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ABSTRACT: Luminescent solar concentrators (LSCs) are a
promising solar energy technology for reducing architectural barriers
to the integration of photovoltaic systems into the built environment.
In this work, the first demonstration of thin-film LSCs based on a
thermally reversible cross-linked host polymer is presented. This smart
material is obtained via a dynamic-chemistry approach based on the
Diels−Alder (DA) reaction between a furan-functionalized acrylic
copolymer and an aliphatic bismaleimide to obtain optically clear,
cross-linked systems capable of healing mechanical damage upon heat
treatment. By carefully tuning the concentration of a perylene-based
luminophore dopant, an optical efficiency as high as 4.9% can be
achieved with this DA-based LSC. In addition, full recovery of device
efficiency is demonstrated after complete thermal healing of
mechanically induced surface damages as a result of the embedded
DA functionality. The approach presented here paves the way to the development of highly efficient multifunctional
thermoresponsive smart LSC systems.
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■ INTRODUCTION

Luminescent solar concentrators (LSCs) are a practical
approach to potentially convert the facades of urban buildings
into semitransparent electricity-generating elements. Their
light weight, easy tunability in shape and color, ability to
work well also under diffuse light, and to concentrate sunlight
without the need of cooling or tracking equipment make them
suitable candidates for seamless application in the building-
integrated photovoltaics (BIPV) field.1−3

In its basic design, a LSC consists of a transparent host
material (in the form of a bulk slab or a thin coating film
deposited onto a transparent substrate) doped with one or
more luminescent species (i.e., luminophores) serving the
function of collector and spectral converter of incident light.
Photons absorbed by these luminophores are re-emitted at
longer wavelength (usually by fluorescence), and a portion of
the downshifted light is trapped within the host matrix and
waveguided toward the edges of the LSC device where it
becomes concentrated. Collection of the concentrated light is
undertaken by small-area PV cells that are responsible for the
conversion of the optical power exiting the LSC edges into
electrical energy.
The optical performance of an LSC is determined by the

interplay between different loss pathways taking place in the

system during the processes of photon absorption, re-emission,
and transport, which can be directly related to either the
luminophore or the host waveguide.4 In particular, light-
harvesting efficiency, photoluminescence quantum yield
(PLQY), and self-absorption are directly associated with the
optical properties of the selected luminophore. On the other
hand, the light-trapping efficiency, surface reflections, parasitic
absorption, and scattering losses are intimately linked to the
nature of the host waveguide material. To tackle such loss
mechanisms and enhance LSC optical efficiency, previous
research has largely focused on the development of novel
luminescent species to ensure broad light collection, effective
photon emission, and limited absorption−emission spectral
overlap. Among these, the most popular are organic dyes,
inorganic quantum dots, and metal complexes.1,5−9

Compared to luminophores, host waveguide materials have
been less intensely investigated, despite the fundamental role
they play in the basic working principles and ultimate efficiency
of LSCs. In particular, photon harvesting and transport
processes are greatly affected by reflection and scattering

Received: November 8, 2019
Accepted: December 16, 2019
Published: December 16, 2019

Article

www.acsaem.orgCite This: ACS Appl. Energy Mater. 2020, 3, 1152−1160

© 2019 American Chemical Society 1152 DOI: 10.1021/acsaem.9b02196
ACS Appl. Energy Mater. 2020, 3, 1152−1160

This article is made available for a limited time sponsored by ACS under the ACS Free to
Read License, which permits copying and redistribution of the article for non-commercial
scholarly purposes.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
M

