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ABSTRACT

A luminescent solar concentrator (LSC) is a photon managing device that can harvest, direct and concentrate
solar light to small areas, enabling subsequent coupling to photovoltaic devices (PVs) for enhanced solar energy
conversion. However, the intrinsic photon loss through the so-called escape cone of the LSCs significantly limits
their light harvesting and concentrating performance. In this work, we introduce a facile and low-cost approach
for the fabrication of a three-dimensional (3D) macroporous photonic crystal (PC) filter as an efficient photon
reflector, which can be coated onto quantum dot (QD) based LSC devices. We demonstrate that by controlling the
PC reflection band to match the emission profile of the QD emitters, the light trapping efficiency of the PC coated
LSC (PC-LSC) can be significantly improved from 73.3% to 95.1% as compared to the conventional PC-free LSC
due to the reduced escape cone photon loss. In addition, we have developed a simulation model that considers
the PC reflector effect. Both experimental and simulation results show that the enhancement in LSC device
performance induced by the PC reflector increases with increasing dimension. In fact, simulation data predicts a
maximum of 13.3-fold enhancement in external quantum efficiency (EQE) and concentration factor (C factor) of
the PC-LSC under more ideal conditions. Moreover, the simulation result offers insight into the relationship
between photon output efficiencies and the geometric design of the PC-LSC. Our study sheds light on future
design and fabrication of LSC devices with enhanced photon collection and concentrating efficiencies through
novel and wavelength-selective photon reflectors.

1. Background

quantum dots (QDs) [17-29]. As a result of the geometric design and
high refractive index of matrix materials utilized (e.g., glass, polymer),

Moving global energy consumption away from fossil fuels requires
innovative, clean and cost-effective renewable energy technologies
[1-4]. In this concern, solar power is the most abundant of all sustain-
able sources on our planet and harvesting solar energy utilizing photo-
voltaics (PVs) hold the highest potential capacity (~80 TW) among all
renewable energy sources [5-12]. To this end, luminescent solar con-
centrators (LSCs) are innovative, cost-effective and large-area light
collecting and concentrating devices that can be coupled to PVs for solar
energy harvesting and conversion [13-17]. Depending on the utilized
fluorophores, the LSCs can focus the broad range of wavelengths from
sunlight into a confined wavelength range, then direct them to a smaller
region of the device (light concentrating effect) for PV utilization [13,
18]. Although the original idea for LSCs was initiated in the 1970s,
significant developments have been recently demonstrated due to the
advances of various high-quality emitters, especially semiconductor
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the emitted photons can be largely trapped inside of the LSC through
total internal reflection (TIR) as defined by Snell’s law followed by
further propagation to the edges of the LSC device [30-33]. In this light
concentrating process, the energy output efficiency of LSCs is mainly
limited by three major events: (1) The reabsorption process caused by
partial overlap between absorption and emission spectra of the applied
fluorophores; (2) energy loss through non-radiative decay channels due
to the sub-unity photoluminescence quantum yield (PL QY) of the flu-
orophores; (3) photon loss through the escape cone of LSC devices.
While the first two events can be greatly regulated by improving the
absorption and emission qualities of the applied emitters [19-24,34,35],
the escape cone photon loss has been recognized as an intrinsic limita-
tion of LSCs [30-46]. Even for an ideal emitter with zero reabsorption
behavior and unity PL QY, the escape cone photon loss of the LSC is still
inevitable and invariant. Recent efforts in reducing this escape cone
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photon loss include coating the LSC with organic cholesteric mirrors
[37-39], two-dimensional (2D) photonic crystal (PC) distributed Bragg
reflectors [28,33,36,40], silver and aluminum metal films [36,43], and
rugate filters [44-46]. However, most of these reported Bragg filters
possess non-selective broad reflection bands, and/or sophisticated
fabrication processes not ideal for large-scale production, thus limiting
their potentials in practical applications [47].

