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and carrier trapping in the Cs,CdCl; metal halidet

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2023,

11, 6220 Dayu Huang,?® Ziyong Cheng,?® Qiuyun Ouyang,*® Hongzhou Lian**° and

Jun Lin (2 %3

The lattice defects that occur in material preparation processes are closely related to carrier migration. The
carrier migration can be regulated by artificially modulating the defects to improve the luminescence
performance, which is important for the development and application of luminescent materials. Here, we
achieved a 3.29-fold increase in the high-temperature luminescence intensity by introducing Mn2* to
generate Cl vacancy defects in Cs,CdCls. Due to thermally induced electron de-trapping, Cs,CdClysMnZ*
also displays anti-thermal quenching (ATQ) behavior and good thermal quenching resistance (329% at
175 °C). The increase in the photoionization effect and de-trapping of the captured electrons from shallow

Received 20th March 2023, trap states were appropriately attributed to this exceptional phenomenon, based on thermoluminescence

Accepted 15th April 2023 (TL) analysis. Based on comprehensive optical characterization, thermoluminescence and temperature-
dependent X-ray diffraction (XRD), we reveal that the Cl vacancy trap state generated by Mn doping is the

reason for the enhanced PL in air. The discovery of these materials helps to better understand the optical
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1. Introduction

The study of metal halides has grown exponentially due to their
excellent photoelectric properties.'* One aspect of this work
involves replacing Pb in the metal halide with other metals to
form materials with different chemical or physical properties or
better stability than Pb halide perovskites.”>*° The character-
istic 3D double perovskite structure of CsPbX; (X = Cl, Br, and I)
is retained, that is, the Pb®" cation in the compound is replaced
by monovalent and trivalent cations in pairs, as described by
the Cs,M"M'*X¢ (X = Cl, Br, and 1) formula unit.***® Another
research direction is to explore low-dimensional perovskites
with metal halide octahedra forming 2D structures or isolated
0D units. In 2D perovskites, layers composed of metal halide
octahedral and monovalent cations appear alternately. In this
structure, the size limitation of monovalent cation selection in
3D perovskites is greatly relaxed, such that hybrid 2D perovs-
kites can be formed in which the 2D metal halide layers are
alternately arranged with organic monovalent cation layers of
different sizes.*>*® Such organic-inorganic hybrid perovskites
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properties of all-inorganic perovskites.

exhibit excellent optical properties, such as a tunable emission
range, a narrow emission line width and a high photolumines-
cence quantum yield (PLQY). Among all the possible arrange-
ments of metal halide octahedral layers, there is the unique
Ruddlesden-Popper (RP) phase, which has attracted extensive
attention due to its chemical diversity, stability and properties
that are similar to 3D structures.’”*" The RP phase is in the
stoichiometric ratio of the formula unit A,MX, (A and X =
monovalent or divalent ions; M = metal cations), which are
composed of co-angular MXs octahedral sheets stacked in an
ABAB sequence along the ¢ axis. Such a structure, e.g., oxide
Sr,TiO4, was first discovered by Ruddlesden and Popper.* In the
past century, halide-based RP phases have attracted much atten-
tion due to their excellent photoelectric properties, and are
considered to be a new class of semiconductor materials. The
host Cs,CdCl, in this paper has also been identified to have the
same RP structure.** Koshimizu’s group reported that Cs,CdCl,
as an X-ray scintillator material can emit light by doping Sb** or
TI".** Among them, the prominent feature of Cs,CdCl,:Sb*" is
that there is only a single emission band. The maximum emis-
sion peak is located at 516 nm. However, compared with the
corresponding bulk compounds, RP phase materials exhibit
unique physical and photoelectric properties as colloidal nano-
crystals. The research of Locardi’s group involved the formation
of the Cs,CdCl:Sb>" RP phase as colloidal nanocrystals.*> Under
UV excitation, Cs,CdCl,:Sb** has a strong cyan emission. Doping
transition metals into perovskites is a unique strategy to expand
the family of perovskite materials. However, undoped materials

This journal is © The Royal Society of Chemistry 2023
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cannot change their optical and electronic properties. Based on
the unique properties of Cd-based halide perovskites, their
photoelectric properties were studied under the activation of
photoluminescence center signals. It is proved that the doping
effect is crucial for photon upconversion and a higher excited
state emission. So far, Mn*" activated luminescent materials
exhibit high thermal quenching due to strong electron-lattice
coupling during heating. Therefore, it is a meaningful work to
develop Mn>" ion doped perovskites with high thermal stability
and high efficiency for lighting applications.

