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Efficient thin-film luminescent solar concentrators (LSCs) were fabri-
cated using tetracene-doped anthracene cocrystals as novel fluores-
cent systems dispersed in a poly(methyl methacrylate) matrix. The LSC
device efficiency n sc was found to reach 2.50%, with an optical effi-
ciency nop: in excess of 23% and a concentration factor C of 0.83%.

Luminescent solar concentrators (LSCs) represent a promising
technology to reduce manufacturing and installation costs of
conventional photovoltaic (PV) systems.” In addition, LSCs
may offer alternative solutions to some of the limitations given
by standard silicon-based PV modules, such as their heavy
weight, poor response under diffuse sunlight, and colors and
shapes constraints.> In a typical device architecture, LSCs
consist of a thin film of a transparent host matrix doped with
one or more luminescent species deposited onto a transparent
substrate, such as glass or plastic. Photons hitting the LSC
surface are absorbed by the luminescent molecules and are re-
emitted red-shifted. Because the refractive indices of the host
matrix and the substrate are higher than that of air, a fraction of
re-emitted photons is waveguided by total internal reflection to
the edges of the waveguide, where it can be collected by small
area PV cells.*® Because LSCs can efficiently collect both direct
and diffuse sunlight and thus do not require sun tracking
systems, they are particularly interesting for building-integrated
applications and for use in urban areas, where also their light
weight and color tunability may offer interesting design and
installation possibilities.*”*

Different transparent polymeric systems have been recently
proposed as host matrices for thin film LSC devices,”™* with
poly(methyl methacrylate) (PMMA) representing by far the most
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widely used because of its good optical properties (high trans-
parency and high refractive index), easy processability and low
cost.” As to the luminescent doping species, a great deal of
work has been devoted to the development of luminophores
that satisfy the main optical requirements to achieve highly
efficient LSC devices, namely a broad absorption spectrum, a
large Stokes shift, a high luminescence quantum yield and
optimal matching between the emission spectrum of the
luminophore and the spectral response of the PV cell. Following
these guidelines, different promising luminescent species have
been synthesized and incorporated in LSC devices, including
organic dyes,””™® quantum dots*>** and inorganic phosphors/
rare earth ions.*** In particular, record device efficiencies in
the range 4-7% have been achieved by employing rhodamine-,
coumarin- or perylene-based organic dyes.**>* A fundamental
issue common to all these systems is the need of achieving high
levels of solubility of the luminescent species in the host matrix
material during processing in order to obtain high device
efficiencies. Poor dye solubility may lead to the formation of
non-luminescent dimers and aggregates® that causes drop of
fluorescence quantum yield and device performance. For this
reason, appropriate choice of luminophore/host matrix combi-
nation is very important for optimal LSC device operations.

In the past few decades, organic crystals based on m-conju-
gated molecules have been extensively studied and employed in
electronic devices such as field-effect transistors, lasers and PV
cells, due to their high thermal stability, highly ordered
molecular structure and high carrier mobility.>”*® Recently,*
organic molecular host/guest cocrystals based on anthracene
(Ac) as the host material and tetracene (Tc) as the guest material
have been prepared and have been shown to promote a very
efficient host-to-guest energy transfer at very low concentrations
of guest species due to the head-to-tail transition dipole align-
ment taking place upon crystal formation. Due to the very high
Forster resonance energy transfer (FRET) efficiency of these
systems, highly fluorescent films can also be obtained by
doping a polymer solution with such molecular cocrystals and
by using conventional wet processing techniques to deposit
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luminescent doped films on appropriate substrates. Since in
these cocrystals the guest molecule is the only responsible for
the fluorescence emission and is present at very low concen-
trations compared to the host molecule, formation of non-
luminescent aggregates is not expected. Therefore, these
systems allow to overcome the limitations given by the need of
high levels of solubility of the luminescent species (viz. organic
dyes) in the carrier host matrix to achieve highly luminescent
polymeric films.

