left: with front-facing PV; Right: luminescent solar concentrator with
edge-mounted c-Si PV strips
Testing of power outputs from both artworks showed that the conventional c-Si PV
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array produced a maximum power per unit area of 7.3 Wm-2, and the LSC artwork
produced a maximum power per unit area of 2.2 Wm-2 [4]. These values are low, due to
faults in fabrication of both modules, but it is clear that the front-facing PV
configuration, as shown on the left of Figure 2.2, produced a greater maximum power
per unit area than the LSC panel with side-mounted c-Si PV strip cells. A similar
conclusion was reached by Wilson after a thorough analysis [85].
The advantages of both panels could be combined through use of coloured,
fluorescent dyes, as in the LSC panel, used with front-facing PV. This principle has
been demonstrated by Klampaftis [77] and Corrado [86]. Light incident on areas of
fluorescent material covering c-Si PV cells is transported to the PV cell surfaces by a
process of total internal reflection. The process is as shown in the schematic of a
luminescent solar concentrator in Figure 1.6, but with the PV cell underneath the
fluorescent waveguide, rather than at the edge. Some incident light is absorbed by the
fluorescent dye before reaching the PV cells, but this is compensated for by transport of
light from areas surrounding the PV cells [86]. Light that is not absorbed by the dye is
transmitted through the translucent areas surrounding the PV cells. This technology is
therefore appropriate for use in glazing schemes where light transmission is required.
The fluorescent dyes add colour whilst transporting light to PV cells. Development of
front-facing luminescent solar concentrators provides one method of fulfilling the aims
of this PhD research, by enhancing the appearance of c-Si PV within architectural glass
whilst maintaining good PV efficiency.
2.4

Material selection

The choice of materials used to construct light-transmitting PV glazing affects both the
appearance and durability of the finished products. To create light-transmitting panels
that act as front-facing LSC’s, fluorescent dye can be contained within a material such
as polymethyl methacrylate (PMMA), which is placed over PV cells, as shown by
Corrado [86]. PMMA is unsuitable for many architectural applications as it is easily
abraded and can be a fire hazard [87]. An alternative is to incorporate the fluorescent
dyes within the PV encapsulant materials as shown in Figure 2.3, below. This has been
demonstrated by Klampaftis [77], and was chosen as the approach for this PhD
research. The approach was developed by incorporation of fluorescent dyes into
commercially-available EVA sheet, instead of pure EVA as used by Klampaftis [78].
This is discussed in section 4.2.2. Fabrication of c-Si PV modules with EVA requires
use of a PV lamination process in which heat and pressure are applied in order to cross20

link the EVA [88]. Ideally, the techniques developed in this PhD research would be
feasible for artists working in a studio setting. To fulfil this requirement, an alternative
encapsulation method was also required, without the need for specialist PV lamination
equipment. A wet-lamination technique was selected, in which PV cells are placed
between sheets of glass, and then liquid encapsulant is poured into the gap between the
glass sheets, so that the encapsulant surrounds the PV cells. There is precedent for use
of this method in architectural glass [89], and in photovoltaic module manufacture [90].
The silicone encapsulant Sylgard 184 Dow Corning) [91] was chosen for this, due to a
precedent for use as a photovoltaic encapsulant [92], and an ability to tolerate addition
of the solvent toluene, in which Lumogen F dyes can be dissolved [93], as discussed in
section 4.2.2. A precedent for use of Lumogen F dyes within LSC’s was discussed in
section 1.2.6. This included the addition of the dyes to EVA (ethylene vinyl acetate)
[77]. For this PhD research, the addition of Lumogen F dyes to PV encapsulants was
chosen as an appropriate method of creating front-facing LSC’s.

Figure 2.3: Exploded view of c-Si PV encapsulation with added materials
Figure 2.3 is an exploded view showing the materials used to encapsulate a c-Si
PV cell. The transparent superstrate and substrate are shown at the top and bottom of
the diagram. The superstrate and encapsulant are required to transmit light to underlying
PV whilst protecting the cells from breakage and ingress of moisture. Rigid superstrates
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and substrates such as glass are ideal for use in wet-lamination processes with c-Si PV.
The c-Si PV can be attached to the back glass with stickers, preventing movement or
breakage of the fragile cells. During a wet lamination process, the front glass remains in
position as the liquid encapsulant is poured into place and cures. Glass is known to be
durable [94], and there is an established precedent for application of materials such as
paint to glass surfaces [95]. Glass was therefore chosen as both superstrate and substrate
for the c-Si PV modules that were fabricated as part of this PhD research. Low-iron
glass such as Optiwhite™ [96] and borofloat glass [97] were chosen for use as
superstrates to ensure that maximum amounts of light were transmitted to the PV. The
substrates were made using soda-lime float glass, as this is cheaper than low-iron glass
[98].
The design on the left of Figure 2.2 shows that opaque c-Si PV cells stand out
when combined with translucent materials. A method is required to blend the c-Si PV
into glazing designs. The square c-Si PV cells could be disguised by applying opaque
materials to the superstrate in areas surrounding the PV cells as shown at the top of
Figure 2.3. Translucent c-Si PV modules can be made with glass [99] or polymer as
superstrate or substrate [100]. Methods of creating opaque areas on glass include firing
compatible materials such as paints or frit onto the glass surfaces [95]; sticking decals to
the glass surface (including decals that can then be fired onto the surface [101]); and
inserting films or coloured backsheets behind PV cells [31]. Firing of glass paints onto
float glass is a well-established method that creates very durable results [56]. This
method was chosen due to the accessibility to architectural glass artists, and the ease
with which a variety of designs could be created. A second method, involving
application of decals to glass surfaces was also selected. With this approach, a variety of
finishes could be applied to both superstrate and substrate. The method could be
developed further through use of more permanent media such as decals or print that can
be fired onto the glass [101], or through use of glass coatings [102].
Mirrors can be used to reflect light back into LSC’s in order to increase
efficiency [71, 72]. The bottom of Figure 2.3 shows reflective material applied to the
substrate of encapsulated c-Si PV, so that light can be redirected back towards the
central PV cell. The reflective material also covers the back of the PV cell, so can be
used to improve the appearance of the assembly. Mirrored surfaces can be applied
selectively in any required pattern, offering good opportunities for creation of a wide
variety of design styles. Reflective surfaces were applied using the two chosen design
methods of glass painting and application of decals. Platinum paint was fired onto glass
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(as described in Chapter 3), and reflective ‘solar film 65’ [103] used as a decal (as
shown in Chapter 9).
2.5

Choice of measurement methods

The research described in this thesis includes fabrication of combinations of materials
that are designed to transmit light and to fluoresce. The performance of these material
combinations was best investigated through use of spectrometry, in order to establish
whether the dyes are performing as expected within the novel material combinations, as
discussed in section 1.2.7. When the novel material combinations were used to
encapsulate PV cells, then current-voltage (IV) testing was used in order to find if the
materials were enhancing the electricity production of underlying PV cells.
2.6

Thesis structure

Figure 2.4, below, summarises the thesis structure in diagrammatic form. The research
aim was to establish methods of integrating crystalline silicon photovoltaic cells (c-Si
PV) into decorative glazing designs. Details of the precedent and the reasons for
carrying out the work are discussed in Chapter 1. The approach to the research and
choice of methodologies are then described in this chapter (Chapter 2). The following
chapters give details of a parallel development of glazing test pieces and of coloured,
photovoltaic encapsulant materials. These materials and methods are brought together in
Chapter 7 and Chapter 9. Chapter 10 contains conclusions and details of areas in which
further work is recommended.
2.7

Chapter conclusion

Materials and methods were selected to fulfil the aims of enhancing the appearance of cSi PV within translucent glazing whilst maintaining good PV performance. The chosen
methodology was addition of coloured, fluorescent Lumogen F dyes to the encapsulant
materials within front-facing LSC’s (luminescent solar concentrators). Applications of
paint or decals to glass were also selected as methods of adding opacity and reflectivity
to the areas around and behind the PV. This gave scope for disguising opaque, square cSi PV cells within a wide range of light-transmitting designs. Chapter 3 gives details of
an initial investigation into the use of opaque and reflective materials plus c-Si PV
within a glazing test piece.
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Figure 2.4: Thesis structure diagram showing links between sections
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CHAPTER 3: USE OF GLASS PAINT TO INTEGRATE PV CELLS
INTO AN ARCHITECTURAL GLASS TEST PIECE
3.1

Chapter synopsis

A piece of architectural glass art was constructed by blending crystalline-silicon
photovoltaic cells (c-Si PV) into a curvilinear design. Fluid paintwork was used to
soften the strong light-dark contrast between the edges of the c-Si PV cells and the
surrounding clear glass. Platinum paint applied to the glass placed behind the PV cells
led to a slight increase in the current generated by the PV.
3.2

Aims

The PV glazing shown on the left in Figure 2.2 showed that the opacity of c-Si PV cells
contrasts strongly with light-transmitting materials when incorporated into glazing. This
led to the aim of integrating c-Si PV cells into a piece of architectural glass, by:
•

Disguising the square PV cells within a curvilinear design

•

Covering grey cell backs

•

Creating a design that enabled some light to be transmitted through the
glazing

•

Incorporating mirrored surfaces to:
o Add visual interest through reflection of light and movement
o Increase the amount of light reaching PV

3.3

Materials and method

Techniques and materials were chosen so that assembly could be carried out in a glass
studio, without the use of specialist PV lamination equipment. This ensured that the
methodology was applicable to those with access to studio facilities, as opposed to PV
module manufacturing plants. The only exception was the use of a wafer-dicing saw, to
cut c-Si PV cells into small pieces. Use of smaller PV cell pieces meant that small-scale
test pieces could be fabricated. It would be possible to scale up the designs, using fullsize c-Si PV cells, with no cell cutting required. Materials were chosen as follows:
•

Monocrystalline silicon PV cells (Topsky Electronics Technology (HK) Co.
Ltd.) were cut into 52mm ! 52mm pieces with central busbars, so that they
could be connected with pieces of tabbing strip.

•

Tabbing strips (E Jordan Brookes) were soldered to the c-Si PV, using 60/40
tin/lead solder, after application of VOC-free, no-clean flux.
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•

4mm-thick, low-iron glass was used in front of the c-Si PV to optimise the light
spectrum reaching the surface of the PV.

•

Standard, 4mm-thick, soda lime float glass was used behind the PV. Translucent
layers behind and in front of the PV ensured that light could be transmitted.

•

Glass paints (Rüger and Günzel GmbH) were mixed with water and a few drops
of gum arabic solution, and then applied to the low-iron glass with a brush, using
sticks to scratch through the painted surface. Some softening of the paint edges
was achieved by applying a fine spray of water to the edges of painted areas.
Masking was used to leave square areas clear of paint, so that c-Si PV cells
placed underneath would be exposed to light. Once dry, the paints were fired in
a gas oven, and held at 606°C for 10 minutes, then allowed to cool in situ.

•

Platinum paint (Ferro Corporation) was mixed with ceramic thinning medium
(Hans Wolbring GmbH), then applied with a brush to the soda lime float glass
that was to be placed behind the PV cells. Once dry, the paint was fired onto the
glass at 650°C for 40 min. This gave a semi-translucent, mirror finish that
covered the grey backs of the c-Si PV cells, and reflected a fraction of the
incident light, whilst allowing some light to be transmitted through areas not
covered by PV cells. The mirrored surface also reflected movement and colour,
adding interest for viewers, whilst matching the silver tabbing strips used to
connect the PV cells (Figure 3.1).

Figure 3.1: Platinum paint fired onto soda-lime glass, giving a reflective, semitranslucent surface finish
Further details of the development of the design are given in appendix 1.

26

3.3.1

Development of painted designs

Opaque glass paints are traditionally used to create variation in light transmission in
stained and decorative architectural glass [56]. Stained glass was often used for church
windows [94], with frequent depictions of heaven and hell, which often show
particularly imaginative use of painted designs and colour [104]. Painting techniques
were chosen for this work, as glass paint can be applied at varying levels of opacity, and
a range of test pieces could be made up quickly in a studio setting. Ideally, the materials
used with c-Si PV should last at least as long as the PV cells themselves. Glass paints
are known for their durability, with many painted windows surviving for several
centuries [58]. For both the front and back glass, paint was applied to the side of the
glass that was to be placed nearest the c-Si PV, so that no paint was on the outside
surfaces of the glass. This gave maximum protection for the paint layer. Float glass has
tin on one side, due to the production method, in which molten glass is poured onto
molten tin [105]. To avoid a reaction with the tin, paint was applied to the non-tinned
side of the glass. The paint was used to build up layers of opacity around c-Si PV cells.
A brush was used to apply the paint rapidly in a fluid style, to contrast with the solid,
rectilinear shapes and patterns that are normally associated with c-Si PV cells and
arrays. Masking was used to keep square areas of glass free from paint, so that light
could reach the PV placed underneath. Figure 3.2 shows an initial test in which a
painted piece of glass is placed over a c-Si PV cell on a lightbox. There is a gradation
from the opaque PV cell and darker areas of paint to semi-translucent areas. This
softens the transition from dark PV cell edge to the surrounding areas of clear glass.

Figure 3.2: Use of glass paint to create opacity variation on a piece of glass placed
over a PV cell
An interpretation of the heaven and hell theme was elaborated in the designs in
order to remain in agreement with themes used in traditional stained glass practice
[104]. The streaks of paint that were built up around the PV cells in the initial tests were
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made to resemble either wings or fire. Clear lines were scraped through the paint to add
detail, whilst resembling the lines of reflective tabbing strip that join the PV cells,
ensuring that the tabbing strip did not remain an anomaly amongst the rest of the design.
Masking was used to add small, rectangular shapes mimicking the rectilinear PV cell
shapes and symbolising eyes in the design; adding detail and humour. Figure 3.3a
shows a paint test with insufficient paint around a PV cell to disguise the square shape
within the surroundings. In Figure 3.3b more paint coverage is used, to ensure that the
PV cell shape becomes part of an area of opacity when lit from behind. Clear glass is
still visible adjacent to the PV cell edges, due to the need to prevent painted areas of the
front glass from obscuring light that could otherwise reach the PV cell.

Figure 3.3: Development of paint tests, from left to right: (a) Paint test with
insufficient paint to disguise the central PV cell; (b) Paint test with fluid paintwork
surrounding a PV cell
3.3.2

A larger test piece, incorporating PV cell strings

The structure of PV panels should be clear, ensuring no shading of the PV elements. cSi PV cells are normally connected in straight, equally-spaced lines, within modules.
Cell strings of any shape can be created by soldering individual c-Si PV cells together
by hand. A cartoon was created in which PV cells were connected together in two
strings of six cells, to fit into a curvilinear design (Figure 3.4) for a 600 x 450 mm test
piece. Additional pieces of the silver-coloured tabbing strip were incorporated into the
design, to demonstrate the potential of this material for use in PV artworks. The design
was kept as fluid as possible, to demonstrate the possibilities for incorporation of c-Si
PV into curvilinear designs. Although many of the initial tests were carried out using
blue paint, to match the unencapsulated cell colour, black paint was chosen for use on
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the front glass in the final designs, as encapsulation of the cells gave them a black
appearance in many lighting conditions. The black paint would remain neutral when
compared with the coloured dyes that were used later, within the PV encapsulant
(described in Chapter 7).

Figure 3.4: Development of the paper cartoon for the test piece, from left to right:
(a) PV cell placement in non-linear string shapes, plus use of tabbing strip within
the design; (b) Addition of opaque areas to be painted on the front glass
Platinum paint was applied to the back glass, to cover the backs of the c-Si PV cells,
and to create a pattern similar to that on the front glass. The extent of the painted area
was increased, so that some platinum paint would be visible around the edges of the
black paint when viewing the test piece from the front. The translucent nature of this
paint meant that it could be used over a larger area of glass with minimal loss of light
transmission.
3.3.3

Placing and encapsulating the PV cells

A wet lamination process was chosen to bond c-Si PV and glass. Use of a liquid
encapsulant meant that the encapsulation process could be carried out in a studio
setting, without the need for a PV laminator that is necessary when using PV
encapsulants such as EVA (ethylene vinyl acetate). Circular stickers (obtained from
Sunovation GmbH) were used to secure the backs of the PV cells 1 mm above the back
glass, allowing liquid encapsulant to flow around the cells. Layers of double-sided tape
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were used to attach the front and back glass together, keeping a thin gap (approximately
3mm wide) between them. Hot-melt adhesive was applied to seal any gaps. Sylgard 184
was not available at the time of fabrication of this test piece. A small, reference test
piece, was also fabricated in which Sylgard 184 was used as the encapsulant, to provide
a comparison with the Sylgard 184 used as an encapsulant for Lumogen dyes in Chapter
7. This small test piece contained a single piece of c-Si PV, encapsulated between 200 x
200 mm pieces of glass, with paint applied to the front glass (Figure 3.5). The wet
lamination of the larger test piece was carried out with an alternative two-part silicone,
specifically formulated for use with c-Si PV, supplied by Sunovation GmbH. The
encapsulant was poured into the gap between front and back glass.

Figure 3.5: A single PV cell, encapsulated in clear Sylgard 184, under the light
from a solar simulator. Black paint is applied to the front glass, and a piece of glass
with applied platinum paint is placed underneath
3.3.4

Use of platinum paint as a reflective surface to increase electrical output

Measurements were carried out to find if the use of platinum paint increased the
electrical power production from a c-Si PV cell placed over glass to which platinum
paint had been applied. A current-voltage (I-V) curve tracer (EKO MP-160) was used to
show the variation of voltage plotted against current, under a changing electrical load.
The power from the PV cells was also measured in this process, as power is a product of
voltage and current [106]. The single c-Si PV cell piece encapsulated in clear Sylgard
184 was placed on a black backing, under the light from a xenon-based solar simulator
(ABET Technologies Sun2000 11044, class AAB, 1000W continuous). Measurements
were also taken with a piece of platinum-painted glass placed behind the PV (Figure
3.5), and with a mirror placed behind the PV. The temperature of the test piece was
measured using a thermocouple. This is the thin white and brown cable in the top, right
of Figure 3.5. Current-voltage tests were carried out when the reading on the
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thermocouple was 25 °C. The thermocouple was placed under the glass, behind the
encapsulated PV cell. The encapsulation of the PV meant that direct contact between the
PV cell and the thermocouple was not possible, so the cell temperature was likely to be
different from that measured on the thermocouple, due to the layer of encapsulant and
glass between the thermocouple and the PV cell. The similar values of open-circuit
voltage, shown on the x-axis in Figure 3.9, indicate that similar temperatures were
achieved for each test [107].
3.4

Results and discussion

c-Si PV cell pieces were successfully fitted into a curvilinear design through use of
glass paints (shown in Figure 3.6).

Figure 3.6: Views of the large test piece, from left to right: (a) Front view, with
opaque, square PV cells blended into a painted design; (b) Rear view, with
platinum paint covering PV cell backs
The design demonstrated that it is possible to disguise square, opaque cell shapes
through use of paint on the front and rear surfaces of the glass surrounding each PV cell.
The test piece is likely to be viewed more frequently from the back, as the PV faces
outwards, towards the sun. The platinum paint on the back glass created a covering for
the cell backs whilst transmitting some light, as shown in Figure 3.6. Figure 3.7 is a
detail of the front of the test piece placed in a window aperture. This shows the
translucency of the platinum paint in transmitted light, and also the contrast between the
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blue surface colour of the c-Si PV and the surrounding black paint, which was visible
under some lighting conditions. The main aim of disguising the opacity of the c-Si PV
was still fulfilled.

Figure 3.7: Detail of the front of the test piece shown in a window aperture. Under
this lighting condition, the blue PV colour of the PV cells contrasts with the
surrounding black paint
3.4.1

Details of the painted design

Table 3.1 lists aspects of the painted design that require further work, together with
possible solutions. Most of the problems listed in Table 3.1 were only visible when the
design was viewed close up. The gaps between paint and c-Si PV cell edges could also
be viewed at a distance. This could be overcome by applying both black and platinum
paint only to the glass to be placed behind the PV cells. Tests showed that it was
possible to fire black and platinum paint onto the same sheet of glass, at 610°C, so that
this design modification is possible (Figure 3.8), but that this reduces the reflective
surface area on the back glass when compared with the design in Figure 3.6. An ideal
covering for the back glass would have a large reflective area to maximise light incident
on the PV combined with opaque areas to disguise the c-Si PV in transmitted light. The
most difficult aspect of the test piece fabrication was the positioning of the c-Si PV cells
so that they were underneath the clear areas of the top glass. c-Si PV cells would not
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need to be placed so accurately in designs made with paint applied only to the glass to
be placed behind the PV. For designs that are to be viewed close-up, on the side facing
the light source, back-contact c-Si PV cells, with no front surface patterning [108],
could be used to avoid the clash between the rectilinear metallization pattern of the PV
cells and the surrounding painted patterns. This would also remove the bright, reflective
strips of tabbing strip, across the centre of each c-Si PV cell front, as all connections
would be made to the back.
Table 3.1: Details of problems with the test piece design, with suggested solutions
Problem

Photo

Gaps between the
edges of the c-Si PV
cells and the dark
painted surface,
causing a light stripe to
highlight the edges of
each PV cell
Some shadowing of cSi PV cells by paint

Solution
Put dark paint on the
glass behind the c-Si
PV, instead of applying
paint to the glass in
front of the PV.

