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Luminescent solar concentrators are cost-effective complements to semiconductor photovoltaics that can boost the output
of solar cells and allow for the integration of photovoltaic-active architectural elements into buildings (for example,
photovoltaic windows). Colloidal quantum dots are attractive for use in luminescent solar concentrators, but their small
Stokes shift results in reabsorption losses that hinder the realization of large-area devices. Here, we use ‘Stokes-shift-
engineered’ CdSe/CdS quantum dots with giant shells (giant quantum dots) to realize luminescent solar concentrators
without reabsorption losses for device dimensions up to tens of centimetres. Monte-Carlo simulations show a 100-fold
increase in efficiency using giant quantum dots compared with core-only nanocrystals. We demonstrate the feasibility of
this approach by using high-optical-quality quantum dot–polymethylmethacrylate nanocomposites fabricated using a
modified industrial method that preserves the light-emitting properties of giant quantum dots upon incorporation into the
polymer. Study of these luminescent solar concentrators yields optical efficiencies >10% and an effective concentration
factor of 4.4. These results demonstrate the significant promise of Stokes-shift-engineered quantum dots for large-area
luminescent solar concentrators.

S
emiconductor quantum dots (QDs) fabricated via colloidal
chemistry have recently emerged as a versatile platform for
the realization of low-cost solution-processed photovoltaics1,2.

The best reported efficiencies of QD–photovoltaics are rapidly
approaching those of more mature bulk heterojunction solar cells
based on organic materials. The current record certified efficiency
of QD solar cells is close to 9% (ref. 3). In addition to their use in
all-QD photovoltaics, colloidal nanocrystals have also been used
to supplement more traditional photovoltaic materials as a means,
for instance, to extend the spectral range of absorbed solar radiation.
One example of such hybrid solar cells is demonstrated in ref. 4,
where, by combining PbS QDs with amorphous silicon, the
device spectral response is extended to the near-infrared
(down to �1.2 mm).

An interesting emerging application of QDs as ‘supplements’ to
traditional photovoltaics involves their use in low-cost, solution-
processed luminescent solar concentrators (LSCs)5–9. LSCs are
photon-management devices that are a cost-effective alternative to
optics-based solar concentration systems10–12. In addition to enhan-
cing the performance of stand-alone solar cells, LSCs can help inte-
grate photovoltaic devices into existing or newly constructed
buildings11,13, for example in the form of semi-transparent photo-
voltaic windows that would transform energy-passive house
façades into large-area energy generation units.

Typical LSCs consist of plastic optical waveguides doped with
fluorophores, or glass slabs coated with active layers of emissive
materials10–12. Direct and diffused sunlight is absorbed by the fluor-
ophores and re-emitted at longer wavelengths. The luminescence,

guided by total internal reflection, propagates towards a photovoltaic
cell placed at the edge of the waveguide, where it is converted into elec-
tricity (Fig. 1a)10–12. Because the LSC area exposed to sunlight is much
greater than the area of the photovoltaic cell itself, the use of this
approach can greatly increase the flux of radiation incident onto the
device and thus boost both the photocurrent and the photovoltage11,14.
An additional increase in the power output can be obtained by match-
ing the emission wavelength of LSC emitters to the spectral peak of the
photovoltaic efficiency of a given device.

Colloidal QDs are promising materials for application in LSCs15.
They feature near-unity emission efficiency, large absorption cross-
sections and tunable emission controlled by the QD size.
Furthermore, colloidal QDs show enhanced photostability over
organic chromophores5,9,15,16 and can be incorporated into organic
or inorganic matrices via solution-based procedures17–20. One chal-
lenge in the use of conventional QDs in LSCs is a small energy sep-
aration between the emission line and the band-edge absorption
peak. In the colloidal QD literature, this separation is usually
referred to as a ‘global’ Stokes shift, in contrast to the smaller
‘resonant’ Stokes shift observed using size-selective techniques21.

