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Precursor Tailoring Enables Alkylammonium Tin Halide
Perovskite Phosphors for Solid-State Lighting

Ziliang Li, Zhengtao Deng,* Andrew Johnston, Jingwei Luo, Haijie Chen, Yitong Dong,

Randy Sabatini, and Edward H. Sargent*

Broadband emission with a large Stokes shift is of interest for applications

in solid-state lighting. Such emission is often achieved with self-trapped
excitons; however, in reduced-dimensional perovskites, high-performance
self-trapped emission has, until now, been widely observed only in lead-based
materials. Here, the synthesis in an air ambient of reduced-dimensional
Sn-based perovskite phosphors R, . ,Snl, . , [R = octylammonium (OTA),
hexylammonium (HA) or butylammonium (BA)] is reported, an advance
achieved by tailoring the synthesis of the Ruddlesden-Popper 2D perovskites
R,Snl,. The lead-free R, , ,Snl, . , phosphors have broadband self-trapped
emission with over 80% photoluminescence quantum yield (PLQY) and more
than a 150 nm Stokes shift. White-light-emitting diodes (WLEDs) based on

sheets. The majority of 2D perovskites
are either in the RP or the D] phase; how-
ever, it is also possible to form perovskites
by slicing the (110) plane of the 3D lat-
tice.!301 These perovskites are called
corrugated 2D perovskites in light of the
corrugated feature of the [MXg]* octa-
hedral sheets. The dimensionality of the
perovskite can be further reduced to one
dimension (1D) where the octahedra form
1D chainsl?#2>31 and 0DB233 where the
octahedra are isolated by A cations.
Photoluminescence (PL) in 3D and 2D
RP and DJ perovskites is based on band-

OTA; , ,Snl, . , phosphors exhibit warm-white emission (correlated color
temperature = 2654K) suited to home lighting, and a CRI of 92, among the

best for Pb-free perovskite WLEDs reported to date.

1. Introduction

Hybrid organic-inorganic halide perovskites have emerged as
candidates for optoelectronic devices including solar cells,!
light-emitting diodes,>® and photodetectorsP®'!l due to their
excellent optical and electrical properties, low-cost fabrica-
tion, and spectral tunability. By introducing bulky cations
such as butylammonium (BA) and phenethylammonium
(PEA), one may divide the 3D octahedra framework into
corner-sharing octahedral layers, decreasing the dimension-
ality to two dimensions (2D). Slicing the 3D perovskite along
the (001) plane results in Ruddlesden-Popper (RP) phases
(RyA, _ 1M, X3, .1, R = 1+ cation)[’>% or Dion-Jacobson phases
(RA, 1M, X3, .1, R = 2+ cation)7-?] with flat (001) octahedral
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edge recombination, and as a result exhibits
a narrow full width at half maximum
(FWHM) and a low Stokes shift;>3121 in
contrast, broadband emission with a large
Stokes shift is seen in 2D corrugated perov-
skites, 1D perovskites, and 0D perovskites. The corrugated 2D lead
halide perovskite (N-MEDA)PbBr, (N-MEDA = N-methylethane-
1,2-diammonium) has been reported to have PL emission
centered at 558 nm with a FWHM of 165 nm and a Stokes
shift of 170 nm.?!l (EDBE)PbBr, (EDBE = 2,2’-(ethylenedioxy)
bis(ethylammonium)) evidenced a 9% PLQY with a FWHM of
215 nm.?3 In addition, there have been reports of broadband
emissive 1D C4N,Hy,PbBr,?Y and 0D (C,N,Hy,),SnBr; perov-
skites.’¥l Broadband emissive double halide perovskites Cs,Ag-
InClg have also been reported, where Na and Bi doping breaks the
dark transition and increases the PLQY.*’!

Broadband emission originates from self-trapped excitons
formed as a result of exciton-phonon coupling due to transient
distortions of the lattice upon photoexcitation.l*>3¢ Self-trapped
emission is facilitated® in lower-dimensional structures since
these possess more vibrational degrees of freedom and are
more easily polarized under photoexcitation.

