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Highly efficient luminescent solar concentrators
based on earth-abundant indirect-bandgap silicon
quantum dots

Francesco Meinardi'?*%, Samantha Ehrenberg3?, Lorena Dhamo’, Francesco Carulli', Michele Mauri'?,
Francesco Bruni?, Roberto Simonutti’, Uwe Kortshagen3* and Sergio Brovelli'?*

Building-integrated photovoltaics is gaining consensus as a renewable energy technology for producing electricity at the point
of use. Luminescent solar concentrators (LSCs) could extend architectural integration to the urban environment by realizing
electrode-less photovoltaic windows. Crucial for large-area LSCs is the suppression of reabsorption losses, which requires
emitters with negligible overlap between their absorption and emission spectra. Here, we demonstrate the use of indirect-
bandgap semiconductor nanostructures such as highly emissive silicon quantum dots. Silicon is non-toxic, low-cost and ultra-
earth-abundant, which avoids the limitations to the industrial scaling of quantum dots composed of low-abundance elements.
Suppressed reabsorption and scattering losses lead to nearly ideal LSCs with an optical efficiency of 7 = 2.85%, matching
state-of-the-art semi-transparent LSCs. Monte Carlo simulations indicate that optimized silicon quantum dot LSCs have a
clear path to 77 > 5% for 1 m? devices. We are finally able to realize flexible LSCs with performances comparable to those of

flat concentrators, which opens the way to a new design freedom for building-integrated photovoltaics elements.

photovoltaic (Si-PV) systems and the economic incentive pro-
grammes that have characterized the fiscal policies of many
western countries have rendered Si-PVs the dominant technology
for producing electrical energy from renewable sources in sustain-
able civil and industrial buildings. Furthermore, in the last few
years, the retail cost of Si-PV modules has dropped by ~70%,
which now makes it possible to recover the economic investment
for rendering a small building energetically independent in less
than a decade!. However, the situation is radically different in
highly urbanized environments, where architecture develops predo-
minantly in terms of height, and the rooftop surfaces commonly
used for the installation of Si-PV modules become increasingly
insufficient to collect all the energy required for building operations.
At present, an area of ~7 m? is needed for 1 kW of peak power. This
makes it more difficult to achieve the desired goal of the so-called
‘nearly zero energy building’ decreed by the EU, according to
which all newly constructed buildings will be required to be energe-
tically neutral by 2020 (ref. 2). Hence, it is of growing relevance to
realize innovative PV systems that integrate into existing and
newly constructed buildings without altering their aesthetic appear-
ance or affecting the quality of life of their occupants.
Luminescent solar concentrators (LSCs)*>* could help achieve
this goal by transforming conventional energy-passive glazing
systems into semi-transparent PV windows®, effectively converting
the facades of urban buildings into distributed energy generation
units®®. Importantly, integrating LSCs ‘invisibly’ into urban
environments would facilitate the public acceptance of PV power
and enable seamless integration in this territory, essentially reducing
to zero the so-called ‘cost of land’ for PV installation.
A typical LSC consists of a plastic optical waveguide doped with
fluorophores or of a glass slab coated with active layers of emissive

| he continuous increase in performance of silicon-based

materials. Direct, as well as the diffused sunlight that penetrates the
matrix, is absorbed by the fluorophores and is re-emitted at a longer
wavelength. The luminescence, guided by total internal reflection,
propagates to the waveguide edges, where it is converted into electricity
by small PV cells installed along the slab perimeter (Fig. 1a). Because
the LSC area exposed to sunlight is much larger than the waveguide
edges, LSCs can, in principle, greatly increase the flux of radiation inci-
dent onto the perimeter PV devices and thus boost the photocur-
rent*®. Importantly for building-integrated PV (BIPV) applications,
LSCs can be produced with unmatched design freedom in terms of
shape, transparency, colour and flexibility, which architects can use
to enhance a building’s aesthetic value. In addition to this, the LSC
design uniquely enables the harvest of solar radiation using electro-
deless semitransparent waveguides, with essentially no aesthetic
impact’~!!, which is paramount for the realization of PV windows.
Finally, because the perimeter PV cells are indirectly illuminated by
luminescence originating across the whole waveguide, LSCs are essen-
tially unaffected by the efficiency losses and electrical stresses caused
by shadowing of the device that occur in bulk and thin-film PVs.
Despite tremendous advancements in device design®1°-12, the
wide use of LSCs has long been hindered by the lack of suitable
emitters. Organo-metallic chromophores suffer from limited
spectral coverage, while organic dyes and conventional core-only
colloidal quantum dots'>* exhibit a large overlap between the
absorption and emission spectra, which leads to strong reabsorption
of the guided luminescence in large-area LSCs!®!>. However, recent
breakthroughs in the design of quantum dots have leap-frogged LSC
technology to such a degree that they could be commercialized for
integrated PV applications in the near future”®%1617, Colloidal
quantum dots feature a broad absorption spectrum that can be
tuned to harvest solar radiation across the whole visible spectrum
and to the near-infrared (NIR). Their luminescence can be tuned
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Figure 1| Concept of LSC window based on ultra-earth-abundant Si quantum dots. a, Schematic representation of an LSC window composed of a polymer
matrix incorporating reabsorption-free quantum dots (QDs). b, Absorption (black line) and photoluminescence (red line) spectra of Si quantum dots (4.3 nm
diameter) in crosslinked poly(lauryl methacrylate) (PLMA, QD concentration 0.09 wt%). Photoluminescence was measured using c.w. excitation at 473 nm.
The transparency window of the nanocomposite, defined by the absorption onset of the QDs and the C-H overtone of the matrix at 930 nm, is indicated by
grey shading. The spectrum of solar radiation at sea level is reported as a grey line.