Apply dark paint
mainly to the glass
behind the PV cells.
Ensure that paint
applied to the front
glass does not cover
areas where PV cells
are placed, to prevent
shading of the PV cell
surfaces.
Use back-contact c-Si
PV cells, where the
tabbing strip is attached
only to the back of the
PV

Reflective tabbing strip
across the centre of
each c-Si PV cell is
very prominent

Patterns on the surfaces
of the c-Si PV cells did
not match the painted
design

Use back-contact c-Si
PV cells with no front
metallization patterns,
or adapt the paint finish
to a coating that gives a
similar pattern to that
on the surface of the
PV cells.
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Figure 3.8: Black, blue and platinum paint fired onto a single sheet of glass, with
PV cells placed on the front of the glass
3.4.2

Increase in power production due to the use of platinum paint

Platinum paint is sufficiently opaque to hide the backs of c-Si PV cells, when it is
applied to the glass placed behind the PV cells. It also reflects light back towards the
PV. The paint is can be applied at varying degrees of thickness, so that it can be made
semi-translucent, giving a surface that is a combination of a light-transmitter and
reflector. The paint costs £883 for 250 g [109], but is applied in small quantities, diluted
with thinning medium, so that the cost per square metre of application is likely to be
less than £50. A test was carried out to see how a piece of back glass with platinum
paint altered the performance of a c-Si PV cell placed over it (Figure 3.9). A
comparison was made with a black backing behind a c-Si PV cell, and a mirror backing.
When a platinum-painted piece of glass was placed behind an encapsulated PV cell, the
maximum current from the PV increased slightly, compared with the maximum current
from the same PV cell with a black backing. The dashed line in Figure 3.9 shows the
current-voltage (IV) curve for the c-Si PV cell with a platinum-painted piece of glass
placed beneath it. The curve with the continuous black line shows that without any
mirror finish underneath the PV, less power is generated. A piece of mirror glass placed
behind the PV cell, shown by the dotted line, leads to more light reaching the PV,
giving a further increase in peak current. This shows that maximum current is increased
slightly through application of a mirror coating behind a c-Si PV cell. The points at
which maximum power (Pmax) are achieved are also shown on each I-V curve. The
positions of these maximum power points also indicate the increase in power due to use
of increasingly reflective materials. When reflective surfaces are incorporated into a
design, a balance has to be achieved between letting light through and reflecting light
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back towards c-Si PV cells.

Figure 3.9: Comparison of the current/voltage (IV) curves from an encapsulated
PV cell with a black backing; a platinum-paint backing; and a mirror backing,
with maximum power points (Pmax) highlighted
The large test piece was constructed to test the visual aspects of the design. No IV test
facilities were available at the studio where this was fabricated and installed, so it was
not feasible to carry out an IV test on the large test piece. The fabrication of a second,
large test piece is described in Chapter 7. This was made up with a similar painted
design, but with coloured encapsulant, instead of clear encapsulant. IV tests were
carried out on this, second test piece and are compared with the results from the 200 x
200 mm test piece in Chapter 7.
3.4.3

Alternative design ideas

For each new design incorporating PV within architectural glass, decisions will need to
be made about the degree to which c-Si PV cells are to be made visible or disguised.
The methods described in this paper give a starting point, showing that it is possible to
incorporate c-Si PV cells within a variety of architectural glass designs, with choice as
to the level of prominence of the c-Si PV cell shapes and string patterns. There is
limited light transmission through the large test piece described in this chapter, due to
the opacity of the c-Si PV, plus large areas of paint. Paint areas could be minimised, by
making sharp gradations from opaque to transparent areas, as in Figure 3.10.
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Figure 3.10: Rectilinear design incorporating c-Si PV and reflective material
Modifications to this design could enable it to be used in PV glazing where light
reaching the interior is to be maximised, or where views to the exterior need to be
maintained. If shading were only required in one part of the window, then designs such
as that in Figure 3.11 could be used. This could be modified to place the reflective
materials underneath the c-Si PV, to maximise light incident on the PV. The designs
described in this chapter demonstrate that variety can be achieved whilst integrating c-Si
PV into glazing.
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Figure 3.11: Concept design for c-Si PV cells, glass paint and reflective medium,
with opacity limited to one area
3.5

Chapter conclusion

A large test piece with curvilinear paintwork and c-Si PV cell strings was constructed;
showing that c-Si PV cells can be blended into a wide range of architectural glass styles.
The use of reflective paintwork on the back glass was shown to be beneficial in
disguising c-Si PV cell backs and increasing current production and maximum power
from the PV cells that were placed on top of the surface. Colour is added to the
encapsulant in a similar design described in Chapter 7. The following chapter (Chapter
4) gives details of methods of addition of colour to two photovoltaic encapsulant
materials.
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CHAPTER 4: SYLGARD 184 AND ETHYLENE VINYL ACETATE
(EVA) AS HOSTS FOR LUMOGEN DYES
4.1

Chapter synopsis

Colouring of PV encapsulants was chosen as a method of increasing variety in PV
module design. Suitable PV encapsulant materials were required to act as hosts for the
chosen Lumogen F fluorescent dyes. Two contrasting materials were chosen: Sylgard
184 (Dow Corning); and EVA (ethylene vinyl acetate): Solutia Vistasolar Fastcure
486.00. Methods of adding Lumogen F dyes to the two encapsulant materials and
making samples suitable for optical testing were developed.
4.2
4.2.1

Choice of materials
Fluorescent dyes

Adding fluorescent dye to PV encapsulants is a way of introducing colour to PV
modules at minimal cost and with minimal change in PV efficiency [110]. Fluorescent
dyes were selected from several available methods of addition of colour to c-Si PV
cells, as described in Chapter 2. Organic, fluorescent, Lumogen dyes (BASF) [111]
were used due to the good range of available colours, relative stability [112, 75] and a
precedent for their use with EVA [78]. Only a small amount of Lumogen dye is
required to obtain strong colouring, so the cost is minimal [77]: for example 2.5 mg dye
per 10 g of Sylgard 184 encapsulant for 200 ppm concentration of Lumogen Red 300
dye would cost !0.025 [113]. These coloured dyes can also enhance the efficiency of
underlying PV cells [4, 77]. The chosen Lumogen F dyes were: Red 300; Orange 240;
Yellow 083; Violet 570, as these are available from BASF, with published details of
solubilities in a range of solvents [111]. Lumogen F Yellow 170 dye was also used
initially, due to a precedent of successful incorporation into PMMA [76], although it is
not commercially available [85]. The chosen dyes are listed in Table 4.1, together with
the wavelengths at which peak absorbance and emission occur within a PMMA
(polymethyl methacrylate) host, as measured by Wilson [76].

38

Table 4.1: Peak absorbance and emission values for Lumogen F dyes within
PMMA [76]
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PV encapsulants

Encapsulant materials were used as hosts for the chosen Lumogen dyes, and to transmit
light to underlying c-Si cells. PV encapsulants can be divided into those supplied in
liquid form, and sheets of flexible polymer that require application of heat and pressure
in a PV lamination process. Each type has distinct advantages, including different
possible artistic applications, so one of each was chosen:
•

Sylgard 184 (Dow Corning) is a two-part, silicone elastomer from a group of
polymers known as polydimethylsiloxanes (PDMS). This polymer will be
referred to as Sylgard or Sylgard 184. Mixing the two Sylgard components
together in a 10:1 ratio, gives a viscous liquid that can be poured over PV cells,
then allowed to cure to form a transparent, tacky solid. Silicones with good
adhesive qualities and excellent optical properties have been developed for use
with PV [114]. Sylgard 184 is a silicone with a precedent as a PV encapsulant
[90], and use as a host for fluorophores [115]. In order to incorporate Lumogen
dyes within a silicone, a solvent containing the dyes has to be added, then
evaporated off, leaving the dyes within the silicone. Toluene can be used to
dissolve Lumogen dyes [111, 3], and is known to be straightforward to
evaporate out of polydimethylsiloxanes (PDMS) [116]. It has been shown that
toluene can be evaporated out of Sylgard 184 without damaging it [93].
Encapsulation of c-Si cells with silicones such as Sylgard does not require the
use of specialist equipment [92], so can be carried out in a studio setting. Having
a method that does not require application of pressure or heat, makes Sylgard
suitable for use with uneven glass surfaces, including the painted, fired glass
used in Chapter 3. This glass would have been likely to crack when pressure was
applied to the uneven surfaces in a PV laminator.
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•

EVA (ethylene vinyl acetate: Solutia Vistasolar Fastcure 486.00) is a copolymer
that is supplied in the form of flexible, thin sheets. These are placed over and
under PV cells, between sheets of glass or polymer (Figure 4.1). A PV laminator
is used to apply heat and pressure, cross-linking the molecules to form a clear,
sticky encapsulant [88]. The advantages of EVA are a precedent for addition of
Lumogen dyes to pure EVA pellets [77]. This allowed intricate designs to be
produced, in colour, within PV modules by cutting images from flexible EVA
sheets, with the details preserved during PV lamination [117]. The method is
developed in this PhD research through addition of Lumogen dyes to
commercially-available EVA sheets that contain compounds including UVinhibitors, to ensure good resistance to degradation [118, 119].

Figure 4.1: The layers of glass and semi-translucent EVA sheet that are
placed either side of a PV cell before lamination.
Additional benefits are the short processing times for EVA, which takes a few
minutes to process in a PV laminator. This is very different from use of Sylgard,
which is poured into place, then allowed to set over several hours. Vistasolar
486.00 [120] was the chosen type of EVA, as this has adequate sheet thickness
and processing temperatures for the method of sample fabrication. This involved
laminating several sheets of EVA together. Use of thinner EVA sheets would
have required a larger total number of sheets to be soaked in dye solutions, then
laminated together to make up samples of sufficient thickness to compare with
Sylgard samples that were made initially.
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4.2.3

Method: Adding Lumogen dyes to Sylgard 184 and developing samplepreparation techniques

Sylgard 184 was assessed first, as this PV encapsulant material does not require the use
of a PV laminator, giving the greatest flexibility for use by artists. (See Chapter 7 for
details of use on the use of Lumogen dyes, within Sylgard, in a piece of decorative
glass.) Lumogen dyes are not directly soluble in Sylgard 184, so it was necessary to
dissolve the dyes in a solvent first and mix the solution with Sylgard 184 part A;
followed by an evaporation step to remove the solvent but retain the dye within the
Sylgard. Toluene causes an initial swelling of Sylgard 184, but discussions with the
manufacturer confirmed that this solvent could be evaporated off [93] at temperatures
well below those which would cause damage to the Sylgard [91].

Figure 4.2: From left to right: A piece of glass with Sylgard plus Lumogen Red 300
on the surface; A complete sample with glass placed on top; Two samples showing
an air gap around the edges due to over-curing before placing the glass on top.
Initial experiments were made using dyes at a range of concentrations, from 20 to 2000
ppm, to assess the limits of solubility of Lumogen dyes within Sylgard 184. Small
quantities of Lumogen dye were weighed out on a microbalance. Any lumps of dye
were crushed with a spatula; 30 ml of toluene was added, and the mixture was then
placed in an ultrasonic bath for at least 5 minutes, to ensure that the dye was dissolved.
The dye solution was added to 17g of Sylgard part A. The solution was placed on a
magnetic stirrer for 48 hours with 60 °C heat applied for the first 24 hours, to ensure
evaporation of the toluene. Sylgard 184 part B was then added and stirred in for 2
minutes before de-gassing the mixture in a vacuum oven for 20 minutes.
The first sets of samples were made up by allowing the Sylgard to start to cure
for approximately 2 hours at ambient temperature and pressure. Drops of the viscous
liquid were then placed onto 11 x 11 mm pieces cut from borosilicate cover slip.
Surface tension held the Sylgard solution in place. The mixture was then allowed to
cure further, for 8 to 14 hours at room temperature, before using tweezers to position a
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second piece of microscope cover slip onto the top of each sample. This created a
sandwich of Sylgard 184 between thin pieces of cover slip (Figure 4.2). The method
was difficult to implement successfully, as variations in ambient temperature and
humidity influenced the curing state. As a result, it was hard to define conditions that
would ensure that the top piece of glass remained in place. The curing process could be
accelerated by placing drops of Sylgard onto pieces of cover slip, then placing the
pieces of cover slip in a vacuum oven at 40 °C. The top slide was then placed on each
sample, however the time to achieve ideal viscosity was still inconsistent. This led to
samples with some adhesion in the centre, but none at the edges, leaving an air gap
between glass and Sylgard at the edges (Figure 4.2, right side). Reference samples of
Sylgard 184 were also made up, without the addition of dye. A range of completed
samples are shown in Figure 4.3. These samples were used for an initial assessment of
the performance of Lumogen dyes within Sylgard 184. The sample preparation method
was then improved, as described in section 4.2.5.1.

Figure 4.3: Samples made with Sylgard 184; borosilicate glass; and Lumogen dyes,
from left to right: Red 300, Yellow 083 and Violet 570
4.2.4

Assessing light absorbance of the dyes within Sylgard 184

Absorbance spectra of the Sylgard samples were measured (Figure 4.4) to discover
whether Lumogen dyes were absorbing light as expected within a Sylgard host. The
spectra were compared with known spectra for Lumogen dyes in poly(methyl
methacrylate) (PMMA) [76], which is an established host material for Lumogen dyes
[74, 85, 121]. A Perkin Elmer (PE) Lamda 950 spectrometer was used to pass light
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through each Sylgard sample, at wavelengths from 300 to 800 nm. A detector recorded
sample absorbance in each wavelength band. The light sources were a deuterium lamp,
for light from 300 to 319 nm, and a tungsten-halogen source for wavelengths above 319
nm. Losses occurred due to scattering of light and reflection from the sample [66].
Table 4.2 and Figure 4.4 show that Orange and Red dye have well-defined spectral
absorbance peaks. There is a shift of spectral peaks to shorter wavelengths compared
with the spectra for the same dyes in PMMA. These results concur with BASF data that
show peak absorbance values differing according to host material [111]. Both Yellow
083 and Yellow 170 dye have flattened absorbance peaks, and Yellow 170 has a
particularly low value of absorbance, indicating that the dye is not well assimilated
within the Sylgard host, so has become ineffective at absorbing light. The flattened
absorbance peaks are likely to be due to reabsorption of light by the dye, leading to
absorbance over a wide range of wavelengths. Violet 570 dye within Sylgard 184 shows
a shift of peak absorbance to a higher wavelength than in PMMA. This could be due to
the different molecular structure of Lumogen Violet 570 which is a naphthalimide,
unlike the other dyes which are perylenes [74]. The effect of this on the fluorescence
emission is shown in Chapter 6. Clear, un-doped, reference samples were also
measured. The results showed low levels of absorbance, with no peaks.
Table 4.2: Comparison of absorbance spectra of Lumogen dyes in Sylgard 184 and
PMMA
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Figure 4.4: Absorbance Spectra for Lumogen Dyes in Sylgard 184, compared with
Lumogen Dyes in PMMA
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4.2.5

Assessing Lumogen dye solubility within Sylgard 184

The Sylgard samples with concentrations above 500 ppm appeared opaque: they were
not transparent when held up to a light source (Figure 4.5). Samples were inspected
with an optical microscope (Leica DMRM) to find the cause of the opacity. Figure 4.6
shows images of violet samples taken at a magnification of 50. The two images show a
great difference in the amount of dark flecks that obscure the backlighting of the
microscope, with many more dark flecks visible in the 1000 ppm sample (Figure 4.6 on
the right). The most likely explanation is that these flecks appear due to a larger amount
of undissolved dye within the 1000 ppm sample, as the concentration is the only
difference between the two samples.

Figure 4.5: Sylgard with Yellow 170 dye (left) and Orange 240 dye (right), showing
the increase in opacity from the lowest to the highest dye concentration.
(Concentration increases from top to bottom of the figure)
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Figure 4.6: Images from an optical microscope at 50x magnification. Violet 570
Lumogen dye in Syglard 184: 500 ppm on the left and 1000 ppm on the right
A photograph of the samples is shown in Figure 4.7. The increased opacity in the 1000
ppm sample (Figure 4.7 right) can be seen clearly as compared with the 500 ppm
sample on the left of Figure 4.7.

Figure 4.7: Opacity variation in samples of Violet 570 dye in Sylgard. Dye
concentrations are 500ppm on the left and 1000 ppm on the right
For the other Lumogen dyes, the lowest concentrations at which flecks of undissolved
dye were clearly visible were found to be 500 ppm for Orange 240 and Yellow 083, and
200 ppm for Red 300 and Yellow 170 dyes. In contrast, Lumogen dye in PMMA is
fully dissolved at all these concentrations [85, 74]. The low solubility of Red 300 dye in
Sylgard was particularly surprising, as this dye has a high solubility in toluene: 80 g/l as
opposed to 10 g/l or less for the other dyes [111]. The sample preparation method was
examined further, and it was found that insufficient solvent was being used to dissolve
the dyes, so that the higher concentrations of dye were not fully dissolved on addition to
Sylgard.
The highest concentration samples in which dye appeared to be well dissolved
were investigated further. The aim was to find if a significant proportion of the dye that
was used to prepare the samples was in solution within the Sylgard, and absorbing light
as expected. The concentration of a translucent material such as the Sylgard samples can
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be measured by transmitting light through the material. As light passes through a
translucent material, such as the Sylgard samples, some of the light is absorbed. The
change in intensity of the transmitted light can be used to measure the concentration of
the sample. The relationship between light absorbed by a sample and the dye
concentration within the sample is given by the Beer-Lambert law [79]:

Log (Id / Io) = µ d C

(Equation 1)

Where: C = dye concentration in gl-1
Io = the intensity of the light before passing through a sample of thickness d
Id = the intensity of the light after transmission the sample.
d = sample thickness in cm
µ = dye mass absorbtivity lg-1cm-1 [122]

The logarithm of the ratio of incident and transmitted light is known as absorbance, A,
so:
A = Log (Id / Io)

(Equation 2)

The peak absorbance Ap for each sample was taken from the curves in Figure 4.4. The
mass absorptivities of the dyes were known, and the sample thicknesses were measured
with vernier calipers, so using equations 1 and 2 and these values, the concentration, C,
of dye within each sample could be calculated from:

C = Ap / dµ

(Equation 3)

The resulting calculated values of dye concentration are shown in the right column of
Table 4.3. These values are all much lower than the initial amounts of dye that were
weighed out at the start of sample preparation. These, initial, amounts of dye are shown
in the third column of Table 4.3. This apparent loss of dye could have been due to a
problem with the solubility of Red dye within Sylgard, or to dye being incompletely
dissolved within toluene before addition to Sylgard. Greater volumes of toluene were
required, to ensure that the dyes were in solution, not suspension, before addition to
Sylgard. Improvements to the method of sample preparation are discussed in Section
4.2.5.1. Further samples were made with a maximum dye concentration of 200 ppm, to
ensure that all samples were translucent, with dyes dissolved as fully as possible.
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Table 4.3: Measured Lumogen dye concentrations (ppm) in Sylgard samples at the
lowest concentrations at which dye particles are visible
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Improving the Sylgard 184 sample-preparation method

Many of the initial Sylgard samples had an uneven cross-sectional area, due to the top
layer of glass settling unevenly on top of the Sylgard as it cured. The variable thickness
of the samples led to uncertainty in measurements of absorbance, which are dependent
on the thickness of the sample at the point of measurement. The sample-making method
was improved by making flat samples that contained no glass. A mould with a glass
base was used. The Sylgard samples could be peeled from this after curing. The amount
of toluene used in sample preparation was increased to 100 ml to ensure full dissolution
of the dye. The solution of dye in toluene was added to Sylgard part A, then evaporated
by heating and stirring at 70 °C for at least 12 hours, followed by stirring alone, to bring
the total time allowed for solvent evaporation to 48 hours. The mixture was then poured
into a mould, which was placed in a vacuum oven for 30 minutes to eliminate air
bubbles, and then left on a level surface for 48 hours, to cure. A sharp blade was used to
cut the samples into squares with side lengths of approximately 11 mm. The Sylgard
184 was not heat cured, as previous experiments showed that this was inclined to lead to
irregular spots of colour forming within the material after a few weeks (Figure 4.8), and
Dow Corning’s datasheets indicated that heat curing is optional [91].
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Figure 4.8: Irregular spots of colour in heat-cured Sylgard samples. Left: Orange
240 Lumogen dye, at 200 ppm concentration. Right: Red 300 dye at 100 ppm
(above) and 200 ppm (below).
Without heat curing, streaky iridescence formed on the surface of the Orange 240
samples (shown in Figure 4.9). This developed after a few days storage in the dark.
(Samples were stored in the dark to eliminate effects caused by the lack of lightfastness
of the dyes. These are investigated in Chapter 8.)

