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Abstract
Modern light-emitting technologies require earth abundant materials, which exhibit
high photoluminescence quantum yield (η PL ) and excellent color purity. Moreover, the
intrinsic ability to control the emission dipole orientation is highly desired, in order
to enhance the light outcoupling eciency.

At the same time, the low complexity of

processing is essential for ensuring the cost eciency.

Recently, colloidal lead halide

perovskite nanocrystals (NCs), composed of APbX3 (A = CH3 NH3 , CH(NH2 )2 , Cs
and X = Cl, Br, I), emerged as highly attractive alternative to the state-of-the-art
light-emitting materials. Although they meet most of the desired characteristics, their
accessibility still remains challenging in most of the cases. A complete understanding of
the mechanisms governing their synthesis processes and fundamental physical properties
is necessary, so that the potential of these outstanding class of materials can be fully
utilized on a commercial scale. The rst part of this thesis, focuses on the development
of synthetic protocols used to obtain quantum-conned CH3 NH3 PbBr3 NCs.

Specic

reaction conditions allow to tune the size of the NCs and therefore their band gap
energies.

Detailed optical and crystallographic analyses, revealed a two-dimensional

(2D) geometry of NCs with the reduced dimensionality. More specically, atomically-at
colloidal quantum wells (CQWs) are formed and their precise thickness is characterized
by a quantized nature, since it is determined by the stacking number of perovskite unit
cells

n.

Consequently CQWs with tunable thicknesses from

n = 710

to

n = 1

were

synthesized. With this approach, the emission wavelength tunability over the green-toblue spectral range was achieved. Moreover, it was shown that the reduced thickness of
the CQW, results in an increase of exciton binding energy, which boosts the radiative
recombination.

As a result, ecient electroluminescent (EL) devices were fabricated,

utilizing perovskite CQWs as emitters. Their performance could be further improved by
incorporating crystalline CQWs into a matrix of organic host molecules, owing to Förster
Resonance Energy Transfer (FRET) phenomenon. Subsequently, the same series of layercontrolled CH3 NH3 PbBr3 CQWs was investigated towards their luminescent properties
in thin lms. Thorough morphological and crystallographic characterization was used to
probe these CQW solids. Upon spin coating perovskite-containing colloidal dispersions
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onto solid state substrate, formation of highly-oriented self-assembled superlattices was
observed.

The resulting

η PL

in these lamellar solids surprisingly exceeded the values

achieved for the respective colloidal suspensions. Together with an inverse correlation
between photoluminescence lifetime (τ PL ) and

η PL ,

these observations were clearly

distinct from typical quantum dot (QD) solid systems. Based on multiscale theoretical
analysis, it was found out that the collective motion of surface organic cations is more
restricted to orient along [100] direction, thereby inducing a more direct band gap,
which facilitates radiative recombination.

Furthermore, ultrapure green emission was

demonstrated by downconverting a commercial blue GaN LED at room temperature,
which allowed to exceed luminous ecacy exhibited by green-emitting InGaN LEDs.
Following these ndings, the next chapter encompasses the investigation of transition
dipole moment orientation in 2D perovskite CQWs. By varying the length of the capping
ligand during CQW synthesis, formation of multiple quantum well (MQW) systems
with tunable quantum barrier (QB) thickness was achieved.

As evidenced by

k -space

spectroscopic analysis, TDM was found out to align predominantly parallel to the surface
plane, independent on the QB thickness. It directly implies, that even when separated
by as little as 6.5 Å, the adjacent QW layers remain decoupled and as a consequence
no interlayer exciton is formed. The observed localization of Wannier-Mott-like excitons
is due to the strong ionic dielectric response that screens the interlayer electrostatic
interactions.

A signicant

τ PL

decrease and an emergence of low-energy emission

in MQWs at low temperature, suggest the occurrence of charge-transfer mechanism
as phonon modes become frozen.

The preferential orientation of TDM is retained

in the mixed-halide superlattices, covering the entire blue-to-orange visible spectrum.
Last part of the thesis demonstrates a practical application of hybrid perovskite
colloidal nanocrystals.

Because the human eye is more sensitive to the green spectral

region, pure green LEDs are essential for realizing an ultrawide color gamut for nextgeneration displays. Here, ecient ultrapure green EL based on colloidal nanocrystals of
formamidinium lead bromide (CH(NH2 )2 PbBr3 ) is demonstrated.

Through dielectric

quantum well (DQW) engineering and LED device optimization, maximum current
eciency of 13 cd/A was reached.

Nevertheless, most importantly, this was achieved

with CIE color coordinates of (0.168, 0.773), which would allow to cover 97% of
recommendation 2020 standard.

Zusammenfassung
Moderne lichtemittierende Technologien erfordern auf der Erde reichlich vorhandene
Materialien,

die

eine

hohe

ausgezeichnete Farbreinheit aufweisen.
zur

Kontrolle

der

der

Lichtauskopplung

erhöhen.

und

eine

Darüber hinaus ist die intrinsische Fähigkeit

Emissions-Dipol-Orientierung
zu

(η PL )

Photolumineszenzquantenausbeute

sehr

Gleichzeitig

ist

erwünscht,
die

um

geringe

die

Ezienz

Komplexität

der

Verarbeitung wesentlich für die Sicherstellung der Kostenezienz.

Zuletzt haben

sich

APbX3

kolloidale

Bleihalogenid-Perowskit-Nanokristalle,

bestehend

aus

(A

=

CH3 NH3 , CH(NH2 )2 , Cs und X = Cl, Br, I), als hochattraktive Alternative zu den
modernen lichtemittierenden Materialien herauskristallisiert. Obwohl sie die meisten der
gewünschten Eigenschaften erfüllen, bleibt ihre Zugänglichkeit in den meisten Fällen
noch immer eine Herausforderung. Ein vollständiges Verständnis der Mechanismen, die
ihre Syntheseprozesse und grundlegenden physikalischen Eigenschaften bestimmen, ist
notwendig, damit das Potenzial dieser herausragenden Materialklasse im kommerziellen
Massstab voll ausgeschöpft werden kann. Der erste Teil dieser Arbeit konzentriert sich
auf die Entwicklung synthetischer Protokolle, die zur Gewinnung quantenbegrenzter
CH3 NH3 PbBr3 Nanokristalle. Spezische Reaktionsbedingungen erlauben es, die Grösse
der Nanokristalle und damit ihre Bandlückenenergien einzustellen. Detaillierte optische
und kristallographische Analysen ergaben eine zweidimensionale (2D) Geometrie der
Nanokristalle mit der reduzierten Dimensionalität. Insbesondere werden atomar-ache
kolloidale Quantentöpfe gebildet und ihre genaue Dicke ist durch eine quantisierte Natur
gekennzeichnet, da sie durch die Stapelzahl der Perowskit-Einheitszellen
wird.

bestimmt

Folglich wurden die kolloidale Quantentöpfe mit abstimmbaren Dicken von

n = 710

bis

n = 1

synthetisiert.

Mit diesem Ansatz wurde die Durchstimmbarkeit

der Emissionswellenlänge über den grün-blauen Spektralbereich erreicht.
wurde

n

gezeigt,

dass

die

reduzierte

Dicke

Exzitonenbindungsenergie

der

führt,

kolloidalen
was

die

Ausserdem

Quantentöpfe

strahlende

zu

einer

Erhöhung

der

verstärkt.

Als Ergebnis wurden eziente Elektrolumineszenz (EL)-Geräte hergestellt,

die Perowskit kolloidale Quantentöpfe als Strahler verwenden.

Rekombination

Ihre Leistung konnte

weiter verbessert werden, indem kristalline kolloidale Quantentöpfe in eine Matrix
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aus organischen Wirtsmolekülen eingebaut wurden, was auf das Förster Resonance
Energy Transfer (FRET)-Phänomen zurückzuführen ist.

Anschliessend wurde die

gleiche Reihe von schichtgesteuerten CH3 NH3 PbBr3 kolloidalen Quantentöpfen wurde
auf ihre lumineszierenden Eigenschaften in dünnen Schichten untersucht. Diese Feststoe
wurden durch eine gründliche morphologische und kristallographische Charakterisierung
untersucht.

Beim

Spin-Coating

perowskithaltiger

kolloidaler

Dispersionen

auf

Festkörpersubstrate wurde die Bildung hochorientierter selbstorganisierter Übergitter
beobachtet.

Das

resultierende

η PL

in

diesen

lamellaren

Feststoen

übertraf

überraschenderweise die für die jeweiligen kolloidalen Suspensionen erzielten Werte.
Zusammen
(τ PL )

mit

und

einer

η PL

inversen

unterschieden

Korrelation
sich

diese

zwischen

Photolumineszenz-Lebensdauer

Beobachtungen

deutlich

von

typischen

Quantenpunkt-Feststosystemen. Basierend auf einer multiskalentheoretischen Analyse
wurde herausgefunden, dass die kollektive Bewegung der organischen Kationen an
der Oberäche der kolloidalen Quantentöpfe stärker auf die Orientierung entlang
der [100]-Richtung beschränkt ist, wodurch eine direktere Bandlücke induziert wird,
was die strahlende Rekombination erleichtert.
Emission

durch

Abwärtskonvertierung

Raumtemperatur demonstriert,

einer

Weiterhin wurde die ultrareine grüne
kommerziellen

blauen

GaN-LED

bei

wodurch die Lichtausbeute von grün emittierenden

InGaN-LEDs übertroen werden konnte.

Nach diesen Ergebnissen wird im nächsten

Kapitel die Untersuchung der Übergangs-Dipolmomentorientierung in 2D-Perowskit
kolloidalen

Quantentöpfen

durchgeführt.

Durch

die

Variation

der

Länge

des

Kappenliganden während der Synthese von kolloidalen Quantentöpfen wurde die Bildung
von mehrfachen Quantentöpfe-Systemen mit abstimmbarer Quantenbarrieren (QB)Dicke erreicht. Wie die spektroskopische Analyse im
dass

sich

das

Übergangs-Dipolmoment

k -Raum

überwiegend

zeigt, wurde festgestellt,

parallel

zur

Oberächenebene

ausrichtet, unabhängig von der QB-Dicke. Dies bedeutet, dass selbst bei einem Abstand
von nur 6,5 Å die benachbarten Quantentöpf-Schichten entkoppelt bleiben und somit kein
Zwischenschichtexziton gebildet wird. Die beobachtete Lokalisierung von Wannier-Mottähnlichen Exzitonen ist auf die starke ionische dielektrische Reaktion zurückzuführen,
die die elektrostatischen Wechselwirkungen zwischen den Schichten abschirmt.
signikante Abnahme des

τ PL

Eine

und das Auftreten von niederenergetischer Emission

in mehrfachen Quantentöpfen bei niedriger Temperatur lassen das Auftreten von
Ladungsübertragungsmechanismen beim Einfrieren von Phononenmoden vermuten. Die
bevorzugte Übergangs-Dipolmomentorientierung wird in den Mischhalogenidübergittern
beibehalten, die das gesamte blau-orange sichtbare Spektrum abdecken.

Der letzte

Teil der Arbeit zeigt eine praktische Anwendung von hybriden kolloidalen PerowskitNanokristallen. Da das menschliche Auge für den grünen Spektralbereich empndlicher
ist, sind rein grüne LEDs unerlässlich, um einen ultraweiten Farbraum für die nächste
Generation von LEDs zu realisieren.
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Chapter 1

Introduction

1

Chapter 1

2

1.1 Transition dipole moment in luminescent materials
Light-emitting diodes (LEDs) are a crucial constituent of numerous consumer electronic

i.e.

devices,

TVs, laptops or smartphones.

The key performance indicator used to

quantify their performance is the external quantum eciency (η ext ), which describes
the ratio between the numbers of generated photons to injected charge carriers. From
the physical point of view one can distinguish between individual factors contributing to
the

η ext ,

as expressed by the following equation:

η ext = γη r η PL η out ≡ η int η out
Where

γ

is

the

fraction

exciton fraction and

η PL

of

charge

carriers

forming

(1.1)

an

exciton,

is the photoluminescence quantum yield.

contributions can be considered as the internal quantum eciency
hand,

ηr

is

radiative

All together these

η int 1 .

On the other

η out stands for light outcoupling eciency and indicates how much of the generated

light can be extracted from a thin-lm stack. Because it can account even for up to 80%
of generated photons being lost, the improvement of this parameter is crucial for ecient

2

operation of an electroluminescent device . Typical LED stack consist of multiple layers
mostly made out of polymers, organic molecules, metals and other inorganic compounds.
The emissive layer is usually placed in the middle and therefore is separated from air
by various materials, which all usually exhibit refractive indices signicantly larger than
the one in air.

As a result, the photons emitted at angle

ϕ,

which is above critical

angle are not able to couple to air. Depending on the detailed LED stack architecture,
one can generally identify the following optical modes: (i) direct emission (black), (ii)
substrate modes (red), (iii) waveguided modes (green) and (iv) coupling to surface

3

plasmon polaritons (SPPs) (blue) .

Figure 1.1: Schematic illustration of a LED showing dierent optical loss channels.

Without outcoupling enhancement, only a small fraction of light is directly emitted to
air as shown in the left part of the gure. Reproduced from Ref. 3, Wiley-VCH.

Chapter 1

3

Figure 1.1 presents a schematics showing a simplied LED architecture and summarizes
the process of photon extraction from the device. The fraction of outcoupled photons can
be maximized via multiple techniques, which include external outcoupling, scattering-

4

based or microcavity approaches .

They all represent methods, which are related to

modications in the LED stack architecture and which are extensively described by the
existing literature. On the other hand,

1,2 .
the intrinsic emitter orientation

η out

can also be directly enhanced by controlling

One can treat the excited state of an emitter as

an oscillating dipole, which generates a local electric eld. Due to the physical nature
of the interaction between electromagnetic waves, the light will preferably propagate
perpendicular to the direction of the electric eld.

Therefore, a horizontal dipole

orientation maximizes the emission in the out-of-plane direction with respect to the
substrate, which in turn enhances light outcoupling eciency (Figure 1.2).

Figure 1.2:

Electromagnetic wave propagation in a weak microcavity structure

according to the oscillating dipole orientation. Reproduced from Ref. 2, Wiley-VCH.

This concept has been rst utilized in the eld of OLEDs.

It was found out that a

number of organic emitters has an intrinsic capability to align the transition dipole
moment (TDM) in plane of the molecule.

Through careful optimization of thermal

evaporation processes, as well as by exploiting the intermolecular interactions, thin lms

5

with controlled planar orientation of the organic molecules could be realized . Because
of the low dielectric constant exhibited by these emitters, the electrical charges tend to
be localized within individual molecules, which results in formation of Frenkel excitons.
Consequently, the intrinsic emission anisotropy in a single molecule can also be retained
in their assemblies. These results have paved the way to reaching

η ext

values in OLEDs

2
approaching 40% .
Over last decades two-dimensional (2D) transition metal dichalcogenides (TMDCs) have
drawn lots of attention, due to their unique optical and electronic properties, which could
potentially allow them to outperform current optoelectronic technologies based on III-V

6

semiconductors . Because of strong in-plane bonding and weak out-of-plane interactions

7

in TMDCs, it is possible to isolate them as atomically thin layers . This is critical as
the character of the band gap shifts from indirect in bulk to direct, once the thickness is
reduced down to a single unit cell.

Moreover, the variation of chemical composition
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(e.g. MoS2 , WSe2 , TiS2 , MoS2 , Sb2 Se3 , Bi2 Te3 etc.)
the band gap, which is usually in the visible range.

allows to tune the energy of

Therefore, it opens up multiple

possibilites to apply these 2D materials for fabrication of various optoelectronic devices
like transistors, photodetectors or LEDs. The latter might particularly benet from the

8

quantum-conned 2D electronic structure, which aligns the TDM horizontally , similarly
to planar organic emissive molecules.

Nevertheless, relatively low dielectric constant

leads to poor screening of Coulomb interactions, which does not favor charge localization
within single layer.

For this reason, when stacking multiple 2D layers on top of each

9

other, interlayer recombination is likely to take place .

For horizontally oriented 2D

materials, it would result in formation of excitons with TDM oriented in the out-of-plane
direction, thus signicantly decreasing

η out .

In order to prevent from this phenomenon,

a physical barrier between adjacent layers was introduced. For example, nanometer-thin
sheets of WSe2 /MoS2 can be fully decoupled from each other upon inserting a trilayer
of hBN

10 , however, this approach is characterized by high fabrication complexity. The

main challenge remains to decouple two adjacent 2D layers using simple and scalable
methods.
Another class of 2D materials is represented by colloidal nanoplatelets (NPLs) composed
of III-V semiconductors

11 . Not only do they dier from 2D TMDCs in the chemical

composition, but they also require dierent preparation procedures.

Whereas 2D

TMDCs are mostly fabricated using the top-down approach, the NPLs are usually
synthesized

via

12
method .

Although NPLs exhibit strong excitonic absorption features and usually

hot-injection colloidal synthesis, which corresponds to a bottom-up

posses narrower PL emission peaks

13,14 , which distinguishes them from spherical colloidal

quantum dots (QDs) (Figure 1.3), the underlying principles behind the stabilization
of this kind of structures is analogous (for details see Section 1.2).

In order to

obtain the rectangular morphology, special reaction conditions need to be applied

15 .

However, their optimization was mainly done empirically and a complete understanding
of NPL formation was missing.
more light on this matter

16 .

The study carried out by Riendinger

et al.

sheds

Using both theoretical modeling and experiments, the

mechanisms governing the crystallization of rectangular NPLs during colloidal synthesis
were elucidated.

For example, CdSe based NPLs growth strongly depends on the

Cd-precursor solubility.

Furthermore, for each chemical composition there is only a

limited NPL thickness range, which is thermodynamically stable.

Consequently, only

certain crystal structures can be obtained in form of colloidal NPLs, instead of QDs.
Because of the strong quantum connement in the vertical direction of the NPL,
horizontal TDM orientation was also observed. Upon depositing a monolayer of CdSe
NPLs face-down onto a substrate, Scott

et al.

reported that 95% of dipoles align in-

17
plane . This nding was further conrmed by Gao

et al.

who additionally managed to

control the self-assembly process of identical nanostructures and therefore their spatial
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18 .

In contrast to face-down alignment, when NPLs are vertically stacked

together, charge-transfer mechanism takes over and the TDM orientation becomes
isotropic.

Despite the presence of a uniform capping ligands layer between adjacent

NPLs, the interlayer coupling remains strong, which leads to the loss of emission
directionality

18 . Understanding the impact of physical characteristics exhibited by 2D

materials might prove useful in developing strategies to fully decouple them.

Figure 1.3:

TEM image of CdSe nanoplatelets lying face-down (top).

Absorption

(Abs) and photoluminescence (PL) spectra of nanoplatelets dispersed in hexane
(bottom). Reproduced from Ref. 18, American Chemical Society.

1.2 Colloidal semiconductor nanocrystals
Nanoparticles (NPs), which are clusters in size of 1100 nm, are known to be used already
in ancient Rome

19 . Nevertheless, the rst scientic description of these structures was

made by Faraday in 1857

20 . From the practical point of view these tiny crystals attracted

lots of attention, since they exhibited novel properties with respect to the bulk composed
of the same material. One of the agship examples is metallic gold, which in form of
NPs appears from red to black

21,22 . Because, the small particle size generates enormous

surface to volume ratios, the main challenge is to stabilize the NPs by preventing them
from merging with each other.

One way to do so, is to disperse, but not necessarily

dissolve them in a continous liquid phase, therefore forming a colloidal suspension. For a
stable colloidal system it is required that the overall interaction between individual NPs
is dominated by repulsive forces

23 . Generally, one can distinguish between electrostatic
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and steric stabilization, which can be utilized in order to achieve stable equilibrium

24 .

Figure 1.4 summarizes both types of interactions.

Figure 1.4:

a, Depending on surface ligands, NCs can form colloidal dispersions

in polar or nonpolar solvents.

Oleate-capped CdSe NCs disperse in nonpolar phase

(toluene; upper layer in vial shown at left), whereas exchange of oleate ligands for
potassium sulphide results in the phase transfer of NCs into a polar solvent (formamide;
bottom layer in vial shown at right).

b, Sketch of interacting pair of NCs with

hydrocarbon (top) and ionic (bottom) surface ligands.

U

with interparticle distance

r

c, The interaction potential

for NCs in a good solvent and non-solvent. Reproduced

from Ref. 24, Nature Publishing Group.

The rst one is predominantly signicant for aqueous dispersions and applies to colloidal
NPs with net surface charge, which leads to electrostatic repulsion. On the other hand,
by covering the surface of NPs with ligand molecules one can provide a physical barrier,
which ideally would not allow the NPs to be close enough to each other so that attracive
forces would not come in play. Additionally, depending on the degree of hydrophobicity
exhibited by the molecules attached to the NP surface, it is possible to suspend them
either in polar or nonpolar solvent.

Obviously the character of the NP surface and

therefore the anity to certain media, strongly depend on the chemical composition of
the NPs. A sysem of colloidally stable NPs lays the foundation of reliable application of
these nanostrucutres.
For crystalline semiconductor materials the reduction in the particle size down to
nanometer range, leads to novel physical properties, which are crucial in modern
optoelectronics and could not have been accessed otherwise

25 . These include excellent

light absorption and emission, high charge carrier mobilities as well as photo and
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thermal stability. One of the rst synthetic protocols to obtain colloidal semiconductor
nanocrystals (NCs) was reported by Kalyanasundaram

et al.

in 1981

26 . The presence of

maleic anhydride and styrene copolymer in aqueous solution enabled formation of CdS
sol.

Further step was taken by Rossetti

et al.,

who demonstrated a size dependency

on optical properties of the same semiconductor NCs

27 .

Few years later alternative

syntheses of similar CdSe colloidal NCs dispersed in non-polar organic solvent and
terminated by covalently bound organic ligands were reported

28,29 .

It opened up

new possibilities to study these nanocrystallites in more detailed manner.
conducted by Murray

et al.

The work

in 1993 was the rst systematic study on how the chemical

composition and particularly the size of luminescent CdE (E = S, Se, and Te) colloidal
NCs inuence their optical properties

30 .

The latter was attributed to the so-called

quantum connement eect. Namely, a decrease of the NC size below certain thereshold,
represented by Bohr radius (aB *), results in an increase of the band gap energy, which
corresponds to a blue-shift of the emission wavelength

λPL 31 .

Although values of

η PL

higher than 10% could not be achieved, a synthesis of core-shell NCs, developed in
subsequent studies, allowed to further optimize this parameter. A crystalline shell with
a higher band gap energy than the core, enabled passivation of surface defects, which
were responsible for radiative losses

32,33 . The possibility to tune

λPL

over the whole

visible spectrum, by means of qunatum connement eect and chemical composition,
together with high

η PL

is what makes the colloidal semiconductor NCs very attractive

candidates as emitters for high-performance LEDs

3440 .

1.3 Two-dimensional (2D) lead halide perovskites
This section is adapted from the following journal article: Jagielski, J., Kumar, S., Yu,
W.-Y., and Shih, C.-J. Layer-Controlled Two-Dimensional Perovskites: Synthesis and
Optoelectronics.

Journal of Materials Chemistry C 5(23),

56105627 (2017).

Perovskites refer to the crystallographic structures with the general chemical formula
of ABX3 .

The rst synthetic perovskite system reported in 1893 was the inorganic

metal trihalide, CsPbX3 (X = Cl, Br, and I)

41 .

The optoelectronic properties of

these materials, however, were not extensively studied until the 1950s when frequencydependent photoconductivity was demonstrated

42 . Shortly thereafter, organicinorganic

hybrid perovskites (OIHP), where the A site was an organic cation (e.g., CH3 NH3
CH(NH2 )2

+ and

+ ), B site was a heavy metal cation (e.g., Pb2+ and Sn2+ ), and X site was

a halogen anion, were further investigated

43 . The OIHP framework involves a corner-

sharing network of BX6 octahedral units, with the cations occupying voids within the
structure

44 . The Goldschmidt's tolerance factor,
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tG = √
where

rA , rB , and rX

rA + rX
2(rB + rX )

(1.2)

are the ionic radii of A, B, and X, respectively, empirically predicts

the stability of an OIHP compound. Typically, the majority of these compounds form in
the range of

0.8 ≤ tG ≤ 1.0.

Other factors, such as the octahedral factor, are also used

as a measure of the stability and formability of these compounds
well-summarized in recent review articles

45 , which have been

44 .

Since 2009, the unprecedented success of OIHPs as low-cost semiconductor materials in
next-generation photovoltaics has generated considerable research eort aimed toward
understanding the underlying photophysics

46 .

Indeed, unlike organic semiconductors

and inorganic quantum dots (QDs), in which Frenkel-like excitons predominate
recent

advances

in

perovskite

photophysics

have

concluded

that

photoexcitation

generates nearly 100% free carriers in CH3 NH3 PbI3 perovskites at room temperature
Furthermore,

the

generated

and diusion length (>µm),

free

carriers

possess

extremely

long

47 ,

(∼µs)

lifetime

comparable to those in single-crystalline,

48 .

defect-free

semiconductors, despite the fact that a high density of defects and dynamic disorders
are supposedly introduced during solution processing

46 . Several explanations have been

proposed, mainly about the unique role of organic cations in OIHPs. First, the collective
orientational motion of organic cations screens the electric eld in the material

49 , which,

in turn, results in an anomalously high dielectric constant at low frequency
well as a small estimated exciton binding energy,

EB,

of 220 meV

50,51 , as

49,5154 .

This

facilitates long exciton lifetime. Next, the fast motion of organic cations, coupled with
the transient deformation of PbX6 octahedral units, could reduce carrier trapping and
electronhole recombination, possibly by creating local ferroelectric domains

55,56 . The

coupled dynamics is also believed to reduce electronhole recombination by introducing
the indirect-bandgap behavior

5759 .

Very recently, new spectroscopic ndings have

further revealed that the formation of large polaron screens the Coulomb potential for
charge carriers from charged defects

60 .

Clearly, the ensemble of the above physical

mechanisms delays exciton recombination in bulk OIHP systems, resulting in outstanding
photovoltaic characteristics.
With proper materials engineering, in general, a good photovoltaic semiconductor
also leads to good optoelectronics

61 , in which excitons are desired to radiatively

recombine. However, past experience in compound semiconductors has suggested that
this process often demands high materials purity and crystallinity.

In this respect,

the fact that the OIHP systems show higher tolerance to materials defects may imply
new technology opportunities for low-cost, solution-processed optoelectronics

46,6264 .

Indeed, as compared to other large-area light emitting technologies, such as organic
semiconductors

65 and inorganic QDs 40 , they have shown advantages in easy synthesis,
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low materials cost, and high color purity

64 .

In addition, similar to inorganic QD

systems, the strong spinorbit coupling induced by heavy metal atoms in the lattice
facilitates

intersystem

crossing

triplet recombinations.

66 , so one can eciently harvest both singlet and

Recently, bright and ecient electroluminescence (EL) has

been demonstrated at room temperature,

based on methylammonium lead halide

(CH3 NH3 PbX3 ) and cesium lead halide (CsPbX3 ) perovskites. To date, the most ecient
devices are made by pure halides (X = Br or I), corresponding to the emission wavelength,

λEL ,

centered at

∼ 550

nm or

∼ 800

nm, respectively. For many applications such as

displays, it remains challenging to attain pure red, green, and blue emitters at

∼ 525,

and

∼ 450

∼ 650,

nm, respectively, with suciently high photoluminescence quantum

yields (η PL ).
The collective orientational motion of organic cations may have both positive and
negative eects on exciton recombination, which have not yet been well addressed in
literature

48,67 .

On one hand, it protects excitons from recombination with charged

defects, presumably reducing the Auger recombination. On the other hand, the resulting
high dielectric constant and transient indirect bandgap have been proven to facilitate
the formation of free carriers
radiative recombination.

48 , which makes it relatively dicult to eciently harvest

In order to overcome these diculties, one approach is to

spatially conne the diusion of carriers, thereby increasing the probability for them to
meet each other. For example, by reducing the perovskite grain size down to
the bulk OIHP systems

∼ 100 nm in

68 , the exciton diusion length signicantly reduces 69 ; therefore,

high external quantum eciency (η ext ) in the light emitting diode (LED) device has been
demonstrated

λEL

68 . Nevertheless, this method does not allow the facile manipulation of

with mixed halides

70 . Recent ndings also suggested that the

η PL , which essentially

represents the upper limit of the internal quantum eciency (η int ) in an LED device

40 ,

tends to decrease upon mixing halides. In addition, fabricating an ultrathin perovskite
lm with complete substrate coverage has been proven to be technically dicult

64 .

Following the path of compound semiconductors, a straightforward approach is to make
the material more excitonic

48 by the eect of reduced dimensionality 71,72 , namely, the

quantum connement eect, so that one can tune the bandgap width by the particle
size.

aB *,

An interesting feature of the OIHP systems is that the excitonic Bohr radius,
is estimated to be only

of the OIHP unit cell (∼

0.6

∼ 1.4-2.0
nm).

nm

73,74 , comparable to the lattice constant

Consequently, the bandgap change appears only

for relatively small particles and is expected to be quantized with their size.

Two-

dimensional (2D) perovskites, which can be described by A'2 [ABX3 ]n BX4 , where A' is
a long-chain ligand cation and

n

is the stacking number of perovskite unit cells

found to be the most stable forms of quantum-conned perovskites

75 , are

43 . As stated before,

a consequence of reduced dimensionality is the enhancement of the exciton binding
energy.

In an ideal 2D quantum well, nevertheless, the binding energy increase does
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not exceed four times, as predicted by the quantum mechanical calculations

76 . In order

to further enhance the binding energy, another strategy, namely, the dielectric quantum
connement eect (which takes advantage of the low dielectric constant of the organic
ligands), has been utilized to induce stronger Coulombic interactions between electrons
and holes

77 . Theoretically, it has been suggested that an increase of exciton binding

energy up to 100 times can be achieved in thin wells

78 .

