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Highly Efficient and Ultra-Broadband Yellow Emission of
Lead-Free Antimony Halide toward White Light-Emitting
Diodes and Visible Light Communication

Qionghua Mo, Jiabing Yu, Chen Chen, Wensi Cai, Shuangyi Zhao, HaiYun Li,
and Zhigang Zang*

Due to the broadband emission induced by self-trapped excitons (STEs),
low-dimensional hybrid lead halides are regarded as an emerging class of
highly efficient light emitters. However, the toxic lead element impedes their
commercial application. Here, a new air-stable hybrid lead-free metal halide
[Na(DMSO)2]3SbBr6 with a 0D structure constituted by [SbBr6] octahedral and
[Na(DMSO)2]3 units is synthesized at room temperature, which exhibits a
high photoluminescence quantum yield of 60% and an ultra-broadband
yellow emission centered at 608 nm, with a full width at half-maximum of
160 nm. First-principles calculations and experimental studies unveil that the
formation of STEs in this 0D structure contributes the broad emission. Then,
warm white light-emitting diodes (WLEDs) are proposed by combining blue
LED chips with yellow [Na(DMSO)2]3SbBr6, showing a color rendering index
of 85, a correlated color temperature of 3603 K. Finally, the prepared WLEDs
are utilized in visible light communication (VLC) with an achieved −3 dB
bandwidth of 7.2 MHz and a high transmitted data rate of 81.6 Mbps by
applying orthogonal frequency division multiplexing modulation with adaptive
bit loading. This research not only enriches the family of perovskite related
materials, but also inspires the potential of low-dimensional metal halide in
VLC.

1. Introduction

Owing to the excellent optoelectronic properties, 3D lead halide
perovskites have attracted substantial attention in the past
few years, with applications being reported in photovoltaic
cells,[1–4] light-emitting diodes (LEDs),[5–9] nano lasers,[10–14]
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and photodetectors (PDs).[15–18] Com-
pared with their 3D counterparts, low-
dimensional (2D/1D/0D, low-D) hybrid
metal halide materials show an unique
properties of ultra-broadband emission
in the visible light range caused by
self-trapped excitons (STEs) emission,
and are therefore considered as excellent
emitters for white LEDs (WLEDs).[19–21]

The strong electron–phonon coupling in
low-Dmetal halides is generally regarded
to be responsible for STEs, thus lower
dimensional metal halides are preferred
to produce STEs emission.[22] Therefore,
a series of low-dimensional hybrid ma-
terials, such as 2D [2,2″-(ethylenedioxy)-
bis(ethylammonium)]PbBr4

[23] and (2,6-
dimethylpiperazine)3Pb2Br10,

[24] 1D (ac-
ridine)Pb2Cl5,

[25] (3-aminoquinoline)-
PbCl4,

[26] (C4N2H14)PbBr4, (C4N2H14)-
Pb0.987Mn0.013Br4,

[27] (N,N,N"trimethyl-
ethylenediammonium)Pb2Br6,

[28] and
(trans-2,5-dimethylpiperazine)PbBr4,

[29]

and 0D (C13H19N4)2PbBr4
[30] have been

developed to act as photoluminescence
(PL) materials. However, the existence of

toxic lead ions (Pb2+) may cause severe problem to environment
and human body, hindering their future commercial develop-
ment. Therefore, it is of great emergency to replace the toxic Pb2+

with nontoxic metal ions, and form lead-free metal halides with
low-dimensional structures and an excellent performance.
In recent years, lead-free metal halides with nontoxic metal

ions (e.g., Sn2+, In3+, Sb3+, Mn2+, Cu+, etc.) and low dimensional
electronic structures were synthesized and used to fabricate
WLEDs.[31–35] For example, Xia et al. reported a 0D (PMA)3InBr6
single crystal (SC), which exhibited a broad orange-emitting with
a PL quantum yield (PLQY) of 35%. WLEDs were then obtained
by coating this orange-emitting (PMA)3InBr6, green phosphor
Ba2SiO4:Eu