Figure 4.9: Streaky iridescence on the surface of a Sylgard sample containing
Orange 240 dye at 49 ppm
These samples still exhibited excellent dye absorbance and emission (discussed in
section 6.3), so tests with this dye were continued. The samples containing Red 300 dye
were free from dark spots of colour, unlike the heat-cured samples. Figure 4.10 shows
the full range of completed Sylgard 184 samples. The maximum concentration of dye
used to make the samples was 200 ppm, as this was considered to give the highest levels
of opacity that would be useful in fabrication of light-transmitting PV such as the test
pieces made in Chapter 7 and Chapter 9.
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Figure 4.10: Samples of Lumogen F dyes in Sylgard 184 at concentrations from
low (left) to high (right)
4.3

Sylgard sample absorbance and concentration measurements

Sample absorbance was measured to determine if the Lumogen dyes were functioning
as expected within the new Sylgard samples. Table 4.4 shows the peak absorbance
values and calculated dye concentrations. Many of the calculated concentration values
are higher than the dye concentrations used to make the samples, with a maximum of a
95% greater concentration measured for the Red sample fabricated with 20 ppm dye.
This greater concentration applies to all the Red and two of the Violet samples, as well
as the low concentration samples of all the dyes. Red 300 and Violet 570 dyes have
higher solubilities in toluene than Yellow 083 or Orange 240 [111]. The solubility of
Yellow 170 in toluene is unknown, as this dye is not commercially available [85]. The
high values of concentration mean that the Red and Violet dyes are likely to be
dissolved fully in toluene before addition to Sylgard part A. It is possible that the
Yellow 083 and Orange 240 dyes are incompletely dissolved, despite the increased
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amount of solvent used to make these samples. This is supported by the values found
for low concentration samples. At low dye concentrations, all the dye molecules are
likely to be in solution in toluene, before addition to Sylgard part A. This ensures that a
large amount of dye molecules are in solution when added to Sylgard part A. If Sylgard
is a poor host for Lumogen dyes, then only a fraction of the available dye molecules
will dissolve fully within the host. Other dye molecules may form agglomerates [123].
The higher the solubility of dye within toluene, the greater the amount of dye that is
available to form agglomerates on addition to Sylgard part A. If the dye agglomerates
absorb more light than single dye molecules, then the greater absorbance values will
lead to higher calculated dye concentrations when using the Beer-Lambert equation (in
section 4.2.5). The poor solubility of both Orange 240 and Yellow 083 dyes within
toluene is likely to cause less dye to be in solution before addition to Sylgard part A, so
that less dye molecules are available to form agglomerates. This leads to low
absorbance values from the small amounts of dye that are in solution within the Sylgard
samples.
Table 4.4: Peak absorbance values and measured dye concentrations for the
Sylgard 184 samples with Lumogen F dyes
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4.4

Adding Lumogen dyes to sheet EVA (ethylene vinyl acetate)

The second encapsulant material investigated as a host material for Lumogen dyes was
Vistasolar Fastcure 486.00 EVA [120]. The most effective method of incorporating
Lumogen dyes into the flexible EVA sheets found was soaking in solutions of dye.
Toluene was tested as a solvent, but it was found that the EVA sheets disintegrated after
soaking the sheets for more than one minute [124], so 1-methoxy-2-propanol was
selected instead [111], even though the dyes exhibit lower solubility in this solvent. 1methoxy-2-propanl did not degrade EVA sheets, even after several days immersion in
the solution, so decreased solubility of the dye in solution was compensated for by
increasing the soak times of EVA sheets in solution.
Initially, samples were made by soaking 100 mm square pieces of EVA sheet in
dye solutions. After drying, the sheets were cut into 10 mm squares of EVA sheet,
which were placed between thin sheets of borosilicate cover slip. This sandwich
construction was compressed in a heated press at 125 °C to laminate the EVA to the
glass [124](Figure 4.11).

Figure 4.11: EVA samples made with borosilicate glass: Red (left) and Orange
(right)
Samples made without glass were required for comparison with the Sylgard samples,
which had also been made without glass. It was found that after cross-linking EVA
could be peeled from backing materials, especially ‘non-stick’ FEP (fluorinated
ethylene propylene). The sheet EVA was 0.46 mm thick, so three dyed sheets of EVA
were laminated together to produce samples greater than 1 mm thick. A stack of three,
dyed sheets of EVA was placed into a 77 x 88 mm cut-out in a piece of aluminium 1.27
mm thick. FEP sheets were placed above and below this, with sheets of aluminium on
the outside, to add rigidity (Figure 4.12). This mould was wrapped in fibreglass cloth,
then placed in an EETS PV laminator (PVLAM 0.25), at 150 °C, for 4 minutes; then 3
minutes with 990 kPa pressure.
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Figure 4.12: The EVA mould, opened to show two sections containing EVA sheets
that have been soaked in Yellow 083 dye. A clear, FEP sheet can be seen
protruding from under the two, central aluminium pieces.
After removal from the laminator and fibreglass cloth, the mould was placed directly
into a heated press with heat applied at 150 °C for 1 minute. The mould was left to cool
in the press, before removing the resulting sheet of clear EVA from the aluminium and
FEP, and cutting it into smaller pieces.
Samples were prepared with dye concentrations of approximately 20, 100 and
200 ppm, for comparison with the Sylgard 184 samples made previously at similar
concentrations (described in section 4.3). Initial tests showed that soaking the EVA in
dye solutions for increasing lengths of time could intensify the dye concentration within
the EVA sheets [124]. To establish the correct lengths of soak time to achieve the
required concentrations, sheets of EVA were soaked in a 200 ppm solution of Lumogen
Red 300 dye in 1-methoxy-2-propanol. Figure 4.13 shows an EVA sheet being removed
from solution. The sheets of EVA were laminated together, and the absorbance of these
samples was measured in a Perkin Elmer UV-vis-NIR spectrometer. As before, the peak
absorbance values were used to give a measure of dye concentration, using the BeerLambert law (see section 4.2.5). The length of time required to achieve a measured
concentration of 100 ppm was found to be between 2 hours and 2 hours 30 minutes, so a
soak time of 2 hours 30 minutes was chosen, to ensure a sufficiently high concentration
of dye within all the samples.
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Figure 4.13: An EVA sheet being removed from a 200 ppm solution of Red 300 dye
in 1-methoxy-2-propanol
The solubility of Lumogen dyes in 1-methoxy-2-propanol varies from less than 0.5 g/l
for Yellow 083 dye to 10 g/l for Red 300. This meant that the same length of time in
solution was likely to produce samples with dissimilar dye concentrations for each,
separate dye. The Sylgard samples listed in Table 4.4 were made at concentrations of
approximately 20, 100 and 200 ppm with a maximum variation of 60% in measured
concentration of the samples as fabricated. The EVA samples were intended for
comparison with the Sylgard samples, so similar values of dye concentration within the
EVA samples were required. The calculated soak times for EVA in Red dye were
therefore applied to all the dyes, to give values of dye concentration approximating 20,
100 and 200 ppm within the samples. A soak time of 68 hours in Red dye was found to
produce samples with dye concentrations of approximately 200 ppm. To produce
samples with 20 ppm dye concentration, EVA sheets were soaked in 200 ppm Red dye
solutions for 10 minutes. This led to the EVA becoming covered in spots of uneven
colour. The solution strength was changed from 200 to 20 ppm. A soak time of 1 hour
10 minutes was then found to give a dye concentration of 20 ppm within the samples,
with an even spread of colour.
Table 4.5 shows the calculated dye concentrations for the final set of EVA
samples. Violet 570 dye has a peak absorbance at 374 or 376 nm in PMMA [111, 76].
The following chapter shows that the EVA used for this work contains compounds that
block UV light at wavelengths below 360 nm [120]. EVA sheets commonly contain UV
blocking compounds [114, 125]. These are designed to minimise light transmission at
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the UV end of the spectrum, avoiding damage to the EVA [118]. The UV-blocking
compounds lead to a rapid increase in absorbance at wavelengths below 400 nm (Figure
5.4). The measured absorbance of the Violet samples was due to both the dye and the
compounds designed to block UV. It was unclear which component of the absorbance
was due to the dye. A small peak in absorbance was observed at 390 nm. When the
absorbance at this peak was used in the Beer-Lambert equation (in section 4.2.5), dye
concentrations of 91, 154 and 252 ppm were calculated. It was unlikely that the
resulting high values were a true indication of the dye concentrations within the
samples, so they are not recorded in the table. Instead, these samples are simply referred
to by the length of time for which they have been soaked in solution: short, medium or
long soak; or as low, medium and high concentration.
The measured dye concentrations in Table 4.5 are higher than anticipated for the
Red 300 dye, but much closer to the expected values for Orange 240 and Yellow 083
samples. The maximum increase from initial to measured sample concentration was
145% for the Red, low-concentration samples. This is a large difference considering
that the calculations of soak time were made using Red 300 dye, and this is greater than
the 95% difference measured for the lowest concentration of Red dye within Syglard (in
Table 4.4).
Table 4.5: Peak absorbance values and measured dye concentrations for the EVA
samples with Lumogen F dyes
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The calculated concentrations of dye within the final set of EVA samples (in
Table 4.5) show a similar variation to those calculated for Syglard 184 (in Table 4.4), so
the affects due to agglomeration of dyes discussed in section 4.3 may apply similarly to
EVA and to Sylgard. Dissimilar rates of evaporative loss of solvent or changes in room
temperature could have added to the differences between initial and final sample
concentrations for the EVA samples. The methodology did give EVA samples with
concentrations within a range suitable for comparison with the Sylgard 184 samples
described in section 4.3. Again, un-doped, reference samples were made using the same
preparation methods as for the doped samples. Completed samples are shown in Figure
4.14. None of the samples showed evidence of dyes precipitating out of the EVA after
preparation. Chapter 5 gives details of testing of the un-doped samples of EVA and
Sylgard 184. The optical performance of the dye-doped samples is compared with that
for Sylgard 184 in Chapter 6.

Figure 4.14: Samples of Lumogen dye in EVA (Vistasolar Fastcure 486.00), with
weaker dye concentrations on the left, and stronger on the right.
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4.5

Chapter conclusion

Lumogen F dyes (BASF) were added to two, dissimilar PV encapsulant materials:
Sylgard 184 (Dow Corning) and EVA (ethylene vinyl acetate: Solutia Vistasolar
Fastcure 486.00). Methods were developed to make samples suitable for optical testing.
Measurements of peak absorbance of the dyes within the host materials were used to
calculate the concentrations of dye that were in solution within the host materials. The
two sets of samples were found to have similar ranges of dye concentration, so that dye
properties within the two host materials could be compared. Having established the
sample-making method, Chapter 5 gives details of an investigation to ensure that the
use of solvents to add Lumogen dyes to the chosen encapsulant materials does not affect
their optical properties.
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CHAPTER 5: TESTING THE OPTICAL PROPERTIES OF
SYLGARD 184 AND EVA (ETHYLENE VINYL ACETATE)
5.1

Chapter synopsis

Light absorbance and emission of Lumogen-doped and un-doped Sylgard 184 and EVA
samples were measured to investigate the influence of the sample preparation methods,
specifically the solvents used, on the optical properties of these encapsulants. The
optical properties of both encapsulants were found to be similar to those of PMMA,
which is a known host material for Lumogen dye. Electrical outputs from PV cells
encapsulated with Sylgard 184 and EVA were also compared.
5.2
5.2.1

Method
Power output from silicon cells encapsulated in Sylgard 184 and EVA

PV encapsulants should optimise light transmission to PV cells. Materials such as glass
or transparent encapsulants interact with incident light. Some of the light is absorbed
within the material, some is scattered and some is transmitted directly through the
material. Each material will respond differently to different wavelengths of incident
light [66]. Equation 1 in section 4.2.5 shows that the relationship between incident and
transmitted light is dependent on the sample properties and thickness. EVA is often
specifically designed to exhibit different levels of light transmission at different
wavelengths, as discussed in section 4.4. Silicones, in contrast, transmit light at the UV
end of the spectrum [114]. The low-iron glass that is commonly used in the fabrication
of PV modules is designed to transmit more light in the than the standard soda-lime
glass that is traditionally used in many domestic glazing systems [97]. This ensures that
maximum amount of light reaches the c-Si PV [126].
Current-voltage (I-V) curves produced by silicon (Si) PV cells were measured to
see if encapsulation with the two, chosen encapsulant materials led to any differences in
power output, using the method described in section 3.3.4. Monocrystalline silicon PV
cells were cut into 52mm ! 52mm pieces with central busbars, using a Disco DAD-320
saw. Details of the PV cells are shown in Figure 5.1. These c-Si PV cells were procured
from a different manufacturer than those used in Chapter 3 and Chapter 7, and have a
higher efficiency. Tabbing strips (E Jordan Brookes) were soldered to the PV cells,
using 60/40 tin/lead solder, after application of VOC-free, no-clean flux. 3.3mm-thick
borofloat glass (Newcastle Optical) was placed over the fronts of the PV cells.
Borofloat glass has a lower iron content than standard soda-lime float glass, leading to a
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high light transmittance through the glass to the surfaces of underlying c-si PV cells
[97]. After the initial IV test, the same low-iron glass was also used in front of the c-Si
PV cells when they were encapsulated. The variation of voltage plotted against current,
under a changing electrical load, was then measured using a current-voltage (I-V) curve
tracer (EKO MP-160). A solar simulator (ABET Technologies Sun2000 11044, class
AAB, 1000W continuous; equipped with quartz optics and both AM1.5G and ultraviolet
(UV) edge filters) was used to illuminate each PV cell at 1000 Wm-2 (AM1.5) during
measurement. I-V curves were measured at 25 °C before and after encapsulation of the
PV cells.

Figure 5.1: Detail from the Sunways monocrystalline Si-PV cells datasheet with the
chosen AH508480H cell details highlighted in yellow [127]
For encapsulation with Sylgard 184, circular stickers (obtained from Sunovation
GmbH) were used to secure the backs of the c-Si PV cell 1mm above standard, 4mmthick, soda lime float glass, to allow the liquid encapsulant to flow around the cells.
Layers of double-sided tape were used to attach borofloat front glass to the back glass,
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keeping a thin gap (approximately 2mm wide) between them. Sylgard 184 part A was
mixed with part B, then placed in a vacuum oven for 30 minutes for de-gassing. The
encapsulant was then poured into the gap between the two sheets of glass and left to
cure at room temperature. (See the Sylgard sample preparation method discussed in
section 4.2.5.1.) For the EVA encapsulation, a sandwich construction was made with
sheets of EVA above and below a PV cell, and back and front glass over and under this
(Figure 4.1). This assembly was wrapped in fibreglass cloth and placed in a PV
laminator at 150 °C for 4 minutes, without pressure, then 3 minutes with applied
pressure, as for the EVA sample preparation method. (See the EVA sample preparation
method in section 4.4.)
5.2.2

Measurement of absorption and emission spectra

Measuring absorbance of light by EVA and Sylgard 184 ensured that the materials had
been processed correctly. These measurements also revealed the effect of the UVblocking compounds within the EVA. Absorption spectra were measured in a Perkin
Elmer Lambda 950 UV-vis-NIR spectrometer (described in section 4.2.4). Clear,
undoped samples of Sylgard 184 and EVA were made up using solvents. (See sections
4.2.5.1 and 4.4.) A clear PMMA (poly methyl methacrylate) sample, fabricated by
Chilin (Taiwan) [85], was used to compare the optical properties of PMMA with those
of the EVA and Sylgard samples, as PMMA is an established host for Lumogen dyes
[76].
Fluorescence is common in polymers [115], so it was necessary to check for any
fluorescence emission from EVA and Sylgard 184. The aim was to investigate whether
un-doped Sylgard and EVA showed any significant fluorescence in the region of the
spectrum that could interfere with the emission response from Lumogen dyes. Sylgard
184 is a type of polydimethylsiloxane (PDMS), and it is known that these compounds
contain structures that cause light scattering, that could affect fluorescence [128]. It is
also known that Sylgard 184 exhibits light scattering [129] and autofluorescence at
wavelengths below 570nm [130]. In this research, fluorescence spectroscopy [79] was
used to ensure that Lumogen dyes were fluorescing as expected within host materials.
Emission spectra were measured using an Edinburgh Instruments FLS920
fluorospectrometer, with a xenon light source, and an extended red-sensitive detector.
Samples were held in a sample holder, inside an integrating sphere (Figure 5.2). This
ensured that as much of the emitted light as possible reached the detector. This sensitive
measurement method [131] was used to quantify light emission when samples were
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excited at discrete wavelengths. An excitation wavelength of 365 nm was used. A 395
nm long-wavelength-pass filter prevented excitation light from reaching the detector.
The 365 nm wavelength was chosen as it gives an emission response from all the
Lumogen dyes used in this research [76]. The aim was to investigate if pure EVA and
Sylgard 184 samples showed any significant fluorescence in this region of the spectrum
that could interfere with the response of the Lumogen dyes, when these were added to
the encapsulant materials. Excitation and emission slits were set to widths of 16 nm and
2 nm, respectively. Similar, substantial slit widths were used when measuring the
spectra of Lumogen dyes within these hosts (Chapter 6). 16 nm was the widest available
excitation slit width, giving sufficient excitation light to produce response from the
samples. This, combined with the narrower emission slit width, ensured that a clear
signal of the order of 104 to 105 photon counts was produced.

Figure 5.2: The fluorospectrometer sample holder, containing an Orange 240 EVA
sample, shown held at the top of the integrating sphere in which it is to be placed.
5.3

Results and discussion

5.3.1.1

Electrical performance of silicon cells encapsulated with EVA and Sylgard

Figure 5.3 and Table 5.1 below, show the results of measuring Si-PV cell performance
before and after encapsulation with EVA and Sylgard 184. The top two curves with
higher current values and higher maximum power points (Pmax) show that encapsulation
increases the maximum power output. The values in the table confirm that short-circuit
current and maximum power both increase on encapsulation. This is expected, as the
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encapsulants are designed to optimise the amount of light reaching the PV cells [118].
The results show no significant difference between the two encapsulant materials. The
c-Si PV cells used for this experiment produced higher maximum power points than
those used in Chapter 3. Both were cut to the same size, so a direct comparison can be
made. The maximum power from the c-Si PV used in Chapter 3 was 346 mW for a
single, Sylgard-encapsulated cell piece placed on a black backing, as shown in Figure
3.9, whereas the maximum power (Pmax) shown in Figure 5.3, below, for a Sylgard
encapsulated cell is 395 mW. Outputs from PV cells or cell strings of different sizes
can be compared by use of current density Jc, which is discussed further in section 7.4.2.

Figure 5.3: Current-voltage curves for two PV cells, before (solid line and widelyspaced, dotted line) and after (dashed line and closely-spaced dotted line)
encapsulation with EVA and with Sylgard 184. Maximum power Pmax values are
indicated.
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Table 5.1: Maximum current, voltage and power measured before and after Si-cell
encapsulation
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5.3.2

Comparing light absorbance and emission for EVA, Sylgard and PMMA

Figure 5.4 shows absorbance and emission curves for undoped EVA, Sylgard 184 and
PMMA. The EVA absorbance curve (shown in the inset graph) exhibits a rapid increase
in absorbance below 400 nm, due to the compounds designed to block UV light, which
are included in the EVA [120]. The measured absorbance values correspond to light
transmission of 88% for EVA and 93% for Sylgard, at 600 nm. The 88% transmission
for EVA is lower than the value of 92% stated in the Vistasolar datasheet [120]. The
lower, measured transmission value could be due to abrasion of the surfaces of the EVA
when removing it from the FEP moulds that were used when processing the EVA in the
laminator. The EVA is intended for adhesion to glass or polymer sheets, so is not
designed to be removed from the materials to which it adheres during lamination. The
alternative was to make samples with EVA sandwiched between thin pieces of borofloat
glass. The glass surfaces were likely to reflect light, increasing inaccuracies in
measurement of the optical properties of the EVA and Lumogen dyes. Samples were
also required to be comparable with the Sylgard samples made without glass (described
in section 4.2.5.1), so further EVA samples were made by removal from moulds,
without the use of glass.

