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Low-dimensional ns?-metal halide compounds with confined structures and localized electronic states
have received considerable attention due to their superior luminescence properties, while the intriguing
photophysical dynamics of metal halides without ns? electrons is still elusive and has yet to be
investigated. Herein, we have developed a novel In3*-based (CgHgN)gINBro single crystal that exhibits
intrinsic white-light emission at room temperature. Such white light stems from multiple defect states
owing to the presence of Br vacancies, which however delivers a low photoluminescence quantum yield
(PLQY) (2.72%) due to a severe thermal quenching effect. To improve the photoluminescence efficiency,
the Sb>* ion with a 5s2 lone pair has been embedded into the lattice, which leads to broadband orange
emission with a high PLQY of up to 71.84%. The enhanced PL efficiency results from efficient triplet
self-trapped excitons (STEs) in the (SbBrg)®*~ octahedron and the energy transfer from defect states to
STE states. This work not only sheds light on the mechanism of defect-related white-light emission, but
provides a successful strategy for designing novel materials with excellent PL properties for versatile
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Introduction

Lead halide perovskites have emerged as one of the most
promising classes of light absorbers for low-cost, efficient solar
cells.' Their exceptional electronic and optical properties also
encourage researchers to explore potential applications beyond
solar cells.*”® In particular, low-dimensional organic-inorganic
metal halides have been considered as efficient emitters due to
the merits of structural and compositional tunability, extra-
ordinary optical properties and facile synthesis by wet and solid-state
methods,”™” which are potentially used in display technologies,
solid-state lighting, scintillators, remote thermography and anti-
counterfeiting labeling.’®*> Notwithstanding the rapid advance in
materials’ diversity and photoluminescence (PL) efficiency, their
fundamental photophysical mechanisms are still elusive, which
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needs to be clarified not only from a basic science point of
view, but for the purpose of designing novel materials with
exceptional PL properties for practical applications.

The dimensions and optical properties of organic-inorganic
hybrid metal halides can be tuned by selection of the metal,
halogen, and organic components.”’*™® As the structural
dimensionality or electronic structures decrease, excited state
carriers are more easily localized within the anionic entities,
thereby promoting the radiative recombination. In this regard,
electronic localization culminates in zero-dimensional (0D)
metal halides whose anionic entities are not connected (i.e.,
completely isolated), which provides hints about some of the
unique properties such as large (>150 meV) exciton binding
energy, ultra-broadband emission (>60 nm), large Stokes shift
(>100 nm) and remarkable PL quantum yields (PLQYs).**"*
For the generation of broadband PL, the widely accepted
mechanism is due to radiative recombination of self-trapped
excitons (STEs) in ns®>metals (Pb**, Sn**, Sb**, etc.), as a
consequence of strong coupling between photogenerated excitons
and “soft” lattices;*® for instance, 0D material (CoNH,),(PbCL,)-
Pb;Cl;;-CH3CN with a PLQY of 83% and a full width at half
maximum (FWHM) of 84 nm,** Bmpip,PbBr, with a PLQY of 75%
and a FWHM over 300 nm,>" and (CoNH,),SbCl; with a near-
unity PLQY and a FWHM of 119 nm.* Besides, broadband PL can
also result from defect-assisted recombination due to the presence
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of lattice defects in the anionic entity. For the ionic-type bulk
metal halides, halide/metal vacancies, interstitials, and antisites
are common structural defects in the formation of bulk
assemblies,*® while surface defects are neglectable because of
the high crystallinity of the materials. The formed shallow and
deep defects in the band gap play different roles in determining
the materials’ photophysical processes, and it is known that the
deep-level defects might be nonradiative recombination centers,
shortening the carrier lifetimes and deteriorating the optical
properties, while the shallow-level defects may be PL
centers.”” > Nevertheless, reports on 0D metal halides with
defect-assisted PL are rare,”*> and the understanding of the
defect properties in this type of material is still in its infancy; thus,
there remain many open questions to be solved.

