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Luminescent solar concentrators (LSCs) can concentrate direct and diffuse solar radiation spatially and

energetically to help reduce the overall area of solar cells needed to meet current energy demands.

LSCs require luminophores that absorb large fractions of the solar spectrum, emit photons into a light-

capture medium with high photoluminescence quantum yields (PLQYs), and do not absorb their own

photoluminescence. Luminescent nanocrystals (NCs) with near or above unity PLQYs and Stokes shifts

large enough to avoid self-absorption losses are well-suited to meet these needs. In this work, we

describe LSCs based on quantum-cutting Yb3+:CsPb(Cl1!xBrx)3 NCs that have documented PLQYs as

high as "200%. Through a combination of solution-phase 1D LSC measurements and modeling, we

demonstrate that Yb3+:CsPbCl3 NC LSCs show negligible intrinsic reabsorption losses, and we use these

data to model the performance of large-scale 2D LSCs based on these NCs. We further propose a new

and unique monolithic bilayer LSC device architecture that contains a Yb3+:CsPb(Cl1!xBrx)3 NC top layer

above a second narrower-gap LSC bottom layer (e.g., based on CuInS2 NCs), both within the same

waveguide and interfaced with the same Si PV for conversion. We extend the modeling to predict the

flux gains of such bilayer devices. Because of the exceptionally high PLQYs of Yb3+:CsPb(Cl1!xBrx)3 NCs,

the optimized bilayer device has a projected flux gain of 63 for dimensions of 70 # 70 # 0.1 cm3,

representing performance enhancement of at least 19% over the optimized CuInS2 LSC alone.

Introduction
Luminescent solar concentrators (LSCs) are passive concen-
trating devices that use luminophores embedded in transparent
waveguides to redirect solar radiation from large areas onto the
smaller areas of optically coupled photovoltaic (PV) cells.1,2 LSCs
have been intensively researched for decades3–7 because they
can concentrate diffuse light with potentially unlimited ux
gains8–11 (ratio of photons converted by a given LSC-coupled PV
to photons that would be converted by the same PV exposed
directly to the same solar ux) using a collection waveguide
fabricated from relatively low cost and low energy-to-
manufacture per unit area materials. Recent models suggest
that 100 000 square kilometers of conventional dense-cell solar-
panel area would be required tomeet current energy demands.12

With an energy pay-back period for silicon PV that will likely
remain on the order of several years,13 LSCs are well suited to
reduce the total area of silicon PV cells required to meet energy
demands.2

Most early work with LSCs used organic dyes as lumino-
phores, and these LSCs have now been implemented in a variety
of large-scale installations.14–17 Recently, several inorganic
semiconductor nanocrystals (NCs) with high photo-
luminescence quantum yields (PLQYs) have been explored for
LSC applications, including various simple luminescent
NCs,18–23 as well as more complicated NC structures such as
core/shell NCs,24–28 dot-in-rod NCs,29 and a variety of impurity-
or defect-activated NCs.30–40 Such semiconductor NCs can be
made with less reabsorption of their own emission, larger
absorption cross-sections, greater photochemical stability, and
broader solar absorption than organic dyes. A survey31 of several
leading NCs showed that Mn2+-doped30,31,36 and Cu+-doped37,41

NCs have substantially less intrinsic reabsorption than hetero-
structured NCs. CuInE2 (E ¼ S, Se) NCs have similar PL char-
acteristics as Cu+-doped NCs42–45 and can be made with higher
PLQYs. Consequently, LSCs based on CuInE2 NCs have been
heavily investigated32–35,38–40 and are currently being commer-
cialized by UbiQD. Beyond Mn2+ and Cu+, Yb3+ has been tar-
geted as a NC dopant of particular interest for LSCs because its
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2F5/2 / 2F7/2 f–f transition combines a narrow PL lineshape
with high PLQYs and low f–f oscillator strengths (low reab-
sorption) at energies only slightly above the silicon band gap.30

Several LSC designs employing Yb3+ luminescence have already
been reported,46–50 but the luminophores used to date have
lower absorption cross sections than organic dyes or inorganic
NCs. Attempts at sensitizing Yb3+ luminescence using
intermediate-gap semiconductor NCs have been moderately
successful,51–53 but none of these materials were sufficiently
promising until the recent development of Yb3+:CsPbX3 perov-
skite NCs, which show highly efficient picosecond quantum
cutting that generates PLQYs approaching the quantum-cutting
limit of 200%.54–56

Although quantum-cutting Yb3+-doped CsPbX3 NCs have
reabsorption-minimizing effective Stokes shis and unprece-
dented PLQYs for doped NCs, the energy-conservation
requirement of quantum cutting limits their solar absorption
to l <"490 nm.55,56 This limitation mirrors the challenges faced
by high-band-gap PV materials, which have therefore emerged
as candidates for alternative congurations including tandem
or multi-junction PV cells.57–61 The tandem concept has already
been explored in LSCs based on organic62–64 or inor-
ganic18,27,40,65,66 luminophores. In these devices, a top LSC
coupled to a wider-gap PV is placed above a separate bottom
LSC coupled to a lower-gap PV and the PV voltages are summed,
allowing bluer photons to be converted with greater energy
efficiency than in a single-layer LSC. Two-terminal tandem
devices require near-perfect photocurrent matching between
the top and bottom cells under all operating conditions to
prevent the closed-circuit current from being limited by the
lowest performing PV cell, however. Photocurrent losses are
observed even in state-of-the-art two-terminal tandem PV
cells,59–61 and this challenge has not been addressed in the
tandem LSC literature.

