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ABSTRACT: Luminescent solar concentrators doped with CdSe/CdS quantum
dots provide a potentially low-cost and high-performance alternative to costly high-
band-gap III-V semiconductor materials to serve as a top junction in multijunction
photovoltaic devices for efficient utilization of blue photons. In this study, a photonic
mirror was coupled with such a luminescent waveguide to form an optical cavity
where emitted luminescence was trapped omnidirectionally. By mitigating escape

PL escapes —— trapped with mirror

cone and scattering losses, 82% of luminesced photons travel the length of the
waveguide, creating a concentration ratio of 30.3 for blue photons in a waveguide with a geometric gain of 61. Further, we study
the photon transport inside the luminescent waveguide, showing unimpeded photon collection across the entire length of the

waveguide.
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Luminescent solar concentrators' ™" (LSCs) have been
studied extensively for the last three decades as low-cost
alternatives to single- and multijunction photovoltaic (PV)
devices. As silicon prices have fallen, it has become increasingly
clear that future solar panels will need to have both low cost
and high efficiency. One promising strategy for achieving a
higher efficiency is to use different parts of the solar spectrum
in photovoltaic materials with varying band gaps to minimize
losses associated with carrier thermalization and incomplete
photon absorption. For these multijunction (M]J) PV devices,
there is a strong need for developing low-cost, high-band-gap
solar cells for efficient utilization of the high-energy part of the
solar spectrum. A luminescent solar concentrator could provide
exactly this function, serving as the top junction in a
multijunction architecture by converting blue photons into
guided luminescence. Due to the concentration effect, only
small amounts of high-performing but expensive III-V
photovoltaic materials are needed to collect the light from an
inexpensive luminescent waveguide. Such a device requires high
concentration factors to reduce the cost of the III-V
photovoltaic material. High concentration also allows the
Stokes shift of the lumophore to be recovered in the operating
voltage of the photovoltaic cell.

The concentration factor and collection efficiency achieved
by LSCs to date have been limited due to parasitic losses such
as nonunity quantum yields of the lumophores, imperfect light
trapping within the waveguide, and reabsorption and scattering
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of propagating photons.” Previous studies have sought to solve
each of these parasitic losses individually, resulting in modest
performance improvements.’”'* Here we achieve a luminescent
concentration ratio greater than 30 with an optical efficiency of
82% for blue photons by simultaneously addressing the
materials and optical challenges of the LSC system. These
concentration ratios are achieved through the combination of
designer quantum dot lumophores and photonic mirrors, and
microscale silicon photovoltaic cells are used to detect the
concentration of light in the waveguide. To the best of our
knowledge, this is the highest luminescent concentration factor
in literature to date. Previously, a concentration factor of 22 was
reported in 1984 by Roncali and Garnier'>'® using a dye with
high luminescence quantum yield in a highly polished
waveguide with mirrored edges. Such a strategy resulted in a
low waveguide efficiency due to unmitigated escape cone losses.
In contrast, our use of photonic mirrors that are carefully
matched to narrow bandwidth emitting quantum dot
lumophores allowed us to achieve waveguide efliciency
exceeding the limit imposed by total internal reflection. Lessons
learned from our design offer guidance toward the development
of devices with both high concentration factors and high
collection efficiencies.
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Figure 1. Graphic showing a typical transmission electron micrograph
and schematic of giant CdSe/CdS quantum dots, incorporated into a
traditional luminescent solar concentrator (open top) and the
luminescent concentrator cavity (with mirror). The black rectangle
is a photovoltaic cell. The blue arrows represent solar photons, which
are then converted to red light by the quantum dots and either
collected by the solar cell or lost to the escape cone. In the new design,
a wavelength-selective mirror traps the luminescence inside the cavity,
increasing the intensity of red light inside the cavity. The desired
absorption, photoluminescence (PL), and reflectance spectra are
sketched. The result is improved collection efficiency of red photons,
which cannot escape, and improved power output from the solar cell.

