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Abstract

In recent years, perovskite nanocrystal heterojunctions have attracted significant
attention due to their ability to greatly expand the application scope of nanocrystal
systems and enhance the performance of optoelectronic devices across various
applications. However, most perovskite nanocrystal heterojunctions prepared through
solution processing, commonly known as the two-step method, involve mixing two
components, leading to poor stability and charge carrier transfer properties. This
complexity has made it challenging to understand the formation mechanisms and
control the interfaces of these heterojunctions. Furthermore, from the perspectives of
synthetic chemistry and photophysics, developing a low-cost, reproducible method and
employing chemical bonds as the bonding mode for heterojunction interfaces to
demonstrate rapid charge carrier transfer pose significant challenges. Addressing these
challenges is essential to unleash the full potential of perovskite nanocrystal
heterojunctions in practical applications. In this study, we have developed a one-step
synthesis method for in situ room-temperature epitaxial growth of heterojunctions using
different types of perovskite nanocrystals. Based on our developed approach, we have
extensively investigated the synthetic chemistry, photophysical properties, and charge
carrier transfer characteristics of these heterojunctions.

Specifically, in the Chapter 1, we primarily delve into the research background of
this thesis. Quantum dots and perovskite nanocrystals have garnered considerable
attention due to their high photoluminescent quantum yields, tunable bandgaps, and
solution processability. Furthermore, the heterojunctions formed by perovskite
nanocrystals serve as a promising platform with the potential to enhance or extend these
properties. Thus, in this Chapter 1, we systematically review the developmental
trajectory and optoelectronic properties of quantum dots and perovskite nanocrystals.
We elucidate their synthesis methods and subsequently introduce the synthesis
techniques, structures, properties, and applications of heterojunctions based on

perovskite nanocrystals.
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In the Chapter 2, we provide an overview of the instruments and characterization
methods relevant to this thesis. This encompasses photoluminescence spectroscopy
(PL), time-resolved photoluminescence spectroscopy (TRPL), photoluminescent
quantum yield measurements (PLQY), ultraviolet-visible-near-infrared absorption
spectroscopy (UV-Vis), Fourier-transform infrared spectroscopy (FT-IR), X-ray
diffraction analysis (XRD), X-ray photoelectron spectroscopy (XPS), grazing-
incidence wide-angle X-ray scattering (GI-WAXs), transient absorption spectroscopy
(TAS), and transmission electron microscopy (TEM).

In the Chapter 3, we introduce an in-situ synthesis strategy for all-CQD CsPbBr3;—
PbS heterostructures at room temperature and demonstrate their potential in short-wave
infrared imaging. The synthesis of all-CQD CsPbBr;—PbS heterostructures is realized
by introducing Cs-DOPA (diisooctylphosphinic acid) into the TOPO-PbBr
(trioctylphosphine oxide) system, sparking a burst nucleation and slow maturation
process, followed by the introduction of trimethylsulfonium sulfide ((TMS)2S) to
trigger in situ heterostructure formation. Various analyses, including transmission
electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS), were utilized to confirm the successful formation of all-CQD
CsPbBr;—PbS heterostructures. Using time-resolved photoluminescence (TRPL)
spectra and transient absorption spectroscopy (TAS), we demonstrate that ultrafast
interdot carrier injection initiation time (<1 ps) from the perovskite QDs to the PbS QDs
occurs in the heterostructures. Furthermore, our all-CQD CsPbBr;—PbS
heterostructures demonstrated tunable and enduring dual emission in both the visible
and infrared spectra under ambient conditions, even withstanding over 180 h of
continuous solar illumination. The fluorescence properties of all-CQD CsPbBr;—PbS
heterostructures can be conveniently tuned by adjusting the Pb/S molar ratio from 1:1
to 1:30 (for CsPbBr3: 505471 nm; for PbS: 950-1156 nm). Utilizing our low-cost
processing of all-CQD heterostructures, we made the first attempt to explore its
application in short-wave infrared imaging (SWIR: wavelength range from 1000 to

2000 nm) and attained a higher resolution compared to pure PbS QDs at a low response

IX



threshold of 18 mW/cm? (under 365 nm Excitation), which coming within reach of the
International Electrotechnical Commission’s (IEC) safety threshold (10 mW/cm?).Our
research sheds light on an innovative route to construct controllable and low-cost
processing QD heterostructures capable of ultrafast charge transfer, thereby paving the
way for their future applications.

In the Chapter 4, we present the pioneering synthesis of thermodynamically
controlled, solution-processed, room-temperature in situ epitaxial growth of 2D-3D
PMA:-PbBrs-CsPbBr; nanocrystal horizontally heterojunctions. The heterojunctions
were synthesized by swiftly injecting precursor solutions of CsBr, PbBr,, PMA
(phenylmethylamine), and BA (benzoic acid) dissolved in a good solvent into a poor
solvent. During the maturation process, CsPbBr3; nanocrystals induce the binding of
free PMA" and lead bromide ions in the solution, triggering the in-situ growth of
thermodynamically stable PMA2PbBr4 on the surface of CsPbBr3. The outcome is the
direct connection of [PbBrs]® octahedra of the two components, avoiding the insulating
organic cations' hindrance. The successful synthesis of 2D-3D PMA,PbBrs-CsPbBr;
nanocrystal horizontally heterojunctions were confirmed using various analytical
techniques such as STEM, X-ray diffraction (XRD), GI-WAXS, and X-ray
photoelectron spectroscopy (XPS). First-principles density functional theory (DFT)
calculations theoretically support the conclusion that the heterojunction formation is
thermodynamically controlled. Temperature-dependent fluorescence spectra reveal
strong chemical bonding at the interface, introducing significant lattice distortion in
PMA,PbBrs. Furthermore, through time-resolved photoluminescence spectroscopy
(TRPL) and TAS, we demonstrate the ultrafast charge carrier transfer within the
heterostructures.

In the Chapter 5, we summarize the research content and conclusions of this thesis,
and provide insights into the future directions and applications based on perovskite

nanocrystal heterojunctions.
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Chapter 1 Introduction

This thesis predominantly delves into the in-situ synthesis chemistry and
photophysical properties of heterostructures based on perovskite nanocrystals. To
elucidate the significance of this study and provide a better understanding of the topic,
the author offers essential research background in this chapter. Specifically, Section 1.1
expounds upon the discovery and development of quantum dots, their characteristics,
synthesis, and classification, with a focal point on PbS quantum dots. Section 1.2
discusses the emerging field of perovskite nanocrystals, highlighting their exceptional
optoelectronic properties, synthesis, and classification, with special emphasis on
CsPbBr3; nanocrystals and two-dimensional heterojunctions. Section 1.3 provides a
detailed exposition on the synthesis, structure, properties, and applications of
heterojunctions based on perovskite nanocrystals. Section 1.4 outlines the purpose and
motivation of the study, while Section 1.5 provides an overview of the research content

and its innovativeness. Finally, Section 1.6 presents the outline of the paper.



1.1 Quantum dots
1.1.1 What are quantum dots

Now, it is well-known that Moungi G. Bawendi, Louis E. Brus, and Alexei I.
Ekimov were awarded the Nobel Prize in Chemistry for their research on quantum dots.
Quantum dots have once again captured the public's attention. But what exactly are
quantum dots According to scientific definitions, when the radius of semiconductor
nanocrystals of a certain element or compound is smaller than or close to the exciton
Bohr radius of that element or compound, they are considered quantum dots. From this
definition, we can understand that quantum dots can also be referred to as nanocrystals.
Quantum dots are confined in three dimensions, and their initial discovery took place
in volume-confined glasses.

As depicted in Figure 1-1 (a, b), people in medieval times already utilized the
different colors formed by quantum dots of various sizes in glass to decorate doors and
windows. However, at that time, people were unaware that the rich and beautiful colors
were partly caused by the quantum size effect of metal oxides and semiconductor
nanoparticles. The manufacturing methods were empirical, lacking scientific
exploration. It wasn't until 1937 that physicist Herbert Frohlich theoretically predicted
that materials would exhibit entirely different properties when their size is reduced to
the nanoscale!. Subsequently, in 1937, the German company Schoot used colored glass

as a filter, also known as Schoot glass (Figure 1-1 c, d).



Figure 1-1. (a, b) Different colors formed by quantum dots of various sizes in glass.

(c, d) Colorful Schoot glass.

In 1979, while working at the Moscow State Institute of Optics, Alexei I. Ekimov
conducted continuous research on the preparation process of Schoot glass and its rich
colors. Deliberately adding only CuCl compound to the glass matrix, he heated it to
700°C and annealed for 1 hour. As shown in Figure 1-2 (a), the absorption spectrum
measured at a low temperature of 4.2 K exhibits a distinct signal of CuCl crystals (red
line 1). In contrast, the pure glass matrix shows no apparent absorption signal (blue line
2). However, this clear absorption signal almost coincides with the absorption peak
position of bulk CuCl material, indicating that the size of CuCl crystals in the glass is
not effectively controlled. Subsequent research, however, revealed that the size of CuCl
crystals in the glass could be effectively controlled by annealing temperature and
duration, resulting in a significant blue shift in the absorption spectrum’. Ekimov and

his collaborators further explored the relationship between the blue shift caused by size
3



effects and annealing temperature and duration. Specifically, they heated a series of
samples to 500-700°C, with annealing times ranging from 1 to 96 hours. After cooling,
glasses of different colors were obtained. Small-angle X-ray scattering analysis was
conducted to determine their average size a (17-310 A). To further theoretically
understand the relationship between these factors and the final size, Ekimov and his
collaborators introduced the concept of Ostwald ripening, suggesting that nucleation
and growth are controlled by the diffusion coefficient’. Ultimately, they derived the
relationship between the average size a and annealing time t and annealing

temperature T as shown in Equation 1-1:

4a (DO exp (— i—?)) t)1/3
9

a= 1-1

Here, o represents the surface energy, D is the diffusion coefficient, and AE is the
activation energy. As illustrated in Figure 1-2(b, c), this equation fits well with the
values obtained in experiments. Subsequently, Ekimov and his collaborators developed
methods to optimize the size distribution. They achieved this by employing high-

temperature heating and rapid cooling processes, resulting in a final size uniformity of

less than 5%" (Figure 1-2 d).
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Figure 1-2. (a) Absorption spectrum of CuCl crystals’. (b) Rate of NC growth as a
function of inverse temperature. (c) Dependence of NC radius on the duration of
annealing conducted at three temperatures T = 200, 300, and 400 °C®. (d) Universal
distribution of NC sizes creating during Ostwald ripening stage of NC growth described

by Lifshitz and Slyosov?.

Ekimov and his collaborators achieved a groundbreaking synthesis of quantum
dots in glass, demonstrating their distinctive size effects. Almost concurrently, on the
other side of the globe, a group of Western scientists led by Louis E. Brus were actively

7-12

exploring the synthesis of colloidal quantum dots in solution’ . During a crystalline
testing process involving CdS in solution, Brus observed spectral changes over time,

astutely attributing them to the size effects inherent in quantum dots. Consequently, by
5



growing smaller CdS crystals through a reduction in solution temperature, he
successfully showcased pronounced quantum size effects. As illustrated in Figure 1-3a,
CdS quantum dots obtained at different temperatures exhibited sizes of 12.5 and 4.5
nm. When compared to the larger 12.5 nm quantum dots (depicted by the green line),
the absorption spectrum of the smaller 4.5 nm quantum dots displayed a significant blue
shift. Subsequently, to elucidate these notable shifts, Brus developed a set of effective
mass and dielectric polarization theories” ‘. He extended and applied these theories to

15-17

various systems, including CdSe, PbS, ZnS, among others™"'.

(a)[T T T 1

Absorbance

400 450 500 550
Wavelength (nm)

Figure 1-3. (a) Room-temperature absorption spectra of “fresh” and aged for 1 day

CdS NC in aqueous solution'?.

Subsequently, in 1986, Dr. Paul Alivisatos, a postdoctoral researcher at Murray
Hill, initiated research on the synthesis of colloidal quantum dots in solution. He
pioneered the synthesis method now known as the reverse-phase microemulsion.
Taking the synthesis of CdS as an example, the Cd source and S source were dissolved

separately in water. They were then added to a solution of n-hexane containing a



surfactant, forming a clear and transparent solution. At this stage, micro-sized droplets,
or micelles, were formed independently in the solution, serving as microreactors for the
synthesis. The next step involved mixing the two solutions. With continuous stirring,
the droplets collided and exchanged substances with each other, eventually resulting in
the formation of CdS quantum dots. Despite the relative simplicity of the synthesis
process and the subsequent development of methods for synthesizing core-shell
structured quantum dots, the crystallinity of the quantum dots obtained was poor due to

the synthesis being conducted at room temperature, as depicted in Figure 1-4*.

Figure 1-4. TEM images of CdS clusters of different size reveal lattice planes. The bar
in panel d corresponds to 50 A, and the magnification is the same in alt four panels. A

statistically large enough sample of such images provides a basis for sizing™.

The milestone achievement of synthesizing high-quality quantum dots was
realized by Moungi G. Bawendi and his collaborators. In 1988, while still at Murray

Hill, Bawendi developed Alivisatos's synthesis method further. The quantum dots



synthesized at high temperatures significantly improved their crystallinity.
Subsequently, in 1993, Bawendi and his collaborators, now at MIT, introduced the high-
temperature thermal injection method that is still in use today. They dissolved Cd and
Se sources separately in the solvent system of trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO). Then, at a temperature of 300°C, one of the sources
was rapidly injected into the other, causing a rapid burst of nucleation in the mixed
solution. Subsequent rapid cooling prevented further nucleation, allowing control over
the growth rate”. As depicted in Figure 1-5a, by simply controlling the injection
temperature, Bawendi and his team could obtain quantum dots ranging in size from
11.5 to 1.2 nm. The absorption spectrum spanned almost the entire visible spectrum.
Furthermore, due to the remarkably high uniformity and improved crystallinity of

quantum dots (Figure 1-5b, ¢).

(a)
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Figure 1-5. (a) Room temperature optical absorption spectra of CdSe nanocrystallites



dispersed in hexane. (b) TEM image taken in bright field with lattice contrast shows
a collection of slightly prolateparticles. (c) An 80 A diameter CdSe crystallite imaged
in bright field with atom contrast shows the presence of stacking faults.

At this juncture, quantum dots, as an enchanting and burgeoning nanomaterial,
have taken center stage, capturing the attention of scientists worldwide. Countless
young researchers continue to tread the path paved by their predecessors in the realm
of quantum dots, achieving a series of advancements. In 1996, following the
experimental scheme proposed by Bawendi and his colleagues, Hines, Guyot-Sionnest,
and others”*developed a core-shell structure, such as CdSe/ZnS, obtaining quantum
dots with a photoluminescence quantum yield (PLQY) as high as 50% (Figure 1-6a).
The core-shell structure proves to be one of the most effective ways to enhance the
luminescence efficiency of quantum dots and passivate defects, as scientists discovered
that the blinking frequency of individual core-shell quantum dots is much lower than
that of pure quantum dots” (Figure 1-6b). Subsequently, chemist adept at controlling
quantum dots fabricated superlattices composed of quantum dots, also known as

23-25

quantum dot superlattices™ = (Figure 1-6¢). Furthermore, Peng and his colleagues26-28
even manufactured quantum rods (rod-shaped quantum dot structures), ushering in the
exploration of shape-controlled quantum dots (Figure 1-6d). Additionally, Alivisatos®
*and Norris et al.” *embarked on investigations into the applications of quantum dots

in fluorescence bioimaging and the impact of doping on the optical and electronic

properties of quantum dots, respectively.
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Figure 1-6. (a) Photoluminescence (PL) of CdSe NC passivated by TOPO (dotted line)
and CdSe NCs passivated by ZnS (solid line) normalized by their absorption at
excitation wavelength (470 nm)?°. (b) Time dependence of photoluminescence intensity
of a single 2.1 nm radius CdSe NCs?2. (c) (1) A (101) s. projection of an fcc array of
2.4 nm radius NCs with characteristic ED pattern shown in the inset. (2) TEM image
of NC solid crystal made of 2.4 nm radius CdSe NCs showing the characteristic
pyramidal shape®. (d) TEM images of different sample of nanorods. (1-3) Low-
resolution of TEM images of three nanorod samples with different sizes and aspect

ratios; (4—6) High-resolution TEM images of four nanorods™*.

However, the fervor of quantum dot research cannot overshadow the challenges
present in the synthetic schemes proposed by Bawendi and his colleagues: (1) the
expensive, toxic, and flammable nature of organometallic sources, and (2) the impact

of coordinating solvents such as TOP and TOPO on quantum dots. These challenges

10



35-39

were illuminated at the dawn of the 21st century when Peng and his collaborators
introduced a new era. They replaced TOP and TOPO with non-coordinating solvent 1-
octadecene (ODE), employed inexpensive and stable metal oxides as metal sources,
and used long-chain oleic acid (OAc) and oleylamine (OAm) as ligands to synthesize a
series of high-quality quantum dots. The universal applicability of the high-temperature
thermal injection method was eventually established. Since then, research on quantum
dots based on this method has been conducted in nanolabs worldwide, and to this day,

there have been no significant modifications to this established approach.

1.1.2 Characteristics of quantum dots

1.1.2.1Quantum size effect

In the previous discussion on the development history of quantum dots, the term
"quantum size effect" or "quantum confinement effect" has been mentioned several
times. This effect, which can directly impact the optical properties of quantum dots, is
most visibly manifested through changes in size. As illustrated in Figure 1-7, for a
specific bulk semiconductor material, the states within its conduction and valence bands
are continuous, and the energy gap between bands is minimized. As the size decreases,
the energy levels near the band edges become discrete, and the energy gap between
bands gradually increases, although levels far from the band edges remain continuous.
When the size continues to decrease, the most discrete energy levels are referred to as
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular

orbital). The transition from bulk materials to quantum dots and then to clusters with

11



only a few atoms results in a gradual increase in the bandgap and the discrete nature of

energy levels, a phenomenon known as the quantum size effect.

Bulk semiconductor Nanocrystal semiconductor Molecule

Figure 1-6. Quantum confinement effect. Comparison of bulk, NCs and molecules,
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indicating the size dependent bandgap of NCs and the formation of discrete states near

the band edge.

From the vantage point of excitons, a more profound elucidation of quantum size
effects can be achieved. It is widely acknowledged that excitons emerge from the
binding of electron-hole pairs due to Coulombic interactions. One may approximate
excitons as spherical entities, thereby ascribing to them a radius denoted as ao. This

characteristic can be encapsulated through the following equation (1-2):

h? 1
Eexcition Bohr radius (ao) = ? <m; + m;) 1-2
From equation 1-2, it becomes evident that the excitonic Bohr radius ap is
contingent upon the effective masses of the electron (m}) and hole (m},). These physical

quantities, in turn, vary with different semiconductor materials. When the dimensions

of the semiconductor material exceed ap, excitons can move freely within the
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semiconductor. Conversely, as the dimensions approach ap, excitons encounter
constraints, impeding their unrestricted mobility. In cases where dimensions fall below
a0, severe limitations ensue, accompanied by an escalation in energy. This phenomenon
mirrors the behavior of particles experiencing heightened energy within confined
spaces as dimensions diminish. The aforementioned behaviors of quantum dots
resembling spherical entities can be aptly expounded using the Box Particle Model,

encapsulated in the Brus equation (equation 1-3):

h? (1 1
LT AN .

From the above equation, we discern that the band gap of quantum dots increases
as the size diminishes. The manifestation of confinement effects, however, hinges on
the composition of the semiconductor material. In the case of PbTe with an average size
of 16 nm, possessing ao of 104 nm, pronounced quantum size effects are exhibited.
Conversely, for CsPbBr3 of the same size, the absence of size effects is observed,

attributed to its ap measuring 5 nm“*

. Beyond this, quantum dots exhibit three-
dimensional confinement, with Density of States (DOS) appearing at specific locations
(Figure 1-8 d)”. In contrast, the DOS of bulk materials is continuous, and the band
structure is proportional to the square root of energy (E i) (Figure 1-8 a). In the realm of
one-dimensional confined quantum wells, DOS assumes a stepped structure, with a
constant relationship between band and energy; although all energies are accessible,
they increase only in quantized increments (Figure 1-8 b). As for two-dimensional
confined quantum wires, the band is inversely proportional to the square root of energy

(E™2), increasing in quantized steps, rapidly diminishing between two quantization steps
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(Figure 1-8 ¢).

(a) (b) (c) (d)

1D

DOS
DOS
DOS

Energy : Energy : Energy : Energy
Figure 1-8. Effect of dimensional confinement on the density of states. (a) bulk(3D)
with continues DOS, (b)quantum wells with a step-like DOS, (c¢)quantum wire(1D)
with a saw-tooth dependent DOS and(d)Quantum dots (OD)with only discrete sates

available.

1.1.2.2 Small size effect

When the size of quantum dots approaches or falls below the wavelength of light
or the de Broglie wavelength, the crystalline periodic boundary conditions are disrupted.
In the case of non-crystalline particles, a phenomenon known as the small size effect
occurs, characterized by a reduction in atomic density near the particle's surface. This
leads to significant alterations in properties such as optics, acoustics, magnetism, heat,
and mechanics compared to bulk materials. For instance, conventional metallic bulk
materials typically exhibit a metallic luster. However, when reduced to the nanoscale,
they lose their metallic sheen and transform into black powder with a reflectance below
1%. Paradoxically, they demonstrate excellent absorption of sunlight, making them

promising materials for high-efficiency photovoltaic conversion and stealth
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applications. Similarly, ceramic materials, known for their brittleness at larger scales,
acquire enhanced toughness at the nanoscale due to the presence of larger interfaces.
The arrangement of atoms between these interfaces becomes highly disordered,
facilitating atomic migration under external forces and imparting significant toughness.
Moreover, the small size effect of particles is evident in various aspects, including
superconducting behavior, dielectric properties, acoustic characteristics, and chemical

reactivity.

1.1.2.3 Surface effect

The surface area of spherical particles is directly proportional to the square of their
diameter, while their volume is directly proportional to the cube of the diameter.
Consequently, the specific surface area (surface area/volume) is inversely proportional
to the diameter. As the particle diameter decreases, the specific surface area
significantly increases, indicating a substantial increase in the percentage of surface
atoms. Surface effects for particles with diameters greater than 0.1 pm can be negligibly
small. However, when the size is less than 0.1 pm, the specific surface area experiences
a sharp rise, and surface effects become non-negligible. The heightened specific surface
area results in an insufficient coordination of surface atoms, with the presence of
numerous dangling bonds, leading to a rapid increase in surface energy. This abundance
of uncoordinated atoms and surface dangling bonds imparts a high level of reactivity to
surface atoms, rendering them highly unstable and prone to bonding with other atoms.

The surface of ultrafine particles differs significantly from that of large bulk objects.
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Under real-time observation with a high-magnification electron microscope, these
particles exhibit no fixed shape. Over time, they spontaneously form various shapes
such as cubes, octahedra, dodecahedra, etc. This behavior sets them apart from typical
solids and liquids, representing a quasi-solid state. Under electron beam irradiation in
an electron microscope, the surface atoms seem to enter a state of "boiling." The
instability in the particle structure is not observable until the size exceeds 10 nm, at

which point nanocrystals attain a stable structural state.

1.1.2.4 Quantum tunneling effect

As illustrated in Figure 1-9, within the realm of quantum mechanics, the Quantum
Tunneling Effect refers to the quantum behavior where microscopic particles, such as
electrons, can penetrate or traverse potential barriers, even when the height of the
barrier exceeds the total energy of the particle®. In classical mechanics, particles can
overcome a barrier only if their kinetic energy surpasses the barrier's potential. Particles
with energy less than the barrier would be reflected. In quantum mechanics, owing to
the wave-particle duality of particles, there exists a probability for particles with energy
less than the barrier to tunnel through. This phenomenon is known as the Quantum
Tunneling Effect. The probability of quantum tunneling is correlated with the height

and width of the potential barrier, as well as the effective mass of the particle.
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Figure 1-9. Schematic of Quantum tunneling effect.

1.1.3 Synthesis and classification of quantum dots

1.1.3.1Understanding the nucleation and growth

Before delving into the synthesis of quantum dots, it is imperative to acquaint
ourselves with the principles governing their nucleation and growth. As previously
mentioned, the synthesis of quantum dots involves a burst of nucleation followed by
controlled growth. As depicted in Figure 1-10, the precursor molecules undergo a phase
transition to form monomers initially (Stage I). Subsequently, a multitude of monomers
triggers nucleation, leading to a simultaneous decline in monomer concentration. When
the diminishing monomer concentration no longer meets the nucleation conditions, the
second stage terminates. Crystal nuclei, acting as templates for nanocrystal formation,
continue to grow by consuming monomers. As monomer concentration approaches

depletion, further growth is achieved through Ostwald ripening, a process involving the
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dissolution of smaller quantum dots to facilitate the growth of larger ones (Stage III).
These stages can be precisely controlled through the modulation of surface ligands,

which concurrently contribute to the stability of quantum dots.