In colloidal QDs, a global Stokes shift arises from a combination
of the effects of band-edge fine-structure splitting22, phonon-
assisted emission and size polydispersity23. In core-only CdSe
QDs, it is typically a few tens of meV, which is comparable to the
photoluminescence bandwidth. As a result of a significant overlap
between absorption and photoluminescence spectra, light emitted
by the QDs can experience significant reabsorption, which
becomes a serious problem for the long optical pathways expected
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in large-area LSCs24. Although a certain fraction of the absorbed light
is re-emitted, the net result is still an overall emission loss because of
both a non-unity photoluminescence quantum yield (F) and the
isotropic character of the emitted radiation, which does not allow
for the capture of all re-radiated photons by total internal reflection.
For example, in typical glass or polymer waveguides, only �75% of
the emitted light is retained by total internal reflection.

Several strategies have been proposed to artificially increase the
Stokes shift in QDs. One approach involves QD doping with tran-
sition-metal ions25–27. In such QDs, light absorption is dominated
by the semiconductor host, while emission is mediated by intra-
gap states introduced by the metal impurities. These structures
exhibit Stokes shifts up to hundreds of meV25,26. The photolumines-
cence efficiency of doped QDs, however, is typically low (�20–30%)
because of slow radiative recombination (hundreds of nanose-
conds25,28 to microseconds26,29), which can easily be outcompeted
by non-radiative processes.

A promising approach to Stokes-shift engineering involves the
use of heterostructured nanocrystals15,24. In an appropriately
designed hetero-QD, the energy separation between the absorption
and emission spectra can be increased by separating light absorption
and emission functions between two distinct parts of the nanostruc-
ture, with one serving as a light-harvesting antenna and the other as
a lower-energy emitter. Such behaviour can be realized using quasi-
type II core/shell CdSe/CdS QDs with an especially thick shell (so-
called giant or g-QDs30 or dot-in-bulk nanocrystals in the case of
extremely thick shells31,32). Because of a small energy offset
between the conduction band-edges of CdSe and CdS, the electron
wavefunction is delocalized over the entire QD, while the hole is
tightly confined to the CdSe core (Fig. 1b)33. Due to the extremely
rapid transfer of holes from the shell to the core (,1 ps; ref. 34),
emission from these systems is normally dominated by

recombination of core excitons, while light absorption is primarily
due to a much larger CdS shell.

A similar separation between light emission and absorption
functions is provided by CdSe/CdS systems of other geometries,
including dot-in-rod35 and dot-in-platelet36 structures, as well as
hetero-tetrapods37. However, several important features of thick-
shell g-QDs make them particularly suitable candidates for LSC
applications. One such feature is the nearly complete isolation of
the core from the environment by a thick outer shell. This reduces
carrier losses due to non-radiative recombination via surface
defects, and greatly improves the ability of QDs to retain their
light-emitting properties during various types of thermal and/or
chemical treatments, including those applied to incorporate QDs
into sol–gel17 or polymer matrices. In addition, a thick shell
reduces the strength of inter-dot dipole–dipole coupling, which sup-
presses dot-to-dot energy transfer38. As incorporation of QDs into
matrices often results in their aggregation, inter-dot energy transfer
might become a source of additional non-radiative losses, as it
would allow for an exciton to sample centres of non-radiative
recombination in multiple QDs within the energy transfer distance.
Furthermore, g-QDs feature reduced rates of Auger recombina-
tion39,40, which is a potential source of non-radiative losses in
charged QDs produced via photoionization.

In this Article, we demonstrate the feasibility of QD–LSCs with no
losses to reabsorption over optical paths up to tens of centimetres long
using CdSe/CdS g-QDs. Specifically, we synthesized CdSe/CdS QDs
with shell thicknesses H up to 4.2 nm and incorporated them into
polymethylmethacrylate (PMMA) using a modified version of an
industrial cell-cast procedure, which results in robust, high-optical-
quality QD–polymer nanocomposites. The analysis of steady-state
and time-resolved photoluminescence demonstrates that thick-shell
QDs do not show any degradation in their emission efficiencies
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Figure 1 | QD–LSC concept and electronic structure of thick-shell CdSe/CdS g-QDs. a, Schematic representation of an LSC made of a polymer matrix

comprising CdSe/CdS core/shell QDs. b, Band diagram of CdSe/CdS QDs showing rapid transfer of photogenerated holes from the shell to the core (grey

arrow) following photon absorption in the shell (black arrow). The red arrow shows radiative recombination of a core-localized exciton. c, Optical absorption