Herein, we introduce a 3D macroporous-structured PC coated QD-
based LSC (PC-LSC) device as an alternative means to effectively
reduce escape cone photon loss. We demonstrate that the stopband of PC
layer can be programmed to serve as a highly selective wavelength
reflector in order to perfectly match the emission profile of the applied
emitters (e.g., QDs). After PC coating on both the top and bottom of the
LSC surfaces, light trapping efficiency of the PC-LSC can be dramatically
increased by ~30% as compared to the conventional LSC without PC
coating (PC-free LSC). Both experimental and simulation results reveal
that this enhanced photon trapping capability leads to significant im-
provements for both the external quantum efficiency (EQE) and the
concentration factor (C factor) of the resulting PC-LSC devices. Both EQE
and C factor can be nearly doubled by the PC coating for large-area LSC
devices under sunlight illumination, demonstrating their potentials for
practical integration into solar energy conversion systems with
enhanced energy harvesting capabilities.

2. Results and discussion
2.1. Working principle of PC-LSC devices

The escape cone photon loss is associated with an internal light beam
angle that is smaller than the critical angle of LSC surface (shown in
Fig. 1a, right). According to the LSC’s refractive index (n), the trapping
efficiency (4qp) is defined as [30].

Nyap = V1 =172 = €050, (€8]

where, 0 is the escape cone angle, which is defined by Snell’s law as
Besc = arcsin (%) . For a typical polymer matrix with e.g. n = 1.5, the #qp

is ~74.5% and O, is 41.8°. This means ~25.5% of the emitted photons
inside an LSC will be lost to the top/bottom surfaces through the escape
cone, dramatically diminishing the light harvesting and concentrating
capabilities of the LSC. To minimize this photon loss, we have designed a
3D macroporous PC layer that covers both top and bottom surfaces of
the QD-based LSC device (Fig. 1a). This PC coating can efficiently
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recycle the photons otherwise lost through the escape cone, trap and
subsequently concentrate them to the edge windows of the LSC device
(Fig. 1a).

To demonstrate the enhanced photon trapping effect of the PC
coating, we have carried out the Monte Carlo ray-tracing model (MC
model) simulation for the LSC devices with and without PC coating [48].
Based on Fresnel Law, we can track the photon propagation of both
designs by using a set of vector and location functions. By monitoring a
large number of photons, the photon concentrating performances can be
evaluated. In order to obtain meaningful comparisons, 30,000 photons
(at 365 nm) were set to hit the LSC device normal to the top surface. In
the simulation, we considered a cuboid LSC slab with dimensions of
2.8cm x 1.5cm x 0.1 cm, and a refractive index (n) of 1.47 (estimated
based on the trimethylolpropane ethoxylate triacrylate (TET) and poly
(ethylene glycol) diacrylate (PEGDA) copolymer matrix used in the ex-
periments). When 0.2 wt% (with respect to the co-polymer matrix) of
QDs was applied to the MC simulation (see simulation details in SI), a
drastically increased number of edge-escaped photons (labeled in red
arrows) can be directly visualized after PC coating (Fig. 1b and c).
Quantitatively, 9.1% of the incident photons can be concentrated to the
edge region for the PC-free LSC, whereas, this value increased to 17.6%
for the PC-LSC device with the same dimensions and similar amount of
the absorbed photons (absorbed ~12800, 42.7% of the total incident
photons). Only a slight increase in initially scattered photons (increased
by ~360, 1.2% of the total incident photons) after PC coating was
simulated, indicating minimal interference between the PC layer and
incident photons (outside of the PC stopband), thus the absorption event
of the QD emitters inside PC-LSC.

2.2. Band structure and characterizations of CdSe—CdS core-shell QDs

To test the performance of the PC-LSC design in real devices,
colloidal CdSe-CdS core-shell QDs with a CdSe core diameter of
3.0+ 0.2nm and a CdS shell thickness of 3.8 nm were synthesized
following a previously reported method (Fig. 2) [49-51]. The energy
diagram for the band structural alignment of the core-shell QD depicts
strongly confined hole (localized hole wavefunction inside the core) and
weakly confined electron (delocalized electron wavefunction in both
core and shell) that are photo-generated in QDs (Fig. 2a) [52,53]. TEM
measurements showed that the particles were highly uniform in size and
shape with an average diameter of 10.6 & 0.6 nm (Fig. 2b and S1). High
resolution TEM images showed clear cross-fringes of hexagonal atomic
lattices, indicating high crystallinity of the sample with a Wurtzite
crystal ~structure, consistent with X-ray powder diffraction
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Fig. 1. (a) Schematic representation of the QD-based PC-LSC device (left), and the zoomed-in schematic illustration of the top PC surface and the associated photon
trapping mechanism (right). (b, ¢) Visualization of Monte-Carlo ray-tracing simulation for PC-free LSC device (b) and PC-LSC device (c). The red arrows represent the

