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Zusammenfassung 

Halbleiter-Nanokristalle (engl. nanocrystals, NCs) sind nanoskalige, kristalline 

Partikel, deren Eigenschaften aufgrund quantenmechanischer Effekte maßgeblich 

durch ihre Größe bestimmt sind. Derartige größenquantisierte Kristalle können 

nasschemisch durch kolloidale Synthese hergestellt werden, eine Methode, die den 

Zugang zu einer großen Vielfalt von Halbleitermaterialien mit präziser Kontrolle 

über ihre Zusammensetzung, Größe und Form ermöglicht. Zweidimensionale (2D) 

kolloidale NCs haben sich als besonders interessante Klasse dieser 

größenquantisierten Materialien erwiesen, da sie faszinierende optoelektronische 

Eigenschaften aufweisen, die sich von denen sphärischer Quantenpunkte 

(engl. quantum dots, QDs) unterscheiden. Vor allem 2D Nanoplättchen 

(engl. nanoplatelets, NPLs), die Strahlung des sichtbaren elektromagnetischen 

Spektrums des Lichts absorbieren und emittieren und beispielsweise aus CdSe 

oder Bleihalogenid-Perowskiten bestehen, wurden intensiv untersucht.  

2D Materialien, die die verlustarmen optischen Übertragungsfenster von 

Glasfasern im nahen Infrarot (engl. near-infrared, NIR) erreichen können  

(z. B. Bleichalkogenide), sind hingegen vergleichsweise wenig erforscht, obwohl sie 

für künftige glasfaserbasierte Technologien als klassische Licht- oder 

quantenoptische Einzelphotonenquellen geeignet sind. Frühe Arbeiten zu 

kolloidalen 2D Bleichalkogeniden haben sich auf die Synthese vergleichsweise 

dicker PbS Nanoblättchen konzentriert, während dünne und stark 

größenquantisierte PbS und PbSe NPLs erst kürzlich realisiert wurden. Im 

Mittelpunkt dieser Arbeit stehen daher die zielgerichtete Synthese und 

postsynthetische Modifikation von ultradünnen 2D Bleichalkogenid PbX 

(X = S, Se, Te) NCs mit maßgeschneiderten optischen Eigenschaften sowie die 

Untersuchung und das Verständnis ihrer Photophysik. 

Kapitel 1 und 2 bieten einen Einstieg in das Thema kolloidale 2D NIR Emitter 

und geben einen Überblick über die grundlegenden Konzepte auf denen die 

folgenden Kapitel aufbauen und führen die im Verlauf der Arbeit verwendeten 

Fachbegriffe ein. In Kapitel 3 wird eine Methode zur Oberflächenpassivierung und 

Erhöhung der Photolumineszenz-Quantenausbeute (engl. photoluminescence 

quantum yield, PLQY) von 2D PbSe NPLs erarbeitet. Anschließend wird unter 

Verwendung eines neuen Aminophosphin-Vorläufers eine Synthese von 2D PbTe 
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NPLs entwickelt (Kapitel 4). In Kapitel 5 wird ein Wassertransfer von 2D PbX 

NPLs vorgestellt, bei dem ihre NIR Photolumineszenz (PL) erhalten bleibt, 

wodurch neue Wege zu funktionalen Festkörper-Nanokompositen eröffnet 

werden. In den folgenden zwei Kapiteln rücken spektroskopische Messungen an 

den selbst synthetisierten 2D Strukturen in den Fokus. In Kapitel 6 wird die PL 

einzelner 2D PbS NPLs bei kryogenen Temperaturen charakterisiert. Hierbei 

finden sich extrem schmale PL Signale mit einer Halbwertsbreite unter 1 meV, die 

einen hohen linearen Polarisationsgrad aufweisen und das Potenzial von  

2D PbS NPLs für quantenoptische Anwendungen unterstreichen. Im folgenden 

Kapitel wird die sehr starke Größenquantisierung in flachen 2D PbSe QDs (engl. 

flat quantum dots, fQDs) mittels Rastertunnelmikroskopie und -spektroskopie, 

kryogener PL Messungen und tight-binding-Berechnungen untersucht (Kapitel 7). 

Auf diese Weise werden verschiedene, durch ihre Lagenanzahl definierte, 

ultradünne fQD-Populationen mit einer Dicke von bis zu einer Monolage 

gefunden, welche den erste Nachweis von substratfreien PbSe-Monolagen 

darstellen. Diese flachen Quantenpunkte weisen eine extrem starke 

Größenquantisierung in ihrer Dicke auf und sind gleichzeitig durch ihre geringe 

laterale Ausdehnung größenquantisiert, und stellen somit eine neue 

Nanokristallklasse dar. In Kapitel 8 wird gezeigt, wie kolloidale PbSe fQDs mittels 

stable jet electro spinning (SJES) in Polymethylmethacrylat-Fasern eingebunden 

werden können. Die hergestellten anorganisch-organischen Hybridfasern sind 

parallel ausgerichtet, haben eine gut definierte glatte Oberfläche und weisen die 

optischen Eigenschaften der eingesponnenen PbSe fQDs auf. In Kapitel 7 wird 

abschließend der in den Kapiteln 3 bis 8 schrittweise präsentierte Weg von der 

anfänglichen kolloidalen Synthese von 2D PbX NCs über ihre ausführliche 

spektroskopische Untersuchung bis zur Integration von PbSe fQDs in leicht  

zu handhabende makroskopische Kompositmaterialien zusammengefasst.  

In Kapitel 10 werden zuletzt mögliche zukünftige Forschungsfragen aufgezeigt und 

diskutiert. 
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Abstract 

Semiconductor nanocrystals (NCs) are nanoscaled crystalline particles with 

properties determined by their physical dimensions, resulting in unique light-

matter interactions. Such quantum-confined crystals can be produced via colloidal 

synthesis, a method that allows for the preparation of a wide variety of 

semiconductors with precise control over their composition, size and shape. Two-

dimensional (2D) colloidal NCs, in particular, have emerged as an interesting class 

of these materials and exhibit intriguing optoelectronic properties, which differ 

from those of their spherical quantum dot (QD) counterparts. Especially  

2D nanoplatelets (NPLs), which absorb and emit light in the visible spectrum  

(e.g. of CdSe or lead halide perovskites), have been intensively studied. Meanwhile, 

materials that can reach the low-loss optical transmission windows of fiber optics 

(e.g. lead chalcogenides), located at near-infrared (NIR) wavelengths, remain 

comparatively less studied despite being sought after as classical or quantum 

emitters for future glass fiber-based technologies. Early work on colloidal 2D lead 

chalcogenides has been focused on synthesizing comparatively thick PbS 

nanosheets, while thin and strongly quantum confined PbS and PbSe NPLs were 

only recently implemented. This thesis is therefore centered around the target-

oriented synthesis and post-synthesis modification of ultrathin 2D PbX 

(X = S, Se, Te) NCs with tailored optical properties, as well as the investigation and 

understanding of their photophysics. 

Chapters 1 and 2 introduce the topic of colloidal 2D NIR emitters, providing an 

overview of the basic concepts on which the subsequent chapters are based, and 

defining the technical terms used throughout this work. In the 3rd chapter, a surface 

passivation method to increase the photoluminescence quantum yield (PLQY) of 

PbSe NPLs is established, which is followed by a new synthesis for 2D PbTe NPLs 

using aminophosphine precursor chemistry and giving access to the “elusive third 

family member” of 2D PbX (Chapter 4). Chapter 5 reports on a water transfer of 

2D PbX NPLs, which preserves their telecom band-friendly NIR PL and opens new 

possible routes toward functional solid-state nanocomposites. In Chapter 6 and 7, 

the focus shifts to spectroscopic characterization of 2D PbX by first investigating 

the low-temperature PL of single 2D PbS NPLs. The cryogenic measurements 

reveal narrow PL with sub-meV linewidths and a high degree of linear polarization, 
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underscoring the potential of 2D PbS NPLs for quantum optical applications.  

In Chapter 7 the extreme quantum confinement in PbSe flat QDs (fQDs) is studied 

via scanning tunneling microscopy and spectroscopy, ensemble cryo-PL, and 

theoretical tight-binding calculations. Thereby, ultrathin single atomic layer-

defined PbSe fQD populations with a thickness down to a monolayer are found, 

marking the first demonstration of substrate-free PbSe monolayers. These flat 

quantum dots exhibit extremely strong size quantization in their thickness 

dimension, while simultaneously being size-quantized by their small lateral extent, 

thus representing a new class of nanocrystals. Chapter 8 present a method to 

incorporate colloidal 2D PbSe fQDs into poly(methyl methacrylate) fibers using 

stable jet electro spinning (SJES). The obtained inorganic-organic hybrid fibers are 

unidirectionally aligned, have a smooth, well-defined surface, and exhibit the 

optical properties of the embedded PbSe fQDs. Chapter 7 concludes by 

summarizing the journey from the initial colloidal synthesis of 2D PbX NCs over 

their in-depth spectroscopic characterization to the integration of PbSe fQDs into 

easy-to-handle macroscopic composite materials, as presented in Chapters 3 to 8. 

Finally, Chapter 10 highlights and discusses possible future research questions. 
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1 Motivation 

Both nanocrystals and infrared radiation are not directly visible to the human 

eye. Yet we already encounter both of them in everyday life through established 

applications, and they are set to play a vital role in future technologies.1–3 

Semiconductor nanocrystals (NCs) are crystallites so small that their properties 

are governed by their size and accompanying quantum effects. Their most 

noticeable characteristic is their size-dependent change in color, caused by 

quantum confinement. Colloidal chemistry enables for the precise control and 

relatively scalable production of NCs and has paved the way for their first 

commercial applications. For instance, the unique photophysics of NCs have been 

put to practical use in consumer electronic displays to provide high color purity 

and a wider color gamut than contemporary technologies.4 In recognition of the 

successes and future potential of nanotechnology with NCs, the discovery and 

synthesis of semiconductor NCs was awarded with the NOBLE Prize in Chemistry 

to BAWENDI, BRUS and YEKIMOV in 2023. 

Infrared light is central to transmitting the ever-increasing amounts of 

information in modern society via optical fibers as well as for detecting diseases 

via tissue imaging.1,5 Further, harnessing the otherwise unused near-infrared part 

of the sun’s spectrum can increase the efficiency of solar cells, which is crucial for 

tackling the challenges posed by the climate crisis.1 

The field of colloidal infrared nanocrystals combines aspects of both research 

areas, under the main goal of developing materials with spectrally tunable optical 

properties at infrared wavelengths.1–3,5 These nanomaterials ought to be 

producable in large quantities and easily processed in solution, allowing for the 

flexible integration and fabrication of devices for the aforementioned applications. 

A promising material class in this regard are colloidal lead chalcogenide PbX 

(X = S, Se, Te) nanocrystals.2,3 Their bright emission can be colloidally tailored for 

the transimission windows of optical fibers at near- and short-wave-infrared 

wavelengths (NIR: 700 –1400 nm, SWIR: 1400 – 3000 nm). In these tele-

communication windows, the attenuation in silica fibers is negligible, enabling 

information carried by photons to be transmitted with minimal loss.5 In a classical 

fiber network, the transmitted signals must be periodically reamplified for the 

information to reach a distant receiver, this may be achieved using 
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NIR-emissive NCs.5 Thinking further, emerging quantum photonic technologies 

require on-demand single-photon sources to encode information into the quantum 

state of photons, for e.g. encrypted communication.6 For quantum information 

science, two-dimensional (2D) PbX NCs with an ultrathin thickness dimension are 

particularly promising. They exhibit unique optical properties – such as narrow 

(especially at low temperaturres), efficient and blinking-free NIR emission with a 

high degree of linear polarization – which differentiates them from their spherical 

counterparts (see Chapter 6).7 All of these properties are prerequisites for an 

efficient single-photon source and can be tailored by colloidal chemistry. Despite 

this technological interest, NIR-emitting 2D PbX NCs are underexplored compared 

to well-established visible-emitting 2D NC systems, such as CdSe nanoplatelets8 or 

2D lead halide perovskites.9 The first part of this work therefore focuses on the 

initial stage of material development. Chapter 4 presents the first synthesis of 

colloidal 2D PbTe NCs with tunable NIR emission, while Chapters 3 and 5 are 

centered around the post-synthetic modification of 2D PbX NCs to achieve 

increased quantum yields and solubility in water, respectively.10–12 Chapter 6 and 7 

build on these chemistry-focused studies and are centered around the fascinating 

photophysics of 2D PbX NCs and their spectroscopic characterization.7,13 Chapter 8 

goes a step further, presenting the stable jet electrospinning of 2D PbSe NCs with 

poly(methyl methacrylate) to obtain NIR-emissive nanocomposite fibers.  
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2 Fundamentals 

2.1 Physics of Semiconductor Nanocrystals 

Semiconductors are a class of materials with an intermediate electrical 

conductivity higher than that of insulators, but lower than that of metals.14,15 The 

properties of semiconductors are largely determined by the behavior of electrons 

and holes, collectively referred to as charge carriers. A hole is a fictional particle 

with positive charge that can occupy all energy states that are not occupied by 

electrons, effectively representing the absence of an electron.15 

Electrons in macroscopic semiconductors (and other solids) can be described as 

quasi-free particles moving within a periodic potential created by the positively 

charged nuclei. This potential results in a discretization of the allowed energy levels 

compared to the continuous parabolic energy of free electrons. The resulting 

allowed energy states in a solid are called bands.14,16 In a bulk semiconductor these 

electronic bands are very closely spaced energetically, forming continuums  

called the valence band and the conduction band, which are separated by the  

band gap (Figure 2.1). 

