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1. Introduction

Light is an inseparable component of our daily lives and is a crucial cross-cutting discipline of science
in the 21% century. The fields of optics, photonics and optoelectronics, which are the branches of
physics and involve the behavior and properties of the light, are somewhat intertwined and strongly
contribute in modern technologies’. Into such technologies, experimental and theoretical research
extends from material breakthroughs on an atomic level through to the development of optical
techniques®®. Optoelectronic devices incorporating new, inexpensive materials such as semiconductors
show tremendous promise to alter the energy landscape by reducing the cost of both energy production
and consumption® .

Since 1833 when Michael Faraday noticed the temperature dependence of the electrical conductivity of
silver sulfide till today, semiconductors have changed the world beyond anything that could have been
imagined before them®. A semiconductor material is one whose electrical properties lie in between those
of insulators and good conductors (e.g. metals)®. Semiconductors have conductivity between 10* and 10
19 @cm)™. They can be also defined as those materials which have a very narrow energy gap separating
the empty conduction band (CB) and fully filled valence band (VB)®. It’s well known that
semiconductors are classified as Intrinsic and Extrinsic. Depending on the type of doping material used,
the latter one can be sub-divided into two classes: n-type and p-type semiconductors'*. The best-known
semiconductor is surely silicon (Si)'2. However, there are many minerals besides Si found in nature that
are semiconductors, such as ZnS, Cu,O and PbS. In addition, semiconductors come about in many
different chemical compositions with a large variety of crystal structures. Many photochemical and
photophysical processes have been expanded by the interaction of semiconductors and electromagnetic
field. When the light with energy higher than the absorption threshold of the semiconductor pass into
the semiconductor, the semiconductor absorbs photons and such phenomenon initiates the excitation
process of the VB’s electron into the CB and leaves a positive hole in the VB This simple process
(and/or vice-versa) is indeed the heart of most optoelectronic devices.

A new class of medium-bandgap semiconductors called halide perovskites, have become one of the
hottest topics in optoelectronic materials research in recent years® ***°. In contrast to conventional
semiconductors such as Si, perovskites offer simple bandgap tunability by changing the composition
and low-temperature processability in the form of bulk single crystals, thin films, or supported and
unsupported nanostructures'” *8. In particular, the form of colloidal nanocrystals of such materials have
emerged as a versatile photonic source, utilized via bright photoluminescence (PL) in displays or

lighting or via electroluminescence in light-emitting diodes™*%".
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1.1. The ABX, Perovskite Structure
The perovskite crystal structure was discovered in 1839 by the German mineralogist Gustav Rose in the

Ural Mountains in Russia'®. This natural occurring mineral, calcium titanium oxide (CaTiOs), was
named after Russian mineralogist Lev Perovski. Later on, perovskite has given its name to any material
with the same type of crystal structure as CaTiO3 called perovskites, which have a general formula close
to or derived from the composition ABX;z (Figure 1.1)*. A pure perovskite compound is generally
described as a three-dimensional sequence of a corner-sharing octahedral BXg unit, as shown in Figure
1.1. A cation fills the voids formed by every eight adjacent BXs octahedra and serves principally as a
counter ion for charge balance and physical stabilization, but its influence on octahedral orientation and

dimensionality leads to profound effects on electronic structure®.

Figure 1.1: Schematic perovskite ABX; structure

The correlation between the distortion and stability of the ABXj3 crystal structure was first investigated
by Victor Moritz Goldschmidt in 1926*. The stability and final crystal structure of the B-X framework is
determined by the ionic radii of the anion and cations. This stability can be described by the semi
empirical geometric Goldsmith tolerance factor, t (formula 1), and is dependent of the ionic radii of A,
B and X (rA, rB and rX. respectively). In general, stable perovskite structures are formed when the
tolerance factor falls between 0.8 and 1. When the tolerance factor falls out of this range, non-perovskite
structures or 2D perovskites can be formed, as will be further discussed later on?*. Stable perovskites are
further constrained by the octahedral factor p (formula 2), which describes the stability of the BXg
octahedron which is dependent on the anion radii of B and X (stable with a p between 0.44 and 0.9).

ratry

1) Goldsmith tolerance factor, t = N

2) Octahedral factor, 1 = rg/ry



The octahedral factor () together with the tolerance factor, provides a parameter space for perovskite
formability and can be used to predict novel perovskite combinations®. Although this method gives a
good approach to predict novel perovskite materials, it is limited and less accurate for larger anions (less
electronegative halides) and for non-spherical A* cations (linear, non-spherical A* cations can rotate and
align with the lead halide framework and thus minimize their effective atomic radius). More
sophisticated realistic calculations alter these formation diagrams and allow for a better assignment of
stable phases. The standard and often depicted perovskite phase is the pure cubic phase, Pm-3m, and has
the highest symmetry. This phase though is in most cases not the most stable phase. Small rotations of
the BXg octahedron can lower the symmetry from cubic to tetragonal and orthorhombic phase, in order
of decreasing symmetry. In general, these small rotations lower the overall unit cell size and are often
most favored. Furthermore, a higher tolerance factor influences the stability of higher symmetry phases.
Although this changes are often minor in the unit cell lattice parameters, they can have a considerable
impact on the optical properties, turning the perovskites from, small semiconductor bandgaps to large
insulator or indirect bandgaps. For instance, in lead iodide perovskite, the small cation (Cs®, Cs is still
not large enough to hold the stable cubic perovskite structure) causes the octahedral framework to tilt
into an orthorhombic crystal structure (the Pblg is larger than the PbBrg framework and the smaller Cs
thus causes more tilting) and the orthorhombic phase is a non-luminescent material. In fact this must be

replaced with a larger molecule, such as methylammonium or formamidinium.

1.2. Lead Halide Perovskite

An emerging class of materials called lead halide perovskites (LHPS) is poised to revolutionise both the
PV and LED fields. Their crystal structures (including space group and lattice parameter) as well as
ferroelectric behaviors were initially investigated in 1958 by Moller®. The first exploitation of
perovskite as a solar cell absorber (light-to-electricity conversion process) was reported in 2009 by
Kojima et al. with less than 4% efficiency?’. Due to the poor stability and low efficiency of reported
solar cell, such system didn’t initially attract scientific community's attention. Three years later two
simultaneous breakthrough works on solid-state solar cells with 10-11% efficiencies triggered the
prompt development and implementation of low-cost solution processed perovskite solar cells. Since
then, huge research efforts have focused on fundamental understanding of material properties as well as

perovskite material/device development and device principles® 22,



The crystal structure of LHPs is analogous to ABX3, consisting of a monovalent cation, both organic
and inorganic (A = Cs*, methyl ammonium (MA"), formamidinium (FA")), a divalent cation (B = Pb*"),
and monovalent halides (X = CI', Br  and I'). LHPs with the tolerance factor between 0.89 — 1, normally
exist in cubic structure® (figure 1.2) while the smaller t could result the lower-symmetry tetragonal (j
phase) or orthorhombic (y phase) structures. moreover, larger t causes the destabilization of the 3D lead-

halogen framework and leads to the formation of layered perovskite structure.

Figure 1.2: Few examples of the relation between tolerance factors (t) and lead halide perovskite crystal
structures

1.3. Origin of Bandgap, Optical Properties and Influence of Halides

LHPs are classified as direct-bandgap semiconductors and the states around the band gap come from X
and Pb atoms, whereas A-site cation has no contribution. In the valence band, the Pb s and X np states
have strong hybridization (Figure 1.3) and their antibonding interaction leads to the formation of the
upper valence band. On the contrary, the conduction band is formed through the coupling between the
empty Pb p states and the X np states with n = 5, 4, 3 for X = I, Br, ClI, respectively. Because of the
ionic nature of LHPs, the antibonding interactions between the valence band and conduction band states

are insignificant, so the lower conduction bands have almost no contribution from Br atoms®.
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Figure 1.3: schematic of the electronic structure of APbX;

As the optical absorption coefficient of a material is closely related to its electronic structure, the unique
electronic structure of LHPs results to the superior optical properties, such as high optical absorption
which makes them promising material for photovoltaics'®. The much higher optical absorption of LHPs
than the absorber layers in second-generation solar cells (GaAs as example) is because the density of
states (DOS) derived from the Pb p orbital in the lower CB is significantly higher than that of GaAs
owing to a more dispersed s orbital from Ga. In fact, this unique configuration manifests the importance

of Pb for the outstanding optical properties of LHPs.

In contrast to conventional semiconductors such as Si, LHPs offer simple bandgap tunability**>® by
changing the elemental compositions and low-temperature solution processability. As shown in Figure
1.3 the electronic structure of LHPs is related to the p orbital of X and thus, the bandgap can generally
be tuned by the p orbital of X i.e., the valence orbital of the halide changes from 3p to 4p to 5p when X
changes from Cl to Br to I. Practically, Noh et al. first demonstrated a continuous bandgap tuning in the

LHPs via adjusting the ratio of Br to I, as illustrated in Figure 1.4%.

1.4. Defects and Defects-Tolerance in LHPs
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Wavelength (hnm)

- Eg(x) = 1.57 + 0.39x + 0.33x2
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Figure 1.4: Photographs and UV-vis absorption spectra of MAPb(l,_Br,)s. (a) UV-vis absorption spectra of
FTO/bI-TiO,/mp-TiO,/ MAPb(l,_,Br,)s/Au cells measured using an integral sphere. (b) Photographs of 3D
TiO,/MAPDb(11-xBrx); bilayer nanocomposites on FTO glass substrates. (c) A quadratic relationship of the band-
gaps of MAPDb(I1-xBrx); as a function of Br composition (x). (Reprinted with permission from ref. 36)

In conventional semiconductors, crystallographic defects can be in the form of point defects, where
interruptions exist in the perfect crystal lattice. They can appear in the form of atomic vacancies (atoms
missing from the lattice), interstitials (atoms occupying the space between atoms in the lattice), and
anti-site substitutions (atoms occupying the wrong site in the lattice), or higher-dimensional defects,

such as dislocations, grain boundaries, etc®’. In LHPs the major type of point defects are vacancies
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which have much lower formation energy compared with other semiconductors, i.e. < 0.5 eV, resulting a
high concentration of Schottky-type A-site and/or halide vacancies in such materials®’. Low lattice
energy in LHPs, which is originated from the lower charges of the constituent ions in LHPs, can also
promote other types of defects, such as grain boundaries, dislocations, stacking faults and twin planes"
%8 Different studies of point defects in the bulk material or on the surface of nanocrystals and at grain
boundaries showed that defects in LHPs do not form mid-gap trap states®>. This defect tolerance again
originates from the unique feature of band structure of LHPs (Figure 1.3) in which the vacancies form

states residing within the VB and CB, or at worst are shallow defects®*.

1.5. Bulk Crystal Growth of Lead Halide Perovskite

Bulk halide perovskite single crystals exhibit remarkable optical and electrical properties such as long
carriers lifetime, high carrier mobility, long diffusion length, and low trap state densities.***** In addition

to providing an ideal platform for the proper understanding of the material’s merits, bulk crystals have

45, 46 47-55

been integrated in optoelectronic devices including solar cells and photodetectors.

High-quality MAPbBrs; (MA = CH3NH3") bulk single crystals grown in organic solvents are generally
grown either by an anti-solvent vapor-assisted crystallization (AVC)* or by inverse temperature
crystallization (ITC).>® > Despite AVC and ITC being very different in terms of solvents, crystallization
temperature, and growth rate, the formed crystals are of similar quality based on their measured optical
and transport properties. Nevertheless, it is also reported that different crystallization
techniques/additives could have a significant impact on the crystalline quality of the as-grown single
crystals and hence on their transport properties.®® In devices, the higher crystalline nature of planar-
integrated single-crystalline MAPbBr; compared to polycrystalline thin films ensures a much better
performing photodetector.>® In addition to the crystalline quality, it has been found that the quality of
the surface plays a crucial role in the final properties of perovskite bulk crystals.®® ®* Trap density was
shown to be much higher at the surface than in the bulk of the crystal,®* ® and several attempts to
passivate the surface traps in order to achieve enhanced optoelectronic properties such as increased
photoluminescence (PL) have been reported. Surface passivation requires the addition of an external
passivating layer, which was previously achieved for perovskite thin films through halogen bonding® or

Lewis base passivation®

or for single-crystalline perovskite nanowires through soaking in oleic
acid.®” Recently, thin films of halide perovskite were prepared from precursors introduced in non-

stoichiometric ratios (i.e. using an excess of MAI) in order to passivate the grain boundaries and reduce



the non-radiative recombination® as well as to enhance the crystal stability.®® The solution-based
growth of fully inorganic CsPbX; bulk crystals also gained much attention as they could perhaps

overcome the known issues of chemical instability of hybrid perovskites®" ™.

Schematic representation of AVC and ITC are shown in Figures 1.5 and 1.6, respectively. Briefly, in
AVC using a solvent with high solubility and moderate coordination for MAX and PbX; [N,N-
dimethylformamide (DMF) or y-butyrolactone (GBA)] and an anti-solvent in which both perovskite
precursors are completely insoluble [dichloromethane (DCM)] result the conditions in which all the

ionic building blocks of the LHPs to be coprecipitated from solution stoichiometrically™.

A

Antisolvent: DCM

Time

PbX,/MAX (1/n by molar)
dissolved in solvent

X=Br:n=1, solvent = DMF MAPbX;
X =1"n=3, solvent = GBA single crystals
B MAPbBr, Powder XRD - Experimental
Cubic

| l A J A A L

Powder XRD - Calculated

Powder XRD - Experimental

JL Tetragonal M M

Powder XRD - Calculated

JL — JLJLA—J. L»Lf

15 20 25 30 35 40 45
260 (degree)

Intensity (a.u.)

Figure 1.5: A) Schematic diagram of the crystallization process. (B) Experimental and calculated powder XRD
profiles confirming the phase purity of MAPbX; crystals grown at room temperature (Reprinted with permission
from ref. 41)



ITC is instead based on inverse temperature solubility behavior of LHPs in certain solvents. Saidaminov
et al. demonstrated that the solubility of MAPbBr; in DMF drops considerably from 0.80+0.05 gml * at
room temperature to 0.30+0.05 gml * at 80°C™. This inverse solubility phenomenon was used to
crystallize MAPDbX; rapidly in hot solutions as shown in Figure 1.6.

Heating to a fixed temperature
Fast crystallization

Solution +
MAPDX, crystals

Oil bath

Oil bath

Hot plate

Room temperature

d
Powder XRD of cubic MAPbBrg Powder XRD of tetragonal MAPbBI,
g g
S 35 8 llllll I
< s T
2 £ B .7
2 2 |l
8 o g gl £
= _ 8 - = a &
= - g8 s T8 83
- l i85 558 lal s %49
- =~ = ~ @ o
sl 1% P A8 e 1aEs
10 20 30 40 50 10 20 30 40 50
26 (degree) 26 (degree)

Figure 1.6: (a) Schematic representation of the ITC apparatus in which the crystallization vial is immersed
within a heating bath. The solution is heated from room temperature and kept at an elevated temperature
(80°C for MAPbLBrsand 110°C for MAPbI;) to initiate the crystallization. (b,c) MAPbI; and
MAPDBTr; crystal growth at different time intervals. (d,e) Powder X-ray diffraction of ground MAPbBr; and
MAPDI; crystals. Insets: pictures of the corresponding crystals grown within a non-constraining vessel
geometry. (Reprinted with permission from ref. 71)

in a similar fashion, Dirin et al. found that the growth of CsPbBr; single crystal is best carried out in

dimethyl sulfoxide (DMSO) among other good solvents, e.g. DMF or GBA™.
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1.6. Lead Halide Perovskite Nanocrystals

Colloidal semiconductor nanocrystals (NCs) have become an important class of materials with great
potential for energy applications (e.g. optoelectronic devices) and opened up a new branch of chemistry.
Colloidal synthesis offers advantages of bottom-up approach with a precise control over shape and size
and enables systematic studies of structural, electronic and optical properties of such materials’?. The
surfaces of semiconductor NCs are covered by capping ligands that mediate their crystallization and
enable steric stabilization of such NCs. Compared with molecules, inorganic phosphors, organic
materials, and bulk semiconductors, QDs offer various optical properties. QDs are single crystals of
semiconductor material, typically only several nanometers in size. Common examples are cadmium
selenide (CdSe), cadmium sulfide (CdS), or zinc sulfide (ZnS) nanocrystals. Their size-dependent
optical and electronic properties, making it possible to tune the photoluminescence (PL) of QDs through
a wide spectral window by choosing the composition, size and shape of them. These size tunable
properties arise from quantum confinement phenomenon, which is a result of the nanocrystal being
smaller than the Bohr exciton diameter (2ag) (by squeezing the electron and hole to live in a space
smaller than the normal equilibrium distance in the bulk material, see Figure 1.7). As a result, the
smaller the nanocrystal, the larger the band gap of the material and the bluer the emission from the

nanocrystals.

A _ _ .
5 @ | | e 0 |

A 4 |
CB

VB' '

Figure 1.7: Schematic representation of the quantum confinement effect on the energy level structure of a
semiconductor material.
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In QDs surface atoms possess unsatisfied chemical bonds, resulting unshared atomic orbitals (dangling
bonds). These give rise to energy levels within the band gap of the QDs. Surface defects can
considerably trap the electron or hole and afford the nonradiative recombination routes. therefore, it is
crucial to control the surface of semiconductor NCs and eliminate dangling bonds, e.g. by overgrowing

% 7 In order to achieve strongly emissive QDs,

a shell of a wider band gap semiconductor
heterostructure architectures are desirable for such QDs which are typically composed of a core, and one

or more shells with wider band gap (Figure 1.8)"2.

CdSe pr
R0
Cds R

R = n-alkyl

Figure 1.8: Representative of quantum dot heterostructure. An emissive CdSe core is shelled in increasingly
electrically insulating CdS and ZnS layers that improve the luminescence efficiency. Surface bound ligands (e.g.
carboxylates) are bound to a metal enriched surface. (Reprinted with permission from ref. 72)

In parallel to work on classical colloidal semiconductor NCs, a brilliant discovery of methyl ammonium
lead iodide (MAPbIs) in the form of nanometer-scale’ crystals as promising PV material in 2011 has
attracted the colloidal chemistry community into such new class of medium-bandgap semiconductors.
few month later, highly luminescent MAPbBr; perovskite nanoparticles were synthesized on TiO,
mesoporous nanocrystalline films™. This work was indeed another sign to point out the potential of
LHP NCs for optoelectronic application. The first solution-based colloidal approach to grow LHP NCs
was reported by Schmidt et al.in 2014 with the photoluminescence quantum yield (PLQY) of 20%’".

Although the luminescence of nanosized aggregated CsPbX3 phase was initially observed in CsX single
crystal hosts in 19977, but Protesescu et al. nicely delivered this phase into colloidal chemistry and
developed the monodisperse CsPbXs NCs by the adaption of classical hot-injection method in 2015™.
These last two reports indeed triggered the vast investigation of scientists from various fields on such

12



materials. The major attribute of LHP NCs compared with bulk is the impressive PLQY (up to near
unity) which again manifest the impact of colloidal chemistry (such as precise control over shape, size

and surface passivation) on the optical properties of LHPs (Figure 1.9).

