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Low photoluminescence efficiency and instability of lead-free halide perovskite nanomaterials are
the main obstacles preventing their practical applications in the fields of optoelectronic devices and
X-ray imaging. In this work, lanthanide-doped cesium manganese halide nanocrystals were synthesized
by a simple hot injection method. The chemical composition and structural characteristics of the
manganese-based perovskites were investigated in detail to prove that lanthanide ions successfully
replaced partial manganese ions. As a result, red photoluminescence with a high photoluminescence
quantum yield of 35% and a broad emission was obtained. More importantly, the roles of thulium and
lead ions in enhancing the luminescence efficiency and tuning photoluminescence from 662 nm to
628 nm were studied in detail by modulating the molar ratios of thulium/lead. Furthermore, the
thulium-doped NCs maintained a stable crystal phase and photoluminescence after two weeks. This
work provides new insights into enhancing the photoluminescence and tuning the optical bandgap of a

rsc.li/materials-c perovskite host with co-doping.

Introduction

In recent years, lead halide perovskite nanocrystals (NCs) have
attracted much attention due to their outstanding optoelectro-
nic properties, such as narrow emission linewidths,"™ tunable
bandgap,”® high photoluminescence quantum yield (PLQY)®”
and promising applications in photoelectric detectors,®° light-
emitting diodes (LEDs),"""> and X-ray imaging.">"'* However, the
toxicity and poor stability have hindered practical applications of
lead halide perovskite NCs. To improve the chemical and photo-
stability, a universal approach is to reduce the lead content by
replacing Pb*>" ions with nontoxic and stable metal ions to form
the lead-free or lead-less perovskite. For instance, Ge>* or Sn**-
based perovskites were synthesized by replacing Pb** with Ge** or
Sn**, Unfortunately, the relatively low PLQY (<4%) and instability
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of these perovskites are still not satisfactory.”> Cu-based perovs-
kite NCs exhibit excellent optical properties;'® however, they are
easy to oxidize, resulting in a serious decline in optical properties.
Huang et. al. demonstrated the solution-phase synthesis of
cesium europium halide perovskite NCs but with PLQY a of only
about 2%."” Outsides, other lead-free metal halides, such as
Mn-based halides,'® Cd-based halides,"® and double perovskites,
featured by self-trapped exciton (STE), large Stokes shift, large PL
bandwidth, and long lifetimes, have been considered as alterna-
tives for optoelectronic applications.”® However, the synthesis of
stable and highly efficient lead-free perovskite NCs is still a
thorny issue.

Recently, color-tunable emission has been realized in Mn-
based halides by changing the Mn>" coordination structure,
which has also received special attention.>** In addition,
Csz;MnBr; NCs as crystal seeds were also used to synthesize
CsPbBr; NCs with special morphology and dimensions.?®
Another noteworthy study is the improvement of optical proper-
ties and structural stability. For example, Guan et al. designed a
low amount of Pb**-doped CsMnCl; NCs and improved the
PLQY from 0.7% to 21% due to the effective energy transfer
from [PbClg]*~ to Mn** ions.>* In contrast, the addition of Zn**
ions serves as an obstacle to the energy transfer between Mn>*
ions, enhancing the PLQY of Zn**-doped CsMnCl; NCs with red
emission at 654 nm from 56.3% to 77.1%.>° In addition to the
ion doping mentioned above, lanthanide ions (Ln*") can also
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promote luminescence conversion, but their progress as down-
shifters is limited by the narrow absorption widths and very
small absorption cross-section of Ln*" ions.>® For instance,
CsMnBr; NCs as an efficient sensitizer to transfer energy to
Ln*' ions, resulted in the decrease of Mn?" red emission and
generated vaying NIR emissions.”®*”
emission by Ln*'-doped perovskite NCs, the PL efficiency of
excitons emitted by the perovskite host increases, which has
not attracted enough attention. Therefore, the selection and
design of metal co-doping ions play an important role in
exploring the PL properties of lead-free perovskites.