(dashed lines) and photoluminescence (solid lines) spectra of reference core-only CdSe QDs (radius R0¼ 1.5 nm; grey lines) and CdSe/CdS g-QDs (purple

lines) with the same core radius and a shell thickness of H¼ 4.2 nm.
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upon incorporation into the matrix. Furthermore, we show that
because of a large Stokes shift, light emitted by g-QDs propagates
within the PMMA matrix for long distances (up to �20 cm)
without experiencing any reabsorption by the semiconductor material.

Suppression of reabsorption in LSCs based on g-QDs
To evaluate the suitability of thick-shell CdSe/CdS QDs for appli-
cations in LSCs, we analysed the expected optical loss due to reab-
sorption by comparing core/shell structures to reference, core-only
CdSe QDs. Figure 1c presents the absorption and photolumines-
cence spectra of hexane solutions of CdSe QDs (radius, 1.5 nm)
and CdSe/CdS core/shell structures with the same core radius
(R0¼ 1.5 nm) and a shell thickness of H¼ 4.2 nm (�14 mono-
layers of CdS30). Because in our CdSe/CdS QDs the CdS shell
volume is �50 times larger than that of the CdSe core (�760 nm3

versus �14 nm3), the absorption spectrum is dominated by the
CdS shell, which completely overwhelms a much weaker 1S absorp-
tion feature of the CdSe core33,39. Due to delocalization of the elec-
tron wavefunction into the CdS shell, the photoluminescence of
CdSe/CdS QDs (640 nm) is redshifted with respect to core-only
CdSe QDs (560 nm). As a result, CdSe/CdS QDs show a large
global Stokes shift (.400 meV), which approaches the value
defined by the difference in the bandgaps of bulk CdSe and CdS.
Importantly, this shift is significantly greater than that of core-
only CdSe QDs (�70 meV)33,39.

To evaluate the performances of a real LSC, in addition to reab-
sorption it is necessary to take into account successive stochastic re-
emission events and respective photoluminescence quantum effi-
ciencies (Supplementary Fig. 1). To this end, we performed a
Monte-Carlo ray-tracing simulation of light propagation in LSCs
with either core-only CdSe QDs or core/shell CdSe/CdS g-QDs.
In our calculations we used the QD parameters, device dimensions
and refractive index that are representative of the real LSCs demon-
strated later in this work (see Supplementary Section 1). Specifically,
we consider a rectangular PMMA slab (21.5 cm × 1.3 cm × 0.5 cm,
refractive index n¼ 1.49) coupled to a photovoltaic cell placed
against one of its two smallest faces. We further assume that the

emission quantum efficiencies F of core-only CdSe and core/shell
CdSe/CdS (H¼ 4.2 nm) QDs are 4% and 45%, respectively. In
both cases, to achieve good statistical averaging, the initial number
of photons was set to 10 million (Fig. 2a,b presents the results for
only 1,000 photons, for clarity).

Figure 2a shows photon propagation within an LSC comprising
core-only QDs. As a result of strong reabsorption and low emission
efficiency, only 0.2% of the initial photons reach the photovoltaic cell.
In contrast, because of greatly reduced reabsorption and increased
photoluminescence quantum yield, the number of outgoing
photons is increased more than 100-fold (to 22% of the total
number) for core/shell g-QDs (Fig. 2b). In Fig. 2c we show the prob-
ability Pc of a photon emitted at a certain distance from the edge
reaching the photovoltaic cell in either its original form or as a
product of re-emission. These data allow us to estimate the effective
photon collection length Lc, defined here as the distance at which Pc
drops by half. For the core-only QDs, Lc is extremely short (13 mm),
which severely limits the useful working area of the LSCs. The use of
core/shell g-QDs produces a considerable increase in Lc (up to
�20 cm), indicating that this type of nanocrystal is indeed suitable
for the realization of large-area concentrators. We would like to
emphasize that this difference in performance between core-only
and core/shell QDs is derived primarily from the difference in
their behaviour in terms of reabsorption, but not emission. For
example, as illustrated by squares and diamonds in Fig. 2c, even if
we assume F¼ 100% for both types of QDs, the output of the
LSC based on core/shell QDs is still 100 times that of the LSC with
core-only QDs. In this case, the poorer performance of conventional
QDs is due to strong ‘randomization’ of the light propagation direc-
tion, which results from frequent reabsorption/re-emission events,
leading to a high probability of photon escape from the waveguide
(Supplementary Fig. 2). These estimates suggest great promise for
the use of thick-shell QDs in the realization of highly efficient LSCs.

