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ABSTRACT: Impurity doping has been widely used to endow
semiconductor nanocrystals with novel optical, electronic, and
magnetic functionalities. Here, we introduce a new family of
doped NCs offering unique insights into the chemical
mechanism of doping, as well as into the fundamental
interactions between the dopant and the semiconductor host.
Specifically, by elucidating the role of relative bond strengths
within the precursor and the host lattice, we develop an
effective approach for incorporating manganese (Mn) ions into
nanocrystals of lead-halide perovskites (CsPbX3, where X = Cl,
Br, or I). In a key enabling step not possible in, for example, II−VI nanocrystals, we use gentle chemical means to finely and
reversibly tune the nanocrystal band gap over a wide range of energies (1.8−3.1 eV) via postsynthetic anion exchange. We
observe a dramatic effect of halide identity on relative intensities of intrinsic band-edge and Mn emission bands, which we ascribe
to the influence of the energy difference between the corresponding transitions on the characteristics of energy transfer between
the Mn ion and the semiconductor host.

■ INTRODUCTION

Lead halide perovskites have attracted a great deal of attention
as active materials for the realization of high-efficiency solar
cells,1−4 color-tunable light-emitting diodes (LEDs),5 and
lasers.6,7 More recently, nanostructures, especially nanocrystals
(NCs) of the hybrid perovskite8 (CH3NH3)PbX3

9 and the all-
inorganic perovskite CsPbX3 (X = Cl, Br, or I),10 have been
shown to exhibit narrow, highly efficient photoluminescence
(PL) tunable over the entire visible spectral range by control
over NC size and anion identity. Intriguingly, it has been shown
that due to the high mobility of anions in the relatively open
perovskite crystal structure,11 halide exchange can be used to
tune the NC composition postsynthetically under mild
conditions, allowing very fine control of the CsPbX3 NC
band gap while retaining both NC morphology and high PL
quantum yield (QY).12,13 This tunability gives CsPbX3 NCs
unique advantages over other NC materials for use in color-
selectable narrow-line-width LEDs14,15 and low-threshold lasers
based on single-16,17 and multiphoton18,19 pumping.
An additional level of control over the electronic and optical

properties of NCs can, in principle, be afforded by the
incorporation of impurity ions. Impurity doping has been
demonstrated as a means of introducing novel functionalities
into more traditional II−VI and III−V NCs where it is used to
impart p- and n-type behaviors,20 magnetism,21−27 and
impurity-based PL,28,29 in some cases coexisting with band-
edge PL, resulting in two-color emission.30,31 The most
commonly used impurity dopants to date are Mn2+,21,22,32−38

Cu2+,28,29,39 Ag+,20,40 and Co2+.26,41,42 Doping of II−VI

semiconductor NCs with Mn2+ has been particularly widely
studied21,22,32−36,38 because it potentially imparts both novel
magnetic and optical properties. Due to strong exchange
interactions of the 5/2 Mn2+ spin with conduction- and
valence-band carriers, incorporation of manganese into the
crystal lattice imparts paramagnetism to II−VI materials
including ZnSe,21 ZnS,43 CdS,36 and CdSe,26 in both bulk44

and nanocrystalline45 forms, which is clearly manifested at
cryogenic temperatures. At the same time, it also introduces a
new emission channel at ∼2.15 eV, due to an internal 4T1 to
6A1 transition of the Mn ion, which is largely insensitive to the
exact physical and electronic structure of the host material,
including the presence of electronic traps. This nominally
forbidden transition is activated by impact excitation46,47 from
the optically excited carrier of the NC host to the dopant ion,
resulting in relatively efficient emission with extremely long
relaxation time constants (ca. 1 ms).48,49 The time inverse of
impact excitation, that is, Auger recombination, has also been
demonstrated as a de-excitation pathway of the dopant ions
under electrochemically controlled charging conditions;50

however, in most circumstances radiative recombination of
the excited ions is the dominant relaxation mechanism. The
extended excited-state lifetimes have made such Mn2+-doped
NCs useful for sensitized mesoporous titania solar cells51 and
phosphorescence biosensing.52 Moreover, because of the
essentially fixed energy of dopant emission, a large, tunable
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Stokes shift can be realized by modifying the size or
composition of the host NC, which is of benefit for luminescent
solar concentrators53 and multiphoton biomedical imaging.54

In some cases, a Mn-related PL band was reported to be
observed simultaneously with intrinsic band-edge emission,21

which was initially interpreted in terms of coexisting
subensembles of doped and undoped NCs. However, follow-
up investigations of dual-band PL have revealed a clear
dependence of the relative intensities of the two bands on
the energy difference of the corresponding optical transitions,
suggesting that both PL features originate from doped NCs.30

