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Abstract. Solar energy is a renewable and abundant energy source that is a natural choice
for an energy mix with resilient energy production. The concept of luminescent solar
concentrators (LSCs) was invented in the 1960-1970s but was at that time too expensive.
Today the LSC concept can be motivated by the attraction of coloured and transparent
photovoltaic (PV) technologies that can be adopted into building-integrated PV (BIPV). LSC is
based on total internal reflection of re-emitted light which is then waveguided to the edges to
be converted into electricity by PVs mounted at the edge perimeter. As LSC PV devices rely
on total internal reflection, the optical attenuation of the glass is an important parameter for its
overall performance. In this study we have investigated three different common flat glass
compositions; soda lime silicate (SLS), soda borosilicate (BF), soda aluminosilicate (AS) and
discuss how their molar extinction coefficient of Fe?* ions effects the waveguide efficiency of a
LSC PV concept. As-received glasses as well as re-melted glasses spiked with Fe(lll) oxide
were investigated and the molar extinction coefficients of Fe?* calculated to 26.9, 22.8, 19.4 L
mol™' cm ! for SLS, BF and AS respectively which corresponds quite well to found literature
data for SLS and BF. This suggests that AS would be the best performing glass for LSC,
however, the iron content of the specific glass product ultimately matters most. The structural
effects on molar extinction coefficient of the different glass compositions are discussed in
relation to both optical basicity and refractive index fluctuations in the glass. Based on the
obtained data we estimated the waveguide efficiency using SLS, BF and AS where it follows
the order of BF>AS>SLS based on 0.01 wt% Fe-content, however, if using Fe?* concentration
in mol/cm?, the waveguide efficiency would follow the order of the molar extinction coefficient,
AS>BF>SLS.

Keywords: Float Glass, Soda Lime Silicate, Borosilicate, Aluminosilicate, Iron Redox,
Extinction Coefficient, Ferrous lon, Luminescent Solar Concentrators

1. Introduction

Solar energy is a renewable and abundant energy source that is a natural choice for an energy
mix with resilient energy production [1]. Solar energy can be utilized in various ways such as
solar collectors for collecting heat [2], greenhouses for food production [3], algae bioreactors
[4], photocatalysis and photovoltaics (PVs) [5] to harness electrical energy. PVs are based on
different semiconductor materials e.g., polycrystalline Si, monocrystalline Si, amorphous Si,
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CdTe, CdS, CIGS etc., where their cell conversion efficiencies have been overviewed in the
well-known “Best Research-Cell Efficiency Chart” by NREL throughout the years [6].

The concept of luminescent solar concentrators (LSCs) was invented in the 1960-1970s
[7], [8], see Fig. 1 for a schematic concept of LSC as viewed in cross-section. It was then
motivated by the reduction of the PV compounds and thus cost [9], which at the time was
expensive, however, today PVs has since years ago reached grid parity [10]. The motivation
for LSCs is today rather through the attraction of coloured and transparent PV technologies
[11], [12], [13] that also can be adopted into BIPV [14]. LSC is based on total internal reflection
of re-emitted light which is then waveguided to the edges to be converted into electricity by
PVs mounted at the edge perimeter [15]. The optically active elements in the LSC, i.e.,
fluorophores/luminophores, can be, e.g., organic dyes, perovskite nanocrystals, metal
nanoclusters etc. and these are absorbing light and re-emitting light which then is waveguided
by total internal reflection to the edge-perimeter. Quantum dots (QDs) have been found to be
a promising alternative as light absorbing material since QDs provide optical clarity (low haze),
efficiency, tuneabile tint, etc. which can be either distributed into a polymer matrix or a glass
matrix. Using a polymer matrix, it is necessary to laminate it to glass for durability purposes
which then as a laminated glass with attached PV device it can act as a component in a
building, thus being a BIPV.

Salar Cell RN Solar Cell
(PV) (PV)

@ Lumincphores Guided Emssion %/ Escapelone Glass Polymer

Figure 1. Schematic luminescent solar concentrator device (LSC) as viewed from its cross-section.

As LSC PV devices rely on total internal reflection, the optical properties of the glass [16]
is an important parameter for its overall performance, here we consider silicate glass unless
something else is mentioned. Key parameters are low absorption at the fluorescing
wavelengths of the optically active element, both the absorbing wavelength and the re-emitted
wavelength, and refractive index. Absorption in glass is governed by its composition and its
intrinsic properties, electronic transitions, and vibrational transitions. In the UV-range, glasses
conventionally absorb light by multiple electronic transitions of network anions giving rise to an
absorption edge rather than a peak, i.e., the bandgap [17], [18], [19]. In the visible and near-
infrared range (also partly the UV), colours depend on electronic transitions of non-filled
electronic orbitals of typically transition metal or rare earth ions [20], [21]. In the infrared range
it instead absorbs because of vibrations of the molecular bonds [22]. Please note that there
are also other causes of colors in glass, which are not explicitly described here e.g., charge-
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transfer bands, metal or semiconductor colloidal particles, optical defects caused by radiation
[18], [20], [21].