63

Figure 5.4: Comparing absorbance and emission for EVA, Sylgard 184 and
PMMA. The excitation wavelength for the emission scans was 365 nm.
Emission from all three, un-doped samples was compared. Figure 5.4 shows
similar intensity and shape of emission curve for all three materials, as well as for the
empty integrating sphere. The emission spectrum for the empty fluorospectrometer
sphere is almost identical to that from PMMA. This similarity in emission intensity
when no sample is present in the integrating sphere indicates that the emission peak is
mainly due to the high level of excitation light, not to the presence of the samples. The
Sylgard sample shows a slight increase in emission intensity compared with the other
samples. This could be due to fluorescence emission, which is known to occur for
Sylgard 184 at wavelengths below 571 nm [130]. EVA exhibits a reduction in light
emission compared to emission from the other materials and from the empty
fluorospectrometer integrating sphere. The excitation light wavelength of 365 nm is
within the range of wavelengths at which EVA absorbance of light rises steeply (as
shown in Figure 5.4), due to the compounds within the EVA that are designed to block
UV light, preventing damage to the material [114, 119]. This increased absorbance of
light could be the cause of the reduction in light emission from EVA in comparison with
that from Sylgard and PMMA. Although the general level of emission from both EVA
and Sylgard is fairly low, emission from undoped samples was still taken into account
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when undertaking sensitive photoluminescent quantum yield measurements (section
6.4).
5.3.3

The effects of solvents on EVA and Sylgard

The curves in Figure 5.5 indicate that increasing soak time of EVA in 1-methoxy-2propanol lead to slight increases in emission intensity. The results appear to be
independent of sample thickness. The inset shows that the only significant absorbance
of light is at wavelengths below 400 nm. Below 400 nm, there is a decrease in
absorbance with increasing length of soak time in 1-methoxy-2-propanol. In this case,
greater absorbance of light is leading to decreased emission intensity. The change in
absorption below 400 nm, in samples with a longer soak time, could be due to the
solvent breaking down the UV-blocking compounds in the EVA. Figure 5.4 shows that
soaking in 1-methoxy-2-propanol may cause slight changes to the properties of the
EVA. The differences in emission intensity of the order of 104 photon counts are taken
into account when carrying out the sensitive photoluminescent quantum yield
measurements that are discussed in section 6.4.

Figure 5.5: Comparison of emission from EVA samples made by soaking EVA
sheets in solvent for 1’10”; 2’30” and 67’. Excitation was at 365 nm for the
emission curves. The inset shows absorbance measurements for the same samples.
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Sylgard 184 exhibits no significant differences in absorbance and emission due
to use of toluene in sample making, as shown in Figure 5.6. Toluene is used when
adding Lumogen F dyes to Sylgard 184, as described in 4.2.3. Sample thickness,
however, appears to have a very small effect on the variations in absorbance and
emission. Increasing sample thickness appears to cause a slight increase in absorbance
and a small decrease in emission. Clear, control samples that are tested in later chapters
are processed with solvents, to ensure that effects due to addition of solvents are not
confused with those due to addition of Lumogen dyes to the encapsulant materials.
Control samples were made at a similar thickness to doped samples, to ensure that
effects due to sample thickness did not become significant.

Figure 5.6: Comparison of emission curves for Sylgard 184 samples made with and
without solvent. Excitation was at 365 nm for the emission curves. Absorbance
spectra are shown in the inset.
5.4

Chapter conclusion

Table 5.2 shows a comparison of the properties of EVA and Sylgard 184, compared
with PMMA (poly methyl methacrylate) which is a known host for Lumogen dyes [76].
Both EVA and Sylgard 184 can be used as PV encapsulants, and both cause a slight
increase in power output when used to encapsulate Si-PV cells. Absorbance was low for
all three encapsulant materials, apart from a rapid rise in absorbance below 400 nm for
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EVA, due to UV-absorbing compounds within this material. When measuring emission
in the fluorospectrometer, a significant level of emission intensity was observed when
testing with the high level of excitation light that is used in later experiments to measure
emission spectra from Lumogen dyes. Sylgard exhibited greater emission intensity than
EVA. Solvent addition and sample thickness appeared to have small effects on
absorbance and emission from samples. Details of absorbance and emission from the
doped samples are given in Chapter 6.

Table 5.2: Comparing the properties of EVA, Sylgard 184 and PMMA to assess
suitability as PV encapsulants that can act as hosts for Lumogen dyes
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CHAPTER 6: OPTICAL PERFORMANCE OF LUMOGEN DYES
WITHIN SYLGARD 184 AND EVA HOSTS
6.1

Chapter synopsis

The performance of Lumogen dyes within Sylgard and EVA hosts was investigated
through measurement of light absorbance, emission and photoluminescent quantum
yields.
6.2

Lumogen F Yellow 170 dye in Sylgard 184 encapsulant

Tests were carried out on the samples discussed in Chapter 4, to investigate Lumogen
dye characteristics within both Sylgard 184 and EVA. Absorption and emission spectra
were measured using a Perkin Elmer UV-vis-NIR spectrometer and an Edinburgh
Instruments fluorospectrometer, using the setup described in Chapter 5. Again, the
spectra were compared with absorption and emission spectra for PMMA [76] Figure
6.1. shows the comparison of spectra obtained for Yellow 170 dye in Sylgard 184 and in
PMMA, respectively. The lowest concentration of dye in Sylgard (43 ppm) gives an
emission spectrum with peaks that match those of the dye in PMMA, as shown by the
dashed, orange line in the top section of Figure 6.1.

Figure 6.1: Comparing absorption spectra (left axis) and emission spectra (right
axis) of Yellow 170 dye in Syglard 184 (top) and PMMA (bottom) [76]
The PMMA emission spectra shown in the lower section of Figure 6.1, and generally in
this chapter, are for dyes at very low concentrations of 1.2 to 3.5 ppm [85]. At these low
concentrations, the spectra are considered to be optimal spectra, free from the effects of
re-absorption of light. These effects shift the spectral peaks to higher wavelengths, due
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to light being repeatedly emitted by dye molecules, then re-absorbed by adjacent dye
molecules [72]. Each absorption - emission event increases the wavelength of the
emitted light, so that dyes at high concentration tend to emit light at longer wavelengths.
The Sylgard spectra in Figure 6.1 show this effect, with increasing dye concentration
leading to peaks at higher wavelengths. The spectra of the samples doped with 43 ppm
Yellow 170 are very similar to the PMMA emission spectrum. At dye concentrations
above 43 ppm, the emission spectra become flattened, with reduced emission in the
range 510 to 580 nm, where emission occurs within PMMA. The emission from the 141
ppm sample is higher at values above 600 nm, which is a clear indication that the higher
concentration of dye is causing re-absorption of light and emission at higher
wavelengths. Of the five Lumogen dyes tested, Yellow 170 is the only one that is not
commercially available [85]. This dye is similar in colour to Orange 240 dye within a
Sylgard 184 host. These facts, combined with fluorescence emission without
discernable peaks at useful concentrations (see Figure 6.1), led to a decision not to
continue to work with Lumogen F Yellow 170 dye. (This decision is verified in section
6.4.1.1.)
6.3

Comparison of absorbance and emission spectra for Syglard 184 and EVA

Absorption and emission were measured for the four remaining Lumogen dyes that
were added to both Sylgard 184 and EVA. Table 6.1 shows the excitation wavelengths
used for each dye and the corresponding peak emission wavelengths within each host
material. The peak emission values are compared with known values for PMMA [76].
The ratio of excitation to emission slit widths was chosen to give spectra with distinct
peaks and a good signal to noise ratio. The ratio of the excitation to detector slit widths
was 16:2 nm for the Sylgard samples, but was varied from 16:1.8 nm and 1:0.9 nm for
the EVA samples. Narrower slit widths were used when photoluminescent quantum
yields could be measured with a lower light input. (Photoluminescent quantum yields
are discussed in section 6.4.) Relatively narrow detector slit widths enabled precise
measurements of the wavelengths of output light, as slit width is inversely proportional
to wavelength resolution. Figure 6.2 to Figure 6.5 (below) are a comparison of
absorption and emission spectra compared with the known spectra for these dyes in
PMMA.
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Table 6.1: Excitation wavelengths and peak emission wavelengths for Lumogen
dyes within Sylgard and EVA compared with known peak emission wavelengths
for Lumogen dyes in PMMA.
783#9-(%2;-[% \-2% Z/*(9-% ]-++#6% U'#+-$%
JFF%
BMF%
FLJ%
CEF%
\ed!
\Tc!
cgT!
cb\!
!-*?%-3'))'#(%'(%!AA4%=(3>%NEOP%
K;+9*/2%
GLM%

TU4%

TW.'$*$'#(%6*5-+-(9$"%
=(3>%

\b\!

cgf!

Tf\!

T\U!

!-*?%-3'))'#(% 7#6%
*$%2;-%
A-2'83%
.#(.-($/*$'#()[%
^'9"%

\ed!

\TT!

D!

cbT!

fUc!

\T]!

D!

cbc!

fTe!

\TT!

D!

cT]!

TW.'$*$'#(%6*5-+-(9$"%
=(3>%

\TU!

cdU!

ccU!

TfU!

!-*?%-3'))'#(% 7#6%
*$%2;-%
A-2'83%
.#(.-($/*$'#()[%
^'9"%

\df!

\be!

cb\!

cbf!

fU]!

\db!

\bU!

cbf!

fcf!

\dT!

\bT!

cbf!

Figure 6.2: Absorption spectra (left axis) and emission spectra (right axis) for Red
300 Lumogen F dyes within Sylgard 184 and EVA, compared with known spectra
for the same dyes within PMMA [76]
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For Red 300 (Figure 6.2) and Orange 240 dyes (Figure 6.3) many of the peak
positions in the Sylgard spectra correspond to peaks in the spectra of the dyes in
PMMA. For the highest concentrations of Red 300 dye in both Sylgard and EVA, the
relative height of the emission peaks is reversed, compared with those in PMMA. This
shift of the greatest emission to a higher wavelength is likely to be due to repeated reabsorption of light increasing the intensity of the longer emission wavelength. The
emission curves mirror the absorption curves for medium and lower concentrations,
showing good compatibility of the Red 300 dye with the host materials. The absorbance
peaks for Orange 240 in Sylgard 184 are flattened when compared with those in PMMA
and EVA, but the emission peaks are well defined. The speckled surface of the orange
Sylgard samples (discussed in section 4.2.5.1) could have been due to dye being poorly
dissolved within Sylgard 184, accounting for the low absorbance compared with the
absorbance in EVA. The small fraction of dye that remains in solution within the
Sylgard could account for the well-defined emission spectra.

Figure 6.3: Absorption spectra (left axis) and emission spectra (right axis) for
Orange 240 Lumogen F dyes within Sylgard 184 and EVA, compared with known
spectra for the same dyes within PMMA [76]
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Figure 6.3 shows that for Orange 240 dye the relative height of the emission peaks is
reversed compared with those in PMMA. Little re-absorption of light is likely at these
low dye concentrations. Other mechanisms, such as dye quenching, may be causing the
shift. Buffa [132] showed that peak fluorescence emission varies for the same dye at
different concentrations within different host materials. She notes that Lumogen dyes
exhibit quenching effects at low concentrations within polysiloxane rubbers, which
could account for the poor sample emission and quantum yields (discussed in section
6.4) of the Sylgard samples. Sylgard is a polydimethylsiloxane: a siloxane with methyl
groups, which is likely to exhibit the same apolarity as the polysiloxanes investigated by
Buffa [133], leading to similar low solubility and quenching of Lumogen dyes.
Yellow 083 dye exhibits poor performance within Sylgard, with emission curves
without clear peaks (shown in Figure 6.4). It appears that Sylgard is a poor host for
Yellow 083.

Figure 6.4: Absorption spectra (left axis) and emission spectra (right axis) for
Yellow 083 Lumogen F dyes within Sylgard 184 and EVA, compared with known
spectra for the same dyes within PMMA [76]
Yellow 083 performs much better within EVA, giving two clear emission peaks at
similar wavelengths to those in PMMA for the lowest dye concentration. (The area
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under the graph in Figure 6.4 has been shaded to aid viewing.) The emission spectra of
112 ppm and 202 ppm Yellow 083 dye in EVA are similar. This could indicate that a
limit of dye saturation within EVA has been reached. These samples are discussed
further in section 6.4.
Violet 570 dye, within Sylgard 184, has broad absorbance peaks (shown in
Figure 6.5). The peaks are less well defined than those in PMMA, which could again be
due to the dyes being poorly dissolved within the Sylgard. There are no clear
absorbance peaks in the spectra for Violet 570 dye within EVA, due to the compounds
within the EVA that block light below 360 nm. The emission spectra have sharp peaks,
however, but overlap at the two highest concentrations in the same way as Violet 570 in
Sylgard 184. This could indicate that a limit of saturation of the solubility of dye within
the host has been reached for both encapsulant materials.

Figure 6.5: Absorption spectra (left axis) and emission spectra (right axis) for
Violet 570 Lumogen F dyes within Sylgard 184 and EVA, compared with known
spectra for the same dyes within PMMA [76]
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6.4

Photoluminescent Quantum Yield (PLQY) measurements

Photoluminescent quantum yields (PLQY) are precise measurements of the
performance of fluorophores. They were performed to give an indication of the
characteristics of each dye within each encapsulant [134]. Photoluminescent quantum
yield is an assessment of the amount of fluorescence emitted by dyes, calculated as a
ratio of amount of emitted light divided by amount of absorbed light. Values of PLQY
were found by measuring an emission spectrum from each doped sample, using the
Edinburgh Instruments fluorospectrometer described in section 5.3.2. A second
emission spectrum was then measured at wavelengths around the excitation wavelength.
The measurements were repeated for a reference sample without any dye. For each
spectrum, a sum of the total photon counts at each wavelength was calculated.
Photoluminescent quantum yield was then calculated from:
PLQY = (Es – Ec) / (Ac – As)

(Equation 4)

Where:
Es = Total photon counts over the doped sample emission range
Ec = Total photon counts over the control sample emission range
Ac = Total photon counts over the control sample absorbance range
As = Total photon counts over the doped sample absorbance range
The ratio is expressed as a percentage. Ideally a sample absorbs a large amount of light
at the excitation wavelength and then emits light strongly at a longer wavelength giving
a high ratio of emitted to absorbed light. This is luminescent downshifting, as discussed
in section 1.2.6 of the introduction. The chosen Lumogen F dyes have been shown to
exhibit PLQY values of over 90% [73]. It has also been shown that the values of PLQY
are independent of the wavelength of the excitation light [135].
At least three measurements of PLQY were made for each sample, over at least
two days, to establish the variation in measurement accuracy. A PMMA sample, doped
with Lumogen F Red 300 dye, was also tested on several different occasions. This
sample gave PLQY values of 78% to 80%, thus confirming the consistency of this
sensitive method within ± 1%. Table 6.2 shows the measured values of PLQY for each
dye at each concentration. An asterisk (*) indicates the use of a paper sample holder to
obtain a measurement. This is discussed further in section 6.4.1. At least one
measurement was made without a paper sample holder, to ensure no significant effects
due to fluorescence from the paper. The maximum discrepancy of the measurements
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presented in Table 6.2 was ± 3%, which is between the established measurement error
of 10% for this method and Wilson’s 2% errors in precise measurements of PLQY in
PMMA [76].
Table 6.2 shows that higher dye concentrations lead to lower PLQY values for
all the Sylgard samples. This could again be an effect of poorer solubility of dye in
Sylgard leading to a decrease in PLQY at higher concentrations.
Table 6.2: Comparison of photoluminescent quantum yield (PLQY) values for
Lumogen dyes within Sylgard 184 and EVA
Sylgard 184 PLQY (%)
EVA PLQY (%)
Lumogen Medium dye
Highest dye
Medium dye
Highest dye
dye
concentration
concentration
concentration concentration
Orange
24* ± 1
15* ± 2
94 ± 3
96 ± 3
240
28
15
Red 300
83* ± 3
40 ± 1
87 ± 0
85 ± 1
81
Yellow
Not
Not measureable
Not
100 ± 1
083
measureable
measureable
Violet
73* ± 1
60* ± 3
85 ± 3
Not
570
75
67
measureable
* indicates use of a paper sample holder with fluorescence at 440 nm.
This is discussed in section 6.4.1
It is known that PLQY values can vary widely for the same material [136], and that dye
concentration affects the value of PLQY [137]. Measured values of PLQY are reduced
when samples containing high concentrations of dye are subjected to repeated reabsorption of light, within an integrating sphere [138]. Correction factors to compensate
for this were not applied to the PLQY values in table. One method of obtaining these reabsorption correction factors is to scale measured emission spectra. Scale factors are
obtained from the emission spectra of very weak concentrations of dye, in which reabsorption events are unlikely to occur [135]. This process could have increased the
measured values of PLQY for the Lumogen dyes for all but the 100% PLQY value.
Wilson shows increases in PLQY values of Lumogen dyes of up to 5% through
application of the re-absorption correction [76]. The correction factors are only valid
when reductions in PLQY are due to repeated re-absorption of light by samples tested
within the integrating sphere of a fluorospectrometer. This method does not take into
account reductions in emission intensity due to agglomeration and quenching. As
already mentioned, these can occur as a result of poor solubility of dyes within a host
and the Sylgard samples discussed in section 4.3 show some evidence of agglomeration
of dyes. Applying re-absorption corrections to the values in Table 6.2 would have given
75

an indication of the ideal performance of Lumogen dyes within Sylgard and EVA,
however the aim of comparing the true performance of the combinations of dye and
encapsulants would not have been achieved. Table 6.2 is a therefore a comparison of the
performance of each Lumogen dye within each host material without re-absorption
correction factors.
The emission spectra of the Yellow 083 dyes within Sylgard were too poor for
PLQY values to be measured. It was not possible to measure consistent PLQY values
for the lowest dye concentrations within any sample, because the spectra measured at
the excitation wavelength were very similar for both doped and clear samples, so that
the value (Ac – As) was too small. Any small changes in this value caused large
discrepancies in the calculation of PLQY in the above equation, with errors greater than
± 5%. This also occurred for Yellow 083 dye at a medium dye concentration (76 ppm)
within EVA, and at the highest concentration of Violet dye within EVA (approximately
200 ppm, as discussed in section 4.4). This is unexpected for a high-concentration
sample. Figure 6.6 shows that there is an unanticipated reversal in emission intensity
from the high concentration Violet sample, at the excitation wavelength of 360 nm.

Figure 6.6: Emission scans at the excitation wavelengths of 360 nm for Violet and
530 nm for Red EVA samples, showing the reverse in relative emission intensity
between high and medium dye concentrations for the two, different dyes in EVA
A higher concentration of dye would be expected to have lower emission
intensity, due to the larger amount of dye molecules absorbing light, as shown by the
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emission curves for the Red EVA samples on the right of Figure 6.6. The reversal in
emission intensity could be caused by the compounds in the EVA that are designed to
absorb and dissipate light at wavelengths below 360 nm [118]. The left side of Figure
6.6 shows a slight difference in peak height for the two undoped samples excited at 360
nm indicating that increased soak time in 1-methoxy-2-propanol leads to greater
emission intensity when the samples are excited at 360 nm. It appears that the ability of
the EVA to absorb light at 360 nm is being decreased by increased time in solution
during sample preparation. Addition of Violet dye appears to amplify this effect, as
shown by the two lower curves in the left portion of Figure 6.6, where increased
concentration of dye leads to increases in light emission. Addition of dye could be
causing further damage to the UV-blocking compounds, so that the EVA and dye
combination is less able to absorb light over the measured wavelength range. The
measured PLQY values show that Orange, Red and Violet Lumogen dyes were
fluorescing within Syglard and EVA. Yellow 083 Lumogen dye appears to perform well
only at higher concentrations within EVA. EVA appears to be a better host for
Lumogen dyes than Sylgard, showing higher PLQY values for all the EVA samples.
6.4.1

Use of a paper sample holder for Sylgard 184 samples

A white paper sample holder was used to hold some Sylgard 184 samples within the
fluorospectrometer sample holder, to avoid contamination due to the tacky surface of
the Sylgard samples. The paper was later found, however, to give a strong emission
centered at 440 nm, which was much greater than the peaks in emission caused by the
dyes. The fluorescence of the paper sample holder is clearly visible in the right section
of Figure 6.7. A 365 nm (ultraviolet) source causes the paper to fluoresce brightly in the
blue region of the spectrum.

Figure 6.7: A Red Sylgard sample in a paper sample holder: (left) under standard
office lighting; (right) under illumination from a 365 nm source
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Figure 6.8 shows the emission spectrum from Red 300 dye in Sylgard 184, excited at
380 nm. This wavelength is much lower than the 525 nm excitation used for the other
Red 300 emission spectra discussed here, enabling a wide range of light emission to be
scanned. (The usual excitation wavelengths for all the Lumogen dyes are shown in
Table 6.1.) There is a small fluorescence peak at 597 nm, visible in the red dashed

and dotted lines as expected for Red 300 (see Table 6.1). This peak does not occur
for the un-doped sample (shown by the black, solid and dotted lines), so is clearly
attributed to the Red 300 dye. A large peak at 440 nm dominates the graph. This peak
occurs for both dye-doped and undoped samples, and is due to fluorescence from the
paper. It is much larger than the fluorescence emission peak due to the Red 300 dye, on
the right of Figure 6.8. It was necessary to check the effects of the paper on dye spectra
that had been measured with a paper sample holder in place. This is discussed in section
6.4.1.1, below.

Figure 6.8: Emission from a 20 ppm Lumogen Red Sylgard sample, and a clear
Sylgard sample, with a paper sample holder that fluoresces at 440 nm
6.4.1.1

Testing the effect of the paper sample holder on the Sylgard samples

Emission spectra of doped, Sylgard samples, were measured with and without the paper
sample holder. Results are shown here for the lowest dye concentrations, as these gave
the clearest emission spectra. An exception is made for Yellow 170 dye, where the aim
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was to check if removal of the paper sample holder made any significant difference to
the poor emission spectrum previously observed in the high concentration sample
shown in Figure 6.1.
Figure 6.9 shows that the fluorescence from the paper had little effect on the
emission scans for red and orange dyes, where both excitation wavelength and emission
peaks are well above 440 nm.

