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ABSTRACT: Organic—inorganic hybrid metal halide perovskites have emerged as 8 LT 0 PP
a highly promising class of light emitters, which can be used as phosphors for

optically pumped white light-emitting diodes (WLEDs). By controlling the §

structural dimensionality, metal halide perovskites can exhibit tunable narrow and § » . °
. . . @

broadband emissions from the free-exciton and self-trapped excited states, 2 . FWHM

respectively. Here, we report a highly efficient broadband yellow light emitter € A [ o EUEP-A @

based on zero-dimensional tin mixed-halide perovskite (C,N,H,,Br),SnBrI,_, (x = g 126 nm

3). This rare-earth-free ionically bonded crystalline material possesses a perfect £ B L %

host-dopant structure, in which the light-emitting metal halide species (SnBr,I;_,*",

x = 3) are completely isolated from each other and embedded in the wide band gap 2/ P od Po
organic matrix composed of C,N,H,,Br™. The strongly Stokes-shifted broadband
yellow emission that peaked at 582 nm from this phosphor, which is a result of
excited state structural reorganization, has an extremely large full width at half-
maximum of 126 nm and a high photoluminescence quantum efficiency of ~85% at room temperature. UV-pumped WLEDs
fabricated using this yellow emitter together with a commercial europium-doped barium magnesium aluminate blue phosphor
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(BaMgAl,,0,,:Eu**) can exhibit high color rendering indexes of up to 8S.
KEYWORDS: perovskite, lead-free, 0D structure, yellow phosphor, white LEDs

B INTRODUCTION

Solid-state lighting (SSL) has been steadily changing the way
we light our homes, businesses, and cities over the last decade
because of its low energy consumption, high efficiency, and
long lifetime as compared to conventional incandescent and
fluorescent light sources.”” To mimic the blackbody radiation
of an incandescent bulb (or white emission), typical SSL
devices consist of light-emitting diodes (LEDs) coated with a
single phosphor [for instance, a blue LED (InGaN) coated with
a yellow phosphor (cerium-doped yttrium aluminum garnet,
YAG:Ce®>")] or a mixture of phosphors (for instance, an
ultraviolet LED coated with blue and yellow phosphors).>™®
Despite remarkable advances in down-conversion white light-
emitting diodes (WLEDs), a number of issues and challenges
remain to be resolved to further improve the device
performance and reduce the cost. For instance, YAG:Ce*-
based WLEDs usually have poor color rendering indexes
(CRIs) and high correlated color temperatures (CCTs)
because of the deficiency in the red emission of YAG:Ce3*.”*
Adding a narrow-band red-emitting phosphor to the YAG:Ce?**-
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based WLEDs can significantly improve the color quality,” but
it complicates the device fabrication with increased cost. The
same issue of limited coverage of the full visible spectrum
presents in UV-pumped WLEDs using mixtures of blue and
yellow phosphors.'® Developing broadband yellow phosphors
with a large full width at half-maximum (fwhm) is an effective
approach to addressing this issue. Another challenge for down-
conversion WLED:s is that almost all the commercial phosphors
contain rare-earth elements, for example, europium, cerium,
terbium, and yttrium.'' As the demand for rare earth elements
continues to increase in almost all high-tech applications, their
potential supply risks and raised prices make the search for
alternative rare-earth-free phosphors significantly important.'”

Hybrid organic—inorganic metal halide perovskites have
recently emerged as a highly promising class of light-emitting
materials with excellent color tunability and high photo-
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luminescence quantum efficiency (PLQE). Tunable narrow-
band emission has been realized in 2D, quasi-2D, and 3D
perovskites as a result of radiative decay from the free-exciton
excited states."*”'® Broadband emission has been observed in
corrugated-2D, 1D, and OD perovskites as a result of efficient
exciton self-trapping (or excited state structural reorganization)
in the quantum-confined structures.'”~** Recently, we reported
a broadband yellow emitting zero-dimensional (0D) lead-free
tin bromide perovskite (C,N,H,,Br),SnBrs (peaked at 570
nm) with an fwhm of 105 nm and a near-unity PLQE.”*** A
UV-pumped WLED using this 0D tin bromide perovskite as a
yellow phosphor was fabricated that had a CRI of around 70, a
value still not ideal for indoor lighting because of the deficiency
in red emission.

