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ABSTRACT: The doping of atomic impurities into colloidal semiconductor
nanocrystals (NCs) is a powerful way to tune optical and electronic properties.
Manganese (Mn)-doped CsPbCl; NCs in particular show dual exciton/dopant
emission in the visible spectrum, making them materials of current interest for
optoelectronic applications. Here, we examine the impact of Mn doping on the
photophysics of CsPbCl; NCs from a different perspective. Using ultracentrifugation,
we extract size-resolved fractions from a series of parent NC suspensions prepared at
varied doping levels, and we measure the photoresponse as a function of NC size. Our °
results reveal synergistic radiative effects, with large enhancements in both blue
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(exciton) and red (dopant) quantum yield (QY) over a narrow range of Mn

concentration. We ascribe the first effect to defect passivation and the latter to efficient exciton—dopant charge transfer near a critical
point in the number of Mn per NC where the dopant spacing coincides with the Bohr exciton radius. Advanced computational
techniques applied to Mn-doped CsPbCl; reproduce emission colors and concentration trends, with a drop in QY at higher doping
levels. Our results offer additional insight into the photophysical interplay of doping, quantum confinement, and radiative relaxation

in lead-halide perovskites, while clarifying the complexity of the underlying kinetics and highlighting the critical role of the dopant

number per NC at the nanoscale.

B INTRODUCTION

The substitutional doping of atomic impurities into semi-
conducting materials is an effective approach for modifying the
electronic transport properties of semiconductors, and the
concept of doping serves as the foundation for all of modern
solid-state electronics. It is thus not surprising that the
impurity doping of nanostructured semiconducting materials
has also proven to be an effective way to modify and tune
optical and electronic properties at the nanoscale.' In the
specific case of semiconductor nanocrystals (NCs), recent
work demonstrates that the incorporation of atomic
impurities—such as transition metals and lanthanides—into
the NC lattice can be used to improve intrinsic fluorescence,”
introduce additional radiative pathways for up-conversion™* or
down-conversion,”® or to induce dual-color photolumines-
cence (PL).7

As a timely example of the last effect, efficient Mn>"
sensitization leading to two-color emission has recently been
observed and studied for wide band gap CsPb, Mn,Cl; lead-
halide perovskite (LHP) NCs.” These materials exhibit both a
fast (1—10 ns)’ narrow blue emission near 400 nm arising
from exciton recombination and a slow (1 ms) broad band
orange phosphorescence near 600 nm arising from atomic
Mn?** dopants through the spin-forbidden *T; — °A; Mn d—d
transition. The Mn”* luminescence is sensitized by the NC
exciton through an energy transfer process.'” Within the LHP
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lattice, the Mn>" ion is thought to substitute for Pb** within
the octahedral coordination. Due to the Mn>' ion being
sensitive to its local environment, the photophysical properties
of Mn-doped NCs are expected to depend strongly on
concentration,"' ™' the distribution of dopants within the NC
lattice,"* and the degree of electronic confinement, which
increases carrier—dopant interactions.' >

Precise control of Mn®" dopant incorporation into the LHP
NC lattice is challenging. For hot-injection methods, the
reaction kinetics leading to CsPbX; NC formation are very fast
(around 300 ms up to 1 s) ,'7'® while the dominance of surface
effects at the nanoscale tends to thermodynamically favor
dopant exclusion from the NC.* Most studies have focused on
Mn-doped CsPbCl; NCs'”*° because of the difficulty involved
in directly incorporating Mn into the CsPbBr; and CsPbl;
lattice, although one report describes Mn doping of CsPbBr; in
terms of a two-step process.”’ Two different synthetic routes
have been used to work past these difficulties: postsynthetic
doping of Mn ions into pure CsPbCl,”*™** and halide
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exchange reactions for converting CsPb; ,Mn,Cl; NCs into
mixed-halide Cst1_,C.MnxCIS_yBry.g’zs‘26

The doping of CsPbCl; NCs also significantly alters the
characteristics of exciton emission. For example, in the low-
doping regime, exciton recombination exhibits a significant
change in radiative recombination lifetime’>*”** coupled with
improved PL quantum yield (QY),””*" which has been
attributed to the shorter Mn-halide bond distance and an
increase in the cohesive energy of the lattice.”> Conversely, in
the high-doping regime, there is an anomalous blue shift of the
exciton peak,””** where this has been attributed to
Ruddlesden—Popper phase defects acting as nanocrystalline
grains that induce artificial confinement.>* Although the Mn?*
phosphorescence is largely photostable (insensitive to NC
surface defects), it has been observed that there are notable red
shifts and decreased PL QY above threshold dopant
concentrations. This is generally attributed to antiferromag-
netic dopant—dopant interactions that introduce additional
nonradiative relaxation pathways,”” although Auger-like effects
may play a role as well.**°

