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ABSTRACT: Mn-doped CsPbBr3 perovskite magic sized clusters (PMSCs) are
synthesized for the first time using benzoic acid and benzylamine as passivating ligands
and MnCl2·4H2O and MnBr2 as the Mn2+ dopant sources at room temperature. The same
approach is used to prepare Mn-doped CsPbBr3 perovskite quantum dots (PQDs). The
concentration of MnX2 (X = Cl or Br) affects the excitonic absorption of the PMSCs and
PQDs. A higher concentration of MnX2 favors PMSCs over PQDs as well as higher
photoluminescence (PL) quantum yields (QYs) and PL stability. The large ratio between
the characteristic Mn emission (∼590 nm) and the host band-edge emission shows
efficient energy transfer from the host exciton to the Mn2+ dopant. PL excitation, electron
paramagnetic resonance, and time-resolved PL results all support Mn2+ doping in
CsPbBr3, which likely replaces Pb2+ ions. This study establishes a new method for
synthesizing Mn-doped PMSCs with good PL stability, high PLQY and highly effective
passivation.

Semiconductor magic sized clusters (MSCs) have attracted
considerable attention due to their unique properties such

as a narrow size distribution (often single sized) and utilization
as building blocks for fabricating larger nanostructures with
atomic precision.1−3 MSCs are useful for studying the
evolution of fundamental properties from molecules to
quantum dots (QDs).4 Compared with conventional QDs,
the MSCs usually can be associated with the occurrence of
sharp peaks at persistent positions in optical absorption, which
correspond to much narrower optical absorption bands.4−6 To
date, II−VI semiconductor MSC materials, such as CdSe, CdS,
ZnS, ZnTe, and CdTe, have been intensively studied in terms
of chemical synthesis and theoretical investigations.7−12

However, only a few studies have been reported on metal
halide perovskite MSCs (PMSCs).3,6,13,14 The synthesis of lead
halide PMSCs (APbX3; A = CH3NH3 and Cs; X = Cl, Br, and
I) has been reported.15,16 Recently, in our group, the growth
and optical properties of methylammonium lead bromine
(CH3NH3PbBr3) and cesium lead bromide (CsPbBr3) PMSCs
were found to be strongly dependent on their capping ligand
composition and concentration.17,18

Doping is a key approach to altering the electronic, optical,
and magnetic properties of bulk and nanostructured semi-
conductors. For doped MSCs, examples includeMn-doped
(CdSe)13 MSCs, Cr-doped Si MSCs, Li-doped Al cluster
anions, Mn-doped ZnTe magic sized nanocrystals, Pd-doped
Au38(SC2H4Ph)24 MSCs, and Ti-doped Au MSCs.7,19−23 For
lead halide perovskites (LHPs), doping has only been
demonstrated for perovskite QDs (PQDs) using isovalent
metal ions, such as alkaline-earth metal ions (Ba2+, Sr2+),

transition-metal ions (Mn2+, Zn2+, Cd2+, Ni2+), and hetero-
valent metal ions (Fe3+, Bi3+), which exhibit distinct optical
and electronic properties compared with their undoped
counterparts and have improved performance in device
applications.24−30 However, to the best of our knowledge,
there has been no report on doped PMSCs.
In this work, we demonstrate the first successful synthesis of

Mn2+-doped CsPbBr3 PMSCs using benzoic acid (BA) and
benzylamine (BZA) as effective ligands together with
manganese(II) chloride tetrahydrate (MnCl2·4H2O) or
manganese(II) bromide (MnBr2) as the Mn2+ source at
room temperature. The same approach can be used to make
Mn-doped CsPbBr3 PQDs by adjusting the concentration of
ligands. The amount of MnX2 (X = Cl or Br) tunes the
excitonic absorption of the PMSCs (λ = 392−399 nm) and
PQDs (λ = 454−471 nm), with a higher concentration of
MnX2 favoring PMSCs over PQDs. All samples for Mn-doped
CsPbBr3 PMSCs and PQDs show a high photoluminescence
(PL) quantum yield (QY) (ca. 55−84%) and PL stability,
which are attributed to a low density of trap states due to
effective passivation. On the basis of photoluminescence
excitation (PLE), electron paramagnetic resonance (EPR) ,
and time-resolved PL (TRPL) results, we suggest that Mn2+ is
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confirmed to be doped into the PMSCs and PQDs of CsPbBr3.
In addition, compared with MnBr2, Mn2+ doping is more easily
achieved with MnCl2·4H2O, as reflected by the stronger Mn
emission, which possibly is attributed to the smaller ionic
radius of Cl− than Br− and thereby the easier accommodation
of the Mn2+ dopant.
Optical Properties and Exciton Dynamics of Undoped and Mn-