Here, we report a new 0D tin mixed-halide perovskite with a
much broader yellow emission than that of
(C,N,H,,Br),SnBr. By incorporating both bromide and iodide
in the metal halide octahedron, a single crystalline 0D tin
mixed-halide perovskite (C,N,H,,Br),SnBrJI,_, (x = 3) has
been prepared that shows a slightly red-shift broadband yellow
emission (peaked at 582 nm) with a large fwhm of 126 nm and
a PLQE of ~85%. UV-pumped LEDs have been fabricated
using this new yellow phosphor blended with a blue phosphor
(BaMgAl,0,,:Eu**). A high CRI of 85 was achieved for a
WLED because of the extended emission of this yellow
phosphor into the red visible region.

B RESULTS AND DISCUSSIONS

The 0D Sn mixed-halide perovskite single crystals were
prepared by means of antisolvent vapor crystallization in a
high yield (~60%),” that is, slowly diffusing dichloromethane
into a precursor solution of Sn halide (SnX,, X = Br, I) and
N,N’-dimethylethylene-1,2-diammonium halide salt
(CN,H_,X,, X = Br, I) in dimethylformamide (DMF) at
room temperature. This process was carried out in an N,-filled
glovebox to prevent the oxidation of SnX,. The exact
composition of bulk single crystals was found to be different
from the stoichiometry of precursor solutions for the mixed-
halide perovskite because of the higher solubility of iodide salts
in DMF than that of bromide ones. The crystal structure of the
0D Sn mixed-halide perovskite was determined using single-
crystal X-ray diffraction (SCXRD), as shown in Figure 1. The
mixed-halide perovskite adopts the same triclinic space group
(PT) as that of previously reported 0D pure-halide perovskites,
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Figure 1. (a) Single-crystal structure of the Sn mixed-halide perovskite
(C4N,H,;Br),SnBr,I,_. (x = 3) (red spheres: tin atoms; green
spheres: bromine atoms; orange spheres: iodine atoms; blue spheres:
nitrogen atoms; and gray spheres: carbon atoms; hydrogen atoms were
hidden for clarity). (b) Individual Sn mixed-halide octahedron
completely surrounded by organic ligands.

with isolated metal halide octahedrons (Figure 1a) surrounded
by the organic ligands (Figure 1b). The average Sn—X bond
distance (3.113 A) is determined to be slightly longer than that
of its bromide counterpart (C,N,H,,Br),SnBr, (3.052 A) and
shorter than that of its iodide counterpart (C,N,H,,I),Snlg
(3219 A). The octahedral SnX,*" contains equal amounts of
bromine and iodine, whereas all the four halide ions associated
with the organic ligand are bromines, resulting in a chemical
formula of (C,N,H,,Br),SnBr,J;_, (x = 3). The crystal
diffraction data are summarized in Table S1. The powder X-
ray diffraction pattern of hand-milled bulk crystal powders
displays exactly the same features as the simulated pattern from
SCXRD, suggesting a uniform crystal structure of as-
synthesized bulk crystals (Figure S1). Elemental analysis was
also used to characterize the bulk perovskite crystals, in which
bromine and iodine analyses were performed by flask
combustion followed by ion chromatography. The chemical
formula obtained by element analysis is consistent with that
determined by SCXRD, (C,N,H,,Br),SnBr,I,_, (x = 3), which
also confirmed the purity and uniformity of the bulk 0D Sn
mixed-halide perovskite crystals.

To further verify the chemical structure of
(C4N,H,,Br),SnBr,I_. (x = 3) for the 0D Sn mixed-halide
perovskite crystals, we have recorded the '"Sn magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) spectros-
copy spectra for the mixed-halide sample, as well as 0D

— (C,N,H,,Br),SnBr, (C,N,H,Br),SnBr, (x=3) ——(C,NN,H,I),Snl,
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Figure 2. '"Sn MAS NMR spectra of (C,N,H,,Br),SnBrs (a),
(C,N,H,Br),SnBr.Js_, (x = 3) (b), and (C,N,H,),Snls (c),
recorded at room temperature spinning at 12 kHz. Spinning sidebands
are indicated with asterisks.

(C4N,H,4Br),SnBr, and (C,N,H,,I),Snl;. Figure 2 shows the
"9Sn MAS NMR spectra of all three samples. Both 0D
(C4N,H,,Br),SnBrg and (C,N,H,,I),Snl; exhibit only one tin
site at —546.8 and —382.2 ppm, which is in agreement with the
crystal structure and shielding features. For the mixed-halide
sample, a broad resonance was observed with two maximums at
—456 and —504 ppm, which is likely because of the presence of
two isomers (facial and meridional) in the 0D
(CyN,H,;Br),SnBr,J,_. (x = 3). These experimental results
are consistent with the calculation results using the Cambridge
Serial Total Energy Package (CASTEP).