to match the peak response of PV devices. Most importantly, for the
realization of efficient large-area LSCs, the energy separation
between the absorption and emission spectra of quantum dots,
commonly quantified in terms of a Stokes shift, can be engineered
through various material design strategies, including heterostructur-
ing”!>18-21 doping!7?? and the use of ternary semiconductor com-
positions, leading to intrinsically decoupled absorption and
emission functions®?>?4.

One compelling material design concept for achieving reabsorp-
tion-free LSCs that is yet to be explored is the use of quantum dots of
indirect-bandgap semiconductors such as silicon. In its bulk form,
silicon is an indirect-bandgap semiconductor, and light emission
from the lowest lying Xconduction = Ivalence €nergetic transition
requires the assistance of transverse optical or acoustic phonons,
resulting in a vanishingly small transition probability (per atom
band-edge absorption cross-section of o~1x10722cm™2) and
negligible luminescence. However, upon spatial confinement
below the exciton Bohr diameter (8.6 nm)?>-?’, Si nanostructures
become strongly luminescent owing to partial relaxation of the
selection rules for momentum conservation?>*-3, which confers
a small, yet not negligible, oscillator strength to the band-edge elec-
tronic transition®"*2, In addition to this, recent studies demonstrate
that quantum confinement boosts the per atom cross-section of Si
with respect of the bulk material, approaching a one order of
magnitude enhancement between 2 and 3 eV (ref. 27). This is
beneficial for LSC applications, as it enables us to achieve high
solar harvesting performances with relatively small quantum dot
concentrations. As a result, the optical absorption and photolumines-
cence spectra of Si quantum dots can be tuned from the visible to
the NIR spectral region by control of the particle size (‘quantum con-
finement effect’), and their emission efficiency can be enhanced to
>50%333* via suitable surface passivation strategies****%. For these
reasons, Si quantum dots are considered interesting candidates for
nontoxic biomarkers®® and for cost-effective solid-state light
sources®”*8, Importantly for LSC applications, the absorption edge
of Si quantum dots retains the very small absorption coefficient
typical of indirect-bandgap semiconductors®*>%, and this results
in a negligible overlap between the absorption and emission profiles
and, consequently, effective suppression of the reabsorption capability
of Si quantum dots.

Another unique and beneficial feature of Si quantum dots that
could support the widespread use of LSC technology is that
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silicon is the most abundant element on the Earth’s crust
(Supplementary Fig. la). The yearly production of Si is around
eight million tons, and only a small percentage of this is sufficient
to sustain the demand from the semiconductor and solar energy
sectors (the largest part is used in the manufacturing of aluminium
and by the chemical industry)*!. The unmatched availability of these
raw materials could thus help avoid the issues that affect the appli-
cability of other existing types of Stokes-shift engineered quantum
dots to large-scale LSC fabrication. Such quantum dots comprise
one or more elements with relatively low abundance in the Earth’s
crust and that are already heavily used in existing mass production
technologies (for example, indium and selenium; Supplementary
Discussion and Supplementary Fig. 1b)*142. Although the yearly
production of such elements is sufficient to sustain current global
demand, the emergence of a new industrial sector—the large-scale
production of quantum dots for building-integrated LSC technol-
ogy—might lead to supply restrictions and severe price fluctuations.

Here, we use Si quantum dots to realize the first efficient large-
area LSC based on indirect-bandgap colloidal nanostructures. The
suppressed reabsorption capability of Si quantum dots, together
with their high compatibility with polymer matrices, enables us to
achieve nearly ideal LSC devices free from reabsorption and scatter-
ing. Quantitative performance evaluations, corroborated by Monte
Carlo numerical simulations, indicate that these LSCs can be
scaled up to larger size without incurring dramatic optical losses
due to reabsorption of the guided luminescence. Finally, proof-
of-concept flexible LSC prototypes demonstrate the feasibility of
PV-active architectural elements with complex curvature, thereby
further extending the potential for building integration of LSCs,
which could be realized with minimal losses in terms of yearly
production of PV electricity with respect to a horizontal flat device.