In this work, we report the preparation of fluorescent films
based on PMMA doped with Ac/Tc host/guest cocrystals and
their use in LSC devices (Fig. 1a). To the best of our knowledge,
this represents the first demonstration of the use of molecular
cocrystals as fluorescent species in LSC devices. The fluorescent
polymeric films were obtained by spin coating a solution of
PMMA containing Ac and Tc onto glass substrate. By varying
the solvent system, the processing temperature and the
PMMA : (Ac/Tc) weight ratio, different cocrystal morphologies
could be obtained that were found to influence the performance
of the corresponding LSC devices. Optimized LSC devices with a
geometric gain G of 3.5 were fabricated by coupling mc-Si PV
cells to the four edges of the fluorescent PMMA-coated glass
substrate. An absolute device efficiency n;sc as high as 2.50%
was found for our best LSC device, with an optical efficiency 7op¢
of 23.72% and a concentration factor C of 0.83% (see ESIT for
details on definition of G, nisc, Nopt and C).

The normalized UV-vis absorption and fluorescence emis-
sion spectra of PMMA films doped with Ac/Tc cocrystals are
presented in Fig. 1b. A PMMA : Ac : Tc = 1000 : 250 : 1 weight
ratio was employed because it was previously shown* that an
efficient host-to-guest FRET process can be achieved with such a
low concentration of guest species. The absorption spectrum of
the fluorescent film in the 300-450 nm region shows four
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Fig. 1 (a) Molecular structures of the host/guest cocrystal materials
employed in this work and (b) normalized absorption and emission
spectra of a PMMA thin film doped with anthracene/tetracene
cocrystals.
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distinct absorption peaks at 330 nm, 354 nm, 373 nm and 393
nm that can be attributed to the vibronic structure of pure Ac.
On the other hand, the characteristic absorption features of Tc
are not noticeable due to its very low concentration in the Ac/
Tc-doped film (see ESIf). As opposed to this, the emission
spectrum of the cocrystals is characterized by the quenching of
the fluorescence of Ac (emission bands in the region 400-
475 nm) and by the appearance of sharp emission bands in the
475-650 nm region that can be ascribed to the fluorescence of
Tc (see ESIT). This behavior indicates a very efficient energy
transfer between Ac and Tc in the doped polymeric film that
allows for Tc molecules in the cocrystals to collect most of the
excitation energy coming from the surrounding Ac molecules
thus generating a strong Tc fluorescence emission. As already
observed on single crystals,***° this process is favored by the
significant overlap between the emission spectrum of Ac and
the absorption spectrum of Tc.

In the attempt to further characterize the host-to-guest
energy transfer process and to evaluate the effect of film pro-
cessing conditions on fluorescence emission, fluorescence
spectra were collected on spin coated films deposited from
different solvents at different processing temperatures. In
particular, starting solutions of PMMA, Ac and Tc were prepared
(PMMA : Ac: Tc = 1000:250:1 weight ratio) using four
distinct solvents with good solubility for anthracene and tetra-
cene but with different boiling temperatures (7;,) and chemical
nature, namely chloroform (CHCl;, T}, = 61 °C), toluene (TOL,
Ty, = 111 °C), chlorobenzene (CB, T}, = 130 °C) and 1,2-dichlo-
robenzene (DCB, T;, = 180 °C). The PMMA:Ac:Tc solutions were
maintained at different temperatures (50 °C for CHCl;, 100 °C
for TOL and CB, 150 °C for DCB) overnight and then deposited
hot onto glass substrates to form the fluorescent films. The
fluorescence emission spectra of such thin films are presented
in Fig. 2, where normalization with respect to the highest
intensity emission peak was performed. An efficient energy
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Fig. 2 Normalized fluorescence spectra of LSC thin films deposited
from chloroform (CHCls), toluene (TOL), chlorobenzene (CB) and 1,2-
dichlorobenzene (DCB) solution with PMMA : Ac : Tc =1000:250: 1.
The inset shows a zoom of the 410-460 nm spectral region.
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transfer from host molecule to guest molecule is observed in all
systems, as evidenced by the emergence of a strong Tc emission
in the 475-650 nm region. This behavior indicates that neither
the type of solvent nor the processing temperature prevent the
energy transfer process from occurring. As opposed to this, the
intensity of the two peaks observed in all systems at 420 nm and
442 nm is found to be higher (about twice as high) for films
deposited from DCB and CB compared to TOL and CHCI; (inset
to Fig. 2). Since the emission peaks observed in the 400-460 nm
spectral region are ascribed to the fluorescence of Ac (see ESIt),
this behavior may indicate that the processing conditions
(solvent and temperature) affect the degree of fluorescence
quenching of Ac molecules in the cocrystals, the latter being
closely related to the efficiency of the energy transfer process
from Ac to Tc. In particular, a higher Ac fluorescence quenching
(higher energy transfer efficiency) is found in systems obtained
from CHCI; and TOL solutions compared to CB and DCB. In
addition, the fluorescence spectra presented in Fig. 2 also show
that the Tc emission peaks (475-650 nm) of films deposited
from CHCI; solution are characterized by a 3 nm blue-shift
compared to TOL, CB and DCB systems. Such hypsochromic
shift may be ascribed to the effect of the solvent system on the
morphology of Ac/Tc cocrystals in the PMMA:Ac:Tc thin film, as
will be discussed in the following paragraph.

