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Abstract

Lead halide perovskites have aroused intense scientific attention in recent years
owing to their low cost and outstanding optoelectronic properties, which lead them to
applications in high-efficiency solar cells, light-emitting diodes, single-photon sources,
lasers, and so on. A major application limit for lead halide perovskites is the presence of
the highly toxic lead element, raising critical concerns of environmental pollution and
health problems. To address this issue, developing lead-free halide perovskites have been
in the forefront of the current research. Tin halide perovskites thus have come under the
spotlight by virtue of their low toxicity and eco-friendly merit and tantalizing
photophysical properties.

Organic-inorganic hybrid tin halide perovskites, especially formamidine tin iodide
(FASnl3), have emerged as a promising semiconductor material for a range of
optoelectronic applications. For example, the power conversion efficiency of solar cells
based on FASnI3 as light-absorber has reached over 14%, gradually narrowing the gap
with their lead counterpart. However, the structure-photophysical property relationship
remains ambiguous owing to the ready occurrence of structural defects in the fragile
lattice of FASnlI3, and the synthesis of highly luminescent colloidal nanocrystals (NCs) is
still a long-standing challenge due to the lack of a fundamental understanding of how to
rationally suppress the formation of intrinsic as well as surface structural defects.

To address the above issues, this thesis aims at getting insight into the defect
behaviors in the photophysical properties of FASnl; crystals, and developing effective
synthesis routes, including judiciously adopting Sn-rich reaction condition as well as
regulating surface conditions by appropriative ligands, for obtaining high-quality FASnls
crystals with great optical properties.

Chapter 1 provides a general background about metal halide perovskites. Particularly,
I critically summarize and assess the latest advances in the synthesis approaches of tin

halide perovskite NCs. The state-of-the-art preliminary studies in modulating their



photophysical properties and in enhancing the stability with a variety of strategies are also
concluded. In addition, the remaining challenges that need to be overcome to attain high-
quality tin halide perovskite NCs are also highlighted. Finally, the purposes regarding my
research and the framework of whole research topic are clarified.

Chapter 2 shows the defect behaviors in the photophysical properties of FASnls.
Using FASnI3 microcrystals synthesized with tailored reaction conditions as the model
systems, I unveil that structural defects can induce bandgap widening and abnormal
photoluminescence. Based on combined analysis of X-ray photoelectron spectroscopy,
solid nuclear magnetic resonance, and optical spectroscopy, I propose that bandgap
widening could stem from defect-mediated lattice distortion. Temperature-dependent
photoluminescence measurements lead me to the discovery of a new near-infrared
photoluminescence band between 185 and 10 K and negative thermal quenching in a
broad range of 110~200 K, both of which are associated with structural defects.

Chapter 3 develops an innovative surface capping ligand, zwitterionic
phosphatidylcholine, replacing traditional amine ligands for the synthesis of colloidal
FASnI3 NCs. By introducing a small amount of phosphatidylcholine in the reaction, the
particle size of FASnl; crystals could be reduced from several hundred nanometers to
around 30 nanometers. Three phosphatidylcholines with different chain lengths were
studied, and all of them could produce small-size, uniform-morphology FASnI; NCs. A
maximum PLQY of 1.2% was achieved by reasonably tuning the reaction parameters.
Importantly, stability tests reveal that phosphatidylcholine-capping FASnlz NCs have
excellent long-time colloidal stability and structural stability in glovebox, indicating that
as-prepared NCs could serve as an ideal platform for the future exploration of their
potential optoelectronic applications.

Chapter 4 proposes a general one-pot surface modification strategy for highly
luminescent organic-inorganic hybrid tin iodide perovskite NCs. Guided by density
functional theory (DFT) calculations, I predict that, highly luminescent FASnI3 NCs could
be obtained through meeting three important factors: Sn-rich reaction condition; quasi-
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Al-terminated surface; suppression of surface iodine vacancies. After creating a Sn-rich
reaction condition through simply tuning the reactant ratio, large-sized organic
ammonium and alkali metals are used for constructing a quasi-Al-terminated surface. By
this means, high-efficiency near-infrared emitting FASnIz NCs with a maximum PLQY
of 36.9+£0.7%, which is over 50 times larger than those previously reported, can be
obtained. A wide range of optical and structural characterizations, coupled with DFT
calculations, clarify that NC surface is modified by organic ammonium and alkali metal
ions. Finally, I showcase the generalizability of our concept by further demonstrating the
synthesis of highly luminescent FA0.9Cso.1Snl3 and FA8Cso.2Snl; NCs which have better
tolerance factors, benefiting the future application explorations.

Chapter 5 summarizes the above research findings, and provides an outlook on the
unresolved challenges for tin halide perovskites, as well as offers my perspective on how
to achieve stabler, higher-quality, device-applicable FASnl3 crystals.

In conclusion, this thesis focuses on the synthesis chemistry, surface modification,
and structural characterization of FASnl3 crystals, uncovering the relationship between
defect and photophysical properties, offering feasible synthetic roadmap to prepare high-
quality FASnl3 crystals. The knowledge gained here may help others better understand
the structural properties of tin halide perovskites, and inspire their explorations on related

high-performance optoelectronic devices.



Chapter 1: Introduction

1.1 Perovskite materials

In 1830, Gustav Rose firstly discovered a calcium titanium oxide mineral composed
of calcium titanate, CaTiOs.! After that, Russian mineralogist Lev Perovski named this
kind of material as perovskite which has the same type of crystal structure as CaTiO3.?
Many traditional oxide perovskites are well-known classical ferroelectrics, like BaTiOs,
SrTiOs, and so on. Instead of it, oxide perovskites also have great performance in the
photocatalyst field.?

Different with oxide perovskites, metal halide perovskites have superior properties,
such as facile synthesis, outstanding optoelectronic properties, that makes them become
star materials in recent years.? In the next part, I will focus on introducing the properties

of metal halide perovskites and their applications.
1.2 Metal halide perovskites

The development of metal halide perovskites started several decades ago, and is still
flourishing because of their outstanding optoelectronic properties, including tunable band
gaps, narrow emission bands, high absorption cross sections, and high carrier mobilities.*
6 The structure of metal halide perovskites is analogous to CaTiOs, with a general formula
of AMX3, where A is a monovalent cation, M is a divalent cation, and X is a halide anion
(C1, Br, or I). In their structures, M?* cations and halide ions form corner-sharing [MXe]*
octahedra, in which M?" ions are in the center. The [MXs]* octahedra are interconnected
to form three-dimensional (3D) structure, where A" cations occupy the large cavity

between octahedra to stabilize the crystal structure (Figure 1.1).’



Cs*/CH;NH,*/HC(NH,), * Pb/Sn/Ge

//I/Br/CI 0’/ o®
_/T 7N
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Formamidinium (FA)
Methylammonium (MA)

Figure 1.1 The basic unit of AMX3 (X=Cr, Br, or I) halide perovskite structure.’

The formation of perovskite structure is restricted to the Goldschmidt tolerance
factor (t), which is dependent on the ionic radii of A*, M?>" and X, as given in the

following formula:®
RA + Rx

‘= VZ(Ry + Ry) M

The suitable elements for M?" metal cation in halide perovskites are from group 14
elements, like Pb*", Sn?*, and Ge** with the ionic radii of 1.19 A,° 1.18 A,'® and 0.73 A,°
respectively. For A-site ions, up to now, there are three cations that can stabilize 3D halide
perovskite structure, i.e., inorganic Cs* (1.88 A), as well as organic CH3;NH3" (MA, 2.17
A) and HC(NHz)," (FA, 2.53 A),> ! that have appropriate ionic radii meeting the

Goldschmidt tolerance factor.
1.2.1 The development of lead halide perovskite NCs

Among all metal halide perovskites, lead halide perovskites (LHPs) get the most
attention, since the stable chemical valence state of Pb** compared with Sn*" or Ge**, and
more excellent optical properties.> LHPs in the form of polycrystalline films were adopted
as main active layers for these applications at the early stage of research, and the rapid

increase of power conversion efficiencies (PCE) of solar cells from 3.8% to 26.1%,!% 13



and of external quantum efficiencies (EQE) of LEDs from <1% to over 20% has been
achieved.!*16

The research history of conventional colloidal semiconductor nanocrystals (NCs)
such as CdSe and InP suggests that an excellent direct-bandgap semiconductor commonly
demonstrates outstanding photophysical properties when their sizes are down to the
nanometer scale and nonradiative recombination channels are perfectly suppressed.!’
Inspired by this lesson, materials scientists, chemists, and physicists have devoted a lot
of effort on the synthesis, characterization, and application of colloidal LHP NCs soon
after the realization of high-efficiency perovskite solar cells, with the intention of not only
boosting the photoluminescence quantum yields (PLQYs) but also accessing unusual
optical properties in the quantum-confinement size regime.> 1820

In 2015, Protesescu et al. firstly reported the synthesis of colloidal all-inorganic
cesium lead halide (CsPbX3) perovskite NCs by hot-injection method.?! 4-15 nm CsPbX;
NCs with cubic shape and cubic crystal structure were achieved. Through changing the
halogen, the photoluminescence (PL) can include entire visible spectral region of 410-
700 nm (Figure 1.2 a, Figure 1.2 b, Figure 1.2 ¢). High PLQYs (50-90%) (Figure 1.2
d) could also be achieved by this easy synthesis method. After that, many further efforts
like doping heterogeneous ions, surface treatment, ligand passivation, have been adopted
to boost the PLQYs of LHP NCs. So far, LHP NCs with near-unity PLQY's across the
visible and near infrared have been achieved, and tantalizing optical properties have been

discovered.?*!
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Figure 1.2 Colloidal perovskite CsPbX3 (X=ClI, Br, I) NCs exhibit composition-tunable
bandgap energies.?! (a) Photos of CsPbX3 NCs under UV light. (b) Emission peaks of
CsPbX3 NCs. (¢) Optical absorption and PL spectra of CsPbX3 NCs. (d) Time-resolved
PL decays of CsPbX3 NCs.

The excellent optical properties of LHP NCs result from their high defect tolerance.
Conventional semiconductors, like Si, CdTe, GaAs, requires ultralow concentrations of
impurities and crystalline defects, typically at ppb levels, that all act as dopants or traps
causing excitonic nonradiative recombination. Likewise, optoelectronic properties of
LHP NCs are highly tolerant to the material’s structural defects. As shown in Figure 1.3,
out of a large variety of conceivable point defects, only A-sit or X-site vacancies are
characterized by low formation energies and are therefore exclusively observed.!'® For
CsPbBr3 or CsPbls, the energy levels of these point defects are close to the valence band
maximum (VBM) or conduction band minimum (CBM). These shallow trap states have
few effects on the optoelectronic properties of LHPs. Interstitial and antisite defects,
which would form deep trap states in the electronic structure, are almost absent, since
their very high formation energies.'® Specially, Cl vacancies in CsPbCl3 can bring about
in-gap states, which act as nonradiative traps for the photogenerated charge carriers.*
However, some strategies have been developed to suppress the formation of Cl vacancies,

and boost the PLQY of CsPbCls NCs to near unity.?* 3% 3
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a Defect formation energy b Electronic structure

Vacancies Interstitials Antisites Defect-intolerant Defect-tolerant

(Shallow) defects — (Deep) traps
Increasing formation energy ——ly

Figure 1.3 (a) Defect formation energies of different defects in LHPs, including point
vacancies, interstitials, and antistites, and their depths in the bandgap.'® (b) Schematic
representation of electronic structures for defect-intolerant conventional semiconductors,

like CdSe, GAS, and defect-tolerant LHPs.'3

Table 1.1 compares the physical and electronic properties of conventional NCs and
LHP NCs. For optical properties and synthesis methods, LHP NCs show multiple
superiorities compared with conventional NCs. The main limitations for LHP NCs are
poor thermal stability and poor compatibility in polar solvents. Recently, some materials
scientists, chemists, and physicists are devoting themselves to address the stability
problem of LHP NCs, and develop the potential commercial applications of LHP NCs.**
36
Table 1.1 Comparison of the physical, chemical, optical properties of LHP NCs with

conventional NCs.'8

Metal chalcogenide (11— Metal chalcogenide LHP NCs
V1) and pnictide (InP) and pnictide core-
core-only NCs shell NCs
Crystal Wourtzite, zinc-blende Wourtzite, zinc- Perovskite
structure blende
Composition  CdSe, ZnSe, InP Cdse/CdS, (Cs, FA, MA)PbX3
CdSe/Cdzns, (X=ClI, Br, I)
InP/ZnS

12



Spectral 400-700 nm for metal 510-650 nm 400-700 nm
range chalcogenide; 520-700 nm
for InP
PLQY Low (0-10%) High (up to 95%) High (near unity)
PL FWHM Narrow for metal chalcogenide (<100 meV), but Narrow (<100 meV)
limited for InP
Synthesis High-temperature, High- High-temperature, Facile synthesis, possible
purity precursors, air-free long-time under ambient
conditions, Multiple
methods
Post- Only cation exchange Both cation and anion
synthesis exchange; ligand
tunability exchange
Thermal Stable Stable Limited
stability
Ambient Limited High High
stability and
photostability
Solvent Nonpolar solvents and Nonpolar solvents Only nonpolar solvents;
compatibility  polar solvents and polar solvents Dissolved in polar
solvents
Commercial  None LCD TV Under development for
applications LCD TV, LED

1.2.2 Photoelectric applications

As discussed above, lead halide perovskite NCs possess some arresting
optoelectronic properties including strong light-absorption, tunable band gap, narrow
emission line width, and high PLQY, which make them be widely used as light absorber
in solar cells or as light emitters in a range of optoelectronic devices such as solar cell,
light-emitting diodes (LEDs), single-photo sources, lasers, and X-ray scintillators.>”#°

The first report of the use of LHP in solar cells came in 2006. Miyasaka et al. used
MAPDBBE3; as a sensitizer in a dye-sensitized solar cell, and they achieved a 2.2% powder
conversion efficiency (PCE).*¢ After that, perovskite photovoltaic technology achieved a

rapid and break-through development. Until now, using LHP in the form of

polycrystalline films as light absorber, the champion PCE is 26.14%,'? placing them on
13



par with the capabilities of alternative photovoltaic technologies such as copper indium
gallium selenide (23.35%), crystalline silicon (26.8%), and GaAs SCs (29.1%).
However, using LHP NCs as light absorber, the PCE still cannot achieve 20%. In 2019,
Zhao et al. reported a layer-by-layer deposition process to achieve high-performance,
heterostructure perovskite NC solar cells.*® As shown in Figure 1.4a, a perovskite film
contains different layers of nanocrystals. In this layer-by-layer assembly, methyl acetate
(MeOAc) is used to remove the native oleate ligands and to render the deposited
nanocrystals insoluble in the solvent. Figure 1.4b shows the device structure, in which
they controlled the thickness ratio of Cso25FAo.7sPbls layer to CsPbls layer in the
perovskite QD absorber, and they achieved a high PCE of 17.39% when the ratio is 1:3.
The J-V curves of different devices with different light absorber layers are shown in

Figure 1.4c-f. Until now, 17.39% is still the maximum PCE for perovskite NC solar cells.
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Spiro-OMeTAD S £ 5 C & 4:0]g I
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ok L L L L L 0 Swabdulistutinidinbintunlil Luufl
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e f
20
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g usf TE\ g
= | — oy Bk = CsPbl, J10 &
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Figure 1.4 (a) Schematic representation of layer-by-layer assembly process. (b) Cross-

sectional STEM-HAADF image of the device structure. (d-f) J-V curves of perovskite
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NC solar cells with different light absorber layers.*

The second main optoelectronic application of LHP NCs is LED. In the past few
years, wurtzite, or zinc blende Cd-based quantum dots (QDs), like CdS, CdSe, CdTe, and
InP@ZnSeS are widely studied for quantum dot-based light emitting diodes (QLEDs).
The commercial product, QLED television, has already been well know now. Compared
with the traditional QDs, LHP NCs have higher brightness and color purity which make
them become the better substitute for QLEDs. In 2014, Friend et al. highlighted the fact
that an efficient solar cell material is generally also a good light emitter, and they firstly
fabricated high-brightness LEDs based on solution-processed organometal halide
perovskites.*’ By tuning the halide compositions in the perovskite, near-infrared, green,
and red LEDs were achieved, and their external quantum efficiencies (EQEs) are 0.76%,
0.1%, and 0.018% respectively. After that, more and more scientists devote themselves to
fabricating high-performance perovskite LEDs. Up to now, perovskite LEDs show
excellent efficiencies during total visible region. For example, the record EQEs are 12.2%
for white;>® 18.65% for blue;>! 25.85% for red;>? and 30.84% for green.> It is noted that
the high-performance LEDs are mainly based on polycrystalline perovskite films, instead
of perovskite NCs, which is as same as perovskite solar cells. In 2015, Zeng et al. firstly
reported the perovskite QLEDs using inorganic perovskite CsPbX3 NCs, but they
achieved poor EQEs (0,07% for blue; 0.12% for green; 0.09% for red).’* Surface
modification is an effective strategy to improve the optical and/or structural properties of
NCs, and optimize the performance of their optoelectronic devices. Sargent’s group report
a bipolar-shell resurfacing strategy for CsPbBr; QDs, and got effective blue LEDs.!® As
shown in Figure 1.5, they choose isopropylammonium (IPA) Br and NaBr to post-treat

the CsPbBr3 NCs, and successfully got a less long-chain ligands and bipolar-shell surface.

From the ( potential (Figure 1.5a-d), we can see that after post-treatment, the NCs’

surface has positive charge which confirms the formation of bipolar-shell. This surface
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treatment enables a high EQE of 22% for green LEDs and 12.3% for blue LEDs.
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Figure 1.5 (a-d)  potentials (left) and schematics (right) of as-synthesized, purified,
IPABr-passivated, and NaBr-passivated QD surfaces. (¢) Solids formed with resurfaced
QDs. (f) Schematic of QD surface with long-chain ligands. (g) Film cast from QDs with

long-chain ligands. Because of the ligand effect, there is a larger interdot spacing.'®

Whether solar cells or LEDs, there are two main challenges in how to fabricate
excellent NC devices: 1). How to make a dense, smooth NCs films. Especially for solar
cells, larger-sized crystals are good for current transmission, but large-sized crystals are
hardly to be spin-coated into a dense film. 2). How to remove the insulative capping
ligands on the NCs’ surface. The most reported LHP NCs are capped by oleic acid and/or

oleylamine which are detrimental to the optoelectronic devices. Ligand exchange process
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is necessary when constructing NC devices, but it is difficult to maintain the properties
of NCs after ligand exchange. Except solar cells and LEDs, LHP NCs also show great
potential in lasers and single-photon sources. For example, Sun et al. firstly reported the
vertical cavity surface emitting lasers based on colloidal CsPbX3 NCs with low threshold

72).22 By changing the halide elements, the lasing wavelength could be tuned

(9 W cm
across red, green, and blue regions. Klimov el at. highlighted that CsPbX3 NCs can serve
as room-temperature sources of quantum light, because they exbibit strong photo

antibunching that could be detected by single-dot photoluminescence measurements.*’
1.2.3 Toxicity issue of lead halide perovskites

Despite the advancements mentioned above, the presence of lead in LHPs has
aroused the concerns of environmental pollution and health problems due to the toxicity
of Pb. It should be pointed out that Pb’s toxicity results from its high ability to mimic
other metals and interfere with biological functions.’> Examples include blocking N-
methyl-D-aspartate receptors and inhibiting the formation of haem, leading to neuron
damage and anaemia, respectively.>> Currently, the use of hazardous heavy metals,
including lead, in electronic devices is regulated in the European Union, with many other
countries expected to introduce similar regulations soon.>®

Abate’s group recently studied the bioavailability of Pb from LHPs, and the Pb
uptake ability in the plants.>” As shown in Figure 1.6a-c, the plants grown in LHP-
contaminated soil have high Pb concentration both in roots, stems, and leaves. Especially
in roots, the concentration of Pb can be 130.4 mg kg™!' when the added Pb amount is 35
mg kg'!. Notably, the bioavailability of Pb from lead halide perovskite is strongly higher
than other Pb source, like Pbl,. The calculated Pb uptake ability for mint plants is above
300% as shown in Figure 1.6d. To address this problem, developing some lead-free

halide perovskites has been of primary importance.
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Figure 1.6 The concentrations of Pb in different parts of mint plants:>’ (a) roots; (b) stems;

and (c) leaves. (d) Pb uptake ability for mint plants.
1.2.4 Lead-free halide perovskites

Considering the similarity in size, charge, chemical reactivity, properties, and
structural tolerance, different nontoxic elements have been developed to replace lead in
halide perovskites. Figure 1.7 lists potential elements forming three different lead-free
perovskites, including AB"X3 structure; A2B'B"X¢ double perovskite structure; and
vacancy-ordered A,B"VX, structure.”® Among these elements, the ideal elements are in
the same group (group 14) as Pb, like tin (Sn) and germanium (Ge), which can form stable
ABXj3 perovskite structure. Recent studies have reported the preparation of Sn and Ge
based halide perovskites, and emphasized their potential in various optoelectronic
devices.>” ® In addition, combination of a monovalent cation and a trivalent cation can

form a double perovskite structure.®’ %> The monovalent cation B! can be Li, Na, K, Rb,
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Cs, Ag (Figure 1.7 d, green color), and the trivalent cation B! can be Al, Ga, In, Sb, Bi
(Figure 1.7 d, yellow color).®* ® Among them, Cs>AgBiXs has been widely studied
because of its outstanding stability, good optical properties, and long charge carrier
lifetime.®> However, most double perovskites are indirect bandgaps that it inferior for
LED applications. Another interesting structure is vacancy-ordered double perovskites,
in which, B! and B™ ions are replaced by B! ions (Zr, Hf, Te) and a vacancy, while strictly
speaking, it does not belong to the perovskite family based on its crystal structure (Figure

1.7¢).%¢
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Figure 1.7 Crystal structures of three different lead-free perovskites:*® (a) AB"Xz; (b)
A>B'B"X¢ double perovskite; (c) vacancy-ordered A2B'V X perovskites. (d) The possible

elements that can form three crystal structures shown in (a-c).

In particular, Sn-based halide perovskites (THPs) have come under the spotlight by

virtue of their low toxicity and outstanding electrical and optical properties.®® Compared
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to Pb, Sn has the same type of valence electron configuration (ns’sp?) and close ionic radii
(i.e., 1.19 and 1.18 A for six-coordinated Pb** and Sn*" ions, respectively).” !° Thus, Sn
has been considered to be ideal element to fully or partially replace Pb, leading to research
on Pb-Sn alloyed perovskites with enhanced stability.®” Although Sn is not fully non-toxic
for human beings, a negligible bioavailability of Sn from Sn-based perovskites was
confirmed because of the low water solubility of related Sn compounds.®’ Furthermore,
tin iodide perovskites show a band gap of 1.3—1.4 eV, high carrier mobilities, and long
carrier diffusion lengths, all of which favor the attainment of high-efficiency solar cells.
% In light of these advantages, THPs are becoming one of the research focuses in the

domain of halide perovskites.
1.3 Crystal and electronic structures of THP NCs

The structure of THPs is characterized as ASnX3, in which one Sn’' cation
coordinate with 6 X anions, forming corner-sharing [SnXe]* octahedra cavities
embedding the A cations. There are many similarities in the crystal structures between
Pb-based and THP perovskites. The ideal structural phase of THPs is cubic, while
octahedral tilting induces the transition to lower-symmetry tetragonal and orthorhombic
phases.”®” 7! Like Pb-based perovskites, THPs crystallize in the cubic phase at a higher
temperature, since the larger formation energy of the cubic lattice; cooling can induce the

phase transformation to octahedrally tilled variants.%® 7> As shown in Figure 1.8a, bulk

CsSnls stabilizes at the cubic phase at 227 °C, and transforms to tetragonal and

orthorhombic structures at 107 and 27 °C, respectively.” In addition to temperature-

induced phase transformation, it has revealed that other external stimuli, like pressure and
light illumination, can trigger the structural transition of Pb-based perovskites but similar
effects remain underexplored in the THP system.”* 7> Compared with three perovskite
polymorphs for CsSnlz, the yellow non-perovskite phase is more stable at room

temperature (Figure 1.8a), which is as similar as CsPbls. The lower Goldschmidt
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tolerance factors of iodine-based perovskites may contribute to the easy formation of
optically inactive yellow phase.”® The calculated Goldschmidt tolerance factors of CsPbl;
and CsSnl; are both about 0.85, which is not within the optimal range of 0.9-1.7¢ Previous
works have uncovered that the crystal structure of Pb-based perovskites is of great
relevance with the intrinsic defects, NC size, dopants, alloying, and external stimuli,
which is a variety of measurement techniques.’’ By contrast, so far there are few reports
about the structures of THP NCs. In this respect, our knowledge is only limited to the
reported cubic phase for CsSnCl; NCs and orthorhombic phase for CsSnBr3 and CsSnlz
NCs at room temperature, but their exact phase transition temperature remains unclear.”

To date, the electronic structures of THPs have been studied theoretically and
experimentally.”! Generally, their positions of valence band maximum (VBM) are
mainly determined by the antibonding hybridized Sn s and X p orbitals, whereby the X p
orbital has a major contribution. The conduction band minimum (CBM) instead consists
of the Sn p and X p orbitals, and Sn p orbital plays the major role.’? Goyal et al. compared
the electronic structures of MAPbI3, MASnI3, and MA(Pbi.xSny)I3 alloys (Figure 1.8b).
Since the binding strength of Sn s and Sn p orbitals is significantly less than the
corresponding Pb atomic orbitals, the band edges in pure MASnI3 are less strongly bound
than those in pure MAPbI3, which results in the smaller bandgaps of THPs than Pb-based
perovskites.®® For instance, the calculated bandgaps of MASnI; (1.24 eV) and CsSnls
(1.25 eV) are much smaller than their Pb-based cousins (1.59 eV for MAPbI3 and 1.72
eV for CsPbls, respectively).®? Changing the halide ions from I to Br to CI causes an
enhanced binding strength of X p, which significantly induces the downward shift of the
VBM and contributes to the tunability of bandgaps of THPs. Although A-site cation does
not directly contribute to the VBM and CBM of THPs, it can lead to the lattice distortion
or enlarged lattice volume caused by introducing a large A-site cation, such as MA™ or
FA"; this can indirectly influence the hybridization of Sn and X orbitals, leading to the
shift of VBM and CBM.*? Figure 1.8¢ shows the bandgaps of all-inorganic and organic-
inorganic hybrid THPs. We can see that the bandgap varies from 3.55 to 1.24 eV through

21



compositional engineering.
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Figure 1.8 (a) Crystal structures and temperature-dependent phase transitions of various

CsSnl; polymorphs.” (b) Schematic of electronic band structures of MAPbIs, MASnls,

and MA(Pb1xSny)I5 alloys. Shaded regions show the valence band (VB) and conduction

band (CB), and the thick lines represent the molecular orbital picture.®? (¢) Schematic of

energy level diagrams of 9 typical THPs. The bandgaps are extracted from the UV-vis

measurements, while the ionization energy (IE) and electron affinity (EA) are extracted

from the inverse photoelectron spectroscopy.®?

