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ABSTRACT: The unusual temperature dependence of exciton emission decay
in CsPbX; perovskite nanocrystals (NCs) attracts considerable attention. Upon
cooling, extremely short (sub-ns) lifetimes were observed and were explained
by an inverted bright—dark state splitting. Here, we report temperature-
dependent exciton lifetimes for CsPbCly; NCs doped with 0—41% Mn**. The
exciton emission lifetime increases upon cooling from 300 to 75 K. Upon
further cooling, a strong and fast sub-ns decay component develops. However,
the decay is strongly biexponential and also a weak, slow decay component is
observed with a ~40—50 ns lifetime below 20 K. The slow component has a
~5—10 times stronger relative intensity in Mn-doped NCs compared to that in
undoped CsPbCl; NCs. The temperature dependence of the slow component
resembles that of CdSe and PbSe quantum dots with an activation energy of
~19 meV for the dark—bright state splitting. Based on our observations, we
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propose an alternative explanation for the short, sub-ns exciton decay time in CsPbX; NCs. Slow bright—dark state relaxation at
cryogenic temperatures gives rise to almost exclusively bright state emission. Incorporation of Mn** or high magnetic fields
enhances the bright—dark state relaxation and allows for the observation of the long-lived dark state emission at cryogenic

temperatures.

B INTRODUCTION

The discovery of CsPbX; (X = Cl, Br, I) nanocrystals (NCs)
with unique optical properties has initiated a worldwide
increase in research aimed at providing fundamental under-
standing of their peculiar properties and realizing applications
of these NCs, e.g., in lighting and solar cells."™ The optical
properties of the CsPbX; NCs resemble those of Cd- and Pb-
chalcogenide quantum dots (QDs). Bulk CsPbX; is a
semiconductor. For NCs that are typically ~10—1S5 nm, the
exciton is confined. The NC size is however larger than the
exciton Bohr radius (varying from S nm in CsPbCl; to 12 nm
in CsPbl,), giving rise to weak confinement and only small
shifts of the exciton emission wavelength.” Tuning of the
emission color is therefore not realized by size variation but by
changing the chemical composition. The emission color of
CsPbX; NCs can span the full visible region through anion
exchange. Replacement of CI™ by Br™ shifts the emission from
violet to green, and subsequent replacement by I” shifts the
emission further to the deep red spectral region. Additional
color tuning can be realized by doping with luminescent ions
(typically 3d transition metals and 4f rare earth ions) and
energy transfer of the exciton to the luminescent dopant.®””
For applications of the perovskite NCs in light-emitting
devices, not only the high quantum yield (>90%) and color
tunability but also the short emission lifetime are advanta-
geous, which is typically in the ns range at room temperature.
The faster emission decay of the perovskite NCs in comparison
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to that of, e.g, CdSe and InP QDs has advantages in high-
brightness applications. The limited stability of the perovskite
NCs is a point of concern that is addressed by passivation
strategies but at present hampers their application. "'

In recent papers, the temperature dependence of the exciton
emission lifetime was investigated for CsPbX; NCs. Both for
ensemble and individual NCs, an unexpected temperature
dependence was observed: upon cooling to cryogenic temper-
atures, the already short decay time decreased even further to
sub-ns lifetimes.'>'® This behavior is markedly different from
that of the traditional Cd- and Pb-chalcogenide QDs.
Typically, upon cooling, the exciton lifetime lengthens because
of the energy level structure of the emitting exciton states,
where the lowest energy state is a dark state that has a
forbidden transition to the exciton ground state."*™'® In well-
passivated QDs, the emission from the dark state is still
efficient (so the state is not really dark) but the forbidden
nature causes the emission lifetime to lengthen when the
system is frozen into this lowest excitonic state. For CsPbXj;
perovskite NCs, the opposite behavior was observed and was
explained by inversion of the dark—bright state splitting
induced by the Rashba effect.'” As a result, fast bright state
emission is observed at S K. Theoretical calculations were able
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Table 1. Precursor Composition for the Synthesis of CsPbCl;:Mn>* NCs with Various Mn-Doping Concentrations and Mn

