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Abstract:

The halide double perovskite family represented by Az(B+,B3+)X6, can overcome the lead
toxicity and enable the generally large band gap engineering via B/B sites’ transmutation or
exotic dopant to fulfill the emerging applications in the optoelectronic fields. Herein, we
report on the design and experimental synthesis of a new family of Mn** doped
CspNaBi; In,Clg crystals with an intense orange-yellow emission band, and the phase
formation stability has been discussed via a combined experimental-theoretical approach.
Depending on the manipulation of Bi**/In** combination, the band gap increased with In>*
content, and a subsequent evolution from indirect to direct band gap was verified.
First-principles calculations and parity analyses indicate a parity forbidden effect on
Csp;NaInClg, and a combination effect of absorption on Cs;NaBi; In,Clg from both
Cs,NaBiClg and Cs,NaInClg. The associated Mn**-doped photoluminescence depending on
the Bi**/In** substitution has been also addressed from the variation of the different Mn-Cl

environment and neighboring-cation effect.
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1. Introduction

Halide perovskites materials with a chemical formula of APbXj;, where A = Cs,
methylammonium; X = CI, Br, I, have recently attracted a tremendous amount of interests
owing to their excellent optoelectronic properties including long carrier diffusion lengths,
large absorption coefficients, and remarkable photovoltaic and light-emitting performance.'"!
Although much progress has been made, the toxicity of lead is detrimental to the environment
and human body."! Accordingly, the search for lead-free alternatives is attracting a lot of
attentions. Recently, one of the most popular methods is the substitution of two divalent Pb**
by a monovalent cation and a trivalent cation to form a double perovskite structure with a
basic formula (A,(B*,B*)X) (A = Cs*; B= Na*, Cu* or Ag*; B=Bi**, Sb’* or In**; X = CI,
Br, or I').B] This kind of material originated in 1970, when it was widely used in the field of
ferroelectric materials, and is best known as CszNaBiCl6.[4] Recently, in the light of the
intense interest in halide perovskites, versatile new lead-free halide double perovskites have
been synthesized, some of which can grow into crystals and have been used as sensitive and
fast UV photodetectors, and solar cell absorbers, such as Cs;AgInCls and CszAgBiBré.[S]
However, current double perovskites generally offer large, direct or indirect forbidden band
gaps, which are not a suitable solution for targeting outstanding photovoltaic performance.m
Chemical substitution is an effective approach for semiconductor band gap engineering, with
all lattice sites of the double perovskite (ABB'X,) available for substitution.!” Amongst
them, B’ provides the most degrees of freedom, with over 34 choices of trivalent metals
available for selection.’® Here, using Cs,NaBiClg with an indirect band gap as a host material,
we demonstrate band gap engineering through alloying of In**/Bi** in Cs,NaBi,.In,Clg
crystals.

Manganese (Mn”") substitution has been normally investigated to bestow an intense
dopant-sensitized orange emission, arising from the 4T1—6A1 transition of octahedral Mn2+,

t.19

which is largely insensitive to the physical and electronic structure of the hos Very
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recently, efforts have been devoted to synthesize Mn2+—d0ped CsPb(CL,Br); perovskite
materials exhibiting dual emissions owing to the energy transfer process from the host
semiconductor to dopant Mn** ions.!'"! By introducing Mn?*, this group of perovskites show
some new properties, which makes them potential applications not only in optical devices but
also in actuators, sensors, piezoelectrics, etc.l!! However, except for the recent report on the
luminescence of Mn** in CSQAgInCIG,[IZ] there is no other progress on the Mn2+—doping
lead-free halide double perovskite materials. Herein, we report, for the first time to the best of
our knowledge, the hydrothermal crystal growth of Mn**-doped Cs,NaBi,.In,Clg crystals
with indirect-direct band gaps character. We performed first-principles calculations to
investigate the electronic and optical properties of Cs,NaBi_In,Cls and Mn**-doping effect
on the intense orange-red luminescence in this solid solution. The successful adjustment of
the band gap from the Mn2+-doped Cs;NaBi;_In,Clg crystals will expand the utility of

lead-free halide double perovskites in their future.