B
R

ID
G

E
 o

n 
Fe

br
ua

ry
 2

8,
 2

02
0 

at
 1

5:
45

:1
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsaem.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.9b02196
http://dx.doi.org/10.1021/acsaem.9b02196
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html
http://pubs.acs.org/page/policy/freetoread/index.html


losses due to surface imperfections of the waveguide and by
parasitic absorption resulting from its poor optical clarity.
Similarly, the PLQY of the luminophore is typically dependent
on its solubility in the host matrix, which is therefore critical
for efficient absorption and emission processes.
Traditionally, glass or optically clear plastics such as

poly(methyl methacrylate) (PMMA) or polycarbonate (PC)
have been considered as viable host waveguides in LSCs due to
their relatively low cost, high transparency, and suitable
refractive index.12,13 In recent years, the quest for high
performance host waveguides has led to the development of
novel alternative material concepts with enhanced chemical,
physical, and optical characteristics.14 Within this context, a
variety of systems have been introduced, including bio-based
polymers,14−17 vacuum-deposited polymers,18,19 fluorinated
polymers,20−22 and ureasil-based organic−inorganic hy-
brids,23−26 each providing specific functions to the final LSC
device. While the application of such host waveguide systems
has yielded significant progress in terms of LSC design
architecture,27−32 matrix−fluorophore interactions,33−37 and
device performance,12,38,39 some critical issues associated with
the host waveguide component still remain.40

In particular, an important aspect still open in the field is the
physical durability of LSCs and its effect on performance
retention in real-life working conditions. In this context,
physical damages potentially occurring to the surface of the
LSC waveguide due to mechanical interaction with harsh
weather phenomena, dust, or solid particles may reduce its
surface smoothness, thus increasing the scattering of photons
during transport caused by the presence of imperfections and
optical defects at the waveguide/air interface. A measurable
decay of LSC performance is to be expected in these
conditions as a result of the reduced photon trapping efficiency
of the waveguide.41−44 Strategies to recover such surface

damages should therefore be sought to ensure prolonged
device lifetime and sustained efficiency.
Within this framework, the first demonstration of a smart

LSC system based on a stimulus-responsive polymer with
thermoreversible cross-linking behavior is presented in this
work. This system was obtained by exploiting a dynamic-
chemistry approach based on the Diels−Alder (DA) reaction45
between a new furan-functionalized acrylic copolymer and an
aliphatic bismaleimide to obtain highly transparent thermor-
eversible cross-linked materials with excellent thermally
induced healing capabilities. Thin films of DA polymers
embedding a perylene-based fluorophore at increasing
concentrations were deposited on glass substrates, and their
optical, functional, and device properties as stimulus-
responsive LSCs were investigated. To test the healing
capability of such new DA-based LSCs, surface damages
were mechanically induced on the doped waveguide, leading to
a noticeable decrease in device efficiency. After a suitable
thermal treatment, full recovery of the surface damage and of
device efficiency was observed thanks to the built-in DA
functionality.

■ RESULTS AND DISCUSSION

The novel stimulus-responsive polymeric network was
obtained by equimolar reaction between a bifunctional linear
aliphatic maleimide cross-linker (1,6-bismaleimidohexane,
BMIH) and an acrylic-based copolymer bearing furan
functional groups as lateral moieties (ethylhexyl methacry-
late-co-furfuryl methacrylate, EHM-co-FMA, molar ratio
80:20). As schematically depicted in Figure 1a, BMIH serves
as a reversible cross-linking bridge between EHM-co-FMA
macromolecular chains and takes part in the DA cycloaddition
reaction occurring between the maleimide (dienophile) group
in BMIH and the furan (diene) moiety in EHM-co-FMA.

Figure 1. (a) Schematic representation of the chemical structure and functionality of the DA matrix presented in this work. (b) DSC plot of the
cross-linked DA matrix. (c) TGA/dTGA plots of the DA matrix performed in air. (d) Transmittance spectrum of DA-based matrix. Inset:
photographic image of a glass substrate coated with the DA matrix. (e) Optical microscope images of the DA-based matrix after being cut with a
lancet and after thermally induced healing.
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To confirm successful cross-linking and formation of the DA
adduct, Fourier-transform infrared (FTIR) spectroscopy
analyses were performed on as-cast and on thermally treated
(150 °C for 20 min, followed by slow cooling to ambient
temperature) coatings (Figure S1, Supporting Information).
The disappearance of signals assigned to CC (845 cm−1),
C−H out-of-plane bending (699 cm−1), and =C−H (3110−
3090 cm−1) groups characteristic of BMIH upon thermally
treating the coating material clearly demonstrated the
occurrence of the DA reaction and formation of the
corresponding DA adduct.46 Direct evidence of the cross-
linked nature of the coating was provided by gel-content
measurements performed by immersing the thermally treated
material into tetrahydrofuran (THF, a good solvent for both
BMIH and EHM-co-FMA) for 24 h. The residual gel content
was found to be over 99% with no noticeable weight loss in the
material, proving the effectiveness of the curing process and
the excellent chemical resistance of the coating system (Figure
S2).
To verify the suitability of our cross-linked DA polymeric