 

 

Figure 2.1. Exemplary band structure of bulk PbSe with valence band maximum 

and conduction band minimum at the L-point of the BRILLOUIN zone and a direct 

band gap of 0.28 eV.17 (redrawn band structure based on Ref. 18,19) 

 

The valence band (VB) is the energetically highest occupied band, while the 

conduction band (CB) is the energetically lowest unoccupied band. Within the 

separating band gap are no energetic states that could be occupied by charge 

carriers; the electronic density of states (DOS), defined as the number of electronic 

states per unit energy and per unit volume, is zero.20 While the distinction between 
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insulators and semiconductors is somewhat ambiguous, the majority of relevant 

semiconductors exhibit a band gap of less than 2 eV (e.g. bulk Si 1.1 eV at 300 K).15 

The energy of the band gap can be overcome by e.g. thermal energy (if the gap is 

small enough) or by the absorption of light, which excites an electron from the VB 

to the CB and leaves behind a hole in the VB. The oppositely charged excited 

electron and created hole are attracted to each other by an electrostatic force and 

can form a hydrogen-like neutral quasiparticle called an exciton.14,21 For 

nanoscaled semiconductors, the binding energy of electrons and holes is increased, 

which results in pronounced excitonic effects, such as sharp absorption peaks at 

energies that are resonant for the formation of excitons (see Subchapter 2.1.2 and 

2.1.4 for a more detailed discussion). 

In semiconductor nanocrystals (NCs), only a finite number of atoms contribute 

to the electronic bands, causing the continuous VB and CB to evolve into discrete, 

more atom-like energy levels, and the band gap to widen with decreasing NC size. 

This phenomenon is called the quantum size effect and gives rise to the fascinating 

size-dependent properties in NCs.20 

The upcoming subchapters will introduce basic concepts encountered when 

researching semiconductor NCs and further establish terminology used in the 

subsequent chapters. 

2.1.1 Quantum Size Effect 

A simplified model explaining quantum confinement is the particle in a box. One 

can imagine a cuboid box with length 𝑎, width 𝑏, and height 𝑐, where the potential 

energy 𝑉 is zero inside the box and infinite outside the box (Figure 2.2a). The wave 

function of an electron inside the box can then be described by the time-

independent SCHRÖDINGER equation, 

 

ℏ2

2𝑚e
∇2𝜑(𝒓) + [𝐸 − 𝑉(𝒓)]𝜑(𝒓) = 0 (Eq. 2.1) 

 

under the boundary conditions, 

 

𝑉(𝑥, 𝑦, 𝑧) = {0, |𝑥| <
𝑎

2
∧ |𝑦| <

𝑏

2
∧ |𝑧| <

𝑐

2
∞, otherwise

 (Eq. 2.2) 
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with the reduced PLANCK constant ℏ, the mass of the electron 𝑚e, the Nabla 

operator ∇, the wavefunction 𝜑(𝑟), the energy 𝐸, and the potential energy 𝑉(𝑟).16 

 

 

Figure 2.2. (a) Conceptual drawing of the particle-in-a-3D-box model. For a 

quasi-2D structure, such as a large nanosheet, the lateral dimensions 𝑎 and 𝑏 are 

effectively infinite, with the thickness 𝑐 being the dimension that induces the 

quantum confinement. (b) Simplified representation of the standing wave 

solutions for 𝑛 = 1, 2, 3 in one dimension. (own representation based on Ref. 16) 

 

Solving this equation gives wavefunctions corresponding to standing waves with 

nodes at the potential barriers of the box and discrete energies (Figure 2.2b) 

 

𝐸𝑛x,𝑛𝑦,𝑛𝑧
=

ℏ2𝜋2

2𝑚e
(

𝑛x
2

𝑎2
+

𝑛y
2

𝑏2
+

𝑛z
2

𝑐2
) , 𝑛x, 𝑛y, 𝑛𝑧 = 1, 2, 3, …  (Eq. 2.3) 

 

with the quantum numbers 𝑛x, 𝑛y, and 𝑛z.16 The obtained energy levels represent 

the discrete energy values that an electron is allowed to have. The lowest energy 

level with 𝑛x = 𝑛y = 𝑛𝑧 = 1, corresponds to the electronic ground state; the higher 

energy levels, e.g. with 𝑛x = 2, 𝑛y = 𝑛𝑧 = 1, are excited states, with increasing 

separation due to the 𝑛2 dependence. The inverse relationship between the energy 

and the dimensions of the imaginary box is the reason why the quantum size effect 

is observed in semiconductor NCs: smaller values of 𝑎, 𝑏 and 𝑐 result in 

energetically higher allowed energy levels, i.e. a larger band gap, as well as a greater 

separation between adjacent energy levels.16 
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Size quantization is most striking, and even visible to the naked eye, when a 

semiconductor exhibits a band gap energy in the visible range. For example, CdSe 

nanoplatelets (NPLs) show fluorescence from bright green (510 nm) over yellow 

(584 nm) to intense red (625 nm), depending on their thickness when illuminated 

with UV light.22 In the simplified particle-in-a-box model, the NPLs’ confinement 

inducing thickness corresponds to the smallest dimension of the box, e.g. the 

height 𝑐. The two-dimensional (2D) lead chalcogenide NCs studied in this thesis 

exhibit narrower band gaps, beyond visible wavelengths, so that the human eye is 

blind for the observation of the effects of quantum confinement and a spectrometer 

is needed.7,10–13 Nonetheless, the basic concept of size quantization introduced in 

this subchapter applies in the same way. 

 

To more accurately describe the electronic states in real semiconductor NCs, the 

electron, the hole, and their interaction must be separately included in the  

system’s HAMILTONIAN.16 Following this more complex approach, an analytical 

approximation of the band gap 𝐸g,NC of a NC with radius 𝑟 is given by the BRUS 

equation,23,24 

 

𝐸g,NC ≈ 𝐸g,bulk +
ℏ2𝜋2

2𝑟2
(

1

𝑚e
∗

+
1

𝑚m
∗

) −
1.8𝑒2

𝜀𝑟
+ smaller terms (Eq. 2.4) 

 

with the bulk band gap of the respective semiconductor 𝐸g,bulk, the effective mass 

of the electron (hole) 𝑚e
∗ (𝑚h

∗ ), the elementary charge 𝑒, and the permittivity of the 

semiconductor 𝜀. For large radii 𝑟, 𝐸g,NC asymptotically approaches 𝐸g,bulk and the 

quantum confinement effectively vanishes. Conversely, for very small 𝑟, the 1 𝑟2⁄  

term becomes dominant and the band gap increases with decreasing (nano-)crystal 

size, i.e. the quantum size effect occurs.24 

For 2D nanomaterials, the interaction between eletron and hole cannot be 

described by the simple −1.8𝑒2 𝜀𝑟⁄  expression, instead the materials thickness 

must be explicitly accounted for. This is done by the RYTOVA-KELDYSH pontential, 

which is analytically approximated by the STRUVE-NEUMANN potential 𝑉HN for  

𝑟 ≫ 𝑑 and 𝜀 ≫ 𝜀1,2:25 
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𝑉HN(𝑟) = −
𝑒2

4𝜋𝜀

𝜋

𝑑
[𝐻0 (

𝜀1 + 𝜀2

𝜀

𝑟

𝑑
) − 𝑁0 (

𝜀1 + 𝜀2

𝜀

𝑟

𝑑
)] (Eq. 2.5) 

 

with the nanomaterials thickness 𝑑, the semiconductors permittivity 𝜀, the 

permittivities of the environment 𝜀1 and 𝜀2, the in-plane distance between electron 

and hole 𝑟, and the STRUVE- and NEUMANN functions 𝐻0 and 𝑁0. Accordingly, the 

interaction potential between electrons and holes in low-dimensional 

semiconductors depends not only on the thickness (and lateral dimensions) of the 

material, but also on the surrounding dielectric; this is discussed in 

Subchapter 2.1.3. 

 

2.1.2 Excitons 

The third term of the BRUS equation (−1.8𝑒2 𝜀𝑟⁄ ) represents the mutual attractive 

force between the oppositely charged electron and hole, the COULOMB interaction.24 

An electrostatically attracted electron-hole pair can form a bound state similar to a 

hydrogen atom, referred to as an exciton.14,21 Excitons can be created when a 

photon with an energy equal to or above the band gap energy is absorbed by a 

semiconductor, creating an electron in the CB and a hole in VB at the same spatial 

position. An exciton is stable when the attractive COULOMB potential cannot be 

overcome by the energy of thermally excited phonons. In other words, the exciton 

binding energy 𝐸b must be higher than 𝑘B𝑇 (~26 meV at room temperature), with 

𝑘B denoting the BOLTZMANN constant.21 In experiments, 𝐸b corresponds to the 

difference between the ground excitonic state, i.e. the optical band gap, and the 

fundamental (electronic) bandgap.26 Thus, experimentally measuring the exciton 

binding energy is non-trivial and requires resolving both signatures of the exciton 

(e.g. by optical spectroscopy) and the electronic band gap (e.g. by scanning 

tunneling spectroscopy (STS)). This will be shown in Chapter 7.13,27 

 

The second key parameter characterizing excitons is the exciton BOHR radius 𝑎B. 

In analogy to the hydrogen atom, the BOHR model can be applied to excitons, which 

gives 

𝑎B = 𝑎H

𝑚e𝜀r

𝜇
 (Eq. 2.6) 
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as the radius of the electron-hole-orbit, with the radius of the hydrogen atom 𝑎H, 

the mass of the electron 𝑚e, the relative permittivity of the semiconductor 𝜀r, and 

the reduced mass of the electron and the hole 𝜇.14,21 Table 2.1 lists the bulk band 

gaps 𝐸g,bulk and exciton BOHR radii 𝑎B of lead chalcogenides investigated in this 

thesis and cadmium chalcogenides for reference. 

 

Table 2.1. Bulk band gaps 𝐸g,bulk (at T = 300 K) and exciton BOHR radii 𝑎B of lead 

and cadmium chalcogenides. 

material 𝐸g,bulk (eV) 𝑎B (nm) 

PbS 0.42 [17,28] 20 [29] (23.5 (transversal), 17.4 (longitudinal))[28] 

PbSe 0.28 [17,28] 46 [29] (66 (trans.), 34.7 (long.))[28] 

PbTe 0.31 [17,28] ~83, (152 (trans.), 12.9 (long.)) [28] 

CdS 2.48 [17] ~2.4 [30] 

CdSe 1.74 [17] 5.4 [21] 

CdTe 1.48 [17] 6.7 [21] 

 

The exciton BOHR radius can serve as a rough estimate at which crystal size major 

effects of quantum confinement are to be expected.31 One can be distinguish 

between no (𝑥, 𝑦, 𝑧 𝑎B⁄ ≫ 1), weak (𝑥, 𝑦, 𝑧 𝑎B⁄ ≤ 1), and/or strong to extreme 

quantum confinement (𝑥, 𝑦, 𝑧 𝑎B⁄ ≪ 1),29 depending on the dimensions 𝑥, 𝑦 and 𝑧 

of a given material. For non-spherical NCs, the confinement can accordingly vary 

in different directions; e.g. there may be no confinement in two directions and 

strong confinement in one direction, as is the case for extended nanosheets (NSs). 