The properties of dual-band emission have been typically
probed in Mn2+-doped II−VI NCs and nanoheterostructures23

through size-tuning of the host band gap using quantum
confinement effects. Reported methods for accomplishing this
present complications, because they involve prolonged heating
at high temperatures that can cause loss of dopants or poorly
controlled particle growth.34 In contrast, using CsPbX3 NCs
one has the ability to flexibly and reversibly change the band gap
energy via anion (halide) exchange at very mild conditions that
preserve the cation sublattice and NC dimensions.12,13

Here, we introduce a facile synthetic approach for producing
Mn2+-doped CsPbX3 (Mn:CsPbX3) NCs with finely tunable
anion content. This is accomplished by directly synthesizing
Mn:CsPbCl3 NCs, followed by anion exchange to create NCs
of Mn:CsPbBr3, Mn:CsPbI3, and those of mixed anion content.

In this approach, the host energy gap (Eg) can be continuously
and reversibly varied, after doping, over the range from 1.8 to
3.1 eV, which covers energies both below and above the Mn2+

d−d transition (EMn = 2.15 eV) while preserving NC size and
shape. These NCs represent a truly unique testbed for the
study of host−dopant interactions, as well as a versatile material
class for the development of technologies that can exploit
tunable Stokes shift or dual-color emission.

■ RESULTS

Synthesis and Microstructural Characterization of
Doped NCs. Mn-doped CsPbCl3 NCs were prepared using a
modified version of a previously reported synthesis of undoped
NCs10 in which a source of Mn is introduced into the reaction
mixture. As described in greater detail below, after testing
several possible Mn-precursors, we found MnCl2 allowed for
facile control of Mn-content in the product NCs. In a typical
reaction, PbCl2 and MnCl2 were dissolved in a mixture of
octadecene, trioctylphosphine, oleylamine, and oleic acid under
vacuum at 100 °C; nucleation and growth of particles was then
initiated by the swift injection of a cesium oleate stock solution
at 185 °C (see Supporting Information for details). NCs were
collected from the growth solution by centrifugation and
redispersion in hexane.

Figure 1. Morphological, spectral, and structural characterizations of undoped and Mn-doped CsPbCl3 NCs. (a) TEM and (inset) HRTEM of Mn-
doped CsPbCl3 NCs. The distance between lattice planes in the HRTEM image is 5.6 Å, consistent with that expected along the (100) direction of
the cubic perovskite structure. (b) XRD patterns of CsPbCl3 NCs with different doping concentrations (according to elemental analysis by ICP-
AES) showing that the cubic structure is preserved after Mn-doping. The estimated number of Mn2+ ions is based on a cube-shaped NC with side
length of 11 nm. (c) A subtle yet monotonic shift of the (200) XRD peak toward higher 2θ is the result of progressive lattice contraction as the
concentration of Mn2+ ions increases, as expected for substitutional replacement of Pb2+ ions with isovalent yet smaller Mn2+ ions. See Supporting
Information for a detailed analysis of the significance of this shift. (d) The optical properties of undoped (top) and Mn-doped (bottom) CsPbCl3
NCs. The absorption and PL spectra of undoped NCs are consistent with those from previous reports.10,12 Doped NCs exhibit dual-color emission,
with the broad peak at ∼586 nm arising from a Mn2+ d−d transition. The PLE spectrum for the Mn2+ emission peak resembles the absorption
spectrum, indicating that it is sensitized by the host NC.
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The as-prepared NCs show a cubic morphology with the
average side length of ∼11 ± 1.0 nm (Figure 1a, Supporting
Figures S1−S3), similar to the undoped ones (Supporting
Figure S4). Both high-resolution transmission electron
microscopy (HRTEM, Figure 1a, inset) and powder X-ray
diffraction (XRD, Figure 1b) demonstrate that the NCs are
highly crystalline. By variation of the Pb/Mn stoichiometry
during the reaction, different concentrations of dopant can be
achieved in the product NCs. As shown in Figure 1c, NCs with
various dopant concentrations [as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)]
have XRD patterns structurally identical to the undoped NCs.10

