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1. Introduction

In the quest for environmentally sustainable and renewable
energy sources, the use of solar power represents one of the most
interesting strategies to face the world's steady increase in energy
demand and consumption and the simultaneous need of reducing
the environmental impact of fossil-fuel based energy sources [1].
Photovoltaic (PV) systems represent one of the most promising
approaches to harness such enormous amount of energy from the
sun and make it readily available for consumption via the direct
conversion of sunlight into electricity. Although significant im-
provements have been made in the past decades in the manu-
facture of increasingly more efficient PV cells, several weak
aspects of this technology are yet to be overcome, among which
the cost of PV cells and modules still represent a burden for their
widespread diffusion [2]. One possible way to reduce
manufacturing and installation costs of traditional PVs and
simultaneously achieve improved light management in the sys-
tem is to make use of luminescent solar concentrators (LSCs)
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[3—6]. The basic idea behind the LSC concept is the replacement of
a large expensive PV cell area with an inexpensive polymer-based
thin film or plate collector doped with luminescent species, so
that a large amount of photons can be harvested and re-emitted
by the luminophore and redirected in waveguide mode towards
small-area PV cells placed on the edges of the LSC, where the
photon-to-electricity conversion may occur [7—9]. Although the
efficiency of an LSC is expected to be lower than an equivalent area
of conventional silicon (Si)-based PVs due to the narrower spectral
response of the luminescent materials used for LSCs compared
with Si, the possibility to employ low cost materials for their
fabrication may lead to a prospective reduction of the overall costs
associated with solar electricity generation [9]. In addition, this
technology may also offer some advantages in terms of architec-
tural integration, where its light weight, tunability of color and
shape and ability to work well under diffuse light may allow to
overcome some of the intrinsic limitations of conventional
inorganic-based PV systems [10—13]. Compared to the more
conventional bulk-plate configuration, in which a polymeric slab
that also acts as the waveguide is lightly doped with the lumi-
nescent species, the thin film LSC configuration presents some
technological advantages due to the possibility of depositing the
more heavily doped thin luminescent film as a conventional
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coating potentially on any transparent substrate with appropriate
optical properties, thus further widening the applicability of this
technology [14—16].

Recent research efforts have been largely concentrated on crit-
ical aspects related to materials synthesis and development. In
particular, in the attempt to achieve optical and device efficiencies
suitable for practical applications, different new luminescent sys-
tems with high efficiency and improved photostability have been
proposed [17—24], with organic dyes being by far the most widely
exploited. These studies have led to record power conversion effi-
ciencies in the range 4—7% by coupling LSCs with multiple PV cells
of different types [25—27]. In addition, new polymeric or hybrid
host matrices have also been proposed with the purpose of
improving the optical properties of the polymeric carrier or to
prevent device performance deterioration and lifetime decrease
[28—32].

Although most of the work on LSC technology has been focused
on the identification of the most efficient luminophore/host matrix
material combination, device design and optimization also repre-
sent key issues to further enhance the optical and power conver-
sion efficiency of LSC systems to enable full exploitation of their
potential [33]. In particular, a comprehensive investigation on the
effects of device configuration on the performance and on the op-
tical and photophysical response of planar thin-film LSC devices is
still lacking, although it would be highly desirable to allow for
rational thin-film LSC design.

In this work, the photophysical and PV properties of planar thin-
film LSC systems have been investigated by correlating their
behavior with different device parameters, such as luminophore
concentration, LSC film thickness and geometric gain. In addition,
the efficiency gain attainable with the use of a white distributed
back reflector (WDBR) has also been examined and correlated with
WDBR composition and thickness. The ultimate aim of this study is
to achieve a greater understanding of the relationships between
key LSC device parameters and the photophysical and PV behavior
of planar thin film LSC systems, and to provide useful guidelines for
a rational approach to thin-film LSC device optimization.