2. Results and discussion

XRD patterns of the as-prepared Cs;NaBi;.,In,Cls (x =0, 0.1, 0.2, 0.3, 0.4, 0.7, 0.9 and 1.0)
samples are shown in Figure 1a. It is found that almost all peaks were successfully indexed by
cubic cell (Fm-3m) with parameters close to Cs;NaBiClg (elpasolite-type structure).!"”! In the
meantime, we find that the characteristic diffraction peak (2 2 0) shifts to higher diffraction
angles from 23.19° to 23.90° with increasing In>* content owing to the different ionic radii
between Bi’* and In** (Figure 1b), further suggesting that the continuous solid solution of
Cs,NaBi;_In,Clg have formed in the crystal structure. To further analyze the crystal structure
of as-prepared samples, the Rietveld analysis of this series of Cs;NaBi;.In,Cls samples has
been conducted using TOPAS 4.2, in which Cs,NaBiClg was taken as starting model. Site of
Bi** ion was occupied by Bi**/In’* ions with and the occupations were refined in assumption

occ(Bi) + occ(In) = 1. Based on the Rietveld refinement results, all of these samples exhibit
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the same cubic cell (Fm-3m) besides negligible peaks belonging to NaCl impurity, as shown
in Figure S1. The refinement results of Cs,NaBi;_In,Clgs were stable, and the main processing
and refinement parameters, including fractional atomic coordinates, isotropic displacement
parameters and main bond lengths were given in Table S1, S2 and S3.

Experimentally, we found that the solid solution with the intermediate compositions can
hardly obtain the pure phase compared to the two end member, Cs,NaBiClg and Cs;NalnCls.
For example, we cannot get the phase of Cs;NaBi;,In,Clg (x = 0.5). To investigate the
structural evolution of Cs;NaBi;In,Clg in theory, we set an orthogonal unit cell structure
with periodic supercell based from CsgNayBisClys, as shown in Figure Ic, where four Bi**
cations (Biy4 to Bip) were gradually substituted by In** as x in CsoNaBi_In,Clg increased from
0 to 1. After fully relaxation, three Cs;NaBi;.In,Clg structures (x = 0.25, 0.5 and 0.75,
respectively) with the lowest total energy were chosen for further characterization. The lattice
constants (L.) for Cs,NaBiClg and Cs;NaInClg are 11.05 and 10.74 A, respectively, which are
both close to our experimental measurements of 10.84 and 10.53 A. For Cs,NaBi.,In,Clg, L.
decreases monotonously due to the increasing of x. The unit cell volumes (V) for Cs,NaBiCls,
CspNalInClg and Cs,;NaBi;_,In,Clg are presented in Figure 1d. The decreases of the V and L.
are mainly caused by the radii difference between Bi**" and In** during the cation substitution.
When a relatively larger Bi** cation (1.03 A) is replaced by smaller In®* (0.80 A), the lattice
will be inevitably shrink. However, the internal structure will be inevitably influenced due to
the radii difference between Bi’* and In’*, causing the bond length change between Bi**/In’**
and their neighborhood CI'. Figure le shows the average length of overall Bi/In-Cl bond
d(Bi/In-Cl) as a function of x. The average lengths of individual Bi-Cl bond and In-Cl bond
are presented in Table S4. According to Figure le, the average d(Bi/In-Cl) decreases
monotonously due to the increase of x, which is corresponding to the volume shrink and is in
consistent with our experimental tendency. This decrease include both effect on d(Bi -Cl) and

d(In-Cl), which performed the same tendency of linearly gradient down, as shown in Table S4.
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The linear slopes for V and d(Bi/In-Cl) as function of x are -108.07 and -0.17, respectively,
which are in good agreement with our experimental measurements of -105.84 and -0.16. In
order to investigate the stability of Cs,NaBi;_In,Cle, the energetics for the formation pathway
of Cs,NaBi;_In,Clg can be written as,
1-x Cs,NaBiClg + x Cs,NaInClg — Cs,NaBij_,In,Clg (D)

where Cs;NaBiClg and Cs;NalnClg belong to the stable perovskite material. Figure 1f shows
the formation energy per atom of Cs;NaBi;_In,Clg as a function of x. For Cs;NaBi,.,In,Cl,
the formation energies are positive, and present a quadratic relations as a function of ux,
meaning that the solid solutions have less stable nature than Cs,NaBiClg or Cs;NalnClg, due
to the strain energy from the size mismatch of Bi and In constituents. However, the energies
for the solid solutions are less than 1 meV/atom higher than the single perovskites, relatively
small enough to be overcame by the mixing entropy, suggesting that Cs,NaBi;_,In,Cls could
be stabilized at medium temperature. The result here also verified that the composition at x =
0.5 possess the highest formation energy, which also supported that we can hardly to obtain
the pure phase of Cs;NaBi;_In,Cls (x = 0.5) mentioned above.

