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ABSTRACT

Cs4Pbls, as a rarely investigated member of the CssPbXe (X is a halogen element) family,
has been successfully synthesized at low temperatures, and the synthetic conditions have been
optimized. Metal iodides such as Lil, KI, Nil,, Col», and Znl», as additives, play an important role
in enhancing the formation of the Cs4Pbls microcrystals. Znl, with the lowest dissociation energy
is the most efficient additive to supply iodide ions, and its amount of addition has also been
optimized. Strong red to near-infrared (NIR) emission properties have been detected, and its
optical emission centers have been identified to be numerous embedded perovskite-type a-CsPblz
nanocrystallites (~5 nm in diameter) based on investigations of temperature- and pressure-
dependent photoluminescent properties. High-resolution transmission electron microscopy was
used to detect these hidden nanoparticles, although the material was highly beam-sensitive and
confirmed a ‘raisin bread’-like structure of the Cs4Pbls crystals. A NIR mini-LED for the
biological application has been successfully fabricated using as-synthesized Cs4Pbl¢ crystals. This
work provides information for the future development of infrared fluorescent nanoscale perovskite

materials.



INTRODUCTION

All-inorganic perovskite has potential in various applications, such as solar cells,! light-
emitting diodes (LEDs),> and photodetectors.®” CsPbX; (X = Cl, Br, I) crystals have been paid
increasing attention because of their unique photoluminescence properties. However, normal-sized
CsPbX; crystals lack stability, thus limiting their commercial applications.®*'> Consequently,
zero-dimensional perovskite, which has surface protection and improved stability without ion-
migration phenomenon, has attracted the attention of researchers worldwide. Considering their
excellent optical properties, such as narrowband emission,'! high photoluminescence quantum
yield (PLQY)," and better stability than normal-sized materials,!' zero-dimensional perovskite-
type materials have been considered as promising materials for applications in LEDs. Many
research groups have attempted to apply Cs4PbBrs perovskite-related microcrystals or perovskite
CsPbBr; nanocrystal (NC)-embedded Cs4PbBrs crystals to improve the color gamut of white LEDs
for backlight.!® *17 Although LEDs based on CssPbBrs have been developed quite fast, reports

on the applications of perovskite-type materials in near-infrared (NIR) LEDs are relatively rare.

The iodide counterpart may offer another chance in the field in question. The first problem
we encountered was that the synthesis of monophasic CssPbls was very difficult. By comparing
the emission mechanism of the CsPbBrs-containing Cs4sPbBrs microcrystals, the luminescent
Cs4Pbls may also contain embedded CsPbls nanoparticles as the emission centers.'® Therefore,
whether the hypothetical structure of CsPbls-containing Cs4Pbls exists will be the key to reveal
the origin of the emission. However, the Cs—Pb-I system consists of more compounds than that of
the Cs—Pb—Br system. The luminescent cubic CsPblz with a perovskite structure, commonly
known as a-CsPbls, is unstable at room temperature. It will easily transform to a non-perovskite

orthorhombic structure, known as 8-CsPbls,'*%, leaving some difficulties in the study of the



luminescence mechanism of the Cs4Pbls. Hence, the main challenges of the project include
keeping the luminescent a-CsPbls nanoparticles stably embedded in the Cs4Pbls microcrystals and
avoiding the formation of side products. To maximize the purity of the Cs4Pbls product with
embedded perovskite a-CsPbls, the formation of 8-CsPbls is inhibited at high temperatures, and
this material normally exists as separated crystals from CssPbls.?!?* However, the room-
temperature process for the fabrication of CsPbls-embedded Cs4Pbls has not been extensively
investigated. Furthermore, most recent reports on CssPbls are mainly focused on the phase
transition kinetics and process.'®2#2° Only Zhu et al.?’ gave an explanation of the defect emission
process, but it is doubt about the strong emission from Cs4Pbls. The luminescent properties of
these materials are rarely discussed, and the emission mechanism of the materials remains to be
determined for future application.

In this work, we successfully optimized the low-temperature synthesis process for the red-
near-infrared (NIR) fluorescent a-CsPblz-embedded Cs4Pbls. We infer that the strongest NIR
emission originates from the embedded a-CsPbls nanoparticles according to the temperature- and

pressure-dependent photoluminescence (PL) spectra.