1.4 Synthetic method of THP NCs

The synthesis of semiconducting NCs typically relies on the “top-down” or “bottom-

up” approaches. The “top-down” approach includes the fragmentation and restructuring

of bulk solids, such as the mechanically ball-milling and chemically etching methods.®*

85 Some studies have been conducted to prepare perovskite NCs based on these methods,
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which usually produce NCs with the nonuniform shape and particle size, as well as the
unsatisfactory optical properties.®® 87 By contrast, the “bottom-up” approach involves the
crystal nucleation and growth from molecular building blocks in the liquid- or gas-phase,
such as liquid-phase soft-chemical synthesis and chemical vapor deposition (CVD).3% %
The soft-chemical approach has been widely employed for the synthesis of high-quality
colloidal Pb-based NCs with near-perfect optical properties, controlled morphologies and
sizes.” Up to now, the approaches used for the synthesis of Pb-based perovskites NCs,
including the hot-injection, ligand-assisted reprecipitation (LARP), and solvothermal
reaction, have been adopted for synthesizing THP NCs.”® %% Besides, the well-
developed gas-phase “bottom-up” synthesis is CVD, through which epitaxial growth of
perovskite nanowires (NWs) were successfully achieved on crystalline substrates.”” 8
Recently, this method has been used to produce CsSnX3 NWs, which will be discussed in

the following section.”* %

1.4.1 Hot injection method

The hot-injection approach to synthesizing colloidal perovskite NCs was firstly
developed by Kovalenko et al. in 2015.2! The as-prepared CsPbX3 NCs have uniform
morphology and excellent optical properties. Inspired by this work, for the first time,
Jellicoe et al. reported the synthesis of CsSnX3 NCs via a similar air-free hot-injection
approach.’® In their synthesis, a weakly reducing solvent, tri-n-octylphosphine (TOP) was
used to dissolve the SnX> powder, and the resulting Sn-X-TOP precursor solution was

then injected into the Cs-oleate precursor solution containing oleic acid (OA) and
oleylamine (OAm) ligands at a temperature of 170 °C. The reaction was finished within

1 min, followed by an ice-water bath for quick termination. Through compositional
engineering, colloidal CsSnX3 NCs with various halide components (X=CIl, Clo.sBros, Br,
Broslo s, I) were successfully prepared, and the optical bandgap of these NCs varies from
visible to the near-infrared region (Figure 1.9a). The morphology of the as-prepared NCs,
particularly for CsSnlz NCs, is cubic with a size of less than 20 nm (Figure 1.9b). OAm

23



and OA were chosen as surface capping ligands to stabilize the structure and morphology
of CsSnX3, but the stability of as-prepared NCs is extremely poor (e.g., the NCs were
degraded within several minutes in the ambient condition). The PLQY of the obtained
CsSnlz NCs is less than 1%, suggesting the existence of a high density of structural
defects contributing to the nonradiative recombination. In addition, one disadvantage of
this synthetic approach is the use of a large amount of expensive TOP. A possible
alternative to TOP is trioctylphosphine oxide (TOPO) that has been proven to be effective
for preparing Pb-based counterparts.!? Further investigation shows that the judicious
mixing of long-chain OAm, short-chain octylamine and octanoic acid can tune the
morphology of CsSnls from nanocubes to nanoplates (Figure 1.9¢).”!

Li et. al. recently synthesized red-emitting CsSnls NCs with cubic phase.!”! They
also used TOP as solvent to dissolve Snl,, meanwhile added Sn(0) power to suppress the
oxidation of Sn**. They selected a high ratio of Sn/Cs (6.7/1) to achieve high-quality
CsSnl3 NCs. As shown in Figure 1.9d, the sample with introduction of Sn(0) powder has
brighter red-emitting (PLQY=~6.3%), and narrower PL peak compared with the sample
without Sn(0) power (PLQY=~0.1%). An interesting finding is that the as-prepared
CsSnl3 NCs have an ultralong carrier lifetime (278.30 ns) surpassing all of the previously
reported CsSnlz NCs’ lifetimes (Figure 1.9d). We note that their emission peak is at ~725
nm (~1.7eV) that seemingly shows a strong quantum confinement effect of small-size
CsSnl3; NCs (~9 nm) since the bandgap of bulk CsSnl; is just 1.3eV. A large difference of
~0.3eV in bandgap is hard to be understanded because the calculated diameter for the
Wannier-Mott exciton of CsSnl; is only 4.4 nm.!%* This abnormal quantum confinement

effect for CsSnls NCs need to be further confirmed.
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Figure 1.9 (a) Absorbance and steady-state PL spectra of CsSnX3 NCs (X=Cl, Cl/Br, Br,
Br/l, 1) synthesized through the hot-injection approach.”® (b) TEM image of CsSnls
NCs.”® (¢) TEM image of CsSnl; nanoplates.”! (d) Absorbance and steady-state PL spectra
of CsSnl; NCs with and without Sn (0) powder treat. The inset provides digital
photographs of the Snly(TOP) precursors with and without Sn (0) powder and the

resulting NCs. (e) Normalized PL kinetics of CsSnl; NCs-Sn and CsSnl; NCs.!*!

The hot injection approach was also used for the synthesis of organic-inorganic
hybrid FASnI; NCs with a uniform particle size of ~ 10 nm.'”® Compared with the bulk
material, FASnIz NCs exhibit a 190 meV increase of the bandgap, which is attributed to
a highly disordered lattice. In addition, another interesting finding shows when the size
of FASnI3 NCs is down to several nanometers, in addition to the occurrence of a strong
quantum-confinement effect, the conduction band can evolute from a continuous band
structure to separate energy levels.'% This leads to slow carrier relaxation, suggesting its
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potential for high-efficiency photovoltaic devices that could break the Shockley-Queisser
limit.
1.4.2 Ligand-assisted reprecipitation

An alternative approach for synthesizing halide perovskite NCs is the LARP strategy,
wherein a polar solvent (DMF or DMSO) containing respective ions is quickly mixed
with a nonpolar solvent (hexane or toluene), bursting the nucleation and growth of
perovskite NCs.!% 1% The driven force of this process comes from the huge difference of
the solubilities for ions in polar and nonpolar solvents. A highly supersaturated state of
the ionic solution in the nonpolar solvent is greatly destabilized, which induces the rapid
crystallization within a few seconds even at room temperature.

In 2016, Weidman et al. prepared the Lo[ABX3]n-1BX4 perovskite nanoplatelets via
LARP, wherein L represents the long-chain ligands, butylammonium (BA) or
octylammonium; A is the Cs, FA, or MA; B is the Pb or Sn; N represents the thickness of
the nanoplatelets.”® In particular, LoSnls (n=1) and L>[FASnI3]Snls (n=2) nanoplatelets
were successfully synthesized by dropwise mixing the BAI, Csl, and Snl> ionic solution
in DMF with toluene. The thickness of the nanoplatelets can be adjusted by changing the
precursor ratio. As shown in Figure 1.10a, ¢, long-chain butylammonium ligand occupies
the site of FA™, terminating the growth of NCs along one dimension, which thus induces
the nanoplatelet morphology (Figure 1.10b, d). The average d-spacing of n=1 and n=2
nanoplatelets can be calculated as ~1.7 and 2.3 nm, respectively. Subtracting the length
of the butylammonium ligand (~0.5 nm), the exact thickness of the perovskite layer is
~0.6 nm and ~1.2 nm for n=1 and n=2 nanoplatelets, respectively, in consistence with the
one and two perovskite unit cells. In addition to the butylammonium ligand, recent reports
showed that some linear m-conjugated ligands can be incorporated into the perovskite
lattice, resulting in the improved stability, enhanced charge carrier mobility, and inhibited
ion diffusion of THP films. We point out that such ligands might be used for surface

passivation of THP NCs.!?-1% Recently, Chen et al. reported to use LARP method to
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prepare FASnI3 NCs.!!? They tried different polar solvents, like DMF, DMSO, GBL and
NMP, and different nonpolar solvent, like CB, CF, Pxylene, hexane, MeOAc, octane, and
DE. Small sized FASnI3 NCs were successfully obtained (~7.1 nm), but the morphology
and optical properties are poor. One remaining challenge for LARP is the rapid reaction
rate in this crystallization process, making it difficult to control the shape and quality of

NCs.

Figure 1.10 (a) Structural model of L>[ASnl3],-1Snl4 nanoplates for n=1. (b) TEM image
of L>[ASnl3],.1Snls nanoplates for n=1. (c) Structural model of L>[ASnl3]n-1Snls

nanoplates for n=2. (d) TEM image of L2[ASnI3]s.1Snls nanoplates for n=2.%
1.4.3 Chemical vapor deposition

Different from the solution-phase synthetic approaches, the CVD process needs a
higher temperature, longer reaction time, and precise control of gas flow rate and vapor
pressure. Normally, this process enables the epitaxial growth of low-dimensional
perovskite NCs, like NWs, nanosheets, and so on.””> ' 112 The use of CVD approach for
perovskite NCs dates back to 2015. High-quality MAPbl; NWs were successfully
synthesized by a two-step reaction process, using Pbl> and MAI salts as the precursors.!!?

Thereafter, the low-dimensional perovskite NCs prepared by CVD have attracted much
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attention owing to their high stability, excellent crystallinity, and great performance in

various optoelectronic applications. The synthesis of THP NWs via CVD was firstly

reported in 2019 by Chen et al. They used CsSnX3 ingots prepared at 550 °C as the

precursor, and fluorophlogopite mica as the substrate for epitaxial growth.”> CsSnXs

ingots were placed in the middle of a special tube-in-tube reactor, and heated at a high

temperature of 280 °C for generating evaporated precursors, which were then carried by

the controlled flowing argon gas to the mica substrate for crystallization (Figure 1.11 a).
Normally, the crystallization and growth of THPs are highly dependent on the purity of
Sn** reagent, because trace Sn*" impurity can impact the quality of the crystals. However,
the CVD route can avoid this obstacle since the Snl4 can decompose to Snl; and I, at a
high temperature. As shown in Figure 1.11 b, even using CsI+Snl4 as the starting reagents
to prepare CsSnls ingots, the XRD results indicate that the as-synthesized CsSnl3 NWs
still hold pure orthorhombic CsSnl3 perovskite phase, consistent with that of CsSnl; NWs
prepared using CsI+Snl> reagents. The optical microscopy images confirm the formation
of CsSnl; NWs, and display their unique shapes relevant to growth times (Figure 1.11 c,
e). After 1 h, the diameters of NWs range from a few hundred nanometers to several
micrometers, and the length of NWs is several hundred micrometers (Figure 1.11 ¢). The
Cs, Sn, and I elements are uniformly distributed over the NWs, as well as the ratio of
these elements is near 1:1:3 (Figure 1.11 d). After 2 h reaction time, longer and wider
NWs are produced, which are interconnected to form hexagonal networks (Figure 1.11
e). Besides the CsSnl; NWs, well-oriented and high-crystalline CsSnBrs NWs can also
be produced using CsSnBr3 ingots as the precursor. It was found that the growth of
CsSnBr3; NWs is also tolerant for Sn*" impurity; even using SnBr4 agent can lead to phase-
pure CsSnBrs NWs. The CVD approach thus not only provides a new route to control the
morphology of THP NCs, but also can eliminate the deleterious effect of trace Sn*'
impurity, which is beneficial for optoelectronic applications.

A subsequent work reported the syntheses of CsSnCls, CsSnBr3, CsSnls, and
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CsSnBrl, NWs through a modified CVD process.” Instead of using the CsSnX3 ingots,
they directly used CsX and SnX> as the precursors to grow CsSnX3 NWs. A possible
growth mechanism for CsSnX3 NWs is that the decomposed Cs, Sn, and X atoms from
their precursors at high temperatures were carried by argon gas to the mica substrate for
epitaxial growth. Owing to the lattice mismatch between the mica substrate and CsSnX3,
the crystallization process is restricted along two dimensions, producing high-orientated
one-dimension CsSnX3 NWs. The peculiar morphology of CsSnX3 NWs makes CsSnX3
NWs attractive for use in photodetectors. For instance, the CsSnls NW photodetector
showed a responsivity of 54 mA/W, a detectivity of 3.85 x 10° J, and fast response
rise/decay times of 83.8 ms/243.4ms,” which hold promise for medical imaging, night
vision, environmental sensing, and so on. Of note, until now there are only two studies
concerning the synthesis of THP NCs by CVD, and only THP NWs arrays can be achieved
on the mica substrate. Thanks to the slower and more controlled crystallization rate
compared with solution synthesis routes, CVD ought to be suitable for the growth of THP
NCs with other uniform, highly ordered morphology, which might be accomplished by

changing the substrate, precursors, growth temperature and pressure, and so forth.
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Figure 1.11. (a) Schematic illustration of the Sn*'-tolerant CVD epitaxial growth of
CsSnX3 NWs. (b) XRD patterns of CsSnls NWs prepared by Snl> and Snls regents,
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respectively. (c) Optical microscopy image of CsSnls NWs grown at 280 °C for 1 h. (d)
EDS mapping of a CsSnls NW network. (e) Optical microscopy image of CsSnl; NWs
grown at 280 °C for 2 h.”

So far, various approaches have been proposed to synthesize THP NCs, but each has
pros and cos. At present, the hot-injection approach seems to be the most suitable for the
synthesis of high-quality THP NCs with a relatively high PLQY and uniform size.*°
However, it requires a high temperature to promote the nucleation and growth of NCs,
and is hard to scale up for a large-scale synthesis. By contrast, the LARP approach can be
realized at room temperature and is easier to yield NCs in large quantities. Thanks to the
high polarity of good solvents (DMF or DMSO), some potential additives that have poor
solubility in nonpolar solvents can be attempted in the LARP synthesis, which leads to
additional levers for improving NCs’ quality. Nevertheless, controlling the reaction rate
is challenging, because the reprecipitation process is finished within several seconds that
makes it difficult to control the morphology or crystal quality of NCs. The CVD approach
can produce high-oriented THP NCs based on the epitaxial growth, but requires a higher
temperature, longer reaction time, and precise control of gas flow rate and vapor pressure.

Apart from the aforementioned synthesis approaches, the soft ionic crystal structure
of halide perovskite NCs makes them readily get access to other facile synthetic
approaches, like solvothermal reaction,!'* microwave-assisted synthesis,!’> and
sonication-assisted reaction,!'® which have been developed for preparing Pb-based NCs
but are not extended to the THP system. We believe that concentrated efforts in this
direction may aid in developing new synthetic routes to obtain THP NCs with controlled

size, morphology, and outstanding photophysical properties.

1.5 Approaches to enhancing the photophysical properties and stability of THP
NCs

The excellent defect tolerance nature of Pb-based perovskite NCs makes them show
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outstanding optical properties even without any surface modification, but THP NCs seem
not to hold this merit. DFT calculations revealed that the Sn vacancy has a very low
formation energy and can contribute the electronic state between the CB and VB,
behaving as a deep trap for electronic or holes.”® Therefore, suppressing the formation of
Sn vacancies is an effective approach to enhancing the optical properties of THP NCs. In
addition, the easy oxidization of Sn** to Sn*" is another crucial factor causing low PLQY
and poor stability of THP NCs, on account of the lattice deformation induced by Sn**
self-doping effect.!!” In the past five years, some approaches have been provided to
retarding this oxidization process during the preparation of THP films, such as using
reducing atmosphere, antioxidative additive, and ligand protection, some of which, as we
consider, could be extended to the synthesis of THP NCs.!!8-120 [n the following sections,
I will discuss the recent efforts on enhancing the optical properties and stability of THP
NCs.

1.5.1 Precursor engineering

To better understand the defect nature in CsSnl; NCs, and to effectively suppress the
formation of detrimental structural defects contributing to nonradiative recombination,
Liu et al. carried out detailed DFT calculations and molecular dynamics simulations to
gain deep insight into the characteristics of various point defects and their impact on the
photophysical properties.”® The calculated formation energies of three vacancies (Vs,
Vsn, and V1), two antisites (Cssn and Sni), and one interstitial (I;) show that Vs, has the
lowest formation energy and is the dominant defect under the Sn-poor condition (Figure
1.12a). A distinct trend is that increasing the chemical potential of Sn can increase the
formation energies of Vsi, Vs, Cssn, and I;, but decrease the formation energies of Vi and
Sni. Notably, Vsainduces the deep trap level between the VB and CB (at 0.21 eV above
the VBM), while other defects contribute to the shallow levels near the VB or VB (Figure
1.12b). As a result, only Vsn can exert a significant impact on the charge-carrier

recombination in CsSnls. Using the molecular dynamics simulations, the vibrations of the
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VBM and CBM were tracked (Figure 1.12¢, d). Compared with the pristine CsSnls, a
larger variation in the bandgap for the Vg-containing cousin signifies that the distortion
caused by Vs, leads to the change in its crystal geometry and therefore broadening of the
emission of CsSnls. These computational results suggest that suppressing the formation

of Vg can not only increase the PLQY but also result in a narrow-band emission from

CsSnls.

For CsPbCl; NCs, increasing the Cl concentration in the synthesis via precursor
engineering has been successfully conducted to decrease the density of Cl vacancies and
enhance the NC’s optical properties.”® The key point for the synthesis is the precise
control of the ratio of precursors. Being in this regime, Liu ef al. judiciously employed
Cs-oleate, tin (II) 2-ethylhexanote (Sn(Oct)2), and trimethylsilyl iodide (TMSI) as Cs, Sn,
and I precursors, respectively (Figure 1.12e). Notably, increasing the chemical potential
of Sn via changing the precursor ratio of Cs:Sn:I from 0.25:3:3 to 0.25:4.8:3 enhances the
PLQYs of CsSnl3 NCs from 4.3% to 18.4%. The full width at half-maximum (fwhm) of
the emission decreases from 93 to 77 nm with changing the precursor ratio from 0.25:3:3
to 0.25:4.2:3 (Figure 1.12f). The experimental results are consistent with the theoretical
prediction.”® However, for the sample of 0.25:4.8:3, the fwhm increases to 79 nm because
of the formation of large crystals and some by-products. Solid-state '**Cs magic angle
spinning (MAS) NMR spectra show that the sample synthesized under the Sn-rich
condition has a narrower Cs signal compared with those synthesized under the Sn-poor
condition, indicating the improved crystal quality. It is interesting to note that the ligand
densities of OA/OAm and TOP are extremely low, 1.8 nm 2 for OA/OAm and 2.0 nm >
for TOP. It is also noted that imperfect passivation of NC surface by capping ligands may
cause the occurrence of certain surface trap states that could significantly influence
optical properties. It is thus believed that ligand engineering can be used as an effective
strategy to further boost the PLQY of CsSnlz NCs. The concept of theory-guided

synthesis in this work may be applicable to other THP NCs.!%®
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Figure 1.12. (a) Calculated defect formation energies of for 2 x 2 x 2 orthorhombic
CsSnlz supercell at Sn-poor, moderate, and Sn-rich conditions. (b) Defect charge-
transition levels of CsSnls. (¢, d) Time evolution of the valence band maximum (VBM),
conduction band minimum (CBM), and defect state calculations for non-defect CsSnl;
(¢), and Vg-containing CsSnl3 (d), at 300 K. (e) Schematic illustration of the colloidal
synthesis of CsSnX3 NCs via precursor engineering. (f) Absorbance and steady-state PL

spectra of CsSnl; NCs with different Cs:Sn:I ratios.”
1.5.2 Ligand engineering

Surface capping ligands always have been considered to play an important role in
determining the photophysical properties of semiconducting NCs. The traditional ligands
for colloidal halide perovskite NCs are long-chain OAm and OA, which maintain the
cubic morphology as well as crystal structure of NCs, while some short-chain ligands like
octylamine and octanoic acid could induce the low-dimensional morphologies such as
nanosheets.!?! In addition, other appropriate ligands can also passivate surface defects,
resulting in highly luminescent perovskite NCs and/or notable enhancement of structural
stability.> 22 Besides, some application-minded scientists and engineers are always
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committed to finding appropriate conductive ligands to enhance their performance in
solar cells or LED devices.!?* 2* To address the structural instability of THP NCs, it is
necessary to exchange the OAm and OA with some peculiar ligands that can effectively
protect NCs. For example, perfluorooctanoic acid (PFOA) with a strong electron-
withdrawing group was reported to act as an effective ligand to stabilize Sn** species in
THP NCs.?? The obtained CsSnBr; NCs show decent stability under ambient environment
and light illumination.

Recently, Kang ef al. used antioxidative oxalate ligand to improve the stability of
THP NCs.!® They chose stannous oxalate (SnC204), Cs2COs, and NH4l as the precursors
of Sn, Cs, and I, respectively, to prepare CsSnl3 NCs via the hot-injection approach. The
yielded CsSnlz NCs (denoted as SnC>04-CsSnlz) maintain their perovskite structure after
reaction and centrifugation process. After storing the SnC204-CsSnl3 NCs solution in N2
for 20 days (Figure 1.13a), no color change was observed, suggesting superior stability.
It was found that these NCs can maintain their original perovskite structure for almost 15
days in the N2 and 12 h in the air. With further prolonging the storage time in the air,
SnC204-CsSnl; NCs undergo a phase transition from CsSnls to Cs2Snls (Figure 1.13b).
In addition, stable CsSnCls and CsSnBr3; NCs can also be obtained by this means. The
origin of improved stability can be considered as two aspects. One is the strong
antioxidative capability of the SnC>O4 precursor, possibly suppressing the in-situ
oxidation process during the synthesis. The other is the strong coordination of the oxalate
ligand with Sn ions forming stable chelates (Figure 1.13c), hence preventing the
decomposition of NCs. Kang ef al. also used SnO and Snl; to replace SnC,04 as the Sn
source. For the case of SnO, it was found that the color of the rude solution changes from
black to colorless within several seconds after injecting the Cs2COj; stock solution,
indicating the quick degradation of NCs. When using Snl; as the precursor, the obtained
sample decomposed quickly when exposed to air; even under N> environment, the
degradation occurs within 40 min (Figure 1.13a). It is noted that the PLQY of CsSnX3
NCs is extremely low, suggesting the existence of a high density of defects leading to
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strong nonradiative recombination. We envision that employing other antioxidative and

conductive ligands, like phenolsulfonic acid and 2-aminophenol-4-sulfonic acid, deserve

to be explored to produce THP NCs with enhanced stability and decent optical property.'?®
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Figure 1.13. (a) Stability comparison between the Snl>-CsSnlz NCs and SnC204-CsSnl;
NCs stored in the N>. (b) XRD patterns of SnC>04-CsSnl; NCs after storage in the N»
and air for different times. (c) Schematic illustration of the surface ligands for SnC>04-

CsSnlz NCs.'?
1.5.3 Alloyed structure

Alloyed structure construction is another widely employed strategy to regulate the
optoelectrical properties and enhance the stability of halide perovskite NCs. For instance,
in the Pb-based perovskite category, alloyed CsPbo.¢4Zno 3613 NCs show near-unity PLQY

7 alloying Cd*" into the lattice of

and maintain the o perovskite phase for 70 days;!?
perovskite NCs can tune the bandgap and influence crystal structures of NCs.!?% 12 For
THPs, the most studied alloyed structure is the SnPb alloyed perovskite films, showing
not only enhanced device efficiency, but also bandgap tunability and better structural

stability.” Recently, SnPb alloyed halide perovskite NCs were also synthesized, which

display superior stability compared with pure Sn- and Pb-based perovskite
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counterparts, 3% 13!

The first synthesis of alloyed CsSnixPbxIzs NCs was reported in 2017, using TOP to
dissolve Snl> and Pbl, precursors.'*® Increasing the feeding ratio of Pbl»/Snl, can tune x
from 0 to 3, with the decrease of the bandgaps. Among all alloyed NCs, CsSng.sPbo.4l3
NCs are of the most interest because of the less content of Pb and the widest range of
light absorption. The extremely poor stability of pure CsSnlz NCs is always an important
challenge, which can be seen in the Figure 1.14a. In the air, the color of the prepared
CsSnl3; NCs changes from black to clear within 10 min, indicating the fast degradation of
NCs. Even under the N> atmosphere, the degradation also happens within 40 min. By
contrast, the color of alloyed CsSno.sPbo.4ls NCs almost does not change up to 150 days
in air. It was found that the structure of CsSno.sPbo 413 NC films remain unchanged for one
month when exposed in air (Figure 1.14c¢), whereas pure CsSnlz NC films gradually
degrade into the yellow non-perovskite phase within 3 days (Figure 1.14b). Liu et al.
proposed a plausible mechanism for the improved stability of SnPb perovskite NCs:
compared with CsSnl3 NCs, the introduction of Pb?" gives rise to the change in the ionic
charge at the B site, resulting in a decreased Coulomb energy, then leading to a more
stable structure; compared with pure CsPbls NCs, the improved phase stability could be
rationalized by the increase in the Goldschmidt tolerance factor owing to the smaller ionic
radius of Sn?* than Pb?"."*! Despite with enhanced stability, CsSnixPbxIs NCs show low
PLQYs of only 0.3%~3% (x=0.4-0.8). With increasing the concentration of Sn, the PLQY
becomes lower, which may result from the increased intrinsic Sn vacancies. Hence, the
suppression of Sn vacancies may be essential not only for pure CsSnlz NCs but also for
SnPb perovskite NCs.