As given from the infamous Bouguer-Lambert-Beer law,
I=lpe# (1)

named after the three individual’s important work [23], [24], [25], the intensity of electromagnetic
radiation in weak absorbing media such as glass decreases with dependence of the optical
density (u) and the optical pathlength (d). The optical density can in liquids and glasses which
ideally do not scatter light and thus the attenuation solely depend on the absorbance, the
Bouguer-Lambert-Beer law can be rewritten to

logio (170) =A=pud = ¢ecd (2)

which is a particularly powerful relation within analytical chemistry, where ¢ is the molar
extinction coefficient (or molar attenuation coefficient) and c¢ the concentration of the
attenuating species (in the unit mol/cm?). In the more general form,

A=dY¥Y &c¢ (3)

it is also shown that it is possible to summarize different attenuating species, where ¢; and ¢ is
the molar extinction coefficient and concentration of attenuating species i (in the unit mol/cm?).
As given from Bouguer-Lambert-Beer law, Eq. 3, it is clear that the absorbance depends not
only on ¢; but also on ¢;in a linear relationship, where ¢; depend on different intrinsic scattering
phenomena in the glass matrix which to the majority is dependent on the glass structure [26],
[27]. & is not to be confused with absorption of transition metal ions, e.g., Fe?".

Conventional architectural glass [28] and glass for PV consist most commonly of soda-
lime-silicate glass [29], in fact, the majority of all glass produced for various applications are of
the type soda lime silicate glass [30]. PV is dominated by monocrystalline Si that has a near
optimal optical bandgap of 1.12 eV [31] and thus converts photons optimally in the range near
~1100 nm [29]. One of the most common impurities in glass is iron, which are constituted by
Fe?* and Fe®* ions that will give rise to a redox equilibrium [32] depending on the melting
conditions (e.g., oxygen partial pressure [33], temperature [33], [34], time [35] and
heating/cooling rate [36]) and the composition (e.g., matrix composition [37], [38], interaction
between redox pairs [39] and total iron content [40], [41]). These ions give rise to absorption
in the glass, Fe®* to an intense narrow absorption peak in the near UV-range (ca. 380 nm) and
Fe?* to an broad absorption peak in the near-infrared range centred around 1000 nm [29], [42].
Fe?* is thus detrimental to PV by absorption of photons in the optimal range of monocrystalline
Si. This fact is even more evident in LSC PV concepts, where the optical pathlength directly
depend on the size of the LSC [15].

In the current paper we investigate three different commercially common glass
compositions; soda lime silicate, soda borosilicate, soda aluminosilicate and discuss how their

molar electronic extinction coefficient of Fe?* ions effects the waveguide efficiency of a LSC
PV concept.

2. Experimentals

2.1 Materials

Three different glass compositions were studied: soda lime silicate, soda borosilicate and soda
aluminosilicate. These were either used as received from the manufacturer or crushed and
doped with Fe>Os (Fisher Scientific, 98+ % Fe(lll)oxide). In the spiking process the investigated
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glass was ground in a Retsch RM 200 agate mortar grinder to a particle size around 100 - 200
um. A master batch spiked with Fe(lll)oxide was prepared by grinding the glass and a weighed
addition of Fe(lll)oxide. The two batches of ground glass and spiked glass, respectively, were
weighed directly into separate Pt-Rh crucibles to yield a set of glasses with known amounts of
added Fe(lll)-oxide. Up to four crucibles were prepared in one session, see Fig. 2. The
mixtures were then melted in 12-15 g batches in the Pt-Rh crucibles fitted with lids, with a pre-
set 400 minute temperature cycle, as shown in Fig. 2c. An electrically heated super Kanthal
furnace from Entech Energiteknik AB, model SF 4/17, was used for melting. The ramp up to
the maximum melting temperature of 1650 °C lasted 180 minutes. After melting for 60 minutes
at 1650 °C the crucibles were annealed at 560 — 400 °C for a duration of 80 min and were then
allowed to cool with the speed of the furnace overnight. The melts could be removed from the
platinum crucibles by applying gentle manual force. A few removed discs are shown in Fig. 2b.

In Table 1 are the glasses that were investigated specified, both the received base glasses
and the samples with additions of iron.

C) d)
2000 Steg startT Final T Rate Dwell
. C C C/min min
£ 1500 1 25 999 10
= 2 30
® 1000 3 999 1650 11
g 4 60
£ 500
K 5 1650 900 -20
5 6 900 560 -10
0 100 200 300 400 7 560 400 -2

Time (in minutes)

Figure 2. a) Four Pt-Rh crucibles, with lid and raw materials, to be heated. b) Examples of
manufactured glass discs, soda lime silicate (left) and borosilicate (right). c) Temperature-time
schedule for melting glasses. d) Temperature-Time Schedule in Table format.
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Table 1. Summarizing table of the glasses that were investigated.