EXPERIMENTAL SECTION

Chemicals and substrates. All chemicals were used without purification, including cesium
carbonate (Cs2COs3, Aldrich, 99.9%), lead iodide (Pbl,, ABCR, 98%), zinc(Il) iodide (Znl>, Alfa,
99.2%), 1-octadecene (ODE, Aldrich, 90%), oleic acid (OA, Sigma-Aldrich, 90%), oleylamine
(OAm, Acros Organics, 80%—-90%), hydriodic acid (HBr, Alfa Aesar, 55~58% w/w aq. soln.), and

N, N-Dimethylformamide (DMF, for HPLC).



Preparation of Cs-oleate precursor. Exactly 3.4 mmol Cs>COs3; was mixed with 10 mL of
OA in a 50 mL three-neck flask. The mixture was heated to 130 °C for degassing and dried in
vacuo at 130 °C for 1 h. The Cs-oleate precursor solution was stored in a three-neck flask under
N> for the later synthesis of perovskite crystals.

Synthesis of Cs4Pbls with different amounts of additive Znl>. First, 10 mL of toluene, 5 mL
of OA, and 1 mL of prepared Cs-oleate precursor were loaded in a 50-mL three-neck flask under
the nitrogen. Then, a mixture of 0.3(1—x) mmol Pbl,, 0.3x mmol Znl; (x =0 to 1), | mL DMF, 15
uL HI, 0.5 mL OA, and 0.5 mL OAm was injected under 400 rpm stirring. After stirring for 30
min, the green crystals were centrifuged at 5,000 rpm for 6 min for collection. The powder was
finally stored in 5 mL of toluene.

Synthesis of Cs4Pbls with different OAm/OA ratios. In this procedure, OA and OAm were
controlled for the total amount of 1 mL. First, 10 mL of toluene, y mL of OA (y=0to 1), and 1
mL of Cs—oleate precursor were loaded in a 50-mL three-neck flask under a nitrogen atmosphere.
Then, a mixture of 0.3(1—x) mmol Pblz, 0.3x mmol Znl> (x =0 to 1), 1 mL DMF, 15 puL HI, 0.5
mL OA, and 1-y mL OAm was injected under 400 rpm stirring. After stirring for 30 min, the green
crystals were centrifuged at 5,000 rpm for 6 min for collection. The powder was finally stored in
5 mL of toluene.

Synthesis of Cs4Pbls perovskite with different additional M1 salt. First, 10 mL of toluene,
5 mL of OA, and 1 mL of Cs-oleate precursor were loaded in a 50-mL three-neck flask under the
nitrogen. Then, a mixture of 0.3(1—x) mmol Pbl,, 0.3x mmol MI> (x =0 to 1), 1 mL DMF, 15 puL
HI, 0.5 mL OA, and 0.5 mL OAm was injected under 400 rpm stirring. After stirring for 30 min,
the green crystals were centrifuged at 5,000 rpm for 6 min for collection. The powder was finally

stored in 5 mL toluene.



Structure Characterization. The obtained Cs4Pbls specimens were initially characterized
using X-ray diffraction (XRD) in the National Synchrotron Radiation Research Centre, Hsinchu,
Taiwan. Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectrometry
(EDS) elemental mapping of the Cs4Pbls crystals were recorded on a ZEISS £ SIGMA essential
scanning electron microscope. High resolution transmission electron microscopy (HRTEM)
images were recorded on a scanning transmission electron microscope (Titan Themis 200). The
operation voltage was 200 kV. The powder sample was ground and dispersed in acetone before
being deposited on a TEM specimen grid with a holey carbon film for the TEM observation. TEM
data were analyzed using Gatan digital micrograph. 1>*Cs MAS NMR spectra were acquired on a
wide-bore 14.1-T Bruker Avance III spectrometer equipped with a 4-mm MAS double-resonance
probe head at a Larmor frequency of 78.72 MHz. The excitation pulse width was 0.5 pus with an rf
nutation field of 40 kHz, and the recycle delay was set to 6 s. The sample spinning rate was 14.5
kHz. The '3Cs chemical shifts were externally referenced to 0.1 M CsNOs in D20.