photon output from the edge region of the LSC devices.
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measurements (Fig. 2b, inset, and S2). The high morphological unifor-
mity and particle crystallinity of the QDs impart a narrow PL peak
centered at 636 nm with a linewidth (full width at half maximum,
FWHM) of 85.6 meV (~27.9nm, Fig. 2¢), and a high PL QY of 71%
determined by an integrating-sphere. Importantly, due to the presence
of a thick CdS shell dominating the absorption event, photon reab-
sorption processes of the QDs can be largely reduced because of the
significantly minimized spectral overlap between the absorption and PL
profiles (also referred as ‘Stokes-shift-engineered’ QDs, Fig. 2¢) [19-24,
33,34,54,55]. After incorporating into the TET/PEGDA copolymer slab
(QD/polymer, 0.2 wt%), both the absorption and PL spectra remained
intact (Fig. 2¢), indicating the preservation of QD integrity inside the
copolymer matrix and the formation of a QD-polymer solid solution.

2.3. Fabrication and light-trapping performance of PC-LSCs

To fabricate PC-LSC devices, two PC filters consisting of 3D arrays of
macropores were coated on the top and bottom surfaces of a QD-
embedded LSC copolymer slab (Fig. 3). The fabrication procedure is
illustrated in Fig. 3a (see SI for fabrication details). Briefly, a PC filter
was first fabricated on a glass substrate by crystallizing colloidal silica
spheres through a convective self-assembly process (Fig. 3a) [56-58]. In
order to form a double-sided PC coating, a sandwich structure formed
from two pieces of PC-coated glass substrates was constructed (Fig. 3a,
1), and then filled with a toluene solution of the two mixed monomers (i.
e, TET and PEGDA monomers) and the CdSe-CdS QDs (0.2 wt%)
(Fig. 3a, II). The entire sandwich structure was photo-polymerized
(Fig. 3a, III) at room temperature and then immersed into 2% hydro-
fluoric acid for 20 s to etch away the silica spheres, resulting in an array
of macropores on both sides of the device (Fig. 3a, IV). After triggering
with acetone vapor, all the macropores can be fully opened up to form a
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3D ordered PC structure with a narrow dielectric photonic stopband
(Fig. S3 and Table S1) [57]. It is worth to mention that the PC reflection
band may have a blue shift while maintaining the narrow bandwidth
when the incident light angle varies from 0° (normal to the surface of
PC-LSC) to 90° (parallel to the surface of PC-LSC) [59]. However, given
by the wide absorption profile of the QDs (Fig. 2c), we do not expect a
significant influence on the overall performance of the PC-LSC device.
We also estimated the materials cost for industrial level large-scale
production of this PC coating layer to be $0.1575/m? (Table S2), rep-
resenting the low-cost nature of this PC coating method.

One advantage of this PC-LSC system is that the PC stopband position
can be easily controlled by tuning the size of macropores [60], allowing
for a spectral match with the PL profile of the applied emitters (Fig. S3).
This reflection-emission spectral match allows optimal photon trapping
efficiency, thus light concentrating performance of the PC-LSC device. In
our case, when using the silica spheres with an average diameter of
~400 nm, cross-section scanning electron microscopy (SEM) measure-
ments showed a uniform thickness of the PC layer (~3.0 pm, ~12
monolayers of macropores) with an average pore size of ~375nm
(Fig. 3b and S4). The resulting PC stopband with maximal reflectivity of
96% was centered at ~650 nm with a FWHM of ~220 meV (~87 nm),
covering the entire emission spectral region of the embedded QDs in the
LSC device (Fig. 4a). The well-defined Fabry-Perot fringes at both sides
of the major reflection band demonstrate a high crystallinity of the
assembled macroporous structure (Fig. 4a) [53], consistent with the
SEM measurements (Fig. 3b and S4). Also, except the reflection and
Fabry-Perot fringes region, the PC layer showed a high transparency
(~90%) which indicated a low light scattering effect caused by the PC
layer (Figure S5). When photons reach the top and bottom surfaces of
the LSC within the escape cone (incident angle smaller than the TIR
angle), most of them can be recycled by the PC reflector and trapped
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Fig. 2. (a) Schematic representation of the CdSe—CdS core-shell QD (top) and the corresponding quasi-Type-II band structural alignment (bottom). (b) Typical TEM
image of the CdSe-CdS core-shell QDs. Inset: HR-TEM image of one representative core-shell QD. (c) Absorption and emission spectra of the CdSe-CdS QDs in hexane