Among low-dimensional perovskite and perovskite-like
phosphors with broadband self-trapped emission, tin-based
phosphors are of particular interest. Several broadband emis-
sive tin-based phosphors with high PLQY (>80%) have been
reported, 32343840 and these have been found to be significantly
brighter than the tin perovskites that rely on bandedge emis-
sion (PLQY < 23%).141

Unfortunately, Sn-based phosphors have, until now, relied
on synthesis carried out in an inert atmosphere. As a result, the
synthesis of Sn-based phosphors remains underexplored com-
pared to their Pb-counterparts. In view of the large structural
variability in low-dimensional hybrid halide perovskites, the
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limited synthetic space indicates that there remains a large
number of Sn-based compounds that are still to be investigated.

As one example, simply replacing the halide precursor leads
to materials with completely different structures: (EDBE)PbCl,
with RP 2D structure emerges when using Cl, compared to
(EDBE)PDbBr, with corrugated 2D structure when using Br.?’]
Multiple structures are obtainable with different synthetic con-
ditions using the same precursors,?’! or even from a single syn-
thesis upon aging of the product.l*%

We took the view that a facile synthesis process would allow
judicious control over synthetic conditions, enabling us to tailor
the structure and properties of new Sn-based materials.

Levering previously-reported air ambient synthesis of Sn-
perovskites, we synthesized a series of new alkylammonium
lead-free halide phosphors R, . ,Snl,, , [R = octylammonium
(OTA), hexylammonium (HA), or butylammonium (BA)]. We
translated the synthesis of a previously-reported 2D RP perov-
skite (OTA),SnI*! into a new synthetic regime: we introduce
excess alkylammonium ligand (OTA, HA, or BA) into the
precursor solution with the goal of increasing the distortion
of the lattice by increasing ligand incorporation. We pursued
increased distortion toward the goal of increased self-trapped
emission.*’! We engineered the alkylammonium ligands with
the goal of discovering additional Sn-based phases.

We find that the new R, , ,Snl,, , compounds exhibit broad-
band emission with >80% PLQY, enabling their application in
solid-state lighting; whereas the unmodified 2D RP perovskite
R,Snl, exhibits weak bandedge emission (PLQY < 1%). We also
found an additional phase (BAgSnlg) when using BA as the excess
ligand, one that exhibits weak broadband emission (PLQY < 1%).

2. Results and Discussion

Starting from a previously-reported synthetic method of
(OTA),SnI,P! we dissolved precursors in an aqueous acid
solution, which we then heated in the open air and cooled to
achieve reprecipitation. Prior syntheses of tin-based perov-
skites have required inert gas environments to prevent oxida-
tion; however, in the present approach, the use of an excess of
hypophosphorous acid (HPA) enables ambient synthesis. HPA
provides reducing conditions and inhibits oxidation of Sn?*
to Sn*.[#>% A large quantity of dark-red crystals precipitated
quickly upon cooling, and this led to weak red emission when
samples were excited using a 375 nm UV lamp. However, after
we aged the precipitate within the solution for over 1 h, we wit-
nessed a new colorless phase with bright orange-yellow emis-
sion that appeared among the original dark-red crystals.

This result indicated that the original synthetic method of
(OTA),Snl, yields two different phases with different crystalli-
zation rates. We posited that the bright orange-yellow emission
may arise due to self-trapped excitons, as has been reported pre-
viouslyl32:3438401 to result from a distorted lattice. To test this, we
intentionally added additional OTA to the precursor solution,
with the goal of increasing the lattice distortion and promoting
the self-trapped emission phase. We found that the addition of
OTA triggers the transition of the dark-red crystals to the color-
less ones. We also found that this reaction was reversed when
we added a small volume of water into the mixture. From this,
we conclude that the two phases have different compositions,
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and that the final product is tuned by tailoring the precursor
ratio and solvent concentration.