Concentrations Incorporated in CsPbCl; NCs

Mn/Pb molar ratio 0 0.5
MnCl,-4H,0 (g) 0 0.037
PbCl, (g) 0.15 0.10
Mn concentration in sample (atom %) 0 1

1 2 3 4 S
0.0SS 0.07 0.079 0.085 0.089
0.078 0.05 0.037 0.03 0.025
3 9 20 32 41

to explain the short sub-ns lifetime. However, alternative
observations were also reported. Luminescence decay measure-
ments for CsPbBr;, FAPbBr;, and FAPbI; also in high
magnetic fields, revealed a composition-dependent dark—
bright state splitting with a lowest exciton dark state, and for
CsPbBr;, dark exciton emission in high magnetic fields was
reported.’”’ "

Here, we report temperature-dependent luminescence
lifetime measurements for exciton emission in Mn-doped
CsPbCl; NCs. For different Mn-doping concentrations, we
observe a clear lengthening of the exciton decay time upon
cooling. Below 200 K, a rise time is observed for the exciton
emission, which indicates that relaxation rates from higher
exciton levels to the emitting levels slow down upon cooling.
Upon further cooling, below 50 K, a biexponential decay is
observed with a strong fast component (<1 ns) and a slow
component develops that becomes longer-lived upon lowering
the temperature. The temperature dependence of this slow
component shows the typical behavior expected for a dark—
bright state splitting with a lower-energy dark state. As an
alternative to an inverted dark—bright splitting model, we
propose that inhibited relaxation from the bright to the dark
state explains the observation of fast bright state emission in
CsPbX; NCs at cryogenic temperatures.

B METHODS

Synthesis. All of the chemicals used were obtained from
Sigma-Aldrich. These include cesium carbonate (Cs,CO5),
lead chloride (PbCl,), manganese chloride (MnCl,-4H,0),
octadecene (ODE), oleic acid (OA), oleylamine (OM), and
hexane (anhydrous). For the preparation of the cesium
precursor, 0.2 g of Cs,CO; was mixed with 7.5 mL of ODE
and 0.625 mL of OA and loaded into a 50 mL flask; then, the
reaction mixture was degassed, dried under 120 °C for 30 min
under vacuum, and then heated at 150 °C under a N,
atmosphere for additional 30 min to complete the reaction
between Cs,CO; and OA. The resulting solution was kept at
150 °C for further use. Undoped CsPbCl; NCs and
CsPbCl:Mn** NCs with different dopant concentrations
were synthesized at a temperature of 190 °C with various
Mn/Pb feeding ratios (see Table 1).

For a typical synthesis, 0.1 g of PbCl, and 0.037 g of MnCl,-
4H,0 were loaded into a 50 mL three-neck flask with 10 mL of
ODE. The flask was then transferred to a Schlenk line and
dried under vacuum at 120 °C for 1 h. Dried OA (1 mL) and 1
mL of OM were subsequently injected and then heated to 190
°C under a N, atmosphere. After reaching 190 °C, 0.9 mL of
the hot Cs precursor was injected swiftly. The reaction was
quenched § s later by immersion of the reaction container in
an ice—water bath. The product was separated by centrifuga-
tion, washed once with acetone/hexane, and finally dissolved
in 5 mL of hexane.