system as a host matrix for LSCs, its thermal, optical, and
functional characteristics were evaluated. Differential scanning
calorimetry (DSC) revealed a single glass-transition temper-
ature (Tg) (Figure 1b), indicating the absence of phase
segregation in the material as a result of the mutual
compatibility and successful reaction between EHM-co-FMA
and BMIH. More importantly, the observed Tg value (63 °C)
is compatible with the typical service temperatures experienced
in urban environments (40−50 °C, depending on the
geographical location),47 confirming the applicability of this
material for outdoor LSC purposes. From the DSC trace,
another important endothermic signal at 150−160 °C was
clearly visible, which can be associated with the retro-DA
process. When the coating is heated above its retro-DA
temperature (the onset of the endothermic transition is
observed at ∼120 °C in this case), the de-cross-linking
reaction takes place, leading to scission of the DA adduct into
its original constitutive moieties (the maleimide group in
BMIH and the furan group in EHM-co-FMA). This feature is a
first direct evidence of the successful formation of the
reversible DA adduct.48,49 Further proof of the reversibility
of the DA adduct was obtained by solubility tests. The solid,
thermally treated, coating was immersed in 1,2-dichloroben-
zene (DCB), heated to 150 °C, and maintained at that
temperature for 2 h under magnetic stirring. The use of DCB
was in this case justified by the need of having a good solvent
for both BMIH and EHM-co-FMA, while simultaneously
having a sufficiently high boiling temperature to avoid
evaporation during the test (Tb = 180 °C for DCB). While
the coating was shown to be insoluble in DCB at temperatures
lower than those characterizing the onset of the endothermic
retro-DA transition, higher temperatures (150 °C in this case)
led to complete dissolution, clearly suggesting that the retro-
DA de-cross-linking reaction had occurred with formation of
BMIH and EHM-co-FMA, which are both soluble in DCB
(Figure S3). These observations demonstrate the complete
reversibility of the chemical bonds formed in the coating upon
cross-linking. Similarly, excellent reversibility of the retro-DA/
DA process was also observed from DSC analyses conducted
on the DA polymer after subjecting it to successive thermal
cycles used for the healing process (Figure S4).
The thermo-oxidative response of the cross-linked DA

coating was assessed by thermogravimetric analysis (TGA) in

air. As shown in Figure 1c, no mass loss events were observed
up to 160 °C, above which the coating material exhibited a
broad and complex thermodegradation profile involving the
complete de-cross-linking of its macromolecular structure. This
behavior provides additional proof of the excellent thermal
stability of the material also at temperatures compatible with
the retro-DA process.
The DA cross-linked coating was also found to display

excellent optical clarity, as demonstrated by the high level of
transmittance (>90%, comparable with the more commonly
used PMMA) over the entire visible spectrum (Figure 1d).
Similarly, its refractive index (nDA = 1.54 at 589 nm) is in line
with other state-of-the-art acrylate-based systems.10 These
observations further support the suitability of the DA coating
for application as an LSC host matrix.
From a functional perspective, selection of the reversible DA