2+ and blue phosphor BaMgAl10O17:Eu
2+ on a com-

mercial UV chip, showing a Commission Internationale de l´E-
clairage (CIE) of (0.33,0.37), a correlated color temperature (CCT)
of 5383 K.[33] Subsequently, Kanatzidis and coworkers reported a
1D (DAO)Sn2I6 SC with a PLQY of 20.3% and fabricated WLEDs
by combining (DAO)Sn2I6 with a commercial UV-emitter, result-
ing in a CIE chromaticity coordinates of (0.55,0.42), a CCT of
1822 K, and a CRI of 75.[31] However, the excess phosphors with
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rare-earth components and the use of UV chip pumped low-D hy-
brid metal halides for WLEDs may not meet the requirement for
practical applications. Hence, it inspires researchers to pay more
attention on efficient lead-free metal halides, improving the opti-
cal properties of WLEDs without adding phosphors or UV chips.
In this work, we synthesized 0D lead-free [Na(DMSO)2]3SbBr6

SCs and their nanocrystals (NCs) counterpart at room temper-
ature, both of which exhibited a broad wide yellow PL, with
a full width at half maximum of 160 nm, a stokes shift as
large as 180 nm, a photoluminescent lifetime as long as ≈3
μs, and a PLQY as high as 60%. The broad wide emission of
[Na(DMSO)2]3SbBr6 is considered to be originated from STEs,
which was induced by the strong electron–phonon coupling in
the soft 0D crystalline structures. The prominent optical perfor-
mance of [Na(DMSO)2]3SbBr6 with yellow emission enables the
achievement of efficient WLEDs by using a blue LED chip. Such
WLEDs show a CRI of 85, a CCT of 3603 K, and an operating
stability as long as 130 h. Meanwhile, we proposed the efficient
WLEDs as the light converter in visible light communication
(VLC), exhibiting a −3 dB bandwidth of 7.2 MHz and a transmit
data rate up to 81.6Mbps by way of orthogonal frequency division
multiplexing (OFDM) modulation with adaptive bit loading. Our
results therefore demonstrate the great potential of the lead-free
[Na(DMSO)2]3SbBr6 materials in future solid-state white light il-
lumination and VLC.

2. Results and Discussion

[Na(DMSO)2]3SbBr6 SCs were crystallized via an antisolvent
method at atmosphere and room temperature, in which toluene
as an antisolvent diffused slowly into dimethyl sulfoxide (DMSO)
precursor solutions containing NaBr with SbBr3 (see details in
the Experimental Section). The diffused toluene in the precursor
solutions might consume DMSO, acting as a good solvent for
precursors and leading to an increase of precursor concentration.
As a result, the precursors of NaBr with SbBr3 were precipitated
from the original DMSO solution and [Na(DMSO)2]3SbBr6 SCs
were formed. Similarly, the antisolvent method was used to syn-
thesize [Na(DMSO)2]3SbBr6 NCs. In order to obtain NCs with
small sizes, oleylamine was added into the precursor to act as
the stabilizer and the precursor solution needs to be added into
toluene directly to accelerate the crystallinity. To evaluate the crys-
tal structure of [Na(DMSO)2]3SbBr6 metal halides, their samples
were measured using single-crystal X-ray diffraction. The anal-
ysis revealed that the space group of [Na(DMSO)2]3SbBr6 is an
R-3 trigonal system with lattice parameters of a = 15.391(2) Å, b
= 15.391(2) Å, and c = 13.926(3) Å. More detailed crystal data are
described in Table S1, Supporting Information.
The isolated [SbBr6] octahedrals are surrounded by the

[Na(DMSO)2]3 units and thus form a 0D metal halide structure
(Figure 1a,b). Detailed analysis reveal that the distance between
two adjacent Sb ions is over 13.9 Å, circumventing the interac-
tions between polyhedrons in [Na(DMSO)2]3SbBr6. As shown in
Figure 1c, themeasuredNCpowder X-ray diffraction (PXRD) pat-
terns matches well with the calculated ones, indicating the high
purity and crystallinity of the [Na(DMSO)2]3SbBr6 NCs.
Moreover, the bandgap structure and projected density of

states (PDOS) were calculated via density functional theory
(DFT), as shown in Figure 1d,e. A bandgap of 3.2 eV was found

for the calculated [Na(DMSO)2]3SbBr6, which was larger than the
experimental value of 2.53 eV (Figure S1, Supporting Informa-
tion). This is a due to the heavy element effect in DFT calculation.
The valence band maximum (VBM) and conduction band mini-
mum (CBM) are composed of completely flat bands, suggesting
that the electronic states are highly localized due to the confined
[SbBr6] octahedral.