Here, we examine the impact of Mn doping on the
photophysics of CsPbCl; NCs from a unique perspective to
get direct physical insight into the underlying radiative and
nonradiative processes. Using ultracentrifugation, we extract
size-resolved fractions from a series of parent NC suspensions
prepared at varied Mn doping levels, and we measure the
photoresponse as a function of NC size. Our results reveal
synergistic radiative effects associated with dual-color emission,
with large enhancements in both blue (exciton) and red
(dopant) QY over a narrow range in the number of Mn per
NC. We ascribe the first effect to defect passivation by atomic
Mn, while the latter effect is attributed to efficient exciton—
dopant charge transfer near a critical point in the number of
Mn per NC, defined by the mean Mn spacing coinciding with
the Bohr exciton radius of CsPbCl;. Of note, we find that the
radiative lifetimes, which are typically a quantity that is difficult
to engineer, exhibit a minimum (and the corresponding rates a
maximum) at this critical point. We interpret this as arising
from strong exciton—dopant overlap associated with local-
ization with the anticipated impacts on radiative rates.
Advanced computational techniques applied to Mn-doped
CsPbCl; reproduce both emission color and a drop in QY at
higher doping levels. Our results offer additional insight into
the interplay of doping, quantum confinement, and radiative
relaxation in lead-halide perovskites, while highlighting the
number of dopants per NC as a critical variable at the
nanoscale.

B RESULTS AND DISCUSSION

Parent Suspensions and Radiative Rates. Details
related to NC synthesis can be found in the Supporting
Information (SI).”” We start with doped parent CsPbCl; NC
suspensions synthesized over a range of Mn:Pb feed ratios,
with inductively coupled plasma mass spectrometry (ICP-MS)
identifying an effective dopant concentration in the
CsPb, Mn,Cl; NC lattice that varies from x = 0 to 1.5%
atomic Mn per Pb. Figure 1 summarizes the dual emission
response of the colloidal NCs at varied doping levels. The
exciton PL peak near 400 nm is always present but the dopant
PL peak near 600 nm does not become significant until a
Mn:Pb feed ratio of around 1.0, which translates into x =
0.75% Mn per Pb in the lattice based on ICP-MS. The insets to
Figure la,c show how the exciton and dopant peaks,
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Figure 1. Spectral/lifetime characteristics of parent CsPb; Mn,Cl;
NCs as a function of doping level. Absorption (red) and PL (blue)
spectra for Mn doping levels of (a) Mn:Pb = 0 (x = 0), (b) Mn:Pb =
1 (x =0.75%), (c) Mn:Pb = 1.5 (x = 1.1%), and (d) Mn:Pb =2 (x =
1.5%), where the inset to (a) shows the excitonic PL peak as a
function of dopant ratio, the inset to (b) shows a schematic of the
energy transfer and dopant emission channel, and the inset to (c)
shows the dopant PL peak as a function of Mn:Pb ratio. (e) QY vs
dopant ratio showing total QY (gray), excitonic QY (blue), and
dopant QY (red). (f) Time-dependent decay of dopant (red) and
excitonic (inset, blue) PL for Mn:Pb = 2 (x = 1.5%), where the curves
are the fits described in the text. (g) (top) PL and radiative lifetimes
for excitonic (left) and dopant (right) emission, and (bottom)
radiative and nonradiative rates for excitonic (left) and dopant (right)
relaxation.

respectively, evolve with increased doping, and the inset to
Figure 1b shows a schematic of the energy transfer scheme.
The slight blue shift in exciton PL with doping is due to the
contraction of the PbCls octahedra and consequent enhance-
ment of the interaction between Pb and C1.** The overall QY
increases up to just below 30% (gray markers, Figure le), but
more accurately, the exciton QY peaks at around 15% near x =
0.75 to 1.5%, while the dopant QY rises markedly up to around
25% between x = 1 and 1.5%. The increase in exciton QY at
low doping levels has been attributed to the removal of
structural defects (e.g., chloride vacancies) through the doping
process.”"

