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Spectral shaping is a technique to spectrally focus
the broadband solar spectrum for diverse energy conversion
applications from luminescent solar concentrators to horticulture.
Fluorescent dyes have been used as optically active components
due to their high photoluminescence quantum yield (PLQY), but
their absorption range is limited. Nanocrystals offer broadband
absorption but are typically limited in spectral shifting, causing
photon recycling. Here, we investigate radiative energy transfer
from CsPbBr; nanocrystals to Nile Red dye, combining the
nanocrystals’ broadband absorption with the dye’s targeted
emission. We use experimental transmittance and (time-resolved)
photoluminescence (PL) spectroscopy together with photon
random walk simulations to show that indeed radiative energy

CsPbBr,

Nile Red

ﬁ Radiative energy transfer \

Broad nanocrystal absorption Targeted emission from a dye

transfer occurs and that the resulting extended absorption range due to the nanocrystals can significantly enhance the spectral
conversion efficiency. Experimentally, the energy transfer manifests in PL excitation spectra as strongly enhanced absorption and in
time-resolved PL as a prolonged rise and decay time, reflecting the delay due to the extra absorption and emission processes. The
photon random walk simulations account for the observed spectra quantitatively and allow prediction of conversion spectra for a
wide range of nanocrystal and dye concentrations as well as their material parameters such as the PLQYs of the components.
Specifically, we highlight the role of competitive absorption and the importance of taking the spectral intensity profile of excitation
light into account when quantifying broadband energy transfer. These results open the door to tuning of absorption and emission
spectra via the design of optimized compound mixtures for targeted spectral shaping applications.

Radiative Energy Transfer, CsPbBrs, Nile Red, Solution, Photon Random Walk, Concentration Dependence,

Spectral Shaping, Compound Mixtures

Sunlight, as the most abundant source of energy available,
holds tremendous potential for meeting the world’s growing
energy needs.' Shaping its spectrum for diverse light-harvesting
applications is a central goal to enhance conversion efficiencies
and make the best possible use of the sun’s energy. Spectral
shaping uses fluorescent materials to modify the spectral
distribution of light by converting parts of the spectrum to
different wavelengths, weakening some spectral ranges, while
intensifying others. Examples include applications in photo-
voltaic technologies, such as luminescent solar concentrators,
designed to convert and direct light toward solar cells, thereby
allowing the collection of radiation over a large area.” Another
application area outside photovoltaics that is less explored but
potentially offers great benefits is spectral shaping to enhance
the photosynthesis of plants, offering great potential for
increasing biomass quantity and quality.”* Photosynthesis
relies on the absorption of specific wavebands of light via
pigments within the photosynthetic apparatus, leaving the
broad solar spectrum used rather inefficiently for photo-

© 2025 The Authors. Published by
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synthetic energy conversion.”~” Modern horticulture counters
light deficiency through use of artificial lightening, adding well-
tuned LED light to enhance and steer plant growth.”’
Alternatively, the use of spectral shaping materials can provide
a more sustainable approach, making best use of the sun’s
energy. By utilizing spectral shaping layers composed of
fluorescent materials, natural sunlight can be adjusted to best
suit the needs of plants without extra energy.