Figure 6.9: Emission scans for Sylgard samples with and without paper sample
holders: Orange (above) and Red (below)
Emission scans from both clear and Lumogen Yellow 083 samples however were
strongly affected by the use of the paper sample holder (Figure 6.10). The peak at 440
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nm disappears when the paper is removed. The subsequent lack of peaks in the dye
spectra indicates that the dye was not well assimilated within the Sylgard 184 host (as
discussed in section 6.3).

Figure 6.10: Emission scans for Yellow 083 dye in Sylgard, with and without a
paper sample holder
The top two curves in Figure 6.11 show that there is a shift in the Violet emission peak
from 440 nm to 425 nm when the paper sample holder is removed. There is also a
reduction in emission from the Violet 570 sample indicating that the paper was likely to
have increased the overall intensity of the peak emission. The change in emission at 440
nm is most apparent for the un-doped sample, as shown by the lower two curves in
Figure 6.11.
The paper sample holder was unlikely to cause any change to the emission
spectra of the Sylgard samples with Yellow 170 dye, as emission was measured at
values well above 440 nm. The highest concentration sample was re-measured without
the paper sample holder to ensure that this made no difference to the unexpected shape
of the emission spectrum discussed in section 6.2. Figure 6.12 shows that the spectra for
both clear and doped samples are similar in shape, both with and without the paper
sample holder. The two measurements were carried out at similar excitation
wavelengths of 468 nm for the samples with a paper holder, and 460 nm for the later
measurement, without paper. The spectra from samples with a paper sample holder were
corrected to compensate for a greater slit width of 2.5 nm that was used for these earlier
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measurements, compared with a 2.0 nm slit width for the samples without paper sample
holders.

Figure 6.11: Comparison of emission from samples of Violet 570 dye in Sylgard,
with and without a paper sample holder

Figure 6.12: Comparison of emission spectra for Yellow 170 dye in Sylgard 184,
with and without a paper sample holder
The emission spectra from the clear samples are similar, indicating no effects due to the
paper sample holder. Both doped samples exhibit low emission intensities, with a
greater emission intensity from the sample measured with a paper sample holder
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compared with that measured without a paper sample holder. This could be attributed to
use of different samples to carry out the measurements. Both spectra are a similar shape,
and exhibit a lack of clear emission peaks. This, combined with the reasons listed at the
end of section 6.2, meant that the decision not to carry out further work with Yellow
170 dye was maintained.
In summary, the use of a paper sample holder affected any measurements where
emission was measured at or near 440 nm. There was a particularly strong effect on the
Sylgard samples containing Yellow 083 and Violet 570 Lumogen dyes. This was taken
into account in section 6.4, where measurements of PLQY were repeated without use of
a paper sample holder, ensuring that there were no major inconsistencies in
measurement due to fluorescence from the paper. There is further discussion of this in
Chapter 8.
6.5

Chapter conclusion

Measurement of absorbance and emission spectra, as well as photoluminescent quantum
yields (PLQY), showed that Lumogen dyes performed better in an EVA host than when
incorporated within Sylgard 184. Low concentrations of dye gave absorbance and
emission spectra that approximately matched those for PMMA (a known host for
Lumogen dyes), for all the dyes except Yellow 083 within Sylgard, and Violet 570
within EVA. Yellow 083 within Sylgard gave poor emission curves for all dye
concentrations, indicating that this dye was not well suited to use within Sylgard 184.
The dye absorption spectra for Violet 570 dye in EVA showed that it was not possible
to distinguish between effects due to dyes and those due to the UV-absorbing
compounds within the manufactured EVA. For the Sylgard samples, where consistent
PLQY results could be measured, higher dye concentrations gave lower PLQY values.
The range of PLQY values for Sylgard 184 was from 15 ± 2% for high concentration
(49 ppm) Orange 240 to 83 ± 3% for medium concentration (149 ppm) Red 300. EVA
samples exhibited higher PLQY values, between 85 ± 3% for low concentration Violet
570 to 100 ± 1% for high concentration (202 ppm) Yellow 083. From this, it appeared
that Lumogen dyes were better assimilated into an EVA than into a Sylgard host. Work
continued with Lumogen dyes in both Sylgard and EVA to provide a comparison of
ageing properties of the two material combinations (assessed in Chapter 8), and to
assess the differences when using these materials in architectural glass. Chapter 7 gives
details of use of Lumogen F dyes within Sylgard 184 in the fabrication of an
architectural glass test piece.
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CHAPTER 7: ADDING LUMOGEN DYES TO SYLGARD 184 IN AN
ARCHITECTURAL GLASS TEST PIECE
7.1

Chapter synopsis

The method of adding fluorescent dyes to the PV encapsulant Sylgard 184 (Chapter 4)
was combined with the glass painting techniques described in Chapter 3, to make an
architectural glass test piece with added colour.
7.2

Introduction

Colour is a vital feature of much decorative glazing, as discussed in Chapter 1. The
method described in Chapter 3 showed that PV cells could be blended into monochrome
architectural glass designs through use of glass paint. The first aim of the work
described in this chapter was to use a similar design to that developed in Chapter 3 and
to enhance this through addition of colour. This could increase greatly increase the
range and variety of architectural glass designs that could be produced. Details of the
design development, including the fabrication of a small, coloured test piece, are given
in Chapter 3 and appendix 1. The second aim of the work was to use luminescent solar
concentrator technology to increase electricity output from the PV cells incorporated
into the test piece, as described in section 4.2.1. The method of adding coloured,
fluorescent Lumogen dyes to Sylgard 184 was chosen, as described in Chapter 4. Use of
a silicone encapsulant instead of EVA meant that the work could be carried out in a
studio setting, without use of specialist PV lamination equipment. Red 300 and Yellow
083 Lumogen dyes were chosen, as these provided the strongest colour contrast from
the four selected Lumogen dyes described in section 4.2.1. (The problems with the
fluorescence of Yellow 083 dye within a Sylgard 184 host were only discovered after
the test piece was made up (see section 6.3).) The chosen colours fitted with the design
theme of heaven and hell that is depicted in the test piece design (shown in Figure 3.6
and Figure 7.1). Reflective, platinum paint was also included in the test piece. It is
known that mirrors can be incorporated into luminescent solar concentrators to re-direct
light to the dye, and subsequently to attached PV cells [139, 71]. It was anticipated that
the platinum paint would act with the fluorescent dyes to enhance the efficiency of
electrical power production by the test piece.
7.3

Method

A 600mm ! 450 mm test piece was made up using black and platinum glass paints
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(Rüger and Günzel GmbH), as described in section 3.3 of Chapter 3. The paints were
used to create areas of pattern around the sites in which the PV cells were to be placed.
Platinum paint was also applied to the back glass, as described in Chapter 3. This was
shown to increase power produced by PV cells placed over the glass.
This test piece was designed to incorporate two strings of six PV cells each: one
string to be encapsulated in Sylgard 184 containing Lumogen Red 300 dye, in the lower
section, and the other with Lumogen Yellow 083 dye, at the top. The same batch of c-Si
PV was used as in Chapter 3, so that the only major difference between the design
discussed in this chapter and that in Chapter 3 is the use of coloured encapsulants. The
methodology described in section 4.2.5.1 was used when adding the dye to the
encapsulant, but was carried out on a larger scale, and in a studio setting. Each
Lumogen dye was dissolved in toluene, then added to 1 kg of Sylgard 184 part A at 200
ppm concentration. After taping the front and back glass together, the Sylgard 184,
containing Lumogen Yellow 083 dye, was poured into the test piece whilst it was held
at an angle. Once this was nearly set, Sylgard 184 containing Lumogen Red 300 was
added, so that a little mixing of the dye colours occurred at the interface.
7.3.1

Dye fluorescence

The fluorescence of the dyes was measured by placing an optical fibre against the edges
of the test piece. The fibre was connected to a spectrometer (HR2000CG-UV-NIR,
Ocean Optics, USA), to give relative values of irradiance in the range 350 - 820 nm,
which was the range in which fluorescence emission would be expected to occur from
the dyes. Measurements were carried out using an ABET solar simulator at 1000 Wm-2
(section 3.3.4), to ensure that each test was made at equal irradiance. The measurements
from the edge of the test piece were compared with those from the edges of samples
made up in the laboratory (described in section 4.2.5.1). Black masking was used to
expose a small, equally-sized area of each sample, and of the test piece, to the light from
the solar simulator.
7.3.2

Performance of PV cells with dyed encapsulant

To measure the effects of Lumogen dyes on the performance of PV cells, the electrical
output from each string of PV cells in the test piece, was compared with output from a
single PV cell, encapsulated in clear Sylgard 184. Black paint was applied to the lowiron glass in front of this PV cell. The current-voltage curve tracer (EKO MP-160) was
used to take measurements from each string of PV cells within the test piece, and from
the single PV cell, encapsulated in clear Sylgard 184. The tests were carried out with the
84

test piece and an irradiance sensor positioned vertically, inside a window, as the large
test piece was too large to place under the ABET solar simulator. A silicon-based sensor
(Mencke and Tegtmeyer Si-01TC-T) was used to ensure that readings were taken at
similar levels of irradiance.
7.4

Results and discussion

The appearance of the PV cells was altered by the colour of the dyes within the
encapsulant. When viewed from the front, in transmitted light, the PV cells merged into
the painted background (Figure 7.1a), as with the test piece with clear encapsulant
(Figure 3.6). Figure 7.1b shows the front of the test piece in reflected light. Under this
lighting condition, the dye colour caused the PV cells to contrast with the surrounding
black paint, making the PV cell shapes stand out. In contrast, Figure 7.2 shows that the
platinum paint on the back glass disguises the PV cells in both reflected and transmitted
light. The back of the test piece was likely to be viewed more closely, as this would be
on the inside of a window aperture, with the PV cells facing outwards. The dye colours
did not make the c-Si PV stand out from the rest of the design when viewed from the
back.

Figure 7.1: Front views of the 600mm ! 450mm testpiece placed in a window
aperture, from left to right (a) in transmitted light, and (b) in reflected light
The coloured encapsulants exhibited some opacity within the test piece, as shown on the
right side of Figure 7.1 and on the left in Figure 7.2. This was not ideal, as opacity
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within encapsulants prevents light from being transmitted to underlying PV cells. The
colour of the red dye, within the test piece, was duller and bleached, when compared
with the colour of the small, red sample made with 200 ppm of Lumogen Red 300 dye,
in the laboratory. The Yellow 083 dye showed little difference between test piece and
sample: both exhibited high levels of opacity. This demonstrates that Lumogen Yellow
083 does not fluoresce within Sylgard 184, when the two materials are combined
together using the methodology developed in this thesis (as discussed in section 6.3).

Figure 7.2: Rear views of the 600mm ! 450mm testpiece placed in a window
aperture, from left to right: (a) in reflected light (photographed with a flash); (b) a
detail in transmitted light.
7.4.1

Dye fluorescence
Both of the dyes within the test piece appeared to have low fluorescence

emission. Figure 7.3 shows measurements of fluorescence made at the edges of the test
piece and of the reference samples, using a fibre optic probe. The peaks in the upper
graph in Figure 7.3 show that the red dye within the test piece was emitting very little
light compared with the small, red sample. The differences in red dye emission,
between the small-scale samples made in the lab, and the large test piece, made in the
studio, could have been due to contamination or overheating of the materials when
working on a larger scale, in the studio. In the lower section of Figure 7.3, the yellow
edge of the test piece is shown to have a small emission peak at a similar height to that
from the small, yellow sample. Both the peaks for Yellow 083 are small compared with
the peak for the Red 300 sample made in the lab. There is also a shift in the peak
wavelength from 554 nm for the sample made in the lab to the two peaks shown at 493
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nm and 530 nm for the large test piece. This indicates that the sample made in the lab
may contain a greater amount of dye in solution or be exhibiting more dye
agglomeration than occurs within the large test piece [76]. The two, distinct peaks in the
fluorescence from the large test piece indicate that two, different fluorescent compounds
may have been formed, possibly due to contamination. The poor fluorescence emission
of Yellow 083 within a Sylgard host was discussed in section 6.3. The results shown in
Figure 7.3 confirm this. The following chapter shows how improvements in PV
performance are achieved through use of an EVA encapsulant.

Figure 7.3: Comparison of the light emission from the red and yellow edges of the
test piece with that from Sylgard 184 samples made with 200ppm of Lumogen F
Red 300 dye (above); Lumogen F Yellow 083 dye (below); and a clear, Sylgard 184
sample.
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7.4.2

Power output

The electrical power output from the strings of PV cells within the test piece was
compared with that from a single PV cell, encapsulated in clear Sylgard 184, by
measuring current-voltage (I-V) curves (Figure 7.4). The x-axis shows, as expected, that
the maximum voltage across the six-cell strings is approximately six times that of the
voltage across the single cell, encapsulated in clear Sylgard 184. The y-axis shows the
difference in current outputs: the current from a single cell, encapsulated in clear
Sylgard 184, is greater than that from the cells encapsulated in Lumogen Yellow 083
dye. Cells within the Lumogen Red 300 dye produced even less current. The poor
colour intensity and fluorescence emission of the dyes are limiting the electrical
performance of the PV cells, due to the dyes absorbing part of the incoming light
spectrum, but not emitting as much light as expected. The curvilinear strings of PV
cells, with wide spaces between cells, and large areas of paint, also produced minimal
electrical power per unit area. For each design, a balance has to be achieved between
areas of clear glass, areas of paint and the amount of glass that can be covered by PV, to
generate electricity.
The tests were carried out with the test piece placed in a window aperture. The
irradiance values of 389 to 404 Wm-2 were therefore much lower than the 1000 Wm-2
values produced by the ABET solar simulator that were used to produce the I-V curves
shown in Figure 3.9, where the same batch and size of PV cells were used. The
maximum power (Pmax) of 109 Wm-2 for a single PV cell, shown in Figure 7.4, is
therefore much lower than the maximum power of 346 Wm-2 for a similar PV cell,
shown in Figure 3.9. The current density, Jc, could be used to compare the outputs from
the 3 different tests shown in Figure 7.4. This is the Current, I (mA) divided by the
surface area of the cell or cell string that has produced that current. Using this
comparison for the maximum power values shown in Figure 7.4, gives a current density
value of 40 W for the single c-Si PV cell encapsulated with clear Sylgard, compared
with 30 W for the red-encapsulated PV and 43 W for the yellow-encapsulated PV. The
current density is highest for the yellow-encapsulated PV, even though the Yellow 083
dye has poor fluorescence properties. The encapsulant doped with Yellow 083 did
remain translucent, so this, combined with the small amount of fluorescence produced
by the dye, is likely to have caused this higher current density.
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Figure 7.4: Current-voltage (I-V) curves, comparing electrical performance of the
PV cells within the Lumogen Red and Yellow dyes, inside the 600 mm ! 450 mm
testpiece, with performance of a single PV cell encapsulated in clear Sylgard 184.
The maximum power points (Pmax) are shown on each curve.
7.4.3

Details of the testpiece appearance

Table 7.1 shows details of problems with the fabrication and final appearance of the test
piece. Accurate placement of the PV cells was particularly difficult. This problem is
overcome in the Chapter 9, where fabrication involves placement of all opaque
materials behind PV cells, with no need for careful overlay of painted front glass over
PV cell strings. Limiting use of opaque materials to the back glass would also prevent
the colour contrast between PV cell surface, covered in dyed encapsulant, and the black
paint on the front glass, as shown in the central photo in the table. Use of EVA, instead
of Sylgard, could minimise the formation of bubbles that occurred when using Sylgard
184. There were difficulties in removing trapped bubbles that occurred during the
method of pouring encapsulant between two sheets of glass.
Sheets of EVA can be used as a host for Lumogen dye, as described in Chapter
4. Encapsulation with EVA requires use of a PV lamination process to apply heat and
pressure, but the kiln firing processes that were used to fix the glass paint onto the test
piece warped the glass surface. Glass that is not perfectly flat would be likely to crack
under pressure during the PV lamination process, so alternative methods of coating the
glass would need to be found.
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Table 7.1: Problems with test piece fabrication and appearance, with possible
solutions
Problem

Detail of testpiece

Difficulties in
accurate
placement of PV
cells beneath
square, un-painted
areas of glass.

Solution
Application of paint only to
the back glass would mean
that PV cells would not
require such accurate
positioning.

PV cells during string connection
Colour contrast
between painted
areas of the front
glass and the PV
cell surface
covered with dyed
encapsulant.

A few bubbles in
the encapsulant

Circular stickers
were visible in
areas where
platinum paint did
not cover the cell
backs completely

Application of paint to the
back glass only, would mean
that when viewing from the
front, both paint and PV cells
would be viewed through a
layer of dyed encapsulant, so
that colours of the cell
surfaces and surrounding
areas would appear similar.
Use a different encapsulant,
where air bubbles will not
expand during curing, or a
different encapsulation
method, such lamination with
ethylene vinyl acetate (EVA)
Stickers would not be
required when encapsulating
with ethylene vinyl acetate
(EVA).

Use of glass coatings or decals, instead of traditional glass paint, would remove
the need for kiln firing to fix glass paint. This would also make it easier to create
designs that conform to safety standards [140]. This is particularly applicable to the
platinum paint applied to the back glass, which prevents the glass from being
toughened, as the reflective surface prevents the heat treatment from being carried out
correctly. An alternative to platinum paint is required: a method of applying a
translucent, reflective coating to selected areas of the glass before or after glass
toughening. This is explored further in Chapter 9.
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7.5

Chapter conclusion

Fluorescent, Lumogen dyes were used to add colour to the Sylgard 184, which was used
to encapsulate PV cells within a painted, glass test piece. The translucent red and yellow
dye colours altered the test piece appearance, including the apparent colour of the PV
cell surfaces. The dye properties were affected by addition to Sylgard 184, so that the
Lumogen F Red colour became faded when the mixing process was moved from smallscale laboratory preparation to a larger scale, in the studio. Both dyes exhibited poor
fluorescence emission within the Sylgard 184 host. There was a resulting low electrical
current produced by the PV cells that were covered by the dyed encapsulant. Alternative
materials and methods are required in order to maintain good PV cell efficiency when
adding colour to the encapsulant. This is investigated further in Chapter 9, following on
from the next chapter (Chapter 8) in which the durability of encapsulant-dye
combinations is explored.
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CHAPTER 8: DEGRADATION OF LUMOGEN DYES WITHIN
SYLGARD 184 AND EVA HOSTS
8.1

Chapter synopsis

The degradation of Lumogen F dyes within Sylgard 184 and EVA hosts was
investigated. Accelerated ageing tests were carried out using Suntester CPS+ machines.
Samples were also placed outdoors. The absorbance and emission properties of both
sets of samples were then compared. The dyes degraded quickly, showing that these
combinations of dye and encapsulant are unsuitable for most building-integrated
applications.

8.2

Theory

Chapter 4 gave details of addition of Lumogen dyes to PV encapsulant materials. These
were intended for use with c-Si PV, within architectural glass. It was important to find if
these material combinations were suitably durable for building-integrated applications.
Decorative glass is normally designed to last for several decades [56], avoiding costly
maintenance. Standard c-Si modules are normally guaranteed for at least 25 years [141].
Ideally, the dyed encapsulants would be similarly robust, so that units containing these
materials would require infrequent maintenance or replacement.
There are no guaranteed lifetimes for manufactured polymer sheets containing
fluorescent dyes, but it is known that ‘3 – 5 years’ outdoor stability is possible for
fluorescent dyes within a PMMA host [112, 142]. BASF gives details of accelerated
ageing of Lumogen dyes in PMMA, which show that at least 80 to 95% fluorescence
can remain after 2000 hours testing [74]. It was hoped that Lumogen dyes would age at
a similar, or slower rate within Sylgard and EVA. It was therefore considered likely that
only accelerated ageing tests would cause a high level of degeneration of the dyes, to
the point where much less colour was visible within EVA or Sylgard. Any
corresponding changes in colour or opacity of the host materials would then be
observed. This was important, as any degradation of the host materials could result in
loss of transmission of light to underlying PV cells [118].
Hastening of degradation, through use of a Xenon lamp, could cause dissimilar
reactions to those produced in sunlight [143]. The combinations of dye and encapsulant
were designed for exposure to sunlight, so outdoor tests were carried out in addition to
accelerated ageing tests. It was expected that comparison of the accelerated and outdoor
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decay of the samples could be used to estimate an expected, useful lifetime for each
encapsulant-dye combination.
8.3

Method

Accelerated ageing tests were carried out in Suntest CPS+ machines. Each of these
contained a Xenon lamp and filters. The filters modulated the spectrum from the Xenon
lamp, to approximate to the solar spectrum [144]. Figure 8.1 shows a Suntest CPS+ with
an aluminium tray containing samples placed inside the base of the testing chamber.