reaction was aimed at providing the coating with self-healing
capabilities upon application of an external thermal stimulus.
The possibility to reversibly control the covalent linkages
between EHM-co-FMA and BMIH via the formation/
decomposition of the DA adduct represents a powerful tool
to repair mechanical damages present on the surface of the DA
coating.50 To assess this self-healing response, the DA coating
was mechanically damaged by means of a lancet to produce
∼50 μm wide scratches on its surface. As shown in Figure 1e,
after a suitable thermal treatment (150 °C for 20 min, followed
by slow cooling to room temperature) complete recovery of
the induced surface damage could be achieved with no sign of
residual defects on the coating, directly proving the excellent
thermal healing ability of this system. It is worth highlighting
that the thickness of the coating represents a key parameter for
the success of healing processes based on covalent bond
rupture and re-formation. In particular, for the damage
recovery process to occur effectively, it is essential that the
surfaces separated by the cut be in contact during the heat
treatment to enable effective formation of the reversible
adduct. To this end, the depth of the mechanical damage needs
to be less than the coating thickness; otherwise, the groove
created by the scratch would reach the underlying substrate,
leaving no material to connect the two displaced interfaces and
making the damage recovery process impossible. Thus, the
coating thickness represents an upper limit for the surface
scratch depth to ensure successful healing. In the present case
(∼3 μm thick coatings), it was observed that surface scratches
as deep as 1.5−2 μm could be healed successfully.
Surface profilometry measurements were conducted after

multiple damage/healing cycles to characterize the evolution of
the surface morphology and roughness. As shown in Figure S5,
no evident changes were observed in the coating morphology
after up to four repeat thermal healing cycles. In addition, the
values of root-mean-square roughness calculated for the
coating after successive damage/healing cycles (see the
Supporting Information) confirmed that the surface retained
its original features even under repeated thermal stresses.
Given the positive characteristics described above, the

suitability of the undoped standard (equimolar) DA coating
as a stimulus-responsive host matrix material for LSCs was
then investigated following incorporation of a suitable
luminescent species, which serves the function of a light-
management downshifting center. Because of its favorable
chemical−physical and optical properties, the commercially
available perylene-based Lumogen F Red 305 (by BASF, here
on termed LR305) is ubiquitous as a luminophore in LSCs,1
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making it a convenient reference platform to evaluate the
properties of new host materials. Initially, solubility tests were
performed on the luminescent cross-linked coating in THF to
examine the presence of any interactions between LR305 and
the host and the effect of luminophore incorporation on the
self-healing properties of the DA polymer (Figure S6).
Complete extraction of LR305 was observed, with no chemical
dissolution of the host matrix, clearly demonstrating that no
chemical bond forms between LR305 and the DA matrix
during cross-linking (host−guest interaction). The gel content
of the host matrix (obtained by gravimetric evaluation before
and after solvent extraction) was found to be higher than 99%,
providing direct evidence of complete cross-linking in the
presence of the luminophore. Furthermore, addition of LR305
did not interfere with the functional response of the DA
system, as evidenced by the complete recovery of surface
damages (Figure S7).
The effect of luminophore concentration on the optical

properties was first investigated by UV/vis absorption
spectroscopy. As shown in Figure 2a, the characteristic
absorption features of LR305 could be clearly distinguished
with a linear correlation (Beer−Lambert law) between
absorbance and luminophore concentration observed for
LR305 loadings up to 5 wt % (see the inset in Figure 2a).

Slight deviations from linearity were found at higher
loadings, suggesting reduced solubility of the luminophore in
the matrix. The absorption efficiency (ηabs) was determined by
comparing the overlap of the absorption spectra of the LSCs
with the emission spectrum of the incident light source
(AM1.5G solar simulator) used for LSC characterization in the
300−650 nm region, i.e., where LR305 absorbs (see the
Supporting Information, eq S1, and Figures S8 and S9 for
details; calculations for the full solar spectrum also shown).
This parameter represents the fraction of incident light that
can be effectively absorbed by the LSC, thus providing direct
estimation of one of the primary loss modes associated with
the nonideal optical properties of the luminophore. As shown
in Figure 2b, ηabs was found to gradually increase with
absorbance following an exponential trend that can be well-
fitted by ηabs = 0.68 − 0.67 exp(−1.14Amax) (Amax is the peak
absorbance at 570 nm). These trends are in good agreement
with values previously reported on reference thin-film LR305/
PMMA LSCs.51

The photoluminescence (PL) spectra of LR305-doped DA-
LSCs were then evaluated. As observed in Figure 3a, in the
front-face configuration the emission intensity was found to
increase gradually with luminophore concentration up to a
threshold concentration of 5−8 wt %. Above this limit, a
noticeable decrease in the PL intensity was observed, despite

Figure 2. (a) UV/vis absorption spectra of DA-based LSCs at increasing luminophore concentrations. Inset: maximum absorbance vs luminophore
concentration (the line indicates the linear fit to the experimental data). (b) Absorption efficiency (ηabs) of the LSC system at maximum absorbance
(the dashed line represents an exponential fit to the experimental results, and the fitting equation is presented in the main text). Inset: photographic
image of DA-based LSCs at increasing luminophore concentrations under natural light.