Temperature- and pressure-dependent PL. Room temperature photoluminescence
excitation RT PLE and PL spectra were obtained on a FluoroMax-4P spectrofluorometer (Horiba)
equipped with a 150 W xenon lamp as an excitation source and an R928 Hamamatsu
photomultiplier as a detector, which allowed the recording of PL and PLE spectra in the spectral
range of 250-850 nm. The temperature and pressure dependence of PL spectra were recorded
using an Andor SR-750-D1 spectrometer equipped with a CCD camera (DU420A-OE) and a
Kimmon Koha He-Cd laser, at 442 and 325 nm.

The quantum yields was measured by using an absolute PL quantum yield spectrometer
(c11347, Hamamatsu). The excitation wavelength was set at 460 nm to simulate the working status

of the sample on the InGaN LED chips.



The time-resolved luminescence and decay profiles were measured using an apparatus that
consists of a PG 401/SH optical parametric generator pumped by a PL2251A pulsed YAG: Nd
laser (EKSPLA). The detection part consists of a 2501S grating spectrometer (Bruker Optics)
combined with a C4334-01 streak camera (Hamamatsu). A software-based photon-counting
algorithm transformed the result into a 2D matrix of photon counts versus wavelength and time
and recorded data in the form of the streak images on a 640 x 480 pixel CCD array. The high-
pressure luminescence measurements were performed in a screw-driven Merrill-Bassett type
diamond anvil cell with a 0.5 mm diamond culet diameter. The gasket for the pressure chamber
was pre-indented to approximately 0.07 mm, and a 0.2 mm-diameter hole was drilled in the center
of the gasket indentation. Ruby was used as a pressure sensor, while polydimethylsiloxane oil was
used as a pressure transmitting medium.

Fabrication of mini-LEDs and the light penetration experiment. The raisin bread (RB)-like
RB-Cs4Pbls perovskite powder was mixed with silicone resin. After bubbles were removed, the
mixture was dropped onto a blue emission mini-LED chip and then thermally cured for 2 h at 150
°C in an oven. For the light penetration experiment, pork was selected and cut into slices with a
thickness of 0.5 cm each. Then the mini-LED was loaded with the driving voltage of 2.8 V and
current of 150 mA. The lighted mini-LED and meat slices were set in a FluoroMax-4
spectrophotometer (HORIBA) to let the emitted light of LED penetrate the meat slice. The detector

was using PMT-980, and we set the target wavelength of 710 nm with the slit of 1 nm.

RESULTS AND DISCUSSION
The microemulsion method was applied to synthesize Cs4Pbls microcrystals. To provide

more I and thus enhance the formation of Cs4Pbls, we first tuned the ratio of Znl, to the Pbl,



precursor with the parameter x = Znly/(Znl, + Pblo). Based on the XRD patterns shown in Figure
1a, the main phase in these samples changes from 3-CsPbls to Cs4Pblg and finally turns to be Csl
with the increase in x. The elemental ratios of Pb:I in CsPblz and Cs4Pbls are significantly different.
The reactants used were Cs- oleate, Pbly, and Znlo. When less Znl, was added, the system tended
to produce CsPbls with a higher ratio of Pb:I. When more Znl> was added (x = 0.67), the nominal
Pb:I ratio was 1:6, and the content of the CssPbls increased. However, when excess Znl, was
added, the system tended to produce Csl. Consequently, the additive Znl played an important role
in governing the reaction balance to form Cs4Pbls.

Scanning electron microscopy (SEM) images were obtained to further evaluate the phase
transformation in these samples, as shown in Figs. 1b—f. The sample of x = 57% shows an almost
uniform hexagonal morphology, which is close to the typical morphology of the Cs4Pbls crystals.
The sample with x = 100% contains irregular small rock salt particles of Csl, while samples with
x =0-50% contain many rod-shaped particles, corresponding to 3-CsPbls. The trend of the Cs4Pbls
content in these samples at different x is summarized in Figure 1g. Based on these results, we
selected the x = 57% precursor as the most suitable recipe for further optimization.