In this work, we studied the relationship between radiative
exciton recombination and carrier trapping on the surface of
the Cs,CdCl;:Mn>" perovskite crystal via high temperature
spectra. It is found that the photoluminescence (PL) intensity
of the Cs,CdCl,;:Mn** crystal can be increased 3.29 fold by
increasing the temperature from room temperature to 175 °C.
Based on comprehensive steady-state and dynamic optical
characterizations, we attribute the enhanced PL with increasing
temperature to the reduced density of states associated with Cl
vacancies near the crystal surface. We found that the carriers
trapped by Cl vacancies are activated at high temperature,
contributing to the PL intensity. Therefore, we speculate that
the trap density of the Cs,CdCl;:Mn>" crystal is more than that
of the Cs,CdCl, crystal. It is worth noting that high temperature
is detrimental to the performance of perovskite LEDs. Our
results provide a new means of improving the stability of
devices based on all-inorganic perovskites, and highlight the
interesting photoelectric properties of Cs,CdCl,:Mn>" crystals
due to high temperature.

2. Experimental
2.1 Chemicals

All chemicals were used without further purification: CdO
(cadmium oxide, Aladdin), CsCl (cesium chloride, Aladdin),
HCI (hydrochloric acid, 36-38%) aqueous solution, N,N-
dimethylformamide (Aladdin), and (CH;COO),Mn (manganous
acetate, Aladdin). All reactions were performed under ambient
conditions.

2.2 Synthesis of Cs,CdCl, and Cs,CdCl;:xMn>*

Cs,CdCl, and Cs,CdCl,:Mn>" were synthesized via a hydrother-
mal method. For the Cs,CdCl, host, CsCl (4 mmol) and CdO
(1 mmol) were added to a 25 mL Teflon-lined autoclave. Then,
3 mL of HCI aqueous solution was added to the Teflon-lined
autoclave followed by 3 mL DMF, and the autoclave was heated
at 150 °C for 2 h before being cooled slowly at 2 °C h™" to room
temperature. Finally, the obtained single crystal particles were
washed two times with ethanol and dried at 80 °C for 1 h in an
oven. For Cs,CdCl,;:Mn>", (CH;COO),Mn (0.1 mmol) was added
to the Teflon-lined autoclave, and other steps are the same.

2.3 Characterization

The single-crystal X-ray diffraction (SCXRD) data were recorded
using a Bruker Apex II CCD diffractometer with X-ray Mo Ko
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radiation (1 = 0.71073 A). A suitable single crystal was selected
and kept at room temperature during data collection. Data
reduction, experimental absorption correction, and cell refine-
ment were obtained using the APEX3software package. Using
Olex2 software, the structure was solved by the ShelXT structural
solution program using the Intrinsic Phasing method and refined
by the ShelXL refinement package using least-squares minimiza-
tion. Phase identification was confirmed through X-ray diffraction
using a D8 Focus diffractometer (Bruker) with Cu-Ka radiation
(% =1.5405 A). The diffuse reflectance spectra (DRS) were obtained
using a UV-visible diffuse reflectance spectrophotometer (UV-2550
PC, Shimadzu Corporation, Japan). TEM was carried out using a
FEI Tecnai G2S-Twin microscope with a field-emission gun
operating at 200 kV. Photoluminescence (PL) spectra and
temperature-dependent PL spectra (from —180 to 100 °C) were
obtained using a fluorescence spectrophotometer with a 450 W
xenon lamp as the excitation source equipped with a temperature
controller (Edinburgh Instruments FLS-920). The photolumines-
cence quantum yield (PLQY) values were collected using an
absolute PL quantum yield measurement system equipped with
a temperature controller (Hamamatsu Photonics K.K., C9920-02
Japan). A LTTL-3DS spectrometer was used to record the two-
dimensional (2D) thermoluminescence (TL) curves at a heating
rate of 2 K s~ ". Thermogravimetric studies were carried out using
a simultaneous thermal analyzer (STA 449 F3).

