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ABSTRACT: Spectral conversion of sunlight can enhance solar cell efficiencies by shifting short- pownsnifte.
wavelength photons to longer wavelengths, where the photovoltaic response is stronger. This can be Y

realized with near 100% energy efficiency by materials capable of quantum cutting. These emit two

longer-wavelength photons, following the absorption of one shorter-wavelength photon. Although %"w}
various quantum-cutting materials have been reported, follow-up research has often disproved initial

claims. Here, we demonstrate that photon correlation analysis is a universal strategy to unambiguously

identify quantum cutting. We investigate two materials, YPO, codoped with Tb** and Yb*" and yttrium PO To
aluminum garnet (YAG) codoped with Ce** and Yb**. Both are reported to perform quantum cutting via Y

blue light absorption followed by cooperative energy transfer to near-infrared-emitting Yb**, but some

studies have cast doubts for YAG:Ce*',Yb**. Our correlation analysis demonstrates bunched emission Ug
for YPO,:Tb’",Yb*, confirming quantum cutting. In contrast, YAG:Ce®',Yb*" shows Poissonian

emission statistics, disproving its quantum-cutting capability, despite previous claims.

hosphors are materials that convert light color through toward the conversion of visible light to near-infrared (NIR),
P absorption and emission. These materials are widely for the use in next-generation photovoltaics. QC phosphors
used in displays and lighting technologies to reshape the reduce thermalization losses by reshaping the spectrum of solar
narrow spectrum of efficient blue LEDs into a broadband light (4 < 550 nm) before it enters the solar cell, increasing the
spectrum spanning the entire visible range via luminescence short-circuit current output. This spectral conversion can yield
downshifting."” This conversion introduces losses as a result of an increase of the light-to-electricity conversion efficiency of
the energy difference between the differently colored photons. 8.3 percentage points, surpassing the Shockley—Queisser
For example, the conversion from a blue photon (450 nm) to a limit.>°
red photon (630 nm) has a theoretical maximum energy The optimal emission wavelength of a QC material for
efficiency of ~70%. integration with Si photovoltaics is between 900—1100 nm. To
Phosphors capable of quantum cutting (QC) are an this end, Yb*" is a particularly well-suited emitter, as it features

interesting class that circumvents these energy losses: they
absorb high-energy photons and generate multiple lower-
energy photons. Quantum cutting allows for color conversion
of light with a wavelength of A into two photons with a
wavelen§th of 2/, with an energy efficiency that can approach
unity.”~® A wide variety of mechanisms may give rise to QC,
ranging from singlet fission in organic crystals to multiexciton
generation in semiconductors (nano)crystals to energy—transfer
processes in lanthanide-doped systems.””” Lanthanide-doped
inorganic crystals have the benefit that they are stable, nontoxic
and have a high overall QC efficiency compared to other QC Received: May 16, 2025
Systems.m_ls Revised:  August 14, 2025
In the past, lanthanide-based QC materials have been Accepted: August 26, 2025
proposed as efficient phosphors for the spectral conversion of Published: August 30, 2025
vacuum-UV to visible light in plasma displays and fluorescent
tubes.'*”'” Nowadays, the scope of QC research has shifted

a single NIR transition with an emission wavelength of 1000
nm. However, exciting Yb3* with visible light necessitates
sensitizaton. Sensitizers with an excited-state energy of twice
the Yb’' transition energy have been of considerable
interest.”~*’ They could, in theory, sensitize two Yb** ions
simultaneously through cooperative energy transfer.