I I 11
precursor nucleation growth © 0
__________reaction ® 0 %0 0000O0Q
/ N 8 T 88 O
l zgfucr‘;grsj=>[monomers]=> nuclei —e====> nanocrystals
\precursors) 00 00
o O

Figure 1-10. Illustration of the three key steps in the synthesis of colloidal NCs:
precursor-to- monomer conversion, homogeneous nucleation, and heterogeneous

growth.

To achieve uniformly dispersed quantum dots, it is often necessary to separate
nucleation from growth, requiring a sufficiently rapid nucleation rate. As depicted in
Figure 1-11, La Mer and others proposed the concept of burst nucleation, suggesting a
connection to the rapid nucleation that occurs when monomer concentration exceeds a
certain threshold”*. A prerequisite for rapid nucleation is the exceptionally high
reactivity of the precursor. Within the framework of classical nucleation theory, the

nucleation rate ‘Z—IZ can be described by the following equation (1-4) *:

dN AGN
ac = AeP\ T R 1-4
3y2
In this equation, AGYN = 31(6};;’;1‘;’)”2 represents the activation free energy, where yis

the surface tension, V, is the molar volume, S is the supersaturation. Supersaturation

is defined as the ratio of monomer concentration to the solubility of the material in bulk

__ Monomer

(s= ). Therefore, at a given temperature, the precursor must be rapidly

[
Chuik

converted into monomers within a short time frame (0.1-10 seconds). Furthermore, if
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the initial accumulation of monomers is slow, indicating a lack of burst nucleation, the
separation of nucleation and growth stages can be achieved by carefully heating the
reaction mixture steadily”. Typically, high-boiling-point solvents are employed to
provide a broad reaction temperature range of 25-350 °C. One notable example is

Oleylamine (ODE), as mentioned earlier.

Nucleation

Nucleation threshold

Growth from oversaturated
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Figure 1-11. Schematics of the main stages in the synthesis of colloidal NCs in relation

Concentration of monomers
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to the concentration of the monomers.

As previously discussed, the transition from precursor to monomer marks the initial
step in nucleation. The occurrence of this phase transition is contingent upon the Gibbs
free energy (AG) of the entire system:

AG = AH —TAS 1-5
where AH denotes enthalpy, T signifies temperature, and AS represents the
system's entropy, a pivotal criterion arises when the entropy change in the system's free

energy surpasses the enthalpy alteration, denoted by AG < 0. Under such conditions,
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a phase transition transpires uniformly across the entire parent phase or at nucleation
sites—Ilocalized regions such as structural impurities or container edges. Primarily, let
us delve into nucleation transpiring uniformly within the parent phase, a phenomenon
aptly termed homogeneous nucleation. In the context of solidification transitions, such
as the formation of nanoscale particles in a solution, the free energy AG comprises two
distinct components. The first component is the volumetric free energy, denoted as AG,),
encapsulating the disparity between the solid and liquid phases. The second component
is the interfacial or surface free energy, denoted as y°°, representing the energy required
to extend the solid-liquid interface during the solidification process. For a spherical
particle with a radius r, the comprehensive expression for AG can be articulated as:
AG = gnr3AG,, + 4mrty 1-6

Given that AG, <0 and y > 0, the stability of a nucleus and its potential for
growth are fundamentally governed by AG, (refer to Figure 1-12). Stability is attained
at the critical radius, denoted as r,, where AG achieves its maximum value (calculated
by identifying the value of r for which %AG =0). Assuming AG, and y are
constants independent of r, the expression becomes:

d

—AG = i7rr3AG +4nr?y =0 1-7
dr 3 v

By solving for r, we can obtain the critical radius 7:

__ %
T'——A—GVTC 1—8
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Figure 1-12. The contribution of volume free energy(red):and surface free energy
(blue)to the total free energy change (black) as a function of nucleus size. The critical
radius 7, indicates the minimum size for which the nuclei are stable enough to proceed

to growth.

Now, let us consider the scenario where nucleation occurs at specific sites, termed
heterogeneous nucleation. These nucleation sites could be impurities within the reaction,
the edges of the container, or even bubbles—essentially, any phase different from the
parent phase. When nucleation events transpire at such sites, the contact angle between
the nucleus and the site decreases, leading to a reduction in surface area compared to
homogeneous nucleation. This reduction in surface energy, denoted as y, makes the
volumetric free energy AG, the dominant factor, thereby lowering the maximum value
of AG, (refer to Figure 1-13). Post-nucleation, growth occurs as monomers diffuse to
the surface of the nucleus, where subsequent reactions transpire. This diffusion process
is aptly described by Fick's laws>'-2. Consider the monomer concentration, C, at a
distance x from the center of the particle. At the surface of the nanoscale particle

where x =r, C = (s, and in the bulk phase where x =r + 3§, C = (.
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Crystal surface Bulk solution

Figure 1-13. Diffusion layer structure near the surface of a nanocrystal is shown on the
left side, and a plot for the monomer concentration as a function of distance x is shown

on the right side.

In accordance with Fick's law, the flux of a monomer can be expressed by the following
equation:
] = 4nx?D — 9
= X -
l 1

Here, D represents the diffusion coefficient, independent of x. Therefore, by

integrating equation 1-9 between r and r + &, we obtain:

_ 4nDr(r +9)

5 (Cp — C) 1-10

Assuming a first-order reaction occurs at the surface, equation 1-10 can also be
expressed as:

] = 4nr?k(Cs — C,) 1-11
Here, k denotes the rate constant, and C, is the particle's solubility, dependent on
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particle size. Combining equations 1-9 and 1-10, we can ascertain whether the growth
of quantum dots is diffusion-controlled or reaction-controlled, as indicated in equation

1-12:

== w(1+5)
When D K< kr, Cs = C,., signifying diffusion-controlled growth. Conversely, when
D > kr , C, = Cs , indicating reaction-controlled growth. LaMer and colleagues
proposed a universal model for comprehending nucleation and growth>2, as per their
model, nucleation and growth can be delineated into three stages:
1. The precursor concentration undergoes a rapid increase until reaching a critical
concentration, triggering supersaturation;
2. Nucleation initiates and continues until the precursor concentration drops below
the critical level,
3. Controlled growth ensues over time until monomers are depleted.
It is essential to emphasize our objective of minimizing the particle size distribution to
ensure the uniformity of optical properties. This can be achieved by maintaining a
sufficiently high monomer concentration in the growth solution. Ensuring a high
monomer concentration allows the formation of numerous rapidly growing small
particles, resulting in a uniformly dispersed batch. Stopping the reaction after a certain
duration can also provide monodisperse batches*’. Typically, lower temperatures and
lower precursor concentrations result in fewer nuclei, coupled with an extended
reaction time, leading to larger particle sizes and broader size distributions. In the
synthesis process without optimization, colloidal nanocrystals may undergo
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uncontrolled growth through a phenomenon known as Ostwald ripening. The
nomenclature of this mechanism derives from the chemist who first observed this
phenomenon. In this growth mechanism, smaller particles with higher surface energy
dissolve, releasing monomers that are absorbed by larger particles*’. This process

causes the size distribution of the synthesis batch to widen or diverge.

1.1.3.2 Synthesis of quantum dots

As illustrated in Figure 1-14, since the discovery of quantum dots, various methods
have evolved. In addition to molecular beam epitaxy (MBE) and chemical vapor
deposition (CVD), which require substrate support, the production of monodisperse
quantum dots primarily involves both bottom-up and top-down approaches. The top-
down approach can be achieved through mechanical means (such as ball milling) or
chemical methods (photolithography, exfoliation, etching, etc.). Bottom-up assembly
starts from molecules, atoms, and ions, progressing through gas or liquid-phase
chemical reactions, aggregation, and crystallization. Liquid-phase synthesis in aqueous
or non-aqueous solvents (wet chemical methods) is particularly convenient and

successful, and it is the focus of detailed discussion in this paper.
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Figure 1-14. An overview of various methods for fabrication of inorganic

nanoparticles and nanocrystals.

The most widely used method is commonly referred to as the "hot injection
method." The synthesis apparatus for hot injection is illustrated in Figure 1-15. Taking
the synthesis of Cd as an example, Cd(CH3), reacts with a compound such as bis(tri-
methylsilyl) sulfide or trialkylphosphine sulfide at elevated temperatures®. At room
temperature, Group II and VI precursor solutions are mixed in a high-boiling, weakly
coordinating solvent, such as trioctylphosphine (TOP), and swiftly injected into a
reaction vessel containing a high-boiling, strongly coordinating solvent, such as
trioctylphosphine oxide (TOPO). The system is then heated to 200-350°C under an inert
atmosphere 134, Although the reaction rates of these precursors in viscous, coordinating
trialkylphosphine are slow at room temperature, or even non-existent, injecting them
into a heated vessel rapidly elevates the precursor solution temperature, inducing the

generation of monomer species. Monomer concentration rapidly surpasses
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supersaturation and is relieved through nucleation processes. Injection reduces the
temperature of the vessel, slowing down the decomposition of precursors and the
formation of monomers. Within less than a minute, the nucleation stage concludes, and
the colloid enters the growth stage. Around 10-30 minutes later, Ostwald ripening
becomes significant. However, a prevalent drawback of the initial hot injection method
is its complex dependence on variables such as injection rate, mixing rate, and small
temperature fluctuations for the initial nucleation distribution. This poses a challenge
when aiming for reproducibility of specific sizes in production. Early organic-metal
methods were undesirable due to the reactivity (self-flammability) and extreme toxicity
of metal alkyl precursors. To address this issue, Peng and colleagues introduced a less
toxic, non-volatile II-group CdO precursor, enabling the hot injection synthesis of high-
quality quantum dots. In quantum dot synthesis, a significant portion of coordinating
TOP-TOPO was replaced with a solvent that is non-coordinating or at least weakly
coordinating, such as octadecene (ODE) or mineral oil/paraffin3® 35-6, This forms a
mixed solvent, and a small amount of coordinating substance is added to further reduce
reaction costs and toxicity. Today, the hot injection method is still widely used on a
laboratory scale. The primary reason for its continued use is its capability to produce
various types of semiconductor quantum dots, including IB—VI group Ag2S and
Ag2Se’”38 11-VI group CdS, CdSe, CdTe, ZnS, ZnSe, and ZnTe>-°!, IV-VI group PbS,

PbSe, and PbTe®>%, as well as I[II-V group InP and InAs®-¢7,
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Figure 1-15. Scheme diagram of hot-injection method®®

As depicted in Figure 1-16, the heating synthesis is another extensively utilized
method. This approach relies on favorable conditions of gradually increasing
temperature and precursor decomposition kinetics, allowing the in-situ generation of
monomers, thereby achieving the time-discrete nucleation emphasized by the LaMer
model*’. Subsequent sustained growth leads to the formation of monodisperse colloids*®
¢, Comprehensive reviews of the heating synthesis process have been provided by van
Embden et al. and Hyeon et al’®7!. In the heating synthesis method, all reactants are
mixed in a reaction vessel and heated at a controlled rate, inducing nucleation and
growth. As the temperature of the reaction vessel rises, precursor decomposition forms
monomers. Monomers can aggregate and transiently exceed supersaturation, triggering
nucleation. Careful balancing of the kinetics of the decomposition reaction and the
growth rate on formed nuclei is crucial. The choice of precursors, ligands, and reaction
conditions is paramount. Nucleation must be rapid enough to generate a significant
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number of nuclei within a relatively short time window, while growth must be slow
enough to allow size focusing without returning the monomer concentration to the
supersaturation required for induced secondary nucleation. Over time, many synthesis
methods initially based on the hot injection approach have been modified to achieve
more scalable "heating" methods”7* for synthesizing various combinations of metal

sulfide and nitride quantum dots’7.
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Figure 1-16. Schematic diagram of heat-up method”’

1.1.3.3 Classification of quantum dots

Figure 1-17 provides an overview of the most prominent and widely studied
quantum dots along with their spectral ranges. Depending on the spectral range of
quantum dots, they find different applications. For instance, PbS quantum dots, with
their suitable bandgap, are primarily used in solar cells and detectors. Similarly, InAs

is also used as a detector. In the context of solar cells, the CulnSe2 system is
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advantageous due to its non-toxic nature compared to PbS. CdSe quantum dots are
mainly utilized in displays because of their wide color gamut, covering almost the entire
visible spectrum. However, Cd is a toxic element, leading to extensive research on InP

quantum dots as an excellent alternative.
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CdS CdSe/Te alloys PbSe/Te
ZnSe CdTe
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Figure 1-17. Various quantum dots’®,

1.1.4 Lead sulfide quantum dots

PbS quantum dots (QDs) represent a highly significant class within the quantum
dot family due to their outstanding stability and tunable bandgap. As illustrated in
Figure 1-18a, the Wulff construction results for quantum dots with a given size
demonstrate that quantum dots smaller than 2.7 nm consist of an octahedral shape
terminated entirely by lead atoms on the (111) crystal plane’. As the size increases,
truncated (100) crystal planes emerge, and when the size exceeds 4.74 nm, a cubic
octahedron particle is formed, comprising eight (111) hexagonal crystal planes and six
(100) square crystal planes. Figure 1-18b displays the arrangement of surface atoms for
different sizes. Calculations reveal that for sizes larger than 4.74 nm, (111) crystal

planes occupy 77.6% of the total surface area, while (100) crystal planes constitute
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22.4%.
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Figure 1-18. (a) Equilibrium shape of 1 to 7.5 nm PbS QDs, (b) arrangement of Pb and

S atoms at the surface of octahedron and cuboctahedron PbS quantum dots’.

In line with the preceding exposition, the current mainstream approach for
synthesizing PbS quantum dots remains the thermal injection method, employing oleic
acid and oleylamine as ligands (111) crystal facets, terminated by lead atoms, exhibit
elevated binding energies with ligands. Consequently, the (111) facets display reduced
susceptibility to oxidation and fewer defects. However, this heightened binding also
impedes facile ligand exchange, presenting a contrasting scenario for the (100) facets®.
Hence, achieving precise control over the size of PbS quantum dots emerges as a
formidable challenge. As depicted in Figure 1-19 a 3!-%2] leveraging the pronounced size
effects of PbS quantum dots enables the facile tuning of absorbance spectra from near-

infrared to mid-infrared by simple adjustments in temperature and other conditions.
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This correlates with varying average sizes observed under transmission electron

microscopy (Figure 1-19 b-f).

Absorbance (arb.units)
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Figure 1-19. (a) Absorbance spectra for QDs sensing from 1100 to 2600 nm®!. (b-f)
Transmission electron microscopy (TEM) images of (a) 2.3, (b) 2.7, (¢) 3.5, (d) 5.5, and
(e) 10 nm sized PbS NCs synthesized at 110, 120, 130, 150, and 160 °C temperatures,

respectively. All scale bars are 20 nm®2,

1.2 Perovskite nanocrystals
1.2.1 What are perovskite nanocrystals

Since the discovery of quantum dots, illuminating laboratories worldwide with their
brilliance, another captivating nanocrystal has gradually captured the attention of some
scientists, destined to draw global scrutiny due to its exceptionally unique properties.

This brings us to the intriguing realm of perovskite nanocrystals. Let us direct our focus

31



to perovskite, a material whose discovery and nomenclature predates that of quantum
dots. In 1829, mineralogist Gustav Rose and his associates, during their explorations of
mines and deposits in the Ural Mountains, stumbled upon and brought back rock
samples. By 1839, upon sharing these samples with colleagues, Rose identified a
mineral previously unreported, ultimately naming it "Perovskite" and publicly
disclosing its mineral composition as "CaTiOs."

However, this was the initial form of perovskite, and the perovskite now under
extensive investigation possesses the structural formula ABX3 (A: Cs*, FA, MA"; B:
Pb?’, Sn**; X: CI, Br,, I). Crystalline compounds consisting of CsPbX3, CsPb,Xs, and
Cs4PbXs were first reported in the 1890s™. In the late 1950s, it was discovered that
CsPbX; crystallizes in a perovskite lattice and exhibits photoconductivity®*. The high
ionic conductivity in CsPbX3 was reported in the 1980s, attributing to the instability of
perovskite materials in photovoltaic devices and the crucial factor enabling rapid ion
exchange in nanocrystals®. At least by the 1970s, the emission peak at around 2.45
electron volts (506 nanometers) in Pb-doped CsBr single crystals was observed, with
the origin traced to the atomic emission of Pb** centers associated with ns® cations under
Jahn-Teller splitting. This finding marked a significant milestone in understanding the
intricate behavior of perovskite nanocrystals®’.

In the mid-1990s, scientists provided further insights into Pb-doped CsX single
crystals grown through the Bridgman or Stockbarger methods and thermally evaporated
thin film materials. They proposed the existence of several-nanometer-sized fluorescent

clusters related to CsPbX3 in the samples. This could explain the observed phenomenon
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where the bright photoluminescence (PL) peak of these clusters is typically higher than
that of bulk CsPbX3 due to quantum size effects. For instance, in 1995, the PL at 400-
420 nanometers in Pb-doped CsCl single crystals was interpreted as excitonic emission
from CsPbCI3 clusters. Similar observations were made in Pb-doped CsBr, indicating
the presence of analogous phenomena®™ .

To intentionally induce and repeatedly form nanosized CsPbX3 within CsX
matrices, Pb-doped CsX single crystals or polycrystalline materials grown using the
Bridgman or Stockbarger methods must undergo annealing at temperatures between
150 and 300°C for 10-100 hours to nucleate CsPbX3. These annealing temperatures are
sufficiently high to induce ion motion and aggregation but still below the melting point
of the CsX matrix. Interestingly, distinct PL spectra observed in samples annealed at
210°C and 240°C suggest the possible formation of non-spherical, plate-like CsPbCl3
nanocrystals. From the late 1990s onwards, attention turned to synthesizing phase-pure
CsPbX3, often achieved through thermal evaporation with thicknesses reaching several
micrometers™ . At 77 K, amorphous deposition of CsPbBr;3 thin films followed by
heating to room temperature to induce crystallization into nanocrystalline CsPbBr3
films displayed remarkably bright PL excitonic emission with quantum size effects.
These films even exhibited stimulated emission under nanosecond pulse excitation at
room temperature (0.5 ns, at an average threshold of 0.5 kW /cm?). These early
observations spurred the development of the thermal injection synthesis route for
CsPbX3 nanocrystals in early 2015, These nanocrystals were the first in the colloidal
nanocrystal series to exhibit bright PL across the entire visible spectrum without the
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need for electronic surface modifications. They demonstrated high photoluminescent
quantum efficiency (>90%) and narrow full-width at half-maximum (FWHM) of <100
meV (12-42 nm).

Similarly, the history of organic-inorganic hybrid perovskite nanocrystals can be
traced back to the late 1970s when the synthesis and crystal structure of MAPbX3 were
introduced™. The structures and properties of FAPbBr3; and FAPbI3 were only reported
in the past decade. Since 2012, researchers have gradually reported on the toluene
dispersion of MA-based and other alkylammonium lead halides™*. The colloidal
dispersibility of MAPbBr3 nanoparticles was significantly improved by employing an
assistant-assisted reprecipitation method in the presence of long-chain ligands, a
technique first introduced in 2014”. Since 2015, reports have emerged on sheet-like and

cubic-shaped FAPbBr3 and FAPbI3 nanocrystals™ ',

1.2.2 crystal structure of perovskite nanocrystals

As illustrated in Figure 1-20, within the typical cubic-phase crystal structure of
perovskite, B-site atoms coordinate with six X atoms, forming an octahedral structure.
Every two octahedra share an X atom at their apex. Each A-site cation is surrounded by
eight such octahedra, creating a stable cubic structure that extends infinitely in three-
dimensional space periodically. However, the standard cubic structure is only realized
under specific conditions. Due to the inherent flexibility of the three-dimensional
framework of BXg octahedra, perovskites are likely to exhibit tetragonal or

orthorhombic crystal phases (Figure 1-21a) in certain scenarios'”.
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Figure 1-20. Crystal structure of ABX3 perovskites

The occurrence of these lower-symmetry crystal phases is primarily attributed to
variations in the B-X-B bond angles, as depicted in Figure 1-21b. Changes in the Xeq
direction leads to the tetragonal phase (P4/m), while changes in the Xy direction result
in the orthorhombic phase. According to convention, these phases are respectively

103

termed o, B, and y . At room temperature, the general formula ABCl;3 typically exhibits
the a phase, while ABBr3 adopts the y phase. In the case of ABI3, it assumes a 6 phase,
which is nearly devoid of fluorescence activity (characterized by edge-sharing
octahedra rather than corner-sharing octahedra). As the temperature decreases, the
transition from the o phase to phases with lower symmetry gradually occurs'®.
Additionally, distortions in the three-dimensional framework induced by octahedral

tilting can lead to crystal splitting into multiple domains and the formation of twin

boundaries'”.
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Figure 1-21. Sketch of the 3D arrangement of the PbX¢ octahedra in CsPbX3 perovskites exhibiting

a cubic (C), tetragonal (T), or orthorhombic (O) structure!%

The stability of the perovskite crystal structure is crucial, influencing whether

perovskites can successfully transition to commercial applications. Therefore,

106

researchers employ the Goldschmidt tolerance factor (t) ™ to describe the stability of

the perovskite crystal structure, as shown in Equation 1-13:

T+ 1y

t=——" _
V2(rs + 1) I-13

Here, 74, 15, and 7, are the ionic radii of components A, B, and X atoms,
respectively. According to studies, most 3D perovskite structures have Goldschmidt
tolerance factor (t) values within the range of 0.8—1. When (t) falls within this range, a
stable 3D structure is formed. Structures related to perovskites are typically unstable
outside this range. Some perovskite structures at the edges of the tolerance factor range,

such as CsPbl; ( t = 0.8) and FAPbI; (t = 1), undergo rapid structural phase transitions
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at room temperature, transforming into more stable hexagonal/orthorhombic phases'®’
Another criterion for measuring structural stability is the octahedral factor u = :—i,
which depends on the radii of B and X ions and typically falls within the range of
0.442 < u < 0.895'%, Today, both the octahedral factor and the tolerance factor are
widely used to predict and explain the stability of perovskite structures®® 101%° In
addition to the 3D structures mentioned above, perovskites can also be categorized into
2D, 1D, and OD structures, where the dimensions of the perovskite depend on the

corner-sharing arrangement of the BXs octahedra.
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Figure 1-22. Schematic representations showing the connectivity of BXs octahedra in
low dimensional perovskites and their formation by slicing three-dimensional along

crystallographic planes'®
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1.2.3 Electrical structure of perovskite nanocrystals

In accordance with the depiction presented in Figure 1-23a, utilizing CsPbl3 as an
illustrative case in point, our first-principles computational findings elucidate that the
conduction band minimum (CBM) and valence band maximum (VBM) predominantly
originate from the contributions of Pb and I atoms, as highlighted in the range of “**”.
To delineate the specific contributions of each constituent, a Crystal Orbital Hamilton
Population (COHP) analysis is employed to scrutinize the electronic structure. The
COHP analysis, illustrated in Figure 1-23b, delineates the covalent and antibonding
characteristics of the Density of States (DOS) at each energy point, pinpointing the
involved atomic orbitals. Figure 1-23b distinctly reveals the absence of Cs-related
features in COHP, while prominently showcasing four pairs of bonding and antibonding
states. This further underscores that Cs does not partake in the formation of covalent
bonds; instead, it arises from the hybridization of s and p orbitals of Pb and I atoms.
Specifically, the VBM comprises Pb's s antibonding orbital and I's p antibonding
orbital, while the CBM is constituted by Pb's p antibonding orbital and I's s
antibonding orbital. Consequently, we present s simplified energy level diagram in
Figure 1-23c, where the energies of CBM and VBM, denoted as E; and E,, respectively,
correspond to antibonding states. Their bonding counterparts are represented by E3 and

E4, as elucidated in .
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Figure 1-23. Electronic states in CsPbls. (a) The partial density of state of the Cs, Pb,
and I atoms in CsPbls. (b) Orbital-resolved Crystal Orbital Hamiltonian Population
(COHP) analysis; positive (negative) sign indicates bonding (anti-bonding) character.

(c) Energy level diagram obtained from COHP analysis!?.