solution (solid lines) and in polymer matrix (dashed lines).
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Fig. 3. (a) Schematics of fabrication process for macroporous PC coated QD-based LSC copolymer slab. (b) Cross-section SEM image of a PC-LSC device. The zoomed-
in top-view of the macroporous structure is shown in the right corner. (¢, d) Photographs of a PC-LSC device (dimensions: 2.8 cm x 1.5 cm x 0.1 cm) illuminated

under room light (¢) and ultraviolet (UV) light at 365 nm (d).

inside the LSC. The photographs of a PC-LSC device under ambient and
365nm UV light illumination show a clear light concentrating effect
with light dominantly emitted from the edge windows rather than from
the top/bottom surfaces of the PC-LSC device (Fig. 3c and d). Quanti-
tative photon-output measurements using an integrating sphere showed
that 95.3% of the total collected photons were contributed from the four
edges, leaving only 4.7% emitted from the top/bottom surfaces
(Fig. 4b), in line with the direct visualization (Fig. 3c and d). As a
comparison, only 71.2% of the photons escape from the edges for the

conventional PC-free LSC device (Figure S6), indicating a 33.8%
enhancement in the photon concentrating effect caused by the PC
coating.

2.4. Simulation and device-performance of PC-LSCs

To compare the device performances between the conventional PC-
free LSC and PC-LSC devices, we have developed an analytical model
simulation based on a previously reported method [34,57]. In our
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model, we considered the solar concentrator waveguide as a square
shape LSC slab with four equal edge windows. Without PC coating, the
internal quantum efficiency (IQE, 7y, defined as the ratio of the
edge-collected photon flux and the total absorbed solar flux) and EQE
(ext, defined as the ratio of the edge-collected photon flux and the total
incident photon flux) can be expressed as the following equations [61].

NprMirap @

Nige = m

(1-R)(1- eiald>r]PLr]1mp

3
1+ ﬂaz (1 - ”PL”LI‘H/))

rlext:(l _R)(l -T) X Mgy =

Where, py, is the PL QY of the emitters; 74y is the efficiency of light
trapping into the LSC device; R is the reflection coefficient of LSC sur-
faces; T is the transmission of the overall LSC device; ; is the absorption
coefficient at the wavelength of incident light; a, is reabsorption coef-
ficient at the wavelength of the emitted light; d is the thickness of LSC
device, f is a correction factor for elongation of photon light path in a 3D
LSC mode versus a 1D mode. In this study, the § value was derived to be
1.8 after MC modelling correction (see SI for details) [36,61].

For the PC-free LSC, #yqp is determined solely by TIR, 0 7, =

cos {arcsin G)} [31,35,61]. However, for the PC-LSC, we need to

consider additional reflection processes caused by the top and bottom
PC filter coatings. Thus, the 7,4, pc_15c needs to be modified as:

1 1
Nirap, pe—L5C = COS {arcsin (7)} + { 1 —cos {arcsin <—>} } <R> )
i n n

Where, <R> is the reflection factor integrated over the emission profile,
which can be expressed as:

[ Sp(A)Rec(2)dA
S Ser(2)d2

The <R> value was calculated to be 0.815 for the PC-LSC device
based on experimentally acquired PC reflection and QD emission spectra
(Fig. 4a). Therefore, the calculated light trapping efficiency (
Noap, pc-1sc) increased from 73.3% for the PC-free LSC to 95.1% for the
PC-LSC and agreed well with the experimentally obtained value of
95.3% (Fig. 4b).