Photophysical properties of the bulk perovskite crystals were
investigated using UV—vis absorption spectroscopy (Figure
S2), as well as steady-state and time-resolved emission
spectroscopies. Figure 3a shows the images of the bulk crystals
under ambient light and UV light (365 nm). The yellowish
chunk-shape crystals were highly emissive under UV illumina-
tion. Figure 3b shows the excitation and emission spectra of the
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Figure 3. (a) Photo images of bulk Sn mixed-halide perovskite crystals under ambient light and a UV-lamp irradiation (365 nm). (b) Excitation
(blue line) and emission (red line) spectra of bulk Sn mixed-halide perovskite crystals at room temperature. (c) Emission spectra of
(C,N,H ,Br),SnBrI;_, (x = 3) excited at different wavelength (360—400 nm), (C,N,H,,Br),SnBr, (dash line, purple), and (C,N,H,,I),Snl; (dash
line, red) at 77 K. (d) Schematic of the potential energy curves of mixed-halide perovskite crystals in a configuration space.
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Figure 4. 0D Sn mixed-halide perovskite (C,N,H,,Br),SnBr,I,_, (x = 3) as a yellow phosphor for UV-pumped WLEDs. (a) Images of blue and
yellow phosphors with different weight ratios (from left to right, 1:0, 4:1, 2:1, 1:1, and 0:1) embedded in PDMS under ambient light (top) and UV
light (bottom). (b) Emission spectra of UV-pumped LEDs with different blue and yellow phosphor weight ratios. (c) CIE coordinates and CCTs for
the UV-pumped LED:s plotted on the CIE1931 color space chromaticity chart: blue (M), white (%), “warm” whites (@), and (A), and yellow (@®).
(d) Emission spectra of a “cold” WLED at different driving currents; the inset shows the devices off and on. (&) Emission stability of a WLED at 10

mA driving current for 12 h.

bulk crystals. Red shifts in the excitation (from 35S to 395 nm)
and emission (from 570 to 582 nm) maxima are observed for
(C4N,H4Br),SnBr,Is_, (x = 3), as compared to
(C4N,H,,Br),SnBrs. The bathochromic shifts are consistent

44581

with the weaker ligand field strength of iodide versus bromide
ions. Similar to the previously reported Sn pure-halide
perovskites, this mixed-halide perovskite also displays a large
Stokes shift of 187 nm. An fwhm of 126 nm is recorded in
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(C,N,H,Br),SnBr,],_, (x = 3), which is much larger than that
of (C,N,H,,Br),SnBrs (105 nm). The red-shifted emission
spectrum and large fwhm suggest that (C,N,H;,Br),SnBr,I¢_,
(x = 3) could be a better suited yellow phosphor for UV-
pumped WLEDs than (C,N,H,,Br),SnBrg. The luminescence
decay lifetime of the bulk crystals at room temperature is
around 0.7 ps (Figure S3), which is close to those of its pure-
halide counterparts. The PLQE of this 0D Sn mixed-halide
perovskite was measured at ~85% at room temperature (Figure
S4). It is worthwhile to point out that this mixed-halide
perovskite displayed an excellent photo- and thermo-stability,
even higher than its pure-halide counterparts (Figure SS).
Unlike typical 3D and 2D mixed-halide perovskites with
efficient ion exchanges, this 0D structure with the metal mixed-
halide octahedrons completely isolated from each other and
surrounded by organic ligands could have significantly reduced
ion diffusion, leading to much higher photostability. Thermog-
ravimetric analysis shows that the Sn mixed-halide perovskite
does not decompose until 260 °C (Figure S6). Also, the
emission intensity decreases without the change of the spectral
shape upon the increase of temperature from room temperature
to 80 °C, which is likely because of the enhanced nonradiative
decay. The emission intensity recovers after cooling from 80 °C
to room temperature, suggesting a very good thermo-stability
of this 0D mix-halide perovskite material (Figure S7).