However, in practice, this

enhancement is observed to be about one order of magnitude lower than the theoretical
prediction

79 . Furthermore, the long-range nature allows the extension of this eect to

thick wells (>

5 aB *) 78 .

With the above fundamental background in mind, we believe the quantum-conned,
layer-controlled 2D hybrid perovskites would be a promising candidate toward nextgeneration large-area optoelectronics.

In this account, we review the synthesis and

potential optoelectronic applications of 2D hybrid perovskites, complementary to several
recent reviews

43,44,74,80,81 , which are more focused on the structural and physical

properties of 2D perovskites. Note that in this thesis, the dened
is one layer lower than convention
cations A, and therefore,

1.3.1

n=0

n

for A'2 [ABX3 ]n BX4

43 , in order to stress the importance of the organic

represents the thinnest 2D perovskite, A'2 BX4 .

Colloidal synthesis of 2D lead halide perovskites

Motivated by the necessity of solution-processed optoelectronic devices that require ease
and low cost of fabrication, 2D perovskites in the form of colloidal nanocrystals (NCs)
emerged as a potential alternative to inorganic colloidal QDs

40 . Following the concepts

developed during that time, a variety of methods have been proposed to synthesize
colloidal dispersions based on perovskite compounds.

The rst successful synthesis

of CH3 NH3 PbBr3 nanoparticles was reported in 2014 by Schmidt

et al.

by mixing

CH3 NH3 Br and long-chain alkyl ammonium bromide with PbBr2 dissolved in DMF
with octadecene containing oleic acid at room temperature

82 . The formation of NCs

was triggered by the low solubility of perovskite precursors in a nonpolar solvent, with
the alkyl ammonium ions acting as capping ligands that limit the growth of NCs.
It results in highly luminescent and stable dispersions with the peak emission at

∼ 525 nm

(Figure 1.5a). Further optimization of perovskite precursors and ligand concentrations
enable a high value of

η PL ∼ 83%

(Figure 1.5b) in solution

83 . Note that even in the

inorganic QD systems, it often requires the coreshell structure to attain this value.
Subsequently, Protesescu and co-workers synthesized CsPbX3 nanocubes based on the
hot-injection method  a tool formerly used to prepare QDs

72 .

In this work, the

eects of halide composition on the bandgap width and the optical properties were
demonstrated (Figure 1.5c). Although the CsPbX3 perovskites are known to crystallize
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Figure 1.5: a, Room temperature uorescence spectrum of MAPbBr3 nanocrystals.

Reproduced from Ref. 82, American Chemical Society. b, A photograph of the colloidal
dispersion containing MAPbBr3 nanocrystals under UV-light. Reproduced from Ref.
83, Royal Society of Chemistry. c, Colloidal solutions of CsPbX3 nanocubes under UV
lamp together with the respective PL spectra.

Reproduced from Ref. 72, American

Chemical Society.

in orthorhombic, tetragonal, or cubic structures
phase is formed in all the compounds.

44 , at a high temperature, only the cubic

At room temperature, particularly for CsPbI3

NCs, the cubic phase has proven to be metastable

44 . Nevertheless, after cooling down

to room temperature, all the compositions of CsPbX3 NCs are with the cubic phase,
suggesting that the reduction of crystal size might stabilize this particular phase.
Note that the synthesized perovskite NCs only exhibit a very small degree of

λPL

blue

shift compared to that in the bulk. This reects the fact that the Bohr radius in the
perovskite systems is small, and the size of NCs is not suciently small to reach the
quantum-connement level. Nevertheless, the

η PL in these compounds are still amazingly

high, compared to that in large single crystals (typically with

η PL < 1%) 84 .

This

implies, unlike in inorganic QD systems, that quantum connement does not seem to be a
prerequisite to reach high

η PL .

However, as mentioned in Section 1.3, the transformation

of mixed-halide perovskite NCs by means of the halide-exchange reaction has been proven
to signicantly reduce their

η PL 84 , thereby preventing them from being used in advanced
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applications in optoelectronics. This motivates researchers to synthesize colloidal, layercontrolled 2D perovskites.
The rst observation of colloidal, quantum-conned 2D perovskites is reported by Tyagi

et al.

in early 2015

75 . A slight modication of the colloidal synthesis method results in

the formation of mixed perovskite nanostructures with dierent morphologies, and by
purifying this mixture of colloidal dispersions by dilution, ltration, precipitation, and
re-dispersion, the 2D NPLs of CH3 NH3 PbBr3 with dierent thicknesses were isolated.
Although the PL spectrum showed a predominant peak at

∼ 530 nm, which is associated

with the bulk phase, a sharp excitonic feature at 431 nm, or a

∼ 0.5

compared to the bulk, appeared in its absorption spectrum.

By comparing with

eV blue-shift

previous experimental work based on non-colloidal synthesis, this peak was identied
to correspond to 2D CH3 NH3 PbBr3 perovskite with

n=1

(see Figure 1.6a). The minor

components in the PL spectrum centered at 475, 490, and 504 nm were also found to
correspond to

n = 4, 5, and 6, respectively.

The lateral size of the synthesized NPLs was

up to hundreds of nanometers.

n was later proposed to tune λPL (Figure
85
1.6b) . The idea encompasses the use of both long octylammonium (OAm) and short

A synthesis method toward control over

methylammonium (MA) cations together with PbBr2 dissolved in DMF and introduced
to toluene. The former cannot be incorporated into the perovskite crystal structure and
instead binds with the alkyl chain sticking outward, thus arresting crystal growth in the
dimension along the hydrocarbon chain.

By increasing the ratio of OAm to MA, the

thickness of the produced NPLs is, therefore, reduced.
The PL emission changed gradually from green (0% OAm), blue-green (70% OAm),
blue (90% OAm), and nally to violet (100% OAm).
green (n

= ∞)

and violet dispersions (n

= 0),

Nevertheless, except for the

the emission spectra exhibited multiple

peak components, suggesting that the resulting dispersions are not suciently pure.
In addition, the reported PLQYs are typically
PL emission, in this report

< 10%.

Apart from change of the

85 , another important observation is that along with the

rectangular NPLs, the transmission electron microscopy (TEM) images revealed quasispherical objects, roughly 6 nm in diameter, which were proven to be a degradation
product of the perovskite nanostructures. It has made atomic-level electron microscopic
imaging of colloidal 2D hybrid perovskites very challenging.
Vybornyi and co-workers also reported another synthesis method of CH3 NH3 PbX3

87 ,

which does not involve DMF or other polar solvents. The reaction between methylamine
(CH3 NH2 ) and PbX2 is conducted in a high-boiling point nonpolar solvent (e.g., 1octadecene, ODE) at elevated temperatures in the presence of oleylamine (OLAm) and

2+ and

oleic acid (OLAc) as coordinating ligands. The PbX2 salt serves as both the Pb
X

 source, and the proton is provided by OLAc to form CH NH + . The tetrahydrofuran
3
3
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Figure 1.6: a, Images of MAPbBr3 colloidal suspensions with dierent OA content

excited with UV light together with a schematic describing quantum connement eects
in perovskite nanocrystals. The right panel shows TEM images of these nanostructures.
Reproduced from Ref. 85, American Chemical Society. b, Schematic illustration of 2D
perovskite nanoplatelet with

n = 1.

Reproduced from Ref. 75, American Chemical

Society. Below the dependence of PL and absorption spectra of c, 2D MAPbBr3 on
dierent layer number

84 and d, 2D perovskites on variable chemical composition 86 .

Reproduced from Ref. 84 and 86, American Chemical Society. e, TEM image of stacked
2D MAPbBr3 nanoplatelets with

n = 3.

Reproduced from Ref. 87, Royal Society of

Chemistry.

(THF) solution containing methylamine and OLAc is injected into PbX2 solubilized in
the ODE/OLAm/OLAc mixture under vigorous stirring, resulting in the formation of
NCs within seconds. By adjusting the amount of OLAm, the method selectively yields
either blue-emitting square NPL-like NCs or green-luminescent nanowires. The platelets
exhibited an absorption peak at
with

η PL

∼ 450

nm and a single PL emission peak at 465 nm

of 18% (Figure 1.6c), approximately corresponding to

n = 3 88 .

On the other

hand, a lower content of OLAm promoted the aggregation of nanoparticles and formed
wire-like structures, exhibiting a PL peak centered at 532 nm and a sharp absorption
band with moderate excitonic component at around 520 nm. This method was also used
to prepare MAPbI3 NC and NPL colloidal solutions, which exhibit PL emission at

∼ 750
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nm, respectively.

et al.

reported the colloidal synthesis of CsPbX3 NPLs

protocol that produces CsPbX3 NCs at 140200°C

89 by modifying the

72,90 . They found that synthesis at a

lower temperature (90130°C) favors 2D perovskite formation. The reaction was carried
out in a ask in which PbBr2 was solubilized by mixing with ODE containing OLAm
and OLAc that acted as ligands at a later stage. Due to the low solubility of CsBr in
DMF, it was necessary to degas Cs2 CO3 in the presence of OLAc in order to transform
it into liquid Cs-oleate, as pioneered by Protesescu

et al 72 .

The reactions conducted

at 130°C produced NPL dispersions with cyan emission (corresponding to

n ∼ 5).

Further decrease of the reaction temperatures to 90100°C induced the formation of very
thin NPLs. This trend followed; nevertheless, the reaction at 70°C did not take place,
presumably because of the low reactivity of Cs-oleate at low temperatures. Although the
manipulation of the reaction conditions causes certain variations, the resulting solutions
are still polydispersed, containing NPLs with dierent thicknesses.

The PL emission

maxima were identied at 488, 477, 462, 435, and 405 nm, where they may be roughly
assigned to NPLs with

n = 5,

4, 3, 1, and 0, respectively.

η PL

of 84, 45, and 10%

were achieved for samples with n = 4, 3, and 2, respectively. A procedure that yields
monodispersed CsPbBr3 NPLs was developed by Akkerman et al.

91 Cs-oleate, PbBr ,
2

OLAm, and OLAc were mixed in ODE at room temperature, followed by adding dierent
amounts of HBr that protonates the long-chain amine. A signicant amount of acetone
was added at the end to initiate the nucleation of NPLs. Depending on the amount of
HBr, they reported monodispersed CsPbBr3 NPL dispersions that emit at 438, 449, and
459 nm corresponding to

n = 2,

3, and 4, respectively. The

η PL

for the

n=4

solution

reaches 31%.
Very recently, the demand for covering possibly the largest range of the visible spectrum
was addressed by Weidman and co-workers

86 . A high degree of spectral tunability was

achieved through the variation of cation (A), metal (B), and halide (X) composition,
as well as

n,

(Figure 1.6d) in colloidal synthesis.

The thin NPL dispersions of

A'2 [ABX3 ]n BX4 were synthesized by a nonsolvent crystallization method. Precursor salts
(AX, BX2 , and A'X) were dissolved in DMF, mixed in proper proportions, and injected
into nonpolar toluene phase to obtain either

n = 0

or

n = 1

NPL solutions.

Small-

angle X-ray diraction patterns were used to characterize NPL stacking. However, they
observed poor colloidal stability for thick NPLs (n

> 1) and low η PL

(up to 22%) for thin

NPLs. These issues were recently addressed by our group, in which we reported a new
colloidal synthesis method that produces the quantum-conned, colloidal 2D perovskites
with precisely controlled odd layer number from

n = 7 − 10

to

n = 1 84 .

PbBr2 and

CH3 NH3 Br were dissolved in DMF, followed by adding the toluene solution containing
OLAc and OAm at room temperature, which acted as surfactants that stabilized the
polar DMF phase in the nonpolar toluene phase. In addition, OLAc weakly protonates
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+

OAm to OAm , which is required to limit the growth of NCs. The amount and ratio
of long-chain molecules determine the thickness of 2D perovskites. This approach yields
CH3 NH3 PbBr3 NPLs with various

n

values, with PL centered at 517, 489, 456, and

436 nm (Figure 1.6e) corresponding to

n = 7 − 10,

5, 3, and 1, respectively. The high

monodispersity and mild reaction conditions have led to high

η PL

(4090%) in colloidal

solutions. Interestingly, contrary to other protocols, the use of OLAc and OAm seems
to enhance the colloidal stability of the synthesized NPLs

92 .

On the other hand, less research eort has been focused on the colloidal synthesis of 2D

et al. developed a direct synthesis route of 2D CH3 NH3 PbI3
93
NCs . It is a two-step approach involving (i) the preparation of monodispersed PbI2

iodide perovskites. Hassan

NPL solution and (ii) reaction of the solution with a mixture containing alkyl ammonium
iodide and methylammonium iodide.

They found that the lateral size of PbI2 seeds

played a minor role in determining the resulting

n.

Depending on the ratios between

the reactants, 2D CH3 NH3 PbI3 colloidal dispersions with
yielding green, orange, and red emissions, respectively.

n = 0,

1, and 2 were obtained,

Weidman

et al.

studied the

inuence of halide composition on the photophysical properties of perovskite NPLs.
Apart from the Br-based 2D perovskites, I-based counterparts were also prepared (with
both CH3 NH3

+ and CH(NH ) + ) 86 . However, the
2 2

the NPLs with

n > 1 were not reported.

η PL

are not satisfactory (<

2%)

and

The Sn-based 2D perovskites were also reported,

86
but the η PL remain low ; in particular, the entire process has to be carried out in an inert
94
atmosphere due to the high reactivity with oxygen . Another interesting approach was
presented by Hintermayr

et al.

and Tong

et al.

by using a tip sonicator to disperse the

bulk perovskite phase in a nonpolar solvent containing ligand molecules

95,96 . The same

research group further found that the formation of 2D NPLs can also be triggered by
diluting a solution containing thick NCs of CH3 NH3 PbBr3 or CH3 NH3 PbI3

97 . Note that

although the thin 2D iodide counterparts could be formed using both methods mentioned
above, there is a lack of selectivity toward precise layer control. Subsequently, the work
carried out by Bohn
NPLs

et al.

aimed at precise control of the layer number in CsPbBr3

98 . The optimization of the synthetic procedure

via

reprecipitation of precursors

at room temperature, allowed to gradually tune the nal thickness of NPLs from
to

n = 5.

n=1

Moreover, excess of PbBr2 was used to passivate surface defects in order to

boost the radiative recombination.

η PL

As a result

was signicantly enhanced and a

maximum value of up to 73% was reached in NPLs with
was also selectively synthesized by Bertolotti

et al. 99 .

n = 5.

An analogous structure

The hot-injection method used

by the authors, enabled to achieve size monodispersity and high

η PL

ranging from 70 to

80%. Nevertheless, no layer control was demonstrated, which seems to be intrinsically
challenging for this particular synthetic protocol.
Colloidal-based
optoelectronics.

methods

have

brought

new

Precise layering control from

opportunities

n = 0

to

for

n = ∞

2D

perovskites

in

has been achieved
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in colloidal CH3 NH3 PbBr3 and CsPbBr3 perovskite systems.

Moreover, it has been

shown that the synthesis procedures commonly used for obtaining colloidal perovskite
NCs can be readily scaled-up, thus potentially enabling the production on an industrial
scale

100102 . Nevertheless, most of the synthesis methods discussed in this section yield

2D bromide perovskite colloidal dispersions. Although the 2D conned structures have
been proven to stabilize the cubic phase to some degree, it still remains challenging for

n > 2.

We believe that this is the fundamental mechanism responsible for the low yield

in 2D iodide perovskites. In addition, for 2D perovskite NPL dispersions with

η PL remain low.

n < 3, the

All the values of this parameter achieved for various colloidal dispersions

of 2D perovskites are summarized in Table 3. We expect that further research eort will
be focused on

η PL

improvement.
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λAbs

λPL

(nm)

(nm)

∞

525

530



75

6

497

504



75

5

486

490



75

4

472

475



75

3

451





75

1

431





75

∞

528

518

16

85

5



490



85

4

463

469

12

85

3

446

454

3

85

0



427

0.4

85

CH3 NH3 PbBr3

∞



532

15

87

CH3 NH3 PbI3

3

∼ 450

465

18

87

CH3 NH3 PbI3

∞



∼ 700



87

CsPbBr3

5



488

84

89

4



477

45

89

3



462

10

89

1



435



89

0



405



89

∞



510

78

90

4

441

459

31

91

3

431

449



91
91

Layer

Compound

number

CH3 NH3 PbBr3

CH3 NH3 PbBr3

CsPbBr3

n

η PL

(%)

Ref.

2

422

438



1

348





86

∞

334





86

CH(NH2 )2 PbCl3

1

354





86

CH3 NH3 PbBr3

1

431

437

6

86

0

398

403



86

CH(NH2 )2 PbBr3

1

434

439

22

86

CsPbBr3

1

429

433



86

CH3 NH3 PbI3

1

566

574

1.1

86

0

506

513



86

CH(NH2 )2 PbI3

1

566

575

1.4

86

CsPbI3

1

553

561



86

CH(NH2 )2 SnI3

1

674

689

2.6

86

0

604

628

0.5

86

CH3 NH3 PbBr3

710

511

517

81

84

5

469

489

90

84

3

449

456

50

84

1

429

436

10

84

2

593-600

610



93

1

565

580



93

0

505

520



93

∞

515
497

73.0

98

∼ 488
∼ 475
∼ 455

67.7

98

67.0

98

60.3

98

1

∼ 510
∼ 486
∼ 475
∼ 468
∼ 449
∼ 427

432

49.4

98

5

482

492

70-80

99

CH3 NH3 PbCl3

CH3 NH3 PbI3

CsPbBr3

5
4
3
2
CsPbBr3
Table

1.2:

98

Summary of various 2D perovskite structures prepared by colloidal
synthesis together with their photophysical properties
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This chapter is adapted from the following journal article:

Kumar, S., Jagielski, J.,

Yakunin, S., Rice, P., Chiu, Y.-C., Wang, M., Nedelcu, G., Kim, Y., Lin, S., Santos,
E. J. G., Kovalenko, M. V., and Shih, C.-J. Ecient Blue Electroluminescence Using
Quantum-Conned Two-Dimensional Perovskites.

ACS Nano 10(10), 97209729 (2016).

2.1 Introduction
The earth-abundant hybrid lead halide perovskites are an emerging class of direct-bandgap semiconductors for solution-processed optoelectronics
materials possess an optical band gap,
doping with the mixed halides
spectrum light sources

Eg ,

46,6264 .

The fact that the

tunable from the visible to infrared ranges by

64,72 , has further suggested promising applications in full-

103 . Compared to other large-area light-emitting technologies, such

as organic semiconductors

65 and inorganic quantum dots 40 , they have shown advantages

in easy synthesis, low materials cost, and high color purity

64 .

These features have

generated considerable research eort aimed at developing perovskite LEDs

68,70,104110 .

However, despite signicant progress in the demonstration of bright electroluminescence
(EL) based on the methylammonium lead halides (CH3 NH3 PbX3 , where X is I, Br, and
Cl)

68,70,104106,108,110 and cesium lead halides (CsPbX ) 107,109 perovskites, the reported
3

external quantum eciencies (EQEs) exhibit a sharp, essentially exponential decay on
decreasing the emission wavelength

λEL ,

when moving from orange-red to green-to-blue

λEL < 480 nm has never
70,110
65
been achieved at room temperature
, as is required for practical applications . Our
wavelength regions (Figure 2.1a). In particular, blue EL with

study aimed to ll this gap. The mechanisms responsible for much lower EQE at shorter
wavelengths are still not fully understood.

Indeed, unlike the organic semiconductors

and inorganic quantum dots, in which the Frenkel-like excitons predominate

47 , recent

advances in perovskite photophysics have concluded that photoexcitation generates
nearly 100% free carriers in CH3 NH3 PbI3 perovskites at room temperature

48 .

This

reects the eect of the electriceld screening by the collective orientational motion of
CH3 NH3

+ cations 49 , which in turn results in an anomalously high dielectric constant at

low frequency

50,51 , as well as a small exciton binding energy,

EB,

of 26 meV

49,5153 .

E B essentially enables a high power conversion eciency in solar
48
64
cells , it has been considered as a signicant limiting factor for ecient light emission .
Although the small

A number of studies have further reported that the chloride-doped bulk perovskites
possess a longer exciton lifetime and diusion length
favorable radiative recombination.

111,112 , implying an even less

Together with the observation that they generally

have a lower photoluminescence quantum yield (η PL ) relative to other counterparts (e.g.,
ref 107), one may conclude that the chloride-doped perovskites are not ideal candidates
for blue LEDs

64 .

In order to promote radiative recombination, one approach is to
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spatially conne diusion of carriers, thereby increasing the probability for them to
meet each other.

For example, by reducing the perovskite grain size down to

∼ 100

68
nm with the nanocrystal pinning method , the exciton diusion length signicantly
decreases

69 , such that a high EQE at

λEL = 540 nm

has been demonstrated

68 . However,

this method does not allow a controlled chloride doping since the solubility of the chloride
precursors in the regularly used solvents (e.g.,

N,N -dimethylformamide,

DMF) is low

70 .

Moreover, an ultrathin perovskite lm with complete substrate coverage has been proven
technically dicult

EB

64 . On the other hand, a more straightforward approach is to increase

directly by the eect of reduced dimensionality

can become more excitonic

71,72 , so that the perovskite materials

48 . In addition, a large degree of blue shift can be introduced

by the quantum connement eect

75 . However, the excitonic Bohr radius,

hybrid perovskite systems is estimated to be only
a relatively large unit cell (∼

0.6

∼

aB *, in the
73,113
1.42.0 nm
. Combined with

nm), it remains challenging to reach a precise size

control during synthesis. Very recently, a large degree of blue shift has been observed
in the colloidal, quantum-conned two-dimensional (2D) perovskites

85,87,89,91,93,113116 ,

which can be described by (RNH3 )2 [CH3 NH3 PbX3 ]n PbX4 , where R is a long-chain
alkyl group and

n

is the stacking number of perovskite unit cells

75 . However, to the

best of our knowledge, it is not yet possible to precisely control the stacking toward
predominantly one-unit-cell (n

= 1)

thickness with a suciently high

η PL (> 30%)

at

the corresponding wavelength that yields the maximum degree of blue shift, which is a
prerequisite for ecient blue LEDs. In this work, we report blue LEDs using the stackingcontrolled, quantum-conned 2D perovskites. Colloidal 2D CH3 NH3 PbBr3 perovskites,
with precisely controlled stacking down to

n = 1

stabilized in a liquid medium, exhibiting high

(Figure 2.1b), were synthesized and

η PL

(4090%).

By creating complexes

formed between the stacking-controlled 2D perovskites and a variety of organic host
compounds, we demonstrate an important concept in harvesting radiative recombination
in hybrid perovskites through the dielectric connement eect and the Förster resonance
energy transfer (FRET). We achieve tunable EL with

λEL = 520,

492, 456, and 432 nm

at room temperature, with an enhancement of EQEs by factors of

101 103 ,

compared

to those reported among the perovskite LEDs in the green-to-blue wavelength region, as
shown in Figure 2.1a.

2.2 Materials and Methods
2.2.1

First-Principle Calculations

The calculations reported here are based on

ab initio

density functional theory using

the generalized gradient approximation with the PerdewBurkeErnzerhof (PBE)

117
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functional for the electronic exchangecorrelation term.

We have also carried out

118 screened hybrid functional
calculations using the HeydScuseriaErnzerhof (HSE06)
to check for potential limitations of the PBE functional,

which take a fractional

component of the exact exchange from the HartreeFock (HF) theory. All calculations
have been performed on the Vienna

ab initio

simulation package (VASP) code

119,120 .

The bonding environment of each system was described under the projected augmented
wave (PAW)

121,122 pseudopotential framework for both PBE and HSE06 calculations.

The expansion of valence wave functions has been computed using a wellconverged plane
wave cuto energy of 400 eV. To model the system studied in the experiments, we created
large supercells containing up to 162 atoms to simulate the layered materials as a function
of thickness. To avoid any interaction between supercells in the nonperiodic direction, a
20 Å vacuum space was used in all calculations. All Brillouin zone integrations have been
sampled using a

7 × 7 × 1 Γ-centered MonkhorstPack 123 k -point scheme, which resulted

to be important in the convergence of the magnitudes.

The geometric optimizations

have been performed until the HellmannsFeynmann forces converged to less than 0.01
eV/Å. The ion-clamped static dielectric constant tensor (εαβ ) has been calculated using
density-functional perturbation theory (DFPT)

via

124,125 or using linear response theory

a self-consistent response to a nite electric eld (=0.005 eV/Å)

126 when the HSE06

hybrid functional is considered. For instance, calculations using HSE06 give a slightly
smaller bulk dielectric constant of 3.713 along the

x, y , z

directions, in comparison to

4.42 obtained using PBE.

2.2.2

Molecular Dynamics Simulations

Since the 2D perovskitebased LEDs were investigated at room temperature (300 K), only
the cubic-phase CH3 NH3 PbBr3 perovskite, which is stable at 300 K, was considered in
the molecular dynamics (MD) simulations of the 2D CH3 NH3 PbBr3 perovskites with
capping ligand octylammonium (CH3 (CH2 )7 NH3

+ ) layers. The classical force eld for

cubic CH3 NH3 PbBr3 perovskite was rst tted based on the recently developed MYP

127 .

The force eld parameters were initially

set equal to those of the MYP force eld.

Then all the force eld parameters were

force eld for CH3 NH3 PbI3 perovskites

optimized using the GULP program

128 , such that the tted force eld can accurately

reproduce the structural (i.e., lattice constants) and elastic (i.e., bulk and shear moduli)
properties of cubic CH3 NH3 PbBr3 predicted using DFT calculations

129 . The dierences

between the structural and elastic properties of cubic CH3 NH3 PbBr3 evaluated by
molecular mechanics and previous DFT calculations

129 are all within 5%, conrming

the validation and accuracy of our tted force eld. Following the AMBER force eld
used to model CH3 NH3

130

+ within the MYP force eld, we also utilized the AMBER force
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eld to simulate the intermolecular and intramolecular interactions of CH3 (CH2 )7 NH3

+

ligands in the 2D CH3 NH3 PbBr3 perovskite. The partial charges of these ligands were
determined from quantum chemistry calculations using the B3LYP/6-31G* basis set
in the Gaussian 09 software package
method

131 . The particle mesh Ewald (PME) summation

132 was employed to treat longrange electrostatic interactions. Using the tted

force eld, all the MD simulations of 2D CH3 NH3 PbBr3 perovskites with capping ligand
layers were carried out using the massively parallelized LAMMPS package

133 at 300 K.

The molecular models of self-assembled superlattice structures of 2D perovskites were
built with layer numbers

n = 1

and 3 separately.

Periodic boundary conditions were

applied along all the directions. Four dierent surface coverages (25%, 50%, 75%, and
100%) of ligands were taken into account as well to explore their eect on the selfassembled superlattice structures. A simulation time step of 1 fs was chosen for all the
MD simulations here. These molecular models were rst relaxed for 500 ps in the
ensemble after energy minimization and run for another 500 ps in the

NPT

NV T

ensemble

134

with a higher pressure (2000 bar) along the stacking direction, in order to get fully
packed self-assembled superlattice structures. All the molecular models were then run
for another 500 ps in the

NPT

ensemble with 1 bar along all the directions to nally

reach equilibrium states.

2.2.3

2D Perovskite Synthesis

A vial with 12.5 mL of toluene containing variable amounts of OLAc and OAm was
prepared (see Table A.1).

The addition of 375 µL of CH3 NH3 Br (0.533 M) and 625

µL of PbBr2 (0.4 M) in DMF was followed by a spontaneous formation of precipitate.
In order to ensure full completion of this process,
samples.

tert -butanol

was added to selected

The solid was separated by means of centrifugation at 8000 rpm for 8 min

and redissolved fresh toluene, resulting in green- or blue-emitting colloidal solutions. All
procedures were carried out in ambient conditions.
perovskites in Figure

The CB band edge energy for 2D

?? was determined using a Riken Keiki photoelectron spectrometer

in air (PESA, model AC-2). The VB band edge energy was then back-calculated with
the band gap width equivalent to the PL energy.

2.2.4

AFM and GIXD Characterization

The surface structure of polymer lm was obtained with a Nanoscope 3D controller
atomic force micrograph (AFM, Digital Instruments) operated in the tapping mode at
room temperature. Grazing incidence X-ray diraction (GIXD) patterns were measured
on beamline BL13A at the National Synchrotron Radiation Research Center (NSRRC),

Chapter 2

23

Taiwan. A monochromatic beam of

λ = 1.0205

Å was used, and the incident angle was

0.12°.

2.2.5

Device Fabrication and Characterization

Prepatterned indium tin oxide (ITO)-coated glass substrates with a sheet resistance
of

15Ω/

were

purchased

from

Lumtech

Corp.

The

hole

injection

material

poly(3,4-ethylene-dioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) was purchased
from

Heraeus

(Clevios

P

VPCH

8000).

Highly

pure

sublimed

grade

hole-

transporting materials and hosts poly(9-vinylcarbazole) (PVK), 4,4'-bis(N -carbazolyl)1,1'-biphenyl
were

(CBP),

supplied

by

2,6-bis(3-(9H -carbazol-9-yl)phenyl)pyridine

and

Lumtech

Corp.

The

wide-band-gap

bipolar

(26DCzPPy)
host

bis4-(N -

carbazolyl)phenylphosphine oxide (BCPO) was synthesized following the procedure
reported

135 .

The

electron-transporting

material

2,2',2-(1,3,5-benzinetriyl)-tris(1-

phenyl-1-H -benzimidazole) (TPBi) was procured from e-Ray Optoelectronic.