As Yb** is a 2-level system, it is tempting to interpret any
successful sensitization of Yb®* from a UV-, blue- or green-
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Figure 1. (a—e) Photoluminescence excitation and emission spectra of (a, b) YPO,:Tb*,Yb** and (c, d) YAG:Ce**,Yb**. The excitation plots
(panels a and c) show two overlapping spectra, consistent with excitation of the sensitizer and activator by the sensitizer. The sensitizer
excitation spectra (purple) are recorded at A,,, = 544 nm for YPO,:Tb**,Yb** in (a), or at A, = 570 nm for YAG:Ce*",Yb*" in (c). The Yb**
excitation spectra (blue) are recorded at the maximum emission intensity for the respective host, ., = 1000 nm for YPO, and 4,,, = 1028
nm for YAG. The emission plots (panels b and d) are recorded upon excitation at 1, = 488 nm for YPO,:Tb*,Yb** in (b), or at A, = 445 nm
for YAG:Ce*",Yb*" in (d). (e, f) Photoluminescence decay curves (dots) recorded at A, = 1000—1100 nm and corresponding
monoexponential fits (line) of the Yb**?F;, — °F,, transition upon resonant excitation with 980 nm light for (e) YPO, and (f) YAG. (g, h)
Energy-level diagram of Ce*, Tb*, and Yb**. The energy transfer mechanism cannot be inferred based on the emission and excitation
spectra or the energy level diagram. However, the sensitizer emission energies lie at 2 times the energy of the ’F,,, — ’Fj/, transition,
making cooperative energy transfer energetically possible. The lower QY for the Yb** emission in YPO, can be explained by concentration
quenching, which can be expected at a doping concentration of 15%. The lower (5%) doping concentration in YAG does not give rise to

concentration quenching.

absorbing sensitizer as QC by cooperative energy transfer.
However, multiple studies have found sensitization pathways
via an Yb*"-mediated charge transfer state, induced by
codopants® ~** or the semiconductor host.”**> These path-
ways produce just one excited Yb*" per photon absorption
event, making these materials downshifting phosphors but not
QC phosphors.

Acquiring experimental evidence for cooperative energy
transfer in Yb**-doped materials is not trivial. Still, QC claims
are sometimes made based solely on the energy level scheme of
the sensitizer and the observation of energy transfer.”’”>*
Spectroscopic techniques such as time-resolved spectroscopy
and integrating-sphere quantum-yield measurements can
provide insight into the energy transfer mechanism. Yet,
these techniques are complex and not always conclusive.”’
Analysis of luminescence decay curves is a powerful method to
establish the energy transfer mechanism, but requires a
systematic series of high-quality samples and a quantitative
model for the energy-transfer dynamics.*’ Integrating-sphere
measurements require quantitative calibrations over a broad
spectral range where the spectral response of the detector and
reflective coating can vary drastically, making them prone to
systematic experimental errors.” Moreover, this method is not
ideal for screening QC phosphors in the development stage,
where nonradiative losses may reduce the photon output to
quantum yields below 100% despite the occurrence of QC.

In this work we use a calibration-free and universal approach
to prove QC by cooperative energy transfer using single-
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photon time-correlated spectroscopy.”’ The creation of two
excited states from a single excitation event in QC materials
results in an increased likelihood of detecting pairs of
photons—so-called photon bunching—on a time scale of the
lifetime of the emitting state. The observation of photon
bunching thus provides evidence of quantum cutting. Addi-
tionally, information about the quantum-cutting efficiency is
contained within the bunching signal. Realizing these experi-
ments in the infrared spectral range—relevant for solar-cell
applications—comes with challenges due to the limited
detector efficiencies, which make the likelihood of artifacts
comparable to the successful detection of a QC photon pair. As
a case study, we apply this method to two materials that both
are claimed to be QC materials. We show that YPO,: Tb**,Yb*
is indeed a QC material, whereas yttrium aluminum garnet
(YAG):Ce*,Yb** is not. These results are in line with the
earlier modeling of time-resolved experiments by our group
and showcase that our method can settle ongoing debates
about quantum cutting.'”***