Luminescent lead-free indium (In)-based materials have
attracted growing interest recently due to their air and photo-
stability and the excellent optoelectronic properties.”****>* In
contrast to ns>metals with an outer-shell lone pair, In** has a
filled 4d'°5s° electron configuration, which makes its compound
as an ideal prototype to unveil the intriguing photophysical
mechanism. Thus, in this work, we concentrate on the broad
emission from 0D In**-based halides. We report a novel In**-
based (CeHgN)sInBr, single crystal with a 0D structure, which
exhibits intrinsic broadband white emission spanning from
400 to 725 nm. Experimental characterizations reveal that the
white light originates from multiple defect states associated with
the Br vacancies in the lattice. Interestingly, incorporating a
trace amount of Sb*" into the (CHgN)sInBr, lattice can induce
intensive broadband emission ranging from the green to near
infrared (NIR) regions, with a high PLQY of up to ~71.84%.
Such efficient broadband PL is attributed to extrinsic STEs that
arise from the triplet emission state of the (SbBrg)>~ octahedron
and the strong exciton-phonon coupling. Moreover, the efficient
energy transfer from defect levels to the triplet state of Sb®* also
contributes to the enhanced PL efficiency.

Results and discussion

Colorless needle-like (C¢HgN)sInBry single crystals were prepared
using C¢HoNBr and InBr; in hydrobromic acid by a hydrothermal
method (Fig. S1, ESIt). Single-crystal X-ray diffraction measurement
manifests that (CsHgN)sInBr, crystallizes in a periodic 0D structure
at the molecular level, with monoclinic space group I2/a (cell
parameters a = 9.97 A, b = 21.47 A, ¢ = 23.09 A, o = y = 90°, and
S =92.96°). (More details are presented in Table S1, ESIt.) In this
structure, each In is coordinated with six Br to form an octahedron
that is isolated by six C4HoN' and three uncoordinated Br, as
demonstrated in Fig. 1a and b. Details of the structure in Fig. S2
(ESIY) reveal that the (InBrg)’~ octahedron exhibits a Jahn-Teller-
like distortion with the equatorial bonds lengthened up to 0.93%,
which probably has an impact on its photophysical processes. The
distance between two adjacent In atoms is more than 9.97 A,
indicating no electronic interaction between two adjacent metal-
halide octahedra (Fig. S3, ESIf). The powder X-ray diffraction
(PXRD) pattern of the ball-milled powders of the single crystals
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Fig.1 (a) A 2 x 2 x 2 super cell crystal structure of the (CgHgN)gInBrg
along the a axis. (b) Detailed view of the crystal structure of (CgHgN)gInBro.
(c) PXRD pattern and the corresponding simulated data of (CgHgN)gInBro.

matches well with the simulated PXRD pattern (Fig. 1c), verifying
its high phase purity. The Fourier transform infrared spectrum of
(CeHgN)sInBry contains the characteristic absorption peaks of the
organic cation, confirming that the organic cations have been
successfully embedded in the crystal structure (Fig. S4, ESIT).
The morphology of (C¢HgN)eInBr, single crystals was characterized
by scanning electron microscopy (SEM). As shown in Fig. S5 (ESIT),
the crystals crystallize in needle-like shapes with homogeneous
element distributions of In and Br. The corresponding energy
dispersive X-ray spectroscopy (EDS) reveals that the ratio of Br/In
is 8.5/1, suggesting that the crystals are slightly deficient in Br,
which arises possibly due to the halogen release during the process
of crystallization.