Interestingly, it was found that the PLQY of alloyed CsSnosPbo4ls NCs can be
increased from ~0.3% to ~28% via sodium (Na) doping (Figure 1.14d).!*? X-ray
photoelectron spectroscopy (XPS) measurement shows that the binding energies of Cs,
Sn, and I all shift to higher energies after Na doping, indicating the enhanced chemical
interactions between Cs*, Sn?*, and I". As a result, the diffusion and dissociation of these
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ions are strongly restrained, mitigating the formation of some point defects. Detailed
theoretical calculations reveal that Na ions prefer to locate at the surface of CsSno.¢Pbo.4l3
NCs, and occupy the interstitial sites because of their small ionic size.'** Upon Na doping,
the newly formed Na-I bonding on the surface layer can induce a decrease in the covalent
bonding between the surface I" and central Sn?* ions. As a result, this charge redistribution
promotes the enhancement in the covalent bonding of the surface Sn-I bonds, therefore
suppressing the formation of Sn and/or I vacancies. Besides, the binding energies of OAm
and OA ligands are also enhanced upon the incorporation of Na ions, contributing to
passivate the surface dangling bonds of NCs. However, the optical stability of Na-doped
CsSno.6Pbo.4lz NCs is poor. The PLQY degrades from ~28% to 4% after 24 h, which may
result from the easy migration of the small-sized Na dopant. We believe that employing
other kinds of dopants to passivate structural defects of SnPb perovskite NCs could also
be considered,'** since doping engineering is a traditional wisdom to enhance the
photophysical properties of semiconducting NCs.
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Figure 1.14. (a) Stability comparison between the CsSnl; NCs and CsSno.cPbo4ls NCs
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stored in the air. (b, c) XRD patterns of CsSnl3 NC film (b) and CsSno.¢Pbo.4lz NC film
(c) after storage in air for different times.'*® (d) Schematic illustration of the increase in

PLQY for Na-doped CsSng ¢Pbo.4l3 NCs.!*2
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It is obvious that the introduction of Pb in the perovskite lattice is not a wise choice
on account of the environmental impact. The recently developed SnGe alloyed perovskite
NCs can avoid the toxicity issue.!>® The synthetic route is followed the traditional hot-
injection approach by mixing equal-ratio Snl> and Gel,. The as-prepared CsSno.sGeo.sl3
NCs, with a size of ~9.4 nm, have an orthorhombic structure. Optical characterizations
show that the absorption onset and PL peak from CsSno.sGeosls NCs have a clear blue
shift compared with that of pure CsSnlz NCs, indicating a wider bandgap upon the
incorporation of Ge into the CsSnls lattice (Figure 1.15a). However, two different
emission peaks, centered at 725 and 782 nm, are observed (Figure 1.15b). The main
emission peak at 782 nm is derived from the CsSnosGeo.sls nanocubes with uniform
morphology, while the other PL sub-peak at 725 nm may be ascribed to the formed some
nanorods with a smaller diameter of ~4.5 nm. Strong quantum confinement effect in the
nanorods results in the blue shift of the PL peak, which also has been observed in the pure
CsSnl; nanorods.”® A slight increase in PLQY from 0.16% for pure CsSnl3 NCs to 0.95%
for CsSnop ¢Geo.4l3 NCs indicates partial suppression of Sn vacancies in NCs. In addition,
the stability of CsSno.sGeo.sls NCs is much higher than unalloyed ones. As shown in
Figure 1.15¢, the PLQY's of pure CsSnl; NCs decreased to below 30% of the initial value
after 30 min in air, while CsSno 6Geo .43 NCs still maintain about 80 % of the initial PLQY
after 30 min. Figure 1.15d illustrates the possible alloying effect of Ge*" ions in the
perovskite lattice. Apart from the partial replacement of Sn** with Ge**, Ge*" ions also
could fill in the Sn vacancies, therefore improve the optical properties of NCs. The
enhanced stability of alloyed SnGe perovskite NCs can be rationalized as two aspects: (7)
the increased Goldschmidt tolerance factor upon the involvement of Ge is beneficial for
the structural stability; (i7) the activation barrier towards water or oxygen penetration of
alloyed SnGe perovskite is higher than pure Sn perovskite, indicating the better protection
against ambient environment of Ge related termination layer on the NC surface (Figure
1.15d). Alloyed CsSno.sGeo4ls NCs also have been applied in the preparation of solar
cells as a light-absorbing material, and the resultant device displays a high PCE of 4.9%,
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much better than using CsSnlz NCs.!3
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Figure 1.15. (a) Absorption (solid lines) and PL (dash lines) of CsSnl3 and CsSno.sGeo.4l3
NCs. (b) Deconvolution of the PL profile of CsSnosGeo.slz NCs. (c¢) Time-dependent
PLQYs of CsSnlz and CsSno.¢Geo.slzs NCs stored in the air. (d) Schematic illustration of
the Ge filling effect in the Sn vacancies and the replacement of Sn by Ge in the NC

structure. !>

However, both alloyed SnPb and SnGe perovskite NCs show much lower PLQY's
than their Pb-based analogues, which is the dominant obstacle for their optoelectronic
applications, especially for light-emitting devices, suggesting the necessity to further in-
depth investigation of defect chemistry in these alloyed structures. Furthermore,
considering the facts that alloyed SnPb NCs cannot avoid the use of toxic Pb and Ge-
related reagents are highly expensive, exploring environmental benign, low-cost metal-
containing chemicals for the synthesis of alloyed Sn-based perovskites might lead to the
discovery of more attractive materials.'?” 136

I point out that THP NCs synthesized by each approach are still much inferior to Pb-

based counterparts. To improve both the photophysical properties and stability of THP
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NCs, I believe that it is necessary to combine the aforementioned strategies. For example,
precursor engineering enables minimizing the occurrence of Vs, in the CsSnX3 NCs but
cannot simultaneously results in perfect surface passivation by ligands used in the
reaction,”® which could be overcome via ligand engineering to cap NCs or by exploiting

alloyed structures to increase the defect formation energy.
1.6 Challenges in THP NCs
1.6.1 Synthetic chemistry of THP NCs

At present, the scope of THP NCs that can be synthesized is still limited owing to
our poor understanding of their synthetic chemistry. Most studies are related to the
synthesis of all-inorganic CsSnX3 NCs, while organic-inorganic hybrid THP NCs are
seldom reported. In the perovskite community, the investigations of some fundamental
issues in terms of material chemistry and physics are intimately linked to the
optoelectronic applications, either for the benchmark energy conversion efficiencies or
the enhanced environmental and operational stability. Although it still remains unclear
which is the best choice for devices among all-inorganic and hybrid THPs, previous
experiments evidences that solar cells constructed by hybrid THPs, especially FASnl; or
its derivatives, show much higher power conversion efficiencies than those based on
CsSnX3.130: 131135, 137 138 1¢ §q noted that when the size of FASnI3 NCs is down to several
nanometers, in addition to the occurrence of a strong quantum-confinement effect, the
conduction band can evolute from a continuous band structure to separate energy
levels.'% This leads to slow carrier relaxation, suggesting its potential for high-efficiency
photovoltaic devices that could break the Shockley-Queisser limit. We thus believe that
extending the synthesis of tin-based NCs to hybrid ones could not only enrich the library
of halide perovskite NCs but also lead to a comprehensive understanding of synthetic
chemistry of THP NCs. Besides, the knowledge gained in three-dimensional THP NCs
might be applied to low-dimensional hybrid counterparts or low-dimensional/three-
dimensional hybrid structures.'?’
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Of note, the present synthetic routes to THP NCs are still limited, which is in sharp
contrast to those to Pb-based counterparts. The hot-injection approach, which is the only
way to highly luminescent THP NCs, is not convenient enough compared with room-
temperature synthesis strategies.> ''® Developing more facile synthetic methods, like
those successfully used in Pb-based NCs such as LARP and sonication strategies, can
facilitate the large-scale and low-cost production of THP NCs. Furthermore, the rapid
nucleation and growth of THPs, as met in the preparation of Sn-based films, also exists
in the synthesis of NCs. Therefore, gaining a deep understanding of the underlying
crystallization kinetics and thermodynamics of crystal nucleation, as well as rationally
screening the approaches to regulating the nucleation and growth process becomes
increasingly important for obtaining THP NCs with outstanding physical and chemical
properties. Beyond this, addressing this issue may aid in precise control over defect states
in THP NCs. We also underscore that, other synthetic strategies, especially CVD and
epitaxial growth, are worthwhile deeply pursuing to grow THP NCs in the form of
nanowires and nanoplatelets, which might lead to interesting nanostructures such as

heterojunctions.
1.6.2 Sn oxidation

Like the case in THP polycrystalline films, the trace amount of Sn*" may cause self-
doping of Sn*" into the lattice of THP NCs, and then destroy the perovskite structure. As
a result, Sn*" self-doping is an important factor influencing the optical and physical
properties of THP NCs. How to avoid in-situ oxidation of Sn** moieties during the
synthesis and purification process of THP NCs is an important issue needed to be soundly
resolved. Even under nitrogen atmosphere, it is still hard to restrain oxidation eventually,
as recent findings point out the oxidation of THP in the absence of oxygen.'*’ Motivated
by the successful routes in the preparation of THP films, we highlight that introducing
some reductive additives could be tested to realize in-situ reduction of Sn**, which may

be beneficial for synthesizing high-quality THP NCs.
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Previous work shows that the quality of the FASnl; is of fundamental importance in
order to study the real electrical property of Sn-based perovskites, as the neat material
showed a PL and absorption characteristic dominated by the high self-doping related to
the oxidation of Sn.'*! At present, efficient and reliable tuning of carrier density remains
much more challenging in THP NCs than that in Pb halide perovskite NCs, because of a
limited understanding of their defect states. We believe that there can be no doubt that
THP NCs represent a fertile playground for further investigating electrical properties of
Sn-based perovskites, which could lead to reliable and efficient tuning of charge-carrier

density.'*?
1.6.3 Surface states and structure of THP NCs

In ABX3 perovskites, the larger and polarizable ionic components, as well as the
lower charge on the X site, result in weaker coulombic interactions and softer ionic
bonding within THP NCs, which could enable the occurrence of a mobile and sensitive
surface that favors atomic reconstruction and irregularities.'* In the domain of Pb-based
perovskites from nano to bulk, the surface often plays a key role in determining the
physical and chemical properties, thus motivating intensive studies in the understanding
of perovskite surface and surface strategies towards boosting the efficiency and stability
of optoelectronic devices.'*® In marked contrast, our knowledge on the origins of surface
states in THP NCs is rather limited. This emphasizes the importance of making efforts in
identifying surface defect states for rationally developing surface passivation strategies
without laborious trial and error. We believe that THP NCs can be used model systems
for the surface study of Sn-based perovskites owing to the large surface-to-volume ratio.
In addition to surface states, our understanding of the long-range structure and defect
states in the inner part of NCs remains almost blank. We envision that future works in this
regard can refer to excellent demonstrations in Pb-based NCs.””> 1%+ 145 The benefits in
this direction will not only enrich the knowledge bank of defects and structure in halide

perovskite NCs but also aid in intentionally tuning them to endow with near-perfect
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optoelectronic properties.
1.6.4 Stability of THP NCs

Like Pb-based counterparts, the soft and ionic nature of THP NCs renders them
susceptible to larger lattice deformations upon external stimuli. The poor stability of THP
NCs against heat, light, oxygen, and humidity is the primary challenge that needs to be
addressed to pave the way for technological applications, although this is not a problem
at the level of experimental testing. The dominating reason for the poor stability is the
easy oxidization of Sn?" into Sn*". We envision that two concepts can be adopted to boost
the stability of THP NCs. Since the conversion of Sn** to Sn*" preferentially takes place
at the surface of NCs, developing perfect surface passivation approaches that can make
the surface immune from the interaction with O2/H20 should be the first priority. To this
end, appropriate ligand protection is one effective method. Recently, the reported cross-
linked MAPbBr; NCs have achieved excellent stability un-der harsh environments over
1.5 years.!# It is reasonable to expect that similar ligand engineering could also make
THP NC’s surface almost immune to external stimuli when perfect coordination of
surface atoms with ligands is realized. In addition, the design of core-shell structure is
also possible to enhance the NC’s stability.!*” For instance, previous works have shown
that SiO»-encapsulated LHP NCs possess great stability against air or water.!*® 14
Construction of core-shell THP perovskite NCs may not only improve their structural and
optical stabilities but also enhance their performance in NC optoelectronic devices. The
second concept, reconstructing the perovskite lattice via introducing foreign elements,
can be considered, because this could increase the defect formation energy and thus
decrease the density of detrimental structural defects. This could be achieved by doping

engineering or forming alloyed structures.
1.6.5 PLQYs of THP NCs

It is noted that, although the THP NCs were first synthesized in 2016, their
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relatively high PLQY was not realized yet.®® Although the reported theory-guided
precursor engineering is an effective strategy to suppress the formation of Vs, during the
synthesis of THP NCs, the highest PLQY is only 18.4%, still far from nearly 100% as
demonstrated in the Pb-based perovskites. There hence exists much room for further
improvement of the photophysical properties of THP NCs. We believed that, even under
the Sn-rich synthetic condition, the formation of structural defects like Vs, in the CsSnX3
NCs is inevitable because of the features of their fast nucleation and growth and the
dynamic change in the precursor ratios in the synthesis process. Only regulating the
chemical potential of Sn might not eliminate the Vs, completely. One plausible strategy
is to choose appropriate dopant to fill Sn vacancies. Metal doping is a powerful and
widely used in Pb-based perovskites to either increase the defect formation energy or
endow NCs with new photophysical properties.'** Recently, Wu et al. successfully doped
Mn?" and In*" in the bulk CsSnCls, and obtain stable crystals with ~2% PLQY,'° but
related strategies have not been reported in the NCs. We point out that metal doping could
be fully explored in the domain of THP NCs, which may boost their optical properties
and stability. Of note, although computational screening could provide more suggestions
and guidance for the judicious choice of optimal synthetic conditions, the predictions
should be experimentally verified as thermodynamic equilibrium growth conditions are

typically considered for a given material.”
1.7 Thesis motivations and organization

Lead halide perovskites contain highly toxic lead element, raising critical concerns
of environmental pollution and health problems. To address this issue, tin halide
perovskites have been pushed to the forefront of the perovskite research owing to their
eco-friendly merit and tantalizing photophysical properties. Among them, organic-
inorganic tin halide perovskites show better application prospect compared with all-
inorganic tin halide perovskites, since the power conversion efficiencies of solar cells

based on formamidinium tin iodide (FASnl3) are higher than those based on all-inorganic
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cousins. However, instead of the research progress on polycrystalline FASnl3 films,
studies on FASnl3 micro/nano crystals much lag than lead halide perovskites.

Different with lead halide perovskites, FASnl3 has poor defect-tolerance, impeding
the preparation of high-quality crystals. Some interesting photophysical properties of
FASnI; were observed, such as bandgap widening by structural distortion; slow carrier
relaxation for small-sized NCs. Notably, the objects they used for studying the structure-
photophysical properties feature massive defect concentrations that lead to extremely low
PLQYs. To better understand the structure-photophysical properties of FASnI3 crystals, it
is necessary to develop a novelty synthesis route for highly luminescent FASnl3 crystals.
In addition, researches regarding the FASnl; NCs are much limited. Poor stability and
poor optical properties of FASnI3 NCs are present challenges. How to choose appropriate
ligands and design a general synthesis route for high-quality FASnIz NCs will pay the
way for varied tin halide perovskite optoelectronic applications.

In Chapter 2, I developed a precursor strategy for getting both low-quality and high-
quality FASnI; microcrystals. Under Sn-rich reaction condition, the PLQY of FASnl;
microcrystals could be increased to 8.0%, while that of FASnI3 microcrystals synthesized
under Sn-poor reaction condition was only 3.8%, suggesting the controlled structural
defects by rationally tuning the reactant ratios. An unconventional bandgap widening by
0.23 eV for the low-quality FASnl; microcrystals was observed, which is caused by
defect-induced structural distortion based on the analysis of X-ray photoelectron
spectroscopy, solid-state nuclear magnetic resonance, and optical characterizations. Air-
induced degradation of FASnI; microcrystals also lead to the widened bandgap because
of the generated structural defects. Finally, temperature-dependent photoluminescence
measurements lead me to the discovery of a new near-infrared photoluminescence band
between 185 K and 10 K and the negative thermal quenching in a broad range of 110-200
K, both of which originate from structural defects. The knowledge gained in this research
may not only offer a plausible roadmap to prepare high-quality organic-inorganic tin
halide perovskite crystals but can also deepen our understanding on the relationship
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between defects and photophysical properties of tin-based perovskites.

In Chapter 3, I innovatively develop a new kind of zwitterionic capping ligand,
phosphatidylcholine, for FASnl; NCs. The motivations for me to develop new ligand are
two-fold. Firstly, traditional anionic and cationic surface ligands, such as oleate (OA"),
oleylammonium (OAm"), highly dynamic binding exists between the surface capping
ligands and the oppositely charged NC surface ions, together with a mutual equilibrium
between the ionized and molecular forms of these ligands, resulting in the poor colloidal
and structural stability of tin halide perovskite NCs. Secondly, during the nucleation and
growth, amine-related Ruddlesden-Popper (RP) 2D perovskite phases, such as OAm»Snly,
usually crystallize as impurities in the final products. To get stable FASnI3 NCs and avoid
the crystallization of RP 2D perovskites, I chose zwitterionic phosphatidylcholine as
surface capping ligands. The phosphatidylcholine-capped FASnlz NCs had a mean edge
size of ~30 nm and ~1.2% PLQY. Stability tests show that they have excellent colloidal
stability in glovebox for 30 days, and great structural stability for 14 days. Temperature-
dependent synthesis also suggests that phosphatidylcholine-capped FASnI; NCs could be
synthesized during a wide temperature range from 25 °C to 150 °C. My research here
provides a new synthesis route for stable FASnI3 NCs that could be beneficial for further
structural modification or optoelectronic applications.

In Chapter 4, based on the research in Chapter 3, I develop a surface modification
strategy to greatly improve the optical properties of FASnlz NCs. I started with the
theoretical calculations which suggests that creating a Sn-rich reaction condition and
achieving quasi-Al-terminated surface is a necessary route for highly luminescent FASnlI;
NCs. A novelty synthesis was then provided, in which, the precursor ratio of FA: Sn: I
was controlled to 0.2: 1.4: 1, and 2-thiophenemethylammonium (TEA™) as well as sodium
(Na") was introduced for realizing TEAI/Nal-terminated surface. This effort led to a
record PLQY of 36.9+0.7%, highly larger than all reported tin halide perovskite NCs.
Detailed analysis, including X-ray photoelectron spectra, inductively coupled plasma
optical emission spectrometry, energy-dispersive X-ray spectroscopy, and (-potential
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elucidates the surface modification effect by TEA" and Na’. Additionally, my synthesis
concept could be extended for FA/Cs alloying NCs that also exhibited high PLQY's. The
synthesis route here for highly luminescent FASnlz NCs could accelerate the research
progress regarding tin halide perovskite NCs not only in understanding the structural-
photophysical properties of organic-inorganic hybrid tin halide perovskites but also in
constructing high-efficiency tin halide perovskite optoelectronic devices.

In Chapter 5, conclusions as well as outlook for further investigations on the topic

of the thesis are presented.
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Chapter 2: Defect-induced Bandgap Widening and Abnormal
Photoluminescence in Formamidinium Tin lodide Perovskite

Microcrystals

2.1 Introduction

Recent years have witnessed substantial research efforts and rapid technological
development of lead (Pb) halide perovskites in a range of optoelectronic devices, such as
solar cells, light-emitting diodes, and photodetectors.! Nevertheless, one of the
remaining challenges for their commercialization is the toxicity issue of Pb element that
can cause neuron damage and anemia.® The ideal element replacing Pb is tin (Sn) owing
to its similarity in ionic radius (i.e. 1.19 and 1.18 A for six-coordinated Pb** and Sn*" ions,
respectively) and valence electronic configuration (ns’sp?) with Pb,” as well as its lower
toxicity and negligible bioavailability.® In the past decade, thanks to the intensive efforts
of chemists, material scientists, and engineers, the efficiency gap of tin halide perovskite
based optoelectronic devices with that of their Pb-based counterparts is gradually
narrowing.”'® For example, the external quantum efficiency of red-light emitting diodes
based on tin halide perovskite has exceeded 20%;'* and the power conversion efficiency
of tin halide perovskite based solar cells has reached over 14%. '

Among all-inorganic and organic-inorganic tin halide perovskites, the power
conversion efficiencies of solar cells based on formamidinium (FA) tin triiodide (FASnlI3)
are higher than those based on all-inorganic cousins.'*>"!” FASnI; exhibits an ideal bandgap
of ~1.41 eV close to the optimum bandgap (1.34 eV) of single junction solar cell that can
approach the Shocklet-Queisser efficient limit (33%).%° Interestingly, a recent finding
reveals that when the size of FASnl3 crystals is down to several nanometers, strong
quantum confinement results in separate energy levels in band structure, slowing down
the relaxation of hot carriers.?! This effect can alleviate the energy loss of hot carriers via

phonon emission, leading to a higher theoretical solar conversion efficiency up to 66%.%
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Despite steady research progress of optoelectronic applications based on polycrystalline

films and synthetic chemistry of high-quality crystals,!!-??

it still lacks deep understanding
of the structure-photophysical property relationship of FASnl; perovskites. An unusual
large blue shift of photoluminescence (PL) with increasing excitation power was observed,
which was attributed to slow hot carrier relaxation and state filling of the band edge
state.* Previous work has revealed that FASnl; perovskite displays bandgap widening
upon raising temperature, which is opposite to the normal trend in traditional
semiconductors; this was attributed to the overcome of the classical thermal broadening
of electronic bands by the emphanitic Sn*" displacement.”> Kahmann et al. observed
similar bandgap widening phenomena and found negative thermal quenching of PL for a
high-quality crystal.?® Additionally, Ozaki et al. found that incorporating SnF> into the
precursors can lead to polycrystalline FASnl; perovskite film with a smaller bandgap.?’
However, it was found that the introduction of SnF> reduces the doping and passivates
Sn*" trap states but conversely introduces additional non-radiative decay channels in the
bulk that fundamentally limit the radiative efficiency.?® We note that tin halide perovskites
used for the study of structure-photophysical properties were commonly prepared by
solution casting process or solid-state reaction and feature massive defect concentrations
that leads to extremely low PLQYs.

Previous work has shown that defects can impact the structure and the photophysical
properties of Pb halide perovskites.??*! Compared with Pb-based cousins, FASnI; suffers
from a soft ionic lattice and easy oxidation of Sn**. Although the crystal quality of FASnI;
films can be optimized by various strategies including the use of additives, reducing
agents, and solvent engineering,*” it still remains challenging to obtain microcrystals with
a measurable PLQY. Theoretical calculations suggest the low formation energies of some
structural defects in FASnl3, such as Sn vacancy (Vsa) and FA vacancy (Vra).*® These
defects might not only act as trap states influencing the recombination of photo-generated
carriers, but also could change the lattice symmetry in FASnl3. We therefore hypothesized
that the existence of defects could make the structure of FASnl; different and thus could
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lead to the change of the photophysical properties. If we could develop a strategy to
synthesize FASnl3 crystals with tailored defect states, we could use them as model
systems for gaining deep insight into the relationship between the structure and
photophysical properties.

Inspired by our previous work in cesium tin iodide (CsSnl3) nanocrystals (NCs),**
here I rationally tune the reactant ratio of the precursors to create a tin-rich reaction
condition for the synthesis of a series of FASnl; microcrystals with PLQY's ranging from
3.8% to 8.0%. Interestingly, I uncover an unconventional bandgap widening by 0.23 eV
for the sample with a low PLQY. Based on detailed structural characterizations including
X-ray photoelectron spectroscopy (XPS) and '®°Sn solid-state nuclear magnetic
resonance (NMR), I show that structural defects, such as Sn*" impurities and/or point
defects could lead to the structural distortion and bandgap widening. I also demonstrate
that degradation in air can also augment abundant structural defects leading to
luminescence quenching and slightly larger bandgap. Importantly, I discover a near-

infrared PL band between 185 and 10 K and negative thermal quenching in a broad range

of 110~200 K, both of which are associated with structural defects.
2.2 Experimental section
2.2.1 Chemicals

Formamidine acetate (FA-acetate, Sigma, >99%), tin 2-ethylhexanoate (Sn(Oct)a,
Sigma, 92.5-100.0%), tin(Il) iodide (Snl>, Sigma, 99.99% trace metals basis), 1-
octadecene (ODE, Sigma, 95%), oleic acid (OA, Sigma, 90%), tri-n-octylphosphine (TOP,
Thermo, 90%), n-hexane (Sigma, >99%), Toluene (Wako, 99%) were used without

purification unless otherwise noted.

Table 2.1. List of the manufacturer, batch number, and purity from certificate of analysis

(COA) of all used chemicals for synthesis.
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Chemical Manufacturer Batch number Purity from COA

FA-acetate Sigma-Aldrich BCBZ7461 100%
Sn(Oct)2 Sigma-Aldrich SLCM1306 96.9%
Snl> Sigma-Aldrich 0000303819 99.99%
ODE Sigma-Aldrich BCCH1566 98.9%
OA Sigma-Aldrich MKCR9052 94.9%
TOP ThermoFisher L15744 99.99%
n-hexane Sigma-Aldrich STBL2142 99.3%
Toluene FUJIFILM Wako KSP2915 99.9%

2.2.2 Experiments

Preparation of FA-oleate solution. 0.2603 g FA-acetate was mixed with 10 ml 1-
octadecene (ODE) and 3.39 ml oleic acid in 100 ml three-necked flask in an argon-filled
glovebox. The mixture was then degassed for half hour at 80 °C, then heated under
nitrogen to 120 °C for half hour, yielding a clear FA-oleate solution. After that, the as-
prepared FA-oleate was cooled to room temperature, and transferred to glovebox for the
further use.

Preparation of the Snl2-TOP stock solution. The mixture of 0.1105 g Snl> and 0.3
ml TOP was vigorously stirred at 120 °C on a hot plate for 20 min, yielding a yellow stock
solution.

Synthesis of FASnI3 microcrystals. 5 ml toluene was heated to 120 °C in a 20 ml
vial on a hot plate, followed by the addition of Snl>-TOP stock solution (50 pl for
FA:Snl,=1:1.3; 80 pl for FA:Snl,=1:2.1; 120 pl for FA:Snl=1:3.2; 135 pul for
FA:Snl>=1:3.5) under vigorous stirring for 5 min. Then, 0.2 ml FA-oleate solution was
swiftly injected into the reaction solution. After reaction for 10 s, the crude solution was
taken off from the hot plate, and centrifugated at 12000 r.p.m. for 5 min to remove the

supernatant solution.
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2.2.3 Characterizations

XRD, TEM measurements. Powder XRD data were recorded on a MiniFlex 600
diffractometer (Rigaku) with a Cu Ko X-ray source (A = 1.5418 A). The FASnl;
microcrystals were dispersed in hexane to form a concentrated solution which was then
dropped on a silicon substrate for XRD measurements. TEM images were collected by a
JEM-2100F (JEOL) microscope operated at 200 kV. TEM samples were prepared by
dropping a dilute microcrystals-hexane solution onto a TEM copper grid and dried in
glovebox.