The

electron injection material lithium uoride (LiF) (99.98%) was purchased from Acros
Organics.

Aluminum (Al) pellets (99.999%) were purchased from Kurt J. Lesker Co.

Ltd. All the materials were used without any further purication. The ITO-coated glass
substrates were rinsed with an Extran MA02 neutral detergent and deionized (DI) water
mixture (1:3). Subsequently, these substrates were sonicated in DI water, acetone, and
2-propanol, respectively, each for 10 min. The substrates were then exposed to oxygen
plasma for 10 min.

Thereafter, the aqueous solution of PEDOT:PSS was spin-coated

on the precleaned ITO glass at a speed of 4000 rpm for 20 s and then annealed at

125 ± 5°C

for 0.5 h in the ambient conditions.

All the annealed substrates were then

transported into a nitrogen atmosphere glovebox for the deposition of successive layers.
Consequently, a

24 ± 3

nm hole-transporting layer of 2 mg/mL PVK (in chlorobenzene)

was spin-coated on a PEDOT:PSS layer at 3000 rpm for 40 s.
layer was then annealed at

120 ± 5°C

The hole-transporting

for 0.5 to 1 h. Before spin-coating, the colloidal

suspension of 2D CH3 NH3 PbBr3 perovskite nanosheets (in toluene) was mixed with a
low-k host material (CBP, PVK, 26DCzPPy, and BCPO) to obtain a composite emissive
layer. The resultant

25 ± 6

nm composite EML was then deposited

via

spincoating at

2500 rpm for 20 s, and these substrates were transferred in a high-vacuum evaporation
chamber (∼

7 × 10−8

Torr).

Then, a 35 nm ETL was deposited on the EML by the

thermal evaporation of TPBi. Finally, a 1 nm LiF electron injection layer and a 100 nm
Al cathode layer were also deposited in a high-vacuum chamber by using a shadow mask.
Each substrate is patterned to realize four devices, each with an active area of 15 mm

2 as

dened by the overlapping area of the bottom ITO anode and top Al cathode layers. All
the devices were stored in the glovebox and characterized under the ambient atmosphere
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without encapsulation. Current densityvoltageluminance (J V L) characteristics of
the perovskite LEDs were measured using a Keithley 2400 source meter and CS-100A
luminance meter. The electroluminance spectra of all the devices were recorded by using
a Photo Research PR 655 spectrometer. The EQE was calculated as the total number
of emitted photons divided by the total number of injected electrons by assuming a
Lambertian-type emission pattern.

2.2.6

PL and TRPL Measurements

PL spectra were acquired with a Fluorolog 3 instrument from Horiba using excitation of a
Xe lamp monochromatized at 350 nm. The absolute photoluminescence quantum yields
of the solutions and lms were recorded from a Hamamatsu Quantaurus-QY absolute
PLQY spectrometer (C11347-11).

PL lifetime measurements were performed using a

TCSPC setup, equipped with an SPC-130-EM counting module (Becker&Hickl GmbH)
and an IDQ-ID-100-20-ULN avalanche photodiode (Quantique) for recording the decay
traces. The emission of the solutions and lms was excited by 355 nm (frequency-tripled
emission of a Nd:YAG laser, Duetto Time-Bandwidth Products) 10 ps laser pulses with

2 triggering a TCSPC

a repetition of 824 kHz with pulse intensity about 100 nJ/cm

counting module through an electronic delay generator (DG535 from Stanford Research
Systems). The spectral range of interest was ltered out by a set of long-pass and shortpass lters from Thorlabs. Specically, we measured the decay traces of host emission
in the mixture by using the lter combination of FEL400 and FES450, which allows
emission bands between 400 and 450 nm to pass, while cutting the rest of the emission
that occurs below 400 nm or above 450 nm. Moreover, the decay traces of guest emission
in the mixture were measured by utilizing a FEL 500 long-pass lter, which cut everything
below 500 nm. The beam power was measured by an S120VC Si photodiode sensor from
Thorlabs. The beam proles were recorded by a DP-M17 USB Digital Microscope from
Conrad.

2.3 Results and Discussion
2.3.1

Motivation behind reducing the dimensionality of perovskite
nanocrystals

A central challenge in the perovskite-based optoelectronics is how to signicantly increase

EB

up to a few characteristic thermal energies at room temperature (k B T

≈ 26 meV), in

order to induce excitonic behavior. The exciton binding energy in a bulk semiconductor
is given by

E B = µe4 /(2ε2 ~2 ),

where

µ

is the exciton reduced mass,

e

is the elementary
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ε is the dielectric constant, and ~ is the reduced Planck constant 136 .

can obtain a higher

EB

by reducing the dielectric constant, which is a basic consequence

of reduced dimensionality
of-plane

ε

Clearly, one

136 .

Figure 2.1c presents the calculated in-plane and out-

n

in the 2D CH3 NH3 PbBr3 perovskites using the density

as a function of

functional theory (DFT) (see Section 2.2.1). Note that we take into account a fractional
component of the exact exchange from the HartreeFock (HF) theory hybridized with
the DFT exchangecorrelation functional at the level of the HSE06 hybrid functional.
Therefore, any limitation of the exchange and correlation functional utilized in the
chemical description of the energy levels can be improved. It follows that, by reducing
the stacking to
in the bulk.

n = 1,

Since

EB

one can gain a nearly 4 to 7 times

increase relative to that

in the hybrid perovskites is essentially small

with reduced dimensionality alone, the enhanced
room temperature.

EB

EB

53 , we infer that,

may not exceed a few

kB T

at

This is not surprising; in fact, the classical quantum mechanical

E B is enhanced at most
78,136
up to 4 times compared to the bulk value
, which appears to be insucient in
theory has predicted that in the limit of a 2D semiconductor

the system considered here.

To overcome this diculty, in view of the fact that the

2D perovskites are structurally analogous to the quantum wells (QWs),
concept of dielectric connement

11 we adopt the

78 , which is realized by surrounding the 2D perovskites

with wideband-gap, low-dielectric-constant (low-k ) organic semiconducting molecules,
acting as barriers (Figure 2.1d).
Accordingly, the resulting complex consists of a matrix of the dielectric quantum wells
(DQWs)

78 . In a DQW, the discontinuity of

of carriers, thereby reducing the eective

ε causes a redistribution of the electric elds
ε

and screening the electronhole Coulomb

coupling. Theoretically, the dielectric connement eect enables a signicant
by up to 100 times in thin wells (<
conned 2D perovskites (n

> 10),

5aB *) 78 ,

EB

boost

implying that even with the non-quantum-

a considerable degree of

EB

enhancement is expected.

A variety of uorescent organic host compounds, which have been extensively used in
the emission layer (EML) of organic light-emitting diodes (OLEDs)
as the barrier materials.

We demonstrate that the near-eld FRET

137 , were chosen

138 occurs at the

2D perovskite/host interfaces (Figure 2.1e), due to the spectral overlap between the
host (donor) emission spectrum and the 2D perovskite (acceptor) absorption spectrum,
allowing rapid transport of excitons through the alkyl ligands (Figure 2.1d top), followed
by recombination in a 2D perovskite, as will be further discussed later.

The device

architecture and energy diagram for our LED device is shown in Figure 2.1f (see Section
2.2.5). We use a typical three-layered structure, which consists of a hole-transport layer
(HTL), EML, and an electron-transport layer (ETL). The EML is prepared by spincoating a toluene solution containing the colloidal 2D perovskites and a small amount of
organic host compounds. We successfully demonstrate large-area (∼

1.5 cm2 ) pure-green
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2.1:

Harvesting

blue

photoluminescence

perovskites. a, EQE as a function of
to-blue wavelength region

λEL

quantum-conned

2D

68,70,104110 , in comparison with those achieved in this work

using 2D perovskites with dierent stacking number

−5

temperature, so a typical detection limit (10
data set.

using

for reported perovskite LEDs in the green-

n.

*Ref. 70 reported EL at low

%) is used to present this particular

b, Computer-generated molecular model (carbon, brown; hydrogen, pink;

bromine, green; nitrogen, sky blue) of 2D CH3 NH3 PbBr3 perovskite with
DFT-calculated out-of-plane and in-plane relative permittivity

εr

n = 1.
n.

as a function of

c,
d,

Schematic (bottom) and molecular model (top) of the dielectric quantum wells formed
between organic host molecules (barriers, 1) and 2D perovskites (wells, 2), illustrating

E g1 > E g2 , ε1 < ε2 ,

and

µ1 > µ2

to enhance

EB

in the wells. e, Schematic of FRET

occurring at the interface between organic host and 2D perovskite, in which the singlet
excitons in the host transferred to the conduction band (CB) in 2D perovskite. f, LED
device architecture, materials, and band diagram used in this report. Reproduced from
Ref. 84, American Chemical Society.

and pure-blue LEDs at room temperature, based on the 2D CH3 NH3 PbBr3 perovskites,
respectively, demonstrating high-color-purity EL.

2.3.2

Synthesis of 2D CH3 NH3 PbBr3 perovskites

The 2D CH3 NH3 PbBr3 perovskites are synthesized using modications of the synthesis
method proposed by Pérez-Prieto

et al.

(for details see Section 2.2.3)

82 .

In short,
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the perovskite precursors, lead bromide and methylammonium bromide, were dissolved
in DMF, followed by dropwisely adding to a toluene solution containing two dierent
surfactants, oleic acid and octylamine.

Colloidal crystallization of perovskites was

triggered immediately due to a low solubility of the precursors in toluene at room
temperature.

The two surfactants used here, on one hand, kinetically stabilize the

polar DMF phase in the nonpolar toluene phase by reducing the interfacial tension

139 ,

enabling slow precipitation of crystals. On the other hand, oleic acid weakly protonates
octylamine to form octylammonium cations, which in turn electrostatically bind to the
bromide-enriched crystal surfaces.

They serve as ligands to limit further growth in

the out-of-plane direction, as well as to prevent restacking between individual crystals.
The resulting precipitates were nally collected and redispersed in toluene to obtain
a colloidal solution. Accordingly, the thickness of 2D perovskites is determined by the
equilibrium of surfactants and precursors across two phases. Note that the above protocol
fundamentally prohibits the formation of 2D perovskites with

n = 0, due to the presence

of methylammonium cations. The amount and the ratio of two surfactants used in the
synthesis yield colloidal dispersions with dierent optical properties. Through extensive
experimentation, recipes were developed to obtain four high-purity (>

90%)

products

(Table A.1), each with a single emission peak.

2.3.3

Photophysical and morphological characterization of 2D
CH3 NH3 PbBr3 perovskites

The representative absorption and photoluminescence (PL) spectra are shown in Figure
2.2a. The spectra obtained from the bulk, single-crystalline CH3 NH3 PbBr3 perovskite
(for details see Section 2.2.6) are also attached for comparison.

The full width at

half-maximum (fwhm) for each emission spectrum is less than 25 nm, with a Stoke shift
of 510 nm. The emission peaks at 517, 489, 456, and 436 nm were assigned to the 2D
CH3 NH3 PbBr3 perovskites with

n = 7 − 10,

5, 3, and 1, respectively, by comparing

the peak positions with those reported in solid-phase layered perovskites
A.2). By reducing the stacking number to

n ≤ 5 (∼ 2aB *),

75,140 (Table

in addition to a blue shift

in the absorption onset, a sharper and sharper excitonic absorption feature emerges,
representing clear evidence of

EB

enhancement due to the quantum connement eect.

This fact is endorsed by the observation of high
which show an

∼ 100-fold

η PL

(4090%) in the colloidal solutions,

increase compared to that in the bulk single crystal (<

1%).

We examine the colloidal 2D perovskites by transmission electron microscopy (TEM),
atomic force microscopy (AFM), and grazing-incidence wide-angle X-ray scattering
(GIWAXS). Rectangular 2D crystals were clearly identied on TEM grids (Figure 2.2b).
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Figure 2.2: Stacking-controlled colloidal synthesis of 2D perovskites. a, Absorption

n = 7 − 10, n = 5, n = 3,
n = 7 − 10. c, TEM image of

and PL spectra of bulk single crystal and colloidal solutions of
and

n = 1.

b, TEM image of 2D perovskite crystals with

stacks of 2D perovskite crystals (n

= 3).

d, AFM image of micrometer-sized, isolated

2D crystals (n = 3). e, f GIWAXS image (e) and computer-generated molecular model

f for a spin-coated 2D perovskite (n

= 3)

lm on a silicon substrate. Reproduced from

Ref. 84, American Chemical Society.

Note that the observed dark quasi-spherical nanoparticles within the 2D structures have
been suggested to be the degradation product of perovskite caused by the focused electron
beam

85 . Figure 2.2c shows TEM image of the edge of a 2D perovskite stack with

showing an interlayer spacing of
solution (n

= 3)

∼ 3.2

n = 3,

nm. On the other hand, when spin coating of the

onto a silicon substrate, due to a relatively slow evaporation of solvent,

we nd the 2D perovskites thermodynamically favor forming the "face-on" orientation;
namely, the surface normal vector is perpendicular to the substrate plane. Figure 2.2d
presents the AFM image of micrometer-sized, isolated 2D crystals, showing a thickness
of

∼ 2.5

nm (also see Figure A.1). Since the capping ligand layer is relatively soft, we

suppose that there is a degree of underestimation here. To gain more insights into the
thickness and rientation, the sample was subsequently analyzed by GIWAXS, as shown
in Figure 2.2e.
from a

d-spacing

The high-order diraction peaks along

qxy = −1.061

Å

-1 are derived

of 0.592 nm, which is identical to the unit cell length in the bulk cubic

CH3 NH3 PbBr3 perovskite, suggesting that the lateral (or in-plane) unit cell length does
not change.
or

d-spacing

On the other hand, the second to last peak on

qxy = 0 (qz = 1.049

Å,

= 0.599 nm) corresponds to the out-of-plane unit cell length in the 2D

perovskites, with a small degree of expansion (0.007 nm) relative to that in the bulk, due
to a lattice relaxation

114 . Other peaks along

qxy = 0,

denoted as (l 0 0), where

l

is an

integer, correspond to the self-assembled superlattice structure of 2D perovskite stacks,
exhibiting high crystallinity, long-range ordering, and face-on orientation (Table A.3).
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The calculated interlayer spacing, which is essentially identical to the

d-spacing of the (1

0 0) superlattice peak, is therefore determined to be 3.302 nm, consistent with our TEM
observation (Figure 2.2c).

We therefore deduce the ligand layer between two stacked

2D crystals is 0.906 nm, as shown in the molecular-dynamics simulation snapshot of our
self-assembled superlattice structure with

2.3.4

n=3

(Figure 2.2f ).

Fabrication of LED devices based on 2D perovskites

Based on the stacking-controlled 2D perovskites, LED devices were fabricated (for details
see Section 2.2.5). We demonstrate EL peaks located at 520 (pure green,
(sky blue,

n = 5),

456 (pure blue,

n = 3),

and 432 nm (deep blue,

n = 7−10), 492

n = 1)

(Figure 2.3a),

with only 04 nm bathochromic shifts from the corresponding PL peaks.

Highcolor-

purity emissions with fwhm's of 23, 24, 18, and 40 nm (Commission Internationale de
l'Éclairage (CIE) chromaticity coordinates; see Figure A.4) are exhibited. A relatively
broad emission peak, together with the presence of a shoulder peak at
observed in our deep-blue device (n

= 1),

∼

480 nm, was

which may be attributed to a small degree

of restacking or decomposition under electrical excitation.

Indeed, we notice that the

stability of this particular material is not optimal, and some devices can endure only a
few rounds of measurement.
To elucidate the eect of organic host,
using the pure green emitter (n
without using an organic host,

a series of experiments were carried out

= 7 − 10)

(Table A.4 and Figure A.5).

the control device,

Clearly,

with a simple architecture of

ITO/PEDOT:PSS/perovskite/TPBi/LiF/Al, shows a relatively modest EQE of 0.29%,
which basically follows the same trend of the reported EQEλEL values in Figure 2.1a.
Accordingly, we employed 4,4'-bis(N -carbazolyl)-1,1'-biphenyl (CBP), a widely used
organic host material in phosphorescent OLEDs

137 , to form a complex with the 2D

perovskites. At an appropriate CBP concentration, a signicant enhancement in EQE
(2.07%) is achieved. In addition to the two mechanisms addressed earlier (FRET and
the dielectric connement), we attribute the eciency enhancement to the well-separated
2D perovskites in the CBP matrix, as well as a smoother EML. Consequently, the selfquenching caused by the adjacent 2D perovskites is reduced, and the possible electrical
shunts between two transport layers are minimized

107 . A slightly higher EQE of 2.31%

(Figure 2.3d) and a current eciency of 8.1 cd/A were further reached by placing a thin
PVK layer, which possesses a wider band gap (Figure 2.2f ), after PEDOT:PSS, due to
a more eective exciton connement within the EML. We also tested three other host
materials (PVK, 26DCzPPy, and BCPO) but did not observe a statistically meaningful
enhancement. Thereafter, the above strategies were applied to our blue-light-emitting
devices.
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Figure 2.3: Device characteristics of 2D perovskite-based LEDs.

EL spectra for LEDs using colloidal solutions of
blue),

n=3

(pure blue), and

n=1

n = 7 − 10

a, Representative

(pure green),

n=5

(sky

(deep blue). b, Current density as a function of

voltage. Inset: Photograph of a pure-blue LED (area:

3×5

2

mm ). c, Luminance as a

function of voltage. d, Calculated EQE as a function of current density. Reproduced
from Ref. 84, American Chemical Society.

The quantum-conned 2D perovskites (n

= 1,

3, and 5) were then tested using the

developed device architecture. The current density and luminance as a function of voltage
are shown in Figures 2.3b and 2.3c, respectively, followed by the calculated EQEs
current density in Figure 2.3d. For the sky-blue emitter (n

= 5),

versus

by using CBP as the

host material, we report the highest EQE of 0.23% among all perovskite LEDs in the
blue wavelength region (Figure 2.1a).

The device turns on at

∼ 3.5

V and reaches a

2
2
luminance of 8.5 cd/m at a current density of 4.7 mA/cm when operated at 6.0 V.
We nd that the attainable luminance is not as high as that in the green device, due

≤ 5)

to the fact that the solvability of the thin 2D perovskites (n

in toluene tend to

be low. It reects a low colloidal stability that may result from a low surface coverage
of octylammonium ligands in these species.

We believe that further optimization in

ligand engineering would eventually lead to a brighter LED. The concept proposed here
further enables the pure-blue (n

= 3)

and deep-blue (n

= 1)

perovskite LEDs, which

have never been achieved at room temperature. For the two emitters, we nd that the
emission of the CBP-doped devices does not exhibit a spectral component associated
with the 2D perovskites.

Instead, a broad peak centered at

consistent with that in the CBP-only device (Figure A.6).

∼ 380

nm was observed,

This evidence suggests an

inecient energy transfer from CBP to thin 2D perovskites.

Indeed, the absorption
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spectra for these emitters (Figure 2.2a) exhibit a sharp excitonic absorption peak, which
requires a barrier material with the emission wavelength coincident with it (Figure A.8),
in order to facilitate an ecient FRET, as will be discussed later. Accordingly, bis-4(N -carbazolyl)phenylphosphine oxide (BCPO), an organic host material with a lower
band gap

135 , was used in our pure-blue and deep-blue devices (see Section 2.2.5). Our

preliminary results demonstrate maximum EQEs of 0.024% and 0.0040%, respectively
(Figure 2.3d), and both devices reach a luminance of
temperature.

Considering high

η PL

∼1

2 (Figure 2.3c) at room

cd/m

for these emitters, we believe that further device

engineering will lead to a much better EQE.

2.3.5

Experimental evidence for FRET phenomenon in the PVK2D
perovskite complex

The main idea of dielectric quantum wells requires ecient energy transfer at the well
barrier interfaces to minimize nonradiative loss. Nevertheless, the insulating nature of the
interfacial ligand layer inherently introduces transport-assisted traps
compromise the quantum eciency.
chain (∼

1

141 , which seriously

By taking into account the relatively long ligand

nm), the uorescent host materials were chosen to harvest energy

near-eld FRET

via

the

138 . Figure 2.4a presents the thin-lm emission and absorption spectra

of neat 2D perovskite (n

= 7 − 10,

acceptor), as well as the emission spectra of neat

poly(9-vinylcarbazole) (PVK) (donor) and the donoracceptor complex.
Clearly, there is a large spectral overlap between the acceptor absorption spectrum and
the donor emission spectrum, which is a prerequisite for FRET

138 . Accordingly, under

electrical (or photo-) excitation, the high-energy photons emitted by the donor molecules
are absorbed by the acceptor species that emits low-energy photons. Other host materials
considered in this work, including CBP, BCPO, and 26DCzPPy, also show spectral
overlaps with our synthesized 2D perovskites to dierent extents (Figure A.8).

This

hypothesis is supported by the observation that, as shown in Figure 2.4a, the steadystate PL of the complex exhibits a strong, dominant peak at 520 nm, consistent with the
EL spectrum (Figure 2.3a), while the emission for other spectral components associated
with the donor (<

450

nm) is signicantly quenched. Considering a decent PLQY for

neat PVK, it appears that a signicant amount of energy transfers from the excited
energy states (mostly singlet excitons because triplet excitons are typically dark; see
Figure 2.1e) of the donor to the conduction band (CB) of the acceptor

via

the Förster

resonance, followed by radiatively recombining with a hole in the valence band (VB).
The mechanism is conrmed by time-resolved PL (TRPL) spectroscopy using the timecorrelated single photon counting (TCSPC) setup, with the bandpass lters that allow
identication of donor and acceptor emission components independently (for details see
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Figure 2.4: Photophysical evidence for FRET in the complex formed between PVK

(donor) and 2D perovskite (n

= 7 − 10,

acceptor). a, PL spectra of neat donor (red),

neat acceptor (green), and complex (dark green). Absorption spectrum of neat acceptor
is also shown to demonstrate the spectral overlap, thereby resulting in FRET from donor
to acceptor. b, Time-resolved PL of neat donor (red), neat acceptor (green), donor in
complex (gray), and acceptor in complex (black), showing a signicant energy transfer
from donor to acceptor. Inset: Calculated lifetime as a function of donor concentration.
Reproduced from Ref. 84, American Chemical Society.

Section 2.2.6). Figure 2.4b presents the PL decays for neat donor and neat acceptor, in
comparison with those in the complex, which provides direct evidence for the dynamics of
exciton transfer. The neat acceptor decay dynamics change only slightly on surrounding

EB.

However,

τ Donor ,

from 27.2

the 2D perovskite with PVK, which may be attributed to a decrease of
we observe a signicant decrease in the radiative lifetime of the donor,
ns (neat donor) to 4.3 ns (donor in complex), and an increase in

τ Donor

with increasing

donor concentration (i.e., decreasing of the acceptor content; see Figure 2.4b inset and
Figure A.11). These ndings strongly support that FRET occurs from donor to acceptor.
The decay dynamics using other host materials are also characterized (Figures A.9 and
A.10), which also show a similar trend and behavior.
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2.4 Conclusions
Ecient

blue

LEDs

based

on

the

demonstrated at room temperature.

quantum-conned

2D

perovskites

have

been

We have proposed two advanced concepts to

harvest blue emission from CH3 NH3 PbBr3 2D perovskites: (i) precise control of stacking
number

via

cosurfactant colloidal chemistry that yields a high degree of blue shift by

the quantum connement eect and (ii) formation of perovskite dielectric quantum wells
using the uorescent, wide-band-gap, and low-k organic hosts as the barrier materials
that enables ecient radiative recombination by the dielectric connement eect and the
near-eld FRET. The results presented here open an avenue toward realization of lowcost perovskite LEDs covering the entire visible spectrum. We believe that the ndings
in strong coupling between organic semiconductors and hybrid perovskites will lead to a
branch of solution-processed materials for large-area optoelectronics.
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This chapter is adapted from the following journal article: Jagielski, J., Kumar, S., Wang,
M., Scullion, D., Lawrence, R., Li, Y.-T., Yakunin, S., Tian, T., Kovalenko, M. V., Chiu,
Y.-C., Santos, E. J. G., Lin, S., and Shih, C.-J. Aggregation-induced emission in lamellar

Science Advances 3(12),

solids of colloidal perovskite quantum wells.

eaaq0208 (2017).

3.1 Introduction
A long-standing challenge facing quantum-conned semiconductors such as colloidal
quantum
of

the

dots

(CQDs)

nanoscale

is

the

scalable

manipulation,

placement,

components,

without

compromising

the

properties observed in their isolated forms

142 .

and

assembly

outstanding

excitonic

Specically, because of an eective

reduction of the dielectric constant in low-dimensional semiconductors

136 , a near-

unity photoluminescence (PL) quantum yield (η PL ), namely, that nearly 100% of the
photoexcited electron-hole pairs (or excitons) recombine radiatively, has been observed
in the individual core/shell CQDs in solution
crystalline QD solids, the

η PL

143 . However, upon aggregation and forming

values typically drop to

with only a few studies reporting up to

∼ 60% 147,148 ,

∼ 10

to 20% or lower

which is undesirable for high-

intensity photonic applications, such as light-emitting diodes (LEDs)
(DC) phosphors

40,144146 ,

40 , downconversion

149 , and lasers 150 . For example, in the state-of-the-art QD LEDs, it has

been proven that the thin-lm
eciency in devices

151153 .

η PL

represents the upper limit of the internal quantum

The origin of the observed quantum yield quenching in

QD solids is attributed to an ecient exciton diusion through the Förster resonance
energy transfer (FRET) within the size inhomogeneity of QDs
the quenching sites before recombining radiatively.
categorized into two types:

144,154 , followed by reaching

The quenching pathways can be

(i) the defect-mediated midgap states resulting from the

dangling bonds on QD surface and (ii) the Auger process involving energy transfer
to a neighbor charged particle during diusion

142 .

The latter is often a substantial

contributor, relative to that in the bulk semiconductor, due to strong many-body
Coulombic interactions under spatial connement

155,156 .

To impede energy transfer

upon assembly, recent attempts have been focused on incorporating a very thick shell
during colloidal synthesis

157 .

Nevertheless, because FRET is analogous to near-eld

communication, with an eective range of 1 to 10 nm
thick-shell QD assemblies remains signicant

138 , the degree of

η PL

drop in the

148 . New developments in understanding

photophysics of the solution-processed hybrid organic-inorganic metal halide perovskites
(OIHPs)

158 may shed light on the challenge of aggregation-induced PL quenching in

QD solids.

In the OIHP systems, the collective motion of organic cations

with the transient deformation of lead halide octahedral units
(i) create local ferroelectric domains

49 , coupled

55 , has been suggested to

56 ; (ii) introduce a direct-indirect character of the
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bandgap, that is, the Rashba eect

57,59,159 ; and (iii) form large polarons that screen

the Coulombic interactions from the charged defects

60 . Consequently, even with a high

defect density, OIHPs still have an extremely long exciton lifetime and diusion length
comparable to those in the single-crystalline compound semiconductors

111 ,

46 . We therefore

hypothesized that, in OIHPs, if the exciton binding energy can be greatly enhanced by
reduced dimensionality, the accelerated kinetics of radiative recombination might arrest
other quenching pathways during exciton diusion, thereby retaining a high

η PL

in solid,

160 .
as has been observed in epitaxial GaAs quantum wells (QWs)

3.2 Materials and Methods
3.2.1

Synthesis of MA bromide and FA bromide

In this work, we used a synthetic protocol previously reported by Pathak

et al. 161 .

MA bromide (MABr) was synthesized by mixing 10 ml of methylamine [33 weight %
in absolute ethanol (EtOH), Acros Organics] with 7.5 ml of HBr (48% in H2 O, SigmaAldrich) in 100 ml of EtOH (absolute EtOH for analysis, Merck).

After stirring the

reaction mixture for 1 hour under ambient conditions, the solvent was removed at 60°C
by means of a rotary evaporator.
diethyl ether (>

99.8%,

The obtained solid was washed several times with

Thommen-Furler AG) and recrystallized with EtOH. Finally,

the puried powder was dried overnight in a vacuum oven at 60°C. The FABr salt was
prepared according to the procedure developed by Eperon

et al.

(51).

Formamidine

acetate (99%, Acros Organics) was dissolved in two molar equivalents of HBr (48% in
H2O) and stirred for 10 min at 50°C, followed by the removal of the solvent at 100°C by
means of a rotary evaporator. The resulting solid was washed several times with diethyl
ether, recrystallized two times with EtOH, and subsequently dried in a vacuum oven at
60°C.

3.2.2

Synthesis of MAPbBr3 and FAPbBr3 CQWs

The synthesis procedure reported previously in our work was adapted from Kumar

et

al. 84 . A round-bottom ask equipped with a magnetic stirrer was loaded with 12.5 ml
of toluene (99.8%, Fisher Chemical). To control the layer number

n,

variable amounts

of oleic acid (90% technical grade, Sigma-Aldrich) and octylamine (99%, Sigma-Aldrich)
(table B.1) were added subsequently. The addition of 375 µl of MABr or FABr [0.533
M, in

N ,N -dimethylformamide

of lead bromide (PbBr2 ;

(DMF;

98+%,

> 99.8%,

Sigma-Aldrich) or EtOH] and 625 µl

Acros Organics) (0.4 M in DMF) was followed by a

spontaneous formation of precipitate. In some cases, 10 ml of

tert-butanol

(for analysis,
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Fisher Chemical) was added to ensure full precipitation.

The solid was separated by

means of centrifugation at 8000 rpm for 8 min and redissolved in 2.5 to 3 ml of fresh
toluene, resulting in green- or blue-emitting colloidal solutions.

All procedures were

carried out under ambient conditions.