3. Results and discussion

High-quality Cs,CdCl,;:Mn*" perovskite crystals were prepared
using a hydrothermal technique. The results of powder X-ray
diffraction (PXRD) tests are consistent with those of single-crystal
X-ray diffraction (SCXRD), and the Cs,CdCl;:Mn>" crystal has a
clear I4/m space group (Fig. 1a). Table 1 lists the detailed
structural parameters. According to Fig. 1b, the structure units
of Cs,CdCl, are built up of [CdClg]*” and [CsCl,]®~ polyhedra,
in which Mn®" ions are known to selectively occupy the
6-coordinated Cd>" sites because of their similar valence state
and ionic radii (Rcgz+ = 0.95 A and Rype- = 0.67 A). The XPS
outcomes are displayed in Fig. 1c. In particular, the peak of Mn**
binding energy at 653.04 eV corresponds to the 2p orbital of Mn*".
The XPS peak position of Mn®* is consistent with many previous
reports,"® demonstrating the successful introduction of Mn>*, and
the signal peaks of Cs, Cd, C and Cl are well shown. From the EPR
spectrum of Mn** (Fig. 1d) under the influence of an external
magnetic field, it is further confirmed that Mn®" exists in the
material and that just one site in the lattice is suitable for Mn>*.
A weak Mn-Mn dipole contact also exists.*®

Fig. 2a displays the UV/Vis diffuse reflectance (DR) spectrum
of Cs,CdCl,;:Mn*". Here, Cs,CdCl;:Mn*" exhibits several absorp-
tion sites and an indirect bandgap (Fig. 2b). Indeed, under
observation with the naked eye, Cs,CdCl,:Mn”* exhibited yellow
emission under UV irradiation, which is clearly brighter than that
of pristine Cs,CdCl,. The host’s own luminescence is very weak or
even invisible to the naked eye (Fig. 2c). After Mn*>" doping, the
Mn*" d-d emission corresponding to the spin-forbidden *T; — ®A
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Fig. 1 (a) X-ray diffraction pattern of the Cs,CdCl,:Mn?* perovskite crystal, showing the /4/m space group that coincides well with CCDC 2235089 (a =
b =52464 A c=16854 A o= =y =90°. (b) Crystal structure of Cs,CdCly. (c) XPS spectra corresponding to Cs,CdCl,, Cs, Cd, Mn, C and CL. (d) EPR

spectrum of Cs,CdCly:Mn?*.

Table 1 Structural data of single crystal Cs,CdCls:Mn?*

Structural parameter Cs,CdCl,:Mn>*

a 5.2464 A
b 5.2464 A
¢ 16.854 A
Volume 463.9 A°®
Space group I4/m

zZ 4

h 7

k 7

Lmax 23

R (reflections) 0.0663
WR, (reflections) 0.1851
CCDC 2235089

transition can be observed as a broadband yellow emission peak at
around 585 nm with excitation at 417 nm (Fig. 2d). The emission
bands of these samples share many solitary excitation bands at
250-325, 325-375, 417, and 475-550 nm, which perhaps belong to
a charge transfer band and electronic transitions from °A.(S) to
the excited state. The corresponding excitation spectrum is shown
in Fig. 2d. The distinct transitions show different excitation peaks.
The excitation peak at 250-325 nm belongs to the charge transfer
band of the host. The excitation peak at 325-375 nm is attributed
to the “Ey(*D)/*Tyy(*D)-°A; transition. The *Ey(*G)/*Tae(*G)/*As-
(*G)-°A, transition is responsible for the excitation peak at
417 nm. Moreover, the “T;(*G)-°A; transition is involved in the
excitation peak at 475-550 nm.