We study two potential QC materials, microcrystalline YPO,
codoped with 2% Tb*" and 15% Yb** and microcrystalline
YAG doped with 0.1% Ce** and 5% Yb** (nominal doping
concentrations). Both are claimed to perform QC by
cooperative energy transfer.””>>* Upon blue excitation of the
sensitizer ions—Tb*" or Ce**—both samples show sensitizer
emission in the visible, as evident from the narrow-band
emission of Tb>* (°D, — ’F; with ] = 0—5) and broadband
emission of Ce** (Sd' — °F,/, and °Fs,). Additionally, both

https://doi.org/10.1021/acsenergylett.5c01496
ACS Energy Lett. 2025, 10, 4620—4626
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Figure 2. (a) Schematic energy level diagram for luminescence downshifting. (b) Possible photon stream shows photon emission (red) after
an excitation event (blue). (c) The correlation function shows a flat curve that arises from uncorrelated photon pairs. (d—f) Same as (a)—(c),
but for cooperative energy transfer. The QC material emits a photon pair for every excitation (panel e). The characteristic time difference
between these photons is equal to the acceptor excited-state lifetime. The correlation function of the QC material (panel f) shows—in
addition to the flat uncorrelated signal—a bunching peak due to photon pairs stemming from the same excitation event. (g) Schematic
representation of the experimental setup. The sample is excited by a blue continuous-wave laser. The sample is kept in focus using a piezo
stage. The collected emission light is focused onto two APDs in a Hanbury-Brown—Twiss setup. (h) Possible experimental photon stream
highlighting normal operation (1—4) and undesired detector artifacts (5—7): 1. The two photons from a QC pair (orange) are detected on
different detectors, contributing to the bunching signal; 2. Both photons of a QC pair are detected on the same detector; 3. Only a single
photon from a QC pair is detected; 4. Photons from different pairs overlap in time; S. Detector dark count; 6. Afterpulsing: a real detection
event triggers a fake detection event on the same detector; 7. Afterglow: a real detection event results in the detector emitting a photon,
which then triggers a fake detection event on the other detector. Processes 2—S5 decrease the correlation in the signal, and processes 6 and 7
introduce undesired correlations (purple).

materials emit in the near-infrared at around 1000 nm (Figure
la—d). Emission in this wavelength range can be ascribed to
the Yb** ’F;,, — °F,, transition. We determine the excited-
state lifetime 7 of this transition by fitting a monoexponential
function to the luminescence decay curve, using resonant we cannot be certain of the energy-transfer mechanism nor the
excitation at 980 nm. We find 7 = 0.6 ms in YPO, and 7 = 0.9 occurrence of QC. We can only infer that energy transfer takes
ms in YAG (Figure le,f). The Yb*" excited-state lifetime for place.

both host materials is reported to be 7, = 0.9 ms for low-doped In this work, we will use photon statistics to prove if QC by
samples.’”*>*° These values provide a good estimate for the cooperative energy transfer occurs. For a non-quantum-cutting
radiative decay rate k, = 1/7, of Yb*" in these materials. Indeed, energy-transfer mechanism, a single absorption event results in
nonradiative decay due to multiphonon relaxation is expected at most a single emission event (Figure 2a). Under continuous-
to be inefficient as this is a 8—10th-order process in these host wave (CW) illumination of the sample, the optical centers
materials, while the low doping concentrations prevent absorb independently. Similarly, subsequent emission events
37,38 are uncorrelated. The photon stream for such a material has an
average count rate k. and the number of emitted photons in a
time interval At follows a Poisson distribution (Figure 2b).
The corresponding second-order correlation function (g(z)) is
flat (Figure 2c), reflecting that the probability of detecting a
photon, relative to a previous detection event, is constant
across all time scales. In contrast, for a material capable of QC,
two emission events follow from a single excitation event
(Figure 2d). These photons are emitted in short succession,
resulting in an increased likelihood of detecting another
photon some time before or after a photon detection event
(Figure 2e). In the associated g(z) these correlated photons will
show up as a peak on top of the Poissonian background
(Figure 2f). This super-Poissonian contribution is centered
around a delay time of zero and falls off exponentially with a