3.2.3

Morphological characterization

The surface structure of nanoplatelet (NPL) lms was obtained with a Nanoscope 3D
controller atomic force micrograph (Digital Instruments) operated in the tapping mode at
room temperature. Grazing-incidence x-ray diraction (GIXD) patterns were measured
on beamline BL13A at the National Synchrotron Radiation Research Center, Taiwan.
A monochromatic beam of

λ = 1.0205

Å was used, and the incident angle was

0.12°.

Scanning transmission electron microscopy (STEM) images were captured using FEI
NovaNanoSEM 450 operated at 30 kV. Scanning electron microscopy (SEM) images
were obtained using Zeiss ULTRA 55 operated at 2 kV.

3.2.4

Preparation of thin lms

Colloidal dispersions of perovskite NPLs were prepared on glass microscopy slides
previously cut to reach a size of approximately 1 cm

× 1 cm and subsequently washed in

acetone and isopropanol. To prepare lamellar solids, a spin-coating method was applied.
After depositing

∼ 25

to 50 µl of perovskite NPL colloidal solution, substrates were

rotated at 2500 rpm for 40 s. Drop-casted lms were fabricated by depositing a similar
amount of the solution, followed by drying in vacuum for several minutes.

3.2.5

Optical characterization

Absorption of colloidal solutions and thin lms in the UV-visible region was determined
using a Jasco V670 spectrophotometer.

Steady-state PL spectra and

and lms were acquired using an absolute
equipped with an integrating sphere.

η PL

η PL

of solutions

spectrometer (C11347-11; Hamamatsu)

The measurement device was calibrated and

certied by the manufacturer on 5 January, 2017, and its precision was regularly
monitored by measuring standard samples. Excitation source emission wavelength was
set to 370 nm if not specied dierently. Each sample was examined multiple times at
dierent dilution ratios (liquids) or at dierent spots (lms).

Chapter 3

3.2.6

38

TRPL measurements

TRPL measurements were carried out using a time-correlated single photon counting
(TCSPC) setup, equipped with an SPC-130-EM counting module (Becker&Hickl GmbH)
and an IDQ-ID-100-20-ULN avalanche photodiode (Quantique), which was used to record
the decay traces. To trigger emission from solid and liquid samples, they were excited by
355-nm (frequency-tripled emission of Nd:YAG laser Duetto Time-Bandwidth Products),
10-ps laser pulses with a repetition of 824 kHz and an intensity between approximately
0.05 and 5000 nJ/cm2 triggering the TCSPC module through an electronic delay
generator (DG535 from Stanford Research Systems).

The beam power was measured

by Si photodiode sensor S120VC from Thorlabs. The beam proles were recorded by a
DP-M17 USB Digital Microscope from Conrad.

3.2.7

Estimation of initial photocarrier density

n0

First, the number of photons absorbed by the sample per unit area, denoted as

N A,

was

calculated following

NA =
where

J

Jλ
(1 − 10−α )
hc

is the laser beam energy per area,

is the Planck constant,

c

λ

is the wavelength of emitted photons,

is the speed of light, and

α

h

is the absorbance of the sample.

Therefore, the initial photocarrier density for the drop-casted lm

n0,drop

is given by the

following formula

n0,drop =
where

ddrop

NA
ddrop

is the lm thickness of the drop-casted lm measured by the prolometer.

For the lamellar solid and solution samples, the thickness was dicult to estimate; thus,
we calculated the

n0

values as follows. Because the absorbance is proportional to the

number of absorbing nanoparticles, according to the Lambert-Beer law, we estimated

n0

in the remaining samples based on their absorbance. Considering a constant sample area
(due to the same laser beam being used here), under the assumptions that (i) every QW
has identical volume, (ii) the QW absorbance is independent of surroundings, and (iii)
each QW has the same orientation, which is independent on lm preparation method, it
follows that

n0,sample = n0,drop

−αsample

)

−αdrop

)

αdrop (1 − 10

αsample (1 − 10

For liquid samples, it was assumed that the nanocrystals dispersed in the solvent would
form a lm with the same absorbing characteristics as in the case of thin-lm samples.
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MD simulation methods

We conducted MD simulations to simulate the layer-controlled CQWs of hybrid organicinorganic PbBr2 perovskites with the formula [CH3 (CH2 )7 NH3 ]2 [CH3 NH3 PbBr3 ]n PbBr4 ,
where

n

is the layer number of perovskite unit cells. Because the layer-controlled CQWs

were constructed by 2D CH3 NH3 PbBr3 perovskite with capping ligand octylammonium
[CH3 (CH2 )7 NH3
eld)

+ ] layers, a recently developed classical interatomic potential (force

162 for bulk CH NH PbBr perovskite was used to describe the interatomic
3
3
3

interactions in the layer structures. This potential has been demonstrated to reasonably
reproduce the dynamic [that is, relaxation time of organic cation CH3 NH3
and structural (that is,

+ (MA)]

lattice constants and phase transition) properties of bulk

CH3 NH3 PbBr3 perovskite. Following the assisted model building with energy renement
(AMBER) force eld
AMBER

to

CH2 )7 NH3

model

130 used to describe interactions within MA cations, we used

the

intermolecular

and

intramolecular

interactions

within

the

+ ligands in these 2D CH NH PbBr perovskites, as well as to model
3
3
3

the organic solvent toluene.

The atomic partial charges within these ligands and

toluene molecules were determined from quantum chemistry calculations and Mulliken
population analysis with the B3LYP/6-31G* basis set using the Gaussian 09 software
package

131 . Using the above force eld, all the MD simulations of these CH NH PbBr 3
3
3

based CQWs were carried out using the massively parallelized LAMMPS (Large-Scale
Atomic/Molecular Massively Parallel Simulator) package

133 at 300 K. The molecular

models of individual CQW dispersed in toluene (colloidal solutions) and aggregated
CQWs (lamellar solids) were built with

n = 3.

Periodic boundary conditions were

applied along all the directions. Two dierent surface coverages (50 and 75%) of ligands
for CQWs were taken into account as well to explore their impacts on the orientational
distribution of surface organic MA cations. A simulation time step of 1 fs was chosen for
all the MD simulations here. The particle-particle particle-mesh (PPPM) method

163 was

used here to treat long-range Coulombic interactions via the reciprocal space because
the PPPM method is signicantly faster than the regular particle Ewald summation
method

164 . To obtain the initial equilibrium state, these molecular models were rst

relaxed for 500 ps under the

NV T

ensemble after energy minimization. Only aggregated

CQWs were equilibrated for another 400 ps under the

NPT

ensemble

134 with a high

pressure of 2000 bar along the stacking direction, to obtain the fully packed aggregated
CQW structures. All the molecular models were then equilibrated further for 2000 ps
under the

NPT

ensemble with a pressure of 1 bar along all the directions to reach full

equilibrium states.

After structural equilibration, the atomistic trajectories of surface

MA cations were extracted every 20 fs during a period of 100 ps to explore their collective
motions. The molecular orientation of MA cation,

n
, is dened by the vector connecting

the N-C backbone. A spherical coordinate system is used, with the polar axis along the
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direction, as well as in-plane azimuthal (ϕ) and polar (θ ) angles (see Figure 3B). The

instantaneous molecular orientation

n
 can be determined from the above two angles via

n


127 , which corresponds to a single point in the (θ ,
= (sin θ cos ϕ, sin θ sin ϕ, cos θ )

=

cos θ)

z

plane. Therefore, the molecular orientations of MA cations can be represented

by the orientational distribution contour map (ϕ,

θ)

of MA cations from the collected

trajectories. Note that we corrected the solid-angle biasing eect on the orientational
distribution with respect to the polar angle

sin θ.

θ

by dividing the probability distribution by

Because only pseudocubic-phase CH3 NH3 PbBr3 perovskites are stable at 300 K,

the following crystallographic directions are identical to each other: [100]
and [110]

3.2.9

≡

[101]

≡

[011].

First-principles

ab initio

calculations

The calculations reported here are based on

initio

≡ [010] ≡ [001]

Simulation Package) code

ab initio

DFT using the VASP (Vienna

Ab

119,120 . The generalized gradient approximation 117 was

used along with a well-converged plane-wave cuto of 800 eV. The projector augmentedwave method

121,122 was used in the description of the bonding environment for Pb, Br,

N, C, and H. Atomic coordinates were allowed to relax until the forces on the ions were
less than

1 × 10−4

was set to

eV/Å under the conjugate gradient algorithm. Electronic convergence

1 × 10−6

eV. Dipole corrections and a 25 Å vacuum space along the out-

of-plane direction were included to avoid any further spurious interactions between the
CH3 NH3

+ cations. The lattice constant for

n=3

thickness on MAPbBr3 was initially
+
optimized for each conguration of the CH3 NH3
cations in the cell. We then relaxed
+ cations xed in the z
the internal coordinates of each geometry, keeping the CH3 NH3
direction. This was carried out to stop a reorientation of the cations during relaxation,
which occurs spontaneously.

After the relaxation, the in-plane lattice constants were

varied systematically to obtain the more energetically stable position, and the internal
coordinates were allowed to relax again. This procedure was repeated until the pressure
on the cell in the

xx and yy

directions was less than 0.05 GPa. This led to a pseudocubic

cell being used in the calculations. To ensure that the CH3 NH3
their initial orientation, the internal coordinates were xed.
sampled with a

4 × 4 × 1 Γ-centered

+ cations remained in

The Brillouin zone was

grid to perform relaxations.

A ner

k

sampling

was used to plot the band structures shown in Figure 3.3 (f and g). In addition to this,
we used a Fermi-Dirac distribution with an electronic temperature of
resolve the electronic structure.

2 × 2 × 1 supercell.

Ab initio

k B T = 10

meV to

MD simulations were also carried out using a

The calculation ran for a total of 1.8 ps using a 0.5-fs time step. The

temperature was set to 300 K using the Nosé-Hoover thermostat, and the Pullay stress
was set to zero.
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Fabrication of DC-LEDs

The DC pure green and blue LEDs were fabricated by using the CQW solids of MAPbBr3 ,
as phosphors. First, highly pure colloidal solutions of QWs were casted on the 1.1-mm
quartz-coated glass substrates. Defect-free, uniform lms were obtained using vacuumassisted solvent evaporation.

The perovskite CQWcoated substrates were mounted

on commercial GaN-based near-UV (371 nm) and/or blue (456 nm) LED chips.

The

CQW solid lms were pumped by the underlying LEDs to harvest ecient green and
blue emission through a DC process.
Electronics.

The LED chips were purchased from CH-Town

Finally, the characteristics of DC-LEDs were measured by using a Photo

Research PR 655 spectroradiometer and a Keithley 2400 source meter.

The

η LE

was

calculated through a LabVIEW program that controls the PR655 spectroradiometer and
Keithley 2400 source meter. CIE coordinates and EL/PL spectra of blue (456 nm) and
UV (371 nm) pumping LEDs and DC LEDs were recorded using a calibrated ASEQ LR1Tv.2 (CCD) spectrometer. All devices were characterized at

280 ± 10

K. We observed a

negligible blue emission at 456 nm, especially at high brightness (Figure B.17). The
of DC-LEDs was calculated using the following equation

η LE
where

ϕlum

683 lm/W
ϕlum
=
=
Pe

is the luminous ux of DC-LED;

the pumping source, blue LED;

V (λ)

R 780

Pe

380

165

V (λ)P (λ)dλ

IV
is the total electrical power applied to

is the CIE eye sensitivity function;

power spectral density; 683 lm/W is a normalizing factor;

V

η LE

I

P (λ)

is the

is the driving current; and

is the applied voltage. The drop-casted thick CQW lms demonstrated a red-shifted

emission from 8 to 12 nm as compared with the colloidal solutions or spin-coated lms
and facilitated to approach the Rec. 2020 green spot in the CIE chromaticity diagram.

3.2.11

ASE experiments

Measurements were performed with excitation from a femtosecond laser system consisting
of an oscillator (Vitesse 800) and an amplier (Legend Elite), both from Coherent Inc.,
with a frequency-doubling external beta-barium borate crystal; it yielded 100-fs pulses at
400 nm, with a repetition rate of 1 kHz and a pulse energy of up to 4 µJ. The laser beam
prole had a TEM00 mode with a 1.5-mm FWHM diameter. Laser power was measured
by a LabMax TOP laser energy meter (Coherent Inc.) with a nanojoule measuring head.
The optical emission was recorded by an ASEQ Instruments LR1-T CCD spectrometer
(1-nm spectral resolution). The laser beam intensity proles were analyzed by a LabMax
TOP camera from Coherent Inc.
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3.3 Results and Disscussion
3.3.1

Formation of lamellar solids composed of perovskite CQWs

Here, we report, to our knowledge, the rst low-dimensional semiconductor system
that exhibits the aggregation-induced emission (AIE) behavior
containing layer-controlled colloidal QWs (CQWs) of OIHPs.

166 in lamellar solids
The layer-controlled,

monodispersed CQWs, with the formula (C8 H17 NH3 )2 [APbBr3 ]n PbBr4 , where A is
an organic cation and

n

is the stacking number of perovskite unit cells

75,84,167 , were

synthesized and dispersed in toluene by optimizing the protocols developed in our
previous work

84 .

Note that although the CQWs share the same chemical form with

the two-dimensional (2D) Ruddlesden-Popper perovskites (RPPs)

43 , because of the

nature of colloidal synthesis, long-chain ligands are attached to the QW surface, allowing
stabilization of individual QW nanocrystals in solution, analogous to the CQD systems.
Through extensive experimentation, six high-purity CQW dispersions were prepared,
using methylammonium (MA) (A = CH3 NH3

+ and
formamidinium (FA) [A = CH(NH2 )2

n

+ and

n = 1,

n = 1,

3,

5,

7 to 10) and

7 to 10] as the organic cations; the

values were determined by comparing the solution emission peak positions with those

reported in solid-state RPPs (Figure B.1)

140 . The lamellar solids were then prepared by

spin-coating the QW colloidal solution onto a glass substrate. After solvent evaporation,
the CQWs self-assemble into a superlattice structure with periodic perovskite QW layers
separated by long alkyl ligands (in this system, C8 H17 NH3 ) (Figure 3.1a). The surface
normal vector of the QW is found to be perpendicular to the substrate plane and is
dened as the

c axis of the superlattice structure.

As revealed by atomic force microscopy

(AFM) height and phase images (Figure 3.1b, c), the crystallization process during
solvent evaporation seems to follow the Stranski-Krastanov mechanism

168 , in which the

CQWs assemble in a layer-by-layer fashion, followed by continuously growing on certain
places, forming a rough surface.
The CQWs of similar lateral size tend to grow further to form topographically higher
islands, leaving occasionally large QWs in between. As a result, crystallographic analysis
of the lms basically reects QW packing and ordering in the islands. Note that because
we focus on the properties of stacked CQWs, the Miller index (abc) used in this report
refers to a plane in superlattice, rather than in perovskite structure.
Taking

n = 3

bottom),

MA lamellar solid as an example (for the structure, see Figure 3.1a,

the synchrotron grazing-incidence small-angle x-ray scattering (GISAXS)

pattern (Figure 3.1d) shows two stripes on the

qxy

axis, denoted as (100) and (200), which

correspond to the rst- and second-order Bragg diraction signals of lateral packing,
respectively.

Accordingly, the lateral spacing between stacked QWs is determined
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Figure 3.1: Crystal structure and surface characterization of lamellar solids containing

layer-controlled CQWs. a, Schematics of the superlattice structure in lamellar solids
showing layer-controlled perovskite CQWs (n

= 3 here) sandwiched between long alkyl
n = 3 MA lamellar solid deposited on

ligands. AFM height (b) and phase (c) images of
glass substrate (scale bar: 1

µm).

Synchrotron GISAXS (d) and GIWAXS (e) patterns

for the same sample, with the superlattice signals labeled.

f, GIWAXS pattern of

n = 3 MA drop-casted lm showing the extended DS rings along the angular coordinate
χ. g, Comparison of orientation distribution function using the normalized scattering
intensity of the (002) DS ring with respect to χ in lamellar and drop-casted solids.

to be 14.0 nm, consistent with the lateral size quantied with transmission electron
microscopy (TEM) (Figure B.6). We further look into its grazing-incidence wide-angle xray scattering (GIWAXS) pattern (Figure 3.1e) and observe clear superlattice diraction
signals along the

qz

axis up to fth order, denoted as (00l), where

yielding a layering

d-spacing of 3.3 nm, with strong crystallinity and long-range ordering.

Considering the unit cell thickness (∼
neighboring wells is estimated to be

l

is an integer,

0.6 nm), the thickness of the ligand layer separating

∼ 0.9 nm,

approximately equivalent to the length of

the ligand alkyl chain, that is, C8 H17 . We therefore deduce that the surface coverage
of ligands is less than 50%, with remaining sites occupied by MA cations that allow
interpenetration of ligands between neighboring wells.

For comparison purposes, we

also prepared the CQW solids with drop-casting technique and found that the lamellar
symmetry with respect to substrate is greatly damaged, extending the (00l) Laue spots
to the Debye-Scherrer (DS) rings (Figure 3.1f ). The pole gure was then obtained by
plotting the (002) DS ring intensity as a function of the polar angle

χ for both drop-casted

and lamellar solid samples, normalized by the exposure time and the thin-lm thickness
(Figure 3.1g). The relative orientation of the CQW assemblies with respect to substrate
can therefore be quantied. For example,
with the superlattice

c

χ = 90°

represents the "face-on" orientation,

axis perpendicular to the substrate plane. Accordingly, although

a preferred orientation at

χ = 90°

is observed in both samples, we estimate that the
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relative degree of crystallinity is

∼ 205

times higher in the lamellar solid than in the

drop-casted lm.

3.3.2

Photophysical properties of perovskite CQWs

Next, we discuss the photophysical properties of QW solids.

Under a low-power

ultraviolet (UV) lamp, the lamellar solid-coated substrates already exhibit bright PL.
Narrow-bandwidth emission, with a full width at half maximum (FWHM) of 15 to
25 nm, remains upon forming solid, with the peak position consistent with that in
solution.

(Figure 3.2a and Figure B.1); the change of absorption spectrum is also

small (Figure B.2). Because a high degree of layering monodispersity is achieved during
colloidal synthesis, the spectral components corresponding to the small-bandgap QW
traces that could downconvert emission from the thin QWs are not noticed.

The

interwell coupling appears to be weak; thus, the optical bandgap width in individual
QWs remains unchanged.

The above features basically share similar properties with

144 . For each CQW species synthesized, the absolute
typical QD solid systems

η PL 169

values were independently determined in its as-prepared colloidal solution, lamellar solid,
and drop-casted lm in an integrating sphere under 370-nm excitation (Figure 3.2b,
Figure B.2, and Table B.2).

Each sample was measured multiple times and most of

them exhibit an SD below 1% (Table B.2). Without any surface passivation, we notice
that the solution
two

n=1

η PL

values for the six compounds are all higher than 50%, even for the

counterparts. After forming lamellar solids, three important observations are

highlighted as follows: (i) for the four species with

n ≥ 3,

a consistent

η PL

increase of

5 to 10% is observed as compared to their solution values, exhibiting the AIE behavior;
(ii) the solid-state
the

n=7

η PL

values all exceed 70%, with a record-high value of 94% reached in

to 10 FA lamellar solid (Figure B.3); and (iii) on the other hand, a signicant

quantum yield quenching was observed in the

n = 1 solid samples (Figure 3.2b and Figure

B.3). To our knowledge, the AIE phenomena, as well as the extremely high

η PL

values in

solid, have never been reported in any CQD/CQW systems at room temperature. Note
that even for the drop-casted samples, although a degree of

n ≥ 3,

η PL

drop is observed for

the values remain comparably high.

To further corroborate the AIE phenomena, which was only observed in certain organic
uorophores
taking the

166 , we determine

n = 3

η PL

in colloidal solution as a function of concentration,

CQWs case as an example (Figure 3.2c).

Upon dilution of the as-

prepared colloidal solution, we observe a considerable degree of

η PL

drop by up to 40%,

148 .

Nevertheless, it is

exhibiting an inverse trend compared to typical CQD systems

166 . At a low concentration,
consistent with the trend observed in organic AIE molecules
the distance between individual CQWs is large, such that the probability to form
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Figure 3.2:

Comparison of photophysical properties between CQW solution and

a, Photographs under UV excitation (top) and emission spectra under 370-

solids.

nm excitation (bottom) for MA lamellar solids with dierent
as a function of

n

n values.

b, Absolute

η PL

in solution, lamellar solid, and drop-casted lm of MA samples. c,

η PL and emission wavelength (λPL ) as a function of CQW concentration. d,
n = 3 MA samples under a low pumping energy P , highlighting an inverse
correlation between τ e and η PL . e, Extracted monoexponential lifetime as a function of
initial carrier density in n = 3 MA samples, showing weak dependence on initial carrier
concentration n0 .

Absolute

TRPL of

aggregates in solution is low.

In other words, the observed solution

the value for a single, isolated nanocrystal.

η PL

approaches

Considering the fact that the dielectric

constants for toluene (the solvent) and octane (the alkyl ligand group) are essentially
close (εr

∼ 2.0),

we exclude the scenario of the change of dielectric environment. The

AIE eect appears to be strong.
Following the hypothesis addressed earlier, we believe that the organic cationmediated
screening from nonradiative quenching sites plays an important role in mitigating
nonradiative losses during interwell exciton diusion, so that a high
for

n ≥ 3

in solid.

obtained in

n= 1

η PL

can be reached

This is also indirectly endorsed by the relatively low

η PL

values

solids, in which the organic cationmediated screening may be less

eective. Nevertheless, this mechanism alone does not explain the AIE behavior, which
seems to imply that quenching pathways are partially eliminated upon assembly. To this
end, the exciton recombination dynamics for the

n=3

MA samples were characterized

by time-resolved PL (TRPL) spectroscopy (Figure 3.2d). Under a low pumping energy

2

of 0.05 nJ/cm , the PL dynamics exhibits a nearly monoexponential decay prole,
with lifetimes

τe

of 19.4, 16.3, and 28.7 ns observed in solution, lamellar solid, and

drop-casted lm, respectively.

The values are typically one order of magnitude lower

111 , as a consequence of the quantum connement eect 136 .
than that in the bulk OIHPs
Most notably, a slight degree of

τe

decrease is observed upon forming lamellar solids,
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together with an increase of

τe

increases and

η PL

η PL

(Figure 3.2b). On the other hand, in drop-casted lms,

decreases relative to their solutions. In other words, depending on

how the QWs are interacting with each other, there exists an inverse correlation between

τe

and

η PL ,

which is generally the other way around in typical CQD systems

144 .

We further tested PL decay dynamics under higher pumping energy densities (Figure
3.2e and Figure B.4e).

The initial carrier density,

n0 ,

is estimated using the lm

absorption coecient, normalized by the optical density for each sample, referring to
the number of photons absorbed in single excitation pulse. When CQWs are dispersed
in solution, we observe that the monoexponential behavior remains unchanged within
the

n0

12 to

range considered (10

1018

cm

3 ), having a nearly identical

τe

of

∼ 20

ns

(Figure B.4). A lack of multiexciton components suggests that the decay dynamics is
dominated by radiative recombination of single excitons in individual QWs, independent
of

n0 .

after

On the other hand, in solid samples, the multiexciton component starts to emerge

n0 ∼ 1015

3 but remains subtle. We notice that it is a relatively low threshold

cm

to observe the intensity-dependent decay dynamics, possibly owing to the aggregation
phenomenon.

In aggregates, a large degree of exciton coupling may lead to a high

probability for multiple excitons meeting each other, such that the number of excitons
per aggregate exceeds unity, higher than that in individual CQWs. This observation is
in line with previous reports dealing with hybrid perovskite nanostructures
the crossover point, we tted the

τe  n0

87,170 . After

proles (Figure 3.2e) with a power law, yielding

exponents of 0.19 and 0.09 for drop-casted lms and lamellar solids, respectively.
The weak dependence on

n0

in solid is certainly not typical and very dierent from

that in core/shell QD solid systems. In the latter case, a thick shell layer often reduces
the exciton coupling between QDs in solid, which results in a higher excitation energy
required to exhibit the intensity-dependent PL lifetime
power considered here (n0

∼ 1018

171 . Under the strongest pumping

3 ), the lifetimes reduce by a factor of 2 to 4, which

cm

may be a signature of transition to biexciton recombination

172 . It remains preliminary

to draw a decisive conclusion based on the intensity-dependent dynamics in solution
and solid samples, and further experiments will be required to elucidate the details of
exciton diusion.

Nevertheless, the spectroscopic ndings reported here highlight the

uniqueness of the system and indicate a new mechanism underlying the accelerated
radiative recombination that results in AIE in the CQW lamellar solids.
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Determination of surface MA cation orientation by means of MD
simulations

To solve the puzzle of AIE in CQW lamellar solids, inspired by the recent ndings
in indirect-direct bandgap transition in bulk OIHPs due to dierent organic cation
orientations

57 , we investigate the role of organic cations by carrying out multiscale

analysis that bridges molecular dynamics (MD) and atomistic information.

Classical

MD simulations were rst carried out to investigate the orientational distribution of
surface MA cations in the
and

θ,

n = 3

MA samples (Figure 3.3a).

The directional map (ϕ

denoting azimuthal and polar angles, respectively; Figure 3.3b) of surface MA

cations demonstrates that the surface MA cations of CQWs dispersed in toluene orient
mostly within the surface plane, with two preferable orientations along the [100] and [011]
crystallographic directions (Figure 3.3c). These preferable orientations for surface MA
cations reect their dipolar nature when they are positioned on an anisotropic, negatively
charged surface with Br anions. However, in a lamellar solid, the collective motion of
surface MA cations is even more restricted within the surface plane and only along
the [100] direction (Figure 3.3d). The dierence in the MA orientational distributions
is attributed to the distinct molecularly induced geometrical constraint.

Specically,

upon complete aggregation of CQWs into a lamellar solid, the neighboring surface
ligands interpenetrate each other (see Figure 3.3a, bottom), where the penetrated ligands
interact with the surface MA cations, thereby greatly restricting MA's orientational
degrees of freedom and making the polar angle

θ

closer to

90°.

While in solution, the

surrounding toluene solvent molecules are not able to eectively suppress the rotation of
surface MA cations, and therefore, the MA cations can orient more freely along the two
preferable directions. On the other hand, because of the more isotropic ionic structure,
the orientations of MA cations residing in the perovskite lattice distribute more uniformly
than the surface ones, along the [100] direction irrespective of the surroundings (Figure
B.8). Note that the preferable direction in the 2D structure is distinct from that in the
3D bulk perovskites, that is, [111]

xy

57 , due to a stronger Coulombic interaction along the

plane. Moreover, our MD simulations indicate that the surface coverage of ligands

has a minor impact on the orientational distribution of surface MA cations (see Figure
B.9); nevertheless, we expect that a lower surface coverage of ligands (<

50%)

should

lead to less rotational constraint on the surface MA cations.

3.3.4

DFT calculations to reveal band gap variations

Such dierent orientations of the surface MA cations induce variations on the band edges,
as revealed by density functional theory (DFT) calculations (Figure 3.3eg). We consider
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Figure 3.3: Multiscale analysis of

n=3

MA CQWs in solution and lamellar solid.

a, Computer-generated molecular models (brown, carbon; light pink, hydrogen; green,
bromine; light blue, nitrogen; gray, lead; violet, carbon in toluene) of individual CQW
in toluene (top) and in aggregated CQWs (lamellar solid; bottom) with

n = 3

MA

compound. b, Three-dimensional schematics of the orientation of each organic cation
(blue arrow corresponding to the N-C axis) dened by a spherical coordinate system
with polar axis along the
angles.

z

direction, as well as in-plane azimuthal (ϕ) and polar (θ )

Orientational distribution contour maps (ϕ,

θ)

of surface MA cations in (c)

toluene solution and (d) lamellar solid. e, Brillouin zone of bulk (faint blue) and Nlayer (faint orange) perovskite QW lattice in an orthorhombic cell. Symmetry points at
boundaries of the zone where the bandgap is direct change from R (in bulk) to M (in Nlayers).
of

n=3

kz

is oriented perpendicular to the QW surface. f, Calculated band structures

MA QWs with dierent orientations of surface MA cations, along [111], [010],

[011], and [100] directions. The most indirect bandgap is observed for the [011] with
a wave vector dierence

∆ky

relative to the M point.

The most direct bandgap is

observed for the [100] with no relative displacement along
bands around the M point for small

kx

and

ky ,

ky .

g, Magnication of the

highlighting the change in the band

edges for the dierent MA congurations. Top and bottom panels show the conduction
and valence bands, respectively, highlighted with lled points. Labels follow those in
(f ).

the orientation of MA cations residing in a perovskite lattice along the [100] direction
and vary the orientation of surface cations.

The conduction band minimum (CBM)

for all geometries is sensitive to the orientation of the surface MA cations, exhibiting
a more direct or indirect bandgap accordingly. Among the four orientations of surface
cations considered, the [100] orientation is the only one having a direct bandgap at the

M

point (Figure 3.3f,g). All the other congurations relaxed to an indirect bandgap at

the Brillouin zone, with a nite

∆ky

relative to the

M point.

The most indirect bandgap

is along [011], where a clear variation in the CBM results in a weakly indirect bandgap
of 22 meV away from the
temperature (∼

M

point. This is comparable to the thermal energy at room

26 meV) and in the same order of magnitude as that observed in the 3D
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CH3 NH3 PbI3 system
(∼

159 . We also notice that there is a slight increase of bandgap width

12 meV) by changing from the [100] orientation to the [011] orientation.