Fig. 2e and f present photographs of the luminescence of the
samples under visible light and ultraviolet light, respectively.
The size and the yellow emission of the Cs,CdCl:Mn>" are

6222 | J Mater. Chem. C, 2023, 11, 6220-6226

clearly shown. In addition, grinding the single crystal into powder
does not affect the luminescence intensity of the sample. The
PLQY of the material can reach 90%.

In order to study the temperature dependence of the photo-
luminescence of the Cs,CdCl,:Mn>" crystal, we monitored the
crystal luminescence at high temperature. Fig. 3a shows the PL
spectra of the Cs,CdCl:Mn>" crystal excited at 275 nm at
different temperatures. Surprisingly, as shown in Fig. 3c, the
PL intensity at high temperature increases by 3.29 fold (I(175:c) =
3.291(35°c), where I(175°c) is the integrated intensity at 175 °C,
and I>5-c) is the integrated intensity at 25 °C). As shown in Fig. 3a,
the PL peak of the Cs,CdCl;:Mn*" crystal shows a clear enhance-
ment and a blue shift as the temperature is increased. The blue
shift of the emission peak at high temperature is because the
crystal field strength of the material becomes weaker, which is
generally accepted (Fig. 3b). It can be seen that the PL intensity
decreases slowly before —100 °C, and then begins to increase
slowly. As the temperature continues to rise, between 75 and
175 °C, the luminescence intensity increases rapidly and reaches
the strongest state. Such a heating process can be repeated many
times without any signs of change (Fig. 3d).

In order to obtain the mechanism of the temperature-
dependent PL, it is necessary to understand the reasons for the
PL enhancement of the Cs,CdCl,:Mn>" perovskite crystals at high
temperature, which is crucial for further analysis. In general, two
possible scenarios can be assumed to explain the higher PL
intensity at temperatures higher than room temperature. (1) The
PL origin is related to the non-intrinsic radiation defect state, and
the defect concentration increases at high temperature. This has
recently been reported, and energy transfer from the trap state to

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) UV-vis reflectance spectra for Cs,CdCly:Mn2*. (b) Relationship

between [zhvI¥? and photon energy hv, showing indirect band gaps of

Cs,CdCly:Mn?*. (c) PL spectrum of Cs,CdCly. (d) PLE and PL spectrum of
Cs,CdCly:Mn?*. (e and f) Photographs of single-crystal Cs,CdCls:Mn?*
samples under visible and ultraviolet light illumination.

Mn*" has been observed at high temperatures.*’ (2) If the PL
originates from intrinsic interband or exciton recombination, it is
necessary to verify the reduction of non-radiative recombination
centers at high temperature. However, the luminescence enhance-
ment is clearly not due to the decrease of the radiation centers, but
the increase in the energy transfer path to Mn*>* at high tempera-
ture. Since significant self-trapped exciton (STE) emission can be
observed at low temperature, the whole temperature-rise process
refers to multiple photophysical behaviors.

First, we observe the normal emission intensity of Cs,CdCly:
Mn®" in the region from —180 to —100 °C (I_1go°c t0 I_100°c) as
shown Fig. 3c. This is initially used to return to the ground state
radiation transition energy due to the phonon vibration loss,
that is, thermal quenching behavior. Defect levels are not
involved during this low-temperature process due to the lack
of effective thermal activation energy. In region II (from —80 to
250 °C), the emission intensity at 175 °C is 329% of that at
20 °C. Nonetheless, Cs,CdCl,;:Mn>** exhibits the zero-thermal
quenching phenomenon close to the working temperature of
the LED chip, indicating its practical application potential.
Generally, electron-phonon coupling becomes stronger and
leads to the loss of luminescence intensity at high temperature.
Hence, the thermal quenching and thermo-stimulated radiation

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Temperature-dependent PL spectra of Cs,CdCly:MnZ*. (b)
Normalized intensity of Cs,CdCly;:Mn?* at different temperatures. (c)
Integrated intensity of Cs,CdCly,:Mn2* at different temperatures. (d) Cyclic
heating test diagram from room temperature to 175 °C.

dynamic process may form a competitive relationship to affect
the luminescence intensity. Our initial hypothesis was that the
STE energy of the host was transferred to Mn**; however, since
the STE luminescence is so faint, it is hard to double the
luminescence of Mn*".

