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ABSTRACT: Transition-metal ion doping has been demonstrated to be effective for tuning
the photoluminescence properties of perovskite quantum dots (QDs). However, it would
inevitably introduce defects in the lattice. As the Mn concentration increases, the Mn dopant
photoluminescence quantum yield (PLQY) first increases and then decreases. Herein the
influence of the dopant and the defect states on the photophysics in Mn-doped CsPbCl3 QDs
was studied by time-resolved spectroscopies, whereas the energy levels of the possible defect
states were analyzed by density functional theory calculations. We reveal the formation of
deep interstitials defects (Cli) by Mn2+ doping. The depopulation of initial QD exciton states
is a competition between exciton−dopant energy transfer and defect trapping on an early time
scale (<100 ps), which determines the final PLQY of the QDs. The present work establishes a
robust material optimization guideline for all of the emerging applications where a high PLQY
is essential.

Doping Mn2+ ions into the lattice of quantum dots (QDs)
has attracted extensive attention because it creates stable

sub-band-gap Mn2+ d−d emission (4T1−6A1) with an
extremely long lifetime.1−4 This property broadens the scope
of the optoelectronic application of these QDs.5,6 Because the
Mn2+ d−d emission is triggered by the energy transfer (ET)
from the QDs after photoexcitation, selecting host QDs with a
suitable optical band gap and a high photoluminescence
quantum yield (PLQY) is essential. Doping Mn2+ in
conventional II−VI semiconductors QDs is feasible, but the
PL of the QDs themselves is restricted by the sub-band-gap
defect states.6−11 On the contrary, the highly ionic lattice of all
inorganic cesium lead halide (CsPbX3) perovskite QDs renders
these nanomaterials highly tolerant to defects with a much
higher PLQY compared with the II−VI QDs.12,13 In addition,
Mn2+ and Pb2+ have similar ionic radii and comparable bond
dissociation energies toward halide ions.14 Therefore, doping
Mn2+ ions in perovskite QDs has recently been widely
investigated.15−21 However, the reported PLQY of the Mn2+

d−d emission in doped QDs is below expectations.21,22 This
raises important questions regarding the dynamics of the
excitons and charge carriers after the excitation of host QDs
and their correlations with the dopants.21 Previous research
focused on the exciton−dopant ET process without consider-
ing any influence from the defect trapping.15,23,24 Recent
studies put forward a trap-mediated exciton−dopant ET model
where initially excited charge carries would first be localized in

a shallow trap before they could migrate to the Mn2+

states.5,25,26 However, the origin and energy alignment of
such a trap state versus a dopant state remain unjustified. In
addition, doping metal ions could generate deep defects in the
lattice to quench the PL emission,27−29 which may more
greatly affect the final PLQY of the doped QDs.
In this contribution, we first confirm the major internal trap

states in Mn-doped CsPbCl3 QDs to be the doping-induced
interstitials Cli via density functional theory (DFT) calcu-
lations. Such defect states locate deep within the Mn2+ orbitals.
The charge-carrier trapping as well as the exciton−Mn ET
dynamics with various doping concentrations are then analyzed
using transient absorption (TA) and time-resolved photo-
luminescence (TRPL) spectroscopies. We conclude that
exciton−Mn ET occurs within tens of picoseconds, with the
transfer rate first increasing and then decreasing with the
increase in Mn dopants. Concurrently, hole trapping at the
doping-induced Cli states happens at ∼83 ps. Instead of
mediating exciton−dopant ET, such deep trap states mainly
quench the intrinsic emission from the QDs, which competes
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with the ET process. Such competition determines the overall
PLQY of the dual emission in QDs. This work provides a novel
foundation for understanding the photophysics of transition-
metal-doped perovskites QDs.
The Mn-doped CsPbCl3 QDs were prepared by the reported

hot-injection methods.23 (For details, see the Experimental
Section in the SI.) Figure 1a,b shows the morphology and the

structure of the doped QDs. The TEM images in Figure S1
indicate that Mn doping could slightly shrink the crystal size of
QDs from 8.6 to 7.3 nm, probably due to the higher formation
energy of doped QDs confirmed in the following calculations,
which reduces the critical particle size during the Ostwald
ripening. The Mn concentrations in the lattice determined
from coupled plasma mass spectroscopy (ICP-MS) are about
0, 0.1, 0.2, 0.6, 1.8, and 38% with the increasing MnCl2
precursor concentration. (See Table S1 for the feeding ratio.)
Figure 1c illustrates the absorption and emission spectra of
undoped and doped QDs. The absorption band edge of all
QDs is ∼405 nm, corresponding to an optical band gap (Eg) of
3.06 eV regardless of the doping level. No obvious dopant-
related absorption band can be observed due to the spin-
forbidden d−d transition of the Mn2+ dopant states (4T1−6A1).
The doped QDs exhibit an extra broad Mn2+ d−d emission
band at ∼600 nm, in addition to the narrow exciton emission