As illustrated in Figure 1-24 a, the gradual upward shift of CBM levels with the
transition of atomic species from I to Cl at position X may be attributed to the
heightened restriction on electrons in the p orbital of Pb atoms, resulting in an increase
in energy. Conversely, the downward trend in the movement of VBM is primarily
influenced by the augmented electronegativity of the X site atoms, causing the
downward displacement of the p orbital. This trend, however, is mitigated by the rise
in the s orbital of Pb atoms and the concurrent elevation of the hybridized orbitals
with the p orbitals of X atoms. Upon substituting Pb with Sn at the M position in metal
cations, the smaller electronegativity of Sn leads to lower ionization energy (IE) and
electron affinity (EA) compared to their respective Pb compounds, causing an upward
shift in energy levels. Simultaneously, in the Sn-based perovskite, the upward
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movement of the s orbital exceeds that of the p orbital, indicating that the band gap
of Sn-based perovskite is consistently smaller than its Pb-based counterpart (Figure 1-
24 b). Nevertheless, FASnBr3;, MASnCls, and FASnCls deviate from this trend due to
lattice distortions, as elucidated by !'*!. Concerning the impact of changing the A-site
cation, as depicted in Figure 1-24 ¢, no uniform pattern emerges. Given that the A-site
cation does not participate in bonding but influences the electronic structure through
alterations in lattice volume or the introduction of lattice distortion, lattice distortion
induces downward shifts in both VBM and CBM. However, its effect is more
pronounced on VBM, thereby exerting a greater influence on IE. Conversely, an

increase in volume enhances both IE and EA, yet the effect on EA is more significant.

(a) ' (b) ) (C) /s MASNCI, vs FASCl,

Figure 1-24. Schematic energy levels in ABX3 perovskites. (a-b) The trends of
electronic states in changing the X-cite anions and the B-cite cations, respectively. (c)
The changes in electronic state caused by structural distortions in tin-based

perovskites'!?.

In summary, as depicted in Figure 1-25, the energy level diagrams of common
perovskite structures are presented. Owing to the hybridization between metal cations

and halide anions, the variations in VBM (valence band maximum) and IE (ionization
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energy) are more pronounced than those in CBM (conduction band minimum). The A-
site cation exhibits a negligible impact on the band gap, while substantial changes in
the band gap can be achieved through the modulation of metal cations and halide anions.
The trend generally entails an increase in band gap from I to Br, then to Cl, and from
Sn to Pb in perovskite structures, owing to the adjustments in metal cations and halide
anions. This exemplifies the profound influence that precise alterations in the

constituents of metal cations and halide anions can wield on the band gap of perovskite

materials.
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Figure 1-25. Schematic energy level alignments of the 18 metal halide

perovskites!'!?

1.2.4 Optoelectronic properties of perovskite nanocrystal

1.2.4.1 Tunable optical properties

It is widely acknowledged that the fluorescence of nanocrystals can be extensively
tuned by altering their size. However, for perovskite nanocrystals, facile attainment of

this objective can be achieved through compositional engineering, given the distinctive
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characteristics of ionic crystals. Figure 1-26 a illustrates the realization of a broad
visible spectrum fluorescence in organic-inorganic hybrid perovskite nanocrystals
achieved by adjusting the anion composition™*, spanning effortlessly from 390 to 790
nm. Similarly, such tuning is achievable in all-inorganic nanocrystals, as depicted in
Figure 1-26 b. Post-treatment with anionic solutions enables the rapid transformation
of CsPbBr; with an energy gap (Eg) of 2.43 eV to CsPbBrxClsx with Eg=3.03 eV and
CsPbBr«I3.« with Eg=1.88 eV. This exchange is so convenient and stable that the optical
properties of nanocrystals are comparable to those synthesized through precursor-

controlled methods, exhibiting remarkable optical characteristics as outlined in

references °**.
Halide composition of CH;NH,PbXY,_,
(a) b = (b) 3.2 ¢csPbCI, NCs
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Figure 1-26. Bandgap tuning through composition substitution in the perovskite lattices.
(a) The emission wavelength of the organic-inorganic hybrid MAPbX,Y3

perovskites!'!®. (b) Evolution of bandgap energy of inorganic CsPbX; perovskite NCs!!®-
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1.2.4.2 Large absorption coefficient

As depicted in Figure 1-27, 3D perovskite nanocrystals with a direct band gap

have been reported to exhibit a remarkably high optical absorption coefficient. In
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comparison to other semiconductor materials, the absorption coefficient at the band
edge for perovskites reaches 10* cm™!, with a short-wavelength absorption coefficient
soaring to 10° cm™!. This high absorption capability is of paramount importance for the
applications of perovskite nanocrystals. Moreover, the absorption at the band edge and
the tail of the band in perovskites follows an exponential trend, indicative of the absence

119

of optically detectable deep-level defects . Additionally, the Urbach energy, extracted
through fitting the exponential part of the absorption curve, is approximately 15 meV.
In contrast, amorphous silicon exhibits a Urbach energy of about 40-45 meV. This
observation underscores the extremely low structural disorder in perovskite

119-120

nanocrystals, as highlighted in references
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Figure 1-27. A comparation of the absorption coefficient in CH3NH;3Pbl; perovskite

thin film with other typical photovoltaic materials'?’.

1.2.4.3 High photoluminescence quantum yields

The distinctive feature of perovskite quantum dots lies in the fact that most of their
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defects typically reside within the band, affording perovskite quantum dots the
effortless achievement of 100% photoluminescence quantum yield (PLQY). As
depicted in Figure 1-28 a, despite the initial report in 2014 of lead-based perovskite
quantum dots optimized for green light exhibiting a modest PLQY of 20%", a mere
year later, Kovalenko et al. reported green light lead-based perovskite quantum dots
with a remarkable PLQY of up to 90% (Figure 1-28 b) “. Through continuous
experimental optimization by researchers, perovskite quantum dots based on Cl, Br,
and I have successively reached nearly 100% PLQY (Figure 1-28¢) **, showcasing the
enormous advantages of perovskites in display, lighting, laser technologies, and beyond.
However, in light of the toxicity issues associated with lead, researchers have redirected
their focus to tin-based perovskite quantum dots. Due to the oxidation issues with tin,

the PLQY of tin-based perovskite quantum dots currently remains at a relatively low

level.
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Figure 1-28. (a) The PLQY of MAPbBr3”’. (b) The PLQY of CsPbBrs*!. (c)

Historical evolution of PLQY in perovskite nanocrystals'?!.
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1.2.4.4 High color purity

Achieving exceptionally high color purity is a prerequisite for the use of quantum
dots in fields such as lasers and displays. High color purity also translates to an
extremely narrow full-width at half-maximum (FWHM). CsPbBr3; perovskite quantum
dots, for instance, exhibit an FWHM comparable to traditional II-VI quantum dots at
room temperature. Meanwhile, CsPbCl; perovskite quantum dots boast an FWHM of 9

nm at room temperature, a critical characteristic for their applications™®**.

1.2.4.5 High defect tolerance

One of the most evident distinctions between perovskite quantum dots and
traditional quantum dots lies in the perovskite's extremely high defect tolerance,
contributing significantly to its high photoluminescence quantum yield (PLQY). In the
study of traditional semiconductors such as silicon and GaAs, the significance of
intrinsic point defects is well-established. Controlling defect levels in silicon and GaAs
to the parts per billion (ppb) level is imperative for their application in photovoltaic
devices, as these defects can act as electron traps or electron dopants™. However,
despite the considerable presence of point defects in perovskite materials prepared at
room temperature or without undergoing specific passivation through core-shell
structures, perovskites still exhibit bright fluorescence. This indicates a high tolerance
to defects within the perovskite thin films, grain boundaries, and perovskite
nanocrystals'”*?". One contributing factor to such high defect tolerance is that, among

the three types of point defects (vacancies, interstitials, and antisites), only vacancies
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have lower formation energies, while the latter two typically have higher formation
energies, sometimes even exceeding that of the perovskite structure itself. Therefore,

perovskite nanocrystals predominantly harbor vacancy defects without the presence of

125, 128

defect states that would induce deep energy levels (interstitials, antisites) (see

Figure 1-29).
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Figure 1-29. Schematic diagram of point defects in perovskite nanocrystals with

vacancy defects possessing lower formation energy!'!% 12,

Another reason for the extremely high defect tolerance is the unique bonding
within perovskite nanocrystals. As shown in Figure 1-30a, in contrast to traditional
semiconductors, the conduction band minimum (CBM) and valence band maximum
(VBM) in perovskite nanocrystals are formed between two antibonding orbitals.
Consequently, vacancy-induced defect states exist within the bandgap, either in the
valence or conduction band, or at worst, form shallow defects. This explains why
perovskite nanocrystals exhibit high PLQY. However, when we shift our focus from
CsPbBr3 to CsPbCls, as the bandgap widens, more defects are exposed, resulting in
lower PLQY (10-20%). Additionally, an examination of the dangling bonds formed on

the surface of perovskite nanocrystals reveals that they mostly give rise to shallow
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defects without significantly impacting the optical properties, as shown in Figure 1-30b.
For nanocrystal surfaces typically terminated with Cs*, Br’, and MA", removing the
MA ions from the surface in the form of MABr (simulating the removal of amine
ligands) and further eliminating CsBr (simulating a washing effect) results in a bandgap

that retains no apparent traps™’.
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Figure 1-30. (a) Schematic representation of electronic band structure of typical defect-
intolerant semiconductors and LHPs'?. (b) Electronic structure diagrams for CsPbBr3

NCs at the DFT/PBE level of theory!*’.

The final reason for the exceptionally high defect tolerance in perovskites is
attributed to their soft lattice and dynamic nature. To underscore their characteristics
that lie between a crystal and a liquid, perovskite nanocrystals are also defined as
crystalline liquids. Studies suggest that this feature shields charge carriers from the
influence of defect states and scattering phenomena'’!. As shown in Figure 1-31, at
room temperature, there is a strong coupling between electrons and holes within
perovskite nanocrystals, leading to the formation of polarons through ion displacement.

Researchers propose that polarons can shield Coulomb potential, reducing trap and
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charge carrier scattering, and interact with charged defects and optical phonons 31132,
In A-site mixed perovskites, the molecular rotation of A-site cations on a picosecond or
sub-picosecond scale can be utilized to shield hot carriers, offering opportunities for
utilizing or observing hot carriers. The tolerance of defects in perovskite nanocrystals
is primarily attributed to the contributions from the s and p orbitals of Pb atoms.
Researchers have also summarized strategies for introducing defect tolerance in lead
sulfide quantum dots, emphasizing the importance of dielectric constants, effective

mass, and the interactions between defects!.

Structure dynamics Polarons
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Figure 1-31. Schematic representation of local structural deformation of the Pb—Br

framework that, combined with a charge carrier (electron or hole), forms a polaron'?’.

1.2.4.6 Excellent transport properties

Perovskites exhibit outstanding transport properties owing to their low exciton
binding energy, high charge carrier mobility, and long diffusion lengths!3*13%, As

depicted in Figure 1-32 a, the exciton binding energy in halide perovskites is only a few
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tens of meV, indicating that non-equilibrium charge carriers generated at room
temperature primarily exist in the form of free electrons and holes. Additionally, the
coupling of the Pb atoms' s and p antibonding orbitals results in a small effective
mass for both electrons and holes, contributing to the material's high mobility (Figure
1-32 b). Coupled with the minimal defect states and lower defect energy levels
mentioned earlier, non-equilibrium charge carriers exhibit diffusion lengths exceeding

several hundred nanometers (Figure 1-32 c) *7.
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Figure 1-32. (a) The band edge absorption of MAPbI; film. The exciton binding energy
fitted with Elliott formula is about 11 meV!3®. (b) Mobility of perovskites as a function

of carrier density'3*.(c) Carrier diffusion length of MAPbI; film'3’.

1.2.5 Synthesis and classification of perovskite nanocrystals

Presently, researchers have developed various methods for synthesizing perovskite
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nanocrystals. One widely used method is the hot injection method (HI), as illustrated in
Figure 1-33 a. In this approach, precursor solutions for A-site cations are first prepared
separately. Then, a solution containing metal halides and long-chain alkyl ligands is
dried under vacuum. After heating to a specific temperature, the A-site cation solution
is rapidly injected. Ligand-assisted reprecipitation (LARP) is another extensively
employed synthetic method™. As shown in Figure 1-33 b, the precursor solution is a
mixture of A-site cation source, metal halide source, and ligands dissolved in N,N-
dimethylformamide (DMF). The precursor is then dripped into toluene or 1-octadecene
(ODE), inducing the formation and aggregation of perovskite nanocrystals (PNCs).
LARP technology is a low-cost and scalable process applicable for the preparation of
all-inorganic and organic-inorganic hybrid PNCs. In addition to the above methods, the

emulsion method shows promise as a synthetic route™

. As depicted in Figure 1-33 c, a
milky solution is formed by uniformly mixing the DMF solution containing precursors
with a nonsolvent (toluene or n-hexane). The addition of a surfactant (typically tert-

butanol) induces nucleation and growth instantly™”

. Microwave-assisted synthesis is
also utilized for perovskite nanocrystal preparation, as shown in Figure 1-33 d. The use
of microwaves allows for controlled shaping of nanocrystals and facilitates the rapid
synthesis of perovskite nanocrystals, providing an observable time window for studying

nucleation and growth'. Additionally, other methods for synthesizing perovskite

nanocrystals include ball milling, ultrasonication, hydrothermal methods, etc.
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Figure 1-33. (a) Schematic diagram of the hot-injection method for synthesizing

inorganic perovskite QDs'3. (b) Schematic diagram

synthesizing inorganic perovskite QDs'*’. (c) Schematic diagram of the emulsion
method for synthesizing inorganic perovskite QDs!'*’. (d) Schematic diagram of the

wavelength-assisted method for synthesizing inorganic perovskite QDs

1.2.6 CsPbBr3 nanocrystals

Among the perovskite family ABX3 (X = Cl, Br, I), CsPbBr3 stands out as the most
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representative. Compared to CsPbCls, it exhibits higher defect tolerance, making it
easier to achieve near 100% photoluminescence quantum yield (PLQY). In comparison
to CsPbls, CsPbBr3; demonstrates better phase stability, improved mechanical properties,
and water stability. Additionally, CsPbBr3 is a direct bandgap semiconductor with high
charge carrier mobility and a long electron-hole diffusion length. It possesses excellent
optical properties such as strong absorption coefficients and tunable emission
wavelengths. These characteristics make CsPbBrs highly promising for potential
applications in areas such as light-emitting diodes (LEDs), lasers, and high-energy

radiation detectors'*.

1.2.7 Two-dimensional perovskites

The 2D perovskite, composed of organic cations in the stacked layers of mixed-
halide perovskite, forms a semiconductor material. These layers are separated by
organic cation-based interlayers or barriers. 2D perovskites exhibit a range of unique
structural and physical properties, including a soft and dynamic structure, strong
anisotropy, high photoluminescence quantum efficiency, broad light emission, intense
bound excitons at room temperature, prospects for room-temperature all-optical spin
manipulation, large Rashba splitting, significant ferroelectric and nonlinear effects, and
layered ferromagnetism. The heterostructure of 2D perovskite and 3D halide perovskite
enhances the efficiency and stability of photovoltaic (PV) and light-emitting diode
(LED) devices. It has achieved stability for hundreds of hours in high-efficiency solar

cells and an external quantum efficiency exceeding 20% in high-color purity and
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tunable LEDs. 2D perovskites, made from abundant earth elements, are cost-effective
and easy to synthesize using low-temperature (100°C) solution processing methods.
Furthermore, the physical properties of 2D perovskites observed at the single-layer
level often remain unchanged in bulk samples. Their properties seem to integrate the
best features of 3D halide perovskites, multiple quantum wells (MQWs), graphene-like

2D semiconductors, and organic semiconductors, as summarized in Table 1-1'*.

Table 1-1. Physical properties of organic—inorganic 2D halide perovskites and

: : 143
canonical semiconductors' ™.
2D hybrid perovskite Quantum wells 2D graphene-like 3D hybrid perovskite, Organic
AA_BX,. semiconductors ABX, i
@ o | 2D atomic layer Octahedra BXg
Perovskite layer & ?‘:%%‘_‘fg'v::" ~10"' nm ~0.63 nm
n5|Br)‘(:v»| e / -
~10°-10" nm w ’
Structure b e P, ‘ i ° OrganicA |4
Organic spacer N m ~10"nm |
B 7 Ape S
~107"'-10° nm A B ) van der Waals
Sl o Barrier <5 nm ~107" nm Y6 (BTP-4F)
A’ = aliphatic, aromatic organics Transition metal A = methylamonium,
Material | A = methylamonium AlGaAs/GaAs, i i idinit g:)'?ar:e"t.;iei\’:v.BTP~4F
examples | B = Pb, Sn, Ge, Mn InGaAs/GaAsp (MoS,, WSE,), B =Pb, Sn, Ge T-aF : g
o phosphorene X=1,8Br,Cl
X=1,Br,Cl
Electronic
bandgap | 1.4-3.8eV 0.1-4.0eV 1.0-6.0eV 14-32eV 1.0-50eV
(typical range)
Exciton binding
energy <0.5eV <50 meV 0.1-0.3eV <50 meV 0.5-1.0eV
Exciton reduced
mass (units of my) 0.1-0.25 0.1-0.2 0.1-04 0.1
: i 50-350 Nm™' ”
Young's modulus | 1-10 GPa 500-200 GPa 250 Gpa (> 2 layers) 1-40 GPa 1 GPa
Synthesis, 3 4
: In solution (~100 °C), Dry and wet In solution (~100 °C), . :
processing | dry and wet exfoliation MBE,MOCVD | gxioliation, CVD CVD, sputtering Wet, orpenio chomielry
Single crystal, down to 1 layer, Expitaxial layers, " . Thin film, assembly of
Sample’ynes thin film a few heterolayers el Shgleaela oS molecules

1.3 Perovskite nanocrystal heterojunctions

At the nanoscale, the exploration of heterostructures—wherein two or more
materials are intricately interwoven into a singular unit—has become a focal point of
extensive investigation, propelled by the remarkable material properties inherent in

such configurations. In the domain of optical materials, these nanostructures, shaped by
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the characteristics of heterogenous combinations, prove instrumental in constraining or
efficiently transmitting photogenerated charge carriers from one component to another.
Consequently, these nanomaterials have found widespread applications in realms such
as enhancing luminescent efficiency, elevating photovoltaic performance, and
augmenting catalytic activity. Capitalizing on the superb optoelectronic attributes
inherent in perovskite nanocrystals, heterostructures grounded in perovskite
nanocrystals have garnered heightened attention. Under the influence of diverse
coupling materials, these structures exhibit heightened optical stability, increased
emission intensity, and the intriguing coupling of excitons with plasmon resonances,

thereby attracting broader interest and scrutiny within the scientific community.

1.3.1 Synthesis of perovskite nanocrystal heterojunctions

The in-situ epitaxial growth of perovskite heterostructures stands out as a pivotal
technique, given that smaller lattice stresses and robust bonding synergistically
contribute to the overall stability of these heterostructures—an attribute advantageous
for their application in optoelectronic devices. Chen et al. pioneered the synthesis of
CsPbBr3xIx quantum dots using the conventional hot injection method within the 1-
octadecene (ODE), oleic acid (OA), and octadecene amine system. Subsequently, zinc
stearate and 1-dodecanethiol were sequentially introduced into the CsPbBr3.xIx solution
to facilitate the growth of ZnS* on CsPbBrilx quantum dots (Figure 1-34 a).
Heterostructures comprising CsPbBr3; and gold were also successfully synthesized in

situ (Figure 1-34 b) **. Bromine gold salt served as the precursor for gold, while the
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introduction of PbBr; into the solution acted as a competitive reagent, preventing the
substitution of gold ions into the quantum dot lattice. Yang et al. demonstrated an in-
situ synthesis of CsPbBr3-TiO; heterostructures at room temperature using a grinding
method. Remarkably, the rigid TiO» spheres, during the grinding process, transformed
the cubic shape of CsPbBr3 into spherical, firmly anchoring onto the surface of CsPbBr3
(Figure 1-34 ¢) *°. Additionally, as depicted in Figure 1-34 d, Yang et al. employed a
microwave-assisted approach to prepare CsPbBr; nanocrystals encapsulated with
dimethylsiloxane. The hydrophobic nature of dimethylsiloxane significantly enhanced
the thermal stability of CsPbBr3 nanocrystals, showcasing improved performance in

both thermal stability and light-emitting diodes (LEDs) **'.

CsPbBr, QDs in A
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Figure 1-34. (a) CsPbBrs;.Jx—ZnS QD heterojunctions'**. (b) Au—CsPbBr; nano-
heterojunctions'®. (c) TiO2@CsPbBr; architectures and the corresponding structure
models'*. (d) TEM elemental mapping images of coated CsPbBr; NCs!¥’. (e)

Preparation and HRTEM images of CsPbBrs—BNNFs heterojunctions'#®,
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In addition to the aforementioned in-situ methods for fabricating perovskite
nanocrystal heterostructures, an alternative approach involves a non-in-situ, one-step
synthesis. The notable advantage of this method lies in the high controllability of
parameters for both components, as they are pre-designed. However, a limitation of this
approach is that the heterostructures produced often entail simple physical adsorption
or relatively weak van der Waals forces. The fundamental synthetic concept revolves
around the separate preparation of perovskite and heterostructure materials, followed
by their integration to form the heterostructure (Figure 1-34¢) *. Perovskite quantum
dots can be deposited onto the target surface of the heterostructure material.
Alternatively, a mixture of perovskite quantum dots and heterostructure materials can
be spin-coated or dip-coated onto a substrate, resulting in the formation of the
heterostructure. Despite its simplicity, this method provides a robust platform for
tailoring the properties of the heterostructure, yet it is essential to acknowledge that the
interactions governing the assembly are primarily dominated by physical adsorption or

weaker van der Waals forces.

1.3.2 Structure of perovskite nanocrystal heterojunctions

The structural configuration of nanoscale heterojunctions, dictated by the varying
bandgap widths and relative vacuum energy level positions of two different
semiconductors, manifests as discontinuous steps at the conduction band minimum
(CBM) and valence band maximum (VBM), resulting in band offsets known as

conduction band offset (CBO) and valence band offset (VBO). Consequently, three
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fundamental types of heterojunction structures emerge, as illustrated in Figure 1-35 **.
The first type, referred to as "straddling gap" (type I), alternatively termed charge
carrier recombination type, typically comprises a combination of a wide-bandgap
semiconductor and a narrower-bandgap semiconductor. In this arrangement,
photogenerated carriers swiftly transfer from the wide-bandgap semiconductor to the
narrow-bandgap semiconductor, facilitating radiative recombination and ultimately
leading to enhanced photoemission. The second type, termed "staggered gap" (type II),
also known as charge separation type, involves the transfer of electrons to a
semiconductor with a lower CB position, while holes migrate to a semiconductor with
a higher VB position. This configuration facilitates effective electron-hole separation.
Quasi-type II heterojunctions can induce electron (or hole) diffusion, while the
corresponding hole (or electron) remains confined. The third type, known as "broken
gap" (type III), constitutes the well-known simplest form of a PN junction. Apart from
semiconductor-semiconductor combinations, heterojunctions can also involve
semiconductors with conductors (such as metal nanoparticles) or insulators. In contrast
to heterojunctions, homojunctions are structures formed by the same material but with

different doping types or doping levels within the semiconductor.
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Figure 1-35. The band diagram of semiconductor heterojunctions and

homojunctions'*’.

1.3.3 Photophysical properties of perovskite nanocrystal

heterojunctions

Comprehending the photophysical processes within perovskite materials is crucial
for a profound understanding of the photophysical processes within perovskite
nanocrystal heterostructures. As depicted in Figure 1-36, when optically excited to
generate excitons, the resulting electron-hole pairs may partake in various physical
processes within the perovskite, including internal, surface, and interface phenomena
such as thermal carrier extraction, biexciton generation, singlet or triplet recombination,

%0 traps/dark states™, and radiative emission. Among these processes,

Auger processes
thermal carrier Auger and cooling processes imply the cooling of hot carriers associated
with Auger-type energy transfer within the band structure. Under conditions where
hole-state density is high and electron-state density is low, hot electrons can cool to hole
states through Auger-type energy transfer. Subsequently, hot holes rapidly cool via
phonon emission. If both electrons and holes possess symmetric discrete energy levels,
the cooling of hot carriers slows down, a phenomenon known as the phonon bottleneck
effect. These properties are of paramount importance in investigating the electronic

structure and physical processes of complex systems, especially in heterostructures

based on perovskites'.
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Figure 1-36. Schematic illustration of exciton or charge carrier process in QDs"*.

