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Abstract: Halide perovskites offer great promise for optoelectronic applications, but stability issues continue to hinder its 
implementation and long-term stability. The stability of all-inorganic halide perovskites and the inherent quantum confinement of 
low dimensional perovskites can be harnessed to synthesize materials with high PL efficiency. An example of such materials is the 
recently reported new family of layered double perovskites, Cs4Mn1−xCdxBi2Cl12. Herein, we report a new synthetic procedure that 
enhances the maximum PLQY of this family materials to up 79.5%, a 20% enhancement from previous reports and the highest 
reported for a Mn-doped halide perovskite. Importantly, stability tests demonstrate that these materials are very stable towards 
humidity, UV irradiation, and temperature. Finally, we investigated the photophysics, the effects of magnetic coupling and 
temperature in the PL efficiency and proposed a mechanism for the emission process. Our results highlight the potential of this family 
of materials and related layered all-inorganic perovskites for solid-state lighting and optoelectronic applications.  

Introduction 
Halide perovskites extraordinary structural and electronic 

tunability has motivated the quest for applications in 
optoelectronic devices beyond solar cells, such as light-emitting 
diodes,1,2 X-ray detectors,3,4 and catalysts.5,6 However, three 
dimensional (3D) halide perovskites with general formula 
ABX3 have limited composition diversity.7 In contrast, their 
two-dimensional (2D) counterparts significantly expand the 
perovskite chemical diversity, allowing further tuning of the 
optoelectronic properties.8 The dimensional reduction of halide 
perovskites can be achieved by introducing a large organic 
cation that separates the inorganic layers, resulting in the family 
of materials commonly known as organic-inorganic hybrid 
perovskites, or by replacing B2+ with a metal in a different 
oxidation state, such as Bi3+ or Sb3+. The difference in charge 
gives rise to vacancies that generate a 2D network, known as a 
defective perovskite or <111>-oriented layered perovskite 
A3M2X9 where M = Bi, Sb (Figure 1). On one hand, this 
heterovalent substitution allows the replacement of lead and 
expands the possible applications of halide double 
perovskites.9–12 On the other hand, the dimensional reduction of 
the inorganic sublattice in 2D perovskites results in electronic 
confinement within the layers, with the added advantage that, 
in contrast to perovskite nanocrystals, stabilization is not 
required, and the resulting materials tend to be more stable. 
Further, dimensional reduction typically results in structures 
that have large band gaps and less dispersive bands. 

Consequently, these materials tend to be excitonic in nature 
with high exciton binding energies.13,14 Such properties are 
highly desirable in phosphors for light-emitting diodes 
applications and have been harnessed for the synthesis of new 
materials with near-unity photoluminescence quantum yields 
(PLQYs).12,15–17  

 

Figure 1. Schematic representation of the relationship between 
layered <111>-oriented perovskites and 3D perovskites. By 
replacing BII metal with a trivalent metal MIII (n = 2) or a 
combination of divalent M’II and trivalent metals (n = 3) the layered 
structure can be obtained. 

Another alternative to harness the excitonic nature of these 
materials is the introduction of doping agents or impurities such 



as transition metals or lanthanides.9,18–21 Among the transition 
metals, Mn2+ has been extensively investigated as a dopant in 
many semiconductor hosts for photoluminescent and 
electroluminescent applications.22 Divalent manganese ions act 
as recombination centers for electron-hole pairs and exhibit a 
typical photoluminescence emission centered at ~590 nm. This 
emission originates from the parity and spin forbidden 4T1(G) 
to 6A1(S) transition in the 3d shell of the octahedrally 
coordinated Mn2+ ions.22 Generally, as the activation of spin 
relaxation of Mn2+ is induced by the energy transfer from the 
host exciton to Mn2+, the emission strongly depends on the 
band-edge position and bandgap of the host.9 

 
High photoluminescence efficiencies have been achieved by 

doping 2D layered perovskites and lower dimension lead 
halides with Mn2+.23,24 For example, Zhang et al. synthesized 2D 
single-layered Mn@EA2PbBr4 (EA = ethylammonium) with a 
78% PLQY.25 However, as the organic component in the 
materials usually decreases their stability, great effort has been 
devoted to the search of inorganic materials with improved 
stability towards light, moisture, oxygen, and temperature. 
Mn2+ doping of CsPbCl3 nanocrystals has also been extensively 
studied,19,26–30 leading to PLQYs of up to 70%.31 However, 
CsPbCl3 nanocrystals are not very stable and tend to degrade 
rather rapidly, especially when out of the protecting colloidal 
environment.32–34 

