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This project’ s results offer methods and mechanisms to passivate defects in halide perovskite
nanocrystals and microcrystals and to produce highly luminescent perovskites with suppressed photo-
and electro-luminescence blinking for energy-efficient lighting and light harvesting applications.

The goals of the project to develop defect-free halide perovskites without
luminescence blinking were accomplished by synthesizing halide perovskite nanocrystals and

microcrystals. Defect passivation provided highly luminescent perovskites with suppressed photo- and
electro-luminescence blinking.
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1. HRFERIVOESR

Lead halide perovskites (LHPs) with the general formula APbX3 [A=Cesium (Cs), methylammonium (MA),
or formamidinium (FA), and X=CI/Br/I] have been one of the most attractive classes of semiconductor
materials in basic research and photovoltaic and lighting applications. Halogen dependent tunable bandgap
and emission colormade these materials attractive. CsPbX3 perovskites have been known forover 100 years
[1]. Halide perovskite (HP) crystal structures and electronic properties have become known after several
decades [2]. With the key work by Miyasaka et al.[3], LHPs became attractive for solar cells. The
demonstration of such solar cells attracted several chemistry, physics, and engineering researchers to LHP
synthesis, structures, properties, and devices [4]. Subsequently, researchers began synthesizing HPs in
different sizes, shapes, crystal phases, and chemical compositions, all aimed at high-quality quantum dots
(QDs), nanoplatelets (NPs), nanocrystals (NCs), microcrystals (MCs), and large single crystals for solar
cells, LEDs, photodetectors, and lasers. Different LHP synthesis protocols have existed for these QDs, NPs,
NCs, MCs, and large single crystals. Researchers have been investigating the optical properties of HPs with
particularemphasis on halogen compositions, defects, excitons, and charge carriers. Defect density, exciton
binding energy, free carrier generation, halogen composition, and carrier diffusion length have been central
issues in the basic research of HPs. Particularly, the correlation between anion vacancies and
photoluminescence (PL) quantum efficiency (QY) and lifetime was a primary strategy for optimizing the
structure-shape-size-property-application aspects of HPs [5]. Lead-free HP synthesis, studies, and
applications have progressed in parallel [6]. Halogen vacancies adversely affected the PL quantum
efficiency, lifetime, blinking, and stability of LHPs. This project focused on developing defect-free, highly
luminescent, and non-blinking perovskite nanocrystals with light emission in visible and near-infrared
regions.

2. AROBER

Despite the above attractive electronic and PL properties of perovskites, the key scientific questions with
these materials are (i) the presence and easy formation of defects, (ii) defect-mediated loss of energy, and
(ii1) unstable (blinking) PL at the single particle level. Understanding and solving these problems were
important before bulk and nanocrystal perovskites could be applied to stable, high-quality devices. This
research aimed to develop defect-free organic-inorganic LHP NCs with high PL QY and a non-blinking
nature.

3. ARDIGE

The basic research plan included the synthesis of LHP QDs, NCs, and MCs with different chemical
compositions, investigation of the PL properties of LHPs, such as PL intensities/QYs, PL lifetimes, and PL
blinking, optimization of the PL properties with special references to defect passivation, QY increase, and
blinking suppression. Four types of perovskite samples (MAPbBr3, MAPbI3, FAPbBr3, and FAPbI3) were
synthesized. LHP QDs and NCs were synthesized by colloidal methods, such as ligand -assisted
reprecipitation (LARP) [7-11] and hot injection [11-15]. In contrast, MCs were synthesized by room
temperature crystallization [16-20], inverse temperature crystallization [20,21], laser trapping [17,18], or
high-pressure mixing [22,23]. Also, mixed halide compositions, A- and B-site cation doping, and electron
donor/acceptor interfacing were investigated to find the optimum composition for high PL QYs. The
structural, optical, electron transfer and defect-filling properties of the samples were analyzed by
absorption/bandgap, PL, X-ray diffraction (XRD), scanning transmission electron microscopy (STEM),
TEM, scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDX)
measurements. Transient absorption measurements helped characterize electron transfer properties of donor-
acceptor systems composed of LHPs. PL stability [7] and PL QY [8] were measured by ensemble
fluorescence spectroscopy and single-particle fluorescencemicroscopy. PLblinking [8,13-16] was analyzed
by single-particle PL measurements on a single-particle microscopy system. Vacancy filling- and electron
transfer-assisted PL lifetime, PL QY, and PL blinking changes were analyzed by single-particle PL decay
measurements, ensemble PL QY measurements, and single-particle and ensemble PL intensity
measurements [8,13-16]. Also, collaborative research with Profs. Naoto Tamai, Akihiro Furube, Ken-ichi
Yuyama, Yuta Takano, Takuya Okamoto, Hiroshi Miyasaka, Hiroaki Misawa, and Ch. Subrahmanyam
accelerated the project.