The different acidic environments controlled by y = OAm/(OAm + OA), (OAm:
oleylamine, OA: oleic acid) was tested to investigate the synthetic conditions to achieve high-
quality monophasic Cs4Pbls. According to the XRD patterns shown in Figure S1, we can find that
the Cs4Pbls content in these samples keeps increasing with y and reaches a maximum when y is
100% (Figure 1h). The corresponding SEM images in Figure S2 confirms that the sample with y
= 100% contains highly uniform hexagon particles. Hence, the prescription of x = 57% in a basic

environment should be the most suitable condition for the fabrication of Cs4Pbls.
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Figure 1. Optimization of the synthesis process for Cs4Pbls. (a) XRD patterns of the samples
synthesized with different values of x = Znl»/(Znl + Pbl,) with the theoretical patterns of 5-CsPbl;
and Cs4Pbls. SEM images of the samples synthesized with x values of (b) 100%, (c) 57%, (d) 40%,
(e) 20%, and (f) 0%. The percentage of the Cs4Pbls phase in the products with the different value

of (g) x = Znly/(Znl + Pblz) and (h) y =OAm/(OAm + OA).



To explore whether other metal iodide additives can help in the formation of Cs4Pbls, we
tested Lil, KI, Nil», Colz, and Snl; in synthesis. According to the XRD patterns of the products in
Figure 2a, all these metal iodides can lead to the formation of Cs4Pble, but the Znl>-containing
system results in the highest yield of Cs4Pbls. During the synthesis, the metal iodides partially
provided the source of iodine anions partially.?® Therefore, the lower the dissociation energy of
the metal iodide, the more iodide ions it can provide, and the easier the formation of the Cs4Pble
microcrystals. The dissociation energy of each metal iodide at 298 K is shown in Figure 2b.
According to the relation of the Cs4Pbls content with the dissociation energy shown in Figure 2c,
Znl; has the lowest dissociation energy for providing extra iodide ions. Therefore, it can lead to

the highest purity of the Cs4Pbls product.
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Figure 2. Characterization of Cs4Pble synthesized with different metal iodide additives. (a) XRD
patterns of the products. (b) Dissociation energy of the metal iodide salts. (c) Cs4Pbls content in

the products compared with the dissociation energy of different metal iodide salts in the precursors.
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To examine the exact phase compositions of the optimal CssPbls with x = 57% and y =
100% (see the definitions for x and y above), we discussed the local structural information in detail.
Synchrotron XRD and Rietveld refinement were performed, and the results are shown in Figure
3a and Table S1. According to the well-matched fitting curve, the as-synthesized specimen has a
similar structure to Cs4PbBre, which is hexagonal with unit cell parameters of a = 14.58 A and ¢ =
18.34 A, as shown in Figure 3b. The multiphase Rietveld refinement of this product shows that
Cs4Pbl is the main phase (~99.5%), with 0.5% 06-CsPbls as the only impurity. The latter has an
orthorhombic structure with ¢ = 10.43 A and ¢ = 17.76 A. This result proves that our Cs4Pblg
sample is very close to the pure phase. Figures S3a—d show the SEM image and EDS elemental
mapping of Cs, Pb, and I from this optimal Cs4Pbls specimen, from which we can ensure the

uniform distribution of each element.
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Figure 3. Phase characterization of the as-synthesized Cs4Pbls. (a) Rietveld refined synchrotron
XRD (beamline energy 20 keV) pattern of Cs4Pbls. (b) Crystal structure of Cs4Pbls. (c)
Composition of the specimen and corresponding ratio of Cs4Pbls : CsPbl; from the Rietveld

refinement.
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XRD refinement did not catch the a-CsPblz phase in the sample, which has a cubic unit
cell with a = 6.41 A. However, this observation cannot rule out the possible existence of very small
a-CsPbls nanocrystallites (NCs) embedded in Cs4Pbls crystals. HRTEM images may readily reveal
these NCs.