For instance, the aforementioned green-, yellow-, or red-emitting CdSe NPLs 

exhibit lateral sizes of roughly 50 x 8 nm2 and a thickness ranging from 4.5 to 8.5 

monolayers (ML).22 Comparing these dimensions to 𝑎B,CdSe of 5.4 nm (see  

Table 2.1), it becomes evident that the exciton is drastically confined by the 

thickness, whereas the length and width only induce a weak confinement as long 

as 𝑎B,CdSe is not approached or undercut. Notably, in the latter case, the additional 

confinement induced by a reduced width, results in significant changes of the 

materials’ optoelectronic properties, e.g. RODÀ et al. recently reported increased 

biexciton binding energies in laterally confined CdSe NPLs.32 Lead chalcogenides 

exhibit significantly larger exciton BOHR radii of 20 nm and higher (see Table 2.1), 
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meaning that an exciton in a PbX (X = S, Se, Te) NPL or flat quantum dot (fQD) is 

already quantum confined in all three dimensions at comaparatively larger 

dimensions, with particularly extreme confinement in the thickness dimension. 

 

In semiconductors mainly free (or delocalized) excitons, called WANNIER-MOTT 

excitons, are formed, which exhibit a radius exceeding multiple lattice constants of 

the material and can move freely within the crystal.14,21 WANNIER-MOTT excitons 

exhibit lower exciton binding energies compared to tightly bound FRENKEL 

excitons, which are common in insulators or molecular semiconductors  

(Figure 2.3).21,27 

 

 

Figure 2.3. Schematic representation of a free WANNIER-MOTT exciton (a) and a 

strongly bound FRENKEL exciton (b). (own representation based on Ref. 21) 

 

However, for low-dimensional (e.g. 2D) materials, WANNIER-MOTT excitons with 

high binding energies have been reported.13,14,27 Excitons in 2D materials are highly 

confined by the ultrathin thickness dimension and are less screened from the 

dielectric environment (see Chapter 2.1.3), which results in a larger band gap 

compared to their 3D counterparts as well as an increase in exciton binding  

energy ∆𝐸b, due to a stronger electron-hole interaction.33 The latter can be 

expressed as,32,34 

 

∆𝐸b = (
𝜇

𝑚e𝜀2
) (

2

𝛼 − 1
)

2

∙ 13.6 eV (Eq. 2.7) 

 

with the reduced exciton mass 𝜇, the mass of the electron 𝑚e, the relative 

permittivity 𝜀, and the hydrogen binding energy 𝐸H of 13.6 eV. The geometry 

factor 𝛼 accounts for the dimensionality of the material (𝛼 = 3 for bulk and 𝛼 = 2 
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for a 2D semiconductors), this means, when only considering this factor, ∆𝐸b is 

estimated to be four times higher in 2D materials than in 3D systems.32 As such, 

excitons in both classical (e.g. transition metal dichalcogenides) and “non-

classical” (e.g. lead chalcogenides) 2D nanomaterials are stable at room 

temperature and the materials’ optical properties are dominated by excitons, 

making 2D materials interesting for fundamental research as well as future 

optoelectronic applications.27 For example, the increased overlap between the 

electron and hole wave functions in tightly bound excitons results in fast radiative 

lifetimes that can efficiently compete with non-radiative recombination, which is 

important for fabricating efficient light-emitting devices.21 

2.1.3 Dielectric Confinement 

The strength of the COULOMB interaction between the electron and hole depends 

on the dielectric surrounding of the exciton. In a bulk semiconductor, the 

permittivity 𝜀 is rather high (e.g. 𝜀bulk PbSe = 21 to 22.9 for the low to high frequency 

limit)17 and “constant” throughout the material; i.e. the electron-hole interaction is 

weakened by its surroundings. However, in a colloidal NC the situation is 

drastically different; the dielectric constant of the surrounding medium 

(commonly an organic solvent (see Chapter 2.2)) is ~five to ten times lower 

compared to the bulk semiconductor, and the interface represents a discontinuity 

of the permittivity.35 This introduces a size and dielectric constant depended 

dielectric confinement effect in addition to the quantum confinement effect 

discussed before. The reduced dielectric screening in colloidal solution (and in 

deposited films thereof) pushes the charge carriers toward the center of the NC, so 

that the exciton binding energy 𝐸b is stronger than in a bulk semiconductor. The 

dielectric confinement is represented by the third term of the BRUS equation and 

decreases the band gap 𝐸g of a NC with a 1 𝜀𝑟⁄  dependence. This means that for 

small crystal sizes the dielectric confinement is outweighed by the quantum 

confinement increasing 𝐸g (1 𝑟2⁄  dependence), i.e. dielectric confinement is more 

impactful for larger NCs.23,35 The 2D PbX NCs investigated in this thesis are all 

within the strong to extreme quantum confined regime, therefore dielectric 

confinement will rarely be discussed in the following chapters. 
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2.1.4 Absorption and Photoluminescence 

The previous subchapters implicitly introduced the concept of light absorption as 

a way to overcome the band gap of a semiconductor and eventually generate 

excitons. In essence, the term absorption refers to the excitation of an electron 

from an occupied lower-energy band to an available higher-energy band by the 

interaction with a photon.21 For such an interband transition to occur, the energy 

of the photon must be equal to or higher than the energy difference between the 

two bands, i.e. the band gap 𝐸g (BOHR frequency condition)36 and the higher-energy 

state must be empty, so that the spin selection rules are not violated by the 

transition (PAULI exclusion principle).21 The absorption of photons with energies 

exceeding 𝐸g results in the formation of so-called hot electrons and holes, which 

can cool to the band edge by losing their excess energy via exciton-phonon 

interactions.37,38 

Absorbance spectra of semiconductor NCs typically show a pronounced peak or 

shoulder, or a series of distinguishable features, corresponding to different optical 

transitions (Figure 2.4). 

 

Figure 2.4. Allowed excitonic transitions in a semiconductor NC. (own 

representation based on Ref. 19) 
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The expression of these different features depends on the material, the size of the 

NCs and the quality (monodispersity) of the sample. The lowest-energy absorption 

feature corresponds to the ground state exciton (the first excited state) and is 

commonly denoted as the 1Sh1Se transition (Figure 2.5).26,39,40 This 

model/nomenclature describes each charge carrier by an envelope function, e.g. 

1Sh1Se means that hole (h) and electron (e) and are both in the first (1) S-like (S) 

envelope function.39 Subsequent, higher-energy absorption features may then be 

ascribed to e.g. the 1Ph1Pe or the 1Sh,e1Pe,h transitions (this notation reappears in 

the context of scanning tunneling spectroscopy spectra in Chapter 7).13,39,40 In the 

following chapters the y-axes of absorbance spectra will predominately be labeled 

with “absorbance” rather than “absorption”; the former includes scattering and 

reflection.41 

 

Figure 2.5. Exemplary absorbance and photoluminescence spectrum of colloidal 

2D PbSe nanoplatelets illustrating the basic terms used in the subsequent chapters. 

 

Excitons eventually decay through non-radiative or radiative recombination.14,21 

Non-radiative recombination can occur via phonon-mediated relaxation, whereby 

the released energy is dissipated as heat within the crystal lattice rather than being 

emitted as light. When the energy is released as a cascade of phonons (phonon 

ladder), the individual energy values are much smaller than those associated with 

overcoming the band gap by emitting a photon, so that non-radiative 

recombination occurs faster.14 This means that in materials with strong exciton-

phonon coupling, fast non-radiative recombination outcompedes radiative 

recombination, which poses a challenge for using such materials in e.g. lighting 

applications.42 Phonon-mediated non-radiative recombination is often defect-

center controlled and occurs via electronic trap states that may lie within the band 

gap of the material (Figure 2.6).14 In nanocrystals, mid-gap trap states are common 
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and caused by the ubiquitous presence of undercoordinated atoms on the NC 

surface.43 Consequently, the probability of non-radiative recombination in NCs can 

be reduced by suitable surface engineering, as will be demonstrated in Chapter 3.11 

A second important non-radiative recombination process is AUGER 

recombination, which occurs via energy transfer to other charge carriers  

(Figure 2.6). In this process, an excited electron returns to the valence band by 

trasmitting its excess energy to a nearby excited electron, which in turn is excited 

to a higher state. From there, it can return to the band edge by sequential phonon 

scattering.14 AUGER recombination is particularly relevant when high charge carrier 

densities are reached. For example, AUGER recombination is the dominant non-

radiative decay process for biexcitons or higher-order multiexcitons.44,45 Similarly, 

trions (composed of two electrons and one hole or vice versa) can recombine non-

radiatively by transferring their energy to the third charge carrier.46 Notably, 

biexciton AUGER recombination rates are reduced in 2D PbS NSs46 or CdSe NPLs47, 

which makes them particularly interesting for use in lasers or solar cells, where 

multiple excitons are generated. 

 

 

Figure 2.6. Non-radiative and radiative recombination of free charge carriers (a) 

and excitons (b). (own representation based on Ref. 48) 
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Radiative recombination in many ways can be considered the opposite of 

absorption: An exciton recombines by spontaneous emission of a photon (see 

Figure 2.5 and Figure 2.6). This process is called photoluminescence (PL) and 

occurs with a delay after the photoexcitation that corresponds to the radiative 

lifetime 𝜏r of the transition.14,21 For a two-level system the rate equation is given by 

 

(
d𝑁

d𝑡
)

radiative
= −𝐴 ∙ 𝑁 (Eq. 2.8) 

𝑁(𝑡) = 𝑁(0)e−𝐴𝑡 = 𝑁(0)e
−𝑡

𝜏r⁄  (Eq. 2.9) 

 

with the higher level population 𝑁(𝑡) (𝑁(0)) at time 𝑡 (𝑡 = 0), the EINSTEIN 

coefficient 𝐴, and the radiative lifetime 𝜏r = 𝐴−1.21 When an emitter exhibits 

multiple radiative recombination pathways (e.g. band edge emission and emission 

from a bright defect state)49 or when a mixture of different emitters is measured, 

the decay is multiexponential:50 

 

𝐹(𝑡, 𝜆) = 𝐼(𝜆) ∑ 𝑎𝑖(𝜆)e−𝑡
𝜏𝑖

⁄  (Eq. 2.10) 

 

with the total amplitude 𝐼(𝜆), the amplitude fractions of each component 𝑎𝑖(𝜆), and 

the individual lifetimes of the decay components 𝜏i. For example, PbS QDs exhibit 

biexponential PL lifetimes (LTs), with a fast contribution from a pinned-charge 

defect state and a longer-lived band edge emission.49 The relative ratio of these 

contributions depends on the QD size and the temperature, with the pinned state 

(i.e. independent of QD size) dominating at room temperature for highly confined 

QDs. Similarly, excitons in PbSe fQDs and PbTe NPLs decay biexponentially, as 

discussed in Chapter 3 and 4.10,11 

Non-radiative and radiative recombination are competing processes. As such, the 

photoluminescence quantum yield ФPL (PLQY) is an important metric for 

assessing the quality of emitters. It is defined as the number of emitted 

photons 𝑁em divided by the number of absorbed photons 𝑁abs:51 

 

ФPL = 𝑁em 𝑁abs⁄  (Eq. 2.11) 
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The PLQY of colloidal NCs is determined using a basic steady-state PL 

spectrometer, either by relative or absolute measurements. Relative PLQY 

determination requires a suitable reference with a known PLQY (commonly an 

organic dye), to which the absorption-factor-weighted integral-PL intensity of the 

sample is compared.52 Absolute PLQY measurements can be performed without a 

reference sample using an ULBRICHT/integrating sphere, which uniformly scatters 

and collects all light emitted, scattered and transmitted by the sample. The latter 

technique was used for the PLQY measurements of 2D PbX NCs in this thesis, since 

reliable NIR standards are scarce. For absolute measurements, the PLQY is 

calculated as52 

 

ФPL =
𝑞p

PL

𝑞p
abs

=
∫

(𝐼x(𝜆em) − 𝐼b(𝜆em))
𝑠(𝜆em)

𝜆em2

𝜆em1
𝜆emd𝜆em

∫
(𝐼𝑏(𝜆exc) − 𝐼𝑥(𝜆exc))

𝑠(𝜆exc)
𝜆exc+∆𝜆

𝜆exc−∆𝜆
𝜆excd𝜆exc

 (Eq. 2.12) 

 

with the emitted photon flux 𝑞p
PL, given by the integral of the blank 𝐼b(𝜆em)-

corrected emission 𝐼x(𝜆em) spectrum. The absorbed photon flux 𝑞p
abs is the 

difference between the transmitted excitation light of blank 𝐼𝑏(𝜆exc) and sample 

𝐼𝑥(𝜆exc) over the excitation bandwidth ∆𝜆exc.52 𝑠(𝜆em) and 𝑠(𝜆exc) are the spectral 

responsivities of the spectrometer at the respective wavelengths. 