Figure 3. (a) PL spectra of DA-based LSC systems at increasing LR305 concentrations recorded in the front-face-emission configuration. Inset:
normalized emission maxima. (b) Normalized PL spectra obtained from edge-emission measurements at increasing luminophore concentrations.
(c) Self-absorption efficiency (ηself) and PLQY vs absorbance; the exponential fit to ηself is also shown (dashed line, fitting equation reported in the
main text).
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the steady increase in absorbance (see Figure S10), which was
accompanied by a bathochromic shift of the peak maximum
(Figure 3a, inset). These trends suggest the presence of
dissipative processes in highly concentrated LSCs (>5−8 wt
%) causing a portion of the absorbed photons to be lost via
nonradiative pathways through reabsorption of emitted
photons either due to the small Stokes shift or due to the
formation of molecular aggregates through π−π stacking
interactions.52−55 Detection in the edge-emission configuration
(Figure 3b) supports this observation, in which a progressive
red-shift of the emission peak is observed with increasing
luminophore concentration, as a result of such dissipative
phenomena. Loss of vibronic fine structure and broadening of
the emission spectrum was also observed. This spectral
distortion, not observable in the front-face emission spectra,
is a result of the longer optical path traveled by the emitted
photons prior to exiting the LSC (edge length vs coating
thickness, respectively). Consequently, first-generation emitted
photons will have a higher probability of undergoing multiple
reabsorption events during the light-guiding process, resulting
in the emission of higher generation photons with broader
energy distribution. This process will be exacerbated with
increasing luminophore concentration due to the decreased
distance between adjacent molecules. The self-absorption

efficiency ηself was calculated from the recorded edge-emission
spectra, scaled to match the true emission spectrum of the
luminophore in dilute solution in the long wavelength region
(>700 nm) where no self-absorption effects are observed.23,51

In the absence of self-absorption phenomena, ηself will tend to
unity (see eq S2 and Figure S11). As shown in Figure 3c, ηself
was found to decrease for increasing maximum absorbance
(Amax) values (viz. luminophore concentration) following an
exponential decay that could be fitted by ηself = 0.16 + 0.65
exp(−1.56Amax). Accordingly, a maximum ηself = 0.81 can be
predicted for low absorbance (Amax tending to zero) where self-
absorption is expected to be negligible. On the other hand, in
highly concentrated LSCs (high Amax) self-absorption effects
result in a minimum ηself = 0.16; i.e., a significant fraction of
emitted photons (84%) are expected to undergo self-
absorption.
As shown in Figure 3c, the PLQY23,56 approaches unity for

very dilute DA-LSCs and maintains a relatively constant value
(∼0.7) for intermediate luminophore concentrations (i.e., A =
0.1−1.0) before decreasing further (∼0.55) for highly doped
LSCs (A > 1.0). This trend further confirms the detrimental
effect of the formation of nonluminescent aggregates at
increasing luminophore concentrations, in which nonradiative
decay process become more prevalent.53,54,57,58 Notably, the

Figure 4. (a) Single-edge optical power spectra of DA-based LSC systems at increasing LR305 concentrations. (b) External photon efficiency ηext
and internal photon efficiency ηint vs luminophore concentration. (c) I−V curves of optimal DA-based LSC and reference PMMA-based LSC (5 wt
% LR305). Inset: schematic representation of the LSC device architecture used in this work. (d) Device efficiency (ηdev) of pristine, cut, and healed
DA-based LSC.
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optical characteristics of the LR305-DA-based LSCs are
consistent with values previously reported on reference thin-
film LSCs in which LR305 was embedded in PMMA,51 thus
indicating that the DA-based matrix proposed here provides
the luminophore with a similar environment to that of state-of-
the-art polymeric hosts.
The performance of LSCs is typically characterized by the