Figure 1.9: Downsizing the LHPs by colloidal synthesis approach; (a) bulk crystals and (b) nanocrystals of CsPbBr;
(Adapted with permission from ref. 70 and ref. 70)

In contrast to classical QDs, LHP NCs have a soft and rather ionic lattice, and their optical and
electronic properties are highly tolerant to structural defects and surface states, meaning that surface
defects impart no significant detrimental effects to the photophysics of LHP NCs. This unique feature

arises from the fact that defects reside in relatively shallow states within the bandgap®* **.

1.7. Ligand Assisted Reprecipitation (LARP) Technique

Reprecipitation synthesis is a very simple and available technique through mixing solvent and has been
widely applied to prepare organic nanoparticles and polymer dots®. After the advent of LHPs, different
groups employed this method to synthesize LHP NCs by adding proper ligands to control size and shape
of the NCs'" 88 Typically this technique is accomplished by simply mixing a solution of LHP
precursors in a good solvent (e.g. DMF) into a vigorously stirred poor solvent (e.g. toluene) with long
chain organic ligands (normally amine and acid), which subsequently results in the controlled
crystallization of precursors into colloidal nanoparticles®. This facile approach enables to produce
different shapes of LHPs even at room temperature, such as spherical quantum dots, nanocubes,

nanorods, and nanoplatelets by varying the capping ligands (Figure 1.10)%".
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Figure 1.10: Schematic illustrating the formation process for different CsPbX; (X = CI, Br, 1) nanocrystals
mediated by organic acid and amine ligands at room temperature. Hexanoic acid and octylamine for spherical
guantum dots; oleic acid and dodecylamine for nanocubes; acetate acid and dodecylamine for nanorods; oleic
acid and octylamine for few-unit-cell-thick nanoplatelets. (Reprinted with permission from ref. 81)

The main drawback of this technique (especially in large-scale synthesis) is the broad size distribution
of resulting NCs which is originated from the inhomogeneous mixing of the solvents. It’s worth
mentioning that the LARP is not a reliable and successful method to synthesize iodide-based perovskite
NCs, as the residues of DMF on the surface of NCs destabilize the a-phase®. Nucleation and growth at
room temperature again manifest the fact that the chemical bonding in LHPs is intrinsically much more
ionic than in the more rigid, highly covalent lattices of metal chalcogenides which require elevated

synthesis temperatures in order to promote crystallization.

1.8. Hot Injection Technique

Following the classical hot-injection method, which is frequently used for the synthesis of colloidal
metal chalcogenide NCs, Protesescu et al. launched the fabrication of CsPbX3 (X = CI, Br, | and their
mixtures) NCs by adapting such technique’. Generally, the nucleation and growth of CsPbX3 NCs is
triggered by the swift injection of cesium oleate into an octadecene solution containing PbX5, oleic acid
(OA), and oleylamine (OLA) at high temperatures (normally in the range of 140 — 200°C) as expressed

below and shown in Figure 1.11%¢:

2Cs-oleate + 3PbX; > 2CsPbX3 NCs + Pb(oleate),
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PbX, reagent,
\._ surfactant /|

Figure 1.11: Scheme of the hot injection synthesis (Reprinted with permission from ref. 86)

Similar to LARP technique, hot injection method has also extended to produce other members of
perovskite family, such as MAPbXs; and FAPbX3; NCs®" %. One problem with the hot injection
synthesis of these NCs is that both nucleation and growth occur swiftly. Critical steps of this synthesis
scheme are the fast injection of a preheated solution of cesium oleate (CsOA) and a fast cooling that
follows immediately after that, which makes it hard to control their size, upscale the process and more

in general to test variants in a reproducible fashion.

Thanks to nuclear magnetic resonance (NMR) spectroscopy, De Roo et al. elucidated that capping
ligands are not tightly bound to the NC surface and can easily leave the surface during the isolation and
purification procedures. This because LHP NCs are ionic in nature and the interactions with capping

ligands are also more ionic and labile®.

Recently, various approaches have been reported as alternative methods to synthesize LHP NCs, such as
microwave assisted® °, droplet-based microfluidic®, ultrasound assisted®, solvothermal®, etc.
Almost all of them vyield highly emissive LHP NCs that again highlight the defect tolerance feature of
LHP NCs compared with classical QDs.

1.9. Light-Emitting Applications

As discussed earlier, LHP NCs are highly luminescent and emit over the full visible range (400-700

95, 96

nm®™ % the emission can even be extended into the infrared by replacing Cs or MA with FA®"). The

98, 99

high PLQY s without the benefits of core-shell passivation (can reach to near unity™ *) and very narrow

emission linewidths (FWHM of 12-50 nm) making them ideal candidates for luminescent display
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applications. In addition, the quantum confinement effect can afford an interesting way to tune the
emission of fully-inorganic perovskites NCs, which is a prerequisite for various light-emitting
applications® *®. Interestingly, LHP NCs can emit polarized light either in solution (e.g. hexane) or in
film without using extra polarizer due to the movement of halide ions together with the well-ordered
spatial arrangement of NCs'®. Different groups demonstrated the amplified spontaneous emission
(ASE) from such NCs in the whole visible spectral region with low pump thresholds (e.g., 2.2 wJ

102

cm %)™ which make them interesting as new quantum materials for lasing'®.

Figure 1.12 presents development approaches for the first through fifth generations of general white-
light LED lighting devices'®. Recent promising works provide an opportunity to replace traditional
down-converting phosphors in white light LEDs with direct red, green, blue perovskite emitters,
producing low-cost, high quality white lights and high resolution displays. Perovskites can surmount the
shortcomings of both traditional LEDs (high efficacy but expensive) and emerging LED technologies
such as quantum dots (QLEDs) and organics (OLEDs) (low-cost and tunable but low brightness) by
producing bright, inexpensively-produced LEDs with an emission spectrum that can be adjusted to any
desired spectral output by tuning material compositions or dimension. This would allow manufacturers
to provide a range of white light shades to suit the preferences of all consumer markets with a single

production line'®,

5th generation

4th generation

Multi-color

3rd generation N
e white LED

combination
of QDs or
phosphors in
DC-LED

nd H
2" generation QDs or

Narrow-band
red phosphors
based DC-LED

1st generation

Wide tunable
circadian

luminescence
(CLE, CER)

Nitride
phosphor
based DC-LED

High CFI &
CGI
(New color-
metrics)

YAG based
DC-LED

High color CRI
& wide color
gamut

High thermal
stability

High
Luminance
(LE, LER)

Figure 1.12: Schematic diagram of the development approaches for the first through fifth generations for
general WLED lighting devices. [Luminous efficacy (LE), luminous efficacy of radiation (LER), color rendering
index (CRI), color fidelity index (CFl), color gamut index (CGl), circadian luminous efficacy (CLE), and circadian
luminous efficacy of radiation (CER)]. (Reprinted with permission from ref. 104)
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1.10. Outline
In this thesis, we aim to develop different synthetic routes for LHP NCs in order to understand the

effect of various approaches (such as hot injection, heat up, cation exchange and reprecipitation
methods) on the size, shape and consequently the optical properties of such materials. We focus on
the chemistry of these approaches including the effect of ligands, precursors and solvents on the
structural and optical properties. This knowledge will allow us to move rationally towards large-
scale synthesis and enable to translate the high performance of nanocrystals into solid films for
optoelectronic applications.

In chapter 3, we modify the standard hot injection method for the CsPbBr; NCs to break the crystal
symmetry and promote the anisotropic growth of such NCs. We report the colloidal synthesis of
CsPbBr; nanoplatelets (NPLs) which enable us to study the 1D confinement of the carriers. We
further investigate the impact of lateral size of such platelets on photoluminescence by growing
nanosheets (NSs) and preserving the thickness in the confine regime. The role of capping ligands is

investigated and finally resulting NSs are fully characterized.

Chapter 4 presents a heat up method to synthesize CsPbBr; NPLs and compares that with the hot
injection approach which is developed in chapter 3. We show that the heat up method is a better
choice for the large-scale synthesis of uniform CsPbBr; nanoplatelets. Moreover, resulting
nanoplatelets preserve their optical properties in solid state due the their unique stacked lamellar
structures. We then show that such self-assembled platelets can transform to the green-emitting belts
by UV-light irradiation. This results in stable and highly emissive perovskite thin films with a record

PLQY of 65%. Finally we demonstrate the potential of such films for optoelectronic applications.

Chapter 5 reports an alternative chemical route to synthesize monodisperse CsPbX3; NCs by
employing colloidal CsX NC precursors. The main goal of this chapter is finding an indirect method
to grow the perovskite domain which somewhat enable us to control the fast nucleation and growth
of CsPbX3; NCs. We develop a facile colloidal synthesis of CsX NCs and their transformation to

CsPbX3 NCs by studying the intermediate stages under high resolution microscopy.

In chapter 6 we focus on the chemistry of another member of the lead-halide perovskite family
called MAPbX;in both NCs and bulk forms. We explore a new solvent to dissolve PbX; salts in the
LARP technique. We show that N-methylformamide as a good solvent can also act as a source of A-

site cation and release methyl ammonium cation into the reaction medium via either hydrolysis or
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transamidation processes. Both mechanisms are proved by NMR. We optimize all related
parameters to grow MAPbX3 bulk- and nano-crystals. Finally we show that such method can be
easily scaled up to yield large amount of MAPbBr3; NCs.

In the last Chapter 7, conclusions as well as outlook for further investigations on the topic of the
thesis are presented.

18



2. Chemicals & Instruments

“All chemicals were used without any further purification ”

2.1. Precursors
Lead(ll) bromide (PbBr,, 99.999% trace metals basis), lead(ll) iodide (Pbl,, 99.999% trace metals

basis), lead(ll) acetate trihydrate (Pb(Ac),, 99%), Lead(ll) thiocyanate (Pb(SCN),, 99.5% trace metals
basis), lead(ll) oxide (PbO, 99.999%), zinc chloride (ZnCl,, 99.999%), zinc bromide (ZnBr,, 99.999%),
zinc iodide (Znl,, 99.999%), cobalt(l1) chloride (CoCl,, 97%), cobalt(ll) bromide (CoBr;, 99%), indium
(1) chloride (InCls, 99.99%), tetrabutylammonium chloride (TBAC, 97%), tetrabutylammonium
bromide (TBAB, 99%), tetrabutylammonium iodide (TBAI, 99%) cesium carbonate (Cs,COs,
reagentPlus, 99%), hydrochloric acid (HCI, ACS reagent, >37%), hydrobromic acid (HBr, 48 wt % in
H,0), hydriodic acid (HI, 57 wt % in H,0) were purchased from Sigma-Aldrich.

Lead(ll) chloride (PbCl;, 99.999% trace metals basis), was purchased from Alfa Aesar.

2.2. Capping ligands
Oleylamine (OLA, 70%), oleic acid (OA, 90%), octanoic acid (OctAc, 99%), octylamine (OctAm

99,5%) were purchased from Sigma-Aldrich.

2.3. Solvents
1-Octadecene (ODE, technical grade, 90%), hexane (anhydrous, 95%), toluene (anhydrous, 99.8%), N-

Methylformamide (NMF, 99%), N-Ethylformamide (NEF, >99.0% (GC)), chloroform (CHCls,
anhydrous, 99.95%), 1,2-dichlorobenzene (DCB, anhydrous, 99.8%) and 2-propanol (IPA, anhydrous,
99.5%) were purchased from Sigma-Aldrich.

2.4. Transmission Electron Microscopy (TEM)
Conventional TEM images were acquired on a JEOL JEM-1011 microscope equipped with a

thermionic gun at 100 kV accelerating voltage. High-resolution TEM (HRTEM) imaging was
performed on a JEOL JEM-2200FS microscope equipped with a 200 kV Schottky gun, a CEOS image
aberration corrector enabling a spatial resolution of 0.9 A, and an in column Q-filter. A Bruker Quantax
400 energy dispersive X-ray spectrometry (EDS) system with an XFlash 5060 detector on the same
microscope was used for the elemental analysis. The samples were prepared by drop-casting diluted NC
suspensions onto 200 mesh carbon-coated copper grids for conventional TEM imaging, and ultrathin
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carbon/holey carbon coated 400 mesh copper grids for HRTEM imaging, respectively. Geometrical
phase analysis (GPA) was performed on HRTEM images using the FRWRtools plugin for Digital
Micrograph® (Gatan, Inc.).

2.5. Scanning electron microscope (SEM)
The SEM micrographs were acquired using a Helios Nanolab 620 (FEI Company) dual-beam system.

High resolution scanning electron microscopy (HR-SEM) images were acquired using a FEI Nova 600

NanoLab instrument.

2.6. Powder X-ray Diffraction (XRD) Analysis
XRD patterns were obtained using a PANalytical Empyrean X-ray diffractometer equipped with a 1.8

kW Cu Ka ceramic X-ray tube, PIXcel3D 2x2 area detector and operating at 45 kV and 40 mA. The
diffraction patterns were collected in air at room temperature using Parallel-Beam (PB) geometry and
symmetric reflection mode. All XRD samples were prepared by drop casting a concentrated solution on

a zero diffraction silicon wafer.

2.7. Optical Absorption and Photoluminescence Spectroscopy
The optical absorption spectra were taken on a Varian Cary 5000 UV—vis—NIR spectrophotometer.

Samples were prepared by diluting the NC solutions in toluene in 1 cm path length quartz cuvettes.
Photoluminescence quantum yield (PLQY) measurements of the NCs were carried out with an
Edinburgh Instruments fluorescence spectrometer (FLS920) equipped with a Xenon lamp with
monochromator for steady-state PL, and a time-correlated single photon counting unit coupled with a
pulsed laser diode (A = 405 nm, pulse width = 50 ps) for time-resolved PL. PLQY values were obtained
from NC solutions in a quartz cuvette and diluted to 0.1 optical density at the excitation wavelength (A =

400 nm) using a calibrated integrating sphere.

2.8. Atomic Force Microscopy (AFM)
AFM images were acquired employing a Nanowizard 11l (JPK Instruments, Germany) in intermittent

contact mode, in air. Single-beam uncoated silicon cantilevers (OMCL-AC160TS-W, Olympus) with a
nominal tip radius of curvature of 10 nm and typical cantilever resonance frequency of 300 kHz were
used. Quantitative Imaging mode (QI — JPK Instruments) was used in order to determine simultaneously
sample topography, adhesion and elasticity (Young’s Modulus). QI is based on the acquisition of a large
set of force-distance curves and on the reconstruction of the sample topography from the tip position at
the specific force load. Local mechanical properties of the sample can be extracted from the analysis of
the acquired curves. QI images deriving from 128x128 force-distance (FD) curves, with maximum force
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load of 4 nN. For each curve, tip speed was 20 um/s and curve length was 100 nm. For the
determination of the absolute value of Young’s Modulus each single FD curve was fitted with the Hertz

model, the tip was approximated as spherical and with a radius of 30 nm.

2.9. Confocal Microscopy
The fluorescence imaging has been carried out by a Nikon A1 MP confocal microscope (Nikon

Instruments, Tokyo, Japan). For all the images we excited the sample with a pulsed laser at 405nm and
40 MHz of repetition rate (LDH-D-C-405, PicoQuant GmbH, Berlin, Germany). We used a 100x 1.4
NA oil immersion objective and we kept the pinhole size at 1 Airy unit. The pixel dwell time was 5 ps
and 8 line averages. The fluorescence was acquired over two channels, in the 425 - 475 nm and in the
500 - 550 nm spectral windows, by two GaAsP photomultipliers tubes respectively. The samples were
prepared by drop casting 20 ul NCs in Hexane solution. In order to reduce the evaporation, we sealed

the coverslip onto a glass slide.

2.10. Nuclear magnetic resonance (NMR)
All NMR spectra were recorded on a Bruker Avancelll 400 MHz spectrometer equipped with a BBI

probe.
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3. Colloidal Synthesis of Cesium Lead Bromide (CsPbBr;)
Nanoplatelets and Nanosheets with Tunable Optical

Properties via Anion Exchange Reactions

Abstract: We report the nontemplated colloidal synthesis of single crystal CsPbBr; perovskite
nanoplatelets, nanosheets (with lateral sizes up to a few micrometers) with thickness of just a few unit
cells (i.e., below 5 nm), hence in the strong quantum confinement regime. While adding more oleic acid
to the standard protocol of CsPbBr; cubes resulted nanoplatelets, introducing short ligands (octanoic
acid and octylamine) in the synthesis together with longer ones (oleic acid and oleylamine) yielded large
sheets in quantum confinement regime. The lateral size is tunable by varying the ratio of shorter ligands
over longer ligands, while the thickness is mainly unaffected by this parameter and stays practically
constant at 3 nm in all the syntheses conducted at short-to-long ligands volumetric ratio below 0.67.
Beyond this ratio, control over the thickness is lost and a multimodal thickness distribution is observed.
We then study the effects of high energy (80/200 keV) electron irradiation on as-prepared nanosheets.
Our results show that the CsPbBrs; nanosheets undergo a radiolysis process, with electron stimulated
desorption of a fraction of bromine atoms and the reduction of a fraction of Pb*" ions to Pb°.
Subsequently Ph° atoms diffuse and aggregate, giving rise to the high contrast particles. The diffusion is

facilitated by both high temperature and electron beam irradiation.

Parts of this chapter have been adapted or reproduced with permission from:

Shamsi, J.; Dang, Z.; Bianchini, P.; Canale, C.; Stasio, F. D.; Brescia, R.; Prato, M.; Manna, L., Colloidal Synthesis of
Quantum Confined Single Crystal CsPbBr3 Nanosheets with Lateral Size Control up to the Micrometer Range. Journal of
the American Chemical Society 2016, 138, 7240-3.
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3.1. Introduction

The rise of graphene'® has ignited global interest in noncarbon-based ultrathin two-dimensional (2D)
nanomaterials, such as transition metal dichalcogenides, layered metal oxides, and hexagonal boron
nitride, to name a few'®"**°, Several synthetic methods have been developed for the preparation of 2D
nanomaterials, including bottom-up wet chemistry routes. The latter have rapidly evolved to the point
that they can now deliver 2D nanostructures also for nonlayered materials, such as noble metals, metal
oxides, and metal chalcogenides''. These 2D nanomaterials offer unique advantages over their 3D
counterparts, in addition to the increased specific surface area. In particular, 2D colloidal semiconductor
nanocrystals exhibit remarkable optical properties'** *3: their absorption edges and the emission spectra
are narrow (even below 10 nm at room temperature), their PLQY is typically high, in the 30-80% range,
and their PL lifetimes are usually fast, making them good candidates for light emission applications.
These optical properties are strictly dependent on the sheet/platelet thicknesses, which can be finely
tuned in colloidal synthesis by a proper choice of the organic surfactants that are used to control the
growth. When seeking for a synthesis route to prepare nanoplatelets or nanosheets of a nonlayered
material, it is critical to break the crystal symmetry and promote anisotropic growth. In the case of
organic-inorganic hybrid perovskite, few works have addressed the colloidal synthesis of MAPbBr3

100. 114 "\while in another work

(MA = methylammonium) nanoplatelets (NPLs) with confined thickness
layered (C4HgNH3),PbBr, nanosheets were directly grown on a SiO,/Si substrate and then detached
from the substrate and suspended in solution**®. Several reports have dealt with shape control in the
colloidal synthesis of fully inorganic CsPbX3 (X being a halide) nanocrystals. Zhang et al. observed the
evolution of CsPbX3 (X = Br, 1) nanocubes to nanowires (NWs) by increasing the reaction time from

116 At a reaction

few seconds up to 60 min in a synthesis that was initially used to prepare nanocubes
time around 30 min, the sample consisted of a mixture of NWs and square-shaped nanosheets (NSs) of
100 nm lateral dimensions. Sun et al. reported shape control of CsPbX3 perovskite via a reprecipitation
process at room temperature, which yielded green emitting NPLs/NSs with edge length of around 100
nm®. Recently, two colloidal routes were reported on the anisotropic growth of all inorganic CsPbBr;
NPLs exhibiting a strong 2D confinement of the carriers. In one of them, our group devised a room
temperature synthesis to CsPbBr3 NPLs with monolayer-level thickness control in the 3-5 unit cells
range™’. In the other work, Bekenstein et al. observed that the procedure to prepare CsPbBrs
nanocubes’®, when carried out at temperatures in the 90-130 'C range, yields NPLs™®. In the same

synthesis scheme, no particles were formed at temperatures as low as 70 °C, while at 150 °C nanocubes
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were synthesized. The prepared NPLs could then undergo lateral oriented attachment, forming
nanosheets (NSs) with lateral size up to 200 nm.