The general principle behind LSCs is illustrated in Figure I:
broadband photons from the sun are absorbed by lumophores
in a waveguide, and the emitted photons are guided via total
internal reflection (TIR) to an adjacent solar cell, where they
are converted to electricity. The thermodynamic limit of the
concentration ratio (C), the ratio of the photon fluxes at the

absorption energy (E;), and emission energy (E,) are
approximated'’~" by

3

Cc< E—23e1cp(L EZ)

E; kgT (1)
Equation 1 indicates that C should increase exponentially with
the difference in photon energies (often called the Stokes shift).
According to eq 1, for a Stokes shift greater than 300 meV, C
could exceed the geometric optical limit** of 46 200 for direct
solar radiation.

Recent renewed interest in LSCs has been driven by
materials research to overcome the reabsorption losses due to
insufficient Stokes shifts, with particular emphasis on nano-
crystal lumophores.” One such class of nanocrystals is the
quantum dot heterostructure shown in Figure 1, where the
effective Stokes shift can be controlled by tuning either the core
size or the thickness of the larger band-gap shell.”'~** As the
shell-to-core volume ratio increases, the overlap between
absorption and emission decreases, thereby reducing reabsorp-
tion losses for luminesced photons traveling through the
waveguide.”’

It has previously been shown that a wavelength-selective
dielectric filter is thermodynamically required to achieve high
efficiency.”* Under idealized circumstances where the lumo-
phore species has unity quantum yield, the polymer—
lumophore matrix exhibits no scattering over the length scale
of the concentrator, and the Stokes shift is large enough to
allow for a high thermodynamic limit for C, the performance of
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the LSC will still be limited by inefficient light guiding to the
solar cell. In the traditional LSC design (Figure 1), the
waveguide acts as a rudimentary wavelength-selective filter for
photons: high-energy solar photons are refracted to subtend
only a fraction of the solid angle inside the waveguide, whereas
low-energy luminesced photons exist at all angles and
accumulate inside the totally internally reflected modes."
The wavelength selectivity of this filter is inherently poor due to
escape cone losses and can be improved with the addition of a
wavelength-selective photonic mirror between the waveguide
and the sun.%'%*

Our strategy is to embed the lumophore in an optical cavity
integrated with a carefully tuned wavelength-selective photonic
mirror that transmits blue light and reflects red luminesced
photons at all angles (Figure 1). Designer quantum dot
materials offer an advantage over dye molecules in this regard.
The emission spectra of nanocrystals are intrinsically narrower
and more symmetric, enabling the design of a one-dimensional
photonic mirror that operates omnidirectionally across the
entire emission band. The design presented here targets high
quantum yield, large Stokes shift, and narrow emission band
CdSe/CdS core—shell nanocrystals with low scattering cross
sections at the emission wavelength, combined with photonic
structures that trap luminescence inside the waveguide.

B RESULTS AND DISCUSSION

Although the Stokes shift of CdSe/CdS nanocrystals increases
with increasing shell thickness, thereby reducing LSC losses,
scattering between the nanoparticle and polymer matrix also
increases with the volume and increases LSC losses. To find the
optimal nanocrystal geometry, we synthesized CdSe/CdS
nanoparticles with a constant 2.5 nm core diameter and
varying shell thicknesses and compared the ratio of absorption
at 450 nm to the extinction at the peak luminescence
wavelength as shown in Figure 2a. For small shell thicknesses,
the extinction is dominated by absorption in the CdSe core,
whereas for large shell thicknesses the extinction is dominated
by scattering between the nanoparticle and the waveguide
polymer. The experimental results match well with theoretical
calculations based on the electrostatic dipole model®® using
bulk refractive index data for CdSe and CdS.”’~*° For CdSe
core sizes between 2 and S nm, there exists a maximum in the
extinction ratio corresponding to a total particle diameter
between 15 and 20 nm or total volume between 2000 and 4000
nm?®. The particles chosen to make devices in this study have a
2.5 nm core and a 154 + 1 nm total diameter, yielding an
experimental extinction ratio of 230 to 1. A characteristic
transmission electron micrograph is shown in Figure 1. The
solution-phase luminescence quantum yield of the nanocrystals
is 68%, and the luminescence is centered at 600 nm with a
fwhm of 40 nm.