possible for both materials, as the sensitizer excited state lies at
2 times the Yb** excitation energy (Figure 1gh). Indeed, this
was central to previous claims of QC by cooperative energy
transfer in both materials. However, based on the spectra alone

concentration quenching by energy migration to defects.
We thus estimate a Yb** emission efficiency of 7., = k,7 = 66%
for our YPO, sample and 7, = 100% for our YAG sample.
While integrating-sphere measurements would be the preferred
method to determine 7., directly, their implementation for our
system is impractical. The weak absorption inherent to
lanthanides, combined with the requirement for resonant
excitation, makes such measurements particularly challeng-
ing.3’9

Yb3* has no energy levels in the visible, so the observation of
Yb** emission under blue excitation must arise from energy
transfer from the sensitizer to Yb*. Sensitization is further
evidenced by the observation that excitation spectra detected
at the sensitizer and the activator emission show a similar line
shape. Cooperative energy transfer would be energetically

4622 https://doi.org/10.1021/acsenergylett.5c01496
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Figure 3. (a, b) Intensity traces of the signal detected on APD 1 (red) and APD 2 (blue) for the first S min of the measurements on (a)
YAG:Ce*,Yb** and (b) YPO,:Tb**,Yb*". The detector count rate distributions (right) follow statistics indistinguishable from Poissonian
(solid lines). The difference in average count rate in (b) is caused by slight misalignment between detectors. (c) Cartoon illustrating the
collection losses for an isotropic emission profile (black arrows). Light emitted toward the bottom half space is detected only if it falls within
the detection cone with opening angle 6. (d) Cartoon illustrating collection losses stemming from a nonuniform collection profile. The
curves show on a logarithmic scale the single-photon collection efficiency (red) and pair collection efficiency (light red). The single-photon
detection efficiency decreases with distance from the detection focus. Therefore, the likelihood of detecting both photons from a QC center
(red green circles) falls off with the square of the single-detection efficiency. (e) Expected normalized second-order correlation function for
the scenario that YPO,:Tb*",Yb* exhibits QC, calculated using the experimental count rates (panel a) and the PL lifetime (Figure le), and
considering different possible emission efficiencies 7], between 10 and 100%. The expected +206,, level of the background is indicated with
a red band. (f) Same as (e), but for YAG:Ce>*,Yb*', based on experimental count rates from panel (b) and the PL lifetime from Figure 1f. (g)
Experimental normalized second-order correlation function for YPO,:Tb*,Yb*". The bunching signal is consistent with an 7,,, of 70%. The
inset shows the g(z) — 1 overlaid with the decay curve from Figure lc. (h) Same as (g) but for YAG:Ce**,Yb*". There is no discernible

bunching signal above the background noise.

characteristic time scale equal to the excited state lifetime of
the acceptor. See Supporting Information, Section S8 for the
analytical derivation.”"

We characterize the photon correlations using the setup
shown in Figure 2g. The microcrystalline samples are excited
with a blue CW laser (1, = 488 nm for YPO,:Tb*",Yb*" and
Ay = 445 nm for YAG:Ce**,Yb*"). The excitation light is
focused on the sample using an oil-immersion objective, and
the resulting emission is collected by the same objective.
Reflected excitation light and visible sensitizer emission are
rejected using a dichroic mirror and a long-pass filter. The
photon arrival times are recorded by two avalanche photo-
diodes (APDs) in a Hanbury-Brown—Twiss setup. The g(z) is
constructed from the cross-correlation between the photon
streams of both detectors. Shot noise limits the visibility of the
bunching signal. The amplitude of the bunching signal scales
with the number of correlated photon pairs in the collected
emission, so ideally, the (pair) collection efficiency is
maximized. Our procedure of cross-correlating the photon
stream on separate detectors limits the pair detection efficiency
to a theoretical maximum of 50%. Yet, two independent
detectors are necessary to avoid afterpulsing artifacts, even on
the Yb®" excited state time scales of milliseconds (Supporting
Information, Section S7). In practice, our pair detection
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efficiency is substantially lower than 50%. We estimate that the
detection efficiency per APD is 7. = 2.5%. This creates a