Optical characterizations. PL spectra were measured by a NanoLog Horiba Jovin
Yvon spectrofluorometer with a continuous 450 W xenon lamp. The excitation
wavelength is 500 nm. To measure the temperature-dependent PL spectra, the sample was
placed inside a cryostat holder connected to a Gifford-Mcmahon cooler and controlled by
a Mercury iTC temperature controller. Before the PL measurement, the sample was stored
under vacuum overnight. Absolute PLQY's were measured by a standardized integrating
sphere method using a C9920-03G system equipped with a 150-W xenon lamp
(Hamamatsu Photonics). The PL decays were obtained with a time-correlated single
photon counting lifetime spectroscopy system (NanoLog, Horiba Jovin Ybon), equipped
with a pulse laser (Aem = 726 nm). UV-vis-NIR absorption spectra were recorded by using
a SolidSpec-3700 DUV spectrophotometer. The data was collected in reflectance model
and then converted to absorbance curves by Kubelka-Munk function. The powder forms
of the microcrystals were used for the characterizations of PL and absorption.

XPS and "’Sn solid NMR characterization. XPS spectra were measured using a
dual scanning X-ray photoelectron microprobe equipped with hard X-ray photoelectron
spectroscopy (HAX-PES/XPS; ULVAC-PHI, Inc., Japan). A concentrated microcrystal-
hexane solution was dropped on the Si substrate. To avoid the oxidation in the air, an
anaerobic hold was used in the Ar-filled glovebox. ''”Sn solid NMR spectra were
performed on a 11.75 T JEOL-ECZ 500 spectrometer. The instrument was equipped with
a 3.2 mm sample tube operating at 20 KHz MAS. Spectra were acquired using a Hahn-
echo (m/2-tau-n-tau-echo) sequence. Tau (echo-delay time) is rotor synchronized (tau=50

us). /2 pulse length is 3 us. Pulse delay time is 4 s. The spectra were referenced to SnMes.
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2.3 Results and discussion

I synthesized FASnl3 microcrystals by a simple solvent-thermal method, in which
four reactant ratios of FA-oleate to Snl> (1:1.3, 1:2.1, 1:3.2, and 1:3.5) were used. The
samples are denoted by these ratios. Powder X-ray diffraction (PXRD) patterns of the as-
prepared four products match the cubic perovskite structure, in accordance with ever
reported FASnl3 bulk and NCs (gray line),?" 2® without additional crystalline phases
(Figure 2.1a). Transmission electron microscopy (TEM) images show the particle size
up to several hundred nanometers (Figure 2.2). Considering the large particle size, we
classify them to microcrystals instead of NCs. Obvious agglomeration of FASnl;

microcrystals can be found because of the lack of capping ligands.
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Figure 2.1. (a) Powder XRD patterns of FASnI3 microcrystals synthesized under different
FA: Snl, ratios. (b) Absorption spectra of FASnl3 microcrystals synthesized under
different FA: Snl, ratios. The data was collected in reflectance model and then converted
to absorbance curves by the Kubelka-Munk function. Inset is the Tauc Plot spectra for the
calculation of the bandgaps. (c) PL spectra of FASnls microcrystals synthesized with
different FA: Snl ratios. (d) PL decay traces of FASnl3 microcrystals synthesized with
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different FA: Snl, ratios.

Next, I investigated the optical properties of FASnl3 microcrystals. These samples
demonstrate different optical absorption features (Figure 2.1b): with increasing Sn ratio
in the reaction, the absorption edge becomes sharp. Using the Tauc Plot method,* I
calculated the bandgaps of four samples (inset of Figure 2.1b), which are 1.64 eV for
1:1.3, 1.44 eV for 1:2.1, 1.41 eV for 1:3.2 and 1:3.5. Figure 2.1¢ displays the PL spectra
of these microcrystals. Interestingly, I find that they show different PL behaviors: for 1:1.3,
the PL peak position is at ~ 874 nm; with increasing the ratio of Snly, a distinct redshift
of PL, 885 nm for 1:21, 888 nm for 1:3.2, and 890 nm for 1:3.5 occurs. In addition, the
full width at half-maximum (fwhm) of PL for 1:1.3 (80 nm) is much larger than other
three samples (65 nm for 1:2.1 and 1:3.2; 62 nm for 1:3.5). The PLQY's of four samples
(Table 2.1, Figure 2.3), 3.8% for 1:1.3, 6.1% for 1:2.1, 8.0% for 1:3.2, and 4.2% for 1:3.5,
suggest that the crystal quality can be tailored by the reactant ratio. I note that the
maximum PLQY of FASnl; microcrystals is much higher than those of previously
reported FASnI3 NCs.?!:3° I then carried out time-resolved PL decays to further examine
the transient evolution of the photo-generated carriers. As shown in Figure 2.1d, all
decays can be fitted well by a biexponential function, and the calculated average lifetimes
are2.29,3.67,4.31,and 2.35ns for 1:1.3, 1:2.1, 1:3.2, and 1:3.5, respectively (Table 2.1).
Using PLQYs and average lifetimes, I evaluated the radiative and nonradiative decay

rates based on the following equations:

PLQY
rad = (1)
Tave
1 1 —PLQY
Chon-raa = —lrga = T (2)
ave ave

where I'rad and I'nonad are the radiative and non-radiative recombination rates,
respectively, and Tave 1S the average lifetime of the samples. I note that after changing the
ratio of FA: Snl, from 1:1.3 to 1:3.2, the radiative recombination rate slightly increases
from 16.59 pus™! to 18.56 ps™!, but the non-radiative recombination rate greatly decreases
from 420.09 ps™! to 213.46 us' (Table 2.1), suggesting effective suppression of non-
radiative recombination. Compared with the tin-poor reaction condition, rationally

creating a tin-rich environment can suppress the formation of tin-related structural defects,

73



such as Vs, and/or Sn*' self-doping,>* which leads to the increase in PLQY and
suppression of non-radiative recombination when changing the ratio of FA: Snl, from
1:1.3 to 1:3.2. However, further increasing the ratio results in a larger nonradiative
recombination rate, which could be attributed to the occurrence of other structural defects,
such as Vra that has a low defect formation energy.>> My experimental results clearly

indicate that increasing the Sn chemical potential favors a better quality of FASnI3 crystal.
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Figure 2.2. TEM images of FASnl3 microcrystals synthesized under different FA: Snl>
ratios of (a) 1: 1.3; (b) 1:2.1; (c) 1:3.2; (d) 1:3.5.

74



10°

Reference
— 1:1.3; PLQY=3.8%
—1:2.1; PLQY=6.1%
1:3.2; PLQY=8.0%
—1:3.5; PLQY=4.2%

104 4

Intensity (a.u.)
3 3

-
2
1

10°

T T
900 1000 1100

Wavelength (nm)

Figure 2.3. PLQY measurements of FASnI3; microcrystals synthesized under different FA:

Snl> ratios.

Table 2.2. Fitted lifetimes (11, 12), average lifetimes (Tave) using a biexponential function,
and PLQYs, calculated radiative ( I['raq), nonradiative (I'non-rad) decay rates of FASnl;

microcrystals synthesized under different FA: Snl; ratios.

PLQY 1—‘rad I_‘non-rad

FA:Snl, A Ti(ns) Ao T2 (nS)  Tave(nS)

(%) (us)  (us™)
1:1.3 0.73 1.99 0.27 3.85 2.29 3.8 16.59  420.09
1:2.1 0.59 2.86 0.41 6.19 3.67 6.1 16.62 255.86
1:3.2 0.33 2.69 0.67 6.11 431 8.0 18.56  213.46
1:3.5 0.65 1.98 0.35 3.60 2.35 4.2 17.87  407.66

As discussed above, sample 1:1.3 has a widened bandgap by ~0.23 eV compared
with 1:3.2 (Figure 2.1c). Firstly, I exclude the possibility of quantum confinement
because the particle size of FASnl; microcrystals is much larger than the exciton Bohr
radius in FASnl3 (3.5-4.4 nm).>® Only when the particle size is close to the exciton Bohr

radius of the crystals, the bandgap widening could be observed. Previous work suggests
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that structural distortion, such as Sn>" off-centering and/or I disorder, accounts for the
bandgap widening in FASnI3.2> 3% To gain a deeper understanding of the structural nature
of FASnl; microcrystals, I then conducted the XPS and '*’Sn solid-state NMR
measurements. I particularly chose 1:1.3 and 1:3.2 for these measurements because they
have notable difference in PLQY and bandgap. As shown in Figure 2.4a, the Sn 3d high-
resolution XPS spectra of both samples are asymmetric, indicating the presence of more
than one oxidation state of Sn. Four components in the fitted spectrum for 1:1.3 can be
readily observed: the peaks located at 495.3 eV and 486.9 eV can be assigned to Sn 3ds
and Sn 3dsp», which accords with the binding energies of Sn**, while those located at
494.2 eV and 485.8 eV to Sn 3ds; and Sn 3ds, from Sn**;*’ the calculated concentration
of Sn*" in 1:1.3 is 23.2%. For 1:3.2 synthesized at the Sn-rich condition, Sn*" signals
appear at 494.9 eV and 486.6 eV for respective Sn 3ds» and Sn 3ds,, while Sn*" signals
are at 494.1 eV and 485.7 eV. Importantly, the concentration of Sn** in 1:3.2 is distinctly
reduced to 16.0%, suggesting that a Sn-rich reaction condition can alleviate the
occurrence of Sn** during the crystal nucleation and growth. Figure 2.5 shows the high-
resolution I 3d spectra of two samples. We did not observe additional oxidation states of
iodine; a peak shift of ~0.17 eV to higher binding energy in 1:3.2 compared to that in

1:1.3 is reasonable since less Sn** in 1:3.2 might impact the electronic density around I".
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Figure 2.4. (a) High resolution XPS spectra of Sn 3d doublet for 1:1.3 and 1:3.2. The
fitted peaks colored in organic and green originates from Sn*" and Sn?*, respectively. (b)

1998n solid-state NMR spectra for 1:1.3 and 1:3.2. The spectra were referenced to SnMea.
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Figure 2.5. High resolution XPS spectra of I 3d doublet for 1: 1.3 and 1: 3.2.

Figure 2.4b exhibits '”Sn solid-state NMR spectra that were calibrated by
tetramethyltin (SnMes). The '*’Sn chemical shift in 1:1.3 (-88 ppm) is significantly
upfield shift compared with that in 1:3.2 (53 ppm). Such a large shift indicates the
different coordination environment of Sn. Previous study on the degraded tin halide
perovskites shows that the presence of oxidized products leads to upfield shift signals.*®
We note that the signal at -88 ppm cannot be ascribed to the crystalline phase of FA,Snl¢
that shows a chemical shift near -4800 ppm,*® which is consistent with the absence of
diffraction peaks of FA,Snle (Figure 2.1a). We consider that a high degree of Sn** self-
doping in FASnI3 could attract more I” ions to coordinate with Sn ions, resulting in higher
electronic density around Sn and thus enhanced the shielding effect. Owing to the cubic
phase of FASnI; at room temperature, the 'Sn NMR signal of 1:3.2 exhibits better
symmetry without the presence of chemical shift anisotropy. However, for 1:1.3, a
broader and asymmetric peak is observed. We surmise that the existence of more defects
in 1:1.3 could induce lattice disordering, although it exbibits a (pseudo)cubic phase as
suggested by XRD (Figure 2.1a). The structural disordering has multiple possibilities,
for example, iodide-disorder-induced polymorphous instead of monomorphous nature of

5

cubic halide perovskites,*® 3 Sn off-centering,”> and so on. However, this structural

77



disordering cannot result in obvious contractive or expanded lattice as seen in XRD
(Figure 2.1a).

Degradation of tin halide perovskites in air is another process to generate structural
defects. 1 then explored the bandgap variation during the degradation of FASnl;
microcrystals under ambient environment. Firstly, I measured the PL spectra of two
samples, 1:1.3 and 1:3.2, when they were exposed to air. As seen in Figure 2.6a, 1:1.3
shows a quick PL intensity drop after 5 min in air, accompanied by ~14 nm blueshift of
PL peak to ~860 nm. An fwhm of PL for 1:1.3 exposed in air for 5 min is ~ 120 nm that
is larger than the fresh one (~80 nm); after 20 min and 40 min, there is a further decrease
in PL intensity. For 1:3.2, we can also observe the blueshift of its PL to ~870 nm after 40
min. With the degradation of FASnI; microcrystals, an increase in fwhm is also apparent:
the fwhm of the PL after exposure in air for 40 min is 96 nm, greatly larger than 65 nm
of the fresh one. My results indicate that the degradation of FASnI3 is connected with its
quality: the better the quality, the slower the degradation. Next, I measured the UV-vis-
NIR absorption of two samples to gain the information of their bandgaps. I find slight
bandgap widening during the degradation of FASnl; microcrystals in air. For 1:1.3, the
bandgap broadens from 1.64 eV for fresh one to 1.67 eV after exposure to air for 40 min;
for 1:3.2, the bandgap changes from 1.41 eV to 1.43 eV after 40 min (Figure 2.6¢, d).
Around 20-30 meV widening in bandgap accords with their PL blueshift (~22.3 meV for
1:1.3 and ~28.9 meV for 1:3.2). Previous work on the organic-inorganic tin halide
perovskite polycrystalline films also revealed the bandgap widening during the oxidation
upon exposure to ambient conditions.?’ It is noted that without exposure to air FASnI;
microcrystals are stable as evidenced by unchanged PL properties after 24 h in an Ar-

filled glovebox (Figure 2.7).
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Figure 2.6. PL spectra of (a) 1:1.3 and (b) 1:3.2 after exposure to air for 0, 5, 20, and 40
min. The dotted lines are drawn to guide the eye. (c) Absorption spectra of 1:1.3 after
exposure to air for 0, 20, 30, and 40 min. Inset is the Tauc Plot spectra for calculation of
the bandgaps. The bandgaps are 1.64, 1.66, 1.66, 1.67 eV after exposure to air for 0, 20,
30, 40 min, respectively. (d) Absorption spectra of 1:3.2 after exposure to air for 0, 20,
30, and 40 min. Inset is the Tauc Plot spectra for calculation of their bandgaps. The
bandgaps are 1.41, 1.41, 1.41, 1.43 eV after exposure to air for 0, 20, 30, 40 min,

respectively.
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Figure 2.7. PL spectra of 1:1.3 and 1:3.2 after storing in the glovebox for 24 h.

To understand the structural properties of FASnl3 microcrystals during the
degradation process in air, I conducted XRD measurements. Figure 2.8a displays the
XRD patterns of 1:1.3 after exposure to air for 10, 30, and 60 min. Within a short time
(<10 min), the changes in the crystal structure are negligible (Figure 2.1a, Figure 2.8a).
After 30 min, the intensity of diffraction peaks quickly declines, along with the
broadening (inset of Figure 2.8a). An additional diffraction peak at ~12.3 degree after 60
min can be assigned to the FA>Snls phase. As a contrast, 1:3.2 has a better stability in air
within 30 min (inset of Figure 2.8b), and a diffraction peak appears at ~12.3 degree,
suggesting partial degradation of FASnl3 into FA>Snls. The decreased crystallinity in air
for both samples indicates the augment of structural defects. I further took the XPS
measurement to know the surface states of degraded FASnI3 microcrystals. As shown in
Figure 2.8c, the main peaks for both samples locate at ~495.5 eV and ~487.1 eV for Sn
3d3 and Sn 3dsp, respectively, which originate from Sn*". The concentrations of Sn*" are
94.6% and 91.3% for 1:1.3 and 1:3.2, respectively. This suggests that the surface is
dominated by Sn*" after exposure in air, which leads to reduced crystallinity as reflected

in the XRD patterns (Figure 2.8a, b).
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Volatile ionic lattices of organic-inorganic tin halide perovskites make the crystal
structure be easily influenced by external stimulations. For example, an increasing
temperature induces progressive emphatic Sn** off-centering and dynamic fluctuations of
the perovskite lattice.?> This distortion lowers the symmetry of FASnl; from a perfect
cubic to local tetragonal or orthorhombic characters. Theoretical calculations show that
low-symmetry structures influence the antibonding hybridization of Sn s and I p orbitals,
resulting in lower positions of valence band maximum and thus larger bandgaps of
FASnI3.?® In addition, the bending of Sn-I-Sn angle by ~10° can significantly modify the
electronic structure of FASnl3 and increase the bandgap by ~0.22 eV.>* My work clearly
establishes that defects can induce bandgap widening in FASnl3 microcrystals. I surmise
that the generation of structural defects could cause structural disordering that leads to
bandgap widening, although FASnI; still possesses a pseudocubic phase as suggested by
our XRD, XPS and *’Sn solid-state NMR results (Figure 2.1a, Figure 2.4, Figure 2.8).
Such disordering may be Sn** off-centering, iodide disorder, or their collective effect, all
of which can impact the band structure and widen the bandgap of FASnI3z microcrystals.
However, the exact defects are hardly distinguished. They could be Sn*" self-doping, Sn

vacancies, FA/I-related defects, or collective defects.
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Figure 2.8. Powder XRD patterns of (a) sample 1:1.3 and (b) sample 1:3.2 after exposure
to air for 10, 30, and 60 min. The insets show their intensity changes. An additional peak
at ~12.3 degree reveals the presence of oxidated FA,Snl¢. (c) High resolution XPS spectra

of Sn 3d doublet for 1:1.3 and 1:3.2 after exposure to air for 20 min.
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To further understand the impact of defects on the optical properties of FASnl3
microcrystals, I carried out temperature-dependent PL. measurements. I firstly compared
the PL performance of 1:1.3 and 1:3.2 at 0.1 MPa and under vacuum (6x10* Pa) condition
at room temperature. For both samples, I observed an obvious increased fwhm in PL
under vacuum condition (Figure 2.9). Specifically, 1:1.3 in vacuum shows a ~10 nm PL
redshift and a notable PL tail extending to ~1400 nm that is much weaker in 1:3.2,
suggesting the occurrence of some mid-gap states. This gives an indication that FASnlI3
is not stable at high vacuum conditions, probably due to volatilization of some constituent
elements. Coduri et al. studied the pressure-dependent photophysical properties of
FASnBr3, and they found the changes in Sn-Br bond length under different pressures.*’
My results unambiguously show that low-pressure conditions can also change the
photophysical properties of FASnl3; microcrystals and that more defects can be developed
in poor-quality crystals. I note that the PL becomes absent under the same measurement
condition after keeping 1:1.3 at the vacuum condition overnight, while the PL of 1:3.2
can be maintained. I thus chose 1:3.2 for the temperature-dependent PL measurement.
Figure 2.10 displays the PL spectra taken from 300 to 10 K, and their color plot is shown
in Figure 2.11a. A gradual shift of PL peak from 888 to 1150 nm is observed as the
temperature decreases from 300 to 10 K, which is consistent with the results of FASnlI3
thin film and single crystal.?® The PL spectra taken from 10 to 300 K resembles that from
300 to 10 K (Figure 2.12), suggesting the stability of FASnl; microcrystals and the

reversible temperature-dependent optical properties in the cooling-heating process.
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Figure 2.9. PL spectra of (a) 1:1.3 and (b) 1:3.2 at 0.1 MPa and under vacuum condition
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at room temperature.
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Figure 2.10. PL spectra of sample 1:3.2 upon cooling from 300 to 10 K.

Different from low-temperature PL of FASnI; films or single crystals,?® I observe a
new emission peak that is prominent below 185 K (Figure 2.10). Figure 2.11b and 2.11¢
exhibit two representative PL spectra at 185 K and 10 K, which were fitted by two
Gaussian peaks. Compared with FASnl; intrinsic emission (peak 1), peak 2 has weaker
emission intensity, which redshifts from 926 nm at 185 K to 1026 nm at 10 K (Figure
2.11d). Between 185 K and 150 K, two PL spectra significantly overlap each other
(Figure 2.11b, 2.10). Two possible sources, phase transition-induced intrinsic emission
and luminescent defect center may lead to the occurrence of this new PL band. As is
known, FASnI3; undergoes phase transition from cubic to tetragonal at 255 K and another
tetragonal structure at 155 K.?® I note that this new PL band occurs at ~185 K and survives
till to 10 K, which signifies that it does not result from phase transition. I speculate that a
certain structural defect may be luminescence-active at low temperatures, which becomes
inactive at relatively high temperatures due to phonon-assisted non-radiative
recombination. Similar emission was also observed in the Ba;xSrxSnOs series, which was

tentatively assigned to Sn** ions situated roughly 1.4 eV above the valence-band edge.*!
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Although at present I cannot identify the exact nature of luminescent defect in our sample,

I surmise that its occurrence is probably related to specific undercoordinated Sn** ion.
Another interesting finding is that both emissions show negative thermal quenching
of PL (Figure 2.11e). For the intrinsic emission (peak 1), the integrated PL intensity
reaches to the maximum at 200 K, while continually decreases up to ~ 55% of the
maximum at 110 K. Further cooling can enhance the PL intensity. Kahmann et al. also
observed this negative thermal quenching from 185 K to 150 K in FASnI3 single crystal.
The temperature range observed here is larger than that in the single crystal. For another
possible defect emission, it reaches to the maximum at 110 K, while continually decreases
between 110 K and 90 K. Below 90 K, the intensity nearly stabilizes at ~67% of the
maximum. Upon cooling, suppressed exciton thermal dissociation is the reason for the
increased radiative recombination and thus enhanced emission, which is commonly
observed in semiconductor materials. However, defect states can trap photogenerated
carriers that can be thermally activated and leads to radiative recombination. [ underscore
that the low-temperature PL results indicate the complexity of structural defects in FASnI3
microcrystals. These defects not only could act as emission centers but also induce

negative thermal quenching of PL.
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Figure 2.11. (a) Contour plot of the PL spectra of 1:3.2 upon cooling from 300 to 10 K.
(b) PL spectrum and fitted bands at 185 K. (¢) PL spectrum and fitted bands taken at 10
K. (d) Peak positions of two emission bands at different temperatures. (e) Temperature-
dependent integrated PL intensity of two emission bands.
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Figure 2.12. (a) Contour plot of the PL spectra of sample 1:3.2 upon heating from 10 K
to 300 K. (b) PL spectra of sample 1:3.2 upon heating from 10 K to 300 K.

2.4 Conclusion

In summary, I have found defect-induced bandgap widening in FASnl3 microcrystals
synthesized by a well-controlled method. A large bandgap widening in defect-rich FASnI3
microcrystals was discovered, which could be attributed to the deviation from the perfect
cubic phase of FASnl; caused by structural defects. We demonstrated such bandgap
widening also exists in degraded FASnl; microcrystals. Low-temperature PL
measurements lead us to the finding of an unusual emission band that cannot be attributed
to intrinsic emission of FASnl3, which we tentatively assign to the structural defects such
as undercoordinated Sn** ion. We also observed a broad temperature range corresponding
to negative thermal quenching of PL in FASnI; microcrystals. Since certain applications
such as solar cells and photodetectors are closely associated with the optical absorption
of active layers, our work suggests the importance of developing methods that can avoid
the defect formation as well as the oxidation of FASnl3;. Our work offers a facile synthesis

route to improve the quality of organic-inorganic tin halide perovskite crystals, which
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could guide further efforts on preparation of highly luminescent NCs or high-quality
polycrystalline films for optoelectronic devices. The knowledge of defect-induced
bandgap widening and abnormal PL gained here can help us deeply understand the

structural-property relationship in organic-inorganic tin halide perovskites.
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Chapter 3: Zwitterionic Phosphatidylcholine Ligand for Colloidal

Synthesis of Stable Formamidinium Tin lodide Perovskite Nanocrystals

3.1 Introduction

Over the past several years, metal halide perovskites have receiver tremendous
scientific and technological interest because of their outstanding optoelectronic properties,
including tunable band gaps, narrow emission bands, high absorption cross sections, and
high carrier mobilities.! These merits make them excellent candidates for a variety of
optoelectronic devices, such as high-efficiency solar cells, photodetectors, and light-
emitting diodes (LEDs).®!! In particular, colloidal perovskite nanocrystals (NCs) are in
the forefront of the current research owing to their attractive characteristics including
direct and low-cost synthesis, structural flexibility, and remarkable photoluminescence
quantum yield (PLQY) even without delicate shell passivation.> > 13 However, all highly
luminescent perovskite NCs and related high-performance LEDs reported have thus far
been limited to lead-containing system, which has become one of the most notable
impediments on their way toward commercial and electronic equipment.'* !> To address
this problem, tin halide perovskites NCs have raised researches concerns, since the similar
ionic radius, valence electronic configuration of tin (Sn) with lead (Pb), as well as their
low toxicity.!®!8

Chemists, material scientists, and engineers recently have made some achievements
on the tin halide perovskites in the form of polycrystalline films and on their related
optoelectronic applications.!®?” The external quantum efficiency of red LEDs based on
tin halide perovskite has exceeded 20%,® and the tin halide perovskite based solar cells
have attained a power conversion efficiency of over 14%.% Unfortunately, the synthetic
chemistry, the understanding of intrinsic physical and chemical properties, and the device
applications of the tin halide perovskite NCs significantly lag behind those of their Pb-
based counterparts. At present, most studies are related to the synthesis of all-inorganic
cesium (Cs) tin halide NCs, while organic-inorganic hybrid tin halide perovskite NCs,
such as formamidinium (FA) tin iodide (FASnI3), are rarely reported. A recent interesting
finding reveals that when the size of FASnI; NCs is down to several nanometers, the
relaxation of hot carriers could be effectively slowed down, leading to a higher theoretical
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solar convention efficiency up to 66%.>* This result shows the promising potential of
organic-inorganic hybrid tin halide perovskite NCs.