In this chapter we report the synthetic routes for the colloidal orthorhombic CsPbBr; NPLs and NSs
with thickness in the range of 3-5 unit cells (i.e., around 3 nm). The lateral dimensions varies from 30 -
50 nm for NPLs to 0.3 — 5 um for NSs. We also show that the composition of the NSs can be varied all
the way to CsPbCl;z or CsPbl; by anion exchange, with preservation of the size and shape of the starting
particles. We further show that the CsPbBr; nanosheets undergo a radiolysis process under high energy

electron irradiation.

3.2. Experimental Section

Preparation of cesium-oleate solution:

0.032 g Cs,CO3 and 10 mL OA were loaded into 25 mL 3-neck flask, dried for 1h at 120 °C under
vacuum, and then heated under N2 to 140 °C until all Cs,COs; reacted with OA.

Synthesis of CsPbBr; NPLs:

10 mL ODE, 0.013g PbBr;, 500 puL OA, 500 uL. OLA were loaded into a 25 mL 3-neck flask and dried
under vacuum for 20 minutes at 100 °C. After complete solubilization of the PbBr, salt, the temperature
was increased to 130 °C under N, and 1 mL of Cs-oleate solution (prepared as described above) was
swiftly injected. After 5 minutes, the reaction mixture was slowly cooled to room temperature using a

water bath.
Synthesis of CsPbBr3; NSs:

10 mL ODE, 0.013g PbBr,, 250 uL OA, 250 uL OLA, and a proper volume of OctAm and OctAc (e.g.
400 pL to obtain NSs of lateral size close to 1 um, see main text for details) were loaded into a 25 mL 3-
neck flask and dried under vacuum for 20 minutes at 100 °C. After complete solubilization of the PbBr,
salt, the temperature was increased to 150 °C under N, and 1 mL of Cs-oleate solution (prepared as
described above) was swiftly injected. After 5 minutes, the reaction mixture was slowly cooled to room

temperature using a water bath.

Isolation and purification of CsPbBr; NPLS & NSs:
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To collect the NSs, 10 mL of hexane was added to the crude solution and then the mixture was
centrifuged at 3000 and 700 RPM (for NPLs and NSs, respectively) for 5 min. After centrifugation, the
supernatant was discarded and the NPLs/NSs were redispersed in hexane. It has to be noted that, due to
the large area of our nanosheets, they show a natural tendency to aggregate in solution over time, and
we observed a gradual shift of the PL wavelength from blue to green (i.e. towards the emission value of
non-confined bulk-like CsPbBr3 structures). This effect is even stronger on cleaned samples, where the
centrifugation step is likely responsible for a not-negligible loss of surface ligands, thus facilitating the
aggregation of nanosheets and their evolution to thicker assemblies. It is nonetheless interestingly to
remark that, if fresh diluted solutions are used to prepare films of these NSs either by spin coating or
drop casting, followed by gentle dipping in pure solvent to remove the excess of organics (as done in the
preparation of the samples for AFM characterization, see main text), the quantum confinement can be
preserved.

3.3. Results & Discussion
The process is carried out using standard air-free techniques and is an evolution of the synthesis

reported by Protesescu et al”®. Our major change is to use Cs-oleate dissolved in oleic acid (OA) instead
of octadecene (as done instead in the work of Protesescu et al.). This change alone leads to NPLs and
not to cubes, over a wide temperature range (from 50 to 150 °C, see Figure 3.1), differently from

Bekenstein et al., who could get NPLs only in a narrower temperature range™®.

Figure 2.1: TEM images of NPLs prepared by using the solution of Cs-oleate in OA instead of hot solution of Cs-
oleate in ODE. Reaction conditions: 0.013 PbBr,, 10 mL ODE, 500uL OA, 500uL OLA. Reaction temperature, (a)
50°C, (b) 150 °C.

However, the best quality NPLs with unimodal thickness distribution were synthesized at 130°C with a
blue shift of PL as a result of confinement effects. We attribute this effect to the excess amount of oleic

acid which produces more oleylammonium cations in the solution (Figure 3.2).
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Figure 3.2: CsPbBr; NPLs; the effect of adding more oleic acid. Reaction conditions: 0.013 PbBr,, 10 mL ODE,
500uL OLA, 500uL OA, reaction temperature: 150 °C

In our initial scheme, tuning of the lateral size of the NPLs (from 50 to 200 nm) was possible by varying
the reaction time (from a few seconds up to a few minutes). However, the NPLs would grow in
thickness as well, as their PL emission shifted from 450 nm (compatible with a thickness of
approximately 3 nm, as calculated with the empirical formula by Sun et al.*"), to 510-520 (compatible

with a thickness of 7-8 nm, therefore out of the strong confinement regime) and led to a multimodal

thickness distribution (Figure 3.3).
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Figure 3.3: Promoting the growth in lateral size by increasing reaction time from few seconds up to two
minutes. Reaction conditions: 0.013 PbBr,, 10 mL ODE, 500uL OA, 500uL OLA, reaction temperature: 150 'C. (a)
TEM image of NSs synthesized by increasing the reaction time; (b) Comparison of the PL spectra of NPLs (Figure

3.1.b) with that of as-prepared NSs.
A second change in the synthesis was to introduce shorter ligands (in addition to OA and OLA of the

standard protocol), namely, octanoic acid (OctAc) and octylamine (OctAm). By varying the ratio of
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these two short ligands over that of the longer ligands (OA and OLA), we could control the lateral size
of the particles, which could be tuned from 300 nm up to 5 um (with a higher ratio of short to long
ligands yielding larger nanosheets), while at the same time the thickness remained fixed at 5 unit cells
(2.5-3 nm, see Table 3.1).

Table 3.1: Reaction conditions for the synthesis of NSs with various lateral sizes and summary of the relevant
geometrical and optical properties: average size, half width at half-maximum (HWHM) of the size distribution,
PL wavelength, and estimated thickness®

OctAc volume | short/longligands | NS <size>(nm) / size PL (nm) (+2
volumetric ratio (X) | distribution HWHM nm)

volume) (nm)

Estimated
thickness™
from PL

(= OctAm

position

250 puL 0.33 280/ 120 452 2.7 nm
300 uL 0.40 610 /120 458 2.9nm
400 pL 0.52 975/ 200 458 2.9nm
500 pL 0.67 5160 / 1300 458; 491 2.9nm; 4 nm

% In all reactions, 250 pL of OA and 250 uL of OLA are used as long chain ligands. An additional 1 mL of OA is
added with the Cs precursor

The use of short ligands therefore enabled the synthesis of NSs with large lateral dimensions and in
which the vertical dimension was always in the strong quantum confinement regime. Although OctAc
alone could be used as short ligand to promote the lateral growth of the sheets (see Figure 3.4a), in that
case the quality of the NSs, in terms of lateral size distribution, was not as good as when OctAm was
added to OctAc. However, when using OctAm alone as a short ligand, no sheets were obtained but only
a mixture of large crystals and thin NPLs/NSs (see Figure 3.4b). Therefore, the use of both short ligands
in conjunction was necessary. Similar results were found when working with nonanoic acid instead of
OctAc (data not shown).

27



@ " (b)

=)
N
i
3

50 nm

Figure 3.4: Role of short ligands. TEM images of products which were synthesized by adding only (a) 500 pL
OctAc or (b) 500 pL OctAm. Reaction conditions: 0.013 PbBr,, 10 mL ODE, 250uL OA, 250uL OLA, reaction
temperature: 150 °C, reaction time: 5 min.

Other parameters that were found critical in controlling the shape and the thickness of the sheets were
the temperature and the reaction time. The optimal temperature range for growth was 145-155 °C.
Temperatures above 155 °C led to sheets with an addition of various byproducts (including cubes),
whereas below 145 °C the growth was slow and the shape of the NSs was not regular, with nonsharp
edges (see Figure 3.5). The optimal growth time was up to 5 min. Attempts to grow larger sheets by
increasing the reaction time resulted in aggregation of the particles. Therefore, lateral size control was
best achieved by tuning the ratio of short to long ligands rather than by increasing the reaction time over
5 min (see Figure 3.6). The role of short ligands in promoting NS growth and in fine tuning the lateral
size, and especially in depressing the growth rate in the vertical direction, is presently unclear and will
require further scrutiny. The marked instability of the early aliquots from the synthesis under the
electron beam of the TEM made it difficult to perform detailed structural and morphological analyses on
them, and therefore to advance solid hypotheses on the growth mechanism (whether this proceeds by

oriented attachment or by addition of monomers to initially formed nuclei).
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Figure 3.5: The effect of reaction temperature. TEM images of products at (a) 160°C (b) 140°C. Reaction
condition: 0.013 PbBr,, 10 mL ODE, 250uL OA, 250uL OLA, 500 pL OctAc, 500 pL OctAm, , reaction time: 5 min.
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Figure 3.6: The result of increasing reaction time up to 6 min. (a) TEM image and (b) PL spectrum of aggregated
NSs. Reaction conditions: 0.013 PbBr,, 10 mL ODE, 250uL OIAc, 250uL OlAm, 500 pL OctAc, 500 pL OctAm, ,
reaction temperature: 150 C.

Typical (TEM) images of the NSs prepared at different short to long ligand volumetric ratios
(henceforth defined as “X”) are reported in Figure 3.7, along with histograms of lateral size distributions
and PL spectra. In all cases, the shapes of the NSs were roughly squared and with sharp edges,
supporting a single crystalline nature for each of them. The NSs synthesized when working at X = 0.33
(see Figure 3.7a) exhibited a quite broad lateral size distribution, centered ~ 280 nm (Figure 3.7e and
Table 3.1, where the average size is reported together with the half width at half-maximum, HWHM, of
the size distribution, as obtained via Gaussian fit of the size distribution histogram) and a narrow PL
spectrum centered at 452 nm. This emission wavelength, compared with that of 8.5 nm cube-shaped
NCs (emitting at approximately 510 nm), indicates that the thickness of our NSs should be below the

Bohr exciton diameter for CsPbBrj, i.e., below 7 nm.
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Figure 3.7: Effect of increasing the ratio of short to long ligands on controlling the lateral size of CsPbBr; NSs.
Representative (a-d) TEM images, (e,g,i,k) lateral size distribution, and (f,h,j,I) emission spectra of CsPbBr; NSs
prepared with short-to-long ligands molar ratios equal to X = 0.33 (a,e,f), X = 0.40 (b,g,h), X =0.52 (c,i,j), and X =
0.67 (d,k,I). Scale bars in all TEM images are 1 um long.

A thickness of 2.7 nm could be estimated using the Sun formula®. This value seems quite reliable since
in the previous work from our group we had observed a similar emission wavelength for quantum
confined CsPbBr; NPLs having thicknesses of 2.5 nm*’. The presence of a single emission peak
suggests that, in spite of the relatively broad lateral size distribution, our NSs had a narrow thickness
distribution. By increasing the X ratio up to 0.4 and 0.52, the average lateral size of the NSs increased to
610 nm (Figure 3.7b, 3.7g) and to 975 nm (Figure 3.7c, 3.7i), respectively. In both cases, the lateral size
distribution was still quite broad (Table 3.1); however, the PL spectrum was narrow and centered at 458
nm (Figure 3.7h,j), matching the PL emission wavelength of 3 nm thick CsPbBr; NPLs. In particular,
the sample prepared at X = 0.52 exhibited a narrow emission peak, with full width at half-maximum of
13 nm, indicating a unimodal distribution of thicknesses (Figure 3.7j). Further increasing of the amount
of short ligands in the solution (X = 0.67) led to large nanosheets, with mean lateral size of 5.16 um
(Figure 3.7d,k, Table 3.1), but with poor control over the thickness, as seen by the multiple peaks in the
emission spectrum (with two distinct maxima at 458 and 491 nm, Figure 3.71), indicating a roughly
bimodal thickness distribution.

Our analysis focused then on the synthesis that delivered the sample characterized by the narrower
thickness distribution coupled with a mean lateral size around 1 pm, i.e., the one prepared at X = 0.52
(Figure 3.7c¢,i,j). For this sample, we measured a PL quantum yield (QY) of ~33%, which is higher than
that of bulk CsPbBrs®. The increased PLQY could be related to a quantum confinement effect,
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although it might simply be due to a lower density of trap states in the NSs compared to the bulk case.
We also recorded the PL lifetime at the PL peak value (Ap_ = 456 nm, see Figure 3.8). Similar to the
CsPbBr; nanoplatelets reported by Sun et al.?!; a three-exponential function was necessary to fit the PL

decay.
1 . . i : . , ' | -
7"exc = 405 nm ] ‘ alue Std, error
; Ay =456 nm 1 A 0.10 o
S o1 o —43ns 3
: 9 T, (ns) | 1.16 0.1
2
& ‘
g | L 0.835 0.008
ﬁ i T, (ns) | 4.12 0.08
£
g 1E3 | 7 T —
t3(ns) | 11.6 08
1E-4 0 * 2I0 * 4'0 L 610 g 8|0 )
Time (ns)

Figure 3.8: PL decay measured at the PL peak (Ap;= 456 nm) for a diluted toluene solution of CsPbBr;
nanosheets. The PL decay fitting was carried out with a three-exponential function: I=Iiet71 +[,elt¢z2)
+I3e"t/73) The results of the fitting procedure are summarized in the table of figure 3.8. Importantly the 4.12 ns
component (t 2, see table) accounts for more than 80% of the PL decay, while an initial fast decay (1 1 = 1.16 ns)
represents only the 10% of the total decay. The time-resolved PL measurement was carried out using a time-
correlated single photon counting unit and a pulsed laser diode as excitation source (A = 405 nm, pulse width =
50 ps).

The estimated average PL lifetime (t) was of 4.3 ns, in line with previously published values for
CsPbBrs NPLs™ (¢ = 3 ns) or for (C4HoNHs),PbBrs NSs™° (¢ = 1.61 ns) synthesized with different
methods. The overall PL lifetime falls within the range of perovskite NCs with shapes differing from
sheets or platelets, for example, the cubic CsPbX3 (where X = Br or I, == 1- 22 ns) NCs that were
employed as gain material in lasers'®,

Figure 3.9a reports a confocal microscopy image of the NSs, recorded by exciting the sample with a
pulsed laser (LDH-D-C- 405, PicoQuant GmbH, Berlin, Germany) at 405 nm and with a 40 MHz
repetition rate. The emission from the NSs was collected over two channels, one in the 425 - 475 nm
spectral window, which corresponds to the spectral emission range of the sample in solution (coded in
blue), and the other channel in the 500 - 550 nm spectral window, centered at around the emission
wavelength of bulk CsPbBr; (coded in green). Apart from a few byproducts emitting in the green
channel, all the NSs were emitting in the blue channel, which corroborates the narrow thickness
distribution of the sheets. Atomic force microscopy (AFM) was used to evaluate the thickness of these
NSs. Few microliters of the NSs dispersion in hexane were deposited onto a glass substrate. To remove
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the excess of organic ligands that could affect the correct estimation of thickness, the dried sample was
washed twice with pure hexane. A representative AFM topography image is reported in Figure 3.9b.
The different colors in the image correspond to different heights. From the height profiles (Figure 3.9c)
we estimated a 3 nm thickness for a single NS, in agreement with the assessment based on the PL

emission wavelength.
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Figure 3.9: Confocal (a) and atomic force (b—d) microscopy analysis of the NSs. Scale bars correspond to 10 um
(panel a) and 1 um (panel b). Panel c reports the height profiles obtained from the image in (b) along the red
and black lines. (d) Height distribution over the whole image. The peak centered at 0 nm corresponds to the
bare glass substrate.

In the height distribution over the whole AFM image (Figure 3.9d), apart from the peak centered at 0
nm, corresponding to the bare glass substrate, the main peak was centered at 3.1 nm, indicating a
relatively monodisperse population of sheets with such thickness value. The other two minor peaks are
present at approximately 6 and 10 nm, likely due to stacks of two and three NSs, respectively. It is also
important to notice that the washing procedure in hexane likely removed not only the organics in excess
but also most of the ligands from the surface of the NSs. Indeed, the high resolution adhesion maps as
well as the maps of stiffness acquired by AFM, reported in Figure 3.10, indicate the presence of few

small and isolated protruding features, characterized by different adhesion properties and lower stiffness
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with respect to the rest of the crystal plates, likely due to the presence of a few residual organic

molecules.

Figure 3.10: Few protruding features (indicated with 1, 2, 3) are displayed on the flat NSs surface in AFM
topographical image acquired in QI mode (a). The adhesion between the AFM tip and the sample is significantly
reduced on these spots, appearing as darker areas in the high-resolution adhesion map (b). At the same time,
the same areas are also characterized by smaller Young’s moduli (c). These observations suggest that the
protruding regions are the residue of the organic molecules, originally capping the nanosheets. Scale bar: 300
nm. Data scale: 2 nm (a), 1.5 nN (b), 800 MPa (c).

High resolution TEM (HRTEM) and selected area electron diffraction (SAED) analyses revealed a
structure matching with an orthorhombic crystal phase (ICSD 97851, a = 8.207 A, b = 8.255 A, ¢ =
11.759 A) also reported by Zhang et al. for CsPbBr; nanowires'*® and by Abhishek Swarnkar et al.*®
and Cottingham et al.'?! for CsPbBr; nanocuboids. The NSs are oriented with the zone axis [00—1] and
enclosed by (110), (—1-10), (1-10), and (—110) facets (see Figure 3.11a). Figure 3.11a reports the
HRTEM image of the thin area of the NS shown in the inset of the same panel, with corresponding fast
Fourier transform (FFT) in Figure 3.11b. Data points for [210] planes (3.7 A) are shown, which are
unique for the orthorhombic phase and are missing in the cubic (ICSD 29073) and tetragonal (ICSD
109295) phases. However, some features are observed in FFTs and SAED patterns for the NSs ((100),
(010), (110), (—110), (2—10) spots), which should be forbidden in kinematical diffraction conditions for
orthorhombic CsPbBrs, which will need further investigation. A wider view of the same nanosheet
shows the presence of few nanometer-sized Pb nanoparticles, already reported for CsPbBrs
nanoplatelets*’. Figure 3.11c shows the azimuthally integrated electron diffraction pattern obtained by
selecting the thin area of Figure 3.11a, which is compared with the reference card for the said
orthorhombic phase and the cubic phase formerly reported for colloidal CsPbBr; nanoplatelets (ICSD
29073)**". The pattern contains peaks that are unique for the orthorhombic phase (one of them is marked

by an arrow).
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Figure 3.11: (a) HRTEM from a thin region of a CsPbBr3 sheet partly suspended on a hole in the carbon film.
Scale bar: 2 nm. The inset shows the low magnification TEM image of the whole NS. The scale bar in the inset is
100 nm. (b) Corresponding FFT of (a), consistent with an orientation along the [00-1] zone-axis. (c) Azimuthal
integration of the SAED pattern performed on the thin area in (a), and comparison with reference cards for the
orthorhombic and the cubic CsPbBr3 phases, respectively.