Doped CsPbBr3 PQDs and PMSCs. Figure 1a shows the

ultraviolet−visible (UV−vis) absorption and PL spectra of the
CsPbBr3 PQDs sample, with absorption and emission peaks at
497 and 503 nm, respectively, and the PL with a full width at
half-maximum (fwhm) of 20 nm. For the synthesis of CsPbBr3
PQDs, relatively small amounts of BA and BZA as capping
ligands were used, and the whole synthesis process was carried
out at room temperature. When increasing the concentration
of BA and BZA capping ligands, the UV−vis spectrum changed
substantially, as shown in Figure 1b, with a strong absorption
peak at 394 nm and an emission peak at 397 nm that has a
fwhm of 11 nm. The significantly narrow PL bandwidth
indicates the formation of CsPbBr3 PMSCs.15 With a relatively
moderate concentration of passivating ligands, the synthesized
product is a mixture of CsPbBr3 PQDs and PMSCs. The
corresponding UV−vis absorption and PL spectra of a
CsPbBr3 PQDs and PMSCs mixture are shown in Figure S1,
which shows one strong and sharp excitonic absorption peak at
396 nm, a weaker and broader excitonic peak at 480 nm, and
two emission peaks at 400 and 485 nm, with the bluer peaks
for PMSCs and the redder peaks for PQDs, respectively.
Therefore, more capping ligands favor CsPbBr3 PMSCs over
PQDs, as we previously found.18 Whereas there are several
reports about Mn-doped CsPbBr3 PQDs, there are no reports
on Mn-doped CsPbBr3 PMSCs.31 Our results on CsPbBr3
PMSCs synthesized using MnCl2·4H2O and MnBr2 as the
Mn2+ source represent the first of their kind.
Figure 2a shows a photograph of Mn-doped CsPbBr3

PMSCs and PQDs (with the amount of MnCl2·4H2O 0.10,
0.20, 0.30, and 0.40 mol) under the illumination of the UV
lamp. With an increase in the MnCl2·4H2O concentration, the
fluorescence color of the solution changed from green to blue,
pink, and orange. As shown in Figure 2b, the UV−vis spectra
of Mn-doped CsPbBr3 PMSCs and PQDs with 0.10, 0.20, 0.30,
and 0.40 mol MnCl2·4H2O have two or three excitonic

Figure 1. UV−vis absorption (solid) and PL (dashed) spectra for
undoped (a) CsPbBr3 PQDs and (b) CsPbBr3 PMSCs samples.

Figure 2. (a) Photograph of the samples in toluene under UV lamp irradiation (λex = 365 nm). (b) UV−vis absorption and (c) PL spectra for Mn-
doped CsPbBr3 PQDs and PMSCs samples with 0.10, 0.20, 0.30, and 0.40 mol MnCl2·4H2O. (d) PL and PLE spectra of Mn-doped CsPbBr3 PQDs
and PMSCs samples with 0.40 mol MnCl2·4H2O.
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absorption peaks at 392/411/464, 395/452, 398/450, and
399/447 nm, respectively, whereas their PL spectra show
emission peaks at 398/412/471/585, 411/455/589, 411/454/
590, and 411/455/591 nm, respectively, as shown in Figure 2c.
In particular, the broad emission band peak at ∼590 nm is
characteristic of the Mn2+ emission band.32−34 For the sample
with 0.40 mol MnCl2·4H2O, the PLE spectrum measured with
the emission wavelength at 591 nm shows two peaks at 417
and 451 nm, as shown in Figure 2d, which indicates that both
the CsPbBr3 PMSCs and CsPbBr3 PQDs are doped with Mn2+.
Interestingly, with an increasing amount of MnCl2·4H2O,