A second quality parameter for emissive NCs is the full width at half 

maximum (fwhm) of their PL (Figure 2.5). For visible emitters, this parameter can 

be simply pictured as the color purity of the emitted light. The PL spectra of 

individual NCs exhibit a LORENTZIAN profile and the linewidth of the PL is 

composed of the nanocrystal’s emission (or its multiple emissive states), which is 

homogenously broadened by coupling to e.g. acoustic or optical phonons (see 

Chapter 6).7,49,53 For an ensemble of NCs, the PL spectrum is inhomogeneously 

broadened compared to the linewidth of an individual emitting NC; it consists of a 

convolution of all the the PL spectra of the homogenously broadened single NCs 

and exhibits a GAUSSIAN profile. Inhomogeneous broadening is mainly caused by 

the polydispersity of real NC samples, since the PL wavelength varies slightly 

between differently sized NCs.49,53 Therefore, it can be excluded from spectral 

analysis by moving from ensemble to single particle measurements, while the 

influence of homogenous broadening can be suppressed by performing low 
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temperature measurements, in which the phonon population is decreased.53–55 

This concept is reflected in the cryogenic PL measurements on single PbS NPLs 

presented in Chapter 6 as well as the low-temperature PL spectra of PbSe fQDs in 

Chapter 7.7,13 

Lastly, the STOKES shift – the difference in energy between the absorption feature 

of the ground state and the PL maximum – is mentioned when discussing different 

emitters (Figure 2.5).56 In NCs, the STOKES shift is intrinsically linked to their 

excitonic fine structure. In absorbance spectra, the observed ground state feature 

corresponds to the lowest energy-allowed transition. However, this bright exciton 

state is not necessarily the lowest energy state. Dark exciton states may lie 

energetically below it, which are not visible in absorption spectra due to the 

selection rules for the respective transition(s). Excited electrons can relax to such 

dark exciton states and radiatively recombine from there, resulting in PL (with an 

increased PL LT) at a lower energy compared to the first absorption feature, i.e. a 

STOKES shift.56 Besides this fundamental origin, the STOKES shift in colloidal NC 

samples can originate from an energy transfer toward smaller band gap NCs in a 

polydisperse ensemble. This was shown by VOZNYY et al. for colloidal PbS NCs and 

means that electrons in these inhomogeneous mixtures may predominantly 

recombine in the largest NCs with the narrowest band gaps (this concept reappears 

in Chapter 8 in the context of stacked PbSe fQDs in polymer fibers).56 This causes 

the PL maximum to be shifted further away from the ground state absorbance 

feature. In this sense, the STOKES shift can, similarly to the fwhm, be interpreted as 

a measure for the polydispersity of a NC sample. 

2.1.5 Dimensionality: From Spherical to 2D Nanocrystals 

Starting from the discussion of the BRUS equation in Subchapter 2.1.1 and further 

evaluation, the band gap and the optical properties of semiconductor NCs have 

been discussed as a function of their radius r, i.e. their size. However, not only the 

quantum-confined size, but also the shape of the NCs can be controlled and used 

to tune their degree of quantum confinement. This concept is central to the 2D PbX 

NCs discussed in this thesis. The upcoming chapter on the chemistry of colloidal 

nanocrystals will discuss how shape control can be achieved synthetically. The 

main point to note about the dimensionality of NCs is that the degree of quantum 
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confinement may differ in different directions, which results in shape-dependent 

optical and electronic properties (Figure 2.7).31 

 

 

Figure 2.7. Shape-dependent density of states of a semiconductor with gradually 

decreasing dimensionality. (own representation based on Ref. 19,21) 

 

Nanocrystals that are quantum confinement in all three dimensions (𝑟 𝑎B⁄ < 1) 

are called quantum dots and are commonly referred to as zero-dimensional (0D). 

The DOS of (an ideal) quantum dot consists of narrow peaks (delta functions) 

corresponding to discrete allowed energy states (Figure 2.7d). This results in sharp 

absorption at these energies and reduced absorption at all other. The optical 

transition strength for these few transitions is very high because the overall 

integrated absorption is conserved, but now focused on a countable number of 

narrow energy intervals.29 

When a spherical NC is elongated in one direction it becomes a nanorod (NR) 

and eventually a nanowire (NW). In these one-dimensional (1D) structures, with 

diameter 𝑑 and length 𝑙, an exciton is quantum confinement in two dimensions 

(𝑑 𝑎B⁄ < 1,  𝑙 𝑎B⁄ > 1).19 For example, this results in linearly polarized emission 

from 1D CdSe NRs, which is tunable by their length/aspect ratio.57 

Two-dimensional materials are confined in the thickness direction 𝑧  

(𝑧 𝑎B⁄ < 1,  𝑥, 𝑦 𝑎B⁄ > 1), depending on their lateral dimensions 𝑥 and 𝑦 they are 

called either nanoplatelets or nanosheets.19 The DOS of an idealized 2D material 

with infinite lateral dimensions is a step-like function, with the exciton being able 

to freely move in the lateral dimensions. 
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Real nanocrystals have finite dimensions and varying aspect ratios, so they do 

not necessarily fit strictly into one of these somewhat rigid definitions – an exciton 

in a 2D nanoplatelet might still experience a varying degree of quantum 

confinement in the in-plane directions or a short nanorod may weakly confine an 

exciton along its length.19 At first glance, the previously mentioned example of 2D 

CdSe NPLs seems relatively clear: the thickness (between 4.5 and 8.5 ML) is well 

below the exciton BOHR radius, while the lateral dimensions are typically 

significantly larger. Nonetheless, examples of laterally confined CdSe NPLs with 

widths approaching 𝑎B have been reported,32,58 and STS studies have revealed 

lateral confinement and a 1D-like DOS in CdSe NPLs with finite length and width, 

which precludes the free in-plane electron motion that would be expected in an 

ideal 2D nanomaterial.59 In the referred-to STS (and tight-binding) study,  

PERIC et al. demonstrated nanowire-like DOS with sharp VAN HOVE singularities 

for CdSe NPLs with infinite length and 6 nm width, which converges into the step-

like function expected for a truly 2D material for increasing widths.59  

For 2D PbX NCs the boundary is just as ambiguous. PbS NPLs synthesized in this 

thesis exhibit a lateral size of ~20 x 7 nm2, for PbSe fQDs the size is ~4 x 3 nm2, 

and PbTe NPLs show values of ~7 x 5 nm2, all with a thickness ranging from a ML 

to a few atomic layers.7,10,11,13,60,61 Comparing these dimensions to the exciton Bohr 

radii of lead chalcogenides (listed in Table 2.1), it gets apparent that the exciton is 

spatially confined in all three dimensions (𝑥, 𝑦, 𝑧 𝑎B⁄ < 1), albeit with particularly 

severe quantum confinement in the thickness direction (𝑧 𝑎B⁄ ≪ 1). Throughout 

this thesis, the colloidal 2D lead chalcogenides discussed will largely be referred to 

as PbS NPLs, PbSe NPLs/fQDs and PbTe NPLs, or more generally as 2D PbX NCs. 

The change in nomenclature for 2D PbSe from NPLs to fQDs is discussed further 

in Chapter 7, where measurements of the DOS reveal that “flat quantum dot” is a 

more suitable term than “nanoplatelets” for the structures.13 In addition to the 

increased quantum confinement in one dimension, the 2D geometry of PbX 

NPLs/fQDs gives rise to unique optical properties different from their spherical 

counterparts, which will be discussed for each lead chalcogenide in the 

Subchapters 2.3.1 to 2.3.3. One such example is the sub-meV line width in the 

linearly polarized low-temperature PL of 2D PbS NPLs presented in Chapter 6.7 
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2.2 Chemistry of Colloidal Nanocrystals 

The 2D lead chalcogenide nanocrystals at the center of this thesis are colloidally 

dispersed and are synthesized using wet chemical methods. A colloid is a system 

consisting of a “dispersed phase [which is] distributed uniformly [and] in a finely 

divided state [with]in a dispersion medium”.62 A familiar example of an everyday 

colloid is milk, which consists of fat droplets (liquid discontinuous phase) 

dispersed in water (liquid continuous phase). In the case of colloidal NCs, the 

dispersed phase is a solid (the semiconductor itself and its stabilizing ligands), and 

the dispersion medium can be either an organic or aqueous solvent (Figure 2.8). 

Colloidal NCs are synthesized by decomposing organometallic precursors 

(e.g. selenourea60,63) and/or inorganic salts (e.g. lead oleate64, lead halides65 or 

cadmium myristate8), which contain the elements that make up the NC and are 

referred to as its precursors (see Subchapter 2.2.1).66 Similar to how the fat 

droplets in milk are stabilized by fatty acids, colloidal NCs are typically stabilized 

by amphiphilic surfactants or ligands (Figure 2.8).67 These ligands can be added to 

the synthesis or be used directly as the dispersion medium/the reaction solvent. 

The importance of ligands for synthesising NCs, and for understanding and using 

their unique properties, is discussed further in Subchapter 2.2.2. 

 

 

Figure 2.8. (a) Simplified schematic representation of a single 2D PbX NC capped 

by organic ligands and (b) a colloidal solution of 2D NCs. 
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The fundamental idea for producing high quality NCs, i.e. those with a narrow 

size distribution, is to separate the nucleation of stable NC nuclei from their growth 

toward the final NCs (LAMER model).68 The nucleation and growth rates depend 

on the various reaction parameters, such as the temperature, the precursor 

reactivity, amount/concentration, and addition method, as well as the ligand(s) 

and solvent(s) used, and many other factors.66 This high degree of complexity 

opens up a wide range of possibilities and makes colloidal synthesis a versatile 

method for producing NCs with drastically different compositions, sizes, and 

shapes. 

The following subchapters will provide a brief overview of common NC synthesis 

methods, discuss the role of surface ligands, and then narrow the scope from 

spherical NCs to 2D NCs, and from syntheses at elevated temperature to the low-

temperature synthetic methods employed for the 2D PbX NCs in this thesis. 

2.2.1 Colloidal Synthesis 

A common technique for the colloidal synthesis of semiconductor NCs is the hot 

injection method. Here, nucleation and growth are separated by rapidly injecting a 

(cold) precursor solution into a heated coordinating solvent (mixture). When the 

precursors are injected, the temperature in the reaction vessel drops and a 

supersaturated solution is formed. The precursors then begin to decompose and 

monomers start to accumulate. As the monomer concentration rises, the 

nucleation threshold is quickly reached resulting in a short nucleation burst, which 

drastically reduces the supersaturation and causes the nucleation rate to drop close 

to zero. From that point onward, the formed nuclei grow up to a certain size and 

shape which are determined by the reaction conditions. Following this strategy, all 

NC nuclei ideally begin growing simultaneously and under the same growth 

conditions, resulting in NCs with a narrow size distribution and uniform 

properties.66,68,69 In reality, the nucleation burst is not a single event, but rather 

occurs over a certain period during which nucleation an growth happen 

simultaneously, so that minimizing this time frame and its relative length 

compared to the growth process is key to obtaining NCs of uniform size.70 A well-

known example of the hot injection method is the synthesis of nearly monodisperse 

CdSe NCs by MURRAY et al.71 In short, dimethylcadmium and tri-n-octylphosphine 

selenide are dissolved in tri-n-octylphosphine (TOP), mixed in a syringe, and 
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rapidly added to a heated flask of tri-n-octylphosphine oxide (TOPO) (solvent and 

surfactant). This results in TOP/TOPO-capped CdSe NCs of increasing size, 

ranging from 15 to 115 Å, depending on their growth time. Examples of syntheses 

of 2D NCs will be discussed in the following Subchapters 2.2.3 and 2.3. 