In this work, we use a 120 cm 1D LSC31,32 to demonstrate that
Yb3+:CsPbCl3 NCs indeed behave as zero-reabsorption, high-
efficiency luminophores suitable for application in large-scale
LSCs. We show that Yb3+:CsPbCl3 NCs have negligible
intrinsic attenuation losses over these large waveguide lengths,
but also that severe attenuation is still observed when the
waveguide contains C–H bonds (high-frequency vibrations).
This result has important implications for future large-scale
LSC work involving these materials, because it precludes the
use of popular acrylics as waveguides. With these results in
hand, we further propose and model a new monolithic-bilayer
LSC device architecture integrating quantum cutting that
offers an attractive alternative to traditional tandem LSCs. This
new device concept is fundamentally different from tandem
LSCs in that the concentrated photons from both luminophore
layers are all directed via the same waveguide to the same PV,
circumventing the expenses and technical challenges associ-
ated with current matching in normal tandem devices. For
illustration, we model integration of a layer of band-gap-
optimized Yb3+:CsPb(Cl1!xBrx)3 NCs on top of a state-of-the-
art CuInS2 NC LSC in a monolithic bilayer conguration and
predict improvement of overall LSC performance by at least
19%. These results identify both practical guidelines and

conceptual directions for future LSC development that can
capitalize on the unique spectroscopic and photophysical
properties of quantum-cutting Yb3+:CsPb(Cl1!xBrx)3 NCs.

Experimental
Materials

Lead acetate trihydrate [Pb(OAc)2$3H2O] (99.9%, Baker
Chemical), ytterbium acetate hydrate [Yb(OAc)3$xH2O]
(99.9%, Strem Chemical), cesium acetate [CsOAc] (99.9%, Alfa
Aesar), anhydrous ethanol (200 proof, Decon Laboratories,
Inc.), chlorotrimethylsilane (TMS-Cl) (98%, Acros Organics),
bromotrimethylsilane (TMS-Br) (97%, Sigma Aldrich), 1-octa-
decene (ODE) (90%, Sigma Aldrich), oleylamine (OAm) (70%,
Sigma Aldrich), oleic acid (OA) (90%, Sigma Aldrich), hexanes
(99%, Sigma Aldrich), tetrachloroethylene (TCE) (99%, Alfa
Aesar), anhydrous ethyl acetate (99%, Sigma Aldrich), and 1/400

and 1/800 extruded poly(methyl methacrylate) (PMMA) slabs
(Evonik Cyro LLC) were used as received unless otherwise
noted.

Nanocrystal synthesis and purication

Yb3+:CsPbCl3 NCs with the highest Yb3+ emission quantum
yield were synthesized by hot-injection following procedures
reported elsewhere.55 Samples suspended in TCE were not
ltered aer washing and purication. To synthesize the mixed
Yb3+:CsPb(Cl1!xBrx)3 NCs, a freshly synthesized Yb3+:CsPbCl3
NC sample in hexane was transferred into an N2 lled glovebox.
Small amounts of 1 M TMS-Br in hexane were titrated into the
NC sample until the absorption onset reached 488 nm.67

Physical measurements

Optical absorption spectra in the visible regime that require
a 1 cm cuvette were collected at room temperature using a Cary
60 spectrometer. All other optical absorption spectra were
collected at room temperature using a Cary 5000 spectrometer.
Wavelength independent absorption constants were added to
the absorption spectra of hexanes and TCE to account for
reection losses. NC transmission electron microscopy (TEM)
images were collected using a FEI TECNAI F20 microscope at
200 kV. TEM samples were prepared by drop casting NC
suspensions onto carbon-coated copper grids from TED Pella,
Inc. Powder X-ray diffraction (XRD) spectra were collected using
a Bruker D8 Advance diffractometer. Samples were prepared by
drop-casting NC suspensions onto monocrystalline silicon
wafer substrates. Samples were irradiated using Cu Ka radiation
(50 W). Photoluminescence spectra for photoluminescence
quantum yield (PLQY) and 1D LSC experiments were collected
using a monochromator coupled to a spectrally corrected
nitrogen-cooled CCD. PLQY measurements were performed
according to the procedures described previously.55 Elemental
compositions were determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES, PerkinElmer 8300).
Samples were prepared by digesting the NCs in concentrated
nitric acid overnight with sonication. Yb3+ atomic concentra-
tions are dened as [Yb3+]/([Yb3+] + [Pb2+]).
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1D LSC measurements