ID Description Thickness Source
(mm)

AS Aluminosilicate 1.78 Xensation® Cover, Schott

BF Borofloat BF33 3.28 Borofloat 33, Schott

SLS Float glass, Soda Lime Silicate | 3.80 Optifloat, Pilkington

UL-SLS Low Iron Float glass 3.84 Optiwhite, Pilkington

UL-BF Low Iron Borofloat BF33 1.44 Schott

NIST 93a Borosilicate, certified 4.5 NIST

BAM S050 Soda Lime Silicate, certified 3.15 BAM

BAM S051 Soda Lime Silicate, certified 5.87 BAM

BAM S052 Soda Lime Silicate, certified 3.80 BAM

AS+0000 Fe,0s Aluminosilicate, not spiked w 73/8.6 Melted in lab at 1650 °C for
Fe>O3 1 hour

AS+1250 Fe,0s Aluminosilicate, spiked w 7.7/9.0 Melted in lab at 1650 °C for
Fe,O3 1 hour

AS+2500 Fe,0s Aluminosilicate, spiked w 6.3/8.8 Melted in lab at 1650 °C for
Fe>O3 1 hour

AS+3750 Fe,0s Aluminosilicate, spiked w 6.7/9.3 Melted in lab at 1650 °C for
Fe,O3 1 hour

AS+5000 Fe,0s Aluminosilicate, spiked w 5 6/8.2 Melted in lab at 1650 °C for
Fe>O3 1 hour

BF+1000 Fe,0s Borosilicate, spiked w Fe;O3 79 I1\/Iﬁlc’§3(rj in lab at 1650 °C for

BF+2000 Fe,Os Borosilicate, spiked w Fe;O3 76 I1\/Iﬁlc’;(3<rj in lab at 1650 °C for

BF+5000 Fe,0s Borosilicate, spiked w Fe;O3 77 I1\/Iﬁlc’§3(rj in lab at 1650 °C for

2.2 Methods
2.2.1 Glass preparation

The glass was powdered by first crushing the glass on a steel plate and then milled using a
Retsch RM200 equipped with an agate mortar and pestle. The powdered glasses were used
for the methods described in Section 2.2.2 and 2.2.3.

2.2.2 Total chemical composition determination vi XRF

The elements were determined by wavelength dispersive X-Ray Fluorescence (WD-XRF)
according to method SP4343 after fusion with flux according to method SS-EN ISO
12677:2011. The fusion processes were done in Pt crucibles at 1050 °C using a dedicated
electric furnace (Claisse, TheOx) to prepare the beads. The beads were prepared using lithium
tetraborate to sample ratio of 10 to 1. A set of certified reference materials were used in the
calibration procedure. The results from the WD-XRF are given in Table 2 in Section 3.

2.2.3 Indirect wet-chemical quantification of Fe?* using SS-EN ISO 14719:2011

The contents of total iron and ferrous iron, respectively, were quantified using wet chemical
methods as specified in SS-EN ISO 14719:2011, method A. About 100 to 500 mg glass powder
was dissolved in HF/H>SO4 mixture under inert conditions. The amount of sample depended
on the expected ferrous iron content in the sample, in order to avoid dilution prior to the
quantification step. The ferrous iron contents (Fe?*) were quantified using 1,10-ortho-
phenanthroline as a specific reagent.
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In separate aliquotes, absorbance measurements were done prior to and after reducing
all iron to the ferrous state using hydroxylamine hydrochloride. This latter measurement on
reduced samples gave the total iron contents in the samples. The absorbance spectra were
quantified in the wavelength range 900 to 380 nm using a UV-VIS Perkin Elmer Lambda 25
spectrophotometer. The Fe(ll)-phenanthroline complex gives a pink coloured complex with an
absorption maximum around 510 nm. In the quantification procedure of this pink complex, a
calibration function used the absorption maximum peak at 510 nm corrected with the
absorption at 600 nm for any scattering effects. Some selected absorption peaks of the
phenantroline complexes are shown in Section 3.1, Fig. 4.

Calibration solutions were prepared from commercial 1000 mg/L Fe standard solution
(FLUKA) in the range covering 0 to 400 ng iron per 100 mL solution, following the standard
method described in SS-EN ISO 14719:2011. The calibration samples were reduced with
hydroxylamine hydrochloride to convert all iron into Fe?*.

2.2.4 Spectrophotometric characterization

Spectrophotometric characterization was performed on samples to quantify their optical areal
density (in the unit mol/cm?) around 1050 nm. A UV-VIS Perkin Elmer Lambda 25
spectrophotometer were used with the settings: 1 nm slit width, scanning rate 480 nm/min and
collection of data in the range of 300-1100 nm. Data were collected with a resolution of 1 nm.

The glass samples were either measured directly placed in the spectrometer beam, or in
a cuvette with immersion oil. For the latter were the glass samples cut to fit within a 10 mm
cuvette. The cuvettes were filled with a transparent immersion oil from RAL with a refractive
index matching glass (VWR, art no 720-1140). A matched cuvette filled with the immersion oil
were used for autozero corrections of the spectrometer prior to the measurements.