Figure 8.1: A Suntest CPS+ with the door open to show an aluminium tray
containing samples of EVA doped with Red 300 dye
An aluminium tray with square depressions was designed to hold each set of samples,
and to fit into each machine. Figure 8.2 shows a tray filled with Sylgard samples, prior
to testing. The top row of the tray contains the undoped reference samples. Each column
contains a single dye colour at the same concentration. 3.3 mm borofloat glass was
placed over the samples in the trays, as this is a type and thickness of glass commonly
used in PV modules [97]. During each test, single rows of samples were removed after
1, 2, 5, 10, 20, 50, 100, 200, 500 and 1000 hours. A reference sample was also removed
at each of these times.
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Figure 8.2: An aluminium tray containing Sylgard samples, prior to placement in
the Suntest machine. The top row of the tray contains reference samples. Each
three columns, from the left, contain Orange 240, Red 300, Yellow 083, Violet 570
and Yellow 170 samples. The sample concentrations in each set of three columns
are from low on the left to high on the right.
The Xenon lamp was a long tube, which was installed across the centre of the top of the
Suntest CPS+ test chamber. There was likely to be variation in the intensity of light
across the tray, so that different rows of samples would not receive the same level of
light intensity. The variation in light intensity was established by placing a calibrated,
Thor Labs photodiode in nine positions on the base of the tray. The variation in current
is shown in Table 8.1 below. The spread of the readings shows a maximum 3.7%
variation in light intensity from the central reading. The readings in Table 8.1 were
taken after the Sylgard samples had been tested. At the start of testing, the photodiode
read 10.3 µA when placed in the centre of the testbed. The measured variation in
intensity between the start and end of the test could have been due to ageing of the
Xenon bulb or to changes in the circuitry of the Suntest CPS+, which failed after the
Sylgard test.
Table 8.1: Variation in photodiode current across the test area in the Suntest CPS+
used for Sylgard sample testing after the Sylgard test
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The EVA samples were tested in a different Suntest CPS+ due to the failure of the first
machine after completion of Sylgard sample testing. The same filters were used in both
machines, but a new Xenon lamp was used for each 1000 hour test, as each lamp is
guaranteed for a maximum of 1500 hours [145]. The second machine was calibrated in
the factory so that it emitted light at same intensity as the first Suntest machine, and this
calibration was considered more accurate than the photodiode reading, which fluctuated
considerably. The central readings in tables 8.1 and 8.2 are therefore different although
the machines were calibrated to operate at similar levels of light intensity.
The photodiode was used to assess the variation in levels of irradiance across the
bed of the second Suntest CPS+, to ascertain if the variation in light intensity across the
testbed was similar to that in the first machine. The results are shown in Table 8.2. The
photodiode readings fluctuated greatly when the photodiode was placed at some points
on the edge of the test area, so it was not possible to obtain measurements at all points.
There is a maximum 2.9% variation in the readings that were obtained. This is of the
same order as the 3.7% variation for the first Suntest CPS+, showing that the two
machines were likely to cause similar levels of difference in sample degradation across
each test area.
Table 8.2: Variation in photodiode current across the Suntest CPS+ used for EVA
sample testing. Readings were taken after sample testing.
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This, second Suntest CPS+ had been calibrated by the manufacturers just before use,
and had an irradiance level indicator. Once calibrated with the photodiode, the
irradiance level was 485 Wm-2. Standard test conditions are normally 1000 Wm-2 [146],
but this lower irradiance level was considered sufficient, as it resulted in severe
degradation of the samples (discussed in section 8.5). Figure 8.3 shows the EVA
samples in an aluminium tray, prior to testing in the second Suntest CPS+ machine.
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Figure 8.3: EVA samples prior to ageing tests. The top row of the tray contains
reference samples. Each three columns, from the left, contain Orange 240, Red
300, Yellow 083, Violet 570 and Clear samples. The sample soak times in each set
of three columns are from short on the left to long on the right.
8.4

Outdoor testing

Outdoor tests were carried out using fresh samples from the same batches as for the
accelerated ageing tests. The same type of aluminium trays were used as for the
accelerated ageing tests. 3.3 mm borofloat glass was also placed over the samples in the
trays. The trays were placed on stands angled at 35 degrees to the horizontal, as shown
in Figure 8.4. This is the optimal angle at which an inclined surface receives the
maximum amount of light over one year, in Edinburgh, according to PVSOL software
[147, 148]. Samples were placed in the trays in the same layout as for the accelerated
ageing tests. The trays were placed in a South-facing location, in Riccarton, UK (at
55.9° North). The test was started on 13 May 2013, when there were 16’12” of daylight
in Riccarton. This rose to a maximum of 17’36” on 21 June 2013 [149]. A row of
samples, plus a reference sample, was removed every month. To measure the dye
degradation within the samples, absorbance and emission spectra were measured, using
the method described in sections 4.2.4 and 5.2.2.
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Figure 8.4: Stands supporting samples held in trays, at the start of outdoor testing.
An irradiance sensor is seen attached to the edge of the stand on the left of the
picture. This stand contains EVA samples. Sylgard samples are in the tray on the
right.
8.5

Results and discussion

There was a major loss of dye colour during accelerated and outdoor tests. Figure 8.5
shows that no colour is visible in most of the Sylgard and EVA samples after 1000
hours in the Suntest CPS+. The two reference samples in the top of each photo appear
clear, without any of the expected yellow or brown colouration that could have resulted
if the encapsulant material had also become degraded [118]. A little Orange 240 dye is
just visible in the two groups of 3 samples on the left of each photo. Red 300 dye is still
visible in both Syglard and EVA samples. This corresponds to Slooff’s findings that
Lumogen F Red dye is the most stable in a variety of matrices [112]. Kinderman [75]
also indicates that Red 300 is one of the more stable dyes. He also notes that Yellow
083 dye stability is very dependant on the host material. This corresponds to the small
amount of yellow colouring visible only in the central three EVA samples, in the lower
photo.
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Figure 8.5: Samples of Sylgard (above) and EVA (below) after 1000 hours of
accelerated ageing tests. Two un-doped samples are shown at the top of each
photo. The three samples on the right of the lower photo are also un-doped EVA
samples. The doped samples are in groups of three, and originally contained
Lumogen dyes, from left: Orange 240; Red 300; Yellow 083; Violet 570; Yellow
170 ( which is only in the Sylgard samples in the top photo).
Violet 570 samples had very little visible colour, as the violet is in the ultraviolet
section of the spectrum, so not visible to the human eye. To assess the level of dye
degradation, Violet samples were illuminated with a 375 nm UV lamp. Figure 8.6
shows the samples under indoor, fluorescent lighting on the left, and illuminated by the
UV lamp on the right. The samples that are shown had been fabricated with the highest
concentration of Violet dye. Undoped samples are at the top of each column. The
second sample in each column a doped sample that has not been aged. The following
samples are placed so that ageing time increases from top to bottom of the column.
Fewer samples are visible in the photos taken under UV light, showing that the Violet
dye has degraded to the point where it does not fluoresce after 200 hours for accelerated
ageing tests. The lower photos show only two Violet Sylgard and one Violet EVA
sample visible. This indicates that after 2 months of outdoor testing, the dye ceased to
be active within Sylgard. This decreased to 1 month for EVA.
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Figure 8.6: Violet 570 samples from accelerated ageing tests (above) and outdoor
tests (below). Sylgard samples are on the left and EVA on the right in each photo.
An un-doped sample is included at the top of each column. The photos on the right
are taken in UV light. The photos on the left show the samples under indoor,
fluorescent lighting. The duration of testing is shown beside each sample.
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Figure 8.7 shows the outdoor sample trays after 3 months testing. Three rows of
samples have been removed. The remaining samples show complete loss of colour for
all except the Orange and Red EVA samples on the left. Some Red colour remains in
the Sylgard samples, on the right of the figure. The samples made with Yellow 083 dye,
and the Sylgard samples made with Yellow 170 dye, show no colour. The reference
samples in the top row remained clear, as in the accelerated ageing tests.

Figure 8.7: The outdoor test setup after 3 months, with the first 3 rows of doped
samples removed from the trays. EVA samples are on the left, and Sylgard on the
right. The severe loss of dye colour is apparent in the remaining samples, but some
colour remains in the high concentration Orange 240 and Red 300 EVA samples
on the left. Some Red colour is maintained in the Sylgard samples on the right.
8.5.1

Absorbance and emission spectra from aged samples

Absorbance and emission spectra of selected samples were measured to assess the way
in which Lumogen dye degraded within Sylgard and EVA. Red 300 medium and high
concentration samples were assessed, as these samples had retained the most colour
during degradation testing with both Sylgard and EVA hosts. Emission spectra of
Sylgard samples were measured using a paper sample holder. This did not have a
significant effect on spectra from Red dye, as discussed in section 6.4.1.1.
Figure 8.8 shows absorbance and emission spectra for 149 ppm Red 300 dye in
Sylgard. The top two graphs in the figure show the absorbance and emission from each
sample after accelerated ageing testing in the Suntest CPS+. A repeat measurement of
the control sample was also made at the end of each series of testing. The graph on the
top left shows a close correlation between the two absorbance measurements of the
control sample, indicated by the solid, black line and the red, dashed line. There is then
a slight increase in absorbance for samples placed in the Suntest CPS+ for up to 10
hours or less. Initial degradation of the samples appears to increase the ability of the
dyes to absorb light. This could be due to reduction in the amount of agglomerated dye,
leading to dye molecules being able to absorb light more efficiently. The initial increase
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in in absorbance is followed by a steady decrease in absorbance. The dotted, turquoise
line shows that after 1000 hours, the dyes absorb less than half the light that is absorbed
by the control samples.
The graph of dye emission, in the top right of Figure 8.8 shows a similar trend.
The repeat control emission is lower than the initial measurement of emission from the
control sample, as shown by the relative positions of the dashed, red line and black,
solid line. This change in intensity can occur due to the difficulty in maintaining exactly
the same position of the sample holder within the fluorospectrometer throughout all the
measurements, or to fluctuations in emission from the Xenon lamp.

Figure 8.8: Absorbance (on the left) and emission (on the right) for Lumogen Red
300 dye at 149 ppm in Sylgard. Results from 1000 hours of accelerated testing are
shown at the top of the figure. The lower section of the figure shows the results
from 3 months of outdoor testing.
The general decrease in emission due to increased exposure to light from the
Xenon lamp, however, is greater than the difference between the two measurements of
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the control sample. 1000 hours of accelerated ageing testing is shown to decrease peak
emission to approximately half of the value from the control sample.The graphs in the
lower section of Figure 8.8 show the results for the samples that were tested outdoors.
Generally, both absorbance and emission decrease over the 3 months of outdoor testing,
although the initial decrease in absorbance outdoors is followed by little change in the
peak emission in subsequent months. The slight increase in emission after 1 month of
testing shows a similar trend to that in the graph of emission from samples subjected to
accelerated ageing testing. Absorbance and emission of undoped Sylgard and EVA
samples were also measured and found to be similar for all samples, regardless of the
length of time for which they had been exposed to light, within the margins of
experimental error.
Figure 8.9 shows the changes in absorbance and emission for 131 ppm samples
of Red 300 dye in EVA. The larger graphs at the top and bottom of the figure show
faster decreases in absorbance and emission than for Red dye in Sylgard (in Figure 8.8).
There is no initial increase in sample absorbance or emission, as seen for the same dye
in Sylgard. The rapid decrease in dye performance indicates that Red 300 dye is less
stable within EVA than in Sylgard 184. The smaller graphs within the figure show
results from the un-doped samples. There is some spread in absorbance values for undoped samples subjected to both accelerated and outdoor testing which could be due to
variations in sample thickness, as for the Sylgard samples in Figure 8.8. The emission
from the un-doped, control sample used for accelerated ageing tests is greater than the
emission from the aged samples. The difference is similar to that between the two,
doped, reference samples in the top right of Figure 8.8, so is within the margin of error
of this method.
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Figure 8.9: Absorbance (on the left) and emission (on the right) for Lumogen Red
300 dye at 131 ppm in EVA. Results from 1000 hours of accelerated testing are
shown at the top of the figure. The lower section of the figure shows the results
from 3 months of outdoor testing
Figure 8.10 and Figure 8.11 show ageing test results for higher-concentration
Red 300 dye in Sylgard and EVA respectively. All the graphs show a decrease in
emission intensity as a result of increasing exposure to light. At the end of both
accelerated and outdoor testing, there are still significant amounts of emission from
Sylgard and EVA samples. This corresponds to the significant amounts of colour
retained in both sets of samples, as shown in Figure 8.5 and Figure 8.7. Starting each
test with a higher concentration of dye has led to a larger amount of dye remaining
active at the end of the experiment. Both graphs of emission, on the right side of Figure
8.10, show a reverse in the relative heights of the two emission peaks that occurs as
ageing of Sylgard samples progresses. This indicates that increasing exposure to light
leads to less dye molecules being active, so that re-absorbance of light decreases.
Increasing amounts of light are emitted at shorter wavelengths, rather than being reabsorbed and emitted at longer wavelengths. The emission spectra shapes become closer
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to the spectrum for low concentration of Red dye in Sylgard that are shown in Figure
6.2. In Figure 8.11, a similar effect occurs with changes in EVA emission. As sample
ageing increases, emission graphs with two peaks transform to graphs with a single
peak, at a lower wavelength, as for the low-concentration EVA spectrum in Figure 6.2.

Figure 8.10: Absorbance (on the left) and emission (on the right) for Lumogen Red
300 dye at 226 ppm in Sylgard. Results from 1000 hours of accelerated testing are
shown at the top of the figure. The lower section of the figure shows the results
from 3 months of outdoor testing
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Figure 8.11: Absorbance (on the left) and emission (on the right) for Lumogen Red
300 dye at 333 ppm in EVA. Results from 1000 hours of accelerated testing are
shown at the top of the figure. The lower section of the figure shows the results
from 3 months of outdoor testing
The absorbance graph on the top left of Figure 8.11 shows high levels of
absorbance for EVA samples aged by 5 and 50 hours. This raised absorbance occurs
over the entire measured spectrum for both samples. This could indicate material within
the sample, such as dirt or degradation products, obscuring the light. Alternatively, this
could be due to error in the method of sample holder placement within the spectrometer
leading to a decrease in the size of the lit area of the sample. The general trend, over all
the sample measurements, however, is decreasing sample absorbance.
The colour degradation due to outdoor testing was sufficiently complete that a
comparison with accelerated ageing tests was not necessary for all except the Lumogen
Red 300 samples at higher dye concentrations. This dye did maintain significant
amounts of colour after outdoor testing for 3 months. The curves in the bottom right
graph of Figure 8.11 show a reduction in peak fluorescence emission of 10.7% after 3
months, for the 333 ppm Red dye in EVA.
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8.5.2

Assessment of peak absorbance and emission

The peak values of absorbance and emission from Figure 8.8 to Figure 8.11 are plotted
in figures 8.12 to 8.15 below, with test duration shown on a natural logarithmic scale on
the x-axis. The test duration for the outdoor test was calculated from the number of
daylight hours during the test [150]. Figure 8.12 shows that Red Sylgard absorbance
gradually decreased during the ageing process with greater decreases after 50 hours of
accelerated testing. Greater decreases in absorbance also occurred for samples with
higher, initial dye concentrations, with the lower-concentration, 149 ppm samples
showing little change in absorbance during outdoor testing. The EVA samples had
higher, initial absorbances, with a sharper decrease in absorbance after 50 hours of
accelerated testing. There are increases in peak absorbance at 5 hours of accelerated
testing for both sample concentrations, and a large increase for the higher-concentration
samples at 50 hours. These increases are likely to be due to a reduction in dye
agglomeration caused by decay of some dye molecules, so that the remaining dye
molecules are better able to absorb light effectively.

Figure 8.12: Peak absorbance values for Red Sylgard samples after accelerated
and outdoor degradation testing. The test durations are shown in hours on a
natural logarithmic scale

106

Figure 8.13: Peak absorbance values for Red EVA samples after accelerated and
outdoor degradation testing. The test durations are shown in hours on a natural
logarithmic scale
Figure 8.14 and Figure 8.15, below, show the peak emission values for
Lumogen Red 300 dye in Sylgard and EVA. The initial peak emission values for
Sylgard are lower than for EVA, indicating better solubility of the dye within the EVA.
There is an initial, slight increase in emission for Sylgard samples at the start of
accelerated ageing testing, then a gradual fall in emission after 50 hours of accelerated
ageing. The samples with an initial dye concentration of 131 ppm have higher emission
values than the 333 ppm samples at 2 to 20 hours of testing, indicating that the initial
loss of dye agglomerates is faster for these, lower-concentration samples than for the
higher-concentration samples, improving the fluorescence properties at the early stages
of the test. This effect is observed later in the test for the samples with an initial dye
concentration of 333 ppm, with a peak in emission at 50 hours of accelerated testing.
The outdoor test samples were measured at a different time to the indoor samples, and
the initial value of emission is lower than that for the accelerated ageing samples. This
could be due to variations in intensity of the Xenon bulb within the fluorospectrometer,
or to different sample-holder angles during the two, separate tests. The peak values from
the outdoor tests show a similar initial rise then a steady fall in emission. The decrease
in emission is much greater for the samples with a higher, initial dye concentration, with
the final peak, emission values for these samples being lower than for samples with an
initial lower, concentration.
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Figure 8.14: Peak emission values for Red Sylgard samples from accelerated and
outdoor degradation tests. The test durations are shown in hours on a natural
logarithmic scale

Figure 8.15: Peak emission values for Red EVA samples from accelerated and
outdoor degradation tests. The test durations are shown in hours on a natural
logarithmic scale
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This could indicate that the presence of dye agglomerates that are likely to be contained
within high concentration samples renders the dye more susceptible to ageing, even
after the initial breakdown of some of these agglomerates at the start of testing.
EVA high concentration samples had greater, peak emission at the start of
testing, with little change in peak emission until 500 hours of accelerated testing. There
was also little change in peak emission from the higher-concentration samples during
outdoor testing. This is corresponds with the significant amounts of colour retained
during the outdoor testing of these EVA samples. The EVA samples with lower, initial
dye concentrations show a considerable decrease in peak emission intensity after 20
hours of accelerated ageing, and throughout the outdoor ageing test. This is similar to
the change in peak absorbance values shown in Figure 8.9. This, general pattern of
decreasing absorbance and emission is also shown in the Sylgard graphs (Figures 8.8
and 8.10) but the decrease is less marked than for EVA.
Lumogen dyes are known to exhibit better durability when incorporated within a
PMMA host [151, 74]. Data presented by BASF, who are the manufacturers of
Lumogen F dyes, show that when testing 200 ppm concentrations of the four,
commercially-available Lumogen dyes used in this research, Lumogen F Red 300 dye
was the most durable within a PMMA host, exhibiting more than ‘90 % fluorescence’
after 80 days accelerated ageing (in a Xenotest machine) [111]. Lumogen F Violet 570
was the least durable, exhibiting more than ‘80 % fluorescence’ after 60 days of
accelerated ageing [111]. 80 days corresponds to 1920 hours, and 60 days to 1440
hours, so these were longer than the 1000-hour, accelerated ageing tests carried out for
this thesis. The maximum fluorescence values of 90% exceed the change in emission
for the highest-concentration Lumogen F Red samples for which results are shown in
Figure 8.10 and Figure 8.11. After 1000 hours of accelerated testing the emission is
85% of the initial value for the high-concentration Sylgard samples and 72% of the
initial value for the high-concentration EVA samples.
The accelerated ageing tests of all the dye-encapsulant combinations were useful
in showing that acute degradation conditions did not result in changes in transparency or
colour of the host materials. This indicated that processing of the samples, through use
of solvents and addition of dyes, did not appear to damage the durability of the host
materials. The severe degradation of all the dyes, after 3 months of exposure outdoors,
indicates that all these combinations of dye and host material are unsuitable for use in
PV installations designed to last for at least 25 years. Alternative material combinations
will need to be explored if coloured fluorescent materials are to be used routinely in PV
109

installations containing standard c-Si PV. Franklin [152] agrees that the fundamental
problems of outdoor degradation must be solved if fluorescent dyes are to be of any
practical use outdoors.
8.6

Chapter conclusion

Five Lumogen dyes were tested within Sylgard and EVA host materials. All the dyes
exhibited severe degradation when exposed to accelerated and outdoor ageing tests. In
contrast, the host materials appeared undamaged by exposure to light. This was verified
by absorbance and transmission measurements that remained similar for host materials
in which dye had degraded completely and for un-doped samples. Higher initial
concentrations of Lumogen Red 300 dye led to the greatest amount of visible colour at
the end of each test, especially within EVA. The higher levels of visible colour
correlated to greater measured levels of absorbance and emission. Lumogen Red 300
dye within EVA was therefore chosen for use in the test pieces described in chapter
Chapter 9.
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CHAPTER 9: PV MODULES INCORPORATING REFLECTIVE
AND OPAQUE BACKING MATERIALS, ETHYLENE VINYL
ACETATE, AND LUMOGEN RED 300 DYE
9.1

Chapter synopsis

c-Si PV cells were both disguised and displayed within pieces of decorative glazing. A
variety of designs were created through use of a mixture of black and reflective backing
materials, broken c-Si PV cell pieces and EVA containing Lumogen Red 300 dye.
Increases in maximum power from the PV were shown to occur due to use of reflective
and fluorescent materials.
9.2

Introduction
The best of the methods and materials that have been established in this thesis

were combined and developed to create a set of decorative PV glazing test pieces that
were designed and fabricated by the author. Details of the design development are given
in appendix 1. Chapter 3 described development of a method for incorporating PV cells
within translucent glazing designs using glass paint. The aim was to develop this
method further by demonstrating the variety that could be achieved through use of
different materials within PV glazing, whilst ensuring that the PV cells still functioned
well. The level of visibility of the PV depended on the materials used behind and in
front of the PV, with the level of prominence of the square PV cells differing when
viewing each panel from the front or the back in reflected or transmitted light. The
materials were chosen for their ability to blend with the PV cells and to enhance the
amount of light incident on the PV.
9.3

Materials and method

A series of decorative panels were made up to fulfil the aims of:
•

Disguising or highlighting PV cells within decorative glazing designs

•

Using the chosen materials to enhance power output from c-Si PV

•

Using coloured and reflective materials to increase design variety and to
optimise the amount of light reaching the PV

Glass measuring 450 x 280 mm was used for each panel. This gave ample space for six,
functional c-Si PV cell pieces to be incorporated into each design. Where possible, the
c-Si PV cells were contained within an area measuring 250 x 250 mm, so that the
complete string of PV cells could fit within the illuminated area under the ABET solar
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simulator. This made it possible to carry out measurements of IV curves at the same
level of illumination for each PV cell. The larger, surrounding area of glass ensured that
there was space to create a unique design in each panel. The designs differed from those
developed in chapters 3 and 7 because glass paint was not used, so that the panels could
be made up quickly without use of a paint kiln. This also meant that EVA could be used
as the encapsulant material. This was quick to process, and Lumogen Red 300 dye
within EVA could be incorporated into the panels. It was demonstrated in Chapter 8 that
this is the most durable of the dye and PV encapsulant combinations that were
investigated in Chapter 4 to Chapter 6. Use of this material demonstrated the best of the
methods of colour addition to encapsulant materials that were developed in this thesis.
Addition of Lumogen F Red 300 dye to the area surrounding each PV cell could also
lead to PV efficiency increases due to total internal reflection of light, as discussed in
section 1.2.6, and as demonstrated by Corrado [86]. An EETS PV laminator was used to
manufacture the panels, as described in section 4.4. EVA sheet (Vistasolar 486.00)
[120] was doped with Lumogen Red 300 dye at the highest concentration to give the
most intense colour. The method of making these doped EVA sheets was as described
in section 4.4: soaking EVA sheets in a 200 ppm of Lumogen Red dye for 68 hours.
Materials were selected as follows, in order to develop a set of PV module
designs:
•

c-Si PV cell pieces, measuring 52 x 52 mm were cut from monocrystalline
silicon PV (Sunways AH50-H) which had a uniform, black appearance. Each
piece was cut to give a central busbar for the connection of tabbing strip. Broken
PV cells were used for decoration in several of the designs.