A second synthetic approach is the so-called heat-up method.72 Here, the 

precursors, ligands and solvents are combined at room temperature and 

collectively heated up. This method can yield NCs with narrow size distributions 

when nucleation and growth occur at different temperatures. The heat-up method 

is particularly appealing for large-scale syntheses of NCs.72 

A key parameter characterizing the formation of colloidal NCs is the critical 

radius of NC nuclei given by:73 

 

𝑟crit =
2𝛾𝜈

𝑘B𝑇 ln 𝑆
 (Eq. 2.13) 

 

with the surface energy 𝛾, the molar volume 𝜈, the BOLTZMANN constant 𝑘B, the 

temperature 𝑇 and the supersaturation of the solution 𝑆. When a formed nucleus 

reaches the critical radius, the probabilities of redissolution and growth are equal, 

i.e. for 𝑟nuclei < 𝑟crit nuclei redissolve to monomers while for 𝑟nuclei > 𝑟crit nuclei 

survive and grow into final NCs.66,73 Equation 2.13 expresses that 𝑟crit is inversely 

proportional to 𝑇 and ln 𝑆, which means that at higher temperatures and 

supersaturations, the nucleation burst occurs at an earlier stage. In addition, the 

dependence of 𝑟crit on the supersaturation/monomer concentration also influences 

the subsequent growth phase. The growth of NCs can be divided into two distinct 

steps: (1) the diffusion of monomers to a formed nucleus and (2) the reaction of 

monomers at the nucleus surface. Depending on which of these two processes is 

the rate-limiting step (i.e. the slower of the two), the growth mode is called either 

diffusion-controlled or reaction-controlled.70 When the diffusion rate limits the 

growth and the supersaturation is high (𝑆 ≫ 1 and 𝑟crit is small), the reaction is in 

the size focusing regime: All NCs grow, with the smaller ones growing faster than 

the large NCs, resulting in a gradual narrowing of the size distribution. Conversely, 

under reaction-controlled conditions (𝑟crit is large), smaller NCs dissolve and larger 

ones grow at their expense.70 This process is known as OSTWALD ripening and will 

be relevant for the discussion of monolayer-defined PbSe fQDs in Chapter 7.13 
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2.2.2 Ligands and the Surface of Nanocrystals 

In a bulk material, the majority of atoms are located in its interior and are 

chemically bound to their neighboring atoms according to the material’s chemical 

composition, their oxidation state and the crystal structure. In contrast, NCs have 

a large surface-to-volume ratio, with a significant fraction of their atoms being 

surface atoms with broken bonds – i.e. empty orbitals or lone-pair electrons – 

commonly referred to as dangling bonds.43,74,75 As a consequence, the chemistry 

and physics of NCs are largely determined by their surface. In the foregoing 

chapters, the ligands/surfactants covering the surface of NCs have already been 

alluded to several times and their importance cannot be overstated. Ligands dictate 

fundamental aspects of the NCs, such as their colloidal stability and dispersability 

(see Chapter 4 and 5).10 Ligands influence the optical properties, for example PL 

position and intensity, PLQY and average PL lifetimes (see Chapter 3).11,43,76–78 

They affect the electronic states within the NC core79,80 and are crucial for many 

device applications, e.g. by making NC films either conductive or insulating.81,82 

Ligands also alter the magnetic83 and catalytic84 properties of NCs. Finally, ligands 

are a tool to control the shape of NCs during synthesis.75,85,86 This exemplary list is 

far from exhaustive, but it clearly shows that understanding and controlling the 

inorganic-organic interface of NCs and their ligands is central to 

nanochemistry.74,75 

 

Ligands dynamically bind to the surface of NCs.75 A common stabilizing system 

used in NC syntheses is the combination of oleic acid and a primary amine, often 

octyl- or oleylamine.10,60,61,67 Both compounds contain a simple functional head 

group, consisting of heteroatoms, and a long, non-polar hydrocarbon tail  

(Figure 2.9). This motif is typical of most classical NC ligands. 
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Figure 2.9. Organic ligands used for the 2D PbX NCs in this thesis (circled) shown 

alongside other exemplary classical NC ligands. 

 

The headgroup anchors to the NC surface by forming a covalent or dative 

(coordinative) bond, and the aliphatic tail group points toward the solution and 

away from the NC.74,75 This lipophilic ligand shell arrangement provides solubility 

in non-polar organic solvents (e.g. hexane) and the steric demand of the 

hydrocarbon tails represents a steric barrier preventing agglomeration of the NCs. 

Adding an antisolvent of opposite polarity reduces the efficiency of steric 

stabilization, causing the NCs to flocculate and to precipitate from the colloidal 

solution.71 This phenomenon is often exploited to purify as-synthesized NCs from 

unreacted precursors or to transfer NCs from one solvent to another. The 

destabilized organic colloidal NC solution is then centrifuged, which results in 

partial or full precipitation of the NCs. Subsequently, the supernatant is discarded 

and the NCs are redispersed in a solvent of choice (e.g. from hexane to toluene). 

The flocculation of NCs is size and shape dependent. For well-defined and 

established NC systems, careful selective precipitation can be used to e.g. separate 

spherical QDs from 2D NPLs.87 
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Apart from the effective oleic acid and amine ligand system, a huge variety of 

ligands of different complexity has been used to tailor NCs for different 

functionalities and applications.74,75 This diversity of compounds can be broken 

down using the covalent bond classification method, categorizing ligands based on 

their interaction with the NC surface into three groups (Figure 2.10):88–90 

 

a. X-type ligands are anionic one-electron donors that form covalent bonds 

with under-coordinated surface sites that can provide one electron. 

 e.g. halides X-, carboxylates RCO2- or thiolates RS- 

b. L-type ligands are neutral LEWIS bases that donate two electrons to an 

empty orbital of a surface metal atom, forming a dative bond. 

 e.g. primary amines RNH2, tertiary phosphines (oxides) R3P(O) 

c. Z-type ligands are neutral, two-electron acceptors (LEWIS acids) that form 

dative bonds with the lone-pair electrons of electron-rich LEWIS basic 

surface sites (e.g. chalcogenide surface atoms). 

 e.g. metal carboxylates M(RCO2)n, metal halides MXn 

 

 

Figure 2.10. Ligand binding types on a model polar (111) and neutral (100) lead 

chalcogenide surface. (own representation based on Ref. 88,91–93) 

 

Specific NC properties, such as a high PLQY11,43 or solubility in polar solvents,94 

are often achieved by replacing the native ligands bound to an as-synthesized NC 

surface with different ones after the synthesis. These ligand exchange reactions 

occur via a dissociative mechanism, whereby a bound ligand detaches from the 

surface and is replaced by another ligand from solution.74 Ligand exchange is 
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favored when the incoming ligands are in large excess and have a higher affinity to 

the NC surface compared to the leaving ligands. The affinity of ligands for a NC can 

be reasonably assessed by applying the hard-soft acid-base (HSAB) theory.95 Here, 

strong bonds are formed between hard-hard and soft-soft combinations of LEWIS 

acid-base pairs, while mismatched pairings lead to weak interactions. This theory 

will be revisited in the context of the surface passivation method of PbSe NPLs 

presented in Chapter 3.11 

Understanding the different types of ligands and ligand exchange reactions, one 

can better understand the aforementioned concept of applying surface treatments 

to address surface-related electronic trap states that form within the band gap of 

NCs (see Subchapter 2.1.4 and Chapter 3).11 From a surface chemistry point of 

view, dangling bonds in as-synthesized NCs may be caused by at least one of two 

factors: (1) the absence of suitable ligands to address the respective surface sites 

(e.g. X- and L-type ligands used during synthesis cannot address negative LEWIS 

basic chalcogenide surface atoms), or (2) surface sites that cannot be saturated due 

to steric hindrance limiting the surface coverage of the NCs. In both cases, 

introducing a Z-type ligand can solve the issue. For instance, a metal halide MXn 

can form a dative bond with negative chalcogenide surface sites via empty metal 

orbitals (1), and is less sterically demanding than most native ligands, which results 

in an overall more complete surface coverage (2).11 

 

Figure 2.11. Molecular orbital diagram for the passivation of trap states in a PbX 

NC using X- and Z-type ligands. (own representation based on Ref. 74) 
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In a simplified picture of molecular orbital theory, this step can be understood as 

the hybridization of the occupied negative chalcogenide trap state (HOMO, which 

may lie slightly above the valence band) and the higher-energy LUMO of the MXn 

ligand, forming a bonding σ and anti-bonding σ* molecular orbital (Figure 2.11). 

The formed σ and σ* orbitals then lie below and above the valence and conduction 

band edges, respectively, which means that the trap state is pushed outside the 

band gap as a result of the ligand binding.74 This is reflected in an overall higher 

PLQY of surface treated NC samples. For example, KIRKWOOD et al. have used a 

CdCl2 treatment to increase the PLQY of CdSe (0.3 to 12 %), CdS (8 to 20 %), InP 

(0.7 to 11 %) and In(Zn)P QDs (0.4 to 18 %).11,43,61 In Chapter 3 a similar procedure 

for 2D PbSe NPLs is presented.11 In addition to an increase (or change) in PLQY, 

ligand exchange in NCs can result in shifts of the absorption and PL features of the 

materials. For example, using metal halides to replace carboxylates such as oleic 

acid results in a bathochromic shift of the absorption and PL (i.e. a shift to higher 

wavelengths/smaller energies). This can be rationalized by considering the 

electronegativity of the ligands. Halides are more electronegative than 

carboxylates, which reduces the electron density within the NCs and the degree of 

quantum confinement in the structures.11,96 Furthermore, replacing ligands can 

affect the shape/linewidth of PL signals as well as the measured average PL 

lifetimes. When a NC exhibits multiple radiative recombination pathways the 

ensemble PL signal is composed of two or more GAUSSIAN contributions. For 

example, suppressing a defect emission pathway by pushing the trap state that 

causes it outside the band gap decreases the contribution/area of one of the 

GAUSSIANS, resulting an overall narrower (lower fwhm) and more symmetric PL 

signal.61 Similarly, the average biexponential PL lifetime in such cases increases 

after surface passivation, as the contribution of faster trap state emission is reduced 

(lower amplitude fraction).10,11 

The steric stabilization of NCs by amphiphilic ligands was briefly explained above 

for the example of oleic acid and an amine. A steric barrier formed by long-chain 

organic compounds prevents agglomeration of NCs due to VAN DER WAALS forces 

and ensures solubility in non-polar solvents.71 The second fundamentally different 

approach to stabilizing NCs is electrostatic static stabilization using inorganic ions. 

The TALAPIN group and coworkers pioneered using molecular metal chalcogenides, 

such as Sn2S64-, as well as metal-free inorganic ligands, e.g. (hydro)chalcogenides 



Fundamentals 

27 
 

HS2-/S2-, which stabilize NCs in polar solvents.81,82,97,98 This approach is 

particularly interesting for producing conductive NC films for electronic 

applications.99 Regardless, solubility in polar solvents can also be achieved with 

sterically stabilized NCs. The native ligands can be exchanged for bifunctional 

surfactants, with one headgroup that has a high affinity to the NCs and a second 

hydrophilic headgroup that can provide solubility in aqueous media. A common 

choice are mercaptocarboxylic acids, with the thiol/sulfur side adhering to the NC 

surface and the carboxylate headgroup directed toward solution, which ensures the 

solubitlity.100–103 This idea was adopted for the water transfer of 2D PbX NCs 

presented in Chapter 5. 

 

2.2.3 Symmetry Breaking: Growth Mechanisms of 2D Nanocrystals 

Synthesizing 2D NCs from materials without inherent anisotropy yields NCs that 

are not in their thermodynamic equilibrium shape.104 For example, cubic PbSe 

preferably grows in 3D due to its isotropic surface energy, whereas MoS2 naturally 

grows in 2D due to its layered-structure. For the former materials, a driving force 

is required to break the symmetry and initiate and sustain the anisotropic growth. 

Depending on the approach, the material, and the exact synthetic parameters, 

there have been different growth mechanisms proposed and conducted. Some of 

these mechanisms rely heavily on ligand interactions, while others can explain and 

predict the formation of 2D NCs independently from ligand interactions. The 

published concepts can be grouped into three categories: oriented attachment of 

spherical NCs or NC intermediates, an intrinsic growth instability in isotropic 

materials, and template pathways, or combinations of these mechanisms. This 

subchapter provides an overview of growth mechanisms of 2D NCs, focusing on 

lead chalcogenides (cubic rock-salt structure) and cadmium chalcogenides (zinc-

blende structure (cubic) or wurtzite (hexagonal)). 

