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ABSTRACT: Layered halide perovskites and double perovskites optoelectronic properties have recently been the subject of
intense research. Layered double perovskites represent the merging of both worlds, and as such, have the potential to further
expand the already vast space of optoelectronic properties and applications of halide perovskites. Despite having more than
40 known members, to date, only the <111>-oriented layered double perovskites: Cs4Cd1-xMnBi2Cli2, have shown efficient
photoluminescence (PL). In this work, we replaced Bi with Sb to further investigate the electronic structure and PL properties
of these materials, resulting in two new families of layered inorganic perovskites alloys with full solubility. The first family,
Cs4Cd1-xMnSb:Cli2, exhibits a PL emission at 605 nm ascribed to Mn2+ centers in octahedral coordination, and a maximum
photoluminescence quantum yield PLQY of 28.5%. The second family of alloys, also with full solubility, CssCdo.sMno.2(Sbi-
yBiy)2Cli2, contains a fixed amount of Mn?* and Cd?* cations but different concentrations of the trivalent metals. This variability
allows the tuning of the PL emission from 603 nm to 614 nm. We show that the decreased efficiency of the CsiCdi-
xMnySb2Cli2family compared to CssCd1-xMnxBi2Cliz, is mostly due to a decreased spin-orbit coupling in Sb and the subsequent
increased electronic delocalization compared to the Bi alloys, reducing the energy transfer to Mn2+ centers. This work lays
out a roadmap to understand and achieve high photoluminescence efficiencies in layered double perovskites.

The positioning of halide perovskites as the next high- bands and high exciton binding energies.236 These
performance semiconductors was possible thanks to their properties have been exploited for luminescent
remarkable optoelectronic properties such as small applications in nonlinear optical processes,’® LEDs,!0
bandgaps, disperse bands and weak exciton binding among others.

energies. Despite such benevolent properties, the toxicity of
lead and long term-stability have raised some concerns.! An

alternative to tackle the latter problem is to reduce the Q Cs % % m a’%
dimensionality of the perovskites by inserting hydrophobic A5

cations that also modify the physical and electronic Ao m

properties of the materials allowing a wider variety of % %&i« %

compositions and properties.2* An approach to tackle the 4w
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toxicity of Pb is to replace it through an heterovalent T2s01 A [zszzA
substitution, which renders an elpasolite structure or 3"+' K ° ¢
double perovskite.> The combination of both strategies, 178.278°C 180°G 178.867°C

. . . . . 2.844 A 12692A 2.840A
dimensional reduction and heterovalent substitution, s ,;+<' 3\>+L;
expands even further the already prolific halide perovskite L 12467 A 4126834 42466 A

realm. Further, structural and electronic dimensional
reduction in these materials produces quantum
confinement in bulk solids without the need of
nanostructure synthesis protocols and, contrary to their 3D
counterparts, they exhibit larger bandgaps, less dispersive

Figure 1. Top: crystal structures of Cs4CdSb2Cl1z2, Cs3Sb2Clo, and
Cs4MnSb2Cli2. Bottom: the equatorial, axial bond lengths and
Mn-CI-Sb angle in the corresponding octahedra.
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Figure 2. A) PXRD diffractograms of the Cs4Cd1-xMnxSb2Cli2 family of <111>-oriented layered perovskites with increasing Mn content
x, and B) UV-Vis diffuse reflectance measurements converted to pseudo-absorbance, PL and PLE spectra for increasing Mn content,
C) (Cd/Mn)Cle and cell volumes decreased with increasing Mn content.