Previous work using molecular dyes has already shown
promising results of enhanced plant growth by intensifying red
light, which is typically absorbed particularly well by plants.'’
Nevertheless, molecular dyes exhibit only relatively narrow
absorption bands, limiting the broad spectral conversion.
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Figure 1. Optical properties of CsPbBr; nanocrystals and Nile Red dye. (a) Absorbance (optical density (OD), dashed lines) and
photoluminescence (PL, solid lines) spectra of CsPbBr; nanocrystals and Nile Red dye, normalized to their respective maxima. The emission peak
of the nanocrystals overlaps with the dye’s absorption region. (b) Corresponding absorbance and PL spectrum of the nanocrystal—dye mixture
(with the same material concentrations as in (a)). The PL spectrum of pure Nile Red dye (red line) is shown for comparison on the same
(absolute) PL axis (right). PL spectra show strong enhancement of the Nile Red emission due to the addition of nanocrystals. All PL spectra were
excited at 400 nm. (c) Time-resolved PL traces at 600 nm emission wavelength in the pure dye solution (red) and in the mixture with CsPbBr;,
(orange) excited at 375 nm. The mixture exhibits a prolonged rise and extended PL lifetime compared to those of the pure Nile Red sample.
Arrows indicate the PL lifetimes 7z = 5.2 ns and 7,,;, = 9.9 ns of Nile Red and the mixture, at which the PL intensity has decreased to 1/e of the
maximum. The rise time from the center of the laser excitation to the center of maximum PL intensity is extended from 0.8 ns in the pure Nile Red
sample to 3.85 ns in the mixture. The gray curve shows the instrumental response function (IRF).

Semiconducting nanocrystals can close this gap due to their
continuum absorption above the bandgap, while exhibiting
excellent photoluminesence quantum yields (PLQYs)."" Yet,
they often suffer from only a small spectral shift between their
absorption and emission, called Stokes shift, causing internal
light trapping due to reabsorption of the emitted light,'>"* thus
limiting the spectral conversion tunability. Ultimately, the light
trapping is caused by the radiative energy transfer between the
nanocrystals. Although a mixture of nanocrystals could be used
to funnel light to the desired spectral region, as long as the final
emitter exhibits a small Stokes shift, the problem remains.
Combining the two classes of fluorescent materials,
nanocrystals and dyes, in a simple mixture could significantly
extend the light-conversion potential while maintaining the
flexibility of spectral tuning. In such a mixture, radiative energy
transfer, with nanocrystals serving as broadband absorber and
molecular dyes serving as targeted emitter, would allow
spectral shaping to be greatly enhanced and tuned, without
chemical linking of the two components. Previous work has
shown energy transfer between nanocrystals and molecular
dyes achieved through direct coupling of the compounds,
typically governed by Forster energy transfer'*~*> or other
nonradiative transfer mechanisms.”>*° In these cases, chemical
coupling between the donor and acceptor is achieved through
anchoring carboxylate or amine groups attached to the dye
molecules, which are often Rhodamine-,"*'¢™"" perylene-,zo’24
or cyanine”"*® based. While these studies demonstrate
nonradiative energy transfer and evaluate its efficiency based
on monochromatic excitation light, broadband excitation and
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spectral tunability of the absorber and emitter side is important
for many spectral conversion applications. The question is then
whether radiative energy transfer in simple compound mixtures
is sufficiently efficient to separate the absorption and emission
processes onto two different fluorophores over a broad range
of excitation wavelengths. If so, this would greatly enhance the
spectral-shaping abilities for diverse application areas while
shifting the chemical challenges of surface engineering in the
case of nonradiative energy transfer to optical optimization for
radiative energy transfer systems.

Here, we investigate energy transfer and its impact on the
spectral shaping ability in a mixture of a molecular dye and
semiconducting nanocrystals. Motivated by applications for
cyanobacteria” and plants,® we focus on a mixture of perovskite
nanocrystals (CsPbBr;) and Nile Red, specifically exploring the
impact of the broadband-absorbing nanocrystals on the
spectral conversion of a white light source. We use the
nanocrystals as absorbers for UV and blue light, providing
green emission, which matches the green-light absorption of
the Nile Red dye. The Nile Red dye serves as an ideal acceptor
molecule for studying radiative energy transfer alone, as it lacks
anchoring groups that would enable chemical coupling of the
two components and nonradiative energy transfer.'” Using a
combination of spectroscopic techniques and modeling, we
find that indeed radiative energy transfer occurs from the
nanocrystals to the dye and the broad UV-blue absorption of
the nanocrystals significantly enhances the red light emission
from Nile Red. We elucidate the dynamics of the energy
transfer via time-resolved photoluminescence measurements,
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exhibiting extended rise and decay times of the dye material in
the presence of the nanocrystals. A photon random walk model
is used to gain further insights into the energy transfer process.
By extracting mean free path lengths of the two fluorophores
from the experimental absorption spectra and using the
experimentally measured photoluminescence quantum yields
and emission profiles, we construct random walks of photons
in the simulated mixture and compute the output spectrum,
taking into account the geometrical boundary conditions. We
apply this model to simulate the output converted spectra of
the standard 1.5G solar spectrum for a wide range of
nanocrystal and dye concentrations and show that the energy
transfer can enhance the conversion efliciency by up to ~9%
for unity PLQY nanocrystals. These results highlight the
extended potential of spectral conversion through energy
transfer upon mixing two different types of fluorophores and
elucidate the critical interplay of absorption, energy transfer,
and emission in the enhanced spectral conversion.