at ∼405 nm. Figure 1d and Table S2 illustrate the evolution of
the PLQY for these two types of emission with the increasing
doping level. The band-edge exciton PLQY decreases
monotonously, whereas the Mn2+ emission QY first increases
and then decreases with the maximal QY at a Mn
concentration of 0.6%. Consequently, the overall PLQYs of
the QDs follow the same trend as those of the Mn2+ emission.
The PLQY change should directly correlate with the rates
between the radiative and nonradiative recombinations of
photogenerated charge carriers. For conventional QDs, it is
generally interpreted by the diminishing/introduction of the
defect states. However, in our case, the QD−Mn ET also
contributes to depopulating the initial photoexcited charge
carriers in the host QDs,16 which complicates the scenario.
Here we first analyze the possible condition of doping-induced
defects via structure characterization. TEM studies confirm the
absence of long-range-order lattice changes after doping (cf.
Figures S2 and S3). The electron paramagnetic resonance
(EPR) measurement of the as-obtained QDs (Figure 1e) and
QDs under various conditions (Figure 1f) demonstrates that
Mn2+ ions occupy Pb2+ sites with an octahedral ligand field and
uniform distribution in the lattice. (For a detailed discussion,
see the SI.) The Cs 3d, Pb 4f, and Cl 2p X-ray photoelectron
spectroscopy (XPS) core levels also remain constant for all
samples (Figure S4). These results all indicate the unchanged
local structure with different doping concentrations.
To further establish the appearance of the doping-induced

defect states in the QDs, DFT calculations (Figure 2 and
Figures S6−S9) have been conducted. (For details of the
calculation, see the Experimental Section in the SI.) The
calculated Eg from the valence band maximum (VBM) to the
conduction band minimum (CBM) of undoped CsPbCl3 is
∼2.5 eV (Figure 2), which is naturally smaller than the
experimental values when using the PBE exchange-correlation
functional. The CBM and VBM are dominantly contributed by
Pb and Cl orbitals, respectively (Figure S6). The calculated
Mn d orbital resides within the Eg, with the d−d transition
energy around 2.0 eV, which is consistent with the Mn2+

emission energy observed in the PL spectra. In the next step,
all of the possible point defects in the Mn-doped lattice,
namely, vacancies (Mn−VCs, Mn−VPb, and Mn−VCl),
interstitials (Mn−Csi, Mn−Pbi,, and Mn−Cli), and antisites
(Mn−CsPb, Mn−CsCl, Mn−PbCs, Mn−PbCl, Mn−ClCs, and
Mn−ClPb) were simulated. The intrinsic point defects in
undoped QDs were also evaluated as a reference. (For a
detailed methodology, see the SI.) The energy configurations
of the calculated VBM/CBM and the Mn2+ states in the
presence of all types of defect states for undoped and doped
QDs are summarized in Figure 2a,b, with the corresponding
formation energy of each defect listed in Tables S3 and S4,
respectively. Here three conditions proved by experiment
should be simultaneously fulfilled to determine which defects
can be valid: (1) Mn2+ states should locate within the Eg, (2)
the Eg of the host QDs and the energy gap of the Mn2+ d−d
states should stay unchanged when defects are induced, as
evidenced by the absorption and PL results, and (3) the
formation energy of such a defect should be low. Three points
(A, B, and C in Figure 2c) representing various Cl
compositions were chosen to evaluate the defect formation
energies due to the narrow available equilibrium chemical
potential region for CsPbCl3 (Figure 2d). Here the dominating
defect states, PbCs, in neat CsPbCl3 are much easier to generate
with lower formation energy as well as shallower energy