Overall, these equations provide accurate descriptions for both IQE
(MinY and EQE (4exr). To clearly demonstrate the enhancement effect
caused by the PC coating, we further define an enhancement factor (E
factor) for the PC-LSC device as compared to PC-free LSC, expressed as:

<R>= 5)

E— Next, PC-LSC ©)
Next, Lsc

The simulation results showed that when increasing the geometry
gain factor (G, defined as the ratio of the areas of top/bottom surfaces
and device edges, G=L/2d, L: square device edge length; d: device
thickness) from 1 to 10 while maintaining the device thickness, i.e.
1 mm, the 7y for the PC-free LSC and PC-LSC devices decreased from
36.2% to 10.3%, and 51.5% to 17.9%, respectively under 365 nm light
illumination (Fig. 4c). These EQE decreases of both PC-free LSC and PC-
LSC were mainly attributed to the increased number of reabsorption
events, thus the non-radiative decay energy loss of the QDs. Experi-
mental data from measuring the 7y of the fabricated PC-free LSC and
PC-LSC devices matched well with the simulation results (Fig. 4c, see SI
for details). The E factor calculation, however, showed a continuous
increase from 1.43 to 1.74, resulting in a positive correlation in regard to
device dimension (Fig. 4c). This E factor increase was also consistent
with the improved light trapping efficiency (344 increased from 73.3%
to 95.1%) of the PC-LSC, in line with the MC simulation (Fig. 1). Taking
both EQE and G factor into consideration for the overall photon
concentrating performances, we calculated the C factor (defined as the
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ratio of the output and the input photon flux densities, C =gy x G)
evolution as a function of G factor. As shown in Fig. 4d, a continuous
increase of C factor from 0.52 (0.36) to 1.79 (1.03) was obtained for the
PC-LSC (PC-free LSC) upon increasing the G value from 1 to 10. Fig. 4e
and f shows the simulated evolutions of 7.y, C factor, and their associ-
ated E factor under sunlight (1.5 a.m. Global) illumination, all of which
show similar trends as those under 365 nm light illumination (Fig. 4c
and d). To validate these theoretical modelling and simulated results, we
have performed optoelectronic studies by integrating silicon-based PVs
to the edge of our LSCs. The 7y and C factor were then measured
through measuring the I-V curve of the integrated LSC-PV devices under
simulated solar light irradiation (see SI for details). Excellent consis-
tencies between the experimentally obtained 7, and C factors and our
theoretically simulated results were obtained (Fig. 4e and f). An E factor
of ~1.8 for both EQE and C factor (at G = 10) was obtained in the LSC-
PV systems, and agreed well with the simulated value of 1.74. Our re-
sults demonstrated a reliable enhancement of device performance by the
PC coating for the LSCs for all geometry designs under real device
working conditions.