Synthesis and optical properties of Si quantum dots

Here, we focus on Si quantum dots emitting at 830 nm, synthesized
in a non-thermal plasma reactor and subsequently functionalized
with 1-dodecene as described previously>>#3, but with an additional
ultraviolet light treatment to establish photostability of the covalently
bonded surface species. Figure 1b reports the optical absorption
and photoluminescence spectra of the Si quantum dots (~4.3 nm
diameter) embedded in a poly(lauryl methacrylate) (PLMA, see
below) matrix used for the fabrication of the LSC waveguides,
together with the terrestrial spectrum of solar irradiance. The
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Figure 2 | Large-area LSCs based on mass polymerized nanocomposite waveguides doped with Si quantum dots. a, Photographs of an LSC comprising
0.09 wt% Si quantum dots (dimensions of 12 cm x 12 cm % 0.26 cm) under ambient (bottom left) and ultraviolet illumination (365 nm) taken with an
ultraviolet-filtered visible camera (top) and an ultraviolet-filtered infrared camera (bottom right). b, Photoluminescence spectra of a portion of the same LSC
as in a (dimensions of 3.5 cm x 3.5 cm x 0.26 cm) with the edges clear (black line) and blocked by black paint (grey line). The red curve is the difference
between the black and grey spectra and represents the luminescence emitted from the device edges. ¢, Intensity of 835 nm light linearly propagating inside
the LSC in a as a function of propagation path d. The light intensity versus d calculated using the Lambert-Beer equation for linear propagation (absorption
coefficient a (835 nm) = 2.4 x 1072 cm™) is reported as a black line. The error bars are the standard deviation calculated over five repetitive measurements.
d, Absorption (dashed lines) and photoluminescence (solid lines) spectra of Si quantum dots in toluene (black) and PLMA (red). The absorption spectrum of
pure PLMA is shown as a blue dashed line. e, Photoluminescence decay curves of the Si quantum dots in toluene and PLMA.

absorption spectrum shows the typical smooth profile of indirect-gap
semiconductors®! and two small features at 930 and 1,040 nm due
to the C-H vibration overtones of the polymer matrix. The photo-
luminescence spectrum peaks in the optimal transparency NIR
window of the composite, which ensures minimal reabsorption
losses for large device dimensions, as demonstrated in the following.
Because the emission from Si quantum dots is due to a band-edge
transition, the real Stokes shift between the absorption and lumines-
cence spectra is zero (Supplementary Fig. 2)***%. However, because
of the partial forbiddance of the T'yuence = Xconduction €lectronic
transition, the absorption coefficient of the Si quantum dots below
650 nm is lower than 0.1 cm™" at the quantum dot concentration
used (0.09 wt%), which is significantly smaller than the absorption
due to the C-H vibration overtones at 930 nm of the LSC waveguide.
This results in an effective Stokes shift of ~400 meV, which greatly
exceeds that of ‘core-only’ metal chalcogenide quantum dots
(typically a few tens of meV)”!*% and is comparable with the
Stokes shift of recently reported reabsorption-free quantum dots”'7.

Polymer nanocomposites based on Si quantum dots
To validate experimentally the suitability of Si quantum dots for
efficient large-area LSCs, we proceeded with the fabrication of
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semitransparent prototype devices using PLMA crosslinked with
ethylene glycol dimethacrylate (EGDM) following the procedure
described in the Methods. Figure 2a presents a set of photographs
of a fabricated rigid P(LMA-co-EGDM) nanocomposite (LMA:
EGDM 80%:20% wt/wt) with dimensions of 12 cm x 12 cm % 0.26 cm
comprising 0.09% wt% quantum dots. The picture taken under
ambient illumination (bottom left) highlights the high optical
quality of the LSC waveguide. The absence of scattering due to
quantum dot agglomeration and structural defects in the composite
is further emphasized by the photographs collected under ultraviolet
irradiation with a visible camera (top panel) or an ultraviolet-filtered
infrared camera (bottom right), respectively capturing the visible
and infrared portion of the quantum dot luminescence. Both
pictures highlight that the quantum dot luminescence is effectively
guided towards the slab edges, and only a minimal part of the light is
emitted from the top or bottom LSC surface.

To quantitatively demonstrate the absence of scattering losses, we
performed photoluminescence measurements in an integrating
sphere on the same quantum dot-polymer nanocomposite as in
Fig. 2a, with either clear or blocked edges so as to distinguish
between the light emitted from the LSC faces and the guided
luminescence emitted from the slab edges. The photoluminescence
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Figure 3 | Large-area QD-LSCs. a, Absorption spectrum of the QD-LSC (0.09 wt% Si quantum dots, dimensions of 12 cm x 12 cm x 0.26 cm, dashed line)
and normalized photoluminescence spectra collected at the edge of the LSC when the excitation spot is located at distances d =0 cm or d =12 cm from the
edge. The spectra at intermediate d values are reported as grey curves. b, Photoluminescence (PL) spectra versus d calculated through Monte Carlo (MC)
ray-tracing simulation. ¢, Full-width at half-maximum (FWHM) and integrated intensity of the experimental and simulated luminescence spectra versus d.

d, Relative optical output power measured from one LSC edge as a function of device area illuminated by a calibrated solar simulator. The trend obtained
through Monte Carlo simulation of an ideal LSC with no scattering/reabsorption losses and embedding emitters with the same quantum efficiency as the Si

quantum dots (®p| = 46%) is reported as a black curve.