In this work, we prepared lanthanide-doped CsMnCl; NCs
with red emission at 662 nm by a hot injection method.
Structure, composition, and chemical state studies confirmed
that Ln*" ions partially replaced Mn>" ions, which were success-
fully introduced into CsMnCl; NCs. As a result, the PL intensity
is monotonously enhanced with the increase in the concen-
tration of Ln*" doping (7% Tm>*, 13% Yb**, and 7% Er**), and
the highest PLQY of up to 35% was obtained for Ln**-CsMnCl,
NCs. To further study the role of Ln*' ions in enhancing the
luminescence of CsMnCl; NCs and optimizing their optical
properties, the Pb/Tm co-doped CsMnCl; NCs were synthe-
sized. The energy levels of Tm®" ions play a transitional role
in the process of exciton transfer from the Pb** to the CsMnCl,
host, resulting in improving the PL efficiency of the CsMnCl;
host. Furthermore, modulating the Pb doping concentration
can break the spin-forbidden transition of Pb/Tm co-doped
CsMnCl; NCs, resulting in tunable photoluminescence from
662 nm to 628 nm, and the highest PLQY of up to 52.2% was
obtained. In addition, the good stability of Tm**-CsMnCl; NCs
compared to CsMnCl; NCs is discussed.

The synthesis process of colloidal CsMnCl; and Ln*'-
CsMnCl; NCs is similar to the one used to prepare lead-based
perovskite NCs by a simple hot-injection method (see the
detailed Experimental section in the ESIT S1). It is slightly
different from our approach and the effects of different solvents
on the solubility and luminescence of CsMnCl; NCs are dis-
cussed. Four common solvents, including toluene, cyclohexane,
n-hexane, octane, and tetradecane, were used to dissolve
CsMnCl; NCs and maintain their quality. Surprisingly, the
octane solution of CsMnCl; NCs maintained good solubility
and strong fluorescence, whereas the NCs with strong lumines-
cence in tetradecane solution showed serious agglomeration

However, during the

and the shape evolved from the hexagonal to rod structure
(Fig. S2, ESIT), which may be related to the chain length of
alkanes and intermolecular forces (Fig. $3, ESIT).>® In order to
balance the luminescence and dispersion, octane is the best
choice for CsMnCl; NCs.

Fig. 1a exhibits the crystal structure of CsMnCl; along an
axis. CsMnCl; NCs have a hexagonal structure formed by
Mn,Cly, chains (three face-sharing [MnClg]*~ octahedral unit)
shared by corners and stabilized by cesium ions (R3m space
group). Taking Tm as an example, Tm** ions are doped to form
[TmClg]* octahedron to substitute [MnClg]*~, in principle,
generating a cation vacancy (Vyy).”° After doping with Tm®*
ions, a light pink transparent solution emits stronger red light
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Fig. 1 (a) Schematic diagram of the structure of the undoped and Tm**-
doped CsMnCls NCs. The insets show the comparative photos of red
emission under a 365 nm UV lamp. (b) XRD patterns (left panel) and
magnified XRD peaks (right panel) of CsMnCls and Tm**-CsMnCls NCs.
The XPS data of (c) Mn 2p and Cl 2p for Tm®**-CsMnCls, and CsMnClz NCs,
(d) Tm 4d for Tm**-CsMnCls NCs.

under a 365 nm UV lamp, as shown in the illustration of Fig. 1a.
Fig. 1b presents a series of X-ray diffraction (XRD) patterns of
Tm**-CsMnCl; NCs (CsMnCl; NCs with different Tm** doping
concentrations), and all diffraction peaks correspond well to
the standard diffractions from hexagonal CsMnCl; NCs (PDF
card 70-1324). After partial substitution of Mn** (0.67-0.83 A,
depending on the high- or low-spin coordination) by the larger
Tm>* (0.87 A), the (110) diffraction peak gradually shifts to a
smaller angle (from 24.4° to 24.2°) (Fig. 1b, right panel).>>*°
This can be explained by the expansion of the crystal lattice
after the incorporation of Tm**, which in turn proves that Tm**
ions were successfully introduced into the CsMnCl; lattice
without altering the structure.

To confirm the chemical composition and electronic
characteristics of Mn, Cl, and Tm elements in CsMnCl; and
Tm*"-CsMnCl; NCs, X-ray photoelectron spectroscopy (XPS)
measurements were performed. Fig. 1c shows the chemical
states of the two samples of Mn and Cl. The main peaks in the
Mn 2p XPS spectrum at 640.85 eV and 642.09 eV correspond to
2pss2 and 2py,, respectively, as well as a satellite peak at around
646.9 eV, indicating the +2 valence state of Mn.>” Clear changes
can be seen with the movement to low binding energy com-
pared to that with CsMnCl; NCs, which contribute to the fact
that the electron absorption capacity of Tm is less than that of
Mn, and increases the electron cloud density around Mn and
shifts it to the low binding energy. In contrast, the peaks of Cl
2p shift slightly in the direction of high binding energy after
Tm doping, indicating the interaction between Tm and Cl ions.
In addition, Fig. 1d shows that the weak binding energy located
at 178.9 eV of Tm 2p is due to a small amount of Tm doping,
indicating that the Tm*" ions were doped into CsMnCl; NCs.
The movement of Cs 3d (Fig. S4, ESIT) is not obvious, demon-
strating that the incorporation of Tm’" into the host lattice
Mn?*, rather than that of Cs* and CI™.