•

3.3 mm borofloat glass (Newcastle Optical) for use in front of the PV cells, to
optimise the light spectrum reaching the surface of the c-Si PV

•

3 mm soda lime float glass for use behind the PV cells. This provided a rigid,
transparent backing

•

Tabbing strips (E Jordan Brookes) to connect the c-Si PV cells.

The materials that were chosen to disguise the functional c-Si PV cell strings were
broken pieces of the same type of c-Si PV and black card (Canson). These were both
straightforward to obtain and could be laminated in between sheets of glass. An
alternative was required to the reflective, glass paint that was used in Chapter 3. The
chosen alternative was ‘Solar film 65’ (MDP, Grangemouth): a translucent, reflective,
film with a silver tint, that is designed to reflect ‘65%’ of incoming light [103]. A piece
of film is shown in Figure 9.1.
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Figure 9.1: ‘Solar film 65’ (MDP) held in a window aperture to demonstrate the
limited light transmission with some reflectivity which is shown in the creases in
the film
The design of the demonstration PV modules is described in appendix 1. A
different material was used to hide or display the PV cell strings within each panel. The
materials used were: broken c-Si PV cells; EVA doped with Lumogen Red 300 dye;
‘solar film 65’; and black card (Canson). The reflective backing materials and coloured
encapsulants were likely to alter the electrical power outputs from the PV strings. The
extent of the changes in electrical output due to use of these, two materials was
investigated by measuring the current-voltage curves from the PV in each design.
Reference panels were made up with 6 c-Si PV cells in a rectangular grid arrangement
in the centre of the panel. One panel contained undoped EVA, and another incorporated
three layers of EVA doped with Lumogen Red 300 dye. Current-voltage curves were
measured for these panels to find the effect of the addition of Lumogen Red 300 dye to
the EVA. The effect of use of reflective ‘solar film 65’ was also tested by applying it to
the backs of these panels.
9.3.1

Initial tests using single PV cell

Measurements were carried out to find the effect on c-Si PV power outputs due to use
of Lumogen Red 300 dye and ‘solar film 65’ within laminated PV test pieces. Single c113

Si PV cell pieces were sandwiched between sheets of EVA, then laminated between
pieces of borofloat and soda lime glass, using the EETS laminator and the process
discussed in section 4.4. EVA sheets were doped with dye by soaking for 68 hours in a
solution of Lumogen Red 300 dye. This was then used to make one of these small PV
modules. Two sheets of EVA were placed in front of the PV, and one behind, to give
strong red colouring in front of the PV. The 3 layers of EVA were also equivalent to the
3 layers of EVA used to make the samples described in section 4.4. Un-doped EVA was
used to make the second panel, with two sheets of EVA in front of the PV and one
behind. The power outputs from the c-Si PV cells were measured before and after
lamination, using the IV testing procedure detailed in section 5.2.1 of Chapter 5, with a
thermocouple placed under each test piece so that measurements could be carried out at
a temperature of 25 °C. PV power output is temperature dependant [107], so
maintenance of a constant temperature ensured that variations in power output were not
due to fluctuations in temperature. The efficacy of the ‘solar film 65’ as a reflective
backing was testing by applying this temporarily to the backs of both of the small PV
modules. The IV curves measured with this backing in place were compared with those
measured when a mirror was placed behind each laminated PV cell. Measurements were
carried out with the PV cells placed on a black, cloth backing to minimise reflection.
9.4

Results and discussion

Figure 9.2 is a comparison of the measured IV curves for single c-Si PV pieces, before
and after encapsulation with EVA. The similar values of the open-circuit voltage in
Figure 9.2 and Figure 9.3 indicate that the temperature remained constant between
measurements [107]. The increase in current due to encapsulation with EVA containing
Red 300 dye is shown by the difference between the red dashed and solid curves in
Figure 9.2 and Figure 9.3 indicate that the temperature was constant between
measurements, as indicated by the thermocouple. The increase in short circuit current
(Isc) is 18.6%. There is a lesser increase of 10.4% for the c-Si PV encapsulated by
undoped EVA. This is shown by the difference in height between the black, dotted line
and the black, dashed and dotted line in Figure 9.2. For these, single c-Si PV pieces, use
of EVA doped with Lumogen Red 300 dye caused an 8.2% absolute increase in shortcircuit current (Isc) compared with encapsulation in undoped EVA.
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Figure 9.2: Comparison of IV measurements before and after encapsulation of c-Si
PV with un-doped EVA and with EVA doped with Lumogen Red 300 dye
It was shown in section 3.4.2 that mirror backings could be used to increase the
maximum power produced by c-Si PV. The effectiveness of mirror backings, and of the
chosen ‘solar film 65’, were measured with c-Si PV encapsulated in dye-doped and
undoped EVA (Figure 9.3). The black lines in Figure 9.3 show a steady increase in
current output from the lowest dashed and double-dotted line, representing c-Si PV with
a black backing. The dotted, black line shows an increase in the short-circuit current
(Isc) when ‘solar film 65’ is applied to the back of the encapsulated PV. The increase in
Isc is 5.1% compared with encapsulation with a black backing. The effect of placing a
mirror behind the PV is shown by the black line with dots and short dashes. This
corresponds to an increase in Isc of 10.1%. The mirror reflects more light back towards
the c-Si PV than the ‘solar film 65’, which is designed to reflect 60% of all wavelengths
of incoming visible light [103].
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Figure 9.3: Comparison of IV curves for encapsulated c-Si PV with glass mirror
backing; ‘solar film 65’; and a black, cloth backing. The c-Si PV cells are
encapsulated with undoped EVA and with EVA doped with Lumogen Red 300 at
333 ppm
The EVA doped with Red 300 dye is represented by the red lines in Figure 9.3.
There is little difference between the lines representing c-Si with doped encapsulant on
a black backing, and the result when ‘solar film 65’ is applied. These measurements are
shown by the dashed and solid red lines, respectively. The increase in Isc is only 1.5%
due to use of ‘solar film 65’. The top, red dotted and dashed line shows a much greater
increase when a mirror backing is used. The increase in Isc is 9.5% greater than the Isc
measured with a black backing behind the PV. This is is similar to the 10.1% increase
due to use of a mirror with undoped EVA compared with that measured with a black
backing behind the PV. These results show that, in general, use of reflective backings
causes an increase in maximum power output from c-Si PV. EVA doped with Red 300
Lumogen dye, combined with ‘solar film 65’, does not cause a large power increase
when used with c-Si PV. This could be due to the composition of ‘solar film 65’, which
is designed to absorb incoming solar energy, as well as reflecting light [103]. A test was
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carried out to find if the 2 sides of ‘solar film 65’ exhibited differing reflectance. Figure
9.4 shows measurements of reflectance from both sides of piece of ‘solar film 65’. The
measurements were made by placing each material at a port behind the integrating
sphere of the Perkin Elmer spectrometer (as used in section 4.2.4). The graphs show that
‘solar film 65’ reflects light similarly from both sides. The film causes a sharp cut-off in
reflectance below 400 nm, with a maximum transmission of 71% above this
wavelength, so any differences in measured I-V from test pieces incorporating ‘solar
film 65’ were not due to differing properties of different sides of the film.

Figure 9.4: Reflectance from both sides of ‘solar film 65’ (MDP)
The decorative panels described in Table 9.1 to Table 9.4 each contain 6 c-Si PV
cell pieces. A comparison was made between reference panels containing 6 c-Si PV
pieces, with undoped EVA and with EVA doped with Red 300 dye. The red reference
panel is shown on the right in Figure 9.6. The PV string is arranged in 2 straight rows,
and the panel contains no additional material such as film or decal. Figure 9.5 shows IV
curves for the two reference panels. The black dashed-and-dotted, as well as the dotted
lines show a small increase in current for the panel containing undoped EVA when
‘solar film 65’ is placed underneath the panel. There is a similar, small effect for panels
with doped EVA, shown by the red, dashed and solid lines. This increase in Isc when
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adding ‘solar film 65’ is about the same in both cases and amounts to 2.4% for both
doped and undoped EVA.

Figure 9.5: Comparison of IV curves for strings of 6 c-Si PV cells encapsulated
with undoped EVA and with Red 300 dye in EVA; with black backing or ‘solar
film 65’ backing
Figure 9.5 also shows dissimilarity in open circuit voltages between the panel
with undoped EVA and that with Red 300 dye within the EVA. This is shown by the
difference in points at which the curves meet the x-axis, and remains consistent for all
the I-V tests. The difference is not due to temperature differences between
measurements, as the temperature was 25 °C for each measurement. There is no
corresponding difference in Figure 9.2, where doped and undoped EVA are also
compared. The undoped panel containing 6 PV cells is producing approximately 1/6
less open circuit voltage than the red panel. There are 6 PV cells in the panel, so it is
likely that the voltage drop is due to one PV cell not functioning within the clear panel,
so that only 5/6 of the expected voltage is produced. This difference in open circuit
voltage is unlikely to affect the peak current (Isc) values, as these are independent of the
number of PV cells within a string.
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The performance of these panels can also be compared with that of the test
pieces measured in Figure 9.2 and Figure 9.3, by using Jc, the current density, to allow a
direct comparison to be made irrespective of the surface area of PV used in each test. Jc
for the red EVA over black cloth is 172 W for the 6 cells with results shown in Figure
9.5. Jc is 174 W for the single PV cell encapsulated with red EVA and tested over black
cloth, for which the results are shown in Figure 9.2 and Figure 9.3. The similarity of
these two values of current density shows that the increase from 1 to 6 cells is leading to
similar performance from the PV that is encapsulated with red EVA. When ‘solar film
65’ is used with red EVA, the values of Jc are 362 W for the single PV cell with results
shown in Figure 9.3 and 175 W for the 6 PV cells with results shown in Figure 9.5.
Increasing the number of c-Si PV cell pieces to six, appears to limit the effectiveness of
the ‘solar film 65’ in increasing the maximum current on panels with doped EVA. This
could be due to the placing of the 6 c-Si PV pieces in close proximity to each other, to
fit into the illuminated area underneath the ABET solar simulator. The single c-Si PV
pieces, for which results are shown in Figure 9.5, have a much larger surrounding area,
as shown in Figure 9.6, in which the test piece with a single c-Si PV piece is shown on
the left, under the light from the ABET solar simulator. The panel on the right contains
6 c-Si PV pieces contained within a similar, illuminated area. More light can reach the
c-Si PV in the panel on the left, due to total internal reflection from the large area
surrounding the individual PV cell. Corrado has demonstrated that the gain in power is
proportional to the amount of luminescent material surrounding each PV cell within
front-facing LSC’s [86].

Figure 9.6: Panels under the light from the ABET solar simulator. Left: a single cSi PV cell; Right: 6 c-Si PV cell pieces. Both are encapsulated with EVA containing
Red 300 dye
9.4.1

Decorative c-Si PV panels

Four, decorative panels were constructed using the materials listed in section 9.3. Each
was designed to demonstrate the use of a specific material combination. Additional,
decorative features were made by selecting from the range of available materials as
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required to create each artistic design. Details of three of the designs are shown in Table
9.1 to Table 9.3, below. Design A (in Table 9.1) made use of broken c-Si PV pieces,
which were separated from the functional c-Si PV by a layer of EVA. Use of the same
material for both functional component and decoration was particularly effective in
disguising the square shapes of the functional c-Si PV cells. The beak detail was made
from ‘solar film 65’, which was laminated into the module together with the other
components. Heating during lamination caused the film to crease. This was not
considered detrimental, as the reflectivity of this piece of film was not important to the
functioning of the module.
Table 9.1: Front (main photo) and rear views of design A, incorporating broken cSi PV additions
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Table 9.2 shows design B, where the c-Si PV cells are covered in EVA doped with
Lumogen Red 300. Additional details are created using tabbing strip offcuts. The PV
cell shapes are displayed, but the surface colour is muted by the layers of doped EVA
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placed over them.
Table 9.2: Front (main photo) and rear views of design B, incorporating Lumogen
Red 300 dye within EVA
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Design C (shown in Table 9.3) incorporates ‘solar film 65’ behind a string of c-Si PV
cells. This covers the PV backs so that they are barely visible in reflected light, as
shown by the smaller photo of the panel back, in Table 9.3. The tabbing strip details are
within layers of Red-doped EVA, so appear indistinct in reflected light, unlike those in
design B, where the tabbing strip is laminated between layers of undoped EVA.
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Table 9.3: Design C, incorporating ‘solar film 65’ and EVA doped with Lumogen
Red 300 dye
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Design D was made up using black card laminated in place behind the c-Si PV. Table
9.4 shows the design, in which the square PV cells are effectively disguised against the
dark card, when viewed from the front. The PV is completely covered from the rear.
Lumogen Red dye is used within one section of the EVA, to add colour and another
shape to the design, in addition to the bird silhouette. It was not possible to carry out IV
tests on this design using the ABET solar simulator, as the PV cell string was too long
to place under the illuminated area of the solar simulator. The concept of use of opaque
material to disguise square c-Si PV shapes, was established in Chapter 3. Efficiency
enhancements due to use of Lumogen Red dye within EVA are also shown previously
(Figure 9.2 and Figure 9.5).
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Table 9.4: Design D showing use of black card laminated within a module that
contains a mixture of undoped EVA and EVA doped with Lumogen Red 300 dye
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9.4.2
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Comparison of current-voltage curves from designs A, B and C

The c-Si PV cell strings in designs A, B and C were placed under the ABET solar
simulator before and after lamination. The graph in Figure 9.7 shows the IV curves.
There is little difference between the curves, but encapsulation with the chosen
materials is causing slight increases in maximum power production from the PV cells.
The greatest increase is for design A, shown by the difference between the relative
heights of the dashed and double-dotted lines in Figure 9.7. There is an increase in short
circuit current (Isc) of 5.8% compared with the Isc from the unencapsulated PV cell. The
proximity of the black, dotted line and red line with closely-spaced dots demonstrates
that lamination of design B has led to very little increase in power output from the PV
cells. This is the design in which EVA doped with Lumogen Red 300 encapsulates the
central area that contains the c-Si PV. The increase in Isc due to encapsulation is only
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0.6%. This is very different from the single PV for which results are shown in Figure
9.2. This has a large surrounding area of red EVA, which gave an increase in Isc of
18.6%. There is a trade-off between light absorbance by the Red dye, preventing light
from reaching the PV cell surface, and light transport from adjacent areas, due to total
internal reflection. The c-Si PV cells are closely spaced in Design B, with a
comparatively small area of surrounding Red-doped EVA, accounting for the low Isc.

Figure 9.7: Comparison of IV measurements for c-Si PV cell strings before and
after encapsulation into decorative panels
Design C gives an increase in Isc of 2.6% due to encapsulation of the PV, which has a
backing of ‘solar film 65’. This is similar to the 2.4% increase in Isc measured from the
6 c-Si PV pieces encapsulated with both undoped and Red-doped EVA, as shown in
Figure 9.5.
9.4.3

Summary of decorative panel performance

Designs A to D all demonstrate methods of applying material within the encapsulant or
on the glass at the back of the PV panel. The most successful was design A, in which
broken PV cell pieces were placed between layers of EVA, within the panel. This gave
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the greatest efficiency increase, of 5.8% when comparing encapsulated with
unencapsulated c-Si PV. This is still lower than the 10.4% increase in efficiency when
encapsulating a single c-Si PV piece with a large glass surround. It appears that a large
area of material surrounding each c-Si PV piece leads to greater increases in efficiency
due to encapsulation. The broken c-Si PV pieces used in design A were readily
available, at no extra cost, due to breakage of c-Si PV during fabrication of the panels.
These PV cell pieces blended well with the functional c-Si PV cells, as they were the
same material. Table 9.5 is a comparison of the materials used to make the decorative
panels. The advantages and disadvantages of each material are listed in the central
columns. Alternative materials are listed in the right hand column. An alternative to use
of broken c-Si PV would be screen-printing directly onto the glass to be used at the
back of the panel. Patterns with the appearance of broken c-Si PV cells could be used.
This would be more labour-intensive to set up initially, but useful if a production run of
several panels were required, as it would not be necessary to place pieces of broken PV
cell within each design if screen printing were used on the glass. Screen-printing could
also be applied to adhesive film to be attached to the back of the panel. Adhesive film
would be less durable than screen-printing directly onto glass, but would create a design
that could be replaced as required. Direct application of PV to glass could also be
considered if the efficiency and lifetimes of the chosen PV are suitable for the
application [153, 154].
Table 9.5, below, lists the problems associated with use of EVA doped with
Lumogen Red 300 dye. Wide spacing of c-Si PV pieces is required if the dye is to cause
any increase in electrical current produced by underlying PV cells. More durable
methods of colour addition are listed in the right hand column, and these should be
applied in situations where colouring of the front of the c-Si PV is not required. The
lowest, two rows of the table indicate that ‘solar film 65’ and card could be replaced by
films or coatings from a wide range of available products [155]. The levels of opacity
and reflectivity can be selected as required. Further work is required to check the
thermal performance of glass-glass modules in which widely-spaced c-Si PV cells will
absorb heat at different rates from surrounding areas of coloured glass. Initial work by
Masseck indicates that significant thermal stresses could be induced due to the
differential rates of heating and cooling of PV elements, reflective materials and
translucent, coloured areas of glazing [156]. Ideally PV would be combined with
transparent insulation, to create light transmitting building materials with good U-values
as well as electrical power generation [157, 158].
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9.5

Chapter conclusion

Variety can be achieved when incorporating c-Si PV cells into decorative architectural
glass. A wide range of materials can be utilised to disguise or highlight square
crystalline-silicon photovoltaic cells within glazing. Careful choice of additional
materials, and of their placement within a design, can ensure that good c-Si PV
efficiency is obtained. Wide spacing of c-Si PV pieces is required if a combination of
reflective materials and Lumogen dyes within PV encapsulants are to be effective at
increasing the maximum power achieved. Issues of material durability must be to be
taken into account when selecting films, coatings and inclusions.