Conceptually, layered perovskites are derived by slicing
the 3D framework in a crystallographic direction.?
Experimentally, this can be achieved by incorporating a
large organic cation that separates the inorganic layers or
by replacing Pb2+ with a metal in a different oxidation state,
such as Bi3* or Sb3*. The charge difference is compensated
by the generation of ordered vacancies throughout the
lattice, which results in a layered perovskite structure
known as a <111>-oriented layered perovskite A3B!;Xo.11
The thickness of the inorganic sheets can be increased with
a heterovalent replacement of the trivalent metal by two
metals, M’ and M!, yielding the triple-layer structure
AsM'"M";X12 (M = Bi3+, Sb3+; M’ = Cd?*, Mn?+, Cu?*) or a
layered double perovskite, where one layer of M'Cle
octahedra alternates with two layers of M!Cls octahedra.!2
In Pb and Sn halide perovskites, the optical properties show
a significant and systematic variation with the thickness of
the sheet n.13 In the <111>-oriented layered perovskites, n
can be modulated by changing the metals in the structure.
This metal substitution drastically changes the optical and
electronic properties of the materials giving rise to a broad
range of applications, from absorbers in solar cells,1214
phosphors,1s photodetectors,6-18 and spintronics.9-21

Recently, a new family of crystalline solid solutions was
reported: Cs4Cd1-xMnxBi2Cliz (x = 0 - 1), with a PL emission
centered at 595 nm ascribed to the parity and spin
forbidden 4T1(G) -> °©Ai(S) transition of octahedrally
coordinated Mn2* ions.!s Later, we reported an improved
PLQY of 79.5% with a Mn content of 10 % (x = 0.10),
attributed to a favorable energy band alignment and the low
dimensional nature of the perovskites that enhances an
efficient energy transfer from the host to Mn2* ions.?2
Woodward and coworkers proposed that the [BiCle]3
octahedra in the structure act as sensitizers that transfer
the energy to Mn2+ recombination sites. The incorporation
of Cd?* electronically isolates Mn-Bi-Mn networks
increasing radiative recombination in Mn?* sites.!5 To date,
this is the only family of layered double perovskites that
displays efficient PLQY.313.23

The family of solid solutions Cs4Cdi-xMnxBi2Cl1z, proved
to be chemically stable with a highly efficient PL and
interesting magnetic properties that could be harnessed in
spin-electronics and spin-photonics applications.202¢ Thus,
we decided to explore the effects of substituting Bi by Sb in
the materials optoelectronic properties. Herein, we report
the optical and magnetic properties of a new family of solid
solutions Css+Cd1-xMnySb2Cli2 with x spanning from 0 to 1.

The materials present a PL emission centered at 605 nm,
ascribed to the Mn?* centers, and a maximum PLQY of
28.5% for a Mn?* content of 20 % (x = 0.20). The drop in
PLQY, compared to the 78.5% PLQY in the Bi materials,
results from a less efficient energy transfer from Sb
sensitizers to Mn?* activators mostly due to the decreased
spin-orbit coupling in Sb and the increased electronic
delocalization. We also report the synthesis of Sb-Bi alloys,
Cs4CdosMno2(Sbi1-yBiy)2Cliz, over the entire y composition
range from 0 to 1. Furthermore, the mixed alloys allow the
modulation of the PL emission maximum from 603 nm to
614 nm exhibiting a non-linear band gap variation that
decreases the energy transfer to Mn2+ centers.

Replacing Bi3* with Sb3+ in the solid solutions was the next
natural step for several reasons: it allows to assess the role
of the trivalent metal in the optical properties of the
phosphors, expanding our understanding of the
luminescent properties of layered double perovskites. Also,
it is known that an efficient energy transfer from Sb3+
activators to Mn2+sensitizers pairs can take place, which has
been exploited in commercial phosphors such as
[3Ca3(P0s4)2Ca(F, Cl)2 : Sb3, Mn?*], and other host
matrices.2>-27 Thus, Sb3* substitution could potentially lead
to an improved luminescence.