We synthesized CsPbBr; nanocrystals with a PLQY of 70% following
a slightly adapted method from Protesescu et al.'* Nile Red powder
was used as received and had a PLQY value of 71%. Both compounds
were dissolved in toluene and stored in 10 X 10 mm, 3.5 mL quartz
cuvettes. All measurements were performed using samples containing
a concentration of 0.74 mg mL™! CsPbBr, nanocrystals or 10 ug mL™!
Nile Red powder and their respective mixture.

We measured reference-corrected optical densities (ODs) with a
LAMBDA 950 UV/vis/NIR spectrophotometer from PerkinElmer,
and we measured photoluminescence spectra using a Fluorolog-3
instrument (HORIBA Jobin Yvon) coupled to a xenon lamp.
Photoluminescence quantum yields were determined by using an
integrating sphere (819C-IS-5.3 from Newport). Excitation was
provided with a 150 W xenon lamp coupled to a MI130
monochromator from Solar LS. Scattered, transmitted, and emitted
photons were detected using a CCD camera (Hamamatsu S10141-
1108S) coupled to a M266 monochromator from Solar LS. The
spectral conversion measurements were performed using the same
setup but with a broadband illumination from a Solux MR16 lamp
mounted in front of the sphere with the front of it opened with a hole
of 2 mm diameter. Time-resolved photoluminescence data was
gathered using a LifeSpec II time-correlated single-photon counting
spectrometer from Edinburgh Instruments. Excitation was realized
with a 100 ps pulsed diode laser (EPL series) at 375 nm.