Research on hot carriers in perovskite heterostructures is particularly significant.
Calculations indicate that if hot carriers can be effectively extracted, the efficiency of
single-junction solar cells could reach 66% '>. As illustrated in Figure 1-37a, Sarkar et
al. reported the phenomenon of thermal electron and hole transfer from CsPbBr; to the
LUMO of BQ and the HOMO of PTZ, respectively '**. Li et al. also documented
thermal electron transfer between MAPbLBr3 and Bphen. Due to the type I
heterojunction between Bphen and MAPbBr3, only thermal electrons with energies
exceeding ~0.2 can be extracted. The crucial requirements for efficient hot carrier
transfer include high acceptor-state density in the LUMO and strong coupling between

the high-energy electron state density and the heterojunction interface .
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Figure 1-37. (a) Schematics of the carrier transfer and recombination processes in

CsPbBr3 NC-BQ and NC-PTZ systems upon photo excitation!>*. (b) Schematic

illustration of the energy-level diagram and the hot electron extraction from perovskite

NCs to Bphen with competing hot-electron cooling pathways'>.

1.3.4 Applications of perovskite nanocrystal heterojunctions

The distinctive structure of perovskite nanocrystal heterostructures has laid the
foundation for their applications in solar cells, photodetectors, LEDs, and
photocatalysis. As depicted in Figure 1-38 a, compared to pure CsPbls nanocrystal solar
cells (with a power conversion efficiency, PCE, of approximately 10.2%), CsPbl3-PbSe
heterojunction solar cells exhibit an enhanced PCE of 13.9%, attributed to superior

charge separation within the heterostructure'*®

. Utilizing CsPbCl; as a foundation, an
AuCu-CsPbCl3 core-shell nanocrystal heterostructure in photodetectors demonstrates
higher photoresponsivity in the range of 300-600 nm, owing to the plasmon-exciton

coupling effect within the heterojunction (Figure 1-38 b) '*’. Constructing a NiOx layer

of as thin as 10 nm at the upper and lower interfaces of CsPbBr3 nanocrystal films
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creates the CsPbBr3-NiOx heterostructure, enhancing radiative recombination. Based
on this design, the highest external quantum efficiency (EQE) achieved in LEDs
reaches 26.7% (Figure 1-38 ¢)'*8. Similarly, the CsPbBr3-PbsS;Br> heterojunction,
based on CsPbBrs, is a quasi-type-II structure. This configuration not only facilitates

carrier transfer but also enhances the rate of catalytic reactions (Figure 1-38d) '*°.

PbSe-CsPbl, for solar cell
(a) ’ (b)AuCu{stC\,lor Photodetectors

us
: W«.“
. EI: \ -
z L
§ \
— 1\ ] o ‘>(/ Y #.._.m..an}n
--------------- 350 400 450 500 550 600
Voliage (V) A Wavelength (nm)
(C) _-ta;_ £ Sy e
5 o220 v Vocoum Ao
2423 12t & 1
24, NO. |27 8
/N 22 1 3
3 S
34 -~ . a -
= g c 5 8 |1
= n .~ P
28 : 3
47 é g H g 4t 4
i 2
B253 ; ok
v 18 20 22 24 26 28
o3 EQE (%)

Figure 1-38. (a) Schematic representation of the CsPblz/PbSe nanocrystal-based solar
cell device and its J-V cuves'®. (b) Schematic illustration and Photoresponsivity of the
AuCu/CsPbCl; core/shell nanocrystals/graphene nanohybrids photodetector and the
inset describing schematically an individual AuCu/CsPbCls core/shell nanocrystal on
graphene in dark conditions (top) and under light illumination (bottom) showing the
evanescent field in the CsPbCls shell'”’. (c) Flat band energy diagram of a multilayer
LED highlighting the shift of the frontiers level of CsPbBrs PNCs upon treatment with
NiOx!8. (d) Schematic presentation of the energy band diagram and photocatalytic CO»
reduction reaction at the junction of the poly (110) CsPbBrs—PbsS;Br
heterostructure'™’.
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1.4 Research purpose and motivations

Nano heterostructures derived from perovskite nanocrystals hold immense
potential across various research domains. However, a comprehensive understanding
of the synthesis chemistry involved in fabricating these heterostructures, particularly
achieving facile, rapid, and in situ epitaxial growth for solution-processed nanoscale
heterostructures, remains a challenging endeavor. Furthermore, delving into the
photophysical properties of heterostructures synthesized via in situ epitaxial growth and
exploring diverse application scenarios across different systems is of significant

importance.

1.5 Research contents and innovations

In this study, based on our research in synthetic chemistry, we have developed a
method for the in-situ external derivation and growth of CsPbBr3;-PbS nano
heterostructures at room temperature. Investigations into their photophysical properties
have revealed a faster carrier transfer rate, indicating a higher photoluminescence
quantum yield (PLQY) for the CsPbBr3-PbS heterojunction, owing to the enhanced
carrier transfer dynamics. Building upon this discovery, we have pioneered the
application of the nano heterostructures we synthesized in the field of shortwave
infrared 1maging (SWIR). This marks the first instance where such nano
heterostructures have found utility in this domain, signifying a breakthrough in the
realm of SWIR technology.

Furthermore, under room temperature conditions, For the first time, we have
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achieved the in-situ epitaxial growth of 3D-2D CsPbBr;-PMA;PbBrs lateral
heterostructures. These structures exhibit rapid carrier separation and an extended
carrier diffusion length, attributed to their type-II heterojunction characteristics. This
innovative approach not only advances the current understanding of heterostructure
formation but also opens new avenues for the development of high-performance
optoelectronic devices, showcasing the potential of these unique 3D-2D lateral
heterostructures in various applications within the realm of materials science and

beyond.

1.6 Outline of this thesis

Chapter 1 serves as an introduction, providing a historical overview of quantum
dots, their characteristics, synthesis methods, and classification. It briefly introduces
PbS quantum dots and outlines the research history, crystal structure, electronic
structure, and optoelectronic properties of perovskite nanocrystals. The chapter further
discusses the synthesis and classification of CsPbBr3; nanocrystals and two-dimensional
perovskites. Finally, it outlines the research objectives and scope of this thesis.

Chapter 2 provides a comprehensive introduction to the pertinent knowledge on
characterization techniques, specifically focusing on transient absorption spectroscopy
and electron microscopy.

Chapter 3 presents our in-situ synthesis of CsPbBr3;-PbS heterostructures under
ambient conditions. This chapter primarily encompasses our research on the synthetic

chemistry of these heterostructures. Ultrafast transient absorption spectroscopy has
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been employed to unravel rapid carrier transfer rates and efficiency, shedding light on
our pioneering exploration in the Short-Wave Infrared (SWIR) domain.

Chapter 4 primarily delves into the in-situ synthesis of 3D-2D CsPbBrs-
PMA,PbBr;4 structures. This chapter encompasses several key aspects, including the
optimization of heterostructure synthesis based on synthetic chemistry. It explores the
transfer and diffusion lengths of carriers using time-resolved fluorescence spectroscopy
and ultrafast transient absorption spectroscopy. The chapter delves into the mechanism
of epitaxial growth through the utilization of aberration-corrected electron microscopy.
Theoretical confirmation of our results is provided through Density Functional Theory
(DFT) calculations. Additionally, insights into the origin of lattice strain within the
heterostructure are revealed through low-temperature fluorescence studies.

Chapter 5 concludes this thesis by summarizing the research findings and

provides a prospective outlook on future work.
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Chapter 2 Characterization techniques

and principles

2.1 Photoluminescence spectrum (PL)

The fluorescence data presented in the paper, including intensity-dependent
fluorescence, transient fluorescence, and fluorescence quenching, were recorded using
the fluorescence system from TOKYO INSTRUMENT, INC. The experimental setup,
including digital images and schematic diagrams of the instrument structure.

A pulsed diode laser at 473 nm wavelength (with a pulse width of 90 ps, a
repetition rate of up to 100 MHz, and a peak power of 4 mW) was employed as the
excitation light source. The excitation intensity was adjusted using a tunable circular
neutral density filter. Fluorescence detection was carried out using a photomultiplier

tube (PMT) and a Time-Correlated Single Photon Counting (TCSPC) module.

2.2 Time-resolved photoluminescence
spectrum (TRPL)

Transient fluorescence spectra, also known as Time-Resolved Photoluminescence
spectra (TRPL), can be employed to characterize the excited state lifetime of perovskite
materials. The excited state lifetime refers to the time required for excitons/free carriers
generated after light or electron excitation in perovskite to recombine through various

channels. It represents a time-averaged statistical concept and can be precisely studied

81



using TRPL techniques.

2.3 Photoluminescence quantum Yyield
(PLQY)

Photoluminescence Quantum Yield (PLQY) measurement is a method used to
determine the efficiency of light emission (energy) concerning the absorbed light in a
material, indicating the material's luminescent efficiency. In this thesis, we employed
the Absolute PLQY measurement system from Hamamatsu Corporation, Japan,
utilizing the integrating sphere method. The PLQY of the halide perovskite nanocrystals

we synthesized was measured at an excitation power of 0.1 mW.

2.4 Ultraviolet-visible near-infrared
absorption spectrum (UV-Vis-NIR)

Ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy stands as a widely
employed technique for measuring material absorption or reflectance spectra. Its
measurement range spans from 200 nanometers to 2000 nanometers. According to the
formula % = FE; — E, (where 7 is the Planck constant, c is the speed of light in a
vacuum), absorption occurs when the energy of an electron transitioning from the
system's lower energy level (Eo) to the higher energy level (E1) equals the energy of the
incident photons. Thus, the study of absorption spectra provides insights into the
structures, motions, and interactions of atoms, molecules, and many other substances
with electromagnetic fields or particles. In semiconductor material research, absorption

spectra often exhibit broad and indistinct peaks, stemming from factors like the overlap
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of electronic transitions and material heterogeneity. Therefore, the analysis of
semiconductor absorption spectra often necessitates specialized methods. For instance,
Tauc plots are commonly utilized to determine the bandgap of semiconductors'.
Additionally, the use of the Elliott formula allows the separation of excitonic
contributions and contributions from continuous band-to-band absorption, yielding
information on bandgaps and exciton binding energies’. Furthermore, derivative
absorption spectra are extensively used for analyzing the complex absorption bands of
materials®*. By calculating the derivative of the absorption curve with respect to
wavelength, this method enables the resolution of fine structures in electronic signals,
eliminating linear background functions and segregating overlapping transition
absorptions®. Particularly in quantum-constrained systems, the minima in the second
derivative of the derivative absorption spectrum are considered directly related to
electronic state levels™®.In this paper, we delve into the study of band edges and high-
energy electronic states of perovskite nanocrystal heterostructures through the analysis
of absorption and derivative absorption spectra. These spectra were measured using a
UV-Vis-NIR spectrophotometer (JASCO, V-670), ensuring precision and reliability in

the experimental approach.

2.5 Fourier transform infrared spectroscopy
(FT-IR)

Fourier Transform Infrared Spectroscopy (FTIR) is a technique that utilizes the

absorption of infrared light due to molecular vibrations and rotations to identify
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molecular composition, structure, or quantitatively determine their content.
Furthermore, FTIR is used to analyze chemical interactions between molecules by
examining changes in characteristic peaks related to molecular vibrations and rotations.
Typically, an FTIR system comprises an infrared light source, a spectrometer, a detector,
and Fast Fourier Transform (FFT) algorithms. FTIR sampling methods include
transmission, diffuse reflection, specular reflection, and attenuated total reflection
(ATR). Among these methods, ATR mode is widely used in FTIR spectroscopy as it
allows for rapid and easy measurement of various sample types, including liquids,
solids, powders, semi-solids, and pastes, offering excellent sensitivity. In this thesis, we
employed the ATR mode to measure the FTIR spectra of perovskite nanocrystal
heterostructures (Nicolet 6700 FTIR), enabling the analysis of interactions between

ligands and nanocrystals.

2.6 X-ray diffraction (XRD)

X-ray Diffraction (XRD) 1s a technique employed to scrutinize the atomic or
molecular structure of materials, unraveling essential details about their composition,
lattice parameters, orientation, and crystal phases. This method capitalizes on the
intriguing interplay between monochromatic X-rays and the crystalline sample. When
a beam of X-rays is directed at the sample, the sample disperses the incident X-rays
following Bragg's law:

nl = 2dsinf (2-1)

Here,Asignifies the wavelength of the incident X-rays, n denotes the order of
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diffraction peaks, d represents the spacing between lattice planes, and 8 stands for
the angle of the incident X-rays. Constructive interference occurs when the difference
in the paths of X-rays scattered on adjacent crystal planes equals an integral multiple
of the wavelength. The resulting interplanar spacing (d) provides valuable insights into
the material's crystal structure. Among the array of XRD methodologies, X-ray powder
diffraction emerges as a potent tool, especially for analyzing samples comprising
numerous crystalline or non-crystalline particles exhibiting random orientation. Hence,
in this study, the Rigaku TTR-III powder X-ray diffraction system was harnessed to
discern the crystalline phases of all the samples. Quantum dot solutions were
meticulously deposited onto glass substrates and allowed to air dry at room temperature.
This meticulous procedure was repeated some times to ensure the formation of a

suitably thick liquid film for analysis.

2.7 X-Ray photoelectron spectrum (XPS)

X-ray Photoelectron Spectroscopy (XPS) stands as a surface analysis technique,
providing crucial information about a material's elemental composition and electronic
states. When subjected to a beam of X-rays, electrons escape from the atoms near the
sample surface (within 0-10 nanometers). Through XPS measurements, both qualitative
and quantitative analyses of elements become possible. Analyzing XPS spectra yields
valuable insights into a material's chemical bonds, coordination, binding energy, and
surface morphology. The binding energy of elements can be determined by the

following equation:
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Eg=hv—E,—¢ (2-2)

Here, Ep represents the binding energy of the element, hv denotes the energy of
the incident X-rays, Ej} is the kinetic energy of the photoelectron, and ¢ stands for the
work function. In this study, all XPS data for nano perovskite heterojunctions were
recorded using an X-ray photoelectron spectrometer (JPS-9200, JEOL Corporation,

Japan).

2.8 Grazing incidence wide angle X-ray

scattering and small angle X-ray scattering
(GI-WAXs and GI-SAX(5S)

As shown in Figure 2-1, Grazing Incidence Wide Angle X-ray Scattering (GI-
WAXSs) and Grazing Incidence Small Angle X-ray Scattering (GI-SAXs) operate on the
fundamental principles of XRD and adhere to Bragg's diffraction formula’. However,
GI-WAXs and GI-SAXs offer more comprehensive material structural information than
XRD. In addition to characterizing the material's structure, they provide details about
the arrangement of nanostructures, average distances between nanocrystals, and other
essential information.

In both GI-WAXs and GI-SAXs, X-rays are incident at a grazing angle onto the
sample surface, and the scattered X-rays are collected in the reflection direction. The
incident angle is typically chosen slightly larger than the critical angle of the material
to ensure sufficient X-ray scattering and enhance the signal intensity. This setup is

particularly crucial for weakly scattering samples like organic films and ultra-thin
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quantum dot films to achieve a good signal-to-noise ratio. Both GI-WAXs and GI-SAXs
typically require high-intensity synchrotron radiation as the light source.

For GIWAXS, the distance between the detector and the sample is relatively short
(typical value: 20 cm), with a detection length scale ranging from ~0.01 nm to ~1 nm,
mainly used for analyzing the sample's crystalline structure. In GISAXS, the detector
is positioned farther from the sample (typical value: 2 meters), and measurements are
made in the scale range of 1 nm to 100 nm, primarily used for analyzing the

arrangement of material nanostructures.

2D detector
for GISAXS

\
\(l

Figure 2-1. Schematic for grazing incidence small-angle X-ray scattering (GISAXS),

with a relative comparison to GIWAXS’.

2.9 Transient absorption spectrum (TAS)

Femtosecond Transient Absorption (TA) spectroscopy is a widely used
femtosecond time-resolved pump-probe technique. This method utilizes a pump pulse

laser to excite the sample and induce changes in its chemical or physical properties,
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often resulting in the generation of new absorption species, namely transient
components. Subsequently, another probe pulse is employed to detect the changes in
the sample's absorbance after excitation, known as transient absorption. By varying the
delay between the pump and probe light, different time-resolved spectra of the sample
can be obtained before and after optical excitation. Through analysis, spectral and
kinetic information corresponding to the generation and decay of transient components
can be derived.

Femtosecond time-resolved spectroscopy captures a significant portion of
information about electronic excited states, making it widely applicable in studies
involving energy transfer, charge transfer, dynamic coupling of electronic and nuclear
states, and conformational relaxation, among other phenomena. This section briefly
outlines the fundamental principles of TA technique and its applications in investigating

charge carrier transfer dynamics.

2.9.1 Experimental Setup of TA Spectroscopy

Figure 2-2 provides a simplified schematic of the femtosecond time-resolved
Laser-Induced Transient Absorption (TA) measurement system employed in this study.
The system utilizes a solid-state Ti-doped sapphire regenerative amplifier femtosecond
laser system (CPA-2010, Clark-MXR Inc.) equipped with a regenerative amplifier. The
laser operates at a fundamental wavelength of 775 nanometers, delivering pulses lasting
120 femtoseconds at a rate of 1 kHz.

This optical setup is divided into two main paths: the pump path and the detection
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path. Initially, the fundamental light passes through an optical wedge, generating both
detection light and the light needed to create the pump pulse through total internal
reflection within the wedge.

In the pump path, the fundamental light is delayed and then frequency-tuned using
an Optical Parametric Amplifier (OPA) to generate the specific pump light required for
the experiment. After filtering out unwanted scattered light, the pump light is
appropriately attenuated and focused onto the sample for excitation. To prevent
interference with the detection light, the excitation light passing through the sample is
selectively blocked.

In the detection path, the delayed fundamental light is focused onto a sapphire
crystal, generating a broad-spectrum supercontinuum white light. This white light,
serving as the detection light, undergoes polarization adjustments and focal length
tuning through optical components like a half-wave plate, a variable aperture, and a
convex lens. An achromatic lens then collects the white light, and a filter removes any
remaining 780-nanometer fundamental light.

The collected white light is reflected from both surfaces of the optical wedge,
producing two nearly identical spectra: the signal light and the reference light. Both
beams focus on the sample, overlapping with the pump light within it. Subsequently,
these two beams of white light, after passing through the sample, are collected by
optical fibers and directed to a spectrometer equipped with a CCD for spectral analysis.
The shutter and optical splitter in the setup ensure synchronized control of the laser and

detector, enabling precise data acquisition.
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Figure 2-2. The optical path diagram of our femtosecond TA spectroscopy

measurement system.

2.9.2 Basic principles of TA Spectroscopy

The absorption of light by samples can be described using either transmittance (T)
or optical density (OD):
T = IL x 100% (2-3)
0

I
0D = lgT0 = ¢lc (2-4)

In here, I, and I represent the intensity of the white light before and after
passing through the sample, respectively. ¢, [, and ¢ represent the molar absorptivity,
sample thickness, and sample concentration, respectively. In the TA experiment, the
observed final signal is the difference in the optical density (AOD) of the sample for the
detecting light and the reference light. It can be expressed as the difference in optical
density when the sample is exposed to the pump light (0D,;m,-0n) and when it is not
(ODpump—off)s 1.€.,

AOD = ODpump—on - ODpump—off (2'5)
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Assuming the sample's absorption in the ground state is ODpymy,—orr = €lc, the
sample's absorption under the pump light can be calculated as 0D,mp—on = €l(c —c¢*) +
€*lc*, where a portion of the sample (c*) is excited to the excited state. Consequently,
AOD = (¢ — &")lc". Itis evident that AOD is directly proportional to the concentration
of the transient component c*. Thus, changes in the transient spectrum can be observed
to deduce variations in the transient component.

In this formula, the molar extinction coefficient ¢ is a function of wavelength, and
the concentration ¢ is a function of time. AOD(A,t) represents a function varying
with both wavelength and time, making the TA spectrum a two-dimensional matrix.

From a spectroscopic perspective, the transient component's spectrum reflects two
aspects: €*(1) and &(1). €*(1) is the molar absorptivity when the sample is in the
excited state, known as excited-state absorption, while &(1) represents the molar
absorptivity when the sample is in the ground state. The negative signal is termed
ground-state bleach (GSB), usually attributed to forbidden transitions in the ground
state. Simultaneously, the positive signal is called photoinduced absorption, typically
attributed to enhanced absorption in the excited state. If the excitation radiation occurs
when the sample is excited, the original AOD(A,t) needs to be rewritten as
AOD(A, t) = (e'(1) — e(1) — €, (AD)lc*(t)). The transient component's spectrum is a
superposition of excited-state absorption, ground-state bleach, and stimulated emission.
Furthermore, time-resolved kinetics of AOD(A) are obtained in time-resolved
absorption spectroscopy by controlling the relative time delay between the pump light
and the probing light passing through the sample.
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In practical experiments, TA spectroscopy measurements and analyses are more
intricate. A deep understanding of material properties, coupled with scientific

measurement techniques and data analysis methods, is essential.

2.10 Transmission electron microscopy
(TEM)

Microscopes have significantly enhanced humanity's capacity to observe minute
entities. According to the Rayleigh Criterion, the resolution (dn) of a microscope is
defined as 0.61sinAa, where A is the wavelength, n is the refractive index between
the lens and the object medium, and «a is half the aperture angle. It is evident that
shorter wavelengths lead to higher microscope resolution®’. In the era of optical
microscopy, to achieve higher resolution, ultraviolet light with shorter wavelengths than
visible light and a refractive index (n) of 1.66 for bromobenzene were employed, yet
the resolution remained around 200 nm. Quantum mechanics, acknowledging the wave-
particle duality, indicates that high-energy electron beams behave both as particles and
waves, with shorter wavelengths corresponding to higher energy. Considering
relativistic effects, for instance, a 100 keV electron beam can have a wavelength of
0.037 A, and a 300 keV electron beam can reach 0.019 A. In principle, transmission
electron microscopy (TEM) can achieve resolutions far superior to optical microscopy,
as depicted in Figure 2-3 b. After over 80 years of development, modern TEM has
achieved resolutions as fine as 1.9 A, and the latest TEMs, equipped with aberration

correctors, can reach resolutions of 50 pm. Today, TEM has evolved into a versatile
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experimental platform capable of observing atomic structures, deducing crystal
structures through selected-area electron diffraction, and determining the chemical
composition based on X-ray energy dispersive spectroscopy and electron energy loss
spectroscopy’. Since its invention, TEM has continually driven breakthroughs in
materials science™. For instance, in 1956, researchers at the University of Cambridge,
including Hirsch, Whelan, and Howie, captured the diffraction contrast image of
dislocation for the first time, sparking a research surge in metal dislocations and defects.
In 1982, Israeli scientist Schetman, utilizing selected-area diffraction, discovered
quasicrystals, earning the Nobel Prize in 2011. The advancement of high-resolution
TEM also facilitated the discovery of Cso and carbon nanotubes, ushering in a new era

in nanotechnology.
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Figure 2-3. Schematic of a Light Microscope Versus a Transmission Electron

Microscope (TEM)!!.
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2.10.1 Transmission Electron Microscope Basic Structure and

Imaging Principles

4 Electron source

Condensor lens

Condensor aperture

I Scan coils

Sample

Annular detector
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——————
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Energy -selecting slit

Figure 2-4. Schematic diagram of a STEM instrument'!.

The principle of transmission electron microscope (TEM) imaging, as illustrated
in Figure 2-4, can be analogized to an optical microscope. In this process, an electron
beam is emitted from the electron gun, undergoes acceleration in the acceleration tube,
and is then filtered by a monochromator. The focused electron beam is brought to the
front focal point of the objective lens magnetic field, where it is directed onto the sample

in parallel beam mode. Consequently, the outgoing electron beam carries structural
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information from the specimen and is imaged by the magnetic field behind the objective
lens. Due to interference from the objective lens spherical aberration, the image requires
correction through an objective lens spherical aberration corrector. The corrected image
is finally magnified and projected onto a fluorescent screen or a CCD camera through
a projection lens. The electron gun, typically located at the top, is the device responsible
for generating electrons and can be categorized into thermionic emission and field
emission types. The thermionic emission gun often employs a tungsten filament or
lanthanum hexaboride (LaBg). The field emission gun utilizes tunneling effect,
allowing electrons from the metal interior to be emitted from the metal surface under
the influence of a strong electric field. To focus the cathode field, the metal is shaped
into a sharp form with a curvature radius less than 100 nm. If this sharp emitter operates
at room temperature, it is a cold cathode, characterized by low energy dispersion (0.3 ~
0.5 eV) but with high emission noise, necessitating periodic treatment of adsorbed
molecules at the tip. If the emitter operates while heated, it is a hot cathode or a
Schottky-type emitter, exhibiting larger energy dispersion (0.6 ~ 0.8 €V) but with low
emission noise and no ion adsorption issues. Compared to thermionic emission guns,
field emission guns offer 100 times higher brightness, have a very small light source
size, excellent coherence, and enhance the information resolution of the TEM.