Because of the large disparity in timescales (six orders of
magnitude), the exciton and dopant PL decay channels are
easily isolated through spectrally integrated time-correlated
photon counting (Figure 1f). Details can be found in the SL
Generally speaking, the exciton PL decay is a stretched-
exponential with a 1—-10 ns lifetime, while the dopant emission
is a single exponential decay with a lifetime near 500 us.
Stretched-exponential decays are indicative of a wide range of
relaxation rates,’®* as detailed in the SI. Because we
independently know the QY of each channel—for brevity
referred to as fast (exciton) and slow (dopant)—we can extract
significant information from the lifetime data. The analysis in
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the SI gives us radiative lifetime from which we derive the
radiative and nonradiative rate constants. Specifically, the
radiative lifetime for exciton emission is

( T ) I (af_l)
Tfk = _¢ —
A (1)

where 7; is exciton lifetime, a; is the stretching exponent, I'(x)
is the gamma function, and ® = @, + P is the total QY, while
the radiative lifetime for dopant emission is 7, = 7,/®, where

7, is the slow PL lifetime. The corresponding radiative rates are

(ke ) =1, " and k, =7,_"", and from these we deduce the
R R R R

nonradiative rate constants

o -1 -1
ke, = % T

o T(a ) : 2)
and k., = 7;' — 7.'. The relevant quantities are plotted as a
function of doping content in Figure 1g.

A comparison of QY (Figure le) with the rate constants
(lower panels, Figure 1g) suggests that the ratio of radiative to
total rate follows the same trend as QY. Looking at radiative
and nonradiative rates in the lower panels of Figure 1g, the PL
kinetics of both the exciton (left, blue) and dopant (right, red)
are consistent with a steady increase in QY with doping, which
is linked predominantly to a drop in the nonradiative rate
constants. Focusing on exciton QY (blue, Figure le), one
might expect the opposite trend, but the measurements are
indicative of efficient energy transfer and an overall increase in
total QY with the added dopant. At the same time, Mn doping
enhances the exciton QY, particularly at Mn:Pb ratios of 1.0—
1.5 (x = 0.75 to 1.1%) where this enhancement accounts for a
large portion of the total increase in QY. This effect has been
reported previously and has been attributed to dopant-
mediated defect passivation.”” Here, the data in Figure 1
suggest just a slight rise in (k;) at maximum QY.

Size-Resolved Measurements. We can gain insight into
the nature of the doping profile by performing similar optical
measurements on size-resolved NC fractions isolated through
density-gradient ultracentrifugation (DGU) in mixed organic
solvents.**™* Details are given in the SL. NC size as a function
of fraction number (depth in the centrifuge tube) is calibrated
with transmission electron microscopy (TEM), with typical
images shown in Figure 2a and additional images and size
histograms presented in Figures S1—S3. By using identical
DGU and robotic extraction protocols for each parent, we can
map the fraction number onto NC size, with the measured
calibration curve presented in Figure S4. The exciton PL peak
vs NC edge length (L) is displayed in Figure 2b, while the
dopant PL peak vs L is presented in Figure 2c. We obtain a
wider emission window through the size separation of just two
doped parents (598 to 613 nm, Figure 2c) than what is evident
in the parents (595 to 605 nm, inset Figure 1c).

The data suggest that a transition occurs between Mn:Pb
ratios of 1.5 and 2.0 (x = 1.1 to 1.5%, respectively). Below this,
the exciton PL red-shifts with increasing size, consistent with
quantum confinement. Above this, quantum confinement
appears to stop at around L = 6.2 nm, while the dopant
emission red-shifts. The first feature is suggestive of Mn
impurities inducing defects at higher dopant levels that
effectively partition the NCs into subcrystals of smaller size,
while the red shift in dopant emission reflects the emergence of
dopant—dopant interactions at sufficiently high Mn concen-
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Figure 2. TEM images of (a) 2D NC superlattice for Mn:Pb = 1.5 (x
= 1.1%, £35, 20 nm scale), where the inset shows an individual NC for
Mn:Pb = 2.0 (x = 1.5%, f18, 2 nm scale). (b) Excitonic PL peak vs
edge length for size-separated NCs extracted from parents of a varied
dopant feed ratio, and (c) similar plot for the red dopant emission.
Marker labels in the plots indicate the Mn:Pb feed ratio.

tration. For L = 6.2 nm at Mn:Pb = 2 (x = 1.5%), there are
roughly 17 Mn atoms per NC, while for Mn:Pb = 1.5 (x =
1.1%), 17 dopants per NC corresponds to a slightly larger
length scale of around 6.9 nm, which is where a similar plateau
starts to emerge for Mn:Pb = 1.5, as shown in Figure 2b.
Despite these trends, TEM revealed no significant evidence of
defects for NCs in this size range (4—7 nm), although we
anticipate that such trends would be difficult to discern at these
NC sizes and doping levels.”