data reported in Fig. 2b show that the emission intensity of the LSC
with blocked edges corresponds to 25% of the total emission inten-
sity measured for the bare LSC. This leads to the important result
that the luminescence guided to the device edges is 75% of the
total light generated inside the waveguide, which is in perfect
agreement with the maximum theoretical value of light-trapping
efficiency defined by Snell’s law, 7, = (1 - 1/n*)"?=0.741 (where
n =149 is the refractive index of the polymer matrix), expected
for a defect-free waveguide!* without special reflective coatings
(for example, engineered ‘selective reflectors’) on the top and
bottom surfaces of the device. These results further indicate that,
in our LSCs, optical losses due to reabsorption are very limited, as
isotropic re-emission events would lower #,, by randomizing the
propagation path of the guided luminescence'®. A more accurate
evaluation of the scattering losses is achieved by light propagation
experiments using a collimated laser source at the same wavelength
as the quantum dot luminescence (835 nm) entering the device
from one edge and collecting the light intensity escaping from the
LSC faces. Using the experimental configuration schematized in
Fig. 2¢, these measurements reveal that the light scattered from
the LSC faces is less than 0.6%o of the input radiation per centimetre.
This loss is over 300 times smaller than the residual absorption by
the nanocomposite at 835 nm (a=2.4x 107 cm™', Supplementary
Fig. 2). Accordingly, the attenuation of the laser as a function of the
optical distance (Fig. 2c) matches perfectly the trend calculated using
the Lambert-Beer equation for linear propagation along the waveguide.

One important feature of the fabrication of efficient quantum-
dot LSCs (QD-LSCs) is the preservation of the optical properties
of the pristine quantum dots following their incorporation into
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the polymer nanocomposite. To test the stability of the Si
quantum dots to the radical mass polymerization procedure used
for the fabrication of the P(LMA-co-EGDM) waveguide, we
conducted side-by-side spectroscopic studies of the fabricated nano-
composite and of a toluene solution of Si quantum dots with iden-
tical concentration. The optical absorption and photoluminescence
spectra are reported in Fig. 2d, which shows virtually identical
spectral properties for the two samples (except for the absorption
peak at 927 nm due to the vibrational overtone of the C-H stretch-
ing mode of the polymer). The absorption spectrum of a slab of pure
P(LMA-co-EGDM) with thickness identical to the LSCs is also
reported, and shows very low absorption across the visible spectrum
and a small peak at ~925 nm due to the C-H vibration overtone.
The time-resolved luminescence traces in Fig. 2e reveal very
similar emission dynamics for the two systems, with a weak accel-
eration for the Si quantum dots embedded in the polymer that is
most probably due to the activation of additional non-radiative
channels, which account for the very small reduction in the
emission quantum yield from ®@p =50+5% in toluene to
®p; =46 £5% in the nanocomposite. Such small non-radiative
loss (<10%) upon exposure to the radical polymerization catalysts
and energetic ultraviolet radiation in air is particularly notable in
light of the fact that the Si quantum dots were not protected with
additional passivation coatings, as is necessary to preserve the
optical properties of CulnSeS and CdSe quantum dots incorporated
into poly-acrylate matrixes (shelled with thick CdS or ZnS layers,
respectively)”$. Measurements performed on one-year-old LSCs
show no variation in their emission efficiency and wave-guiding
properties. This intrinsic resilience to the device fabrication
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conditions is an important industrial advantage of Si quantum dots
as it may allow the realization of effective LSC emitters without
incurring additional costs for their over-coating.

Reabsorption-free large-area QD-LSCs

We next focus on the quantification of the optical performances
of the QD-LSCs. To measure the efficiency of the fabricated
concentrator, we index-matched the four perimeter edges (Aeqge =
48 cm x 0.26 cm = 12.48 cm?) of the LSC shown in Fig. 2a to
calibrated Si solar cells and illuminated the device perpendicular
to its top surface (Arpsc=12cmx12cm=144 cm?) using a
calibrated solar simulator with power density I=100 mW cm™2
(1.5 AM Global). No reflector or back diffuser was placed at the
bottom of the waveguide in order to preserve the optical transmit-
tance of the device and to reproduce the situation of a PV window
exposed to sunlight. Based on these measurements, we obtain an
optical power conversion efficiency # = Py /Py =2.85+0.15%,
where P, is the luminous power collected by the solar cells
coupled to the LSC perimeter edges and Py, is the solar power
incident on the LSC surface. This result is particularly relevant
considering the size of the concentrator, its high degree of trans-
parency across the visible spectrum (75%) and the fact that the
employed Si quantum dots did not reach maximum luminescence
quantum yield (@pr = 46%). The corresponding optical quantum effi-
ciency, expressed as 7, =N§I,}t/Nbe, where NP, is the number of
photons emitted from the LSC edges and Nfg’s is the total number
of absorbed photons, is 71 =30 + 4%, which is good agreement with
the theoretical value #g= Ppp X #y X [1 = ] X [1 — #75] =35 + 6%,
thus further confirming that the losses due to scattering (#;) and
reabsorption (#,,) are particularly small in our LSCs®. The obtained
power conversion efficiency is comparable to the best performances
recently obtained for large-area LSCs with comparable size based on
state-of-the-art CuInSe,_,S, quantum dots®. We note that it is possible
to boost the optical power conversion efficiency of LSCs by using back-
reflectors'®! 1%, which help recycling transmitted and emitted photons
escaping from the waveguide back in the concentrator®>#. In our case,
by coupling our LSC to an aluminium-coated silica back-reflector with
>95% reflectivity, we obtain #=4.0+0.2%. The observed ~40%
enhancement with respect to the bare LSC is in good agreement
with the simulated value of 37% obtained through Monte Carlo
ray-tracing calculations. Fundamentally, by using semitransparent
back-reflectors, it is possible to enhance the LSC power conversion
efficiency while preserving a degree of transparency suitable for
application as PV windows.