The apparatus for measuring LSC reabsorption losses used here
is based on a 120 cm long hollow quartz waveguide (Friederick
and Dimmock Co.) with a 1 mm # 1 mm square inner dimen-
sion and 1.65 mm# 1.65 mm outer dimension, suspended over
a black aluminum channel. The quartz tube was lled with
sample using a removable capillary tube. A 375 nm pulsed laser
passed through an iris at its smallest setting was used as the
excitation source. Emission from the 1D LSC is treated as
a point source and was collected using our homebuilt CCD
setup. The excitation source distance from the closed end of the
tube was varied by moving the laser across the laser table and
aligning the laser perpendicular to the tube to maximize signal.

Results and analysis
(I) Nanocrystal characterization and 1D LSCs

Fig. 1a shows representative absorption and PL spectra of
Yb3+:CsPbCl3 NCs dispersed in hexane, and compares these
spectra with the external quantum efficiency (EQE) of a near
infrared (NIR) enhanced Si HIT PV cell61 and the AM 1.5 solar
spectrum.68 The analytical atomic Yb3+ B-site concentration for
these NCs was 5.4%, and the PLQY was measured to be 130% at
a CW excitation rate "350 s!1. The NCs absorb UV light in
a region where the Si PV EQE is poor, and they reemit this
energy in a region where the Si PV EQE " 1. Fig. 1b shows
a representative TEM image of a sample of Yb3+:CsPbCl3 NCs.
The NCs display the characteristic cube-like shapes of the
parent CsPbCl3 NCs. Fig. 1c shows representative XRD data
demonstrating that the perovskite crystal structure was indeed

synthesized. The reproducibility of this synthesis was validated
in our previous report.55

Undoped perovskite NCs,66,69,70 thin lms,71 and Mn2+-doped
CsPbCl3 NCs36 have been used in LSCs previously. While this
manuscript was in preparation, a small-scale (5 cm# 5 cm) LSC
using these same quantum-cutting Yb3+:CsPbCl3 NCs was also
reported.72 This report supports the premise that Yb3+:CsPbCl3
NCs are attractive for LSCs, as anticipated from their spectros-
copy, but it does not assess any of the fundamental loss
mechanisms that are active within such LSCs, and it does not
evaluate performance in waveguides beyond the 5 cm # 5 cm
model LSC. Because the key attraction of LSCs is their ability to
harvest photons over large LSC facial areas for concentration
into small PV areas, it is important to evaluate the photon losses
in larger waveguides, for example on the scale of a building's
windows.3,4,39 To this end, measurements were performed here
on Yb3+:CsPbCl3 NCs in a substantially larger waveguide than
investigated previously.

Fig. 2a plots normalized experimental PL spectra collected in
a (120 cm) # (1 mm)2 1D LSC at various excitation distances

Fig. 1 (a) Absorption and normalized PL spectra of Yb3+:CsPbCl3 NCs
(purple) plotted with the EQE of a NIR enhanced Si HIT PV (green) and
the AM 1.5 solar spectrum (shaded area). Spectra were collected at
room temperature. (b) TEM and (c) XRD data for a representative
sample of Yb3+:CsPbCl3 NCs.

Fig. 2 (a) Normalized PL spectra of Yb3+:CsPbCl3 NCs suspended in
hexane with ODt " 0.75 mm!1 at 375 nm, obtained from the 1D LSC
experiment at various excitation distances relative to the edge-
mounted photodetector (see inset). The red curve shows the
absorption spectrum of the hexane solvent. (b) Integrated normalized
Yb3+:CsPbCl3 NC PL intensity plotted as a function of excitation
distance away from the photodetector, for NCs in hexane with ODt "
0.75 mm!1 (triangles) and ODt " 0.075 mm!1 (circles) at 375 nm. The
blue trace is the reabsorption probability described in eqn (1) modeled
with hexane absorption from (a). The green line is the experimentally
determined performance limit of the 1D LSC. All PL data were
collected with excitation at 375 nm, and all data were collected at
room temperature.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A
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away from the LSC edge, where the photodetector is mounted
(complete PL intensity data are provided in the ESI, Fig. S1†).
For these measurements, Yb3+:CsPbCl3 NCs were suspended in
hexane with a transverse optical density (ODt) of"0.75 mm!1 at
375 nm (see ESI for complete visible absorption spectra,
Fig. S2†). Fig. 2b plots the integrated intensities of the raw PL
traces as a function of excitation distance, normalized to the
integrated PL intensity at the shortest excitation distance. These
data show substantial attenuation of the PL as the distance
traveled by emitted photons to the detector through the wave-
guide is increased. For comparison, Fig. 2b also plots the
experimentally determined waveguide attenuation over these
extremely large waveguide lengths,31 reecting photon scat-
tering and otherwise imperfect transmission even in the
absence of NCs. The curve plotted here was obtained by tting
the 1D LSC attenuation data (see ESI, Fig. S3†), which yielded
a wavelength-independent attenuation coefficient of
0.002 cm!1. This curve represents the performance limit of this
particular 1D LSC waveguide, and it allows the intrinsic NC
performance to be assessed. These results show that the
experimental Yb3+ PL attenuation is not due to waveguide los-
ses. As independent conrmation, Fig. 2b also plots analogous
1D LSC data collected for the same NCs diluted by a factor of 10.
These LSC data are essentially indistinguishable from the
higher-concentration data, indicating substantial attenuation
that is not caused by the NCs themselves. Instead, this attenu-
ation can be traced to absorption of the Yb3+ PL by vibrational
bands of the organic medium containing the NCs in this 1D
LSC. Fig. 2a also plots the absorption spectrum of hexane in the
wavelength region of the Yb3+ PL and reveals a series of weak
but signicant vibrational overtone bands characteristic of C–H
stretching vibrations.73 The data in Fig. 2a show that the Yb3+ PL
intensity is attenuated on its red and blue edges with increasing
waveguide length, precisely where this PL overlaps with these
vibrational overtone bands.

