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ABSTRACT: Ytterbium-doped all-inorganic lead-halide perov-
skites (Yb3+:CsPb(Cl1−xBrx)3) show broadband absorption and
exceptionally high near-infrared photoluminescence quantum
yields, providing opportunities for solar spectral shaping to
improve photovoltaic power conversion efficiencies. Here, we
report that Yb3+:CsPb(Cl1−xBrx)3 NCs also show extremely
strong negative thermal quenching of the Yb3+ luminescence,
with intensities at room temperature >100 times those at 5 K
for some compositions. Analysis of this temperature depend-
ence as a function of x shows that it stems from thermally
activated quantum cutting related to the temperature depend-
ence of the spectral overlap between the PL of the perovskite
(donor) and the simultaneous-pair absorption of two Yb3+ ions
(acceptor). In the Yb3+:CsPbBr3 limit, this spectral overlap goes to zero at 5 K, such that only single-Yb3+ sensitization
requiring massive phonon emission occurs. At room temperature, Yb3+ PL in this composition is enhanced ∼135-fold by
thermally activated quantum cutting, highlighting the extreme efficiency of quantum cutting relative to single-Yb3+
sensitization. These results advance the fundamental mechanistic understanding of quantum cutting in doped perovskites,
with potential ramifications for solar and photonics technologies.
KEYWORDS: quantum cutting, ytterbium doping, energy transfer, negative thermal quenching, perovskites

Optoelectronic materials that promote photomultipli-
cation (e.g., singlet fission, carrier multiplication, and
quantum cutting)1−5 have attracted broad interest

because of their potential to improve upon the Shockley−
Queisser thermodynamic limit of single-junction photo-
voltaics.6−8 Quantum cutting, like singlet fission and carrier
multiplication, splits the energies of single absorbed solar
photons to generate multiple lower-energy excitations that, in
principal, may be used to generate additional photocurrent and
reduce thermalization losses.9,10 Ytterbium-doped all-inorganic
lead-halide perovskites (Yb3+:CsPb(Cl1−xBrx)3) have demon-
strated extremely efficient quantum cutting, in some cases
achieving photoluminescence quantum yields (PLQYs)
approaching 200%.11−13 Unlike quantum cutting in other
materials, Yb3+:CsPb(Cl1−xBrx)3 quantum cutting involves
broadband absorption by a direct-band-gap semiconductor,
allowing efficient harvesting of solar photons. The near-
infrared (NIR) Yb3+ emission that results from quantum
cutting also aligns very well with the maximum energy-
conversion efficiency of crystalline Si photovoltaics.11−26 These
attractive properties have motivated both fundamental and

applied investigations into these materials in the forms of
colloidal nanocrystals (NCs),11,13−16,18−23,25,26 single crys-
tals,25 and solution-processed and vapor-deposited thin
films.12,17,24

A critical factor in Yb3+:CsPb(Cl1−xBrx)3 quantum cutting is
the energy of the perovskite’s lowest excited state relative to
that of the Yb3+ f-f excited states. Narrowing the perovskite
energy gap (Eg) in Yb3+:CsPb(Cl1−xBrx)3 by increasing x from
0.00 (CsPbCl3) to 1.00 (CsPbBr3) initially has little effect but
then results in dramatic loss of Yb3+ photoluminescence (PL)
intensity as Eg crosses approximately twice the energy of the
Yb3+ (2F7/2 → 2F5/2) absorption (2 × Ef‑f, ∼20500 cm−1).20
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This behavior was interpreted as reflecting a thermodynamic
threshold for energy-conserving quantum cutting.
Here, we report results from variable-temperature photo-

luminescence (VTPL) and absorption studies of Yb3+:CsPb-
(Cl1−xBrx)3 (0.00 ≤ x ≤ 1.00) NCs that reveal very large
negative thermal quenching, a phenomenon involving
increasing PL intensity with increasing temperature, in contrast
to the common observation of thermally activated quenching
via nonradiative multiphonon decay. Negative thermal
quenching of Yb3+ PL is shown to depend systematically on
anion alloying in Yb3+:CsPb(Cl1−xBrx)3 NCs, increasing
dramatically with increasing x and reaching a ∼135× intensity
increase between 5 and 295 K for x = 1.00. We show that this
negative thermal quenching stems from a strong temperature
dependence of the donor−acceptor spectral overlap between
perovskite PL and Yb3+-Yb3+ simultaneous-pair absorption
spectra that governs quantum cutting due to both the anti-
Varshni shift in Eg and thermal spectral broadening. In the
extreme case, we show that quantum cutting is fully suppressed
at 5 K for Yb3+:CsPbBr3 NCs (x = 1.00), allowing detection of
the competing single-Yb3+ energy-transfer process that is
otherwise obscured in the presence of quantum cutting. This
process requires massive phonon emission to release ∼10000
cm−1 excess energy per energy-transfer event, and large
increases in the Yb3+ internal temperature are observed.
The negative thermal quenching reported here is anom-

alously large for doped perovskites. Previous work has shown
that Yb3+ PL intensities in Yb3+:CsPbCl3 NCs increase by a

modest factor of ∼3 upon heating from 5 to 298 K13,25 and
that Er3+ PL in Yb3+/Er3+ codoped CsPbCl3 NCs and thin
films also shows similar increases,27,28 but the effect of Br
alloying on such PL temperature dependence has never been
examined. Indeed, Yb3+:CsPb(Cl1−xBrx)3 samples with Eg < 2
× Ef‑f have received virtually no attention at all, and, for
example, neither the PL temperature dependence nor even the
low-temperature Yb3+ PL spectrum of Yb3+:CsPbBr3 has been
reported. The findings presented here advance our mechanistic
understanding of Yb3+ sensitization in these extraordinary
materials, thereby aiding their potential future applications in
solar or other technologies.