Bulk-polymerized QD–PMMA nanocomposites
A practical demonstration of efficient QD–LSCs is not straightfor-
ward, as it requires effective means for the incorporation of QDs
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Figure 2 | Monte-Carlo ray-tracing simulations. a,b, Visualization of Monte-Carlo ray-tracing simulations for LSC devices comprising reference core-only

CdSe (a, R0¼ 1.5 nm, emission quantum yield F¼ 4%) and core/shell CdSe/CdS (b, R0¼ 1.5 nm, H¼ 4.2 nm and F¼ 45%) QDs. The LSCs are uniformly

illuminated from the top (grey arrows), perpendicular to the slab surface (1.3 cm× 21.5 cm). Photons reaching the output device face coupled to a

photovoltaic cell (not shown for clarity) are shown by red arrows. In the case of reference QDs, only 0.5% of all initially emitted photons reach the

photovoltaic cell, while 83% are lost to non-radiative recombination and 16.5% escape from the waveguide through the side walls and opposite edge. In the

case of core/shell QDs, 22% of all emitted photons reach the photovoltaic cell, 64% escape from the waveguide, and 14% are lost to reabsorption followed

by non-radiative recombination. c, Probability of a photon emitted at a certain distance from the slab edge reaching the photovoltaic cell in LSCs comprising

reference core-only CdSe QDs (circles) and core/shell CdSe/CdS QDs (triangles) in the same samples as in a and b. The same calculations, but assuming

100% photoluminescence quantum yield for both samples, are shown by squares (CdSe QDs) and diamonds (CdSe/CdS QDs). These calculations indicate

that losses to reabsorption are defined primarily by the Stokes shift, and variations in the photoluminescence quantum yield play a secondary role.
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into high-optical-quality transparent matrices without causing
degradation in their photoluminescence efficiency. In our studies
we have focused on incorporating QDs into PMMA. PMMA exhi-
bits excellent optical properties, high resistance to exposure to ultra-
violet light and various chemical treatments, as well as excellent
performance in all-weather conditions. It is widely used in construc-
tion as a lightweight window material and in optics for fabricating
lenses, prisms and optical fibres. Industrial optical-grade PMMA
is typically produced through bulk polymerization of MMA41 in
the presence of thermal radical initiators (mainly azo-compounds

and peroxides). Application of this procedure to standard QDs
leads to strong QD aggregation, severe deterioration of their
surface passivation, and oxidation of the QDs themselves. All
these processes are accompanied by dramatic photoluminescence
quenching42,43.

The methodology applied in this work is an optimized version of
the industrial procedure called cell-casting, modified in such a way
as to minimize the interaction between the QDs and the initiator
radicals and thereby preserving the optical properties of the QDs
upon bulk polymerization of the PMMA matrix. Details of the
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shell thicknesses in terms of the number of CdS monolayers (MLs) are reported next to each curve. b, Photoluminescence quantum yields of QD hexane

solutions (FSOL, circles) and PMMA nanocomposites (FPMMA, triangles) measured under weak steady-state excitation at 473 nm. Error bars are standard

deviations from the set of five measurements. c, Photoluminescence quenching factor, QPL¼ 1 2FPMMA/FHEX, plotted as a function of (R0þ H), showing

that for the thickest-shell QDs (H¼ 4.2 nm) the reduction in photoluminescence efficiency following QD incorporation into PMMA is negligibly small, but

reaches 80% for core-only CdSe QDs. A further increase in shell thickness typically results in a deterioration of the photoluminescence efficiency, which can

probably be attributed to the formation of interfacial defects. Therefore, in our work on practical LSCs we used QDs with a 4.2 nm shell, which is the optimal

thickness for our samples. They exhibit a sufficiently large Stokes shift to produce a nearly complete suppression of reabsorption (see below) and are

simultaneously characterized by a fairly high emission yield. d–f, Room-temperature photoluminescence decays of QD hexane solutions (circles) and