For quantitative data analysis, these 1D LSC data were
modeled following methods adapted from our previous
work.31,32 Briey, the PL reabsorption probability is described by
eqn (1),

RðLÞ ¼
ð
PLnormðlÞ

"
1! 10

!AnormðlÞLODt

t

#
dl (1)

where Anorm(l) is the absorption spectrum of the NCs, solvent,
and waveguide normalized at 375 nm, t is the thickness of the
NC layer in the 1D LSC (t ¼ 1.0 mm here), ODt is the optical
density over that thickness at the excitation wavelength of
375 nm, L is the excitation distance away from the LSC collec-
tion edge, and PLnorm(l) is the amplitude of the area-normalized
NC PL spectrum measured at l. Using eqn (1), the hexane
absorption spectrum, and the PL spectrum at L¼ 0 from Fig. 2b,
the attenuation of the integrated Yb3+ luminescence intensity as
a function of L was simulated. The resulting curve is included in
Fig. 2b along with the experimental data, and good agreement
between the two is observed. Overall, this analysis conrms that
the PL attenuation in this experiment is not due to losses
involving the NCs or the glass portion of the waveguide, but
instead comes from absorption of emitted photons by C–H

vibrations of the organic portion of the waveguide, and it allows
quantitative description of these contributions to the overall
LSC performance.

To eliminate the C–H absorption losses identied above,
Yb3+:CsPbCl3 NCs were suspended in tetrachloroethylene (TCE),
which lacks protons and is therefore transparent in the NIR
window of interest. Fig. 3a plots the Yb3+ PL intensity measured
as a function of excitation distance for 1D LSC measurements
with this solvent. For comparison, the corrected absorption
spectrum of TCE is also included in Fig. 3a. Because TCE has no
C–H vibrational overtone bands in the NIR, the Yb3+ PL inten-
sity decay is now independent of wavelength. For comparison,
Fig. 3b plots the integrated PL intensities vs. excitation distance
for the same NC concentration in both TCE and hexane (see ESI
for absorption spectra, Fig. S2†). The PL intensity from the TCE
solution is substantially greater at large excitation distances
than that from the hexane solution under similar conditions. In
fact, the integrated PL intensity from the TCE solution essen-
tially follows the waveguide losses of the 1D LSC alone, indi-
cating that this decay now comes primarily from scattering
within the glass waveguide. These NCs show reabsorption los-
ses as low as any of the NCs measured previously over similar
120 cm waveguide lengths.31,32

Fig. 3 (a) PL intensity of Yb3+:CsPbCl3 NCs suspended in tetra-
chloroethylene (TCE) from the 1D LSC experiment plotted from low
excitation distances to high excitation distance with the corrected
absorption spectrum of TCE. (b) Integrated normalized PL intensity of
Yb3+:CsPbCl3 NCs plotted as a function of excitation distance for
solutions in hexane with an ODt " 0.075 mm!1 (blue-green) and in
TCE with an ODt " 0.075 mm!1 (black-brown). The green line is the
experimentally determined performance limit of the 1D LSC. The
analytical atomic Yb3+ concentration for these NCs was 4.6% and the
PLQY was 138% in hexane and 71% after transfer to TCE.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2019
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Fig. 4a shows the absorption spectra of hexane and two
potential waveguide materials (PMMA and Schott optical-
quality glass) overlaid with the Yb3+ PL spectrum from these
Yb3+:CsPbCl3 NCs. The PMMA spectrum is similar inmagnitude
and shape to those reported previously,73,74 and in particular, it
shows C–H vibrational overtone absorption bands similar to
those observed in hexane, shied slightly to shorter wavelength
and still overlapping the Yb3+ PL substantially. In contrast, the
Schott glass shows little to no absorption in this region.