The QY as a function of NC size at varied doping levels
sheds additional light on the picture, with the first example
summarized in Figure 3 (Mn:Pb = 1.5, or x = 1.1%). Excitonic
emission is strong for these fractions, but weak dopant PL is
present as well (Figure 3a). Overall, with the exception of a
slight dip near L = 6 nm, the QY increases with increasing size,
falling naturally into the three labeled size regimes. Although
fractions were rejuvenated with additional ligands post DGU,
the QY of the fractions is slightly below that of the parent
(Figure 3b), which we attribute to the interval during/after size
separation where the NCs resided in a ligand-depleted
environment.”® Nonetheless, the exciton emission is much
stronger in the doped fractions, compared to undoped
CsPbCl,, and it dominates the total QY (Figure 3c). Figure
3d highlights the trend of increasing QY with increasing size
for the three regions in Figure 3b.

At just slightly higher doping levels (Mn:Pb = 2, x = 1.5%),
the behavior is quite different (Figure 4). Now, the PL is
dominated by the dopant (Figure 4a), with a maximum QY of
45% near L = 5.6 nm, which is well above that of the parent
(Figure 4b). The data again split naturally into three size
regimes (Figure 4b), but with different boundaries than those
shown in Figure 3. The dopant emission now dominates the
QY, with excitonic emission comparable to or below that of
pure CsPbCl; NCs (Figure 4c). Notably, both contributions to
QY exhibit a peak near L = 5.6 nm, and in contrast to the
behavior in Figure 3d, the QY first increases but then decreases
with increasing NC size, more sharply at larger sizes.
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Figure 3. PL characteristics of size-fractionated CsPb;  Mn,Cl; NCs
prepared at Mn:Pb = 1.5 (x = 1.1%). (a) PL spectra for the indicated
edge length, where the dopant emission peak has been multiplied by a
factor of 10 for clarity. (b) Total PL QY, where the horizontal dashed
line indicates QY of the parent suspension and the shaded blue
background is the absorption intensity. (c) Dopant (red) and exciton
(blue, doped/undoped) PL QY as a function of NC size. (d) Exciton
QY vs dopant QY. The three different size regimes discussed in the
text are delineated.
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Figure 4. PL characteristics of size-fractionated CsPb, ,Mn,Cl; NCs
prepared at Mn:Pb = 2.0 (x = 1.5%). (a) PL spectra for the indicated
edge length. (b) Total PL QY, where the horizontal dashed line
indicates QY of the parent suspension and the shaded blue
background is the absorption measured in an integrating sphere. (c)
Dopant (red) and exciton (blue, doped/undoped) PL QY as a
function of NC size. (d) Exciton QY vs dopant QY. The three
different size regimes discussed in the text are delineated.

The final and most critical piece of information is PL
relaxation. The PL decays for the fractions exhibit the same

temporal trends as the parents: stretched-exponential decays
for the excitonic channel and single exponential decays for the
dopant channel, with the description of the rate constants
derived above. Representative decay curves and additional
analysis can be found in the SI (Figure S4). Focusing first on
modest doping (Mn:Pb = 1.5, x = 1.1%, Figure Sa,b), there are
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Figure S. Photoluminescence lifetimes and the associated rate
constants for size-fractionated CsPb, Mn,Cl; NCs derived from
parents with Mn:Pb = 1.5 (x = 1.1%) (a and b) and Mn:Pb = 2.0 (x =
1.5%) (c—f). The plots on the left show both PL and radiative lifetime
vs size, while those on the right show the radiative and nonradiative
rate vs size. Dopant emission is indicated in red. The size regimes
delineated in Figures 3 and 4 are included.

two trends of note in the excitonic decay constants. First, in
comparison to Figure 3b, we see that the increase in QY with
size (the majority of the mass distribution in Figure 3b) is
simply due to a drop in the nonradiative rate constant (region
3, Figure Sb), where the radiative rate drops only slightly over
the same size range. Defect passivation by Mn is thus the root
cause of the increase in excitonic QY (see also Figure le),
while both rates (radiative and nonradiative) exhibit a peak
and both lifetimes a minimum, where the QY in Figure 3b is a
minimum (L &~ 6 nm). This peak represents the optimal NC
size, at a given Mn concentration, for efficient exciton—dopant
energy transfer.