Additional peaks are visible when the NSs are tilted with respect to the [001] orientation or in regions
including multiple NSs (see Figures 3.12 and 3.13). NSs with various sizes share the same orthorhombic
phase (see Figure 3.14).
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SAED patterns from the thin area of NS of figure 3.7a with (a) no tilt and (b) 20° tilt. (c)

Corresponding azimuthally integrated patterns in comparison with the powder XRD data for an orthorhombic
phase (ICSD 97851) and a cubic phase (ICSD 29073). The distinctive peaks for orthorhombic are labelled by

arrows and marked in the diffraction patterns.
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Figure 3.13: (a) TEM image of a region including multiple NSs and (b,c) SAED pattern with (b) no tilt and (c) 20°
tilt. (d) Corresponding azimuthally integrated patterns in comparison with the XRD data for orthorhombic and

cubic phases from database.
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Figure 3.14: Low magnification TEM image,(b) HRTEM and (c) corresponding FFT showing orthorhombic phase;
5um NS: (d) low magnification TEM image,(e) HRTEM and (f) corresponding FFT showing orthorhombic phase.

In line with previous reports on anion exchange on halide perovskite nanocrystals®™ %, these NSs too
could undergo anion exchange in the presence of CI" and I anions, such that they could be converted to

the corresponding chloride and iodide perovskite, with preservation of shape and quantum confinement

in the vertical direction (Figure 3.15).
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Figure 3.15: Results of anion exchange reactions on the NSs: (A) PL and absorption spectra of the initial CsPbBr3
NSs, and of the corresponding samples after exchange with Cl"and I'. These exchange reactions were carried out
in air as described in our previous work: briefly, 50uL of crude CsPbBr; NSs solution was dispersed in 3 mL of
toluene and different amount of oleyl ammonium iodide or tetrabutyl ammonium chloride were added®.
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we have further studied the effects of high energy (80/200 keV) electron irradiation on colloidal
CsPbBr3 NSs, a morphology that facilitated the analysis of the various ongoing processes. Our results
show that the CsPbBr; NSs undergo a radiolysis process, with electron stimulated desorption of a
fraction of bromine atoms and the reduction of a fraction of Pb?* ions to Pb°. Subsequently Ph° atoms
diffuse and aggregate, giving rise to the high contrast particles, as previously reported by various
groups. The diffusion is facilitated by both high temperature and electron beam irradiation. The early
stage Pb nanoparticles are epitaxially bound to the parent CsPbBr; lattice, and evolve into
nonepitaxially bound Pb crystals upon further irradiation, leading to local amorphization and consequent
dismantling of the CsPbBrj lattice (Figure 3.16).

.

Figure 3.16: Effect of temperature on the nucleation and growth of Pb nanoparticles in 3 nm thick CsPbBr;
nanosheets, as shown in HAADFSTEM images (Scale bars: 50 nm, EO = 200 keV, the total doses for acquiring all
the images are approximately ~1.0 x 10° e /A2)
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3.4. Conclusion

In summary, we have reported the colloidal synthesis of single crystal NPLs and NSs with lateral
dimensions tunable up to the micron regime (this is achieved by dosing the ratio of short to long ligands
in the synthesis protocol), yet with vertical size in the quantum confinement regime. The large lateral
size of these sheets should make the investigation of their physical properties more affordable and
should facilitate their integration in field effect transistors and photodetectors. Additionally, and unlike
previous works in which large perovskite sheets were essentially not confined in the vertical direction,
the influence of quantum confinement effect of the present sheets can be finally tested in devices.
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4. Bright-Emitting Perovskite Films by Large-Scale Synthesis
and Photoinduced Solid-State Transformation of CsPbBr;

Nanoplatelets

Abstract: Lead halide perovskite nanocrystals are an emerging class of materials that have gained wide
interest due to their facile color tuning and high photoluminescence quantum yield. However, the lack
of techniques to translate the high performance of nanocrystals into solid films restricts the successful
exploitation of such materials in optoelectronics applications. Here, we report a heat-up and large-scale
synthesis of quantum-confined, blue-emitting CsPbBr; nanoplatelets (NPLs) that self-assemble into
stacked lamellar structures. Spin-coated films fabricated from these NPLs show a stable blue emission
with a photoluminescence quantum yield (PLQY) of 25%. The morphology and the optoelectronic
properties of such films can be dramatically modified by UV-light irradiation under ambient conditions
at a high power, which transforms the self-assembled stacks of NPLs into much larger structures, such
as square-shaped disks and nanobelts. The emission from the transformed thin films falls within the
green spectral region with a record PLQY of 65%, and they manifest an amplified spontaneous emission
with a sharp line width of 4 nm at full-width at half-maximum under femtosecond-pulsed excitation.
The transformed films show stable photocurrents with a responsivity of up to 15 mA/W and response
times of tens of milliseconds and are robust under treatment with different solvents. We exploit their
insolubility in ethanol to fabricate green-emitting, all-solution-processed light-emitting diodes with an
external quantum efficiency of 1.1% and a luminance of 590 Cd/m?.

Parts of this chapter have been adapted or reproduced with permission from:
Shamsi, J.; Rastogi, P.; Caligiuri, V.; Abdelhady, A. L.; Spirito, D.; Manna, L.; Krahne, R., Bright-Emitting Perovskite Films
by Large-Scale Synthesis and Photoinduced Solid-State Transformation of CsPbBr3 Nanoplatelets. ACS nano 2017, 1,

10206-10213.
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4.1. Introduction

In Chapter 3 we found that the optical properties of CsPbX3 NCs are dependent on their size and shape
as has been also demonstrated by other groups for different shapes'?**?°. Among these shapes,
nanoplatelets (NPLs) are of particular interest due to their excitonic behavior that is reminiscent of that
of epitaxial quantum wells, which are typical building blocks in practical optoelectronic devices. The
“reprecipitation” and “hot injection” methods are the most common approaches to synthesize CsPbBr;
NPLs with a controlled thickness and lateral size*" ™. However, these methods do not yield NPLs in
quantities sufficient for their implementation in optoelectronic devices. A large-scale synthesis of high-
quality nanomaterials with little batch-to-batch variation could be achieved using a “heat-up” method™®.
Despite the excellent photoluminescence quantum vyield (PLQY) of CsPbBr; NCs in solution,
preserving a high emission efficiency in the solid state remains a challenge™!. The PLQY of CsPbBr;
NC films drops from 50% to 90% of NC solutions to 18-30% due to the agglomeration of the NCs and
the subsequent loss of surface passivation'*?. Furthermore, light—matter interaction can also have a
significant impact on the structural and optical properties of perovskite materials. For example, the
illumination of halide perovskite films can induce trap formation and photoinduced decomposition, as

has been recently reported™ 3

De Quilettes et al. demonstrated that the Photoinduced
photoluminescence (PL) “brightening” of CH3NH3Pbls thin films can be attributed to one order of
magnitude reduction in trap-state density™*>. Wang et al. studied the transformation of CsPbBrs NPLs to
their bulk analogue by continuous wave laser irradiation'*®, and very recently Huang et al. reported a
large PL reduction of standard CsPbBr; NC thin films under illumination with an LED®". Here, we first
report a heat-up and large-scale synthesis approach of quantum-confined, blue-emitting CsPbBr; NPLs
with a unimodal thickness distribution, which spontaneously self-assemble into stacked lamellar
structures in solution with lengths up to hundreds of nanometers. In our facile method, a certain amount
of isopropanol (IPA) can trigger the nucleation of unreactive precursors at room temperature. The NPLs
were grown by simply heating the solution in a microwave (MW) oven. We chose MW irradiation to

raise the temperature of the reaction solution uniformly™®

, Which is of fundamental importance for a
large-scale synthesis. This MW synthesis could be extended to chloride-based perovskite NPLs and to
iodide-based nanowires. When CsPbBr; NPLs are excited with a laser or LED at wavelengths in the
range of 360-440 nm with a moderate intensity (less than 10 mW/cm?), the resulting NPLs show a
bright and stable blue emission both in solution and from spin-coated or drop-casted films. However, if
the NPL films are exposed to a UV/blue light at a higher power, the as prepared stacked NPL structures

transform to green-emitting nanobelts (NBs) with lengths within the micrometer range. These NBs
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constitute highly luminescent solids and manifest an increased PLQY with respect to the original NPL
solution and films, suggesting that the trap-state-induced nonradiative decay is drastically reduced.
Furthermore, the NB films exhibit large and stable photoconductivity with response times below 50 ms,
which makes them interesting for photodetection and energy harvesting. The UV-exposed films are
stable even if in contact with different types of solvents, a feature that facilitates the fabrication of all
solution-processed devices requiring multiple layer depositions by spin- or bar-coating. We demonstrate
this robustness by fabricating a solution-processed green LED with an external quantum efficiency
(EQE) of 1.1%™*. The advantage of a large-scale synthesis and the facile solid transformation of
stacked blue-emitting NPLs to green-emitting NBs can open possibilities regarding the application of

perovskite NC solids in photovoltaic and optoelectronic devices.

4.2. Experimental Section

Synthesis and purification of CsPbBr; NPLs:

All synthesis steps reported here were performed in air. A 4 mL PbBr; solution (0.725 g of PbBr; were
dissolved in 10 mL of ODE together with 5 mL of OLA and 5 mL of OA at 100 °C) was mixed with 2
mL of ODE and 0.5 mL of an as-prepared CsOA precursor (325 mg of Cs,CO3 dissolved in 5 mL of OA
by a heat gun). After adding 250 pL of IPA, the solution was stirred using vortex for 30s. Then the
turbid greenish solution was transferred to a glass petri dish and put in the microwave oven (Panasonic
NN-E201WM) at medium power (350 W) for 4 min. Next, the reaction mixture was slowly cooled to
room temperature by the water bath. To collect the NPLs, 3 mL of toluene was added to the crude
solution; then the mixture was centrifuged at 3000 rpm for 10 min. After centrifugation, the supernatant

was discarded and the NPLs were redispersed in 3 mL of toluene/hexane.
Large-scale synthesis:

7.2 g of PbBr, was dissolved in 200 mL of ODE together with the OA and OLA (50/50) at 100 °C on a
hot plate under stirring overnight. Then, the as-prepared PbBr; solution was mixed with 25 mL of an as-
prepared Cs-OA precursor (1.625 g of Cs,COg3 dissolved in 25 mL of OA by a heat gun) and 5 mL of
IPA. Afterward, the solution was transferred to a 1 L glass petri dish and put in the microwave oven at
medium power (350 W) for 5 min. The purification step was similarly performed to that for the small-

scale synthesis.
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Low-Temperature PL Measurements:

PL spectra were acquired in a vacuum chamber equipped with a cryostat (base temperature 16 K); the
excitation was provided by a laser at 405 nm wavelength via an optical fiber, illuminating an area of a
few mm2. The emission was collected from the center of the illuminated area through an optical
window, using a lens, a collimator, and an optical fiber connected to a Horiba i-hr320 spectrometer
(grating: 300 grooves/mm) that was equipped with a CCD detector. The integration time was varied

according to the intensity of the observed peak, without changing the laser power.
LED Fabrication:

LEDs were fabricated on patterned ITO glass substrates, which were cleaned in an ultrasonic bath using
acetone and IPA sequentially. Prior to the PEDOT:PSS deposition, the ITO/glass substrates were
functionalized with oxygen plasma treatment for 10 min at 15 W. The PEDOT:PSS (35 nm) was spin-
coated on the cleaned ITO (100 nm) glass substrates at 4000 rpm and dried at 140 °C for 10 min. The
hole transport layers consisting of PTPD (35 nm) and PVK (8 nm) were obtained by dissolving the
polymers in chlorobenzene and m-xylene at 8 and 2 mg/mL and by spin-coating at 2000 rpm and
annealing at 110 °C for 20 min and 170 °C for 30 min, respectively. NPLs (40 nm) were then spin-
coated from a toluene dispersion at 2000 rpm for 1 min, and the film was exposed to UV light for 7 min
at 200 mW/cm2. ZnO nanoparticles as electron transport layer were spin-cast at 3000 rpm from ethanol
solution, which resulted in a layer with 50 nm thickness. Finally, a 100 nm thick layer of Al was
deposited by thermal evaporation in a vacuum deposition chamber. All layers were deposited in a
glovebox, and only the UV exposure was carried out under air. The current—voltage— luminance
characteristics were measured using a Keithley 2410 sourcemeter and a calibrated PDA100A Si
switchable gain detector. The EL spectra of the devices were obtained using an Ocean Optics HR4000+

spectrometer.

4.3. Results & Discussion

The synthesis of the CsPbBr; NPLs was performed in air starting with a mixture of cesium oleate (Cs
OA) and a PbBr; solution. Adding a small amount of IPA to this turbid white mixture triggered the
nucleation at room temperature. The emerging excitonic absorption band at 405 nm and PL peak at 420
nm with a full width at half-maximum (fwhm) of 19 nm proved the formation of CsPbBrs clusters
(Figure 4.1). When observed under TEM, these clusters quickly transformed to metallic lead dots, due

to electron-beam-induced damage (Figure 4.2a). NPLs with average lateral dimensions of 30 + 3 nm
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(length) x 5 + 2 nm (width), as shown in Figure 4.2b, were grown by applying MW radiation to the
solution of CsPbBr3 clusters. In a typical sample, the PL peak position at 458 nm (fwhm of 23 nm,

Figure 4.1c) indicates a thickness of 3 nm according to previously reported data™*

, Which corresponds
to 5 unit cells of perovskite layers. This synthesis method can be easily scaled up to yield several grams
of NPL products as demonstrated in Figure 4.4. A conventional X-ray diffraction (XRD) pattern
collected from the CsPbBr; NPLs is reported in Figure 4.1b. Due to the anisotropic shape of the NPLs,
only two narrow and intense peaks at 20 = 15 and 29.7 were observed. Our recent structural studies on
CsPbBr; nanosheets demonstrated an orthorhombic phase for such a 2D confined perovskite system® .
As displayed in Figure 4.1a, the NPLs are uniform in size and shape to the extent that they
spontaneously form regular lamellar structures, made of face-to-face stacked arrays of NPLs 300-350
nm in length. We ascribe this narrow distribution of shapes to our two-step synthesis procedure that
enables the separation of the nucleation step (when first small CsPbBr; clusters are formed by addition
of IPA) from the growth step (when MW irradiation is turned on). As a comparison, we performed the
same reaction (after the addition of IPA) using a heating mantle, applying a temperature ramp that was
aimed at reproducing the results of the MW synthesis (in which the temperature was raised to 120 °C in

4 min).
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Figure 4.1: (a) Low-magnification TEM image showing ribbons of self-assembled NPLs. The inset depicts a higher
magnification image in which the individual NPLs can be resolved. Scale bars correspond to 200 nm and to 50
nm in the inset. (b) XRD pattern matching with the orthorhombic reference pattern (98-009-7851). (c) Optical
properties of CsPbBr; NPLs: PL (solid line) and absorption (dashed line) spectra before and after microwave
irradiation. Photographs of a scaled-up (7.2 g) synthesis (d) and of the resulting 7 g of product under UV light
(e). (f) Emissive NPL spin-coated thin film under UV light.

This synthesis, however, not only yielded unstacked and separated NPLs but also produced large sheets

and hexagonal CssPbBrs NCs as byproducts (Figure 4.3a).

Figure 4.2: TEM images of (a) CsPbBr; clusters obtained by adding IPA to the precursor solution; (b) CsPbBr;
NPLs grown by microwave (MW) irradiation from a highly diluted solution deposited on a carbon coated copper

grid (scale bars correspond to 20 nm)
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In another control experiment, the precursor solution was MW heated but without previously adding
IPA. The product of this synthesis was a mixture of non-uniform sheets and NPLs (Figure 4.3b), which
demonstrates that the separate nucleation by the addition of IPA enables a better control over growth.
Henceforth, we focus our discussion on the synthesis of NPLs by MW synthesis with the addition of

IPA.

Figure 4.3: TEM images of byproducts: (a) by using a heating mantle instead of MW, and (b) by using MW but
without previously adding IPA (scale bars correspond to 100 nm).

For the emission of the quantum-confined NPLs at 458 nm (blue line in Figure 4.1c), we measured a

PLQY of 33% in solution and 25% for a thin film.
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Figure 4.4: TEM image (a) and optical properties (b) of CsPbBr; NPLs prepared by large-scale MW irradiation
synthesis, using 7.2 g of PbBr, in 325 ml (scale bar corresponds to 200 nm). (c,d) Photographs of NPLs solution
(c) and synthesis product (d) obtained by a large scale synthesis on a precision balance showing the weight in

grams.
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The synthesis could be easily scaled-up to a larger batch that yielded 7 g of nanocrystals (Figure 4.1d,e),
with a slightly lower PLQY in solution (29%) and an fwhm of 22 nm (Figure 4.4). Furthermore, we
extended the synthesis method to the CI- and I-based perovskite NCs. Interestingly, the chloride
analogue resembles the bromide-based NPLs.
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Figure 4.5: Overview of the properties of CsPbCl; NPLs prepared by MW irradiation: (a) Optical absorption and
emission, (b) TEM image (scale bar corresponds to 10 nm), and (c) XRD spectrum with reference pattern ICSD
98-002-9067, cubic phase)

Further characterization of the Cl-based NPLs revealed a cubic perovskite phase and absorbance onset
at 3.36 eV, which is significantly blue-shifted compared to the band gap of bulk (420 nm, 2.96 eV)
CsPbCl; **}(see Figure 4.5).

In the case of CsPbls, the same reaction condition led to the formation of nanowires with multimodal
thickness distribution and hundreds of nm in length (Figure 4.6) that degraded in a couple of hours if
exposed to air.

We then fabricated films by spin-coating a dense CsPbBr3 NPL solution (in toluene) on glass substrates

and investigated their optical properties.
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Figure 4.6: Overview of the properties of CsPbl; NWs prepared by MW irradiation: (a) Optical absorption and
emission, (b) TEM image (scale bar corresponds to 200 nm), and (c) XRD spectrum with reference pattern (ICSD

98-018-1288, cubic phase).
As prepared spin-coated solutions resulted in uniform perovskite films, as observed by a scanning
electron microscope (SEM) (Figure 4.7a), and exhibited strong blue emission under UV excitation

(Figure 4.1f) that was stable for more than a month (Figure 4.7b).
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Figure 4.7: (a) SEM image of a uniform thin film prepared by spin-coating the CsPbBr; NPLs (scale bar
corresponds to 3 um); (b) PL spectra of the pristine and aged (after 45 days) NPLs thin film.
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A representative PL spectrum from a NPL film is shown in Figure 4.8, manifesting a stable blue
emission (peak centered at 458 nm) for more than 10 min under excitation with an LED at 385 nm at a
moderate intensity of 3 mW/cm?. A similar behavior was also observed under excitation with a laser at
400 nm.
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Figure 4.8: Emission spectra from a NPL thin film under excitation with an LED at 385 nm at a moderate
intensity of 3 mW/cm? recorded immediately at LED turn on, and after 12 minutes of exposure.