[36–39] The PDOS shows that the VBM consist
of Br 4p and Sb 5s orbitals, while the CBM is constituted by Br
4p and Sb 5p orbitals. Thus we believe each of [SbBr6] octahe-
dral separated by [Na(DMSO)2]3 units can serve as independent
luminescence center.
Under an excitation of 365 nm UV light, [Na(DMSO)2]3SbBr6

solution, NC powders and SCs exhibit a bright yellow emission
with high PLQYs of 60%, 60%, and 56%, respectively (Figure 1f).
The calculated absorption spectrum agrees well with the exper-
imental data, as shown in Figure 1g, with the absorption onset
located at ≈430 nm. The PL and PL excitation (PLE) spectra of
the [Na(DMSO)2]3SbBr6 NCs are shown in Figure 1h. The PLE
peak shows a wide range of 345–430 nm, which are in accor-
dance with the absorption results. A broadband PL spectrum cen-
tered at 608 nm is also found, which suggests a large Stokes shift
(≈200 nm) in the [Na(DMSO)2]3SbBr6. The rod-like SCs exhibit
similar optical characteristics with [Na(DMSO)2]3SbBr6 NCs (Fig-
ure S2, Supporting Information). In addition to the broad emis-
sion, the large Stokes shift of [Na(DMSO)2]3SbBr6 implies a
negligible self-absorption. The broad and bright yellow emis-
sion of the [Na(DMSO)2]3SbBr6 imply their promising potentials
in WLEDs. Thermogravimetric analysis of [Na(DMSO)2]3SbBr6
NCs was also studied with a decomposing temperature of ≈393
K (Figure S3, Supporting Information). In addition, Figure S4,
Supporting Information presents the PL spectra and the PLQY
of [Na(DMSO)2]3SbBr6 during the period of 35 days under ambi-
ent conditions. The luminescence intensity remains almost un-
changed is shown in Figure S4a, Supporting Information. The
[Na(DMSO)2]3SbBr6 still maintain 88% of initial PLQY even after
exposure in air for 35 days (see Figure S4b, Supporting Informa-
tion), indicating its strong oxygen and moisture resistance. The
above mentioned results clearly demonstrate the great potential
of our [Na(DMSO)2]3SbBr6 in light emitting applications.
Figure 2a presents the transmission electron microscopy

(TEM) images of as-synthesized [Na(DMSO)2]3SbBr6 NCs, which
show an elliptic morphology with a mean size of ≈30 nm.
To evaluate nanoscale details of the NCs, high-resolution TEM
(HRTEM) was measured as shown in Figure 2b. Clear lattice
fringes with an interplanar distance of 0.32 nm, correspond-
ing to a (303) plane of [Na(DMSO)2]3SbBr6 NCs suggesting the
good crystallinity of the [Na(DMSO)2]3SbBr6 NCs. Similarity,
Figure 2c exhibits a homogeneous distribution of elements in
[Na(DMSO)2]3SbBr6 NCs, implying the negligible segregation
and separation of corresponding elements. Scanning electron
microscope (SEM) was used to investigate its surface morphol-
ogy, from which the formation of NCs and uniform distribution
of elements are demonstrated (Figure S5, Supporting Informa-
tion). Figure 2d shows the Fourier transform infrared absorption
(FTIR) for [Na(DMSO)2]3SbBr6 NCs. S═O and C─S stretching vi-
bration peaks are found in both [Na(DMSO)2]3SbBr6 and DMSO,
indicating the presence of DMSOgroups in as-prepared samples.
The small shifts of the two FTIR vibration patterns might be due
to the bonding effects between DMSO groups and Na+ ions,[40,41]
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Figure 1. a) Crystal structure of [Na(DMSO)2]3SbBr6. b) Detailed view of the crystal structure. c) PXRD and calculated XRD of [Na(DMSO)2]3SbBr6.
d) DFT electronic band structure and e) projected density of states (PDOS) of [Na(DMSO)2]3SbBr6. f) Photographs of [Na(DMSO)2]3SbBr6 solution,
powder, and single crystals with/without UV light. g) The calculated and experimental UV–vis absorption spectra of [Na(DMSO)2]3SbBr6 NCs. h) PLE
and PL spectra of [Na(DMSO)2]3SbBr6 NCs.