Fig. S5 (ESIt) shows the transmission electron microscopy
(TEM) images of CsMnCl; NCs with different TmCl; contents.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a)-(d) HR-TEM images and corresponding FFT pattern of 0%, 3%,
7%, and 13% Tm doping of CsMnClz NCs. (e) TEM and EDS mapping images
of Tm**-CsMnCls NCs.

All samples exhibited good monodispersity and homogeneous
hexagonal shapes. Meanwhile, the average lengths are 14.35 nm,
16.89 nm, 18.16 nm, and 18.80 nm, respectively. Obviously, the
size of pure hexagonal-doped NCs increases with the increase in
the content of Tm*" doping, which may be attributed to the partial
substitution of Tm*" ions with (0.87 A) to Mn*" (0.67-0.83 A).
Similar results have been reported for the hexagonal CsCdBr;
NCs.*® To further prove the effect of Tm*" doping on the structure
of CsMnCl; NCs, high-resolution TEM (HR-TEM) images of
CsMnCl; NCs with different Tm®" doping contents were con-
ducted, as shown in Fig. 2a-d. With the increases of Tm*" ions,
the crystal plane spacing of CsMnCl; increases continuously from
0.137 to 0.142 nm, which indicates that the Mn*" ions are partially
substituted by Tm*" ions with larger ionic radii, leading to a slight
lattice expansion. This result is consistent with the XRD variations
(Fig. 1b). To confirm the existence of Tm*" ions in CsMnCl; NCs,
energy dispersion spectroscopy (EDS) measurements of Tm>"-
CsMnCl; NCs were conducted, as shown in Fig. 2e. It can be
seen from the EDS data that Cs, Mn, Cl, and Tm elements were
uniformly distributed in these nanocrystals, and the Tm element
was distributed scarcely compared to the other elements. Based
on the above results, a small amount of Tm*" ions can be doped
into the CsMnCl, lattice, partially replacing the Mn>" ions, and no
new morphology appeared.

Fig. 3a and b show a comparison of the absorption spectra
and PL excitation (PLE) spectra of CsMnCl; and Tm**-CsMnCl,
NCs, respectively. The materials showed similar peaks with five
structured peaks at 355 nm, 374 nm, 420 nm, 448 nm, and
540 nm, which are ascribed to the electronic transition of Mn**
ions from ®A4(S) to “Ty(P), “E(D), “T,(D), *A1/*E(G), and *T,(G),
respectively.*" These peaks typically come from the d-d transi-
tions in the octahedrally coordinated Mn>" ions. The assign-
ment of Mn>" based on the d-d transitions has been studied
in detail.>*” Fig. 3c presents the PL spectra of CsMnCl; NCs
under 420 nm excitation, and the impact of Tm** doping on
their luminescence properties was studied. For the undoped
sample, there is a PL peak at 662 nm, while for Tm**-CsMnCl,
NCs, the red emission intensity initially increases and then
decreases with the increase of the Tm®" doping contents,
among which, the PL intensity of 7% doped material was the
highest and the peak position remained unchanged, which
coincided with the luminescence under the ultraviolet lamp

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a)—(c) UV-VIS, PLE (Aem = 662 nm, range: 340-600 nm) and PL
(fex = 420 nm, range: 540-810 nm) spectra of CsMnClz and Tm>*-
CsMnClz NCs. (d) and (e) PL and normalized PL emission spectra of 7%
Tm3*-CsMnCls NCs after illuminations at the six different excitation
wavelengths. (f) PL decay curves (lex = 365 NM, Aem = 662 Nm) of CsMnClz
NCs with 7% Tm** doping.

(the illustration in Fig. 3a). In addition, we studied the PL
emission spectra at different excitation wavelengths selected
from the absorption spectra of the undoped and 7% Tm?*'-
CsMnCl; NCs, as well as the excitation wavelength at 300 nm
and found that 7% Tm?**-CsMnCl, NCs have the same emission
peak at 662 nm, identical spectral shape, and FWHM (Fig. 3d
and e). Thus, the red PL emission is attributed to the relaxation
from the low energy excited state to the ground state of Mn>*
(from “T, to °A,), as illustrated in Fig. 4, which is consistent
with the assignment of the red emission in the octahedrally
coordinated Mn**. However, for CsMnCl; NCs, the PL emission
spectra show a little change at the six different excitation
wavelengths (Fig. S6a, ESIT and Fig. 6b), which may be related
to the defect state. Fig. 3f shows that the 662 nm emission band
of the undoped and 7% Tm>'-CsMnCl; NCs has an average
lifetime of 162.10 ps and 340.82 ps after fitting with triple
exponential decay, respectively. The relatively short lifetime of
CsMnCl; NCs indicates that the non-radiative recombination is
dominant, which results in a low PLQY of 0.3%.>? In contrast,
the 7% Tm>"-doped CsMnCl; NCs were diluted to a certain
concentration, and the measured PLQY was 35%. In addition,
we attempted doping with other lanthanide dopants, such as