With these spectra, it is possible to simulate the anticipated
performance of various acrylic and glass 1D LSCs, as well as of
composite (or layered) waveguides involving different volume
fractions of polymer and glass as per common 2D LSC congu-
rations. An attenuation coefficient of 4.14 # 10!5 cm!1 was used
to model transmission through glass in these simulations.75

Fig. 4b plots the results of these calculations. From these simu-
lations, the NC performance in a PMMA waveguide will likely be
as poor as the experimental 1D LSC results in hexane reported in
Fig. 3b (and reproduced in Fig. 4b for comparison). These results
relate to the recent report of a small-scale LSC made from
suspension of Yb3+:CsPbCl3 NCs in PMMA. The data from this
device were tted to conclude a wavelength-independent

attenuation coefficient of 0.023 cm!1,72 which the authors attrib-
uted to scattering and suggested could be eliminated through
device optimization. The results in Fig. 4a show, however, that the
PMMA absorbance itself is "0.02 cm!1 where it overlaps the Yb3+

PL, and this absorption is not wavelength independent. This
analysis thus indicates that popular acrylics will likely not be
suitable waveguide matrices for LSCs based on Yb3+ emission,
including from quantum-cutting Yb3+:CsPb(Cl1!xBrx)3 NCs. In
contrast, the performance of Yb3+:CsPb(Cl1!xBrx)3 NC LSCs using
glass waveguides will likely be near the theoretical limit. Fig. 3b
further illustrates that a device conguration involving a thin
PMMA lm containing densely packed NCs on top of a glass
waveguide falls between these two extremes, with LSC perfor-
mance determined by the relative PMMA and glass waveguide
volumes. Clearly, this layered PMMA/glass LSC conguration is
only attractive with Yb3+:CsPb(Cl1!xBrx)3 NCs if the PMMA lm is
very thin relative to the glass waveguide (e.g., <"5% PMMA by
volume).

(II) 2D LSCs

Monolayer 2D LSCs. As detailed previously,31,32 1D LSC data
and simulations of the type presented above provide all of the
necessary input to assess the 2D LSC performance of a given
luminophore. The primary metric of interest is the LSC ux gain
(FG), dened as the ratio of photons converted by a given LSC-
coupled PV to photons that would be absorbed by the same PV
exposed directly to the same solar ux. The 2D LSC ux gain
(FG2D) is calculated using eqn (2),

FG2D ¼ OQEðLÞ
hpl

hAM

Anc

Asol

GðLÞ (2)

where hnc is the NC PLQY, hpl/hAM is the efficiency of a silicon PV
exposed to the NC PL spectrum relative to the efficiency of the
same PV exposed to AM 1.5 solar radiation. G(L) is the LSC
geometric gain, equal to L/4t, where L is the edge length and t is
the waveguide thickness in a square 2D device. The optical
quantum efficiency OQE(L) is the ratio of photons that reach the
LSC edge to solar photons absorbed by the LSC, Anc is the solar
ux absorbed by a particular NC LSC, and Asol is the solar ux
absorbed by the solar cells coupled to the edges of the device
when directly exposed to the solar irradiation. Anc and Asol are
calculated using eqn (3) and (4),

Anc ¼
ð
FAM1:5ðlÞ

$
1! 10!AabsðlÞ

%
dl (3)

Asol ¼
ð
FAM1:5ðlÞEQEðlÞdl (4)

where FAM1.5 is the AM 1.5 solar photon ux, Aabs(l) is the NC
absorption spectrum, EQE(l) is the external quantum efficiency of
the solar cell of interest. The 1D LSC results presented in Fig. 3b
suggest that there are no reabsorption losses for the Yb3+:CsPbCl3
layer. Therefore, OQE(L) can be calculated using eqn (5).

OQEðLÞ ¼ F

4pL2

ðð

L#L

ð2p

0

ðp!4esc

4esc

IPLðlðx; y; q;4ÞÞsin 4 d4dqdxdy

(5)

Fig. 4 (a) Absorption spectrum of hexane (red), a representative
PMMA sample (orange), and Schott optical-quality glass (black) over-
laid with the normalized PL spectrum of Yb3+:CsPbCl3 NCs (blue). The
PMMA spectrum was obtained by subtracting experimental spectra
measured for two samples with different thickness to eliminate surface
reflection and scattering effects. (b) Normalized PL intensity of
Yb3+:CsPbCl3 NCs in hexane as a function of excitation distance in
a 120 cm-long 1D LSC (blue dots). The curves plot absorption prob-
abilities for the Yb3+:CsPbCl3 NC PL waveguided through glass (black)
and PMMA (orange) calculated using eqn (1). The intermediate traces
show the absorption probabilities in hypothetical mixed PMMA/glass
waveguides with volume percentages increasing from 0% to 100% by
increments of 20%.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A

Paper Journal of Materials Chemistry A

Pu
bl

ish
ed

 o
n 

18
 M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n 

on
 4

/4
/2

01
9 

5:
57

:1
2 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c9ta01261c


here, l(x,y,q,4) is the distance a photon must travel from any
point x,y ˛ [0,L], any azimuthal angle q ˛ [0,2p], and any polar
angle 4 ˛ [4esc,4esc ! p], F is the NC PLQY, IPL(L) is the
normalized, integrated PL intensity as a function of excitation
distance from a collection edge (obtained from the 1D LSC
experimental data), and 4esc is the polar angle that denes the
photon escape cone, which equals arcsin(1/n), where n is the
waveguide's refractive index.