Through XPS, we discovered an intriguing phenomenon in
which the signal peaks of Cl in Cs,CdCl, and Cl in
Cs,CdCl,;:Mn”*" moved and expanded significantly (Fig. 4a and
b). The material itself has Cl™ vacancy defects, and the intro-
duction of Mn>" can control the Cl~ vacancy within a certain
range, thereby maintaining stability at high temperature. Due
to the high temperature, excessive CI vacancy defects will lead
to luminescence quenching. Therefore, the introduction of Mn
avoids a large number of Cl vacancies at high temperatures and
maintains a relatively balanced Cl vacancy ratio, which signifi-
cantly enhances the anti-thermal quenching of Mn?", This is
because a large number of CI defects will bring about a large
number of non-radiative complexes. This is the reason why we
observe the anti-thermal quenching effect at high temperature.

To test the hypothesis proposed above, we obtained the
following series of high temperature material characterization
data. The material’s luminous phase did not change at high
temperatures, according to high temperature XRD (Fig. 4c). The
TG curve proves that the quality of the sample does not change
with the increase in temperature. The water adsorbed by the
sample is lost (Fig. 4d). Subsequently, we examined the materi-
al’s PLQY at different temperatures and discovered that, in
addition to the PLQY of the material increasing at high tem-
peratures, the absorption also increased, reaching a maximum
before then declining (Table 2). The trend in the temperature-
dependent quantum yield is similar to that of the temperature-
dependent luminescence. The luminescence of the material is

J. Mater. Chem. C, 2023, 11, 6220-6226 | 6223
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enhanced with the increase in temperature. It is further proved
that the luminescence of the material is indeed enhanced at
high temperature, which is very beneficial for practical applica-
tions of the material.

In the information that follows, we demonstrate that the
evidence points to the presence of several traps. Initially, a certain
depth of lattice disorder is seen on the surface of the particles,
probably as a result of the substitution of Mn”" ions (Fig. 5a).
Hence, the above finding indicated that the Cl vacancies, as
electron trapping and storing sites, contributed to the enhanced
emission intensity. To further support this view, the thermolu-
minescence (TL) glow curve, as a powerful tool to investigate the
trapping state, was employed. Five trap levels were located
between 300 and 600 K at various depths (Fig. 5b). E = T;,,/500,
where E is the average trap depth and T, is the temperature
corresponding to the peak position, is the empirical formula of
Urbach.*® The computed trap depths are 0.68, 0.74, 0.86, 0.99 and

Table 2 Temperature-dependent PLQY and absorption data for
Cs,CdClyuMn?*

Temperature (°C) Quantum yield Absorption
25 0.90 0.36
40 0.91 0.37
55 0.92 0.38
70 0.92 0.385
85 0.92 0.389
100 0.93 0.391
115 0.94 0.393
130 0.94 0.396
145 0.94 0.398
160 0.95 0.41
175 0.95 0.412
190 0.94 0.43
205 0.94 0.40
220 0.94 0.402
6224 | J Mater. Chem. C, 2023, 11, 6220-6226
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Fig. 5 (a) High-resolution TEM image of Cs,CdClys:Mn?*, where the
lattice disorder induced by defects is marked by white arrows. (b) Thermo-
luminescence curve. (c) Configurational coordinate diagram. STL, shallow
trap level; DTL, deep trap level. (d) Temperature-dependent decay curves
of Mn?*. (e) Temperature-dependent PLE spectra of Cs,CdCl,:Mn?*.