 

Oriented attachment refers to the facet-specific agglomeration of NCs with 

aligned crystalline orientations, which results in the formation of larger super-

structures (here nanosheets, Figure 2.12).105 
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Figure 2.12. Schematic representation of the oriented attachment of PbS NCs into 

2D PbS NSs, as reported by SCHLIEHE et al.106 Cuboctahedral PbS NCs fuse via their 

reactive {110} facets forming a honeycomb structure, which then undergoes surface 

rearrangement to form single-crystal NSs. (own representation based on Ref. 106) 

 

For example, SCHLIEHE et al. reported the oriented attachment of nearly spherical 

PbS nanoparticles (d = 2.8) into thin single-crystal nanosheets with hundreds of 

nanometers in lateral size.106 The PbS NCs used exhibit a cuboctahedral shape with 

12 energetically unfavorable {110} facets. In the presence of lead-complexing 

chloride-containing solvents, these facets stabilize by merging into 2D honeycomb-

like structures, which subsequently undergo surface reconstruction to form 2D 

NSs. The decisive driving force behind the formation of a 2D structure over a 3D 

honeycomb network are ordered oleic acid ligands on the 6 {100} facets of the NCs. 

The formation of single-crystal 2D NSs allows the oleic acid layer to assemble in a 

densely packed and highly ordered phase on the {100} basal planes of the NSs. This 

means that the 2D growth, initiated by the minimization of high-energy surfaces, 

is driven by the release of adsorption enthalpy from the ligands, as well as by the 

stabilization from the VAN DER WAALS forces between the hydrocarbon tails of oleic 

acid.106 Following this work, CHEN et al. investigated the feasibility of a similar 

mechanism for the formation of zinc-blende structured 2D CdSe NCs.107 The 

authors used purified CdSe QDs (d = 1.8 nm) as seeds for 5.5 ML CdSe NPLs (6 ML 

Cd and 5 ML Se) with lateral dimensions of ~45 x 8 nm2. Based on absorbance and 

transmission electron microscopy (TEM) measurement, they demonstrate a 

particle attachment mechanism with two distinct early steps: 1. “single-dot 

intermediates” and 2. “2D embryos” (Figure 2.13). Single-dot intermediates form 

in the presence of long-chain cadmium fatty acids through intraparticle ripening, 

transforming isotropic 1.8 nm CdSe NCs into 2D NCs (2.0 x 2.0 1.5 nm3) with 

stable {100} and reactive {110} facets. 2D embryos are then formed by the oriented 
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attachment of two single-dot intermediates via the {110} facets. From there on the 

symmetry is broken and single-dot intermediates further attach to a growing 2D 

embryo via a {110} facet while the other facets of the formed 2D NC reconstruct 

into stable {100} facets.107  

 

 

Figure 2.13. Two-step symmetry-breaking mechanism for the formation of zinc-

blende CdSe NPLs by CHEN et al. The first symmetry-breaking originates from 

intraparticle ripening toward single-dot intermediates. The two lateral directions 

are then differentiated by the formation of {100} and {110} facets (with different 

reactivity) during the side-selective attachment to the growing NPLs (2nd symmetry 

breaking). (own representation based on Ref. 107) 

 

Both examples highlight that oriented attachment is a complex process in which 

ligands (here oleic acid and cadmium carboxylates, resp.) play a major role, as their 

binding energy and density is facet specific.105 

 

In their early work on the formation of colloidal 2D zinc-blende CdSe NPLs, 

ITHURRIA et al. described the continuous transition of spherical CdSe NCs that 

laterally extend toward 2D NPLs.108 The authors demonstrated that CdSe NPL 

formation starts with small ~2 nm NCs, which gradually convert into CdSe NPLs 

with a thickness that is fixed by the diameter of the initially formed NCs. Through 

TEM characterization, they excluded oriented attachement or similar 2D self-

assembly mechanisms of the NCs as possible growth mechanisms. Furthermore, 

by conducting seeded-growth experiments starting from laterally smaller CdSe 

NPLs, it was shown that this continuous growth occurs through the continuous 

reaction of the Cd and Se precursors at the edges of the NPLs. Later, the NORRIS 

group and coworkers developed a model for 2D growth based on an intrinsic 

growth instability in isotropic materials, which notably rationalizes the findings 

by ITHURRIA et al. by considering fundamental growth kinetics (Figure 2.14).109,110 
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This concept can describe and predict the formation of zinc-blende CdSe NPLs (as 

well as CdS, CdTe, and FeS2 NPLs) without considering different ligands or ligand 

templating. 

The authors found that CdSe NPLs can form in completely isotropic 

environments, require only one type of cadmium carboxylate and that they can 

form in melts of the precursors, where growth is not limited by the diffusion of the 

reactants. From there an island-nucleation-limited growth model is derived to 

explain the anisotropic shape of the NPLs. Accordingly, NC growth requires the 

nucleation of a new “island” on one its facets. Once this island reaches a critical 

size, it becomes stable and thermodynamics drive the growth into a complete 

added layer on that facet. The nucleation barrier for such a new island is 

significantly lower on narrow facets with a size smaller than the critical island size. 

This means that growth on small side facets is faster than on the large planar 

surfaces of a forming increasingly two-dimensional NPL.109 Notably this model 

assumes fast diffusion of precursors to the growing island, whereas diffusion is a 

non-negligible factor in classical colloidal NC syntheses.73 

 

 

Figure 2.14. Comparison between growth of a new layer on a wide and a narrow 

facet of a NC. On wide facets, the nucleation barrier for a new island is given by the 

critical island size. Once this barrier has been overcome, the new island preferably 

nucleates in one of the corners, and spanning the entire facet requires additional 

edge energy (shown in red). In contrast, an island on a narrow facet with a 

thickness below the critical island size has a reduced nucleation barrier and can 

grow to cover the entire facet without additional edge energy, resulting in island-

nucleation-limited 2D growth toward NPLs. (own representation based on Ref. 109) 

 

The intrinsic growth instability model successfully explains the small range of 

accessible NPL thicknesses for zincblende CdSe; as soon as the narrower facet 

exhibits a width equal to or above the critical island size for a bulk surface, the 



Fundamentals 

31 
 

kinetic instability as the driving force for 2D growth disappears. Similarly, the 

formation of 2D cubic PbX NCs in this thesis could be caused by an intrinsic 

instability in growth kinetics. 

 

Template pathways are based on breaking the crystal symmetry by growing NCs 

within bilayers of organic molecules (often amines), which guide crystallization 

toward a 2D shape (Figure 2.15). These templates are sometimes referred to as 

double lamellar structures, bilayer mesophases, planar galleries, or soft  

colloidal templates, with the basic mechanism being the same in all cases:  

2D growth is enforced and driven by an external template that self assembles in  

solution.85,111–116 

 

 

Figure 2.15. Growth of PbS NSs within a double lamellar n-octylamine template. 

(own representation based on Ref. 85) 

 

An apparent similarity among syntheses that follow a template pathway are the 

comparatively low reaction temperatures. For instance, the above-mentioned 

oriented attachment synthesis of 2D CdSe NCs by CHEN et al. is performed at 

250°C, whereas templated syntheses are carried out only slightly above room 

temperature. At these low temperatures the molecular motion is reduced and the 

bilayer templates can form and are more rigid than at elevated temperatures.  

LIU et al. reported a lamellar assembly pathway for the formation of 2D CdSe 

quantum belts via intermediate magic-sized nanoclusters (CdSe)13 (magic-size 

clusters are crystallites with a discrete and countable number of atoms, with 

particularly stable structure117).112 Using X-ray diffraction, the authors found 

reflections corresponding to a lamellar template assembly when dissolving 

cadmium acetate in n-octylamine at 68 °C. The alternating 

Cd(OAc)2(n-octylamine)x layer structure consists of Cd(OAc)2 galleries, with the 

amines coordinated to their outer planes via the amine head group. The interlayer 



Fundamentals 

32 
 

d-spacing between the Cd(OAc)2 galleries (2.61 nm) is determined by the chain 

length, the tilt angle and the interpenetration fraction of the aliphatic hydrocarbon 

chain of the amine.112,117 Adding selenourea at 20 – 25°C results in the formation of 

(CdSe)13 clusters, which then fuse into flat quantum belts (at 64 – 85°C) that 

exhibit a 2D shape and dimensions predetermined by the template. 

MORRISON et al. revealed a similar soft template mechanism for the growth of 1 nm 

thick PbS quantum platelets in n-octylamine at 40°C.85 For a mixture of 

Pb(OAc)2·3H2O and n-octylamine, the authors measured a periodicity of 2.78 nm 

in low-angle X-ray diffraction experiments, concluding on the formation of a 

lamellar mesophase with pseudoplanar reaction galleries containing Pb2+. By 

combination with absorbance measurements, a template-growth pathway of three 

steps is proposed: 1. Nucleation occurs at a random position within the template; 

2. Lateral growth within the template; and 3. Overlap of quantum platelets at large 

lateral sizes within the template leads to electronic coupling between platelets.85 In 

the same publication, MORRISON et al. revisited the previously discussed PbS NS 

synthesis by SCHLIEHE et al.,106 which follows an oriented attachment mechanism. 

MORRISON et al. found that the oleates used can (in priniciple) form mesophase 

bilayers similar to those of amines and bring up the idea that lamellar templates 

could serve as 2D galleries for the oriented attachment of the PbS NCs. 

Furthermore, they conclude that a template mechanism should always be 

considered when synthesizing NC with a 2D shape are synthesized, given their 

findings and the numerous reports on the subject.85,111–116 The 2D PbX NCs 

discussed in this thesis are synthesized at low temperatures in mixtures of oleic 

acid and n-octylamine.61 It is therefore conceivable that symmetry breaking in 

these syntheses could also occur via a template pathway similar to those described 

above. 

The following chapter focuses solely on lead sulfide, selenide and telluride NCs 

and provides basic material properties that are relevant to the results presented in 

the subsequent chapters. 
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2.3 2D Lead Chalcogenide Nanocrystals 

Lead chalcogenides are inorganic compounds made of lead (group IV, 

[Xe]4f145d106s26p2) and an element from the chalcogenide group (group VI,  

e.g. Se: [Ar]3d104s24p4). Their general formula is PbX (X = S, Se, Te), with lead in 

oxidations state +II and the chalcogenide in state -II. PbS, PbSe and PbTe all 

crystallize in the cubic rock salt (or NaCl) structure (space group 𝐹𝑚3̅𝑚,  

Figure 2.16).17 Here, one of the ions forms a face-centered cubic lattice and the 

counterions occupy the octahedral holes. In this arrangement, all ions are 

octahedrally coordinated, surrounded by six of the respective counterions. Hence, 

the lattices are characterized by a single lattice constant a, which corresponds to 

twice the distance between Pb2+ and X2-: 5.936 Å for PbS, 6.124 Å for PbSe and 

6.462 Å for PbTe (all at ~300 K).17 

 

 

Figure 2.16. Cubic rock salt structure of lead chalcogenides. (own representation 

based on Ref. 118) 

 

Besides the NaCl structure, lead chalcogenides can crystallize in an orthorhombic 

structure, obtainable through a polymorphic transition at high pressures.17 

Notably, this structure was found by KHAN et al. for colloidal PbS NPLs, however, 

as the authors themselves stated, this is not expected generally and rather 

uncommon.119,120 Furthermore, PbTe can undergo a structural phase transition to 

a rhombohedral structure at cryogenic temperatures.17  

All three compounds in their cubic crystal structure exhibit a direct narrow band 

gap (PbS: 0.42 eV; PbSe: 0.28 eV; PbTe: 0.31 eV – all at RT)17,28 with the maximum 

(minimum) of valence (conduction) band located at the L point of the BRILLOUIN 

zone.17 Furthermore, lead chalcogenides exhibit large exciton Bohr radii, which 
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increase down the row of chalcogenides (see Table 2.1). The effective masses of 

electron and hole are low and very similar, which means that quantum 

confinement is “shared” approximately equally between the two charge carriers.2,29 

This is rather uncommon and renders lead chalcogenides prime candidates for 

studying extreme confinement (see Chapter 7).13,29 

2.3.1 Lead Sulfide Nanocrystals 

Early wet chemical syntheses of PbS NCs were conducted in the mid to late 1980s 

using aqueous solutions of e.g. lead nitrate and sodium sulfide in acetonitrile in the 

presence of ethylene glycol.121,122 These aqueous routes largely did not yield 

emissive PbS NCs (with later exceptions by e.g. LIFSHITZ et al.123 and 

BAKUEVA et al.124). Nonetheless, size-dependent changes in the absorption of the 

crystallites were investigated as early examples of quantum confinement.2,121 The 

first synthesis of PbS NCs in a hot coordinating organic solvent (hot injection 

method) was reported by HINES et al. in 2003.125 The authors used in situ-

generated lead oleate and bis(trimethylsilyl)sulfide in a mixture of oleic acid, ODE 

and TOP, yielding NIR luminescent PbS NCs with tunable lowest-energy exciton 

transition between 800 and 1800 nm. Subsequently, the optical properites of PbS 

QDs were thoroughly studied.2 ELLINGSON et al. reported ultra-efficient multiple 

exciton generation in PbS (and PbSe) QDs, which is interesting for improving solar 

cell efficiency.126 

Narrowing the scope to 2D PbS NCs, i.e. nanosheets, quantum platelets, or 

nanoplatelets, one of the earliest reports is the previously thoroughly discussed 

oriented attachment synthesis by SCHLIEHE et al. (see Subchapter 2.2.3), which 

yielded 2D PbS NSs that had a minium thickness of 2.2 nm and hundreds of 

nanometers wide. These NSs exhibit unstructured absorption that is 

bathochromically shifted compared to the absorption of the NC building blocks 

(centered at 675 nm). The authors further measured weak PL of NS stacks around 

720 nm, which is hypsochromically shifted compared to the NC emission at 

790 nm, due to the reduced thickness compared to the diameter of the initial NCs. 