To directly evaluate the reabsorption losses in our devices, we
collected the photoluminescence spectrum from one of the slab
edges (12 x0.26 cm?) using continuous wave (c.w.) 473 nm exci-
tation with the pump spot positioned at different distances d from
the waveguide edge. Figure 3a presents the optical absorption spec-
trum of the LSC of Fig. 2a measured at normal incidence onto the
large (12 x 12 cm?) device side, together with the photolumines-
cence spectra for d=0-12 cm. The calculated emission spectra
obtained using Monte Carlo ray-tracing simulation are reported
in Fig. 3b, and nearly perfectly resemble the experimental data. In
these calculations, we specifically used the absorption and emission
profiles as well as the photoluminescence efficiency (Ppr, = 46%) of
the quantum dots embedded in the polymer waveguide (Fig. 2d,e).
As expected, given the almost complete absence of spectral overlap
between the absorption and luminescence profiles of Si quantum
dots, the emission spectra excited at the opposite edges of the slab
are very similar, with the spectrum for d =12 cm showing only a
slight symmetric narrowing with respect to the emission excited
directly at the slab edge. Such similar dimming on both sides of
the luminescence peak, quantified experimentally and theoretically
by the small variation of the spectral linewidth in Fig. 3¢, demon-
strates that the losses to reabsorption are strongly suppressed
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(comparable to the optical losses due to absorption by the C-H
vibrational overtone of the matrix) and confirms that the chosen
Si quantum dots emit exactly in the optimal NIR transparency
window of the nanocomposite waveguide (Fig. 1b). Figure 3c also
reports the integrated emission intensity extracted from the
spectra in Fig. 3a,b, which enables us to evaluate the losses due
exclusively to reabsorption in our devices'®. The data show a very
small drop (~13%) due to reabsorption in 12 cm, which is faithfully
predicted by the Monte Carlo ray-tracing simulation. The minimal
losses to reabsorption are also in agreement with the quantitative
photoluminescence measurements in Fig. 2b, which show that
only 25% of the luminescence generated inside the waveguide
escapes from the surfaces of the LSC, indicating that randomization
of the propagation direction by reabsorption/re-emission processes
is very limited.

The effective suppression of luminescence reabsorption by the
quantum dots, together with the absence of scattering losses due
to the high optical quality of our waveguides (Fig. 2a-c), lead to
the ideal situation in which all portions of the LSC surface contrib-
ute equally to its total power output. This effect is highlighted in
Fig. 3d, where we report the output power extracted from one of
the LSC edges (12x0.3 cm®) measured using the same set-up
adopted for the measurements of # described above (with only
one slab edge coupled to the photodiodes and no back-reflector),
but progressively exposing increasingly larger portions of the LSC
area to the solar simulator. The same figure also reports the expected
trend calculated using Monte Carlo ray-tracing simulation for an
ideal scattering- and reabsorption-free device of identical dimen-
sions embedded with emitters of the same quantum efficiency as
the used Si quantum dots (@py = 46%), in which the power output
is determined solely by the numeric aperture of the illuminated
device area. The experimental data are in very good agreement
with the simulated trend, which proves that our LSC is very close
to an ideal device. Accordingly, we notice that the light output pro-
vided by the first section of the device area (corresponding to one
quarter of the total surface) is only 25% larger than the theoretical
prediction, in agreement with the small narrowing of the spectral
linewidth (~16%) due to limited reabsorption by the quantum
dots and by the polymer matrix. This result is further supported
by evaluation of the distances travelled by the photons from the
primary excitation position to the slab perimeter, calculated by
ray-tracing simulations for both experimental and ideal reabsorp-
tion-free LSC devices. As reported in Supplementary Fig. 4, the
mean photon path length increases by less than 12% (from 8.1 cm
to 9.1 cm) in the ideal case, thereby definitively confirming that
reabsorption does not significantly alter light propagation in
our devices.

Monte Carlo ray-tracing simulations

The calculated optical power conversion efficiency of the bare LSC
reported in Fig. 2 (12x12x0.26 cm®) obtained by ray-tracing
simulation is #c,c = 2.67 + 0.17%, which is in very good agreement
with the experimentally observed value of #=2.85+0.15%. This
enables us to use the experimental device parameters (dimensions,
absorption and luminescence spectra, @py) to estimate the optical
performances potentially achievable using waveguides of increas-
ingly larger area or slab thickness. Figure 4a,b presents three-
dimensional (3D) plots of the optical power efficiency and peak
output power, calculated via Monte Carlo ray-tracing simulations
with increasing LSC area (from 6 x 6 cm?to 1 x 1 m?) and thickness
(from 0.25 to 2 cm). The theoretical trend for LSCs with the exper-
imental thickness (0.26 cm) and area (12 x 12 cm?), extracted from
the 3D plots, are shown in Fig. 4c,d for clarity. The simulations
indicate that #>6% is achievable on increasing the thickness of
12 x 12 cm? devices to 2 cm, which enhances the solar harvesting
capability of the experimental LSCs without significant reabsorption
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losses (considering the same quantum dot concentration in the final
slab). Increasing the LSC area to one square metre leads to the
expected mild reduction of the optical efficiency due to the com-
bined effect of weak reabsorption and scattering losses (respectively
1.1% and 0.6% per cm). However, the optical efficiency is preserved
at larger than 3% for 2-cm-thick slabs (Fig. 4a,c), and the device
peak power output increases with the LSC dimensions, reaching
over 30 W for the largest and thickest simulated waveguide (Fig. 4b).