The optical properties of (C¢HgN)sInBry were investigated
using UV-vis absorption and PL spectroscopy. The absorption
spectrum shown in Fig. S6 (ESIt) features a broad absorption
band ranging from 330 to 410 nm, which is ascribed to the
electron transitions from the ground S, to the excited states of
In*" in the isolated (InBrg)*~ octahedron. Besides, the spectrum
also contains a long tail extending up to 800 nm, which is
different from those of the low-dimensional lead-halide
hybrids displaying a single sharp excitonic band at absorption
onset."®**™’ The long tail might be associated with the inter-
band absorption, stemming from multiple defect states.
Upon UV light excitation, (C¢HgN)eInBr, crystals exhibit a warm
white-light emission with a color temperature of 5500 K and
CIE chromaticity coordinates of (0.33, 0.37), as displayed in
Fig. 2a, much closer to the standard value of (0.33, 0.33). The PL
excitation (PLE) spectrum for (C¢HgN)sInBry crystals shown in
Fig. 2b contains two absorption peaks at ~331 and 375 nm,
indicating the presence of two excited states with different
energy levels. When excited at 375 nm, the PL spectrum
features an ultra-broad emission band spanning from 400 to
725 nm, covering the region of warm-white light with a PLQY of
~2.72% (Fig. 2b). Note that the spectrum exhibits complex
features, as it contains multiple emission peaks with the
maximum one located at 544 nm, based on Gaussian fitting.
This broad emission is unique and different from that of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) CIE chromaticity coordinates of the white-light emission. Inset sho
and PL spectra of (CgHgN)gInBrg. The multiple emission bands showing

ws the photograph of (CeHgN)gInBrg crystals under 365 nm UV light. (b) PLE
a dotted line are extracted by Gaussian fitting. (c) PL decay curves of

(CgHgN)gINBrg monitored at different emission wavelengths. (d) Integrated PL intensity versus excitation power for (CgHgN)gInBrg. Temperature-

dependent PLE spectra (e) and PL spectra (f) of (CgHgN)gInBrg from 80 K to

luminescent metal-halide perovskites exhibiting single emission
profiles with a Gaussian distribution stemming from the direct
electron-hole, band-to-band or STE radiative recombination.®%*
Considering the long absorption tail and the multiple emission
peaks, the broadband white-light is tentatively attributed to
emission from interband radiative recombination due to the
presence of defect states. To further verify such an origin,
emission-wavelength-dependent PL decay dynamics were measured;
as illustrated in Fig. 2c and Table S2 (ESI}), the average lifetime
monitored at different wavelengths is less than or near 2 ns and
changes with increasing emission wavelength, indicating the
presence of multiple emission centers with varying PL lifetimes. In
addition, power-dependent PL spectra were also measured at room
temperature (RT). For permanent lattice defects, the concentration of
impurities is finite, meaning that the PL intensity would be saturated
at high excitation power density.>>*>*® For (CeHgN)eInBrs, its
PL intensity saturates at high excitation power density (Fig. 2d),
suggesting the origin of the white light from a defectrelated
excited state.

To gain more insight into the photophysical mechanism of
the white light, temperature-dependent PLE/PL measurements
were carried out from 275 to 80 K as shown in Fig. 2e and f. The
decrease in temperature correlates with a gradual increase in
the PLE intensity between 275 and 150 K and a sharp increase
from 150 to 80 K. Moreover, the PLE profile narrows with
temperature decreasing and the maximum PLE peak is blue-
shifted to ~300 nm at 80 K. The variation of the PLE spectrum
with temperature might be on the one hand due to the reduced
electron-phonon coupling that promotes excited carriers to

This journal is © The Royal Society of Chemistry 2022

275 K.

higher energy states, and on the other hand because of the
increase of the band gap. Similarly, with decreasing temperature
from 275 to 80 K, the PL spectrum also exhibits an increase in
intensity, narrowing of the PL profile and blue-shift of the
maximum emission peak. In this case, the suppressed thermal
quenching promotes radiative recombination, resulting in the
increase of PL intensity; the reduced electron-phonon coupling
narrows the PL profile, while the blue-shift of the PL might be
due to the filling of defect states with lower energy, which has
also been observed in other metal-halide perovskites.®” For the
ionic-type hybrid metal halides, shallow defects usually form in
the presence of halide vacancies, which are close to the band
edge, and might act as traps to localize the photogenerated
carriers for radiative recombination®®3%245°657:58 and deep-
level defects within the band gap may be nonradiative recombi-
nation centers.®>””> Previous reports indicate that intrinsic
shallow defects associated with a Br vacancy (Vg,) can be
preferentially formed in In**-based double perovskites due to
their low formation energy.”®> Considering the Br-deficient
nature based on energy dispersive X-ray spectroscopy character-
ization (Fig. S5, ESIt), the broad white-light emission of
(CeHgN)eInBry can be rationally attributed to the radiative
recombination from Vg-related defect states.