RESULTS AND DISCUSSION
Yb3+:CsPb(Cl1−xBrx)3 Nanocrystal Synthesis, Charac-

ter izat ion, and Anion-Exchange Chemistry .
Yb3+:CsPbCl3 NCs were prepared by hot-injection using
trimethylsilyl chloride (TMS-Cl) as the halide source, as
reported previously (see Methods).13,18,20,25 Yb3+:CsPb-
(Cl1−xBrx)3 NCs with x up to 1.00 were prepared from these
Yb3+:CsPbCl3 NCs by postsynthetic anion exchange using
trimethylsilyl bromide (TMS-Br).29−31 Yb3+:CsPbBr3 NCs
were also synthesized directly by hot-injection of TMS-Br. X-
ray diffraction and transmission electron microscopy (TEM)
data for these NCs resemble those reported previously, all
showing rectangular shapes with average edge lengths of ∼14−
17 nm and powder diffraction that agrees well with the

Figure 1. Variable-temperature photoluminescence (VTPL) of (a) 0.2% Yb3+:CsPbCl3, (b) anion-exchanged 0.2% Yb3+:CsPb(Cl0.19Br0.81)3,
and (c) 7.8% Yb3+:CsPbBr3 NCs from 5 (colored) to 245 K. (d−f) Integrated Yb3+ PL intensity at each temperature point relative to 5 K
(IYb(T)/IYb(5 K)) is plotted as a function of temperature for each sample from panels (a−c). All measurements used CW excitation at λex =
375 nm (26700 cm−1).
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reference perovskite crystal structures with no detectable
crystalline impurities (Figures S1 and S2).
The Effects of Anion Exchange on Yb3+:CsPb-

(Cl1−xBrx)3 Nanocrystal Photoluminescence. Figure 1
plots exciton and Yb3+ PL spectra for 0.2% Yb3+:CsPbCl3,
0.2% Yb3+:CsPb(Cl1−xBrx)3 NCs at various anion composi-
tions (x), and 7.8% Yb3+:CsPbBr3 NCs, each measured at
several temperatures from 5 to 295 K using continuous-wave
(CW) excitation. Due to the low dopant concentrations used
in Figure 1a,b, the excitonic PL is substantially stronger than
the Yb3+ PL in some of these spectra, and the NIR region has
been magnified in the figure (250 and 30×) for clarity. At 5 K,
the Yb3+ 2F5/2 → 2F7/2 PL of the Yb3+:CsPbCl3 NCs (Figure
1a) shows several resolved features, as previously reported.13,25

Elevating the temperature broadens these features and causes
an increase in the integrated NIR PL intensity (i.e., negative
thermal quenching) until near room temperature, where
nonradiative relaxation is sometimes observed to decrease
the intensities again. In concert, the excitonic PL intensities
gradually decrease with increasing temperature, accompanied
by the expected anti-Varshni blue shifts.13,32,33 Note that the
onset and magnitude of the Yb3+ PL intensity decrease at high
temperature varies from sample to sample (e.g., it is not
observed in the 3.5% and 7.8% Yb3+:CsPb(Cl1−xBrx)3 NCs of
this study, Figures S7 and S8),13,25 and it is therefore not
considered further in our analysis. Figure 1d−f summarizes this
Yb3+ PL temperature dependence by plotting the integrated
NIR PL intensities at each temperature relative to the 5 K NIR
PL intensities of the same sample (IYb(T)/IYb(5 K)).
Although the same general trends are observed for all

Yb3+:CsPb(Cl1−xBrx)3 NC samples, a striking observation from
Figure 1 is that the level of negative thermal quenching of Yb3+
increases dramatically as x increases. For example, Figure 1
shows that the Yb3+ PL intensity in Yb3+:CsPbCl3 NCs
increases roughly 4× going from 5 to 245 K, whereas that of
the Yb3+:CsPbBr3 NCs increases by >135×. These data also
reveal that the onset of Yb3+ negative thermal quenching
systematically shifts to a higher temperature with increasing x
(e.g., from ∼5 K in Yb3+:CsPbCl3 NCs (Figure 1d) to ∼150 K
in Yb3+:CsPbBr3 NCs (Figure 1f)).
The observations described in Figure 1 are summarized in a