Careful examination of the XRD patterns reveals that the peaks
are monotonically shifted to higher angles with increasing
dopant concentration, as demonstrated for the (200) peak in
Figure 1c. This is consistent with lattice contraction due to the
substitution of Pb2+ ions (six-coordinate crystal ionic radius 133
pm) with smaller Mn2+ ions (97 pm).55 Despite the significant
difference in cation size, doped NCs are observed to have
stability much the same as undoped NCs. Both NCs retain their
crystal structures for at least several months, and are relatively
stable in air, although sensitive to moisture.
Undoped NCs exhibit absorption and PL features consistent

with previous reports,10 including narrow band-edge emission
[full-width at half-maximum (fwhm) of ca. 110 meV] at 402
nm (Figure 1d, top). The band-edge spectral features of doped
NCs are very similar in appearance but are joined by an
additional broad PL band (fwhm ca. 200 meV) attributable to
Mn2+ d−d emission, which peaks at ∼586 nm (Figure 1d,
bottom) independent of dopant concentration.44 The internal
Mn2+ transition is universally broad in doped II−VI systems in
both bulk and nanostructure morphologies.44,56 Importantly,
the PL excitation (PLE) spectrum collected by monitoring the
PL at 586 nm closely follows the absorption spectrum (Figure
1d, bottom), implying that just as in Mn-doped II−VI NCs,21
the nominally forbidden Mn2+ emission is sensitized by the
CsPbCl3 NC host, unambiguously demonstrating the success of
Mn2+ doping.
The as-prepared undoped CsPbCl3 NCs tend to have

relatively low PL QY (<5%), as previously observed.12,13 As
shown in Figure 2a, while doped NCs exhibit similar band-edge
emission QYs regardless of Mn concentration, the PL QY of
Mn2+ transition increased proportionately with the doping
level, up to a maximum of 27% for NCs containing 9.6% Mn
(relative to Pb), leading to an overall yellow-orange color of the
emission (Figure 2b). Attempted incorporation of still larger
amounts of Mn produces a product with qualitatively identical
spectral features but with dramatically lower QY for both band-
edge and dopant emission, implying that it comprises NCs with
surface or internal defects, possibly combined with other
reaction side-products. Closer inspection reveals that both the
band-edge absorption and PL peaks of Mn:CsPbCl3 NCs shift
very slightly yet continuously to the blue as Mn-concentration
increases (Figure 2c,d), despite no apparent change in NC size.
This phenomenon is similar to that observed in Mn2+-doped
CdSe NCs,34 in which it was attributed to effects of Mn-
alloying on the band gap of the host material itself. Similar
effects are likely involved in Mn:CsPbCl3 NCs; the broadening
of the band-edge absorption feature, then, reflects the statistical
variation of the number of Mn2+ ions doped into individual
NCs within the ensemble of a given average composition.
Effect of Identity of Mn Precursor. As with incorporation

of Mn2+ into II−VI NCs during growth,57 doping into lead

chloride perovskite NCs does not seem to be driven by
thermodynamic equilibrium forces but instead reflects the
influence of reaction kinetics, wherein among other factors, the
identity of the dopant precursor plays a vital role. Evidence for
this is drawn from a series of doping experiments using a variety
of manganese halides and carboxylates. As demonstrated above,
Mn:CsPbCl3 NCs with various doping concentrations can be
readily obtained with MnCl2 as the precursor. In fact, it is so
effective that 0.2% (by mole) of this compound in the reaction
mixture can lead to the appearance of Mn2+ emission. In
contrast, no evidence of doping was observed when
carboxylates such as Mn(ac)2, Mn(acac)2, and Mn(oleate)2
were used. From this, we might infer that the preexisting Mn−
Cl bond is beneficial for incorporation of Mn into the lattice of
the growing NC, where the Pb (or Mn) site features an all-Cl
coordination sphere. The use of precursors with preexisting
bonds to the desired anion has been found to help with
incorporation of dopants in II−VI NCs.26,41 In contrast, the
strong Mn−O bond in the carboxylate precursors raises a
barrier to inclusion, potentially due to both the thermodynamic
cost of breaking the bond and the disruption to lattice
formation imposed by any remaining carboxylate ligands.
Although the simplicity of this model is attractive, attempts

with Br− and I− containing NCs suggest more subtle factors are
at play. The addition of MnBr2 as the doping precursor during
synthesis of CsPbBr3 does not result in the characteristic Mn2+

d−d emission in product NCs; the absence of Mn is further
corroborated by ICP-AES elemental analysis. Likewise, no trace
of Mn is found according to ICP-AES of CsPbI3 NCs after
attempted doping with MnI2 [Mn2+ emission is not expected in