In a previous work, the end members of the new Cs4Cdi-
xMnxSh2Cl12 family of solid solutions, Cs4CdSbzCli2 (1) and
Cs4«MnSb2Cli2 (2), were prepared by precipitation of the
respective metallic salts in concentrated hydrochloric
acid.2829 Despite the ionic radii difference between Cd?*and

Mnz?+, both powders crystallize in the same trigonal R3m
structure. As expected, the intermediate solid solutions can
also be synthesized by this method (see SI) to obtain whitish
powders with a light yellow or pink tone for the Mn-only
compound. Analysis of powder X-ray diffraction (PXRD)
data indicates that intermediate materials are pure and
isostructural to the end members (Figure 2A). Mn is
effectively incorporated in the structure as confirmed by
the slight shift to higher diffraction angles that originates
from the incorporation of the smaller cation Mn2?*in Cd?+
sites, and by the decrease of the cell and (Cdix/Mnx)Cls
octahedra volumes (Figure 2C), obtained from Rietveld
refinements (Table S2). Inductively Couple Plasma-Optical
Emission Spectroscopy (ICP-OES) analysis indicates that
the nominal content of Mn almost perfectly matches the
actual Mn2* content in the samples (Table S2), allowing an
optimal control of Mn incorporation in these materials.
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Figure 3. A) PLQY as a function of Mn2+ content for the family of materials Cs4Cd1-xMnxSb2Cli2, B) photo-excitation 3D mapping of
Cs4Cdo.sMno.2Sb2Cli2 and, C) comparison between PLE and PL spectra of Cs4Cdo.gMno.2Sb2Cli2 and Cs4sCdo.sMno.2Biz2Cli2.

Thermogravimetric analysis shows that the materials are
stable up to 265°C (Figure S1).28.29

Distortions in the M!Cl¢ octahedra can play an important
role in these structures and a method to measure them is
with the quadratic elongation and variance of octahedral
angles (see Table S3).3% The SbCls octahedra in Cs3Sb2Clo are
almost perfect (Figure 1), only presenting a slight variance
in the angle bond. However, a larger variance of the
octahedral angles in the M"'Cl¢ octahedra was observed in
the Cd-containing structures, CssCdSb2Clizand Cs4CdBi2Cli2
(Table S3). On the other hand, MnCls and CdCle form perfect
octahedra in both structures, with bond lengths of Mn-Cl =
2.522 A and Cd-Cl = 2.591 A, respectively.

First, we analyzed the optical absorption of the samples
with increasing Mn?* content (Figure 2B). All samples
display a single broad absorption band with a maximum at
~310 nm likely associated with the spin-forbidden 1So = 3P1
transition of the SbCls octahedra,3!32 and an absorption
edge that redshifts approximately 15 nm from the Cd-pure
compound to the Mn-pure compound. Unlike their Bi3+
analogues, optical absorption from d-d Mn?* transitions,
4T1(G) > ©¢A1(S) and *T2(G) > 6A1(S), were not observed
(see absorbance comparison of both families in Figure S4).

All Mn-containing materials present a PL emission
centered at 606 nm with a FWHM of 58 nm with similar
features and shapes (Figure 2B). The emission comes from
the spin and parity forbidden *T1(G) > ¢A1(S) transition of
Mn?*ions in octahedral coordination.3® The Mn?* emission
is slightly different from the emission of the Bi materials,
which is centered at 595 nm (Figure 3C). The volume of the
MnCls octahedra in structure 2 is 21.38 A3 (Figure 1), which
is slightly smaller than the same octahedra in the Bi
materials (21.49 A3). As a consequence, the transition
energy between the 4T1 and ¢A; levels decreases due to an
increased crystal field strength and thus, shifts the emission
to longer wavelengths.3* The PL spectrum of structure 1 is
quite different from the samples that contain Mn?+ (Figure
2B); the emission is very broad with a full width at half-
maximum (FWHM) of 220 nm and very low intensity. This
kind of emission has been ascribed to self-trapped excitons
(STEs) in similar materials.35 The maximum PLQY of 28.5%
is reached at x = 0.20 (Figure 3A). This efficiency is higher
than other Mn-doped double halide perovskites and in the
same order as some Mn-doped layered halide
perovskites.3¢-3 The PL emissions with excitations

wavelengths from 300 to 380 nm (Figure S2) and the
photoexcitation 3D plot (Figure 3B, S8) indicate that the
emission comes from the same excited level as all excitation
wavelengths produce the same emission profile.
Interestingly, the band at 440 nm corresponding to the
6A2(S) - *T2(G) transition of Mn?* ions in the PLE spectra
does not appear in the absorption spectra (Figure 2B and
Figure 3C). The PL and PLE features of Sb and Bi are very
similar (Figure 3C) suggesting that the emission mechanism
is very similar in both families of perovskites.