probability of 2}7301 = 0.13% to detect both photons of a pair,

and a much higher probability of 477, (1 — 2#.,) = 9.5% to
detect exactly one photon of a pair. See Supporting
Information, Section S4 for the derivation. The relatively low
pair detection efliciency makes long measurement times
necessary to observe bunching significantly higher than noise
in the Poissonian background. Detector artifacts also influence
the g(z) (Figure 2h). Detector dark counts are a source of an
uncorrelated background signal. We minimize their impact by
ensuring that the count rate of real photons is at least 2 orders
of magnitude higher than the dark count rate. Fake correlations
in the photon stream are introduced by (1) afterpulsing, a false
detection event following a real photon-detection event; and
(2) afterglow, the emission of a photon by the detector.
Because of the low pair collection efficiency, these artifacts can
be of comparable intensity to bunching signals from quantum-
cutting material. If they are not properly handled, they may be
mistakenly interpreted as signatures of quantum cutting in the
phosphor. The Supporting Information, Section S7 and Figure
SS explain how we correct for correlations from detector
artifacts. Discerning these correlations from the QC signal
requires two independent detectors.

https://doi.org/10.1021/acsenergylett.5c01496
ACS Energy Lett. 2025, 10, 4620—4626


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c01496/suppl_file/nz5c01496_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01496?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c01496?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.5c01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Figure 3a,b shows intensity traces of the 980 nm Yb**
emission of both materials over the course of 5 min from a 60
h measurement. The fluctuations in the count rate are
indiscernible from Poisson noise. Some count-rate variations
on longer time scales of hours are caused by lateral drift and
limitations of our autofocus algorithm (Supporting Informa-
tion, Section S5).

Based on these traces, we are able to calculate the expected
correlation function for the scenario where the materials are
quantum cutters. That means we can predict the magnitude of
the noise on the correlation function and the amplitude of the
bunching peak. Bunching is expected even for a material with a
large number of dopants N and is, in fact, independent of N.
Details of the calculations are given in Supporting Information,
Section S8. The expected noise relative to the uncorrelated
background is

1
VAOL) TSt (1)

Here (I,) and (I,) are the average count rates on detectors 1
and 2, T = 60 h is the total measurement time and 6t = 100 us
is the bin width of the correlation function. The expected
amplitude of the bunching peak depends on the emission
efficiency 77, and the total excited state decay rate k4. = 1/7 of
Yb**:

Orel

eff
”emkdecrlcol,i

21

rel —

)

eff

Here 77, is the effective collection efficiency of detector i

for Yb* emission. This efficiency depends on the nearly
isotropic emission of Yb**, which is only partially collected by
the objective (Figure 3c), as well as the spatially nonuniform
profiles of excitation and collection efficiency (Figure 3d).
Taking these factors into consideration we estimate that

U;flfi = 0.6%, 4X smaller than the efficiency stated earlier,

which was based on the collection efficiency of reflected 980
nm laser light. (see Supporting Information, Section S4).
Supporting Information, Section S8 gives more detail about the

. f
calculation of 7).

To exclude quenching of Yb** via
saturation-induced quenching pathways we choose an
excitation power far below the saturation threshold (see
Supporting Information, Section S6).

Figure 3e,f shows the expected normalized correlation
function of YPO,:Tb3" ,Yb*>" and YAG:Ce*,Yb*" calculated
considering different possible values for the emission efficiency
Nem- The expected relative noise (eq 1) is represented by the
bandwidth +20,, centered on the uncorrelated background
level. The bunching peak amplitude (eq 2) depends on #,,, and
the curve decreases exponentially with the total decay rate kg,
as determined earlier (Figure 1). Figure 3e,f shows that the
photon bunching peak should be visible above the noise if (1)
the sample exhibits QC and (2) the 7,,, of Yb** exceeds 10%.