Similar to the

3D CH3 NH3 PbI3 system, most of this eect is specic to the CBM, whereas the valence
band maximum displays a more uniform parabolic shape regardless of the congurations
(Figure 3.3g, bottom). The momentum-dependent splitting of CBM is a result of the
asymmetry of the potential in the direction perpendicular to the 2D plane based on
the electrostatic interactions between the surface MA cations with the PbBr6 octahedra
(Figure B.10). Because both charged parts tend to compensate for the net charge into the
system, the molecules are more free to suer distortions that propagate throughout the
entire material (gs. B.11 and B.12). Ab initio MD simulations performed at dierent
layer numbers also showed the same trend.

In combination with the MD-simulated

orientational distributions of surface MA cations in solution and lamellar solid, the
physical picture presented here establishes that, depending on how a perovskite QW
interacts with its surroundings, the bandgap can be more direct or indirect, enabled by
the orientational degree of freedom of the surface organic cations. It qualitatively explains
the experimentally observed correlation between

τe

and

η PL .

When the collective motion

of surface organic cations is more restricted to orient along the [100] direction, as has
been observed in the close packed lamellar solid (Figure 3.3d), most recombination events
are momentum-conserved and radiative through a direct bandgap, thereby decreasing

τe

and increasing

η PL ,

and vice versa.

These behaviors follow the general trend of

direct and indirect bandgap semiconductors. The theory of band structure change upon
aggregation is strengthened by the experimental evidence of the emission wavelength
(λPL ) as a function of solution concentration (Figure 3.2c).
a degree of

λPL

blue shift

∼ 2

nm or

∼ 10

Accordingly, we observed

meV) upon dilution (or reduction of the

degree of aggregation) in the same order of magnitude as the bandgap change from [100]
(preferable in lamellar solids) to [011] (emerging in colloidal solution), as shown in Figure
3.3g. We exclude the scenario of CQW exfoliation or thinning because the emission and
absorption characteristics remain unchanged, and a one-layer reduction would result in
a much larger degree of blue shift (>

10

nm). As for the drop-casted lms, although we

do not have a clear molecular picture in mind due to the nature of random orientation
(Figure 3.1f ), we speculate that the voids formed between small crystalline domains may
result in a higher orientational degree of freedom for the surface MA cations.

3.3.5
The

Fabrication of DC-LED devices based on perovskite CQW solids

high

quantum

yields

in

perovskite

CQW

solids

suggest

new

technological

opportunities in the photonic devices that require ultrahigh color purity, for example,
the monochromatic green light source, which is the major determinant of color gamut
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oered by a display

173,174 . The state-of-the-art solid-state lighting technology realizes

pure green emission by increasing indium content in an indium gallium nitride (InGaN)
LED

175 but generally suers from a signicant drop in its external quantum eciency,

which is known as the "green gap"

175,176 . Here, we propose to tackle this challenge by

completely downconverting a high-eciency blue GaN LED with the CQW solids.
thick

A

n = 7 to 10 MA CQW solid lm, without using any polymer additives, is deposited

and sandwiched between two quartz-coated glass substrates and then placed on top of
a commercial blue GaN LED (for schematic architecture, see Figure 3.4a, left). Within
the voltage range considered, ultrapure green emission is attained without notable blue
light leakage (Figure 3.4a, right). The emission spectra of the GaN LED (456 nm) before
and after pumping the CQW solid are shown in Figure 3.4b, together with those from a
commercial green InGaN LED (528 nm) for comparison. Accordingly, the downconverted
emission exhibits an even narrower bandwidth (FWHM =

23 ± 0.2

nm) compared to

that from the InGaN LED. The color coordinates in the Commission Internationale de
l'Éclairage (CIE) chromaticity diagram reach (0.176, 0.738) (Figure B.13), representing
among the purest green emission ever reported in LEDs

177 .

Figure 3.4: Demonstration of the ultrapure green emission through DC using

MA CQW solid.

n=7

a, Schematic setup (left) and photographs (right) for the LED

device that yields pure green emission pumped by blue GaN LED chips (456 nm). b,
Electroluminescence (EL) spectra before (black) and after CQW solid DC (orange).
Emission spectra for a commercial green InGaN LED (blue) are also attached for
comparison.

c, Calculated luminous ecacy as a function of luminance for the two
green LEDs considered.

We then characterize the current (I ) and luminance (L) proles as a function of voltage
(V ) for the two green devices (Figure B.14) and determine their luminous ecacies
(η LE )

165 (Figure 3.4c). The CQW solid-downconverted device exhibits the maximum

luminous ecacy (η LE,max ) of 91 lm/W at
remains higher than 90 lm/W at

L = 5000

I = 4.81

than that in the commercial green InGaN LED (η LE
Note that after DC, the

= 45

L = 3571

2

η LE
2
cd/m , which is approximately 100% higher
mA and

lm/W at

cd/m , and

L = 5000

2

cd/m ).

η LE increases by 34% relative to the blue pumping source (Figure

B.15) due to a high luminous eye response in the green spectral region

165,178 . We also

tested the stability of the CQW solids by continuously pumping them with the GaN LEDs
in ambient atmosphere. After 20 hours, we only observe a slight decrease in luminance
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by 18.8 and 22.5%, respectively (Figure B.17, a and b).

position does not show a notable change (Figure B.17c).

η LE

The emission peak

To our knowledge, the high

values, as well as the ultrapure green color coordinates, have never been achieved

on the basis of any nanomaterial assemblies by far, through a downconvesion process.
With the preliminary success in the proof-of-concept device, we believe that further
optimization in the packaging design of the CQW solids will enhance light outcoupling
and extraction

165,178 , which should lead to a higher

η LE .

We also demonstrate excellent

amplied spontaneous emission (ASE) properties using the same lm (gs.

B.18 and

B.19).

3.4 Conclusions
We report a colloidal low-dimensional semiconductor system that exhibits AIE behavior,
resulting in anomalously high

η PL

in solid at room temperature. Our results uncover the

role of surface organic cations in the 2D systems and shed light on the development
of bright quantum dot solids.

The existence of quantum-conned semiconductor

nanocrystals that do not self-quench upon aggregation is expected to enable highperformance LEDs, lasers, and biomarkers.
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4.1 Introduction
Two-dimensional
(TDM)

(2D)

orientation

materials

parallel

to

exhibiting

the

surface

exciton
plane

transition

8,17,18,179

enable

dipole

moment

enhanced

light

180,181 and
outcoupling, which is essential for achieving high-eciency quantum optics
electroluminescent devices

1,2 . Inserting atomically-thin quantum barriers (QBs) between

individual 2D material layers
(MQW) superlattices
assembly

17 .

6 leads to a formation of decoupled multi-quantum-well

However, despite intense research eorts in layer-by-layer

182184 , van der Waals (vdW) epitaxy 185187 , intercalation 188 , and colloidal

chemistry

18,189,190 , controllable high-order MQW superlattices have not yet been realized

in a scalable manner. Following the path of III-V semiconductors, a main motivation for
the development of 2D material-based MQW superlattices is to gain strong spontaneous
emission without triggering the multiexciton quenching mechanisms such as the Auger
process

191 that reduce the photoluminescence (PL) quantum yield (η ) by orders
PL

of magnitude

192 .

To this end, inserting sizable, atomically-thin QBs between 2D

material layers that screens interlayer coupling becomes increasingly attractive

10,193 .

Indeed, the interlayer coupling yields the charge-transfer (CT) and the momentumforbidden dark excitons that often annihilate radiative recombination because of their
long lifetime

194,195 .

Nevertheless, little is known of QB's fundamental prerequisites

to fully decouple neighboring 2D material layers in their stacks.

In particular, it

is desirable to gain fundamental insights into their correlation with the QB and 2D
material thicknesses,

dQB

and

d2D ,

respectively. For example, in the system of stacked

d2D of 15 Å, 2D layers remain strongly coupled even
17
with dQB of approximately 37 Å . On the other hand, in the monolayer WSe2 /MoS2

CdSe nanoplatelets (NPLs) having

(d2D = 6.2 Å) heterostructures, a QB of trilayer hexagonal boron hydride (h-BN),
corresponding to

dQB ≈ 13

Å, was observed to considerably reduce the CT exciton

emission but not completely supressed

10 .

In this report, from a fundamental point

of view, we aim to elucidate principles decoupling two stacked 2D layers, as well as
the spectroscopic techniques characterizing the extent of interlayer coupling. Since the
quantum emission characteristics are mediated by the TDMs that orthogonally interact
with the electromagnetic elds of the emitted photons, the dipole orientation of bright
excitons in 2D materials is predominantly in-plane (IP)

1

8,17,18,179 , analogous to those in

the planar molecules . When interlayer coupling comes into play, the symmetry is broken
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and the out-of-plane (OP) components are induced
of IP dipoles, or the IP dipole ratio,
observations that

RIP

194,196 . Consequently, the probability

RIP , is lowered.

This scenario is supported by recent

in CdSe NPLs monolayer reaches 0.95 but drops to approximately

0.67 in the coupled multilayers corresponding to isotropic dipole orientation

17,18 . To our

knowledge, decoupled 2D materials have never been demonstrated in their high-order
superstructures.

Here, we demonstrate that colloidal quantum wells (CQWs) of lead

halide perovskites

8486,89,91 , can form fully decoupled MQW superlattices with ultrathin

organic QBs, which is equivalent to the insertion of monolayer h-BN. Not only is the
TDM orientation of bright excitons in the superlattices predominantly in-plane, but
also independent of stacking layer, which is proven by employing crystallographic and
2D

k -space

spectroscopic analysis. We attribute the observed localization of Wannier-

Mott-like excitons to the strong ionic dielectric response that screens the interlayer
electrostatic interactions. The preferential orientation of TDM is retained in the mixedhalide superlattices, covering the entire blue-to-orange visible spectrum.

The ndings

reported here lay the foundation of ultrathin 2D material-based quantum emitters.

4.2 Materials and Methods
4.2.1

Synthesis of colloidal quantum wells

MAPbBr3 CQWs with

84
previous report .

n = 3

were synthesized using a modied protocol from our

Specically, a 100 ml round-bottomed one-neck ask was loaded

with 12.5 ml of toluene, 1.875 ml (6 mmol) of oleic acid (OLAc) and 1.5 mmol of
alkyl amine with variable hydrocarbon chain length ranging from hexyl to tetradecyl
(XAm, where X = P (C5), H (C6), O (C8), D (C10), DD (C12) or TD (C14), for
details see Table C.4) and set under vigorous stirring. Subsequently, perovskite precursor
solutions in

N ,N -dimethylformamide

(DMF), namely 0.375 ml of MABr (0.53 M) and

0.625 ml of PbBr2 (0.4 M) + XAmBr (0.05 M), were added dropwisely to the reaction
mixture one after another.

For the synthesis of CQWs with oleylamine (OLAm), 2.5

ml OLAc and 0.5 ml OLAm as well as 0.625 ml of pure PbBr2 (0.4 M, DMF) were
used. Although all reactions could be carried out under ambient conditions, it has been
observed that the yield varied with respect to air humidity.

Therefore, the ask was

connected to Schlenk line, followed by purging with nitrogen for three times.

In the

meantime, the solution gradually turned yellowish which is an indication of perovskite
CQWs formation.

Initially thinner CQWs are formed (n

= 1),

which gradually grow

into thicker nanostructures, as evidenced by photoluminescence (PL) spectra (Figure
C.5).

The solution was left under stirring at room temperature and inert atmosphere

for 4 h until enough precipitate was formed. Finally, the solid was separated by means
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of centrifugation at 8000 rpm (7000 x g) for 8 mins.

The supernatant was discarded

and CQWs were redispersed in 3 ml of fresh toluene using mild sonication. Optionally,
in order to wash these colloidal nanoparticles, the antisolvent technique was used. For
1 ml of CQWs dispersion 1 ml of methyl acetate (MeOAc) was added, which resulted
in precipitate formation. After centrifugation and removal of supernatant, CQWs were
dispersed in 1 mL toluene containing small amounts of ligands (7.5 − 15 mM OLAc and

1.5 − 3

mM XAm).

For measurements in cryogenic conditions, already after the rst

centrifugation step, CQWs were dispersed in 3-methylpentane (3MP) instead of toluene.
Although both solvents have a melting point signicantly above 77 K, 3MP is more glassy
for optical characterization

197 .

Following the precipitation and second centrifugation

steps, 3MP containing OLAc and XAm (7.5 mM and 1.5 mM, respectively) is used for
the nal redispersion. Similar procedure was applied in order to synthesize analogous
CsPbBr3

n=3

CQWs (Figure C.6). At rst, caesium precursor namely Cs-octanoate

was prepared by mixing 1.64 g (5 mmol) of Cs2 CO3 with 10 ml of octanoic acid (OAc).
Subseqently, the reaction mixture was set under stirring and heated up to

150°C

under

N2 ow for 2 h. After cooling down it was transferred to a separate vial and stored for
further use. For the synthesis of CQWs the same amounts of toluene, OLAc and XAm
as for the MAPbBr3 counterpart were used. Here, the MABr solution was exchanged
by 0.075 ml of Cs-octanoate and then 0.313 ml of PbBr2 (0.4 M) + XAmBr (0.24 M)
was added dropwisely.

After 2 h acetonitrile (MeCN) was added (for every 3.5 ml of

reaction mixture 1 ml of MeCN) in order to precipitate all nanocrystals, which were
then separated by means of centrifugation at 8000 rpm (7000 x g) for 8 mins. Once the
supernatant was discarded, CQWs were redispersed in 2.5 ml of toluene containing small
amounts of ligands (15 mM OLAc and 3 mM XAm).

4.2.2

Synthesis of alkylammonium bromides

The synthetic protocol previously used in our work

167 was applied without any

modications in order to prepare methylammonium bromide (MABr).

Analogously,

a similar procedure was applied to synthesize long chain alkylammonium bromides
(XAmBr, where X = P, H, O, D, DD or TD). Instead of using methylamine (33 wt.%
in EtOH), 42 mmol of alkylamine (XAm) were added to 5.1 ml of HBr (48% in H2O)
and 50 ml of absolute EtOH. After stirring the reaction mixture for 1 h under ambient
conditions, the solvent was gradually removed at

60°C

by means of a rotary evaporator.

Several washing cycles with diethyl ether were applied to the remaining solid and it was
subsequently recrystallized with EtOH. As a nal step, the puried powder was dried
overnight in a vacuum oven at

60°C.
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Anion exchange (AE) reactions

For AE reactions CQWs synthesized with OLAm (dQB

= 25.6

Å) were used (Figure

C.7). Additionally, instead of dispersing them in a pure solvent after rst centrifugation,
toluene containing 15 mM OLAc and 3 mM OLAm was used.

Subsequently, 5 ml of

CQWs dispersion were mixed with methylammonium iodide (MAI) powder in a 10
ml round-bottomed one-neck ask and set under vigorous stirring. The nal emission
wavelength was controlled by the MAI amount and the reaction time. For 534 nm and
557 nm emission 0.5 mmol (79.5 mg) and for 571 nm emission 2 mmol (318 mg) of MAI
were used. In the rst case the reaction lasted for 45 min, whereas in two latter cases for
90 min. Afterwards, the remaining solid was separated by means of centrifugation at 8000
rpm (7000 x g) for 8 mins and the supernatant was transferred into a separate container.
In order to trigger precipitation of anion-exchanged CQWs, it was then mixed with 4.5
mL MeOAc and centrifuged using the same speed as in the previous step. Finally, the
remaining solid was redispersed with toluene containing 15 mM OLAc and 3 mM OLAm.

4.2.4

Grazing-incidence wide-angle X-ray scattering (GIWAXS)

GIWAXS analysis was conducted on beamline BL13A at the National Synchrotron
Radiation Research Center (NSRRC). The incidence angle and beam energy of the X-ray
were 0.12 and 12.16 keV, corresponding to a wavelength of 1.02143 Å. All of GIWAXS
images were collected in reection mode by MAR165 CCD with a two dimensional area
detector.

4.2.5

Spectroscopic ellipsometry (SE)

Dispersions of perovskite CQWs were spin-coated at 2500 rpm for 40 s on
SiO2 (300 nm)/Si substrates.

25 × 25

mm

The lm thickness (t) and refractive index (nSL ) were

determined using SENTECH SE850 Ellipsometer. The amplitude (Ψ) and phase shift
(∆) were measured in the central part of the substrate at angle of
incident light wavelength in the range of

350 − 850

70°

as a function of

nm. In order to translate the raw

data into optical constants, the tting procedure was carried out using either SENTECH
SpectraRay2 (SR2) or Fluxim Setfos software.

Initially, due to the lower complexity,

the non-absorbing region (550 − 850 nm) was studied with the Sellmeier model, which is
described by the following equation.

nSL 2 (λ) = 1 +

3
X
Ai λ 2
λ2 − Bi
i=1

(4.1)
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Usually, all six Sellmeier parameters (A1−3 and

B1−3 ) as well as t were determined for the

thickest lm available with SpectraRay2 software. Since the refractive index was assumed
to be thickness independent, Sellmeier parameters were xed and only lm thickness was
used as a tting parameter for thinner lms of the same composition. Furthermore, the
analysis was completed when Tauc-Lorentz (TL) model was applied in order to account
for optical absorption. A reasonable t was obtained with 2 TL oscillators in the range
of

420 − 700

nm, as shown in Figure C.8. All Sellmeier and TL tting parameters were

listed in Tables C.5 and C.6, respectively. Additionally, it is important to note that SR2
uses dierent denition of

∆

than Setfos, in which one had to subtract

180°

from the

values obtained experimentally (SR2) in order to process them in Setfos.

Momentum-resolved (k -space) photoluminescence

4.2.6

Angular dependency of photoluminescence was analyzed using angular luminescence
spectrometer Phelos provided by Fluxim Inc., which is equipped with a hemispherical
glass lens (Figure C.9). This feature allows the extraction of photons with a normalized
wave vector

k/k 0 > 1,

usually lost in substrate modes. A glass substrate coated with a

thin layer of an emitter on top was put onto the lens, which was covered with a refractive
index matching liquid beforehand. The latter ensures a lack of air in the substrate-lens
interface.
and a

Subsequently, a LED head emitting light at 275 nm was mounted on top

3 × 5 mm2

30±5 W/m2 .

wide spot of the sample was excited with an intensity of approximately

A typical measurement procedure consisted of simultaneous sweeping both

polarization (θ ) and viewing angles (ϕ) in ranges of
where

θ = 0°

corresponds to

p-

and

θ = 90°

to

s-polarization.

All measured emission patterns were converted to
the relation

I(k/k 0 )

vs.

I(ϕ)
k/k 0

vs.

ϕ,

0°  90° and −85°  85°, respectively,

k -space.

For each polarization angle,

which is obtained experimentally, can be transformed into

using the following relations

17 :

kx
= nsub ∗ sin ϕ ∗ cos θ
k0

(4.2)

ky
= nsub ∗ sin ϕ ∗ sin θ
k0

(4.3)

I(k/k 0 ) =

I(ϕ, θ)
∗C
cos ϕ

(4.4)

k/k 0 and nsub represent the normalized wave vector and substrate refractive index,
√
respectively. C equals to
ε ∗ ω ∗ c, with ε being the permeability of the glass substrate
where

at the emission frequency

ω.

Because the emission spectrum of CQWs is very narrow
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and it does not change its shape upon varying the stage and polarization angle, we could
assume this parameter to be a constant.

Furthermore, in most of the cases shown in

this work, all intensities were normalized and therefore a quantitative determination
of

C

was not necessary.

As a result, all transformed data could be plotted as 2D

contour plots, thus generating

k -space

radiation patterns. These were then compared to

theoretically predicted ones. The experimental data was evaluated with the simulation
software Setfos provided by Fluxim Inc. A precise lm thickness (t) as well as a relation
between emitter refractive index (nSL ) and incident light wavelength (λ) (Figure S2) were
obtained by means of SE and used as input parameters for the optical model. Note that
rather than setting a constant

nSL

value, its dispersion with respect to

λ

is considered.

Setfos computes the propagation of electromagnetic plane waves through a stack of
individual optical layers by considering the respective polarization-dependent Fresnel
reection and transmission coecients at each of the interfaces.

The resulting cavity

eects, namely the constructive and destructive interference from multiple reections,
are computed using the transfer-matrix method

198 . The light source from emitters is

modeled as damped harmonic oscillating electrical dipole (dipole moment

199202 .
the microcativy environment
dipole,

where

expansion

is

the

Hertz

vector

E = k 2 Π + ∆Π

(4.5)

H = iωε∇ × Π

(4.6)

which

J0

can

be

written

in

terms

of

a

Sommerfeld

201,203 in cylindrical coordinates (r, ϕ, z )

ip0
H=
4πε
with

placed in

The electric and magnetic elds of an emitting

E and H , are given by

Π

p)

being the 0

Z

∞

0

u
exp(il|z)J0 (ur)du
l

(4.7)

th order Bessel function. In the specic case of a dipole located in

vicinity of a planar interface, or embedded between two planar interfaces, respectively,
the source term in (Eq. 4.7) is extended by the corresponding reected electric eld(s)
given by the respective Fresnel reection coecient(s)

201,202 . The radiation pattern of

the electric eld in the outermost layer (here in the glass lens) is then obtained from
the corresponding Fresnel transmission coecient, following the boundary conditions
requiring the tangential components of
It is worth noting that the
Furthermore, the radiated

s-pol

and

E

and

p-pol

H

to be continuous at the interfaces.

contributions can be treated separately.

p-pol and s-pol intensities of an arbitrarily oriented dipole can
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be decomposed into three orthogonal dipole contributions

204 . It is therefore sucient to

separately compute the angle-dependent intensities from parallel (k) and perpendicular

s,p
s,p
s,p
Ik,x
,I
k,y and I⊥ . By dening the average ratio of parallel and perpendicular
P 2
P
dipoles as RIP =
px + p2y / p2 , and assuming their orientation to be isotropic in the

(⊥) dipoles,

xy -plane,

we nd the

located at position

s/p-polarized

ϕ

by a dipole

RIP s,p
s,p
s,p
(Ik,x (ϕ, z) + Ik,y
(ϕ, z)) + (1 − RIP )I⊥
(ϕ, z)
2

(4.8)

total intensity emitted into angle

z.

I s,p (ϕ, z) =

Because the layers studied here are very thin, we assumed a uniform distribution of
emitters, i.e., the contributions from individual dipole positions were averaged as

I
where

t

s,p

1
(ϕ) =
t

t

I s,p (ϕ, z)dz

(4.9)

0

is the thickness of the MQW layer.

The dipole orientation is reected in the
the

Z

ϕ-dependence

of the

p-pol

intensity, whereas

s-pol angular prole is mostly independent of RIP , but depends on the thickness and

optical constants of the emitter layer. Therefore, we rst tted the computed

I p (ϕ)

to

the measured PL signal from the CQW sample attached to the hemispherical glass lens.
Thereby,

RIP

was used as the only tting parameter, whereas the thickness

disperse refractive index
computed

RIP

nSL (λ)

t

and the

were taken as known input parameters. Based on the

and other input parameters, the

s-polarized emission I s (ϕ) was calculated

afterwards and compared with experimental data in order to ensure consistency.

For

the sake of comparability with the measurement, the simulated emission patterns for
polarization angles

0° < θ < 90°

were calculated as a superposition of

I p (ϕ)

I(θ, ϕ) = I p (ϕ) ∗ cos2 θ + I s (ϕ) ∗ sin2 θ
Finally, all computed

I(θ, ϕ)

and

I s (ϕ),

(4.10)

were treated analogously to experimental values, using

equations 4.24.4.

4.2.7

Time-resolved photoluminescence (TRPL)

TRPL spectra were acquired using a Hamamatsu Quantaurus-Tau Fluorescence Lifetime
Spectrometer (C11367-31), which is equipped with a photon counting measurement
system.

The excitation wavelength was set at 365 nm and the measurements were

recorded using a pulse repetition rate in the range of

20 − 500

kHz.

In order to
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carry out temperature dependent PL measurements, an Oxford Optistat DN cryostat
was integrated with the Quantaurus-Tau. Depending on the type of the sample it was
equipped with a designated sample holder. For thin lms, CQWs were spin-coated on 18
mm×12 mm glass substrates. Liquid samples were diluted up to 1000 times with 3MP
containing

∼0.3

mM of OLAc and

∼0.06

mM of XAm, in order to minimize the degree

of CQW aggregation.

4.2.8

Steady-state photoluminescence (PL) spectra and absolute PL
quantum yield (η PL )

UV-visible absorption was measured using a Jasco V670 spectrophotometer.

η PL

characterization of all liquid and solid state samples was carried out using an Hamamatsu
Quantaurus QY absolute

η PL

spectrometer (C11347-11) equipped with a 150 W xenon

lamp and a 3.3 inch integrating sphere, which is coated with highly reective Spectralon.
Figure C.10 shows a detailed schematic of the measurement principle. For measurements
of CQWs liquid dispersions, they were usually diluted 200 times using a corresponding
solvent (e.g. toluene) containing

∼1.5

mM of OLAc and

∼0.3

mM of XAm. In case of

thin lms, they were placed on a solid state sample holder, which was rotated every time
in between the measurements, so that
Maximum

η PL

η PL

could be averaged for the whole sample area.

values obtained for CQWs in both physical forms were summarized in

Table C.7.

4.2.9

Scanning Transmission Electron Microscopy (STEM)

STEM images (Figure 4.1a and Figure C.11) were acquired with a high-angle annular
dark eld detector both at room temperature as well as at cryogenic condition using
liquid-nitrogen-cooled holders either on a Hitachi HD 2700 CS or a FEI Tecnai F30
microscope.

4.2.10

DFT Theoretical Methods

Calculations were carried out based on

ab initio density functional theory employing the

119,120 code. The generalised gradient approximation 117 along with Tkatchenko's
VASP
many-body dispersion correction
method

205208 were utilised. The projector augmented wave

121,122 was used in the description of the bonding environment for Pb, Br, C,

N, and H. An energy cut-o of 600 eV was used and electronic convergence was set to

1 × 10−8

eV. The atomic coordinates were allowed to relax until the forces on the ions

were less than

1 × 10−3

eV/Å. The Brillouin zone was sampled with an

8×8×1

and
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8×8×8 Γ-centred k -grid for n-layer and bulk MAPbBr3 , respectively.
on

n=0

G0 W0 calculations

and bulk MAPbBr3 were carried out with a 200 eV cut-o in the calculation

of the response function along with 180 bands of which 36 were occupied for

n=0

and

25 for bulk. The subsequent BSE calculation was carried out with four occupied and six
unoccupied orbitals.

4.3 Results and Discussion
4.3.1

Fabrication of lead halide perovskite MQWs

We developed the synthetic and processing protocols based on our previous work

84,167

to fabricate stacking-controlled MQW superlattices using the CQWs of lead halide
perovskites.

The

CQWs

are

monodispersed

quantum-conned

2D

nanocrystals

synthesized in solution with the formula (RNH3 )2 [CH3 NH3 PbBr3 ]n PbBr4 , where R is an

ε ≈ 2 138 ,

alkyl group with a low dielectric constant,
unit cell along the

c

and

n

is the number of perovskite

axis (Figure 4.1a). Upon the formation of MQW superlattices, the

organic ligands attached to individual nanocrystals uniformly separate the perovskite
QW layers, serving as a QB owing to their low dielectric constant and conductivity.
Accordingly, depending on the length of R, one can control the quantum barrier thickness

dQB .

We were not able to stabilize CQWs with R shorter than C5 H11 . The lateral size

of the CQWs is signicantly larger than the Bohr radius, so the electronic properties are
controlled by quantum connement along the
stable compound,

n=

c

a glass substrate with its
thickness

t

c

axis. Hereafter, we focus on our most

3, with d2D of 24 Å 167 . The superlattice lm was deposited on
axis perpendicular to the substrate (x-y ) plane.

and the refractive index

nSL

The lm

were determined by ellipsometry. Figure 4.1b

presents the synchrotron grazing-incident wide-angle X-ray (GIWAXS) diractograms of
the fabricated superlattices, revealing clear Laue spots along the
with the calculated superlattice

dQB

d-spacings

axis, in agreement

up to ve orders. Accordingly, the values of

and the stacking layer number in superlattice,

4.3.2

qz

N,

were determined.

Determination of TDM orientation in superlattices

Each sample (air/superlattice/substrate; Figure 4.1a) was attached to a hemicylindrical
glass

prism,

followed

by

carrying

out

the

polarization-

209 that dierentiates between the
spectroscopy
transverse-magnetic (TM)
transverse-electric (TE)
intensity

I

on the

y

x

and

z

and

angle-dependent

p-polarized (p-pol)

dipoles and the

PL

emission from the

s-polarized (s-pol)

emission from the

dipoles. The generated radiation pattern characterizes the PL

x-y projection of emission wave vector k

(Figure 4.1a),

kx and ky , which
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Figure 4.1: The MQW superlattices of 2D lead halide perovskites. a, Representative

transmission electron micrographs of synthesized CQW nanocrystals (left; scale bar: 50
nm) and the cross-sectional view of the fabricated MQW superlattice (middle;
24.0 Å and

dQB

d2D

=

= 10.1 Å; scale bar: 10 nm). The superlattice in the Miller coordinate

(a,b,c) is deposited on a transparent substrate forming the air/superlattice/substrate
dielectric stack. Upon excitation, the emission with the wave vector

k

with respect to

the space coordinate (x,y ,z ) is characterized (right). The computer-generated schematic
of lattice structure (color code: cyan, bromine; pink, hydrogen; brown, carbon; and
blue, nitrogen) are also shown.
superlattices.

b, The GIWAXS diractograms for the fabricated

The red dots correspond to the calculated superlattice (0 0

positions according to the
giving the superlattice

c

axis perpendicular to the

d-spacing, d2D

x-y

l)

peak

plane up to ve orders,

+ dQB . As d2D is 24 Å, the dQB values were

quantied accordingly.

reveals the dipole orientation in the superlattice within the
where

k0

is the wave vector in air and

follows that

nsub

k -space domain, k /k 0 < nsub ,

= 1.52 is the refractive index of substrate. It

k /k 0 = 1 corresponds to the critical angle of total internal reection (TIR) at

the glass/air interface, and the radiation for

nsub < k/k 0 < nsub

cannot escape from the

dielectric stack. Under the assumption that the emissive dipole is uniformly distributed
within the superlattice layer, simulations based on a dipole emission model for optical
microcavities were then carried out to t the
using

RIP

p-pol

angular photoluminescence prole,

as the only tting parameter (see Section 4.2.6). The well-established method

for analyzing TDM orientation is adapted from the eld of multilayer thin lm organic
light-emitting devices (OLEDs)

209 .