To estimate the ultimate device performances achievable using
these LSCs, we also simulated the situation in which the emission
efficiency of the Si quantum dots reaches the fully optimized
value @pr =100%. In this regard, we highlight that a recent study
by Linnros and co-workers*” has made a critical step towards this
fundamental milestone for LSC technology, by reporting colloidal
Si quantum dot ensembles with external ®@pp=70%, which is
among the highest efficiencies reported for Stokes shift engineered
quantum dots emitting in the NIR spectral region®%. Size-selective
photoluminescence measurements by the same authors further
demonstrate unity internal ®p; over a broad range of emission
wavelengths?’, indicating that the deviation from the ideal emission
efficiency is due to a relatively small subpopulation of ‘dark’ or
blinking quantum dots, rather than to non-radiative processes
affecting the whole quantum dot ensemble. This suggests that per-
fectly emissive Si quantum dots could be achieved by increasing
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the fraction of bright particles through suitable passivation strat-
egies. Our calculations, shown in grey in Fig. 4a,b, indicate that
1 = 15% would be obtained by increasing the thickness of the exper-
imental 12 x 12 cm?® LSC to 2 cm (corresponding to approximately
35% transparency in the visible spectral region) and that efficiency
as high as 7= 7% would be achieved even for the 1 x 1 m* device,
which would therefore generate over 70 W of peak optical power.
Interestingly, we note that increasing the quantum dot luminescence
efficiency from ®p;=46% to Pp;.=100% enhances the calculated
LSC performances by slightly more than the factor of two expected
by doubling the emission probability after the primary absorption.
This effect, which is particularly evident for large LSCs, is ascribed
to the mitigation of the small reabsorption losses, as demonstrated
by the extension of the mean propagation length for larger ®py,
and by the increased probability to collect light resulting from
more than one absorption event (Supplementary Figs 5 and 6).

Flexible LSCs for curved BIPV elements

We next explore the potential of our QD-LSCs for realizing curved
or flexible BIPV elements*®*. To this end, we fabricated testbed
P(LMA-co-EGDM) rectangular LSCs (4.5 x 20 cm?) doped with Si
quantum dots (0.09 wt%) following the same procedure used for
the rigid devices in Fig. 2, but selecting a monomer:crosslinker
P(LMA-co-EGDM) ratio of 90:10% wt/wt, which yields flexible
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waveguides that can be easily bent from flat to semi-cylindrical
configurations. Images of the LSC with increasing bending under
ultraviolet illumination are presented in Fig. 5a. Figure 5b shows
corresponding photographs collected with an ultraviolet-filtered
infrared camera that captures the infrared portion of the lumines-
cence spectrum. Both sets of pictures highlight the good optical
quality of the flexible device, which, similar to the rigid LSC in
Fig. 2, shows light emission primarily from its edges.

To experimentally quantify the effect of curvature on the wave-
guiding properties of the flexible LSC, we measured the light
output from one of the small slab faces (4.5 cm x0.26 cm) for
increasing spatial separation d between the excitation spot and the
LSC edge. The light propagation measurements were repeated
under identical conditions of normal excitation and collection
geometry for increasing LSC curvature, which we quantify in
terms of the central angle 0 (with 6=0° for a flat device and
6=180° for an arch-like structure). For each value of 6, we also
conducted Monte Carlo ray-tracing simulations based on the exper-
imental device parameters (dimensions, absorption and photolumi-
nescence spectra and @Pp;=46%) in order to compare the
experimental results to the predicted theoretical trends. The
normalized optical output data as a function of 6 for d=5, 10, 15
and 20 cm are reported in Fig. 5c, showing essentially constant
output for all §, which demonstrates that the waveguiding property
of the LSC is unaffected by the device curvature (see Supplementary
Fig. 7 for visualization of the Monte Carlo simulations). The invar-
iance of the optical output as a function of 6 suggests that our LSCs
could be used for the fabrication of semi-transparent PV architec-
tural elements of complex curvature (such as rounded skylights,
domes, spherical caps and tiles) without incurring optical losses
due to reduced waveguiding ability. We note that such an expanded
building integration capability can be achieved with minimal losses
in terms of yearly production of PV electricity with respect to a hori-
zontal flat device. This effect is shown in Fig. 5d,e, where we report
the total annual solar irradiance in kWh per square metre as a func-
tion of O for a curved LSC in south-north or east-west orientation
(azimuth angle). The largest effect is observed at the lowest latitudes,
where the maximum drop in the yearly irradiance for a curved LSC
with respect to a horizontal device (6 =180° versus 6 =0°) ranges
between 20 and 25% depending on the orientation. The drop
decreases gradually to ~10% with increasing latitudes up to 60°.