The first synthesis of FASnlz NCs via solvent-thermal method was reported in
2021.%° By varying the reaction temperature of the precursors, size-controlled (7.3-12.1
nm) FASnl; NCs were successfully achieved. The photoluminescence (PL) peaks can be
changed from 666 nm to 763 nm due to the quantum size effect. Recently, Dirin et al.
reported the synthesis of FASnl; NCs via traditional hot-injection method.?! Uniform,
cubic morphology of FASnlz NCs with an average of ~10 nm was achieved. However,
their NCs show a PL peak at ~800 nm which is inconsistent with early reported results.>
In addition, room temperature synthesis route was also developed, and small-sized (~7.1
nm) FASnI3 NCs with a PL peak at ~ 825 nm were successfully achieved.* I note that the
ever-reported FASnI3 NCs do not show a consistent size-related optical properties. Amine
ligands, like oleylamine (OAm), octylamine (OTAm), are commonly used for
maintaining morphology and size, and passivating surface defects of colloidal perovskite
NCs.3° Nevertheless, amine-related two-dimensional (2D) perovskites, such as
OAm;Snly, easily crystallize along with the nucleation and growth of tin halide perovskite
NCs.3%37 These byproducts exhibit a similar red emitting with a PL peak at ~700 nm. To
avoid the formation of 2D perovskite crystals, and to better understand the photophysical
properties of FASnIz NCs, developing amine-free synthesis route is necessary.

Traditional anionic and cationic surface ligands that attach to halide NC surfaces in
an ionic manner, displacing surface ions with the ligand head groups also readily engage
in adverse solubilization equilibria with the ions constituting the inorganic NC cores.>® 3
This problem culminates with organic—inorganic hybrid perovskite compositions.
Zwitterionic, hence charge-neutral, capping molecules offer a general mitigation strategy
for avoiding these adverse ionic metathesis reactions with NC cores, and effectively
enhance the structural stability of halide perovskite NCs.*® 44 Among them, eco-
friendly phosphatidylcholines have been developed for not only regulating the growth
kinetics but also improving the optical properties of halide perovskite NCs.** 43

Here, I report a colloidal, amine-free synthetic approach for FASnI3 perovskite NCs
using zwitterionic long-chain molecules, phosphatidylcholines, as surfactants, avoiding
the formation of possible 2D perovskite byproducts. Incorporating a small amount of

phosphatidylcholines in the reaction can decrease the particle size of FASnl; NCs from
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200-300 nm to ~30 nm. The obtained NCs exhibit a PLQY of 1.2% which is higher than
ever reported results, and better colloidal stability in hexane as well as structural stability
in glovebox even after 14 days. A range of experimental characterizations including
Fourier transform infrared (FTIR), NMR spectroscopy, energy-dispersive X-ray
spectroscopy (EDS) confirm the incorporation of phosphatidylcholine with FASnI; NCs.
Importantly, I demonstrate that FASnI3 NCs can be synthesized within a wide temperature
range between 25°C to 150°C.

3.2 Experimental section
3.2.1 Chemicals

Formamidine acetate (FA-acetate, Sigma, 99%), tin 2-ethylhexanoate (Sn(Oct),
Sigma, 92.5-100.0%), tin(Il) iodide (Snl2, Sigma, 99.99% trace metals basis), 1-
octadecene (ODE, Sigma, 95%), oleic acid (OA, Sigma, 90%), tri-n-octylphosphine (TOP,
Thermo, 90%), 1,2-Didodecanoyl-sn-glycero-3-phosphocholine (C32-PC, Sigma, >99%),
1,2-Dioleoyl-sn-glycero-3-phosphocholine (Css-PC, TCI, >97%), 1,2-Dierucoyl-sn-
glycero-3-phosphocholine (Cs2-PC, TCI, >95%), n-hexane (Sigma, >99%), Toluene

(Wako, 99%) were used without purification unless otherwise noted.

Table 3.1. List of the manufacturer, batch number, and purity from certificate of analysis

(COA) of all used chemicals for synthesis.

Chemical Manufacturer Batch number Purity from COA
FA-acetate Sigma-Aldrich BCBZ7461 100%
Sn(Oct)2 Sigma-Aldrich SLCM1306 96.9%
Snl> Sigma-Aldrich 0000303819 99.99%
ODE Sigma-Aldrich BCCH1566 98.9%
OA Sigma-Aldrich MKCR9052 94.9%
TOP ThermoFisher L15744 99.99%
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Cs-PC Sigma-Aldrich SLBKS8612V 100%

Cas-PC TCI TILAN 99.8%
Cs-PC TCI BJH50 99.4%
n-hexane Sigma-Aldrich STBL2142 99.3%
Toluene FUJIFILM Wako KSP2915 99.9%

3.2.2 Experiments

Preparation of FA-oleate solution. 0.2603 g FA-acetate was mixed with 20 ml 1-
octadecene (ODE) and 3.39 ml oleic acid in 100 ml three-necked flask in an argon-filled
glovebox. The mixture was then degassed for half hour at 80 °C, then heated under
nitrogen to 120 °C for half hour, yielding a clear FA-oleate solution. After that, the as-
prepared FA-oleate was cooled to room temperature, and transferred to glovebox for the
further use.

Preparation of the Snl>-TOP stock solution. The mixture of 0.1105 g Snl», 0.18
ml Sn(Oct)z, and 0.3 ml TOP was vigorously stirred at 120 °C on a hot plate for 20 min,
yielding a yellow stock solution. Then, the solution was cooled to room temperature.

Preparation of the C44-PC stock solution. 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (C44-PC) was dissolved in ODE at 120 °C on a hot plate, yielding a clear
solution of 0.1g/ml.

Synthesis of FASnI3 NCs. 5 ml ODE, different amount of C44-PC stock solution (30
puL; 60 pL; 90 puL; 120 pL for C44-PC-3 mg; 6 mg; 9 mg; 12 mg samples, respectively)
were heated to a certain temperature in a 20 ml vial on a hot plate, followed by the addition
0f 0.12 ml Snl>-TOP stock solution under vigorous stirring for 5 min. Then, 0.18 ml FA-
oleate solution was swiftly injected into the reaction solution. After reaction for 10 s, the
crude solution was taken off from the hot plate. The synthesis was conducted in an Ar-
filled glovebox.

Purification of FASnI3 NCs. The crude solution was centrifuged at 15000 r.p.m. for

5 min to remove the supernatant solution. The precipitate was redispersed in 1 ml toluene
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and then centrifuged at 4000 r.p.m. for 5 min to remove aggregated NCs, resulting in the

supernatant of long-term colloidally stable solution.

3.2.3 Characterizations

XRD, TEM, EDS measurements. Powder XRD data were recorded on a MiniFlex
600 diffractometer (Rigaku) with a Cu Ko X-ray source (A = 1.5418 A). The FASnl;
microcrystals were dispersed in hexane to form a concentrated solution which was then
dropped on a silicon substrate for XRD measurements. TEM images were collected by a
JEM-2100F (JEOL) microscope operated at 200 kV. TEM samples were prepared by
dropping a dilute microcrystals-hexane solution onto a TEM copper grid and dried in
glovebox. Scanning transmission electron microscope (STEM) EDS elemental mapping
was obtained on STEM mode operating at 200 kV. The dark-field image was acquired
with a high-angle annular dark field (HAADF) detector.

Optical characterizations. PL spectra were measured by a TE-cooled micro
spectrometer (Ootosky, ATP5020P) equipped with a 22 mW, 517 nm laser. Absolute
PLQY's were measured by a standardized integrating sphere method using a C9920-03G
system equipped with a 150-W xenon lamp (Hamamatsu Photonics). The absorption
spectra were measured by a UV-vis-NIR spectrophotometer (V-770, JASCO).

FTIR and NMR characterizations. FTIR spectra were recorded using a Jasco 4100
FTIR spectrometer. NMR data were acquired on a JEOL ECS-400 spectrometer. For the

NMR measurements, the samples were dispersed in chloroform-D.

3.3 Results and discussion

In the chapter 2, I successfully synthesized FASnls microcrystals. Through changing
the precursor ratios, I can modify the structural defects in FASnIs. Here, to decrease the
particle size, and get uniform-sized nanocrystals, I used zwitterionic phosphatidylcholine
as a surfactant aimed at suppressing the growth of NCs. The synthesis route is shown in
Figure 3.1a. In a typical synthesis, Snlo and Sn(Oct), was mixed with tri-n-
octylphosphine (TOP) at 120 °C to form a Sn-I precursor. Then, this Sn-I precursor was
mixed with 1-octadecene (ODE) at 120 °C in a 20 ml vial on a hot plate, followed by

introducing phosphatidylcholine. The FA-oleate solution was swiftly injected into the
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reaction vial, triggering a rapid salt metathesis reaction and resulting in fast nucleation
and growth of FASnI3 NCs within 10 s. The precursor ratio of FA: Sn: I is 1: 6.3: 4.5.
Keeping a tin-rich reaction condition is the key to get high-quality crystals, which has
been confirmed in chapter 2.

I chose three phosphatidylcholines with different chain lengths, C32HeaNOgP (Csz-
PC), C44HgaNOgP (C4s-PC), Cs2H100NOgP (Cs2-PC), as ligands for colloidal synthesis of
FASnI; NCs (Figure 3.1b). All of them are readily available commercially. The reason
for me to choose phosphatidylcholine is 2-fold. Firstly, for typical anionic and cationic
surface ligands, such as oleate (OA), oleylammonium (OAm®"), highly dynamic binding
exists between the surface capping ligands and the oppositely charged NC surface ions,
together with a mutual equilibrium between the ionized and molecular forms of these
ligands.?* These dynamics cause the rapid desorption of the protective ligand shell upon
isolation and purification of NCs. Phosphatidylcholines as zwitterionic surfactant, is
composed of a quaternary amine choline headgroup, a phosphate group, exhibiting tight
binding with NC surface without dynamic interaction between ligand shell with NC
surface ions. Secondly, OAm" is widely used for getting 2D tin perovskite crystals
(OAm2Snly), which have low formation energy. During the nucleation and growth of tin
iodide perovskite, OAm>Snls easily appears as byproduct.’’” To avoid it

phosphatidylcholine instead of amine is used for the synthesis of FASnl3 NCs.
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Figure 3.1. (a) Scheme of colloidal synthesis of FASnI3 NCs. (b) Chemical structures of
three phosphatidylcholines with different chain lengths.

I started with the synthesis of FASnl; NCs without the use of phosphatidylcholine
as shown in Figure 3.2. Powder X-ray diffraction (XRD) patterns confirm the synthesis
of pure cubic FASnl3 crystals without additional crystalline phase (Figure 3.2a), and
transmission electron microscopy (TEM) image show particle sized up to several hundred
nanometers (nm) (Figure 3.2b). The results are consistent with my work in chapter 2.
Next, I first used Cs4-PC as a model surfactant that was introduced in the synthesis. I
changed the mass amount of C44-PC from 3 mg to 12 mg. The samples are denoted as
C44-PC-x mg, where x is the mass amount of the added Ca4-PC. From the XRD patterns
shown in Figure 3.3a, we can find that all the yielded products match the cubic structure
of FASnl3 perovskite, without any other additional crystalline phase. Interestingly, the
TEM images in Figure 3.3b-e show that introducing Cs4-PC greatly suppress the growth
of FASnl; crystals, decreasing the particle size from several hundred nanometers (Figure
3.2b) to ~ 30 nm. Csus-PC capped FASnlz NCs have near-cubic morphology, and
monodispersity in toluene solvent. The average size of FASnI3 NCs are 32.2 nm, 30.7 nm,
29.4 nm, 30.3 nm, for C44-PC-3 mg, C44-PC-6 mg, C44-PC-9 mg, C44-PC-12 mg samples,
respectively (Figure 3.3b-e). From 3 mg to 9 mg, we can observe the decrease trend of
NC average size; further increasing the amount of Cs4-PC can slightly increase the NC

size.
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According the classical nucleation theory, the whole crystallization of the FASnlI;3
NCs is generally divided into two processes, namely nucleation process, and crystal
growth.** The nucleation process originates from the supersaturated perovskite precursors
when the perovskite solubility is much lower than the precursor concentration. With the
increase of the nucleus concentration, perovskite monomers accumulated around formed
nuclei, bursting the growth of crystals.*> The whole growth process finishes when the
concentration of perovskite precursors is lower than perovskite solubility in solvent.
During the growth process, Ostwald ripening happens. When small particles dissolute,
they will redeposit on the surface of larger particles, resulting in further growth of
crystals.*® The introduction of long-chain Cas-PC can effectively suppress the Ostwald
ripening process, and slow down the growth rate, because of the steric effect. This is
easily understanded from the TEM results: with C44-PC, NCs hardly aggregated together
(Figure 3.2b; Figure 3.3b-e). However, previous report confirmed the strong interaction
of phosphatidylcholine with the tin halide perovskite precursors, resulting in better

perovskite solubility in the solvent.*

During the nucleation process, this strong
interaction can lead to less perovskite nuclei, which explains the slight increase in particle

size with more Cs4-PC (Figure 3.3e).
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Without PC ligand
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Figure 3.2. (a) Powder XRD pattern of FASnl; microcrystals synthesized without
phosphatidylcholine. (b) TEM image FASnl; microcrystals synthesized without
phosphatidylcholine.
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Figure 3.3. (a) Powder XRD patterns of FASnlz NCs synthesized with different amount
of C44-PC. (b) TEM image and corresponding size-distribution histograms of FASnIz NCs
synthesized with different amount of C44-PC.

Next, I investigated the optical properties of the FASnls NCs synthesized with
different amount of C4s-PC. All the samples demonstrate similar optical absorption and
PL features (Figure 3.4a). Interestingly, using the Tauc Plot method,*’ the calculated
bandgap of FASnIz NCs is ~2.31 eV, which is much larger than the large-sized FASnI3
(1.41-1.64 eV) as I studied in Chapter 2. Dirin et al. studied the origin of bandgap
widening for FASnI; NCs, and they considered that structural distortion, such as I disorder,
contributes to the enlarged bandgap.’! In Chapter 2, I also find that defect-induced
structural distortion could induce bandgap widening. For small-sized FASnI3 NCs, this
effect is more outstanding since the more volatile lattices compared with microcrystals or
larger-sized single crystal. From the PL spectra in Figure 3.4a, we can see that all samples
have a PL peak position at ~868 nm. In addition, the full width at half-maximum (fwhm)
of PL for 3 mg, 6 mg, 9 mg, 12 mg samples are 70 nm, 69 nm, 68 nm, 68nm, respectively.
With more C44-PC, we can observe slight decrease in fwhm, indicting the less defect states
in FASnl; NCs, which also could be seen from their PLQY results: 0.7%; 0.8%, 1.2%;
1.1% for 3 mg, 6 mg, 9 mg, 12 mg samples, respectively (Figure 3.4b). Although the
PLQY gotten here is larger than ever reported results, it is still unsatisfactory. For FASnlI3
NCs, how to suppress surface defects is of great importance, which will be discussed in

the next Chapter.
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Figure 3.4. (a) Normalized PL (solid lines) and absorption (dashed lines) spectra of
FASnI3; NCs synthesized with different amount of Cs4-PC. (b) PLQY measurements of
FASnI; NCs synthesized with different amount of C44-PC.

To know the function of hydrocarbon chains in phosphatidylcholine, I processed to
synthesize FASnI3 NCs using other phosphatidylcholines. The samples are denoted as Cy-
PC, where y is the number of carbons in phosphatidylcholine. I find that using C32-PC
and Cs2-PC can also produce FASnI; NCs without any other crystalline phase as seen in
XRD patterns (Figure 3.5a). From the TEM images (Figure 3.5, ¢), we can see that both
two samples have near-cubic morphology, and monodispersity in toluene solvent, which
is as same as those using C44-PC as ligand. The average particle sizes are ~29.2 nm and
30.3 nm for C32-PC and Cs2-PC. Specially, Cs2-PC sample has wider size distribution that
can be checked from their size-distribution histograms (Figure 3.5, ¢). These results
confirm that the synthesis of FASnI3 NCs doesn’t rely on the fatty acid side-chain length
of phosphatidylcholines. The optical properties in Figure 3.6a show that all obtain NCs
have similar absorbance property with C44-PC-x. However, they exhibit different PL
behaviors: for C32-PC sample, the PL peak position is at ~862 nm; for Cs2-PC sample, the
PL peak position is at ~866 nm. Both have slight blue-shift in PL spectra compared with
C44-PC-x, indicating intrinsic structural difference when wusing different
phosphatidylcholines. Figure 3.6b is the PLQY measurements of C32-PC and Csz-PC
samples. They are 0.9% and 1.0% for C32-PC and Cs2-PC, slightly less than C44-PC-9 mg
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sample, indicting the effect of hydrocarbon-chain length on the crystal quality of FASnI3
NCs.
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Figure 3.5. (a) Powder XRD patterns of FASnl; NCs synthesized with C32-PC and Cs»-
PC. (b) TEM image and corresponding size-distribution histograms of FASnI3 NCs
synthesized C3»-PC and Cs;-PC.
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Figure 3.6. (a) Normalized PL (solid lines) and absorption (dashed lines) spectra of
FASnI3 NCs synthesized with C32-PC and Cs2-PC. (b) PLQY measurements of FASnl3
NCs synthesized with C3,-PC and Cs»-PC.
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Next, I checked the stability of as prepared FASnIz NCs. I chose C44-PC-9 mg as my
research object since it has best optical properties among all products. I firstly
investigated the colloidal stability of FASnl3 without and with Css-PC. As shown in
Figure 3.7a, after 1day, sample without C44-PC totally precipitated from hexane solution.
But for sample with C44-PC, even after 30 days, FASnI3 NCs are will dispersed in the
hexane solution (Figure 3.7b), indicating excellent colloidal stability of FASnI3 NCs in
hexane. The long-term colloidal stability indicates that C44-PC can well bind with NC
surface, without desorption of ligand shell even after 30 days. This character can also help
to prepare a great NC film for potential optoelectronic applications. Secondly, I studied
the structural stability of as-synthesized FASnI3 NCs both in Ar and air atmosphere. As
we can see in Figure 3.8a, C44-PC capping FASnI3 NCs have great structural stability in
Ar-filled glovebox. Even after 13 days, they show no obvious changes in XRD patterns.
In the air, FASnI3 NCs can be easily oxidated into non-perovskite FA>Snls phase within
10 min (Figure 3.8b). In the future, choosing some appropriate ligands or conducting
core-shell structure to protect fragile FASnl3; NCs is the key point. A stable perovskite
structure may promote intense efforts on constructing optoelectronic devices using

FASnI; NCs.

Figure 3.7. (a) Photos of NC-hexane solution of sample without Css-PC stored in
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glovebox after 0 and 1 day. (b) Photos of NC-hexane solution of sample without C44-PC

stored in glovebox after 0 and 30 days, showing excellent colloidal stability.
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Figure 3.8. (a) XRD patterns of FASnI3 NCs stored in Ar-filled glovebox for 7 and 14
days, respectively. (b) XRD patterns of FASnl3; NCs stored in air for 10 and 20 min,

respectively.

I then took Fourier transform infrared (FTIR) and 'H nuclear magnetic resonance
(NMR) measurements to glean information of the capping ligands on the surface of
FASnI3 NCs. I used C44-PC-9 mg as an example system. As shown in Figure 3.9a, and
Table 3.1, the vibrational bands at 2923 and 1458 cm™ can be assigned to the C-H
stretching and bending vibrations of the CH» group;*®*° the bands at 2856 and 1378 cm’
!instead result from the C-H stretching and bending vibrations of the CH3 group.*® In
addition, the distinct vibrational band at 1647 cm™ originates from the C=C stretching
vibration of the C44-PC or oleic acid (OA),’° and the characteristic stretching vibration of
the C=0 at 1715 cm™ is from the C44-PC or OA.*® Importantly, the vibrational band at
1061 cm™! is the P-O-C stretching, confirming the presence of C44-PC.** IH NMR spectra
is shown in Figure 3.9b. However, from the NMR spectra, we only can find distinct
chemical shifts at 0.9 ppm and 1.2 ppm, which origin from methyl group (CH3) and
methylene group (CH»).%!
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Figure 3.9. (a) FTIR spectra of sample C44-PC-9 mg. (b) "H NMR spectra of Cas-PC-9

mg.

Table 3.2. FTIR vibrational modes and their assignments for FASnI; NCs using C44-PC

as ligand.
Frequency
Functional group assigned References
(cm™)
2923 C-H stretching vibration of methylene group (CHz)
2856 C-H stretching vibration of methylene group (CHz) 3
1715 C=0 stretching vibration 48
1647 C=C stretching vibration >0
1458 C-H bending vibration of methylene group (CHz) 8
1378 C-H bending vibration of methyl group (CH3) 48
1061 P-O-C stretching 39
C-H out-of-plane vibration or C-C stretching
869 32

vibrations

To further confirm the presence of Cs4-PC on the surface of FASnlz NCs, I then

measured the scanning transmission electron microscopy (STEM) energy-dispersive X-
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ray spectroscopy (EDS). The EDS-mapping images are shown in Figure 3.10. Figure
3.10a and b are the high angel annular dark field (HAADF)-STEM images of C44-PC
capping FASnl3 NCs before and after EDS mapping, respectively. To avoid the rapid
degradation of FASnI; NCs under electron beam, I chose a low magnification for analysis.
However, even under low magnification, NCs also have some changes after long-time
EDS mapping (Figure 3.10b). The corresponding mapping images of different elements
are displayed in Figure 3.10c-f. We can observe the signals of N, Sn, I and P elements,
wherein, N, Sn, I are from the FASnl3, and P originates from Cs4-PC ligand, confirming
the successful coordination of phosphatidylcholine with NC surface. The element ratio of
N: Sn: I: Pis 2.7: 1: 2.0: 0.09. It is noted that the concentration of I is less than the normal
value. The possible reason is that long-time EDS mapping may induce the loss of I
element. Combined whit FTIR and NMR results, I proved the presence of Cs4-PC as
ligand on the surface of FASnl; NCs

———————— 1.0 pm IMG1 ——————— 1.0 pm N K

——————— 1.0 pm SnlL c————— 1.0 pm L

Figure 3.10. (a) HAADF-STEM image of FASnlz NCs before EDS mapping. (b)
HAADEF-STEM image of FASnl3; NCs after EDS mapping. (c-f) STEM-EDS element

1.0 pm PK

mapping of N, Sn, I, and P.

Finally, I studied the photophysical properties of Cs4-PC capped FASnlz NCs
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synthesized under different reaction temperature. I changed the temperature from 25 °C
to 150 °C. From the XRD patterns shown in Figure 3.11a, we can see that FASnI3 NCs
can be synthesized within the whole temperature range, without any other crystalline
phase. However, at lower temperatures, especially for 25 °C and 60 °C, instead of (100)
and (200) diffraction peaks, other peaks are too weak, indicating the oriented growth of
FASnI; NCs along with (100) and (200) lattice planes. TEM images of as-prepared
FASnI; NCs are shown in Figure 3.11b-e. At 25 °C, some amorphous impurities can be
found in the TEM image (Figure 3.11b), which is also reflected in the XRD pattern
around 20 degree. These amorphous impurities may originate from the unreacted raw
precursors since the low formation potential of FASnlz NCs at low temperature. Above
60 °C, I can get near-cubic FASnI3 NCs. But at 90 °C, the as-synthesized FASnlz NCs
have a poorer stability under electron beam (Figure 3.11d). The average particle sizes are
30.7 nm, 27.4 nm, 32.3 nm, and 33.0 nm for 25 °C, 60 °C, 90 °C, and 150 °C, respectively.
I note that the particle size doesn’t monotonously depend on the reaction temperature.
With increasing the temperature, although the growth rate of NC is faster, the nucleation
rate is also enhanced, resulting in more nucleus. Fast growth induces larger particle size,
but more nucleus instead leads to more products and less size. These two effects can

explain our temperature-depended particle size.
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Figure 3.11. (a) Powder XRD patterns of FASnls NCs synthesized at different
temperatures. # reflects the diffraction peak from amorphous impurities. (b) TEM image
and corresponding size-distribution histograms of FASnI3 NCs synthesized with different

amount of C44-PC.
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Figure 3.12 exhibits the optical properties of FASnl; NCs synthesized under
different reaction temperature. Specially, the sample synthesized at 25 °C show obvious
blue-shift in absorption and PL spectra. This blue-shift doesn’t result from the size-effect,
because the size of sample synthesized at 25 °C is larger than those at 25 °C and 120 °C
(Figure 3.3d, 3.11b, ¢), and the exciton Bohr radius of FASnl; is only 3.5-4.4 nm.! Only
when the particle size is close to the exciton Bohr radius of the crystals can the bandgap
widening be observed. Table 3.2 summarizes the average particle sizes, PL peaks, and
PLQYs of all samples as-prepared here. We can find that the PL peaks of all samples do
not rely on the NC size. At 25 °C, the PL peak shifts to 845 nm, which may result from
poor crystal quality and abundant structural defects in the lattice. Figure 3.12¢ is the
PLQY measurements of FASnlz NCs synthesized under different reaction temperature,
and the PLQYs are 0.7%, 0.8%, 1.0%, 0.9% for 25 °C, 60 °C, 90 °C, 150 °C, respectively.
It is noted that 25 °C sample has lowest PLQY, showing more defect states in this sample.
Here, 1 stress that my synthesis route is temperature-independent. Evern at room
temperature, I also can get luminescent colloidal FASnI3 NCs, which is significant for the

large-scale production.
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Figure 3.12. (a) Normalized absorption spectra of FASnl; NCs synthesized at different
temperatures. (b) Normalized PL spectra of FASnls NCs synthesized at different
temperatures. (c) PLQY measurements of FASnlz NCs synthesized at different

temperatures.

Table 3.3. Average particle sizes, PL peaks, and PLQY's of all samples prepared here.