Figure 1. (a) Atomic model demonstrating the replacement of Mn in
the substitution position of Pb in the CsPbCl3 lattice. (b) HADDF-
STEM image of Mn-doped CsPbCl3 QDs, with the inset showing the
atomically resolved image of an individual QD. The red dots represent
the Cs atom columns, and the yellow dots represent the (Pb+Cl)
atom positions. (c) Absorption (solid line) and emission spectra
(dotted line) of Mn-doped CsPbCl3 with different Mn concentrations.
(d) Photograph of QDs in toluene solutions with the increase in Mn
concentration under UV lamp excitation and the corresponding
absolute PLQY of Mn-doped CsPbCl3 with different Mn concen-
trations. (e) Room-temperature X-band EPR spectra of Mn-doped
CsPbCl3 QDs with different Mn concentrations in the toluene
solution. The spectrum of the most concentrated sample is also
plotted after zooming out 20 times. (f) EPR spectra of Mn-doped
CsPbCl3 QDs with 0.6% Mn concentration in hexane solution at
room temperature, in the solid-state, and in a frozen hexane solution
at 77 K. The asterisk denotes a small g = 2 impurity.
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compared with the previously reported VCl in the same
system.27 On the contrary, Mn2+ doping induces new possible
defects, Cl interstitials (Cli). According to the energy level
alignment, the PbCs in neat QDs tend to trap electrons, and Cli
in doped QDs are more likely to trap the holes. These defects
are all generated by the displacement of the Pb ions from the
[PbCl6]

4− octahedra toward the A cation sites after the partial
substitution of Pb2+ ions with Mn2+ ions, as illustrated in
Figure 2d.
The above structural analysis suggests diminished intrinsic

shallow traps together with the formation of deep hole traps in
the CsPbCl3 lattice owing to the Mn2+ doping. TA was then
used to explore the impact of doping on the charge-carrier
dynamics (Figure 3 and Figures S10 and S11). The TA spectra
of all samples show characteristic band-edge ground-state
bleach (GSB) at ∼400 nm due to the band-edge-state filling.
The singular value decomposition (SVD) fitting of the spectra
resolves four main components in undoped QDs with lifetimes
of 3.2 ps, 38 ps, 540 ps, and 15 ns (Figure 3a). The spectral
features for all components reflect the depopulation of the
band-edge excited states. Any high-order Auger processes can
first be excluded due to the low excitation intensity with
excitation density per QD, <N> ≪ 1. (See the SI for details.)
The lifetime of the longest component is similar to the slow
decay component in the TRPL kinetics of undoped QDs (7.3
ns, Figure S12) and therefore should be assigned to the
radiative recombination. The other three components should
then be related to the nonradiative recombination of the
excited charge carriers. In doped QDs, four main spectral

components can still be fitted but with shorter lifetimes, as
shown in Figure 3b (i.e., 3.2 ps, 20 ps, 540 ps, and 6.5 ns). The
GSB recovery kinetics in Figure 3c further demonstrates the
faster excited-state depopulation in doped QDs with extra
charge-carrier recombination pathways. Previous reports have
directly compared the GSB kinetics in doped and undoped
QDs and extracted the dopant−Mn ET time to be 380
ps.15,16,24 However, additional trapping processes are intro-
duced via Mn doping, as previously discussed. Here we can
probe the rising edge of the ps-TRPL kinetics for the Mn2+

emission in doped QDs to unambiguously assign the dopant−
Mn ET dynamics (Figure 4a). The time constants for the
rising first decreases and then increases with the increasing Mn
concentration, as illustrated in Figure 4a. Such a trend also
resembles the early time dynamics of TA GSB decays in Figure
3c. As summarized in Table S5, the lifetimes of two TA
spectral components, τ1 = 3.2 ps and τ3 = 540 ps, are similar
for the undoped and the doped samples regardless of the
doping level. We propose that these concurrent components
represent the same surface trapping pathways where the
excited electrons get trapped within 3.2 ps and then relax to
ground state in 540 ps. Such trapping only occurs within a part
of the QDs overwhelming other recombination processes in
those dots. Otherwise, the trapping would quench the emission
from all QDs. This surface-trapping process should also be
insensitive to the internal defects induced by the doping. Such
fast surface trapping within picoseconds is also observed in
conventional CdSe QDs.30 The spectral features of the second
components are identical for undoped and all doped QDs