The condenser lens, objective lens, projection lens, and spherical aberration
corrector are essentially magnetic lenses. These magnetic lenses can be likened to
optical lenses. According to electromagnetic principles, a strong magnetic field is
generated when a large current passes through a coil. To enhance excitation and narrow
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the magnetic field range, an outer coil is covered with a soft magnetic material iron
shell containing a circular slit. This way, the magnetic induction lines pass through the
soft magnetic material until they interact with the electron beam at the slit. In the
objective lens, it may be necessary to add a conical convex polepiece to further
strengthen the concentrated magnetic field. A magnetic lens is always a converging lens,
and its focal length (f) can be adjusted by controlling the current size.

To ensure stable electron emission and prevent scattering by air molecules while
avoiding sample contamination, a mechanical pump, oil diffusion pump, and sputter
ion pump are necessary for maintaining high vacuum in the electron microscope. To
maintain stable electron emission and prevent discharge in the acceleration tube, an ion
pump is employed to extract the chamber, achieving ultra-high vacuum (107 Pa). An
intermediate chamber is placed between the acceleration tube and the lens barrel to
achieve a gradient vacuum'?. The power supply system primarily provides stable
acceleration voltage and magnetic lens current. To minimize chromatic aberration, the
acceleration voltage is stabilized at 10°° /min. The objective lens is the most important

lens, and its current is stabilized at 1~2x10° /min.

2.10.2 Principle of aberration and spherical aberration

correction

In optical systems, the combination of convex and concave lenses, along with
changes in the shape of refractive surfaces, could be employed to eliminate aberrations.

According to the Rayleigh Criterion, the resolution limit in optical microscopes can
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reach half the wavelength of light. However, in electron optics, eliminating aberrations
is considerably more challenging. For magnetic lenses, the determining factor affecting
resolution is not the Rayleigh Criterion but rather various aberrations. As an example,
consider that the electron wavelength at 100 kV is only 1/10° of the wavelength of light.
Despite this, the resolution of a transmission electron microscope (TEM) only improves
by a factor of 103. This discrepancy is due to the presence of aberrations. Over time,
researchers have identified several magnetic lens aberrations, which have limited the
improvement in the resolution of TEMs. Because the wavelength of high-energy
electron beams is much smaller than the characteristic dimensions of magnetic lenses,
the geometric path of the electron beam in a magnetic field can be approximately
described using geometric optics. For simplicity, let's illustrate these aberrations in
magnetic lenses by drawing an analogy to the refraction of light in a glass lens. Figure
2-5 depicts four common aberrations in electron microscopes: spherical aberration,
chromatic aberration, astigmatism, and coma.

Spherical aberration occurs due to stronger refraction of the electron beam by the
edge portion of the lens. As illustrated in Figure 2-5 (a)”, rays close to the optical axis
converge closer to the lens than rays farther from the axis. This results in an unfocused
point at the focal position, forming a blurry circular spot instead of a clear point. By
translating a plane perpendicular to the optical axis near the focus, a position with the
smallest diameter of the diffuse circle, representing the optimal focus point, can be
determined. The expression for spherical aberration coefficient (cy) is given by:

5 =csal (2-6)



In here, & is the minimum radius of the diffuse circle, c,is the spherical aberration
coefficient, and « is the semi-aperture angle. Blocking the electron beam near the lens
edge with a small aperture can effectively reduce spherical aberration. However,
reducing the semi-aperture angle a also decreases the resolution. Therefore, both
parameters must be chosen judiciously to achieve optimal resolution. The spherical
aberration coefficient c¢; in modern transmission electron microscopes (TEMs) is
generally around 1 mm. Since magnetic lenses cannot diverge, spherical aberration
cannot be eliminated by a combination of convex and concave lenses, as in optical
systems. For a long time, spherical aberration was the primary factor affecting the
resolution of transmission electron microscopes. Chromatic aberration arises due to
different velocities of the electron beam *°. As shown in Figure 2-5 (b), in a magnetic lens,
electrons with shorter wavelengths have higher speeds, resulting in a longer focal length
in the magnetic field, while electrons with longer wavelengths have lower speeds and
a shorter focal length. Causes of chromatic aberration include variations in the initial
velocity of the electron beam during emission, different scattering energies when
passing through the sample, and fluctuations in acceleration voltage and excitation
current. Modern TEMs can control chromatic aberration within an acceptable range by
adding a monochromator. Astigmatism 'Joccurs due to the lack of strict axial symmetry
in the magnetic field. When manufacturing magnetic lenses, it is challenging to create
a perfectly round shape for enhancing the magnetic field. Tiny non-circularities in the
shape of the magnet can cause electrons to deviate from their normal trajectories as they
pass through. As shown in Figure 2-5 (c), the focusing capabilities in two directions
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orthogonal to each other are not the same. This asymmetry leads to the enlargement of
sharp points into blurred spots, resulting in decreased resolution. In modern TEMs,
astigmatism can be corrected by using an astigmatism corrector. This corrector
improves the magnetic field distribution by adding eight symmetrically distributed
small screws between the lens polepieces. Coma !? is a type of off-axis image aberration.
As depicted in Figure 2-5 (d), a bundle of slanting parallel rays, after refraction by the
lens, does not converge to a single point on the focal plane. Instead, it forms an
asymmetric diffuse light spot. The shape of this diffuse spot resembles a comet, with a
bright and distinct head and a broad, faint tail. Modern TEMs can eliminate coma

through a coma-free device.
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Figure 2-5. Schematic diagrams of spherical aberration, chromatic aberration,

aberration and coma®

99



2.10.3 Formation of lattice stripe phase

When only the transmitted beam and a strong diffracted beam are involved in
imaging, interference between the two electron beams produces one-dimensional lattice
fringe patterns. In practical operations, a condenser aperture on the back focal plane can
be used to select the desired imaging electron beam. The schematic diagram is
illustrated in Figure 2-6 (a). The imaging conditions for lattice fringe patterns are not
strictly restricted; as long as two columns of electron waves interfere to form an image,
it is not necessary to align with the crystal zone axis. These patterns can be observed
under a wide range of defocus conditions and different sample thicknesses, making
them easy to obtain. In the observed Si nanowires, as shown in Figure 2-6 (b)", and in
the case of tiny second-phase precipitation, most of the images are lattice fringe patterns.
These images are useful for observing the size and morphology of the objects,
distinguishing between amorphous and crystalline regions. However, they do not
provide information related to the crystal structure of the sample and cannot be
simulated or calculated. The lattice fringe spacing d,, isrelated to the reciprocal vector

of the diffracting crystal plane as follows:

(2-7)
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Figure 2-6. (a) Schematic diagram of the formation process of 1D lattice fringes; (b)

1D lattice fringes of Si nanowires™.

2.10.4 Formation of two-dimensional lattice phase

When the transmitted beam and two or more strong diffracted beams participate
in imaging, interference between multiple electron beams produces two-dimensional
lattice images (Figure 2-7 a). This is the most common form of high-resolution images
that we encounter. In most literature, two-dimensional lattice images are prevalent. In
this case, a crystal zone axis is parallel to the incident electron beam, and the
corresponding diffraction pattern represents the diffraction spectrum of the unit cell
(Figure 2-7 b). For example, the two-dimensional lattice image of Au along the crystal
zone axis direction is shown®. Two-dimensional lattice images can be obtained under
different defocus conditions and sample thicknesses, making them widely used in
materials science research to gather information about defects, grain boundaries, phase
boundaries, precipitation, and crystallization. It is essential to note that the patterns of

two-dimensional lattice images change with defocus, sample thickness, and aperture
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size. They do not directly specify the positions of individual atoms. Under uncertain
imaging conditions, structural information about the crystal cannot be determined, and

computational simulations are often employed for further analysis.

(@)

I

Figure 2-7. (a) Schematic diagram of the formation process of a two-dimensional
lattice image; (b) two-dimensional lattice image of Au along the crystallographic band

axis (110) direction'.
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Chapter 3 In-situ room-temperature
synthesis of all colloidal quantum dot
CsPbBr;3-PbS heterostructures

3.1 Introduction

Quantum dots (QDs), celebrated for their tunable bandgaps and confined excitons,
are a focal point in optoelectronics'. Their unique properties have catalyzed progress in
a diverse array of applications, including solar cells, light-emitting diodes (LEDs),
detectors, and optical imaging®>. Nevertheless, in scenarios demanding fast inter-
quantum charge transfer or a broad spectral response, ranging from visible to infrared,
single-material QDs may encounter their limits®!°. Addressing this, researchers have
engineered QD heterostructures, marrying two or more materials to synergize their
individual strengths. These heterostructures greatly broaden the utility of QD systems.
Their varied spectroscopic characteristics of the QD heterostructures enable a wider
range of optical responses, while facilitating internal charge transfers within the
heterostructure. This interaction imbues one QD with the power to enhance another,
harnessing the advantages of both types. The result is a composite system that expands
the scope and improves the ability for optoelectronic applications!!"!3
Recently, perovskite and chalcogenide QDs are becoming two shining stars in

optoelectronic research area. The allure of perovskite lies in their facile high

photoluminescence quantum yields (PLQY), direct bandgap, high light absorption in
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the visible and ultraviolet (UV) regions, and excellent defect tolerance!* 6. In contrast,
chalcogenide QDs, particularly PbS QDs, captivate scientists with their wide tunable
bandgap, high infrared absorption, and exceptional environmental stability!’. The
combination of these two materials holds great promise in generating numerous
favorable properties for optoelectronic applications. In the past few years, notable
progress has been made in the exploration of different heterostructure forms and
applications composed of perovskites and PbS. In 2015, Ning and co-workers
demonstrated the successful creation of a heterostructure between PbS QDs and
MAPDI; perovskite film matrix with minimal lattice mismatch, marking an important
milestone'®. Through further optimization, similar structures were incorporated into
near-infrared LEDs, achieving an impressive external quantum efficiency (EQE) of
8.1%". Concurrently, efficient and stable solar cells and photodetectors based on the
combination of two-dimensional (2D) PbS nanosheet and perovskite film or nanosheet
were developed?2!. Yet, the development of perovskite and PbS heterostructures based
on an all colloidal QDs (all-CQDs) approach and their applications still remain largely
unexplored. Previously, Zhang et. al pioneered the development of the heterostructures
by directly blending CsPbBr; QDs and sulfur source, which opened up the
possibilities?’. Nonetheless, the synthesis of these QD heterostructures using the hot
injection method (HI) requires injection temperatures as high as 150°C and a vacuum
environment. Such stringent synthesis conditions increase manufacturing costs and
pose challenges for industrial-scale applications. Furthermore, from the perspective of
reaction kinetics, developing a controllable method, along with identifying strategies to
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enhance the integration of the two components for swift and efficient charge transfer,
are significant challenges that need to be addressed to unlock their potential in the
applications.

In this study, we introduce an in-situ synthesis strategy for all-CQD CsPbBr3-PbS
heterostructures at room temperature and first-ever demonstrate their potential in
shortwave infrared imaging. The synthesis of all-CQD CsPbBr3-PbS heterostructures
is realized by introducing Cs-DOPA (diisooctylphosphinic acid) into the TOPO-PbBr»
(trioctylphosphine oxide) system, sparking a burst nucleation and slow maturation
process, followed by the integration of (TMS),S (trimethylsulfonium sulfide) to trigger
in-situ heterostructure formation. Various analyses including transmission electron
microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS) were utilized to confirm the successful formation of all-CQD CsPbBr3-PbS
heterostructures. Using time-resolved photoluminescence spectra (TRPL) and transient
absorption spectroscopy (TAS), we demonstrate that ultrafast interdot carrier injection
initiation time (<1 ps) from the perovskite QDs to the PbS QDs occurs in the
heterostructures. Furthermore, our all-CQD CsPbBr3-PbS heterostructures
demonstrated tunable and enduring dual emission in both the visible and infrared
spectra under ambient conditions, even withstanding over 180 hours of continuous solar
illumination. The fluorescence properties of all-CQD CsPbBr3-PbS heterostructures
can be conveniently tuned by adjusting the Pb/S molar ratio from 1:1 to 1:30 (for
CsPbBr3: 505-471 nm; for PbS: 950-1156 nm). Utilizing our low-cost processing all-
CQD heterostructures, we made the first attempt to explore its application in short-
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wave infrared imaging (SWIR: wavelength range from 1000 to 2000 nm)? and attained
a higher resolution compared to pure PbS QDs at a low response threshold of 18
mW/cm? (under 365 nm Excitation), which coming within reach of the International
Electrotechnical Commission's (IEC) safety threshold (10 mW/cm?).Our research sheds
light on an innovative route to construct controllable and low-cost processing QD

heterostructures capable of ultrafast charge transfer, thereby paving the way for their

future applications.

3.2 Experimental methods

Chemicals: Cesium bromide (CsBr, 99%), Lead bromide (PbBr2, 99.99%),
hexane (>99%), diisooctylphosphinic acid (DOPA, 90%), and trioctylphosphine oxide
(TOPO, 90%) were purchased from Sigma Aldrich. Lecithin (>97% from soy) was
purchased from Carl Roth. n-octane, chlorobenzene (99%), and ethyl acetate were
purchased from Wako. TMS:S (trimethylsulfonium sulfide). All chemicals were used

as received without further purification.

Preparation of Cs-DOPA Solution: A Cs-DOPA solution with a concentration of
0.02 M was prepared as follows: Cs2CO3 (100 mg) was mixed with DOPA (1 mL) and
octane (2 mL) at a temperature of 120°C. The resulting mixture was then diluted with

hexane (27 mL).

Preparation of PbBr:-TOPO Solution: A PbBr-TOPO solution with a
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concentration of 0.04 M was prepared as follows: PbBr2 (1 mmol) and TOPO (5 mmol)
were dissolved in octane (5 mL) at a temperature of 120°C. The resulting solution was

then diluted with hexane (20 mL).

Preparation of Lecithin Solution: A stock solution of lecithin with a
concentration of approximately 0.13 M was prepared by dissolving 0.5 gram of lecithin

in hexane (10 mL).

Synthesis of CsPbBr3 QDs: CsPbBr; QDs were synthesized using an improved
amine-free method. In brief, 40 puL of Cs-DOPA solution was mixed thoroughly with 3
mL of chlorobenzene under continuous stirring. Then, 80 uL. of PbBr>-TOPO solution
was injected, and the reaction mixture was allowed to stir for 30 minutes to obtain the
experimental group of CsPbBr3 QDs. For the control group, the reaction time was
extended to 60 minutes. Subsequently, lecithin was added at a Cs-DOPA/lecithin
volume ratio of 1:1, and the mixture was transferred to a refrigerator without any further

changes.

Synthesis of PbS QDs: PbS QDs were synthesized using a room temperature
method. In brief, 80 pL of PbBr2-TOPO solution was mixed thoroughly with 3 mL of
chlorobenzene under continuous stirring, Then, 80 uL of (TMS),S solution was injected,
the solution immediately turns brown, accompanied by yellow fluorescence. After
undergoing continuous stirring for 60 minutes, the yellow fluorescence diminishes, and
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a black PbS QDs solution is obtained. It is important to emphasize that for the PbS used
in near-infrared imaging, the reaction was conducted at a Pb/S molar ratio of 1:30. This

ratio was chosen to ensure comparability in near-infrared imaging capabilities.

Synthesis of CsPbBr3:-PbS Heterostructures: The experimental group of
CsPbBr3; QDs obtained after 30 minutes of reaction was subjected to continuous stirring.
Different Pb/S molar ratios (1:1, 1:3, 1:5, 1:10, 1:30) of (TMS),S were added, and the
reaction was allowed to proceed for another 30 minutes. Then, lecithin was added at a
Cs-DOPA/lecithin volume ratio of 1:1, and the mixture was left undisturbed in the

refrigerator for 30 seconds without any further changes.

Purification of QDs and Heterostructures: The quantum dot solution was mixed
with ethyl acetate in a 1:1 volume ratio. The mixture was centrifuged at 9300 rpm for
5 minutes and 20 seconds, and the supernatant was discarded. To the precipitate, 2 mL
of chlorobenzene was added, followed by thorough agitation. The resulting mixture was

transferred to the refrigerator for further testing.

Characterization: The morphologies of CsPbBr; QDs and CsPbBr3;-PbS
nanoparticles were obtained using high-resolution transmission electron microscopy
(HRTEM, JEM-2100F, Akishima, Japan). The UV-vis absorption spectra for all
samples were measured by a spectrophotometer (HITACHI, U-3900H, Tokyo, Japan).
The phase identification was performed on an X-ray diffraction (XRD, TTR-III, Rigaku
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Corporation, Tokyo, Japan). The photoluminescence quantum yield (PLQY) of the QD
solution was obtained with an integrating sphere of an Absolute PL Quantum Yield
Spectrometer system (C11347, Hamamatsu Photonics, Hamamatsu, Japan), and the
excitation power was 0.1 mW Vis. Time-resolved PL (TRPL), PL are all recorded with
the PL system from TOKYO INSTRUMENT, INC. A 375 nm pulsed diode laser was
used as the excitation source. An adjustable neutral density filter was adopted to adjust
the excitation intensity. The PL detection was used with a PMT together with a TCSPC
module. NIR (TRPL)spectra were characterized by a NIR PL lifetime spectrometer
(C12132, Hamamatsu Photonics, Hamamatsu, Japan). X-ray photoelectron
spectroscopy (XPS) data were accumulated on a photoelectron spectrometer, S4 JPS-
590MX (JEOL, Ltd., Japan). Transient absorption (TA) measurements were carried out
using a femtosecond (fs) TA setup. The pump and probe pulses were delivered by a
titantum/sapphire laser (CPA-2010, Clark-MXR Inc., Dexter, M1, USA) with a pulse
width of 150 fs, a wavelength of 775 nm, and a repetition rate of 1000 HZ. The laser
light was split into two parts; one part was incident on a sapphire plate to produce white
light for the probe beam. The other part was used as a pump pulse (wavelength can be
tuned from 290 nm to 3 um) converted from an optical parametric amplifier (a TOAPS
from Quantronix, Hamden, CT, USA). The pump light was used to excite the sample.
To collect the transmitted probe light through the samples, a silicon photodiode was
employed. In this study, pump light with wavelengths of 470 nm and 600 nm was
utilized to excite all the samples. The structural stability testing was performed by

subjecting the samples to continuous illumination from a xenon lamp that simulated
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solar light conditions (SAN-EI ELECTRIC, 150W XES-40S2-CE, Japan). SWIR
imaging was achieved using a visible near-infrared dual-mode camera (FLIR C3-X,
Sweden), which enabled the visualization of both visible and near-infrared wavelengths.
In brief, both PbS QDs and heterostructures synthesized at a Pb/S molar ratio of 1:30
were mixed with an equal volume of chlorobenzene solution containing PMMA. These
mixtures were then used to prepare "UEC" patterns. The patterns were air-dried at room
temperature and then placed within the detection range of the fixed excitation light and
the infrared camera. This setup allowed for a direct comparison of their near-infrared

imaging capabilities.

Calculating the PLQY of the nanocomposite

In detail, we initially prepared solutions of different Pb/S with same concentration
and obtained the PLQY of CsPbBr3 within these heterostructures under excitation at
465 nm. Subsequently, using a spectrometer capable (HAMAMATSU C11367) of
simultaneously detecting both visible and infrared fluorescence signals, we acquired
the fluorescence spectra under identical testing conditions. We have calculated the
fluorescence peak areas of CsPbBr; and PbS within the heterostructure through
integration (Acspypr;» Apbs)- In this context, we can calculate the PLQY of PbS within
heterojunction (PLQYpbs in Hetero.) and the entire heterostructure (PLQY Hetero.) by using

the following equation:

PLOY _ 1:’LQYCstBrg in Hetero. XAPbS
Q PbS in Hetero. A
CsPbBr3
1)LQYHetero. = 1:’LQYPbS in Hetero. + PLQYCstBr3 in Hetero.
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Calculating the carrier transfer efficiency (\ans)

The Photoluminescence Quantum Yield of PbS quantum dots (PLQYpps) and the carrier
transfer efficiency (1wans) Within the heterostructure can be calculated using the following equations
according the previous papers!® 24

PLpts =(Apbs MyggnsApero) “PLQY pig i egero. *x.

Lex represents the power density of the excitation light, PLpys signifies the fluorescence intensity
of PbS, Apero., and Apps represent the absorbance values extracted from the absorption spectra of
perovskite and PbS at the excitation wavelength, respectively. PLQY pbs in Hetero. denotes the PLQY

of PbS within the heterostructure, and nans. represents the transfer efficiency from CsPbBr; to PbS.

3.3 Results and discussions

3.3.1 Synthesis all colloidal quantum dot CsPbBr3-PbS

heterostructures

To accomplish the in-situ synthesis of all-CQD CsPbBr3;-PbS heterostructures, we
necessitate the introduced sulfur source to instigate the reconfiguration of surface atoms
in CsPbBrs QDs, further deplete Pb atoms from the CsPbBr; QD surface, and
simultaneously in-situ form PbS on CsPbBr; QDs. Crucially, this procedure mandates
an effective interaction between the sulfur source and the lead atoms of the CsPbBr3;
QD surface. This interaction fosters the heterogeneous nucleation of PbS on CsPbBr3
QDs, superseding the creation of isolated PbS QDs through homogeneous nucleation.
Consequently, our experimental emphasis rests on ensuring the surface accessibility of

CsPbBr3 QDs and the reactivity of the sulfur source. As shown in Figure 3-1, we first
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crafted high-yield (92%) CsPbBr; QDs wusing an optimized amine-free
method?’ Importantly, prior to the introduction of capped ligands, this method can keep
a fine balance between preserving surface reactivity and ensuring slow growth rates?,
and by maintaining a static ligand environment, it minimizes halide vacancies and
ensures stability in the quantum dot structure?, thus providing a sustained reaction
window and favorable conditions for the in-situ growth of PbS. Building upon this, we
evaluated several sulfur sources (TOPO-S, N,N-diphenylthiourea, and (TMS),S) for
their potential in in-situ growth on CsPbBr; QDs?’(Figure 3-2, 3-3). Finally, the realized
all-CQD CsPbBr3-PbS heterostructures owe their formation to (TMS).S, its high

reactivity as a sulfur source than the others.
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Figure 3-1. Schematic diagram illustrating the formation of the all-CQD CsPbBr3-PbS
heterostructures. In the synthesis of all-CQD CsPbBr3-PbS heterostructures at different
Pb/S molar ratios, CsPbBr; QDs first treated by (TMS).S and followed by
reconstruction process, simultaneously, PbS monomers formed, and finally in-situ

synthesis all-CQD CsPbBr3-PbS heterostructures.
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Figure 3-2. Experimental procedure utilizing TOPO-S as a sulfur source. TOPO-S was
prepared by thoroughly dissolving 2 mmol TOPO and 2 mmol S in 5 ml of octane
(diluted to 20 ml with hexane). However, the addition of TOPO-S to the CsPbBr;
quantum dot solution did not result in the formation of CsPbBr3-PbS heterostructures

due to the significantly low reactivity of TOPO-S.
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Figure 3-3. Experimental procedure utilizing N,N-diphenylthiourea as a sulfur source.
The microemulsion method was employed based on a previously reported literature 7.
However, the formation of CsPbBr3-PbS heterostructures was not achieved using this

approach due to the strong detrimental effects of butylamine on the QDs.

In Figure 3-4 (a-c), we confirmed the formation of the heterostructures by TEM
images. The pristine CsPbBr3 QDs featured a uniform size distribution around 8.1 nm

(Figure 3-4 a, c), exhibiting a consistent color contrast. In contrast, the QDs underwent
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a remarkable transformation upon the incorporation of sulfur at a Pb/S molar ratio of
1:1. As revealed by the TEM images in Figure 3-4 b, the newly appeared black dots
dispersed uniformly on the CsPbBr3; QDs are indicative of the in-situ formation of PbS
QDs onto CsPbBr3 QDs. Here, we posit that the alteration in CsPbBr3 QDs' size (9.4
nm, Figure 3-4 e) within the heterostructure arises from the reconstruction process of
CsPbBr3; QDs. The high-resolution TEM (HRTEM) images distinctly illustrate the all-
CQD CsPbBr3-PbS heterostructure, where the interplanar distances of 4.13 A and 2.93
A (Figure 3-4 ¢) correspond to the (110) and (200) crystal planes of CsPbBr3; and PbS
QDs, respectively. The energy dispersive spectrometer (EDS) analysis further verified
the domain distribution and elemental composition of the heterostructures as shown in

Figure 3-5.