Conclusions

We have realized the first example of an LSC based on indirect-
bandgap colloidal nanostructures composed exclusively of ultra-
earth-abundant materials. By incorporating Si quantum dots into
a mass polymerized acrylic matrix, we have fabricated high-
optical-quality waveguides that, owing to the large effective spectral
separation between the optical absorption and luminescence spectra
of the quantum dots, are essentially unaffected by optical losses due
to reabsorption of the guided luminescence. As a result, the fabri-
cated devices exhibit power conversion efficiencies as high as
2.85% (corresponding to an optical quantum efficiency of 30%),
despite their large area (144 cm®) and high degree of transparency
across the visible spectrum (70% transmittance), which renders
them good candidates for the realization of BIPV elements such
as PV windows. Furthermore, these LSCs behave as nearly ideal
devices, in which all portions of the illuminated surface contribute
equally to the total power output. Monte Carlo ray-tracing simu-
lations enabled us to model the optical performances of the LSCs
for increasing lateral dimensions and slab thickness; this indicated
that a peak power output as large as 70 W could be achieved
using slabs with an area of one square metre embedded with opti-
mized Si quantum dots with unitary photoluminescence quantum
yield. We also fabricated and tested self-standing flexible LSCs
with the aim of evaluating the effects of bending on the waveguiding
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properties and thus to assess the suitability of such devices for the
realization of PV-active architectural elements of complex curva-
ture. Light propagation experiments corroborated by numerical
modelling data indicate that the LSC performances are independent
of device curvature, similar to what is observed with plastic optical
fibres. These results extend the building integration ability of LSCs,
and yearly solar irradiance estimations as a function of LSC curva-
ture indicate that such applications could be realized with minimal
losses in terms of yearly production of PV electricity with respect to
a horizontal flat rooftop.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Materials. Lauryl methacrylate (LMA, 99%, Aldrich) and ethylene glycol

dimethacrylate (EGDM, 98%, Aldrich), purified with basic activated alumina
(Sigma-Aldrich), were used as monomers for the preparation of polymeric
nanocomposites. IRGACURE 651 (BASF) was used as a photoinitiator
without purification.

Synthesis of the quantum dots. The Si quantum dots used in this study were
synthesized following the procedure reported in ref. 35. Briefly, argon (30 s.c.c.m.)
and 5% silane in helium (14 s.c.c.m.) were passed through the length of a borosilicate
glass tube reactor with hydrogen injected into the afterglow (100 s.c.c.m.). A
nominal power of 45 W at 13.56 MHz was applied via copper ring electrodes placed
4 cm before the afterglow region, where the inner tube diameter expanded from 0.5
to 2 cm. Pressure in the afterglow region was maintained at 1.4 torr by an adjustable
orifice downstream of the plasma, after which the hydrogen-passivated Si quantum
dots were collected by inertial impaction on glass substrates. These quantum dots
underwent hydrosilylation in oxygen-free conditions as described in detail in ref. 43.
The quantum dots were dispersed into a 5:1 (vol/vol) mixture of mesitylene and
1-dodecene at a concentration of ~0.8 mg ml™". The solution was refluxed in a sand
bath at 215 °C for 4 h, after which it was stirred while irradiated with a 100 W
mercury vapour lamp in excess of 12 h to improve photostability of the quantum
dots®. The clear solution was filtered through a 0.2 pm PTFE filter and dried. Excess
organic polymers formed during hydrosilylation were removed in a centrifugation
washing process with acetonitrile as the antisolvent.

Fabrication of the nanocrystal-polymer composite. As the first step, quantum dot
powder was dispersed in a small volume of LMA monomer for 3 h to wet the
nanoparticle surface and ensure fine dispersion of the individual quantum dots. The
monomer—quantum dot mixture was then added to a large volume of LMA together
with a secondary monomer, EGDM (LMA:EGDM 80:20% wt/wt for rigid devices
and 90:10% wt/wt for flexible ones) that acts as a crosslinking agent, and a radical
photoinitiator (IRGACURE 651; 1% wt/wt). After stirring the mixture for 20 min
and sonication for 10 min to facilitate quantum dots dispersion, the homogeneous
mixture was poured into a mould made of two low-roughness pieces of tempered
glass linked by a PVC gasket, and irradiated with 365 nm light from an ultraviolet
lamp for 15 min to trigger radical polymerization. The polymerization was then
completed by keeping samples in dark for 40 min while leaving them in the mould
to avoid the creation of cracks. After completion of the procedure, the slabs were
removed from the mould, cut into pieces of desired sizes, and polished. The slabs
were cut using an ultra-thin (0.35 mm), high-precision diamond blade and polished
with a Logitech LP50 precision lapping and polishing system.

Thermal characterization of the polymeric nanocomposite. Differential scanning
calorimetry (DSC) measurements were performed using a Mettler Toledo DSC1
thermal analysis system equipped with a liquid nitrogen cooling unit for
low-temperature operation, calibrated with indium and n-pentane. For each sample,
~8 mg was sliced and placed in 40 pl Al crucibles. For analysis, we used an initial
isotherm of 5 min to thermalize the sample at —100 °C, a heating segment from —100
to 60 °C, followed by cooling to —100 °C and heating to 100 °C. Each ramp was
performed at a rate of 20 K min ™", and followed by a 3 min isothermal equilibration
step. Data analysis was performed with Star® software by Mettler Toledo.