Figure 2. (a) Energy diagram of undoped CsPbCl3 and (b) Mn-doped CsPbCl3 with the existence of defects from DFT calculation. The green and
blue columns represent the CB and the VB, respectively. The orange bars are the Mn d orbitals, the black bars represent the defect levels, and the
pink dotted lines are the positions of the Fermi level. (The core-level Pb s orbitals are set as the reference.) (c) Stability regions of different
compounds against Cl and Pb chemical potentials in CsPbCl3. The shaded region indicates the available equilibrium chemical potential region for
CsPbCl3. Three representative points A (μCl = −0.300, μPb = −2.700, μCs = −4.000), B (μCl = −0.983, μPb = −1.350, μCs = −3.303), and C (μCl =
−1.665, μPb = 0, μCs = −2.605) are chosen for the calculations of the formation energies. (d) Schematic picture of vacancies, interstitials, and
antisites defects. Their positions are marked by red dashed circles.
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(blue line in Figure 3b and Figure S11), implying the similar
excited species. The lack of positive excited-state absorption
after the band-edge bleach (410 nm) indicates the absence of
an excitonic Stark shift and therefore should be assigned to the
transfer of dissociated free charge carriers. Their rate constants
(k1) change with the doping level, following the same trend as
the ET rates, kET, extracted from TRPL but with higher values,
as depicted in Figure 4c. We noticed that such “delayed”
building up of the Mn2+ emission has been observed and
explained by other groups using the shallow trap-state
intermediated ET model5,25 However, on the basis of our
theoretical calculation, the Cli trap states reside well above the
Mn 6A1 orbital by 0.45 eV (Figure 2b), which is much larger
than the thermal energy. This means that the detrapping of the
localized holes at the trap states to Mn2+ states is unlikely.
Instead, the trapped hole tends to relax to the ground state,
serving as an additional nonradiative recombination pathway.
Therefore, the overall excited-state depopulation dynamics in
the pool of QDs with QD−Mn2+ ET can be expressed by the
three-level system (Figure 3d), whereas the TA decay rate k1
should be a sum of the nonradiative recombination rate, knr

QD,
and the kET.

31 (For a detailed explanation, see the SI.) This is
consistent with the observation in Figure 4c. We can extract a
nonradiative recombination rate related to hole trapping, knr

QD

≈ k1 − kET, to be ∼0.012 ps−1 (83 ps), which remains constant
regardless of the doping level. The competition between ET
and carrier trapping can then be quantified by ET efficiency, η,
as plotted in Figure 4d,

I
I I

k
k k

k
k

Mn

tr Mn

ET

nr
QD

ET

ET

1
η =

+
=

+
=

(1)

The dependence of the η complies with the PLQY depicted in
Figure 1c. On the contrary, the Mn2+ emission efficiency after
ET is independent of the doping levels, as evidenced by the
constant emission lifetime, as shown in Figure 4b. Moreover,
the lifetime of the slowest TA GSB components (i.e., τ4 in
Figure 4d) decreases with the increasing Mn doping level. This
component should be attributed to the other pool of QDs
without dopant−Mn ET and the fast surface trapping. The
shortened lifetime demonstrates the enhanced nonradiative
recombination of excited charge carriers in this pool of QDs.
Therefore, we can conclude that the evolution of the PLQY
with the Mn doping should be dominated by (1) the
competition between the dopant−Mn ET efficiency and the
doping-induced trapping at Cli defect states and (2) the extra
nonradiative recombination in the remaining QDs induced by
the Mn doping.
Figure 5 summarizes the photoinduced charge-carrier

dynamics in both undoped and doped QDs. There exist
three different pools of undoped QDs (Figure 5a), where the
photoexcited charge carriers in each pool will: (1) undergo fast
surface trapping (3 ps) and then relax to the ground state
nonradiatively (540 ps) (Pool A), (2) get trapped by PbCs
states within 38 ps (Pool B), and (3) undergo intrinsic
radiative recombination (15 ns) (Pool C). In doped QDs
(Figure 5b), the situation in QD pool A remains insensitive to
the doping level, whereas some extra fast nonradiative

Figure 3. TA spectra (bottom) of (a) undoped CsPbCl3 QDs and (b) Mn-doped CsPbCl3 QDs (0.6%) and the corresponding SVD fitting (upper)
(λexc= 370 nm). (c) TA kinetics at the main GSB, illustrating the depopulation of the excited state for CsPbCl3. (d) Schematic illustration of the
kinetic parameters for a three-level Mn-doped QD system. S0, S1, and S2 represent the ground states, dopant excited states, and QD excited state,
respectively. kET refers to the QD to Mn2+ ET rate, and knr

QD is the hole-trapping rate together with other nonradiative recombination pathways.
kMn is the Mn2+ decay rate constant.
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recombination will occur in QD pool C to shorten the charge-
carrier lifetime. In pool B of QDs, the dopant−Mn ET (28−79
ps) competes with the hole trapping (83 ps) at Cli states
induced by Mn doping, which accounts for the change of the
PLQY (Pool B). When the doping level is high (e.g., 38%),
both the intrinsic emission in the host QDs and the Mn d−d
emission would be quenched, as proved by the faster emission
decay in Figure 4b, resulting in the further declined PLQY,
which is not discussed in Figure 5.
In conclusion, we have systematically studied the effect of