The ux gain of an Yb3+:CsPbCl3 NC 2D LSC was calculated
using eqn (2)–(5) using the experimental data from Fig. 3b as
input (or extrapolated from these data for waveguiding lengths
exceeding 120 cm). In this simulation, a value of F ¼ 170% was
used, based on experiment,55 and n was assumed to be 1.5,
which is the approximate refractive index of glass or PMMA.6 Si
HIT PV cells provide the best spectral matching with these
Yb3+:CsPbCl3 NCs, and these PV have hpl/hAM " 1 because of
their high NIR EQE. OQE(L) for the Yb3+:CsPbCl3 NCs was

calculated using eqn (5). As validation, average distances to the
edge of a square calculated using l(x,y,q,4), along with 2D ux-
gain predictions for Zn0.87Cd0.11Mn0.02Se/ZnS NCs that match
our previous report,31 are provided as ESI (Fig. S4†). Fig. 5c (vide
infra) summarizes the results of these simulations up to
a geometric gain of 175. The initial slope of the ux gain trace
for a Yb3+:CsPbCl3 NC 2D LSC is 0.06, and the maximum pro-
jected ux gain is 8 at G ¼ 175. This value is substantially larger
than the projected gain of 5 for a Zn0.87Cd0.11Mn0.02Se/ZnS NC
LSC simulated by the same methods,30,31 despite the fact that
Yb3+:CsPbCl3 NCs absorb 30% fewer AM 1.5 solar photons than
Zn0.87Cd0.11Mn0.02Se/ZnS NCs do. These results demonstrate
that even with their wide energy gap, Yb3+:CsPbCl3 NCs can
excel as luminophores for 2D LSCs because of their exception-
ally high PLQYs resulting from quantum cutting.

Bilayer 2D LSCs
(i) Yb3+:CsPbCl3/CuInS2 bilayers. Although Yb3+:CsPbX3 NC

LSCs themselves have inherent advantages over other LSCs
arising from their unusual quantum-cutting capabilities, we
propose that the greatest advantage can be taken of these
materials if they are paired with another set of narrower-gap
NCs in the same waveguide to form a new type of monolithic
bilayer LSC. Fig. 5a illustrates the proposed device structure. In
this conguration, high-energy light is absorbed by the
quantum-cutting Yb3+:CsPbX3 NCs. Lower-energy light is
transmitted by the top layer and absorbed in the bottom layer,
which may use any of several available broadband LSC lumi-
nophores. CuInS2 and related NCs have emerged as particularly
attractive materials for LSCs because of their high PLQYs,
broadband absorption across the visible, and large effective PL
Stokes shis;32,35,38–40 for illustrative purposes, we consider these
for the bottom layer of the proposed device. Fig. 5b plots rele-
vant absorption and PL spectra for this device architecture.
CuInS2/ZnS NC absorption and PL spectra are reproduced from
a recent report of high-performance NC LSCs.39 Importantly,
although the Yb3+:CsPbCl3 and CuInS2/ZnS NCs are layered
such that bluer photons are absorbed by the top-layer
Yb3+:CsPbCl3 NCs, and transmitted redder photons are absor-
bed by the bottom-layer CuInS2/ZnS NCs, both layers emit in the
NIR at wavelengths that can be transmitted through both
absorber layers of this waveguide. Like two-terminal tandem
LSCs investigated previously,18,27,40,62–66 this bilayer device
structure improves LSC efficiency by eliminating thermalization
losses associated with the blue photons. Unlike two-terminal
tandem LSCs, however, this structure has the distinct advan-
tage that it avoids the use of two separate LSCs that use separate
PV cells wired in series. For maximum efficiency, the tandem
conguration would require current matching between the two
LSC layers. In the monolithic bilayer conguration, it is the
currents that are added at the xed voltage of the single edge-
mounted PV, vastly simplifying the device.