QD–PMMA nanocomposites (triangles) comprising CdSe/CdS QDs with R0¼ 1.5 nm and H¼0 ML (d), H¼ 5 ML (e) and H¼ 14 ML (f) measured

using weak pulsed excitation at 405 nm. The same colour coding is used in all panels. We note that samples synthesized in air show the same F and

photoluminescence dynamics as the samples fabricated in argon, which suggests a minor role of oxygen in the photoluminescence quenching process

(Supplementary Fig. 7).
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procedure are reported in the Methods and Supplementary Figs 3–5.
In this work, we study core/shell CdSe/CdS with core radius
R0¼ 1.5 nm and several shell thicknesses (H¼ 0, 0.6, 1.5, 2.7 and
4.2 nm), fabricated using a successive ionic layer adsorption and
reaction (SILAR) approach, as reported previously30. Figure 3a dis-
plays the absorption and photoluminescence spectra of the QD–
PMMA nanocomposites and compares them with hexane solutions
with the same QD concentration of �0.05 wt%. Analysis of the
absolute values of the absorption cross-sections s at spectral ener-
gies above the CdS bandgap indicates a quick increase in s with
increasing H (Supplementary Fig. 6). These data illustrate the
‘antenna effect’ of a thick CdS shell. For example, the CdSe/CdS
QDs with a 4.2 nm shell exhibit over a 100-fold increase in s at
480 nm compared to core-only CdSe QDs.

No changes in the position or shape of the absorption and photo-
luminescence spectra were observed for any of the core/shell QD

samples upon incorporation into the PMMA matrix. However,
the photoluminescence spectrum of core-only CdSe QDs in
PMMA is redshifted compared with the spectrum of the solution
and also exhibits a marked shoulder at longer wavelengths, typical
of trap emission44. The photoluminescence quantum yields of
QD–PMMA composites and their respective solutions are reported
in Fig. 3b. The QDs with larger H feature increasingly higher F, up
to �50% for H¼ 4.2 nm (ref. 38).

Importantly, these QDs show essentially no drop in their emis-
sion efficiency upon incorporation into PMMA, while thinner
shell samples exhibit a significant photoluminescence quenching.
The photoluminescence quenching factor (QPL¼ 1 2FPMMA/FHEX)
is shown in Fig. 3c versus the total QD radius (R¼ R0 þ H). As
the shell becomes thicker, QPL decreases from 80% for reference
CdSe QDs to only 6% for the thickest-shell CdSe/CdS QDs. The
photoluminescence efficiency measurements are corroborated by
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Figure 4 | Large-area LSC based on Stokes-shift-engineered QDs. a, Left: photograph of a QD–PMMA-based LSC (dimensions: 21.5 cm × 1.35 cm× 0.5 cm)

comprising CdSe/CdS QDs (R0¼ 1.5 and H¼ 4.2 nm) illuminated by an ultraviolet lamp emitting at 365 nm (top) and under ambient illumination (bottom).

Scale bar, 5 cm. Right: the same LSC during measurement of the concentration factor with illumination from a solar simulator (1.5 AM global). b, Optical

absorption spectra of the QD hexane solution (dotted line) and the QD–PMMA composite (same as in a) (solid line) showing a minimal contribution from

scattering, and normalized photoluminescence spectra (excitation at 473 nm) collected at the edge of the LSC when the excitation spot is located at

distances d¼0 cm (black line) or d¼ 20 cm (purple line) from the edge. The lack of a d-dependent change in the shape of the photoluminescence

spectrum suggests that losses to reabsorption by the QD material are negligibly small. Non-normalized photoluminescence spectra as a function of

d (0 to 20 cm) are shown in the inset (logarithmic scale is used on the intensity axis); they indicate that the overall photoluminescence intensity drops