We then synthesized both the pure colorless and dark-
red compounds, which are the new 2D hybrid tin halide
(OTA), , ,Snl, , , and Ruddlesden-Popper 2D perovskite
(OTA),Snl,, respectively. We denote the compounds OTA bright
phase[(OTA),, ,Snl,, ] and OTA dark phase [(OTA),Snl,] inlight
of their photoluminescence characteristics (Figure 1a and S1,
Supporting Information). As self‘trapped emission is more
common in reduced-dimensional perovskites where the [MXg]
octahedra have a higher degree of distortion, we introduced
excess octylamine to tune the dimensionality of the octahedra.
The precursor octylamine/Sn ratio is increased from 4:1 to 30:1
in the synthesis of the bright phase; evaporation of the solvent
(water) is significantly suppressed in the synthesis of the dark
phase. In the absence of control over precursor ratio and the
solvent concentration during reaction, the final product is a
mixture of the two phases. We also replace tin(II) oxide with
tin(II) halide (e.g., SnF,) as the precursor tin source, as we
find that tin(II) halides have higher solubility, and that product
phase segregation is less likely when using tin(II) halides.

The precursor tailoring scheme is also applicable when the
ligand is replaced with other bulky alkylammonium cations,
including hexylammonium (HA) and butylammonium (BA).
Synthesis using high hexylamine/Sn ratio (30:1) yields the HA
bright phase [(HA), ; ,Snl, , ,], while low hexylamine/Sn ratio
(4:1) with suppressed solvent evaporation yields the HA dark phase
[(HA),Snl,]. Regarding the BA-based synthesis, while low butyl-
amine/Sn ratio still leads to the formation of the BA dark phase
[(BA),Snl,], increasing the butylamine/Sn ratio will lead to the for-
mation of a phase with weak orange-red emission (Figure 1b). The
chemical formula of this phase is BAgSnlg, as determined using
single-crystal X-ray diffraction (SCXRD). HA4Snlg and OTA¢Snlg
other than the bright phases (R, , ,Snl, , ,) and the dark phases
(R,Snl,), were not obtained at any alkylamine/Sn ratio used in the
synthesis. The BA bright phase [(BA), , ,Snl, . ,], which has sim-
ilar structural and photophysical properties to the OTA and HA
bright phases, was synthesized by aging, for 48 h, the wet BA;Snlg
precipitate obtained after we discarded the supernatant.

The crystalline structure of the resultant compounds was char-
acterized using powder X-ray diffraction (PXRD, Figure 2a—c).
All compounds except BAgSnlg show periodic diffraction peaks,
denoted (00k) reflections in layered 2D structures. Table 1 sum-
marizes the layer-to-layer spacing of each compound calculated
according to Bragg’s law. Both the bright and the dark phases
experienced a reduction in the layer-to-layer spacing when the
alkylammonium cation was switched to a shorter one. For
phases with the same alkylammonium cation, the bright phase
always has larger layer spacing compared to the dark phase;
however, the <10% difference of the spacing indicates the struc-
tural similarity between each of the bright and the dark phases.

The layered morphology was observed for both dark and
bright phases under the optical microscope (Figure S3-S6,
Supporting Information) and scanning electron microscope
(SEM, Figure S7, Supporting Information). While the OTA
bright phase features high crystallinity with hexagonal layers,
the HA bright phase, and the BA bright phase feature rectan-
gular layers. As was reported previously, the crystal structure of
tin-based RP 2D perovskites is similar to their lead-based coun-
terparts. There is only a 0.03% difference in the metal halide
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Figure 1. Precursor tailoring enables the synthesis and separation of a) OTA- or HA-based compounds R, , ,Snl, . , (bright phase) and R,Snl, (dark
phase), and b) BA-based compounds BA, , ,Snl, ., , (BA bright phase), BA,Snl, (BA dark phase), and BAsSnlg.

octahedra layer spacing (dgp, spacing), between (BA),Snl,
(BA = butylammonium) and (BA),PbL,.l% According to a recent
study of Ruddlesden-Popper phase lead halide perovskites,
the dgg, spacing of the room-temperature (OTA),Pbl, phase is
18.7 A.l5! We conclude that the dark phase with a dg, spacing
of 18.8 A is the RP 2D perovskite (OTA),Snl,. The 18.8 A layer
spacing consists of a monolayer of corner-sharing [Snlg] octa-
hedra which is =6.4 A, and two intercalating octylammonium
cation layers of length 12.4 A (Figure S2, Supporting Informa-
tion). Likewise, the HA dark phase with a dg, spacing of16.3 A
and the BA dark phase with a dg, spacing of 13.7 A represent
the RP 2D perovskite (HA),Snl, and (BA),Snl,, respectively.