external photon efficiency (ηext), determined experimentally as
the ratio between the output photon flux measured at the
edges of the LSC (Nph‑out) with respect to the incident photon
flux (Nph‑in). For DA-LSCs with increasing luminophore
concentrations, ηext was obtained by illuminating the top face
of the LSC with AM1.5G simulated sunlight and by measuring
the amount of light exiting the edges of the device using a
spectroradiometer connected to an integrating sphere (see
Figure S12 and eqs S3 and S4). In this way, the average
output-power spectra emitted from the four edges of each LSC
in the presence of a dark background could be recorded, with
their integration in the 300−800 nm range with respect to
Nph‑in giving the average values of ηext.

59 As shown in Figure 4a,
a red-shift and a change in shape were observed in the output
power spectra with increasing LR305 concentration, in good
agreement with the edge-emission spectra (Figure 3). The
integrated edge-emitted photon flux (four edges) allowed ηext
to be calculated, which was found to increase with
concentration, reaching a maximum ηext = 4.9% at 5 wt %
(Figure 4b). At higher concentrations, ηext was found to
decrease in line with the optical loss pathways occurring at
high luminophore levels described above (numerical results for
edge output power are reported in Table S1). To evaluate the
photon transport process within the waveguide, the internal
photon efficiency (ηint) was calculated from the edge-emitted
power spectra as the ratio between Nph‑out and the fraction of
photons effectively absorbed by the LSC (Nph‑abs, obtained by
convoluting the absorption spectrum of the DA-based LSC
waveguide at increasing luminophore concentration and the
incident simulated sunlight spectrum). As shown in Figure 4b,
a maximum ηint = 28.72% was found for highly dilute systems
(LR305 ∼ 0.5 wt %), while in the 1−5 wt % range a relatively
constant ηint was observed (∼24%), accompanied by a sharp
decrease at the highest luminophore loadings (>5 wt %). As
expected, this trend agrees well with that observed for the
PLQY (Figure 3c).
While direct comparisons with other literature reports are

made difficult by the extreme variability encountered in the
field when reporting LSC performance parameters and by the
strong dependence of the LSC efficiency on measurement
conditions and device architecture, it is worth noticing that the
maximum ηext values obtained here are in line with other
recently reported results found on LSC systems employing
LR305 as luminescent species,23,60 further highlighting the
excellent performance of our new DA-based LSC matrix.
To assess the practical viability of our new LSC system, four

c-Si PV cells connected in series were edge-coupled to the glass
substrate of the LR305-doped DA-based thin-film LSC by
using an ethylene−vinyl acetate (EVA) adhesive (Figure 4c).
Based on the results obtained from ηext edge-emission
measurements (Figure 4), 5 wt % was selected as the optimum
LR305 loading. The performance of the assembled LSC-PV
system was evaluated under standard illumination conditions
(AM 1.5G) by measuring the power conversion efficiency of
the resulting LSC device (ηdev), defined as the electrical power

effectively extracted from the PV cells (Pel
out) relative to the

luminous power hitting the top surface of the LSC (Popt
in ):

P
P

I V
P A

FF
dev

el
out

opt
in

SC OC

opt
in

LSC
η = =

· ·
· (1)

where FF, ISC, and VOC are the fill factor, short-circuit current,
and open-circuit voltage of the edge-mounted PV cells,
respectively, ALSC is the front-illuminated area of the LSC
device, and Popt