different way in Figure 2. Three series of Yb3+:CsPb(Cl1−xBrx)3
(0.00 ≤ x ≤ 1.00) NCs, having [Yb3+] = 7.8%, 3.5%, and 0.2%,
respectively, were prepared by extracting sample aliquots
during stepwise partial anion-exchange reactions, and VTPL
data were measured for each sample (Figures S7−S9). Figure
2a plots the integrated Yb3+ PL intensities for each sample
measured at room temperature as a function of the sample’s
excitonic PL energy measured at the same temperature. The
data collected at 5 K are also plotted in the same way. At room
temperature, the Yb3+ PL intensity of the initial Yb3+:CsPbCl3
NCs is retained upon partial anion exchange but decreases
rapidly when Eg ≈ 20000 cm−1. These room-temperature data
follow precisely the trend reported previously,20 summarized
by the dashed curve in Figure 2a. We previously interpreted
this trend as reflecting the existence of a quantum-cutting
energy threshold, defined by Eg ≈ 2 × Ef‑f.

20 Above this
threshold (Eg > 2 × Ef‑f), quantum cutting is exothermic and
can occur spontaneously, releasing excess energy as heat into
the lattice. Below this threshold (Eg < 2 × Ef‑f), the excited
perovskite possesses insufficient energy to excite two Yb3+ ions.
The data in Figure 2a show that decreasing from 295 to 5 K
shifts the apparent threshold ∼750 cm−1 higher in energy.

Notably, all three series of samples behave in the same way,
showing that these trends are independent of the Yb3+
concentration.
The difference between the 295 and 5 K curves in Figure 2a

emphasizes a central conclusion that can be drawn from these
data, namely, that quantum cutting is strongly temperature
dependent when Eg is near the quantum-cutting energy
threshold. Figure 2b highlights the intimate relationship
between the PL temperature dependence and the quantum-
cutting energy threshold by plotting the relative Yb3+ PL
intensity increase from 5 to 245 K (ΔIYb(245−5 K)/IYb(5 K))
vs the 245 K exciton PL energy (Eg(245 K)) from the Yb3+ PL
data of Figures 1, S7−S9. This plot shows the same curvature
as found in Figure 2a, only inverted (dashed curve). We note
that although Yb3+:CsPbBr3 NCs show ΔIYb(245−5 K)/IYb(5
K) > 135, the Yb3+ PL of this sample is actually extremely dim
at all temperatures (Figures 2a, S7f, and S9f), meaning the
increase in absolute Yb3+ PL intensity for this composition is
still very small (Figure S13).
Having established the strong and systematic temperature

dependence of Yb3+ PL intensities in the region where Eg ≲ 2
× Ef‑f, we now turn to clarifying the fundamental origins of this

Figure 2. (a) Integrated Yb3+ (2F5/2 → 2F7/2) PL intensities of (i)
0.2% Yb3+:CsPbCl3 and anion-exchanged Yb3+:CsPb(Cl1−xBrx)3
NCs, and 7.8% Yb3+:CsPbBr3 NCs, taken from Figures 1 and S9
(● and +), (ii) 3.5% Yb3+:CsPbCl3 and anion-exchanged
Yb3+:CsPb(Cl1−xBrx)3 NCs from Figure S8 (◆ and #), (iii) 7.8%
Yb3+:CsPbCl3 and anion-exchanged Yb3+:CsPb(Cl1−xBrx)3 NCs,
and 5.5% Yb3+:CsPbBr3 NCs from Figure S7 (▲ and ×), all
measured at room temperature (solid red marks) and at 5 K (open
blue marks). Data are plotted vs the exciton PL energy measured
at the same temperature, equated with Eg. The gray dashed line
reproduces the experimental trend at room temperature reported
in ref 20, showing good agreement. Data for each anion-exchange
series are normalized to the Yb3+:CsPbCl3 NC data point of that
series, and data points for independently synthesized
Yb3+:CsPbBr3 NCs are scaled to match the Yb3+:CsPb(Cl1−xBrx)3
NC trends in the limit of x = 1.00. (b) Change in Yb3+ PL intensity
from 5 to 245 K normalized by the 5 K intensity (ΔIYb(245−5 K)/
IYb(5 K)) for the samples in Figure 2a, plotted vs Eg at 245 K for
each sample. The vertical gray bar indicates approximately twice
the Yb3+ (2F7/2 → 2F5/2) absorption threshold (2 × Ef‑f),
representing the proposed quantum-cutting energy threshold.
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temperature dependence, and specifically, we test the
hypothesis that it ultimately reflects the changing efficiency
of quantum-cutting energy transfer from the perovskite host
(donor) to pairs of Yb3+ dopants (acceptors). An important
factor in this efficiency is the quantum-cutting rate constant
(kQC), which can be described within the general framework of
Fermi’s golden rule using eq 1. Here, kQC is a function of the
donor/acceptor electronic coupling (MDA) and the overlap (ρ)
between the donor PL and acceptor absorption spectra.