with increasing d due to scattering at optical imperfections within the PMMA matrix and photon escape from the waveguide. c, Spectrally integrated

photoluminescence intensity as a function of d (circles; derived from data in b) in comparison to the intensity of scattered 835 nm light (triangles). The

experimental configuration used in these measurements is shown in the inset. Because radiation at 835 nm is not affected by QD absorption, its use allows

us to quantify attenuation due to scattering and photon escape. The intensities of both photoluminescence and 835 nm scattered light exhibit the same

d-dependence, confirming the assessment that photoluminescence losses due to reabsorption are virtually non-existent. The photoluminescence intensity

corrected for scattering losses (squares) does not show any appreciable variation with d.
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time-resolved photoluminescence data in Fig. 3d–f. According to
the progressively smaller overlap between the electron and hole
wavefunctions, the photoluminescence lifetime becomes longer
with increasing shell thickness33. Importantly, the photoluminescence
dynamics of g-QDs (H¼ 4.2 nm) embedded into PMMA is almost
identical to that of the QD hexane solution. In contrast, QDs with
thinner shells exhibit faster photoluminescence decay in PMMA
compared to that in solution, indicating an additional contribution
from surface-defect-related non-radiative channels that is probably
activated by QD exposure to the initiator radicals15. These results
highlight the important role of a thick CdS shell, which, in addition
to inducing a large Stokes shift, helps preserve the light-emitting
properties of the QD core under various chemical treatments.

Large-area LSCs based on Stokes-shift-engineered QDs
To experimentally validate the concept of Stokes-shift engineering
for the suppression of reabsorption losses, we fabricated large-area
QD–LSC prototype devices (21.5 cm × 1.3 cm × 0.5 cm) that
utilize CdSe/CdS g-QDs with a 4.2 nm shell. Figure 4a presents
photographs of one of these devices under room (bottom left)
and ultraviolet (top left) illumination; the latter image illustrates
how QD photoluminescence excited by ultraviolet radiation on
one end of the PMMA slab is guided towards its other end.

Figure 4b presents the absorption and emission spectra of the
QD–PMMA composite. The absorption spectrum of the slab is
nearly identical to that of the solution sample, indicating a small
contribution from light scattering. This is a signature of high
optical quality of the QD–PMMA composite. The inset of Fig. 4b
reports the photoluminescence spectra collected at the edge of the
slab for increasing spatial separation d between the excitation spot
and the LSC edge. These data indicate a progressive decrease in
the photoluminescence intensity with increasing d, which reaches
�60% for d¼ 20 cm. If this reduction were due to reabsorption,
it would be accompanied by a change in the photoluminescence
spectral shape (Supplementary Fig. 1). However, inspection of the
normalized photoluminescence spectra (Fig. 4b) suggests that the
shape of the photoluminescence band remains unchanged up to
d¼ 20 cm, indicating that the observed reduction in the photolumi-
nescence intensity is not due to reabsorption by the QD material but
rather scattering at optical imperfections within the matrix and
photon escape through the slab surfaces. Indeed, when we repeat
the same experiment for near-infrared scattered laser light at
835 nm, which is not absorbed by the QDs, the observed d-depen-
dence is nearly identical to that measured for photoluminescence
(Fig. 4c). The ratio between the intensity of QD photoluminescence
and near-infrared scattered laser light is almost distance-indepen-
dent (squares in Fig. 4c), which strongly supports our assessment
of a negligible role of photoluminescence reabsorption in our
QD–PMMA composites. The advantages of g-QD-based LSCs
become especially clear when we compare their performance to
that of LSCs based on standard CdSe QDs or traditional organic
dyes. In Supplementary Fig. 8, we evaluate distance-dependent
optical losses in a device fabricated using core-only CdSe QDs.
The measurements indicate that very strong reabsorption leads to
�80% photoluminescence loss on a path length of only 20 mm.
In this case, the effect of reabsorption largely overwhelms losses
due to scattering. Importantly, the suppression of reabsorption
achieved with Stokes-shift-engineered QDs surpasses that for
organic dyes (for example, BASF Lumogen R305) used in state-of-
the-art LSCs (Supplementary Fig. 9). Remarkably, although this
LSC shows no scattering losses, the photoluminescence intensity
still drops by over 75% at d¼ 20 cm, indicating significant losses
due to reabsorption.