TEM images show that the specimen contains Cs4Pbls crystals (confirmed below) as the
major phase with some short nanorods. The latter was relatively stable under electron beam
irradiation, and the structure was orthorhombic 8-CsPbls, as confirmed by the HRTEM images
(Figure S4). Cs4Pbls is beam-sensitive and a low dose of electrons must be applied to avoid
decomposition of the crystals in a few minutes. Low-magnification TEM images show many dark
dots inside the particles, as shown in the inset of Figure 4a. These dark dots, as shown below, are
embedded o-CsPbl; NCs with an average diameter of ~5 nm. The strong image contrast is caused
by the large difference in the density of the heaviest element Pb between CsPblz and Cs4Pbls. The
whole structure of the particles looks like raisin bread. We then simplified the name of a-CsPbl;
embedded Cs4Pblg to ‘raisin bread’-CssPbls or RB-Cs4Pble.

Figure 4a shows an HRTEM image of an RB—Cs4Pbls particle. The fringes covering a
large area, marked A, have a d-spacing of 3.32 A, which can be indexed to the {131} atomic planes
of Cs4Pbls (theoretical di31y = 3.31 A). A few dark dots were visible and showed atomic lattice
fringes when a principal crystallographic orientation is parallel to the electron beam. A good
example is an NC at the top-left corner with three independent d-spacings marked B, C, and D.
These d-spacings have dimensions of ds =2.83 A, dc =2.89 A, and dp=3.29 A, which are assigned
to the (102), (102) and (200) planes of the a-CsPbl; phase, respectively (theoretical values of d(102)

= d(102)=2.87 A and d(200)= 3.21 A). The interplanar angles of £(102, 102) and £(102, 200) were

129.5° and 64.28° with the corresponding theoretical values of 126.9° and 63.43°, respectively.
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These d-spacings of the small crystallite cannot be indexed to either hexagonal CssPbls or
orthorhombic 8-CsPbls, thus confirming the a-CsPbls phase, although small distortion from the
bulk crystal structure is possible. In Figure 4b, the fringes of both the parent Cs4Pbl¢ crystal (E)

and a-CsPblz NCs (F, G, H) are observed at the edge of a particle.

Figure 4. HRTEM images of an RB-Cs4Pbls particle. (a) HRTEM image showing the (131) fringes
of the Cs4Pbls structure (A) and three d-spacings of an embedded nanocrystallite, which can be
indexed to the cubic a-CsPbl; structure, B: (102), C: (102), and D: (200). The inset shows a low-
magnification TEM image of the particle with a raisin bread-like structure. (b) HRTEM image of
an edge area in the RB-Cs4Pbls particle. The d-spacing of E is indexed to (131) of Cs4Pbls. Other

d-spacings are indexed to a-CsPbls, F: (200), and G and H: (210).

Solid-state nuclear magnetic resonance (ssNMR), a sensitive analytical technique to
characterize the local structure, has been widely applied to probe the local structure of

perovskites.?®3 In particular, '*3Cs ssNMR can precisely characterize the coordination
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environment of cesium cations in the perovskite lattice.****” 133Cs has 100% natural abundance,
and its nucleus has a spin quantum number of 7/2. The interaction between the quadrupole moment
of '3Cs nuclei and the electric field gradient (EFG) at the nuclear site is characterized by the
quadrupole coupling constants (QCC) and the asymmetry parameter (77¢). The chemical shift is a
good spectral marker for a particular species, and QCC and 7q reveal the charge symmetry at the
nuclear site. A highly symmetric charge distribution at a nuclear site would result in a small QCC,
and a vanishing 77q indicates the presence of the axial symmetry of the EFG tensor. In the present
work, we employed 33 Cs NMR to probe the various crystalline phases in Cs4Pbls.

As shown in Figure 5a—d, the '3Cs ssNMR spectra of the as-synthesized crystals were
acquired, from which the NMR parameters were extracted via simulations carried out by using
DMFit2019.*® As shown in Table S2, the x = 0 sample, which corresponds to pure §-CsPbls,
underwent a '**Cs chemical shift of 256.4 ppm, which is consistent with the literature data.'* For
the x = 20% and 50% samples, two additional signals at 273 and 427 ppm emerged at the expense
of the signal intensity of 6-CsPbls. Based on Rietveld analysis of the corresponding XRD patterns
(Figure Se), the larger signal at 273 ppm is assigned to Cs4Pbls. To our knowledge, these '**Cs
NMR data were the first to be reported for Cs4Pbls. On the other hand, the appearance of the signal
at approximately 427 ppm is remarkable. Furthermore, the intensity of this extraordinarily
deshielded signal increased with x, indicating that it originated from a crystalline phase of the
ternary system of Cs-Pb-1. Based on the HRTEM results, we tentatively assigned the X-phase to