Characterization. Transmission electron microscopy
(TEM) images were obtained with FEI Tecnai T20, operating
at 200 kV. The samples for TEM imaging were prepared by
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dipping a carbon-coated copper mesh TEM grid into a hexane
solution of NCs. The excess liquid was evaporated under
vacuum. Luminescence (emission and excitation) spectra and
photoluminescence (PL) decay curves were measured using an
Edinburgh Instruments FLS920 spectrofluorometer equipped
with a 450 W xenon lamp as an excitation source and a 0.22 m
double grating monochromator for excitation (Bentham
DTMS300, 1200 lines/mm grating, blazed at 300 nm for
excitation). Emission spectra (380—700 nm) were recorded
with a single 0.22 m monochromator (500 nm blazed grating),
and the emitted light was detected by a Hamamatsu R928
photomultiplier tube (PMT). The fast decay profiles of the
exciton emission were recorded using an Edinburgh EPL375
pulsed diode laser (4., = 376.8 nm and pulse width: 65 ps)
with a fast Hamamatsu H74422-40 PMT to detect the
emission. An Oxford Instruments liquid helium flow cryostat
was used to measure the PL properties at low temperatures
(down to 4.2 K). The samples for room temperature optical
analysis were prepared by dissolving the crude NCs mixture in
hexane and transferring the solution to a quartz cuvette. For
low-temperature measurements, the NC solution was loaded in
a sealed quartz cuvette.

B RESULTS AND DISCUSSION

The synthesis of the Mn-doped and undoped CsPbCl; NCs
yielded cubic NCs of ~12 nm, as shown in the TEM images in
Figure 1. The actual amount of Mn incorporated in the
CsPbCl; NCs was determined with energy-dispersive X-ray
spectroscopy (EDX, see Table 1) and was always much lower
than the amount of Mn present in the reaction mixture. After
thorough washing with hexane, the Mn concentration in the
NCs was determined using EDX. The samples investigated
contained 0, 1, 3, 9, 20, 32, and 41% of Mn*". The NCs show
bright luminescence with a sharp excitonic emission line at
around 400 nm and a broad Mn?* emission band at around
600 nm. The emission spectra in Figure 1 show that the
relative intensity of the Mn”>* emission band increases and
shifts to longer wavelengths for higher Mn*" concentrations.
Upon cooling, the relative intensity of the Mn®" emission
strongly decreases from 300 to 150 K. Below 75 K, the relative
Mn-emission intensity increases again, but it remains much
lower than that at 300 K (Supporting Information, Figures S1
and S2). This temperature behavior is consistent with reports
in the literature and reflects the temperature dependence of the
exciton-to-Mn** energy transfer rate relative to processes
giving rise to exciton emission.”””'

Luminescence decay curves were recorded for both the
exciton and Mn®' emission between 4.2 and 300 K for
CsPbCl; NCs doped with 0, 1, 3, 9, 20, 32, and 41% of Mn®".
Here, we focus on the exciton emission decay. As an example,
Figure 2 displays the luminescence decay curves for the 20%
Mn-doped CsPbCl; NCs. Three temperature regimes are
depicted. Between 293 and 200 K (Figure 2a), the decay
curves are close to single exponential. Upon cooling from 293
to 200 K, the luminescence decay time lengthens from 0.1 ns at
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Figure 1. Morphology and optical properties of CsPbCly:Mn* (1—41
atom %) NCs. (a) TEM images of CsPbCly:Mn?>* NCs with different
Mn?* concentrations (1—41 atom %, scale bar: 50 nm). (b) Emission
spectra of CsPbCl;:Mn** NCs with different Mn®>* concentrations
(1—41 atom %, 4., = 355 nm, inset: sample under 365 nm excitation
provided by a handheld UV lamp).

293 K to 0.4 ns at 200 K and the intensity increases. This can
be explained by less-efficient exciton to Mn*" energy transfer
and is consistent with the strong decrease in the relative Mn*"
emission intensity between 293 and 200 K. Upon further
cooling to 75 K, the lengthening of the decay time continues
(note the change in time scales from Figure 2a—c). In addition,
the decay curves show a clear rise with a rise time that
increases from 1.8 ns at 150 K to 3.2 ns at 75 K. The
observation of a rise indicates that relaxation from the higher
excited states (initially populated under pulsed excitation at
376 nm) to the emitting exciton states at around 400 nm slows
down at cryogenic temperatures. Usually, fast (10—100 ps)
relaxation is observed for relaxation to band edge states in
semiconductors, but in the CsPbCl; NCs, phonon relaxation is
relatively slow and the phonon population relaxation rates
decrease to the ns regime upon freezing.