The single-crystal structure of the BAgSnlg phase was deter-
mined using SCXRD, and the corresponding bond distance
and angles are listed in Table S1-S2, Supporting Information.
In contrast with the 2D dark and bright phases, the BA;Snlg
phase is a compound with a 0D perovskite structure, where
the [Snlg] octahedra are isolated and surrounded by BA cations
and iodide ions (Figure 2d).*J This structure is similar to previ-
ously-reported 0D Sn-based perovskites.[3%:3338]

Using Energy-dispersive X-ray spectroscopy (EDS) we investi-
gated the elemental composition of the OTA-based compounds. As
shown in Figures S8 and S9, Supporting Information, the bright
phase has a higher I:Sn ratio compared to the dark phase. As EDS
provides semi-quantitative analysis for elemental composition, we
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were not able to determine the stoichiometry of the OTA bright
phase accurately. As a result, we refer to the chemical formula of
the OTA bright phase as (OTA), , ,Snl,, ,, where x is a positive
value. Considering structural similarities, the chemical formula of
the HA and BA bright phases is proposed to be (HA), , ,Snl,, ,
and (BA), , ,Snl,, .. Therefore, the transitions between the bright
and dark phases (R = OTA or HA) are expressed as:

R,Snl, (Dark phase) +xRY"+x 1 = R, Snl,,, (Bright phase) (1)

When we add an appropriate amount of octylamine/
hexylamine to the vial containing the OTA/HA dark phase, the
protonated OTA/HA cation shifts the equilibrium to the right,
promoting the formation of the bright phase. When we dis-
solve the bright phase using water, we find that OTA/HA has a
strong tendency to dissociate from the R, , ,Snl, , , lattice and
be solvated by water molecules, promoting the transition from
the bright phase to the dark phase.

When using BA as the alkylammonium ligand, similar tran-
sitions between the dark phase and the bright phase or BA;Snlg
phase are seen:

BA,Snl, (Dark phase)+4 BA" +41 = BASnl, (2)

BA,, Snl,. (Bright phase) — BA,Snl, (Dark phase) +xBA"+x1" (3)

© 2022 Wiley-VCH GmbH
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Figure 2. Powder XRD pattern of a) OTA-based, b) HA-based and c) BA-based compounds. Asterisks (*) indicate peaks of residual (OTA)I precursor
in the (OTA),Snl, sample. d) Single-crystal structure of 0D perovskite BAgSnlg viewing from the a-axis, visualized through VESTA.[*2

BAsSnlg can be synthesized by adding an appropriate
amount of butylamine to the BA dark phase and can be trans-
formed back to the BA dark phase by dissolving with water. As
discussed previously, BA bright phase could not be synthesized
by transition from BA dark phase directly; however, it can be
easily transformed to the dark phase through addition of water,
which is analogous to the OTA and HA bright phases.