which is also in agreement with the structures (Figure 1a,b). The
X-ray photoelectron spectroscopy (XPS) results in Figure 2e fur-
ther confirm the existence of Na, Sb, Br, S, and O elements. The
location of Na 1s peak at 1072.3 eV, Sb 3d peaks at 540.4 and
531.1 eV, Br 3d peak at 70.1 and 69.1 eV, S 2p peak at 166.9 eV, and
the O 1s peak at 535.9 eV (Figure S6, Supporting Information)
clearly indicate the successful synthesis of [Na(DMSO)2]3SbBr6.
To further study the emission mechanism of the broad emis-

sion of [Na(DMSO)2]3SbBr6 NCs, time-resolved PL (TRPL) curve
was measured. As shown in Figure 3a, the average fitting times
of the TRPL curve is 3.0 μs, which is larger than that of 3D
CsPbX3 perovskites with a band edge emission.[42,43] PL spec-
tra of [Na(DMSO)2]3SbBr6 NCs excited under different wave-
length were also investigated, as shown in Figure 3b. The iden-
tical shapes and features of PL peaks are observed under variety
of excitation wavelength, indicating that the emission originated
from the same excited state.[44] To clarify the effects of permanent
defects on the PL performance, the excitation powers were in-
creased to see the change of PL intensity. As shown in Figure 3c,
the PL intensity of [Na(DMSO)2]3SbBr6 NCs exhibits a linear de-
pendence on the excitation power, ruling out the effect of perma-
nent defects on the PL (Figure S7

Supporting Information).[45] Besides, the grind of a SC into
powder may result in a reduction of PLQY from 56% to 43%,
further excluding the role of surface defects on the emission.[46]

The Raman spectrum of the [Na(DMSO)2]3SbBr6 perovskites was
carried out, in which a symmetric stretching (A1g), bending (T2g),
and asymmetric stretching (Eg) modes bands centered at 71, 194,
and 214 cm−1 were found, respectively, as shown in Figure 3d.
The three Raman modes can be perfectly fitted by the following
Equation (1) in octahedrons:[38]

v2A1g ≈ v2Eg +
3
2
v2T2g (1)

It can be inferred the A1g, T2g, and Eg modes belong to
the [SbBr6] octahedron, which further verified the strong
electron-photon interaction in [SbBr6] octahedron in the
[Na(DMSO)2]3SbBr6, leading to the formation of STEs. As a
result, the emissive mechanism of the [Na(DMSO)2]3SbBr6 NCs
is considered as STEs, which is well in agreement with the
reported lead-free low-D metal halides.[47,48] A schematic con-
figuration coordinate diagram is presented in Figure 3e, which
shows the photo physical processes of the STE mechanism.

Laser Photonics Rev. 2022, 16, 2100600 © 2022 Wiley-VCH GmbH2100600 (3 of 8)
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Figure 2. a) TEM and b) HRTEM images of [Na(DMSO)2]3SbBr6 NCs. c) Element mapping measurement of [Na(DMSO)2]3SbBr6 NCs. d) FTIR spectra
and magnified spectra of FTIR of [Na(DMSO)2]3SbBr6 NCs and DMSO. e) XPS full scan spectra of [Na(DMSO)2]3SbBr6 NCs.

Under a high-energy excitation, electrons of ground states are
excited into excited states, and then “cool” to an excited exciton
energy state. Owing to the strong electron–phonon interactions
resulted in the octahedrons distortion, a STE energy state can be
found in the NCs, facilitating the broad emission with a large
Stokes shift and a long PL decay time. As shown in Figure 3f, a
uniform PL distribution of the NCs film was confirmed by PL
mapping of the [Na(DMSO)2]3SbBr6 NCs based films, which
was considered as the result of the uniform size distribution of
[Na(DMSO)2]3SbBr6 NCs, consistent with the results of TEM
and SEM.
To test the white light emission potentials, WLEDs were made

by directly sticking the [Na(DMSO)2]3SbBr6 onto commercial
blue LED chips. Figure 4a depicts the PL spectrum of the ob-
tainedWLEDs at a driving voltage of 2.9 V. As shown in Figure 4b,
the as-fabricated WLEDs exhibit a high CRI value of 85, an ap-
propriate CCT value of 3603 K, and a CIE color coordinate of
(0.3636, 0.2851), indicating an excellent optical performance as
a white-light emitter. Figure 4c presents the evolution of PL spec-
tra of the WLEDs with the increase of driving voltages. PL inten-
sity enhances with the increase of driving voltages, the PL spec-
tra peaks, and the respective CIE color coordinate remain almost
unchanged as shown in Table S2, Supporting Information and
Figure 4c. The operating stability of WLEDs were then studied in
ambient air. The PL evolution of the yellow peak corresponding
to the [Na(DMSO)2]3SbBr6 metal halides presents only a slightly
reduction of emissive intensity and a negligible PL shift, which
confirms an excellent photostability of [Na(DMSO)2]3SbBr6 un-
der blue chip excitation (Figure 4d). As shown in Figure 4e, al-
though the power efficiency of WLEDs decreases with the in-
crease of operating time, the power efficiency remains ≈57% of
its initial value even after being continuously operated for 130 h,
suggesting the good stability of [Na(DMSO)2]3SbBr6. Apart from