 
Recently, P.M. Woodward and collaborators reported the 

optoelectronic and magnetic properties of a new halide 
perovskite family Cs4Cd1-xMnxBi2Cl12. A remarkable PLQY of 
57% was achieved for a Mn content of x = 0.27. The high PLQY 
was attributed to an efficient energy transfer from Bi3+

 
sensitizers to Mn2+ activators where incorporation of Cd2+ 

serves to electronically isolate Mn–Bi–Mn networks, increasing 
radiative recombination on Mn2+ sites.35 The solid solutions 
Cs4Cd1-xMnxBi2Cl12 acquire a greater importance among the 
emerging family of layered double perovskites as PL emission 
in the materials reported so far, is either completely quenched 
or very low in intensity at room temperature.36,37 This 
emphasizes the importance of this family to further understand 
the optoelectronic properties of layered-double perovskites for 
future applications in LEDs and phosphors. Further studies on 
the PL quenching mechanism at room temperature and at low 
temperatures as well as stability tests are necessary.  

 
Herein, we report the photophysical characterization and a 

proposed quenching mechanism at room temperature by 
exchange interaction between Mn2+ of 2D perovskites with 
general formula Cs4Cd1-xMnxBi2Cl12 (where x ranges from 0 to 
1) displaying PL centered at 595 nm and an improved PLQY of 
up to 79.5%, a 20% increase from the same previous reported 
materials and the highest reported for a Mn-doped 
perovskite.25,31,38,39 The facile synthesis and excellent stability 
to humidity, air, temperature and UV light irradiation makes 
these materials, and related  all-inorganic 2D perovskites, 
promising candidates for their use as phosphors in light-
emitting devices. 

 
Results and Discussion 
Synthesis, characterization and stability tests 

 

We synthesized microcrystalline powders of this family of 
solid solutions with general formula Cs4Cd1-xMnxBi2Cl12 (x = 0 
– 1), in large quantities (up to gram scale), by precipitation of 
the metal halides (CsCl, MnCl2, CdCl2 and BiCl3) in 
concentrated hydrochloric acid (see SI for more information). 
The Cd-only (x = 0) material is a white, microcrystalline 
powder, and as Mn concentration increases, the material turns 
to a light-pink color characteristic of Mn2+-containing solids. In 
agreement to the previous report, powder X-ray diffraction 
(PXRD) patterns showed that the intermediate materials are 
pure and preserve the same trigonal 𝑅3#m space group and very 
similar cell constants, with the expected decrease in cell 
parameters as the Mn-content increases (Figure 2A-B, S1). 
Inductively Couple Plasma-Optical Emission Spectroscopy 
(ICP-OES) showed that the composition of the final materials 
almost perfectly matched that of the desired stoichiometry 
(Figure 2C) and confirms the full solubility of Mn2+ within the 
Cs4Cd1-xMnxBi2Cl12 family of materials. The latter is notable, as 
Woodward et. al. previously reported difficulties in controlling 
the amount Mn with their experimental procedure, further and 
more generally, a precise control of Mn incorporation and large 
doping levels into the crystal lattice are important parameters 
that are hard to achieve for Mn-doped nanostructures such as 
Mn@CsPbBr3 nanocrystals, and other semiconductor quantum 
dots, or hybrid perovskites.19,40,41 

 

 

Figure 2. A) PXRD diffractograms of the Cs4Cd1−xMnxBi2Cl12 
family of <111>-oriented layered perovskites with increasing Mn 
content (x). B) Displacement in the peak at ~23.5º corresponding 
to the (110) diffraction plane as a function of Mn content. C) Mn 
content in the materials determined by ICP-OES compared with the 
amount of Mn added to the solution during the synthesis, and D) 
PXRD of the sample with x = 0.1 after exposure to a relative 
humidity (RH) of 50% for 120 days and after a 6 days UV (~375 
nm) irradiation. 