To explore the potential benets that might be expected from
such a quantum-cutting bilayer LSC, the experimental data
described above were used to model the performance of 2D
Yb3+:CsPbCl3/CuInS2 bilayer LSCs in the conguration illus-
trated in Fig. 5a. The ux gains of Yb3+:CsPbCl3/CuInS2 NC-
based bilayer 2D LSCs were calculated using eqn (2)–(5). In

Fig. 5 (a) Schematic of the proposed monolithic bilayer LSC. The top
layer contains quantum-cutting NCs (e.g., Yb3+:CsPb(Cl1!xBrx)3 NCs)
and the bottom layer contains broadly absorbing NCs (e.g., CuInS2
NCs). (b) Absorption and normalized PL spectra of Yb3+:CsPbCl3 NCs
(purple) and CuInS2/ZnS NCs (red) overlaid with the AM 1.5 solar
spectrum (shaded area) and the external quantum efficiency (EQE) of
a NIR enhanced Si HIT PV (green). (c) Projected 2D flux gain of
a Yb3+:CsPbCl3 NC LSC (purple), a CuInS2/ZnS NC LSC (red), and the
monolithic, bilayer device shown in (a) (black).
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these simulations, a value of F ¼ 91% was used for the for
CuInS2 NCs, based on the highest reported literature value
(obtained with CuInS2/ZnS core/shell NCs).39 hpl/hAM was again
assumed to be "1 due to the high NIR EQE of the Si HIT cells.
For CuInS2 NCs, an additional OD of 0.002 cm!1 was added to
the attenuation spectrum to simulate the impact of waveguide
losses on the projected ux gain (reabsorption probability
simulations provided in ESI, Fig. S5†). Because reabsorption
losses will affect the performance of the CuInS2 layer, the
OQE(L) of the CuInS2 layer is computed using an advanced
analytical model developed previously.38 A detailed description
of this model is provided in the ESI.†

To simulate the performance of the bilayer LSC of Fig. 5a, the
thickness of each waveguide layer was assumed to be 0.5 mm
and the optical density of each layer was doubled compared to
its single-layer analog. From here, the solar ux absorbed by the
CuInS2 NCs in the bilayer device is the difference between ACIS
and ACsPbCl3. Once this modication is made, the ux gain of the
bilayer device is simply the sum of the Yb3+:CsPbCl3 NC LSC ux
gain and the CuInS2 NC LSC ux gain. Fig. 5c summarizes the
results of these simulations. The bilayer device reaches a ux

gain of 55 for G ¼ 175, which is a 7% improvement over the
CuInS2 NC LSC of similar dimensions. The initial slope of the
bilayer device is 0.35, compared with 0.06 for the Yb3+:CsPbCl3
NC LSC or 0.32 for the CuInS2 NC LSC alone.

(ii) Yb3+:CsPb(Cl1!xBrx)3/CuInS2 bilayers. Improved solar
absorption can be achieved by narrowing the top layer's energy
gap through anion alloying. Fig. 6a shows the absorption and
PL spectra of Yb3+:CsPb(Cl1!xBrx)3 NCs synthesized from
Yb3+:CsPbCl3 NCs via anion exchange.67,76 Increasing x to
"0.75 decreases the NC energy gap to "488 nm ("2.5 eV) and
increases the fraction of the solar spectrum absorbed from
"2.6% (x ¼ 0) to "8.3% without impacting the PLQY of the
Yb3+ emission.67 Fig. 6b plots the results of this model for
three values of the perovskite absorption threshold, from
412 nm (x ¼ 0) to 488 nm (x " 0.75), calculated by modifying
ACsPb(Cl1!xBrx)3 in eqn (3). Narrowing the perovskite energy gap
increases the initial ux-gain slope of the stand-alone
Yb3+:CsPb(Cl1!xBrx)3 NC LSC from 0.06 to 0.20 and increases
the ux-gain to 27 at G ¼ 175. The initial ux-gain slope of the
bilayer device increases from 0.35 to 0.43 and the ux gain
increases to 63 at G ¼ 175. This result means that for the
modeled 70 # 70 # 0.1 cm3 monolithic bilayer LSC, the 28 cm2

of Si solar cells optically coupled to its edges are predicted to
generate 63 times more current than when the same solar cells
are operating in non-concentrating conditions. These results
represent a 19% performance increase compared with state-
of-the-art CuInS2 NC LSCs. The percentage improvement will
be even greater if the PLQY of the CuInS2 NC layer is not the
record 91% but closer to the "70% typically found for CuInS2
NC/polymer composites.38–40

We note that the CuInS2 NCs used in ref. 39 and modeled
above were likely optimized for a polycrystalline Si PV,
whereas narrower-gap CuIn(S1!ySey)2 NCs may be more
appropriate for the Si HIT PV simulated here. To assess the
effect of increasing solar absorbance through this change, we
modeled the performance of the same bilayer LSC but using
the absorption and emission spectra of QD-950 from the
Strem catalog77 (absorption and PL spectra provided as ESI,
Fig. S6a†). Although the solar absorbance of the QD-950 NCs
does increase from 26% to 38%, the ux gain of the
Yb3+:CsPb(Cl1!xBrx)3 NC monolithic bilayer device decreases,
e.g., from 63 to 54 at G¼ 175 (see ESI, Fig. S6b†), despite again
assuming a PLQY of 91%. We attribute this lack of improve-
ment to increased reabsorption losses in the QD-950 NCs
because of their more pronounced absorption tail. Nonethe-
less, the ux gain of the monolithic bilayer LSC involving
a QD-950 NC bottom layer is improved by 35% over the opti-
mized QD-950 NC 2D LSC alone, again validating the bilayer
LSC conguration as a simple and attractive opportunity for
next-generation NC LSCs.