nanoscale a-CsPbl; formed within the host of Cs4Pbls (CsPbl; embedded in Cs4Pbls).
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Figure 5. ssNMR of the achieved samples with different values of x = Znlo/(Znl> + Pblz). The
ssNMR spectra of (a) x = 0, (b) x = 20%, (c) x = 50%, and (d) x = 57%. (e) Ratio of Cs4Pbls and

0-CsPbl; based on XRD. (f) Relative NMR intensity of Cs4Pbls, a-CsPbls, and 5-CsPbls.

To prove that the luminescent process of RB-Cs4Pbls is from the embedded CsPbls
nanoparticles in the Cs4Pbls, we analyzed their optical properties. The RT PLE and PL spectra of
RB-Cs4Pbls are shown in Figure 6a. The RB-CssPbls exhibited three photoluminescence

excitation peaks at 348 and 400 nm and a broadband excitation ranging from 430 nm to over 650
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nm with a maximum at 460 nm upon monitoring at 698 nm. Based on the previous report, the 348
nm peak is associated with the excitonic transition in Cs4Pbls.?’ In our measurements, the whole
excitation spectrum is below the bandgap energy of CssPbls. Thereby, the small peak at
approximately 400 nm refers to the absorption associated with states in the energy band gap, from
which it transfers to the emission centers. At the present stage, we can consider that they are self-
trapped exciton and/or Pb-trapped excitons or transition in Pb** ion. The excitation band between
450—650 nm corresponds to the direct absorption of the luminescence centers. In the PL spectra at
RT, a red-NIR narrowband emission peaked at 698 nm, which does not depend on the excitation
wavelength, was observed. The full width at half maximum (FWHM) of this narrow emission is
only 34 nm, which is very similar to that of CsPbls NCs. The PLQY of this sample is about 23.2%
and performed good stability to remain 71% original intensity after the test at 85 °C and 85%

moisture for 96 h (Figure 6b).
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Figure 6. Emission properties of the as-synthesized RB-Cs4Pble. (a) The room temperature (RT)

photoluminescence excitation (PLE) spectrum upon emission at 698 nm and PL spectrum upon

excitation at 460 nm of RB-Cs4Pbls. (b) The PLQY of the as-synthesized RB-Cs4Pbls after the test



at 85 °C and 85% moisture for a different time. (c) Temperature dependence of normalized

luminescence spectra under CW excitation with 442 nm at the temperature range of 10—400 K.

The temperature-dependent PL spectra at the temperature range of 10400 K upon
continuous wave (CW) excitation at 442 nm were obtained to further explore the emission
behavior. As shown in Figure 6b, the two overlapping bands were observed at 730 and 740 nm at
10 K, denoted as A and B bands, respectively. When the temperature increased, a shift towards
lower wavelength (higher energies) and emission broadening was observed for the A band. The B
emission band decreased compared with the A band and quenched at 100 K. The different PL
decay time (Figure S5), time-resolved emission spectra at 10 K (Figure S6), and the relative
emission intensities of bands A and B under different excitation powers (Figure S7) further
supported that band A is associated with the excitonic emission related to the a-CsPblz
nanoparticles, and band B was caused by trap states.

To confirm the inference that the band A is associated with the embedded o-CsPbls,
pressure-dependent PL spectra were also obtained. Figure 7 shows the pressure-dependent
luminescence of Cs4Pbls upon excitation at 442 nm with a pressure range up to 100 kbar. The
narrowband A emission was observed with a maximum at 700 nm up to 10 kbar, while a significant
change of emission was observed under high pressure. The broadband emission (denoted as C
band) with maximum wavelength at 750 nm was observed at 13 kbar and shifted towards higher
energies (lower wavelength) with a further increase in pressure. This change in emission spectra
indicates the phase transition between 10 kbar and 13 kbar. The broadband emission spectrum (C

band) at high pressure is possibly associated with emission from a deep local state in Cs4Pbls. The
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position of the maximum luminescence wavelength before and after phase transition is shown in
Figure 7b.