Absorption and emission spectra of perovskite CsPbBr;
nanocrystals and Nile Red are shown in Figure la. The
nanocrystals show broadband absorption below 500 nm and
emission with a peak at 500 nm. We identify the typical overlap
between absorption and emission spectra with a small Stokes
shift toward the excitonic resonance at around 495 nm. The
molecular dye Nile Red shows strong absorption from 450 to
560 nm, and an emission profile covering the range between
520 and 730 nm. By design, there is full spectral overlap
between the nanocrystal emission and the dye absorption
enabling energy transfer from CsPbBr; to Nile Red. We
emphasize that the small Stokes shift of the nanocrystals can
result in reabsorption of the emitted photons followed by re-
emission by the nanocrystals themselves, a phenomenon called
photon recycling, which typically lowers the PLQY.'*'” As this
is especially observed for highly concentrated samples, we
ensured that our measurements were conducted within a
concentration range where photon recycling is negligible.'” For
the Nile Red dye, this overlap of its absorption and emission
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bands is small, minimizing photon recycling within this
compound. We also note that the flat background in the
absorption spectra at wavelengths longer than the absorption
edges indicates a low amount of scattering for both samples.
After the two solutions were mixed in a 1:1 ratio, the
absorption and emission spectra display optical characteristics
of both, as shown in Figure 1b. At low concentrations, the
relation between concentration and OD is linear and the OD
of the mixture is the sum of the ODs of the separate
compounds. We have chosen an excitation wavelength of 400
nm to measure the photoluminescence (PL) spectra, where
Nile Red shows poor direct absorption and most of the light is
absorbed by the nanocrystals. Nevertheless, in the PL of the
mixture, we still observe a strong increase of the Nile Red
emission, indicating that energy is transferred from the
CsPbBr; nanocrystals to Nile Red. At the same time, we
observe no spectral shift in the emission or absorption profiles
of donor and acceptor material, which would result from a
direct chemical coupling of the two materials,'*"*™*°
indicating the energy transfer occurs between the dispersed
fluorophores, as intended. Finally, the presence of green
emission reveals that, despite the energy transfer, a significant
portion of the nanocrystal emission is not absorbed by the dye
and escapes the nanocrystal—dye mixture. See Figure S2 in the
Supporting Information for all raw photoluminescence data.
To further confirm the energy transfer from CsPbBr; to Nile
Red, we performed time-resolved photoluminescence (TRPL)
measurements. We track the time-dependent PL intensity of
the dye at 600 nm and observe two significant changes from
the pure Nile Red to the mixed sample: (i) a prolonged rise
time and (ii) an extended decay time in the presence of the
nanocrystals (see Figure 1c). In the pure sample, the emission
intensity rises within 0.8 ns upon laser excitation, while in the
mixture, the rise is delayed and the center of maximum
fluorescence intensity is reached only after ~3.85 ns, which is
on the order of the nanocrystal PL decay time of 5.85 ns. The
1/e PL decay time of Nile Red extends from 5.2 ns in the pure
sample to 9.9 ns in the mixture, indicating a longer PL lifetime
of the dye in the mixture, as highlighted with 7,;, versus 7y in
the figure. We note that the PL decay of the dye in the mixture
resulting from the energy transfer cannot be adequately
described by a simple exponential decline due to the
continuous radiative decay of the nanocrystals over the period
of the nanocrystal decay time (~6 ns). Taken together with the
change in emission intensities, we thus conclude that energy
transfer occurs in the mixture. The prolonged rise time then
suggests that a radiative process underlies this energy transfer,
as nonradiative transfer processes typically occur within
hundreds of picoseconds.'#**** In nonradiative transfer
systems, PL lifetimes consequently also increase by at most
several hundred picoseconds.”” In our case, photons emitted
by CsPbBr; are subsequently absorbed and re-emitted by Nile
Red, explaining the extended lifetime. The radiative nature of
the process is further corroborated by looking at the typical
nanocrystal—dye distances within the mixture: from the
number density of nanocrystals of 1.52 X 10" mL™, we
estimate that, on average, a CsPbBr; nanocrystal can be found
every 104 nm, while Nile Red molecules with a number density
of 1.89 X 10" mL™" are found every 21 nm, yielding typical
nanocrystal—dye distances of several tens of nanometers.
Nonradiative energy transfer would typically require donor—
acceptor distances of 5 to 8 nm.”” We also looked at the full
distance distribution and found that, for randomly placed
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nanocrystals and dyes at the given densities, only a small
fraction of nanocrystal—dye pairs (<3%) has a distance close
enough (<8 nm) for efficient Forster energy transfer, as shown
in the Supporting Information.

The advantage of the nanocrystal addition is that it extends
the range of excitation to shorter wavelengths compared to that
of the dye alone. To probe this enhanced excitation range
directly, we use photoluminescence excitation (PLE) measure-
ments to scan over the excitation wavelength while tracking the
Nile Red emission intensity at a fixed wavelength of 600 nm.
The resulting PLE spectrum of the mixture reveals a clear PL
intensity enhancement for excitation wavelengths between 320
nm and ~470 nm, as shown in Figure 2a. In contrast, within
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Figure 2. Photoluminescence excitation spectra and mean free path
lengths. (a) Photoluminescence excitation (PLE) spectra at 600 nm
emission of Nile Red (solid red line) and the CsPbBr;—Nile Red
mixture (solid orange line). Simulated PLE spectra, obtained by
integration over a 560—700 nm emission wavelength range, are shown
as dashed lines. Data have been normalized to the simulated Nile Red
intensity at 520 nm. (b) Mean free path length (l,) of photons
traveling through the sample. Cuvette length is indicated by a gray
dotted line. Vertical black line delineates crossover from emission
enhancement to emission loss due to nanocrystals at ~470 nm.