2. Experimental
2.1. Materials

All materials employed in this study are of commercial source
and were used as received. A perylene-based fluorescent dye
(Lumogen F Red 305, BASF) was used as the fluorescent doping
species in the systems investigated in this work. Its molecular
structure and its absorption and emission spectra are presented in
the Supporting information. Poly (methyl methacrylate) — PMMA
(Perspex XT, Lucite) was used as the polymeric carrier for the
fabrication of the thin-film LSCs. Titanium dioxide TiO, (Ti-Pure
R706, Du Pont) was used as the white pigment for the preparation
of WDBRs. Chloroform (Sigma Aldrich) was used as solvent in the
preparation of all systems.

2.2. Instrumentation

UV—vis, and fluorescence spectroscopy were performed on solid
state samples deposited onto glass/quartz substrates by spin-
coating (WS-400B-NPP Spin-Processor, Laurell Technologies
Corp.) at 1200 RPM for 40 s in air. The coating thickness and root-
mean-square surface roughness Rrys were measured by optical
profilometry (Microfocus, UBM). UV—vis absorption spectra were
recorded in air at room temperature in transmission mode by
means of a Jasco V-570 UV-VIS-NIR Spectrophotometer. Fluores-
cence emission spectra were recorded in air at room temperature

on a Jasco FP-6600 Spectrofluorometer. External quantum effi-
ciency measurements were performed on an Oriel QE-PV-SI
apparatus equipped with a lock-in amplifier. Gloss measurements
were performed on a MultiGloss 268 by Konica Minolta. The illu-
minated LSC devices were characterized by recording cur-
rent—voltage (I-V) curves by means of a Keithley 2612 source-
measure unit under AM 1.5G solar illumination at 1000 W m~2 (1
sun) (Abet Technologies 150 W solar simulator), calibrated with a
NREL certified reference cell (PV Measurements). [-V testing was
carried-out in air by performing scans between —0.2 V and 0.6 V
with 10 mV steps on the illuminated LSC device and by recording
the current response. The solar simulator power output was
monitored by means of a power-meter with thermopile sensor
(Ophir).

2.3. Device fabrication

All LSC devices were fabricated on glass substrates (Thermo
Scientific). Solid PMMA was dissolved in chloroform under mag-
netic stirring, in the presence of the organic luminescent dye. The
dye-doped PMMA solutions were then spin-cast onto the glass
substrate in air (1200 RPM, 40 s) and allowed to dry out in air after
the spin-casting process prior to further processing. In order to
investigate the effects of dye concentration on the emission prop-
erties of LSC films and on device behavior, the amount of organic
dye was varied between 0.01 wt. % and 10 wt. %. Similarly, the
concentration of PMMA in chloroform was varied between 5 wt. %
and 20 wt. % to allow for different LSC film thicknesses to be
explored. The final LSC thickness was found to be in the
2 pm—13 pm. The so-formed LSC films were coupled to a mc-Si PV
cell (SLSD-71N400 — active area 45.2 mm?, average power con-
version efficiency of 9.5%, by Silonex Inc.) so that one edge of the
glass substrate was connected to the photoactive area of the PV cell
(the external quantum efficiency of the mc-Si PV cells used in this
work is shown in the Supporting information). Bonding was per-
formed by means of a hotmelt thermosoftening polyurethane ad-
hesive (Krystalflex PE399, by Huntsman Polyurethanes) 0.5 mm
thick that was placed on the active face of the PV cell after posi-
tioning the PV cell face-up on a 140 °C hot-plate. Once softening of
the polyurethane film was achieved (approximately 2 min at
140 °C), one edge of the LSC glass substrate was pressed onto the
adhesive film for about 30 s to ensure a good optical contact with
the solar cell. The LSC system was then allowed to cool down to
room temperature so that hardening of the polyurethane could be
achieved. This ensured firm bonding between the solar cell and the
LSC and good handling resistance. A schematization of the LSC
device structure employed in this study is presented in the Sup-
porting Information. For the preparation of the white back-
reflectors, the desired amount of TiO, (concentrations between
1 wt. % and 20 wt. % with respect to PMMA were investigated) was
added to a chloroform solution of PMMA (5—15 wt. %) and allowed
to magnetically stir for two hours. The solution was then placed in
an ultrasonic bath for one hour to allow good dispersion of the TiO,
powder and thus minimize the formation of large TiO, aggregates.
Finally, the TiO,-doped PMMA solution was deposited onto a
100 mm x 100 mm glass substrate via spin-coating (600 RPM, 40 s)
and dried in air. During testing, the back reflector was placed under
the LSC device with a 3 mm air gap.