Figure 2. The dependence of Mn:CsPbCl3 NC optical properties on
dopant concentration. (a) While the absolute PL QY of the band-edge
emission is largely independent of dopant concentration, the PL QY of
the Mn2+ d−d transition depends on it directly. (b) Photograph of
hexane solutions of Mn:CsPbCl3 NCs of varying Mn-content
illuminated by a UV lamp (365 nm). Solutions were diluted to
exhibit the same optical density at 365 nm. The UV emission of the
host NC is essentially invisible, while the orange Mn-based emission
grows in intensity with dopant concentration. (c) Normalized
absorption and (d) PL spectra of Mn:CsPbCl3 NCs of varying dopant
concentration. Increased Mn-content is associated with a gradual blue-
shift of both the band-edge peak in absorption and the intrinsic NC PL
peak [expanded in the inset of panel d]; this can be attributed to the
effects of alloying on the NC band structure. The Mn-emission peak
grows in intensity with increasing Mn-content but does not shift.
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this case, since the band gap of the host material (1.73 eV) is
smaller than that of the Mn2+ d−d transition]. In light of these
findings, we suggest that the success of using MnCl2 as a
dopant can be attributed to the similarity of bond strengths
within the precursor and the growing lattice, rather than to any
specific common ion effects (see Discussion section).
Doping of Hybrid Perovskite NCs. To test the

applicability of this approach to similar systems, the full series
of common and mixed halide reactions were attempted using
(CH3NH3)Cl in place of cesium oleate, so as to produce Mn-
doped NCs of the hybrid perovskite (CH3NH3)PbX3. The
results were qualitatively identical, with prominent Mn-based
PL peaks observed for PbCl2/MnCl2 reactions (Supplementary
Figure S5).
Postsynthetic Halide Exchange. Recently, reversible

halide exchange under mild reaction conditions has been
reported in the literature for perovskites of various
morphologies including films,58 NCs,12,13 and nanoplatelets.59

In NCs, control over the amount of the injected halide
precursor has been shown to yield a predictable halide ratio in
the product NCs, allowing one to finely tune the band gap.
This is an especially intriguing possibility in the case of doped
perovskite NCs, wherein the relative intensities of the host and
Mn2+ emission bands should depend on the energy difference
between the NC band gap and the fixed energy of the Mn2+

transition.
We indeed found that Mn-doped CsPbBr3 and CsPbI3 NCs,

as well as NCs of mixed halide composition, could be obtained
by performing anion exchange on Mn:CsPbCl3 NCs. To start
with, we prepared Mn:CsPbCl3 NCs and reacted them with
PbBr2 as a bromide precursor to produce a series of
Mn:CsPbClxBr3−x NCs. During this process, the morphology
and the crystal structure are preserved (Supplementary Figure
S6a,b), as in the case of undoped NCs.12,13 As increasing
amounts of bromide precursor are added, the band-edge PL
peak shifts monotonically to the red, eventually reaching 2.49
eV, near the previously reported PL peak energy of pure
CsPbBr3 NCs (2.43 eV),12 while the Mn2+ emission, as an
internal transition, stays constant in energy throughout the
exchange (Figure 3a). Upon treatment of these Mn:CsPbBr3
NCs with PbI2 (Supplementary Figure S6c), the band-edge PL
shifts further to the red (Supplementary Table S1); eventually
its energy becomes smaller than that of the Mn transition, at
which point there is no longer any trace of Mn-based emission
(Supplementary Figure S7).
As anion exchange is performed, dramatic changes in the

intensities of both the band-edge and dopant emission are
observed. The first small amounts of bromide produce a
significant increase in the QY of both peaks (Supplementary
Figure S8). During subsequent addition, the QY of the band-
edge peak continues to grow until it stabilizes at a value
typically as high as 80%. In contrast, after the initial spike, the
PL QY of the Mn2+ transition slowly declines, ultimately
reaching <5% (Supplementary Figure S8). The net result is that
after some fluctuation in the region in which the intensity of
both peaks changes rapidly, the ratio of the Mn-to-band-edge
PL QY monotonically decreases with increasing Br− content
(Figure 3a and Supplementary Figure S9a). This might imply
the loss of Mn during the anion exchange reaction; however, we
observe that this trend is reversible. Specifically, applying a
reverse halide exchange from Br− to Cl− to the same NC
sample using PbCl2 as the precursor (Figure 3b and
Supplementary Figure S9b) causes the band-edge peak to

blue-shift back to its original position. This is accompanied by a
restoration of the amplitude of the Mn PL peak, which virtually
retraces the changes observed during the direct Cl-to-Br anion
exchange (Figure 3c). While the recovery of the Mn emission is
not complete (see analysis below in Discussion section), it is
clear that the evolution of the PL spectra is not due to changes
in Mn content and is instead a function of changes in the
branching ratio between the two emission channels occurring
as a result of the change in the band-edge transition energy.
Specifically, the closer Eg is to EMn, the greater the relative
intensity of the band-edge PL compared to the intensity of the
Mn PL peak.