in is the incident solar power density expressed in
mW cm−2. A shown in Figure 4c, a maximum ISC of 9.56 mA
and a maximum output power of 4.8 mW were achieved,
leading to a maximum ηdev of 0.79%. It is worth highlighting
that these values appear to be among the highest device
efficiencies recently reported for LSC thin-film devices in
similar testing conditions (namely in the presence of a dark
absorbing background and without employing any reflective
element at the free edges of the waveguide).19,61,62 To directly
benchmark our system with a reference LSC device, thin-film
LSCs based on LR305-doped PMMA were also fabricated onto
glass waveguides and coupled with c-Si PV cells. PMMA was
selected as reference host matrix due to its wide use in the LSC
field.10,14 The same optical density as the one characterizing
our champion devices was used in PMMA-based LSCs (∼0.7),
so that appropriate comparisons between the two different
systems could be performed reliably. By use of the same device
configuration and same testing conditions, the LR305-PMMA
LSC exhibited an ISC and a maximum power output of 10.05
mA and 5 mW, respectively, yielding an overall ηdev of 0.84%.
These results are in line with those obtained on our DA-based
LSC, further demonstrating the direct applicability of this
novel matrix material as promising component for high-
performance thin-film LSCs.
Finally, to investigate the thermally induced healing ability of

the DA-based LSC assembly and to assess the effect of surface
damages on the output performance of PV-coupled LSCs, tests
on mechanically damaged and thermally treated LSCs were
carried out. To mimic the presence of scratches potentially
forming on the LSC during outdoor service life as a result of
physical interactions with solid particles, a lancet was used to
induce mechanical damages on the LR305(5 wt %)-DA-based
coating. As shown in Figure 4d, after scratching, the
luminescent coatings appeared visibly ruined, also to the
naked eye. This led to a noticeable (6%) decrease in ηdev
compared with the pristine system, which may be attributed to
the reduction in surface smoothness of the LSC upon
scratching, yielding an increased photons scattering during
transport due to imperfections and optical defects at the
waveguide/air interface. Ultimately, this results in reduced
photon trapping at the waveguide edges. In the attempt to
recover such damages and the corresponding LSC perform-
ance, a thermal treatment was performed on the scratched
samples (150 °C for 20 min followed by slow cooling) to
induce healing. After this thermal treatment, the surface cuts
were found to disappear completely. Interestingly, full recovery
of the performance of the LSC device was also achieved,
yielding a ηdev comparable to the original value obtained on
pristine samples. This effect is due to DA click−unclick
reactions occurring at the molecular level during the thermal
treatment, which are capable of restoring the original surface
smoothness of the coating, minimizing photon scattering at the
surface and recovering the original device efficiency. As
additional proof of the robustness of the DA process, the
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reversibility was also tested by performing repeated damage
and healing cycles while monitoring the effect on device
efficiency. As shown in Figure S14, the LSC device was able to
successfully recover its performance after each healing cycle,
with no noticeable loss in the absolute efficiency.

■ CONCLUSIONS
In summary, a novel DA-based polymer coating exhibiting
excellent self-healing capabilities has been demonstrated for
application as the host matrix in thin-film LSC devices. The
DA-based matrix was shown to exhibit excellent transmittance
(>90%) over the entire visible spectrum, suitable thermal
properties (Tg > 60 °C) and excellent temperature-induced
self-healing behavior, which allowed surface scratches to be
fully repaired upon a mild thermal treatment. By carefully
tuning the concentration of luminophore, we could obtain a
maximum external photon efficiency as high as 4.9%, in line
with recently reported values found on reference LSC systems
with similar optical (absorption/emission) characteristics. In
addition, comparably remarkable device efficiencies approach-
ing 0.8% were achieved by coupling the DA-based LSC to
edge-mounted c-Si PV cells, this value being among the highest
recently reported performances for LSC thin-film devices in
similar testing conditions. These results clearly demonstrate
the excellent performance of this novel LSC platform, making
it a potentially viable alternative to conventional thermoplastic
polymers (e.g., PC and PMMA) used as LSC waveguides,
while providing the additional benefit of self-healing. The
healing capability was demonstrated by evaluating device
performance on mechanically scratched LSCs before and after
healing treatment. While a noticeable decrease in efficiency was
observed when the surface of the doped DA-based waveguide
was physically damaged, full recovery of the surface scratches
and of device efficiency was achieved after a suitable thermal
treatment as a result of the DA functionality embedded in the
matrix material.
This work provides the first demonstration of optically clear

healable polymeric host matrices for LSCs and paves the way
for the design of multifunctional thermoresponsive smart LSC
systems with high efficiency and improved physical durability.
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