To demonstrate the optical band gaps for these materials, the UV-Vis diffuse reflection data
have been collected. The spectrum of Cs,;NaBi;_,In,Cls shows a high reflectance in the visible
range, and the band gap estimation in the Cs,NaBi;_In,Cl¢ can be estimated according to eq
1[]4]

[F(R)hv]" = A (hv-E,) (2)
where hv is the photon energy; A is a proportional constant; E, is the value of the band gap; n
= 2 for a direct transition or 1/2 for an indirect transition; and F(R.,) is the Kubelka-Munk
function defined as'"
F(R.) = (1-R)’/2R = KIS 3)
where R, K, and S are the reflection, absorption, and scattering coefficient, respectively. In

Figure 2b, we can deduce that Cs;NaBiClg exhibits the characteristics of an indirect band gap
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semiconductor with a shallow absorption at an edge value of 3.41 eV (indirect band gap)
followed by an increase in absorption edge at 3.73 eV (direct band gap). Furthermore, the
linear regions of the Tauc plot of (F (Ro)hv]"? vs. hv indicate the anticipative phonon-assisted
processes, with transitions at 3.41 and 3.73 eV due to the absorption and emission of a phonon,
respectively. And the indirect band gap of this material can be estimated as 3.41 eV. As In**
ions were doped into the Cs;NaBiCle host, the first absorption edge becomes larger while the
later absorption edge becomes smaller. However, Cs;NalnClg possesses the characteristics of
direct band gaps with absorption edge at 3.73 eV, from the corresponding Tauc plot of
(F(Ro)hv]* vs. hv. To observe the change of band gap value clearly, the first and later
absorption edge are plotted in Figure 2c. This change can be mainly divided into two parts,
and the mutation point appears at about x = 0.5, and the reason and their corresponding
explanation will be discussed below.

To investigate the electrical and optical contributions of the two end members for the
solid solution of Cs;NaBi;In,Cls, we performed the first-principles calculations for
Cs;NaBiClg and Cs;NalnCle. Figure 3a and 3b show the calculated band structures of
primitive Cs;NaBiClg and Cs;NalnClg with SOC included. For Cs;NaBiClg, as shown in
Figure 3a, the Bi 6s orbital is lower in energy and the lone pair s state is deep inside the
valence band, so the valence band maximum (VBM) consists mainly of the CI 3p orbitals and
is located at W point where the coupling between Cl 3p and Bi 6s is strong and pushes the Cl
3p state up. whereas the conduction band minimum (CBM) consists mainly of Bi 6p and some
Na 4s orbitals and is located at /" point, because the s-p repulsion between the Na 4s and Bi 6p
orbitals pushes the CBM state at /" point to a lower energy, resulting in an indirect band gap.
The gap is calculated to be 3.00 eV, which corresponds to our experimental measurements of
3.41 eV. Noting that a direct transition of 3.23 eV would also be possible at L point, this
transition corresponds to and is consistent with the experimental feature at 3.73 eV (see

Figure 2b). The energy distinction between experimental observation and theoretical
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calculation is understandable because DFT-PBE calculation underestimates the band gap.
However, such distinction would not influence our qualitative analysis on the electronic and
optical properties of Cs;NaBi;.,In,Clg. For Cs;NalnClg, as shown in Figure 3b, The VBM and
CBM are originated mainly from the Cl 3p and In 5s orbitals, respectively, and both are
located at /" point, resulting in a direct band gap of 2.96 eV. Comparing with the PBE
calculations of Cs,NaBiClg and Cs,NaInClg elsewhere“ﬁ], the band gap of Cs,NaBiClg with
SOC is ~0.8 eV lower than PBE calculations, and the CBM has been located at /" point rather
than L point. This is mainly due to the SOC induced splitting of the Bi 6p conduction bands,
pushing one of the Bi 6p orbital towards VBM and reducing the band gap. For Cs;NalnCle,
the band gap wasn’t influenced by whether or not SOC is included, as SOC effect on In 5s
orbital is much smaller than that on Bi 6p orbital that furthermore can split by SOC. Noting
that the first valence band is rather flat along the /" - X direction, Cs;NaInCls could have very
different transport properties for electrons and holes.

We further analyze the optical transitions in Cs;NaBi;_,In,Clg solid solutions, as shown in
Figure 3c. For Cs;NaBiClg, two optical transitions between band edge states are presented,
which are correspond to the direct transition at L point and that at /" point. The transitions
between band edges could occur unless the VBM and CBM have different parities.!'""”!
However, the parity shown in Figure 3b for Cs;NalnCle indicates an even parity for both
VBM and CBM states, resulting that Cs,NalnClg unable to break parity-forbidden transitions.
The optical allowed transition in Cs;NaInClg starts at 3.24 eV (see red arrow line in Figure 3b)
which corresponds to the measured experimental feature at 3.73 eV (see Figure 2b). Such
parity forbidden effect is also observed in In,O3;, where the optical absorption is ~0.81 eV
higher in energy than the fundamental band gap''®!, showing an intrinsic feature of ordered to
disordered compounds. Comparing with Cs,NaBiClg, Cs;NalnClg shows obvious drop down
in absorption intensity, due to the electronic properties of Cs;NalnClg. As the cell symmetry