We also investigated the Sn oxidation state for the OTA
bright phase and the dark phase using X-ray photoelectron
spectroscopy (XPS) (Figure S10, Supporting Information). XPS
probes to a depth of =10 nm and provides as a result composi-
tional information within this distance from the surface of the
samples. We fit two peaks at 494.5 and 486.1 eV, which were
identified as the spin-orbit splitting of electrons from the 3d;,
and 3ds), states of Sn*', respectively (Figure S10a, Supporting
Information). The additional two peaks at 496.8 and 488.2 eV
in the dark phase sample were identified as the Sn 3d doublets
corresponding to Sn** states,*** a finding we attribute to par-
tial oxidation of the surface of the sample (Figure S10b, Sup-
porting Information). These Sn** peaks were not found in the
OTA bright phase sample, an indication that the bright phase
was not oxidized upon synthesis. To compare further the sta-
bility of the bright and the dark phase, we acquired XPS for

Adv. Funct. Mater. 2022, 2111346

OTA bright phase and dark phase samples that have been
stored in ambient air for 24 h. The Sn?" at the surface of the
dark phase had fully oxidized to Sn** (Figure S10d, Supporting
Information), while Sn?* at the surface of the bright phase was
only partially oxidized (Figure S10c, Supporting Information).
It is expected that the surface of the samples has a higher Sn*"
percentage compared to the interior, as the oxidation process
starts from the surface of the crystals. Although Sn?" of both
the OTA bright phase and dark phase will be partially oxidized
to Sn*" after exposure in air, this process is significantly sup-
pressed in the bright phase. We hypothesize that the increased
percentage of OTA ligand surrounding the [Snlg] octahedra in
the bright phase retards the oxidation of Sn** more efficiently,
thus improving its stability in ambient air. In contrast, in the

Table 1. Layer-to-layer spacing of the 2D alkylammonium based com-
pounds (Unit: A).

Alkylammonium type Bright phase Dark phase
OTA-based 20.0 18.8
HA-based 17.6 16.3
BA-based 14.2 13.7

2111346 (4 of 8)
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Figure 3. UV-vis absorption spectra (dashed line) and PL spectra (solid line) of a) OTA-based, b) HA-based and c) BA-based compounds. d) PLQY of
OTA, HA, and BA bright phases measured upon synthesis (black) and after ambient storage for 15 days (red).

dark phase, Sn?* oxidation introduces Sn vacancies that have
the potential to act as nonradiative recombination centers and
quench emission.*>152 Ag the percentage of alkylammonium
ligand in the HA and BA bright phases is also higher than their
dark phase counterparts, their stability in ambient air is also
expected to be improved.

The optical properties of compounds were characterized
using UV-vis absorption and photoluminescence (PL) spectra
(Figure 3a—c and Table 2). The dark phases have narrow
PL peaks centered at 632-640 nm with small Stokes shifts,
showing bandedge recombination typical of RP 2D perovskites.
Unlike the dark phases, the bright phases absorb primarily
UV and deep-blue light. Plots of (hv)? versus photon energy
indicate significant bandgap differences between the bright
phases and the dark phases (Figure S11, Supporting Informa-
tion). The broad PL peaks of the bright phases are centered at
578-617 nm with FWHM of over 120 nm and Stokes shifts of

Table 2. Summary of photoluminescence properties.

Alkylammonium type Phase PL peak [nm]  FWHM [nm]  PLQY [%]
OTA Bright phase 617 128 92
Dark phase 640 51 <1
HA Bright phase 598 126 99
Dark phase 633 59 <1
BA Bright phase 578 120 89
Dark phase 632 61 <1
BAgShlg 662 150 <1
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over 150 nm. The bright phases exhibit high PLQYs of over 80%,
among which the HA bright phase reaches the highest PLQY
of 99%. To investigate the stability of bright phases with dif-
ferent alkylammonium cations, we also measured PLQY after
storing the samples in ambient air (=30% relative humidity)
for 15 days. The PLQY of BA and HA bright phase dropped to
55% and 81%, respectively. The PLQY of the OTA bright phase
dropped by 6% (Figure 3d). The bright phases show enhanced
stability when stored in ambient air together with the mother
liquor containing HPA. After six months, the OTA bright phase
exhibits a 5% relative decrease in PLQY, and a spectral shift less
than 10 nm (Figure S12, Supporting Information). We hypoth-
esize that the relative stability of the OTA bright phase can be
attributed to the use of long alkylammonium chains in the crys-
tals. Three-dimensional excitation-emission matrix (EEM) fluo-
rescence spectroscopy further confirmed that there was no PL
peak shift when varying the excitation wavelength (Figure S13,
Supporting Information). This suggests that no extra energy
level or other impurities existed in the bright phase samples.!
As in the case of the bright phases, the BA;Snlg phase exhibits
broadband emission and a large Stokes shifts (>200 nm), albeit
with a redder PL peak (662 nm) and low PLQY beyond the
detection limit (<1%).

