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ABSTRACT: A,B'B"X( double perovskites are promising materi-
als due to their outstanding photoelectronic properties and
excellent stability in the environment. Herein, we synthesized
Mn?":Cs,NaTbCls with dual emission through a solvothermal
method for the first time. Mn>*:Cs,NaTbCl,; double perovskites
exhibit excellent environmental stability and high photolumines-
cence quantum yields (PLQYs). The Cs,NaTbClg was successfully
doped with Mn®" in two modes: at Mn-feeding concentrations
below 1%, Mn?" first tend to insert into the interstitial void, but if
the Mn-feeding concentration exceeds 1%, Mn*' will further
substitute Na* site of the Cs,NaTbCl, lattice and thus both two

Excited state ey
A i ""
= Cooling
z <
) DN
z 5 "
E = h
§ =~ ( s4som  |6220m
< 2 ok funeg ek fvek 7p
£ S
=
2 +
3
- — 2 T
450 500 S50 600 650 700 750 Ground State Th¥* ©

Wavelength (nm)

doping modes coexist. After Mn*" doping, efficient energy transfer from the *D, level of Tb*" ions to the *T, level of Mn*" ions
occurs, resulting in tunable dual emission from the Tb**D, — 7FJ=6,5,4,3 transition and Mn***T, — A, transition. Further, LED
based on the Mn**:Cs,NaTbClg double perovskites exhibits excellent performance and stability. This work demonstrates a strategy
to achieve novel lanthanide-based double perovskites with potential applications in photonics.

ead halide perovskites of ABX; (A = MA*, Cs*; B = Pb**,
X = CI7, Br7, I") have been widely studied due to their
promising optoelectronic applications such as such as solar
light-emitting diodes,"”” lasers,” """ X-ray detec-
and scintillators.'™'® However, lead-based halide
perovskites are often unstable and easily hydrolyzed.'"*”"*
Meanwhile, the toxicity of lead limits their applications.'’
Thus, it is urgent to develop alternative lead-free perovskites
with photoelectric properties similar to those of lead-based
perovskites.

To date, there are two main methods to synthesize lead-free
halide materials.””*" The first is to replace Pb>* ions with the
same family elements such as Sn®* and Ge>". Because of their
same ns? electronic configuration as that of Pb** ions,****
these elements ensure the excellent photoelectric properties of
the perovskites, and with lower toxicity. However, Sn** and
Ge>* ions without 6s* lone-pair states are easily oxidized,”*~>°
resulting in the deterioration of the samples. Another method
is to replace lead with other benign elements with ns®
electronic configuration, e.g., Bi** and In***” However, such
a replacement would cause a reduction in dimensionality and
charge imbalance if only the trivalent ions are used.”*~*° Based
on isoelectronic theory, this issue can be addressed by using a
proper monovalent cation in conjunction with trivalent ions to
generate double perovskites A,M'M"X, (A = Cs; M' = Na, K,
Ag; M™ = Bi, In, and Sb, and X = Cl, Br, I). However, most
lead-free double perovskites exhibit low photoluminescence
(PL) due to indirect bandgap or parity forbidden tran-
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sitions.” ~** Through appropriate ion doping or alloying, the
bandgap of double perovskites can be altered or their structural
symmetry can be broken, which can break the partial forbidden
transition and thereby enhance their optical properties.*>
Various dopants, such as Sb*, Mn?**, and Ln*', have been
studied for doping double perovskites.””~**

Lanthanide ions have a rich 4f" electron configuration and
possess the shielding effect of the outermost 5s>Sp® full-layer
electrons. They exhibit rich and unique spectral properties with
relatively sharp spectral line widths, which are relatively
insensitive to the environment."””** Thus, rare-earth doped
double perovskites have attracted more attention. For instance,
Chen et al. successfully synthesized Yb>*:Cs,AgBiX, (X = CI,
Br~) nanocrystals (NCs) by a hot injection method.” In
addition to the inherent visible emission (trap state emission),
a new near-infrared (NIR) emission attributed to *Fs/, — *F,,
f—f transition of Yb** ions was observed for the doped double
perovskite NCs. Arfin et al. reported that Bi**/Er’* codoped
Cs,AgInCly powder showed a broad self-trapped exciton
(STE) emission at about 600 nm, a 552 nm band attributed to
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Figure 1. (a) Digital photographs of pristine (upper panel) and Mn:Cs,NaTbCl, (lower panel) crystals under visible or 302 nm-UV light. (b) XRD
patterns of Mn:Cs,NaTbCl; with different Mn**-feeding concentrations. (c) Schematic illustration for two possible modes of doping of Mn*'-

doped Cs,NaTbClg.