the PL emission peak for CsPbBr3 PQDs shows a blue shift
from 471 to 454 nm, whereas the PL emission peak attributed
to CsPbBr3 PMSCs (411 nm) remains unchanged. In addition,
with the amount of MnCl2·4H2O increasing from 0.1 to 0.2
mol, the first excitonic UV−vis and PL peaks for PQDs blue
shift from 464 to 452 nm and 471 to 455 nm, respectively.
However, when the amount of MnCl2·4H2O is increased from
0.2 to 0.3 and 0.4 mol, the blue shifts for PQDs are both
smaller. The blue shift for the PQDs is possibly due to the fact
that the enhanced passivation by the additional Cl− ions helps
to better passivate Pb2+ and Cs+ surface defects, which result in
smaller sized PQDs and thereby bluer excitonic absorption and
PL. Another possible reason is that there is anion exchange
between Cl− and Br− to increase the host band gap, producing
a mixture of CsPb(Br/Cl)3 and CsPbBr3 PQDs.35,36 With
increasing MnCl2·4H2O concentration, the Mn2+ emission
slightly shifts from 585 to 591 nm, indicating that the
coordination environment of Mn2+ may have changed. The
overall PLQYs for undoped and Mn-doped samples with
various concentrations of MnCl2·4H2O (0.10, 0.20, 0.30, and
0.40 mol) were measured to be 42, 55, 67, 74, and 84%,
respectively. The doped samples have higher PLQYs than the
undoped sample, and the PLQY increases with increasing
amount of MnCl2·4H2O, which is possibly due to the
passivation effect of the Cl− from MnCl2·4H2O and is
consistent with previous reports.37

In addition, we used isopropanol as a protonic solvent and
air to evaluate the stability of undoped and Mn-doped samples,
as shown in Figure S2a,b, respectively. Interestingly, the Mn-
doped CsPbBr3 PMSCs and PQDs are comparatively more
stable than the undoped sample, possible due to the better
passivation by the Cl− ions introduced with the Mn2+ dopant.
As shown in Figure 3a, for undoped CsPbBr3 PMSCs and

PQDs in chloroform, the UV−vis absorption spectrum exhibits
a strong and sharp excitonic absorption peak at 400 nm,
whereas the PL spectrum exhibits two emission peaks at 402
and 474 nm. For the Mn-doped (MnBr2) CsPbBr3 PQDs and
PMSCs, the UV−vis spectrum shows a strong and sharp
excitonic absorption peak at 396 nm, with the PL spectrum
showing three weak emission peaks at 398, 437, and 602 nm,
where the 602 nm PL peak is attributed to the characteristic
feature of d−d Mn emission.21,38

To determine Mn2+ doping, we conducted EPR studies of
Mn-doped (0.40 mol MnCl2·4H2O) CsPbBr3 PQDs and
PMSCs, BA/BZA/MnCl2·4H2O, BA/MnCl2·4H2O, and BZA/
MnCl2·4H2O samples. As shown in Figure 4a, the doped
samples showed the characteristic Mn2+ peaks.39 The Mn2+

EPR signal was weaker after the sample was washed, as
expected, because the Mn2+ ions in the solution can contribute
to the signal.33 The EPR signal for the final washed sample
should mainly be due to Mn2+ doped into the PMSCs or

PQDs. The broad features are likely due to the exchange
interaction between neighboring Mn2+ ions.33

Interestingly, when MnBr2 was used as a source for Mn2+ for
doping, all samples (unwashed, washed eight times, and
washed and concentrated) showed the six hyperfine lines of
Mn2+.31 The results suggest that the salt for Mn2+ makes a

Figure 3. UV−vis absorption (solid line) and PL spectra (dashed
line) showing (a) the undoped sample in chloroform and (b) the Mn-
doped (MnBr2) sample in toluene, which exhibits a new emission
peak (602 nm) corresponding to the Mn d−d transition.