power efficiency, the CRI and CCT values of WLEDs only slightly
reduce, with a high value of 81 and 3097 K, respectively (Fig-
ure 4f), even after 130 h, suggesting a good operational stability
of WLEDs.
As a potential solid-state light source, the fabricated WLEDs

based on [Na(DMSO)2]3SbBr6 can also serve as the light con-
verter for VLC, as illustrated in Figure 5a. Figure 5b shows
the measured eye diagram of the VLC system modulated by a
square-wave signal with a frequency of 7 MHz, where clear and
wide-open eye can be observed. With the increase of driving fre-
quency, the electrical-optical-electrical (EOE) response of WLEDs
reduces, reaching a −3 dB bandwidth of ≈7.2 MHz (Figure 5c).
Although the received signal-to-noise ratio (SNR) of the VLC sys-
tem is found to gradually decrease with the increase of frequency,
a high SNR value of ≈20 dB could still maintain when operat-
ing the WLEDs at its −3 dB bandwidth frequency (Figure 5d). By
applying OFDM modulation with adaptive bit loading, the cor-
responding bit loading profile is shown in Figure 5e, and the
obtained constellation diagrams of 4-ary quadrature amplitude
modulation (4-QAM), 8-QAM, 16-QAM, 32-QAM, 64-QAM, 128-
QAM are shown in Figure 5f–k, respectively. The results suggest
that the VLC system can achieve a data transfer rate as high as
81.6 Mbps, which is over 11 times the measured −3 dB band-
width.

3. Conclusion

In this work, new 0D lead-free metal halide [Na(DMSO)2]3SbBr6
SC and its NC counterpart are synthesized at room tempera-
ture, which exhibit not only highly efficient broad yellow emis-
sion with a high PLQY of 60%, but also a long PL decay time
of (3.1 μs), suggesting that the STEs are origin of the PL mecha-
nism. Due to the negligible self-absorption and broad emission,

Laser Photonics Rev. 2022, 16, 2100600 © 2022 Wiley-VCH GmbH2100600 (4 of 8)
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Figure 3. a) TRPL decay curve of [Na(DMSO)2]3SbBr6 NCs at room temperature. b) PL spectra of the [Na(DMSO)2]3SbBr6 NCs recorded at different
excitation wavelengths. c) PL intensity versus excitation power for [Na(DMSO)2]3SbBr6 NCs. The linear fitting result shows a high R2 value of 0.99.
d) Raman spectrum of [Na(DMSO)2]3SbBr6 NCs under a 633 nm excitation. e) Illustration of relaxation mechanism for the broadband emission in
[Na(DMSO)2]3SbBr6. f) PL mapping of [Na(DMSO)2]3SbBr6 NCs (excited at 325 nm).

Figure 4. a) PL spectra of WLEDs based on [Na(DMSO)2]3SbBr6. b) CIE chromaticity diagram of the WLEDs. c) PL spectra of WLEDs under different
voltages. d) Contour plot of the PL spectra as a function of time and wavelength. e) The normalized power efficiency of WLEDs under operation as a
function of time. f) CRI and CCT of WLEDs at different time.
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Figure 5. a) A schematic diagram of the VLC system using the fabricatedWLEDs, b) themeasured eye diagram at 7MHz, c) the EOE frequency response,
d) the received SNR as a function of frequency, e) the bit loading profile, and the corresponding f) 4-QAM, g) 8-QAM, h) 16-QAM, i) 32-QAM, j) 64-QAM,
and k) 128-QAM constellation diagrams.

the [Na(DMSO)2]3SbBr6 metal halides are used as an emitter for
WLEDs, showing a high CRI of 85, an appropriate CCT of 3603
K, and a 130 h operating stability due to the good thermal stabil-
ity. Moreover, the proposed WLEDs are utilized in VLC, showing
a −3 dB bandwidth of 7.2 MHz and a high transmission data of
81.6 Mbps using OFDM modulation with adaptive bit loading.
These results demonstrate the versatile nature of low-D lead-free
metal halides, opening the new path for development of next-
generation solid-state illumination and other optoelectronic ap-
plications.