of Cs;NalnClg is reduced by cation transmutation, and the band edge states are derived from
8
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the ‘fold-in’ bands of the ideal ABXj primitive cell, the direct band gap of Cs;NalnClg is

authentic. For Cs,;NaBi;In,Cls, the absorption intensity decreases as the ratio of In**
increases, showing a combination effect of absorption on Cs;NaBi;_In,Cle. For x over than
0.5, the absorption intensity decrease dramatically, which is caused mainly by the domination
of In**, the optical absorption presents more effect of Cs,NalnClg (with parity forbidden effect)
than Cs,NaBiCl.

To search for a suitable metal halide double perovskite for optical and optoelectronic
properties in the visible region is still going on, thus the Mn>* doping effect in the
Cs,NaBi_,In,Clg solid solutions have been investigated.[m Variations in the excitation (PLE)
and emission (PL) spectra of the CszNaBil_xInXC16:O.03Mn2+ (x=0,0.1,0.2,0.3,04,0.7,0.9
and 1.0) samples depending on the x values (different Bi/In ratios) are shown in Figure 4a.
The results illustrate that all of the PLE spectra of the materials consists of three bands
around at 297, 358 and 429 nm, corresponding to the spin and parity forbidden transitions in
the 3d’ electron configuration of Mn** from the ground state 6Al((’S) to excited states of
4T1(4P), 4T2(4D) and 4T2(4G), respectively. Furthermore, the excitation bands of all the
samples with various x values have a blue-shift tendency from 358 nm to 346 nm as the In’*
concentration increase from x = 0 to x = 0.9. A red shift of the Mn*" excitation would be
expected to happen in Cs,NaBi;_In,Cls:0.03Mn>* with increasing In**/Bi’* ratio due to the
stronger crystal field of In’* as compared with that of Bi’*. However, the observed
blue-shifted tendency in this system may be originated from ions of different radii having
different compression on the bond length. Therefore, a structural changes model with varying
In** content is proposed herein to explain the blue-shift phenomenon of the excitation spectra,
which is shown in Figure 4b. As far as Mn”* ion is sandwiched between Bi**/In** ions,
therefore big Bi’* ions compress d(Mn-Cl) bond length more hardly than small In** ions. In
the (In**-free) Cs,NaBiCl:0.03Mn** compound, the large radii of Bi’* ions lead to stressful

compression of neighboring d(Mn-Cl) bonds. With increasing In** concentration, some stress
9
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would be released due to the smaller ionic radius of In®* (at 0.8 A) than of Bi** (at 1.03 A),
and the bond length of d(Mn-Cl) would be increased. The crystal filed splitting of Mn**
would in turn weaken on the basis of this model, and emission peaks would become
blue-shifted. This model can well explain the blue-shift behavior in CszNalBiCl6:O.03Mn2+
solid solutions to a certain extent. In spite of the increasing in the bond length of d(Mn-Cl),
the average bond length of d(Na/Bi/In/Mn-Cl) decreases in CszNaBi1_xInxC16:O.O3Mn2+
compounds with increasing In** content. This is because the contribution of d(Bi-Cl) to the
average bond length lessens with increasing In**, as can be seen in Figure 4b, while the
contribution of d(Mn-Cl) to the average bond length is very small. So the average bond length
d(Na/Bi/In/Mn-Cl) decreases along with decreasing cell volume and increasing In** content.
Upon the excitation of 358 nm, all of the samples exhibit the orange-yellow emission, which
can be ascribed to 4T1(4G)-6A1(6S) transitions of Mn**. At the same time, the emission
intensities were gradually increased and maximized at the In** concentration of 0.2. And the
measured internal quantum efficiency (QE) of CszNaBio_gIno.zCl6:O.O3Mn2+is 56%.