However, the properties of such films can fundamentally change by exposure to UV light at a higher
power. To study the morphological changes in this transformation, we deposited NPL solutions on
carbon-coated TEM grids and illuminated them with an LED at 365 nm and 200 mW/cm? for different
exposure times. The images corresponding to a 30 s, 3 min, and 5 min exposure time are shown in

Figure 4.9.

Figure 4.9: TEM images evidencing the shape evolution of CsPbBr; NPLs to NBs as a function of the LED
illumination time: (a) 0.5, (b) 3, and (c) 5 min (scale bars correspond to 200 nm).

Increasing the exposure time resulted in the track-like assemblies of NPLs coalesced to larger, square
and belt-shaped NCs that can be identified in Figure 4.9b,c. Focusing on Figure 4.9c, we found a
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mixture of square- and rectangular-shaped NCs with widths ranging from 30 to 70 nm and lengths up to
um. A histogram on NC width and PL spectra related to this transformation are shown in Figure 4.10.
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Figure 4.10: (a) A histogram on nanobelts width after transformation under UV light (LED illumination time: 5
minutes). (b) Monitoring of the change in PL during exposure with an UV LED (365 nm at 200 mW/cm?) recorded

every 30 seconds for 7 minutes.

We will refer to the rectangular structures with a large aspect ratio as “nanobelts” (NBs). The
transparency of the NBs in the TEM images suggests a small thickness that most likely corresponds to
the width of the original nanoplatelets. Further characterization by SEM and XRD revealed a high

coverage of a thin film after transformation with an orthorhombic phase for CsPbBr; NBs (Figure 4.11).
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Figure 4.11: (a) SEM image (scale bar corresponds to 3 um), and (b) XRD spectrum (reference pattern ICSD 98-
009-7851) of a transformed CsPbBr; thin film by UV irradiation.

We attribute the transformation under UV light from stacked arrays of NPLs to NBs to the combined

effects of lattice instability under intense light irradiation and labile surface passivation® .

The PL spectra recorded from a film on a glass substrate during 20 min of exposure to UV light at 120
mW/cm? under ambient conditions are reported in Figure 4.12a.b. Initially, an emission peak at 450 nm
with a tail to the red is observed, similar to the emission from films under low-power excitation. With
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increasing exposure time, first the blue emission is reduced, and another peak builds up at longer
wavelengths that strongly increases in intensity until its center reaches approximately 520 nm, where the
intensity saturates at a value much higher than the original blue emission (after around 15 min of
exposure). Exposure for longer times at high illumination power can lead to a slight degradation of the
green emission. The inset of Figure 4.12a shows a transformed green emitting square region surrounded
by the blue-emitting film of the pristine NPLs, demonstrating that this method can be readily extended
to pattern NC films by the use of shadow masks during UV exposure.
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Figure 4.12: (a, b) In situ monitoring of the change in PL during exposure with a UV LED (365 nm at 120
mW/cm?) recorded continuously for 20 min. The inset in (a) shows a photo of a spin-coated film under UV
illumination, in which the central green-emitting region was transformed by UV exposure. (c) PL decay recorded
at the peak maximum for the pristine and UV-exposed NPL films. (d) Emission of a film (that had been
transformed by UV exposure) under excitation of femtosecond pulses with 1 kHz frequency at 400 nm for
different pump flounces. Amplified spontaneous emission (ASE) occurs at a threshold of 950 wl/cm2,
manifesting a sharp ASE peak with a full width at half maximum (fwhm) of 4 nm, as evidenced by the fitting in
(e). (f-h) Emission of pristine (blue) and transformed (green) films recorded under vacuum at different
temperatures of 16, 200, and 300 K. The intensity of the band gap emission (sharp peaks at 450 and 520 nm) is
shown on the left axes, and the defect emission intensity that occurs at longer wavelength on the right axes.
Integration times were 50 ms (200 ms) for the band edge and 10 s (30 s) for the defect emission in panels (f) and
(g). The weak broad signal in the defect band region in (g) is due to the background and long integration time.
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Interestingly, the transformation is severely hindered under inert atmosphere. With the samples inside a
glovebox, i.e., under a nitrogen atmosphere, we found that the reaction is significantly slowed down.
Under these conditions, after 30 min of exposure almost no change in emission was observed, and even
after 2 h of exposure the emission peak shifted only to 500 nm, manifesting a weak sideband at 520 nm
(see Figure 4.13). This indicates that moisture and/or oxygen are crucial in destabilizing the NPLs under

irradiation.
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Figure 4.13: PL spectra recorded before and after 30 minutes, 1h, and 2h UV exposure of a NPL film in a glove
box, i.e. under inert (N,) atmosphere. Light power was 120 mW/cm?.

The UV transformation occurs much faster and leads to stronger green emission, if it is performed under more
humid conditions, as shown in Figure 4.14:
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Figure 4.14: Color plots of the emission spectra recorded during UV transformation of NPL films under different
humidity, but otherwise identical, conditions. Light power was 120 mW/cm?. The spectra were normalized to
the original blue PL peak of the NPL film. Clearly, the transformation occurs faster and is more efficient under
higher humidity.
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Defect states play an important role regarding the photoluminescence intensity of CsPbBr3 crystals, and
PL quenching and emission from a broad defect band around 700 nm wavelength have been reported
under an inert atmosphere, which, however, can be compensated under ambient conditions due to the

presence of oxygen**

. We have measured PL spectra at different temperatures (from 16 to 320 K) under
vacuum to acquire more insight into the emission dynamics of our films before and after transformation.
Selected spectra are displayed in Figure 3f-h. For the pristine blue emitting films, we observe the defect
band emission over the full temperature range, while for the UV-transformed films it can only be
identified around 200 K. The green band gap emission of the exposed films is much stronger than the
blue emission at 16 K, but it decreases strongly with increasing temperature, while the blue PL from the

pristine films first decreases and then gains in intensity again at temperatures above 240 K, as shown in
Figure 4.15.
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Figure 4.15: Position, FWHM and amplitude of the band edge emission versus temperature of pristine (a) and
transformed (b) films measured under vacuum.

The effects occurring at temperatures above 200 K can be related to residual CO, that undergoes a phase
change from dry ice to gas phase at 194 K, which leads to a limited supply of oxygen atoms in the
atmosphere in this temperature range. These oxygen atoms can passivate defect states; therefore the
band-edge emission of the pristine films is very sensitive to this effect, while that of the transformed
films (with much fewer defect states) is not.

PL time decay measurements of pristine and exposed films, measured at the peak maximum (i.e., at 460

and 520 nm, respectively), are shown in Figure 4.12c. While there is little difference in the initial decay,
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for longer times the transformed films manifest a slower decay that translates to an increase in the
average PL lifetime from 5.18 ns to 9.51 ns after the transformation. The decay curves in Figure 4.12c
were fitted with a three-exponential function:
3 3
E., L,
A-eV"+A4,-e +4,-e

Table 4.1: The obtained amplitudes and life times

Ay T]_(nS) A, Tz(nS) A3 T3(I’\S)
Pristine 1904.8 1.15 7201 3.91 981 9.8
UV-Exposed 5411.3 1.56 4377 541 620 21.7

This increase in lifetime could be related to the suppression of a fast, nonradiative recombination caused
by efficiently passivated trap states or might also originate from the reduced confinement of the
transformed NCs. Furthermore, we measured PLQY with a record of 65% from the transformed films,
and the UV-transformed regions exhibited amplified spontaneous emission (ASE) under femtosecond
pulsed excitation with a very sharp ASE line width of 4 nm at fwhm. Such a sharp line width shows that
the ASE is extremely time coherent. The stability of this sharp emission peak with respect to spot
location and over time excludes random lasing as its origin. The lowest ASE threshold of 260 pJ/cm?
was observed from specific regions of drop-cast films, while we consistently found an ASE threshold of
950 wJ/ cm? from spin-coated films with a thickness of around 60 nm (see Figure 4.12d,e). These ASE

1.192 which

threshold values are considerably larger than those observed, for example, by Yakunin et a
could be related to the much smaller film thickness in our case, together with a higher roughness

resulting from the change in NC morphology induced by the UV transformation.

To study the electrical properties before and after transformation, we evaporated gold pads with a
spacing of 50 um, by using a shadow mask and thermal evaporation, onto a film in which a region of
approximately 5 x 5 mm? was transformed by UV exposure. From the nontransformed region, we were
not able to measure any reproducible current, as the signal remained erratic and below our noise
threshold. Therefore, we will discuss only the results obtained from the UV-exposed region. The current
in the dark and under illumination with white light is shown in Figure 4.16a. We found a low, stable
current-voltage (I-V) curve in the dark and a strong increase in the current under illumination, with a
photocurrent to dark current ratio of 20 at 1 V. The photocurrent spectrum depicted in Figure 4.16b
reflects the behavior of quasi bulk-like CsPbBr; NCs, with a dominant peak at 530 nm due to the band-

edge absorption. The UV-transformed films demonstrate a very robust and relatively fast response of
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the photocurrent when the light is switched on and off (Figure 4.16b,c), with rise and fall times of 20
and 46 ms, respectively. This stable (photo)current makes the transformed films appealing for

photodetection and energy conversion.
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Figure 4.16: Electrical properties of UV-transformed films. (a) Current-voltage characteristics in the dark and
under white light measured in air. The graph shows four consecutive scans that highlight the reproducibility of
the 1-Vs, with a small hysteresis in the photocurrent. (b) Photocurrent spectrum recorded under illumination
with a xenon lamp coupled to a monochromator at a bias voltage of 5 V, manifesting a strong peak at 530 nm
due to the band-edge absorption. (c, d) Current over time while the illumination via a white LED was switched
on and off at a bias of 2 V. The rise and fall times between 90% and 10% of the maximum signal are 46 and 20
ms, respectively.

To date, most LED structures have been fabricated with an evaporated charge transport layer on top of

the perovskite |ayer143-148

, since typically perovskite NC films are unstable in common solvents (i.e.,
they dissolve) and suffer from PL degradation. This severely hinders their use in all-solution processed
devices, and there are few reports on all-solution processed perovskite LEDs, in which insolubility of
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the perovskite film was achieved either by cross-linking of surface ligands'®® or by an amine-free
synthesis™®. The UV-transformed films described here remain stable in solvents such as methanol,

ethanol, IPA, and toluene (see Figure 4.17) and maintain their excellent optical properties, unlike their

pristine blue-emitting NPL film counterparts, which would dissolve once dispersed in such solvents.

Ethanol Toluene Acetone

Figure 4.17: Photographs of UV-transformed thin film after treatment with different solvents under UV light.

We exploit this favorable behavior to fabricate an LED in which all layers were deposited from
solutions, with the exception of the anode and cathode.
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Figure 4.18: Schematic representation of the LED architecture. (b) Cross sectional SEM image showing the
different layers of the LED. (c) Electroluminescence spectrum of the LED at an operating voltage of 8 V. (d)
Current density and luminance versus bias voltage of a typical best device. (e) External quantum efficiency (EQE)

and current efficiency (CE) as a function of voltage. (f) Luminance and EQE of the same device for several
consecutive scans.
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We use the architecture illustrated in Figure 5a, which consists of ITO as anode, a trilayer structure
made of poly(3,4-cthylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS), poly(N,N’-bis(4-
butylphenyl)- N,N’-bis(phenyl)benzidine (PTPD), and poly- (vinylcarbazole) (PVK) as hole transport
layers. Next, the NPL single layer was spin-coated from a toluene solution and exposed to UV light for
transformation. Then, ZnO nanoparticles in ethanol were spin-coated as the electron transport layer, and
finally Al was deposited by thermal evaporation as the cathode. Figure 4.18b shows a cross section
SEM image of the device where the different layers can be identified. The electroluminescence reported
in Figure 4.18c manifests a narrow emission peak at 520 nm with an fwhm of 17 nm. Typical turn-on
voltages of our LEDs were as low as 2.2 V at 0.1 cd/m? with a maximum EQE of 1.1% and peak
luminance of 590 cd/m? (Figure 4.19 shows the photograph of a perovskite NC-LED with a 40 nm thick
NC layer).

Figure 4.19: Photograph of UV-transformed NC-LED with 40-nm thick NC layer

With these characteristics, our device outperforms by a factor of 3 the green-emitting solution processed
perovskite LEDs reported so far (see Table 4.2)*% 1%,

56



Table 4.2: Comparison of device performance by all-solution processed LED

Reference EL peak FWHM of Turnon | Max CTL on top of
wavelength EL voltage | luminance perovskites film
nm spectrum \Y; cd/m?

nm
All ref*> 510 - 2.8 934 032 F8
solution- (chlorobenzene)
processed s
CTL layers ref 523 - 2 2335 0.19 TFB (toluene)
This work 520 17 2 590 1.1 ZnO NPs
(ethanol)

Our devices were still functional after several consecutive bias scans up to an operating voltage of 10 V
(Figure 4.18f), where we observed roughly a 50% drop in luminance from one scan to the next,
accompanied by a decrease in EQE from 1.1% in the first scan to 0.8% in the second and 0.4% in the
third scan. This reduction in luminance could be related to the instability of the NCs under high voltage,
and indeed, subsequent luminance curves recorded in a lower bias range up to 5 V were much more

reproducible (Figure 4.20)
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Figure 4.20: Repetitive scans measuring luminance and EQE of the LED in a low bias voltage range, up to 5V the
degradation of the LED is significantly reduced if operated at lower bias.
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4.4. Conclusion

In conclusion, we have reported a fast and facile method to obtain large-scale quantities of CsPbBr;
NPLs by microwave synthesis that manifest stable, quantum-confined blue emission in solution and in
thin films. The morphology of the NPL films could be changed by UV light exposure to obtain films of
bright green-emitting NBs with a PLQY of 65% that also demonstrate robust electrical properties and
high photoconductivity. This UV exposure method, which significantly improves the conductive
properties, while conserving and even enhancing the optical emission, can be a very interesting
alternative for the fabrication of optoelectronic devices based on perovskite nanocrystal inks. To this
end, we demonstrated solution-processed green-emitting LEDs with a peak EQE of 1.1% and a

luminance of 590 cd/m?.
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5. Colloidal CsX (X = Cl, Br, I) Nanocrystals and their

Transformation to CsPbX; Nanocrystals by Cation Exchange

Abstract: We have developed a facile colloidal synthesis approach for nearly monodisperse CsX (X =
Cl, Br, 1) nanocrystals with truncated octahedral shape and simple cubic structure. Upon the partial
exchange of Cs* with Pb®" ions, these particles can be transformed to fluorescent CsPbXs (X = Cl, Br)
nanocrystals, with core/shell CsX/CsPbX3 (X = CI, Br) as intermediate structures. The CsBr case has
been studied extensively: In the early stages of the transformation, i.e. for CsBr NCs with thin CsPbX3
shells, the particles exhibit a strong blue-shifted emission compared to the bulk band gap of CsPbBrs3,
due to the presence of quantum confined CsPbBr; domains on the surface of the CsBr particles. These
confined perovskite domains are unstable, as the emission red-shifts with time. Also, the nanocrystals
undergo significant inter-particle aggregation over time if the cation exchange process is hot completed.
The full transformation scheme, however yields stable and monodisperse CsPbBr; NCs. This approach
provides tunability of the size of the final particles, at least in the cases of CsPbBr; and CsPbCls.

Parts of this chapter have been adapted or reproduced with permission from:

Shamsi, J.; Dang, Z.; ljaz, P.; Abdelhady, A. L.; Bertoni, G.; Moreels, I.; Manna, L., Colloidal CsX (X = Cl, Br, I)
Nanocrystals and Their Transformation to CsPbX3 Nanocrystals by Cation Exchange. Chemistry of Materials 2017, 30, 79-
83.
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5.1. Introduction

Cesium halides (CsX, X = Cl, Br, 1) are interesting materials for studying the fundamental aspects of
defects and doping, and for use in scintillation detectors, as is clear from the rich literature on thin films
and bulk crystals of cesium halides over the past few decades™" ', In the 1960s, activated CsX crystals
(with TI, Na, and other elements) were introduced as gamma ray and charged particle detectors™, and
several studies elucidated their band structures and role of defects™* *°, The interest in CsX was further
triggered by the discovery of specific features in the optical spectra of doped CsX salts®’. Also, the
luminescence from nanosized aggregated CsPbX; phases was initially observed in CsX single crystal
hosts in 19978, which initiated additional investigations in the early 2000s*** 7. Aceves et al.**’, for
example, found that Pb-doped CsBr bulk crystals have optical emission characteristics that are similar to
those of Cs,PbBrg, PbBr, and CsPbBr; bulk crystals™’. This indicates that Pb** ions, once inserted as
substitutional dopants in the CsBr matrix, self-organize locally forming various binary and ternary Cs-

Pb-Br structures.

This historical perspective above that CsX nanocrystals (NCs), and CsBr NCs in particular, are an
interesting class of nanoparticles, and they can act as precursors for the synthesis of CsPbX3 NCs, as we
are reporting here. We were able to synthesize monodisperse colloidal CsX NCs, with truncated
octahedral shapes and simple cubic structure. The size of the CsX NCs could be tuned by varying the
reaction temperature, in an ambient atmosphere. CsBr NCs were then reacted with lead oleate
(Pb(OA),) to form core/shell CsBr/CsPbBr; NCs and finally CsPbBr; NCs a by partial Cs*=> Pb?*
cation exchange. Although the reaction was accompanied by a noticeable shrinkage in the size of the
NCs, due to partial etching, there was a correlation between the initial size of the CsBr NCs and that of
the CsPbBrs NCs. This means that, rather than undergoing a dissolution-recrystallization, the
transformation undergoes a reorganization of the lattice following the insertion of Pb®* ions and the
ejection of the Cs* ions. This is also supported by high resolution transmission electron microscopy
(HRTEM) analysis, which indicated the formation of core-shell CsBr/CsPbBr; structures as
intermediates. The emission from these core/shell structures in the early stage of the exchange was
strongly blue shifted from the corresponding bulk values of CsPbBrs3, as is to be expected from a shell
thickness in the strong quantum confinement regime. This emission was, however, unstable and it red-
shifted over time, even when the exchange was stopped by precipitating the particles and re-dispersing
them in a clean solvent. This instability was also reflected in the aggregation of the purified particles,
after overnight storage. The photoluminescence (PL) quantum yield (QY) of the fully transformed
CsPbBr3 NCs was stable and in the range of 32% - 50% which is, on average, lower than that of the

60



corresponding particles that are prepared by the standard synthesis approach (which can be in the range
of 50 - 90%). This is most likely due to the presence of structural and surface defects. Surface
treatments with lead thiocyanate could increase the PLQY to 60%. Similarly, starting with CsCl NCs,
CsPbCl; NCs could be synthesized, again with a correlation between the size of the starting CsCl NCs
and that of the CsPbCl; NCs. In the case of the Csl-> CsPbl; transformation, the control over the size of

the final perovskite NCs was less accurate and resulted in polydisperse particles™®.

5.2. Experimental Section
Preparation of cesium-oleate solution:
0.325 g Cs,CO3 were dissolved in 5 mL OA by using heat gun until all Cs,COj3 reacted with OA.
Preparation of PbBr; solution:

0.072g PbBr, were solubilized in 2mL ODE, 1mL OA and 1mL OLA in a 20 mL vial on a hotplate at
100°C for 20 minutes.