the 453/2 - 4115/2 transition of Er®* ions, a 660 nm emission
band assigned to the *Fy/, = *I;, transition of Er’* ions, and
infrared emission at 1540 nm due to the ‘I, — *I;5,
transition of Er’* ions.*® These lead-free double perovskites
were doped with lanthanide ions to achieve the PL properties
in the infrared region. Doping rare-earth ions can also improve
the PL properties in the visible region. Xia’s group reported
Cs,Ag(In;_,Tb,)Cl¢:Bi NCs with emission tuned from green
to orange by modulating the Tb**-doping concentration.**
Mn?" is also a typical ion that can modulate luminescence of
semiconductors. However, the incorporation of Mn into rare-
earth based hosts has been rare, and possible effect on optical
properties is not yet clear.

In this work, Mn**-doped rare-earth Cs,NaTbCl; double
perovskites with dual emission were synthesized through a
solvothermal method. The optical properties of the
Mn**:Cs,NaTbCly rare-earth double perovskites were modu-
lated by changing the Mn®*'-feeding concentration while
keeping the crystal structure unchanged. Meanwhile, the
doping sites of the Mn”* ions were determined through a
combined experimental and theoretical studies. The Mn**
doping introduces a new emission channel, and the emission
color changes continuously from green to red with increasing
Mn?*'-feeding concentration. A model is proposed to explain
the related physical processes in terms of competitive energy
transfer pathways.

Figure la shows photographs of undoped and 3%Mn®'-
doped Cs,NaTbClg samples. The undoped sample exhibits
green emission under excitation at 302 nm but the 3%Mn**-
doped sample emits orange light. Figure S10 shows Mn**-
doped Cs,NaTbCly is of high-quality single crystals (SCs).
Figure 1b shows the XRD patterns of x%Mn:Cs,NaTbCly (x =
0, 0.5, 1, 2, 3, S). The XRD peaks are consistent with the
standard card ICSD #96062, demonstrating that all the
synthesized microcrystals are cubic phase adopting a cubic
space group Fm3m with a lattice parameter of around 10.94 A,
and the samples have good crystallinity. However, some NaCl
reflection peaks appear at 31.79° and 45.39°, indicating that
the feeding amount of 1.00 mmol NaCl is of slight overdose.*’
The (220) plane for the doped sample diffraction peak first
shifts toward lower angles and reaches a maximum of 0.13° at
1%Mn**-feeding concentration, then shift back a little when
the Mn*'-feeding concentration further increases. This peak
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shift indicates that Mn>" ions are effectively introduced into
the Cs,NaTbCly lattice, and the lattice volume first gradually
increases and then slightly decreases as Mn**-feeding
concentration increases. The ionic radius of Mn>* (0.83 A)
is smaller than those of Cs* (1.88 A), Na* (1.02 A), and Tb**
(0.923 A); thus, we infer that Mn** ions not only are inserted
into the interstitial void of the Cs,NaTbCls but also may
substitute the Na' or Tb®" sites when the Mn**-feeding
concentration exceeds 1%. Figure lc shows a schematic
diagram for the proposed structural change with doping.

To help with understanding of the doping mechanism of
Mn?*, first-principles calculations were conducted to simulate
the corresponding formation energy as well as the stability of
the defect systems of Mn’' ions in the Cs,NaTbClg host
lattice. Figure 2a—f show the relaxed structure of
Mn:Cs,NaTbCly under six possible doping conditions.
Among them, Figure 2a—c represent the substitution of Mn
at Cs, Na, and Tb sites in a single form, respectively.
Meanwhile, Figure 2d shows the interstitial doping; we choose
the way that Mn®* is inserted in the interstitial void between
Cs—Cs and Cl—Cl because this structure with such an
interstitial doping is the most stable. Figure 2e and f show
the coexistence of interstitial and substitutional doping at Na
or Tb sites, respectively. The above doping conditions are
modeled in supercell Cs,NaTbCl,, and the corresponding
formation energy is calculated using the following equation:
AE(a) = E(a) — E(perfect) + Zn,Ap,.** More details about the
calculation method are described in the Supporting Informa-
tion.