1.04 eV. Fig. 5¢ shows several processes of electron transfer. Some
of the excited electrons transfer to the excited state of Mn>" at
room temperature, enhancing the Mn>" emission. Deep traps
catch some of them. In addition, the shallow trap’s electron
component contributes to the Mn>" emission, which boosts the
Mn** emission. Deep traps have all captured the remaining
electrons. Deep trap electrons have a key role in the emission of
Mn”* at high temperatures. The abnormal luminescence phenom-
ena are caused by the electrons of deep traps obtaining energy to
jump out of the deep trap and transfer to the excited state of Mn>",
Such a host is unusual. A localized CI vacancy trap energy level is
created in the material’s forbidden band through the addition
of Mn>", When the temperature increases, the electrons bound
by the trap energy level are de-trapped, reaching the excited state
energy level via the conduction band and undergoing electron—-
hole complexation when returning to the ground state. The
energy is emitted in the form of yellow emission to compensate
for the weakened luminescence caused by the non-radiative
transitions at high temperatures. When the two processes reach
dynamic equilibrium, zero-thermal quenching can be achieved.
Confirmed by the Jahn-Teller effect, slight distortions lead to

This journal is © The Royal Society of Chemistry 2023
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Table 3 Temperature-dependent decay times of Mn%*

T (°C) Decay time (ms) T (°C) Decay time (ms)
—180 12.95 25 17.65
—-160 12.58 50 19.56
—140 11.90 75 21.16
—-120 11.78 100 23.25
—100 11.26 125 26.52
—80 13.36 150 28.61
—60 13.62 175 30.81
—40 13.89 200 16.62
—-20 14.36 225 15.84
0 14.51 250 15.43

easier STE formation due to the enhanced electron-phonon
coupling (Fig. 5a). Secondly, the doping of Mn** introduces a
large number of defect energy states, which is a basis for the
enhanced STE phenomenon compared with the host. The trap
states of the Mn*" materials were calculated via the thermo-
luminescence spectrum, taking into account the Cl vacancies in
the lattice, to further demonstrate that defects are involved in
the process of anti-thermal quenching. The energy supplement
process: the light irradiation at room temperature/high tempera-
ture makes these suitable defect states capture the excited carriers.
The carriers trapped by the defect state will be released to the
luminescence center under the influence of thermal disturbance
as the temperature increases, making up for the energy loss
enforced by the thermal quenching effect and enhancing the
thermal stability of the luminous material.

We further demonstrated the process of energy transfer
from STE to Mn®" by monitoring the decay time of different
emission peaks at different temperatures (Fig. 5d). The conclu-
sion that all data can be explained using a double exponential
decay model, y = y, + A, exp(—t/t,) + A, exp(—t/1,), suggests that
Cs,CdCl::Mn** phosphors contain only a double light center
(Table 3). By monitoring the excitation and emission spectra of
Mn>" at different temperatures, it is proved that energy transfer
occurs between STE and Mn>* at different temperatures
(Fig. 5e). In addition, the decay time test further proves the
energy transfer efficiency of Cs,CdCl, and Mn”". The lifetime of
Mn*" increases with increasing temperature, which is strongly
related to the material’s deep traps. Partly as a result of energy
transfer, the host’s lifetime keeps getting shorter.

4. Conclusions

The corresponding defects that result from the substitution of
Mn*"-doped equivalent cations will also cooperate with the
intrinsic defects to form functional trap energy levels to achieve
a dynamic balance of carrier storage and response under
external excitation, which will improve the luminescence perfor-
mance of the material and even bring new luminescence proper-
ties. It has been clearly shown that the PL modulation is related to
the density of surface trap states. We speculate that one possible
reason for the observed PL enhancement is the reversible physical
adsorption of oxygen, bromine and water.*>*° Here, we aim to
study the effect of Mn>" doping on the photophysics of Cs,CdCl,,

This journal is © The Royal Society of Chemistry 2023
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which is very beneficial to basic research. We demonstrate that CI
vacancy defects contribute to the luminescence enhancement of
Cs,CdClaMn*" at high temperature. The understanding of Cl
vacancy defects is still in its infancy. This work highlights the
interaction between the introduction of Cl vacancies on Mn**-
doped Cs,CdCl, crystals and luminescence enhancement. These
findings are helpful to understand the optical properties of
Cs,CdCl, materials measured at high temperature.
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