Figure 4c represent a digital photograph of single crystal of Cs;NaBiCls:0.03Mn** and
CspNaInClg under a fluorescence microscope, with characteristic gray transparent color
indicating a band gap in the invisible range. When the crystal growth time via hydrothermal
method is prolonged to 36 h, which enabled the formation of the millimeter-sized regular
octahedron single crystals with the edge length of around 0.5 mm. In addition, single crystal
of Cs,NaBiCl:0.03Mn”* exhibits orange-yellow luminescence owing to the characteristics of
Mn®*. Furthermore, Figure 4d presents the room temperature decay curves of Mn®'
luminescence in CszNaBiI_XInxC16:O.03Mn2+ (x=20,0.1, 0.2, 0.3, 04, 0.7 and 0.9). All the
decay curves can be well fitted with a second order exponential equation:™"

I(t) = Aj exp(-t/t;) + Az exp(-t/12) 4)

10
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where / is the luminescence intensity, A; and A, are constants, 7 is the time, 7; and 7, are rapid
and slow lifetimes for exponential components, respectively. On this basis, the effective
lifetime constant (r*) can be calculated as:

T = A + A ) (At + Aorz) (%)

Based on the decay curves in Figure 4d and fitting Eq. (4) and the calculation Eq. (5), the
effective decay time (r*) were calculated to be 0.34 ms, 0.37 ms, 0.39 ms, 0.40 ms, 0.42 ms,
0.46 ms and 0.52 ms for CSZNaBi1_xInxC16:O.03Mn2+ with x =0, 0.1, 0.2, 0.3, 0.4, 0.7 and 0.9,
respectively. It can be clearly found that the lifetime values increased with the increasing
content of In®* ions. We proposed that the phase structures become more rigid with a high
symmetry compared to the initial Cs;NaBiCle phase, so that the energy transfer possibility
among Mn”* decreases, which in turn decrease the possible non-radiative transition and lead
to the increasing lifetime values in such a system.

Effect of Mn”>" contribution on the electronic structure of CszNaBil_xInxC16:Mn2+ solid
solution has been studied, and we adopted the Cs;Naj75sMng sBig 75..In,Clg structures based on
the super cell structure shown in Figure 1c, where two cations (one Na* and one Bi® +/In3+) are
replaced by Mn”* to ensure the valence state of Mn>*. All Mn**-doped structures for different
Bi**/In*" ratios are chosen according to the lowest static total energy. Figure 5a gives the
formation energies for Cs;Nag75sMngsBig7s.In,Cls, with respect to the stable perovskite
materials CsMnCls, Cs;NaBiClg and Cs;NalnClg, showing that the solid solutions are higher
in energy than their perovskite constituents by formation energies up to ~7.60 meV/atom (see
the red curve in Figure 5a). This is understandable because the internal strain energy from the
size mismatch between small Mn** and large Na* or Bi**/In** ions could inevitable raise the
formation energies for these structures. However, considering Cs;Nag 75Mng sBig75xInxClg as a
mixture of Cs,Nag75Mng 5Big.75Clg and Cs;Nag 7sMng sIng 75Clg, the
CsyNag 7sMng 5Big75xInsClg composite shows negative mixing energy (see the blue curve in

Figure 5a). Compared with the formation energy variation without Mn** doping in Figure 1f,
11
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the change of sign in the energy (positive for Figure 1f, negative for mixing energy in Figure
5a) indicates that the inclusion of Mn®* dopants in the solid solutions could promote the
mixing of Bi** and In** ions as Mn®* could acts as an absorber of the internal strain arising
from Bi**/In** mixing. Although the super cell structures adopted in our atomistic
first-principles calculations could not exactly mimic the fully random solid solutions in our
experiments, we attempt to analyze the band edge states that are related to PL. Figure 5b and
5c show the calculated density of state (DOS) for Cs;Nag75MngsBig75Clg and
Cs,Nag 75sMng sIng 75Clg (The DOS of Cs,Nag75Mng sBigslng»5Clg and Cs,Nag75Big2s5Ing sClg
are shown in Figure S2). For Cs;Naj75Mng sBig 75.,In,Cle, the upper valence bands are mainly
contributed by Cl 3p orbitals analogous to Cs;NaBi(In)Cle, while the VBM state is mainly
from Mn 3d orbitals. The CBM state is mainly contributed by Bi 6p or In 5s, with a small
amount of Mn 3d state mixed in. Meanwhile, the band gap for Mn**-doped Cs,NaBi(In)Clg
decreases from 3.00 (2.96) eV to 2.28 (2.22) eV, corresponding to optical wavelength of 544
nm (559 nm) that is close to the experimental wavelength of the PL peak. The decreasing
band gap is mainly caused by the appearance of the Mn 3d state above the Cl 3p state (see e.g.
Figure 5b and Figure 5c¢). The appearance of Mn 3d state in both VBM and CBM hints that
the PL in the solid solutions is related to the d-d transitions of Mn2+, as indicated in Figure 4a.
Although the amount of Mn 3d state at CBM in Cs;Nag75sMngslng75Clg (see Figure Sc) is
much smaller (but not vanishing) than that in Cs;Nag 7sMng sBig75Cle (see Figure 5b), the fact
that PL vanishes as the Bi**/In** ratios approaches zero (see Figure 4a) hints that the major
component (Bi 6p/In 5s) of CBM could affect the PL process. The sharp comparison of PL
intensity in Cs;Nag75MngsBip75Clg (rather strong) and Cs;Nag75Mngslng75Clg (vanishing)
coincides with the opposite parities of the Bi 6p/In S5s dominated CBM state in
Cs,NaBiClg/Cs,NalnClg as shown in Figure 3a and Figure 3b (showing a parity-forbidden
optical transition). As Mn 3d state is a minor component of CBM mixed into the major Bi