4. HRMRE

Immediately after submitting the project proposal, this research focused on synthesizing MAPDbI; as an
example of LHP NCs [7-9], by drying a mixture of methylammoniumiodide (CH3NH3I, 19 mg, 0.12 mmol)
and Pbl> (69 mg, 0.15 mmol) under vacuum. A ligand solution containing hexadecyl amine (HAD, 29 mg,
0.12 mmol) and oleic acid (OA, 40 uL) in 1.5 mL was prepared in hexane,added to the precursor mixture,
and stirred for two h at room temperature. After the sedimentationofa dark -red powder, the supernatant was
discarded by decanting, 1500 mLtoluene was added to the residue, sonicated, and centrifuged at 10,000 rpm.
The supernatant was collected, from which MAPbI; NCs were isolated by centrifugation at 14000 rpm. The
residue obtained was resuspended in toluene and used for studies such as TEM, absorption, and single-
particle blinking (Figure 1a-d). Generally, HPs degrade by reaction with moisture or oxygen, which causes
the PL intensity to decrease monotonously and the PL trajectory to blink stochastically. Self-sensitized
reaction to produce superoxide by electron transferand subsequent reaction of superoxide on the surface of
NCs is the main reason for oxidation. As a result, in the presence of oxygen, the PL intensity of MAPDbI;
single particles continuously decreased (Figure 1a,d), which was also observed in the solution phase (Figure
le).
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superoxide. This part of the research helped stabilize the PL intensity of single LHP NCs.

Next, the halide vacancies were filled in MAPbBr3; and MAPbI; perovskite NCs and QDs at the single
particle and ensemble levels [8]. The NC and QD samples were synthesized by a modified LARP method
[8,9], where a precursor solution containing PbBr; (0.27 mmol), MABr (0.25 mmol) of MABT), OA (0.25
mmol), and HDA (0.19 mmol) in 1 mL of N, N-dimethylformamide (DMF) was prepared at 60 °C. This
solution was injected instantaneously into 50 mL of stirring dry toluene in a round -bottom flask. After 15
min, the solution was centrifuged at 10000 rpm for 5 min to collect MAPbBr3 NCs and QDs. This residue
was suspended in toluene and centrifuged at 5000 rpm to obtain the QDs in the centrifugate, which wasused
in subsequent experiments. MAPbI3 samples were also synthesized by the LARP method combined with the
hotinjection method, where 0.7 mmol of Pbl> and MAI in 1 mL of y-butyrolactone (GBL). In parallel, OA
(3.6 mmol) and HAD (0.7 mmol) were dissolved in 25 mL of dry toluene at 80 °C in an argon atmosphere.
After 10 min of heating ofthe ligand solution at 80 °C, the precursor solution was injected, and the reaction
was stopped after 15 min. The residue formed was collected by centrifugation at 7000 rpm for 5 min. After
discarding the residue, QDs were isolated by re-centrifugation at 12000 rpm. The residue obtained was
resuspended in toluene for further studies.