4. Experimental Section
Materials: Sodium bromide (NaBr, 99.99%, Sigma Aldrich), anti-

mony bromide (SbBr3,99.995% Alfa Aesar), toluene (99.5%, Sigma
Aldrich), and DMSO (99.9%, Adamas) were purchased and used
directly.

Synthesis of [Na(DMSO)2]3SbBr6 0D Perovskite NCs: 0.13 mmol NaBr
and 0.13 mmol SbBr3 were added into 0.5 mL DMSO, followed by a stir-
ring at room temperature for 1 h. Oleylamine (50 μL) was added into the
above precursor to act as the stabilizer. Then 0.1 mL precursor solution
was quickly added into toluene (5 mL) under vigorous stirring at 1000 rpm
for 10 s at room temperature.

Laser Photonics Rev. 2022, 16, 2100600 © 2022 Wiley-VCH GmbH2100600 (6 of 8)
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Synthesis of [Na(DMSO)2]3SbBr6 0D Single Crystals: 0.8 mmol NaBr
and 0.8 mmol SbBr3 were dissolved in 1.2 mL of DMSO, followed by a
stirring for 1 h. Then the solution was filtered by a 0.22 μm filters with
0.5 mL of the filtered precursor solution being gently added into 5 mL
of toluene to let stand overnight. Finally, the crystals were washed with
toluene and dried. All above-mentioned experimental processes were car-
ried out at room temperature.

Fabrication of White-Light Diodes: [Na(DMSO)2]3SbBr6 metal halides
were stick onto 420 nm commercial chips.

Characterizations: PXRD was performed on a Cu K𝛼 radiation (XRD-
6100, SHIMADZU, Japan). UV–vis absorption spectra were performed us-
ing UV–vis spectrophotometer (UV–vis: UV-1800, SHIMADZU, Japan).
All the PL/PLE/PLQY/TRPL were measured by a spectrofluorometer (Ed-
inburgh Instruments Ltd., FLS1000, UK) at room temperature. Time-
resolved spectra measurements were collected using a μF2 pulsed xenon
flashlamp as the excitation source with a pulse repetition rate of 100 Hz.
The TRPL were recorded at a detection wavelength of 608 nm and the ex-
citation wavelength of 365 and 420 nm for powders and crystals, respec-
tively. TEM measurements were performed on an electron microscope
(Libra 200 FE, Zeiss, Germany). SEM characterization was measured us-
ing a JEOL JSM-7800F field emission. FTIR spectra were carried out us-
ing KBr and a Nicolet iS50 FT-IR Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). XPS spectra were performed on an ESCA Lab220I-
XL. The intensity­dependent PL measurement was carried out using a
laser with a 375 nm output wavelength. Raman spectrum was obtained
by LabRAM HR Evolution under a 633 nm excitation.

Measurement of WLEDs and Visible Light Communication: The optical
properties of the fabricated WLEDs were collected by a Keithley 2400 and
a PR 670. The VLC setup is shown in Figure 5a, where the AC signal was
generated by an arbitrary waveform generator (Tektronix AFG31102) which
was combined with a 3.8 V DC bias via a bias-T (Mini-Circuits Bias-Tee
ZFBT-6GW+) to drive the WLED. A PD (Thorlabs PDA36A2) with a −3 dB
bandwidth of 12 MHz was used to convert the optical signal into an elec-
trical signal. The obtained electrical signal was sampled by a digital stor-
age oscilloscope (LeCroy WaveSurfer 432) and further processed offline
via MATLAB.

First-Principles Calculations of [Na(DMSO)2]3SbBr6: The electronic
band structure and absorption properties of [NaDMSO2]3SbBr6 were
calculated using DFT implemented on the Vienna ab initio simulation
package.[49,50] Generalized gradient approximation of Perdew–Burke–
Ernzerhof exchange-correlation potential was used with the projector aug-
mented wave method.[51] The kinetic energy cutoff was set as 400 eV. The
atomic structure was relaxed with 2 × 2 × 2 Gamma-center k-point mesh
and the atomic force criteria of 0.005 eV Å−1.[52,53] The electronic wave-
function was self-consistently converged with energy variation criteria of
10−5 eV. The density of states was obtained by sampling the Brillouin zone
with 6 × 6 × 6 Gamma-center k-point mesh and Gaussian smearing width
of 0.05 eV. The frequency-dependent dielectric function and the absorption
properties were calculated using the independent particle approximation.
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