the dye’s absorption band from ~470 to 600 nm, the PL
intensity is nearly unaltered, suggesting that, here, direct
excitation of the dye dominates and the addition of
nanocrystals does not lead to an enhancement. We ascribe
the slight reduction of the emission intensity for excitation
wavelengths between ~470 and ~525 nm to the competitive
absorption of the nanocrystals, whose nonunity PLQY reduces
the efficiency of indirect excitation compared to the direct dye
excitation. To further elucidate the contributions of the two
components, we extract the mean free path lengths I of
photons from the measured optical densities (Figure 1b) via

() = ———2

logm(lO_OD(l)) (1)

The resulting wavelength-dependent mean free path length is
shown in Figure 2b. The gray dotted line represents the
cuvette length d = 1 cm; [, values exceeding 1 cm indicate
that photons are unlikely to interact with the medium and
therefore are more likely to be transmitted through the sample.

For the Nile Red sample, the mean free path length at
wavelengths below ~450 nm is much longer than the cuvette
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length, reflecting the low absorption of Nile Red alone. With
the addition of CsPbBr;, the mean free path length significantly
shortens, indicating enhanced absorption due to the nano-
crystals. At longer wavelengths between ~460 and 550 nm,
coinciding with the dye’s absorption band, I, in the Nile Red
sample shortens to below the cuvette length, resulting in a
strong interaction, whereas, upon exceeding the CsPbBr;
absorption edge at 500 nm, the mean free path of the CsPbBr;
sample grows rapidly and exceeds the cuvette length,
suppressing absorption by the nanocrystals. For wavelengths
just below the absorption edge of the CsPbBr; nanocrystals at
500 nm, both materials compete for the incoming photons.
The CsPbBr; nanocrystals and the Nile Red dye then act as
competing absorbers, which results in a slight reduction of the
PLE intensity in the mixture compared to that of the dye alone
(see Figure 2a).

To obtain microscopic insight into the energy transfer
processes and their spectral contributions, we modeled the
light interaction of the mixture using a photon random walk
model. The model includes absorption, emission, and
scattering of photons by the nanocrystals and the dye, as
shown in Figure 3a. These basic light—matter interactions
naturally capture radiative energy transfer from the nanocryst-
als to the dye and eventual photon recycling within the
nanocrystals. The photon trajectories are modeled in a
simulated cuvette, taking into account reflection of light at
the solvent—air interface due to the refractive-index contrast,
which we assume to be constant over the entire wavelength
range. To quantitatively incorporate the cross sections for
absorption and scattering, we extract the mean free path
lengths from the transmittance data (see Figure 2b), and to
quantitatively incorporate the PL emission, we use the
measured PLQY of the individual compounds. We then
computed the total light emitted from the cuvette by
integrating the photons escaping through any of the cuvette
boundaries.