Figure 4. (a) EPR spectra of Mn-doped CsPbBr3 PQDs and PMSCs,
BA/BZA/MnCl2·4H2O, BA/MnCl2·4H2O, and BZA/MnCl2·4H2O
samples. (b) EPR spectra of Mn-doped (MnBr2) sample in toluene at
room temperature.
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difference in the final doped products, possibly due to the role
played by the counterion (Cl− vs Br− in this case). It is possible
that Cl− can bridge two Mn2+ ions while Br− cannot, resulting
in the broad EPR spectrum for the sample with MnCl2·4H2O
as the Mn source.40−42

To further establish Mn2+ doping, we usedTRPL to
determine the PL lifetime. If Mn2+ doping was successful,
then we would expect a PL with a lifetime on the order of the
∼1.0 ms time scale, which is characteristic of a Mn2+ PL
lifetime.31,33,34 Figure 5 shows TRPL results obtained for

undoped and Mn-doped (0.20 mol MnCl2·4H2O) CsPbBr3
PMSCs and PQDs by exciting at 355 nm and monitoring at
600 nm. For the undoped sample, there is a very weak PL
signal at 600 nm with a lifetime of 77.5 ns, which can be
attributed to trap states of the host material. Importantly, the
PL lifetime from fitting the TRPL data is 0.882 ms for the
doped samples, which can be assigned to Mn2+ emission due to
the spin-forbidden transition from 4T1 to 6A1.

31 This result
clearly supports the successful doping of Mn2+ into the PMSCs
and PQDs.
Structural Properties. X-ray diffraction (XRD) patterns

(detailed in Figure S3a) of both undoped and Mn-doped
CsPbBr3 PQDs and PMSCs show a cubic-phase CsPbBr3
perovskite structure with a space group of Pm3m (JCPDS
no. 18-0364).18,43 With increasing MnCl2·4H2O, the XRD
peaks become broader, which indicates a smaller size and a
better passivation. In addition, some weak peaks are also
observed in the small-angle region, which suggests that the
XRD results may represent more of the aggregated or
assembled large structures upon drying rather than the original
CsPbBr3 PQDs or PMSCs in solution, similar to what we
previously found for undoped PMSCs.18 Interestingly, as
shown in Figure S3b, the magnified view of the XRD data
shows a small systematic shift in the peak position at 2θ ≈
21.5° and a shift in the peak toward higher 2θ values with more
Mn2+ doping. This shift suggests Mn2+ incorporation in the
lattice of CsPbBr3, where Mn2+ replaces Pb2+. The ionic radius
of Mn2+ is 0.97 Å, which is significantly smaller than that for
Pb2+ (1.33 Å).44,45 Therefore, this decrease in the average
cation size with increasing Mn2+ results in the shift of the XRD
peaks toward higher angles. In addition, energy-dispersive X-
ray spectroscopy (EDS) was carried out for the Mn-doped
CsPbBr3 PQDs and PMSCs with 0.10 mol MnCl2·4H2O. The
EDS mapping in Figure S4b−f shows the Cs, Pb, Mn, Br, and
Cl elements, respectively, and the analysis verified the

formation of a uniform distribution of 0.33% mass percentage
Mn2+ in the Mn-doped CsPbBr3 PQDs and PMSCs (Figure
S4g). Moreover, the high-angle annular dark-field scanning
transmission microscopy (HAADF−STEM) image of Mn-
doped CsPbBr3 PQDs and PMSCs reveals the same large size
as that in Figure S4a, which is similar to what has been
reported in previous work related to PMSCs.4 The same
occurred for QDs that aggregated into larger structures during
the TEM grid preparation. Therefore, the observed TEM
structures are not the same original isolated PMSC or PQD
structures in solution that were measured by optical spectros-
copy.
Electronic Properties by X-ray Photoelectron Spectroscopy. To