All formation energies under different doping conditions are
graphically shown in Figure 2g. Conditions a and ¢ have
positive formation energies, indicating that it is unfavorable for
Mn*" to substitute for Cs* and Tb®" in a single metal ion
occupied position. Condition b has a negative formation
energy of —0.40 eV, indicating that it is favorable for Mn** to
substitute for Na". Condition d has lower formation energy of
—1.72 eV, indicating that it is highly preferable to dope
Cs,NaTbClg with Mn*" interstitially. Then the simultaneous
existence of substitutional and interstitial doping (conditions e
and f) is calculated. Condition e shows the lowest formation
energy of —2.15 eV, indicating that it is much more preferable
for Mn?* to occupy the interstitial lattice sites and
simultaneously substitute the Na® sites. On the contrary,
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Figure 2. Relaxed structures of possible different Mn®" doping
conditions in the Cs,NaTbCl host. Substitutional doping of Mn at
(a) Cs, (b) Na, and (c) Tb site, respectively. (d) Doping of Mn in the
interstitial void. The coexistence of interstitial and substitutional
doping at (e) Na or (f) Tb sites, respectively. (g) According
formation energies for different Mn>* doping conditions.

condition f has positive formation energy, indicating that it is
inappropriate for Mn®** to occupy the interstitial lattice sites
and concurrently substitute the Tb*" sites. Therefore, the most
appropriate way for Mn** ions to enter into the crystalline
lattice is that first inclined to insert into the interstitial void.
When the interstitial doping is saturated, the Mn*" ions will
substitute the Na* sites rather than Tb>" sites. The theoretical
calculation is consistent with the XRD results.

XPS analyses were carried out to further confirm the
presence of Mn?* in the Mn:Cs,NaTbCl, (Figure Sla—e). In
Figure Sla, the peaks at 738.8 and 724.9 eV are attributed to
the Cs 3d;/, and 3d;,, orbitals, respectively. Figure S1b shows
the peak of the Na 1S orbital, which is located at 1071.3 eV
before doping and then shifts to higher energies by 1.4 eV after
doping. In Figure Slc, the peaks of Tb 3d;/, and 3ds/, can be
clearly observed, which shift from 1277.7 and 1242.7 eV to
1279.9 and 1244.9 eV, respectively. In Figure S1d, the two
peaks at 199.5 and 197.8 eV are attributed to the Cl 2p,,, and
2p;, orbitals, respectively. The characteristic diffraction peak
at 652.3 eV of Mn is observed in Figure Sle. The peaks of Cs
3d and Cl 2p do not shift after doping. However, the binding
energies of Na 1s and Tb 3d slightly shift to higher energy. We
suggest that both interstitial doping of Mn®* and substitutional
doping at Na' site are present in the doped system, which
results in the distortion of [TbCl¢]*~ and [NaClg]®~
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octahedrons and thereby shift of the orbital energy of Tb
and Na toward high energy.

Figure S2 shows the energy dispersive spectrum (EDS) of
5%Mn:Cs,NaTbCly, which reveals uniform distribution of Cs,
Na, Tb, Cl, and Mn elements. The atomic ratio of
Cs:Na:Tb:Cl is approximately consistent with the stoichio-
metric ratio of Cs,NaTbClg. And the actual elemental content
of Mn is about 2.9%, while the Mn**-feeding concentration is
5%.

The influence of Mn>* doping on the electronic band
structure was investigated by density functional theory (DFT)
calculations. Figure S3a shows the band structure and DOS of
the undoped Cs,NaTbCl,, where the maximum valence band
(VBM) is mainly composed of Cl p orbitals, and the minimum
conduction band (CBM) is mainly composed of Tb s orbitals
and CI p orbitals. Figures S3b—d show the energy band
structures and DOS of substitution of the Na* sites by Mn**,
interstitial doping with Mn, and coexistence of both substitu-
tional and interstitial doping, respectively. While the VBM is
not changed significantly, Mn s and d orbits are observed at the
CBM. However, Mn*" doping leads to some additional states
in the forbidden bandgap of Cs,NaTbCly due to the Mn 3d
orbitals, which may facilitate energy transfer and d-—d
transition in Mn**,