= | |k M2
QC DA

2
(1)

The data in Figure 2 speak primarily of the effect of
changing Eg (through anion exchange) on ρ. To model ρ, we
use the experimental near-band-edge PL as the donor emission
spectrum for a given temperature and composition, including
any contribution from dopant-induced defect states.33

Previously, we have argued that quantum cutting in this
system is concerted,13 in which case we may consider the
acceptor to be a pair of Yb3+ ions (whether proximal or distal),
and the final state in the energy-transfer process to be the pair’s
doubly excited |2F5/2, 2F5/2⟩ state. In Yb3+:CsPb(Cl1−xBrx)3,
experimental and computational results indicate that direct
Yb3+-Yb3+ interactions are extremely weak, allowing the Yb3+-
Yb3+ simultaneous pair absorption spectrum ( f YbYb in the
visible energy region, x = 2y) to be generated from the single-
Yb3+ absorption spectrum ( f Yb in the NIR energy region, y)
using the convolution theorem (Supporting Information),34,35

as given by eq 2.

= [ ]f x f y( ) ( )YbYb Yb
2

(2)

The donor/acceptor spectral overlap for Dexter-type energy
transfer can then be quantified using the product of the area-
normalized perovskite PL (gperov) and Yb3+-Yb3+ pair
absorption ( f YbYb) spectra as described by eq 3.36,37

= f x g x x( ) ( ) dYbYb perov0 (3)

Figure 3a plots the 5 K Yb3+-Yb3+ simultaneous-pair
absorption spectrum obtained from the experimental NIR
absorption spectrum of a pressed powder of 5.1% Yb3+:CsPb-
(Cl0.25Br0.75)3 NCs using eq 2, compared with the perovskite
PL spectra collected at the same temperature for these NCs
across the full anion-exchange series. Figure 3b shows
analogous room-temperature data. We note that the Yb3+
absorption spectrum is broader than its emission spectrum,
which likely reflects the diverse speciation described
previously.25,38

Considering first the high-temperature results (Figure 3b), ρ
is clearly very small at large Eg, but the data in Figure 2a show
that quantum cutting is independent of ρ as long as Eg > 2 ×
Ef‑f, so eq 1 obviously does not fully account for the efficiency
of quantum cutting; exothermic (phonon-emitting) quantum
cutting in this range must be sufficiently rapid to outcompete
other nonproductive relaxation channels. To account for this
observation, ρ in eq 1 is replaced by the phenomenological
parameter PQC, as described by eq 4.

= +P f x g x x f c g x x( ) ( ) d ( ) ( ) dQC

c

YbYb perov c YbYb perov0
(4)

Here, c indicates the lowest energy at which 10% of the
Yb3+-Yb3+ absorption maximum is reached (20230 and 20000

cm−1 at 5 and 295 K, respectively, in Figure 3). For x ≤ c, PQC
is calculated as in eq 3. For x > c, PQC is given by the integrated
product of excitonic PL intensities and f YbYb(c). The value of
10% is arbitrarily chosen to reproduce experiment at room
temperature, but qualitatively similar results are obtained for
other values up to ∼75%. The effect of eq 4 is to account for
efficient non-resonant energy transfer involving phonon
emission. Using eq 4, the data in Figure 3 can be used to
model the dependence of IYb on Eg shown in Figure 2a.
Figure 4a replots excitonic PL and Yb3+-Yb3+ simultaneous-

pair absorption spectra for 5.1% Yb3+:CsPb(Cl0.25Br0.75)3 NCs
at 5 and 295 K from Figure 3 using an expanded x axis,
highlighting the substantial change in spectral overlap for the
same sample between these two temperatures. For this sample,
Eg is smaller than 2 × Ef‑f at 5 K but rises to ∼2 × Ef‑f with
increasing temperature, accompanied by spectral broadening,
dramatically increasing PQC. The Yb3+-Yb3+ pair absorption
spectrum also broadens at an elevated temperature to a lesser
extent. From these spectra, the application of eq 4 yields the
values of PQC indicated by the blue and red stars in Figure 4b
(5 and 295 K, respectively). Notably, for the sample shown in
Figure 4a, the spectral overlap increases ∼11-fold between 5
and 295 K (i.e., ΔPQC(295−5 K)/PQC(5 K) ≈ 11), which
agrees well with the experimental value of ΔIYb(295−5 K)/
IYb(5 K) = 12.5 measured for this sample (Figure S12).
Similarly, PQC values have been determined from the other
spectra in Figure 3 as well as for other independent samples
(Figure S14), and the results are plotted in Figure 4b as blue
and red symbols (5 and 295 K, respectively) as a function of
Eg.