In order to further investigate the influence of film pro-
cessing conditions on the size, shape and distribution of the Ac/
Tc cocrystals forming in the PMMA films upon spin-coating,
films cast from different solvents were also examined by means
of optical microscopy. The results are presented in Fig. 3 for
the CHCl;, TOL, CB and DCB systems previously described. As
shown in the micrographs, significantly larger features are
observed when CHCI; is used compared to films deposited from
other solvents. In particular, well defined long hexagonally-
shaped microcrystals of increasing sizes can be clearly distin-
guished in the films deposited from CHCIl; (Fig. 3a), with the
largest being a few microns long. Conversely, cocrystals forming
upon film deposition from TOL (Fig. 3b), CB (Fig. 3c) or DCB
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Fig. 3 Optical microscopy images (200x magnification) of LSC thin
films deposited on glass slides from (a) CHCls, (b) TOL, (c) CB and (d)
DCB solution with PMMA : Ac : Tc = 1000 : 250 : 1.
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(Fig. 3d) all show a much finer dendritic morphology with
significantly smaller randomly oriented crystals. The size of
such crystals appears to increase slightly when going from TOL
to CB to DCB systems. Such different crystal arrangement in the
polymeric film (CHCI; compared to TOL, CB and DCB) may be
explained by the effect of the crystal-solvent interactions on the
solid-liquid interface during crystal formation, which is known
to play a crucial role in determining the growth rate of crystal
facets and thus in defining its final shape.**** In particular, the
stronger the interactions between the solvent and the crystal
facet, the slower its growth rate. Due to the similar chemical
structure, aromatic solvents such as TOL, CB and DCB manifest
stronger interactions with anthracene (-7 stacking) compared
to CHCI;, thus partially hampering crystal growth. As opposed
to this, long hexagonal crystals can form from CHCI; solution
due to the poor solvent-crystal interactions. This different
crystal morphology may also explain the slightly different
spectral response found in films cast from CHCl;, as discussed
previously. Similar results were observed on analogous
systems.*® It is worth mentioning that no significant differences
in crystal shape were found on films deposited from the same
solvent at different processing temperatures (TOL at 50 °C and
100 °C, ESIf), further confirming the key role played by the
solvent on the morphological arrangement of the cocrystals in
the cast film.