The broad PL peaks taken together with large Stokes shifts sug-
gest that exciton self-trapping is the dominant emission mecha-
nism for the bright phases and the BA;Snlg phase. Time-resolved
PL spectra of the bright phases measured at the PL peak wave-
length can be fit to a single exponential decay function with a
lifetime of 1.2 ps (Figure S14a,c,e, Supporting Information). The
microsecond scale of lifetimes matches well with the timescale of

© 2022 Wiley-VCH GmbH
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Figure 4. Tin halide perovskite phosphors for white LEDs. a) Luminescence spectra of UV LED-pumped OTA bright phase phosphor in the polystyrene
(PS) matrix. b) Chromaticity coordinates of the white LEDs plotted on the CIE1931 chromaticity chart. c) Image of an UV LED-pumped tin halide

perovskite white LED.

previously-reported lifetime values of phosphors with self-trapped
emission.?*3% In contrast, the dark phases exhibit lifetimes on a
nanosecond scale, which are characteristics of band-edge emis-
sion (Figure S14b,d,g, Supporting Information). The self-trapped
emission mechanism of the bright phases was also confirmed by
studying the dependence of PL on excitation intensity (Figure S15,
Supporting Information). A femtosecond laser fixed at 375 nm
emission was used as the excitation source, and the PL intensity
of each bright phase increases linearly with excitation power den-
sity from 10 to 198 mW cm™ at room temperature. The absence
of PL saturation indicates that the emission does not arise from
permanent defects, but instead from self-trapped excitons that
act as excited-state defects.??] Although the PL decay lifetime of
the BA¢Snlg phase is sub-microsecond (Figure S14f, Supporting
Information), the linear dependence of PL intensity on excitation
power intensity accords with the self-trapped emission mecha-
nism. For the OTA bright phase, femtosecond transient absorp-
tion (TA) spectra further confirmed the self-trapped mechanism.
A Dbroad pump-induced absorption, a typical TA feature for self-
trapped excitons,®# is observed following 380 nm photoexcita-
tion (Figure S16, Supporting Information). Each wavelength fea-
ture exhibits the same turn-on time (=400 fs), one that we asso-
ciate with the time to form self-trapped excitons. [0l

The broadband emission and high PLQY enable applica-
tion for these lead-free R, , ,Snl,, , phosphors in solid-state
lighting. We selected the OTA bright phase as the phosphor
to prepare white light emitting diodes (LEDs). We incor-
porated the phosphor into a polystyrene (PS) matrix and

Table 3. Summary of the representative Pb-free perovskite white LEDs.

photoexcited the phosphor-PS composite using a 387 nm UV
LED (Figure 4a). The LEDs have Commission Internationale de
I'Eclairage (CIE) coordinates (0.447, 0.383) with correlated color
temperature (CCT) of 2654 K, corresponding to warm-white
light as desired in home lighting (Figure 4b). The devices also
achieve a high color rendering index (CRI) of 92: this is among
the best reported Pb-free perovskite white LEDs (Table 3). The
large Stokes shift of the OTA bright phase minimizes energy
loss due to reabsorption.[*! The color temperature of the white
LEDs is tunable by the addition of blue phosphors. White LEDs
based on mixed OTA bright phase/BaMgAl;;O;:Eu?* phos-
phors exhibit a cooler color temperature of =3300 K (Figure S17,
Supporting Information). To test the operating stability of these
white LEDs, we tracked the luminescence spectra of the devices
under continuous UV light excitation. The white LEDs exhibit
no significant luminescence decay (<2% relative) over 25 min
(Figure S18, Supporting Information).