We next characterized the external quantum efficiency and the
concentration factor of our g-QD-based LSCs using the set-up
shown in Fig. 4a (right). In these measurements, we coupled light

radiated from the edge of the slab (area Aedge¼ 1.3 cm ×
0.5 cm¼ 0.65 cm2) into a calibrated silicon photodiode. We
placed white diffusing reflectors in proximity to the long faces of
the LSC to scatter the escaped light back into the waveguide. No
reflector was placed at the bottom of the slab or its end opposite
to the detector. The concentrator was illuminated perpendicular
to its surface (area ALSC¼ 1.3 cm × 21.5 cm¼ 27.95 cm2) by a cali-
brated solar simulator with a power density of I ¼ 100 mW cm22

(1.5 AM global). The efficiency was calculated using the expression
h¼NOUT /NIN, where NOUT is the number of photons collected by
the photodiode and NIN is the total number of photons absorbed by
the LSC. Based on these measurements, we find h¼ 10.2%. This
result is particularly remarkable as it corresponds to over 1% con-
version efficiency per incident photon, achieved using a device
that is essentially transparent in the visible spectral region
(Fig. 4a, lower panel), an essential requirement for applications as
photovoltaic windows. We can estimate the effective concentration
factor of absorbed light (C) from C¼ h(ALSC/Aedge), which yields
4.4. This result provides an important proof of concept for solar
light concentration using solid-state LSCs based on engineered
QDs. One can envision multiple ways to optimize these devices.
Specifically, based on the calculations in Fig. 2b,c, the �20 cm
length of our LSCs is still considerably shorter than the limit
imposed by Lc, which allows for increasing C by means of a
simple increase in the length of the slab. Furthermore, considerable
improvements in solar energy conversion are expected with devices
where all sides besides the edge equipped with photovoltaic cells are
coated with reflecting layers, preventing the escape of photons
outside the cone defined by total internal reflection. Finally, there
is also room for improvement in the quality of the QDs and, specifi-
cally, their emission efficiencies.

In conclusion, using Stokes-shift-engineered core/shell
CdSe/CdS g-QDs we have demonstrated the feasibility of QD-
based LSCs with negligible losses to reabsorption of emitted light
up to distances of tens of centimetres. The demonstrated approach
to Stokes-shift engineering is general and can be extended to
smaller-bandgap materials such as lead or tellurium salts to
achieve a better match with the absorption spectrum of traditional
silicon-based photovoltaic cells and the spectrum of solar radiation.
Furthermore, the procedure for QD incorporation into a high-
quality PMMA matrix is also not QD-material-specific, and can
be directly applied to colloidal nanocrystals of various compositions
and shapes.

Methods
Materials. Methylmethacrylate (MMA, 99%, Aldrich), purified with basic activated
alumina (Sigma-Aldrich), was used as a monomer for the preparation of polymeric
nanocomposites. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) and
lauroyl peroxide (98%, Aldrich) were used as initiators without purification.