After confirmation of the structure, we evaluated the stability 
of these materials towards humidity, light and temperature. 
First, thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) were carried out on the powder 
samples. The thermal decomposition of the samples started at 



~300 °C, regardless of Mn content, and the DSC results showed 
no phase transition in a temperature range of 25 to 330 °C 
(Figures S2, S3). Also, the materials exhibited no sign of 
decomposition after storage in humid air (~50 % relative 
humidity) for up to 4 months or after UV irradiation for 6 days 

(Figure 2D). These studies clearly show that the materials 
possess a remarkable chemical stability. 

 

 

Figure 3. The normalized pseudo-absorbance calculated from the diffuse reflectance measurements (A) and room temperature electron 
paramagnetic resonance (B) of Cs4Cd1-xMnxBi2Cl12 with different Mn2+ concentration (x = 0.05, 0.10, 0.20, 0.50 and 1.0). C) PLQY of 
Cs4Cd1-xMnxBi2Cl12 as a function of Mn2+ content, and photoexcitation 3D mapping of Cs4Cd1-xMnxBi2Cl12 with x = 0.10 (D), x = 0.3 (E) 
and x = 1.0 (F). 

 
Absorption and photoluminescence characterization 

To gain insight into the optical properties of these materials, 
we studied their UV-Vis absorption and PL properties. UV-Vis 
diffuse reflectance measurements were converted to pseudo-
absorbance by the Kubelka-Munk transformation (see SI for 
complete details). Figure 3A of the normalized absorbance of 
samples with increasing Mn2+ content displays a charge transfer 
band in the UV region associated with the 6s2 à 6s1p1 
transitions of the [BiCl6]3- octahedra.35,39 This transition can 
split into a doublet if a dynamical Jahn Teller distortion is acting 
on the ion, which explains the two bands at ∼310 and 340 nm.35 
The band edge absorption slightly shifts with Mn incorporation 
(band gap changes from 3.2 eV for the Mn-only material to 3.1 
eV for the Cd-only material), which suggests that Mn 
incorporation has a minimal effect on the band edge (Figure 3A, 
S4 and Table S3). These results differ with Woodward, as the 
absorption edge in their materials shifts from 360 nm (Cd-only 
material) to 400 nm (Mn content x= 0.55), which corresponds 
to an energy difference of 0.34 eV. The broadening of the 6s2 
à 6s1p1 transition, also observed in our samples, was ascribed 
to an increase of the electronic dimensionality with increasing 
Mn incorporation..42 The bands at  430 nm and 520 nm 
correspond to the spin forbidden 6A1(S) à 4T2(G) and 6A1(S) 
à 4T1(G) transitions, respectively.43–45 Usually, these 
transitions are rarely observed as they are forbidden in 
octahedral coordination, but magnetic coupling between Mn2+ 

pairs or a symmetry breaking contribution can relax the spin and 
parity selection rules, respectively.40,46–48 

The photoexcitation 3D mapping for x = 0.10, 0.30 and 1.0 
noticeably evolve with Mn content (Figure S6) with a new band 
forming at 320 nm as Mn concentration increases (Figure 3D-
F). The intensity of the 430 nm band corresponding to the 
6A1(S) à 4T2(G) transition, steadily increases with increasing 
Mn content due to the larger amount of Mn2+ coupled pairs.44 
The emission and absorption spectra of the Mn2+-containing 
samples are quite similar (Figure S7) suggesting that Mn2+ 

emission originates from the absorption of the host.49,50 

The PL emission spectra for x = 0.1 (Figure 3D, S5 and S7) 
shows a peak centered at 595 nm with an FWHM of 
approximately 65 nm. The characteristic orange emission is 
attributed to the spin and parity forbidden 4T1(G) à 6A1(S) 
transition within the 3d shell of the octahedrally coordinated 
Mn2+.35,40,47 The emission peak and FWHM of PL spectra of 
Mn-containing samples are independent of excitation 
wavelength (Figure 3D-E-F, S5), which indicates a single 
radiative decay pathway in these samples. Interestingly, in this 
family of materials, band edge emission was not  observed, 
unlike in Mn@CsPbX3 nanocrystals (X = Br, Cl) or Mn2+ doped 
hybrid lead perovskites, where both band edge and Mn2+ 
emissions are generally observed.51 Band edge emission is 
absent in double perovskites, a behavior more similar to II-VI 
chalcogenides than lead perovskites.37,46 R. Bakthavatsalam and 
collaborators probe the effect of confinement on enhancing 
exciton-Mn2+ exchange coupling interaction in bulk 2D layered 