3. Conclusions

We report the synthesis of a series of new 2D alkylammonium
tin(II) halide perovskites R, , ,Snl, . , [R = octylammonium
(OTA), hexylammonium (HA), or butylammonium (BA)] which
exhibit broad self-trapped emission with PLQY of more than
80% and Stokes shifts of more than 150 nm. The facile and scal-
able synthesis procedure, combined with good optical properties,
enables the application of these materials in solid-state lighting.

Phosphors CIE coordinates CCT [K] CRI Reference
(CaNH1Br)SnBrs1; + Bag s6Eug 1uMgAlOr (0.32,0.32) 6160 84 32]
(CaN3H1,Br)(SnBrg + BaMgAl Oyy:Euz* (0.35, 0.39) 4946 70 34
(CgHN)2SnBr, + BaMgAlgO7:Eu* + Eu doped silicates (0.33,0.31) 6530 89 [39]
(CeHngN2)3SnBrg + BaMgAloOy:Eu2t, Mn2* (036, 0.30) 5700 94 [40]
Cs,AgosNag 4InClg:Bi+ (0.40, 0.45) 4054 [49]
(OTA) 2, Snl gy (0.45, 0.38) 2654 92 This work
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4. Experimental Section

Materials: Tin(ll) oxide (Sigma-Aldrich, 99.99%), Tin(ll) fluoride
(Sigma-Aldrich, 99%), n-octylamine (Sigma-Aldrich, 99%), n-hexylamine
(Sigma-Aldrich, 99%), n-butylamine (Sigma-Aldrich, 99.5%), hydroiodic
acid (HI, Sigma-Aldrich, 57 wt. % in H,0), hypophosphorous acid
(HPA, Sigma-Aldrich, 50 wt. % in H,0) and BaMgA;O;;:Eu?" phosphor
(Shenzhen Looking Long Technology Co., Ltd.) were purchased and
used as procured without further purification.

Synthesis of (OTA); 1Sl 1,y (HA); ,Sily . and (BA)¢Snlg: 0.375 mmol
SnF, powder was dissolved in 1.25 ml HI by sonication until all SnF,
powder was dissolved. Then 3.75 ml HPA was added to prevent
the oxidation of the tin(ll), with further sonication of 30 min. After
sonification, 11.25 mmol n-octylamine was added to the SnF, + HI + HPA
stock solution under strong agitation in a 100 ml beaker. The solution
was heated to 100 °C and maintained for 15 min without covering the
beaker. Finally, the solution was slowly cooled down to room temperature
in 24 h and the colorless plate-like OTA bright phase crystals were
formed gradually. Synthesis of (HA), . ,Snl, . , and (BA)¢Snlg follow the
same steps, except that the addition of n-octylamine was replaced with
equimolar n-hexylamine and n-butylamine, respectively.

Synthesis of (BA), ,Snly ,,: After getting the BA4Snlg precipitate
from the precursor solution, the supernatant was discarded, and the
remaining precipitate was aged for 2448 h until all the precipitate was
transformed to the BA bright phase.

Synthesis of (OTA),Snl,, (HA),Snly and (BA),Snls: 0.375 mmol SnF,
powder was dissolved in 1.25 ml HI by sonication until all SnF, powder
was dissolved. Then 3.75 ml HPA was added to prevent the oxidation of
the tin(Il), with further sonication of 30 min. After sonification, 1.5 mmol
n-octylamine was added to the SnF, + HI + HPA stock solution under
strong agitation in a 100 ml beaker. Then the solution was heated to 100 °C
and maintained for 15 min with aluminum foil covering the beaker to
retain the evaporating water. Finally, the solution was cooled down at 0 °C
ice bath and the dark-red plate-like (OTA),Snl, crystals were formed
gradually. Synthesis of (HA),Snl, and (BA),Snl, followed the same
steps except that addition of n-octylamine was replaced with equimolar
n-hexylamine and n-butylamine, respectively.