On the basis of the properties of these nanocrystals, we
designed a wavelength-selective photonic mirror that accepts
incident blue sunlight and traps luminescence. From 350 to 520
nm the photonic mirror exhibits 90% average transmission at
normal incidence. Over the emission band of the lumophore,
the hemispherically averaged reflectance of the mirror is 98%,
with a maximum reflectivity of >99.999% at 650 nm at normal
incidence. The dependence of reflectivity on angle of incidence
is characterized in Figure 2b; luminesced photons are reflected
efficiently up to 60 degrees from normal, with diminished
reflectivity at higher angles. The photographs in Figure 2c show
the effect of the photonic mirror on luminescence from the
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Figure 2. (a) Data and simulation of the relationship between shell volume and the ratio of extinction at 450 nm to extinction at 600 nm for CdSe/
CdS core/shell nanoparticles with a 2.5 nm core diameter. The dashed lines represent the ratio of extinction at 450 nm to the absorption at 600 nm
and scattering at 600 nm, as calculated by the electrostatic dipole approximation. The solid line is the ratio of the extinction at 450 nm to the sum of
absorption and scattering at 600 nm. (b) Absorption and emission spectra of the QDs as compared to the reflectivity of the photonic mirror at
different incidence angles. (c) Photographs of the QD solution under blue laser illumination with photonic mirrors reflecting the luminesced red
light. (d) PLQY of the QD/PLMA film and the trapping efficiency before and after integration with the photonic mirror.

quantum dot solution under 440 nm excitation. In the first
photograph, two mirrors are arranged in a tent over the cuvette
and all luminescence is directed to the opening since it cannot
pass through the mirror. In the second, the scattered blue laser
light transmits through the mirror, while the luminescence from
the lumophore solution is blocked.

The quantum dots are integrated into a poly(lauryl
methacrylate) (PLMA) matrix to form an optically clear LSC
waveguide. The photoluminescence quantum yields (PLQYs)
of the nanocrystals decrease upon integration with the polymer,
decreasing from 68% to 60% (Figure 2d). The effect of the
photonic mirror was quantified by measuring the optical
trapping efficiency (7y,,), the fraction of photons that
propagate to the edges of the waveguide (ie, no embedded
solar microcell). Without the photonic mirror, Nirap 1s limited by
the fraction (57rr) of photons initially trapped by total internal
reflection in a polymer with refractive index n.

Merap S = (1- "_2)1/2

@)
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For the PLMA/QD composite (n = 1.44), g = 0.72. For a 30
pum thick luminescent film placed between two thin glass
coverslips, 7y, averages around 66% (Figure 2d), slightly lower
than #pz due to scattering and reabsorption losses. Replacing
both glass coverslips with photonic mirrors, luminesced
photons cannot escape out of the front and back surface of
the waveguide, increasing 7, to 82% (Figure 2d), exceeding
the value Snell’s law would allow without the dielectric mirrors.

Figure 3a shows the concentrator cavity, consisting of the
wavelength-selective photonic mirror on top, a PLMA/QD
waveguide with an embedded Si solar microcell,**? and a
trench-shaped diffuse reflector that both enhances absorption
of incident photons and recycles photons that escape through
the bottom and edges of the waveguide. It is important to note
that in this iteration the single Si microcell acts as a detector of
the optical concentration. The overall EQE and collection
efficiency of the device are low due to the small area covered by
the single microcell. In the future, arrays of microcells could be
integrated so as to capture more of the waveguided light with
minimal shadowing. The best device performance under
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Figure 3. (a) Photograph of a microcell- LSC integrated with a
photonic mirror and a trench-shaped diffuse trench reflector; (b) J—V
characteristics of the LSC device with and without the photonic
mirror; (c) concentration ratio as a function of excitation wavelength
of the LSC-PV device with and without the photonic mirror.