Figure 4.2a compares the experimentally measured and theory-tted radiation patterns
for the superlattices of

N = 1,

and 0.81, respectively.

Only the rst quadrant is shown for better visualization.

2, 4, 10, and 19, yielding

RIP

= 0.84, 0.85, 0.85, 0.83,
The
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Figure 4.2:

Spectroscopic evidence of decoupled 2D layers in the superlattices.

a,

Experimentally characterized (exp.; top row) and optical theory-tted (theory; bottom
row) radiation patterns for the fabricated superlattices (d2D = 24.0 Å and dQB = 25.6

N , of 1, 2, 4, 10, and 19, from left to right.
p-polarized (p-pol) and s-polarized (s-pol) PL intensity proles as a function of
kx /k0 and ky /k0 , respectively for the N = 4 superlattice in a. c-d, The characterized
in-plane dipole ratio RIP (c) and relative quantum yield (d) as functions of N and dQB .

Å), with the number of stacking layers,

b, The

exciton TDMs in the superlattices are predominately in-plane.
and

ky

= 0 (p-pol) cuts for the

N = 4

The

kx

superlattice were illustrated (Figure 4.2b),

showing excellent agreement with the measurements.

p-pol

We focus on the

which contains both IP and OP information. Indeed, at the TIR crossover,
a perfect IP dipole has no electric eld in the

z

lower IP dipole ratio leads to a shallower minimum at
of radiation couple into the substrate mode,
increasing the 2D stacking layers at constant

prole,

kx /k 0 = ±1 ,

direction so the emission vanishes, while

an OP dipole couples into the substrate so the emission is maximized.

k/k 0 > 1

= 0 (s-pol)

kx /k 0 = 1

kx /k 0 > 1.

RIP ,

As a result, a

and a higher fraction

On the other hand, upon

the substrate mode radiation beyond

also increases due to an enhanced interference of radiation reected from the

air/superlattice interface. This eect is elucidated by comparing the intensity maxima
along the

ky

axis in radiation patterns (Figure 4.2a), which move farther away to the

space boundary with

N.

k-

More discussions about their eects on the fraction of radiation

power dissipated to air are shown in Figure C.1, illustrating more light is outcoupled
to air in the superlattices by increasing
photonic sources. The

RIP

RIP ,

an important merit of 2D material-based

in the superlattice samples with dierent

N

and

dQB

were

systematically investigated (Figure 4.2c and Figure C.2), followed by characterizing their
absolute

η PL

values in an integrating sphere (see Section 4.2.8). The superlattice

η PL

values reach up to 0.85, standing out among all 2D materials superstructures. As each
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series of samples came from the same synthetic batch, we compare the relative

values normalized by that of the thinnest superlattice fabricated (N

=1

η PL

or 2) (Figure

4.2d and Table C.1). Unexpectedly, even with the smallest interlayer separation (dQB
= 6.5 Å), both

RIP

and relative

η PL

are nearly independent of

N.

As the interlayer

coupling usually induces a degree of momentum mismatch that induces OP excitons
and quenches PL

194,195 , the spectroscopic evidence presented here convince us that the

fabricated MQW superlattices are free of interlayer crosstalk, retaining 2D material's
optical properties. We notice that the smallest

dQB examined here is eectively equivalent

to the insertion of monolayer h-BN, an ultimately thin barrier one can make in vdW
heterostructures. More interestingly, it is even smaller than the Dexter energy transfer
distance,

dCT ≈ 10

Å, in molecular solids

210 , a typical separation required to stop

intermolecular CT of Frenkel excitons. Note that in superstructures of low-dimensional
semiconductors, excitons remain to possess the Wannier-Mott (WM) characteristics,
which promote delocalization and interlayer CT

195 . It is generally observed that a thicker

QB is required to decouple two thicker 2D material layers

18,10 , because a reduced degree

of quantum connement induces the WM features in intralayer excitons. Our ndings
in Figure 4.2, however, break the rule: an ultrathin QB (dQB = 6.5 Å) is sucient to
localize intralayer excitons in a relatively thick 2D material (d2D = 24 Å).

4.3.3
In

Low temperature photoluminescence analysis

order

to

uncover

the

mechanisms

resulting

in

negligible

interlayer

coupling,

temperature-dependent PL spectroscopy was carried out (Figure 4.3). Figures 4.3a and
4.3b compare the evolution of PL spectra in the MQW superlattice and diluted solution.
Upon cooling, both samples exhibit a similar trend, in which the

A

exciton emission,

corresponding to the rst optical transition in Figure 4.3a, slightly blueshifts together
with bandwidth narrowing. Nevertheless, in the superlattice, we observe an additional
emission peak (near 490 nm; denoted as the

I

exciton) emerging at approximately 120

K and intensifying with reducing temperature,

T.

Since this spectral feature was not

found in the diluted solution sample, we attribute it to a consequence of interlayer
coupling.

The dynamics of

A

and

I

excitons in the superlattice were characterized

(Figure 4.3c). At room temperature, the monoexponential decay (lifetime
the

A

τ = 9.5

ns) of

exciton suggests that the intralayer radiative recombination pathway dominates.

However, at 77 K, the

A

exciton dynamics follow the power law (Figure C.3), with a

fast prompt decay followed by long delayed emission, which is a signature of diusioncontrolled interlayer CT
emission (τ

= 431.0

211 . Conversely, the

I

exciton dynamics exhibit a long delayed

ns), which may correspond to the recombination events with the

trap states in the neighboring layers

212 , taking place after ecient interlayer CT at low
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temperatures. Although the separation energy between

A and I excitons is much higher

than thermal energy available at room temperature (Figure 4.3a), we hypothesize that in
these conditions the emission from CT state (

I

lower density compared to band edge states (

exciton) vanishes due their signicantly

A

exciton)

213 .

At the same time, the

214216 .
scenario of trion formation cannot be excluded
Although further photophysical characterization will be required to fully inform the
nature of

I

exciton, the observed temperature-dependent interlayer coupling oers

important clues.
response,

εoptic ,

Indeed, in the lead halide perovskites lattice, the optical dielectric
is relatively small (εoptic

semiconductors (εoptic

≈ 10) 218 ,

≈ 4.5) 84,217

compared to most covalent

in favor of a high binding energy for the intralayer

IP excitons at visible frequencies.

On the other hand, the ionic dielectric response

corresponding to the phonon modes at infrared frequencies,

εion ,

is high (εion

≈ 25)

(Figure C.4), so the eective dielectric constant screening the electrostatic interactions
is approximately given by

ε ≈ εoptic + εion ≈ 30.

We consider a simple model

assuming a free electron in the conduction band of one layer interacting with a free
hole in the valence band of another

219 ; the solution of the single-electron Hamiltonian

in Schrödinger equation gives the binding energy of 1s CT exciton to be lower than
10 meV, considerably lower than the thermal energy at room temperature (25.7 meV).
This scenario is supported by the emergence of interlayer coupling at low temperatures
because the phonon modes are gradually frozen when

T

is lower than 150 K in bulk

217 . It diers from the mechanism for the localization of Frenkel excitons
CH3 NH3 PbBr3
1
in molecular solids, which is usually temperature-independent .

4.3.4

DFT analysis

In PL-based experiments, emission comes from electron-hole recombination taking place
at the band edges.

In contrast to the bulk zincblende (ZB) semiconductor systems,

where the heavy-hole state at

Γ

regardless of the dimensionality

point already has a mixed

px

and

py

IP symmetries

17 , in CH NH PbBr , there is a transition of the direct
3
3
3

bandgaps from R-point for bulk to M-point for 2D systems (Figure 4.4a,b). Our densityfunctional-theory (DFT) calculations show that the valence band maximum (VBM) and
conduction band minimum (CBM) for bulk, which are contributed by the Br and Pb

p

orbitals, respectively, possess both IP and OP components (Figure 4.4c).
On the other hand, for

n=0

and 3 2D layers, the contributions from the Pb

pz

and

px

orbitals to the CBM almost vanish, becoming mostly IP (Figure 4.4d,e). The contribution
of Br

pz

orbital to the VBM also decreases but remains signicant for

n = 3.

We attribute

the experimentally observed OP component for the intralayer excitons to the small

pz
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Figure 4.3: Temperature-dependent interlayer coupling in the MQW superlattices. a,

Room-temperature (RT) PL and absorption (Abs) spectra (solid curves) showing three
optical transitions, A, B, and C, in comparison with PL spectrum at 77 K (dashed
curve), featuring the I exciton peak. b, Evolution of PL spectra for the superlattice
(left,

dQB

= 25.6 Å) and diluted solution (right) with temperature

peak emerge in the superlattice sample when
coupling.

T

T.

The I exciton

is below 120 K, suggesting interlayer

c, Time-resolved PL proles in the superlattice revealing the power-law

characteristics for the A excitons and the ultralong delayed dynamics for the I excitons
at low temperature.
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Electronic and optical properties of bulk and 2D CH3 NH3 PbBr3 .

a,

textbfb, DFT calculated band structures together with their respective Brillouin zone
(BZ), see insets, for bulk and

n=0

(green), 3 (gray), respectively. Symmetry points

at boundaries of the BZ zone where the direct bandgap changes from the R (in bulk)
to the M (in

n = 0, 3) point. kz is oriented in
kx and kx along of of the in-plane

direction while

parallel to the out-of-plane (OP)
(IP) direction.

The valence band

maximum (VBM) and conduction band minimum (CBM) are highlighted via the open
and lled circles, respectively.
in both systems.

The arrows correspond to the rst optical transitions

3 for

textbfc, textbfd, textbfe, Show the iso-surfaces (±0.0016 e/Å

n-layer and ±0.0003 e/Å3 for bulk) of the charge densities at VBM and CBM for bulk,
n = 0, and n = 3, respectively. The orientation of the supercells in terms of OP and
IP coordinates is shown in d. f, G0W0-BSE calculated optical absorption for n = 0

with IP (green) and OP (blue) polarizations including the oscillator strengths for the
main excitations: A, B, and C. The dierence in energy range observed between n =
0 and n = 3 (Figure 4.3a) is due to the strong connement for the former. g, G0W0
quasi-particles (QP) eigenstates (dots) calculated for

n = 0

along

Γ-X-M.

Occupied

(empty) states are below (above) 0 eV. The eigenstates that contribute to excitations

A, B, and C are displayed in blue, green and red, respectively. The size of the circles
is proportional to the weight of the states composing a given excitation. For instance,
excitation A has a strong contribution from transitions from VBM to CBM at M, as
well as several minor transitions along of X to M. Excitations B and C follow similar
analysis. Note that the supercell coordinates (x,y ,z ) used here is physically dierent
from those in radiation patterns (Figure 4.1). All simulations include vdW interactions.
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contribution. Our calculations also point out by further reducing the thickness, the VBM
charges can become perfectly IP (Figure 4.4d).

n=0

Simulating the optical absorption of

using many-body Green's function methods including electron-hole excitations at

the level of the Bethe-Salpeter equation (G0 W0 -BSE) (see 4.2.10), we could reproduce
the three excitation peaks

A , B, C

(Figure 4.4f ) with their corresponding oscillator

strength. Interestingly, such excitations only appear as the polarization is IP with strong
contributions from the band edges along X-M path of the Brillouin zone (Figure 4.4g).
Excitation

A is mainly composed of transitions from VBM to CBM at M point, but with

some components at M

±∆kx,y .

Comparing the dipole transition matrix elements for IP

and OP components (Tables C.2 and C.3) for

n=0

and bulk, it becomes clear that the

IP contributions are at least one order of magnitude larger than the OP for the former
while no preferential for the latter. This indicates that the low-dimensionality together
with the strong connement for the thin layers is one of the main driving forces for the
formation of IP intralayer excitons in the system considered here.

4.3.5
Finally,

Mixed-anion MQW superlattices
we

demonstrate

that

the

emission

wavelength

in

the

decoupled

MQW

220 (Figure 4.5). We
superlattices can be continuously tuned via anion exchange (AE)
have developed modied protocols to synthesize the mixed-anion CQWs by iodide
doping. Figure 4.5a presents the PL spectra together with the photographs under UV
excitation for the as-prepared bromide and iodide-doped CQW solutions. Because the 2D
morphology is preserved, the resulting MQW superlattices exhibit comparable ordering
and crystallinity (Figure 4.5a inset). Accordingly, the radiation pattern and the extracted

RIP

values retain in all three mixed-anion superlattices fabricated (Figure 4.5b).

We

notice that the materials platform reported here represents distinctive quantum emitter

1

superstructures, including the molecular counterparts , that the emission wavelength
can be continuously tuned without altering

RIP .

4.4 Conclusions
We have demonstrated an advanced materials system for the fabrication of scalable,
miniaturized 2D material superlattices, in which the intralayer IP excitons can be
localized within individual layers by atomically thin quantum barriers.

The photonic

sources demonstrated here have narrowband emission together with high quantum yield,
enhanced light outcoupling, and wavelength tunability, which are highly desirable for
many near-eld and far-eld applications such as nanoantennas and light-emitting diodes.
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Figure 4.5:

MQW superlattices with tunable emission wavelength.

a, PL spectra

for the as-prepared bromide (blue), and the mixed-iodide (green, yellow, and orange)
CQWs. The photographs of solutions under UV excitation and the GIWAXS pattern
for the green superlattice are shown in insets.
(dots) and theory-tted (curves)
sample (N

=8

and

dQB

s-pol

and

b, The experimentally characterized

p-pol

PL radiation patterns for the green

= 25.8 Å). The inset shows the extracted IP dipole ratio as a

function of emission wavelength for the four samples considered in a, all above 0.8.
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This chapter is adapted from the following journal article:

Kumar, S., Jagielski, J.,

Kallikounis, N., Kim, Y.-H., Wolf, C., Jenny, F., Tian, T., Hofer, C. J., Chiu, Y.-C.,
Stark, W. J., Lee, T.-W., and Shih, C.-J. Ultrapure Green Light-Emitting Diodes Using
Two-Dimensional Formamidinium Perovskites: Achieving Recommendation 2020 Color
Coordinates.

Nano Letters 17(9),

52775284 (2017).

5.1 Introduction
The color gamut oered by a display, which is dened the coverage in the Commission
Internationale de l'Éclairage (CIE) color space, is determined by the emission properties
of the pure red (R), green (G), and blue (B) light sources.

The newly dened

International Telecommunication Union (ITU) Recommendation BT 2020 (Rec. 2020)
standard requires the monochromatic RGB primaries with extremely narrow bandwidth,
which, in particular, sets a signicant challenge for the green emitters. This is due to
the fact that the human eye is more sensitive in the green spectral region and allows
the identication of a large number of green tones

173 . The inorganic quantum dot (QD)

technology have been proposed as the most promising candidate to achieve the Rec.

9

2020 color coordinates . However, there remains two technical bottlenecks that hinder
realization of the ultrapure green QD emitters: (i) a relatively wide emission bandwidth,
with a full width at half-maximum (fwhm) of
emission red shift (∼

5 − 20

∼ 25 − 35

nm

221 , and (ii) a degree of

nm) upon forming lms from solutions

40 . Accordingly, to

our knowledge, the ultrapure green electroluminescence (EL) that covers

> 95%

of the

Rec. 2020 standard in the CIE 1931 color space has never been reported by far.
Recently, the hybrid organic-inorganic lead halide perovskites are emerging as one
of

the

most

promising

candidates

for

large-area

optoelectronics

because

of

their

86,222224 , solution processability 225 , and extremely long diusion length
sizable bandgap
(>µm)

226229,68 .

Advanced photophysical analysis has revealed that the fast motion

of organic cations, coupled with transient deformation of PbX6 octahedral units, are
responsible for the anomalously long carrier lifetime
of the local ferroelectric domains

55,56 . In consequence, the formation

55,56 and large polarons 60 screens the Coulombic

interactions between the charged carriers and the charged defects.

Clearly, the fact

that the hybrid perovskite systems show higher tolerance to materials defects provides
a fundamental basis for the high-performance light-emitting devices

62,46,63,64 . Another

practical motivation is that, compared to the inorganic QD technology, the perovskite
emitters generally possess a narrower bandwidth (fwhm of

∼ 20 − 25

nm) in the green

spectral range, thereby standing a better chance to approach the Rec.

2020 color

coordinates. Indeed, since the rst demonstration of the perovskite-based light emitting
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diodes (LEDs) at room temperature in 2014

108 , considerable research eort has been

generated to develop the colloidal emitters with high photoluminescence quantum yields
(η PL ) and the device architectures that facilitate radiative recombination

230,107,231235 .

Nevertheless, to date, although the green perovskite LEDs with a high current eciency
(up to 42.9 cd/A) have been demonstrated

68 , the emission chromaticity is not suciently

close to the Rec. 2020 standard.
A central challenge toward achieving the Rec. 2020 color coordinates with the hybrid
perovskites is to precisely ne-tune the emission wavelength without sacricing the

η PL .

Specically, considering the emission bandwidth of the hybrid perovskites, we estimate
the optimal emission wavelength to be

∼ 525 − 530

nm, which is slightly lower than

those for the bulk methylammonium (MA), formamidinium (FA), and cesium (Cs) lead
bromide perovskites (∼

540−560 nm) 43 .

To this end, although the chloride doping seems

to be a straightforward approach to introducing a degree of blue-shifting, it often results
in a drop in the

η PL (e.g., ref

107). In addition, the solubility for the chloride precursors in

the regularly used polar solvents (e.g.,N,N -dimethylformamide, DMF) is low

70 , thereby

increasing the process complexity in the bulk-lm or nanocrystal synthesis.

In this

113,114,85,89,91,87,115,116,93 might be
respect, the colloidal two-dimensional (2D) perovskites
the ultimate solution due to the following reasons.

First, a precise control over the

layer number enables a quantized and sizable bandgap due to the quantum connement
eect

84 . Second, the quantum connement eect in turn enhances the exciton binding

energy,

EB,

which, in principle, boosts the

η PL 43 .

5.2 Materials and Methods
5.2.1

Chemicals

Toluene (99.8%, Fisher Chemical), Oleic acid (OLA, 90% technical grade, Aldrich),
Octylamine (OA, 99%, Aldrich), Lead (II) bromide (PbBr2 , 98+%, Acros Organics),
tertbutyl alcohol (t-BuOH, for analysis, Fisher Chemical),
(DMF,

> 99.8%,

N,N -Dimethylformamide

Aldrich), Ethanol (EtOH, absolute for analysis, Merck), Hydrobromic

acid (HBr, 48% in water, Sigma-Aldrich), Methylamine (33% in absolute Ethanol,
Acros Organics), Formamidine acetate (99%, Acros Organics), Diethyl ether (>
Thommen-Furler AG). All chemicals listed above were used as received.

99.8%,
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Synthesis of MABr and FABr

Synthetic procedure used by Pathak

et al.

was applied

161 . Methylammonium bromide

(MABr) was synthesized by mixing 10 mL of methylamine (33% in EtOH) with 7.5 mL
of HBr (48% in H2 O) in 100 mL EtOH. The reaction mixture was stirred for 60 min
under ambient conditions and followed by removal of the solvent at 60°C by means of
rotary evaporator. The resulting solid was washed several times with diethylether and
recrystallized with EtOH. Finally the puried powder was dried overnight in vacuum
oven at 60°C. The FABr precursor was synthesized according to the protocol developed
by Eperon

et al. 222

Formamidine acetate was dissolved in 2 molar equivalents of HBr

(48% in H2 O) and left under stirring for 10 min at 50°C. The solvent was removed at
100°C by means of rotary evaporator. The resulting solid was washed several times with
diethylether and recrystallized with EtOH followed by drying in vacuum oven at 60°C.

5.2.3

Synthesis of colloidal 2D perovskite crystals

The 2D perovskites, FAPbBr3 and MAPbBr3 were synthesized using modied synthetic
route reported in our earlier report

84 . In brief, the perovskite precursors, FABr or MABr

(0.53 M) and PbBr2 (0.4 M) were distinctly dissolved in polar

N,N -dimethylformamide

(DMF) solvent. OLAc (625 µL) and OAm (25 µL) were mixed with non-polar solvent
(Toluene, 12.5 mL). Subsequently, the precursor solutions mentioned above were added
dropwise (375 µL of MABr or FABr and 625 µL of PbBr2 ) to a non-polar toluene
solution consisting long chain organic surfactants, OAm as long chain ligand and
OLAc as stabilizer under constant stirring.

An instantaneous colloidal crystallization

is triggered due to poor solubility of perovskite precursors in nonpolar toluene.

A

precipitate is formed immediately and is separated from the reaction mixture by means
of centrifugation. The resultant supernatant is discarded and the precipitate containing
FAPbBr3 nanoplatelets is dispersed in 2.5 mL of fresh toluene, which yields the nal
product.

However, contrarily to the case of MA-based perovskite nanoplatelets, it

was observed that the FA counterpart exhibits lower stability and therefore lower nal
concentration, when highly polar DMF is used to solubilize FABr. Presumably, due to
the larger ionic radius of FA

+ , it is energetically less favorable to form the perovskite

 is used as an anion. Therefore, even small amounts of highly polar

structure, when Br

solvent like DMF can cause a signicant degree of ligand desorption from the nanocrystal
surface. As a results, it leads to a formation of less stable colloidal dispersion. In order
to solve this issue, instead of DMF, ethanol (EtOH) was used to dissolve FABr (0.53 M
in EtOH). The same volume (375 µL) was added to the reaction mixture as in case of
DMF solution. This modication allowed to achieve more stable colloidal solutions of
FAPbBr3 nanoplatelets with signicantly higher concentrations.
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UV-Vis absorption and photoluminescence (PL) characterization

Ultraviolet-visible (UV-vis) spectra were collected using a JASCO V670 spectrometer.
Photoluminescence (PL) spectra were recorded with Hamamatsu CCD spectrometer.
The absolute

η PL

in solid state thin lms and colloidal solutions (in toluene) were

determined using the Quantaurus QY (C11347-11) from Hamamatsu.
dependent

steady-state

PL

spectra

were

measured

using

a

Temperature

JASCO

FP8300

spectrouorometer.

5.2.5

Time resolved (TR)-PL measurements

TR-PL spectra were collected using a timecorrelated single photon counting (TCSPC)
measurement system equipped with a picosecond pulse laser head (LDH-P-C-405B,
PicoQuant) with 405 nm excitation wavelength, monochromator (SP-2155, Acton), and
ultrafast detection (MCP-PMT (R3809U-50, Hamamatsu)).

5.2.6

X-ray diraction measurements

XRD patterns of 2D perovskite crystals (FAPbBr3 and MAPbBr3 ) were measured using
a PANalytical X'Pert PRO-MPD diractometer with Cu-Kα radiation. The data were
recorded in the range of 1060° 2θ at room temperature with an angular step size of with
an angular step size of 0.017° and a counting time of 0.26 seconds per step.

Grazing

incidence X-ray diraction (GIXD) patterns were measured on beamline BL13A at the
National Synchrotron Radiation Research Center (NSRRC), Taiwan. A monochromatic
beam of

λ = 1.0205

5.2.7

Electron microscopy characterization

Å was used, and the incident angle was 0.12°.

Scanning transmission electron microscopy (STEM) images were captured using FEI
NovaNanoSEM 450 operated at 30 kV. High resolution transmission electron microscopy
(HRTEM) images were captured using FEI Titan Krios FEG operated at 200 kV.
Scanning electron microscopy (SEM) were used to obtain the cross section image of
LED device and surface morphology of spin-coated thin lms of pure 2D FAPbBr3
perovskite and its complex with PMMA deposited on plasma treated SiOx substrates or
PEDOT:PSS coated SiOx substrates using Zeiss ULTRA 55 plus SEM operated at 2 kV.
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Ultraviolet photoelectron spectroscopy (UPS) analysis

UPS was used to evaluate the valance band maximum (VBM) energy levels of 2D
FAPbBr3 and MAPbBr3 perovskites. The work functions (WFs) and ionization energies
(IEs) of 2D FAPbBr3 and MAPbBr3 perovskites were characterized using UPS (Figure
6). The WFs of 2D perovskites were estimated from the intersection point of two tangents
at the secondary cut-o region, which are 17.17 eV and 16.63 eV, respectively, for the
FAPbBr3 and MAPbBr3 . The energy oset between the WFs and IEs were calculated as
2.02 eV and 1.28 eV. The VBM values were estimated to be 6.06 eV and 5.86 eV, which are
within the range of prior reports

84,236238 . The CBMs were calculated by subtracting the

optical energy bandgap values, which were estimated from the PL emission wavelengths.
The CBM values of 3.72 eV and 3.47 eV were therefore determined for the 2D FAPbBr3
and MAPbBr3 perovskites, respectively.

5.2.9

Thin lm morphology characterization

Atomic force microscopy (AFM) were used to evaluate the surface morphology of spin
coated thin lm of pure 2D FAPbBr3 perovskite and its complex with PMMA deposited
on Poly-TPD layer with a layer sequence of ITO/PEDOT:PSS/Poly-TPD using Asylum
Cypher S AFM operated in the tapping mode in the ambient conditions. Surface proler
DektakXT (Bruker) was used to measure the lm thickness of various device layers.

5.2.10

Exciton binding energy (E B ) calculation

We carried steady-state PL measurements at dierent temperatures and determine the
exciton binding energy by tting the obtained PL intensity-temperature proles with the
following equation:

I0

I(T ) =

1 + Ae
where

I0

is the intensity at 0 K,

constant. The extracted

EB

EB

(5.1)

−EB
kB T

is the binding energy, and

kB

is the Boltzmann

values are listed in Table 1 and Figure S5. This method

has been widely used to estimate the binding energy in the organic-inorganic hybrid
perovskite systems.

The exciton Bohr radius (aB *) of MAPbBr3 and FAPbBr3 were

calculated following:

aB ∗ =

~2 ε
µe2

(5.2)
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is the reduced Planck's constant,

exciton eective mass, and

e

ε

is the dielectric constant,

is the unit charge. Using the

µ

and

ε

µ

is the reduced

values for the bulk

MAPbBr3 and FAPbBr3 in Ref. 237, the Bohr radius is estimated to be 3.4 and 3.9
nm for MAPbBr3 and FAPbBr3 , respectively, corresponding to

n ∼ 6 − 7.

Accordingly,

we expect a small degree of quantum connement can be observed in the colloidal 2D
nanocrystal systems considered here (n

5.2.11

∼ 7 − 10).

Dynamic light scattering (DLS) measurements

(DLS) was used to characterize the particle size distribution (PSD). The experiments
were conducted using a Zetasizer Nano (Malvern,
angle of 173°.

Worcestershire,

U.K.) at xed

We performed dynamic light scattering (DLS) to reveal the degree of

monodispersity in lateral size for the 2D perovskites dispersed in solution.

A sharp

monotonic particle size distribution (PSD) peaking at 18.2 nm with an extremely narrow
FWHM of 10 nm (Figure S4), suggesting a high degree of monodispersity.

Note that

the DLS technique only approximately estimates the hydrodynamic radius of individual
colloids, under the assumption of spherical particles

239 . For non-spherical particles, DLS

technique yields the diameter of a sphere that possesses the same average translational
diusion coecient with the particle being measured DLS2015. In the 2D nanocrystal
case considered here, the observed average particle size does not precisely reect the
lateral size, but can provide an estimation thereof.

5.2.12

Materials used for LED fabrication

Patterned indium tin oxide (ITO) coated glass substrates with a sheet resistance of

15Ω/

are purchased from Lumtech Corp.

ethylene-dioxythiophene)-poly(styrene
from Heraeus (Clevios AI 4083).
materials,

The hole injection material poly(3,4-

sulfonate)

(PEDOT:

PSS)

(PVK),

and

purchased

Highly pure sublimed grade hole transporting

poly[N,N '-bis(4-butylphenyl)-N,N '-bis(phenyl)-benzidine]

poly(9-vinylcarbazole)

is

(Poly-TPD),

poly[(9,9-dioctyluorenyl-2,7-diyl)-co-(4,4'-(N -(4-

sec -butylphenyl) diphenylamine)] (TFB), are supplied by Lumtech Corp.

A neutral host

matrix poly methyl methyacrylate (PMMA) with an average M. W. 350,000 is purchased
from Sigma-Aldrich.

The electron transporting materials 2,2',2-(1,3,5-benzinetriyl)-

tris(1-phenyl-1-H -benzimidazole)

(TPBi),

4,7-Diphenyl1,10-phenanthroline

4,6-bis(3,5-di(pyridine-3-yl)phenyl)-2-methylpyrimidine

(B3PYMPM),

and

(BPhen),
tris(2,4,6-

trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPYMB) are procured from Lumtech Corp.
The electron injection materials lithium uoride (LiF) (99.98%) is purchased from
Acros Organics. Aluminum (Al) pellets (99.999%) were purchased from Kurt J. Lesker
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All sublimed grade molecular hole transporting, electron transporting and

host materials and the GPC grade polymer compounds were used without any further
purication.