J. Mater. Chem. C, 2024,12, 3573-3578 | 3575
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Fig. 4 The schematic diagram for the emission mechanism of undoped
and Pb/Tm co-doped CsMnCls NCs.

Yb** and Er*" ions. Fig. S7 (ESIt) shows that the PL intensity at
662 nm for the sample with 13% YD is the strongest, while the
PL intensity at 662 nm for the sample with 7% Er*" was the
highest. The enhanced luminescence of Ln**-CsMnCl; NCs may
be due to the partial substitution of Ln*" ions for Mn>" ions,
which effectively suppresses the energy transfer between Mn>*
and promotes the excitons to be confined to the [MnClg]*~
octahedron (Fig. 4). However, the high doping content of Ln**
will lead to the concentration quenching effect due to the non-
radiative energy transfer between the dopant and lattice.

To gain more insights into the role of Ln** ions in enhancing
the luminescence of CsMnCl; NCs and optimizing their optical
properties, Pb/Tm co-doped CsMnCl; NCs were prepared by the
introduction of a small amount of Pb** ions. The Pb-doped
CsMnCl; NCs were used as a reference sample, Fig. 5a shows
that the absorption around 283 nm was greatly enhanced due
to the parity allowed transition from 'S, to *P; of [PbClg]"~
octahedrons.”*** Tm was selected as the "G, energy level, which
is the most perfect candidate for the formation of the gradient
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the Pb doping contents. The insets are the luminescence photographs of
the above samples under daylight and a 365 nm UV lamp.
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levels.>* With the increases in the doping content of Tm, the
absorption peak at 283 nm decreased, and the emission spectra
for Pb/Tm co-doped NCs revealed the presence of CsMnCl; host
and intrinsic Pb*>" ions (Fig. 5b). As the Tm*" doping concen-
tration increases to 3-7%, more excitons are transferred to the
CsMnCl; host and then released, accompanied by the emission
of more photons. As a result, the PL intensity of the CsMnCl;
host increases significantly. The strong peak at 662 nm is
mainly attributed to the emission of the CsMnCl; host. These
results show that a part of photoinduced exciton will be
transferred from the Pb®" host to the 'G, energy level of
Tm?*, and then these excitons will be transferred downward
to the lower energy state “T; of Mn>", promoting more excitons
to be confined to the [MnClg]*~ octahedron. Finally, the exciton
will be released with the emission spectra of 662-628 nm
(Fig. 4). Thus, Tm>" ions play a transitional role in the process
of exciton transfer, making it easier and more efficient to
transfer excitons from the Pb>" host to the CsMnCl; host.
Interestingly, the PL intensity decreases with higher Tm doping
contents, accompanied by a significant increase for the PL peak
at 400 nm. The strong emission at 400 nm mainly belongs to
the emission of intrinsic Pb>* ions due to the non-radiative
energy transfer between the Tm*" dopant and the lattice.

To verify the role of Pb>* ions, we further investigated the
effect of Pb doping content on the optical properties of
CsMnCl; NCs. Both 7% Tm?*'-doped and 1%Pb/7%Tm co-
doped exhibited excellent optical properties, and found that
they have an obvious absorption peak at 329 nm compared with
the other samples; the NCs with 7% Tm>" acted as a reference
sample. Interestingly, when the Pb doping concentration
increased from 1% to 15%, the absorption peak at 329 nm
was significantly enhanced (Fig. 5c), which is attributed to
the spin-forbidden “Ty(P) to °A,(S) transition. The presence
of an obvious absorption peak in Pb/Tm co-doped CsMnCl;
NCs implies that the spin-forbidden transition is further
broken depending on the doping, leading to lower crystal sym-
metry.>>?® Correspondingly, the absorption peak at 283 nm
gradually weakens. Hence, the tunable PL of Pb/Tm co-doped
CsMnCl; NCs may mainly be dependent on the broken spin-
forbidden transition. Thus, Fig. 5d shows that the red emission
showed a blue shift from 662 nm to 628 nm, which originated
from the d-d transitions in the [MnClg]*~ octahedron rather
than an isolated Mn>" ion, and the emission peak at 400 nm
remained unchanged. Moreover, the PL peak remained
unchanged for CsMnCl; NCs with Pb doping from 7% to 15%.