AM1.5G illumination is summarized in Table 1, with current
density (J)—voltage (V) curves shown in Figure 3b. Both the J,
and the V.  of the microcell increase significantly upon
integration with the LSC including the trench reflector and
increase further with the addition of the photonic mirror. The
total J. of the Si microcell is 7.7 times higher after integration
with the complete device. The spectral dependence of C is

plotted in Figure 3c and shows that the current enhancement
originates from concentration of blue photons, the spectral
region where the nanocrystals absorb. From 550 to 800 nm C is
greatly suppressed, as this spectral region is reflected by the
photonic mirror and prevented from entering the LSC. This
loss is outweighed by the improvement in the concentration of
blue photons as demonstrated by the total current enhance-
ment.

The optical density (OD) at 450 nm of the nanocrystal—
polymer films was then varied from 0.1 to 1.2, and the LSCs
were characterized under blue-filtered illumination. The highest
concentration factor occurs when OD = 0.65 (Figure 4a). At
lower OD, absorption of incident sunlight in the blue portion
of the spectrum is diminished, while at higher OD reabsorption
and scattering of luminesced photons decrease the optical
efficiency. All samples demonstrate more than 60% enhance-
ment in C after applying the photonic mirror except the control
device (no QDs added in the polymer). The optimum C under
the blue-filter illumination with the photonic mirror reaches
30.3, a value unprecedented in the LSC literature.

To study the propagation of photons inside the LSC, we
compared a sample with high internal scattering (Figure 4b,
due to the absence of thorough QD cleaning before
polymerization) to one with low scattering (Figure 4c) (see
Supporting Method S4 for details). Both samples had an
optimal OD of 0.65 at 450 nm and were measured under blue-
filtered illumination with a variable illumination spot diameter,
resulting in variable geometric gain G (the ratio of illuminated
area to illuminated edge area; see Supporting equation S6 and
Supporting discussion S5). Without the photonic mirror acting
as a photon-recycling element, the sample with high scattering
(Figure 4b) shows a limited growth of C that quickly plateaus
with increasing G, as luminesced photons are scattered out of
the waveguide and lost. In comparison, the sample with low
scattering exhibits a quasi-linear increase of C with G (Figure
4c), as contributed by the uninterrupted TIR modes inside the
waveguide.”!

Adding the photonic mirror on top allows both non-TIR and
scattered photons to be recycled and then to propagate inside
the concentrator cavity before finally reaching the solar cell. As
a result, the losses associated with scattering are strongly
reduced, and photons are concentrated over distances much
longer than the scattering length of the waveguide. In the high-
scattering case (Figure 4b) C becomes quasi-linear with
increasing G and reaches 16 at G = 37, nearly S times higher
than without the mirror. This value is still smaller than that in
the low-scattering case (C = 20), indicating that scattering loss
is not completely mitigated as the mirror reflectivity diminishes
at oblique angles. Measurement of the luminescent concen-
tration factor of the high-scattering sample with the dielectric
mirror at G = 61 resulted in C = 26, only slightly reduced from
the best value of 30.3 for the nonscattering device. In the device
with low scattering (Figure 4c), C increases superlinearly with
the illumination diameter, increasing faster than the TIR limit

Table 1. Summary of PV Device Performance before and after the Integration with the LSC, Trench Reflector, and Photonic

Luminescence-Trapping Mirror under AM1.5G Illumination

testing condition Jo (mA/cm?)
4-Si device 28.51
p-Si device with LSC with trench reflector 149.3
p-Si device with LSC with trench reflector with photonic mirror 2187
1579

concentration 4 = 350—500 nm  V,. (V) fill factor power (mW/cm?)
1 0.504 0.72 10.35
189 0.569 0.64 54.37
30.3 0.580 0.61 77.38
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(b) the highly scattering sample (with a scattering length of 0.18 mm) and (c) the record device (with a scattering length of 3 mm) compared to the
limit imposed by total internal reflection (TIR). (d) Simulated effects of scattering length on concentration with and without a luminescence-

trapping mirror, with G = 61.

imposed by eq 2. This superlinearity marks the onset of a
transition from ballistic, single-pass photon transport to
diffusion-based transport afforded by photon recycling. Our
results suggest that efficient trapping of luminescence with a
dielectric mirror can keep the luminescence inside the cavity
regardless of the optical clarity and smoothness of the
waveguide. If the optical quality of the waveguide could truly
be made irrelevant by the dielectric mirror, the fabrication of
the devices could be simplified.