We studied the magnetic coupling in CssCd1-xMnsSb2Cl12
with electron paramagnetic resonance (EPR). Generally, in
this type of systems, one would expect that as Mn?*
concentration increases, the distance between neighboring
Mn2?+ ions decreases, allowing adjacent MnZ* to become
magnetically coupled with each other.33 The EPR spectra for
x < 0.50 (Figure 4A, S10) show two features: a hyperfine
structure originating from the interaction between the spin
(S =5/2) of the unpaired 3d electrons and the I = 5/2 spin
of the 5Mn nucleus, generally assigned to Mn?+ isolated
ions,*® and a broad signal ascribed to coupled Mn2* pairs.33
This behavior is similar to that observed in Bi-materials,
albeit with an apparent weaker magnetic coupling in the Sb-
materials. The presence of isolated Mn?* ions, and Mn-Mn
pairs was  confirmed by the time-resolved
photoluminescence (TRPL) curves which can be fitted with
a bi-exponential function for x < 0.5 and tri-exponential
function for x = 0.50. From the fitting, two decay lifetimes
were obtained, one in the tenth of us, and the second in the
order of ms, two order of magnitude slower (Figure 4B, S8
and Table S11). The slower decay lifetime is generally
associated to isolated Mn2?+ions and the faster decay lifetime
to Mn-Mn pairs as magnetic exchange relaxes the spin
forbidden d-d transitions of Mn ions.33 Further, for the Bi
materials, the hyperfine structures are clearly visible only
in the Mn-diluted regime (x = 0.005) (Figure S8), whereas
for the Sb-materials, they are visible up to x = 0.15 despite
having a shorter Mn-Mn bond length, 7.477 A and 7.539 A
for neighboring Mn ions, respectively. This is further
confirmed by the time-resolved PL emission
measurements, where the exponential amplitudes or decay
lifetimes with increasing Mn content up to x = 0.20 (Table
S11 and Figures 4B, S8, S10) remain constant. It is also
worth noting that the decay lifetime of isolated Mn?* ions is
three times larger than that of Bi-materials (see Table S12),



which also suggests a decreased exchange interaction
between Mn?* centers.

As predicted from theoretical calculations,?® the band
alignment changes depending on whether Sb or Bi is
incorporated into these layered perovskites.*! For example,
a straightforward consequence of the trivalent metal
substitution is that the Sb materials absorption edge is red
shifted around 20 nm compared to Bi materials. However,
the emission in Mn-doped materials is highly sensitive to
the band edge position and band gap of the host, because
both parameters affect the energy transfer to Mn?* centers.
Thus, we synthesized new solid solutions,
Cs4CdosMno2(Sb1-yBiy)2Cliz with different Bi contents (y),
which turn out to have full Sb/Bi solubility in the 0 - 1 range.
We decided to incorporate 80 % Cd content to increase the
PL intensity as both, Bi and Sb materials, show high PL
efficiency for this Cd/Mn ratio. This allowed us to tune the
absorption band edge and to determine its effect on the
energy transfer to Mn?+ ions. The PXRD patterns confirm
single phases (Figure 5A). The absorbance spectra (Figure
5B) show that the doublet of the 1So > 3P transition, which
only appears in the Bi materials, emerges for a Bi content of
y > 0.9 along with a visible increase in PL intensity (Figure
5D). Interestingly, the absorption band edge shifts to longer
wavelengths until y = 0.3 and then shifts back to shorter
wavelengths, a behavior known as band gap bowing (Figure
5B).4243 This is further corroborated by the yellow tone that
the intermediate materials develop with changing
concentrations of the trivalent metals. With the
incorporation of small amounts of Bi in Cs4Cdo.sMno.2Sb2Cl12
(y = 0), the PL intensity drastically decreases (Figure S6),
and the emission is shifted to shorter wavelengths from 614
to 603 nm as depicted in Figure 5C and 5D (see SI for more
details on these measurements).
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Figure 4. A) Room temperature electron paramagnetic
resonance of Cs4Cd1-xMnxSb2Cliz and B) time-resolved PL for x
=0.20 and 0.50.