Although white light can be achieved from defect-assisted
radiative recombination in (C¢HgN)¢InBry, the PLQY is
unsatisfactory and cannot meet the application requirements.
As discussed above, (C¢HgN)gInBry is extremely sensitive to
temperature, and its PLE/PL intensity decreases dramatically
as the temperature increases, with the intensity ratio between
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80 and 275 K being greater than 36 (Fig. S7, ESIT). Therefore,
high room-temperature PL efficiency is expected by reducing
the thermal quenching effect in (CgHgN)sInBro. Generally,
engineering the chemical composition or electronic structures
of low-dimensional metal halides by intentionally embedding
suitable extrinsic dopants is the predominant strategy for the
modulation of the PL properties, both for spectral coverage and
efficiency.”’”’*”® Sb** containing a stereoactive 5s> lone pair
not only exhibits oxidative stability and similar ionic radius
(0.076 nm) to In** (0.08 nm), but also possesses efficient triplet
STE states that are favorable to radiative recombination and
resistant to thermal quenching. Thus in this work, Sb*" was
selected as the dopant to improve the PL properties of
(CeHgN)6InBro. As a result, Sb*" has been successfully
embedded into the lattice of (C¢HgN)e¢InBry and played a
significant role in manipulating the photophysical processes,
enabling efficient broadband orange with a high PLQY of up to
71.84% (Fig. S8, ESIt), which greatly exceeds that of most
organic-inorganic hybrid lead halides (Table S3, ESIt). The
successful incorporation of Sb*" in the lattice of (CgHgN)gInBr,g
was verified by PXRD characterizations. As shown in Fig. S9
(ESIt), the PXRD pattern of (CsHgN)gInBro: 3.52%Sb*" with the
maximum Sb*" content matches well with that of (C¢HgN)g
InBry; in addition, the PXRD peaks have moved toward higher
diffraction degrees due to the small radius of Sb*", confirming
the successful doping of Sb*".

To shed light on the mechanism behind the enhanced PL
properties, UV-vis absorption spectroscopy was carried out
for Sb**-doped (C¢HgN)eInBrs, termed as (CgHgN)sInBro:x%Sb*",