This picture is further supported by the PL relaxation
response at Mn:Pb = 2 (x = 1.5%, Figure Sc—f), where the
excitonic lifetime now exhibits a minimum near L & 5.6 nm
(Figure Sc) where QY exhibits a maximum (Figure 4c). This
trend is also evident as a peak in the excitonic radiative rate but
with a nonradiative rate that is relatively flat (Figure 5d).
However, the radiative lifetime for dopant emission now also
exhibits a minimum near L & 5.6 nm, leading to the unusual
behavior shown in Figure 5f, where k;_exhibits a maximum at

the same point where k, . shows a minimum. The PL response
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Figure 6. Computational results based on DFT and nonadiabatic excited-state dynamics simulations. (a—c) DOS computed for LHP with (a) no
dopants, (b) 1 Mn** dopant, and (c) 2 Mn?* dopants. Insets show the atomistic structures with Pb = gray, Mn = purple, and Cl = green. (d)
Redfield tensor elements R;; for the pure (left) and doped (right) scenarios. (e) Nonradiative (left) and radiative (right) relaxation kinetics for the
pure lattice. (f) Nonradiative (left) and radiative (right) relaxation kinetics for the doped lattice. (g) Absorption spectra based on DFT for the three
scenarios in (a—c). (h) Thermally broadened excitonic (blue) and dopant (red) PL spectra computed from DFT for the single dopant scenario. (i)
Time-integrated PL from nonadiabatic excited-state dynamics simulations for the pure and doped lattice.

here is dominated by energy transfer (as opposed to
passivation), with the majority of radiative relaxation dumped
into the dopant emission channel. The critical NC sizes for the
peak exciton radiative rates (6 nm for x = 1.1% and 5.6 nm for
x = 1.5%) suggest a decrease in critical size with increased
doping, consistent with (5.6)%/(6)® ~ 1.1/1.5, where the peak
in the radiative rate occurs at around 13 Mn per NC in each
case. Note that the transition described here, which is
associated with a type of radiative resonance, is distinct from
that shown in Figure 2, which represents the onset of strong
doping at slightly larger size and a subsequent drop in QY.
Because the dopant emission exhibits a pure exponential
decay, we can assume that Mn is uniformly distributed.”” In a
Dexter-type energy transfer scheme mediated by phonons, the
exciton needs to be strongly localized around the dopant for
energy transfer to be efficient,™ and because the radiative rate
scales as the square of the dipole matrix element, strong
exciton/dopant overlap is critical for maximizing radiative
relaxation. Based on this, we can understand the measured
trends through a simple scaling argument. Let N denote the
number of dopants per NC, with n = N/L? being the density.
For a given L, there is a critical dopant number N, = n.L?,
where 1. o Rg® is the critical density and Ry ~ 2.5 nm is the
exciton Bohr radius of CsPbCl,."” At the critical point, the NC
has the optimal number of dopants: below this threshold there
is unutilized volume, while above this threshold dopant—
dopant interactions start to emerge. Assuming a mean size of L
= 6 nm for a parent suspension, the critical dopant number is
N, ~ 14, which occurs at x = 1.4% (Mn:Pb = 1.8), in
agreement with the trends shown in Figure le. The primary
handle for establishing optimum exciton—dopant energy
transfer, or “resonance”, is thus dopant density. However, for
NCs of arbitrary size and density not far removed from the
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critical point, we can use N, as a point of reference through nL?
= N.. For densities slightly below n,, for example, we will find
resonance at the slightly larger critical size L. o (N./n)"3,
which explains the trends discussed in the previous paragraph.