2.5. Simulation study of G-factor and enhancement factor of PC-LSCs

In previous studies, G factor has been generally considered as the
major geometrical parameter that may affect the LSC quantum effi-
ciencies (both i and #5ex) [34,36,54,61,62]. However, during the
simulation study, we found that by altering the total volume of the LSC
device while maintaining the same G factor (i.e., simultaneously scaling
three dimensions of the LSC), the 7,y of the device could be significantly
altered. The instability of the 7.y for the LSC with different total volumes
but constant G factors can be attributed to the absorption/reabsorption
events of the emitters during light propagation inside the LSCs. In other
words, a larger device (with a large thickness, d, of the LSC) allows
increased absorption of incident photons by embedded emitters before
reaching device absorption saturation. In this case, more emitted pho-
tons will be concentrated by the LSC, and contribute to an enhancement
of the 7y of the device. On the other hand, in a larger device, the
emitted photons need to travel a longer propagation path than that for a
smaller device before reaching edge windows. As a result, the photons
will have a higher probability of being reabsorbed by another emitter (i.
e., QD), and then lost through e.g. non-radiative events (due to sub-unity
PL QY), thus contributing to a decrease the 7.y of the LSC. When
considering these two competing effects, the existence of an optimal
device volume (i.e. device thickness) with the highest 7, value for an
LSC device of fixed G factor should be anticipated. By applying our
simulation model, we mapped out the optimal device thickness (d) for
LSCs with varying G factors under either 365 nm light or sunlight (1.5 a.
m. Global) illumination (Fig. 5a—f, S7 and S8). Note that, in these sim-
ulations, we decreased the QD concentration to 0.1 wt% in order to
achieve a wider simulation range for the device thickness before satu-
rating the light absorption. The simulation result confirmed the exis-
tence of an optimal device thickness (device volume) with the highest
Next for PC-free LSC and PC-LSC devices. Moreover, different optimal
device thickness (d) and EQE (1) were also observed for different given
G factors (Fig. 5a—c and S7). For example, when G=20 and under
365 nm light excitation, an optimal d of 14 mm was calculated with the
highest 7 of 25.8% for a conventional PC-free LSC. These values
shifted to 16 mm and 38.3% for the corresponding PC-LSC (Fig. 5b).
Similarly, we have also investigated the C factor behavior under 365 nm
light and sunlight illuminations. When the G factor was kept constant at
100, the C factor for the PC-free LSC device was calculated to be 3.97 at
an optimal thickness of 12 mm (Fig. 5f). However, for the PC-LSC device,
the optimal device thickness shifted to 14 mm and the C factor showed a
59.2% enhancement reaching to a maximal value of 6.32 (Fig. 5f). Our
simulation results reveal that, in order to achieve the best light
concentrating performance, specific geometric design and optimization
processes of the LSC device need to be carried out before integration into
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Fig. 5. (a—c) External quantum efficiency (EQE) of the PC-free LSC (red line) and PC-LSC (blue line) as a function of device thickness under 365 nm light excitation at
G factor values of 1 (a,), 20 (b) and 100 (c). (d—f) Concentration factor (C factor) of the LSC (red line) and PC-LSC (blue line) as a function of device thickness under
sunlight (1.5 a.m. Global) illumination at G factor values of 1 (d), 20 (e) and 100 (f). The blue and red dots in (a-f) indicate the maximal point of the EQE (a—c) and C
factor (d—f). (g) 3D plot of the enhancement factor (E factor) evolution under sunlight (1.5 a.m. Global) illumination as functions of G factor and device thickness. The

QD emitter concentration is set as 0.1 wt% in all simulations.

a solar energy harvesting system.

Our simulation results unambiguously confirmed the enhancement
of device performance caused by applying a PC reflector to conventional
LSCs (Figs. 4 and 5). For clear visualization of this enhancement effect,
we constructed 3D plot of the enhancement factor (E) as functions of G
factor and device thickness (d) under sunlight (1.5 a.m. Global) illumi-
nation (Fig. 5g). Upon increasing both the G factor and d, the E factor
continuously increased and plateaued at ~1.9 as the G factor and
thickness reached large values of e.g. ~1000 and ~1000 mm, respec-
tively. Nearly the same device enhancement effects can be gained under
365 nm light illumination (Fig. S9), indicating stable enhancement of
device performance independent of the types of incident light. More-
over, we noticed that the E factor is highly sensitive to the quality of the
emitters and the PC reflector. This can be attributed to a negative
(positive) correlation between the escape photon loss and the <R> value
(G factor) of the PC-LSC with a defined device thickness (Fig. S10).
When a unity value for the PL QY of the emitter and 0.9 for the <R> of
the PC reflector coating were applied in our simulation model, the E
factor was significantly boosted up to 11.5 (at G=1000, d =1 mm),
indicating more than an order of magnitude enhancements for both EQE
and C factor of the LSC devices (Fig. S11). The E factor could be further
elevated above 13 upon further geometrical optimizations (e.g.,
increasing the device thickness, Fig. S12).

3. Conclusions and perspectives

We demonstrate a 3D macroporous PC filter coating on QD-based
LSC devices with enhanced light concentrating performance through
both experimental studies and computer simulations. We show that the
narrow PC reflection band can be tuned to perfectly cover the emission
profile of the applied QDs in the LSCs. Compared with the conventional
PC-free LSC devices, the PC-LSC shows significant enhancements for
both EQE and C factor at different G factors. According to the simulation
study, we demonstrate a basic principle for LSC and PC-LSC geometrical
design. Furthermore, the tunable reflection window of the 3D macro-
porous PC with narrow reflection band offers the possibility for creating
tandem LSCs consisting of multi-type emitters with optimized reflection-
emission matched PC coatings. Our study sheds light on the future

design and fabrication of the LSCs with optimal light concentrating ca-
pabilities well-beyond conventional escape cone-limited LSCs.
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