800
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As illustrated in Fig. $10 (ESIt), Sb*'-doped (C¢HgN)eInBro
exhibits a similar optical absorption spectrum as compared to
(CeHgN)eInBr,, implying that the Sb®" dopant has a slight impact
on the band edge, while an additional absorption peak emerges
at ~327 nm after incorporating Sb**, which is enhanced with
increasing Sb** amount. Such an emerging absorption peak is
attributed to the 'S, — *P; transition of Sb**, due to the presence
of 55> electrons,>”**#%8! supporting the tailoring of Sb** on the
material’s band edge. Then, we performed density functional
theory (DFT) calculations to gain more insights into the electronic
properties. As presented in Fig. 3a and b, both the band structures
of the undoped and Sb**-doped (C¢HgN)sInBrs show completely
flat bands, indicating that the electronic states are highly
localized. It coincides with the fact that the distance between
two adjacent metal-halide octahedra are nearly 10 A so that there
is nearly no electronic coupling between them. The calculated
DOSs of undoped and Sb*"-doped (CgHgN)¢InBr, are shown in
Fig. 3c and d, where the conduction band minimum (CBM)
values of the undoped and Sb**-doped (C¢HgN)sInBr, are both
contributed from In-5s and Br-4p orbitals, while the valence band
maximum (VBM) of Sb*"-doped (C4HgN)sInBry has a mixed Sb-5s
and Br-4p character. The corresponding charge densities of the
VBM and CBM for Sb**-doped (C¢HgN)sInBr, further confirm that
charge carriers in the VBM are completely localized in the isolated
(SbBre)’~ octahedron, as shown in Fig. 3e, while those in the
CBM are localized in the (InBrs)*~ octahedron (Fig. 3f). The
above results verify the significant contribution of Sb*" dopant
to the formation of the VBM, thereby altering the photophysical
processes.
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Fig. 3 Band structures of (C¢HgN)gInBrg (a) and Sb**-doped (CgHgN)gINBrs (b), calculated by the DFT-PBE method. Total and orbital-projected DOSs for
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Experimental characterizations of Sb>*-doped (C¢HgN)sInBr,
were further carried out to elucidate the photophysical properties
of the enhanced PLQY. In this study, (CcHgN)InBry:0.58%Sb with
the optimal PL efficiency was selected as a prototype to reveal the
mechanism behind the PL, while too much Sb®>" dopant will
induce a concentration quenching effect (Fig. 4a and Table S4,
ESIt). The actual doping amount was determined by inductively
coupled plasma optical emission spectrometry (see Table S5,
ESIT). As shown in Fig. 4b, two intense PLE peaks located at
322 and 365 nm have been observed for (C¢HgN)eInBry:0.58%Sb
by monitoring at 645 nm, which are assigned to the 'S, — 'P; and
'S, — °P, transitions, respectively. Upon excitation at 365 nm, a
broadband PL ranging from 450 to 850 nm with a profile of near
Gaussian distribution was recorded (Fig. 4b). Such a PL spectrum
exhibits a large Stokes shift of 280 nm, a FWHM of up to 165 nm
and a high PLQY of up to 71.84%, indicating its emission from
triplet STEs of the (SbBrg)*~ octahedron (ie., °P; — 'So). The
corresponding PL decay curves presented in Fig. S11 (ESIf) reveal
that the average lifetime of the Sb*"-doped (C¢HgN)sInBr, is on the
microsecond scale (~1.9 ps), further supporting the emission
from triplet STEs. It is a fact that the Sb**-based STE emission has
a strong dependency on the crystal structure.*" For example,
in the five-coordinated antimony-halide entity, high-energy excita-
tion succeeds in populating the high energy singlet 'P; state,
leading to singlet STE emission ("P, — 'S) at the short wave-
length region, accompanied by the thermodynamically favored
triplet STE emission (*P; — 'S,) at the long wavelength region,
whereas the octahedrally coordinated antimony-halide structure
will decrease the static expression of the lone pair and therefore
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Fig. 4 (a) PLQYs of Sb>-doped (CgHgN)ginBrg with different Sb®*
amounts. (b) PLE (lem = 645 nm) and PL (lex = 365 nm) spectra of
(CeHgN)gINBro:0.58%Sb>*. The inset shows the corresponding photograph
of (CeHgN)gINBrg:0.58%Sb>* crystals under 365 nm UV light. (c) PL decay
curves of Sb>"-doped (CgHgN)gInBro with different Sb*" amounts,
measured at 645 nm. (d) PL spectra of (CgHgN)gINBrs:0.58%Sb** recorded
by varying the excitation power density. Inset shows the plots of PL
intensity as a function of excitation power density.
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off-centering and distortion, usually enabling high-symmetry sites
and similar bond lengths, and thereby resulting in triplet STE
emission from the *P; state, with the singlet STE emission being
unobserved.®” Herein, by exciting at high energy (322 nm), no
high energy singlet emission in the short wavelength region
(<500 nm) is recorded (Fig. S12, ESIt), indicating the formation
of a (SbBr)*~ octahedron, rather than a (SbBrs)>~ pyramid.

The PL decay curves of Sb**-doped (CeHgN)6InBry with
different Sb>" contents exhibit identical features, indicating
their similar decay dynamics induced from the Sb** dopant, as
demonstrated in Fig. 4c. To eliminate the emission from lattice
defects, emission/excitation-wavelength-dependent spectroscopy
characterizations have been carried out; as illustrated in Fig. S13
(ESIt), both the PLE spectra monitored at various wavelengths
and PL spectra excited at various wavelengths have the same
features, suggesting emission from an identical emissive state.
Besides, the linear dependence on excitation power density
further rules out the emission from permanent lattice defects
(Fig. 4d).