Upon further cooling from 75 to 4 K, the luminescence
decay curves become strongly biexponential with a fast sub-
nanosecond component and a slow component that lengthens
as the temperature decreases from 75 to 4 K. The relative
contribution of the fast component increases at lower
temperatures, and the decay of the slow component slows
down and stabilizes below ~20 K. A similar behavior is
observed for other high Mn concentrations. As an example
Figure 2d,e shows the luminescence decay curves for the
exciton emission in CsPbCli:Mn** with 9 and 32 atom %
Mn*". An overview of the temperature-dependent decay
behavior of all CsPbCl;:Mn** (1—41 atom %) samples is
given in the Supporting Information (Figures S3—S6). These
results show that for low doping concentrations (1 or 3%
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Mn?") the influence of the Mn doping is not as pronounced as
for Mn>* concentrations of 9% and higher. For all higher (9—
41%) Mn?" concentrations, the relative intensity of the long-
lived component is about 5—10 times stronger than that for
undoped CsPbCl,.

The present observations resemble those for the exciton
emission in CsPbBr; in a magnetic field where also a fast initial
decay component at low temgeratures was followed by a weak
and slow decay component."”” The fast decay component was
assigned to bright state exciton emission and the slow
component to dark exciton emission. Slow relaxation from
the bright to the dark state exciton at low temperatures can
explain the observation of short-lived bright state emission
decay prior to relaxation to the dark state. From the
temperature dependence of the dark state emission decay
time, a dark—bright state splitting of ~8 meV was calculated
for CsPbBr;. Also, for CdSe QDs, an initial fast decay related
to the bright state emission prior to relaxation to the dark state
has been reported at temperatures below 10 K.'> The
temperature-dependent decay behavior of the exciton emission
for CsPbX; NCs in a magnetic field and the present
observations for Mn-doped CsPbCl; NCs can be explained
by a slow bright—dark state relaxation at cryogenic temper-
atures. The situation is similar to that for Cd- and Pb-
chalcogenide QDs but with a significant slower relaxation
between excitonic states, which gives rise to the observation of
the intense and fast (sub-ns) bright state emission, which
dominates at cryogenic temperatures.

To test the presence of dark state emission in pure CsPbCl,
NCs, we also measured luminescence decay curves as a
function of temperature for undoped NCs. The temperature-
dependent behavior is similar to that observed for the Mn-
doped NCs, but the relative intensity of the dark state emission
is much lower. As an example, Figure 3 shows the 35 K decay
curves for the exciton emission in CsPbCl; NCs and
CsPbCl;:Mn** (20 atom %) NCs. For both systems, a fast
and strong initial sub-ns decay is followed by a slow
temperature-dependent decay component. The amplitude for
the slow component is more than 3 orders of magnitude
smaller than that for the fast component. For CsPbCl; doped
with 20% Mn?*, the decay behavior is similar but the amplitude
of the slow dark state emission component is about 2 orders of
magnitude lower. This can be explained by a faster bright—dark
state relaxation induced by the Mn®" dopants. Similar
observations can be found in refs 18 and 19 where an increase
in the relative intensity is observed for the slow decay
component of the exciton emission from CsPbBr; NCs upon
increasing the external magnetic field to 10" or 30 T."
Incorporation of magnetic Mn** can generate a magnetic field,
which has a similar effect to that of an externally applied
magnetic field. This indicates that the presence of magnetic
ions (Mn®") or an external magnetic field induces faster
relaxation between the dark and bright states. The role of the
magnetic field in the enhanced spin-relaxation between states
with different magnetic moments may be mixing of spin states,
which can also explain the shorter decay times observed for
dark exciton emission in magnetic fields or upon Mn>*
doping."”** In single (undoped) dot experiments, the low
count rate and more than 3 orders of magnitude higher
amplitude of the bright state emission prevents the observation
of the slow dark state emission. Indeed, inspection of the single
CsPbX; NC exciton decay curves in ref 12 shows that the noise
level starts above 107* in the decay curves with a maximum
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Figure 2. Decay curves of CsPbCl;:Mn** (20 atom %) NCs (a—c), CsPbCl;:Mn** (9 atom %) NCs (d), and CsPbCl;:Mn?* (32 atom %) NCs (e)
at different temperatures plotted on a semilogarithmic scale (1., = 376.8 nm, pulse width: 65 ps).
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Figure 3. Exciton emission decay curves of undoped CsPbCl; NCs (a) and CsPbCli:Mn** (20 atom %) NCs (b) at 35 K plotted on a
semilogarithmic scale (4., = 376.8 nm, pulse width: 65 ps).