3. Results and discussion

The PV response of LSC systems is commonly considered as the
representative parameter for evaluating their device performance.
In this work, the PV behavior of LSC devices under standard



illumination conditions was estimated in terms of their optical ef-
ficiency Mopt, defined as [27]:

7LsC
Nopt = —— (1)
P mpy

where npy is the power conversion efficiency of the PV cell under
front-face direct illumination and misc is the power conversion
efficiency of the LSC device based on the total LSC surface area,
namely:
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with FF [=], Isc [mA], Voc [V], A [cm?] being the fill factor, the
short-circuit current, the open-circuit voltage and the front area of
the LSC device, respectively and Py the incident solar power den-
sity [mW cm2].

The PV response of LSC devices as a function of the concentra-
tion of luminescent species is reported in Fig. 1. As shown in the
plot, by progressively increasing the concentration of luminescent
species in the LSC thin film, nep is found to increase up to a
maximum for a dye concentration of 5% (1opt = 4.8%). By further
increasing dye concentration, a drop in nep is observed, leading to
Nopt Values as low as 4% for high dye concentration (10%).

These trends may be explained by considering two counter-
acting effects occurring in the LSC system at increasing dye con-
centration. On the one side, an increasing amount of dye molecules
in the LSC thin film results in a progressively higher fraction of
incident photons to be absorbed (increased optical density), re-
emitted (by fluorescence) and made available to the PV cell for
light-to-electricity conversion. This results in increased LSC device
performance. On the other side, a higher concentration of dye
molecules may increase the probability of re-absorption events to
occur in the LSC thin film before fluorescence photons can reach the
PV cell, due to the partial overlap between absorption and emission
spectra of the dye and because of the decreasing dye-to-dye
intermolecular distance with increasing dye concentration. Addi-
tionally, an increased concentration of dye molecules may lead to
the formation of dimers and aggregates, resulting in decreased
fluorescence [34,35]. Both these phenomena may be responsible
for the decrease in nopt Observed at high dye concentrations.

In the attempt to correlate the PV behavior of the LSC devices
with their photophysical properties, UV—vis absorption and fluo-
rescence emission spectra were collected at increasing dye
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Fig. 1. Optical efficiency nop of LSC devices as a function of dye concentration.

concentration and the results are presented in Fig. 2. As shown in
the plots, the absorption intensity is found to progressively increase
with dye concentration, as expected (Fig. 2a). As opposed to this,
the fluorescence emission intensity reaches a maximum for 5% dye
concentration, above which a sharp decrease is observed (for 10%
dye concentration) (Fig. 2b).

From the plot of fluorescence emission intensity vs. absorption
intensity (Fig. 3) it can be noted that while a steady increase of the
emission intensity with absorbance is observed for dye concen-
trations up to 5%, when dye concentration is further increased the
emission intensity undergoes a sharp decrease in spite of the sig-
nificant increase in absorption intensity. This behavior indicates
that for highly concentrated LSC films (>5% dye concentration) a
portion of the absorbed photons is lost via dissipative processes.

It was recently shown on similar systems [29,36] that the for-
mation of aggregates at high dye concentrations may lead to fluo-
rescence quenching. In addition, in some systems such aggregates
were shown to promote the formation of low-energy electronic
states (such as excimers) that may act as trapping sites for emitted
photons, thus leading to a decrease in photoluminescence quantum
yield [37]. Along these lines, also in the present work formation of
dye aggregates may be partly responsible for the observed decrease
of fluorescence intensity for dye concentrations above a threshold
value of 5%, due to the relatively high dye concentrations employed
here. Another parallel effect that may lead to a decreased lumi-
nescence at increasing dye concentration may be related to the
progressively higher re-absorption losses occurring in the LSC thin
film. For increasing dye concentrations, the optical density of the
LSC film increases and this may yield a higher probability for an
emitted photon to be re-absorbed by another adjacent dye mole-
cule, thus preventing the fluorescence from leaving the LSC plate. In
this work, this effect appears relevant above a threshold dye con-
centration of 5%. It is interesting to note that the trends observed on
fluorescence emission intensity discussed so far well correlate with
the PV response of LSC devices as presented in Fig. 1 above, where a
maximum value of nepe was found for the same threshold dye
concentration.