Figure 3a shows the absorption spectra of 0—5%
Mn:Cs,NaTbCl,. The absorption coefficient gradually in-
creases as Mn“—feeding concentration increases. The absorp-
tion peak at ~278 nm is attributed to the 4f° — 4f'5d'
transition of Tb*', while the peaks around 300—520 nm are
attributed to the 4f — 4f transition of Tb>* and °A, — “E, °A,
- 4T112, and °A; — *A, transitions of Mn**, which overlap.
Figure S4b show the PLE and absorption spectra of 3%
Mn:Cs,NaTbCly. The position of the excitation bands matches
well with the absorption bands, and the excitation bands at
225—-300 nm are due to the host. The excitation bands at
300—400 nm are from Tb** and Mn**. Figure S4c shows the
PLE spectra of 0%, 3%, and 5%Mn:Cs,NaTbCl,, which are
similar in profile at 548 and 622 nm. While the intensity of the
278 nm PLE band monitored at 548 nm emission gradually
decreases, the intensity of the 278 nm PLE band monitored at
622 nm emission gradually increases as the Mn*'-feeding
concentration increases. Such changes indicate possible
competition in energy transfer pathways in the Mn-doped
Cs,NaTbCly.

Figure S4a shows the PL spectra of undoped Cs,NaTbClg
that exhibit four sharp emission bands at 490, 548, 583, and
622 nm, which are attributed to the 5D, — 7FJ:6]5,4,3 transitions
of Tb*, respectively. The strongest emission at 548 nm
originates from the *D, — ’Fs transition, and other weak
emissions at 490, 583, and 622 nm are attributed to the
transitions of *°D, — “Fg, 'F,, and 'F;, respectively. As shown
in Figure 3d, after Mn®" ions are introduced, characteristic
emission of Mn?* at 622 nm originating from the *T| — A,
transition appears. By normalizing the intensity of PL peak at
548 nm, the PL intensity at 622 nm is gradually enhanced with
increasing Mn*'-feeding concentration. The double peaks
integration ratios Sg; nm/Ss4s nm are shown in Figure 3b (black
curve), and the positive correlation with the Mn’*-feeding
concentration indicates that the energy transfer from *D, of
Tb*" to *T, of Mn®" is promoted. As shown in Figure 3b (red
curve), the intrinsic PL intensity at 548 nm first increases and
then gradually decreases as the Mn**-feeding concentration
increases. This indicates that an energy transfer process from
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Figure 3. (a) Absorption spectra of Cs,NaTbCl, crystals with different Mn*'-feeding concentrations. (b) Integral ratio of the double emission
S622 nm/ Ssas nm (black) and 548 nm PL intensity (red) of Cs,NaTbCl, crystals with different Mn**-feeding concentrations. (c) PL decay curves (1,
=278 nm, A, = 548 nm) of Cs,NaTbCl, with different Mn**-feeding concentrations. (d) Normalized PL spectra of Cs,NaTbCl, crystals with
different Mn*'-feeding concentrations under 278 nm excitation. (e) CIE color coordinates and photos of the as-prepared Mn:Cs,NaTbCl, samples
under an UV lamp. (f) PL decay curves (1, = 278 nm, 4., = 622 nm) of Cs,NaTbCl, with different Mn>*-feeding concentrations.
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Figure 4. (a) Temperature-dependent PL spectra of 3%Mn:Cs,NaTbCl,. (b) Evolution of intensity of PL peaks at 548 and 622 nm at different
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Evolution of PL lifetimes at 548 and 622 nm emission. (f) Schematic illustration of photoexcited emission processes in Mn-doped Cs,NaTbCly.

Tb to Mn probably exists. The theoretical calculations show
that although Cs,NaTbCly has a direct bandgap (Figure SS),
the I" point in the first Brillouin zone is parity-forbidden for the
I'; — XTI'{ transition; thus, weak or no radiative recombination
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is expected. However, with incorporation of Mn>* ions, the
structural symmetry is broken and the electrons are highly
localized around Mn, which breaks the inherent parity and

forbidden transition and results in effective energy transfer
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Figure 5. (a) XRD patterns and (b) PL of 3%Mn:Cs,NaTbCl, stored in the air for one month to test the material stability. Corresponding
emission spectra of LED based on (c, d) pristine Cs,NaTbCly and (e, f) 3%Mn:Cs,NaTbCls under different voltages and currents. (g) CIE
coordinates of green and orange LEDs (insets are the working photos of the devices). (h) Thermogravimetric analysis of pristine Cs,NaTbCl,

(inset) and 3%Mn:Cs,NaTbCl,.

from Tb* to Mn** and enhanced luminescence at 548 nm.
The intensity of the intrinsic PL peak at 548 nm decreases with
excessing 0.5% Mn2+—feeding concentration, which is attributed
to concentration quenching or spin—orbit coupling interaction
between Mn and Tb or between Mn—Mn pairs. In Figure 3e,
depending on the Mn**-doping concentration, the CIE colors
of Mn:Cs,NaTbCl4 can be continuously tuned from green to
red. The PLQY of the samples first increases and then
decreases as Mn**-feeding concentration increases, and the
sample with 3% Mn**-feeding concentration has the highest
PLQY of 52.6% (Figure S6a—f).