perovskites. They found that higher confinement in 2D 
perovskites enhances the dopant-host carrier exchange 
interactions allowing a  much higher dopant energy-transfer rate 
than the band edge recombination rate.52 The layered nature of 
these materials could have a similar effect in these materials, 
where the energy transfer from the host to the dopant ion 
overshadows the band edge exciton recombination, indicating 
an efficient energy transfer from the host lattice to Mn2+ 
centers.26,53,54 As previously mentioned, the excitonic nature of 
similar <111>-oriented halide perovskites has been studied by 
several groups. Particularly, B. W. Wessels and collaborators 
proposed that electron−phonon interactions in some <111>-
oriented perovskites with n = 2, induce small polarons that 
result in the trapping of excitons by the lattice. Based on these 
results, it is highly likely that this family of layered materials 
with n = 3, Cs4Cd1-xMnxBi2Cl12, are excitonic. Further 
experiments will have to be conducted in order to clarify 
whether STEs are also formed for these materials.13,14 

 
Generally, high Mn2+ doping concentrations redshifts the 

emission due to magnetic interactions between neighboring 
Mn2+ ions.55,56 However in these materials, the PL emission 
maximum shifts only 5 nm in the entire composition range 
(Figure S8). This can likely be due to the relatively large Mn–
Mn distances, which at the shortest distance is ~7.5 Å (Figure 
S9), probably precluding direct exchange between Mn 
centers.57 PLQY measurements (Figure 3C) indicate that the 
maximum efficiency of 79.5% is achieved for the material with 
x = 0.1. For higher concentrations, the energy transfer between 
radiative centers leads to non-radiative transitions or 
concentration quenching. Noteworthy, our champion material 
shows a 20% PLQY improvement over the reported materials 
by Woodward. We attributed the difference to two main factors, 
first, to the synthetic procedure, as ours uses metal halides 
instead of oxides, which are more soluble and which also 
provide a better control over the final Mn-concentration; and 
second, to the difference in purification procedure, which 
avoided the use of alcohols and. To the best of our knowledge, 
79.5% is the highest reported PLQY for  Mn-doped halide 
perovskites, including Mn-doped CsPbBr3 and CsPbCl3 
nanocrystals,31,41 and is also higher than Mn-doped quantum 
dots (70%)48 or Mn-doped Mn2+-doped hybrid perovskites 
(78%).25,50,58,59  

 
To probe the local environment of paramagnetic ions and get 

further insights on the coupling of Mn2+ centers in Cs4Cd1-

xMnxBi2Cl12, we performed electron paramagnetic resonance 
(EPR) experiments. The EPR spectra (Figure 3B), can be 
divided into three groups: for x = 0.005, the hyperfine 
structures, characteristic of isolated Mn2+ ions, are clearly 
observed. For 0.005 < x < 0.2, the hyperfine lines merge 
together into a broad signal, indicating that Mn2+ ions are no 
longer diluted and interact between each other. At these 
concentrations, the coupling becomes important and the 
hyperfine lines start to dissipate. For x > 0.5, the hyperfine 
structure completely disappears and the spectra consist of a 
single broad line with a narrower linewidth, showing that in the 
latter range the coupling becomes stronger than the hyperfine 
interaction.60,61 These results confirm that the enhanced 
intensity of the forbidden 6A1(S) à 4T1(G) and 6A1(S) à 4T2(G) 
transitions can be associated to a Mn2+-Mn2+ coupling. 
Interestingly, even in the Mn-diluted regime (x = 0.005), the 
signal is notably broadened (Figure 3B) suggesting that even at 
low concentrations, some of the Mn2+ ions are interacting with 

each other. As above-mentioned, an additional coupling 
interaction different from a direct exchange, such as a long-
distance exchange or electric multipolar interaction, is probably 
taking place. Indeed, an antiferromagnetic interaction between 
Mn2+ centers was reported by P.M. Woodward.35 Y. Liu and 
collaborators determined that Mn-Mn energy transfer is 
predominantly controlled by dipole-dipole interactions instead 
of spin-exchange interactions or by the average distance of 
Mn2+ pairs in other semiconductors.62 Further EPR studies can 
help determine each contribution since EPR spectra can be 
modelled with a Hamiltonian that takes into account 
contributions from spin-exchange, multipolar, Zeeman and 
single ion interactions.  