Preparation of lead-oleate (Pb(OA),) solution:
0.044 g PbO were dissolved in 2 mL OA by using heat gun until all PbO reacted with OA.
Synthesis of CsX NCs:

All syntheses were carried out in air and without any pre-dried chemicals or solvents. In a typical
synthesis, halide precursors (0.4 mmol) were dissolved in 2mL ODE, 1mL OA and 1mL OLA in a 20
mL vial on a hotplate at 100 °C. After complete solubilization of the halide precursors, 500 pL of CSOA
was added to the solution at optimized temperature. After 5 minutes, the reaction mixture was slowly
cooled to room temperature using a water bath. To collect the CsX NCs, the solution was then
centrifuged at 3800 rpm for 10 min. After centrifugation, the supernatant was discarded and the NCs
were redispersed in 4mL hexane or ODE (in order to carry out the transformation reactions).

Transfromation reactions:

All experiments were carried out under ambient atmosphere. In our full transformation reactions, 200
ML of as-prepared Pb(OA), (40 uL for initial stage and 80 pL for intermediate stage) were added to the
0.5 mL of CsX NC solutions at room temperature under vigorous stirring for 30 seconds. After the
washing step, the perovskite NCs were redispersed in hexane.
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5.3. Results & Discussion

The CsX NCs were prepared by dissolving different types of salts as halide precursors, such as InXs,
ZnX,, CoXy, and tetrabutylammonium halide, in octadecene (ODE) together with oleylamine (OLA)
and oleic acid (OA), then adding Cs-oleate (cesium carbonate dissolved in OA, CsOA) at different
reaction temperatures, as is detailed in Table 5.1 and in the experimental section. The reaction
temperature and the specific halide precursors are the key parameters for producing uniform NCs as
well as for having good control of the size. All NCs had truncated octahedra shapes, unless stated
otherwise. Conditions had to be adjusted for each halide composition, as is described below and is
detailed in the experimental section.

CsCl. Initial tests using CoCl; led to deep blue tetragonal Cs3CoCls nanowires (Figure 5.1).
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Figure 5.1: a) TEM image and b) XRD pattern of Cs3CoCls NWs

Alternatively, dissolving ZnCl, salt in the same medium yielded orthorhombic Cs,ZnCl,; NCs (Figure
5.2).
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Figure 5.2: a) TEM image and b) XRD pattern of Cs,ZnCl; NCs
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CsCI NCs could be grown using tetrabutylammonium chloride (TBAC), but they were non-uniform
and polydisperse (Figure 5.3a). CsCl NCs with uniform shapes and tunable sizes (20 - 35 nm) could be
finally synthesized using InCl; as a Cl precursor (Figure 5.3b and 5.6a).
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Figure 5.3: TEM images of CsCl NCs; a) by using TBAC at 90 °C; b) by using InCl; at 90°C (scale bars correspond to
100 nm)

The results of these syntheses indicate that the size of the metal cation in the halide precursor dictates
the type of Cl-based compounds that can be formed. Working with small cations leads to the formation

of ternary compounds, such as CszCoCls and Cs,ZnCl,. Bigger cations, however, behave as spectator
cations, which leads to the formation of CsCI NCs.

CsBr. The use of tetrabutylammonium bromide (TBAB) yielded NCs with broad size distributions
(Figure 5.4b). CsBr NCs with uniform shapes and tunable sizes were prepared by using either ZnBr, or
CoBr; as Br precursors (Figure 5.6b and 5.4b).

——

Figure 5.4: TEM images of CsBr NCs; a) by using CoBr, and b) by using TBAB (scale bars correspond to 100 nm)

By employing ZnBr, the size of the CsBr NCs could be adjusted in the range of 13 to 30 nm by

varying the reaction temperature (50 — 120 °C). However, reactions at 120 °C and above resulted in a
broad size distribution (Figure 5.15).

Csl. Csl NCs were prepared using Znl, (Figure 5.6¢). Similar to the other halides,
tetrabutylammonium iodide could also be used as an iodide precursor, but this again yielded a
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polydisperse product (Figure 5.5a). Interestingly (and somewhat similar to the synthesis of the CsPbX3

NCs’®), the growth of Csl NCs was faster than that of Cl- or Br-based NCs at the same temperature.
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Figure 5.5: a) TEM image of Csl NCs prepared at 90 °C by using TBAI; b) TEM image of 10 nm Csl NCs synthesized
at 50 °C by using Znl,; b) absorption spectra for two different sizes (10 nm (panel b) and 22 nm (figure 1c)).

Therefore, to better control the size of the NCs, the syntheses were performed at a lower temperature
range than that of the CsCl and CsBr cases (see Table 5.1).

Table 5.1: . Reaction conditions for the synthesis of CsX NCs

TBAC 90 PD? (cubes)
InCl3 90-130 2012 - 3543
PD (cubes +
TBAB 90 truncated
octahedra
ZnBr, 50-120 13+1 - 3014
PD (irregular
TBAI 90 shapes)
Znl, 50-90 10+1-22+2

®pD: polydisperse
The absorption spectra of the CsX NCs are shown in Figure 5.6d. All these materials are essentially
insulators and have large band gaps, therefore no band gap absorption should be observed down to 200
nm. Even for Csl, which has a 6.4 eV gap™®, the onset should be at around 190 nm. The peak at ~220
nm for Csl (~5.6 eV) is most likely associated with the lowest energy state of the I'(3/2,1/2)
exciton,'®® 1*! as is seen in bulk films of Csl. This exciton arises as a result of the transition from the
I'g-valence band states to the T+ conduction band states.'®® ®* The reason that this state is located so far
below (~0.8 eV) the conduction band minimum for Csl is because CsX has highly ionic lattices'®* with

low dielectric constants, therefore excitons in these materials have large binding energies. The narrow
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absorption band at 220 nm is independent of the size of the Csl NCs (Figures 5.5b,c) and is comparable
to that of bulk film.'*%**
220!
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Figure 5.6: (a-c) Transmission electron microscopy (TEM) images of representative samples of CsX NCs. Scale
bars are 100 nm in all images; d) Optical absorption spectra of CsX NCs dispersed in hexane; e) Sketch of the
cubic structure of CsX; f) XRD patterns of the dried powders of CsX NCs, in comparison with the ICSD reference
patterns (CsCl: 98-062-2366, CsBr: 98-002-2174, Csl: 98-004-4291).

This, again, is due to the strong exciton binding energy and consequent small exciton Bohr radius,
hence a negligible quantum confinement effect would be seen in Csl. The absorption tails, which are in
the region of 220-250 nm for CsBr and CsCl, are less understood, and might be due to deep trap states.
The features around 200 nm are due to solvent absorption. X-ray diffraction (XRD) patterns of the dry
powders of the as-prepared CsX NCs are in good agreement with the CsX simple cubic reference
patterns, as shown in Figures 5.6e,f (both Cs* and X ions have eightfold coordination in the simple
cubic structure). The absence of any other impurity phase in the patterns proves that the cations that
were introduced with the halide ions in the synthesis (e.g. Zn**, In**, etc.) do not form any crystalline
compounds and are eliminated during the cleaning of the NCs, as complexes with the excess surfactant
molecules used in the synthesis.

The CsX NCs were then used as colloidal precursors to synthesize CsPbX3 NCs. We focus most of our
discussion on the transformation of CsBr to CsPbBr; NCs. Our first attempt was to react CsBr NCs with
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an excess amount of PbBr, (which was dissolved in a mixture of OLA, OA and ODE) according to the
scheme:

CsBr + PbBr, — CsPbBr; @

These reactions were only partially successful. The reactivity of this system was low at room
temperature, and resulted in mixtures of CsPbBr3; nanocubes and partially transformed CsBr NCs, with a

double peak feature in PL (Figure 5.7) after an overnight reaction.
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Figure 5.7: Results of transformations induced by exposing the CsBr NCs to an excess amount of PbBr, at room
temperature, overnight: a) TEM image; b) optical absorption (violet) and emission (green) spectra.

Reactions at higher temperatures (70 °C) were poorly controllable, the size distribution of the CsPbBr;

NCs was multimodal, as is evident from the multiple peaks in the PL spectrum (Figure 5.8)
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Figure 5.8: Results of transformations induced by exposing the CsBr NCs to an excess amount of PbBr, at 70 °C
for 1 minute: a) TEM image (scale bar is 100 nm); b) optical absorption (violet) and emission (green) spectra.

Better control was possible by reacting the CsX NCs with Pb oleate (Pb(OA),, which was prepared by
dissolving PbO in oleic acid), according to the scheme:

3CsX + Pb(OA), — CsPbX; + 2CSOA @)
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During preliminary tests, we employed small amounts of Pb(OA), to investigate the initial stage of this
reaction (see the experimental section). In this case, the solution turned fluorescent blue (with a peak at
468 nm and a PLQY of 22%), immediately after the addition. Such a blue PL was probably due to the
formation of quantum confined CsPbX3 domains on the surface of the CsBr NCs, whose shape remained

essentially truncated octahedral at this stage (Figure 5.9).
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Figure 5.9: Initial stage of the CsBr to CsPbBr; transformation: TEM images of a) fresh sample and b) aged
sample (scale bars are 20 nm); c) optical spectra of confined domain over one day ( PL peak varies from 468 nm
to 486 nm); d) corresponding time-resolved PL decays for the confined CsPbBr3 domain over one day (PL decay
slightly increased from 4.49 ns to 4.81 ns).

The optical absorption and PL spectra of this sample red-shifted considerably over one day; the PL peak
shifted from 468 to 486 nm, (see Figures 5.9c; and Figure 5.9d for the corresponding PL decays) and the
PLQY increased to 61%. This observation suggests the formation of bigger domains over time, even
after purification step (consisting of precipitating the particles and re-suspending them in toluene). TEM
analysis of a sample that was aged overnight after the purification step evidenced the strong aggregation
of the NCs (Figure 5.9b). Reactions with larger amounts of Pb(OA), yielded samples with a greener PL
soon after the addition of the lead complex and characterized by a variety of shapes (Figure 5.10),

indicating a more advanced stage in the transformation.
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Figure 5.10: Intermediate stage of CsBr to CsPbBr; transformation a) TEM image and b)optical spectra; two
absorption peaks and wide FWHM (31 nm) of PL present poor control over the shell thickness at intermediate
stage (scale bar corresponds to 50 nm).

Finally, nearly monodisperse, pure CsPbBrz NCs could be prepared by adding an excess amount of
Pb(OA),, as is detailed in the experimental section.

The samples at different stages of the transformation were characterized by the presence of an
increasingly thicker perovskite shell on the CsBr NCs (Figure 5.11).

HRTEM

Strain map

Figure 5.11: HRTEM images of NCs during different stages of the CsBr > CsPbBr; transformation (top) and
corresponding strain maps (4,,), obtained by geometric phase analysis (bottom). The perovskite domains are
color coded in yellow. (Figure 5.12 shows a broader set of intermediate samples, without color coding). The scale
bar is 2 nm; (a, b) A NC in its early stage, with a thin CsPbBr; shell; (c, d and e, f) Two NCs in their intermediate
stages; (g, h) A fully transformed CsPbBr; NC. In panels a, ¢, and e, the inset is the FFT of the region which is
delimited by the white box. The inset of panel g is the FFT of the whole image.
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The samples at different stages of the transformation were characterized by the presence of an
increasingly thicker perovskite shell on the CsBr NCs (Figure 5.11). Geometric phase analysis (GPA)
was carried out on the HRTEM images of the NCs, which revealed a variation in the periodicities of the
HRTEM contrast, and a strain at the interface of the core and shell regions. The initial CsBr NCs, as
well as the samples in the early stages of the transformation, were often found oriented in the [111] zone
axis, which is evidenced by a fast Fourier transform (FFT) showing six spots at equal angles (60°,
Figure 5.11a). Even in the early stages of the transformation, the presence of CsPbBr; can be inferred by
the elongated spots in the corresponding FFT images (which is highlighted by the white elliptical
contour in the inset of Figure 5.11a) and by the presence of a strained interface separating the core and
the shell. The orientational relationship between the CsBr core and the CsPbBr; shell in these early
samples (Figures 5.11) is CsBr [111] // CsPbBr; [001] and CsBr (1-10) // CsPbBr; (200). NCs with
thicker CsPbBr3 shells tended to be oriented in such a way that the CsBr lattice is in the [001] zone axis
(Figures 5.11e, f). Notably, in samples with thicker CsPbBr3 shells (Figures 5.11e, f), the orientational
relationship between the core and the shell is different to that of thin shell samples, and is as follows:
CsBr [001] // CsPbBr3 [001], CsBr (1-10) // CsPbBr3 (200) (see Figure 5.12 for more HRTEM images
of the intermediate stages). Interestingly, this shape reduced the strain at the interface (see Figure 5.11f).
The progressive transformation, namely the full conversion to CsPbBr; (Figure 5.11g, h) was indeed

accompanied by a morphological change of the whole particle.
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Figure 5.12: A set of HRTEM images related to intermediate stages (a-h) and final stage (i) of the
transformation of CsBr NCs to CsPbBr; NCs (scale bar is 2 nm in all images). Green lines are drawn along the
fringes

The presence of the (Pb rich) perovskite shell in the intermediate samples was further confirmed by
scanning TEM (STEM)-energy dispersive spectroscopy (EDS) analysis (see Figure 5.13): EDS
evidenced a higher concentration of Pb in the outer regions of the NCs with respect to the central
regions'®.
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Figure 5.13: EDS analysis of CsBr NCs that had been partially converted to CsPbBr;. The Main plot reports EDS
spectra. The red signal corresponds to a sum of several EDS spectra collected from the edge regions of the NCs.
The green signal corresponds instead to a sum of several EDS spectra collected from the edge regions of the
NCs. The central regions are richer in Cs and poorer in Pb compared to the edge regions. This fits into a model of
a core/shell CsBr/CsPbBr; for these partially converted NCs. Insets: from left to right: HAADF-STEM image and
corresponding elemental maps of Pb, Cs, and Br.

CsBr NCs within a range of sizes (13-30 nm) could be fully transformed into CsPbBr; NCs (7-23 nm)
at room temperature by adding an excess amount of Pb(OA),, as shown in Figure 5.14 for three
different sizes of the starting CsBr NCs. In this case, not only did the NCs undergo a shape
transformation (from truncated octahedral to cubic) but their overall size was also reduced. Although the
transformation from CsBr to CsPbBr; entails the expulsion of two Cs* ions per every Pb?* ion added,
one should not expect such a large change in the volume of the particles, since the two materials have
similar densities (4.44 glcm® for CsBr and 4.75 g/cm® for CsPbBrs) ***. The initial NCs therefore
appeared to have undergone partial dissolution during the transformation, and this is understandable if
one considers that the lattice needs to reorganize considerably when going from cubic CsBr (with both
Cs" and Br™ ions in octahedral coordination) to the perovskite structure. However, as can be seen from
Figure 5.14, the size of the final CsPbBr; NCs is correlated to that of the initial CsBr NCs. This fact, and
the evidence that CsPbBr;z NCs were not observed growing separately from the CsBr NCs, while instead

only intermediate core/shell structures were observed, excludes that the overall transformation goes
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through the dissolution of the CsBr NCs followed by the recrystallization of CsPbBr;. Optical data and
XRD analyses further confirmed the full transformation of CsBr to CsPbBrs, as shown in Figure 5.14d,e
(additional two sizes of initial CsBr and final CsPbBr; NCs are shown in Figure 5.15).
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Figure 5.14: TEM images of CsBr NCs of three representative sizes (top panels) and corresponding TEM images
of the resulting CsPbBr; NCs (bottom panels). Scale bars correspond to 50 nm in all images; (d) Corresponding
optical spectra and (e) XRD patterns of the resulting CsPbBr; NCs (ICSD reference pattern: 98-009-7852).

All data related to the transformation such as the size of the starting NCs as well as the transformed

NCs and PL peak positions with full width at half-maxima are listed in Table 5.2.

A
1

(‘ne)1d

1
1
1
HE
350 400 450 500 550 600 650
Wavelength (nm)

Absorbance

4
§ b

23 N ”
a

10 20 £ 40 £ 60

Degree (20)

Figure 5.15: (a, b) TEM images of CsBr NCs of two additional sizes (24 and 30 nm, top panels) and corresponding
TEM images of the resulting CsPbBr3 NCs (16 and 23 nm, bottom panels). Scale bars correspond to 100 nm in all
images; (c) Optical spectra and (d) XRD patterns of the resulting CsPbBr3 NCs (ICSD reference pattern: 98-009-

7851).
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The relatively lower values of PLQY (ranging from 32% to 50%) of the CsPbBr; NCs prepared with
our approach compared to those of the NCs prepared by direct synthesis (50% — 90 %) demonstrate the
formation of structural and surface defects acting as trap states during such a conversion. These are
probably also the reason for the non-exponential PL decay of all samples (Figure 5.16). For the fitting

we required a sum of four exponentials (Table 5.2).
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Figure 5.16: Time-resolved PL decays for all different sizes of CsPbBr; NC samples

We calculated the amplitude-averaged decay time, and found values of 3 ns - 5 ns for all CsPbBr; NCs
except those with a 23 nm diameter, for which we obtained 17 ns. These values are generally in line

with those of CsPbBr; NCs prepared by direct synthesis’®.

Table 5.2: Dataset of full transformation of CsBr NCs

Reaction Size of Size of PL Peak [ FWHM | PLQY % | Average
Temperature CsBr PL lifetime
of CsBr CsPbBr; (nm) () (pretreat (ns)
(nm) ment)
(C)

Figure 5.14a 50 13+1 7+05 500 20.6 49.1 4.48
Figure 5.14b 80 161 9+1 504 22.6 50.9 291
Figure 5.14c 90 201 12+1 509 21.7 50.1 3.89
Figure 5.15a 100 24+3 16+3 512 20.1 38.1 5.02
Figure 5.15b 120 304 23+3 517 20 325 17.16
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Recently, Koscher et al. have reported a postsynthetic modification of CsPbBr; NCs in which adding a
thiocyanate salt to the as-prepared perovskite NCs could effectively decrease the nonradiative exciton
recombination'®®. We followed a modification of that protocol here, by adding a solution of Pb(SCN);
dissolved in OLA and OA and ODE to the NCs before the washing step. This treatment greatly
improved the PLQY. As an example, in the case of the 16 nm CsPbBr; NCs the PLQY went from 38%
to 60%. Adding a high excess of Pb(SCN), solution did not raise the QY further. Although the overall
increase was remarkable, the PLQY still did not reach the record values of the one-step grown CsPbBr;
NCs, suggesting that our NCs have residual structural defects. In addition, the lower PLQY of the
bigger CsPbBr3; NCs is a possible indication that structural defects were also present inside the NCs, and
these are more likely to occur in bigger NCs.
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Figure 5.17: A) TEM images of initial CsCl NCs (two different sizes, 20 nm (synthesized at 90 °C) and 35 nm
(synthesized at 130 °C)) and the corresponding CsPbCl; NCs (15 and 29 nm, respectively). Scale bars correspond
to 50 nm; b) optical spectra and c) XRD patterns of the two samples of CsPbCl; NCs.
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CsCl and Csl NCs could also undergo the same type of transformation, delivering the corresponding
perovskite NCs under the same reaction conditions. In the case of the CsCl NCs, there was a clear
correlation between the size of the initial NCs and that of the corresponding perovskite NCs. For
example, starting from two different sizes of CsCl NCs (20, 35 nm) we could prepare CsPbCl; NCs with
average sizes of 15 and 29 nm, respectively. Figure 5,17 reports TEM images of the initial CsCl NCs, as
well as optical, structural and morphological characteristics of the final CsPbCl; NCs. For Csl, the final
CsPbl; NCs were considerably polydisperse (see Figure 5.18). In addition further investigation was in

part compromised by the fast degradation of the final CsPblz NCs.
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Figure 5.18: a-b) TEM images of a sample of a) Csl NCs (22 nm, synthesized at 90 °C)) and; b) corresponding
CsPbl; NCs after the transformation. Scale bars correspond to 50 nm in both images; c) XRD pattern and d)
optical spectra of the CsPbl; NCs.