Subsequently, BIELEWICZ et al.127–129 and BHANDARI et al.130 further investigated 

oriented attachment toward PbS NSs and found different reaction parameters to 

fine-tune the thickness of the NSs. These included changes in the oleic acid 

concentration, the use of different chloro- or other substituted alkanes, reaction 
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temperature, and precursor ratios. BIELEWICZ et al. largely focused on electrical 

transport measurements in field-effect transistors using individual PbS NS and 

nanostripes, finding that holes are the majority charge carriers in the fabricated 

devices and demonstrating e.g. high on/off ratios of over 3400 at room 

temperature.127,128 Meanwhile, BHANDARI et al. reported tunable, albeit weak, PL 

depending on the thickness of the NSs.130 Concurrently, direct 2D PbS syntheses 

were developed with the focus on reducing the thickness of the strucutres to a few 

atomic layers. One such example is the low-temperature, amine-solvent synthesis 

of PbS quantum platelets by MORRISION et al. (see Subchapter 2.2.3).85 In addition, 

KHAN et al. synthesized 2D PbS NCs (2 x 200 x 50 nm3) using the single-source 

precursor lead hexadecyl xanthate in trioctylamine, and demonstrated their highly 

stable dieletric properties.131 Using a different single-source precursor, lead 

thiocyanate, AKKERMAN et al. reported the synthesis of 1.2 nm thick orthorhombic 

PbS NSs. These NSs did not exhibit any photoluminescence, but were used to 

fabricate photoconductor devices with high responsivity (0.1 A W-1) and detectivity 

(1.3 x 109 Jones).132 Later work by KHAN et al. shifted the focus to the NIR emission 

of PbS NPLs.119 In short, the authors decomposed lead octadecylxanthate in 

trioctylamine at 80 °C, which underwent a CHUGAEV elimination reaction to yield 

orthorhombic 2D PbS NPLs. For NPLs with a thickness of 1.8 nm and lateral sizes 

ranging from 48 x 3.5 to 83 x 21 nm2 (depending on the reaction time), PL in the 

range of 735 to 748 nm was measured, though no quantum yield was reported. 

Shortly after, ANTU et al. published a synthesis of few-atom-thick PbS nanoribbons 

with 5.7% PLQY around ~1300 nm which increases sixfold by 30 day treatment 

with TOP.133 Our group first reported a synthesis of laterally small and ultrathin 

2D PbS NPLs with sizable PLQY in 2021.61 This synthesis uses lead oleate and 

thiourea in a mixture of octylamine and oleic acid at 35°C. It yielded as-synthesized 

PbS NPLs (1 – 2 x 10 x 7 nm3) with a QY of 1.4 % centered around 720 nm, which 

is increased to 19.4 % by post-synthetic surface treatment with CdCl2. Baring minor 

adjustments, this is the synthetic method that was used for the PbS NPLs 

throughout this thesis (see Chapter 5 and 6).7 

The tremendous progress and diversification in the syntheses of 2D PbS 

nanostructures has naturally led to investigation of their photophysics. AERTS et al. 

reported highly efficient carrier multiplication (CM) of up to 90 % in PbS NSs, i.e. 

most excess photon energy above a certain threshold results in additional electron-
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hole pairs.46 Furthermore, LAUTH et al. determined high charge carrier mobilities 

of 550 – 1000 cm2V-1s-1 for 4 to 16 nm-thick PbS NSs by using THz spectroscopy, 

which are interesting for thin film optoelectronic applications.134 MOAYED et al. 

investigated RASHBA-type spin-orbit coupling in PbS NSs, intruiging for possible 

future spintronic devices.135 Very recently, TANG et al. further reported infrared 

amplified spontaneous emission from 2D PbS NPLs at a low pump threshold of 

76 µJcm-2.136 Another unique optical property of 2D PbS NPLs is their narrow 

linearly polarized emission at low temperatures, which will be presented and 

thouroughly discussed in Chapter 6.7 

 

2.3.2 Lead Selenide Nanocrystals 

Early syntheses of PbSe NCs were limited to approaches in glass matrices.2 For 

instance, LIPOVSKII et al. synthesized 2 – 15 nm large PbSe QDs in phosphate glass 

in 1997.137 Unlike for PbS NCs, there is no such variety of aqueous synthetic routes 

available for PbSe NCs (see previous subchapter).2 Regardless, PbSe NCs were the 

first lead chalcogenide synthesized via the hot injection method by MURRAY et al. 

in early 2001.138 The authors used lead oleate in diphenylether and TOPSe to obtain 

NCs with 3.5 to 15 nm in diameter. Shortly after, the first in-depth optical study of 

PbSe NCs was provided by WEHRENBERG et al.139 and DU et al.140 

WEHRENBERG et al. presented optical spectra showing well-defined excitonic 

absorption of PbSe NCs with the lowest energy exciton transition tunable from 

roughly 1240 to 2480 nm. They also observed band-edge PL in the range of 1200 

to 2000 nm, with a small STOKES shift of 22 meV as well as a high PLQY of 85 % at 

~1440 nm (determined relatively) and a microsecond lifetime.139 In the following 

year, SCHALLER et al. used PbSe NCs to fabricate PbSe NC/sol-gel composites and 

demonstrated optical gain and amplified spontaneous emission at 

telecommunication wavelengths centered at 1555 nm.141 Subsequently, 

PIETRYGA et al. synthesized larger PbSe NCs that represent the first colloidal QDs 

with PL in the mid-infrared, ranging  from 2000 to 4100 nm, with PLQYs from 25 

to 0.5 % decreasing for positions further in the mid-infrared.142 As with PbS NCs, 

ELLINGSON et al. reported a high multiple exciton generation efficiency of 300 % 

for 3.9 nm diameter PbSe QDs at photon energies four times higher than the band 

gap of the NCs.126 Similar to PbS, these examples only offer a tiny glimpse into the 
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rich literature on the photophysics of PbSe NCs.1,2 The focus in the following will 

be shifed to 2D PbSe NCs, which have been much less extensively studied. 

The first two examples of colloidal 2D PbSe by LEE et al.143 and KOH et al.144 are 

both based on the oriented attachment of spherical PbSe NCs. LEE et al. used 

~4 nm PbSe NCs as building blocks to grow PbSe NSs with a thickness of 4.3 nm 

by oriented attachement via the reactive (110) facets in the presence of an excess 

of oleic acid. The authors further hypothesize that an excess of lead acetate 

precursor blocks the (100) facets and prevents further growth on these sides.143  

In contrast, KOH et al. utilized halide passivation to promote 2D attachment and to 

tune the thickness of the resulting PbSe NSs (2.2 nm, 4.1 nm and 6.2 nm).144 

Accordingly, the presence of chloride and bromide during the synthesis of the PbSe 

QD building blocks results in oriented attachement toward NPLs. In contrast, 

iodide alone does not yield 2D shapes but can produce thicker NPLs when used in 

combination with one of the other halides. When lead chloride or bromide is used, 

the (111) and (110) facets of the initial NCs are largely passivated by PbCl2 or PbBr2, 

respectively. These surface sites can form Pb-Cl-Pb or Pb-Br-Pb bridges that 

connect and align the NCs along the (100) direction, resulting in the formation of 

the final NPLs. This works well for Cl- (and Br-) as the Pb-Cl (Pb-Br) bond length 

is similar to the Pb-Se bond, so that chloride (bromide) can occupy selenium 

positions, whereas iodide cannot. Meanwhile, thickness control using iodide is 

achieved because it can “reactivate” the amine-passivated (100) facets, allowing a 

vertical attachment. The obtained PbSe NSs exhibited featureless absorption, with 

an undefined onset that is shifted to higher wavelengths with increasing NS 

thickness, as well as weak PL with PLQYs of 0.04 % (for a thickness of 4.1 nm), 

which likewise shifts with the NSs’ thickness.144 Subsequent approaches toward 2D 

PbSe by GALLE et al. and SALZMANN et al. are based on cation exchange from CdSe 

NPLs.145–147 In short, cation exchange refers to exploiting a well-established 

material, i.e. CdSe, as an anion host lattice while in a second step replacing the 

cations with a foreign element, under retention of the NCs’ shape (Figure 2.17). 
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Figure 2.17. Simplified representation of Pb2+-for-Cd2+ cation exchange from 

well-defined CdSe NPLs toward PbSe NPLs with a similar shape. (own 

representation based on Ref. 147) 

 

Using CdSe NPLs with thicknesses ranging from 3.5 to 6.5 ML, GALLE et al. 

produced PbSe NPLs with four different thicknesses that retained their lateral 

shape reasonably well. These PbSe NPLs exhibit sizeable, albeit broad and 

asymmetric, PL features in the range of 1332 to 1545 nm with a PLQY that 

decreases from 15.3 to 5.1 % for position further in the NIR. The reported PL 

lifetimes range from 0.7 to 2.7 µs, with no trend observable within the range of NPL 

thicknesses.145 In a second publication, the cation exchange procedure was 

modified to simultaneously exchange the oleate binding to the CdSe NPLs with 

ammonium iodide. From there a spray-coated photodetector was fabricated, which 

exhibited fast rise (5 ms) and fall times (10 ms in the visible and 15 ms in the 

NIR).146 In 2022, our group reported on the first direct synthesis of colloidal 2D 

PbSe NPLs (as in no cation exchange or oriented attachment).60,61 Following the 

same approach as for the PbS NPL synthesis, lead oleate and selenourea are 

combined for reaction in a mixture of oleic acid, octylamine and hexane at 0°C. 