Figure 3. (a) Calculated Yb3+-Yb3+ simultaneous-pair absorption
spectrum (|2F7/2, 2F7/2⟩ → |2F5/2, 2F5/2⟩, filled gray) for 5.1%
Yb3+:CsPb(Cl0.25Br0.75)3 NC powder at 5 K, compared with
experimental excitonic PL spectra of Yb3+:CsPb(Cl1−xBrx)3 NCs
also at 5 K. (b) Calculated Yb3+-Yb3+ simultaneous-pair absorption
spectrum for 5.1% Yb3+:CsPb(Cl0.25Br0.75)3 NC powder at 295 K,
compared with experimental excitonic PL spectra of Yb3+:CsPb-
(Cl1−xBrx)3 NCs also at 295 K. All excitonic PL spectra and
absorption spectra are area-normalized.
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The calculated results in Figure 4b agree well with the
experimental data in Figure 2a, demonstrating that this analysis
captures the essence of the experimental phenomenon. This
analysis also explains the strong negative thermal quenching
observed when Eg < 2 × Ef‑f as coming from the combination
of temperature-dependent Eg and thermal spectral broadening.
The relatively small negative thermal quenching of
Yb3+:CsPbCl3 and nearby compositions with when Eg > 2 ×
Ef‑f may reflect thermal acceleration of energy transfer from the
intermediate defect state as identified previously.25

Yb3+ Sensitization below the Quantum-Cutting
Energy Threshold. The sensitization mechanism operative
in Yb3+:CsPbBr3 deserves special mention because in this case
Eg is well below 2 × Ef‑f so only a single-ion sensitization
mechanism may be feasible. The energy mismatch between
donor (Eg) and acceptor (single |2F5/2⟩ → |2F7/2⟩) transitions
in this case is very large (∼10000 cm−1), however, and for
energy conservation must be compensated, e.g., by non-
radiative multiphonon emission or Auger-type carrier
excitation.
Figure 5a compares the 5 K steady-state NIR PL spectra of

0.2% Yb3+:CsPbCl3 and 7.8% Yb3+:CsPbBr3 NCs. The
complex Yb3+:CsPbCl3 spectrum has been discussed previously
in terms of a combination of crystal-field and vibronic
contributions.25 The Yb3+:CsPbBr3 spectrum has not been

reported previously. This spectrum shows a narrow peak at
10113 cm−1, interpreted as the Γ8 → Γ6 electronic origin
(zero-phonon line, compared with the similar peak at 10233
cm−1 in Yb3+:CsPbCl3). The energy difference between these
Cl and Br peaks is similar to that observed between Yb3+-
doped Cs2NaHoCl6 (10248 cm−1) and Cs2NaHoBr6 (10144
cm−1).39 Yb3+:CsPbCl3 shows a low-symmetry splitting of the
emissive Γ8(2F5/2) level into 0′ and 1′ crystal-field
components.25 Similarly, we tentatively assign the
Yb3+:CsPbBr3 peaks at 9907 and 9886 cm−1 to the split
Γ8(2F7/2) level. This splitting (21 cm−1) is comparable to those
in other bromide lattices (e.g., 26 cm−1 in Cs3Yb2Br9

35 and 52
cm−1 in CsCdBr3).

40 The peak at 9645 cm−1 is tentatively
assigned to the 0′ → 3 transition, which is again similar to
those in related lattices (9678 and 9658 cm−1 in Cs3Yb2Br9

35

and CsCdBr3,
40 respectively). The Yb3+ crystal-field splittings

in CsPbBr3 are thus similar to those in Cs2NaHoBr6,
39

Cs3Yb2Br9,
35 and CsCdBr3,

40 indicating a similar [YbBr6]3−

structure.
Figure 5b plots the same two spectra on expanded energy

and intensity scales, where the energy axis is now referenced to
the first electronic origin in each spectrum. The Yb3+:CsPbBr3
NC spectrum shows two weak features at ΔE = +43 and +87
cm−1 that have no analogue in the Yb3+:CsPbCl3 spectrum.
These features both increase in intensity with increasing
temperature relative to the first electronic origin (see Figure
S17) and are thus assigned as “hot” sidebands.

Figure 4. (a) Calculated Yb3+-Yb3+ simultaneous-pair absorption
(|2F7/2, 2F7/2⟩ → |2F5/2, 2F5/2⟩, solid traces, calculated) and
experimental excitonic PL (dotted traces) spectra of 5.1%
Yb3+:CsPb(Cl0.25Br0.75)3 NC powder measured at 5 (blue) and
295 K (red). The filled areas correspond to the donor−acceptor
spectral overlap at 5 (blue) and 295 K (pink). (b) Normalized
values of the relative quantum-cutting energy-transfer probability
(PQC) at 5 (blue) and 295 K (red) calculated using eq 4 with the
Yb3+-Yb3+ pair absorption spectra from panel (a) and excitonic PL
spectra for Yb3+:CsPb(Cl1−xBrx)3 (0.40 ≤ x ≤ 0.90) from Figures 3
and S14 (see Figure S16 for the full x range), plotted as a function
of Eg at 5 and 295 K, respectively. The gray dashed line is taken
from Figure 2a. Stars denote PQC values calculated from the
spectra in panel (a), highlighting the quantum-cutting temperature
dependence.