 
Mechanistic studies of the Cs4Cd1-xMnxBi2Cl12 family 

To understand the photoluminescence decay mechanism of 
these perovskites, time-resolved and temperature dependent-
photoluminescence experiments were conducted on the 
samples. Unfortunately, due to low PL intensity, we were not 
able to carry lifetime or variable temperature measurements in 
the Cd-only material (x = 0). The materials emission (Figure 
4A) displays an exponential decay curve that can be fitted with 
a bi-exponential function for samples with x < 0.2 and a tri-
exponential function for x > 0.5 (see Supporting Information). 
First, for samples with x < 0.2, the total decay pathway has a 
fast and a slow component with a decay time t1 and t2, 
respectively (for the x=0.05 material, t1 = 45.8 µs and t2 = 396.6 
µs). The difference in magnitude between decay times is of one 
order of magnitude, both values in the order of microseconds in 
agreement with the forbidden nature of the transition.22,40 
Consistent with the EPR results, the slow component t2 can be 
assigned to the emission of the isolated Mn2+ ions emission and 
the fast component t1 to the coupled Mn2+ centers as the spin 
selection rule is relaxed for these magnetically interacting Mn2+ 
pairs (table S4).48,55 The contribution to the total decay intensity 
from each decay pathway is reflected on the amplitude 
coefficient Ax. As shown in table S4, the contribution from 
Mn2+ pairs increases as the Mn concentration increases and 
simultaneously, the contribution from isolated Mn2+ decreases. 
The decay time of both processes decreases with increasing Mn 
content (Figure S12) and when x = 0.5, a third decay pathway 
comes into play with a decay lifetime t3 = 1.2 µs. Both 
observations are likely explained by the introduction of new 
non-radiative pathways that are also responsible for lower 
PLQYs at high Mn concentrations (concentration quenching by 
Mn2+ coupling).46,63  

Temperature-dependent PL can provide useful information 
on crystal field strength of the dopant, energy transfer between 
excitons and dopants and phonon coupling.40 For Cs4Cd1-

xMnxBi2Cl12, the 4T1(G) à 6A1(S) transition for both materials 
(x = 0.05 and 0.2) underwent a continuous redshift and emission 
narrowing (Figure 4B-C) when the temperature decreased. The 
crystal field strength is enhanced as a consequence of thermal 
lattice contraction, which results in the shrinkage of the 4T1(G) 
à 4A1(S) transition and the energy peak redshift. An additional 
factor must be affecting the host lattice crystal splitting since at 
12 K, the sample with x = 0.20 has a lower energy peak than the 
x = 0.05 sample, indicating that the crystal field of the latter is 
larger, but at 300 K both samples reach the same energy. The 
larger concentration of Mn ions in the sample with x = 0.20 
might cause a greater lattice strain than in the x = 0.05 sample, 
and could probably originate a larger crystal splitting.64 The 
linear change in FWHM should be mostly due to phonon 
broadening (Figure 4-F). Both samples (x = 0.20 and 0.05) 



exhibit two quenching processes (Figure 4B-D), one for 
temperatures below 100 K, and the second for higher 
temperatures. The temperature dependence of the luminescence 
intensity can be described by the Arrhenius equation IMn (T) = 
I0/ (1+A exp(-Ea/kT)) where I0 is PL intensity at 0 K, I(T) is the 
PL intensity at different temperatures, Ea is the activation 
energy of thermal quenching, A is a constant related to the ratio 
of the nonradiative rate to the radiative rate and kB is the 

Boltzmann constant (more information in SI).65,66 The low 
temperature quenching, yields an activation energy of 5 meV 
and 10 meV for x = 0.05 and x = 0.20, respectively. This process 
occurs even at ambient temperature, reducing the energy 
transfer efficiency to the Mn2+ and therefore the luminescence  

 

 

 