6p/In Ss state, the strong hybridization of Bi 6p/In 5s state with Mn 3d state induces bulk
12
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electronic-structure/symmetry (e.g. band parity in bulk crystalline symmetry) features in the
photoluminescence of Mn?** dopants. For Bi/In solid solutions, as shown in Figure S2, the
CBM is mainly contributed by Bi 6p rather than In 5s, indicating that the solid solutions
perform dominant character of Bi constituent on optical properties, which is in consistent with
experimental observations that pure In sample (x = 1.0 in Figure 4a) performs different PL

properties from Bi involved samples.

3. Conclusion

In summary, we have prepared the new substituted halide double perovskites,
CszNaBil_xInxCl6:Mn2+, and the phase formation behavior and doped Mn* photoluminescence
has been studied. By gradually substitution of Bi** with In’*, the cubic lattice constants of the
solid solutions decrease linearly and the band gap changes from indirect band gap to direct band
gap, which are both confirmed from experimental observations and theoretical calculations. For
Cs;NaBi;_,In,Clg, the absorption intensity decreases as the ratio of In** increases, showing a
combination effect of absorption on Cs;NaBi;_In,Cls. When doped with Mn2+, the double
perovskites yield a strong orange-yellow colored emission except x = 1.0, consistent with the
DOS analysis, and the excitation peaks were blue shifted depending on the Bi**/In’* ratios,
which was ascribed to the compression effect on the bond lengths from substituted ions. The
successful adjustment of band gap and Mn2+—doped photoluminescence in the Cs;NaBi,;_,In,Clg
crystals demonstrated here will expand the utility and understanding of the optoelectronic

character within the lead-free halide double perovskite family.

Experimental Section

Materials and Preparation: All the chemicals were commercially purchased and used without
further purification. CszNaBil_xInXC16:Mn2+ (x=0,0.1,0.2,0.3, 0.4, 0.7, 0.9 and 1.0) crystals
were synthesized by the hydrothermal method in a stainless steel Parr autoclave using CsCl

(99.99%, Aladdin), NaCl (99.99%, Aladdin), BiCl; (99.99%, Aladdin), InCl3 (99.99%,
13
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Aladdin), and a certain amount of MnCl, (99%, Aladdin) in HCI acid solution (A. R., Beijing
Chemical Works). A white powder precipitated from solution upon heating at 453 K for 12
h. This solid was filtered out and then washed with ethanol and finally dried under reduced
pressure overnight. Large targeted CszNaBiClg:Mn2+ and Cs;NalnClg crystals (as shown in
Figure 4¢) can be also obtained via the same reaction conditions, and herein the hydrothermal
synthesis time at 453 K has been prolonged to 36 h and then slowly decreased to room
temperature.

Characterization: The powder X-ray diffraction (XRD) measurements were conducted on a
D8 Advance diffractometer (Bruker Corporation, Germany) operating at 40 kV and 40 mA
with Cu Ka radiation (A = 0.15406 A), and the scanning rate was fixed at 4°/min. The powder
diffraction pattern for Rietveld analysis was collected with the same diffractometer. The step
size of 20 was 0.016°, and the counting time was 1 s per step. Rietveld refinement was
performed by using TOPAS 4.2 software.!"” The photographs of single crystal were obtained
by a Nikon LVIOOND fluorescence microscope. The diffuse reflectance spectra were
measured on a UV-Vis-NIR spectrophotometer (SHIMADZU UV-3600) supplied with an
integrating sphere. Room temperature photoluminescence excitation (PLE) and emission
spectra (PL) were measured on a fluorescence spectrophotometer (F-4600, HITACHI, Japan)
with a photomultiplier tube operating at 400 V, and a 150 W Xe lamp used as the excitation
lamp. The room temperature decay curves were obtained using a FLSP9200 fluorescence
spectrophotometer (Edinburgh Instruments Ltd., U.K.) with the monitoring wavelength of 358
nm. Quantum efficiency was measured using the integrating sphere on the FLSP920
fluorescence spectrophotometer (Edinburgh Instruments Ltd., U.K.).