Figure 5. (a) 5 K PL spectra of 0.2% Yb3+:CsPbCl3 (red) and 7.8%
Yb3+:CsPbBr3 (blue) NCs. (b) PL spectra in panel (a), magnified
and replotted on an energy axis relative to the first electronic
origins. The spectra in (b) are both normalized at peak maxima of
10233 and 10113 cm−1 for Yb3+:CsPbCl3 and Yb3+:CsPbBr3,
respectively. The arrows mark hot bands at ΔE = 43 and 87 cm−1

in the Yb3+:CsPbBr3 spectrum. λex = 375 nm (26700 cm−1) for
both samples.
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Figure 6 shows gated PL spectra of the Yb3+:CsPbBr3 NCs
measured at 5 K and collected in 500 ns integration windows

at different delay times over the first 4 μs following 40 ps of
excitation of the perovskite (Figure S18). Because of the slow
emission by Yb3+, these gated spectra could not be collected
with the same spectral resolution as the CW PL spectra in
Figure 5. Nonetheless, the spectrum collected in the first 500
ns window following excitation shows a dramatic increase in
the relative intensity of a feature on the high-energy side of the
first electronic origin (ΔE ≈ +50 cm−1), attributed to the same
hot bands as seen in Figure 5b. Note that this hot-band
intensity is independent of excitation power under these
conditions (Figure S20), showing that it is intrinsic to the
excitation process. With increasing delay time, the intensity of
this peak decreases, and its maximum red-shifts slightly to align
with the ∼43 cm−1 feature seen in the CW spectrum of Figure
5b. The peak is almost no longer discernible in the spectrum
integrated from 3.5 to 4.0 μs. By that time, the spectrum
resembles the CW PL spectrum of these Yb3+:CsPbBr3 NCs
(Figure 5). The inset of Figure 6 plots the ratio of Ihot to (Iorigin
+ Ihot) as a function of the delay time after excitation. Ihot/
(Iorigin + Ihot) decreases exponentially, approaching the 5 K
steady-state value obtained with low-power CW photo-
excitation at long times (Figure S19). Similar hot bands can
be seen for other features throughout the spectrum, but with
poorer clarity due to overlapping peaks. These observations
suggest extensive local heating of the emissive Yb3+, followed
by internal cooling with a time constant of ∼2 μs. To estimate
the Yb3+ internal temperature, the data in Figure 6 are
compared with CW VTPL spectra of the same NCs (Figure
S17b). In the VTPL data, the hot band intensities are reliably
quantifiable only up to ∼70 K, where the thermal contribution
to Ihot/(Iorigin + Ihot) is ∼0.20 (using Ihot = I+43 + I+87). The
value of Ihot/(Iorigin + Ihot) ∼ 0.40 at t = 0 in Figure 6 thus
indicates an initial Yb3+ internal temperature well over 100 K,

and likely several hundred degrees Kelvin. A more precise
determination of the internal temperature at short times is
unreliable, because of the high internal temperatures involved.
These results highlight that at 5 K, Yb3+ sensitization in

Yb3+:CsPbBr3 is dominated by direct perovskite-to-Yb3+ energy
transfer (not quantum cutting), accompanied by nonradiative
multiphonon emission of the excess ∼10000 cm−1 per energy-
transfer event, which leads to massive Yb3+ local heating. No
similar local heating is observed in Yb3+:CsPbCl3 (Figures 5b
and S21), reflecting the change in sensitization mechanism
above the quantum-cutting energy threshold and emphasizing
the much greater energy efficiency of the quantum-cutting
mechanism.
As described above, the integrated Yb3+ PL increases by

∼135 times with increasing temperature, attributable to the
onset of small but nonzero spectral overlap for resonant
concerted quantum cutting. This interpretation is supported by
the Yb3+ PL decay traces measured for these Yb3+:CsPbBr3
NCs. Unlike in Yb3+:CsPbCl3 NCs,25 the Yb3+ PL of
Yb3+:CsPbBr3 NCs does not show any discernible Yb3+ PL
rise time at 5 K but instead primarily decays with a fast time
constant (∼10s of ns, Figure S18), tentatively attributed to the
effects of local heating. With increasing temperature, the decay
curves grow increasingly similar to those of Yb3+:CsPbCl3 NCs,
and by room temperature show slow decay with a rise time of
∼10 ns, very similar to Yb3+:CsPbCl3.

25 Critically, although ρ
is very small, room-temperature quantum cutting in
Yb3+:CsPbBr3 NCs is still >100× more efficient than the
phonon-assisted single-Yb3+ sensitization identified at 5 K,
highlighting the extreme efficiency of quantum cutting in these
materials.
The results presented above provide insights into the