The PL decay spectra of %Mn:Cs,NaTbCl, (x = 0, 0.5, 1,
2,3, 5) at 548 and 622 nm (A, = 278 nm) are shown in Figure
3c and 3f, respectively. The fitting values of PL decay profiles
are summarized in Tables S1 and S2, and both emissions from
Tb*" and Mn*" exhibit millisecond-scale lifetimes correspond-
ing to the d—f transition of Tb** and d—d transition of Mn*'.
Upon increasing the Mn>'-doping concentration, the PL
lifetime of Tb*" intrinsic emission at 548 nm decreases from
5.12 to 1.74 ms, while the PL lifetime of Mn>* emission at 622
nm increases from 5.10 to 13.28 ms. The relationship between
the lifetimes of double emission and the Mn*'-feeding
concentration is shown in Figure S7. The lifetime of Tb**
emission decreases slightly as the Mn®*-feeding concentration
increases, while the lifetime of Mn** emission increases, which
confirms the energy transfer process from Tb*" to Mn?*. Thus,
increasing Mn2+—doping concentration promotes the energy
transfer from the *D, of Tb*>" to *T; of Mn®" in Mn-doped
Cs,NaTbCly.

Figure 4a shows the temperature-dependent PL spectra of
3%Mn:Cs,NaTbCl, from 100 to 360 K. Figure S8a is
pseudocolor map from 100 to 360 K. Figure S8b and c are
obtained from Figures 4a and S8a, and Figure S8b shows the
evolution of the double emission with temperature. The PL
position of Tb* is independent of temperature due to the fact
that the d—f transition emission of rare-earths is relatively
insensitive to the temperature, but that of Mn?** shows a
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continuous blue shift with increasing temperature attributing
to decrease in crystal-field strength and the spin—spin coupling
energy caused by thermal expansion of the host lattice at
elevated temperature.*”** Figure 4b shows a change of the
intensity of the double emission with temperature. The PL
intensity from Tb*" and Mn?* ions decreases gradually upon
increasing temperature from 100 to 240 K, which is mainly
caused by thermal quenching due to electron—phonon
coupling. From 240 to 360 K, the PL intensity of Mn*" still
continues to decrease, while the PL intensity of Tb*>" gradually
increases. Finally, when the temperature reaches 360 K, the
intensity of PL peaks at 548 and 622 nm remains at 84% and
66% of the value at 100 K, respectively, exhibiting excellent
antithermal quenching behavior. Figure S8c is a Boltzmann
analysis of the Mn?* emission intensity as a function of
temperatures (T 220-360 K), and the sensitization

activation energy AEg at 220 K can be calculated by eq 1:°"°*

Iyo(T) = Toe 2/

(1)

where I, (T) is the integrated PL intensity at temperature T
(K), and ky is the Boltzmann constant. The Boltzmann analysis
through the expression yields a sensitization activation energy
AEg (90.8 meV) of 220 K, which is much larger than the
thermal energy of 19.2 meV (kgTj_py k). Such a large
potential barrier is not conducive to intersystem crossing of
electrons in the relative high temperature range, resulting in a
decrease of Mn>" emission. Instead, most of the electrons are
stranded in the D, energy level of Tb**, and return the ground
state in the form of >D, — "F transitions, which eliminates the
effect of thermal quenching at 548 nm and enhance intrinsic
luminescence. Figure 4c and d are the PL decay profiles for the
548 and 622 nm emissions, respectively. The PL lifetimes at
100—360 K are summarized in Tables S3 and S4. All the PL
decay dynamics can be well fitted with a biexponential
function. Figure 4e shows the lifetime evolution of dual
emission with temperature in 100—360 K. From 100—220 K,
the lifetimes of Tb** and Mn** emission decrease as the
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temperature increases. However, in the 220—360 K region, the
PL lifetime of Mn*" ion still decreases gradually, while the PL
lifetime of Tb*" ion emission increases gradually. This seems to
suggest that electrons transfer from Tb*" to Mn*" is inefficient
in the relative high temperature range. Meanwhile, we can also
roughly describe the transfer and recombination efliciency of
electrons by the energy transfer efficiency. The energy transfer
efficiency 77 in 3%Mn:Cs,NaTbCly at different temperature