5.2.13

Perovskite LEDs fabrication

Patterned ITO coated glass substrates were rinsed in the Extran MA02 neutral detergent
and deionized (DI) water mixture (1:3). Afterward, these substrates were sequentially
sonicated in DI water, acetone, and isopropanol, each for 10 minutes.

The substrates

were then exposed to oxygen plasma for 10 min. in diener plasma cleaner. Thereafter, the
aqueous PEDOT: PSS or

5 ± 1 wt% MoOx

doped PEDOT:PSS solution was spin-coated

on the pre-cleaned ITO glass at a speed of 4000 rpm for 20 s then all the substrates were
then transported into a nitrogen atmosphere glove box for annealed at 130°C for 0.5 h in
the ambient conditions. All the annealed substrates were then transported into a nitrogen
atmosphere glove box for the deposition of successive layers. Consequently, a 2 mg/ml or
0.5 mg/ml hole transporting layer (HTL) of Poly-TPD, TFB, or PVK (in chlorobenzene)
was spin-coated on PEDOT:PSS layer at 3000 rpm for 40 s (for respective devices see
Table S2). The HTL was then annealed at 130 °C for 0.5 h. Before spin-coating, the
monodisperse 2D FAPbBr3 perovskites (3.3 and 6.5 mg/ml in toluene) were mixed with
the non-emissive PMMA host by

15 ± 1

wt% and

8±1

wt%, while 2D MAPbBr3 were

mixed with a low-k host, TFB, to obtain the complex emissive layer (EML). The resultant
EML was then spin-coated at 2500 rpm for 40 s. All substrates were transferred in the
ultrahigh vacuum evaporation chamber. Subsequently, a 35 or 45 nm ETL was deposited
on the EML by the thermal evaporation. Finally, a 1 nm LiF electron injection layer
and a 100 nm Al cathode layer were also deposited in a high vacuum chamber (8
mbar) by using a shadow mask.

× 10-8

Each substrate is patterned to realize four devices,

each with an active area of 37.5 mm

2 as dened by the overlapping area of the bottom

ITO anode and top Al cathode layers. All the devices were stored in the glove box and
characterized under the ambient atmosphere. A 50 µm thin polyimide (PI) foil was used
as a exible substrates for the perovskite LED device. First of all, 50 nm SiNx layers
was deposited on both side of PI substrates to reduce the surface roughness and enhance
the chemical and thermal resistivity. Subsequently, a 120 nm ITO layer was deposited
(at room temperature) by radio frequency (R.F.) magnetron sputtering using a standard
anode metal mask. Then ITO coated substrates were cleaned in oxygen plasma chamber
for 10 min.

Afterward, PEDOT:PSS and Poly-TPD were sequentially spin-coated on

the exible substrates then annealed at 130°C for 0.5 h after each step. Subsequently,
2D FAPbBr3 and PMMA complex emissive was spin coated on the Poly-TPD layer.
Then substrates were moved in the high vacuum chamber for the successive 3TPYMB,
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LiF, and Al layers deposition via thermal evaporation. Similar to glass substrates, each
substrate is patterned to realize for device with an active area of 25 mm

2 , which is

dened by the overlapping between the ITO anode and Al cathode layers.

5.2.14

Perovskite LEDs characterization

Current density-voltage-luminance (J -V -L) characteristics of the perovskite LEDs were
measured using a Photo Research PR 655 SpectraScan spectrometer and Keithley 2400
source meter. The electroluminance (EL) spectra of all the devices were also recorded
by using a PR 655 spectrometer. The Commission Internationale de I'Éclairage (CIE)
coordinates of perovskite LEDs were calculated using a calibrated ASEQ LR1-Tv.2
(CCD) spectrometer. The EQE or

η ext

was calculated as the total number of emitted

photons divided by the total number of injected electrons by assuming a Lambertian-type
emission pattern.

5.3 Results and Discussion
5.3.1

Synthesis of green-emitting FAPbBr3 and MAPbBr3 colloidal
nanocrystals

In this work, we demonstrate the ultrapure green LEDs based on the colloidal 2D
FAPbBr3 hybrid perovskites, with the stacking number of perovskite unit cells,

n,

to be

around 7 to 10. Through the dielectric quantum well (DQW) engineering, the quantumconned 2D FAPbBr3 perovskites exhibit a high exciton-binding energy of 162 meV,
resulting in a high

η PL

of 92% in the spin-coated lms.

Our optimized device shows

a maximum current eciency of 13.02 cd/A, which is among one of very few reports
that reach double digits.

Moreover, the EL emission locates at 529 nm with a fwhm

of 22.8 nm, reaching the CIE 1931 color coordinates of (0.168, 0.773). Accordingly, for
the rst time, we report an ultrawide color gamut that covers 97% and 99% of the Rec.
2020 standard in the CIE 1931 and the CIE 1976 color space, respectively, representing
the "greenest" LED ever reported.

2

We further demonstrate large-area (3 cm ) and

ultraexible (bending radius of 2 mm) LEDs based on the 2D perovskites.
The 2D FAPbBr3 and MAPbBr3 perovskites are synthesized by using modications of the
synthesis method developed in our previous report (for details, see Section 5.2.3)

84 . In

short, the rst precursor, formamidinium bromide (FABr) or methylammonium bromide
(MABr), was dissolved in a polar solvent, and the second precursor, lead bromide
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(PbBr2 ), was dissolved in DMF. A pair of precursor solutions were next added dropwise to a toluene solution containing two surfactants, oleic acid (OLAc) and octylamine
(OAm).

Colloidal crystallization was triggered immediately due to a low solubility of

the precursors in toluene. The polar solvent used to dissolve MABr and FABr is DMF
and ethanol, respectively, because the colloidal stability of 2D FAPbBr3 perovskites was
observed to be low at a high DMF content in toluene. The resulting precipitates were
then collected and redispersed in toluene to obtain colloidal dispersions. Before device
fabrication, a small amount of a low-dielectric-constant (low

k)

compound, poly(methyl

methacrylate), PMMA, was added into the FAPbBr3 colloidal solution to take advantage
of DQW eect

84 , as will be discussed later.

Figure 5.1: Characterization of 2D perovskites. a, Photograph for the colloidal 2D

FAPbBr3 perovskite dispersions (top) and spin-coated coated thin lm (bottom) under
UV excitation. b, XRD patterns for the thin lms of the 2D FAPbBr3 and MAPbBr3
perovskites. Inset: GIWAXS image for the 2D FAPbBr3 perovskitesPMMA complex.

c, TEM image of the 2D FAPbBr3 perovskite nanoplatelets. d, Time-resolved PL for
neat 2D FAPbBr3 and 2D FAPbBr3 PMMA mixture in solution and in lms. e, The
PL intensity for the 2D FAPbBr3 PMMA complex as a function of temperature. The
exciton binding energy in the cubic phase is determined to be 161.6 meV. Reproduced
from Ref. 174, American Chemical Society.
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Optical and morphological characterization of perovskite
colloidal nanocrystals

Figure 5.1a presents the photograph of the 2D FAPbBr3 solution and spin-coated thin
lm after adding PMMA under ultraviolet (UV) excitation.

The PLQY of the spin-

coated lm composed of the 2D FAPbBr3 PMMA complex is determined to be 92%,
which to our knowledge, represents the highest value ever reported in the perovskite
thin lms.

The absorption and photoluminescence (PL) spectra of 2D MAPbBr3 and

FAPbBr3 dispersions are shown in Figure D.1, with the emission wavelength,

λPL ,

centered at 521 and 530 nm, respectively. A degree of blue-shifting, which results from the
quantum connement eect, is observed and allows us to estimate the thickness of the 2D
perovskite dispersions to be

n ≈ 7 − 10 84 .

The 2D nature of the perovskite dispersions

is endorsed by the X-ray diraction (XRD) and the transmission electron microscopy
(TEM), as shown in Figures 5.1b,c. In the XRD spectra for both compounds, the three
dominant peaks at around 15°, 30°, and 45° are assigned as the (100), (200), and (300)
planes

240 for the cubic perovskite structure. The lattice constant is therefore determined

to be 5.9 and 6.0 Å for 2D MAPbBr3 and FAPbBr3 , respectively, consistent with those
reported in the bulk counterparts
other planes, such as (110) at

241,236 . Nevertheless, the peak intensity associated with

∼21°

and (210) at

∼34° 241,236 ,

is very weak, suggesting

that the crystalline symmetry possibly not be 3D. In the grazing-incidence wide-angle
X-ray scattering (GIWAXS) pattern (Figures 5.1b inset and D.2), the DebyeScherrer
ring for the (100) plane, corresponding to
the

qz

q = 10.5

-1 , becomes the strongest on

nm

axis, consistent with our previous observations in the spin-coated solids of 2D

perovskite dispersions

84 . Rectangular colloidal 2D nanocrystals were clearly identied

on the TEM grids (Figures 5.1c and D.3). In the FAPbBr3 case, its emission wavelength
locates at

529 ± 1

nm, corresponding to a blue shift of

bulk counterpart (n

> 10) 43 .

∼ 20

nm relative to that in the

As revealed by the TEM image (Figure 5.1c), we observed

nearly monodispersed nanocrystals with vertical and horizontal orientations, giving the
average lateral length and thickness of 14.0 and 4.9 nm, respectively. Considering the
unit cell thickness (∼

0.6

nm),n

≈ 7 − 10

is therefore determined

84 .

Note that the

observed dark spots within the 2D structures have been suggested to be the degradation
product of perovskites caused by the focused electron beam

85 . Figure D.4 presents the

particle size distribution (PSD) characterized using the dynamic light scattering (DLS).
A narrow distribution with an average hydrodynamic diameter of 18.2 nm was observed,
conrming the colloidal monodispersity (for details, see Section 5.2.11). The concept of
the dielectric connement is realized by surrounding the 2D perovskite dispersions with
a wide-bandgap, low-k compound (PMMA is used here), acting as the barrier

84 . The

resulting complex consists of a matrix of the dielectric quantum wells in which the exciton
binding energy is boosted due to a reduction of the eective dielectric constant

11 . Taking
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Sample

λPL

fwhm

Type

(nm)

(nm)

η PL

(%)

τ avg

EB

(ns)

(meV)

solution

531

21.8

88

62.7



thin lm

530

22.6

90

42.3

149.3

solution

530

21.6

86

77.7



thin lm

530

22.6

92

24.2

161.6

solution

521

23.6

79

83.8



thin lm

522

22.5

85

29.4

152.6

+
PMMA

MAPbBr3

Table 5.1: Photophysical Characteristics of 2D Perovskite-Based Solutions and Films

the 2D FAPbBr3 as an example, we illustrate that the DQW engineering signicantly
changes the photophysical properties of the perovskite lms based on the following
observations: (i) an increase of

η PL

from 88% (solution) to 92% (complex), as shown

in Table 5.1; (ii) a decrease of the exciton lifetime (τ avg ) from 42.3 (neat lm) to 24.2 ns
(complex), as determined by the time-resolved (TR) PL spectroscopy in Figure 5.2a; and
(iii) an increase of the exciton binding energy (E B ) from 149.3 (neat lm) to 161.6 meV
(complex), as determined by the temperature-dependent PL measurements in Figure
5.2b (for details, see Section 5.2.10 and Figure D.5).
Clearly, compared with the bulk hybrid perovskites, in which the
energy at room temperature (∼

25

EB

and the thermal

meV) are in the same order of magnitude

242 , the

synthesized 2D perovskites are much more excitonic, although the degree of quantum
connement is small.

We therefore infer that the dielectric connement eect, which

has been proven to be long-range

11 , is responsible for the binding energy enhancement

because the colloidal nanocrystals are dispersed in low-dielectric-constant media (toluene
or PMMA). The orientation, packing, and self-assembly behavior of the surrounding
molecules determines the eective dielectric constant of the environment, which may be
worth further investigation. In principle, a lower surrounding dielectric constant leads to
a higher

E B , thereby decreasing the lifetime and increasing the η PL , which is qualitatively

supported by the photophysical characteristics of our 2D FAPbBr3 samples (see Table
5.1).
Figure 5.2a presents the PL spectra for the 2D FAPbBr3 -based solutions and lms,
together with the EL spectrum. For the samples considered, the emission characteristics
are nearly identical, with

λPL

at

530 ± 1 nm and with a fwhm of 22 ± 1 nm.

This nding

implies that the synthesized 2D perovskites are nearly monodispersed, such that the
particle aggregation or the energy-transfer (ET) pathways created upon forming lms,
as reected by a reduction in the exciton lifetime (Figure 5.1d), only result in a negligible
degree of red-shifting distinct from that observed in the inorganic QD systems

148 . In
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practice, the consistent emission characteristics between solutions and lms are essential
for the development of the ultrapure emitters with specic chromaticity. In that sense,
it appears that the 2D perovskites have advantages over the inorganic QD materials.

Figure 5.2:

Basic PL and EL spectroscopic performance.

a, PL spectra for the

colloidal 2D FAPbBr3 perovskites in toluene solution (black), thin lm (red), mixture
with PMMA in toluene solution (blue), and complex with PMMA in lm (green). The
EL spectrum in LED device is also shown for comparison (pink). Inset: Photograph of a
large-area LED device. Logo reproduced with permission. Copyright 2017 ETH Zürich,
Switzerland. b, The color coordinates of the LED device based on the 2D FAPbBr3
perovskites (this work) on the CIE 1931 color space, together with the ITU-R BT.709,
NTSC, and the Rec. 2020 standards, in comparison with dierent LED technologies,
including OLED

243 , InGaN 244 , QD 245247 , and perovskites (Pe) 230,84,248 . Reproduced
from Ref. 174, American Chemical Society.

5.3.3

LED device fabrication

The LED devices were then fabricated using the synthesized 2D MAPbBr3 and FAPbBr3 ,
which yield EL with the emission wavelength at 524 and 529 nm, respectively. Because
the color coordinates for 2D FAPbBr3 are closer to the Rec. 2020 standard; thereafter,
we focus on the FAPbBr3 -based devices.

The color coordinates of the 2D FAPbBr3
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LED presented here (this work) in the CIE 1931 color space are shown in Figure 5.2b.
The Rec.

2020, National Television System Committee (NTSC), and Rec.

BT 709

standards are also included. Accordingly, we demonstrate an ultrapure green EL with
the color coordinates of (0.168, 0.773), which, to our knowledge, represents the purest
green emission ever reported, relative to the Rec. 2020 standard (0.170, 0.797). The color
coordinates for other technologies, including organic LED (OLED), QD-LED, InGaN
LED, and perovskite LED (PeLED)

230,84,243,245248,244 , are also attached for comparison.

Indeed, the chromaticity reported here results in an ultrawide gamut that covers 97% and
99% of the Rec. 2020 standard in the CIE 1931 and CIE 1976 color space, respectively,
as summarized in Table D.1, which has never been achieved in LED devices thus far.
The device architecture and energy diagram for our LED device is shown in panels a and b
of Figure 5.3 (for details, see Figs D.6, D.7, D.10, and D.12). The energy levels of valence
band maximum (VBM) for 2D FAPbBr3 and MAPbBr3 perovskites were obtained using
the ultraviolet photoelectron spectroscopy (UPS) (for details, see Section 5.2.8 and Figure
D.6). The conduction band minimum (CBM) energy levels were then back calculated
by subtracting the optical bandgap values from the PL emission wavelengths. We use
a typical three-layered structure, which consists of a hole-transport layer (HTL), an
emission layer (EML), and an electron-transport layer (ETL) (for molecular structures,
see Figure D.7). A number of experiments were carried out to optimize the HTL and
ETL materials in the FAPbBr3 devices, as summarized in Table D.2. The control device,
without PMMA in the EML (ITO/PEDOT:PSS/2D FAPbBr3 /TPBi/LiF/Al), shows a
maximum current eciency (η CE ) of 1.58 cd/A and a maximum luminance (Lmax ) of

2

229 cd/m , corresponding to the maximum power eciency (η PE ) of 1.29 lm/W and
the external quantum eciency (η ext ) of 0.38%. The device based on the 2D FAPbBr3 
PMMA complex improves signicantly. In addition to the dielectric connement eect,
we attribute the enhancement to the formation of a smoother EML (Figure D.8) so
that the possible electrical shunts between two transport layers are minimized. Indeed,
as revealed by SEM (Figure D.9), we observe rough surface and a considerable portion
of uncovered patches in the spin-coated lm of neat 2D FAPbBr3 perovskites. On the
contrary, upon mixing with PMMA, a signicantly higher degree of surface coverage and
smoothness is achieved, particularly on PEDOT:PSS (see more details in Section D.1).
High performance (η CE = 6.16 cd/A,

η PE

= 4.98 lm/W,

η ext

= 1.43%, and

Lmax

=

2

2755 cd/m ) was achieved by incorporating a thin layer of poly-TPD as the HTL after
PEDOT:PSS due to a more-eective exciton connement. We also tested two other holetransport materials (PVK and TFB) but did not observe a substantial improvement.
Next, to further enhance the device performance, three other electron-transport materials
(BPhen, B3PYMPM, and 3TPYMB) were investigated.
characteristics with 3TPYMB (η CE = 10.0 cd/A,

η PE

We achieved the optimal

= 7.71 lm/W,

η ext

= 2.31%, and
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Figure 5.3:

Device characteristics of the 2D FAPbBr3 perovskite-based LEDs.

Schematic device architecture.
optimized device.

a,

b, Energy diagram for the materials used in the

c, Current density and luminance as a function of voltage.

Current eciency and EQE as a function of current density.

d,

Reproduced from Ref.

174, American Chemical Society.

Lmax

2

= 3267 cd/m ). Moreover, the device performance is markedly enhanced (η CE =

13.02 cd/A,

η PE

= 13.36 lm/W,

η ext

= 3.04%, and

Lmax

2

= 2939 cd/m ) with the optimal

emissive layer composition and charge transporting layer thicknesses (for details, see
Tables D.2 and D.4). The device cross-sectional scanning electron micrograph is shown
in Figure D.10, and the performance summary of dierent device structures is shown
in Table D.2.

The current eciency reported here is among one of very few reports

that have achieved double digits in colloidal nanocrystal-based perovskite LEDs (Table
D.5) and improves by nearly 5-fold compared with the LED devices based on the bulk
FAPbBr3 perovskites

236 . The current density and luminance as a function of voltage are

shown in Figure 5.3c, and the calculated
in Figure 5.3d (see Figure D.11a for

η CE

η PE ).

and

η ext

versus current density are shown

In particular, the eciency roll-o at high

voltage has been signicantly reduced compared with those reported in other FAPbBr3
perovskite-based LEDs, e.g., ref 55. More importantly, the optimal device only showed
a

∼ 10 − 15% roll-o in the η CE

(11.3 cd/A),

η PE

(10.2 lm/W), and

η ext

(2.74%) at 1000

2

cd/m . We attribute the superior device performance to a balanced charge injection and
ecient exciton recombination resulting from the following mechanisms: (i) a low highest
occupied molecular orbital (HOMO) level (−5.4 eV) in the poly-TPD HTL and a high
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lowest unoccupied molecular orbital (LUMO) level (−3.3 eV) in the 3TPYMB ETL

? 229 ,

thereby enabling cascade carrier injection; (ii) comparable carrier mobilities in HTL and
ETL

??

; and (iii) an eective carrier connement due to a high LUMO level (−2.0 eV) in

HTL and a low HOMO level (−6.8 eV) in ETL
of

η CE

? 229 .

Figure D.11b presents a histogram

based on the fabricated 52 devices with the optimal conditions, exhibiting an

average

η CE

2 is further achieved by spin-

of 10.31 cd/A. A higherLmax of 4425 cd/m

coating the EML twice, but the eciencies are slightly reduced. We also demonstrate
high-eciency 2D MAPbBr3 -based devices (η CE = 8.43 cd/A,
2.06%, and

Lmax

η PE

= 7.64 lm/W,

η ext

=

2

= 2735 cd/m ) (Figures D.12 and D.13).

Finally, we demonstrate large-area and ultra-exible LEDs based on the 2D FAPbBr3

2

perovskites. Figure 5.4a presents the EL spectra of a large-area (3 cm ) device under
dierent driving voltages, showing emission wavelengths of

530 ± 1

nm and a fwhm

of 22.6 nm, which are also consistent with the PL spectrum (Figure 5.2a).

More

importantly, with the optimized device architecture, the device performance does not
compromise signicantly (η CE = 8.4 cd/A,

η PE

= 6.6 lm/W, and

η ext

= 2.0%) (Figure

D.14), and to our knowledge, it is the largest perovskite LED ever reported, with record
high eciency

232,249 . Figure 5.4b exhibits an ultra-exible device on a thin polyimide

substrate (50 µm).

The insets show photographs of a working device under dierent

degrees of bending. More details about device fabrication, characteristics, and bending
tests can be found in Section 5.2.13 and Figure D.15. Similarly, the EL spectra under
dierent driving voltages are consistent and stable. Because of the ultra-exible substrate
considered here, a minimum bending radius down to 2 mm was achieved (Figure D.15e).
The turn-on voltage (V on ) for the exible device is slightly higher due to a higher
resistivity of the ITO layer deposited on the polyimide surface. The large-area, ultraexible devices demonstrated here give promise of the low-cost, large-scale production of
the ultrapure green LEDs for the next generation of displays.
In summary, we demonstrate that in the colloidal 2D FAPbBr3 perovskite system, one can
introduce a small degree of quantum connement that results in a proper bandgap and
bandwidth for achieving the Rec. 2020 standard. In combination with its monodispersity
in solution, the emission wavelength in the nal LED devices is nearly identical to that
in the diluted solution, clearly outperforming the OLED and QD technologies. Through
the DQW and interface engineering, the LED devices exhibit ultrahigh color purity and
high eciency, which allow us to achieve the Rec. 2020 color coordinates for the rst
time.

The results presented here open an avenue toward the realization of large-area,

low-cost LEDs with an ultra-wide gamut. We believe that further optimization of device
performance and the development of perovskite-based optoelectronics will be greatly
facilitated by the original concepts proposed here.
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Figure 5.4: Demonstration of large-area and ultraexible LEDs using FAPbBr3 2D

perovskites. a, EL spectra of a large-area (20 mm×15 mm) LED at dierent driving
voltages. Inset: Photographs of a large area device operating at 4.0 V (top) and 5.0 V
(bottom). Logo reproduced with permission. Copyright 2017 ETH Zürich, Switzerland.

b, EL spectra of a exible LED on the polyimide substrate at dierent driving voltages.
Inset: Photographs of a exible perovskite LED at dierent bending radii (scale bar: 1
cm). Reproduced from Ref. 174, American Chemical Society.
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6.1 Conclusions
The main objective of the studies presented in this thesis was to synthesize quantum
conned lead halide perovskite CQWs and understand their fundamental photophysical
properties through experimental characterization. In particular, the exact control over
emission wavelength, maximization of

η PL

and nally the preferential alignment of

TDM were key ndings presented here, which can potentially enable fabrication of higheciency optoelectronic devices in the future, especially LEDs.
The rst part of the thesis focuses primarily on the dimensionality reduction in CQWs
composed of MAPbBr3 and the eects thereof on the photophysical properties. The main
motivation behind it was to enhance the binding energy

EB,

and therefore maximize

the radiative recombination within these semiconductor NCs.

Indeed, as predicted

theoretically, the thinner the CQW was, the stronger was the interaction between
two oppositely charged carriers.

This phenomenon was further boosted by dielectric

connement, which was induced by low-dielectric-constant ligand molecules surrounding
the CQW. Also by placing CQWs in a matrix of organic host molecules or polymers,
this eect was amplied.

What is more, the incorporation of CQWs into a matrix

of host molecules, not only induced the dielectric connement eect, but also enabled
energy transfer process, which facilitated the radiative recombination within CQWs.
Furthermore, a decrease in size of CQWs below Bohr radius, lead to another phenomenon,
namely quantum connement eect. It implies that the exact control over the thickness
of CQWs allows to precisely tune their emission energy and retain high

η PL .

Because

MAPbBr3 CQWs can only comprise of an integer number of perovskite unit cells

n,

quantized band gap energies were accessed. All these characteristics mentioned above
were exploited to fabricate ecient electroluminescent devices based on perovskite CQWs
with tunable emission colors in the blue-to-green spectral region. These results represent
an important step towards low-cost, solution-processed LEDs for display applications.
Nevertheless, in order for them to reach performance levels allowing to be used on a
commercial scale, extensive experimental eorts are still required. For example, a full
coverage of visible spectrum with bromide-based layer-controlled CQWs is not possible,
since they can only exhibit blue-to-green emission.

On the other hand, yellow-to-

red emission could be potentially achieved by employing iodide-based CQWs. Despite
numerous attempts to apply the same synthetic protocols to the iodide counterparts,
these structures could not be stabilized.

One of the main obstacles for applying this

particular synthetic method, might be the use of polar solvents, to which iodidecontaining perovskites are sensitive.

Although numerous dierent synthetic protocols

to obtain bromide-based colloidal perovskite nanocrystals were reported, there is a much
lower number of scientic publications describing the synthesis of iodide-containing lead
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halide perovskite CQWs, which indicates it is more challenging across the whole scientic
community. Furthermore, the essential parameter determining the overall performance of
electroluminescent devices is their operational lifetime. Currently, perovskite NC-based
LEDs are far o the mark, however a signicant advance was realized over last few years.
Main research eorts are focusing on the device stack architecture, ligand engineering or
chemical composition of NCs

250253 and can potentially pave the way towards desirable

results in the nearest future.
Subsequent chapter investigates the fundamental photophysical properties of the same
series of layer-controlled MAPbBr3 CQWs presented in the previous part. In particular,
their behavior upon depositing them in form of solid state thin lm was analyzed.

It

was shown that the spatial orientation of CQWs on the substrate was controlled by the
deposition method. When spin coating technique was applied, the CQWs stack on top
of each other, all parallel to the surface plane, thus building up preferentially-oriented
superlattice structures. The formation of such aggregates, which were also referred to
as lamellar solids, was proven using grazing-incidence crystallographic measurements.
Surprisingly, these lamellar solids exhibited higher

η PL

values as compared to colloidal

dispersions of the same CQWs. Photophysical characterization was employed to elucidate
that even upon aggregation, the excitons remained localized within individual CQWs,
therefore favoring the radiative recombination.

Additionally, theoretical MD analysis

revealed that as opposed to colloidal dispersions, a preferential orientation of surface
MA cations in lamellar solids was induced, which resulted in a more direct band gap
as indicated by DFT calculations.

Collectively, all these attributes contributed to

the enhanced photoluminescence eciency in lamellar solids of CQWs, which in turn
allowed to fabricate high-eciency down-conversion LEDs. The feature of excellent

η PL

in solid state thin lms of lead halide perovskite NCs clearly distinguishes them from
conventional QDs usually composed of III-V semiconductor materials. While the exact
explanation for this advantage of perovskite NCs still remains under intensive research
investigations, it makes them undoubtedly a suitable candidate for down-coverters used
in displays. Apart from very high

η PL ,

this new class of emitters is also characterized

by higher absorption-cross section and lower toxicity, which are further contributing to
the continuously growing interest in applying them as down-converting phosphors in
consumer electronics

92,254,255 .

In the following part of the thesis the aim was to utilize the 2D nature of lead halide
perovskite CQWs in order to control the alignment of TDM. Based on the ndings from
the previous chapter, the process of superlattice formation upon spin coating CQWs on
a substrate was further modied. Additionally, the variable length of the capping ligand
used during the synthesis of CQWs, allowed to tune the

d-spacing in these MQW systems.

Because of the 2D connement of the exciton dipole moment in individual CQWs and
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due to their planar orientation on the substrate, approximately 85% of dipoles in the
superlattice, were shown to be oriented in-plane. More importantly, the preferential inplane orientation, observed in monolayer samples, was preserved as the stacking number

N

was gradually increased. It indicated, that even with a QBs as thin as 6.5 Å, there

was no interlayer crosstalk between charge carriers, which favored the localization of
the exciton within individual layers. Furthermore, based on the temperature-dependent
photoluminescence analysis, it was hypothesized that at low temperatures the symmetry
was broken, which would result in interlayer coupling. The low optical dielectric response
in lead halide perovskites typically favors the intralayer charge recombination. At the
same time, due to phonon modes the eective dielectric constant in these nanostructures
is relatively high, which in turn screens the electrostatic interactions between adjacent
layers.

As a result, below 150 K, when phonon modes become frozen, interlayer

recombination is more probable.

Moreover, the contribution of Br

pz

orbitals to the

VBM is attributed to facilitate the out-of-plane interactions. DFT analysis reveals that
to a small degree the Br

pz

orbital contribution is still present in

completely vanishes in case of

n = 0.

n=3

CQWs, however

Finally, the decoupled character of MQWs was

retained after iodide doping of the CQWs, which represents a system of color-tunable
anisotropic emitters. The intrinsic parallel TDM orientation in quantum emitters, can
potentially directly enhance the light outcoupling eciency in light-emitting devices.
However, it still remains challenging to nd emitters exhibiting high

η PL ,

bandgap

tunability, low fabrication complexity and in-plane TDM orientation at the same time.
For this reason, the ndings presented in this chapter are a crucial step in realization
of high-performance optoelectronics. Nevertheless, the eciency optimization of LEDs
based on these quantum-conned colloidal nanostructures, particularly in the blue
spectral region, does not occur as rapidly as expected. For example, high ligand densities
required to stabilize CQWs during synthesis, act insulating during the device operation,
thus inhibiting eective charge carrier transport and recombination. Additionally, blueemitting perovskite NCs, generally possess VBM located at deep energetical levels, which
hinders smooth hole injection

84,256,257 . Therefore, alternative strategies are required in

order to solve these problems.
The nal chapter describes the importance of high color purity in green-emitting
electroluminescent devices based on FAPbBr3 NCs. This particular chemical composition
and precise control of the synthetic process were employed to obtain narrow emission
centered at 529 nm with

η PL

values approaching unity. More importantly, these emission

features were retained in solid state thin lms, thus fullling the essential prerequisites for
ultrapure green emitters.