In order to evaluate the applicability of Ac/Tc cocrystals as
fluorophores in LSC devices, thin PMMA films doped with Ac/Tc
were spin-cast onto glass waveguides with serially-connected
me-Si PV cells attached to the four edges. I-V curves were
recorded under AM1.5G solar irradiation (100 mW cm™?).
Following the previous discussion on the characterization of the
energy transfer process on LSC films deposited from different
solvents (Fig. 2), only LSC devices obtained from CHCl; and
TOL solutions were tested, as these two systems were shown to
allow for the most efficient quenching of Ac fluorescence
(highest energy transfer efficiency) in the cocrystals. In addi-
tion, significantly different morphologies were observed on
films cast from these two solvents (while TOL, CB and DCB gave
comparable structures), thus allowing to evaluate the effect of
crystal morphology and arrangement on device performance.
The results of PV characterization of LSC devices are reported in
Fig. 4a, where the I-V curves of all systems are presented. In
addition to varying solvent system, the effect of film thickness
(by varying spin coating speed) and of PMMA : fluorophore
ratio (PMMA : Ac: Tc = 1000:250:1 vs. PMMA : Ac:Tc =
750:250:1) on the performance of LSC devices was also
investigated, and the resulting device parameters are summa-
rized in Table 1. No significant differences are observed by
varying the polymer : fluorophore ratio on LSC devices obtained
from CHCI; solution, as in both cases (B-CHCl; and C-CHCl;
LSC devices) efficiencies in the order of 2.30% are obtained,
with comparable values of 7op (21.20% and 21.44) and C
(0.74 and 0.75). On the other hand, the effect of the polymer :
fluorophore ratio on LSC device performance is more
pronounced in devices obtained from TOL solution, where
a maximum 7 gc = 2.50% is obtained for devices with a
PMMA : Ac : Tc = 1000 : 250 : 1 ratio (B-TOL), together with a
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Fig.4 Current—voltage (/-V) curves of (a) LSC devices deposited from
CHClz or TOL solution at varying spin coating speed (600 rpm for B-
CHCls, C-CHCls, B-TOL and C-TOL, 1200 rpm for A-CHClz and A-
TOL) and with varying PMMA : Ac : Tc ratio (1000:250:1 for A-
CHCls, B-CHCls, A-TOL and B-TOL, 750 : 250 : 1 for C-CHClz and C-
TOL) and (b) LSC devices deposited from TOL with varying Ac : Tc ratio
(250 : 1, 250 : 5, 250 : 10 for C-TOL, D-TOL and E-TOL, respectively).

Table 1 LSC device parameters (device efficiency n.sc, optical effi-
ciency mopr and concentration factor C) obtained under AM 1.5G
irradiation (100 mW cm™2) for the systems considered in this work.
Processing conditions for each device have also been reported (CHCls
— chloroform, TOL - toluene)

Spin coating

LSC device* PMMA:Ac:Tc speed rpm Msc % Nopt % C

A-CHCl; 1000:250:1 1200 2.28 21.42 0.75
B-CHCl; 1000:250:1 600 2.30 21.44 0.75
C-CHCl; 750:250:1 600 2.33 21.20 0.74
A-TOL 1000:250:1 1200 2.44 22.60 0.79
B-TOL 1000:250:1 600 2.50 23.72 0.83
C-TOL 750:250:1 600 2.33 21.97 0.77
D-TOL 1000:250:5 600 2.15 19.78 0.68
E-TOL 1000 : 250 : 10 600 2.10 19.87 0.69
AC-Only 1000:250:0 600 1.03 12.21 0.42

% Geometric gain G for all LSC devices is 3.5.
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TNopt Value as high as 23.72% and C = 0.83. By increasing spin
coating speed from 600 rpm to 1200 rpm, no major modifica-
tions are observed in terms of device efficiency, indicating a
negligible influence of film thickness on device performance for
the values of thicknesses examined in this work (see ESIf).
These results may be explained by considering the different
morphologies of the Ac/Tc cocrystals in the LSCs forming upon
film deposition from different solvents. The long hexagonal
crystals with face-on orientation observed in LSC films depos-
ited from CHCl;-based solutions may yield anisotropic polar-
ized fluorescence emission. As opposed to this, the smaller
randomly oriented cocrystals forming in films cast from TOL
solution may guarantee a higher level of emission isotropicity.
These effects may influence photon trapping and transport
efficiencies and in turn the overall efficiency of the LSC device.
Another concurrent effect may be related to the surface rough-
ness of the LSC films that is found to be larger for films
deposited from CHCI; solution and for PMMA: Ac:Tc =
750:250:1 ratios. In particular, surface root-mean-square
roughness values of 1.98 um, 2.56 um, 0.43 pm and 0.85 pm are
found for B-CHCIl;, C-CHCIl;, B-TOL and C-TOL LSC devices,
respectively. The increased roughness may be responsible for an
increased loss of photons due to undesired front face reflection
that yields lower LSC device efficiencies.