can be calculated by eq 2:*°%%*
1 :
hp=1=-—=
' % @)

where 7, and 7, are the PL lifetimes of undoped and doped
samples at 548 nm at different temperature. The calculated
results are shown in Table S5. The energy transfer efficiency
increases from 27.94% to 43.62% as the temperature increases
from 100 to 220 K. When the temperature continues to
increase, the energy transfer efficiency decreases gradually, and
at 340 K the efficiency decreases to 33.58%. Thus, this further
confirms that the increase in PL intensity of Tb** at 548 nm
from 240—360 K is due to the decrease in the efficiency of
energy transfer from Tb®" to Mn®', which eliminates the
negative effect of thermal quenching.

A schematic illustration of the photophysical processes of
Mn:Cs,NaTbCl, is shown in Figure 4f. Under the excitation of
278 nm light, electrons not only can relax through the host
intrinsic Tb***D, — 7FJ:6’5,4,3 transition but also can
intersystem cross to the d-state of Mn®>" and relax through
the *T, — SA, transition, thus the tunable double emission
observed. As mentioned earlier, the energy transfer from Tb**
to Mn*" is gradually enhanced with increasing Mn*'-feeding
concentration, leading to higher population of the *T| state of
Mn?* and increasing red emission. Meanwhile, as shown in
Figure S9a—c, the Mn?** emission red-shifts with increasing
Mn2+—feeding concentration, indicating that Mn—Mn inter-
actions may exist in the highly doped system, resulting in
reduction and red-shift of “T; — A; Mn?* emission.

The stability of the samples was studied as a function of
storage time under ambient conditions. Figure Sa shows the
XRD patterns of the obtained 3%Mn:Cs,NaTbClg crystals
after being stored in the air (RT: 25—27 °C; RH: 50—70%) for
one month. The diffraction intensity of NaCl is increased, but
the overall diffraction peaks remain almost unchanged, which
indicate that the sample is slightly decomposed. In Figure Sb,
the PL intensity of 3%Mn:Cs,NaTbCl; still remains about 90%
of the initial value after being stored one month in the air. As
shown in Figure Sh, thermogravimetric analysis (TGA)
indicates that the decomposition temperature of pristine
Cs,NaTbClg and 3%Mn:Cs,NaTbCly is about 767 and 770
°C, respectively, which suggests that Mn doping does not
obviously affect the thermal stability of Cs,NaTbCl,. High
decomposition temperature suggests that these kinds of rare-
earth double perovskites should be excellent candidates for the
photoelectric applications in the future.

Furthermore, we fabricated LEDs based on 3%
Mn:Cs,NaTbCly. As shown in Figure Sc—f, the PL spectra
of all LEDs show excellent spectral stability at different
voltages and currents. Figure Sg shows the photographs of the
working green LED prepared based on pristine Cs,NaTbCly
under 3.5 V driving voltage and the working orange LED
prepared based on 3%Mn:Cs,NaTbCls under 5.5 V driving
voltage, respectively. The green LED exhibited bright PL with
chromaticity coordinate (CIE) of (0.308, 0.575) and
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correlated color temperature (CCT) of 5958 K. The orange
LED exhibited bright PL with CIE of (0.579, 0.352) and CCT
of 2547 K. This indicates that these rare-earth double
perovskites have promising applications in optoelectronic
fields such as solid-state lighting.

In summary, novel Mn**-doped Cs,NaTbCl; rare-earth
double perovskites were synthesized by the solvothermal
method and found to show interesting tunable dual emission
and excellent stability. Based on experimental results and
theoretical calculations, the mechanism of Mn** doping is
proposed to first insert into the interstitial void when Mn-
feeding concentrations is lower than 1%, but when the Mn-
feeding concentration exceeds 1%, Mn?>* will further substitute
Na* site of the Cs,NaTbCl, lattice, and thus, both two doping
modes coexist with the interstitial doping. Further, the
emission color could be modulated from green to red because
energy transfer could be effectively achieved from °D, level of
Tb*" ions to *T, level of Mn*" ions by increasing the Mn**-
feeding concentration. Further, prototype LEDs based on these
double perovskites show good performance. This study
provides new insight into the competitive energy transfer
processes in luminescent doped metal halide double perov-
skites.
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