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Experimental Section

Fabrication of Mn**-doped Cs ,SnBrg

In this work, Mn?*-doped Cs;SnBrg were synthesized by water-assisted wet ball-milling.
Cesium bromide (4 mmol, CsBr, Aladdin, 99.9%), stannous fluoride (1 mmol, SnF,, Macklin,
99.9%), ammonium bromide (1 mmol, NH4Br, Aladdin, 99.99%), and manganous bromide
(MnBr,, Macklin, 99%) were used as the reactant precursors. In order to obtain Mn?*-doped
CssSnBrg with different levels, the molar ratio of CsBr, SnF,, and NH,Br were maintained to
be 4, 1, and 2 mmol, respectively, whereas the molar ratio of MnBr, was varied from 0 to 2
mmol. First, the mixture of the precursors was loaded into a jar and mixed with 60 pL deionized
water. Then, a ball milling was performed for 60 min at a speed of 600 rpm. After that, the
obtained product was dried in a vacuum drying oven for 240 min at a temperature of 60°C.
After cooling to room temperature, the Mn?"-doped Cs;SnBrgs powder was obtained by ball
milling for 60 min at a speed of 600 rpm. Samples with different doping levels were named as

S-x, where x =0, 0.5, 1, and 2 represents the molar ratio of MnBr;.

Characterization of Mn?*-doped Cs,SnBr

The crystal structures of Mn?*-doped Cs4SnBrg were characterized by X-ray diffraction
(XRD) (Bruker D8 Advance) at 35 kV and 35 mA. The compositions of Mn?*-doped Cs4SnBrg
were analyzed by energy dispersive spectroscopy (EDS) (Bruker EDS QUANTAX). The
diffuse reflectance spectra of Mn?"-doped Cs;SnBrg were obtained by using a
spectrophotometer (Shimadzu UV-Vis 3600). The PL measurements, including the

temperature-dependent PL spectra, and the time-resolved PL spectra, were carried out by using



a PL spectrometer (FLS1000, Edinburgh Instrument). The PLQYs were directly measured by
using a PL spectrometer (FLS1000 Edinburgh Instrument) with an integrating sphere and
excitation light at 350 nm. In addition, the measured procedure was repeated three times for

the spectra of all the samples.

Theoretical calculations based on the density functional theory (DFT)

Theoretical calculations were carried out based on DFT as implemented in the Vienna Ab
initio Simulation Package.!* The projector-augmented wave method was employed to
calculate the interaction between the ionic cores and valence electrons.*> The Perdew—Burke—
Ernzerhof approach of spin-polarized generalized gradient approximation was used to describe
the exchange-correlation energy.® A larger 2 x 2 x 2 supercell was calculated to characterize
the doping effects, which contained 176 atoms. Calculations were performed with the cutoff
plane-wave kinetic energy of 520 eV, and 3 x 3 % 1 k-mesh grids were employed for the
integration of the Brillouin zone. All atomic positions were fully relaxed until energy and force
reached the tolerance of 1 x 10° eV and 0.02 eV A~!, respectively. The VASPKIT code was

used for postprocessing of the VASP computational data.’
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Figure S1 (a) Emission spectrum of sample S-0 and the excitation spectrum recorded at 530

nm. (b) Time-resolved PL decay trace measured for sample S-0. The lifetime was derived by

fitting the PL trace with a single exponential decay function. (c) Integrated PL intensity as a

function of the excitation power plotted in a logarithmic coordinate for sample S-0. (d)

Temperature-dependent PL intensity of measured for sample S-0. The experimental data was

IPL(I;])

fitted by the Arrhenius equation

I, (T) =

1+ pexp(—E, /kzT)

, Where Ip (Tp) is the integrated

PL intensity at 80 K, f is a constant related to the density of radiative recombination centers,

kg 1s Boltzmann’s constant, and Ej, is the exciton binding energy.
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Figure S2 The repeatedly measured excitation and emission spectra measured for the four
samples. Excitation spectra measured for all the samples at the peak wavelengths of 350 nm.

In each case, the PL QY derived from the excitation and emission spectra is also provided.
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Figure S3 Time-resolved PL decay trace of Iy, recorded at 590 nm for sample S-1. The lifetime
was derived by fitting the PL trace with a bi-exponential decay function. The inset shows the

fitting result.
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Figure S4 Kubelka-Munk transformed diffuse reflectance spectra of the four samples for
determination of the band gap (E,) by plotting [F(R)hv]? versus hv, where R is the reflectance
and F(R) is the Kubelka-Munk function (F(R) = (1-R)?/2R). The values of the band-gap energy

can be estimated from the intercepts of the fitted dashed straight lines.
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Figure S5 (a) Temperature-dependent linewidth (FWHM) measured for sample S-0, which

was fitting by the formular:

FWHM (T) = 2.36v/Sha, |coth 22“;
5%, where S is the Huang-Rhys factor, 4o is the energy of

the phonon mode, and kg is Boltzmann’s constant.
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Figure S6 PL spectra measured for sample S-0.5 (a) and S-1 (b) at different temperatures. The

dashed line corresponds to deconvolution of PL spectrum measured at 300K. (b) Temperature-

dependent PL intensity of I, based on deconvolution results for sample S-1, which was fitted

by the Arrhenius equation

, Where Ip (7)) is the integrated PL

intensity at 80 K, f is a constant related to the density of radiative recombination centers, kg is

Boltzmann’s constant, and £, is the exciton binding energy.
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Figure S7 Normalized PL spectra measured for sample S-0.5 at different temperatures.
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Figure S8 Temperature-dependent PL spectra measured for the four samples in a

heating/cooling cycle up to 125°C.
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Figure S9 Temperature-dependent PL intensity observed for sample S-1 in three

Normalized PL intensity (a. u.)

heating/cooling cycles up to 165°C.
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Figure S10 Luminance characteristics of the white LED as a function of the injected current.

The inset shows the emission spectra of the LED measured at different injected currents.

Table 1 Survey of the PL QY's of Cs4SnBr reported in literature.

Year Materials Qy
20188 CssSnBrs powders 15 =E85%
20190 Cs3KSnBrg microcrystalline 35%
202011°] Cs,SnBrg nanocrystalline 21%
2022011] Cs,SnBr¢ nanocrystalline 52%
20221121 Cs,SnBrs-SnF, powders 62.8%

2023 (our work) Mn?* doped Cs,SnBr, powders 75 89



Table 2 Comparison of the Cs, Sn, F, Br, and Mn contents in the four samples based on the

EDS measurements.
Cs(%) Sn(%) F(%) Br(%) Mn (%)
S-0 27.98 8 24.20 38.83
$-0.5 2958 7.93 562 50.23 6.63
S-1 21.40 7.03 1491 46.98 9.96
S-2 22.19 4.12 148 57.11 15.10
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