characterize the chemical composition and covalent bonding of
undoped and Mn-doped CsPbBr3 PMSCs and PQDs, X-ray
photoelectron spectroscopy (XPS) survey spectra were
measured. As shown in Figure 6a, for the undoped CsPbBr3
PMSC and PQD samples, the main peaks of Cs 3d3/2, Cs 3d5/2,
O 1s, Pb 4d3/2, Pb 4d5/2, N 1s, C 1s, Br 3s, Pb 4f5/2, Pb 4f7/2,
and Br 3d are clearly observed, respectively.46−48 At the same
time, for the Mn-doped CsPbBr3 PMSC and PQD samples, in
addition to these peaks, the signals of Mn 2p, Cl 2s, and Cl 2p
are observed at 130.6, 102.3, and 68.7 eV, respectively,
indicating the Mn2+ doping of the CsPbBr3 PMSCs and
PQDs.48 As shown in Figure 6b−d, for the undoped CsPbBr3
PMSCs and PQDs, the Cs 3d, Pb 4f, and Br 3d spectra show
the two Cs 3d peaks at 737.5 and 723.6 eV, the two Pb 4f
peaks at 142.7 and 137.7 eV, and the two Br 3d peaks at 68.7
and 67.7 eV, which correspond to Cs 3d3/2 and Cs 3d5/2, Pb
4f5/2 and Pb 4f7/2, and Br 3d3/2 and Br 3d5/2 electron energy
levels, respectively.48−51 Meanwhile, for the Mn-doped
CsPbBr3 PMSCs and PQDs, the Cs 3d, Pb 4f and Br 3d
spectra show the two Cs 3d3/2 and Cs 3d5/2 peaks at 737.6 and
723.7 eV, the two Pb 4f5/2 and Pb 4f7/2 peaks at 143.2 and
138.3 eV, and the two Br 3d3/2 and Br 3d5/2 peaks at 68.8 and
67.9 eV, respectively. Clearly, Cs 3d, Pb 4f, and Br 3d peaks are
all shifted to larger binding energies, in particular, the Pb 4f
and Br 4d peaks, and there is a positive shift (ca. 0.1/0.1, 0.5/
0.6, 0.1/0.2 eV) from undoped to Mn-doped CsPbBr3 PMSCs
and PQDs. This may be due to coordination bonding of Cl−
Cs, Cl−Pb, and Mn-Br on the surface of CsPbBr3, with Cs 3d,
Pb 4f, and Br 3d becoming more stable. In addition, compared
with the Cs 3d and Br 3d peaks, the Pb 4f peaks have a larger
red shift for the doped sample than the undoped sample,
indicating a more modified chemical environment and changes
in the electron density with Mn2+ doping.52

To better understand the chemical bonding environment for
Mn-doped CsPbBr3 PMSCs and PQDs, Cl and Mn were more
closely examined. As shown in Figure 6e,f, the Cl 2p peak can
be fit with two peaks (2p1/2, 2p3/2) with binding energies of
199.8 and 198.2 eV, whereas the Mn 3p peak can be fit with
three peaks (3p1/2, 3p3/2) with binding energies of 653.5,
645.1, and 641.8 eV.48,53 The results reveal the presence of Mn
and Cl in the Mn-doped CsPbBr3 PMSCs and PQDs.
Furthermore, compared with the standard XPS signal for
Mn2+ at 642.0 eV, the binding energy peak at 645.1 eV,
corresponding to Mn 2p core levels, is detected only in the
Mn-doped CsPbBr3 perovskite, indicating Mn2+ ions in the
CsPbBr3 structure.

48

Explanation of the Coproduction of Mn-Doped PQDs and
PMSCs. On the basis of the analysis of all of the results, we
summarize the key steps involved in the synthesis of Mn-doped
and undoped CsPbBr3 PMSCs and PQDs, as shown in Figure

Figure 5. Normalized TRPL decay curves of the undoped and Mn-
doped CsPbBr3 PQDs and PMSCs samples with 0.20 mol MnCl2·
4H2O.
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7. For the synthesis of undoped samples, the product is