Quantum Simulations. For additional insight, we imple-
ment density functional theory (DFT) to model radiative and
nonradiative relaxation processes, where details of the
methodology can be found in the SI. We investigate three
atomistic models (insets, Figure 6a—c): a pristine CsPbCl,
bulk lattice, a model with one Mn?* dopant replacing the
central Pb**, and a model with two Mn** dopants connected
by a CI” bridge. For each, we compute the ground-state
electronic structure in a spin-polarized basis to account for the
open-shell nature of Mn** ions. We find that for one Mn>"
dopant, the lowest energy spin multiplicity is the ferromagnetic
S 5/2 configuration, while with two dopants the
antiferromagnetic S = 0 configuration is the ground state.
From the spin-polarized ground-state electronic configuration,
we compute the electronic structure in the basis of spinor
Kohn-Sham orbitals with spin—orbit coupling, where the latter
is crucial to the radiative properties of Mn** complexes. Figure
6a—c shows the computed density of states (DOS), where
additional electronic states are introduced inside the pristine
CsPbCl; band gap upon doping. Visual inspection of the
charge densities (Figures S7 and S8) reveals that these
additional states are Mn** 3d orbitals localized on the dopant
site. This gives the expected qualitative trend of Mn>*
electronic states residing inside the LHP band gap, enabling
dopant luminescence. Figure 6g shows computed absorption
spectra for each scenario, demonstrating how Mn—Mn
interactions red-shift the band edge, which is in qualitative
agreement with Figures Ic and 2e.
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For excited-state dynamics, we compute “on-the-fly” non-
adiabatic couplings along a molecular dynamics (MD)
trajectory for both pristine CsPbCl; and the lattice with one
Mn*" dopant. The data are processed into Redfield tensors
(Figure 6d), which represent nonradiative state-to-state
transition rates. The electronic states associated with the
dopant (Figure 6b) show strong coupling to the LHP lattice, as
evidenced by the emergence of off-diagonal elements in Figure
6d. Figure 6e,f shows the time-resolved nonradiative (left) and
radiative (right) dynamics for the pristine and doped models.
For the nonradiative decay, yellow (blue) represents the
negative (positive) charge density of the electron (hole), with
the dashed (solid) curve showing the electron (hole) energy
expectation value. There is clear nonradiative relaxation
induced by the dopant. Table S2 summarizes the carrier
cooling rates k,; to the lowest unoccupied (LU) and highest
occupied (HO) states.

For the radiative dynamics (right panels), the dark blue
background represents optically dark states while the yellow
and light blue regions represent emission. Integrated PL
spectra (Figure 6i) for the pristine model show exciton
emission (blue), while the doped model (red) shows dual
emission features: high intensity “red” dopant emission and
low intensity “blue” exciton emission from the LHP. Table S2
also summarizes the radiative and nonradiative recombination
rates, kp and kyg, respectively, and the resultant PL QY. The
PL linewidths from Figure 6e/f are artificially narrow, and to
account for electron—phonon coupling we implement MDPL
plots of oscillator strengths along the MD trajectory, as shown
in Figure 6h, for the pristine (blue) and doped lattice (red).
The linewidths qualitatively agree with the experiment, with
the LHP showing a narrower band and the dopant showing
broad band PL extending into the NIR. We emphasize that 1
Mn per cell in the simulations corresponds to x = 3.8%. This is
2X larger than the highest experimental values, and the
simulated QY is thus consistent with the large-size tail shown
in Figure 4b and the associated drop in QY. However, the
current simulations cannot capture the radiative charge transfer
revealed by the experiments in Figures 4 and S, with the main
obstacle being system size: a much larger simulation would be
needed to capture relaxation at the relevant and relatively low
dopant concentrations where resonance is expected to occur.

B CONCLUSIONS

In conclusion, we have studied the impact of Mn doping on
the radiative emission of CsPbCl; NCs from the unique
perspective of both NC size and dopant concentration. We
find dual synergistic radiative effects, with large enhancements
in both QYs (blue/exciton and red/dopant) over narrow
ranges of size and doping levels. Exciton emission is enhanced
at weak doping through defect passivation, while dopant
emission is enhanced at modest doping through exciton—
dopant energy transfer. Our measurements reveal that the
latter effect occurs at a critical point in the number of dopant
atoms per NC or where the Mn spacing roughly coincides with
the exciton Bohr radius of CsPbCl;. While both effects are
evident in parent suspensions queried as a function of the
doping level, they become more detailed in size-resolved
fractions derived from parent suspensions prepared at varied
doping density. Advanced computational techniques applied to
Mn-doped CsPbCl; in the high-doping limit are able
reproduce the dual emission trends, with emission dominated
by the dopant channel at high-doping levels. Our results offer

unique additional insight into the photophysical interplay of
doping, quantum confinement, and radiative relaxation in
LHPs, while clarifying the complexity of the underlying
kinetics. In particular, our results emphasize the critical role
of the dopant number per NC at the nanoscale, while
demonstrating a system where optimal QY is governed by the
emergence of radiative processes in addition to the suppression
of nonradiative channels.
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