In addition to a change in the peak emission intensity, a pro-
gressive bathochromic shift of the fluorescence emission peak is
also observed as the dye concentration is increased (see inset to
Fig. 2b). In particular, a 17 nm red-shift of the emission spectrum is
observed when the concentration of the dye is increased from
0.01% to 10%. Since no spectral shifts were found in the UV—vis
absorption spectra at varying dye concentration (Fig. 2a), the red-
shift observed in the fluorescence spectra results in an increased
Stokes shift of the fluorophore with increasing dye concentrations
(from 23 nm to 40 nm for dye concentration of 0.01% and 10%,
respectively). Two concurrent effects may be responsible for the
observed spectral shifts. An increased re-absorption due to higher
dye concentration (shorter dye-to-dye distance) results in the re-
emission of (second generation) photons with progressively
longer wavelength. However, at higher dye concentrations the
formation of dye aggregates also becomes increasingly more rele-
vant. Such aggregates were shown to exhibit red-shifted absorption
and emission spectra as compared with single dye molecules [34].
Therefore, long wavelength second generation photons may induce
excitation of such aggregates, whose fluorescence leads to pro-
gressively red-shifted emission spectra. Since formation of dye
aggregates is closely related to the concentration of the dye mol-
ecules in the LSC thin film, this phenomenon appears progressively
more relevant as the dye concentration is increased.

In addition to varying the amount of fluorescent dye, the effect
of LSC film thickness on device performance was also investigated.
To this end, the concentration of the starting PMMA solution in
chloroform to be deposited on the glass waveguide was
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Fig. 2. (a) UV—vis absorption and (b) fluorescence emission spectra LSC thin films at increasing dye concentration.

progressively increased at constant dye concentration (5 wt. %) so
as to achieve LSC film thicknesses in the range 2 pm—13 pm. The
corresponding LSC devices were then fabricated and tested, and
their nepy is presented in Fig. 4a.

By progressively increasing the thickness of the LSC film, the PV
performance is found to increase until a plateau value of
Nopt = 5.2% is reached for a thickness above 8 um. In order to better
clarify this behavior, UV—vis and fluorescence emission spectra
were collected for LSCs with increasing film thickness (Supporting
Information). As expected, a higher film thickness leads to a more
intense UV—vis absorption. However, a different trend is found on
the emission properties. As shown in Fig. 4b, where the peak
fluorescence emission intensity is plotted as a function of the peak
absorption intensity for systems at different thicknesses, the
emission intensity is found to increase linearly with the absorption
intensity for film thicknesses up to 5 pum, indicating a negligible
effect of dissipation phenomena. However, when the thickness is
further increased a deviation from linearity is observed. In partic-
ular, the increase of absorption intensity is higher than the corre-
sponding increase in emission intensity, thus indicating that
dissipative phenomena take place. As also found in LSC films with
increasing dye concentration, this effect may be due to the occur-
rence of re-absorption events that may cause a decrease of the
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Fig. 3. Fluorescence peak emission intensity vs. UV—vis peak absorption intensity
(absorbance) of LSC thin films with increasing dye concentration.

number of re-emitted photons. As a result, a progressively higher
loss of fluorescence (increasing dissipation) may be observed as the
film thickness is increased. This trend well correlates with the re-
sults obtained from the PV characterization of LSC devices (Fig. 4a).

To further explore the effect of device parameters on PV per-
formance, LSCs with different geometric gains G (= Arsc/Apy) were
fabricated and tested. In particular, G values between 7 and 42 were
considered by progressively increasing the length of the LSC at
constant width (25 mm), and by maintaining constant dye con-
centration (5 wt. %) and constant LSC film thickness (9 pm) for all
devices.