Figure 3. The evolution of Mn:CsPbCl3−xBrx NCs PL energy and
intensity during anion exchange. (a) PL spectra of NC samples taken
during progressive Br− anion exchange using PbBr2, starting with
CsPbCl3 NCs (bottom). Spectra are normalized at the peak of the
band-edge (shorter-wavelength) emission feature. The expected
gradual red shift of the band-edge emission was accompanied by a
suppression of Mn-emission. (b) PL spectra of NC samples during the
reverse anion exchange reaction, starting at the top with the most Br-
rich sample from panel a, using PbCl2. As Br-content decreases, the
band-edge peak blue-shifts and the intensity of the Mn-emission
recovers. (c) The dependence of the ratio of the PL QY of the Mn-
and band-edge-emissions (PLMn/PLeh) on band edge PL wavelength
during both the forward (blue) and reverse (red) anion exchange
reactions. The incomplete recovery of Mn2+ PL intensity during the
reverse reaction reveals some amount of Mn2+ loss through cation
exchange with excess Pb2+ from the Pb-halide precursor. (d)
Dependence of the PLeh/PLMn ratio on the difference between the
band gap and Mn2+ transition energies. Ion exchange is accomplished
using PbCl2 (black squares), OLA-Br (red circles), or PbBr2 (blue
triangles) as precursors. Solid lines with corresponding colors are fits
based on an energy transfer model (eq 1) relating the intensities of the
two transitions to their energy difference.
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■ DISCUSSION

Doping of Mn2+ into II−VI semiconductor NCs has been
demonstrated to be much more difficult than doping of
corresponding bulk materials. This is because for NCs, the
proximity of all lattice sites to the surface means that thermal
equilibrium between the impurity reservoir in solution and the
dopants included within the NC favors exclusion. Indeed, at
typical colloidal synthesis temperatures (<350 °C), the
impurity diffusion rate into the semiconductor lattice is
negligible.57 Therefore, doping is accomplished via control
over kinetic factors. In one example of this, Erwin et al.57

proposed that impurity incorporation can be affected by taking
advantage of strong binding of dopant ions to specific crystal
facets, followed by material overgrowth. Alternatively, doping
has also been achieved by using polychalcogenide precursors,
which feature Mn directly bound to other lattice constituents in
cluster form, favoring inclusion.41,60 This latter case is not
unlike what we observe in the synthesis of Mn:CsPbCl3 NCs, in
which the pre-existing Mn−Cl bond of the MnCl2 precursor
seems to favor Mn incorporation.
As mentioned in Results, this approach does not work for

doping CsPbBr3 and CsPbI3. To explain this disparity, we
examine the potential role of bond strengths within the
precursor and growing lattice, using the energy of homolytic
dissociation of diatomic molecules for the sake of these
comparisons. In the most successful doping example, the bond
dissociation energy of Mn−Cl (338 kJ/mol)61,62 is only slightly
higher (by 12%) than that of Pb−Cl (301 kJ/mol).62 We
suggest that the similar bond energy favors mixing of these
isovalent ions within the lattice, leading to the successful
doping. In contrast, the energy difference is much larger for the
other two cases. For instance, the Mn−Br (314 kJ/mol)61,62

bond is stronger than the Pb−Br bond (249 kJ/mol)62 by 26%
and the bond energy of Mn−I (282 kJ/mol)61,62 is fully 46%
greater than that of Pb−I (194 kJ/mol).62 This large disparity
in bond energies is likely to favor extended domains of MnX2
over a dispersion of Mn2+ within the perovskite lattice,
preventing formation of doped NCs. This correlation between
precursor bond strengths and doping success suggests that
precursor decomposition is an important step in the NC
formation reaction. This finding provides a simplifying yet
useful guide for the identification of other potential doping
precursors, perhaps even for other impurity metals. However, a
more quantitative assessment of the precise impact of precursor
bond strength would require consideration of other energetic
contributions, including those of solvation.
As a means for validating this model, we attempted the