Figure 3g,h shows the experimental correlation functions for
YPO,:Tb**,Yb** (Figure 3g) and YAG:Ce®",Yb** (Figure 3h).
The correlation function of YPO,:Tb*",Yb** closely matches
the theoretical bunching signal for an emission efficiency of 7.,
= 70%, which aligns well with the 66% efliciency determined
from the lifetime measurement. Although the lifetime analysis
(Figure le) depended on assumptions, the close agreement
with the efficiency extracted from the correlation analysis
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(Figure 3e,g) provides additional confidence in the correlation
measurements. These results confirm that YPO,:Tb**,Yb*" is a
QC phosphor.

In contrast, the experimental correlation function of
YAG:Ce**,Yb*" shows no significant bunching signal. While
the expected bunching signal due to QC would be obscured by
noise if the Yb** emission efficiency were 7, = 10% or lower
(Figure 3f), the Yb*" lifetime of 0.9 ms (Figure 1h) shows that
Nem is close to 100%. Hence, QC by Yb* sensitization through
a cooperative energy-transfer mechanism would produce an
expected bunching amplitude of 20X the background noise.
The absence of such bunching in our experiment on
YAG:Ce®")Yb* is clear evidence against previous claims that
the material is a QC phosphor through cooperative energy
transfer.*>** These result support earlier conclusion by Yu et
al. and Ueda et al,, who raised doubts against claims of QC by
YAG:Ce,Yb*+ 332

Our analysis of eqs 1 and 2, illustrated in Figure 3e,f, shows
that the noise level in our experiments is sufficiently low to
correctly prove or disprove quantum cutting in our materials.
This is critical to our conclusions about the energy-transfer
processes in YPO,:Tb*,Yb** and YAG:Ce**,Yb*. More
generally, eqs 1 and 2 can be used to assess whether a
measurement is sufficiently sensitive to detect quantum cutting
with statistical significance. If the noise (eq 1) exceeds the
expected bunching amplitude (eq 2), one could change the
experiment in two ways. (1) Increasing the measurement time
T reduces the relative noise. This is conceptually simple, but
the noise decreases slowly as 1/JT. (2) Alternatively,
improving the optical setup could boost 7. This has a
stronger positive effect; however, it may be practically more
challenging. This could, for example, require detectors with
increased spectral response at the emission wavelength or
fewer and more efficient optical elements in the detection arm
of the setup.

In summary, we have demonstrated how photon statistics
can be used as a universal test to determine if a near-infrared-
emitting material performs QC. As a case study, we applied our
technique to two purported QC materials, YAG:Ce**,Yb*>" and
YPO,:Tb**,Yb*". The photon statistics of the Yb** emission are
qualitatively different between the two materials, showing that
one material is an efficient QC phosphor while the other is not.
Specifically, YPO,:Tb*,Yb*" shows photon bunching, con-
sistent with QC by cooperative energy transfer. The photon
bunching amplitude has the expected magnitude, calculated
based on calibration of our experimental setup. In contrast,
YAG:Ce®",Yb*" shows no photon bunching, while a bunching
amplitude 20X higher than the background noise was
expected. We conclude that, in contradiction with previous
claims but in line with the findings of Yu et al. and Ueda et al,,
YAG:Ce*,Yb* is not a QC phosphor.”>**™** This work
provides the community with a universal and systematic
approach to efficiently identify NIR-emitting phosphors
suitable for use in quantum-cutting layers for photovoltaic
applications. This method would lend itself for quantifying the
QC capabilities of singlet-fission dyes, nonresonantly excited
quantum dots, Yb-containing organic complexes, or Yb-doped
perovskites.
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