Other Pb compounds were also tested to react with the CsX NCs in the attempt to transform them into
CsPbX3 NCs. We tested for example hexaphenyl lead (HPL, powder), which is easily soluble in toluene.
This compound did not react with the CsX NCs at room temperature, as it required higher temperatures
(100°C or higher) to decompose and release Pb®* ions. Unfortunately, under these conditions the CsX
NCs were dissolved. A similar outcome was seen when employing Pb(SCN) , this time dissolved in a
mixture of OLA, OA and ODE. Like the PbBr, and HPL cases, this compound was not enough reactive

towards the CsX NCs at room temperature.
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5.4. Conclusion

In summary, we have reported a simple colloidal synthesis of CsX (X = Cl, Br, 1) NCs with uniform
shape and tunable size. Such NCs can then be used as colloidal precursors to synthesize CsPbX3; NCs
upon reaction with Pb®" ions. A potential advantage of having monodisperse CsX NCs is that they
should serve as precursors for other types of NCs including Cs* and halide ions in their composition, in
addition to the halide perovskite NCs reported here.
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6. N-Methylformamide as a Source of Methylammonium Ions

in the Synthesis of Lead Halide Perovskite Nanocrystals and
Bulk Crystals

Abstract: We report chemical routes for the synthesis of both nanocrystals and bulk crystals of
methylammonium (MA) lead halide perovskites employing N-Methylformamide (NMF) as a source of
MA ions. Colloidal nanocrystals were prepared by a transamidation reaction between NMF and an alkyl
amine (oleylamine). The nanocrystals showed photoluminescence quantum vyields reaching 74% for
MAPDBTr; and 60% for MAPDI;. Bulk crystals were grown at room temperature, with no need for an
antisolvent, by the acid hydrolysis of NMF. Important advantages of using NMF instead of MA salts are

that the syntheses involve fewer steps and less toxic and less expensive chemicals.

Parts of this chapter have been adapted or reproduced with permission from:

Shamsi, J.; Abdelhady, A. L.; Accornero, S.; Arciniegas, M.; Goldoni, L.; Kandada, A. R.; Petrozza, A.; Manna, L., N-
Methylformamide as a Source of Methylammonium Ions in the Synthesis of Lead Halide Perovskite Nanocrystals and

Bulk Crystals. ACS Energy Lett 2016, 1, 1042-1048.
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6.1. Introduction

The rapid increase in the power conversion efficiencies of solution-processed hybrid lead trihalide

perovskite solar cells, which have reached 22.1%'

to date, has captured their worldwide attention and
has started a race on developing new synthesis approaches and studying the many fascinating properties
of these materials.”> '®"'® Besides solar cells, hybrid perovskites have demonstrated significant
performance as active layers in several other optoelectronic devices, including photodetectors™ ' 17!
and light emitting diodes'’® ™. Another notable feature of hybrid perovskite-based devices is their
facile solution processability. Hybrid perovskites can be fabricated as nanocrystals (NCs), thin films, or
single crystals. Each of these forms has peculiar optical and/or electrical properties. For instance, NCs
of CH3;NH;3PbBr; (MAPbBr3;) have an absorption onset at 505 nm'’* 17 while the thin films and single
crystals counterparts have absorption onsets at 544 nm'” and 570 nm,'”’ respectively. Each of these

176 178 Whlle

forms has its own preferred fields of applications: thin films are ideal for solar cell devices,
NCs are superior in display technology, due to their higher photoluminescence quantum yield
(PLQY)."”” On the other hand, single crystals, besides having been employed in optoelectronic

45, 49

devices, represent the best platform to determine the actual properties of the material such as

carriers’ diffusion length and lifetime.'”* "

To date, the synthesis of MAPbX; (X = CI, Br or I') perovskites has been carried out using MAX
salts as precursors for MA 1ons. These salts are generally prepared by the dropwise addition of HX to an
ethanolic solution of methylamine.'” After 2 hours of stirring in an ice bath, MAX is then recrystallized
and dried overnight. The in-house synthesis of MAX is a common step in most research groups, as the
commercially available MAX salts are costly. The second step involves mixing the dried MAX with the
corresponding PbX, salt in the appropriate solvent. Dimethyl sulfoxide (DMSO),'"" " N,N-
dimethylformamide (DMF)'""> "% 175181 and y-butyrolactone (GBL)'7" '"* 17> 81 are the apt solvents to
fabricate bulk scale Cl-, Br- and I-based perovskites, respectively. This is attributed to the different
solubilities of the precursors in these solvents. In case of colloidal perovskite NCs, multiple synthetic

7 and hot-injection techniques’’, have been

methodologies, including ligand-assisted reprecipitation'’
developed for the synthesis. Unlike the all-inorganic CsPbX3; NC counterparts, which are mainly
obtained in cube shapes of around 7- 8 nm in size,"*” '* MAPbX; NCs are synthesized in roughly
spherical shapes with sizes around 3.3- 6 nm."”” "% A recent hot injection synthesis by Vybornyi et
al.¥’ could deliver cubic shapes for MAPbI; NCs and nanoplatelets for MAPbBr3, but apparently could

not be extended to MAPbCl; NCs.
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Herein, we report a general route involving fewer steps, less toxic chemicals'®’ and reduced cost for
the fabrication of MAPbXj3 perovskites in both NCs and bulk forms, compared to the various previous
approaches. Our method proceeds without firstly synthesizing and purifying MAX, as well as avoiding
the procurement of the expensive MA salts and eliminating the use of toxic DMF. We used instead V-
methylformamide (NMF) as a source of MA, through a transamidation reaction between NMF and
oleylamine (OLA, scheme 1), by which we could synthesize colloidal MAPbX3; NCs with a record
PLQY of 60% for the MAPbI; NCs'®®. Bulk crystals were grown from NMF and PbX; in the presence
of a hydrohalic acid (HX, aqueous solution) as a result of the acid-catalyzed hydrolysis of NMF

189, 190
F'°

(Scheme 6.1), as previously reported for DM and other amides."”

Table 6.1: Summary on previous reports for bulk crystal synthesis of MAPbI;

GBL - 110 °C 3 hours Saidaminov, M.
et. al., Nat.
Commun., 2015,
6, 7586
GBL CH,Cl, RT 1 week Shi, D. et. al.,
Science, 2015,
347,519
Aqueous HI - Heating to 108 °C 1 month Lian, Z. et. al., J.
then cooling to 60 Am. Chem. Soc.
°C 2016, 138, 9409
Aqueous HI - - RT 48 hours
NMF

Unlike other MAPbX; crystallization techniques (Table 6.1),'7* '™ 11 192 qyr free-standing Cl-, Br-
and I-based bulk crystals (in addition to the mixed CI/Br and mixed Br/I bulk crystals that we could

prepare) could be grown at room temperature, and without any anti-solvent.

Bulk
PbX,+ H*
HN = CH; (NMF)

PbX;+OA+ A

OLA NCs

Scheme 6.1: A sketch of the two different routes, both employing N-methylformamide (NMF) as a source of
methylammonium ions, for the synthesis of either perovskite nanocrystals (NCs) or bulk crystals.
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6.2. Experimental Section

Nanocrystals syntheses
Preparation of stock solutions:

0.188 mmol of PbX; (corresponding to 0.052g of PbCl,, or 0.069g of PbBr,, or 0.087g of Pbl,) together

with 500 pL OA and 200 pL of OLA were dissolved in 1ImL of N-Methylformamide (NMF) at 100'C
under vigorous stirring for 10 min. The mixture was then stored as a stock solution at room temperature
(25°C).

Synthesis of MAPbX3; NCs:

An optimized amount of stock solution (corresponding to 50 pL for Cl- and Br-NCs and 20 pL for I-
NCs) was injected into a given volume of dichlorobenzene (DCB, 3ML, for MAPbCIl; and MAPbBTr3) or
chloroform (CHCI3, 5mL, for MAPDI;) at a desired temperature (120 C for MAPbCl3 NCs, 100 °C for
MAPDBr; NCs and room temperature (RT) for MAPDbI; NCs) under vigorous stirring. Finally, the
reaction mixture was quickly cooled by the ice-water bath.

Stock Solution:

>

2
2 PbX, (g

— NMF (1 ml) -

OA (500 L)
OLA (200 pL)
l m== Volume (puL)

Scheme 6.2: A schematic illustration of the MAPbX; NCs synthesis
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Table 6.2: Reaction conditions for the synthesis of MAPbX; NCs (DCB: 1,2-dichlorobenzene)

MAPbCI, PbCI_ (0.052) 50 DCB (3) 120
MAPbBr, PbBr_(0.069) 50 DCB (3) 100
MAPbI, PbI (0.084) 20 CHCI (5) RT

Bulk crystals syntheses

Single crystal growth:

0.2 M PbCl, solution was prepared in HCI/NMF (1:9), 1 M PbBr; solution was prepared in HBr/NMF
(1:5.7) and 0.8 M Pbl, or Pb(Ac), solution was prepared in HI/NMF (10:1) with the aid of vortex to
dissolve the lead salts. The prepared solutions were then filtered using 0.2 um PTFE filter syringe. 2 ml
of each solution were placed in a separate vial or 10 ml in a crystallization dish and kept undisturbed for

12 - 48 hours.

6.3. Results & Discussion

We start our discussion on the release of methylamine from NMF by either transamidation or acid
hydrolysis as shown in Scheme 6.3. Figure 6.1a,b reports the nuclear magnetic resonance (NMR)
analysis involving 'H NMR and “C NMR combined with heteronuclear single quantum coherence
(HSQC), on the transamidation reaction of NMF with OLA. It reveals that there is a partial
transformation of the amine (OLA) into amide (N-oleyl formamide) and in parallel the partial
conversion of the starting amide (NMF) to amine (methylamine). According to the "H NMR spectrum
recorded in DMSO-d6 after 10 minutes of mixing at 100 °C, two new signals at 3.05 ppm (a pseudo
quartet, J = 6.70, 6.47 Hz) and a singlet at 2.25 ppm, were observed. The intensities of the new signals
became more pronounced if the reaction was left for longer times. The multiplicity edited HSQC for the
CHj; signal in position o to an N group, returned a cross peak (2) at 2.49 and 41.4 ppm for the amine
(OLA), while the cross peak (1) was shifted to 3.05 and 37.5 ppm for the amide, which are compatible

with the transformation of the amine (OLA) into amide. Opposite shifts from 2.6 and 24.6 ppm to 2.25
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and 28.6 ppm for the CH signal are observed (cross peak 4 and 5), indicating the formation of
methylamine from NMF. Further support of the amide formation was inferred from the heteronuclear
multiple-bond correlation spectroscopy (HMBC) inset in Figure 6.1b. A 1,3 interaction was observed
between the signal 1 and the "*C resonance at 161.2 ppm, which is typical of an amidic CO group but is

different from those of NMF (161.8 and 165.2 ppm).

Transamidation

Q .
10 min at 100 °C
HL + HN R NH_R + —NH,

H
NH 2 Y]
i

(@]

Hydrolysis

(o] .
4 D,0/DCl
/NH 24 hsat RT

0
—NH, + H{
: 6 OH

Scheme 6.3: Reaction scheme for NMF transamidation and acid hydrolysis with numbering of the
highlighted protons.

Next, we investigated the in-situ formation of methylamine through NMF acid hydrolysis. Using
deutertum chloride (DCl), 35 w% in D,0, at a DCI:NMF volume ratio of 1:9, no hydrolysis took place
after immediate mixing; the NMR spectrum was identical to that of NMF in D,0. However, if the
mixture was left stirring for 24 hours before analysis, 2 extra peaks were observed in the 'H NMR
(Figure 6.1c). Those two extra peaks correspond to a CHs bound to an amine group (5), and a C-H of
formic acid (6). Similarly, 2 extra peaks were observed in the BC NMR, as shown in Figure 6.1d,
corresponding to a C of a methyl bound to an amine group and to the CO of formic acid (its identity was
further confirmed by spiking the sample with authentic formic acid, observing, in this way, an intensity
increment of the signals). These data indicate partial hydrolysis of NMF and the possibility of the in-situ
formation of methylammonium formate (MAF) which was previously reported to be used as an additive
in the perovskite solution to promote a slower crystallization process, resulting in larger-grains

perovskite thin-films.'”

82



OLA i) NME .
() L /UL (©) ’
‘ l H " NMF if)
A iV | {
I| ‘ |‘ 10 min at 100°C I\‘ iii) L N
_J‘. 1 ) Ju" J I“JJ:\_ ,‘“\_7777-:’;‘ ‘ ‘u\l_ Time 0 ii)
| ] ' “‘ 4 6 hs.at 100°C | v)
_H‘_ - )\‘.‘ 0 l ‘UI ‘__"I ".J‘ N )"l_i o \___,“L \___ )J.
T L E— \ I — | | J
30 25 20 15 10 . - S
ppm Time 24 hs iii)
J_JJUMLL | |
® L I Ll
1 131 Emo HMBC @ t T ‘
©° 3 165 ‘ 9 8 7 6 5 4 3
30 25} 20 ppm
0
I _ @
3
30 Time 24 hs

0

-40

T R
— B

3.0 25 2.0m 1.5 1.0 165 25
pp ppm

Figure 6.1: NMR analysis of transamidation and acid hydrolysis of NMF. All spectra were recorded on a Bruker
Avancelll 400 MHz spectrometer equipped with a BBI probe. (a) Superimposed 1H NMR spectra in DMSO-d6 i)
OLA and ii) NMF. iii) After 10min at 100 °C, and iv) After 6hs at 100°C. (b) Multiplicity edited 1H-13C HSQC in
DMSO-d6. The edited HSQC experiment returns cross peaks with opposite phases for CH, (in red) and for
CH/CH3 (in blue). Inset: heteronuclear multiple-bond correlation spectroscopy. (c) Superimposed 1H NMR of
NMF i) in D,0 ii) in D,0/DCl Time 0, iii) in D,0/DCI Time 24 hs. (d) 13C NMR of NMF in D,0/DCl. Time 24 hs.

We then exploited the transamidation of NMF with OLA as a means of delivering MA ions in the
synthesis of colloidal MAPbX3 NCs. We adapted the synthesis described by Huang et al.,'™ but used
NMF instead of DMF and the methyl ammonium halide (MAX). In the present system, PbX, and the
capping ligands oleic acid (OA) and oleylamine (OLA) were dissolved in NMF, forming a precursor
solution that contained all the reactants needed for the synthesis. After this solution was heated at 100
°C for 10 minutes, it was cooled at room temperature (RT) and then injected into a “bad solvent”, such
as dichlorobenzene (DCB) or chloroform (CHCI;), heated at the desired temperature (from RT up to 120
°C), under vigorous stirring. Almost immediately after the injection, a strong fluorescence from the flask

indicated the formation of the MAPbX; NCs. Pre-heating of the precursor solution at 100 °C, as well as
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the presence of oleylamine in it, were necessary for the synthesis. According to the NMR data discussed
earlier, MA ions are produced in the precursor solution upon heating, by a transamidation reaction
between NMF and OLA, (in analogy with various types of transamidation reaction reported in the

li‘[erature).194

20uBqIoSqQy

Normalized PL Intensity (a.u.)

15 20 25 3.0 35
Energy (eV)

Figure 6.2: (a-c) Transmission electron microscopy (TEM) images of I-, Br- and CI-NCs, respectively and (d)
corresponding absorbance (dashed) and PL spectra (solid). All scale bars in the TEM images represent 50 nm

X-ray diffraction (XRD) patterns of the various NC samples confirmed the cubic structure for both ClI-
and Br-NCs and the tetragonal phase for the I-NCs (Figure 6.3). This method enabled the synthesis of
uniform, phase-pure colloidal NCs of Cl-, Br- and I-based perovskites. Figure 6.2a-c reports
transmission electron microscopy (TEM) images of representative samples having cubic shapes. The
resulting MAPbX3; nanocubes had an average length of 21 + 7 nm for CI-NCs, 25 + 3 nm for Br-NCs
and 17 £ 5 for I-NCs. The MAPbBr; and MAPbI; NCs remained well dispersed for weeks. The
MAPDBCI; NCs had broader size distribution than the MAPbBr; and MAPbI; NCs, which resulted in
tailing in the absorbance spectrum of the MAPbCI; sample and a partial sedimentation of NCs after a
couple of days. The absorbance onsets and PL peak positions with full width half maxima of 0.116,
0.108 and 0.092 eV for the chloride, bromide and iodide-based NCs, respectively, were in good
agreement with previously reported data (Figure 6.2d)."”> '*° Remarkably, the Br-NCs and the I-NCs
had high PLQY's (74% and 60%, respectively). To the best of our knowledge, the PLQY measured for
the MAPbI; NCs is the highest reported so far. Previous syntheses of MAPbI; NCs have reported typical
PLQY values between 20 and 30%."”” The MAPbCl; NCs had instead low PLQY (~3%). Similar trends
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in PLQYs of halide perovskite NCs (with the C1-NCs hitting lowest values among the three halides)
have also been reported for CsPbX; NCs. ' 18

3 MAPbCI,
\J
=
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3
= MAPbBr,
O
0]
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z MAPbI
NN
s 1 " | s 1 s | "
10 20 30 40 50 60
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Figure 6.3: XRD patterns of the MAPbX; NCs samples

One important parameter of this approach was the injection temperature. For example, in the synthesis
of MAPDbBr; NCs, by adjusting the temperature of the bad solvent (in this case DCB was used), it was
possible to synthesize blue-emitting spherical particles (at 60 °C, see Figure 6.4) or green-emitting cubic

shaped NCs (at 100 °C, see Figure 6.2b).

PL/Abs

ML

L 1
300 400 500 600 700 800

Wavelength (nm)

Figure 6.4: Synthesis of MAPbBr; quantum confined spherical NCs. Reaction condition: 0.069g PbBr,, 0.5 mL OA,
0.2 mL OLA, 1mL NMF, 50uL of precursor solution to 3mL of DCB at 60 °C

The same reaction, at higher temperature (130 °C) yielded sheets with broad lateral size distributions
(Figure 6.5a).
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(a) (b)

0.2 ym 100 nm

Figure 6.5: effect of higher reaction temperature and higher reaction time on MAPbBr3NCs. Reaction condition:
(a) 0.069g PbBr,, 0.5 mL OA, 0.2 mL OLA, 1mL NMF, 50uL of precursor solution to 3mL of DCB at 130 °C. (b)
0.069g PbBr,, 0.5 mL OA, 0.2 mL OLA, 1mL NMF, 50uL of precursor solution to 3mL of DCB at 100 °C, reaction
time: 10 s.

As it is known from previous works, the growth of 1-NCs is faster than that of Br- or Cl-based NCs".
The same trend was found here. For example, cubic-shaped MAPDCI; could be grown only by heating
the bad solvent at 120 °C (Figure 6.2c), while in the case of MAPbI; NC, heating the bad solvent
yielded bulk, non-emitting particles (Figure 6.6a). Even a RT synthesis (still using DCB as bad solvent)

in this case led to a non-emitting sample formed by bulky nanowires (Figure 6.6b).