doping of CsPbCl3 NCs with MnBr2 as the manganese
precursor, noting that the bond energy difference between
Pb−Cl and Mn−Br is a mere 13 kJ/mol (∼4%), suggesting that
doping should occur. Indeed, as shown in Supporting Figure
S10a−c, the NCs produced by this reaction evince the dual-
color PL indicative of Mn-doping. Interestingly, the band edge
emission for these NCs is red-shifted from that of pure
Mn:CsPbCl3 NCs, indicating the formation of mixed halide
Mn:CsPbClxBr3−x perovskite NCs, and in turn implying the
retention of at least some Mn−Br bonds during incorporation.
The highest achievable doping concentration via this mixed
anion reaction is significantly lower (ca. 0.1%, corresponding to
10 Mn2+ ions per NC on average; Supporting Table S2) than in
the fully chloride case. This may indicate that halide exchange
occurs between PbCl2 and MnBr2 precursors in solution,

leading to the formation of PbBr2 and MnCl2, a reactant pair
that does not favor formation of a doped product. Very similar
results were produced in the synthesis of Mn:CH3NH3-
PbBrxCl3−x hybrid perovskite NCs using PbCl2/MnBr2 reaction
mixtures (Supplementary Figure S10d−f).
Thus, postsynthetic anion exchange of Mn:CsPbCl3 is the

best way to achieve doped NCs of other halide content, which
offers the added advantage of reversibility. It is important to
note that during the process of reverse anion exchange from
Mn:CsPbBr3 to Mn:CsPbCl3, the recovery of Mn-emission
intensity relative to that of the band-edge transition is not
quantitative (Figure 3b,c). Given the relation between dopant
concentration and dopant-related PL QY, this suggests some
loss of Mn2+ during the halide exchange reactions. By
comparing the Mn-to-band-edge PL QY ratio for the lowest
Br-content samples during both forward and the subsequent
reverse exchange reaction (Supplementary Figure S9a,b), we
see a drop in Mn emission consistent with a ca. 50% reduction
in Mn content. We attempted to verify this using elemental
analysis by ICP-AES to determine the Mn2+ to Pb2+ ratio of
samples during the forward and reverse exchange (Supple-
mentary Table S3). These measurements largely corroborate
the loss of Mn, implying some amount of cation exchange of
Pb2+ for Mn2+ that may happen continuously throughout both
exchange processes. However, while the ultimate Mn/Pb ratio
is only 9% of that measured before the exchange cycle, the PL
QY ratio (Mn/band edge) is still fully 50% of the original,
suggesting that the elemental analysis is influenced by
additional Pb2+ ions bound to the NC surface because of the
extremely Pb-rich exchange reaction conditions. By the
arguments offered above for achieving successful Mn-doping,
it seems likely that the loss of Mn should also be affected by
precursor versus lattice bond energy. In support of this, we note
that the continued halide exchange of the product Mn:CsPbBr3
using PbI2 to produce Mn:CsPbI3 proceeds with negligible loss
of Mn, as does the direct reverse exchange of Mn:CsPbI3 back
into Mn:CsPbCl3 using PbCl2 (see Supplementary Table S1);
this is likely a direct result of large energy differences between
the lead−halide bonds of the anion exchange precursors and
the manganese−halide bonds of the lattice in each case.
By extension, this model predicts that halide exchange using

alternative, Pb-free precursors should proceed with no loss of
Mn. Indeed, we find that oleylamine bromide (OLA-Br) can be
used to convert Mn:CsPbCl3 into Mn:CsPbBr3 with
quantitative retention of Mn2+ according to ICP-AES (see
Supplementary Table S4). Unfortunately, so far the usage of
OLA-X tends to lead to irreversible loss of the dispersibility of
NCs, possibly due to a change in the surface stoichiometry of
the NCs toward excess halide content, making it impossible to
perform sequential exchanges. Nonetheless, in a forward Cl− to
Br− exchange experiment, the use of OLA-Br results in the
same pattern of changes in peak energy and intensity
(Supplementary Figure S9c) as that observed for PbBr2
(Supplementary Figure S9a), confirming that the reduction of
the Mn-PL intensity relative to the intensity of the band-edge
PL with increasing Br content occurs even when Mn is fully
retained.
The dependence of the QY of the band-edge emission on

halide content is in agreement with our own prior
observations,63 as well as those in other reports,12 indicating
that undoped CsPbBr3 NCs generally exhibit higher emission
QY than CsPbCl3 NCs. We suggest that the opposite
dependence of the PL intensity due to the Mn2+ transition,
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that is, its decrease with increasing Br content (Figure 3a,b;
Supplementary Figures S9a−c), is the result of the band gap-
dependent redistribution of the photogenerated excitons
between the band-edge and Mn-related emission channels
(Figure 4). Ideally, in the absence of nonradiative processes, the
ratio of the PL intensities for these channels reflects the balance
between the corresponding radiative decay rates and the rates
of direct and back energy transfer between the semiconductor
host and Mn2+ ions. The forward band edge-to-Mn2+ energy
transfer and the reverse process (Mn2+-to-band edge transfer)
are inherently related, and the balance between them is
established principally by the energy difference (Δ) between
the two transitions. The forward transfer is energetically
favorable, while the back transfer is unfavorable and therefore
requires thermal activation. This mechanism was previously
used to elucidate the dual color emission in the ZnMnSe/CdSe
system.30 Quantitatively, the QY ratio can be expressed as30