The use of immersion oil simplified conveniently the need to correct for reflection losses
in the spectra. However, the immersion oil had some minor absorption peaks in the range
above 1000 nm. This showed itself as negative peaks in the background corrected spectrum.
Small variations in these peaks, suggested some minor degradation of the immersion oil. This
effect stopped us from using the sample thickness in the correction process. Instead, the
correction of negative peaks was done arbitrarily for each spectrum. These effects were not
pursued any further and assumed to be negligible on the results.

The certified NIST 93a (12.5 % B203) borosilicate specimen was measured without cutting,
in order to keep the circular disc available for validation studies. The circular disc sample was
placed in the spectrometer for characterization. To minimize surface scattering, thin cover
glasses moist with immersion oil were put at the specimen surfaces in the spectrometer light
beam during measurements.

2.2.5 Optical areal density

Spectrophotometric characterization, described in section 2.2.4, were used to calculate our
defined term “optical areal density” at 1050 — 1060 nm. The optical areal density (g (ry, cM*%)

was calculated by
XFe(I) = Cre(i) * d (4)

where cg, () is the concentration (in % Fe(ll) by weight) and d the sample thickness (in cm).
Please do not confuse it with optical density (1), which is defined in Eq. 1 and 2. The molar
extinction coefficients for ferrous iron contents in the glass systems studied were calculated
from the slope of the absorbance as a function of the optical areal density (xr.()), see section
3.4.
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2.2.6 Density by buoyance

Density by buoyance were measured at room temperature according to the Archimedes
principle in deionized water according to ASTM C693 [43]. Density values of the glass samples
(p) were calculated using

mgq

p= Pw ()

mg—my,

where myq is the weight of the dry glass specimen, m,, the weight of the glass specimen
immersed in deionized water and p. being the density for water (ow = 0.998 g/cm?®) which was
corrected for its temperature.

3. Results

The as-received samples AS, BF, SLS and UL-SLS were quantified with WD-XRF, the results
are given in Table 2. In Table 3 are the certified samples listed with their main chemical
compositions given, the certified values are given in bold. The spiked melted glasses are
shown in Fig. 3 together with two as-received SLS float glasses and one borofloat glass.

Table 2. Chemical composition as quantified by WD-XRF. MU means the measurement uncertainty.

Oxides | AS BF SLS | UL-SLS | UL-BF | MU
SiO2 64.2 |80.65 | 724 |72.2 81* + 0.6
B203 12.3 13* +0.5
Nax0O 13.6 [3.73 | 13.3 134 4* +0.5
Ca0o 0.05 |0.02 |8.64|8.88 +04
Al,O3 19.8 [ 2.35 |0.60 | 0.53 2" +0.2
MgO 1.56 | <0.01]4.47 | 4.30 +0.2
K20 0.34 | 0.63 |0.16 | 0.37 +0.02
Fe2O3 | <0.02 | <0.02 | 0.06 | <0.02 + 0.04
SOs 0.25 + 0.03
TiO2 0.03 + 0.01

*Data in italics are approximate values taken from the Borofloat 33 datasheet, i.e., not measured in this
work.

Table 3. Certified samples and their main chemical composition taken from their certificates [44], [45].
(Certified values in bold, Values in italics not certified). MU means the Measurement Uncertainty.

Oxides | NIST 93a Oxides | BAM S050 BAM S051 BAM S052
Mass-% | MU** Mass-% | MU Mass-% | MU Mass-% | MU
SiO; 80.8 0.1 SiO; n.a. n.a. n.a. n.a. n.a. n.a.
B.Os 12.5¢ 0.05 | B2Os n.a. n.a. n.a. n.a. n.a. n.a.
Na.O 3.9 0.05 | Na,O 13.6 n.a. 13.4 n.a. 13.7 n.a.
CaO 0.01 0.01 | CaO 9.4 n.a. 9.4 n.a. 8.8 n.a.
Al,O3 2.2 0.05 | AlO3 0.56 n.a. 0.53 n.a. 0.56 n.a.
MgO 0.00s 0.005 | MgO 3.9 n.a. 3.2 n.a. 3.5 n.a.
K20 0.014 0.005 | K:O 0.013 n.a. 0.008 n.a. 0.006 n.a.
tFoetzos' 0.028 | 0.001 | Fe(total) | 0.0084 | 0.0012 | 0.0481 | 0.0017 | 0.597 | 0.011
FeO 0.016 0.005 | Fe(ll) 0.0026 | 0.0004 | 0.0155 | 0.0013 | 0.160 0.005

**Older description of measurement uncertainty; “best estimate of the true value”.
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Figure 3. From left to right BF, UL-SLS, SLS, AS+0000, AS+1250, AS+2500, AS+3750, AS+5000,
BF+1000, BF+2000 and BF+5000.