To further investigate the connection between photon
scattering, the photonic mirror, and C, we used a Monte
Carlo ray tracing model. These simulations assume that
scattering derives from the refractive index contrast between
the nanocrystals and the PLMA waveguide. For each device, a
range of scattering lengths are simulated and fit to the
experimental data (Figure 4a). All other model inputs are
measured experimentally. For the high- and low-scattering
devices (Figure 4b,c), the best fit is achieved with 0.18 and 3
mm scattering lengths (Supporting method S7). A scattering
length of 3 mm corresponds to roughly one scattering event for
a photon propagating at 19 mm from the edge of the waveguide
to the solar cell. Figure 4d shows the results of simulations
systematically modeling the effect of scattering on device
performance. Without the photonic mirror, C is negligible until
the scattering length approaches the waveguide length and
asymptotes when the scattering length is longer than the
waveguide length. With the photonic mirror on top, the
performance is less sensitive to the detrimental effects of
scattering. However, the best results are still achieved when the
scattering length is greater than the waveguide length.
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B CONCLUSION

In conclusion, the design presented here achieves luminescent
solar concentration ratios over 30 while maintaining a high
waveguide efficiency of 82%. This is due to the combination of
designer nanocrystal lumophores with a photonic cavity that
traps luminescence. The narrow emission line width of the
nanocrystal lumophores enables the use of a highly reflective,
wavelength-selective photonic mirror as the top surface of the
cavity. In addition to improving the photon concentration ratio,
the luminescence-trapping effect of the mirror also dramatically
mitigates the detrimental effect of scattering.

The device fabricated here is tuned to utilize the blue portion
of the spectrum due to the engineered absorption spectrum of
the CdSe/CdS QDs. The system efliciency remains limited, as
only one silicon microcell is utilized to detect rather than fully
convert the luminescence in the waveguide. Using transfer-
printing-based assembly, however, arrays of these microscale
devices could be embedded in the waveguide to dramatically
enhance the PV conversion efficiency.”” Coupling with 11—V
(e.g., InGaP) microcell arrays with band gaps tailored to match
QD emission, a luminescent concentrator cavity module could
be constructed with efficiencies comparable to conventional PV
panels but with reduced materials consumption. Additionally,
this LSC module can be potentially used as the top layer (e.g,,
over Si) in a mechanically stacked multijunction architecture for
full spectrum conversion, utilizing both the high-energy
photons in the LSC and the low-energy photons in the bottom
photovoltaic. We expect that future devices will achieve even
higher concentration ratios while maintaining high waveguide
efficiency through improvements to the luminescence quantum
yield, waveguide geometry, and photonic mirror design.
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B METHODS

Quantum Dot Synthesis. CdSe quantum dots were
synthesized following literature procedures. Details can be
found in Supporting method S1.

Quantum Dot Characterization. Optical absorption
spectra were taken on a Shimadzu UV-3600 absorption
spectrometer. Fluorescence spectra were collected with a
Jobin-Yvon FluoroLog 2, calibrated with an Ocean Optics
HL3-plus radiometric calibration lamp and a Spectralon diffuse
reflector from Lab Sphere.

Fluorescence quantum yields were measured on a custom
integrating sphere fluorometer, as described in Supplementary
method S2. To ensure proper quantitative measurement
technique, the fluorescence quantum yield of rhodamine 590
in ethanol was measured and found to be 93.5%, reproducible
to within 1%.