O+ e
75 80 85 90 7 8 9 10 11 12 13
Grain size (nm) Grain size (nm)

Figure 3-4. (a) The TEM image of CsPbBr; QDs reveal a uniform size distribution.
(b) The TEM image of all-CQD CsPbBr3-PbS heterostructures (Pb/S 1:1
heterostructures). (c¢) High-resolution TEM (HRTEM) of all-CQD CsPbBr3-PbS
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heterostructures (Pb/S 1:1 heterostructures). (d) The size distribution plot of CsPbBr3
QDs reveal an average size of 8.14 nm. (e) The size distribution plot of all-CQD
CsPbBr3-PbS heterostructures (Pb/S 1:1 heterostructures) reveal an average size of 9.40

nm.

Figure 3-5. Energy-dispersive X-ray spectroscopy (EDS) of Pb/S 1:1 heterostructure.
Clear signals for Cs, Pb, Br, and S elements were observed, with noticeable enrichment

of S in the PbS components, substantiates the existence of the heterojunction.

The formation of a heterostructure suggests an inclination towards in-situ
heteroepitaxial growth of PbS on the CsPbBr; surface rather than a homogenous growth
in individual PbS QDs in our methods. Except of the synthesis methods, this in-situ
heteroepitaxial growth also benefits from the minimal lattice strain caused by the
matching of the (200) and (220) crystal facets of both CsPbBr3; and PbS QDs (Figure
3-6). Relative to their pure counterparts, we observe within the all-CQD CsPbBr3-PbS
that the CsPbBr; component manifests a slight low-angle shift in the (200) and (220)
crystal planes (from 30.43 to 30.25, and from 43.61 to 43.47 respectively). In contrast,
the PbS component exhibits a minor high-angle shift (from 29.50 to 29.71, and from

42.45 to 42.59) (Figure 3-7). Observed shifts in peak positions reveal lattice expansion
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(tensile strain) in CsPbBr3 QDs and lattice contraction (compressive strain) in PbS QDs,
evidence of their adjustment in the heteroepitaxial environment, thus affirming
successful heterostructure formation. Additionally, the absence of characteristic
diffraction peaks related to metallic lead at 31.3°%® solidify that the hetero-anchoring
occurs solely between pure CsPbBr; and PbS QDs, with no involvement of metallic

lead.
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Figure 3-6. (a-c) X-ray diffraction (XRD) patterns of all-CQD CsPbBr3-PbS
heterostructures, PbS and CsPbBr; QDs. (d-e) Schematic diagram illustrating the
epitaxial growth of heterostructure nanoparticles. To illustrate the epitaxial growth of

heterostructures.
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Figure 3-7. (a) X-ray diffraction (XRD) patterns of all samples, with dashed boxes
highlighting the (200) and (220) crystal planes of PbS and CsPbBr3 QDs, respectively.

Based on the heterostructure growth mechanism in our method, the concentration of
sulfur serves as a critical factor in the evolution of the heterostructure. Therefore, by
adeptly adjusting the Pb/S molar ratio from 1:1 to 1:30, we can meticulously govern
the size and optical spectra of the two QDs contained within the heterostructure. The
variations brought about by different Pb/S ratios were initially identified through XRD,
which revealed a gradual increase in the PbS QDs mass percentage (0%). As shown in
Figure 3-7 a, clear diffraction peaks were observed for CsPbBr; QDs at 21.38°, 30.41°,
37.47°, and 43.56°, corresponding to the (110), (200), (211), and (220) crystal planes
of cubic-phase (PDF#01-075-0412). With the increase in Pb/S ratio, new diffraction
peaks appeared at 25.71°, 29.78°, and 42.61°, corresponding to the (111), (200), and
(220) crystal planes of PbS QDs (PDF#04-004-5639). By analyzing the gradually
broadening diffraction peaks corresponding to the (200) and (220) crystal planes of
CsPbBr3 as the Pb/S ratio increase, we conducted fitting and calculations to determine

the mass fraction of CsPbBr3; and PbS QDs in the all-CQD heterostructures at different
118



Pb/S ratios (Figure 3-8). The results revealed a progressive increase in the mass fraction
of PbS, denoted as w(PbS). The broadening of the diffraction peaks from crystal planes
can be attributed to two main factors: (1) the refinement of CsPbBr; QDs, (2) the

microstrain in the all-CQD CsPbBr3-PbS heterostructures.
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Figure 3-8. Calculated values of ®(PbS) and «(CsPbBr3) for different Pb/S

heterostructure nanoparticles using the adiabatic method.

Furthermore, samples with different Pb/S ratios exhibited distinct Cs 3d, Pb 4f, Br
3d, and S 2p signal peaks in XPS and showed stronger Pb-S bonds with increasing Pb/S.
XPS not only provides clear signals of Cs 3d, Pb 4f, Br 3d, and S 2p (Figure S9-12),
but also distinguishes between the Pb-Br bonds in CsPbBr3 QDs and the Pb-S bonds in
PbS QDs. This distinction arises from the different electronegativities of Br and S*.
The Pb 4f binding energies are observed at 137.83 eV and 143.61 eV for Pb-Br bonds*"
30, while for Pb-S bonds, they appear at 137.42 eV and 142.29 eV>!-32 (Figure 3-9 a-c).
As illustrated in Figure 3-9 d, the peak separation energy of Pb 4f, reveals an overall

decreasing trend with increasing Pb/S ratio. This trend suggests the presence of stronger
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Figure 3-9. (a-c) X-ray photoelectron spectroscopy (XPS) spectra of Pb 4f for different
samples. The binding energy of the orbitals gradually shifts to lower energy from
CsPbBr3; QDs to PbS QDs. (d) Peak separation energy extracted from the XPS spectra

of Pb 4f in different samples.

3.3.2 Optical properties of all colloidal quantum dot CsPbBr3-

PbS heterostructures

Figure 3-10 showcases the spectral characteristics of the heterostructures, where
different Pb/S molar ratios have been introduced. In these spectral measurements, we
standardized the concentration of all samples by maintaining the sulfur concentration
at 0.00106 mol/L. As we increased the sulfur input, the resulting heterostructure
solutions displayed deeper colors and notably blue shift in fluorescence color (Figure
3-10 a-b). The observed phenomena can be directly substantiated by the absorption
spectroscopy (ABS) and photoluminescence (PL) spectroscopy (Figure 3-10 c-d). The
pristine CsPbBr3; QDs displayed a photoluminescence wavelength (PLW) of 495 nm.

As the Pb/S molar ratio increased, we first observed a red-shift at Pb/S 1:1
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heterostructure, followed by a progressive blue-shift in the exciton absorption and

fluorescence peaks originating from CsPbBr; QDs counterpart in the heterostructure.

The peak position of exciton absorption, PLW of these samples are compiled and

illustrated in Figure 3-
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Figure 3-10. (a-b) Photographic images of pure CsPbBr3 QDs and all-CQD CsPbBr3-

PbS prepared with different Pb/S ratio from 1:1 to 1:30 under sunlight (a) and 365 nm

excitation (b). (c-d) The photoluminescence spectra in the visible region for different

samples (c) and corresponding absorption spectra (d). (¢) Photoluminescence peak

positions and full width at half maximum (FWHM) of different samples in the visible
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region. (f) Absorption peak positions of different samples in the visible region.

The observed spectral changes in peak position may potentially result from a
competitive interplay between the red-shift instigated by surface reconstruction during
initial heterostructure formation, and the ensuing blue-shift triggered by surface etching
of the reformed CsPbBr3; QDs (Figure S15-19, and Note S3), and we emphasize that
the realization of this blue shift requires a 10-day period of quiescence without any
external energy input (Figure S19).

To gain a better understanding of the fluorescence shift of all-CQD
heterostructures with different Pb/S molar ratios, we provide a schematic illustration as
depicted in Figure 3-1. It is worth emphasizing that, during the preparation process of
all-CQD heterostructures, CsPbBr3 QDs first treated by (TMS).S and followed by
reconstruction process, which leads to the momentary quenching and subsequent

restoration of fluorescence (as indicated by the red dashed line in Figure 3-11). Similar

processes have been reported in QDs treated with thiols **,

Figure 3-11. Photographs at different time points during the synthesis of all-CQD
CsPbBr3-PbS heterostructures. The images within the red box depict the process of
treating by (TMS),S and reconstruction of CsPbBr3; QDs after the addition of (TMS),S.

Furthermore, in order to confirm the validity of this process, we devised a

confirmatory experiment: lecithin was selected for ligand exchange to stabilize
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CsPbBr3; QDs due to its unique brush-like structure, which allows for a dense and stable
binding with the QDs>. After treatment, the QDs were combined with a sulfur source
at a Pb/S ratio of 1:1. We predicted that due to the presence of lecithin, only a small
fraction of binding sites on the surface of CsPbBr3; would be available for (TMS).S to
bind. Additionally, due to the limited binding sites and the stabilizing effect of lecithin,
the luminescence quenching process would be suppressed, resulting in the absence of
fluorescence quenching. As shown in Figure 3-12, the prediction was confirmed well.
The fluorescence redshift of Pb/S 1:1 heterostructures can be primarily attributed to the
torn CsPbBr; QDs, Pb(DOPA),, and PbBr,-TOPO, which provide Pb** for the
formation of PbS QDs, result in a decrease in the precursor concentration for the
reconstruction of CsPbBr3 QDs. According to classical nucleation and growth theory,

this decrease will lead to larger CsPbBr3; QDs and fluorescence redshift>®.

Figure 3-12. Experimental images depicting the validation of CsPbBr; QDs after the
introduction of (TMS).S following lecithin ligand exchange. Due to the remarkably
high binding density and affinity of lecithin, (TMS).S lacks sufficient binding sites,

resulting in the absence of significant fluorescence quenching.

However, in the case of Pb/S 1:30 heterostructures, it will result in the generation
of smaller CsPbBr3; QDs (as depicted in Figure 3-13). This is attributed to the excessive

sulfur source, which further etching the reconstructed CsPbBr; QDs, leading to the
123



formation of PbS QDs. This situation has been corroborated by TEM images, as shown
in Figure 3-14, which reveal CsPbBr3; QDs with an approximate size of 6 nm. Moreover,
the observed fluorescence blue shift depicted in Figure 3-15 serves as additional
evidence, solidifying this situation. We also emphasize that the realization of this blue

shift requires a 10-day period of quiescence without any external energy input.
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Figure 3-13. Schematic diagram illustrating the formation of the all-CQD CsPbBr3-

PbS heterostructures with Pb/S 1:1 heterostructure and 1:30.
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Figure 3-14. TEM images of Pb/S 1:30 heterostructures. The images illustrate a smaller

size distribution due to the etching effect of (TMS),S.

124



As—synthesized Sunlight As-synthesized 365nm Exc. After 10 days 365nm Exc.

x =

Figure 3-15. Images of the synthesized all-CQD CsPbBr3-PbS heterostructures (Pb/S
1:1 heterostructure, 1:30) at different time points after being transferred to the

refrigerator.

Based on the aforementioned researches, it is reasonable to assert that the same
chemical reaction process occurred in experiments with different Pb/S ratios, but to
varying extents due to differences in reactant concentrations and the fluorescence of
reaction products. In other words, a reversible reaction exists in this system. Based on
the above analysis, taking Pb/S 1:1 heterostructure as an example, we propose the
following reaction process:

Stepl.  Cs(DOPA)+1.5 PbBr,(TOPO)—CsPbBr,+0.5 Pb(DOPA),

Step2. 0.5Pb(DOPA),+0.5 (TMS),S—0.5 PbS

2.5 PbBr, TOPO+2.5 (TMS),S—2.5 PbS+5 TMSBr

Step3. CsPbBr;+(TMS),S=PbS+CsBr+2 TMSBr

Step 2 and Step 3 can be considered as simultaneous processes. As the Pb/S ratio
increases, the reaction in Step 3 will shift in the forward. The recombined CsPbBr3 QDs
are etched by an excess of (TMS),S, ultimately leading to a blueshift in fluorescence.

We also observed that enhancing the quantity of the sulfur source effectively

modulated the fluorescence and absorption characteristics originating from PbS QDs in
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the near-infrared region (NIR) of the heterostructures, as depicted in Figure 3-16 a-b.
This augmentation resulted in a redshift of the absorption peak and fluorescence peak
of PbS QDs within the heterostructures (Figure 3-16 c-d). By utilizing the function
models that relate absorbance spectra to QDs size , we discerned an increase in the size
of PbS QDs from 2.9 nm to 3.4 nm as we adjusted the Pb/S ratio from 1:1 to 1:30
(Figure 3-16 ¢)*’. This size variation further alters the type I alignment of quantum
energy levels in the two types of QDs within the heterostructure, thereby impacting

charge transfer®®.
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Figure 3-16. The photoluminescence spectra in the near-infrared region for different
samples (a) and corresponding absorption spectra (b), (c) Photoluminescence peak

positions of different samples in the near infrared region. (d) Absorption peak positions
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of different samples in the near infrared region. (e) Theoretical size of PbS QDs in

different samples obtained by fitting the absorption spectra data®

As illustrated in Figure 3-17 a-c, the observed gradual decrease in fluorescence
and photoluminescence quantum yield (PLQY) in the visible region and the
corresponding incremental increase in the infrared region substantiate this efficient
interdot carrier transfer within the heterostructures. The same conclusion can be drawn
regarding the gradual increase in PbS' PLQY with the rising Pb/S ratio, observed in
both solution and thin films (Figure 3-17 d-e). However, as depicted in Figure 3-18,
this interdot carrier transfer process is inhibited when the Pb/S ratio is excessively high
(Pb/S 1:40). Therefore, Pb/S 1:30 is considered the optimal ratio for achieving interdot
carrier transfer, with a transfer efficiency reaching 71.56% (Table 3-1).
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Figure 3-17. (a) Photoluminescence quantum yield for different samples. (b)
Photoluminescence intensity trends in the visible and near-infrared region for all
samples under 375 nm excitation. (c) Absorption intensity trends in the visible and near-

infrared region for all samples. (d) Imagines of different Pb/S and PbS QDs films on
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glass (Top: under room light; Bottom: under 365nm UV lamp). (¢) The PLQY of PbS

thin films obtained through TRPL fitting, based on the literature already reported*’.
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Figure 3-18. (a) Images of the original solution and the dilution solution of Pb/S 1:10,
1:30, 1:40, and PbS QDs. (b) NIR PL intensity of all samples. (c) NIR Abs. intensity of
all samples (left); The normalized NIR intensity by using PL/Abs intensity of all
samples (right). As Pb/S ratios increased from 1:1 to 1:30, there was a gradual
enhancement in the fluorescence emission of PbS. However, when the Pb/S ratio
reached 1:40, the fluorescence of PbS displayed a declining trend. This phenomenon
might be attributed to an excessive amount of sulfur (S) source binding with lead (Pb),
leading to a reduction in CsPbBr3; concentration, thereby constraining the process of
charge carrier transfer. Therefore, in this work, we consider a Pb/S ratio of 1:30 to be

the optimal proportion.

Table 3-1. The statistical data for the calculated charge carrier transfer efficiency (Nerans)

in different Pb/S samples.

Concentration |y, PLpps Apps Apero. PLQYpps Trans.

mol/L Counts Counts %
PbS 1:1 0.00106 3011395668 131987 0.022 0.138 0.025 21.88
PbS 1:3 0.00106 3011395668 477937 0.059 0.160 0.052 2492
PbS 1:5 0.00106 3011395668 1756475 0.108 0.140 0.112 3362
PbS 1:10 0.00106 3011395668 3259940 0.092 0.196 0.156 58.48
PbS 1:30 0.00106 3011395668 5502883 0.113 0.180 0.225 71.56
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Here, we dismissed the possibility that the fluorescence augmentation in the
infrared region resulted from absorption changes caused by the increased sulfur source.
This is because, even after the introduction of a substantial amount of sulfur, the change
in absorption in the infrared region was minimal, whereas the enhancement in
fluorescence was indeed significant (Figure 3-17 ¢). Furthermore, ns TA data of samples
at varying Pb/S ratios, when exciting only the PbS counterpart, rules out the possibility

that the enhanced NIR emission is caused by defect variations (Figure 3-19, Table 3-2).

Pb/S 1:1 ——Pb/S1:3
fitting fitting

— Pb/S 1:5 ——Pb/S 1:10
fitting —— fitting

Time (ps)
Figure 3-19. ns TA decay of various Pb/S samples excited at 600 nm. The results rule

out the possibility that the enhanced NIR emission is caused by defect variations

Table 3-2. The photoexcited carrier lifetimes obtained from the ns TA decays in various
Pb/S samples when the samples were excited with 600 nm, where the excitation light

can only be absorbed by PbS in the heterostructure.
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600 nm Exc. t,(us) A,(%) T,(Hs) Ay(%) o0 (%)

PbS 1:1 0.25 0.13 6.27 0.87 6.23
PbS 1:3 0.49 0.12 4.87 0.87 4.80
PbS 1:5 0.25 0.18 4.26 0.82 4.20
PbS 1:10 0.21 0.50 4.06 0.49 3.87
PbS 1:30 0.55 0.80 4.84 0.20 3.47

3.3.3 Carrier transfer of all colloidal quantum dot CsPbBr3-

PbS heterostructures

To delve deeper into the interdot carrier transfer within our heterostructures, we
employed ultrafast transient absorption spectroscopy (TAS) to independently monitor
carrier populations within each component of the heterostructure when exposed to light.
In the TA spectra near the bandgap energy, a reduced absorption (ground state bleach
(GSB)) generally corresponds to the presence of excitons and the center of the reduced
absorption indicates the exciton transition energy'?. As shown in Figure 3-20, we
employed pump wavelengths of 470 nm and 600 nm to selectively excite the
heterostructure, enabling us to study the carrier transfer dynamics. Specifically, the 470
nm pump simultaneously excited the CsPbBr3 QDs and PbS QDs, triggering a carrier
transfer from CsPbBr3 QDs to PbS QDs. In contrast, the 600 nm pump only excited
PbS QDs, enabling the study of their intrinsic carrier dynamics in isolation. Comparing
measurements from both pumps allowed us to more accurately discern charge transfer
within the heterostructure, whilst eliminating interference from property disparities

between the two types of QDs within the heterostructure.

130



carrier transfer %

(a) {

470nm Exc. 3

......

[ S S—

X

Exc. Em.
470nm| Vis. .
T R PR

ORY

600nm Exc. g

no carrier transfer

---------

Figure 3-20. (a) Schematic diagram of band alignment and carrier transfer of all-CQD

CsPbBr3-PbS heterostructures at 470 nm pump (upper plane) and 600 nm pump (bottom

plane).

TAS spectra for Pb/S 1:30 heterostructures, PbS, and CsPbBr3 QDs in the visible

and near-infrared regions are shown in Figure 3-21. We gently remind that the TAS

measurements were performed immediately after the synthesis of the all-CQD

CsPbBr3-PbS heterostructures and PbS, CsPbBr3 QDs.
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Figure 3-21. Transient absorption spectra (TAS) in the NIR region under 470 nm pump
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for PbS QDs (a) and Pb/S 1:30 heterostructures (b), pump light intensity: 6.72 pJ/cm?.

(c-d) Transient absorption spectra (TAS) in the visible region under 470 nm pump for

CsPbBr; QDs (c) and Pb/S 1:30 heterostructures (d), pump light intensity: 6.03 pJ/cm?

It is crucial to emphasize that the absence of a significant blue shift in Pb/S 1:30
heterostructures is due to the immediate execution of the TAS measurements after
sample synthesis, without undergoing a 10-day waiting period, as done in the
fluorescence tests. (e-f) Transient absorption spectra (TAS) in the near infrared region
under 600 nm pump for PbS QDs (e) and Pb/S 1:30 heterostructures (f), pump light

intensity: 12.30 pJ/cm?.

We extracted the TAS curves of these samples at 1ps, as illustrated in Figure 3-22.
The GSB observed in different samples accompanied by certain peak shifts, primarily
attributed to the quantum dot size effect, consistent with the conclusions drawn from
the steady-state spectroscopy earlier. As depicted in Figure 3-23 (470nm Exc. probe at
visible), compared to CsPbBr; QDs (fuego solid line), the extracted carrier kinetic
traces from the TAS clearly reveal a rapid decay segment for the heterostructure (Pb/S
ratio is 1:30, indigo solid line). By fitting the decay curve with exponential function,
we obtain the fast time component 11 of 0.52 ps for Pb/S 1:30 heterostructures, whereas
the corresponding t1 for CsPbBr3 QDs is 8.08 ps. We attribute the remarkably rapid
decay period in the heterostructure (Pb/S 1:30 heterostructures) to the existence of a
carrier transfer from CsPbBr3 to PbS. The other two slow decay periods could be
possibly caused by the intrinsic carrier recombination (Figure 3-23 a, Table 3-3 for

detailed results).
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Figure 3-22. (a) TAS spectra of Pb/S 1:30 heterostructures (indigo solid line) and PbS
QDs (fuego solid line) at 1 ps, pump light: 470 nm, pump light intensity: 6.72 pJ/cm?.
Both exhibit distinct ground-state bleach signals (GSB), the slight shift in peak position
is attributed to the quantum size effect. (b) TAS spectra of Pb/S 1:30 heterostructures
(indigo solid line) and CsPbBr; QDs (fuego solid line) at 1 ps, pump light: 470 nm,
pump light intensity: 6.03 uJ/cm?. They All exhibit distinct ground-state bleach signals
(GSB). The slight shift in peak position is attributed to the quantum size effect. (¢c) TAS
spectra of Pb/S 1:30 heterostructures (indigo solid line) and PbS QDs (fuego solid line)

at 1 ps, pump light: 600 nm, pump light intensity: 12.30 pJ/cm?.
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Figure 3-23. (a) Decay kinetic curves extracted for CsPbBrs QDs (fuego solid line),
pump light: 470 nm, probe light: 508 nm, pump light intensity: 6.03 pJ/cm?; Pb/S 1:30
heterostructures (indigo solid line), pump light: 470 nm, probe light: 503 nm, pump
light intensity: 6.03 pJ/cm?. (b) Kinetics curves extracted for CsPbBr3 QDs (fuego solid

line), pump light: 470 nm, probe light: 508 nm, pump light intensity: 6.03 pJ/cm?; Pb/S
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1:30 heterostructures (indigo solid line) pump light: 470 nm, probe light: 503 nm, pump
light intensity: 6.03 pJ/cm?.

Table 3-3. The data obtained through three-exponential function fitting under 470nm

pump, visible probe

Vis.
(470 nm Exc.) Ai(%) T(ps) Ao(%) To(ps)
CsPbBr, 9.27 8.08 90.73 Inf.(>1ns)
Pb/S 1:30 47 46 0.52 52.55 Inf.(>1ns)

Furthermore, more compelling evidence comes from the comparison of the rising
kinetic traces of Pb/S 1:30 heterostructures and PbS QDs (470nm Exc. probe at NIR).
As depicted in Figure 3-24 a (upper plane), comparing with the approximately 0.30 ps
rise time of PbS QDs (fuego solid line), Pb/S 1:30 heterostructures exhibit a slower rise
time of about 0.55ps (indigo solid line), which unequivocally demonstrates the carrier
injection from CsPbBr3 to PbS QDs. Combining with Figure 3e, we can deduce that the
interdot carrier transfer has already occurred within 1 ps. This expedient transfer will
significantly enhance the carrier population on PbS QDs, consequently elevating the
luminescence intensity. Furthermore, the extremely fast transfer time can be attributed
to two reasons: (1) the excellent alignment of energy levels between CsPbBr3 and PbS
QDs%; (2) the tight coupling of the two components in our in-situ synthesis of
heterostructures. It should be noted that, the decay kinetic traces probed at NIR also

revealed the slower decay time component (11 = 0.95 ps) for Pb/S 1:30 heterostructures
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compared to PbS QDs (Figure 3-24 b, Table 3-4), which indicates the continuous carrier
injection from CsPbBr; QDs to PbS QDs in the heterostructures. The identical rising
kinetics for heterostructures (Pb/S ratio is 1:30) and PbS QDs, as shown in Figure 3-24
a (bottom plane, 600nm Exc. probe at NIR), excludes any interference arising from the

differences in PbS QDs.
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Figure 3-24. (a) Rising kinetic curves extracted for PbS QDs (fuego solid line), pump
light: 470 nm, probe light: 1056 nm, pump light intensity: 6.03 pJ/cm? Pb/S 1:30
heterostructures (indigo solid line) pump light: 470 nm, probe light: 940 nm, pump light
intensity: 6.03 pJ/cm? (upper plane), where Pb/S 1:30 heterostructures display a slower
rising process. Rising kinetic curves extracted for PbS QDs (fuego solid line), pump
light: 600 nm, probe light: 940 nm, pump light intensity: 12.30 pJ/cm?; Pb/S 1:30
heterostructures (indigo solid line), pump light: 600 nm, probe light: 1050 nm, pump
light intensity: 12.30 uJ/cm? (bottom plane). (b) Kinetics curves extracted for PbS QDs
(fuego solid line), pump light: 470 nm, probe light: 1056 nm, pump light intensity: 6.03
nJ/em?, Pb/S 1:30 heterostructures (indigo solid line) pump light: 470 nm, probe light:

940 nm, pump light intensity: 6.03 pJ/cm?.