Interestingly, the emission spectra of 0D
(C,N,H ;Br),SnBr,I;_, (x = 3) are dependent on excitation
energy at 77 K, undergoing red shift upon the increasing of
excitation wavelength (Figure 3c). The luminescence decay
lifetimes also change slightly for different emissions (Figure
S8). Such an excitation-dependent photoluminescence phe-
nomenon is not observed in OD pure-halide perovskites
(C,N,H,,Br),SnBry and (C,N,H,,1),Snl, of which emissions
are independent of excitation energy. The excitation depend-
ence is likely due to the multiexcited states in the mixed-halide
perovskite, as shown in Figure 3d. Unlike pure-halide
perovskites with one energy minimum as a result of the
structural reorganization of pure metal halide emissive species
SnBrg*™ or Snlg*", the mixed-halide perovskite could form two
or more energy minima as a result of structural distortion of
either Sn—Br or Sn—I upon photoexcitation depending on the
excitation wavelength. At room temperature, excitons located in
two energy minima could reach thermally activated equilibrium,
resulting in excitation-independent emissions that are broader
than those of pure-halide perovskites. However, at 77 K with
little-to-no thermally activated equilibrium, the overall emission
spectrum is a combination of decays from different excitation-
dependent distorted structures (Figure 3d).

The application of this 0D (C,N,H,,Br),SnBr,I;_, (x = 3) as
a broadband yellow phosphor in optically pumped LEDs was
investigated. Several down-conversion phosphor composites
were prepared by blending this yellow phosphor with a
commercial blue phosphor BajgcEu,;;MgAl;jO,, at different
weight ratios (1:0, 4:1, 2:1, 1:1, and 0:1) in polydimethylsilox-
ane (PDMS) matrix. Thin films of the phosphor-doped PDMS
are almost colorless under ambient light but show strong
luminescence with blue, white, and yellow colors under UV
illumination (Figure 4a). To construct optically pumped LEDs,
a commercial UV LED (340 nm) was chosen as a light source,
considering both yellow and blue phosphors have excitations in
the UV-light region. Figure 4b shows the emission spectra of
UV-pumped LEDs, in which the phosphor-doped PDMS films
were attached to the commercial UV LED. The Commission

Internationale de I'Eclairage (CIE) color coordinates, CCTs,
and CRIs of the UV-pumped LEDs are summarized in Table 1.

Table 1. CIE Coordinates, CCTs, and CRIs of UV-Pumped
LEDs with Different Blue to Yellow Phosphor Weight Ratios

blue/yellow CIE (x, y) CCT/K CRI
1:0 (0.15, 0.09) N/A N/A
41 (0.32, 0.32) 6160 84
21 (0.36, 0.38) 4600 85
1:1 (0.41, 0.44) 3740 78
0:1 (0.46, 0.49) 3200 67

Figure 4c shows the plots of the CIE color coordinates and
CCTs of the light emissions on the CIE1931 color space
chromaticity chart. White light ranging from “cold” to “warm”
is achieved by simply varying the ratio of blue and yellow
phosphors. A near-perfect white emission with CIE coordinates
of (0.32, 0.32) and a CCT value of 6160 K has been obtained
with the weight ratio of blue to yellow phosphor at 4 to 1. This
white emission has a CRI of 84, which is much higher than that
of conventional WLEDs based on the YAG:Ce* yellow
phosphor coupled with a blue LED® and (C,N,H,,Br),SnBr-
based WLEDs of around 70. The high CRI is due to the fact
that (C,N,H,,Br),SnBr,Is_. (x = 3) has a broader emission
with better coverage in the red region than YAG:Ce’* and
(C4N,H,,Br),SnBr,. Excellent color stability has been observed
in the UV-pumped LEDs at different driving currents, as shown
in Figure 4d. The high color stability can be attributed to
minimal energy transfer from the blue phosphor to the yellow
phosphor because there is a little-to-no overlap between the
excitations of the yellow phosphor and the emission of the blue
phosphor. The UV-pumped LEDs also showed good stability in
air (relative humidity ~ 35%) with minimal change in the
emission color during the operation for more than 12 h under
the 10 mA driving current, as shown in Figure 4e.

B CONCLUSIONS

In summary, we have designed and synthesized a novel rare-
earth free broadband yellow phosphor based on the OD tin
mixed-halide perovskite (C,N,H,,Br),SnBrI;_, (x = 3), which
has a high quantum efliciency of ~85% and excellent
photostability at room temperature. The emission band of
this OD mixed-halide perovskite is broader than those of its
pure-halide counterparts because of the multiexcited states
created by the structural reorganization of the metal mixed-
halide octahedrons. By overcoming the issue of deficiency in
the red emission present in most yellow phosphors, this 0D tin
mixed-halide perovskite enabled optically pumped WLEDs with
high CRIs of up to 85. Considering the low cost of eco-friendly
raw materials, room-temperature facile synthesis, and excellent
optical properties, this new perovskite phosphor represents a
highly promising alternative to replace conventional inorganic
rare-earth-based phosphors and quantum dot-based phosphors
that currently dominate the field of optically pumped WLED:s.
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