As shown in Fig. 5a, a sharp decrease of optical efficiency of LSC
devices at increasing G is observed for G values lower than 25,
which appears to level off for higher G values. This behavior may be
explained by considering the balance between two distinct and
counteracting effects. For large G values, a higher number of
luminescent molecules are available for photon absorption and re-
emission compared to low-G devices because of the increased
active area of the LSC. This results in a higher number of absorbed
and re-emitted photons theoretically available for the photon-to-
current conversion by the PV cell. However a larger area LSC de-
vice also implies that re-emitted photons have to travel on average
a longer distance before reaching the PV cell on the LSC edge. This
increased photon path length may result in a higher probability of
fluorescence re-absorption by other adjacent dye molecules or in a
higher probability of photon loss via the escape cone. As a result,
higher G values lead to lower LSC performance, as also evident from
external quantum efficiency measurements carried out on the
same systems (Supporting information). It is worth noticing that,
by further increasing G, the negative contribution to nept given by
re-absorption and escape cone losses seems to be well compen-
sated by the increased amount of re-emitted photons available
because of the increased surface area of the LSC device, so that a
plateau value for nopt Seems to be reached. This behavior indicates
that LSC devices perform best for very high G values. Accordingly,
the concentration factor C (= G ngpt) is found to progressively in-
crease with G (Fig. 5b). These results are in good agreement with
previous reports on similar systems [26,38].

In order to achieve optimal LSC device operation, a distributed
back reflector is often employed in conjunction with the lumines-
cent film with the function of redirecting back towards the wave-
guide the photons transmitted through or escaped from the back of
the luminescent film/waveguide system. As a result, an improve-
ment of LSC performance can be achieved because a higher number
of photons is able to travel in the waveguide by total internal
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reflection and made available for the PV cell. In this work, a
dispersion of TiO, nanoparticles in a polymeric binder (PMMA) was
used as the precursor for the spin-coating deposition of the WDBR
film. In the attempt to correlate the effects of WDBR composition
with the PV performance of the LSC devices, TiO, concentration
(1-10 wt. % on binder) and WDBR film thickness (2—14 pm) were
systematically varied, while all other LSC device parameters were
maintained constant (5 wt. % dye concentration, 9 um LSC thin film
thickness, G = 28). To evaluate the improvement in performance
attained with the use of a WDBR as compared to an LSC device with
no WDBR, the optical efficiency gain Anepe was used as the figure-
of-merit, defined as:

WDBR

0
Mopt ~ — Mopt

0
Nopt

(3)

A’?opt =

where ny/PBR and 3, are the optical efficiencies of the LSC system
with and without WDBR, respectively. The reference 79, was
calculated by performing tests on the LSC device placed on a black
support.

As shown in Fig. 6a, where Anep as a function of TiO; concen-
tration is presented, an increase in TiO, concentration yields a

progressively higher Angp, irrespective of the WDBR film thickness
considered. In addition, thicker WDBR films appear to yield better
PV performance at constant TiO, concentrations, especially for high
TiO; loading. These trends may be explained by considering that for
higher concentrations of TiO, the hiding power of the WDBR film
becomes more intense, thus leading to a more efficient scattering
process of photons transmitted through the LSC film that are sent
back to the transparent waveguide and made available to the dye
molecules in the LSC thin film for a new absorption/emission event.
Similar trends were also observed on Isc at increasing TiO2 con-
centration (Supporting Information), as a consequence of the larger
amount of photons resulting from the scattering process that can be
re-absorbed by dye molecules and can in turn be re-emitted and
made available for the waveguiding process.

In the attempt to correlate the trends observed in Fig. 6a on LSC
devices with the morphology of the WDBR films, roughness mea-
surements were carried out on all WDBR films investigated, and the
results are presented in Fig. 6b. As shown in the plot, by increasing
TiO, content for a fixed film thickness, an increase of Rgrys is
observed. This may be due to an increasing amount of TiO, nano-
particles in the dispersion lying on the surface of the WDBR film
and thus contributing to the increase of surface roughness. In
addition, an increase of Rrys is found as the WDBR film thickness is
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increased. This behavior may be ascribed to the increasingly higher
viscosities of the TiO2/PMMA dispersions used for the spin-coating
deposition of high thickness WDBR films (increased binder con-
centration at constant spin-coating speed) that yield progressively
rougher and inhomogeneous WDBR thin films.