108



Sample Average particle size PL peak PLQY

C44-PC-3 mg 32.2 nm 868 nm 0.7 %
Ca4-PC-6 mg 30.7 nm 868 nm 0.8 %
C44-PC-9 mg 29.4 nm 868 nm 1.2%
Ca4-PC-12 mg 30.3 nm 868 nm 1.1 %
Cs2-PC 29.2 nm 862 nm 0.9 %
Cs-PC 30.3 nm 866 nm 1.0 %
25°C 30.7 nm 845 nm 0.7 %
60 °C 27.4 nm 860 nm 0.8 %
90 °C 32.3 nm 861 nm 1.0 %
120 °C 33.0 nm 863 nm 0.9 %

3.4 Conclusion

In summary, I demonstrated a low-cost, amine-free synthesis approach for colloidal
FASnI; perovskite NCs using zwitterionic phosphatidylcholine as surface capping ligand.
The maximum PLQY of the yielded FASnIz NCs is 1.2%, larger than ever reported results.
Different with typical amine ligand, phosphatidylcholine has one cation and one anion
group, showing tightly binding with FASnl3 surface without large quantities of excessive
capping ligands. Even introducing a small amount of phosphatidylcholine can we get
uniform-size and monodispersed FASnl3; NCs. Under Ar atmosphere,
phosphatidylcholine capped FASnl3 NCs exhibit excellent colloidal and structural
stability, which will serve as an ideal platform for further optoelectronic application of
these NCs. At room temperature, my synthesis route also can produce colloidal FASnlI3
NC, indicating their great commercialized large-scale production. I envisage that my
work here could inspire more research on high-quality tin-based perovskite NCs and
speed up their use in high-performance optoelectronic devices such as solar cells, LEDs,

lasers, and beyond.
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Chapter 4: Regulating Surface Termination for Highly Luminescent

Organic-inorganic Hybrid Tin lodide Perovskite Nanocrystals

4.1 Introduction

In a decade, metal halide perovskites have paved their way aside from photovoltaics
toward may eminently different applications, such as light-emitting diodes (LEDs),'

6 and lasers,” ® because of outstanding optoelectronic properties,

photodetectors,*
including low density of carrier trap states (10°—10'° cm™),> '° long electron—hole
diffusion lengths (2—175 pm),” ! high carrier mobilities (2.5-1000 cm? V™! s7!), long
charge carrier lifetimes (0.08—450 ps),” '? and high optical absorption coefficients at the

absorption edge (2-7 x 10* cm™).!?

However, the present efficient perovskite
optoelectronic devices are all based on lead-containing perovskites, which has become
one of the most notable impediments on their way toward commercialization owing to
the regulations on the use of lead in electrical and electronic equipment.!*-1° Recent years,
chemists, material scientists, and engineers are devoting to developing lead-free
perovskites and related optoelectronic devices.!®!” The most ideal element replacing lead
(Pb) is tin (Sn) since its similarity in ionic radius and valence electronic configuration
with Pb.?’ Until now, the performance of Sn-based perovskite optoelectronic devices is
gradually narrowing the gap with that of their lead counterpart.?!">* For examples, the
external quantum efficiency of red LEDs based on tin-halide perovskite has exceeded
20%,%* and the powder conversion efficiency of tin halide perovskite-based solar cells
has reached over 14%.%> Within them, organic—inorganic hybrid tin-halide perovskites,
especially formamidinium (FA) tin triiodide (FASnl3), showing excellent potential in
photovoltaics.?>2

Despite steady research progress in FASnl3 polycrystalline films, FASnl3

nanocrystals (NCs) are still in the preliminary stage of research development. Different

with polycrystalline films, colloidal NCs have controlled particle size, and possible higher
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photoluminescence quantum yield (PLQY), making them available for high-efficient
LEDs, biological imaging, single photon source, and so on.?*** The first reported
synthesis of FASnI; NCs dated back to 2021. Dai et al. provided a solvothermal method
for getting size-tunable (7.3-12.1 nm) FASnI3 NCs, and they found size-dependent carrier
relaxation.>> Small-size FASnIz NCs have slow carrier relaxation, which can alleviate the
energy loss of hot carrier via phonon emission, leading to a higher theoretical solar
conversion efficiency up to 66%.%® Dirin et al. developed hot-injection method to get
FASnI3 NCs in 2023, and they found that 10 nm FASnI; NCs exhibit an unusually large
band gap, which could be explained by the distortion of the lattice through the split of I-
sites.” Notably, the present reported synthesis strategy cannot provide high-quality
FASnI; NCs with satisfactory optical properties. The PLQY's of pure FASnIz NCs are all
below to 0.3%. Even after doping some bifunctional organic cations, such as
ethylenediammonium, the PLQY is still below 1%.%’

Different with lead halide perovskites, tin halide perovskites have low defect-
tolerance. Some studies have confirmed that Sn vacancies is the main defect that can
introduce deep transition level, inducing the nonradiative recombination.*® 3° In Chapter
2, I also found that Sn-related defects can influence the crystal quality of FASnl;. To
suppress the formation of Sn vacancies, creating a Sn-rich reaction condition is necessary,
which have been confirmed by Liu et al,*® and my work in Chapter 2 also show the
possibility of this precursor strategy in improving the quality of FASnls. Although a tin-
rich reaction condition can suppress some intrinsic structural defects in FASnlz, NC
surface condition cannot be modified. This is why in Chapter 3, the PLQY of my FASnI;
NC is only 1.2% even under Sn-rich reaction environment. When the size of FASnl3 is
down to nanometer level, larger specific surface area of NCs make the surface condition
become crucial.

The traditional wisdom about modifying NC surface is ligand strategy, including
choosing appropriate organic or inorganic ligands.*>*! Instead of widely used oleylamine
and oleic acid, zwitterionic ligands are used as another alternative for getting stable
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colloidal perovskite NCs.*> 43 Bidentate ligand, 2,2'-iminodibenzoic acid has higher

surface binding energy compared with carboxylic ligands, which resulting in near-unity
PLQY of CsPbl; NCs and efficient red LEDs.** Some inorganic ions, such as alkaline-
earth metals (Ca®*, Sr*) have been proposed to be able to substitute surface Pb*" in
CsPbCls NCs, creating a Ca?"/Sr** involved passivation layer, which results in the
increase in PLQY from 0.8% to 77.1%.% Inspired by the previous studies, I hypothesized
that, for FASnI3 NCs, based on tin-rich reaction condition, if I find one or two appropriate
ligands to passivate the surface defects, I may get highly luminescent FASnI3 NCs.
Here, we start with detailed theoretical calculations of FASnlz, in terms of the
formation energy and thermodynamical charge-transition levels of typical point defects.
The lowest formation energy of tin vacancies (Vsn) shows that Vs, is the main intrinsic
structural defects, and tin-rich reaction condition is necessary. Further calculations on the
surface state of FASnI; NCs inspire us to establish a quasi-Al-terminated surface, which
has more stable surface condition. Guided by the calculations, I then provide a synthetic
concept for highly luminescent colloidal FASnlz NCs, involving the organic cation, 2-

thiopheneethylammonium (TEA™), and inorganic cation, sodium (Na'), surface
passivation. The PLQY of near-infrared-emitting FASnIz NCs can be boosted to 36.9+

0.7%, which is much higher than that synthesized without TEA™ and Na’. Detailed
experimental analyses by X-ray photoelectron spectra, inductively coupled plasma optical
emission spectrometry, energy-dispersive X-ray spectroscopy, electrospray ionization
mass spectrometry (ESI-MS), and {-potential, lead me to conclude that TEA" and Na* are
present on the surface of FASnI3 NCs, and resulting in possible TEAI and Nal-terminated
surface, which is consistent with our theoretical calculations. Importantly, I demonstrate
that this concept is sufficiently general and can be used for FA/Cs alloying tin halide
perovskite NCs. My work thus paves the way for the design and synthesis of high-quality

organic-inorganic hybrid tin halide perovskite NCs for optoelectronic applications.

4.2 Experimental section
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4.2.1 Chemicals

Formamidine acetate (FA-acetate, Sigma, 99%), tin 2-ethylhexanoate (Sn(Oct),
Sigma, 92.5-100.0%), tin(Il) iodide (Snl2, Sigma, 99.99% trace metals basis), tin(Il)
iodide (Snlp, Strem, 99%), 1-octadecene (ODE, Sigma, 95%), 1-octadecene (ODE,
Kanto, >90%), oleic acid (OA, Sigma, 90%), tri-n-octylphosphine (TOP, Thermo, 90%),
1,2-Dioleoyl-sn-glycero-3-phosphocholine (Cs4-PC, TCI, >97%), 2-phenylethylamine
hydroiodide (PEAIL TCI, >98%), 2-thiopheneethylammonium iodide (TEAI, Greatcell
Solar Materials, >99%), 2-thiophenemethylammonium iodide (TMAI, Greatcell Solar
Materials), potassium 2-ethylhexanoate (KOct, TCI, >95%), sodium 2-ethylhexanoate
(NaOct, TCI, >98%), sodium oleate (Na-oleate, Sigma, >99%), rubidium carbonate
(Rb2COs3, Alfa, 99%), cesium carbonate (Cs2COs3, Sigma, 99.995% trace metals basis), n-
hexane (Sigma, >99%), methanol (Wako, Guaranteed Reagent) were used without
purification unless otherwise noted.

Table 4.1. List of the manufacturer, batch number, and purity from certificate of analysis

(COA) of all used chemicals for synthesis.

Chemical Manufacturer Batch number Purity from COA
FA-acetate Sigma-Aldrich BCBZ7461 100%
Sn(Oct) Sigma-Aldrich SLCM1306 96.9%
Snl, Sigma-Aldrich 0000303819 99.99%
Snl> Strem L02142201 99%
ODE Sigma-Aldrich BCCH1566 98.9%
ODE Kanto 409Y2186 95.5%
OA Sigma-Aldrich MKCR9052 94.9%
TOP ThermoFisher L15744 99.99%
Cas-PC TCI TILAN 99.8%
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TEAI Greatcellsolar 226451 >99.8%

Materials
TMAI Greatcellsolar 323942 >99.8%
Materials
PEAI TCI UY6HI 99.3%
Cs2COs Sigma-Aldrich 0000087555 99.6%
KOct TCI 2YJL] 99.6%
NaOct TCI OQ7AC 98.4%
Rb2CO:; Alfa Aesar N14F029 99.28%
Na-oleate Sigma-Aldrich SLCM3152 99%
n-hexane Sigma-Aldrich STBL2142 99.3%
Toluene FUJIFILM Wako KSP2915 99.9%

4.2.2 Experiments

Preparation of FA-oleate solution. 0.2603 g FA-acetate was mixed with 10 mL 1-
octadecene (ODE, Sigma) and 3.39 mL oleic acid in 100 mL three-necked flask in an
argon-filled glovebox. The mixture was then degassed for half hour at 80 °C, then heated
under nitrogen to 120 °C for half hour, yielding a clear FA-oleate solution. After that, the
as-prepared FA-oleate was cooled to room temperature, and transferred to glovebox for
the further use.

Preparation of Cs-oleate solution. 0.4073 g Cs>CO3; was mixed with 10 mL 1-
octadecene (ODE, Sigma) and 3.39 mL oleic acid in 100 mL three-necked flask in an
argon-filled glovebox. The mixture was then degassed for half hour at 80 °C, then heated
under nitrogen to 120 °C for half hour, yielding a clear Cs-oleate solution. After that, the
as-prepared Cs-oleate was cooled to room temperature, and transferred to glovebox for
the further use. Before using, Cs-oleate was pre-heated at 120 °C on a hot plate.
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Preparation of Rb-oleate powder. 0.4619 g Rb,CO3 was mixed with 10 mL 1-
octadecene (ODE, Sigma) and 2 mL oleic acid in 100 ml three-necked flask in an argon-
filled glovebox. The mixture was then degassed for one hour at 120 °C, then heated under
nitrogen to 150 °C for 15 min, and then heated to 180 °C for 45 min, yielding a clear Rb-
oleate solution. The as-prepared Rb-oleate solution was centrifugated at 12000 r.p.m. for
10 min to remove the supernatant solution. The precipitate was redispersed in 4 mL
hexane and then centrifuged at 12000 r.p.m. for 5 min to get Rb-oleate powder. This
process was repeated twice. The final powder was dried under vacuum for half hour, and
then was transferred to glovebox for the further use.

Preparation of the Snl2-TOP stock solution. The mixture of 0.1105 g Snl, (Sigma),
0.18 ml Sn(Oct)2, PEAI/TEAI/TMALI, and 0.3 ml TOP was vigorously stirred in a 7 mL
vial at 120 °C on a hot plate for 20 min, yielding a yellow stock solution. For control NCs,
PEAI/TEAI/TMALI was not added in the solution. For PEA-0.25, TMA-0.25 NCs, the
amount of PEAI and TMAI are 0.0085 g and 0.0081 g, respectively. For the samples that
TEA: FA is 0.05, 0.15, 0.25, and 0.3, the mounts of TEAI are 0.0017g, 0.0052 g, 0.0087
g, and 0.0104 g, respectively. For sample that TEA: FA=0.35, the mount of TEAI is
0.0121 g, but yielding insoluble precursor. For the samples that Sn: [=1.2: 1 and 1: 1, the
amount of Sn(Oct), are 0.135 mL and 0.090 mL, respectively. Then, the solution was
cooled to room temperature. All processes were conducted in an Ar-filled glovebox. To
study the influence the reagent from different manufacturer, Snl, (Sigma) was changed to
Snl; (Strem).

Preparation of the C4-PC stock solution. 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (C44-PC) was dissolved in ODE (Sigma) in a 7 mL vial at 120 °C on a
hot plate, yielding a clear solution of 0.1g/mL. All processes were conducted in an Ar-
filled glovebox.

Preparation of (FA+Na), (FA+K), and (FA+Rb) stock solution. NaOct, KOct, or
Rb-oleate was dissolved in 1 mL FA-oleate in a 20 ml vial at 120 °C on a hot plate for 10
min yielding a clear solution. For the samples that Na: FA=0.5, 1.5, 2.5, and 3.5, the
amounts of NaOct are 0.016 g, 0.048 g, 0.08 g, and 0.112 g, respectively. For the samples
that K: FA and Rb: FA=2.5, the amount of KOct is 0.0895 g, and that of Rb-oleate is
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0.1711 g. Before synthesis, (FA+Na), (FA+K), and (FA+Rb) stock solutions were pre-
heated at 120 °C on a hot plate for 5 min.

Synthesis of FASnI3, FA0.9Cs0.1SnI3, and FAo.8Cso.2Snl3 NCs. 5 mL ODE (Sigma),
110 pL C44-PC stock solution were heated to 120 °C in a 20 ml vial on a hot plate, followed
by the addition of 0.12 mL Snl>-TOP stock solution under vigorous stirring for 10 min.
Then, 0.18 mL FA-oleate solution was swiftly injected into the reaction solution. After
reaction for 10 s, the crude solution was taken off from the hot plate, and naturally cooled
down to room temperature. The synthesis was conducted in an Ar-filled glovebox. For
the sample with Na or K or Rb passivation, 0.18 mL FA-oleate solution was changed to
0.18 mL (FA+Na) or (FA+K) or (FA+Rb) stock solution. For the synthesis of
FA0.9Cs0.15nI3 and FA(.8Cso2Snlz NCs, 0.18 mL FA-oleate solution was changed to 0.18
mL FA-oleate, Cs-oleate, and NaOct mixed solution. For FA¢ 9Cso.1Snlz NCs, the volume
ratio of FA-oleate to Cs-oleate is 9:1; for FAosCso2Snls NCs, the volume ratio of FA-
oleate to Cs-oleate is 8:2. The amount of NaOct in this mixed 1 mL FA-oleate and Cs-
oleate solution is 0.08 g. To study the influence the reagent from different manufacturer,
ODE (Sigma) was changed to ODE (Kanto).

Isolation and purification of perovskite NCs. The crude solution was centrifuged
at 10000 r.p.m. for 5 min. Then the precipitate was discarded, and the supernatant was
centrifuged again at 15000 r.p.m. for 5 min. Finally, the resultant precipitates were
collected as the final product. To wash the NCs, NCs were redispersed into 50 pL hexane,
and then centrifuged at 12000 r.p.m. for 5 min. This process was repeated by once and
twice. Instead of the centrifugation processes in centrifuge, other all processes were
conducted in an Ar-filled glovebox.

Post-synthetic treatments of FASnI3 NCs. 9 mg Na-oleate was dissolved in 0.9 mL
hexane and 45 pL OA in a 7 mL vial under vigorous stirring for 3 hours at room
temperature, yielding a clear solution. OA was used for dissolving Na-oleate in hexane.
FASnI3 NCs were dispersed in 0.1 ml hexane, and then 20 pL. NC-hexane solution was
diluted into 2.5 mL hexane, following by the injection of Na-oleate solution for direct
PLQY measurements. For control and TEA-0.25 NCs, the amounts of Na-oleate solution
were 5 puL, 10 pL, and 20 pL; for TEA-0.25/Na-2.5 NCs, the amounts of Na-oleate
solution were 2 pL, 5 uL, and 10 pL.
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4.2.3 Characterizations

Optical characterizations. PL spectra were measured by a NanoLog Horiba Jovin
Yvon spectrofluorometer with a continuous 450 W xenon lamp. Absolute PLQY's were
measured by a standardized integrating sphere method using a C9920-03G system
equipped with a 150-W xenon lamp (Hamamatsu Photonics). The absorption spectra were
measured by a UV-vis-NIR spectrophotometer (V-770, JASCO). The PL decays were
obtained with a time-correlated single photon counting lifetime spectroscopy system
(NanoLog, Horiba Jovin Ybon), equipped with a pulse laser (Aem = 726 nm). For all
optical characterizations, FASnl3; NCs were dispersed into 50 pL hexane, and then 15 puL
NC-hexane solution was diluted into 2.5 mL hexane in cuvette. The calculated average
PLQYs of all samples from three parallel experiments.

Structure and morphology characterizations. Powder XRD data were recorded
on a MiniFlex 600 diffractometer (Rigaku) with a Cu Ko X-ray source (A = 1.5418 A).
The perovskite NCs were dispersed in hexane to form a concentrated solution which was
then dropped on an anaerobic sample holder for XRD measurements. For getting enough
sample, multifold synthesis is necessary. TEM images were collected by a JEM-2100F
(JEOL) microscope operated at 200 kV. TEM samples were prepared by dropping a dilute
NC-hexane solution onto a TEM copper grid and dried in glovebox. Scanning
transmission electron microscope (STEM) EDS elemental mapping was obtained on
STEM mode operating at 200 kV. High-resolution TEM images were collected by a
Themis Z (Thermo Fisher Scientific) microscope using a K2 (Gatan Inc.) detector in
electron counting mode, operating at 300 K. To avoid the degradation of NCs, dose
density was controlled to ~ 375 e/nm? every flame, and 25 flames were collected for the
final image.

Composition analysis of FASnI3 NCs. The actual ion concentrations of tin and
sodium were taken by inductively coupled plasma optical emission spectrometry (ICP-
OES) (Shimadzu Corporation). FASnl; NCs were transferred to a quartz beaker with 10
mL of HNOs3 and Milli Q water. The volume ratio of HNO3/water is 1:1. 10 mL of H>2SO4
was added, and heating was continued until white smoke was occured to decompose the
sample. The acid decomposition solution was transferred to a 100 mL of PP volumetric

flask using HCI aqueous solution and diluted by HCI solution to the marked line. The

124



reported values are average of two sample’s analytical results. ESI-MS spectra were
measured by a Q-Exactive Plus mass spectrometer (ThermoFisher Scientific) with an
electrospray ion source. This was used for the detection of TEA™. For the measurement,
TEAI and NCs were dissolved in methanol.

C-potential, and XPS characterizations. (-potential data were collected using a
Zetasizer Nano-Z system (Malvern Instruments). Colloidal QD solutions were put into
quartz cuvettes with dip cell electrodes and then inserted into the instrument stage. All
measurements included 50 scans and were repeated for three times to get an average value.
To avoid the degradation of NCs, all measurements were conducted in N»-filled glovebox.
XPS spectra were measured using a dual scanning X-ray photoelectron microprobe
equipped with hard X-ray photoelectron spectroscopy (HAX-PES/XPS; ULVAC-PHI,
Inc., Japan). A concentrated NC-hexane solution was dropped on the Si substrate. To
avoid the oxidation in the air, an anaerobic transfer vessel was used in the Ar-filled

glovebox.

4.2.4 Density Functional Theory (DFT) Calculations

Formation energy calculations. The formation energy of the point defects of both
bulk FASnI; supercell and slab structure were performed based on density functional
theory (DFT) calculations using Vienna ab initio simulation package (VASP) code with
standard frozen-core projector augmented-wave (PAW) method. The exchange-
correlation potential utilized is generalized gradient approximation (GGA) of Perdew—
Burke—Ermzerhof (PBE) functional. The energy cut-off for geometry optimization and
self-consistent calculations for basis functions is 450eV and the force convergence
criterion used for geometry optimization is 0.02 eV/A. Defects calculations are based on
a (3x3x3) supercell model and (3%3%5) slab model with reasonable vacuum thickness of
with a single G point. The formation energy calculation of six different types of point
defects (Ir4, I;, Sni, Vsn, V1, Vie) in FASnl3 supercell, in-plane Sn vacancy (Vsn), in-plane
Iodine vacancy (Vi) on Snb-rich surface, in-plane FA vacancy (Vra), in-plane lodine
vacancy (Vi) on FAl-rich surface of FASnl; slab structure and out-of-plane Iodine
vacancy on TEA and Na adsorbed Snlx-rich surface were performed using the following

formula:
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AHdefect = Edefect - Epristine + Z n; (/’Li + Ei) (1)
i

where AHuefec: 1s the defect formation energy, Edefec: and Eprisiine are the total energies of
the defected and pristine structure, respectively. #; is the number of species i removed
from the crystal structure (n; > 0). x; and E; are the chemical potential and elemental solid
energy of specie i, respectively. To determine the feasible chemical potential regions for
thermal equilibrium growth of the FASnl3 perovskite crystals, the chemical potential of
Sn, FA and I should satisfy the following requirements, ensuring that the thermal
equilibrium growth of the target crystal and preventing the formation of the secondary

compounds such as FAI, Snl,, Snls and FA>Snle.

Upa + Usn + 31, = AH(FASnl;) = —3.63eV (2)
Usn + 2u; < AH(Snl,) = —1.30eV 3)
Usn + 4 < AH(Snl,) = —1.43eV (4)
2Upa + Ugn + 6u; < AH(FASnI;) = —5.43eV (5)
Upa + 1, < AH(FAI) = —2.16eV (6)

Defects charge transition level. The charge transition level calculation for the
defects in the FASnlI3 supercell and surface model were performed. The charge transition
level of a defect a from charge state g to charge state ¢’is €(q,q ") is defined is the fermi

energy at which the formation energy of the defect at two charge state equals to each other.

e(q.q") == (2,q) — E(a, q’)qJ,r qu— q")(Eypy + AV) @

where E(a, q) and E(a, q’) correspond to the total energy of the system containing the

defect with charge state q and q’ respectively. Evem is the VBM energy of the pristine
structure and AV is a correction term for alignment of the VBM energy in structures with
different charged states.

Ab initio molecular dynamics simulation. Ab initio molecular dynamics (AIMD)

simulations were conducted to investigate FA-I rich (100) surface supercell structures
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adsorbed by tetraecthylammonium ions (TEA*) and sodium ions (Na®) at varying
concentrations of 2, 4, and 6 Na* ions per structure. These simulations were performed at
two distinct temperatures, 300 K and 400 K, within the NPT ensemble framework. The
computational approach utilized the CP2K package, which implements the hybrid
Gaussian and plane wave method (GPW) through its Quickstep module. To effectively
control temperature and manage the ionic degrees of freedom, a Nose-Hoover thermostat
was employed. In terms of computational parameters, the DZVP-MOLOPT-GTH basis
set and PBE-GTH pseudopotentials were utilized for the elements involved, specifically
tin (Sn), iodine (I), carbon (C), nitrogen (N), hydrogen (H), sulfur (S), and sodium (Na).
An energy cutoff of 600 Ry was established for the auxiliary plane wave basis set to
ensure adequate representation of the system’s electronic structure. The total simulation
time for the AIMD was set to 5 ps, with a time step of 1 fs for the integration of the

dynamic equations.

4.3 Results and discussion

We began by carrying out theoretical calculations aimed at understanding the nature
of defects in FASnI3 and their effect on the photophysical properties. The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was first used for the calculations. As illustrated in Figure 4.1a, [
note that the calculated chemical potential region in which FASnI3 is stable under the
equilibrium growth condition is extremely narrow. Three chemical potential conditions
C1, C2, and C3 corresponding to the Sn-rich, moderate, and I-rich conditions are samples.
I then performed DFT calculations on the point defect formation energy in FASnl; (see
details in the Experimental Section). Three vacancies (Vra, Vsn, and Vi), one antisite
(Ira), and two interstitials (Ii, Sn;) were considered in our calculations. As illustrated in
Figure 4.1b, under I-rich/Sn-poor condition, Vs, has lowest formation energy (~-0.10 eV)
and is the dominant defect, while Snj, Ira have high formation energies (~3.63 eV, ~2.40
eV, respectively) than other studied defects. In the moderate condition, Vs, is still the
dominant defect since its formation energy is ~ 0.48 eV that is the lowest than other

defects. As the chemical potential point shifts to Sn-rich/I-poor side, the formation energy
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of Vs, increases to ~1.07 eV, and Vi (~0.77 eV) becomes the dominant defect. In both
three points, Sn;, Ira have high formation energies, indicating the hard formation trend of
these two defects. We underscore that, with increasing Sn chemical potential, the defect
formation energies of Vsn, Ii, Vra, Ira monotonically increase, while those of Sni, Vi
slightly decrease, signifying that Sn-rich condition is significant for getting low defect-
density FASnl;. My work in Chapter 1 is well consistent with these theoretical
calculations. To screen out the most detrimental point defect for the radiative
recombination of charge carriers in FASnl3, we next calculated the thermodynamical
charge-transition levels of defects aforementioned. As shown in Figure 4.1c, in bulk
FASnI3, almost all point defects can introduce deep defect levels between conduction
band minimum (CBM) and valance band maximum (VBM). Different with lead
perovskites, FASnls is quiet defect-intolerant, indicating the difficulty in getting highly
luminescent crystals. From Figure 4.1b, under Sn-rich reaction condition, Vi becomes
crucial, since its low formation energy, indicating the importance for suppressing the

formation of V1.
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Figure 4.1. (a) The allowed chemical potential region for the thermal equilibrium growth
of FASnl; marked by the blue polyhedral region, in which three chemical potential
conditions are sampled: Sn-rich (C1), Moderate (C2) and I-rich (C3). (b) Calculated
defect formation energies for the point defects in the bulk FASnl;. (c) Defect charge

transition levels for point defects in the bulk FASnIs.