3.1 Quantification of Fe?* via indirect wet-chemical method

Fig. 4 shows the spectra of the Fe(ll)-phenantroline complex for SLS, AS, BF, UL-SLS and
UL-BF. The absorbance axes (y-axes) have the same range for SLS, AS and BF as well as
UL-SLS and UL-BF respectively so that the spectra can be directly compared to each other.
The red curves give information about the total iron content, and the black curves give
information about the ferrous iron content. Similar spectra were quantified for the other
samples given in Table 1 as well.
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Figure 4. Spectra of the Fe(ll)-phenantroline complex for SLS, AS, BF, UL-SLS and UL- BF in as
quantified after dissolution in HF giving the Fe?* and after reducing all Fe giving the Fei at the
absorption maxima at 510 nm.

3.2 Spectrophotometric characterization

In Fig. 5a we show the transmittance spectra of some selected as-received samples and Fig.
5b shows the same samples but in absorbance which is related via
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1 I
A=logior = 1091070 (6)

where A is the absorbance, T is the transmittance, /o the incident light intensity and / the light
intensity after passing through sample. Please note that this is a part of the Bouguer-Lambert-
Beer law, cf. Eq. 2. Please note that in this paper it is throughout used a 10-based logarithm.

In Fig. 5¢c and 5d we show our spiked aluminosilicate and borosilicate samples corrected
with their thicknesses, i.e., absorption coefficient spectra, for easy comparison. Please
particularly note the low absorption coefficient for the un-spiked sample AS+0000 Fe,O3 and
the shape of the spectra where aluminosilicate glass shows the conventional broad Fe?*
absorption band, see Fig. 5c. Borosilicate on the other hand does not give a particularly
pronounced absorption band for Fe?* but instead shows an increased general absorption
coefficient over the entire visible and near-infrared range, see Fig. 5d. We note that there is an
absorption band between 550 and 700 nm in BF+1000 and BF+5000, we do not know the
cause of it and it is beyond the scope of the paper to investigate it.
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Figure 5. a) Transmission in %T in direct measurements on glass samples. b) Absorbance for all
commercial glasses including Certified glasses from BAM (direct measurement against air).
Absorbance data shown includes contribution from reflection losses at surfaces. c) Corrected
absorption coefficients of the prepared aluminosilicate glasses measured in cuvette with immersion oil
(RAL). Spectra corrected for negligible negative absorption features arising from RAL oil. d) Corrected
absorption coefficients of the prepared borosilicate glasses measured in cuvette with immersion oil
(RAL). Spectra corrected for negligible negative absorption features arising from RAL oil.

3.3 Ratio of ferrous iron to total iron content, Fe?*/Fetot

Fig. 6a, b and ¢ show the determined iron redox ratios as a function of the total iron content
for the soda lime silicate, borosilicate and aluminosilicate glasses respectively. For the soda
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lime silicate glasses in Fig. 6a it can be noted that the as-received samples have a somewhat
lower iron redox ratio compared to the certified in the low total iron content range which most
likely arise from the different melting conditions. For the borosilicate glasses in Fig. 6b we see
similar behaviour and for the spiked and re-melted glasses even lower iron redox ratio were
achieved. The latter can of course also be somewhat dependent on the total iron content. In
the Fig. 6¢, the aluminosilicate glasses, the effect of re-melting becomes evident and most
likely depend on the melting conditions and the total iron content for the spiked re-melted
glasses. Fig. 6d shows a comparison of all different glass compositions, showing the varied
iron redox ratio range at low iron content which decreases with increasing total iron content
which previously have been observed [40], [41].
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Figure 6. Fe?*/Fery ratio as a function of the total Fe content in mg/kg for a) soda lime silicate, b)
borosilicate, and c¢) aluminosilicate glasses. In d) a comparison of the different glass compositions is
shown in a merged graph.

3.4 Optical areal density and molar extinction coefficient

In Table 4 we present all the results and compare the optical areal density (xr.r)) of the set
of samples. The values obtained are compared graphically in Fig. 7 below.
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Table 4. Prepared and as-received glasses with their corresponding thicknesses, determined % Fe(ll),
% Fe-total by weight including measurement uncertainty (MU) given as %, the optical areal density
(note with unit cm %)and absorbance at 1050-1060 nm. MU was estimated based on repeated
measurements to be +10% except for glasses with very low Fe-content, then the estimated MU was

120%. MU for BAM certified samples we refer to [44].