We first validate the accuracy of the model by computing
transmission spectra, which we compare with the experimental
transmittance shown in Figure 3b. Excellent overlap of the
simulated and experimental curve is observed. As this
transmittance spectrum is based on the mean-free paths length
derived from the individual experimental transmittances of the
two compounds, good overlap is expected, yet it shows that
our assumptions in incorporating the reflection, scattering, and
absorption processes in the cuvette geometry are valid. We can
now use the model to simulate the emitted light spectrum
according to any spectral input. We take the white-light
spectrum of a Solux lamp, which provides a simple proxy for
the solar spectrum in the lab, and use the model to compute
the total modulated light spectrum. The computed spectrum is
compared to the experimentally measured spectrum in Figure
3c. The latter has been taken using an integrating sphere to
collect the light emitted in all directions, in line with our model
calculations. The resulting emission spectra show a broadband
intensity reduction for wavelengths shorter than 550 nm, in
agreement with the absorption spectrum of the nanocrystal—
dye mixture (Figure 1b), followed by an enhancement of the
red spectral components between 560 and 700 nm. The
simulation effectively captures both the shape and magnitude
of the red light with a reasonable degree of accuracy. Some
deviation is observed at ~500 nm, where the model
overestimates the direct light emitted from the nanocrystals,
possibly due to the simplified assumption of a two-dimensional

https://doi.org/10.1021/acsaom.5c00098
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Figure 3. Photon random walk model. (a) Schematic of the optical processes included in the model: absorption (1), emission (2), scattering (3),
reflection (4), and transmission (S). Photons enter the cuvette (gray box) at the top and interact with the CsPbBr; nanocrystals (green squares)
and Nile Red dye (red circles). Light—matter interactions can result in I: photon recycling (successive emission and reabsorption by the
nanocrystals); II: radiative energy transfer (emission by a nanocrystal and subsequent absorption by the dye). (b) Overlapping simulated (dashed
lines) and experimental (solid lines) transmittance of the mixture indicates an accurate simulation approach for absorption, scattering, and
reflection. (c) Spectral modification (orange curve) of a white-light spectrum (yellow curve) occurred upon interaction with the mixture.
Simulations are in reasonable agreement with experimental data. (d) Enhancement ratio of the nanocrystal—dye mixture obtained by dividing the
output by the input spectrum. Good overlap of the experimental and model data is observed. Gray shading delineates the Nile Red emission range.

geometry. Overall, the nanocrystal—dye mixture successfully
converts large parts of the blue-green spectrum into the red
spectral region. To show this most clearly and determine the
spectral shaping efficiency, we divide the output by the input
spectrum to define a fractional enhancement ratio. This ratio,
plotted as a function of wavelength in Figure 3d, accentuates
the output spectrum, with respect to the incident light
spectrum. Values above 1 indicate an intensity increase due
to the light conversion, while values below 1 indicate a
reduction due to absorption. Clearly, much of the light below
~550 nm is absorbed and converted into light of ~560—700
nm wavelength, as shown consistently by both measurement
and model results.

To explore the full potential of the nanocrystal—dye mixture
for the spectral conversion of sunlight, we take the AM1.5G
solar spectrum as input and vary the relative amounts of
nanocrystals and dye to assess which composition gives the
strongest spectral conversion. For each concentration ratio, we
compute the output spectra and enhancement ratios (see
Figure S3a,b in the Supporting Information). We define a
single number characterizing the spectral shaping efliciency
(SE) by integrating the intensity of the output spectrum over
the wavelength range of 560—700 nm, corresponding to the
Nile Red emission (gray area in Figure 3d), and divide this by
the integrated intensity of the incident spectrum in the same
wavelength range (see eq S7 in the Supporting Information for
details).