Transmission electron micrographs were obtained on a 200
kV Tecnai G220 S-TWIN with a Gatan SC200 CCD camera.
Sizing was accomplished by analyzing the particles with an
automated sizing algorithm (Supporting method S2).

Dielectric Mirror Design, Fabrication, and Analysis.
The wavelength-selective dielectric mirror was designed and
fabricated by Optical Filter Source, LLC (Austin, TX, USA).
The reflectivity spectrum was measured by mounting a mirror
on an optics post and measuring the transmittance as a function
of angle. The average reflectivity is calculated by multiplying a
normalized quantum dot luminescence spectrum PL, .. (1) by
the reflectivity spectrum R(4,0) and integrating over a
hemispherical emission, following eq 3. Details can be found
in Supporting method S3.

R, = f i f R(4, ) PL,...(2) dA cos(0) sin(6) do
0 A
(3)

Luminescent Waveguide Fabrication and Character-
ization. The monomer lauryl methacrylate (LMA, Sigma-
Aldrich) and the cross-linker ethylene glycol dimethacrylate
(EGDMA, Sigma-Aldrich) were first purified to remove the
inhibitor and then mixed at a 10:1 volume ratio. The CdS/
CdSe quantum dots were then dispersed in this solution and
polymerized under UV illumination (365 nm) and inert
atmosphere with Darocur 1173 (Sigma-Aldrich) added as the
initiator (1% by volume).

The film absorption was measured using a Varian Cary 5G
spectrophotometer. The photoluminescence quantum yields
(PLMA) and optical trapping efficiency (#,,,) of the waveguide
were measured in a custom setup, as detailed in Supporting
method S4.

Device Fabrication and Characterization. Monocrystal-
line silicon microcells (30 pm thick, 100 ym wide, and 1500 ym
long) with a thermal oxide passivation layer were fabricated
using photolithography, reactive ion etching, and wet chemical
etching from p-type (111) Czochralski Si wafers (10 Q-cm,
Silicon Materials Inc.), as reported previously. The resulting
devices were transfer-printed individually onto a glass substrate
(170 pm thick) with a thin (~30 um), partially cured adhesive
(NOAG61, Norland Products) layer. A 1.5 in. square quartz
plate, treated with repel silane (GE Healthcare), was placed on
top of the device. The microcell was then embedded in the
luminescent waveguide (30 ym thick) through capillary filling
of the LMA/QD solution and subsequent polymerization. The
film thickness (30 ym) was controlled by using soda lime glass
spacers (SPI product #2714) at the corners of the substrate.
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After removing the quartz plate, the interconnects of the device
were formed by screen-printing silver epoxy (E4110, Epo-Tek)
lines and curing at room temperature.

The photovoltaic characteristics of the microcells in the
concentrator cavity were measured using a source meter
(model 2400, Keithley) and a 1000 W full spectrum solar
simulator (Oriel, 91192) with an AM1.5 G filter. The
concentration ratio (au) as a function of excitation wavelength
was measured using an OL-750 automated spectroradiometric
system (Gooch & Housego). The LSC device was placed inside
a trench diffuse reflector (Spectralon, Labsphere) at all these
measurements, while the PV performance of the microcell
before integrating with the concentrator cavity was measured
on a nonreflective substrate.

The propagation curve was obtained by placing a circular iris
diaphragm (Newport) on top of the waveguide with the solar
cell located in the center. The photocurrent was measured with
a blue filter (Hoya 390) under the solar simulator while
changing the illumination area with the diaphragm aperture
size. The concentration factor C is calculated from the short-
circuit current density Jigc in mA cm™> by

C = ]LSC
[T(2) AM1.5G(4) dA EQEy;c (600 nm)

4)

where T(4) is the transmission spectrum of the Hoya 390 filter,
AMI1.5G(4) is the solar spectrum flux in mA cm™ nm™!, and
EQEeyice (600 nm) is the EQE of the silicon photovoltaic
device measured on a nonreflective substrate at the emission
wavelength (600 nm). Further details can be found in
Supporting method S6.
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