Considering the larger specific surface area of NCs, surface condition is crucial.
Then, we calculated the defect formation energies for the point defects on the FAI-rich
and Snlz-rich surfaces at different growth conditions. As seen in Figure 4.2a, on the Snl>-
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rich surface, the formation energies of both Viand Vs, are negative under three different
growth conditions. The optimized crystal structures for calculations and total density of
states (TDOS) are displayed in Figure 4.3a. Tuning the chemical potential from tin-
poor/I-rich to Sn-rich/I poor, the formation energies of Vi decreases and that of Vs,
increases (Figure 4.2a). However, the negative formation energies of Vi and Vs
indicating that Snl>-rich termination surface can induce a lot of surface defects no matter
in Sn-rich/I-poor or Sn-poor/I-rich conditions, indicating much unstable Snly-rich
termination surface. For FAI-rich termination surface, the formation energies of both Vi
and Vra are high. Form I-rich to Sn-rich, the formation energy of Vi decreases from ~2.00
eV to ~1.40 eV, while that of Vra increased from 1.27 eV to 1.90 eV (Figure 4.2a). The
related optimized crystal structures and total density of states (TDOS) are shown in
Figure 4.3b. From the calculations, we can conclude that FAI-termination can result in a
low-defect-density NC surface. However, on the FAl-rich surface, Vi is detrimental,
because it can introduce deep defect level as shown in Figure 4.2b, further indicating the
importance of suppression the formation of Vi for highly luminescent FASnl; NCs. On
the Snl,-rich surface, Vs, and Vi cannot induce deep defect level (Figure 4.2¢), but their
low formation energies may induce unstable surface structure, and thus may induce the
degradation of NCs. Form all DFT calculations, I note that three factors are important for
the attainment of highly luminescent FASnlz NCs: 1). Creating a Sn-rich reaction
condition; 2). Constructing a FAI-rich surface termination; 3) suppressing the formation

of surface V1.
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Figure 4.2. (a) Calculated defect formation energies for the point defects on the FAI-rich

and Snlp-fich surface of FASnl;. (b) Defect charge transition levels on the FAI-rich
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Figure 4.3. Optimized crystal structures and total density of states (TDOS) for (a) Snlz-
rich (100) supercell without and with a surface defect (Vra and Vi), and for (b) FAI-rich
(100) supercell without and with a surface defect (Vs, and Vi). The DFT calculations were
performed at GGA/PBE+vdW level.

Importantly, if we create a Sn-rich reaction condition, FASnl; NCs more tend to form
a Snlp-rich termination. From Figure 4.4, we can see that for FAI-rich termination, the
total atom ration of I/Sn in one FASnl3 crystal is higher than 3, and the ratio of I/FA is
lower than 3. When the particle size is down to several nanometers, to form a FAI-rich
termination, the amount of FA is very high. Otherwise, Snl;-rich termination is more
possible. To break this deadlock, a tin-rich reaction condition that can avoid the Snl,
termination could be the key. Considering that I cannot provide a FA-rich reaction
condition, I thus proposed the use of exogenous cation that can act as a quasi-A-site cation
to establish an Al-terminated surface. I then focus on some organic and inorganic cations
with one plus oxidation states. For organic cations, I chose phenylethylamine (PEA™), 2-
thiophenemethylammonium (TMA™), and 2-thiopheneethylammonium (TEA™), all of
which tend to form RP 2D perovskites, and they are generally used to passivate 3D

perovskites.*>" For inorganic cations, I chose alkali metal ions, K, Na*, Rb*. Li" is
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excluded here, because it has very small ionic radius. Firstly, we conducted theoretical
calculations to confirm the possibility of incorporating these one plus cations on the
surface of FASnl; NCs. As shown in Figure 4.5a, the binding energies of three organic
cations, PEA*, TMA™, and TEA" are -3.768 ¢V, -3.746 ¢V, and -3.867 eV. TEA" shows
highest binding energy. Figure 4.5b shows the optimized crystal structures with K*, Na®,
Rb" replacement, and the binding energies are -2.970 eV, -2.426 ¢V, and -2.998 €V,
respectively. Among metal ions, Na* shows smaller binding energy than K™ and Rb". The
TDOS calculations are also displayed in Figure 4.5. I note that all these cations do not
introduce deep traps. The DFT calculations indicate that all these cations possibly bind

with NC surface forming a quasi-Al-termination without introducing other defects.
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Figure 4.4. Size-dependent (a) I/Sn ratio and (b) I/FA ratio of a cubic FASnl; NC with
FAl-rich (green circles) and Snlz-rich (orange circles) terminations. Unlike in the bulk, in

a NC, the I/Sn and I/FA ratios deviate from three.
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Figure 4.5. Optimized crystal structures, calculated binding energies (Ebinding), and total
density of states (TDOS) for FAI-rich (100) supercell (a) with a metal cation replacement
(K*,Na", and Rb"), and (b) with an organic cation replacement (PEA", TMA", and TEA").
The DFT calculations were performed at GGA/PBE+vdW level.

I then sought to challenge my hypothesis experimentally by devising a colloidal
synthesis strategy that ensues a Sn-rich reaction condition but realize a quasi-Al-
termination surface for FASnlI; NCs. I judiciously employed FA-oleate, Snlz, and tin (II)
2-ethylhexanoate  (Sn(Oct);) as  precursors, and 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (C44-PC) as ligand for the synthesis of FASnI; NCs, which is as same as
that in Chapter 3. The reason why choose Ca4-PC as ligand is also discussed in Chapter
3. To achieve surface modification, PEAI/TMAI/TEAI were introduced in Sn-I
precursors, and KOct/NaOct/Rb-oleate were introduced in FA-oleate solution (Figure
4.6). In a typical synthesis, I firstly prepared two precursor solutions. FA-oleate was
mixed with KOct/NaOct/Rb-oleate at 120 °C on a hot plate as FA-oleate precursor
solution; Snl, Sn(Oct),, and PEAI/TMAI/TEAI were dissolved in TOP at 120 °C on a
hot plate as Sn-I-TOP precursor solution. Then, Sn-I-TOP precursor solution was injected
in to 5 ml ODE, followed by introducing Cs4-PC at 120 °C. FA-oleate was then swiftly
injected into the reaction vial at 120 °C, triggering a rapid salt metathesis reaction and

resulting in fast nucleation and growth of FASnIz NCs within 10 s. The mole ratio of FA:
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Figure 4.6 Scheme illustration of colloidal synthesis for FASnI3 NCs.

I firstly synthesized FASnI3 NCs without any cation passivation, denoted as control,

and the PLQY is only 0.9+0.1% (Figure 4.7a). Here, in this work, all the samples were

repeated three times for measuring PLQYSs, and the average PLQY's as well as error bar
were calculated. Then, I tried the surface passivation by PEA" and TMA™. The effect of
TEA™ will be discussed later. The mole ratio of PEA/TMA: FA is 0.25: 1. Hence, the two
samples were denoted as PEA-0.25 and TMA-0.25, respectively. For PEA-0.25, the
PLQY is slightly increased to 2.0+£0.2% (Figure 4.7b), while the PLQY of TMA-0.25 is

only 0.8+0.1% (Figure 4.7¢), close to that of control. The powder X ray diffraction

(PXRD) patterns of PEA-0.25, TMA-0.25 nicely match the cubic FASnl3 structure, and
no secondary crystalline phase detected (Figure 4.8a). The bright-field transmission
electron microscopy (TEM) images of the products are also shown in Figure 4.8b, c. I
note that the morphology of two samples is not perfect cubic. They are cuboids. The
average width and length for PEA-0.25 are 18.8 nm and 20.6 nm; and those for TMA-
0.25 are 19.2 nm and 21.8 nm, respectively. The histograms of edge widths and lengths

of corresponding FASnI; NCs are also shown in Figure 4.8b, c.
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Figure 4.7 PLQY measurements of (a) control; (b) PEA-0.25; (c¢) TMA-0.25, respectively.
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Figure 4.8 (a) XRD patterns of PEA-0.25 and TMA-0.25. (b, ¢) TEM images of PEA-
0.25 and TMA-0.25. The histograms of edge widths as well as lengths of corresponding
FASnI; NCs are shown in the right.

I further tried the passivation effect of alkali metal ions, K™ and Rb". The effect of
Na" will be discussed later. The molar ratio of K or Rb: FA is 2.5: 1. Hence, the samples
are denoted as K-2.5 or Rb-2.5. However, after introduction of K*, the color of the final
produce is dark yellow, not black (Figure 4.9a), indicating that K can suppress the
nucleation and growth of FASnlIz NCs. After introducing Rb", the color of the final
product is black (Figure 4.9a), and the main structure phase of the product is cubic
FASnI;, as shown in Figure 4.9b. Notably, a small amount of Rbl byproduct was also
crystallized in the final product, which is confirmed in XRD pattern (The diffraction peak

of Rbl is marked by # in Figure 4.9b). The TEM image of Rb-2.5 is displayed in Figure
134



4.9¢. Some particles exhibit quasi-cubic morphology, while some particles exhibit quasi-
sphere morphology, indicating that alkali metal ions can affect the morphology of FASnlI;
NCs. The mean particle size of Rb-2.5 is 26.2 nm. The PLQY result is shown in Figure
4.10. After the passivation by Rb, the PLQY can be slightly increased to 2.0+0.1%.
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Figure 4.9 (a) Photos of the final product of K-2.5 and Rb-2.5. (b) XRD pattern of Rb-
2.5. The diffraction peak marked by # comes from Rbl. (¢) TEM images of Rb-2.5. The
inset the histogram of its edge length.
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Figure 4.10 PLQY measurement of Rb-2.5.

In the following, I focus on the discussion about TEA" and Na" passivation effect.

Four typical samples are discussed here: without cations (Control); with TEA (TEA:
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FA=0.2:1; denoted as TEA-0.25); with Na (Na: FA=2.5:1; denoted as Na-2.5); with both
TEA and Na (TEA: FA=0.25:1; Na: FA=2.5:1; denoted as TEA-0.25/Na-2.5). Figure
4.11a shows the XRD patterns of as-prepared four products, and all of them match nice
with cubic FASnI; structure without any other crystalline phase. From the XRD patterns,
I do not observe the shift in their diffraction peaks. The TEM images of four samples are
displayed in Figure 4.11b and their histograms of width and length are exhibited in
Figure 4.11c. I note that control sample have an average width of 25.8 nm and length of
27.7 nm. After introduction of TEA, the average width slightly decreases to 22.1 nm and
length decreases to 26.2 nm. Both control and TEA-0.25 have quasi-cubic morphology.
However, introduction of Na can induce larger particles. Some particles show nanosheet
morphology. The average width and length are 30.6 nm and 40.5 nm, respectively.
Interestingly, introducing both TEA and Na results in cuboid morphology. The average
width and length are 22.4 nm and 34.2 nm, respectively. The TEM images indicate that
alkali metal ions can affect the morphology of FASnI3 NCs, and TEA can reduce the edge

size of FASnl3 NCs.
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Figure 4.11 (a) XRD patterns of control; TEA-0.25; Na-2.5; TEA-0.25/Na-2.5 NCs,
respectively. (b) TEM images of control; TEA-0.25; Na-2.5; TEA-0.25/Na-2.5 NCs,
respectively. control; TEA-0.25; Na-2.5; TEA-0.25/Na-2.5 NCs, respectively. (c) The

histograms of edge widths as well as lengths of corresponding FASnI; NCs.
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Next, [ investigated the lattice of two typical samples: control and TEA-0.25/Na-2.5
NCs. FASnl3; NCs show extremely poor stability under electron beam. To avoid the
degradation of NCs, dose density was controlled to ~ 375 e/nm? every flame, and 25
flames were collected for the final image. Figure 12a shows high-resolution TEM
(HRTME) images of control sample. The left is low-magnification image, and the right
is the high-magnification image. We can clearly see that the control sample is octahedral,
and the lattice constant is 6.40 A, which is in consistent with (100) plane. Compared with
bulk FASnI3, 6.34 A for (100) plane,”’ my NCs exhibit slightly lower lattice constant. The
corresponding selected area electron diffraction (SAED) pattern is shown in Figure 4.12b,
which also confirms the cubic structure of FASnl; NCs. The HRTEM images of TEA-
0.25/Na-2.5 NCs are displayed in Figure 4.12¢. From them, we can find the lattice
constant of TEA-0.25/Na-2.5 is also 6.40 A, as same as control, indicating that TEA and
Na do not enter the lattice of FASnlz NCs. The SAED pattern in Figure 4.12d also

confirms the cubic structure of as-prepared NCs.

a

o b

Figure 4.12. (a) High-resolution TEM image of control NCs. The left is low-

magnification image and the right is high-magnification image. (b) Corresponding
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selected area electron diffraction pattern of control NCs. (c¢) High-resolution TEM image
of TEA-0.25/Na-2.5 NCs. The left is low-magnification image and the right is high-
magnification image. (d) Corresponding selected area electron diffraction pattern of TEA-

0.25/Na-2.5 NCs.

I then proceeded to investigate the photophysical properties of as-prepared four
FASnI3 NCs. Figure 4.13a displays the absorption and PL spectra of these NCs. All NCs
show similar absorption characteristic. However, they have different PL peaks: 860 nm,
854 nm, 867 nm, and 854 nm for control, TEA-0.25, Na-2.5 and TEA-0.25/Na-2.5,
respectively. Although the particle sizes of these NCs are different (Figure 4.11b), it
cannot be explained by size effect since the Bohr radius in FASnl3 is quite small (3.5-4.4
nm).’” Previous work confirmed that structural distortion can induce the bandgap
widening in FASnls.’” Here, I speculate that the shift in PL peaks may originate from
different structural distortion induced by TEA and Na. Importantly, the PLQY's of theses
NCs are 0.9+£0.2%, 4.0+0.7%, 13.6+0.2%, and 36.9+0.7% for control, TEA-0.25, Na-

2.5 and TEA-0.25/Na-2.5, respectively (Figure 4.13b, d). Compared with PEA" and
TMA", TEA" shows better passivation effect, which can be explained by higher binding
energy of TEA™ (Figure 4.5a). In addition, during all alkali metal ions, Na" passivated
NCs show better PLQY compared with K or Rb* (Figure 4.10). Interesting, combining
TEA" with Na", the as-prepared NCs show maximum PLQY, 36.9+0.7%, that is an record

value compared with all previously reported tin halide perovskite NCs. !¢ 3% 37,38

I then carried out time-resolved PL measurements to glean information on the
transient evolution of the photogenerated carriers. Figure 4.13¢ displays the decay curves
of yielded four FASnI3 NCs. I note that control sample has much fast decay that is close
to the laser pulse. With the passivation by TEA or/and Na, the PL decay becomes slower.
I fitted all decay curves by a biexponential function (Figure 4.13c, Table 4.2), from which
the average lifetimes are obtained. The average lifetime of control is only 0.28 ns. TEA-
0.25, and Na-2.5 have a lifetime of 20.94 ns, 90.30 ns, respectively. Specially, TEA-
0.25/Na-2.5 sample has a much long lifetime of 132.52 ns, suggesting significantly

suppressed non-radiative recombination.
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Figure 4.13 (a) Normalized PL (solid lines) spectra and optical absorption (dashed lines)
of control; TEA-0.25; Na-2.5; TEA-0.25/Na-2.5 NCs. (b) Histograms of the PLQY's for
control; TEA-0.25; Na-2.5; TEA-0.25/Na-2.5 NCs. The average PLQY and error bar were
obtained by three parallel experiments. (¢) PL decay traces of FASnl; NCs. The black
curves are their fitting curves. (d) PLQY measurements of TEA-0.25; Na-2.5; TEA-
0.25/Na-2.5 NCs.

Table 4.2. Fitted lifetimes (71, 72), average lifetimes (Tave) using a biexponential function,

and PLQY's of FASnI3 NCs.
PLQY
Samples Ay 71 (ns) Az T2 (ns) Tave (11S)
(%)
Control 0.50 0.28 0.50 0.49 0.38 0.9
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TEA-0.25 0.71 11.81 0.29 43.12 20.94 4.0

Na-2.5 0.49 33.81 0.51 145.21 90.30 13.6
TEA-0.25/

0.49 45.37 0.51 215.18 132.52 36.9
Na-2.5

It is known that tin halide perovskite NCs commonly show poor stability. Previously
results revealed that exposure of tin halide perovskite NCs in air for a short duration leads
to significant degradation since the fast oxidization of Sn*" into Sn*', leading to structural
deformation.”® >> My NCs also exhibit poor stability in the air. Within 10 min, FASnI;
NCs totally degraded into white salts. But in the Ar-filled glovebox (H20<0.6 ppm;
02<0.1 ppm), after 24 hours, control and TEA-0.25/Na-2.5 NCs still maintained 88% and
91% of their initial PLQY's (Figure 4.14). I note that, how to further improve the stability
of FASnI; NCs is highly desirable to explore in the future.
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Figure 4.14 Temporal evolution of PLQYs of control and TEA-0.25/Na-2.5 NCs
dispersed in hexane in glovebox (H20<0.6 ppm; 02<0.1 ppm).

I then turned to studying the impact of the amount of TEA and Na. Firstly, I kept the
amount of Na (Na: FA=2.5: 1), while change the amount of TEA. The molar ratios of
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TEA: FA=0.05:1, 0.15:1, and 0.3:1, and the corresponding products are denoted as TEA-
0.05/Na-2.5; TEA-0.15/Na-2.5; TEA-0.3/Na-2.5. Further increase the molar ratio of TEA:
FA to 0.35: 1 induced the insoluble Sn-I precursor solution. The XRD patterns of as-
prepared products are displayed in Figure 4.15a. All three samples match well with cubic
FASnI; structure. Their TEM images and corresponding size-distribution histograms are
shown in Figure 4.15b-d. The average width and length for TEA-0.05/Na-2.5 are 22.0
nm and 33.6 nm; those for TEA-0.15/Na-2.5 are 18.6 nm and 31.2 nm; those for TEA-
0.3/Na-2.5 are 21.0 nm and 30.0 nm. Their morphology and particle size have no distinct
difference. Figure 4.16a displays their absorption and PL properties. All three samples
have almost same absorption and PL spectra, while their PLQY's are quite different: 15.2
+0.6%; 28.0+1.4%; and 31.8+1.4% for TEA-0.05/Na-2.5; TEA-0.15/Na-2.5; and TEA-
0.3/Na-2.5, respectively (Figure 4.16b). The best ratio of TEA: FA is 0.25:1 that have
been discussed above (Figure 4.13). With increasing the amount of TEA, we can see the

increase in PLQY's until TEA: FA=0.25:1. Further increase the amount of TEA can induce
slight decrease in PLQY.
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Figure 4.15 (a) XRD patterns of TEA-0.05/Na-2.5; TEA-0.15/Na-2.5; and TEA-0.3/Na-
2.5 NCs. (b-d) TEM images (left) and their histograms of edge widths as well as lengths
(right) of TEA-0.05/Na-2.5 (b); TEA-0.15/Na-2.5 (¢); and TEA-0.3/Na-2.5 (d) NCs.
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Figure 4.16 (a) Normalized PL (solid lines) spectra and optical absorption (dashed lines)
of TEA-0.05/Na-2.5; TEA-0.15/Na-2.5; and TEA-0.3/Na-2.5 NCs. (c) PLQY
measurements of TEA-0.05/Na-2.5; TEA-0.15/Na-2.5; and TEA-0.3/Na-2.5 NCs.

Secondly, I kept the amount of TEA (TEA: FA=0.25: 1), while change the amount
of Na. The molar ratios of Na: FA=0.5:1, 1.5:1, and 3.5:1, and the corresponding products
are denoted as TEA-0.25/Na-0.5; TEA-0.25/Na-1.5; TEA-0.25/Na-3.5. The XRD
patterns of as-prepared products are displayed in Figure 4.17a. All three samples match
well with cubic FASnl; structure. Their TEM images and corresponding size-distribution
histograms are shown in Figure 4.17b-d. The average width and length for TEA-0.25/Na-
0.5 are 22.7 nm and 24.2 nm; those for TEA-0.25/Na-1.5 are 19.1 nm and 27.3 nm; those
for TEA-0.25/Na-3.5 are 20.4 nm and 32.5 nm. I note that, with increasing the amount of
Na, the average width has no obvious different but the length becomes longer, indicating
that Na can promote the growth of FASnlz NCs along [100] direction (Figure 4.12c).
Figure 4.18a displays their absorption and PL properties. All three samples have almost
same absorption and PL spectra, while their PLQY's are quite different: 6.0+0.3%; 19.7+

1.4%; and 33.9+0.6% for TEA-0.25/Na-0.5; TEA-0.25/Na-1.5; and TEA-0.25/Na-3.5,

respectively (Figure 4.18b). The best ratio of Na: FA is 2.5:1 that have been discussed
above (Figure 4.13). With increasing the amount of Na, we can see the increase in PLQY's

until Na: FA=2.5:1. Further increase the amount of Na can induce slight decrease in PLQY.
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Figure 4.17 (a) XRD patterns of TEA-0.25/Na-0.5; TEA-0.25/Na-1.5; and TEA-0.25/Na-
3.5 NCs. (b-d) TEM images (left) and their histograms of edge widths as well as lengths
(right) of TEA-0.25/Na-0.5 (b); TEA-0.25/Na-1.5 (c); and TEA-0.25/Na-3.5 (d) NCs.
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Figure 4.18 (a) Normalized PL (solid lines) spectra and optical absorption (dashed lines)
of TEA-0.25/Na-0.5; TEA-0.25/Na-1.5; and TEA-0.25/Na-3.5 NCs. (c) PLQY
measurements of TEA-0.25/Na-0.5; TEA-0.25/Na-1.5; and TEA-0.25/Na-3.5 NCs.

My synthesis route was conducted under Sn-rich reaction condition: FA: Sn: 1=0.2:

1.4: 1 (See Figure 4.6 and Experiment section) that is guided by DFT calculations
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(Figure 4.1). To further confirm that Sn-rich reaction condition is necessary for getting
highly luminescent FASnl3 NCs, I then studied the photophysical properties of FASnl3
NCs with reducing amount of Sn. The amount of Sn: I was reduced to 1.2:1 and 1:1, and
the as-prepared products are denoted as Sn: [=1.2:1 and Sn: I=1:1. Figure 4.19 displays
the structural and optical properties of as-prepared NCs. The XRD patterns confirm the
pure phase of cubic FASnl; NCs (Figure 4.19a). From Figure 4.19b, ¢, we can see that
the average width and length for Sn:1=1.2:1 are 19.4 nm and 30.7 nm, respectively; those
for Sn: I=1:1 are 27.6 nm and 36.8 nm, respectively. With decreasing the amount of Sn,
both width and length of particles are larger. PLQY results in Figure 4.19d confirms that
reducing Sn amount leads to decreased PLQYs: 19.2 £0.9% and 11.9 +0.6% for

Sn:1=1.2:1 and Sn: I=1:1, respectively, suggesting that Sn-rich reaction condition is

essential, well in agreement with DFT calculations as discussed above.
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Figure 4.19 (a) XRD patterns of FASnl; NCs synthesized with different ratios of Sn: 1.
(b, c) TEM images (left) and their histograms of edge widths as well as lengths (right) of
FASnI; NCs synthesized with different ratios of Sn: I. (d) PLQY measurements of FASnl3
NCs synthesized with different ratios of Sn: I.

The synthesis of perovskite NCs is normally strict with the manufacturer and purity
of reagents. To study this effect, I tried to synthesize TEA-0.25/Na-2.5 NCs using
different ODE and Snl, from other manufacturers. As displayed in Figure 4.20, using
ODE from Kanto (purity is 95.5% from COA, see Table 4.1)), the PLQY slightly
decreased to 34.8%; while using Snl> from Strem (purity is 99%, see Table 4.1), the
PLQY largely decreased to 23.1%, possible since the lower purity of these reagents. To
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help others better reproduce highly luminescent FASnl3 NCs, the manufacturers, batch

numbers, and purities from COA of all the reagents used here are listed in Table 4.1.
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Figure 4.20 PLQY measurements of TEA-0.25/Na-2.5 NCs using (a) ODE from Kanto
and (b) Snl, from Strem.

Experimental observations confirm that introduction TEA" and Na' in the reaction
system can produce high-quality FASnl; NCs with great PLQY. To take an insight into
the effect of TEA" and Na", I firstly studied the presence and distribution of these cations.
Elemental mapping was performed on TEA-0.25, Na-2.5 NCs, as shown in Figure 4.21.
All the corresponding mapping images of N, Sn, I, Na, S, P are overlapping with the TEM
image, illustrating the existence of Na and TEA in the TEA-0.25, Na-2.5 NCs. In addition,
P comes from C44-PC ligand. The element ratio of Na: S: N: Sn: I: P is 0.38: 0.04: 2.4: 1:
1.67: 0.42, showing extremely high concentration of Na and small amount of TEA. It is
noted that the concentration of I is less than the normal value. The possible reason is that
long-time EDS mapping may induce the loss of I element. From the STEM images before
and after EDS mapping, we also can see the partial damage of FASnI3 NCs upon X-ray

irradiation.
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Figure 4.21. (a) HAADF-STEM image of TEA-0.25/Na-2.5 NCs before EDS mapping.
(b) HAADF-STEM image of TEA-0.25/Na-2.5 NCs after EDS mapping. (c-h) STEM-

EDS element mapping of N, Sn, I, Na, S, and P.

Then, I used ICP to confirm the actual concentration of Na. ICP result shows that
Na/Sn is 48.0% for TEA-0.25/Na-2.5 (Figure 4.22a, Table 4.2). Table 4.2 also lists the
molar ratio of Na: Sn of other samples. All of them show a high Na concentration. From
the HRTEM as discussed above, TEA-0.25/Na-2.5 NCs have same lattice constant with
that of control NCs, indicating Na* ions do not enter the lattice of NCs (Figure 4.12). In
addition, such a large amount of Na" ions cannot be all on the surface of NCs, since that
even all surface FA" ions are replaced by Na', the ratio of Na/Sn for a FASnI3 NC with
~30 nm particle size is only ~10%. Based on these, I speculate that there are some Na'-
related complexes mixed with FASnlz NCs, because there are some oily organic in the
final product. To confirm it, [ washed FASnI; NCs by hexane once and twice to remove
the oily organic. The ICP results show that the concentration of Na largely decreased after
wash: Na/Sn=7.7% and 3.6% for wash once and twice NCs (Figure 4.22a, Table 4.2),
suggesting that some Na'-related complexes are mixed with the final FASnI3 NCs.
Interestingly, I find that structure and morphology of NCs after wash had no obviously
changes (Figure 4.23 a-c), but their PLQY decreased a lot: 15.2+1.6% and 10.0+0.4%

for wash once and twice NCs (Figure 4.22a, 23d), compared with the highly luminescent

unwashed NCs (Figure 4.22a), indicating that these Na'-related complexes have surface
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passivation effect. Figure 4.22b displays the high-resolution ESI-MS spectra of TEAI
and TEA-0.25, Na-2.5 NCs dissolved in methanol. Two distinct peaks at m/z of 111.03
and 128.05 were detected for both TEAI reactant and NCs. The peak of 128.05 is from
the signal of TEA", and the peak of 111.03 is from the split fraction of TEA". Both confirm
the presence of TEA" in the final product.