CsPbBr3 PQDs when the ratio of the BA and BZA as capping

ligands is 1:1, whereas the product is a mixture of CsPbBr3

PQDs and PMSCs or pure CsPbBr3 PMSCs when the ratio of
the BA and BZA is 1.05:1 or 1.2:1, respectively. Also, the
concentration of BZA used for making pure CsPbBr3 PQDs is
half that used for making pure CsPbBr3 PMSCs or a mixture of
CsPbBr3 PQDs and PMSCs. Therefore, the ratio of CsPbBr3
PQDs and CsPbBr3 PMSCs depends on the ratio and
concentrations of BA and BZA, with more BA favoring
CsPbBr3 PMSCs. This is consistent with literature findings that
an equal molar ratio of organic acid/base as capping ligands
results in the formation of PQDs, whereas PMSCs start to be
produced when the organic acid/base ratio is larger than one.17

However, for the synthesis of Mn-doped samples, only
mixtures of CsPbBr3 PMSCs and PQDs can be produced,
even with a BA/BZA ratio larger than one, and no pure Mn-
doped CsPbBr3 PMSCs could be produced at the BA/BZA
ratio that produced pure undoped PMSCs.
Previous studies of Mn-doped PQDs found that their

characteristic absorption and host emission peaks shift slightly
(<20 nm) toward the blue compared with undoped PQDs. For
pure Mn-doped II−VI semiconductors, doping does not alter
the absorption and host emission positions.5,34,54−57 In our
case, when MnX2 is added to the reaction under the same
experimental conditions as those in the synthesis of pure
CsPbBr3 PMSCs, a mixture of Mn-doped CsPbBr3 PMSCs and

Figure 6. (a) XPS survey spectra of Mn-doped and undoped CsPbBr3 PMSCs and PQDs. High-resolution XPS analysis of Mn-doped and undoped
CsPbBr3 PMSCs and PQDs corresponding to (b) Cs 3d, (c) Pb 4f, (d) Br 3d, (e) Cl 2p, and (f) Mn 3p.

Figure 7. Schematic representation of Mn-doped and undoped
CsPbBr3 PMSCs and PQDs preparation.
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PQDs was produced. It has not been possible so far to generate
pure Mn-doped CsPbBr3 PMSCs. This is possibly because the
MnX2 changes the original acid/base equilibrium in the
solution so the ratio between CsPbBr3 PQDs and CsPbBr3
PMSCs generated is changed. It is also possible that MnX2
facilitates the growth of CsPbBr3 PMSCs into larger CsPbBr3
PMSCs or CsPbBr3 PQDs. Therefore, interestingly, the results
show that the synthesis of pure Mn-doped CsPbBr3 PMSCs is
sensitive to the Mn precursors used. Further study is needed to
clarify their exact role in determining the formation of PMSCs
versus PQDs.
In summary, we report the first successful synthesis of Mn-

doped CsPbBr3 PMSCs using BA and BZA as capping ligands
together with MnCl2·4H2O or MnBr2 as the Mn2+ source at
room temperature, and Mn-doped CsPbBr3 PQDs also can be
generated. The amount of Mn precursor used is found to affect
the excitonic absorption (λ = 392−399 nm) of the PMSCs and
PQDs (λ = 454−471 nm), with more MnX2 favoring PMSCs
over PQDs and resulting in a bluer absorption. This is possibly
due to the counteranions used (Cl− and Br−) that serve to
passivate the PMSCs or PQDs. Both the Mn-doped CsPbBr3
PMSCs and PQDs show high PLQY (ca. 55−84%) and good
PL stability, reflecting effective passivation and a low density of
band-gap trap states. The PLE, EPR, and TRPL results all
support Mn2+ doping into the CsPbBr3 PMSCs and PQDs. In
particular, PLE as a direct experimental evidence proves the
doping of Mn for CsPbBr3 PMSCs and PQDs. In addition,
compared with MnBr2, the Mn2+ doping is more easily
achieved with MnCl2·4H2O as the Mn source, as evidenced by
stronger Mn emission, which is attributed to the smaller radius
of Cl− compared with Br− and thereby a better accommoda-
tion of the Mn2+ ions. This work demonstrates the first
synthesis of Mn-doped PMSCs that are promising for
emerging optoelectronic applications such as single-photon
emitters.
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