Optical
. areal Absorbance
Glass system Thickness | % Fe(ll) % Fe-total density | (AU)
(XFe(u))
cm Fe % by weight cm %

Aluminosilicate AS

. | 0.73 0.0037 | 0.022
AS+0000 Fe03 0.86 0.005 + 0.001 0.017 + 0.002 00043 10026

. | 0.77 0.0223 | 0.206
AS+1250 Fe,03 0.90 0.029 + 0.003 0.099 + 0.010 00261 10239

. | 0.63 0.0353 | 0.309
AS+2500 Fe03 088 0.056 + 0.006 0.186 + 0.019 00493 10422

. | 0.67 0.0482 | 0.439
AS+3750 Fe,03 093 0.072 + 0.007 0.273 + 0.028 00667 10.609

. | 0.56 0.0515 | 0.457
AS+5000 Fe03 0.82 0.092 + 0.009 0.361 + 0.037 00754 10586
AS - as | 0.66 0.0048 | 0.040
received*™ 077 0.0072 + 0.001 0.012 + 0.002 00055 10041
Sodium Borosilicate BF
NIST 93a 0.4 0.016 + 0.005 0.028 + 0.001 0.0050 | 0.040
BF 0.328 0.0028 + 0.0006 | 0.0076 + 0.0008 | 0.0009 | n/a
UL BF 0.144 0.0007 + 0.0002 | 0.0027 + 0.0003 | 0.0001 | n/a
BF+1000 Fe.0O3 0.72 0.0165 + 0.0017 | 0.0775 + 0.0078 | 0.0119 | 0.122
BF+2000 Fe.0O3 0.76 0.0348 + 0.004 | 0.148 + 0.015 0.0264 | 0.265
BF+5000 Fe;03 0.77 0.0599 + 0.006 | 0.357 + 0.036 0.0461 | 0.419
Soda-Lime-Silicate SLS
UL SLS 0.384 0.0038 + 0.0004 | 0.0133 +0.0014 | 0.0015 | n/a
SLS 0.97 0.0153 + 0.0016 | 0.0637 + 0.0066 | 0.0148 | 0.186
BAM S050 0.315 0.0026 + 0.0004 | 0.0084 + 0.0012 | 0.0008 | 0.010
BAM S051 5.0 0.0155 + 0.0013 | 0.0481 + 0.0017 | 0.0775 | 0.935
BAM S051 1.572 0.0155 + 0.0013 | 0.0481 + 0.0017 | 0.0244 | 0.300
BAM S051 0.587 0.0155 + 0.0013 | 0.0481 + 0.0017 | 0.0091 | 0.107
BAM-S052 0.380 0.160 + 0.005 0.597 + 0.011 0.0608 | 0.726

*Samples measured in two directions — two different pathlengths (thicknesses).

** 6 or 7 thin samples placed in cuvette for measurements, respectively.
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Figure 7. Results of Absorbance at 1060 nm versus optical areal density ()(Fe(”) ) for a) SLS (Soda-

Lime-silicate), b) BF (Borosilicate) (b), ¢) AS (Aluminosilicate) and d) SLS, BF and SLS. The optical
areal density (xFe(") ) is given in wt-% Fe?* times the thickness in cm, i.e., %cm. The error bars are the

estimated measurement uncertainty (MU) propagated from the reported MU in ferrous iron content,
and the uncertainties of the thickness measurements, respectively.

From the slopes ( ) in Fig. 7 we have calculated the molar extinction coefficients for

OXFe(ID

Fe?" at 1060 nm in the three different glass systems, &g 2+ = 94 i, where M is the molar

OXFer) 10p

mass of Fe and p is the density [46]. The results are shown in Table 5 together with literature
values for each glass system. The significant difference between our determined molar
extinction coefficient and the corresponding literature value is not surprising since the
compositions are likely somewhat different. However, the literature values show that our
determined values are about the same order and thus reasonable.
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Table 5. Calculated slopes from Fig. 7, measured density by buoyance (cf. Eq. 5), molar extinction
coefficient and literature values of the molar extinction coefficient with given references.

Molar
Slope Density extinction Literature value,
Glass system | (wt-% / = coefficient, €pe2+ (L mol* cm | Reference
cm) plgicm’) gpez+ (L mol™ | )
cm ')
SLS - Soda- | 12.05 | 2.50 269 + 08 |275+15 [47]
Lime-Silicate (n=6)
BF -1912 |2.23 228 + 41 |15-201 [48]
Borosilicate (n=4)
AS -|18.42 | 247 194 + 1.0|17.7 [49]
Aluminosilicate (n=10)

*The measurements uncertainties for the molar extinction coefficients were estimated from the spread
of results within a glass system. With few observations (n) - here number of observations are between
4 and 10 - we used the general expression MU = %’ where sp is experimental standard deviation, t is
Student’s t-value with a confidence level of 95%, n is number of accepted observations. The estimated
measurement uncertainties are listed in Table 5 together with the corresponding results. The MU for
the extinction coefficient of ferrous iron in the BF - Borosilicate system is somewhat large, reflecting
the low number of observations for this system.

The extinction coefficient for Fe?* is significantly higher in soda-lime-silicate glasses,
compared to sodium borosilicate and sodium aluminosilicate glasses, respectively. The results
obtained in this work compares well with published data for SLS and Borosilicate, respectively.
In Fig. 8 we show the molar extinction coefficient as a function of the total iron content for Dunn
et al. [48] and our work, showing that they are in the same range. The results presented in
Table 5 in relation to their structure will be discussed in section 4.1.
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Figure 8. Molar extinction coefficients for soda borosilicate glasses as a function of total Fe content in
mg/kg for Dunn et al. [48] and this work (BF).