Using this number, we can then map the spectral shaping
efficiency as a function of nanocrystal and dye concentrations
using the model. A map of the spectral shaping efficiency as a
function of the concentration of both components is shown in
Figure S4 in the Supporting Information. We find shaping
efficiencies of up to 1.55, depending on the concentrations of
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the two compounds. To highlight the nanocrystal contribution
to the spectral shaping enhancement, we show the relative gain
in shaping efficiency due to the nanocrystal presence in Figure
4. This map, which represents the relative difference between
the shaping efficiency of the mixture and that of the dye alone
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Figure 4. Relative gain in shaping efficiency of the nanocrystal—dye
mixture. Map of the relative gain in shaping efficiency due to the
presence of nanocrystals (ie, the relative difference in shaping
efficiency between the nanocrystal—dye mixture and the dye alone) as
a function of the Nile Red dye and nanocrystal concentration. We find
a relative gain enhancement of up to 5% for optimal nanocrystal—dye
concentrations, based on a PLQY of our CsPbBr; nanocrystals of
70%.
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(see eq S8 in the Supporting Information for details),
elucidates the concentration dependence of the radiative
energy transfer: at low to moderate concentrations, the
addition of nanocrystals can lead to up to 5% gain due to
their light absorption and energy transfer to the dye. Overall,
this enhancement diminishes with an increasing concentration
of the nanocrystals and of the dye. For the nanocrystals, this
decrease in the shaping efficiency gain is related to competing
absorption between the two compounds. As the nanocrystal
concentration increases, both the initial absorption of
excitation light and the chances of reabsorption of green
emission within the nanocrystals become enhanced. Con-
sequently, at high concentration, the nanocrystals critically
dominate the absorption in the wavelength range of 450—500
nm and effectively reduce the overall red light emission.

Using the model, we can fully disentangle the contributions
of the different excitation wavelengths to the total shaping
efficiency. We vary the incident wavelength and compute, for
each excitation wavelength, the resulting red emission from the
converted spectrum. To enable comparison with the measured
PLE spectra, we show the modeled red emission intensity as a
function of the excitation wavelength in Figure 2a. Here, we
have normalized the curve height to the simulated Nile Red
emission intensity for excitation at 520 nm, as the simulations
collect the emitted photons from the full space angle, unlike
the PLE experiments, for which the limited collection angle is
unknown. Good overlap with the experimental PLE spectra is
observed for both the Nile Red and the mixture, further
validating the correspondence between experiments and
simulations.

To evaluate the spectral contributions to the shaping
efficiency, we use the PLE spectra with and without
nanocrystals to determine the gain in efficiency upon adding
the nanocrystals as a function of excitation wavelength, as
shown in Figure S (see eq S9 in the Supporting Information for
details). The solid and dashed lines indicate, respectively,
experimental and simulated data for the CsPbBry; PLQY value
of 70%, while the shaded area indicates the simulated range in
efficiency gain for PLQY values from 50% to 100%.

Experiment
Simulation

0.251
0.20 1
0.151
0.10
0.051
0.00 1

Monochromatic rSE (frac.)

—0.051

400 450 500
Excitation wavelength (nm)

350

Figure 5. Spectrally resolved shaping efficiency. Monochromatic
relative gain in shaping efficiency (rSE) as a function of excitation
wavelength for experimental (solid line) and simulated (dashed line)
nanocrystal—dye mixtures with nanocrystal PLQY of 70%. The
orange-shaded region indicates the range of shaping efliciencies
expected for nanocrystal PLQYs from 50% (lower bound) to 100%
(upper bound). Experimental rSEs were obtained from the
experimental PLE curves; see the text.
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Interestingly, depending on the excitation wavelength, the
addition of nanocrystals can both enhance and reduce the
shaping efficiency. For light with wavelengths between 350 and
460 nm, which is poorly absorbed by the Nile Red, the
nanocrystals are beneficial: their broadband absorption and
subsequent energy transfer to Nile Red leads to an absolute
efficiency enhancement of ~20% or up to 25% for nanocrystals
with PLQY nearing 100%. In contrast, for wavelengths in the
absorption region of Nile Red (between 460 and 520 nm), the
nanocrystals have a rather negative influence: as the direct
absorption and emission by Nile Red is more efficient than the
two-step absorption via the nanocrystals, their addition
decreases the shaping efficiency. The overall shaping efficiency
gain thus depends on the incident light spectrum; spectra with
sufficiently intense UV and blue light benefit from the addition
of nanocrystals. For the AM1.5G solar spectrum and our
nanocrystal PLQY of 0.7, we find that the conversion efficiency
is enhanced by 5.3% for incident wavelengths between 300 and
460 nm, while it is decreased by 1.2% for longer wavelengths,
leading to an overall gain of 4.1% due to the addition of
nanocrystals. For unity PLQY values, the unfavorable wave-
length range minimizes and an overall relative gain of up to
~8.8% can be obtained for the current concentration ratio (see
Table S1 in the Supporting Information for more details).