unusual photophysics of Yb3+-doped CsPb(Cl1−xBrx)3 perov-
skites by demonstrating a link between the quantum-cutting
energy threshold and negative thermal quenching. Scheme 1
summarizes the different mechanistic regimes identified in this
study. In regime (i), Yb3+:CsPb(Cl1−xBrx)3 NCs (0.00 ≤ x ≤ ∼
0.50) have Eg > 2 × Ef‑f and are capable of quantum cutting at
all temperatures with release of excess energy via phonon
emission.20 In regime (ii), Yb3+:CsPb(Cl1−xBrx)3 NCs (∼0.50
≤ x ≤ ∼ 1.00) have Eg ≈ 2 × Ef‑f. At low temperature, these
compositions have reduced spectral overlap because their
lowest donor transitions occur at energies below the lowest
Yb3+-Yb3+ simultaneous-pair absorption transitions and there-
fore cannot contribute. Compositions in this regime show
improved quantum cutting at elevated temperatures with the
assistance of thermal band-gap widening and line broadening,
manifested as strong negative thermal quenching of Yb3+ PL.
In regime (iii), Yb3+:CsPb(Cl1−xBrx)3 NCs (∼0.80 ≤ x ≤ ∼
1.00) at low temperature have effectively no donor/acceptor
spectral overlap and thus show no quantum cutting. In this
regime, energy transfer from the perovskite to Yb3+ involves an
inefficient nonresonant single-Yb3+ process that requires
massive phonon emission to dissipate ∼10000 cm−1 per
energy-transfer event. This excess energy heats the sample,
with internal temperatures of Yb3+ likely reaching hundreds of
degrees Kelvin when measured at a cryostat temperature of 5
K. For compositions in regimes (ii) and (iii), elevated
temperatures broaden the donor and acceptor spectra and
blue-shift the excitonic PL energy, rapidly increasing the
spectral overlap required for resonant quantum cutting and
causing strong negative thermal quenching of Yb3+ PL.

Figure 6. PL spectrum of the Yb3+:CsPbBr3 NCs from Figure 5a
measured at 5 K using CW excitation (green dashed), compared to
gated PL spectra collected under the same conditions over the first
4 μs of decay following a 40 ps laser pulse (solid, λex = 355 nm
(28200 cm−1)). Each gated spectrum was integrated over a 500 ns
interval. Inset: The ratio of integrated hot-band (10156 cm−1) to
first-electronic-origin (10113 cm−1) PL intensities from the gated
PL spectra, plotted as a function of delay time after the
photoexcitation pulse. The data points mark the centers of the
500 ns integration periods for each delay time. The gray dashed
trace shows an exponential fit of the ratio. The spectral bandwidth
is ∼11 cm−1.
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CONCLUSION
In summary, we report the observation of strong negative
thermal quenching in Yb3+:CsPb(Cl1−xBrx)3 NCs (0.00 ≤ x ≤
1.00). Data analysis and modeling conclusively show that this
phenomenon stems from the temperature dependence of
quantum cutting. The probability of quantum cutting is
modeled in terms of the spectral overlap between donor
(perovskite) PL and acceptor (Yb3+-Yb3+) simultaneous pair
absorption, which becomes strongly temperature dependent
for compositions approaching CsPbBr3. In the limit of
Yb3+:CsPbBr3, the dominant energy-transfer mechanism itself
changes between 5 K (nonresonant single-ion excitation
compensated by multiphonon emission) and room temper-
ature (quantum cutting), resulting in the most dramatic
negative thermal quenching of Yb3+ PL, with intensities
increasing by >102 over this temperature range. These results
advance our fundamental understanding of the photophysical
properties of Yb3+:CsPb(Cl1−xBrx)3 quantum cutters and
provide a more detailed quantitative assessment of the
quantum-cutting mechanism than reported previously, aiding
and informing further development of these materials for
future solar and photonic applications.

METHODS
Materials. Oleic acid (OA, 90%, Sigma-Aldrich), 1-octadecene

(ODE, 90%, Sigma-Aldrich), oleylamine (OAm, 70%, Sigma-Aldrich),
lead acetate trihydrate (Pb(OAc)2·3H2O, 99.999%, Sigma-Aldrich),
cesium acetate (CsOAc, 99.9%, Sigma-Aldrich), anhydrous ethanol
(EtOH, 200 proof, Decon Laboratories, Inc.), trimethylsilyl chloride
(TMS-Cl, 99%, Sigma-Aldrich), trimethylsilyl bromide (TMS-Br,
97%, Sigma-Aldrich), n-hexane (99%, Sigma-Aldrich), and ethyl
acetate (EtOAc, 99%, Sigma-Aldrich) were used as received unless
otherwise noted. As-received ytterbium acetate hydrate (Yb(OAc)3·
xH2O, 99.9%, Alfa Aesar) was refluxed in glacial acetic acid for 1 h
and stored in a desiccator prior to use.

Nanocrystal Synthesis. Doped CsPbX3 (X = Cl, Br) NCs were
synthesized as detailed previously.13 In a typical synthesis, Yb(OAc)3
(1−12 mg), Pb(OAc)2·3H2O (76 mg), ODE (5.0 mL), OA (1.0 mL),
OAm (0.25 mL), and 1 M CsOAc in EtOH (0.28 mL) were
combined in an oven-dried round-bottomed flask and degassed on a
Schlenk line for 1 h at 110 °C. The vessel was then flushed with N2
and heated to 240 °C, whereupon a room-temperature TMS-X
solution prepared in a nitrogen-filled glovebox (0.2 mL of TMS-X and
0.5 mL of anhydrous ODE) was injected. Following the injection, the
reaction vessel was immediately cooled using a room-temperature
water bath. The reaction vessel with the resulting NC solution was
transferred to a nitrogen-filled glovebox, where the solution was
centrifuged at 6000 rpm for 10 min. The supernatant was discarded,
leaving a white Yb3+-doped CsPbCl3 or a yellow Yb3+-doped CsPbBr3
NC pellet. The NC pellet was resuspended in n-hexane and
flocculated out of the solution with EtOAc. The suspension then
was centrifuged again for 10 min, and the supernatant was discarded.
The resulting pellet was resuspended in n-hexane and centrifuged for
another 15 min. The supernatant, this time, containing NCs was
stored in anhydrous hexane in a nitrogen glovebox.