The change in position of the maximum luminescence is negligible before phase transition
(blue dots). After phase transition, a large shift is observed, and when reaching the pressure of 60
kbar, the shift rate decreased under higher pressure. The luminescence decay profiles before and
after phase transition are shown in Figures 7c¢ and d, respectively. The decay profile for the
luminescence before phase transition is in the ns range and does not change with the pressure up
to 10 kbar. After phase transition at 13—100 kbar, the luminescence decay is in the ps range and
was significantly shortened with increasing pressure. Figure 7¢ shows the images of CssPbls at
high hydrostatic pressures of 2, 20, 40, 60, and 80 kbar.

The color of the investigated sample changed from white under 2 kbar (before phase
transition), bright yellow under 20 kbar (after phase transition), and red and dark red under high
pressures. The color change is associated with the change in the absorption of CsPblz nanoparticles.
Observed pressure shift of the absorption edge towards lower energy indicates a decrease in the

energy gap in CsPbls.
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Figure 7. Pressure-dependent luminescent performance of RB-Cs4Pbl6. (a) Pressure dependence
of luminescence spectra and (b) the position of the maximum of luminescence before (blue dots)
and after (red dots) phase transition. The emission peaks around 700 nm in (a) are from the
additional ruby for the pressure indicator. Luminescence decay profiles in the (¢) 5 ns range before
phase transition and in the (d) 5 ps range after a phase transition of Cs4Pbl6 under excitation with

442 nm. (e) Image of RB-Cs4Pbl6 at high hydrostatic pressures of 2, 20, 40, 60, and 80 kbar.
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High-pressure experiments clearly show that in this material, we can distinguish the two
different emissions from o-CsPblz nanoparticles at normal pressure and from CssPbls at high
pressure. Based on the combination of the result of structural characterization and spectroscopic
results proved that the strong red-NIR emission at room temperature and atmospheric pressure
originated from the embedded CsPbls nanoparticles in the RB-Cs4Pbls.

The achieved RB-Cs4Pbls were applied to mini-LED chips to check their potential for
future application. As shown in Figure 8a, the fabricated mini-LEDs present the emission centered

at 710 nm with an output power of 0.56 mW, where 9 X 5 mils mini-LED chips were used.

Although some part of the emission by this sample covered the deep-red region, the emission peak
and most parts are in the NIR region. Thereby, we treat the obtained mini-LED with such narrow
emission as the NIR mini-LED. To test the possibility of achieved NIR mini-LEDs in the
biological application, we used slices of meat to simulate human tissue for the penetration
experiment. Exactly 20.3% of the original intensity of light penetration remained after transferring
the first meat slice with a thickness of 0.5 cm. With increasing meat slice thickness, the light
penetration was limited to the thickness of 1.5 cm and disappeared upon reaching 2.0 cm, as shown
in Figure 8b. Hence, the penetration ability of this NIR mini-LED for meat slices indicating the

great potential of the RB-Cs4Pbls for biological applications.
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Figure 8. Application of RB-Cs4Pbls in near-infrared light-emitting diodes. (a) Infrared light-
emitting diode fabricated with the RB-Cs4Pblg synthesized at x = 57% and y = 100%. The insert
image shows the photograph of its working status. (b) Trend of emission intensity with different

penetration depths of meat slice.

CONCLUSIONS

In summary, we successfully optimized the synthesis process for achieving the Cs4Pbls
with the optimization of additional Znl; in the low-temperature synthesis process. Results show
that the lower the dissociation energy of the additional metal iodide, the easier the extra I" for
driving the formation of Cs4Pbls. Based on XRD and HRTEM results, we ensured the sample with
x=157% and y = 100% is the composite structure of Cs4Pbls embedded with a-CsPbl; nanoparticles.
The overall structure is raisin bread-like according to these results. Moreover, a NIR mini-LED
for the biological application was successfully fabricated by as-synthesized Cs4Pbls crystals. The
results of this study will provide a basis for further study on zero-dimensional perovskite for wider

applications
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