=
+ α− Δ

k

k
k

k k
PL
PL e kT

Mn

eh

Mn,rad

eh,rad

ET

Mn ET
/

(1)

where PLMn and PLeh are the experimentally measured PL
intensities of the Mn2+ and band-edge transitions, respectively,
kMn,rad and keh,rad are the corresponding radiative decay rate
constants, kET is the rate of band edge-to-Mn2+ energy transfer,

while the rate of back energy transfer is given by kBET =
kETexp(−αΔ/kT), kMn is the total de-excitation rate (radiative
and nonradiative) of Mn2+ ions, and α is a constant of the order
of unity that accounts for details of the NCs’ and the Mn2+ ions’
electronic structures, the relative positions of their energy
levels, and specifics of the energy transfer process. While a
rigorous physical interpretation of α is not yet available, our
experimental data acquired during exchange reactions under
three different sets of conditions consistently produce a narrow
range of α values between 0.39 and 0.44, supporting its
assignment as a materials-specific constant. When using eq 1 for
data modeling, we make a simplifying assumption that kMn =
kMn,rad, as radiative processes under normal conditions
dominate Mn2+ de-excitation. As mentioned above, QYs and
radiative rates in perovskite NCs depend on halide content; our
analysis of PL spectra and dynamics in undoped CsPbX3 NCs
with varying halide content show a nearly monotonic increase
in keh,rad as the band gap increases (Supporting Figure S11). We
use a linear fit to this data in eq 1 when modeling the measured
intensity ratios for the band-edge and Mn2+ PL bands (Figure
3d).
In principle, the rates of direct and reverse energy transfer are

expected to depend on the number and exact location of the
Mn2+ ions. During the halide exchange, however, these
parameters do not change as the cation sublattice (including

Figure 4. The evolution of the energy level diagram of Mn:CsPbX3 NCs during forward and reverse anion exchange; CB and VB denote the
conduction and the valence band of the NC, respectively. The relative intensities of the two PL features of Mn:CsPbX3 NCs is established by the
interplay of rates of several competing processes, including band edge electron−hole recombination (keh) and deactivation of the Mn2+-based d−d
transition (kMn), as well as forward (kET) and back (kBET) energy transfer between the NC and the impurity. The competition between the latter two
processes is also strongly influenced by the energy difference, Δ, between the band edge and Mn2+-based transitions. In freshly prepared
Mn:CsPbCl3 NCs, Δ is large and positive, favoring forward energy transfer and strong Mn2+-based PL (spectrum shown by yellow shading). After
anion exchange with PbBr2, in the resulting Mn:CsPbBr3 NCs, Δ is still positive, but much smaller; in addition, some Mn2+ is lost to ion exchange
with Pb2+. Both effects lead to reduced Mn2+-based PL (spectrum shown by orange shading; amplitude multiplied by a factor of 10). Further
exchange with PbI2 produces Mn:CsPbI3 NCs, in which Δ is negative, resulting in no Mn2+-based PL. Finally, reverse anion exchange to return to
Mn:CsPbCl3 NCs restores the large, positive Δ, which leads to re-emergence of Mn2+-based PL; the intensity of the impurity band; however, is
diminished (spectrum shown by orange shading) due to the loss of Mn2+ when Pb-containing exchange precursors are used.
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incorporated Mn2+ ions) seems to remain largely undisturbed.
Under these conditions, we expect that the principal parameter
affecting the ratio of the band-edge and Mn PL intensities is the
difference between transition energies Δ. This is truly a unique
situation, which is difficult to realize with other approaches to
tuning a material’s band gap. Our conjecture of the dominant
role of Δ in defining the PL intensity ratio is validated by the
excellent agreement between our measurements (symbols) and
model (solid lines) shown in Figure 3d for three different
halide-exchange precursors. A subtle but consistent feature of
the data sets is that the PL ratio passes through a minimum at a
relatively high Δ value in the range of 0.7−0.9 eV, an effect that
is captured by the model only when one accounts for the band
gap dependence of keh,rad (see Supporting Figure S11).
Depending on halide precursor, the kET/kMn ratio determined
from the fits is in the (35−82) × 103 range, yielding energy
transfer lifetimes of 3−8 ns based on a literature value of kMn =
3.7 × 103 s−1, observed for Mn-doped II−VI NCs.49 This is ∼2
orders of magnitude slower than the previously estimated
energy transfer rate for Zn1−xMnxSe, meaning that the radiative
rate of the band-edge transition is very similar to that of energy
transfer to Mn. This similarity is a primary factor responsible
for the unusually fast reduction in the Mn emission intensity as
the thermodynamic driving force for energy transfer, Δ,
decreases. The strikingly slower energy transfer rate in
Mn:CsPbX3 NCs suggests that the strength of interactions
between the band-edge carriers and dopant electrons is reduced
relative to that observed in Mn-doped II−VI NCs.32 Previous
studies have found that coupling between NC host and dopant
carriers can be enhanced by quantum confinement.64 Because
of the smaller Bohr exciton radii of CsPbX3