Figure 4. A) Room temperature, time-resolved PL spectra and the corresponding fitting for x = 0.1, 0.2, 0.5 and 1.0. The excitation 
wavelength was 325 nm and the emission recorded at 605 nm. (B) temperature-dependent PL spectra for x = 0.05, and (C) temperature-
dependent PL for x = 0.20. D) normalized integrated PL for x = 0.05 and 0.20, E) and F) FWHM and peak PL for por x = 0.05 and 0.2, 
respectively. 

 
intensity, I(300K)/I(12K), in 56% and 55% for x = 0.05 and x 
= 0.20, respectively. Nonetheless, the intensity quenching 
percentage is similar to Mn2+ doped ZnS and CdS NCs, where 
excitons are hardly dissociated because of the spatial 
confinement.67 Even if a non-radiative recombination process is 
activated at room temperature, the quenching values are similar 
to Mn2+ doped ZnS and CdS nanocrystals. A second quenching 
mechanism is present at higher temperatures but a comparison 
between samples could not be made 

Unlike other halide perovskites, in these materials, we were 
not able to observe direct band edge radiative decay in the entire 
range of temperatures and compositions studied (12 – 300 K 
and x = 0 – 1). This suggests a very efficient and fast energy 
transfer from the conduction band to the Mn2+ centers, a 
behavior closest to doped II-VI NCs than halide perovskites.46 
To confirm this, a small difference between the host band-edge 
and Mn2+ based transitions would be expected.9,68–71 To 
investigate this, we determined the approximate band alignment 
(see Supporting Information for details), and it was found that 
the valence and conduction band edges are located at –5.6 eV 
and –2.5 eV respectively. This energy band alignment is very 

similar to that of Mn@CsPbCl3 perovskites, which is consistent 
with an efficient energy transfer.68 

 
Based on the results mentioned above and taking into 

consideration the expected energy diagram for an octahedrally 
coordinated Mn2+ ion,43 we propose a PL mechanism for the 
Cs4Cd1-xMnxBi2Cl12 family of materials (Figure 5). First, upon 
irradiation, excitons are generated in the host material. Then, 
several factors contribute to an efficient energy transfer from 
the host to the Mn2+ centers and a low rate of exciton 
dissociation: their respective relative energy levels and the 
quantum confinement derived from the perovskites low 
dimensional nature (as proposed by Woodward). Since the 
emission of the material comes from the Mn2+ centers, as the 
concentration increases, the PLQY also increases due to a 
growing probability of energy transfer from the host to the Mn2+ 
centers, reaching a maximum photoluminescence efficiency of 
79.5% for a Mn2+ content of x = 0.1.46 More specifically, the 
efficient energy transfer to the 4T1(G) state of the Mn2+ from 
which radiative decay to the 6A1(S) state occurs, gives rise to 
the characteristic orange-red emission. Magnetically coupled 
Mn2+ pairs in the materials allow for the relaxation of the 



selection rules and a faster and more efficient radiative 
recombination. As the Mn2+ concentration in the samples 
further increases, the number of interacting pairs increases, 
leading to concentration quenching and explaining the decrease 
in PLQY at higher Mn2+ concentrations.44  

 

 

Figure 5. Schematic representation of the PL mechanism of the 
Cs4Cd1-xMnxBi2Cl12 double perovskites. The solid arrows represent 
absorption and radiative transitions. The dotted arrows are non-
radiative transitions. The magenta circled arrows represent 
exchange interactions between Mn2+ pairs.  

Conclusion 
In summary, we demonstrate an improved method to 

synthesize the recently discovered family of <111>-oriented 
double perovskites: Cs4Cd1-xMnxBi2Cl12. The improved method 
results in an enhanced record PLQY of 79.5%. Further, we 
studied the photoluminescence properties and quenching 
mechanisms of this family of materials. Our experiment 
demonstrates the excitonic properties and remarkable chemical 
stability of <111>-oriented double perovskites, which confer 
them great potential for optoelectronic applications. The PL 
efficiency disparity in a previous report of these materials is 
probably due to a different synthetic procedure, however, more 
studies should be carried to clarify this. Moreover, our results 
show that all-inorganic two-dimensional double perovskites are 
an attractive alternative to 3D perovskites, perovskite 
nanocrystals, and hybrid organic-inorganic perovskites. Future 
work will focus on detailing the role of coupling in the emission 
mechanism and exploring other possible ways to harness the 
excitonic properties of these materials. 
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