Table 9.5: Advantages and disadvantages of materials used in the decorative c-Si
PV panels
Material

Advantages

Disadvantages

Broken c-Si PV
cells as decoration

Disguises
functional c-Si PV
Can be chosen to
match functional
PV cells
Readily available!
Adds colour to both
front and back of cSi PV

Extra layer of EVA
required to provide
separation from
functional PV

EVA doped with
Lumogen Red 300
dye

‘solar film 65’

Black card

Wide spacing of PV
cells required to
obtain significant
efficiency increases
Poor durability
(discussed in
Chapter 8)
Disguises back of c- Not effective at
Si PV
improving device
efficiency when
Can boost device
combined with dyeefficiency
doped EVA

Alternative
material
An alternative is
screen-printing
directly onto glass
or onto film for
application to the
back of the panels.
Could be replaced
by coloured film,
paint or coloured
glass to hide or add
colour to c-Si PV
cell backs

Glass coatings or
other types of film
provide alternative
combinations of
reflectivity and light
transmission
Durability unknown An alternative is
Completely
disguises PV from
dark film applied to
the back in all lights
panel backs. This
could be replaced as
Disguises PV cell
necessary
fronts when viewed
against the light
Use of metal-wrapthrough (MWT) cSi PV would
remove the visible
tabbing strip
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CHAPTER 10: THESIS CONCLUSIONS AND FURTHER WORK
It has been shown that crystalline-silicon photovoltaics (c-Si PV) can be integrated into
a wide variety of decorative glazing styles through use of opaque, reflective and
coloured materials. Opaque and reflective materials were used to blend square c-Si PV
cells into light-transmitting designs. Both reflective and fluorescent materials were
shown to be useful in increasing the amount of light incident on PV cells, so enhancing
the maximum power produced by the PV. It was demonstrated that the PV encapsulants
Sylgard 184 and EVA (Solutia Vistasolar Fastcure 486.00) could act as hosts for
fluorescent Lumogen F dyes, but that the dyes then degraded quickly on exposure to
light.
10.1 Synopsis of thesis findings
In search of new ways of making PV appear more architecturally attractive in building
glazing, the aims of this thesis were to demonstrate that c-Si PV cells could be
integrated into a wide variety of decorative glazing, and that maximum power from the
PV could be enhanced through use of reflective and fluorescent materials. c-Si PV cells
were selected from the available range of photovoltaic cells as giving the best
combination of efficiency, durability and cost. Front-facing luminescent solar
concentrators (LSC’s) were chosen for development due to their use of front-facing PV
cells and fluorescent dyes that could enhance the maximum power attained by the PV.
Table 10.1 shows the materials that were selected to achieve opacity, reflectivity and
colour (with these properties listed on the left of the table).
Opacity and reflectivity were initially achieved through use of glass paints, as
shown in the upper part of Table 10.1. When working in a studio setting, kiln firing of
the paints warped the glass so that it could not be processed in a PV laminator.
Alternatives to glass paint included films and decals, which were straightforward to
apply to the glass surfaces after PV lamination. These are likely to require replacement
during the lifetime of a glazing installation. Further work is required to select
appropriate glass coatings that can be used to create patterns as part of PV glazing
designs. Ideally, PV coatings would also be applied directly to glass in any pattern, but
increases in these thin-film PV efficiencies and lifetimes are required before this is a
suitable alternative to use of discrete c-Si PV cells.
Colour was achieved through addition of Lumogen F dyes (BASF) into the
silicone encapsulant Syglard 184 (Dow Corning) and EVA (Solutia Vistasolar Fastcure
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486.00), as shown in the bottom row of Table 10.1. Lumogen F Red 300, Orange 240
and Violet 570 dyes were shown to exhibit good absorbance and emission properties
within both host materials. Lumogen F Yellow 170 and Yellow 083 exhibited poor
fluorescence properties within Sylgard 184. Of these two dyes, only Yellow 083 was
tested within EVA, exhibiting good optical properties within this host. Exposure to
sunlight caused rapid deterioration of dye colour, absorbance and fluorescence. This
showed that these dye-encapsulant combinations were unsuitable for use within c-Si PV
modules that are designed to last for 25 years.

Table 10.1: Materials used to enhance c-Si PV appearance and power outputs
Property

Material

Advantages

Disadvantages

Opacity

Ceramic glass
paint

Established for
studio use

Decal

Ease of
application
Established for
studio use
Ease of
application

Not suitable for
processing in a
PV laminator
Short lifetime

Reflectivity

Platinum paint
Decal

Colour

Lumogen F
dye within PV
encapsulants
Sylgard 184
and EVA
(Solutia
Vistasolar
Fastcure
486.00)

• N)$)+'0!#12!
%3!'44)()%$'0!
+'(25)'0!
• C%0%#5!)1!
'4424!)$!35%$(!
%3!<=!'1!;200!'1!
,2:)$4!

Glass cannot be
heat treated
Short lifetime
• Short dye
lifetimes
• Poor
assimilation of
dye within
Sylgard 184

Further
work
Establish
optimal glass
coatings for
selective
application to
achieve
decorative
effects and
efficiency
enhancements
Select
alternative
methods of
colour
addition such
as films and
coatings
behind PV

PV glazing test pieces were designed to demonstrate application of the
properties listed on the left of Table 10.1. Use of opaque and reflective materials was
combined with addition of Lumogen F dyes to PV encapsulants. Lumogen F dyes
quenched within the PV encapsulant Sylgard 184 when the process of mixing was
transferred to a studio setting. In contrast, the addition of Lumogen Red 300 dye to
EVA was shown to be successful in both adding colour and maintaining PV efficiency,
as long as wide spaces were maintained between PV cells. Maximum power from c-Si
PV cells was increased when combining Lumogen Red 300 dye with the chosen ‘solar
film 65’ (MDP). Further exploration of designs and materials for use in PV glazing is
required.
128

10.2 Future work
Increasing the use of PV in glazing is one method of promoting the take-up of buildingintegrated PV. This thesis has demonstrated that c-Si PV can be integrated into a wide
range of design styles. This is one step towards making PV into a versatile and
attractive building material, which is vital in creation of more buildings that are net
energy generators. The work has demonstrated that there is great potential for PV
glazing to be developed further. This will require investigation of use of materials for
artistic use within PV glazing, as well education about potential applications of PV for
glass artists, architects, and those who commission buildings. Developments in
application of durable, efficient PV to glazing materials should be coupled with artistic
experimentation with the new material combinations. A feedback loop can then be set
up in which new developments in PV glazing are seen as attractive and desirable due to
examples of their use in architectural glass that is well designed. Further products can
then be promoted for combined artistic and practical use, ensuring that new PV products
are routinely exploited to their full potential as building-integrated materials. This will
ensure that manufacture of future PV glazing products is carried out in ways that will
allow the most creative and aesthetically-pleasing use of these products as part of
architecture. This could avoid PV being seen simply as a utilitarian material like
concrete, which is generally considered ugly, although it has been used in the creation
of some structures that are much admired [159]. PV cells can then be seen to be part of
both an artists and architects palettes of materials, not as strange and high-tech.
This PhD research has focused on development of a few designs using materials
and processes that were readily available. The design processes described in the thesis
have jumped from application of traditional, glass-painting techniques to use of films
and card in PV glazing. Both methods were carried out on a small scale. Dye –
encapsulant combinations have also been created for use in this PhD research and have
been useful in demonstrating the range of colour variation that can be attained whilst
maintaining adequate electrical performance from PV within glazing. These particular
dye-encapsulant combinations have been shown to have short lifetimes (of less than 3
months outdoors) that are unsuitable for use in applications with the guaranteed
lifetimes of at least 25 years that are expected for c-Si PV products. Development of
photoluminescent materials that are commercially viable in combination with PV will
require all of the following to be achieved:
•

Development of fluorescent dyes with lifetimes of at least 25 years

•

Maintenance of dye durability in combination with architectural materials
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•

Sufficient demand for coloured, fluorescent dye in combination with PV

•

Demand for designs with widely-spaced PV cells or PV cell strips hidden at
glazing edges

•

Demand for glazing that produces low amounts of electrical power per unit area
compared with ‘standard’ c-Si PV panels

Lumogen F dyes are currently considered the best for use in PV applications, as
discussed in section 1.2.6. Development of durable combinations of dyes and other
materials for use in architectural glass will require collaboration between manufacturers
of dyes and of host materials for the dyes. The use of Lumogen dyes within PV
encapsulant materials is also covered by a patent [160]. Sharing of patented and secret
information about the molecular structure of the dyes and the materials with which they
are to be amalgamated will be required if long processes of experimental trial and error
in combining these materials are to be avoided. For use of fluorescent dyes with PV to
be commercially viable, colouring of glazing with fluorescent dye will have to outweigh
the potential for use of the many existing methods of adding durable colour to glazing
that are discussed in section 10.2.1 below. PV glazing generally has lower power
outputs per unit area than standard c-Si PV panels due to the need to have areas free
from PV through which light can be transmitted, so any further disincentives to use,
such as short lifetimes of component fluorescent dyes, will reduce the market potential
of this niche product.
Fluorescent dyes are useful in public engagement activities that highlight the
potential of PV within colourful designs. But as PV use expands, the associated public
engagement activities will also need to develop. There is a need not only for basic
education about what PV does, but also for activities that help to advance methods of
incorporation of PV within building designs. Education of glass artists, architects and
building commissioners is particularly important in ensuring that these groups are aware
that PV can be integrated into architecture in many ways. Development of a wide range
of designs for PV glazing can assist with this, as architectural glass offers great
possibilities for incorporation of PV, as shown in this thesis. The ability to disguise or
display PV within architectural glass can be particularly useful in demonstrating the
versatility of PV. The examples of artistic use of PV in glazing test pieces that are
shown in this thesis are a start point. Creation of larger-scale structures that are
incorporated into building glazing schemes would assist in showing the potential for
further development. There is the opportunity to carry out these developments now,
while the most frequently-used type of PV is still made up from individual c-Si PV
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cells. These are relatively easy to manipulate to create unique designs. Once direct
application of efficient, durable PV to glass is established, then most artistic
embellishment of PV is likely to become more complex, due to the need to alter the
process of manufacture of the PV in order to modify the patterns in which PV is applied
to substrates.
10.2.1 Alternative materials for use in PV glazing
In addition to selecting optimal PV and encapsulant combinations, there is the challenge
of finding the optimal range of glass coatings, films and decals that can be used when
fabricating durable, decorative PV glazing with excellent guaranteed lifetimes. Use of
tinted glass [161] behind PV cells is possible when single colours are required. Screenprinting then firing of ceramics onto glass [101] offers a wide range of colour and
pattern and is already carried successfully on an industrial scale by companies such as
Romag [162]. These offer more durable solutions than spray-on or adhesive colour, but
good selection and application could ensure that these, too, can be guaranteed for the
lifetime of the PV glazing. As PV technology develops, so that direct application of
durable PV to glass becomes more widespread [84, 153, 154], it will be ideal if this can
be combined with selective application of coloured and other coatings to the glass to
create areas of colour and pattern as required. This PhD research also highlighted the
potential of reflective finishes for use with PV. Further research is required to find ideal
combinations of PV and reflective coatings for glass in which thermal stresses that are
likely to be set up due to selective use of reflective materials are controlled within
acceptable limits. The wide range of glazing designed to reflect infrared [163, 164] can
be explored, as can methods of manipulating the coatings on these types of glass [165].
The glazing test pieces fabricated for this PhD were not designed for specific
locations or electrical power requirements. Design of future, building-integrated PV
glazing will require careful calculation of the surface area of PV required for specific
power demands. PV within architectural glass is unlikely to be installed at optimal
angles to receive as much sunlight as possible, as glazing is often mounted vertically.
This can be an advantage in winter, in Northerly latitudes, as the sun is then low to the
horizon, so more light is received during the few hours of daylight. The need to design
for specific power requirements will place an extra constraint on artistic developments,
due to the need to fit a given number of PV cells into a given area of glazing. In general,
the overall cost of these installations will also be higher than that of installing standard
glazing or standard PV panels, but artistic use of PV glazing is intended for locations
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where expensive glazing systems such as traditional stained glass would be installed
[166] at costs of at least £750 per square metre [167167]. Artistic PV glazing is a niche
product, but development of novel designs and material combinations could be crucial
in showing that PV is a vital, adaptable building material that can then be used
extensively in the creation of sustainable architecture.
10.3 Summary
PV can be integrated into decorative glazing. Individual c-Si PV cells can be blended
into designs or highlighted through use of opaque, reflective and coloured materials.
These materials can be applied to glass or integrated within PV encapsulants. Reflective
and fluorescent materials can be used to increase the amount of light reaching PV cells.
Careful consideration should be given to choice of PV cell and of additional materials to
ensure that lifetimes of all components within an installation are compatible, or that
replacement of less-durable elements is possible. Lumogen F, fluorescent dyes are not
recommended for addition to PV encapsulant materials unless the compatibility of the
dyes with each encapsulant can be established. Considerable increases in Lumogen dye
durability are also required if these dyes are to be used with c-Si PV in outdoor
applications with a guaranteed lifetime of at least 25 years. The existing range of
reflective and opaque glass coatings and decals can be used in a wide variety of PV
glazing designs. Further work is required to establish which coatings and films can be
applied selectively to provide optimal combinations of reflectivity, opacity, light
transmission, colour and durability.
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APPENDIX A: DETAILS OF DESIGN DEVELOPMENT

This appendix gives details of the development of the design of the pieces of PV glazing
that are described in chapters 3, 7 and 9. The aim is to make it straightforward for those
creating their own PV glazing designs to make further improvements to the
methodology. Drawings of glazing designs (which are also known as cartoons), mockups and preliminary test pieces are shown.
A.1 Creation of the painted test piece designs shown in Chapter 3
The aim of the work described in Chapter 3 was to blend small c-Si PV cells into a
glazing design using glass paint. Figure A.1 shows initial sketches in which details are
added to a square that represents a PV cell, so that both the cell colour and tabbing strip
blend into the detail of the cartoon.

Figure A.1: Drawing of c-Si PV cell piece with addition of rectangular shapes
and lines, then blue colouring, to blend the square cell shape and tabbing strip into
a design.
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The coloured areas representing paint do not surround the PV cell in the lowest drawing
in Figure A.1, so the square cell shape is not well disguised. The design was then
developed further: Figure A.2 shows a glass test piece in which the paint surrounds the
square area under which the PV cell will be placed.

Figure A.2: Painted test piece showing the way in which masking has left a clear
rectangular area to be placed over the PV cell surface.
The sketches in Figure A.3 also show drawings in which colour surrounds the PV cell
shape at the front (shown in the centre of the figure).

Figure A.3: The drawings on the left and at the centre of the figure show
addition of tabbing strip and paint details to a PV cell. The drawing on the right
shows how silver paint could be used on the reverse of the glazing design.
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The grey backs of the c-Si PV cells also need to be blended into the design. These can
be covered, so silver colouring is used to achieve this (shown on the right side of the
figure). Figure A.4 shows glass placed on lightboxes with paint being applied according
to the designs shown in Figure A.3. The photo on the left of Figure A.4 shows that
adhesive plastic masking is preventing black paint from covering the area under which
the PV cell will be placed. On the right, platinum paint is being used to cover an area of
glass over which a PV cell has been placed. Once fired, the silver colour of the paint can
then be used to hide the back of the PV cell.

Figure A.4: Paint being applied to glass testpieces. Left: black paint with
masking to retain a clear, square area. Right: Platinum paint applied to glass with
a PV cell placed underneath to ensure that the paint covers the cell area.
The development of these design ideas into a full-size test piece is described in section
3.3.2 of Chapter 3. Larger cartoons (drawings of proposed glass panels) were drawn and
used as templates when putting together the larger test pieces shown in chapters 3 and 9.
A.2 Use of coloured encapsulant material as described in Chapter 7
The painting techniques developed for use in Chapter 3 were also used to create a large
test piece containing coloured encapsulant material, as described in Chapters 7. An
initial test was made using Lumogen Yellow 083 dye within Sylgard 184 encapsulant.
This is shown in Figure A.5. This, small test showed the feasibility of the method of use
of coloured encapsulants with painted glass. The larger test piece is shown in Figures
7.1 and 7.2 of Chapter 7.
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Figure A.5: Painted glass test piece with Sylgard 184 encapsulant containing
Lumogen Yellow 083 dye
A.3 Development of the designs shown in Chapter 9
The above methodology was modified for the test pieces that represent birds, shown in
Chapter 9. After making initial design sketches, translucent materials and paper copies
of PV cells were used to mock-up designs that could then be placed in windows to see
the effect of light transmitted through each design. This gave an inexpensive and
relatively-quick method of testing effects such as use of broken PV cell pieces to block
some light.
One of the main aims when making the designs shown in Chapter 9 was to fit
the PV-cell string within the 250 x 250 mm test area of the ABET solar simulator. This
proved ideal for creation of egg and body shapes for the sequence of bird designs that
were made up. Figure A.6 shows a mock-up of the cell string shape made at full size, to
ensure that the string fits into a 250 x 250 mm space. The photo on the left shows the
layout in transmitted light, in which the square PV cell shapes dominate the design. The
photo on the right of Figure A.6 shows addition of other opaque shapes, which could be
made from broken pieces of PV cell. These create an overall image that is not
dominated by square shapes.
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Figure A.6: Paper copies of c-Si PV cells placed on transparent plastic to show
string shape (left), with addition of paper representing broken PV cell pieces
(right)
The initial bird design that was created to fit with the curved PV-cell string is shown in
Figure A.7. The sketch on the left shows the way in which the PV cells fit within the
body of the bird, so that they are surrounded by opaque lines.

Figure A.7: The sketch on the left shows a bird design in marker pen on paper
with addition of paper PV cell copies. The design on the right shows acrylic paint
on transparent plastic sheet being used to mimic and disguise c-Si PV cell shapes.
The design on the right in Figure A.7 uses black acrylic paint on transparent plastic to
test the way in which the screen-printed patterns on the surface of the PV cells could
become part of a larger, opaque area. The use of paint has not given an accurate
representation of PV cell design or shape, and the design has become very fluid and
only transmits light around the edges. A crisper design was preferred, with some light
transmission through the centre.
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In Figure A.8, paper copies of PV cells have been used once again to create a
design that resembles the sketch on the left in Figure A.8. Lines made with a silver
marker pen represent tabbing strip, and grey plastic is used to add details that could be
made from reflective, silver solar film, in the final design. The designs are shown in
reflected light. This gives an idea of the way in which the colours and shapes will
appear together in the final design. Figure A.9 shows the mock-up in transmitted light,
where the opaque pieces of paper that represent PV cell pieces give a good indication of
the appearance of the glass test piece as made up. The completed test piece is shown in
Table 9.1 in Chapter 9.

Figure A.8: Mock-ups of the front (left) and rear (right) of a PV panel. These are
made up from paper and plastic shapes placed on transparent plastic, to show how
the colours and shapes interact in both transmitted and reflected light. They are
shown here in reflected light.

Figure A.9: Mock-up of a glass panel made with plastic, paper and marker pen.
The panel is placed in a window aperture to view the design in transmitted light.
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Assembly of the glass panel is shown in Figure A.10 with a piece of borofloat glass
covered by a layer of EVA sheet. A PV-cell string is placed with the cell fronts facing
the borofloat glass. The photo on the right shows the setup with the addition of a second
sheet of EVA, which has decorative elements of broken PV cells, tabbing strip and film
placed on top. This layer was then covered by a third EVA sheet and a layer of float
glass before lamination.

Figure A.10: Layers of PV and EVA being assembled for fabrication of a glass
panel. Left: PV cell string and red EVA piece in place on top of 1 layer of EVA
over glass. Right: broken PV cells, film and tabbing strip placed over a second
layer of EVA
The other glass test pieces that are discussed in Chapter 9 were assembled from
initial sketches such as that shown in Figure A.11, in which the PV cells are designed to
fit into a small area. This is the sketch for design B, shown in Table 9.2 of Chapter 9.

Figure A.11: Sketch for design of test piece B in Chapter 9
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This sketch was relatively straightforward to assemble in glass and EVA. The assembly
of materials prior to lamination is shown in Figure A.12. The central area is constructed
from 3 layers of dyed EVA sheet, with no clear EVA placed in the centre, to ensure that
the colour is as intense as possible. The surrounding areas contain 3 layers of clear EVA
ensuring that the tabbing strip does not come into direct contact with the glass, as this
would be liable to crack the glass.

Figure A.12: Layers of material assembled prior to lamination of test piece B
The assembly of materials for design D is shown in Figure A.13. This design requires a
black crow shape to cover the back of the string of PV cells as shown in Table 9.4 in
Chapter 9. To ensure that the black paper was cut to the correct size, a translucent
material was first used to design the shape, so that the PV cell string could be seen
through the material (as shown in Figure A.13).

Figure A.13: Assembly of test piece D, showing a translucent foam stencil being
used to cover the PV cells prior to cutting a black, paper mask to this shape to
cover the cell backs.
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A.4 Conclusion
The methods described in this appendix show the advantages of experimenting with a
wide range of materials to create translucent test pieces and mock-ups of PV glazing
designs. Use of translucent backing materials when making mock-ups ensured that
designs could be viewed in transmitted light, which was useful in ensuring that opaque
PV cell shapes fitted into designs for light-transmitting glazing.
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