The replacement of Bi with Sb in the materials drastically
affects the PLQY, since the Mn2* emission depends on the
energy transfer from the photo-excited host to the Mn2+
centers and the subsequent radiative decay from Mn2+
centers, one or perhaps both processes could be affected by
the trivalent metal substitution. Several factors could be
affecting the efficiency of the energy transfer from host to
dopant, for instance, Woodward and coworkers propose
that the Bi materials absorb light through localized
excitations of the BiCls octahedra and when returning to the
ground state, they transfer the energy to the Mn2* sites.3¢
Delocalized wavefunctions yield dispersive bands and give
rise to broad optical transitions, which accounts for the
broadening of the doublet !So = 3P: band in the absorption

spectra with increasing Mn content in the Bi-materials (see
SI).13 The degeneracy of this spin-forbidden transition can
be relaxed by spin-orbit coupling (SOC) and in some
materials,** as Cs4Cd1-xMnxBi2Cli2 solid solutions, it can split
into an asymmetric doublet resulting from a dynamic Jahn-
Teller distortion. However, a single broad band is visible in
the absorption spectra of Cs4Cdi-xMniSbzCliz, which
suggests that the spin-orbit and/or the Jahn-Teller coupling
in Sb ions is not as strong as in the Bi-materials.
Interestingly, the crystal symmetry of both the Sb and Bi
families is not affected by the dynamic Jahn Teller dynamic
as both conserve the R3m crystal group. This dynamic
expression of the ns? lone pair while maintaining the long-
range symmetry has been reported for other double
perovskites.*s Since the SOC is not as strong in Sb, the spin-
forbidden !So = 3P; transitions cannot be relaxed, likely
reducing the light absorption from the SbCls octahedra.

As previously mentioned, the band alignment of the host
has a critical role in the energy transfer to Mn2* centers. The
band gap nonlinearity or bowing in tin/lead perovskites has
been attributed to the energy mismatch between atomic
orbitals that compose the valence and conduction bands
and also to a small contribution from lattice strain resulting
in a band gap that becomes lower than either end
compounds.*? For Cs2Ag(SbxBii1-x)Bres alloys, Z. Li and
collaborators proposed a bowing originating from a type Il
gap alignment between the pure compounds, which allows
the non-linear mixing of electronic states.*6 A similar effect
could be taking place in the Bi/Sb solid solutions (Figure 5).
Importantly, the band edge absorption shift has a clear
effect on the PL intensity; as it shifts to shorter wavelengths,
the emission intensity increases (Figure S6). Although the
band edge shift does not behave linearly, it depicts the
drastic effect that it has on the PL intensity and therefore on
the energy transfer to Mn?+. This result suggests that the
substitution of Bi with Sb in the solid solutions is modifying
the band alignment and decreasing the energy transfer to
Mn?* centers.