To understand the surface passivation effect of TEA™ and Na', I then conducted
electrokinetic potential ({-potential) measurements for four main samples, which are
displayed in Figure 4.22b. The {-potentials were obtained by using Henry’s equation and
the Hiickel approximation for non-polar systems:

U _ 2&CF (ka)
E- 3 (10)

where U/E is the electrophoretic mobility obtained using the instrument, { is the (
potential, € is the solvent dielectric permittivity, n is the viscosity and F(xa) is the
dimensionless Henry function. For non-polar systems, the Hiickel approximation is
applied and the value of Henry’s function is close to 1. To avoid the degradation, all
measurements were conducted in N-filled glovebox (See Experimental section).
Control NCs have a negative { potential of ~-15.0 eV, indicating the negative charge
surface, due to the abundant presence of FA vacancies on the surface or subsurface of
FASnI; NCs. TEA-0.25 NCs have a { potential of ~-3.1 eV. TEA" can lead to a TEAI-
termination surface, reduce the surface FA vacancies, and thus increase the surface
potential. Interestingly, Na-2.5 and TEA-0.25/Na-2.5 NCs have a positive { potential of
14.5 mV and 27.0 mV. It is noted that abundant Na ions (38.4% of Na/Sn and 48.0% of
Na/Sn for Na-2.5 and TEA-0.25/Na-2.5 NCs, See Figure 4.22a and Table 4.3) as ligand-
shell are present on the surface area of FASnI; NCs, which could result in a bipolar-shell
surface. Na'-enriched outer shell thus can promote a positive { potential. Dong et al. also

found the similar passivation mechanism in CsPbBr3 NCs.>*
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Figure 4.22 (a) The percentage of Na/Sn tested from ICP, and PLQY's of unwashed, wash
once, and wash twice TEA-0.25/Na-2.5 NCs. (b) ESI-MS peaks of TEAI and TEA-
0.25/Na-2.5 NCs dissolved in methanol. (c) { potentials of control; TEA-0.25; Na-2.5;
TEA-0.25/Na-2.5 NCs.
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Figure 4.23 (a) XRD patterns of FASnl3 NCs after wash once and twice. (b, ¢) TEM
images (left) and their histograms of edge widths as well as lengths (right) of FASnI3 NCs
after wash once and twice. (d) PLQY measurements of FASnI; NCs after wash once and

twice.

Table 4.3. ICP results and calculated molar ratio of Na/Sn of FASnlI3; NCs

Sample Na (mass%) Sn (mass%) Molar ratio of Na/Sn

Na-2.5 0.067 0.90 38.4%
TEA-0.25/Na-0.5 0.015 0.45 17.2%
TEA-0.25/Na-1.5 0.034 0.59 29.7%
TEA-0.25/Na-2.5 0.053 0.57 48.0%
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TEA-0.25/Na-3.5 0.063 0.68 47.8%
Wash once 0.15 10 7.7%
Wash twice 0.12 17 3.6%

X-ray photoelectron spectroscopy (XPS) was also used for understanding the surface
condition of FASnI3 NCs. As display in Figure 4.24a, high-resolution Sn 3d XPS spectra
for TEA-0.25/Na-2.5 NCs are highly asymmetric indicating the presence of more than
one oxidation of Sn. Six components in the fitted spectrum can be readily observed: the
peaks located at 493.08 eV and 484.67 eV can be assigned to Sn 3d3,2 and Sn 3ds/2, which
aligns with the binding energies of Sn’; the peaks located at 494.12 eV and 485.71 eV can
be assigned to Sn 3d3,2 and Sn 3ds/> from Sn?*; those located at 495.19 eV and 486.78 eV
comes from the Sn 3ds» and Sn 3ds,, of Sn*".>> Additionally, I also can observe Na KLL
auger peak located at 497.91 eV in Figure 2.24a.°° Here, Sn°, Sn**, and Sn*" signals are
all detected, and their contents are 62.15%, 24.43%, and 13.42% for Sn°, Sn?*, and Sn**,
respectively. I could be well-fitted by one curve as shown in Figure 4.24b. Then I turned
to observer the signal of S and Na of TEA-0.25/Na-2.5 NCs. As shown in Figure 4.25a,
S 2p spectrum can be fitted by four components. The peaks located at 165.85 eV and
164.67 eV comes from S 2Pi» and 2P of natural thiophene for TEA.’” However, the
peaks at 169.34 eV and 168.16 eV originates from a higher oxidation of S 2Py and

2P3,°® which may be resulted from the coordination between TEA and Sn.

a — TEA-0.25/Na-2.5 sSn? fitted peak b — TEA-0.25/Na-2.5
—a- Fitted curve Sn* fitted peak —o—Fitted curve
Baseline Na KLL Auger Baseline 1 3ds,,
— Sn? fitted peak Fitted peak ﬁ

Sn 3dy, |

Intensity (a. u.)
Intensity (a. u.)
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Figure 4.24. (a) High-resolution XPS spectra of Sn 3d doublet for TEA-0.25/Na-2.5 NCs.
(b) High-resolution XPS spectra of I 3d doublet for TEA-0.25/Na-2.5 NCs.
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Figure 4.25. (a) High-resolution XPS spectra of S 2p doublet for TEA-0.25/Na-2.5 NCs.
The fitted peaks colored by dark yellow originate from neutral thiophene, while those

colored by orange may originate from the oxidated thiophene. (b) High-resolution XPS
spectra of Na 1s for TEA-0.25/Na-2.5 NCs.

To further understand the surface reconstruction by TEA™ and Na*, we then did the
DFT calculations. Surface defect transition levels shown in Figure 4.2b lets me know
that Vi is the dominate defect that can induce the nonradiative recombination in FASnl3
NCs. So, we did the DFT calculation for the formation energies of Vi on the NC surface.
As display in Figure 26a-c, we constructed three different surface conditions: 1) TEA™+
2 Na';2) TEA™+ 4 Na'; 3) TEA™+6 Na'. The provided three conditions are based on our
experimental results that abundant Na® ions are in the final product. The calculated
formation energies are shown in Figure 4.26d. Under Sn-rich reaction condition, the
formation energies of Vi are -0.81 eV, 0.70 eV, 1.30 eV, for TEA™+2 Na*, TEA™+ 4 Na",
and TEA™+6 Na' surfaces, respectively, indicting the increase formation energy with
more Na' ions absorbing on the NC surface, in agreement with our above experimental
results. Under I-rich reaction condition, although the defect formation energies of surface
V1 are higher than Sn-rich and moderate conditions for all three surface states (Figure
4.26d), some other point defects in bulk, such as Vs, i, Vra will have lower formation

energies (Figure 4.1b), which induces more defect states inside FASnl3 lattice.
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Figure 4.26. Optimized crystal structures for FAl-rich (100) supercell with surface (a)
TEA™+2 Na’, (b) TEA™+4 Na', and (c) TEA™+6 Na". (d) Calculated defect formation
energies of Vi for three different surfaces under Sn-rich, moderate, and I-rich reaction

conditions. The DFT calculations were performed at GGA/PBE+vdW level.

To elucidate the synergistic effect of TEA* and Na* in enhancing the luminescence
of FASnI3 NCs, we performed Ab Initio Molecular Dynamics (AIMD) simulations to
generate Radial Distribution Function (RDF) plots for Na-I and S-I pairs both at 300 K
and 400 K. These RDF plots serve as a powerful tool to probe the atomic-level stability
of adsorbed TEA* and Na* (Figure 4.27, 4.28, 4.29). Figure 4.27 a and b display
diagrammatic representation of S atom and four near I atoms for RDF calculations. The
temperatures as a function of time in AIMD both at 300 K and 400 K for three different
surface conditions are shown in Figure 4.28. In Figure 4.29, the presence of distinct RDF
peaks indicates preferred interatomic distances, shedding light on the underlying atomic
structure. In the Na-I RDF, a prominent peak near 3 A suggests that Na* ions remain
tightly bound to I ions, consistent with the Na-I bond length in DFT-optimized structures,
indicating minimal atomic displacement. The RDF for the S-I pair displays two peaks at
approximately 6 A and 11 A, corresponding to the distances between S and two distinct I
atoms, signifying that TEA" remains adsorbed on the NC surface during the AIMD
simulations. (Figure 4.29). Additionally, the first peak’s FWHM in the Na-I RDF narrows
with increasing Na* concentration, particularly at 300 K, suggesting that higher Na* levels

contribute to greater surface stabilization (Figure 4.27c¢).
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Figure 4.27. (a, b) Diagrammatic representation of S atom and four near I atoms for RDF

calculations. (¢) Full-width at half-maximum (FWHM) of the Gaussian function fitted

first peak in radial distribution function obtained from the MD simulations for FAI-rich

surface with TEA"+ 2 Na“, TEA"+4 NA", and TEA" + 6 Na", at 300K and 400K.
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Figure 4.28. The temperature as a function of time in molecular dynamic simulations for

(a) TEA"+ 2 Na*, (b) TEA"+ 4 NA™, (c) TEA"+ 6 Na" absorbed on the FAI rich surface

at 300 K (left) and at 400 K (right).
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Figure 4.29. RDF plots obtained from the MD simulations for (a) TEA" + 2 Na, (b)
TEA*+ 4 NA", (¢) TEA"+ 6 Na" absorbed on the FAI rich surface at 300 K (left) and at
400 K (right).

Based on all experimental fact, I propose a plausible mechanism for the surface
reconstruction by TEA" and Na" in FASnI; NCs (Figure 4.30). Firstly, without TEA* and
Na’, the FASnlI; surface is terminated by Snly, since the reaction was conducted under
Sn-rich condition. However, Snl>-terminated surface is unstable, because of the much low
defect formation energies of Vs, and Vi. The defective Snlz-terminated surface is
illustrated in Figure 4.30a. Although our calculation results do not find that surface Vs
and V| defects can introduce deep defect levels between CBM and VBM (Figure 4.2c¢),
this unstable surface may induce the degradation of NCs and thus may generate other
defects both on the NC surface and inside NC lattice. The modified surface by TEA" and
Na" is displayed in Figure 4.30b. After the introduction of TEA" and Na*, NC surface is
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terminated by TEAI/Nal. A small amount of TEA™ cations and a large amount of Na*
cations absorb on NC surface as organic and inorganic ligand-shell, not only reducing the
surface VEa, but only stabilizing the surface I" ions that circled by red (Figure 4.30b). The
modified TEAI/Nal-terminated surface has low defect density, contributing to the
enhancement in PLQY (Figure 4.13).

a b

Defective Snl,-terminated surface Modified TEAI/Nal-terminated surface

TEA:NS FA:.+%+- Sn: O Na: @1:0

Figure 4.30. Schematic illustration of the proposed surface modification. (a) Defective
Snl2-terminated surface without TEA" and Na'. (b) Modified TEAI/Nal-terminated

surface after introduction of TEA™ and Na*.

Post-synthesis treatment is another possible strategy for achieving surface
reconstruction. To verify this possibility. I then used Na-oleate as ligand to treat FASnI3
NCs. Due to the poor solubleness of TEA-related reagents in non-polar solvent, I only
tried Na post-treatment instead of TEA. Na-oleate was firstly dissolved in hexane, and
then Na-oleate solution was injected into NC-hexane solution for PLQY measurement
(See Experiment section). The PLQY results are listed in Table 4.4. We can see that,
after Na-oleate post-treatment, the PLQY of control NCs was increased to 3.2+0.3%, and
that of TEA-0.25 NCs was increased to 12.2+0.8%, indicating the feasibility of post-
synthetic surface reconstruction. But for TEA-0.25/Na-2.5 NCs, the additional Na-oleate
induced the decrease in PLQY, possibly because of the already passivated NC surface.
This post-treatment here provides another flexible route to getting highly luminescent

FASnI3 NCs.
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Table 4.4. PLQYSs of control; TEA-0.25; TEA-0.25/Na-2.5 NCs after post-synthetic

treatment by different amount of Na-oleate.

Sample Control TEA-0.25 TEA-0.25/Na-2.5
Amount of Na-oleate 5 10 20 5 10 20 2 5 10
(uL)

PLQY (%) 24+ 3.1+& 32+ 94+ 122 114 36.7 33.1 20.1

02 03 03 06 +£08 =£1.5 #+1.1 +0.6 =£I.8

I finally demonstrate that my synthetic concept is sufficiently general and can be
extended for the synthesis of FA/Cs alloying tin halide perovskite NCs. By partially
replacing FA-oleate with Cs-oleate, I can produce FAo9Cso.1Snls and FAosCso2Snl3
perovskite NCs (Figure 4.31a, b). The calculated element ratios from STEM-EDS are
displayed in Figure 4.32. Interestingly, from TEM images, we can see that the
morphology of FA/Cs alloying NCs tends to become nanowires. The average width and
length for FA9.9Cso.1Snls NCs are 18.6 nm and 32.1 nm; while those for FA(sCso.2Snl3
NCs are 14.6 nm and 81.5 nm. With more Cs, NC exhibits shorter width and longer length.
HRTEM image (Figure 4.33) shows that FAsCso2Snl; nanowires have the property of
orthorhombic phase, indicating Cs™-induced phase transition. Possibly, due to different
surface energy of (001) and (100) planes, FAs8Cso.2Snl3 has a trend to grow along [001]

direction, and finally forms nanowire.
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Figure 4.31. (a) XRD patterns of FA9Cso.1Snl3 and FA¢sCso2Snl; NCs. (b, ¢c) TEM

images (left) and their histograms of edge widths as well as lengths (right) of

FA0.9Cso.1SnI3 and FAo8Cso2Snls NCs.

a b
i s FPosCsoq Cu ¢ FAgeCsq, d
N 4.43 o N 5.70
_ Sn 1.77 - Sn 218
3 =5 Cu
s 1 277 s o ! 4.08
> Cs 0.12 > Cs 0.52 Cu
= £
= c
2 2
£ ! =
N Sn N |
sn
Na Sn |Sn
P Na
I
S Cs Ps 't‘,‘s
0 2 4 6 8 0 0 2 4 6 8 10
Energy (keV) Energy (keV)

Figure 4.32. STEM-EDS spectra and calculated atomic ratios of FA(.9Cso.1Snlz NCs (a)

and FA¢.sCso2Snl3 NCs (b).

Figure 4.33. HRTEM image of FA(.sCso2Snl3 nanowires.

Figure 4.34a displays the absorption and PL spectra of as-prepared NCs. As

expected, with increasing Cs content, the absorption and PL spectra red-shift owing to the
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narrowing of the band gap. The FA0.9Cso.1Snl3 and FA(3Cso2Snls NCs show emission
peaks at 881 nm and 898 nm , with PLQYs of 26.7+1.2% and 21.1+1.2%, respectively

(Figure 4.34a, b). The FA0.9Cso.1Snl3 and FA¢sCso2Snlz NCs demonstrate average PL
decays of 97.48 ns and 59.76 ns, respectively (Figure 4.34¢c, Table 4.5). Although the
PLQYs of these NCs are still lower than those of lead-based cousins, they represent the
record values among those of FA/Cs alloying tin halide perovskite NCs. I believe that
further fine-tuning of other synthetic parameters, such as synthetic temperatures, the

relative ratios of precursors, and the amount of capping agents, could result in higher
PLQYs.
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Figure 4.34. (a) Normalized PL (solid lines) spectra and optical absorption (dashed lines)
of FA0.9Cso.1Snl3 and FAsCso2Snlz NCs. (b) PLQY measurements of FA¢.9Cso.1Snlz and
FA0.8Cs0.2Snl3 NCs. (¢) PL decay traces of FASnI; NCs. The black curves are their fitting

curves.

Table 4.5. Fitted lifetimes (71, 12), average lifetimes (Tave) using a biexponential function,

and PLQY's of FA¢.9Cso.1Snl3 and FA¢8Cso2Snl3 NCs.

PLQY
Samples Aq 11 (ns) Az T2 (ns) Tave (11S)
(%)
FA0.9Cso.1 0.60 36.03 0.40 189.75 97.48 26.7
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FAo3Cso.2 0.69 23.95 0.31 140.89 59.76 21.1

4.4 Conclusion

In summary, I have successfully developed a one-pot surface modification strategy
for the synthesis of highly luminescent FASnl; perovskite NCs by regulating NC surface
termination. DFT calculations of the formation energies and transition levels of several
point defects both in the bulk and on the surface of FASnl; predicted that obtaining highly
luminescent FASnIz NCs should meet following three factors: 1). Creating a Sn-rich
reaction condition that reduces intrinsic structural defects; 2). Constructing a quasi-Al
surface termination instead of defective and unstable Snl, surface termination; 3).
Suppressing the formation of Vi on the quasi-Al-terminated surface. Under Sn-rich
reaction condition, by judiciously choosing TEA™ and Na" as surface-terminated ions, I

obtained colloidal FASnI3 NCs with a record PLQY of 36.9+0.7%, which is over 50 times

larger than those previously reported. The combined optical and structural
characterizations show that TEA" and Na® absorb on the NC surface instead of entering
the NC lattice, regulating the surface condition from Snl, termination to TEAI/Nal
termination. Such a created surface can reduce surface atomic vacancies, thus suppressing
the nonradiative recombination pathways in NCs. Further DFT calculations revealed that
a small amount of TEA™ ions and a large amount of Na* ions can strengthen surface I’
binding, thus suppressing the formation of surface Vi. Finally, the scalability and
adaptability of my approach have been validated by its successful application to highly
luminescent FA/Cs alloyed FAxCs1xSnl; NCs. My findings have not only broken the
long-time obstacle in the synthesis of high-quality tin halide perovskite NCs but also laid
the foundation for future high-performance optoelectronic devices such as solar cells,

LED:s, lasers, and beyond.
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Chapter 5: Conclusions and future prospects

5.1 General conclusions

Tin halide perovskites have been proved as ideal substitution for lead halide
perovskites in various optoelectronic devices since their low-toxicity and similar
outstanding optoelectronic properties with those of their lead-based cousins. During them,
formamidinium tin iodide (FASnl3) is an ideal light-absorb material in solar cells because
its bandgap is ~1.41 eV close to the optimum bandgap (1.34 eV) of single junction solar
cell that can approach the Shockley-Queisser efficient limit. Based on the FASnI; solar
cells have achieved great progresses, and the power conversion efficiencies have reached
over 14%, gradually shortening the gap with that of lead halide perovskite solar cells.
Recent researches are mainly focused on the FASnlI; polycrystalline films, while those on
their micro/nano crystals are still limited. Some interesting photophysical properties of
FASnI3 polycrystalline films, single crystals, and nanocrystals were observed, such as
bandgap widening by structural distortion; negative thermal quenching of PL under low
temperatures; slow carrier relaxation for quantum-confined NCs. Considering that their
study objects featuring massive defect concentrations that lead to extremely low PLQYS,
their observed structural-photophysical property relationships are deficient. Colloidal
NCs have some excellent photophysical properties that contribute to some special
applications, such as QLED, biological imaging, and single-quantum source.
Unfortunately, present researches on FASnI3 NCs just started in 2021, and still have no
great improvement until now. How to get stable and highly luminescent FASnI3 NCs is
the main obstacle at present.

In this thesis, I started with the research on FASnl3 microcrystals, uncovering defect-
induced unconventional photophysical properties in FASnl;, and discovering the
significance of Sn-rich reaction condition during the nucleation and growth of high-
quality FASnl3; crystals. Furthermore, I turned my researches to FASnlz NCs, and
developed a new kind of capping ligand, phosphatidylcholine, for stable FASnI; NCs.
Finally, focused on the surface modification of FASnl; NCs, and improved their PLQY
t0 36.9+0.7% that is a record value during all reported tin halide perovskite NCs. Herein,

I present the detailed findings of my researches:

166



In Chapter 2, I found that by simply tuning the reactant ratios of FA-oleate to Snl,
different-quality FASnl; microcrystals were synthesized, and the best PLQY of 8.0% was
achieved under Sn-rich reaction conditions. This is the first time to confirm that Sn-rich
reaction condition can suppress the formation of some structural defects, such as tin
vacancies, Sn*" self-doping in FASnl3 microcrystals. For the low-quality FASnls
microcrystals, I observed a larger bandgap. X-ray photoelectron spectroscopy shows
higher Sn** content in low-quality microcrystals, and ''”Sn solid-state nuclear magnetic
resonance shows structural distortion in low-quality microcrystals. Thus, I provided my
understanding that defect-induced structural distortion contributes to the widening
bandgap in FASnlz. This is the first time to discover the defect-dependent structural-
photophysical property relationship in FASnlz microcrystals. Air-degradation is another
progress for generating structural defects that also induced bandgap widening. However,
the specific defects are still unknown. I speculate that they are Sn vacancies or Sn*'-
related defects. In addition, what kind of structural distortion is also still unknow, which
needs to be discovered in the future. Low-temperature PL measurements lead me to the
finding of an unusual near-infrared emission band, and negative thermal quenching in a
broad range of 110-200 K. Both could be on account of structural defects in FASnl3
microcrystals.

In Chapter 3, based on the Sn-rich synthesis method discovered in Chapter 2, I
introduced a zwitterionic ligand, phosphatidylcholine, for the preparation of small-sized
FASnI3 NCs. Phosphatidylcholine is composed of a quaternary amine choline headgroup,
a phosphate group, and two branched fatty acid side-chains. Two functional groups help
the strong binding of ligand with NC surface, and long-chain side-chains provide steric
hindrance for suppressing the fast growth of FASnl; NCs. Even introducing a small
amount of phosphatidylcholine, small-sized FASnI; NCs with a mean particle size of ~30
nm and a PLQY of 1.2% could be achieved. Different phosphatidylcholines with different
chain lengths were also studied, and all of them could produce small-sized FASnI; NCs.
Detailed characterizations confirm the presence of phosphatidylcholine on the NC surface.
Stability tests confirm that phosphatidylcholine-capped FASnlz NCs exhibit long-term
colloidal stability and structural stability in Ar-filled glovebox, which are benefited by
strong binding of phosphatidylcholine capping ligand. Interestingly, I note that FASnl3

NCs also could be produced even under room temperature, showing the potential in
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industrialized large-scale production.

In Chapter 4, I focused on how to improve the optical properties of FASnI3 NCs.
Though theoretical calculations, I noted that three factors are necessary for getting highly
luminescent FASnI; NCs: the first is creating a Sn-rich reaction condition; the second is
achieving FAI-terminated surface; the third is suppressing the surface iodine vacancies.
First one has been proved in Chapter 2. However, for the second one, Sn-rich reaction
condition and FAl-terminated surface are contradictory, because Sn-rich reaction
condition usually leads to a Snl>-terminated surface. To address this problem, I thus
proposed the use of exogenous cation that can act as a quasi-A-site cation to establish an
Al-terminated surface. I found that combing the use of 2-thiophenemethylammonium
(TEA™) and sodium (Na") can result in a record PLQY of 36.9+0.7%. Through detailed
characterizations, such as X-ray photoelectron spectra (XPS), inductively coupled plasma
optical emission spectrometry, energy-dispersive X-ray spectroscopy, and (-potential, I
provided an ideal passivation model, in which, TEA" locates at the surface FA position,
forming a local TEAI-terminated surface, Na" ions gather in the surface A sites, forming
a bio-polar ligand shell. Whole surface condition exhibits a quasi-Al termination
characteristic, resulting in low defect-density. In this work, I found that FASnI3; NCs are
strongly unstable upon the X-ray exposure, with the appearance of Sn’ and Sn*" XPS
signals, extremely influencing our analysis on the surface conditions of FASnIz NCs. In
addition, high-resolution transmission electron microscopy (TEM) with well controlled
dose density was firstly used for observing the lattice of electron-sensitive FASnlz NC,
benefiting the future works on the structures of tin halide perovskite NCs. Finally, I
demonstrate that my synthesis concept was also used for highly luminescent FA/Cs
alloying tin iodide perovskite NCs. FA/Cs alloying structures show better tolerance
factors for stable perovskite structures, which pays the way for future high-efficiency and

stable tin halide perovskite optoelectronic devices.

5.2 Future prospects

Although I discovered the defect-induce bandgap widening and abnormal PL in
FASnI; microcrystals, the specific kind of defects is still unknow. To better understand
the defect effect, more detailed researches are necessary. For examples, positron
annihilation lifetime studies could be conducted for analyzing the defects in FASnI;;
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synchrotron radiation X-ray diffraction technology could be considered for investigating
the defect-induced structural distortion in FASnlz. All of them could further deepen our
understanding on the relationship between defects and photophysical properties of tin-
based perovskites. Different with microcrystals or polycrystalline films, FASnIz NCs may
feature other interesting photophysical properties needed to be discovered since their
smaller particle size and larger specific surface area.

The stability of FASnlz NCs is always a tough challenge. Although I discovered a
new ligand for long-term stability in glovebox, the air stability is still poor, which is
resulted from the easy oxidation of Sn?*. The trace amount of Sn*" may cause the self-
doping of Sn** into the lattice of FASnIz NCs and then destroy the perovskite structure.
Instead of oxygen, FASnI3 NCs are also poorly tolerant of heat, light, and humidity. Some
traditional wisdoms, such as using antioxidant ligands, constructing core-shell structures,
could be considered in the future.

Compared with lead halide perovskite NCs, the PLQYs of tin halide perovskite NCs
are still not satisfactory. In my research, I improved the PLQY of FASnI3 NCs to
36.9+0.7%, still far from nearly 100% as demonstrated in the lead-based perovskites. To
construct high-efficiency NC-based LEDs, high PLQY is essential. Considering that
FASnI; are quiet defect-intolerant, to further improve their PLQY is difficult. One
possible route is that, synthesizing small-sized FASnl3 quantum dots and then achieving
better surface modifications. Furthermore, instead of FASnl; NCs, Br- or Cl- based, and
all-inorganic tin perovskite NCs are seldom studied. Achieving highly luminescent tin
halide perovskite NCs with all visible to near-infrared emitting region is also a challenge
in the future researches.

Finally, realization of NC-based optoelectronic applications is also important. The
applications could be solar cells, LEDs, biological image, photodetectors, and so on.
Notable, optoelectronic devices need great conductivity of NCs. The ligand I used,
phosphatidylcholine, is a long-chain molecule that will affect the charge transfer in
devices. Future work could be focused on the ligand exchange with short-chain and
conductive ligands.

In conclusion, I believe that, more and more efforts will be devoted to the tin halide
perovskite NCs and the potential applications in a range of high-performance

optoelectronic devices will be achieved soon.
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