The effect of WDBR surface roughness on the PV response of the
LSC devices may be related to the changes of the specular reflec-
tivity of the WDBR film with TiO, concentration. To better clarify
this aspect, surface gloss measurements were performed on all
WDBR systems investigated in this work. Gloss measurements
represent a fast and convenient way to estimate the reflective
properties of a surface [39]. In particular, surface gloss can be
generally associated with the ability of a surface to reflect incident
light in a preferential (specular) direction [40,41]. As shown in
Fig. 7, where the gloss unit G.U. and Rgys are plotted as a function of
TiO; concentration for 2 um thick WDBR films, G.U. appears to
decrease as TiO, concentration is increased, as opposed to what
found for Rrys. This trend indicates that the ability of the WDBR to
reflect light specularly decreases as TiO» (Rrws) is increased. In fact,
a higher specular reflectivity is commonly obtained in highly pol-
ished, very low roughness surfaces. As a result, when a high
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Fig. 7. Gloss unit and Rgys surface roughness of 2 pm thick WDBR films as a function of
TiO, concentration.

roughness-low gloss WDBR film is employed, photons transmitted
through the LSC can be reflected back and scattered to the fluo-
rescent film isotropically, thus leading to a higher probability for
such reflected photons to be conveyed to the PV cell through the
transparent waveguide. This explains the increase of Amngpt
observed in LSC systems with WDBR films with increasing TiO;
concentration. The same trends were observed also on thicker
WDBR films, thus indicating that such behavior appears to be in-
dependent of WDBR film thickness (Supporting Information).

4. Conclusions

In this work, the effect of different device parameters on the
photophysical and PV behavior of thin film LSC systems was
investigated. In particular, luminescent dye concentration, lumi-
nescent film thickness, geometric gain and composition of WDBR
film were systematically varied and their influence on LSC thin film
properties and device performance was examined. It was shown
that by varying dye concentration, nep of LSC devices was found to
reach a maximum for a dye concentration of 5 wt.%, as also inferred
from spectroscopic characterization of the LSC thin films. In
particular, it was shown that higher dye concentrations led to an
increased probability of dye aggregation and re-absorption losses
that yielded a drop in device performance, while for lower dye
concentrations the lower optical density of the luminescent film
yielded non-optimal device performance. Furthermore, a plateau
value of mopr was attained by progressively increasing LSC film
thickness, due to the balance between the increase of optical
density of the LSC film (higher photon absorption) and the pro-
gressive increase of losses due to re-absorption of emitted photons
by adjacent dye molecules, which become more relevant as the LSC
film thickens. In addition, a sharp decrease of nopt was found in LSC
devices at increasing geometric gain, due to the increased path
length emitted photons have to travel within the waveguide before
reaching the PV cell, resulting in a higher probability of fluores-
cence re-absorption by other adjacent dye molecules or in a higher
probability of photon loss via the escape cone. However, for high
values of G (G > 30) the negative contribution to nep given by re-
absorption and escape cone losses was found to be compensated
by the increased amount of absorbed and emitted photons result-
ing from the larger surface area of the LSC device. This behavior
indicates that LSC devices perform best for very high G values.



Finally, by employing a WDBR as back scatterer of photons
transmitted through or leaving the LSC film, nepe was shown to
increase, with a higher PV performance improvement found on
LSCs coupled to WDBR films with high surface roughness. This
behavior was explained by the decrease of specular reflectivity of
the WDBR film, which was found to decrease at increasing surface
roughness, thus leading to improved PV performance.

In conclusion, the results of this study provide a greater un-
derstanding of the influence of device parameters on the behavior
of thin-film LSC systems, and give useful guidelines for the device
optimization and rational design of thin-film LSC devices.
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