The decrease in PLQY is a consequence of the
replacement of Bi orbitals with Sb orbitals in the band
structure of these materials. DFT calculations of structures
1 and 2 were conducted in some previous work,282947 giving
us insights into the electronic structure of these
perovskites. The valence band maximum (VBM) is
composed of Cd 4d/Cl 3p and Sb 5s/Cl 3p sates and the
conduction band minimum (CBM) of Cd 5s/Cl 3p and CI
3p/Sb 5s states. Furthermore, it is known that the 3p and 4p
orbital overlap of halides in CssaM?*B3+2X12 is strong and that
the s orbitals of the trivalent metals are significantly more
delocalized than d orbitals leading to more dispersion in the
valence band.4” According to Woodward, in the Bi alloys, the
incorporation of Cd?* contributes to electronically isolate
Mn-Bi-Mn networks by decreasing the electronic
dimensionality of the structure and increasing radiative
recombination on Mn?* sites.!> Furthermore, in some Bi
materials, the relativistic contraction of the 6s orbital
results in a more localized, lower-energy valence s orbital,
compared to Sb 5s lone pair.#54648 This is further supported
by the fact that the Sb-materials band edge absorption is
redshifted in comparison to the Bi-materials, which is an
exception to the typical trend of decreasing bandgap upon
atomic substitution with heavier members from the same
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periodic group.¢ Hoye and collaborators observed the same
effect in Cs2Ag(SbxBi1-x) Bre alloys, which was attributed to a
stronger interaction of the Sb 5s2 lone pair with Ag and Br
orbitals. In our case, the band gap contraction could be due
to a slight better coupling of the Sb lone pair with the Cl p
and Cd orbitals that constitute both the CB and VB, slightly
increasing delocalization but decreasing the radiative
recombination on Mn?+ sites. It is worth noting that
according to Xu et al., the Cd-materials exhibit an even
parity in both the VBM and CBM so the optical transition
between band edges are forbidden. This type of parity
forbidden transitions can be partly allowed by distortions
in the metal octahedra, which are slightly larger for the Bi
materials (Table S3). This could also be a factor affecting
light absorption by the trivalent metal. Overall, the
replacement of Bi by Sb suggests a greater electronic
delocalization likely reducing the radiative recombination
at Mn?* sites despite Cd?* incorporation.
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Figure 5. A) PXRD patterns of Cs4Cdo.sMno.2(Sb1-yBiy)2Cli2 solid
solutions, the inset shows the doublet at 29° for y = 0 and the
intensity decrease of the (0 0 12) diffraction peak. B)
Absorbance and PL emission of CsaCdo.sMno.2(Sb1-yBiy)2Cl12 for
0 <y < 1.C). Inset of PL emission spectra that shows the PL red-
shift with increasing Sb content. D) Visual PL emission with
increasing Sb content.

Another element that affects the efficiency of Mn2*
radiative decay is the magnetic exchange between MnZ+
centers. In general, the formation of Mn-Mn pairs is
associated with the introduction of non-radiative
recombination pathways that decrease the efficiency of
Mn2+ radiative decay for large doping/substitution
concentrations (known as concentration quenching), which
explains the appearance of a third decay pathway in the
TDPL spectra (Table 1). In the Bi materials, we proposed
that the absorption bands corresponding to the spin and
parity forbidden, 6A:(S) = *T1(G) and 6Az(S) > *T2(G)
transitions, were partly allowed due to the magnetic
coupling of Mn2+ pairs. In the Sb alloys, Mn2+ pairs are also
magnetically coupled, as demonstrated by EPR results and
previous susceptibility-temperature measurements that
revealed an antiferromagnetic behavior in structure 2
(Figure 1),2° but because the magnetic exchange is not as
strong as in the Bi-materials, d-d transitions are absent in
the absorption spectra. The Mn2* concentration at which the

maximum PLQY is attained (x = 0.10 for the Bi-materials,
and x = 0.20 for the Sb-materials) differs because the
magnetic exchange coupling between Mn centers in the Sb-
materials is lower thus, non-recombination pathways
appear for larger Mn concentrations than in the Bi-
materials. In general, when Mn concentration increases the
PL emission shifts to longer wavelengths due to magnetic
interactions.#® This is not the case for Sb materials, as PL
emission remains constant at 605 nm throughout the entire
range (Figure 2B). This is probably due to a long-range
antiferromagnetic order via super-exchange interactions
instead of a direct exchange coupling.4?

In conclusion, we synthetized a new family of red-orange
phosphors CssCdi-xMnySb2Cliz with a maximum PLQY of
28.5%. We propose that the replacement of Bi orbitals by Sb
orbitals in the valence and conduction bands improves
orbital interaction which leads to electronic delocalization
decreasing the energy transfer to Mn2* centers. Further, the
reduced SOC in Sb and the band realignment are also
elements that affect the energy transfer to Mn2* centers. We
also demonstrated that metal alloying on the M3+ site is
possible in these layered double perovskites, which allows
further modulation of the optoelectronic properties.
Overall, this work creates an opening to study the intriguing
optoelectronic properties of this emerging family of layered
double perovskites.
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