To evaluate the influence of the host-guest proportions in
the deposited film on device performance, LSCs with Ac: Tc
ratios of 250:1 (B-TOL device), 250 :5 (D-TOL device) and
250 : 10 (E-TOL device) were also prepared and tested. As shown
in the I-V plot presented in Fig. 4b and from the corresponding
device parameters listed in Table 1, by increasing the concen-
tration of guest molecule, a decrease of LSC device performance
is observed. In particular, 7o, values lower than 20% are
obtained for both 250:5 and 250:10 Ac:Tc ratios. These
results are in agreement with recent literature reports,* in
which a reduction of host-to-guest energy transfer efficiency was
found by decreasing the Ac : Tc ratio in the deposited polymeric
film. Such lower energy transfer efficiency may be responsible
for a decrease of photons emitted by Tc and made available to
the PV cell for the photon-to-electricity conversion, with a
consequent decrease of LSC device performance.

To further characterize the PV behavior of these systems,
also Ac-only LSC devices were fabricated and tested (see ESI{ for
I-V plot). As reported in Table 1, a significant increase in device
performance is obtained by employing host-guest Ac:Tc coc-
rystals in the polymeric LSC film compared to Ac-only devices
(Nopt = 12.21% and 7o = 23.72% for Ac-only and Ac:Te (B-TOL)
devices, respectively). These results indicate that the highly
efficient Ac-to-Tc energy transfer process in the cocrystals at very
low Tc concentration combined with the red-shifted emission of
Tc vs. Ac allow for a more favorable light management in the
LSC system compared to Ac-only devices. In addition, it is worth
mentioning that Tc-only LSC devices were also prepared and
tested (PMMA : Ac : Tc = 1000 : 0 : 1) but no appreciable device
efficiency was reported (nisc < 107 2%). This result may be
explained by the negligible fluorescence emission observed in
PMMA:Tc films with concentration values of Tc as low as those
used in the cocrystals.
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Although direct comparisons are made difficult by the strong
dependence of device efficiency on several parameters related to
LSC device configuration such as dimensions, number and type
of solar cells attached and device architecture, it is worth
noticing that the 7;5¢, 7ope and C values obtained in this work
for Ac/Tc-based LSCs are comparable to those found in the
literature on systems employing organic dyes.>* Even though the
spectral match between Ac/Tc absorption and solar emission
and between Ac/Tc emission and mc-Si PV cell response (ESIT) is
far from being optimal, these systems represent a promising
platform to achieve high efficiency LSC devices.

Conclusions

In conclusion, fluorescent films based on PMMA containing Ac/
Tc cocrystals were prepared and employed in thin-film LSC
devices. Process optimization yielded LSC systems with a device
efficiency npsc as high as 2.50%, an optical efficiency nop of
23.72% and a concentration factor C of 0.83%. The effect of
solvent system and processing temperature as well as of the
PMMA : fluorophore and Ac : Tc weight ratios was also investi-
gated and these parameters were found to influence cocrystal
morphology and in turn device efficiency. This first demon-
stration of the use of molecular cocrystals as novel fluorescent
species in LSC devices opens up new strategies for the prepa-
ration of efficient fluorophores for LSC applications. In addi-
tion, due to the higher photostability of molecular crystals
compared to common organic dyes, LSC device lifetime is also
expected to benefit from their use.
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