(b)

05 ym Lo

Figure 6.6: Effect of (a) heating the bad solvent, (b) using DCB as a bad solvent on MAPbI; NCs. Reaction
condition: (A) 0.084g Pbl,, 0.5 mL OA, 0.2 mL OLA, 1mL NMF, 20puL of precursor solution to 5mL of CHCI; at 50
°C. (B) 0.084g Pbl,, 0.5 mL OA, 0.2 mL OLA, 1ImL NMF, 20uL of precursor solution to 5mL of DCB at RT.

Instead, strongly fluorescent, cubic-shaped NCs could be grown using CHCI3 as a bad solvent (Figure
6.2a). The rapid cooling of the flask after the injection was another crucial step in order to avoid the
growth of large and poorly emitting NCs. For instance, in case of Br-NCs, increasing the reaction time
up to 10 seconds led to NCs with lower PLQY (50% - see Figure 6.5b).
This synthetic route too could be easily scaled-up to a larger batch that yielded 0.4 L of MAPbBr; NC
solution (Figure 6.7).
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Figure 6.7: (a) Photographs of MAPbBr; NCs solution (b) TEM image and (c) optical properties of MAPbBr; NCs
prepared by large-scale synthesis

Interestingly, by replacing NMF with NEF in our reaction medium, the transamidation reaction resulted

ethyl ammonium-based layered perovskite (Figure 6.8), as previously reported in bulk scale'®:

(@) () [()

Absorbance
Counts (a.u.)

0 w0 %0 %o 700 m 2 % m % s
Wavelength (nm) Degree (20)

Figure 6.8: (a) TEM image, (b) absorbance spectrum and (c) XRD pattern of EA,PbBr, NSs

We then explored how the acid hydrolysis of NMF could act as a source of MA ions in the synthesis of
bulk MAPbX; crystals. Bulk crystals of different halide perovskites were successfully grown within 12-
48 hours at room temperature (RT), by a judicious choice of the Pb precursor concentration and the
HX:NMF ratio, as shown in Scheme 6.1 and Table 6.1. Bulk Br-crystals (4 x 4 x 2 mm) with a
relatively smooth surface (Figure 6.9) were formed with a PbBr, concentration range of 1 M to 0.8 M
with a HBr:NMF volume ratio of 1:5.7. Crystals grown from 1 M PbBr, solution could reach 7 x 7 x 3

mm if kept in the solution for 4 weeks (Figure 6.9).
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h Time evolution

Figure 6.9: a) photograph of a representative bulk crystal of MAPbBr; ca. 3 x 3 x 1 mm formed when a mixture
solution of 1 M PbBr, in HBr:NMF volume ratio of 1:5.7 is allowed to evolve for 20h at room temperature. b-c)
HRSEM images of the crystal showing the flat and smooth surface obtained through this protocol. d) Size crystal
evolution, from a side length of approx. 3 mm in less than a day to ca. 7 mm in a month time. The growth rate is
notable higher at the beginning of the reaction (ca. 48 um/h), particularly in the lateral directions and it slowly
decrease with time (ca. 4 um/h) due to the precursors consumption.

Lower concentrations did not produce any crystals even if left for several days. The crystallization speed
could be increased if the process was carried out at temperatures higher than room temperature or by
using higher HBr concentrations. In these cases, however, several aggregated crystals were formed
(Figure 6.10).

Figure 6.10: Aggregates of small MAPbBr; crystals synthesized at 60 °C

It is worth mentioning that bulk perovskites could also be grown using lead acetate or lead thiocyanate

instead of lead bromide (Figure 6.11a).
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Figure 6.11: a) XRD pattern of MAPbBr; ground crystals synthesized from 1 M Pb(SCN),, with HBr:NMF volume
ratio of 1:5.7. b) MAPbCIl; bulky crystals synthesized using HCI:NMF 1:9 (left) and HCI:NMF 1:8 (right). c)
Aggregate of MAPDbI; crystals grown using 0.8 M Pbl, (left) and 0.8 M Pb(C,H;0,), (right) and unstabilized HI with

a volume ratio of HI:NMF of 10:1.

In the case of the Cl-crystals, a single nucleation in the crystallization vial was possible by lowering the
concentration to 0.2 M with a HCI:NMF ratio of 1:9. The final crystals were about 3 x 3 x 2 mm large,
but were not fully transparent. Smaller crystals (2 x 2 mm) with higher transparency could be formed at
earlier stages of crystallization or by working at higher HCI content, but these conditions induced

multiple nucleation events (Figure 6.11Db).
Table 6.3: Bulk MAPbX; synthetic conditions

0.2 M PbCl, 37 w% aqueous 1:9
HCI

1M PbBr, 48 w% aqueous 1:5.7
HBr

0.8 M Pb(Ac), 57 w% aqueous 10:1
HI, H,PO,
stabilized
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On the other hand, the I-based perovskites could precipitate out of the HI/NMF solution mixture only if
the NMF content was reduced below 20% of the total volume. In this process, NMF plays the dual role
of solvent and of source of MAX. NMF, as a highly polar solvent, can bind strongly to the iodide
precursors, hence the I-crystals are stable only at a lower NMF content. This appears to be in agreement
with previous reports, according to which the less polar GBL, rather than the strongly polar DMF, is

used for the crystallization of MAPbI3.174’ 175

The RT grown I- crystals using low NMF content (HI:NMF 10:1) were small and formed aggregates in
the crystallization vial (Figure 6.11c). Aggregates made up of much larger MAPbI; crystals could be
grown using lead acetate (Pb(Ac),) instead of Pbl,, (Figure 6.11c).

0.8 M Pbl,

a

No crystals

16:1 81 4:1 211 11
£ HI:NMF ratio
' Pbl, conc. increased to 1.3M

No crystals

Figure 6.12: a) MAPbI; crystals using a 0.8 M Pbl, solution, nucleated in a narrow range of HI:NMF ratio
(between 4:1 and 2:1), exhibiting different sizes; excess of one of the components does not promote their
formation (red crosses in the image). b) By increasing the Pbl, content to 1.3 M with a higher HI:NMF ratio of
16:1 large crystals are formed after 48h. c,d) High resolution scanning electron microscopy (HRSEM) tilted view
and cross-section of a bulk MAPblI; crystal showing the low surface roughness and the different cleavage planes
denoting its classical brittle character.
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This aggregation problem could be overcome by two different routes: either by using a concentrated
(1.3 M) Pbl; solution in a HI:NMF ratio of 16:1 (Figure 6.12) or by using stabilized HI (H3PO,-
containing HI) (Figure 6.13).

Crystals prepared using stabilized HI had to be heated at ~ 60 °C for 30 minutes, after being removed
from the crystallization dish, otherwise they turned yellow within few seconds. On the other hand, after
the heating process they remained black for days. The free I, or the Hl; present in the unstabilized HI
may be the reason for the aggregation, as they may engage in halogen bonding with under-coordinated
halide ions. As a result of this halogen bonding, a passivating layer could be formed on the surface of
the MAPDI; crystals grown from unstabilized HI (I3°containing HI). Therefore, these MAPDI; crystals
did not require post-heating treatment. Importantly, whether stabilized or unstabilized HI was used, the

collected crystals had a smooth shiny surface.

Pb(Ac), and stabilized Hi Pb(Ac), and unstabilized Hl Pbl, and stabilized HlI

Figure 6.13: Bulk MAPbI; crystals grown using different precursors with HI:NMF volume ratio of 10:1. Pb(Ac),
and stabilized HI form more individual (less aggregated) MAPbI; bulk crystals.

According to the X-ray diffraction (XRD) patterns of ground crystals, their phases matched with those
of the previously reported samples of the same materials, namely the cubic phase for MAPbCl;'* and
MAPbBr3,' ™ ' and the tetragonal phase for MAPbI;' ™ !> (Figure 6.14a). The XRD pattern of the Cl-
and Br-based as-grown crystals (Figure 6.15) produced diffraction peaks belonging mainly to the 001
family of planes, revealing their preferential surface termination.””® The absorbance onset at 436 nm,
577 nm, and 853 nm for MAPbCl;, MAPbBr3;, and MAPbI; respectively, were also in agreement with

the reported best-quality single crystals (Figure 6.14b),!"* 173180201
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Figure 6.14: (a) Indexed XRD patterns of ground MAPbX; crystals. Inset: picture of the corresponding crystal and
(b) absorbance spectra of MAPbX; crystals

The PL spectrum from bulk MAPbBr3 crystals, collected using a commercial spectrophotometer, is in

agreement with that of previous reports (Figure 6.16¢). " 2%
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Figure 6.15: XRD patterns of MAPbCI; (black) and MAPbBr; (red) as-grown crystals. MAPbCI; crystal was grown
from a 0.2 M PbCl, in a HCI:NMF volume ratio of 1:9. MAPbBr; crystal was grown from a 1 M PbBr; in a HBr:NMF

volume ratio of 1:5.7.
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On the other hand, when the PL was excited with one-photon laser excitation, which has a shallow
penetration depth, it was blue shifted. For example, the PL spectra from the bromide and iodide bulk
crystals were peaked at 550 nm and 780 nm, respectively (Figure 6.16a,b). Both values are blue shifted

from the corresponding bulk values (580 nm for bromide crystal and 820 nm for the iodide crystal).}™
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Figure 6.16: PL of (a) MAPbBr; (b) MAPbI; bulk crystal in air using one-photon laser excitation with different
excitation powers. (c) Absorbance and PL of MAPbBr; crystal. PL obtained using a standard spectrophotometer.

In Figure 6.17 we show the time-resolved PL dynamics and spectra collected from bulk crystals of
MAPDI3; and MAPDbBTr;. The excitation for both samples was tuned to 480 nm and the measurements
were performed in ambient conditions. In the case of the iodide crystals, we observed an intensity
dependent dynamics, with clear bimolecular recombination evident at high excitation densities. Similar
dynamics have already been observed in other single crystals'™ and are indicative of efficient radiative

recombination after the saturation of carrier traps.?%
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Figure 6.17: Time-resolved PL dynamics and spectra collected in ambient conditions from the single crystals of
(a) MAPbI; and (b) MAPDbBr;. The excitation for both samples was tuned to 480 nm and dynamics are taken at
excitation densities in the range between 10™ cm™ and 10 cm™ as indicated in the figure legend.

The excitation density at which the bimolecular recombination becomes strongly evident qualitatively
represents the available trap density. Following the density dependence shown in Figure 6.17, we
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conclude that the trap density in these crystals is lower or around 10'® cm™. It must be noted that this
value is lower than what is typically observed in polycrystalline thin films..*”> However, due to the
limited penetration depth of the excitation, we were predominantly probing the dynamics at the crystals
surface, which is inherently prone to higher density of defects with respect to the bulk. In fact, when the
sample was kept at under vacuum, due to the absence of passivating oxygen,””* we observed slower
trap-limited dynamics due to enhanced defect density (Figure 6.18a). In the case of MAPbBr3;, on the
other hand, we observe intensity independent dynamics at the probed excitation densities (Figure 6.17),
suggesting that we were well within the trap-limited regime with higher density of defects than MAPbI.
Here again, we observed a quenching of the lifetimes when the sample was kept under vacuum, due to

the increase in the defect density (Figure 6.18b).
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Figure 6.18: Time-resolved PL dynamics and spectra collected in vacuum from the single crystals of (a) MAPblI;
and (b) MAPDbBr;. The excitation for both samples was tuned to 480 nm.

Very recently, MAPbI; crystals grown from an aqueous HI solution was reported to possess higher
crystallinity and lower trap-state density compared to crystals grown from GBL solution.'”
Additionally, in hybrid perovskite thin films, it has been previously reported that an optimal amount of
water assists the perovskite crystallization and leads to larger grain size.”” In our process, the water
content was adjusted indirectly by the proper choice of the HX:NMF ratio. Generally, water in the
perovskite precursors solution may dissolve the organic cation but cannot dissolve the PbX, precursor,
leading to a non-stoichiometric material. This is not the case in our crystals, as the XRD patterns
showed no extra peaks corresponding to any PbX; salts. Another possible effect of the water content in
our procedure is in regulating the rate of NMF hydrolysis, which is the vital step for the controlled
release of MA.

The present NMF-assisted procedure could be also used to synthesize mixed halide perovskite bulk

crystals, as indicated from the XRD pattern shift and the color of the crystals (Figure 6.19).
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Figure 6.19: XRD patterns of pure MAPbBr;, and mixed Cl/Br and Br/I of the ground crystals. Inset: photograph
of corresponding ground crystals. Mixed Cl/Br crystal was synthesized using 1 M PbBr, and HCI:NMF volume
ratio of 1:5.7. Mixed Br/I crystal was synthesized using 1 M PbBr, and HBr:NMF volume ratio of 1:5.7 followed
by the addition of 250 pul of HI to 1 ml of the mentioned solution.

Mixed CI/Br crystals were grown using PbBr, and HCI, while the mixed Br/lI were formed using the
same conditions for pure MAPDbBr; bulk crystals (1M PbBr, in HBr:NMF, 1:5.7), followed by the
addition of 250 ul of HI to a 1 ml of the bromide solution. The minor shift in case of the mixed Br/I
could be attributed to the stronger complexation between Pb®* and Br” compared to Pb®* and 1.2 When
using PbBr, and HI, without any HBr added, pure MAPDI; crystals were formed. While single crystals
represent the ideal form to investigate the materials properties, their large thickness limits their use in
high-performance device applications.

To this end, as a proof of concept, we exploited such NMF procedure to fabricate planar-integrated
single-crystal (ISC) perovskites-microcrystalline films made of interconnected micron-sized crystals
(Figure 6.20), similar to what was previously reported to fabricate one of the best performing MAPbBr3-
based photodetectors'”’. By introducing some stirring force into the crystallization dish, microcrystalline

films could be formed on both glass and ITO substrates.
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Figure 6.20: (a) XRD pattern and (b) SEM image of microcrystalline film of MAPbBrs;. Inset: picture of 1.5 x 1.5
cm film

6.4. Conclusion

In conclusion, we have developed a general and effective procedure for the synthesis of NCs and bulk
crystals of MAPbX;. This procedure takes advantage of the in-sifu formation of MA via transamidation
with alkylamine or acid-catalyzed hydrolysis of NMF, hence, reducing the amount of work, chemicals
toxicity and cost required to realize high quality perovskites. Importantly, strongly fluorescent MAPbX3
NCs (with record PLQY for the MAPbI; NCs — 60%) could be synthesized using NMF and OLA by a
simple reprecipitation process, without the need of degassing any solvents. Moreover, only through this
NMF-hydrolysis strategy, bulk crystals can be grown without heating and without any anti-solvent. In
principle, with the method described here, MA ions can be released “on-demand” during a process, for
example by increasing the acidity of the medium or by raising the local temperature, which might

enable a better control on the fabrication of this important class of materials. These possibilities are
currently being studied in our groups.
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7. Conclusion and future prospects

7.1. Conclusion

In our quest for LHP-based optoelectronic applications, we carried out systematic experiments to
discover and examine different synthetic chemistry methodologies of LHP NCs. We started off with the
synthesis of the CsPbBr; NPLs by adding excess amount of oleic acid to the cesium precursors in the
standard hot injection method. We found that the strong one dimensional confinement of the carriers at
low thickness (~ 3nm) is responsible for the narrow PL, the strong excitonic absorption and the blue

shift of the optical band gap of more than 0.47 eV compared to that of bulk CsPbBrs.

We then elaborated this method by introducing short ligands to the reaction mixture in order to promote
the lateral size of NPLs, resulting in large CsPbBr; NSs. We found that the impact of lateral size (in the
300nm — S5pum range) of such confined system on the PL is negligible.

Although the NPLs and NSs exhibited a narrow emission peak with unimodal distribution of
thicknesses but the spin coating of as-prepared solution was mostly accompanied with the emergence of
a green emission in thin films. In addition, the hot injection methods did not yield NPLs in quantities
sufficient for their implementation in optoelectronic devices. These disadvantages motivated us to find

an alternative technique to produce LHP NPLs.

Heat up method could address the large scale issue where we were able to synthesize ~ 7g NPLs which
spontaneously self-assemble into stacked lamellar structures in solution. This unique structure enabled
NPLs to preserve their pure blue emission even in solid state without the green impurity. Interesting,
such blue emitting NPL films can transform to the stable green emitting films by exposure to UV light.
This simple technique offers two promising advantages: 1) bright green emitting films with the PLQY
of 65% 2) robust perovskite films under treatment with different solvents. We exploited these
advantages of transformed films to fabricate all-solution-processed LED which displayed an external

quantum efficiency of 1.1% and a luminance of 590 Cd/m”.

We next focused on another challenge of hot injection method which is the fast nucleation and growth
of LHP NCs. Thanks to the colloidal precursors, we developed an indirect approach to grow LHP
domains. We synthesized CsX NCs as colloidal seeds which can be (partially or fully) transformed to
CsPbX;3; NCs at room temperature. We showed that the transformation of CsBr to CsPbBr3 goes through
core/shell CsBr/CsPbBr; nanocrystals as intermediate structures. Although this novel route enabled us to
produce different size of monodisperse CsPbBr; NCs at room temperature, but the size of confined
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domain was not precisely controllable in the intermediate stage and this part need to be further

investigated.

Finally, we reported a novel feature of LARP method in which the good solvent (NMF) can in-situ
release the A-site cation (MA") into the reaction mixture. Compared with the standard LARP, we
achieved a better control over the size and shape of MAPbX; NCs. The nanocrystals showed
photoluminescence quantum yields reaching 74% for MAPbBr; and 60% for MAPbI;. Our method
proceeds without firstly synthesizing and purifying MAX, as well as avoiding the procurement of the
expensive MA salts and eliminating the use of toxic DMF. Interestingly, we showed that such a solvent
can also be used to grow LHP bulk crystals at room temperature.

7.2. Perspectives
Future research should bridge the gap between the synthesis and the application of the LHP NCs. This

gap is LHP NC thin films. Many researchers neglect the behavior of LHP NCs in solid state where
optical and structural properties are influenced by deposition. In this respect, solid-state ligand exchange

should be investigated and this could possibly improve the stability of LHP NC thin films.

The fabrication of bright blue emitting thin film remains undeveloped for all-solution-processed
applications. Although we have reported the optically stable blue emitting film but the as-prepared film
was not stable with respect to the solvents (e.g. toluene). As the CI/Br mixed halide perovskites do not
exhibit strong PL at room temperature and they also suffer from the color instability due to the halide
segregation, the quantum confined Br-based NCs are still promising candidate for pure blue emitting

devices.

In this final section, I would like to state my personal opinion, concerning the future advancement of
LHP NCs. I have to confess that the instability of LHP NC blurs the future of such material for
optoelectronic applications. Although many groups have reported some tricks in order to improve the
stability of LHP NCs in solution, such as using “different surface ligands” or “dopants” but LHP NCs
degrade very fast under high voltage. We might modify the surface of LHP NCs, but we cannot change
the nature of such materials. LHP NCs are soft and chemically unstable substances with respect to light,
temperature and the environment. There is an urgent need to introduce a proper shell for LHP NCs in

order to isolate them from the environment. However, this structure will just allow us to study and
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understand the optical and structural properties of perovskites as core and will not guarantee the stability
of LHP NCs.

The biggest remaining question is that shall we keep trying to discover more and make them stable or is

it time to work on a new material?
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