Computational method: For theoretical details, first-principles calculations based on density
functional theory (DFT) were performed using the Vienna ab-initio simulation package
(VASP) code.” The projector augmented wave (PAW) potential method was used to

describe the interactions between ions and electrons. The exchange—correlation interactions
14
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between electrons were treated within the generalized gradient approximation (GGA-
PBE).”*" The plane wave cut-off energy of 500 eV was used for all structural optimizations
and electronic calculations. The k-point meshes for different structures were generated
according to the Monkhorst—Pack scheme'”? for the Brillouin zones, as 8 x 8 x 8 for
primitive Cs;NaBi(In)Clg, and 5 x 5 x 5 for Cs,NaBi; In,Clg supercell. Relativistic
spin-orbit coupling (SOC) was included in the band structure and optical calculations. The
band symmetry and parity analyses are carried out with the QUANTUM ESPRESSO
packagebased on GBRV PBE scalar relativistic potentials.'”>! For Mn**-doping calculations,
to correct for the self-interaction error in the GGA formalism, a Hubbard U parameter (DFT
+ U)[z‘” valued 4.3 eV!*! was included for the Mn ions to treat 3d correlations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) XRD patterns and b) selected diffraction peaks near 23° of the as-prepared
CspNaBi In,Clg (x = 0, 0.1, 0.2, 0.3, 0.4, 0.7, 0.9 and 1.0). c¢) Crystal structure of
CspNaBi; ,In,Clg. Observed and calculated d) unit cell volume V and e) bond length

d(Bi/In-Cl) of Cs;NaBi;_,In,Clg samples as a function of x. f) Calculated formation energies
per atom of Cs;NaBi;_,In,Clg as a function of x.
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Figure 2. UV-vis diffuse reflectance spectra (a), Tauc plots (b) and (c) the first and later
absorption edge for Cs;NaBiIn,Cls (x =0, 0.1, 0.2, 0.3, 0.4, 0.7, 0.9 and 1.0).
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Figure 3. Calculated electronic band structures of Cs;NaBiClg (a) and Cs;NalnClg (b) from
the PBE calculations with SOC. (c) Calculated absorption coefficients of Cs,NaBi;_In,Cle.
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Figure 4. a) PLE and PL spectra of CszNaBil_xInxC16:O.()3Mn2+; b) single crystals of double
perovskites CszNaBiC16:O.03Mn2+ and Cs;NalnClg. ¢) Schematic figures showing the Mn-Cl
environment and neighboring-cation effect in CszNaBil_xInxC16:().O3Mn2+. And arrows
indicate compression of Mn-Cl bonds resulting from Bi’*. d) Decay curves of
Cs,NaBi;_In,Cle:0.03Mn**,
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Figure 5. a) Calculated formation (mixing) energies per atom of Cs;Nag75Mng sBig75.,In,Clg
as a function of x, with respect to CsMnCl;, Cs;NaBiClg and Cs,;NalnClg
(CsyNag 7sMng sBig 75Clg and Cs;Nag 75sMng sIng 75Clg). Electronic Density of States (DOS) for
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Figure S2. Electronic Density of States (DOS) for Cs;Nag75MngsBigslngsClg a) and
CsyNag 75 Big25Ing sClg b).

Table S1. Main parameters of processing and refinement of the Cs;NaBi;.,In,Cls samples.

Weight Space  Cell parameters (°, R, R,
Ph R
o ase (%) group A), Cell volume (A%) (%), ¥ 5 (%)
) a =10.84230 (6)
Cs;NaBiClg 99.2  Fm-3m V=1274.57 2) 12.12, 6.65
0 a=5.6396 (3) 243,
NaCl 0.8 Fm-3m V=17937 2) 1.44 10.56
=10.8071
CszNaBi0_91n0_1C16 098.7 Fm-3m a 0.807 (5) 8.54, 2.94
V=1262.2(2)
0.1 a=>5.6414 (3) 6.67,
1 1. Fm- o 1.2 4.64
NaC 3 m-3m V=179.54 3) 9 6
. a=10.7786 (3) 9.01,
0.2 Cs,NaBig gIng »Clg 99.7 Fm-3m V=1252.24 (9) 6.94, 2.89
NaCl 0.3 Fm-3m a=5.6391 (5) 1.38 4.40
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V=179.32 (5)
=10.7273 4
CSzNaBi()jIl’l()gClﬁ 99.0 Fm-3m a 0.7273 ( ) 1083, 5.72
V=1234.4(1)
0 a=5.6406 (4) 278,
1 1. Fm- - 1. 2.62
NaC 0 m-3m V=179.47 4) 87 6
9.05,
. a=10.7113 (4)
0.4 Cs,;NaBig gIng 4Clg 100 Fm-3m V=12289 (2) 7.04, 3.82
1.51
8.21
. a=10.6199 (2) ’
0.7 CSzNaB10A3In0A7C16 100 Fm-3m V=1197.74 (8) 628, 3.06
1.35
12.65,

. a=10.5533 (1
0.9  CsyNaBig 1IngoCls 100 Fm-3m V=1175.35 25)) 91664; 7.63

9.60
a=10.53411 (9) ’
1 Cs,NalnCle 100  Fm-3m V=1168.94 (3) 717215, 2.01

Table S2. Fractional atomic coordinates and isotropic displacement parameters (A®) of
Cs,NaBi_,In,Cle.