Table 3-4. The data obtained through three-exponential function fitting under 470nm

pump, NIR probe
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NIR
(470 mm Exc.) A1(%) Ti(ps) Ao(%) T(ps)
PbS 54 .96 0.32 45.03 Inf.(>1ns)
Pb/S 1:30 41.82 0.95 58.18 Inf.(>1ns)

As additional evidence, we emphasize that the TRPL spectra also illustrate the efficient
carrier transfer from CsPbBr3 to PbS QDs (Figure 3-25). 2D contour plots of time-
resolved fluorescence spectra illustrate the absence of additional defects introduced
during the formation of the heterostructures, as evidenced by their remarkable energy
uniformity (Figure 3-25 a-f). We conducted fluorescence lifetime measurements on
pure PbS, CsPbBr; QDs, and the all-CQD heterostructures in both the NIR and vis.
regions. By employing dual-component exponential decay fitting, we obtained average
lifetimes that indicate a gradual increase in NIR region and a decrease in vis region with
an increasing Pb/S ratio (Figure 3-25 g-1). The observed variations in fluorescence
lifetimes are attributed to the effective carriers transfer between CsPbBr3; and PbS QDs.
The conclusions drawn from the extracted fluorescence lifetimes in the 2D contour plot
support the same findings. The slight redshift observed in almost all samples can be
attributed to unavoidable testing errors caused by instrument noise resulting from the

lower excitation photon energy (Figure 3-25 j).
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Figure 3-25. (a-f) 2D contour plots of time-resolved photoluminescence spectra under
375 nm excitation for different samples, demonstrating excellent energy homogeneity.
(g) Fluorescence lifetimes in the near-infrared region under 375 nm excitation. (h)
Fluorescence lifetimes in the visible region under 375 nm excitation. (i) Average
lifetime obtained from the biexponential fit. (j) Fluorescence lifetimes in the visible
region for all samples at different photon energies, extracted from the two-dimensional

contour plots of time-resolved photoluminescence spectra.

The successful construction of all-CQD heterostructures and their efficient carrier
transfer have enhanced the optical response of PbS QDs in the ultraviolet-visible (UV-
Vis) range and the fluorescence in the NIR region, opening up possibilities for their
application in high-performance short-wavelength infrared (SWIR) imaging. The
SWIR technology based on chalcogenide QDs has been already reported®® *1¥3.In
general, this technology primarily relies on expensive infrared lasers as light sources**.
Here, we made the first attempt to explore SWIR imaging using low-cost processing all
colloidal quantum dot CsPbBr3-PbS heterostructures with ultra-violet light source. In

order to explore this potential application, we first examined the structural stability of
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our heterostructures. As shown in Figure 3-26, under continuous irradiation from AM
1.5G solar light for 180 hours, the absorption in the visible region for the Pb/S 1:30
heterostructures exhibited almost no decrease. The Pb/S 1:1 heterostructure showed an
initial reduction of 9%, while CsPbBr3 QDs exhibited an initial reduction of 16%. In
the NIR region, the absorption of the Pb/S 1:30 heterostructures still almost no decrease.
In addition, the fluorescence measurements demonstrated the same trend as the abs.
spectrum. (Figure 3-27). These results highlight the remarkable structural stability of
the all-CQD CsPbBr3-PbS heterostructures, greatly enhancing its prospects for
application. The stability of the heterostructure improves with the increasing PbS
component, possibly from the thermodynamically favorable microscopic structure at

lower Pb/S ratios® 4
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Figure 3-26. Structural stability testing represented by absorption spectra. (a) CsPbBr3
(b) Pb/S 1:1 heterostructure (c) Pb/S 1:30 heterostructure. The inset shows magnified

absorption in the visible and NIR regions. (d) Comparison of absorbance in the visible
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region extracted from (a), (b), and (c). (e) Comparison of absorbance in the visible
region extracted from (b) and (c). Both in the visible and near-infrared regions, the
absorbance of heterostructure nanoparticles demonstrates excellent stability,

highlighting the structural stability of these nanoparticles.
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Figure 3-27. Structural stability represented by fluorescence spectra. (a-c) Changes in
fluorescence intensity in the visible region: (a) CsPbBr3 (b) Pb/S 1:1 heterostructure (c)
Pb/S 1:30 heterostructures (d-e) Changes in fluorescence intensity in the infrared region:
(d) Pb/S 1:1 heterostructure () Pb/S 1:30 heterostructures. We gently emphasize that
the lack of a significant blue shift in the visible fluorescence of Pb/S 1:30
heterostructures over time can be attributed to the possible occurrence of quantum dot
fusion and growth induced by the high-energy input from standard solar light. This
fusion and growth process might counterbalance the etching effect caused by the

excessive supply of sulfur sources.

139



3.3.4 SWIR imaging of colloidal quantum dot CsPbBr3-PbS

heterostructures

As shown in Figure 3-28, a simple SWIR imaging system was constructed. In order to
evaluate the SWIR imaging performance, the “Panda” pattern was created by mixing
the CsPbBr3 QDs with polymethyl methacrylate (PMMA) (Figure 3-28 a) and "UEC"
patterns were created by mixing all-CQD CsPbBr3-PbS heterostructures (Figure 3-28
c), PbS QDs (Figure 3-28 ¢) with PMMA, respectively. In the visible imaging mode,
the "Panda" pattern exhibited a bright visible fluorescence under 365 nm excitation
(Figure 3-28 b). On the other hand, the "UEC" pattern made of all-CQD CsPbBr3-PbS
heterostructures only displayed weak fluorescence pattern due to efficient charge carrier
transfer (Figure 3-28 d). Conversely, the "UEC" pattern made of PbS QDs showed no
fluorescence (Figure 3-28 f). However, in the NIR imaging mode (probe range 800-
1400 nm), with an excitation power density of approximately 18 mW/cm?, the all-CQD
heterostructures exhibited an NIR imaging pattern of "UEC" with rich details, high
clarity, and excellent resolutions (resolution limit is ~ 3.44 pm) as shown in Figure 3-
28 1, which demonstrates the enormous potential of all-CQD heterostructures in the
field of SWIR imaging. In contrast, pure PbS QDs only showed a blurry pattern outline
(Figure 3-28 j), while pure CsPbBr; QDs displayed a blank background-like pattern
(Figure 3-28 g, h). As demonstrated by our engineered SWIR system, our all-CQD
CsPbBr3-PbS heterostructures exhibiting superior imaging capabilities due to the

efficient carrier transfer. This advancement is poised to catalyze the development of
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SWIR devices and other electronic equipment based on all-CQD CsPbBr3-PbS

heterostructure.

Pb/S 1:30

PbS

Figure 3-28. The fabricated SWIR imaging system. (a) Visible image of the "Panda"
pattern made of CsPbBr; QDs under sunlight. (b) Visible imaging mode of the "Panda"
pattern made of CsPbBr3 QDs under 365 nm excitation. (c) Visible image of the "UEC"
pattern made of Pb/S 1:30 heterostructures under sunlight. (d) Visible imaging mode of
the "UEC" pattern made of Pb/S 1:30 heterostructures heterostructures under 365 nm
excitation. (e) Visible image of the "UEC" pattern made of PbS QDs under sunlight. (f)
Visible imaging mode of the "UEC" pattern made of PbS QDs under 365 nm excitation.
(g) NIR imaging mode of the "Panda" pattern made of CsPbBr3 QDs under 365 nm
excitation. The image shows no discernible features, appearing similar to a blank

background. (h) NIR imaging mode of the blank background. (i) NIR imaging mode of
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the "UEC" pattern made of Pb/S 1:30 heterostructures under 365 nm excitation. (j) NIR

imaging mode of the "UEC" pattern made of PbS QDs under 365 nm excitation.

3.4 Summary

In summary, we have developed an uncomplicated and reproducible room-
temperature in-situ synthesis approach for controllable and low-cost processing all-
colloidal CQD CsPbBr3-PbS nanocrystal heterostructures, deriving from thoughtful
considerations of the conditions for in-situ heterostructure synthesis. The size and
spectral characteristics of the dual QD components incorporated in our heterostructure
are observed to be highly tunable, modulated by varying the Pb/S ratio. Employing
ultrafast transient absorption spectroscopy (TAS), we unveiled the carrier transfer
dynamics within our heterostructures, demonstrating a swift carrier injection initiation
time (<1ps) from CsPbBr3 to PbS QDs. Furthermore, we made the first attempt to utilize
all-CQD CsPbBr3-PbS heterostructures in short-wave infrared (SWIR) imaging; which
displayed an outstanding imaging quality and resolution surpassing those of pure PbS
QDs under an excitation of 365 nm with a power density of 18 mW/cm?. The insights
garnered from our study offer a valuable, repeatable methodology for the synthesis of

all-CQD heterostructures, opening up avenues for advancements in applications.
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Chapter 4 In-situ epitaxial growth of 2D-
3D perovskite nanocrystal horizontally

heterojunctions

4.1 Introduction

Colloidal metal halide perovskite nanocrystals (PNCs) have emerged as promising
optoelectronic materials in fields such as solar cells, light-emitting diodes, detectors,
photocatalysis, and optical imaging'°, owing to their inherent high absorption
coefficients, high defect tolerance, high color purity, high photoluminescence quantum
efficiency, and excellent charge carrier transport properties”°. These intrinsic properties,
dependent on the composition, dimensions, size, and surface chemistry of PNCs, can
be further modulated through the formation of heterostructures. By adjusting different
combinations of heterostructure types, carrier recombination or separation can be
facilitated, allowing precise applications in various subfields. As a result,
heterostructures serve as a platform, offering superior properties compared to single
nanocrystals (NCs) and enhancing the performance of optoelectronic devices across
various domains.

In recent years, heterostructures formed by three-dimensional (3D) and two-
dimensional (2D) perovskite have garnered significant attention due to their enhanced
10_13.

carrier separation characteristics and stabilized defects at the passivated interface

Researchers have made notable progress in the construction and application of 2D-3D
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perovskite heterostructures. In 2016, Hu et al. achieved a significant milestone by
coating a mixture of methylammonium iodide (MAI), n-butylammonium iodide (BAI),
and phenethylammonium iodide (PEAI) on a 3D perovskite (MAPbI3) film, forming a
2D-3D perovskite heterostructure. This led to an increase in the photovoltaic
conversion efficiency (PCE) from 13.61% (control group) to 14.94%, marking a crucial
advancement™. Through continuous optimization, solar cells based on 2D-3D
perovskite film heterostructures have achieved an impressive PCE of 24.7%".
Simultaneously, efficient photodetectors based on 2D-3D perovskite film
heterostructures have been developed”. However, solution-processed 2D-3D
perovskite polycrystalline film heterostructures exhibit poor compositional and
structural uniformity, making it challenging to understand the formation mechanisms
and control the interfaces. Addressing these challenges, in 2022, Zhu et al.
demonstrated the possibility of in-depth research in this field by directly mixing
CsPbBr3 and PEA;PbBrs nanocrystals to prepare 2D-3D perovskite nanocrystal
heterostructures'’. Nevertheless, using hydrogen bonding as the bonding method
between heterostructures typically results in poor stability and conductivity, posing
challenges for industrial applications. Additionally, from a synthetic chemistry and
optical physics perspective, developing a low-cost, reproducible method with chemical
bonding as the bonding method between heterostructure surfaces, displaying rapid
carrier transfer, remains a significant challenge to unleash its potential in applications.

Here, we present, for the first time, the thermodynamically controlled, solution-
processed, room-temperature, in situ epitaxial growth of 2D-3D PMA>PbBrs-CsPbBr3
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nanocrystal horizontally heterojunctions. The synthesis of the heterojunctions involves
rapidly injecting a precursor solution of CsBr, PbBr2, PMA (phenylmethylamine), and
BA (benzoic acid) dissolved in a good solvent into a poor solvent. During the growth
process, CsPbBr3 nanocrystals induce the binding of free PMA ™ and lead bromide ions
in the solution, triggering the thermodynamically stable in situ growth of PMA>PbBr4
on the surface of CsPbBrs. The result is a direct connection of [PbBr4]® octahedra of
the two components, avoiding the insulating barrier of the organic cation. The
successful synthesis of 2D-3D PMA-PbBrs-CsPbBrs nanocrystal horizontally
heterojunctions were confirmed through analytical methods such as scanning
transmission electron microscopy (STEM), X-ray diffraction (XRD), grazing-incidence
wide-angle X-ray scattering (GI-WAXs), and X-ray photoelectron spectroscopy (XPS).
Density functional theory (DFT) calculations theoretically support the conclusion that
the formation of the heterojunction is governed by thermodynamics. Temperature-
dependent fluorescence spectra reveal strong chemical bonding at the interface,
introducing significant lattice distortion in PMA;PbBrs. Furthermore, through time-
resolved photoluminescence spectra (TRPL) and transient absorption spectra (TAS),
we demonstrate ultrafast carrier transfer in the heterostructure. Our work provides an
innovative pathway for constructing lateral heterojunctions of 2D-3D nanocrystals
directly connected by [PbBr4]® octahedra. As an excellent platform for studying their
synthetic chemistry and optical properties, our research paves the way for their future

applications.
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4.2 Experimental methods

Chemicals: Cesium bromide (CsBr, 99%), Lead bromide (PbBr2, 99.99%),
hexane (=99%), Benzylamine (PMA), Benzoic acid (BA), N, N-dimethylformamide
(DMF), Dimethyl sulfoxide (DMSO) and bromobenzene were purchased from Sigma
Aldrich. Toluene, hexane, chlorobenzene (99%), and ethyl acetate were purchased from
Wako. All chemicals were used as received without further purification.

Synthesis of PMA2PbBrs-CsPbBr3 nanocrystal horizontally heterojunctions:
The synthesis of PMA,PbBrs-CsPbBr3; nanocrystal horizontally heterostructures entails
the dissolution of 0.4 mmol CsBr, 2 mmol PbBr>, 1 mmol PMA, and 7.4 mmol BA in
a 1:1 volume ratio mixture of 4 ml DMF and DMSO. Subsequently, 200 ul of this
solution is rapidly injected into 10 ml of bromobenzene, under continuous stirring at
room temperature. The solution undergoes an immediate transformation into a yellow-
green hue. After 1 minute, stirring is halted, yielding the crude solution of PMA>PbBrs-

CsPbBr3 nanocrystal lateral heterostructures. The comprehensive procedure is

DMF
DMSO
CsBr

delineated in Figure 4-1:
PbBI,
PMA

Precursors J e

]
500ml 500ml
/

Add Precursors

PMA,PbBr,-CsPbBr;NCs

Toluene (anti-solvent) Crude solution

Figure 4-1. Schematic of PMA>PbBrs-CsPbBr; nanocrystal horizontally
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heterojunctions

Purification of  PMA:PbBrs+-CsPbBr3 nanocrystal horizontally
heterojunctions: The crude solution of PMA>PbBrs-CsPbBr; nanocrystal lateral
heterostructures is subjected to purification by adding ethyl acetate in a 1:3 volume
ratio. The mixture is vigorously oscillated and then centrifuged at 8000 rpm for 5
minutes and 30 seconds. The resulting precipitate is redispersed in 2 ml of
chlorobenzene, followed by uniform oscillation and centrifugation at 6000 rpm for 5
minutes and 30 seconds. The supernatant is collected and centrifuged at 4000 rpm for
an additional 5 minutes and 30 seconds. Ultimately, the obtained precipitate is
redispersed in 2 ml of chlorobenzene for further testing and analysis.

Preparation of PMA:2PbBrsCsPbBr3 nanocrystal horizontally
heterojunctions Thin Films: The thin films of PMA2PbBrs-CsPbBr; nanocrystal
lateral heterostructures are fabricated using a modified centrifugal deposition method.
In summary, the purified nanocrystal lateral heterostructure solution is diluted to 10 ml
in a 50 ml centrifuge tube with chlorobenzene and then deposited onto a UV-ozone-
treated quartz glass or FTO substrate measuring 1.2*1.2 cm. Subsequently,
centrifugation is performed at 8000 rpm for 30 minutes, yielding the final nanocrystal

lateral heterostructure thin films. The detailed procedure is illustrated in Figure 4-2:
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Figure 4-2. Schematic of PMA:PbBrs-CsPbBrs nanocrystal horizontally
heterojunctions Thin Films

Preparation of Ligand-Exchanged CsPbBr3 Nanocrystal Thin Films: The
fabrication of ligand-exchanged nanocrystal thin films is achieved through a modified
spin-coating method. In essence, 45 pl of the purified quantum dot solution is drop-cast
onto a UV-ozone-treated quartz glass or FTO substrate. The rotation is initiated at 2000
rpm for 20 seconds, followed by the addition of 100 pl of methyl acetate solution. After
a brief pause at 0 rpm for 5 seconds, the rotation is resumed at 2000 rpm for an

additional 30 seconds. The detailed procedure is outlined in Figure 4-3:

X
,&’ %)
= 2

Figure 4-3. Schematic of Ligand-Exchanged CsPbBr; Nanocrystal Thin Films

DFT Calculation: The density functional theory (DFT) calculations have been
performed using the Vienna Ab [Initio Simulation Package (VASP). The projected
augmented wave (PAW) method within a plane-wave basis set with a cut-off energy of
500 eV has been adopted for all static DFT calculations. We use the generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof functional (PBE) form to
approximate the exchange and correlation interactions. We constructed a heterojunction

by building a supercell on the surface of CsPbBr3 (111) surface and PMA>PbBr4 (005)
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surface .and relax all the interatomic forces to less than 0.03 eV A™! during internal
structural optimization. We further use the DFT-D3 method as described by Grimme
and a 1 x 2 x 1 [-centered Monkhorst—Pack mesh for all the 2D-perovskites. We

employed VASPKIT to assist in processing the data obtained from VASP.

4.3 Results and discussions

4.3.1 synthesis 2D-3D perovskite nanocrystal horizontally

heterojunctions

In pursuit of realizing the horizontally heterostructure of 2D-3D perovskite
nanocrystals (2D-3D PNC), it is imperative to ensure the nucleation of 3D perovskite
while concurrently inducing the nucleation of 2D perovskite. The crux lies in achieving
heterogeneous nucleation of 2D perovskite rather than homogeneous nucleation.
Additionally, to ensure the stability of the heterostructure, a thermodynamically
controlled reaction pathway is essential to obtain stable nanocrystal heterostructures.
As illustrated in Figure 4-4 a, we opt for an improved room-temperature
recrystallization method for the synthesis of CsPbBr; nanocrystals. The reaction
conducted at room temperature ensures that the entire reaction system remains in a
thermodynamically stable state throughout the process®. Crucially, we refrain from
introducing traditional long-chain capping ligands to terminate the reaction. This
decision preserves the highly reactive and accessible nature of the CsPbBr3 nanocrystal

surface. Building upon this foundation, we explore control experiments by omitting the
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Cs source, as depicted in Figure 4-4 (b-d). The absence of a recrystallization process
post addition of the precursor solution and the lack of absorption peaks corresponding
to PMA-PbBr4 in the absorption spectra further affirm that PMA;PbBrs undergoes
heterogeneous nucleation solely with CsPbBr3 as the seed. The PMA>PbBr4 induced by
CsPbBr3 nanocrystals forms heterostructures in situ on the CsPbBr3 surface, driven by
crystal face matching, effectively terminating the reaction. Ultimately, the two
components of 2D-3D PMA,PbBr4-CsPbBr; PNC combine through direct coordination

of [PbBr4]® octahedra, extending in space.
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Figure 4-4. (a) Synthesis Schematic of 2D-3D PMA,PbBrs-CsPbBr; PNC. In the
absence of Cs precursor, control experiments were conducted. Before and after the
addition of the PMA BA-PbBr; precursor solution, there is no observable change in the
solution. The absorption spectra also lack discernible signals, indicating that under the

same conditions, the standalone synthesis of 2D PMA,>PbB14 is not feasible.
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In Figure 4-5, the formation of the heterostructure is confirmed through STEM
imaging. Due to the absence of long-chain ligands with substantial spatial hindrance,
the lateral heterostructures of 2D-3D PNC are nearly fused together (Figures 4-5a, b).
Further magnification in the high-resolution STEM reveals distinct color contrast, with
black dots dispersed in PMA2PbBrs indicating in situ formation of CsPbBr3
nanocrystals on PMA>PbBr4 nanocrystals (white box in Figure 4-5¢). High-resolution
scanning transmission electron microscopy (HR-STEM) images clearly depict the
lateral heterostructure of 2D-3D PNC. The interplanar distances of 0.297 A and 0.468
A correspond to the (002) and (007) crystal planes of CsPbBr; and PMA,PbBr4
nanocrystals, respectively (Figure 4-5d). Fourier transform analysis (FFT) of HRTEM
images of 2D-3D PNC horizontally heterostructures reveals that CsPbBrs; and
PMA,PbBr;4 project along the crystallographic (010) and (110) zone axes, respectively
(Figure 4-5e, h). The corresponding crystallographic indices in reciprocal space are
illustrated in Figure 4-5(f,1) distinguishing the contributions of CsPbBr; and
PMA,PbBr4 nanocrystals. This is consistent with simulated results presented in Figure
4-5(g, j), demonstrating a perfect match between the reciprocal space indices of
CsPbBr3; and PMA,PbBr4 nanocrystals obtained experimentally and through simulation.
Thus, the successful synthesis of 2D-3D PMA,PbBr4-CsPbBr3 PNC is affirmed.