4. Discussion

4.1 Structural effects on molar extinction coefficient

The optical basicity concept, originally described by Duffy and Ingram [50] for glass chemistry,
can help us understand redox and optical absorption. Thiemsorn et al. [51] studied a series of
soda lime silicate glasses doped with different transition metal ions and showed that increasing
optical basicity gives an increase in the molar extinction coefficient. Estimating the theoretical
optical basicities (A;) based on the theoretical values of simple oxides (A;) according to the
simple additivity rule proposed by Duffy and Ingram [50]

Ay = Xi XiA; (7)

gives A;, values of ~0.61 for AS, ~0.64 for SLS and ~0.52 for BF based on the compositions
given in Tab. 2a. The theoretical values of the simple oxides (A;) were taken from [52]. This
shows that the molar extinction coefficients for Fe?* in the different glass compositions should
follow the order of BF<AS<SLS. However, the results in Tab. 5 displays that AS glass should
have the lowest molar extinction coefficient, but we will show later that the glass density also
matters. The concept of optical basicity can in a simple way explain each individual oxide and
its influence on the molar extinction coefficient, where the alkali oxides have the largest impact.
In our studied compositions, the Na>O has the most impact on the molar extinction coefficient.
However, this only explains the reasons in a simple but rather unphysical way. Optical basicity
is often used also to understand the redox ratio, where lower optical basicity should stabilize
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the reduced state, Fe?*, however, in our glasses we see the opposite trend, c.f. Fig. 6. lron
redox in silicate glasses is an identified exception [53].

To fully understand the structural effect on molar extinction coefficient we need to get into
the physics. The easiest way to do this is to look how the development of ultralow attenuation
glassy optical fibers was invented. In 1966 Kao and Hockham published an insightful paper on
optical fibers realizing the potential of light transferred through glass several kilometers [54].
Kao was later awarded the Nobel Prize for his contributions to the development of low loss
optical fibers. The development on optical fibers had in fact started many years earlier for
medical and military applications. Details of the development is elegantly outlined by Hecht
[55]. The invention of fiber optics is sometimes credited to Hopkins and Kapany [56], [57] but
as Hecht points out the reality was rather an incremental invention with many contributors [55],
e.g., van Heel [58] published his results the same year. Although in theory glass was superior
to copper cables or radio signals the problem was the impurities in glass causing attenuation,
i.e., signal losses. This was something that was already realized several years before Kao and
Hockham published their paper [54]. The Corning scientist Maurer worked on fundamental
understanding of glass and published a paper on the light scattering in glasses [59], providing
contribution to the “frozen-liquid” theory of the nature of glass. Apart from density fluctuations
[60] microscopic inhomogeneities provides scattering of light in the glass. Soon after Kao and
Hockham’s paper [54], Corning assigned a team to accomplish <20 dB/km which Maurer led
and in 1970 they could show the world that 20 dB/km was possible [61] using pure SiO- as
clad and TiOz-doped SiO, as core. However, TiO; turned out to be a problem due to its
possibility to get reduced to Ti** causing coloration [62], [63]. Instead, the team turned to GeO,
as dopant [64] which has since launched an industry of its own.

Getting back to light attenuation in glass, the Corning team realized that OH" caused a
major portion of the absorption >700 nm [64]. However, scattering losses are also significant
at those wavelengths and are caused by density fluctuations in the glass. This was already
realized by Maurer [59] and is probably one of the reasons the team chose to work on SiO>
glass. The scattering caused by density fluctuations is in fact caused by refractive index
fluctuations [65] and not density even though these are often correlated and is called Rayleigh
scattering [64], [66]. Rayleigh scattering is the dominant scattering but there is also some minor
Raman and Brillouin scattering in addition to a minor contribution from the Urbach tail which
all can be considered negligible in our glasses [65]. The glasses that we studied are
multicomponent glasses which makes it complex to calculate the scattering losses, however,
adding components generally gives a greater refractive index fluctuation [26] in the glass which
is reasonable from what we know about the structure of multicomponent glasses [67], [68].
Considering the compositions given in Table 2, it is notable that the amount of network formers
(Si02, B203, Al203) follows the order UL-BF<BF<AS<UL-SLS<SLS which can be used as a
simple proxy for the scattering losses arising from refractive index fluctuations, i.e., Rayleigh
scattering.