As a result, electroluminescence with CIE color coordinates

of (0.168, 0.773) was achieved, thus allowing a theoretical 97% coverage of Rec.2020
color gamut. Since excellent color purity can only be utilized when high device eciency
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is reached, a thorough experimental analysis leading to performance optimization of
ultrapure green-emitting devices was carried out.
choice of suitable HTL and ETL layers.

One of the key parameters was the

They ensured smooth and balanced carrier

injection, due to their HOMO and LUMO energy levels closely matching the VBM and
CBM energies of perovskite NCs, respectively. Moreover, by mixing in a low amount of
PMMA into the emissive layer, stronger charge connement and smoother interface were
obtained, leading to ecient radiative recombination. In the future more experimental
eorts need to be invested into prolonging the operational lifetime of such devices, as
it was mentioned earlier in this summary. Furthermore, the ultrapure emission concept
applies also to the two remaining primary colors, namely blue and red. Although the
human eye sensitivity is much higher in the green spectral region, the whole color gamut
has to be taken into account.

Quite importantly, also because of dierent human eye

sensitivity to each wavelength, the largest color gamut does not necessarily goes hand
to hand with the overall luminous ecacy.

Therefore, depending on the particular

application, it might be preferred to sacrice larger color gamut on the cost of increased
energy eciency

258 . All results and concepts presented in this thesis are supposed to

provide the driving force for further development of perovskite- and 2D material-based
optoelectronics.

6.2 Future work
6.2.1

Controlling the TDM orientation

Lead halide perovskite CQWs exhibit intrinsic horizontal TDM, as shown in the
experimental part of this thesis.

Moreover, upon stacking into MQWs structures, no

charge coupling between individual 2D layers takes place, which allows to retain in-plane
dipole orientation.

As a result the light emission in vertical direction is maximized.

Nevertheless, it still remains unclear whether edge-up orientation of the same CQWs on
the substrate surface would result in horizontal light emission. Future work on controlling
the assembly process of MQWs could not only enable the exact control over the emission
direction but also experimentally conrm the decoupled nature of lead halide perovskite
CQWs. However, the number of reports demonstrating how the self-assembly process can
be inuenced is limited. In one of them, Gao

et al.

could selectively tune the alignment

of CdSe NPLs by varying the concentration of surfactant during the deposition on top
of diethylene glycol (DEG) surface

18 . Additional experiments could reveal, whether this

procedure would also work in case of perovskite CQWs. Due to their dierent chemical
nature, either signicant adaptations to the protocol would have to be made or alternative
deposition methods,

e.g.

dip coating or doctor blading, could be applied.
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Another hypothesis made in this work, claims an increased coupling between individual
CQWs at low temperature and therefore a decreased

RIP

parameter in superlattices.

The experimental outcome from low-temperature TRPL measurements, shown in Section
4.3.3, provides only an indirect evidence for this phenomenon. Since the measurement
of TRPL at low temperature is more feasible than momentum-resolved PL, one could
utilize the rst to determine the TDM in perovskite MQWs instead of using the latter.
Because of Purcell eect, the PL lifetime of an emitter will change upon varying its
distance from a mirror (usually a metal layer), which is achieved through insertion of a
dielectric material layer

259 . Consequently, tting the relative PL lifetime as a function

of dielectric layer thickness allows to determine the

RIP

parameter. Obviously, the same

could be done at various temperatures, therefore would potentially deliver the answer
how the TDM orientation changes as a function of temperature.

6.2.2

Nanofabrication

Special characteristics of modern optoelectronic devices are often achieved through the
process of photolithography, so that micro- or nano-sized features can be fabricated. In
case of luminescent materials, this approach allows to obtain micrometer-sized pixels,
which are the crucial component of a display.

However, during certain steps of the

patterning process it is required to deposit polymers or resins on top of the layer of
interest via solution processes. When a thin lm composed of colloidal perovskite NCs
is considered, such solvent treatment would have a negative impact on its integrity.
Polar solvent tends to dissolve the perovskite crystal structure, which leads to the loss
of optical properties.

On the other hand, nonpolar solvent easily disperses the NCs,

therefore washes them of from the substrate surface.

As a result nding a suitable

solvent, which is not capable of dispersing the NCs nor dissolving the crystal structure,
is challenging. It becomes even more complex, since the solubility of a polymer or resin
needs to be accounted for as well.

Furthermore, high temperatures used during the

photolithography pose an additional stress factor applied to perovskite NCs.

The use

of elevated temperatures, even starting at 60 °C, induces a decrease in the structural
stability.

The durability enhancement of colloidal perovskites could be potentially

achieved by growing core-shell structures or increasing the strength of ligand binding.
Alternatively, embedding these nanostructures in a matrix of a polymer or silica could
also protect them from the impact of solvents or high temperature.
Recently, novel patterning methods based on inkjet printing emerged, which represent an
alternative approach to photolithography

260 . One of the main prerequisites to achieve

features on a nanometer scale, is the use of an ink comprising of colloidal nanostructures.
This method oers unprecedented exibility, since nanocrystals composed of metals,
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metal oxides or semiconductors can be applied. The ink has to be characterized by high
colloidal concentration and high viscosity, which increases the overall process complexity.
The rst is dicult to achieve due to the colloidal stability, which signicantly decreases
at high concentration.

One way to improve this parameter is to increase the energy

barrier for the collision of the colloidal objects by steric hindrance. As far as perovskite
colloidal NCs are concerned, the choice of an appropriate ligand length, chemical
composition, geometrical structure, and binding strength could facilitate high colloidal
stability

261 . Although high concentration of dispersed NCs leads to higher viscosity, it is

not sucient to reach the required level. This means, it is still necessary to use a solvent
with intrinsically high viscosity.

Because it needs to fulll both conditions, namely

eciently disperse perovskite NCs and exhibit suciently high viscosity, the choice
becomes limited and would require extensive experimental work.

It would potentially

allow a high throughput fabrication of nanometer-sized structures with a very high
precision.
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Table A.1:

95

The amounts of OLA and OA used for synthesis of 2D MAPbBr3
Perovskites.

Table A.2: Comparison of PL emission peak position (in nm) between colloidal 2D

(this work) and solid-state layered CH3 NH3 PbBr3 perovskites

104 . Ref. [9] corresponds

to Ref. 104.

Table A.3:

Observed and calculated superlattice peak positions in Fig.

qxy = 0.

2.2e along
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Table A.4:

96

The performance details for our best green, sky blue, pure blue, and

deep-blue devices, including EQE, CE, Max Luminance, and power eciency (PE).

Figure A.1:

AFM phase map for a 2D perovskite colloids deposited on a silicon

substrate, showing stacks of 2D perovskites (thick) and isolated 2D perovskite crystals
(thin).
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Figure A.2:

STEM (scanning transmission electron microscopy) image of thin 2D
perovskites (n

= 3).

Figure A.3: Another TEM image of 2D perovskites (n

= 7 − 10).
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Figure A.4: Commission Internationale de l'Eclairage (CIE) chromaticity coordinates

for the LEDs fabricated in this work.

Figure A.5:

Characteristics of our green LED devices.
and III please see Table A.4.

Conditions for device I, II,
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Figure A.6: EL spectrum of our CBP-only device.

Figure A.7: EL spectrum of our BCPO-only device.
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A.8:

PL spectra for other host materials,

including CBP, BCPO, and

26DCzPPy.

Figure A.9: Time-resolved PL of neat CBP (black), neat acceptor (green), CBP in

complex (red).
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Figure A.10: Time-resolved PL of neat CBP , PVK, BCPO, and 26DCzPPy.

Figure A.11: TRPL of PVK with dierent weight percentages.

Appendix B

Aggregation-induced emission in
lamellar solids of colloidal
perovskite quantum wells

102

Appendix B

103

Table B.1:

Ligand volumes.

Amounts of long-chain molecules added during the

synthesis of various layered perovskite species.

Table B.2: Absolute

η PL summary.

Exact values of absolute PLQY and their standard

deviations for all synthesized perovskite CQWs in all three forms.

Figure B.1:

Photoluminescence properties of perovskite CQWs in solution.

PL

spectra under 370 nm excitation for colloidal solutions of (A) MAPbBr3 and (B)
FAPbBr3 2D perovskites as a function of layer number

n.
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Figure B.2:

Optical absorption of perovskite CQW samples.

UV-Vis absorption

spectra determined for colloidal solutions of (A) MAPbBr3 and (B) FAPbBr3 2D
perovskites as a function of layer number

n.

Analogously, same measurements were

conducted for MA- (C) and FA- (D) solid state counterparts. Only minor changes can
be noticed between spectra taken for dierent states.

Figure B.3: Photoluminescence properties of FAPbBr3 CQWs. (A) Steady-state PL

spectra of

n=1

and

n = 7 − 10

FA lamellar solids. (B) Absolute PLQY for all three

forms of CQWs  colloidal solution, lamellar solid and drop-casted lm, as a function
of layer number

n.
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Figure B.4: TRPL analysis of MAPbBr3 perovskite CQWs. PL traces were recorded

for (A)
energies

n = 3 colloidal solution and for (B) n = 1 lamellar solid at dierent pumping
P . The former exhibits practically constant PL lifetime τ e of ∼ 20 ns over the

whole intensity range, thus proving a lack of aggregation phenomena between individual
CQWs. In case of
the lifetime

τe

n=1

lamellar solid, biexponential decay curve can be observed and

gradually decreases from 25 to 6 ns as the pumping energy is increased.

This particular exciton recombination behavior can be caused by formation of interparticle aggregates, in which multiexciton recombination is more likely to take place.
As a consequence, the excitons tend to follow the non-radiative path, which in turn

η PL signicantly. Panel (C) depicts comparison of PL traces measured at
P of 5 nJ/cm2 for n = 7 − 10 MA sample in all three forms. (D) PL decay
characteristics of lamellar solids based on n = 1, 3 and 7  10 at pumping energy
2
of P = 5 nJ/cm were compared. Clearly, the decrease of layer number n results in
decreases

moderate

shorter lifetimes, which is an indication of strong quantum connement eects in thin
perovskite CQWs.

(E) TRPL of

n = 3

MA lamellar solid under various pumping

energies.
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Figure B.5:

nm

-1 can be recognized. Therefore, the
of the ligand chain length (∼

Figure

(A)

n = 1
qz = 2.96

Synchrotron GIWAXS pattern of lamellar solid composed of

MAPbBr3 CQWs. A sequence of superlattice diraction signals starting at

B.6:

Micrograph

Morphology
showing

0.9

analysis

d-spacing

is derived to be 2.1 nm. Subtraction

nm) indicates CQW thickness of 1.2 nm.

of

nanostructures

perovskite
in

CQWs

n = 7 − 10

by

means

MA

of

sample.

STEM.
Thick

nanoplatelets (NPLs) aligning in face- on and standing orientations with lateral sizes
of approximately 20 nm and thickness oscillating around 5 nm are visible on the TEM
grid. (B) In case of

n=3

MA sample a group of stacked NPLs in standing orientation

can be noticed. The interlayer spacing of 3.2 nm is determined, a result that coincides
with the one obtained from GIWAXS.
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SEM analysis of the lm morphology.

The image reveals platelet-like

nano-sized objects with preferred face-on orientation in the
solid.

n = 7 − 10

MA lamellar
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Figure B.8:
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The orientation distribution map of bulk MA cations in

MD-calculated probability densities as a function of

θ

and

ϕ

n=3

CQW.

for MA cations in the

bulk of CQW with dierent surroundings. (A) Lamellar solid with 50% ligand surface
coverage, (B) colloidal solution with 50% ligand surface coverage, (C) lamellar solid
with 75% ligand surface coverage and (D) colloidal solution with 75% ligand surface
coverage.
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Figure B.9: Surface MA cation orientation with 75% ligand coverage. Orientational

distribution contour maps of surface MA cations as a function of

θ

and

ϕ in (A) toluene

solution and (B) lamellar solid. Right side of the panel depicts a probability histogram
of the orientational distribution.
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Figure B.10: Electronic band structures projected on states of Pb atoms (left column),

Br atoms (middle column), and CH3 NH3 molecules (right column). Surface CH3 NH3
cations are in the (A) [010], (B) [100], (C) [011] and (D) [111] congurations. The Fermi
level has been set to zero in all panels. The gradient color bar indicates the contribution
of the atoms to the band states. Pb atoms contribute mainly to the conduction bands
whereas Br atoms have their majority contribution to the valence states. There is also a
small contribution to the top of the valence band from the Pb atoms. CH3 NH3 cations
have very little contribution to the states around the Fermi level, which are further up
or down in energy.
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Figure B.11:

Charge density dierence plots with dierent congurations.

density dierence (∆ρ

= ρ[CH3 NH3 PbBr3 ]

geometries with surface cations along:

-

ρ[PbBr3 ]

-

ρ[CH3 NH3 ])

Charge

of the four

(a) [010], (b) [100], (c) [011] and (d) [111]

congurations. Lead is black, bromine orange, nitrogen blue, carbon silver, hydrogen
white.
set at

Positive (negative) charge is shown in green (pink).

±0.0021

3

An isosurface value is

e/Borh . Bulk CH3 NH3 cations (inside of the layers) are in the [100]

orientation for all congurations. Several geometrical distortions are observed in the
lattice with a negative charge concentration towards the PbBr3

 cage.
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Figure B.12:

Final geometries after relaxation.

Bulk CH3 NH3

+ cations are in the

100 orientation for all congurations. (A) Surface cations in the 010 conguration. (B)
100 conguration. (C) 011 conguration. (D) 111 conguration.
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Figure B.13: CIE chromaticity coordinates of green (n

=7

to 10) and blue (n

CQW solid phosphor-based DC-LEDs.

= 3)
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Figure B.14:
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Driving current (I ) and luminance (L) as a function of voltage (V ).

(A) Green DC- LED using

n = 7 − 10 MAPbBr3

CQW solid and (B) commercial green

InGaN LED.
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Figure B.15: Luminous ecacy as a function of luminance for commercial blue GaN

LED as pumping source.
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Figure B.16: Demonstration of blue DC emission using

n=3

MA CQW solid. (A)

Luminous ecacy as a function of luminance, Inset: Photographs of non-glowing blue
DC-LED (left) and glowing DC-LED (right). (B) EL spectrum of pumping UV-LED
before (violet) and PL spectrum of blue DC-LED after (blue). (C) Driving current (I )
and luminance (L) as a function of voltage.
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Operational stability of

n=7

to 10 MA CQW downconverting lm.

Normalized luminance (A) and luminous ecacy (η LE ) (B) as a function of operation
time. (C) Photoluminescence (PL) emission spectra of green CQW dowconverting solid
as a function of operation time.
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Figure B.18:

n = 7 − 10

Observation of ASE. The plot shows ASE for lms prepared from

MA perovskite CQWs by means of drop-casting, as a function of pumping
energy density

P.
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Figure B.19:

prepared from

The threshold behavior for the intensity of the ASE band.

n = 7 − 10

Films

MA perovskite CQWs by means of drop-casting exhibit

an energy density threshold of approximately 12

µJ/cm2 .
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Table C.1: Absolute

η PL

values as a function of

Table C.2: Dipole transition matrix elements for

n=0

dQB .

calculated at G0 W0 level for

VBM-CBM transition.

Table C.3: Dipole transition matrix elements for bulk calculated at G0 W0 level for

VBM-CBM transition at the R- and M-point. No preferential orientation is observed
for dierent polarizations, with a slightly higher contribution at M for XX and YY.
Such excitation is dominant in thin layers as noticed in the table above.
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Table C.4: Full description and amounts of alkyl amines used for synthesis of CQWs.

Table C.5: Sellmeier parameters obtained from tting the SE data for CQWs with

variable

Table

C.6:

Tauc-Lorentz

parameters

dQB .

obtained

from

superlattices with dierent

Table C.7: Maximum

η PL

tting

the

SE

data

for

dQB .

values obtained for colloidal dispersions and superlattices
of CQWs with variable

dQB .
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Figure C.1:

N . Due to the cavity
I OC decreases with N
increase of RIP increases I OC ,

in air/superlattice/substrate dielectric stacks as a function of
eect and increased fraction of radiation reected from glass,
for the

N

N and
k/k0 ≤ 1, I OC ,

Outcoupling eciency as a function of superlattice thickness

dipole orientation. The calculated percentage of energy dissipation for

range considered here. Also as expected, an

highlighting the emission directionality.
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RIP values were
p- and s-polarized
emission intensity as a function of angle for superlattices based on CQWs with dQB
increasing from a to f. It is observed that dQB does not change the tted RIP values,
with the exception of superlattices of dQB = 24.2 Å, presumably due to a smaller lateral
Figure

C.2:

Angle-dependent

polarized

photoluminescence.

determined by tting (curves) the experimentally-measured (dots)

size (see Fig. C.11).
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Figure C.3: Temperature-dependent TRPL analysis. a, Time-resolved PL intensities

as a function of temperature for a superlattice of CQWs with

dQB

= 25.6 Å. The initial

monoexponential decay at room temperature gradually extends upon cooling down. A
maximum lifetime is observed between 180 and 220 K. However, after this temperature
threshold, the radiative recombination becomes signicantly faster, especially at the
prompt stage.

b, The same data set as in Fig.

4.3b is shown in log-log scale.

At

cryogenic conditions the A exciton emission decay clearly follows the power law (red)
with a proportion

I PL (t)∼ t-1.0 .

Appendix C

Figure C.4: Dielectric response. DFT calculated real (ε1 ) and imaginary (ε2 ) parts

of the dielectric function of bulk MAPbBr3 with ionic contributions included.
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Figure C.5:

Formation of MAPbBr3

n = 3

CQWs.

Photoluminescence spectra

measured for a series of aliquots, which were withdrawn from the reaction mixture
at dierent times without any purication.

n = 1 CQWs is
maximum at ∼ 435 nm.

Directly after all reagents are mixed, a

formation of thinner

observed, which is evidenced by the position of

the emission

It is then followed by a gradual growth of

∼ 455
enhanced η PL .

CQWs, which results in a spectral red-shift towards
increase due to

n=3

nm as well as an intensity
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Figure C.6:
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Analysis of a superlattice lm based on CsPbBr3

analogous superlattice composed of

n = 3 CsPbBr3

n = 3

CQWs.

An

CQWs was fabricated and analyzed

by ellipsometry (a and b) and angular PL measurements (c).

With

RIP

of 0.8,

it behaves nearly identical to the CH3 NH3 PbBr3 counterparts, suggesting that the
interlayer screening is not inuenced by the molecular dipole dielectric response edip.
As we discussed in the main text, the interlayer screening is mainly contributed by both
eoptic and eion at room temperature. Steady-state PL characteristics are also similar
to those obtained for hybrid CQWs (d)
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Figure C.7: Spectroscopic analysis for CQW superlattices after AE. a, Normalized

optical absorption spectra indicate the change in band gap energy upon gradual
introduction of iodide ions into the perovskite crystal lattice.

The excitonic feature

near band gap energy presents in all colloidal dispersions, which is a direct evidence of
quantum connement eect. Angle-dependent PL spectra recorded for the superlattices
of CQWs with

dQB

= 25.6 Å after AE, which are emitting in yellow (b) and orange (c)

spectral region. Fitting of the experimental data yields

RIP

cases. The lm thicknesses correspond to stacking numbers
value of

nSL

parameter of 0.84 in both

N = 7.

Here, a constant

from a non-absorbing region was applied.
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Figure C.8:

Spectroscopic ellipsometry analysis.

Spectroscopic ellipsometry was

employed to quantify the thickness and refractive index of superlattices made by
perovskite CQWs with variable

dQB

(a - n, increasing from top to bottom). In order to

account for optical absorption of CQWs, Tauc-Lorentz model was used to t amplitude
component

Ψ (black) and phase shift ∆ (blue) as a function of incident light wavelength

(left panels).

As a result a relation between refractive index and wavelength was

obtained (right panels).

n

and

k

stand for the real and imaginary component of the

refractive index, respectively. Generally, a gradual decrease of the refractive index is
observed, due to increased volume fraction of hydrocarbons in superlattices with larger

dQB .

All tting parameters were shown in Table C.1.
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Figure C.9: Schematic of polarization- and angle-dependent PL measurement setup

using Fluxim Phelos model.

Figure C.10:

Simplied schematic presenting the principle of PLQY measurement
using Hamamatsu Quantaurus QY spectrophotometer.
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Figure C.11: The eects of decreased CQW lateral size. a, Normalized absorption

spectra acquired for colloidal dispersions of CQWs with varying

dQB .

of band gap energy can be observed for larger quantum barriers.
analysis (b) indicates shorter lifetime for superlattice with

dQB

A gradual increase
In parallel, TRPL

= 24.2 Å. Both eects

are attributed to the signicantly reduced lateral size of CQWs upon introducing the
longest saturated alkyl group. TEM image taken for nanoparticles with small interlayer
separation (dQB = 10.1 Å) (c) reveals strucutres which are

∼20

nm wide, whereas the

ones with large interlayer distance (dQB = 24.2 Å) (d) are approximately 2 times
smaller, which is close to the Bohr diameter of this material. As a consquence, stronger
exciton connement in the in- plane directions of the QW is expected, which leads to
an increased band gap energy and inuences the exciton orientation within QWs. Scale
bar length always corresponds to 20 nm.
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Table D.1:

Calculated Gamut Coverage Relative to Dierent Standards Using the

Ultrapure Green LEDs Reported Here in the CIE 1931 and the CIE 1976 Color Space.

Table D.2: Electroluminescence Characteristics of 2D-Perovskites-Based LEDs.

D.1 Eect of EML surface morphology on the perovskite
LEDs
As revealed by AFM analysis, the surface roughness of 2D FAPbBr3 perovskites/PMMA
complex deposited on a PEDOT:PSS coated ITO glass substrate (rms = 0.63 nm)
is 12 times smoother than that of neat 2D FAPbBr3 perovskites lm (rms = 7.91
nm). In addition, Figure D.9 shows the SEM images considering colloidal 2D FAPbBr3
and it PMMA complex spin-coated on plasmatreated silicon oxide (SiOx ) substrates,
including:

a

b

c

( ) SiOx /neat FAPbBr3 , ( ) SiOx /FAPbBr3  PMMA complex, and ( )

SiOx /PEDOT:PSS/ FAPbBr3 -PMMA complex.

As shown in Fig.

D.9a, the neat 2D

FAPbBr3 -coated surface shows rough morphology with large uncovered patches.

On

the contrary, a relatively smooth morphology is achieved in SiOx /FAPbBr3 PMMA
complex (Fig.

D.9b), and an even higher degree of surface coverage is achieved on

SiOx /PEDOT:PSS/ FAPbBr3 PMMA complex (Fig. D.9c). We believe the smoother
surface with a high degree of surface coverage suppresses the leakage current and results
in a higher device eciency.
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Figure D.1: Absorption and PL spectra of (a) FAPbBr3 and (a) MAPbBr3 perovskite

nanoplatelets in toluene solution.
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Figure D.2:
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GIWAXS patterns of pure colloidal (a) FAPbBr3 and (b) MAPbBr3
nanoplatelets.
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Figure D.3: TEM images of 2D perovskite crystals of (a) FAPbBr3 Inset: Magnify

image of 2D FAPbBr3 and, (a) MAPbBr3 .
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Table D.3: XRD peaks and corresponding planes of 2D perovskite crystals.

Table D.4: Device sequence in Table 5.1 and layer sequence of each device.
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Table D.5: Summary of green perovskite LEDs as compared with our 2D perovskite

LED devices.

Figure D.4:

Dynamic light scattering (DLS) characterization.

Distributions of the

intensity of light scattered by colloidal two-dimensional perovskite nanocrystals.
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Figure D.5: Temperature dependent PL spectra of (a) Pure 2D FAPbBr3 perovskite,

(b) 2D FAPbBr3 and PMMA complex, (c) 2D MAPbBr3 (d) The PL intensity of
MAPbBr3 nanoplatelets as a function of temperature from 77 to 300 K. (e) The PL
intensity of 2D MAPbBr3 nanoplatelets at dierent temperatures from 77 to 300 K.
The activation extracted with a single exponential Arrhenius equation is consistent
with binding energies at low temperature and high temperature. (f ) TRPL for neat 2D
MAPbBr3 in solution and in lms.
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Figure D.6: UPS spectra of colloidal 2D (a) FAPbBr3 and (b) MAPbBr3 perovskites.

Figure D.7: Molecular structures of various organic materials, including hole injection

layer, hole transporting layer, hosts, and electron transporting layer.
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Figure D.8:

143

Atomic Force microscope (AFM) images of (a) pure 2D FAPbBr3

perovskites (rms = 7.91 nm) and (b) their complex with PMMA (rms = 0.63 nm),
lms were deposited on ITO/PEDOT:PSS substrates. The scale bars are 500 nm.
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Figure D.9:

SEM images of the spin-coated EML lms.

(a) neat 2D FAPbBr3

perovskites on plasma-treated SiOx substrate, (b) 2D FAPbBr3 perovskitesPMMA
complex on plasma- treated SiOx substrate, and (c) 2D FAPbBr3 perovskitesPMMA
complex on PEDOT:PSS surface. The scale bar is 200 nm.
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Figure D.10: Cross-sectional SEM image of champion device.
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Figure D.11: (a) Power eciency of LED device as a function of current density. (b)

Histograms of peak current eciencies measured from 52 devices.
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Figure D.12: Energy diagram of 2D MAPbBr3 perovskite based LED device.

Figure D.13: (a) Current-density and luminance as a function of operation voltage,

(b) Current eciency and power eciency as a function of current density, (c) EQE as
a function of current density, and (d) normalized EL spectrum of 2D MAPbBr3 based
device.

Appendix D

Figure D.14:

148

(a) Current-density-voltage-luminance (J -V -L) characteristics of 2D

2

FAPbBr3 perovskite large area (3.0 cm ) device, (b) Current eciency and power
eciency as a function of operation voltage, (c) EQE as a function of voltage, and (d)
EL spectrum of large area device, Inset: Large area device with an active area of 3 cm
glowing at 5.5 V (Scale bar: 1 cm).

2
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Figure D.15: (a) Photograph of FAPbBr3 perovskite nanoplatelets based exible LED

device shining on ETH Zürich logo, (b) Current-density and luminance as a function
of operation voltage, (c) EQE as a function of current density.

Inset:

Photograph

of exible LED device with a bending radius curvature of 2 mm (Scale bar: 1 cm),
(d) Current eciency and power eciency as a function of current density, (e) Static
bending test at dierent radius of curvatures varying from 7.5 mm to 2.0 mm.
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aB *

Bohr radius

nm

Ai

Sellmeier parameter



Bi

Sellmeier parameter

µm

d2D

2D material thickness

m

dCT

Dexter energy transfer distance

m

dQB

Quantum barrier thickness

m

E

Electric eld

V/m

EB

Excition binding energy

eV

Eg

Band gap energy

eV

H

Magnetic eld

A/m

I

Light intensity



Ip

p -polarized

light intensity



Is

s -polarized

light intensity



J

Current density

J0

0



k

Wave vector

m

k0

Wave vector in air

m

l

Diraction peak order



L

Luminance

cd/m

Lmax

Maximum luminance

cd/m

n

Stacking number of perovskites unit cells



n̂

Instantaneous molecular orientation



N

Stacking number of perovskites CQWs



n0

Initial carrier concentration

cm

NA

Number of photons absorbed per unit area

cm

nSL

Superlattice refractive index



nsub

Substrate (glass) refractive index



2

2

A/cm

th order Bessel function

-1
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p

Dipole moment

C m

P

Excitation pumping energy per area

J/cm

Pe

Total electrical power applied

W

P (λ)

Power spectral density

W

r

Interparticle distance

m

RIP

In-plane dipole ratio



t

Film thickness

nm

T

Temperature

K

tG

Goldschmidt's tolerance factor



U

Interaction potential

m

V

Voltage

V

V (λ)

CIE eye sensitivity function



V on

Turn-on voltage

V

q

Reciprocal lattice vector length

Å

α

Absorbance



γ

Fraction of charge carriers forming an exciton



∆

Phase shift

°

ε

Relative dielectric constant



εαβ

Static dielectric constant tensor



εion

Ionic dielectric response



εoptic

Optical dielectric response



η CE

Current eciency

cd/A

η ext

External quantum eciency

%

η int

Internal quantum eciency

%

η LE

Luminous ecacy

lm/W

η out

Light outcoupling eciency

%

η PE

Power eciency

lm/W

η PL

Photoluminescence quantum yield

%

ηr

Radiative exciton fraction

%

θ

Polar angle (Section 3)

°

θ

Polarization angle (Section 4)

°

λ

Wavelength

nm

λAbs

Absorption wavelength

nm

λEL

Electroluminescence wavelength

nm

λPL

Photoluminescence wavelength

nm

µ

Exciton reduced mass

kg

Π

Hertz vector



τ

Photoluminescence lifetime

ns

2

-1
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τ avg

Average photoluminescence lifetime

ns

τe

Photoluminescence lifetime

ns

ϕ

Azimuthal angle (Section 3)

°

ϕ

Photon emission angle (Section 4)

°

ΦPLQY

Photoluminescence quantum yield

%

χ

Grazing-incidence angular coordinate

°

Ψ

Amplitude

°

Abbreviations
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Anion Exchange
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Conduction Band Minimum
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Charge Transfer
Colloidal Quantum Dot
Colloidal Quantum Well
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Density-Functional Theory
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Electron Transporting Layer
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External Quantum Eciency
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Molecular Dynamics
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Quantum Dot
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Vienna Ab initio Simulation Package
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