The formation of heterostructures indicates a preference for the in-situ
heteroepitaxial growth of PMA;PbBr4 on the surface of CsPbBr3 nanocrystals, without
promoting the independent growth of PMA>PbBr4. In addition to the synthesis method,
the successful synthesis of 2D-3D PNC lateral heterostructures benefits from minimal
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lattice strain caused by crystal face mismatches as low as 0.94% and 1.35% for the
(110), (008), (111), and (0010) crystal planes of CsPbBr; and PMA>PbBr4 nanocrystals,
respectively. In contrast, the crystal face mismatches for (100) and (006) reach up to
5.61%, surpassing the maximum strain for in-situ heteroepitaxial growth (~ 5%)". In
the lateral heterostructure of 2D-3D PNC, CsPbBr3; components exhibit slight low-
angle misalignment on the (110) and (111) crystal planes, while PMA:PbBr4
components display mild high-angle misalignment (Figure 4-5¢). This suggests lattice
expansion (tensile strain) for CsPbBr3 nanocrystals and lattice contraction (compressive
strain) for PMAoPbBrs nanocrystals. This reciprocal adjustment indicates their
successful construction of heterostructures in the heterogeneous environment.
Furthermore, it is emphasized that the synthesized CsPbBrs; nanocrystals adopt a
monoclinic phase instead of the typical cubic phase, evident from the distinct 30.6°
diffraction peak splitting®. Moreover, characteristic diffraction peaks for metallic lead
and PbBr2 salts are not observed at 18.4° and 31.3°”*. This further confirms that
heteroepitaxial anchoring occurs exclusively between pure CsPbBr; and PMA,PbBr4
nanocrystals, excluding metallic lead and PbBr2 salts from the process (depicted by the

blue dashed lines in Figure 4-5¢).
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Figure 4-5. (a-d) STEM Images of 2D-3D PMA,PbBrs-CsPbBr; PNC. (e, h) Models
of the (010) and (110) zone axis projections of 3D CsPbBr3; and 2D PMA>PbB14. (1, 1)
FFT of HRTEM images showing the (010) and (110) zone axis projections of 3D
CsPbBr3 and 2D PMAPbBr4. (g, j) FFT Simulations of the (010) and (110) Zone Axis

Projections for 3D CsPbBr3; and 2D PMA,PbBra.
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To delve further into the structural intricacies of the 2D-3D PMA;PbBr4-CsPbBr3
PNC horizontally heterojunctions, we have procured grazing incidence X-ray
diffraction (GIXD) patterns for both the lateral heterojunction and its corresponding
pure components (Figure 4-6a). The GIXD of pure 3D CsPbBr3 nanocrystals manifests
diffraction peaks indicative of the corresponding monoclinic phase. The broadening of
these peaks implies a diminished size of CsPbBr3 nanocrystals, approximately ~7.6 nm.
This observation suggests that the epitaxial growth of PMA>PbBrs terminates the
growth of CsPbBr; nanocrystals. In contrast, the two-dimensional perovskite
component exhibits narrower diffraction peaks due to its larger size, approximately
~25.8 nm. These peaks correspond to the (002) and (004) crystal planes of pure 2D
PMA,PbBr4, denoted by the red dashed lines in Figure 4-6a. Additionally, the blue
dashed line is attributed to the diffraction peaks of quasi-2D perovskite (n=2)

structures®

. Notably, these signals are absent in the 2D-3D PNC lateral heterojunction,
and the GIXD of the heterojunction distinctly exhibits an overlay of CsPbBr; and
PMA,PbBr4 nanocrystal diffraction peaks, confirming the successful synthesis of the
22D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunctions. To ascertain the
orientation of the 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunctions, we
conducted grazing incidence wide-angle X-ray scattering (GI-WAXs). In Figure 4-6b,
the CsPbBr; nanocrystal film displays Debye-Scherrer rings at specific q values,
indicating a random orientation of crystalline grains within the CsPbBr3; nanocrystal

film. In contrast, the 2D-3D PMA>PbBrs-CsPbBr; PNC horizontally heterojunctions

film, depicted in Figure 4-6¢, not only exhibits diffraction rings corresponding to
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CsPbBr3; nanocrystals but also reveals sharp and discrete Bragg spots along the q,
direction for PMA>PbBr4. This observation signifies a highly oriented alignment of
crystal particles within the film. Analyzing the observed Bragg peaks, we confirm that
PMA:PbBr; is aligned along the (002) crystal plane, indicating a parallel alignment
with the substrate™. In this context, we conclude that disordered CsPbBr3 nanocrystals
are directly connected and randomly distributed within the PMA;PbBrs, aligned
parallel to the substrate. Furthermore, despite the additional presence of quasi-2D
perovskite components, the two-dimensional perovskite film maintains its orientation

parallel to the substrate, akin to pure 2D PMA2PbBrs3.
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Figure 4-6. (a) GIXD patterns of CsPbBr3;, PMA,PbBrs4, and 2D-3D PMA,PbBry4-

CsPbBr3 PNC horizontally heterojunctions. (b) GI-WAXs pattern of CsPbBrs3. (¢) GI-
WAXSs image of 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunctions. (d)
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GI-WAXSs pattern of PMA>PbBry.

4.3.2 Optoelectronic property of 2D-3D perovskite

nanocrystal horizontally heterojunctions

Figure 4-7 illustrates the spectral characteristics of the heterojunction. In Figure 4-
7a, the 2D-3D PMA>PbBrs-CsPbBr; PNC horizontally heterojunctions exhibit distinct
excitonic absorption peaks at 400 and 494 nm, corresponding to the absorptions of
CsPbBr; and PMALPbBrs components, respectively. Comparative to the absorption
peak positions, the photoluminescence wavelengths (PLW) are observed at 518 and 410
nm, showing a consistent Stokes shift trend. In comparison to the fluorescence of pure
CsPbBr3, the fluorescence color of the 2D-3D PMA;PbBr4-CsPbBr3 PNC horizontally
heterojunctions exhibit no apparent change, while the fluorescence intensity diminishes
(as depicted in the inset of Figure 4-7a). The nearly constant fluorescence color is
attributed to Foster energy transfer from PMA>PbBrs to CsPbBr; within the 2D-3D
PMA,PbBrs-CsPbBr; PNC horizontally heterojunctions, resulting in purple

fluorescence at 410 nm as the donor (Figure 4-7b) and CsPbBr; acting as the acceptor'.
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Figure 4-7. (a) PL and Abs. spectra of 2D-3D PMA,PbBr4-CsPbBr; PNC horizontally

heterojunctions thin film. (b) PL and Abs. spectra of pure 2D PMA;PbBry4.

The decline in the fluorescence intensity of the 2D-3D PMA;PbBr4-CsPbBr3 PNC
horizontally heterojunctions is further illustrated in Figure 4-8a. In comparison to
CsPbBr3 nanocrystal films with traditional oleic acid and oleylamine as capping ligands,
which exhibit an average photoluminescence quantum yield (PLQY) of 45.6%, the
PLQY decreases to 7.1% when using oleic acid and benzylamine as ligands. Films
obtained through solid-state ligand exchange exhibit a further reduction in PLQY to
2.1%, and the PLQY of 2D-3D PMA,PbBr4-CsPbBr3 PNC horizontally heterojunction
is 1.0%. Focusing on the latter two types of nanocrystal films, the notably low PLQY
is attributed to two potential reasons: (1) the presence of a significant number of defect
states in the nanocrystal or heterojunction film; (2) the rapid and efficient transfer of
charge carriers in the nanocrystal film. To delve into the defect density within the two
nanocrystal films, we further explore the light-intensity-dependent PL spectra, as
depicted in Figure 4-8b. At extremely low light intensities, both the solid-state ligand
exchange film and the 2D-3D PMA,PbBr4-CsPbBr3 PNC horizontally heterojunction
film undergo rapid defect filling processes. However, the fitting results ultimately
reveal that the latter exhibits a smaller defect density (4.74*10'cm™) compared to the
former (5.36*10'7cm™). Additionally, due to the lower defect density in the 2D-3D
PMA;PbBrs-CsPbBr; PNC horizontally heterojunction film, its time-resolved
photoluminescence (TRPL) spectrum also demonstrates a fluorescence lifetime of up
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to 82.5 ns, contrasting with the 19.5 ns observed in the solid-state ligand exchange film.
However, this extended lifetime contradicts the 2D-3D PNC lateral heterojunction
film's PLQY of ~1.0%. Therefore, we posit that the lower PLQY in the 2D-3D
PMA:PbBrs-CsPbBr; PNC horizontally heterojunction film is attributed to a more rapid

and efficient charge carrier transfer.
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Figure 4-8. (a) PLQY of OAc OAm ligands, OAc PMA ligands, OAc OAm ligand
exchange, and 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunction thin films.
(b) Light-intensity-dependent PL spectra for OAc OAm ligand exchange and 2D-3D
PMA,PbBrs-CsPbBr3 perovskite nanocrystal horizontally heterojunction thin films. (¢)

Time-resolved photoluminescence (TRPL) spectra of OAc OAm ligand exchange and

2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunction thin films.

The charge carrier transfer between these heterojunctions has been further
confirmed through ultraviolet photoelectron spectroscopy (UPS) and ultraviolet-visible
absorption spectroscopy (UV-Vis). As depicted in Figure 4-9, the work functions (¢) of
CsPbBr3 and PMA>PbBr4 are confirmed to be 4.56 and 4.85 eV, respectively (Figure 4-

9 a,d). Their valence band maximums (VBMs) are determined to be 1.4 and 0.45 eV,
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respectively (Figure 4-9 b,e). Through absorption spectroscopy, we ascertain that the
band gaps of CsPbBr3 and PMA;PbBr;4 are 2.37 and 3.06 eV, respectively. Combining
these data, we conclusively determine the band alignment of the 2D-3D PMA,PbBr4-
CsPbBr; PNC horizontally heterojunction, as illustrated in Figure 4-9j. The n-type
CsPbBr; and p-type PMA;PbBry form a type II heterojunction, a configuration
previously proven to efficiently facilitate charge carrier transfer. This affirmation aligns

with our experimental results presented earlier”.
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Figure 4-9. (a,b) Zoom-in UPS spectra of CsPbBr3. (¢) Tauc plot for CsPbBr3. (d,e)
Zoom-in UPS spectra of PMA2PbB13. (f) Tauc plot for PMA,PbBr3. (h,1) Zoom-in UPS

spectra of Au. (j) The schematic band alignment of 2D-3D PMA;PbBr4-CsPbBr; PNC
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horizontally heterojunction.

The established pathway for unimpeded charge carrier transfer lays the foundation
for the long-distance transport of carriers. Consequently, we scrutinized the transport
properties of the 2D-3D PMA2PbBrs-CsPbBr; PNC horizontally heterojunction film,
prepared through centrifugal deposition on glass®. For comparison, we employed a
layer-by-layer deposition method to prepare a ligand-exchanged pure CsPbBr3
nanocrystal film on glass®” An equal concentration of Spiro and PCBM was spin-coated
as hole and electron extraction layers, respectively, onto both films at the same rotation
speed”. As illustrated in Figure 4-10 (a, ¢) , the green fluorescence emission of the 2D-
3D PMA;PbBrs-CsPbBr3; PNC horizontally heterojunction film decreases by 97.08%
of its original intensity after spin-coating the Spiro layer. In contrast, the fluorescence
of the ligand-exchanged CsPbBr3 nanocrystal film decreases by 82.42% under the same
conditions. Additionally, after spin-coating the PCBM layer, the fluorescence of the 2D-
3D PMA>PbBrs-CsPbBr3 PNC horizontally heterojunction film decreases by 99.70%,
while the fluorescence of the ligand-exchanged CsPbBr3; nanocrystal film decreases by
96.17%. This indicates superior performance in both electron and hole extraction for
the 2D-3D PMA,PbBrs-CsPbBr3 PNC horizontally heterojunction film compared to the
traditional ligand-exchanged film. This superiority is further confirmed by time-
resolved photoluminescence (TRPL) spectra, as shown in Figure 4-10 (b, d). The
fluorescence lifetime of the 2D-3D PMA,PbBrs-CsPbBrs; PNC horizontally
heterojunction film is 9.2 ns, decreasing to 1.8 and 1.0 ns after spin-coating the Spiro
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and PCBM layers, respectively. In contrast, the initial fluorescence lifetime of the
ligand-exchanged CsPbBr;3; nanocrystal film is 6.0 ns, decreasing to 5.1 and 3.9 ns after
spin-coating the Spiro and PCBM layers, respectively. The more substantial reduction
in fluorescence lifetime in the 2D-3D PMA,PbBry-CsPbBrs PNC horizontally
heterojunction film indicates a more effective charge carrier transfer pathway. As shown
in Table 4-1, the calculated diffusion coefficients (D., Dn) and mobilities (pe, pn) of
electrons and holes in the 2D-3D PMA:PbBrs-CsPbBrs PNC horizontally
heterojunction film are an order of magnitude larger than those in the ligand-exchanged
film. Furthermore, the diffusion lengths (L%, L%) for electrons and holes in the 2D-3D
PMA:,PbBrs-CsPbBr; PNC horizontally heterojunction film reach 181 and 127 nm,
respectively, surpassing those in the ligand-exchanged CsPbBr3; nanocrystal film (L, =

49 nm, L = 30 nm) (Figure 4-10¢).

Table 4-1. The diffusion coefficients (De, Dn) and mobilities (ge, pn) of OAc OAm

ligand exchange and 2D-3D PMA>PbBrs-CsPbBrs PNC horizontally heterojunctions

thin films.
D, Dy He Hn
nm nm cm2\-1§ cm?V-1§
2D-3D PNC heterojunction  3.56E-2 1.76E-2 1.40 0.68
OAc OAm ligand exchange  3.83E-3 1.44E-3 0.15 0.056
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Figure 4-10. (a, ¢) The PL Intensity of OAc OAm ligand exchange and 2D-3D
PMA:,PbBr;-CsPbBr; PNC horizontally heterojunctions thin films with Original, Spiro-
Coated and PCBM-Coated Layers. (b, d) The TRPL of OAc OAm ligand exchange and
2D-3D PMA2PbBry-CsPbBr; PNC horizontally heterojunctions thin films with
Original, Spiro- Coated and PCBM-Coated Layers. (¢) Computational diffusion lengths

(L%,1%) of OAc OAm ligand exchange and 2D-3D PMA:PbBrs-CsPbBrs PNC

horizontally heterojunctions thin films.

To further investigate the optical properties of the 2D-3D PMA>PbBrs-CsPbBr3

PNC horizontally heterojunction, we measured their temperature-dependent
photoluminescence spectra. At room temperature, the 2D-3D PMA>PbBrs-CsPbBr3
PNC horizontally heterojunction exhibits intrinsic fluorescence emission peaks at 408

and 510 nm, attributable to PMA>PbBrs and CsPbBr3, respectively. However, at 5 K,

multiple new emission peaks emerge between 408 and 510 nm (Figure 4-11a). These
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new fluorescence peaks appear at 436, 468, and 487 nm, initiating at temperatures
below 260 K (here termed the critical temperature for the appearance of new
fluorescence peaks). This critical temperature is significantly higher than the reported
220 K and 160 K critical temperatures for longitudinal heterojunctions”’, highlighting
the distinct behavior between lateral and longitudinal heterojunctions. Furthermore, we
ruled out the possibility that these new peaks originated from other quasi-2D perovskite
phases, as their existence was not observed in XRD and ABS. To investigate the origin
of these new peaks, we analyzed the temperature-dependent photoluminescence spectra.
With increasing temperature, the apparent blue-shift in emission peaks from the 3D
perovskite is primarily attributed to lattice thermal expansion. However, emissions from
the 2D perovskite and the new peaks show either no shift or a slight blue-shift,
indicating a competition between abundant electron-phonon interactions causing
redshift and lattice thermal expansion causing blueshift. This competition offsets the

28-29

effect of thermal expansion™ . Another potential cause for the new emission peaks is
vacancy defects, but previous studies suggested that the energy level changes induced
by vacancy defects are approximately 0.1-0.2 eV, significantly smaller than the
observed shift of approximately 0.5 eV. Therefore, we attribute these new emission
peaks to more intense electron-phonon coupling resulting from lattice distortion in
PMA,PbBry' ",

To validate our hypothesis, we employed graphical phase analysis to study the
strain distribution at the interface of the 2D-3D PMA;PbBrs-CsPbBr; PNC horizontally

heterojunction®. As shown in Figure 4-11(b,c), we first obtained the in-plane strain
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distribution of CsPbBr3, observing only ~5% average lattice strain near the
heterojunction interface. In contrast, based on PMA>PbBr4, an average lattice strain of
~30% was observed in the in-plane strain distribution. Such significant lattice strain
leads to the appearance of new emission peaks. Moreover, this strain magnitude exceeds
that reported for longitudinally heterojunctions formed by intermolecular hydrogen
bonding, indicating that chemically bonded lateral heterojunctions, while forming more
stable structures and facilitating effective charge carrier transfer, also induce more
severe lattice distortion. This distortion primarily occurs in PMA>PbBr4, as the elastic
modulus of 2D perovskite is smaller than that of 3D perovskite®, and stress can be

relieved through octahedral distortion and relaxation of the organic layer.
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Figure 4-11. (a) Temperature-Dependent Fluorescence Spectra of 2D-3D PMA>PbB13s-
CsPbBr3 PNC horizontally heterojunction. (b) HRTEM Images of 2D-3D PMA,PbBr4-
CsPbBr3 PNC horizontally heterojunction and Strain Mapping Based on CsPbBr3. (¢)
Out-of-Plane Strain Profiles Based on CsPbBr3 in 2D-3D PMA;PbBrs-CsPbBr; PNC

horizontally heterojunction. (d) HRTEM Images of 2D-3D PMA;PbBr4-CsPbBr; PNC
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horizontally heterojunction and Strain Mapping Based on PMA;PbBr4. (e) Out-of-
Plane Strain Profiles Based on PMA;PbBrs in 2D-3D PMA;PbBr4-CsPbBr; PNC

horizontally heterojunction.

4.3.3 Density Functional Theory (DFT) calculations of 2D-3D

perovskite nanocrystal horizontally heterojunctions

To provide a theoretical elucidation of the formation and properties of the 2D-3D
PMA,PbBrs-CsPbBr; PNC horizontally heterojunction, we conducted first-principles
calculations on its properties. Figure 4-12a displays the local density of states for
isolated CsPbBr3;, consistent with previous reports, where the conduction band
minimum (CBM) and valence band maximum (VBM) of CsPbBr; are mainly
contributed by Pb and Br elements. Similarly, PMA>PbBr4 exhibits a situation akin to
CsPbBrs3, indicating that PMA has minimal impact on the band structure of PMA;PbBr4
(Figure 4-12b). This pattern is also observed in the local density of states for the 2D-
3D PMA,PbBr4-CsPbBrs PNC horizontally heterojunction, suggesting that the optical
properties of the 2D-3D PMA,PbBr4-CsPbBrs PNC horizontally heterojunction can be
conveniently adjusted by tuning the metal cations and halogen anions. This aligns with
our understanding of pure 3D perovskite nanocrystals (Figure 4-12c). Moreover, in the
comparison of the local density of states for pure CsPbBr3, PMA;PbBr4, and the 2D-
3D PMA,PbBrs-CsPbBr3 PNC horizontally heterojunction, we find that the latter has

the smallest bandgap width. This aligns with the general understanding of type II
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heterojunctions, as illustrated in Figure 4-12d.
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Figure 4-12. (a) Partial density of state (pDOS) of Cs, Pb, Br in CsPbBr3 (b) Partial
density of state pDOS of C, H, N, Pb, Br in PMA>PbBr4 (c) pDOS of C, H, N, Cs, Pb,
Br in 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunctions (d) pDOS of

CsPbBr3, PMA>PbBr4, 2D-3D PMA>PbBr4-CsPbBr3; PNC horizontally heterojunctions

From a theoretical perspective on the formation of the 2D-3D PMA,PbBr:s-
CsPbBr3 PNC horizontally heterojunction, we initially considered the role of PMA as
a surface ligand for CsPbBr3. As shown in Figure 4-13, PMA" is placed on the surface
of the CsPbBr3; model, and the calculated interface energy is -237 eV. Subsequently, the
interface energy for forming a vertical heterojunction is calculated to be -343 eV. This

indicates that whether PMA acts as a surface ligand or forms a longitudinal
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heterojunction as 2D PMA;PbBrs, both scenarios are thermodynamically unstable
(Figure 4-14a). In comparison, when forming a horizontally heterojunction with
CsPbBr3 on the (111) and (110) crystal faces, the interface energies for 2D PMA,PbBr4
are -1411 and -1761 eV, respectively (Figure 4-14c, e). This suggests a spontaneous
tendency and a more stable structure for the formation of the lateral heterojunction,

consistent with our experimental observations.

o ]

Figure 4-13. Structural model of CsPbBr3; with PMA as the surface ligand

As shown in Figure 4-14a, the vertical heterojunction, formed with intermolecular
hydrogen bonding as the binding mechanism, exhibits an indistinct charge density
distribution on the 2D interface. This suggests that charge transfer is severely restricted.
The planar-averaged total charge difference reveals the overall charge distribution in
the system, as depicted in Figure 4-14b, where the average charge difference at the
interface of the longitudinal heterojunction is ~0.12 eV. On the other hand, the lateral
heterojunctions grown by epitaxial extension on the (111) crystal face of CsPbBr3
exhibit a significant charge density distribution at the interface (Figure 4-14c). The
average charge difference at the interface of the lateral heterojunction is ~0.45 eV
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(Figure 4-14d). Similarly, lateral heterojunctions grown on the (110) crystal face of
CsPDbBr3 also display a pronounced charge density distribution (Figure 4-14e), with an
average charge difference at the interface of ~0.5 eV (Figure 4-14f). The fourfold larger
average charge difference in lateral heterojunctions compared to vertical
heterojunctions indicates more effective charge transfer in the former, aligning with the

experimental observations.
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Figure 4-14. (a) Structural model and 2D Cross-Section at the interface of 2D-3D

PMA,PbBrs-CsPbBr; PNC vertical heterojunctions. (b) Planar-Averaged total charge
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difference in the vertical interface direction of 2D-3D PMA,PbBrs-CsPbBr; PNC
vertical heterojunctions. (c, d) Structural model and 2D cross-section at the interface of
2D-3D PMA;PbBrs-CsPbBr3; PNC horizontally heterojunctions with (111) crystal plane
growth based on CsPbBr3 (¢), and Planar-averaged total charge difference in the vertical
interface direction (d). (e, f) Structural model and 2D cross-section at the interface of
2D-3D PMA2PbBrs-CsPbBr; PNC horizontally heterojunctions with (110) crystal
plane growth based on CsPbBr; (), and Planar-averaged total charge difference in the

vertical interface direction (f).

4.4 Summary

In conclusion, we have developed a straightforward and reproducible room-
temperature in-situ synthesis method for the synthesis of low-cost processable 2D-3D
PMA,PbBrs-CsPbBr; PNC horizontally heterojunction. This success is attributed to the
implementation of a thermodynamically controlled experimental approach. Through
various testing techniques such as STEM, GI-WAXs, we have demonstrated the
successful synthesis of the heterojunction structure and the octahedra-to-octahedra
binding mode. TRPL has unveiled outstanding charge diffusion lengths. Additionally,
through DFT calculations, we have theoretically elucidated the thermodynamic control
of the formation of 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally heterojunction and
the binding mode involving direct octahedral connections. Our study provides valuable
insights into the synthesis of 2D-3D PMA,PbBrs-CsPbBr; PNC horizontally

heterojunction, opening new avenues for their application in optoelectronic devices.
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Chapter 5 Conclusion and prospective

5.1 Summary

In this manuscript, our primary focus lies in the investigation of the synthetic
chemistry and photophysical properties of in situ-grown perovskite nanocrystal
heterostructures at room temperature, as elucidated in Chapters 3 and 4. Our research
advances a one-step synthesis methodology for in situ constructing perovskite
nanocrystal heterostructures at room temperature, deepening our comprehension of in
situ epitaxial growth of heterostructures. Additionally, we provide an insightful
elucidation of the carrier transfer dynamics induced by these heterostructures. The
novelty and significance of our study are outlined as follows:

In Chapter 3:
® For the first time, we employ a one-step, dynamically controlled in situ epitaxial
synthesis to produce CsPbBr3;-PbS quantum dot heterostructures.
® By manipulating the Pb/S molar ratio, the fluorescence of CsPbBr3-PbS quantum
dot heterostructures can be conveniently tuned. Time-resolved absorption spectroscopy
(TAS) reveals rapid carrier transfer dynamics (initiation time <1 ps).
® We introduce the application of CsPbBr3-PbS quantum dot heterostructures in the
shortwave infrared (SWIR) region, achieving a resolution of 3.44 um and
demonstrating superior imaging capabilities compared to pure PbS quantum dots.

In Chapter 4:
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® For the first time, we employ a one-step, thermodynamically controlled in situ
epitaxial synthesis to produce 2D-3D PMAPbBrs-CsPbBr; PNC horizontally
heterojunction.

® The octahedral direct connectivity in 2D-3D PMA:PbBrs-CsPbBrs PNC
horizontally heterojunction enhances carrier diffusion lengths (L% = 49 nm, L', = 30 nm).
® Through Density Functional Theory (DFT) calculations, we theoretically reveal the
thermodynamic control behind synthesizing 2D-3D PMA>PbBrs-CsPbBrs PNC

horizontally heterojunction.

5.2 Future work

Our work, rooted in the development of perovskite nanocrystals, has pioneered a
one-step synthesis approach for in situ epitaxial formation of heterostructures at room
temperature. We have delved into the photophysical properties, providing profound
insights into the understanding of perovskite nanocrystal heterostructures. However,
several challenges persist, demanding resolution for the commercial application of
perovskite nanocrystal heterostructures:

1. In our research, the reactivity of (TMS),S as a sulfur source is excessively high,
hindering the precise control of PbS size formation. Moreover, (TMS).S causes severe
etching of CsPbBr3, introducing defects that impede achieving a high PLQY. Thus,
there is a need to explore a suitable sulfur source that facilitates the controlled formation

of PbS on the surface of CsPbBrs.
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2. 2D-3D PMA;PbBr4-CsPbBr3 PNC horizontally heterojunction exhibit a high
carrier diffusion length, yet their sensitivity to moisture and inability to form
monodisperse states in solution, due to the lack of organic ligand protection and steric
hindrance effects, pose challenges. Hence, identifying a suitable ligand that offers
protection and dispersion without compromising carrier diffusion is crucial.
3. The carrier diffusion in 2D-3D PMA2PbBrs-CsPbBr; PNC horizontally
heterojunction is limited to in-plane diffusion. Introducing a self-assembly process to
vertically assemble 2D-3D PMA2PbBrs-CsPbBr; PNC horizontally heterojunction into
thin films could significantly enhance their application in the field of solar cells.

In summary, challenges and opportunities coexist, and the exploration and
resolution of challenges underscore the essence of scientific endeavor. I believe that
delving deeper into the study of heterostructures based on perovskite nanocrystals holds

great promise.
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