Fig. S8 (ESIt) is the Tauc plot curve converted by the
Kubelka-Munk equation for the bandgap calculation. The
bandgap of CsMnCl; NCs is estimated to be 3.85 eV, which is
consistent with that from a previous report.>* As the Pb/Tm
doping ratio increases, the corresponding bandgap decreases
sequentially. The band gap decreased to 3.39 eV when the
doping of Pb was 15%. In addition, the optimum PLQY of the
PL peak at 628 nm is 52.5%. Correspondingly, the PL decay
lifetime of Pb/Tm co-doped CsMnCl; NCs with the emission
peak at 628 nm can be fitted with triple-exponential decay, and
an average lifetime of 333.93 ps was obtained (Fig. S9, ESIY),

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Time-dependent XRD patterns of (a) CsMnCls and (b) Tm>*-
CsMnCls NCs. PL variation of (c) CsMnCls and (d) Tm*"-CsMnCls NCs
after different storage times.

which is similar to that of 7% Tm**-CsMnCl; NCs (340.82 ps).
Table S1 (ESIt) summarizes in detail the parameters of PL decay
lifetimes of the undoped, 7% Tm®', and Pb/Tm co-doped
CsMnCl; NCs. Therefore, Pb** jons cannot play a similar effect
as Tm®* ions, and Pb>" ions mainly regulate the PL emission of
CsMnCl; NCs due to the absence of the forbidden transition.
When the Pb content increased to 50%, the absorption peak at
328 nm gradually disappeared, as shown in Fig. S10 (ESIt), and a
new absorption peak at 384 nm appeared. As a result, the PL
spectra of the Pb/Tm co-doped NCs show the yellow-orange
emission at 606 nm and ultraviolet emission at 400 nm, which
results from the isolated Mn?" ions and CsPbCl; NCs.>” The XRD
pattern well corresponds to the cubic phase of CsPbCl; NCs
(Fig. S11, ESIY), indicating the formation of the CsPbCl; host.
Based on the above results, the tunable red emission of Tm?'-
CsMnCl; NCs with partial Pb doping breaks through the limita-
tion of a single-emission peak of CsMnCl; NCs, and Pb/Tm
co-doped CsMnCl; NCs with high efficiency are further realized.

The phase and storage stability of undoped and Tm>*-doped
CsMnCl; NCs were tested at 50% humidity and 25 °C under
atmospheric pressure. Fig. 6a and b show the XRD patterns and
PL spectra of the two thin film samples, the Tm**-doped NCs
with red emission maintained the hexagonal phase after two
weeks, while undoped NCs were transferred from the red-
emitting hexagonal phase to the blue emitting hexagonal
Cs,MnCl,(H,0), phase, and partially decomposed into CsCl
and MnCl, after one week (Fig. S12, ESI{). In addition, as the
storage time increases, the Tm>*-doped NCs and undoped NCs
maintained 63% and 17% of their PL intensities recorded at
room temperature after two weeks (Fig. 6¢ and d).

Conclusions

In summary, we successfully developed various lanthanide-doped
CsMnCl; NCs via the hot-injection method and expanded the

This journal is © The Royal Society of Chemistry 2024
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optical properties of the perovskite NCs. The substitution of Ln*"
jons for Mn** ions into the internal lattice of CsMnCl; NCs was
preliminarily demonstrated by XRD, TEM, and EDX measure-
ments. Interestingly, the introduction of Ln*" ions considerably
improved the red emission centered at 662 nm for CsMnCl; NCs.
PLQY was successfully enhanced from 0.3% to 35%. In addition,
the Pb/Tm co-doped CsMnCl; NCs were synthesized, the energy
levels of Tm®" ions played a transitional role in the process of
exciton transfer from the Pb** to the CsMnCl, host while control-
ling the amount of Pb doping to obtain tunable PL emission from
662 nm to 628 nm due to the absence of the forbidden transition,
and the PLQY was further optimized to 52.5%. Moreover, Tm>*-
CsMnCl; NCs maintained good phase and storage stability
compared with undoped NCs after two weeks. We believe that
this work provides a new approach to improving the PL proper-
ties, tuning the optical bandgap, and exploring the luminescent
mechanism for lead-free perovskite NCs.
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