Hence, depending on the input spectrum, the nanocrystal—
dye mixture can be optimized. The photon random walk
model then allows simulation of conversion efficiencies for a
wide range of relative concentrations and nanocrystal PLQY
values, which are experimentally time-consuming to obtain. By
using the model to find the optimal concentration ratio for the
AM1.5G solar spectrum and unity quantum yield of the
nanocrystals, we calculate that the amount of red light between
560 and 700 nm can be enhanced by up to 9% using a
concentration of 1.8 times the experimental concentration for
both the nanocrystals and the Nile Red dye. In addition, as real
incident sunlight varies throughout the day and year, one could
use this model to systematically investigate spectral conversion
as a function of the sunlight variability.

We investigated, by spectroscopic measurements and simu-
lations, the role of radiative energy transfer between CsPbBr;
nanocrystals and the Nile Red dye for spectral shaping
applications. The significant spectral overlap of nanocrystal
emission and dye absorption enables energy transfer from
CsPbBr; acting as donor material to Nile Red acting as
acceptor, effectively enhancing its absorption over a broad
range of UV-blue excitation wavelengths. This is confirmed in
steady-state PL measurements that show enhanced Nile Red
emission in the presence of the nanocrystals. Time-resolved PL
measurements reveal elongated rise and decay times,
suggesting that energy transfer in this study is primarily of
radiative nature. In contrast, previous work has shown that
nanocrystal—dye chemical binding through anchoring groups
ensures close donor—acceptor distances and typically leads to
nonradiative energy transfer occurring on shorter time scales
and resulting in only modest lifetime increases.' ***** Already
an earlier study by Muthu et al. examined energy transfer in a
similar system (MAPbBr; and Nile Red) and observed
minimal radiative transfer, likely due to low component
concentrations and larger donor—acceptor distances. In
contrast, our investigation at 37X higher donor and 53X
higher acceptor concentrations reveals robust energy transfer,
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suggesting that exploring this previously unexamined high-
concentration regime enables effective radiative energy trans-
fer."”

While the efficient energy-transfer process makes the
contribution of the broadband-absorbing nanocrystals quite
significant, the benefit strongly depends on the incident
spectrum. Spectral shaping of two-component mixtures
involves an intricate trade-off between enhancement due to
the nanocrystals’ additional absorption range and loss due to
their competing absorption in the absorption regime of the
dye. Therefore, under broadband white-light illumination, the
impact of an additional absorbing material strongly depends on
its PLQY and the overlap of its absorption spectrum with the
absorption spectrum of the other component in the mixture.
Our results suggest that for optimal nanocrystal—dye
concentrations and unity nanocrystal quantum yields a shaping
efficiency gain of up to 9% can be achieved, meaning that there
are 9% more red photons in the output spectrum of the
mixture than in that of Nile Red alone. Moreover, we note that
we have included only the red emitted light in the shaping
efficiency; the directly emitted green light from the nanocryst-
als can clearly also have a positive influence, depending on the
photosynthetic species at hand.”®* The good agreement
between measurements and photon random walk simulations
suggests that the model can be used to evaluate numerous
binary mixtures to find the best conversion efficiency for
various applications using only experimental PLQY values and
absorption/PL spectra of the components as input.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.5c00098.

Synthesis details; data processing details; radiative versus
nonradiative energy transfer; photon random walk
model design; definitions of shaping efficiencies; figures
of raw PL data, simulated conversion spectra, and
concentration dependent shaping efficiencies; simulation
results on relative shaping efficiencies for varying
nanocrystal quantum yields (PDF)
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