To better understand the mechanism of the broad emission,
temperature-dependent PL measurements of (C¢HgN)sInBro:
0.58%Sb were performed from 80 to 300 K. As shown in
Fig. 5a and Fig. S14a (ESIf), the increase in temperature
correlates with a slight decrease in the broadband PL intensity,
with a negligible shift of the maximum PL peak. Apparently, the
PL intensity of Sb*'-doped (C¢HsN)¢InBr, is insensitive to
temperature, whose intensity ratio between 80 and 300 K is
merely ~1.68 (Fig. S14b, ESIT), much lower than that (> 36) of
the undoped one (Fig. S7, ESIt), verifying the negligible thermal
quenching in Sb**-doped (C¢HgN)cInBr,, thereby maintaining
the high PL efficiency at RT. Furthermore, a prolonged PL
lifetime (from 1.75 ps at RT to 2.11 ps at 80 K) has been
witnessed for (C¢HgN)sInBry:0.58%Sb (Fig. S15, ESIT), implying
a more efficient energy transfer of the excitons from higher to
lower energy states, and eventually leading to an increase in PL
intensity at low temperature. We note that the FWHM is
gradually broadening, although the maximum PL peak does
not shift with increasing temperature (Fig. 14a). This might
be stemmed from the enhancement of thermally populated
vibrational states or exciton-phonon coupling at high
temperature.®> To quantify the influence of exciton-phonon
coupling on the FWHM, we have analyzed the PL line broad-
ening with temperature using the following equation:*

I
FWHM = 2.36/Shphonon | | coth —o2ionon (1)
2kyT

the calculated Huang-Rhys factor S and /iophonon is about 31.16
and 26.48 meV, respectively (Fig. 5b). The resultant S outper-
forms most luminescent materials (Table S6, ESIt), suggesting
the presence of a strong exciton-phonon coupling effect in
(C¢HgN)sInBry:0.58%Sb, which correlates with the PL line
broadening.

It is worth noting that the defect-related emission from the
In-Br entity has not been detected after the incorporation of
Sb** (Fig. S16, ESIt), which provides a hint of energy transfer
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Fig. 5 (a) Temperature-dependent PL spectra measured from 80 to
300 K. (b) Experimental dependence of the FWHM broadening on
temperature for (CgHgN)glNBrg:0.58%Sb. The FWHM values are fitted with
a model, from which the Huang—Rhys factor S is obtained. (c) PL and
PLE spectra of (CgHgN)gInBrg and (CgHgN)glNBrg:0.58%Sb, respectively.
(d) Schematic illustration of radiative channels in (CgHgN)gINBrg:0.58%Sb.

from the In-Br to Sb-Br entity, contributing to the enhanced
triplet emission at ~645 nm. In addition, the PLE spectrum of
(CeHgN)6InBry:0.58%Sb overlaps with the PL spectrum of
(CeHgN)6InBro, further supporting the presence of energy transfer
from In-Br to the Sb-Br entity (Fig. 5¢). Upon the above analysis,
the possible photophysical dynamics of (CsHgN)sInBro:0.58%Sb
are illustrated in Fig. 5d. In brief, upon photoexcitation, electrons
are promoted to the excited 'P; and *P; states of (SbBrg)*~. The
excited electrons in the 'P; state will experience an intersystem
crossing (ISC) process to the *P; state and then the majority of
them relax to a low-energy-level triplet STE state, ultimately
leading to efficient triplet STE emission with a large Stokes shift.
Besides, a portion of electrons that have relaxed to the multiple
defect levels of the In-Br entity will transfer to the triplet STE state
due to the presence of a suitable energy difference, which
contributes to the enhancement of the PL efficiency.

In addition to excellent optical properties, we have also
evaluated the robustness of the materials’ structural stability
towards moisture and high temperature. As shown in Fig. S17a
(ESIt), both the undoped and Sb**-doped (C¢HgN)sInBr, exhibit
good humidity stability without any degradation in the PXRD
patterns after storing in the air for four months. Moreover, both of
them maintain structural integrity up to 170 °C (Fig. S17b, ESIt),
indicating their excellent thermal stability that is important for
optoelectronic applications.