Spectroscopic studies. All spectroscopic studies were carried out using toluene
solutions of quantum dots loaded into quartz cuvettes and quantum dot-PLMA
nanocomposites. In the measurements of photoluminescence dynamics, the samples
were vigorously stirred to avoid the effects of photocharging. The absorption spectra
of quantum dot solutions and quantum dot-polymer composites were measured
with a Perkin Elmer LAMBDA 950 UV/Vis/NIR 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 collected with a Si charge-
coupled device (CCD) camera for the photoluminescence spectra or a Hamamatsu
photomultiplier tube (PMT) coupled to time-correlated single-photon counting
(TCSPC) electronics (time resolution ~300 ps) for the time decay dynamics.
Photoluminescence quantum efficiency measurements were conducted using a c.w.
laser source at 473 nm and the same detection set-up coupled to an integrating
sphere. Specifically, the sample was mounted vertically at 45° with respect to the
incident beam in antireflection geometry with respect to the output window, with
the CCD fibre-coupled to the sphere and shielded by a buffer layer. The same set-up
was used for the scattering measurements, in which the LSC edges were either clear
or blocked using black paint. For light scattering measurements in the linear
propagation configuration, 835 nm light from a laser diode was injected into the LSC
edge through a 0.5 mm pin hole and the light scattered from the LSC surfaces was
collected using a calibrated photodiode. Optical measurements on the LSCs were
carried out by coupling the output edge of the slab to an integrating sphere and using
a 473 nm c.w. laser as an excitation source. As for the curved LSCs, the excitation
beam was kept perpendicular to the slab surface at any curvature to maintain the
penetration depth constant for all measurements. Photoluminescence was detected
with the same CCD.

Monte Carlo ray-tracing simulation. Simulations of LSC performance were
performed using a Monte Carlo ray-tracing method, in which the photon
propagation follows geometrical optics laws. Because the LSC thickness is much
larger than the light coherence length, the interference has been neglected. The
stochastic nature of the simulations is reflected in the fact that the ray is not split
upon reaching an interface but rather either transmitted or reflected with the
probabilities proportional to the respective energy fluxes given by Fresnel laws. The
dependence of these probabilities on the state of polarization of the incident ray (for
example, s- or p-polarized) is also taken into account. A specific event (transmission
or reflection) is chosen according to random Monte Carlo drawing.

Monte Carlo ray-tracing simulations were performed using the experimental
luminescence spectrum and efficiency (®py, = 46%) of the quantum dots embedded
in the polymer waveguide. Furthermore, we used the absorption spectrum of the
polymer slab doped with quantum dots to account also for absorption by the
polymer matrix.

Inside the LSC material, for each ray, the inverse transform sampling method
was applied to randomly generate the length of the optical path before absorption by
quantum dots. Path lengths follow the exponential attenuation law determined by
the wavelength-dependent absorption cross-section, o(1), and the quantum dot
concentration Nqp, via an attenuation coefficient, k(1)= Nqpo(A). Because the mean
path length, given by the inverse attenuation coefficient, is always much greater than
the average distance between quantum dots, there is no need to keep track of an
explicit position of each quantum dot, so the LSC material (PLMA + quantum dots)
can be considered within the effective medium approach, that is, as a uniform
material with the attenuation coefficient defined above.

Once a photon is absorbed by a quantum dot, the subsequent fate of the
excitation (that is, re-emission or non-radiative relaxation) is again determined by
the Monte Carlo sampling according to the emission quantum yield. The direction
of re-emission is distributed uniformly and the re-emission wavelength was
determined using the rejection sampling applied to the accurate quantum dot
luminescence spectrum obtained from experiment.

The ultimate fate of each photon is either loss due to non-radiative
recombination or escape from the LSC via one of the interfaces. A single-ray Monte
Carlo simulation was typically repeated 10° to 107 times to achieve proper statistical
averaging. The stochastic nature of simulations allows one to easily evaluate various
observables and add additional processes.

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding author upon
reasonable request.

NATURE PHOTONICS | www.nature.com/naturephotonics

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nphoton.2017.5
http://www.nature.com/naturephotonics

	Highly efficient luminescent solar concentrators based on earth-abundant indirect-bandgap silicon quantum dots
	Synthesis and optical properties of Si quantum dots
	Polymer nanocomposites based on Si quantum dots
	Reabsorption-free large-area QD-LSCs
	Monte Carlo ray-tracing simulations
	Flexible LSCs for curved BIPV elements
	Conclusions
	Methods
	Figure 1  Concept of LSC window based on ultra-earth-abundant Si quantum dots.
	Figure 2  Large-area LSCs based on mass polymerized nanocomposite waveguides doped with Si quantum dots.
	Figure 3  Large-area QD-LSCs.
	Figure 4  Monte Carlo ray-tracing simulations.
	Figure 5  Flexible QD-LSCs for curved BIPV elements.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests
	Methods
	Materials
	Synthesis of the quantum dots
	Fabrication of the nanocrystal–polymer composite
	Thermal characterization of the polymeric nanocomposite
	Spectroscopic studies
	Monte Carlo ray-tracing simulation
	Data availability



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