scaled to 10° thus making it impossible to observe the slow exponential. In Figure 4, the temperature dependence of the

decay component of the exciton emission. decay times is depicted. For all three samples, a similar
To estimate the dark—bright state splitting, the temperature behavior is observed. The decay time is constant at around

dependence of the slow decay component was analyzed for 40—50 ns between 4 and 20 K and decreases strongly between

CsPbCly NCs with 9, 20, and 32% of Mn*'. The nearly single 20 and 75 K. A fit of the temperature dependence to a three-

exponential decay in the long-time regime was fitted to level model

exponential decay (see the Supporting Information for details, AEJKT

Figures S7—S9). The choice of the time interval for the fitting 1 _ L[ e " i( 1 ]

is somewhat arbitrary and introduces an uncertainty in the Tobe o1+ QDE/KT 5\ 1 + QDE/KT

decay times. The time interval chosen is evident from the

drawn lines in Figure 3 (and also in Figures S7—S9), which where 7(y, is the measured decay time, 7y, is the decay time of

represent a time interval where the slow decay is close to single the dark state, and 7y is the decay time of the bright state, gives
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Figure 4. Exciton emission lifetime (slow component) for CsPbCl;:Mn** (9, 20, and 32 atom %) NCs as a function of temperature. (a) Evolution
of lifetime of CsPbCly;:Mn>* (9, 20, and 32 atom %) NCs with temperature. (b) Three-level fitting of the long decay component of CsPbCl;:Mn**

(20 atom %) NCs exciton decay versus temperature.

an energy difference of ~19 meV for the dark—bright state
splitting. This value is in good agreement with the ~14 meV
splitting for CsPbCl; NCs calculated from the influence of
magnetic-field-induced mixing of dark and bright states, which
influences the decay rate of the fast component of the exciton
emission."”

The present results provide evidence for a normal splitting
of the exciton state in CsPbCl; and can explain earlier
observations that led to a model with an inverted dark—bright
state splitting in CsPbX; NCs. To obtain conclusive evidence,
it will be interesting to conduct temperature-dependent
lifetime measurements on single Mn**-doped CsPbCl; NCs
and search for the weak, temperature-dependent slow dark
state emission in single Mn-doped NCs. Here, the origin of the
anomalous exciton decay behavior is assigned to unusually
slow phonon relaxation between excitonic states in CsPbCl,
NCs. It will be interesting to verify this slow relaxation by
other techniques, e.g, pump—probe experiments, and by
theoretical calculations to better understand why phonon
relaxation is hampered in halide perovskite NCs.

B CONCLUSIONS

In summary, we have investigated temperature dependence of
exciton decay dynamics in Mn-doped CsPbCl; NCs. Upon
cooling, the exciton decay time initially lengthens. A rise time
is observed below 150 K, indicating slow phonon relaxation
dynamics feeding the exciton state. At temperatures below 75
K, the decay becomes strongly biexponential with a fast decay
component that is assigned to the bright state emission and a
weak temperature-dependent slow component that is assigned
to the dark state emission. The results are explained by a
normal exciton energy level scheme with a higher-bright and
lower-energy dark state combined with an extremely slow
bright—dark state relaxation at cryogenic temperatures. In Mn-
doped CsPbCl; NCs, the relaxation is an order of magnitude
faster than that in undoped CsPbCl;, which explains why the
dark state emission, albeit weak, is more easily observed in Mn-
doped CsPbCl; NCs.
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