Conclusions

In summary, we have successfully synthesized a novel lead-free
In*"-based metal halide (C¢HgN)sInBro with broadband white-
light emission and a PLQY of 2.72%. Such white light is
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attributed to the radiative recombination of excited carriers
localized at shallow-defect states. Experimental results indicate
that the presence of Br vacancies may serve as the radiative
shallow-defect states. Interestingly, it is found that doping Sb**
into (CeHgN)eInBry can effectively manipulate its electronic
structure and trigger the formation of triplet excitons, resulting
in a remarkable broadband emission spanning from 450 to
850 nm with a large Stokes shift of 280 nm and a FWHM of up
to 165 nm. Moreover, as revealed by steady-state PL spectroscopy,
energy transfer from the In-Br to Sb-Br entities may also
contribute to the enhanced PL efficiency, improving the PLQY
up to 71.84%. This study elucidates that radiative recombination
from shallow-defect states can lead to white-light emission
in metal halides in the absence of ns® electrons, which provide
vast structural and compositional space for the design of novel
materials with excellent PL performance.

Experimental section
Materials

Indium(ur) bromide (InBr;, Acros, 99.99%), antimony(m) bromide
(SbBr3, Alfa, 99.995%), and aniline (C¢H,N, 98%) were purchased
from Beijing InnoChem Science & Technology Co., Ltd (China).
Hydrobromic acid (HBr, 48 wt% in water, analytical pure) was
obtained from Shanghai Macklin Biochemical Co., Ltd (China).
All chemicals were directly used as received.

Synthesis of (C¢HgN)sInBr, single crystals

(Ce¢HgN)sInBr, single crystals were prepared by a hydrothermal
method. In brief, aniline and InBr; (molar ratio was 2: 1) were
dissolved in HBr solutions at room temperature (RT), respectively.
Then, the above two solutions were mixed and transferred to a
container and placed in a dry air oven and kept at 180 °C for
4 hours. After cooling to RT at 3 °C h™", needle like crystals were
obtained. The products were filtered out, washed with fresh HBr
and dried at 45 °C for 6 h. Sb**-doped samples were obtained by
the same synthesis method with SbBr; and InBr; as raw materials.

Structural and spectroscopy characterizations

Single-crystal X-ray diffraction data were collected on a Super-
Nova E system (Agilent, America) with Cu Ko radiation (4 =
1.54184 A) at 296 K. The material structures were solved and
refined by adopting Shelxt and Olex2. Powder X-ray diffraction
(PXRD) measurements were conducted by using a D2 PHASER
X-ray diffractometer (Bruker, Germany). Fourier transform
infrared (FTIR) spectra in the region 400-4000 cm ' were
recorded by using a Nicolet instrument (Thermo Fisher
Scientific, Madison, WI). The steady-state photoluminescence
(PL) excitation, PL emission spectra, time-resolved PL and power
density-dependent PL spectra were obtained on a Florolog-3
fluorescence spectrometer (Horiba, America). Temperature-
dependent PL was measured using an FLS1000 fluorescence
spectrophotometer (Edinburgh Instruments Ltd, UK). UV-vis
absorption spectroscopy of the samples was carried out on a
Cary5000 instrument (Agilent, Malaysia). The morphology and
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energy dispersive X-ray spectroscopy (EDX) were examined on a
Quattro S instrument (Thermo Science). Thermogravimetric
analysis was conducted at a heating rate of 10 °C min ' to
600 °C by using a TGA550 instrument (TA, America) under a N,
atmosphere.

Computational methods

Density functional theory calculations of (C¢HgN)gInBry and
Sb**-doped (C6HgN)6InBr, are carried out using the Vienna ab
initio simulation package (VASP)®***° by considering projected
augmented wave (PAW)®® and generalized gradient approximation
(GGA).*” The electronic exchange function is described by the
Perdew-Burke-Emzerhof (PBE) exchange-correlation functional.
In order to get a more accurate electronic structure, the total
energy SCF convergence value was set to 1 x 10 %ev per atom,
using a basis set of the force convergence less than 0.02 eV A7,
and the plane wave cutoff energy was 400 eV for calculations. The
Monkhorst-Pack k-point mesh of the Brillouin zone was selected
as1 x 1 x 1 to calculate the supercells of 2 x 1 x 1 (CcHgN)eInBrg
and Sb**-doped (C4HgN)sInBro, where Sb*" just replaces an In** in
the supercell.
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