Fabrication of the nanocrystal–polymer composite. PMMA nanocomposite disks
were prepared by bulk polymerization of MMA with lauroyl peroxide (400 ppm
wt/wt with respect to MMA) at 80 8C for 24 h under an argon atmosphere. First, the
QD solvent hexane was evaporated in a continuous argon flow, then lauroyl peroxide
was added and the two powders were kept for 2 h under argon flow. In the
meantime, three freeze–pump–thaw cycles were performed on the purified
monomer in order to remove the oxygen. At this point the monomer was added to
the flask containing the QDs and the initiator under an argon atmosphere. The
mixture was homogeneously dispersed by ultrasound treatment and then placed in
the oven. The PMMA plate was fabricated by bulk polymerization using the
industrial cell-casting process45. The process was characterized by two steps. First,
the so-called ‘syrup’ was prepared. The monomer, purified through a basic
aluminium oxide column, was heated in a beaker to 80 8C. When the MMA
temperature stabilized, AIBN (100 ppm wt/wt with respect to MMA) was added. At
that point, pre-polymerization (an exothermic process) took place and the monomer
temperature increased to the MMA boiling temperature (95 8C). When the
monomer achieved the stage of vigorous boiling, the syrup was quenched. In the
second step, the pre-polymer was degassed by four freeze–pump–thaw cycles in
order to remove oxygen and introduce an argon atmosphere, and then mixed with
the dispersion of QDs in MMA containing lauryl peroxide (400 ppm wt/wt with
respect to MMA) described above (10% wt/wt with respect to the syrup). Finally, the
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viscous liquid was introduced into the casting mould under argon flow, where the
polymerization reaction proceeded. The casting mould was made from two glass
plates sealed with a polyvinyl chloride (PVC) gasket (to preserve the inert
atmosphere) and clamped together. The clamps contained springs in order to
accommodate the shrinkage of the polymer plate during the polymerization process.
The casting mould was placed in a water bath at 55 8C for 48 h. Finally, the bar was
post-cured in the oven at 115 8C overnight. The amount of residual monomer was
less than 1%, which is in compliance with international safety requirements
(Supplementary Figs 3–5). The above approach has three main advantages for
applications in QD–LSCs. First, it requires a very limited amount of radical initiator
(a few hundreds of ppm, wt/wt), which is mostly responsible for photoluminescence
quenching. Second, the pre-polymerization step reduces the formation of
heterogeneities in the PMMA, thus increasing the optical transparency of the final
composite45. Finally, the high viscosity of the MMA syrup reduces the mobility of all
chemical species, thereby preventing QD aggregation and limiting the interaction
between the QDs and the radical initiators.

Characterization of the polymeric nanocomposite. The amount of residual
monomer in the PMMA composites was extracted from 1H NMR spectra recorded
on samples dissolved in deuterated chloroform using an Avance 500 NMR
spectrometer (Bruker). Tetramethylsilane was used as the internal standard. The
glass transition temperature of the PMMA matrix was measured by differential
scanning calorimetry using a Mettler Toledo Stare thermal analysis system. The
thermal programme was characterized by a double cycle: heating from 0 8C to
200 8C at 10 8C min21 and cooling from 200 8C to 0 8C at –10 8C min21. Molecular
weights and molecular weight distributions of PMMA matrices were determined by
gel permeation chromatography (GPC) using a WATERS 1515 isocratic equipped
with an high-performance liquid chromatography pump, WATERS 2414 refractive
index detector, four Styragel columns (HR2, HR3, HR4 and HR5 in effective
molecular weight ranges 500–20,000, 500–30,000, 50,000–600,000 and 50,000–
4,000,000, respectively) with tetrahydrofuran (THF) as the eluent at a flow rate of
1.0 ml min21. The GPC system was calibrated with standard polystyrene from
Sigma-Aldrich. GPC samples were prepared by dissolution in THF. The solution was
stirred at 80 8C under reflux for 24 h. The QDs were precipitated in THF and
removed by centrifugation (6,000 r.p.m. for 15 min). The supernatant made of the
polymeric matrix dissolved in the eluent was filtered with hydrophobic PTFE
membranes (pore size 0.2 mm) and measured.

Spectroscopic studies. All spectroscopic studies were carried out using hexane
solutions of QDs loaded into quartz cuvettes and QD–PMMA nanocomposites. In
the measurements of photoluminescence dynamics, the samples were vigorously
stirred to avoid the effects of photocharging. The absorption spectra of QD solutions
were measured with a Cary 50 UV-vis spectrophotometer. Photoluminescence
spectra and transient photoluminescence measurements were carried out using
excitation with ,70 ps pulses at 3.1 eV from a pulsed diode laser (Edinburgh Inst.
EPL series). The emitted light was dispersed with a spectrometer and detected with a
charge-coupled device or a photomultiplier tube coupled to time-correlated single-
photon counting electronics (time resolution of �150 ps). Optical measurements on
LSCs were carried out using a 473 nm continuous-wave laser as an excitation source,
and spectrally dispersed emission was detected with a charge-coupled device. The
same set-up in combination with an integrating sphere was used for
photoluminescence quantum yield measurements.
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