Basic properties such as TEM images, absorption spectra, single particle PL images, and PL spectra of
the bromide and iodide samples characterized these NCs. The as-synthesized M APbBr3 and MAPbI3 samples
showed PL QYs 0.35 and 0.23, respectively, indicating high defect densities and increased nonradiative
recombination rates. The PL intensity (Figure 2a) and QY were increased to 210% (MAPbI3) and 280%
(MAPDbBT3) by treating the corresponding solutions with an MAI or MABr solution. Correspondingly, the



PL lifetime was also increased (Figure 2b),
consistent with the PL QY increase, showing
defect passivation and suppression of defect-
assisted nonradiative recombination. As anion
vacancies, PL QY, PL lifetime, and blinking
are correlated, the PLblinking behaviors ofthe
as-synthesized samples were examined in real
time with and without the additionof MABror
MAI. Figure 2c-f shows the PL intensity
trajectories of single MAPbBr3; and MAPDI;
before and after MABr or MAI treatment. We
found enormous ON-time increases and OFF-
occurrence decrease for the samples treated
with  MABr/MAL ~ showing  blinking
suppression, which is well-consistent with
increases in the PL intensity, lifetime, and QY.

The ON and OFF time probability
distributions (Figure 3) were constructed for
>200 single MAPbI; QDs to understand the
truncation time changes after vacancy filling.
The vacancy filling by MAX treatment was
further confirmed from PL intensity and PL
lifetime increases for single crystal MCs [16-
19] or microdomains in single crystal MCs
[17]. These MCs were synthesized by room
temperature crystallization. A MAPbBr3
microrod without vacancy filling showed
spontaneous halide exchange through anion
vacancies, shifting its PL spectrum and color,
whereas a microrod preincubated in a MABr
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Figure 2. (a) PL intensity traces of QD samples pretreated with
MABr or MAI (10 mM). (b) PL decay profiles of (1) as-
synthesized and (i1) vacancy-filled MAPbI; QD solutions by
treatment with MAL (c-f) PL intensity trajectories of (c¢,d)
MAPDI; and (e.f) MAPbBr, QDs (c.e) before and (d.f) after
vacancy filling using a MABr or MAI solution [8]

solution filled the Br vacancies and prevented the ion exchange and showed no PL spectral shift. To verify
halogen vacancy filling, a domain of a microrod was selectively treated with MABr, whereas its other ports
were in the native state. Interestingly, the locally vacancy-filled part did not undergo halide exchange. Also,
the PL intensities and PL lifetimes of the microrods were increased during preincubation in MABr solutlons

or vacancy filling, showing suppression of
vacancy-assisted nonradiative
recombination. Further, the PLintensity was
increased with MABr with [20] or without
[21] light soaking. These experiments
identified a photoinduced increased rate of
halide vacancy filling. Also, halide vacancy
filling suppressed ELblinkingand increased
the EL intensity of single MAPbBr; MCs
[21].

Although the goals of the project to
suppress blinking and enhance the PL QY
were accomplished at this stage, research
was continued to investigate the effects of
ion doping (A-site, B-site, and X-site),
electron-donating ligands, and electron
acceptor molecules on the PL lifetime, and
PL blinking of CsPbBr3, FAPbBr3, FAPbI3,
MAPbLBr3, and MAPbIz was continued.

Nevertheless, electron acceptors and
donors had different effects on PL blinking,
PL intensities, and PL lifetimes. For
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example, alkylamine ligands increased the PL intensities of LHP NCs; however, the stability and PL
decreased with time. Conversely, electron acceptor entities like fullerene [13], a fullerene derivative [15],
TiO; [15], and tetracyano benzene derivatives [14] showed efficient electron transfer with PL quenching and
increased PL blinking. Therefore, this research identified halide vacancy filling as the optimum condition for
obtaining highly luminescent LHPs with suppressed blinking. Also, light-soaking and laser trapping
accelerated vacancy filling.
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