Mn2+ doping on the photophysics of CsPbCl3 QDs. Through
DFT calculations, we demonstrated a change of main defect
state from shallow PbCs electron traps to deep Cl interstitials
(Cli) hole traps after Mn2+ doping. The investigation of the
charge-carrier dynamics via time-resolved spectroscopies
reveals the competition instead of mediation between the
exciton−dopant ET and the hole trapping. Such competition
rationalizes the nonmonotonic evolution of the PLQY with the
doping level. Furthermore, because the ET to the Mn dopant
mainly competes with the hole trapping, it is vital to passivate
the hole traps to maximize the Mn2+ emission, for instance, by
dual-doping.26 Meanwhile, the surface traps exist in QDs
among the different Mn doping concentrations, which means
the surface treatment should be important during doped QD

Figure 4. (a) Rising edge of Mn emission kinetics from time-correlated single-photon counting (TCSPC) illustrating the ET. (The response
function (RF) is set as a standard Gaussian pulse.) (b) TRPL kinetics of Mn-doped CsPbCl3 with different concentrations measured in ms-TRPL
with a milliseconds time window. (c) Rate constant of the components changes with the doping level following the same trend but displays higher
values than the ET rates extracted from TRPL. (d) Calculated ET efficiency η versus Mn concentration. τ4 is the time from TA fitting, which can be
seen in Table S5.

Figure 5. Schematic diagram of the photophysical processes in (a)
neat CsPbCl3 QDs and (b) Mn-doped CsPbCl3 QDs with appropriate
Mn doping concentration.
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preparation. Hence, this work provides a general model to
optimize the structure of such nanomaterials.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01050.

Detailed methods for sample preparation, the character-
ization, DFT calculations, TEM images and size
distribution, SEAD patterns, HADDF-STEM images of
undoped and Mn-doped QDs, XPS spectra, DFT model
and results, EPR analysis, rate constant equation model,
TA spectra and fitting components, PLQY data,
formation energy of the defect from DFT calculations,
and TRPL kinetics (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Kaibo Zheng − Department of Chemistry, Technical University
of Denmark, DK-2800 Kongens Lyngby, Denmark; Chemical
Physics and NanoLund, Lund University, 22100 Lund,
Sweden; orcid.org/0000-0002-7236-1070;
Email: kzheng@kemi.dtu.dk, kaibo.zheng@chemphys.lu.se

Authors
Jie Meng − Department of Chemistry, Technical University of
Denmark, DK-2800 Kongens Lyngby, Denmark; orcid.org/
0000-0002-3813-5221

Zhenyun Lan − Department of Energy Conversion and Storage,
Technical University of Denmark, DK-2800 Kongens Lyngby,
Denmark; orcid.org/0000-0001-7943-5936

Mohamed Abdellah − Chemical Physics and NanoLund, Lund
University, 22100 Lund, Sweden; Department of Chemistry,
Qena Faculty of Science, South Valley University, 83523 Qena,
Egypt; orcid.org/0000-0002-6875-5886

Bin Yang − State Key Laboratory of Molecular Reaction
Dynamics, Dalian Institute of Chemical Physics, Chinese
Academy of Science, Dalian 116023, China; orcid.org/
0000-0001-9583-921X

Susanne Mossin − Department of Chemistry, Technical
University of Denmark, DK-2800 Kongens Lyngby, Denmark;
orcid.org/0000-0001-7763-9660

Mingli Liang − Department of Chemistry, Technical University
of Denmark, DK-2800 Kongens Lyngby, Denmark;
orcid.org/0000-0002-1854-7026

Maria Naumova − Deutsches Elektronen Synchrotron (DESY),
D-22607 Hamburg, Germany

Qi Shi − Chemical Physics and NanoLund, Lund University,
22100 Lund, Sweden

Sol Laura Gutierrez Alvarez − Department of Chemistry,
Technical University of Denmark, DK-2800 Kongens Lyngby,
Denmark

Yang Liu − The Center of New Energy Materials and
Technology, School of Materials Science and Engineering,
Southwest Petroleum University, Chengdu 610500, China;
Chemical Physics and NanoLund, Lund University, 22100
Lund, Sweden

Weihua Lin − Chemical Physics and NanoLund, Lund
University, 22100 Lund, Sweden

Ivano E. Castelli − Department of Energy Conversion and
Storage, Technical University of Denmark, DK-2800 Kongens
Lyngby, Denmark; orcid.org/0000-0001-5880-5045

Sophie E. Canton − Deutsches Elektronen Synchrotron (DESY),
D-22607 Hamburg, Germany; ELI-ALPS, ELI-HU Non-Profit
Ltd., Szeged 6720, Hungary; orcid.org/0000-0003-4337-
8129
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