X y z Biso Occ.
x=0
Bi 0 0 0 1.65 (5) 1
Na 0.5 0.5 0.5 2.2(2) 1
Cs 0.25 0.25 0.25 3.51 (6) 1
Cl 0.2460 (4) 0 0 2.71 (7) 1
x=0.1
Bi 0 0 0 1.38 (4) 0.843 (8)
In 0 0 0 1.38 (4) 0.157 (8)
Na 0.5 0.5 0.5 2.8 (2) 1
Cs 0.25 0.25 0.25 3.29 (6) 1
Cl 0.2440 (3) 0 0 3.27 (7) 1
x=02
Bi 0 0 0 1.02 (5) 0.640 (8)
In 0 0 0 1.02 (5) 0.359 (8)
Na 0.5 0.5 0.5 2.4 (2) 1
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Cs 0.25 0.25 0.25 3.56 (7) 1

Cl 0.2438 (3) 0 0 3.09 (8) 1
x=03

Bi 0 0 0.53 (6) 0.36 (1)

In 0 0.53 (6) 0.64 (1)

Na 0.5 0.5 0.5 3.6 (3) 1

Cs 0.25 0.25 0.25 3.48 (8) 1

Cl 0.2439 (4) 0 0 2.51(9) 1
x=04

Bi 0 0 0.87 (6) 0.403 (9)

In 0 0 0.87 (6) 0.597 (9)

Na 0.5 0.5 0.5 2.3(12) 1

Cs 0.25 0.25 0.25 3.37(7) 1

Cl 0.2412 (3) 0 0 2.67 (8) 1
x=0.7

Bi 0 0 0.74 (5) 0.132 (7)

In 0 0 0.74 (5) 0.868 (7)

Na 0.5 0.5 0.5 1.30 (19) 1

Cs 0.25 0.25 0.25 3.22 (6) 1

Cl 0.2389 (3) 0 0 2.03 (7) 1
x=0.9

Bi 0 0 1.24 (8) 0.050 (9)

In 0 0 0 1.24 (8) 0.950 (9)

Na 0.5 0.5 0.5 0.7 (2) 1

Cs 0.25 0.25 0.25 3.07 (9) 1

Cl 0.2390 (4) 0 0 1.74 (9) 1

x=1

In 0 0 0 1.03 (4) 1

Na 0.5 0.5 0.5 2.1(2) 1

Cs 0.25 0.25 0.25 2.22 (4) 1

Cl 0.2378 (2) 0 0 2.22 (6) 1

Table S3. Observed main bond lengths (A) of Cs,NaBi;_In,Clg.
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x=0
Bi—Cl 2.667 (4) Na—Cl' 2.754 (4)
x=0.1
(Bi/In)—Cl 2.637 (3) Na—Cl' 2.767 (3)
x=0.2
(Bi/In)—Cl 2.628 (3) Na—Cl' 2.761 (3)
x=03
(Bi/In)—Cl 2.616 (4) Na—Cl' 2.748 (4)
x=04
(Bi/In)—Cl 2.584 (4) Na—C[' 2.772 (4)
x=0.7
(Bi/In)—Cl 2.537 (3) Na—Cl' 2.773 (3)
x=09
(Bi/In)—Cl 2.522 (4) Na—Cl' 2.755 (4)
x=1
In—Cl 2.505 (3) Na—Cl' 2.763 (3)
Symmetry code: (i) x, y+1/2, z+1/2.
Table S4. Calculated main bond lengths (A) of Cs;NaBi.InClg.
x=0
Bi—Cl 2.725(7) (Bi/In)—Cl 2.725(7) In—Cl
x=0.25
Bi—Cl 2.721 (2) (Bi/In)—Cl 2.682 (4) In—Cl 2.566 (1)
Bi—Cl 2.716 (7) (Bi/In)—%l 05639 (6) In—Cl 2.562(5)
x=0.75
Bi—Cl 2.711(5) (Bi/In)—Cl 2.597(5) In—Cl 2.559(5)
=1
Bi—Cl (Bi/In)—()ZCI 2.5553) In—Cl 2.555(3)
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