Discussion
The experimental results described above demonstrate superb
performance of Yb3+-doped halo-perovskite NCs as zero-
reabsorption luminophores for large-scale LSCs. Their experi-
mental losses in a 1D LSC are almost completely negligible over

Fig. 6 (a) Absorption and normalized PL spectra of Yb3+:CsPb(Cl1!x-
Brx)3 NCs with x " 0.75 (blue) and CuInS2/ZnS NCs (red) overlaid with
the AM 1.5 solar spectrum (shaded area) and the external quantum
efficiency (EQE) of a NIR enhanced Si HIT PV (green). (b) Projected 2D
flux gain of a Yb3+:CsPb(Cl1!xBrx)3 NC LSC (purple to blue gradient),
a CuInS2/ZnS NC LSC (red), and the monolithic, bilayer device shown
in Fig. 5a (black to green). The absorption onset of the
Yb3+:CsPb(Cl1!xBrx)3 NCs is varied linearly from 412 nm to 488 nm for
the three plotted traces.
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extremely large waveguide lengths of up to 120 cm. Moreover,
these Yb3+:CsPbX3 NCs display the unusual and extremely
attractive characteristic of quantum cutting, by which PLQYs
vastly exceeding 100% have been measured. As demonstrated
experimentally in Fig. 2–4, however, the PL of these quantum-
cutting NCs is absorbed by overtones of high-frequency
proton-stretching vibrations present in common LSC polymer
matrices.19–22,25–30,35,36,38–40,66,69,70,72 This work shows that to
succeed, an LSC based on Yb3+-doped NCs must use a wave-
guide matrix that contains very few protons in the form of C–H,
O–H, or related bonds. Several proven possibilities already exist,
although formation of NC LSCs out of such matrices has not yet
been demonstrated, and costs may escalate too much for some
of these options to be commercially attractive. Nonetheless, it is
interesting to note that the amorphous uorinated polymer
Cytop74 is already used in near-IR ber optics and has a NIR
attenuation coefficient that is close to those used in the glass
simulations here. Additionally, organic-dye LSCs have been
fabricated with partially uorinated polymers78,79 that show
reduced C–H overtone absorption. Some work has also been
done to incorporate PbSe and InAs NCs into a uorinated,
aromatic polymer.80 These results suggest that NC LSCs using
uorinated waveguides are indeed viable and should be devel-
oped further. Alternatively, all-inorganic waveguides such as the
oxide matrices used for Nd3+ LSCs1,81 are also attractive; NC
LSCs of this type have not yet been demonstrated, but a notable
proof-of-concept is found in the examples of colored Schott
glasses, which are composed of chalcogenide semiconductor
NCs embedded within optical-quality borosilicate glass. High-
efficiency Yb3+-doped ber lasers and ampliers involving
various oxide and uoride glass compositions with low cavity
losses have also been demonstrated.82,83

Conclusion
Through a combination of experimental and computational
studies, we have shown that Yb3+:CsPb(Cl1!xBrx)3 NCs have
high potential to serve as unique LSC luminophores due to
their large effective Stokes shis and extraordinarily high
PLQYs (approaching 200%), arising from their efficient
quantum-cutting PL mechanism. These NCs have the lowest
self-absorption of any NCs investigated to date, comparable
to Mn2+-doped II–VI NCs, but with overall LSC performance
exceeding that of the Mn2+-doped NCs because of their very
high PLQYs. The experimental measurements presented here
highlight the need for proton-free waveguide matrices in
LSCs involving these luminophores, which motivates devel-
opment of NC LSCs with waveguides based on inorganic
glasses or uorinated polymers. Finally, we propose and
model a new monolithic bilayer LSC device architecture
containing quantum-cutting Yb3+:CsPb(Cl1!xBrx)3 NCs in its
top layer and, e.g., CuInS2/ZnS NCs in its bottom layer. This
bilayer design is reminiscent of tandem PVs and LSCs, except
that it uses quantum cutting to increase photocurrent rather
than using multiple PV energy gaps to increase photovoltage.
As such, this bilayer device has the distinct advantage that
PL from both the top (blue-absorbing) and bottom (red-

absorbing) luminescent layers can be transported through
the same waveguide to the same Si PV, obviating the need for
multiple PV cells, interlayer wiring, and current matching
as found in traditional tandem devices. Such advantages
simplify device construction and operation. Modeling
suggests that a bilayer LSC using Yb3+:CsPb(Cl0.25Br0.75)3 NCs
for the top layer could improve upon the performance of an
idealized state-of-the-art CuInS2/ZnS NC LSC bottom layer by
at least 19%. It is possible that better inorganic or organic
luminophores will be identied in the future to serve as
partners with Yb3+:CsPb(Cl0.25Br0.75)3 NCs in such bilayer
congurations. Overall, these results and the new proposed
device structure suggest promising avenues for the develop-
ment of next-generation NC LSCs.
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