White LED Fabrication: OTA, . ,Sn, . , phosphors were blended with
25% PS dissolved in dichloromethane. The blended phosphor-PS paste
was deposited on 387 nm UV LED chips (1 W) and dried in air to form
white LEDs. For white LEDs with a cooler color temperature (=3300 K),
the phosphors contain a mixture of OTA, | ,Sn,, , and BaMgA;oOy:Eu?*.
The blended phosphor-PS paste was deposited on 375 nm UV LED chips.

Absorption Measurements: Optical absorption spectra were measured
with a Perkin Elmer 950 UV-Vis-NIR spectrometer equipped with an
integrating sphere for thin-film measurements.

Fluorescence Microscopy: Fluorescence microscope images were
captured through Axio Vert A1 FL-LED at room temperature.

Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy:
SEM and EDS were performed on a JEOL JSM-7800F at 10 kV.

Powder X-Ray Diffraction Measurements: Powder X-ray diffractograms
were recorded using a Rigaku MiniFlex 600 powder X-ray diffractometer
equipped with a Nal scintillation counter and using monochromatized
Cu Ke radiation (1 = 1.5406 A), with a detector angle (26) step of
0.02°.

Single-Crystal X-Ray Diffraction Measurements: Single crystal X-ray
diffraction data of BA6SnI8 crystal were collected at 100 K on a Bruker
Kappa APEX-DUO diffractometer equipped with a rotating anode with
graphite-monochromated Mo-K¢ radiation (Burker Triumph, A=0.71073 A,
as well as a low-temperature Oxford Cryosystem apparatus.

X-Ray Photoelectron Spectroscopy Measurements: X-ray photoelectron
spectroscopy measurements were carried out on a Thermofisher
Scientific K-Alpha spectrometer, using Al Ko X-ray radiation (1486.6 eV)
for excitation.

Transient Absorption Measurements: Femtosecond laser pulses of a
380 nm fundamental beam at a 5 kHz repetition rate were produced using
a regenerative amplified Yb:KGW laser (PHAROS, Light Conversion).
Part of the fundamental beam was used to pump an optical parametric
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amplifier (ORPHEUS, Light Conversion) to serve as a narrowband pump,
while the other part was focused on a sapphire crystal to generate a white-
light supercontinuum probe (400-1000 nm window with various optical
filters). Both the pump and probe pulses were directed into a commercial
TA spectrometer (Helios, Ultrafast). Delaying the probe pulse relative to
the pump provides a time window of up to 2.5 ps.

Photoluminescence Measurements: PL spectra were recorded using
a Horiba Fluorolog system equipped with a single grating and a
time-correlated single photon counting detector. For steady-state PL
measurements, the excitation source is a monochromated Xe lamp. For
time-resolved PL, a 374 nm laser diode was used with the overall time
resolution of At = 1.756 ns (for OTA, HA, and BA bright phases) and At =
0.220 ns (for BAgSnlg).

PLQY Measurements: PLQY measurements were done by coupling
a Quanta-Phi integrating sphere to the Horiba Fluorolog system with
optical fiber bundles. A monochromated Xe lamp is used as the excitation
source. Both excitation and emission spectra were collected for the two
cases of the sample directly illuminated by the excitation beam path in
the integrating sphere and the empty sphere itself. The Fluorolog was
set to an excitation wavelength of 380 nm and to have a 5 nm bandpass
for both the excitation and emission slits. The detector and integrating
sphere were corrected for spectral variance using a calibrated white light
source. The PLQY was calibrated using standard materials with known
PLQY values and emission covering the measurement range, including
Coumarin 6, Coumarin 153, and Rhodamine 6G.

Excitation-Emission Matrix Fluorescence Spectroscopy: EEM was obtained
from a Hamamatsu Photonics Quantaurus-QY (model: C11347-11)
under ambient conditions.

Excitation Intensity Dependent PL Measurements: PL spectra were
recorded using Ocean Optics USB 2000. The excitation source was
femtosecond laser pulses of a 375 nm fundamental beam at a 5 kHz
repetition rate, which were produced using a regenerative amplified
Yb:KGW laser (PHAROS, Light Conversion).

[CCDC 2053856 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.]
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