4.2 Effects of different glass compositions on a LSC glazing

There are different ways to assess the effects of different glass compositions in a LSC glazing
device. Detailed analytical solutions to the waveguiding efficiency (n,,) are given in [14], [15],
[69]. However, there are simple ways to assess 7, which is described in [70] and is based on
extensive Monte Carlo simulations [71]. The phenomenological expression

nw =1+ Bayscl)™ (8)

where 7y, is the waveguiding efficiency,  a parameter approximately equal to 1.4, a; ¢ is the
absorption of the LSC glazing and L the length of the LSC glazing in horizontal direction. a; s
is the sum of all absorption in the waveguide, a;sc = iy + @sc + @y Where a,,, is the sum of
the absorption in the glass (a,,;) and the polymer (a;,,), a,. is the scattering losses and a,. is
the absorption from the quantum dots. Based on the data above we have estimated a; 45 =
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0.069 cm™!, ag; ps = 0.068 cm™" and a; 5.5 = 0.091 cm™ for a % Fe-total of 0.01 by weight.
The values were calculated using

— 10.£Fe2+.CFeZ+.p

g = —LE Rl ©)
where ay, is the absorption coefficient, e;.2+ the extinction coefficient, cp.2+ the Fe* ions
concentration by weight (estimated from Tab. 4), p the density of the glass and Mg, the molar
weight of Fe [46]. Note that even though AS glass has a lower molar extinction coefficient the
density of the glass also matters for the absorption coefficient. The polymer contribution to a,,,,,
being off-stoichiometric thiolene (OSTE) a,,,, = 0.045 cm™! [70], i.e, apy = apm + ag Where
ag is the absorption of the glass. a,, and a,, were adopted from the study on Si quantum dots
(QD) LSC glazing [70] being 0.007 cm™! and 0.014 cm™! respectively. The estimated
waveguide efficiency n,, as a function of the length L is plotted in Fig. 9. Note that g is in fact
not a constant, however, for this simple estimation we used it as a constant since it has been
shown not to deviate very far from the precise data when a;s-L < 50 [70]. The results show
that the waveguide efficiency follow the order BF=AS>SLS but BF is almost equal to AS in
performance which can be explained by the difference in glass density. This is because we
make the calculation based on a given % Fe-total by weight. If we instead calculate it by a
given concentration in mol/cm?, the equation would be a;; = 1000 - g2+ * 5.2+ and the result
would become AS>BF>SLS. Thus, the waveguide efficiency is completely linked to the ,2+.
However, this is considered for equal amount of Fe?* or equal concentration of Fe?* but in
reality, the available Fe?* content in different commercial glasses will ultimately determine the
waveguide efficiency and is a trade-off between cost. The Fe?* content in glasses will depend
on the availability of raw materials with low amounts of impurities [72] and the available
techniques for refinery. Borate raw materials are in general easy to purify [73] compared to
other raw materials such as sand (SiO;) [74], alumina raw materials (Al.Os3) [75] and limestone
(Ca0).
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Figure 9. Estimated waveguide efficiency using the phenomenological expression Eq. 7 as a function
of the length L in horizontal direction of the LSC glazing for aluminosilicate (AS), borosilicate (BS) and
soda lime silicate (SLS) containing 0.01 wt% Fe-total.

5. Conclusion

Luminiscent Solar Concentrators (LSC) rely on total internal reflection of re-emitted light which
is then waveguided to the edges where it is converted into electricity by PVs mounted at the
edge perimeter. Silicate glasses contain iron impurities and Fe?* has a broad absorption band
in the near infrared range and limits the overall performance of LSC. In this study we have
investigated the molar extinction coefficients in three different conventional flat glass
compositions; soda lime silicate (SLS), soda borosilicate (BF), soda aluminosilicate (AS).

Based on established wet-chemical methods to determine the Fe?* content we have from
the determined optical densities estimated the molar electronic extinction coefficients of Fe?*
ions to be 26.9, 22.8, 19.4 L mol"' cm ' for SLS, BF and AS respectively. The estimated values
correspond quite well to reported data for SLS and BF.

SLS, BF and AS are all silicate glasses but differ somewhat in their composition and so
also in their structure. The optical basicity as calculated from the compositions can be used to
understand redox phenomena and, in this paper, we have shown that it can be used as a proxy
for indicating the Fe** molar electronic coefficients, BF<AS<SLS. In addition, we discuss the
structural origin of the light attenuation other than Fe?* absorption, which to the largest extent
rely on Rayleigh scattering originating from structural refractive index fluctuations. These
fluctuations are minimized in glasses containing oxides which have similar refractive indices,
and we suggest that content of network formers also can be used as a proxy for the molar
electronic coefficient giving the order BF<AS<SLS.
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Using a phenomenological equation for estimating the waveguide efficiency of LSC, our
obtained data and literature data we found that it follows the order of BF=AS>SLS for a given
amount of Fe-total by weight. The reason for this order compared to the molar extinction
coefficient is the parameter of the glass density where BF has a lower density than AS. Instead,
for a given Fe?* concentration in mol/cm?, the waveguide efficiency would follow the order of
the molar extinction coefficient, AS>BF>SLS. In summary, both aluminosilicate and
borosilicate as glass matrices are good choices for high performance LSC but ultimately it will
depend on the commercially available low iron glass products.
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