10 and the relatively
large NC sizes in this study, our materials exhibit much weaker
quantum confinement than in, for example, Mn-doped ZnSe
NCs,21 which may factor into the difference in energy transfer
rates between the two systems.

■ CONCLUSIONS
Dual-emissive Mn2+-doped perovskite NCs have been prepared
by inclusion of appropriate Mn precursors during NC growth,
where the choice of precursor is based on bond-strength
considerations. This method should prove applicable to doping
of other types of nanostructures such as nanoplatelets8,65 and
nanowires,66 and even bulk perovskites. In this way, it
significantly expands the toolbox of synthetic approaches to
controlling functionality of these new classes of materials.
Further, exploitation of the previously demonstrated facile
anion exchange reactions affords the opportunity to finely and
reversibly tune the band gap of these NCs in a manner
impossible to achieve in the long-studied doped II−VI NCs.
This should allow for substantial flexibility in the engineering of
these NCs as dual-color emitters for sensing and labeling as
well as for applications as down-converting phosphors and
active elements of LEDs. In addition, the ability to change the
halide composition without altering the cation sublattice
comprising Mn ions provides a unique opportunity for
systematic studies of interactions between the impurity and
the semiconductor host as a function of halide content, which
controls such characteristics of the NCs as the band gap energy
and the radiative decay rate of band-edge excitons.

■ METHODS
Synthesis of Mn-Doped CsPbCl3 NCs (Mn:CsPbCl3).

Mn:CsPbCl3 NCs were prepared by injecting a Cs(oleate) stock

solution into a heated and stirring solution of PbCl2 and MnCl2 in dry
octadecene (ODE) with oleic acid (OA), oleylamine (OLA), and
trioctylphosphine as surfactants. The reaction mixture was cooled by
immersing the flask in cold water immediately after the injection. Due
to the low solubility of the NCs in the ODE solution at room
temperature, they could be separated out through precipitation, with
the assistance of centrifugation. The precipitate was dissolved in
toluene, and washed again by precipitating via the addition of
acetonitrile, centrifugation, and redispersion in toluene. The dopant
concentration was controlled by varying the ratio of the MnCl2 and
PbCl2 precursors. Mn2+-doped CsPbCl1−xBrx NCs were synthesized by
replacing MnCl2 with MnBr2 while keeping the rest of the reaction
parameters the same. Detailed procedures are described in Supporting
Information.

Postsynthetic Anion Exchange. The anion exchange reaction
was performed at room temperature under inert atmosphere using
Schlenk-line techniques. To prepare Mn:CsPbCl3−xBrx NCs, the as-
synthesized Mn:CsPbCl3 NCs were dispersed in anhydrous hexane. A
PbBr2 stock solution was slowly added to a vigorously stirring NC
solution. Progress in the halide exchange reaction was monitored by
performing absorption and PL measurements on aliquots taken
periodically during the reaction. With the addition of the Br−

precursor, a monotonic red shift of the band-edge PL was observed.
In an alternative approach, PbBr2 was replaced with OLA-Br, with the
remaining reaction parameters left the same. After the reaction, the
NCs were separated by centrifugation and redispersed in anhydrous
hexane. Applying the same anion-exchange protocol, the fabricated
Mn:CsPbCl3−xBrx NCs could be converted into Mn:CsPbBr1−xIx or
Mn:CsPbCl3 NCs, using PbI2 or PbCl2, respectively, as precursors.
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