Nanocrystal Pellet Preparation.Multiple batches of Yb3+-doped
CsPbCl3 NCs in hexane were flocculated out of the solution with
EtOAc and centrifuged for 20 min, and the supernatant was discarded.
The resulting pellet was dried under nitrogen air and broken into
powder in mortal and pestle. The resulting powder (∼0.2 g) was
loaded onto a pellet die and pressed at 8 tons for about 2 min under
vacuum.

Anion Exchange. Doped CsPb(Cl1−x,Brx)3 NCs were prepared
by anion exchange using Yb3+:CsPbCl3 NCs according to protocols as
detailed previously.20,29,30 In short, the NC solution stored in a
nitrogen glovebox was titrated with 1 M TMS-Br until the desired
band gap was achieved, as determined by PL spectroscopy at room
temperature. The residual TMS-Br and solvent were removed by
vacuum evaporation, and the resulting NCs were then resuspended in
anhydrous hexane and stored in a nitrogen glovebox. ∼ 30% of the
Yb3+:CsPbCl3 NC pellet was anion exchanged to achieve the desired
bandgap (Yb3+:CsPb(Cl0.25Br0.75)3) via gas-phase anion exchange
using neat TMS-Br in a nitrogen-filled glovebox. The anion-
exchanged NC powder was loaded onto a pellet die and pressed at
8 tons under vacuum.

Physical Characterization. TEM images were obtained using an
FEI TECNAI F20 microscope operating at 200 kV. TEM samples
were prepared by drop-casting NCs onto ultrathin carbon-coated
copper grids from TED Pella, Inc. Elemental composition of the NC
samples was determined using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, PerkinElmer 8300). NC samples
were prepared by digesting NC powders in concentrated nitric acid
overnight with ultrasonication. Then, the nitric acid mixture was
diluted in ultrapure H2O. All dopant concentrations in perovskites
were determined as the B-site cation mole fraction (in %). pXRD data
were collected using a Bruker D8 Discover diffractometer with a high-
efficiency IμS microfocus X-ray source for Cu Kα radiation (50 kV, 1
mA). Samples for XRD measurements were prepared by dropcasting
NCs onto a silicon substrate.

Spectroscopic Measurements. Samples for variable-temper-
ature NIR absorption measurements were cooled to 5 K in a helium
flow cryostat. All absorption spectra were collected using an Agilent
Cary 5000 spectrometer operation in transmission mode. Samples for
PL and gated PL measurements were prepared by drop-casting NCs
onto quartz disks that were cooled to 4.5 K in a closed-cycle helium
cryostat (Janis, SHI-4H-5). PL spectra were measured at each
temperature using a 375 nm light-emitting diode (LED) for
excitation, operating at ∼0.6 mW/cm2. PL data were measured
using a LN2-cooled silicon charge-coupled device (CCD) camera
mounted on a monochromator with a spectral bandwidth of about
0.38 nm (∼3.87 cm−1) and 0.03 nm (∼0.31 cm−1) for variable-
temperature and high-resolution PL data, respectively. All lumines-
cence spectra are displayed as photon counts versus energy (cm−1)
following appropriate conversion.41,42

Scheme 1. (a) Quantum-Cutting Energy Transfer in
Yb3+:CsPb(Cl1−xBrx)3 NCs for Three Distinct Scenarios of
Eg Relative to 2 × Ef‑f with Increasing x in
Yb3+:CsPb(Cl1−xBrx)3 NCs, and (b) Summary of the
Experimental Trend in Negative Thermal Quenching of
Yb3+ PL with Increasing x
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For time-resolved PL measurements, photoexcitation was provided
by an Ekspla Nd:yttrium aluminum garnet laser (355 nm) firing at a
repetition rate of 50 Hz with a 40 ps pulse width. The excitation
energy was held at ∼35 μJ/cm2 per pulse. The NIR PL signals were
focused into a monochromator, detected by a Hamamatsu InGaAs/
InP NIR photomultiplier tube, and recorded by using either a
multichannel scalar (Stanford Research Systems SR430) or a gated
photon counter (Stanford Research Systems, SR400). A spectral
bandwidth of 1.10 nm (∼11 cm−1) was used for all time-resolved PL
measurements.

Photoluminescence excitation (PLE) spectra were measured at
room temperature by using an Edinburgh FLS 1000 photo-
luminescence spectrometer equipped with a 450 W xenon lamp as
an excitation source, detected by a Hamamatsu InGaAs/InP NIR
photomultiplier with a spectral bandwidth of 1 nm (∼10 cm−1).
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