Altering the amount of octylamine used and the reaction temperature enables the 

control over the lateral size of the PbSe NPLs within the range of ~3.5 x 3 nm2 to 

6.4 x 5.6 nm2. Higher amounts of octylamine and higher temperatures yield larger 

lateral NPL sizes. Depending on this lateral size, these NPLs exhibit excitonic 

absorption in the range of 800 – 1000 nm and PL between 900 and 1450 nm. Post-

synthetic CdCl2 treatment of as-synthesized NPLs increases the PLQY from  

e.g. 17.4% to 37.4% (for PL at 980 nm) by saturation of undercoordinated surface 

sites.60 This synthesis was further iterated on for the PbSe NPLs synthesized over 

the course this thesis. Chapter 3 presents and investigates an optimized surface 

passivation method.11 
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2.3.3 Lead Telluride Nanocrystals 

Similar to PbSe, the initial syntheses of PbTe QDs were carried out in glass 

matrices.148 The first hot injection syntheses of PbTe NCs were reported almost 

simultaneously and independently by URBAN et al. and MURPHY et al. in 2006.28,149 

In the former publication, lead oleate was generated in situ in squalene (from lead 

acetate and oleic acid) was subsequently combined for reaction with TOPTe at 

155 – 180°C to prepare PbTe NCs with diameters of 4 – 10 nm, controllable by the 

oleic acid/lead acetate ratio.149 MURPHY et al. likewise employed in situ generated 

lead oleate in ODE (from lead oxide and oleic acid) and TOPTe at temperatures 

between 80 – 130°C. The authors obtained 2.6 to 18 nm PbTe NCs, controlling the 

size via the Pb/Te ratio (larger volumes of TOPTe result in smaller NCs), the 

growth temperature, and the oleic acid/lead ratio. The synthesized PbTe NCs show 

a first exciton transition between 1009 and 2054 nm and slightly STOKES shifted 

narrow PL (65 meV shift and 130 meV fwhm for 2.9 nm NCs) with a PLQY in the 

range of 41 – 52%. Notably, both reports find a size-dependent trasition from 

spherical/cuboctahedral to cubic PbTe NCs and further highlight the high air and 

water sensitivity of PbTe NCs. In addition, MURPHY et al. demonstrate efficient 

multiple exciton generation with a QY of 250%, similar to the reports for PbS and 

PbSe. Furthermore, URBAN et al. and MURPHY et al. emphasize a few unique 

fundamental properties of PbTe, that are different from PbS and PbSe: (1) The large 

average exciton BOHR radius of PbTe (compare Table 2.1), and the low electron 

(0.22m0) and hole (0.24m0) masses, even amongst lead chalcogenides mean that 

PbTe is (one of) the semiconductor(s) in which quantum confinement has the 

biggest influence on its properties. (2) The exciton BOHR radius in PbTe is 

anisotropic, with 𝑎B,PbTe,transversal = 152 nm and 𝑎B,PbTe,longitudinal = 12.9 nm.28 This 

renders PbTe particularly intriguing for shape engineering.28,29,149 (3) PbTe is a 

well-studied material within the thermoelectric community, with a bulk figure of 

merit ZT of 0.4 – 0.45 at 300 K, which is even higher in lower-dimensional 

structures.149–151 Despite these interesting and unusual properties of PbTe, no 

colloidal synthetic methods for producing 2D PbTe had been developed prior to the 

work presented in Chapter 4 of this thesis, possible reasons for this are discussed 

in Subchapter 4.2. 
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3 Toward Bright Colloidal Near-Infrared Emitters: 

Surface Passivation of 2D PbSe Nanoplatelets by Metal 

Halides 

This chapter is centered around the development of a surface passivation method 

for colloidal 2D PbSe NPLs to enhance their photoluminescence quantum yield. 

The highest values of e.g. 61% at 989 nm were achieved by using PbI2, which can 

act as both X- and Z-type ligand to saturate undercoordinated surface atoms. 

 

The results presented here have been published in J. Phys. Chem. C 2022, 126 

(45), 19277–19285. For details about the author contributions see Chapter B. 
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3.1 Abstract 

Colloidal 2D PbSe nanoplatelets (NPLs) are promising near- and short wave-

infrared emitters for optoelectronic applications at telecommunication 

wavelengths. However, their photoluminescence quantum yield (PLQY) is limited 

by the ubiquitous presence of surface-related trap states. Here, we apply a 

treatment of colloidal PbSe NPLs with different metal halides (MX2, 

M = Zn, Cd, Pb; X = F, Cl, Br, I) to improve their emission brightness. A surface 

passivation of the NPLs by PbI2 leads to the best results with a strongly increased 

PLQY (27% for PbSe NPLs emitting at 0.98 eV (1265 nm) and up to 61% for PbSe 

NPLs emitting at 1.25 eV (989 nm)). Simultaneously, the full width at half-

maximum of the NPL photoluminescence decreased by 10% after the treatment. 

X-ray photoelectron spectroscopy and complementary surface treatment of PbSe 

NPLs with organic halides reveal the combined passivating role of both X-type 

binding halides X- and Z-type binding metal halides MX2 in enhancing the optical 

properties of the PbSe NPLs. Our results emphasize the potential of 2D PbSe NPLs 

for efficient emission tailored for the application in fiber optics. 

3.2 Introduction 

A commonality of all colloidal nanomaterials is their high surface-to-volume 

ratio, making surface chemistry a major task in nanochemistry.1,2 In the 

nanoregime, the materials’ surface is critical for numerous properties including the 

colloidal stability or photoluminescence (PL)3 of the structures and can give rise to 

new properties such as size-4 and facet5-dependent catalytic activity. Consequently, 

the relationship between the surface chemistry and the optical properties of 

semiconductor nanocrystals (NCs), nanosheets (NSs), and nanoplatelets (NPLs) 

has been thoroughly investigated for a number of different model systems.2,6−8 A 

common finding is the photoluminescence quantum yield (PLQY) to be sensitively 

responsive to the addition or removal of surfactant molecules.6,9,10 This can be 

understood by considering undercoordinated surface atoms as one limiting factor 

for the PLQY of colloidal nanomaterials. These surface traps enable nonradiative 

recombination pathways of excited charge carriers.11−13 Insufficient surface 

passivation of as-synthesized NCs or NPLs is commonly caused by the steric 

hindrance between long-chained organic ligands used for synthesis and preventing 

a full surface covering of the nanostructures.14 Therefore, a suitable (postsynthetic) 
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ligand engineering is required to optimize the optoelectronic properties of colloidal 

nanomaterials.2 Surface treatment of nanostructures with both organic and/or 

inorganic ligands has proven to be a powerful tool in addressing surface defects for 

example by the saturation of dangling bonds.15−18 Typically, the employed ligands 

are categorized by the covalent bond model introduced by GREEN19 to classify 

covalent transition-metal compounds, which ANDERSON et al.10 have adapted to 

suit the description of nanocrystal surfaces. Briefly, L-type ligands act as neutral 

LEWIS bases donating two electrons to an unoccupied orbital on the surface, X-type 

ligands are one-electron donors (such as halides) forming covalent bonds to singly 

occupied surface orbitals, and Z-type ligands act as LEWIS acids that accept two 

electrons from occupied orbitals on the surface.6,20 

Ultrathin 2D lead chalcogenide NSs and NPLs have recently become a substantial 

line of research since their tunable absorption and photoluminescence properties 

are suitable to cover the technologically relevant near-infrared (NIR, 

1.65−0.89 eV (750−1400 nm)) and short-wave-infrared (SWIR, 0.89−0.41 eV 

(1400−3000 nm)) regions of the electro-magnetic spectrum, e.g., where glass fiber 

optics exhibit negligible attenuation.21−27 The optical properties of NSs and NPLs 

are mainly determined by their strongly confined thickness dimension, giving rise 

to interesting properties and photophysics different from spherical NCs, albeit at 

the cost of a higher synthetic complexity.28 While PbSe NPLs are less 

comprehensively studied, because they have only recently become synthetically 

accessible, PbS NSs have been thoroughly investigated. For example, PbS NSs 

show remarkably efficient charge carrier multiplication (CM efficiencies of 

0.9−0.55 for PbS NSs with a thickness range of 4−7 nm)29 and high charge carrier 

mobility (550−1000 cm2V-1s-1 for PbS NSs with a thickness of 4−16 nm),30 

indicating the high potential of 2D lead chalcogenides for optical applications such 

as solar cells,31 photodetectors,32 and field effect transistors.33 

However, accessing NPLs with highly efficient PL in the NIR is a synthetic 

challenge. For example, NIR-emitting PbSe NPLs have been synthesized by 

oriented attachment of PbSe NCs23 and by cation exchange of CdSe NPLs.22,32 

Additionally, more elaborate NIR-active systems such as CdSe-PbSe 

heterostructures34 and HgX NCs on HgX NPLs (X = Se or Te)35 have been realized 

via cation exchange from Cd-based NPLs. However, only few direct syntheses have 

yielded PbSe NPLs up to now.23,36 A recent example from our group is the direct 
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synthesis of colloidal PbSe NPLs from lead oleate and selenourea at 0°C, reaching 

a PLQY of 37.4% at 1.27 eV (980 nm).36 

Here, we investigate the influence of different metal halide compounds on the 

optical properties of 2D PbSe NPLs. The PbSe NPLs applied exhibit a thickness of 

0.8 ± 0.1 nm, and their PL maximum is tunable between 1.43−0.83 eV 

(860−1510 nm) via mainly controlling the lateral size of the NPLs.36 We chose two 

sets of synthetic parameters, which result in the formation of PbSe NPLs that 

exhibit a PL maximum near the two ends of the tunable energy range at 1.36 eV 

(912 nm) and 0.98 eV (1265 nm). Previous work on the surface treatment and 

passivation has been focused on NCs9,37−39 and Cd-based NPLs with PL mainly in 

the visible region.15,40 This work expands the metal halide surface treatment 

passivation to 2D PbSe NPLs with PL at technologically relevant NIR wavelengths. 

3.3 Experimental Section 

3.3.1 Chemicals 

Cadmium bromide (CdBr2, 99.99%), cadmium chloride (CdCl2, 99.99%), 

cadmium iodide (CdI2, 99%), lead bromide (PbBr2, 99.99%), lead chloride (PbCl2, 

99.99%), octylamine (99%), triethylamine (≥ 99.5%), trifluoroacetic anhydride 

(≥ 99%), and zinc iodide (ZnI2, ≥ 98%) were purchased from SIGMA-

ALDRICH/MERCK. Cadmium fluoride (CdF2, 99.99%), analytical grade hexane 

(99.99%), lead iodide (PbI2, 99.99%), lead oxide (99.99%), selenourea (99.97%), 

tetrabutylammonium iodide (TBAI, 98%), zinc bromide (ZnBr2, 98%), and zinc 

chloride monohydrate (ZnCl2·H2O, 99.99%) were purchased from ALFA AESAR. 

Oleic acid (90%) and trifluoroacetic acid (99%) were purchased from ABCR. 

Tetrachloroethylene (99.9%) was purchased from MERCK-MILLIPORE. Octylamine 

and oleic acid were dried by freeze-pump-thawing three times prior to use and 

stored inside a N2-filled glovebox. All other reagents were used as received without 

any further purification steps. 

3.3.2 Lead Oleate Precursor Synthesis 

The lead oleate precursor was synthesized according to a method of 

HENDRICKS et al.41 First, PbO (20.0 g, 89.6 mmol) was stirred in acetonitrile 

(40.0 mL) for 10 min at 0°C. Trifluoroacetic acid (1.4 mL, 18.2 mmol) and 

trifluoroacetic anhydride (12.4 mL, 89.6 mmol) were added, and after an 
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additional 15 min at 0°C the solution was allowed to heat to room temperature, 

yielding a clear solution. In a separate flask oleic acid (90%, 50.8 g, 162 mmol), 

isopropanol (360 mL), and triethylamine (28.1 mL, 202 mmol) were mixed. 

Briefly, the two solutions were combined, immediately yielding lead oleate as a 

white precipitate, which was recrystallized from isopropanol at 80°C. The lead 

oleate solution was stored in a freezer at -20°C for 16 h, filtered, generously washed 

with methanol, and dried under vacuum. The dried lead oleate was stored under 

inert gas conditions at -25°C. 

3.3.3 Selenourea Precursor Preparation 

The selenourea precursor was prepared by dissolving selenourea (193 mg, 

1.57 mmol) in a mixture of octylamine (2.025 mL, 12.2 mmol), oleic acid 

(0.225 mL, 0.71 mmol), and hexane (0.75 mL, 5.7 mmol) at 35°C for 24 h under 

inert gas conditions. 

3.3.4 PbSe NPL Synthesis 

The PbSe NPLs synthesis is adapted from a method described by KLEPZIG et al.36 

that is originally based on a PbS NPLs synthesis by MANTEIGA VÁZQUEZ et al.26 The 

two adjustments compared to the procedure by KLEPZIG et al. are a scale-up by a 

factor of 10 and the introduction of a thorough purification step. The scale-up 

results in a higher consistency and reproducibility of the pristine PbSe NPLs. The 

purification step serves to remove residues of unreacted precursors and to allow 

for an efficient and comparable surface treatment. 

All steps, including purification and surface treatment, were performed under 

inert gas conditions. For a typical synthesis, lead oleate (1.83 g, 2.7 mmol) was 

dissolved in a mixture of octylamine (2.0 mL, 12 mmol), oleic acid (4.0 mL, 

12.5 mmol), and hexane (18.0 mL, 137 mmol) at 35°C and subsequently cooled to 

0°C using an ice bath. The selenourea precursor solution (2.5 mL) was injected 

rapidly, causing a color change from colorless to dark brown, indicating the 

formation of the PbSe NPLs. After 10 min at 0°C the reaction was quenched by the 

addition of ethanol (18.5 mL). 
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3.3.5 Purification of Pristine PbSe NPLs 

The pristine PbSe NPLs were purified by centrifugation of the quenched reaction 

mixture at 2500 rcf for 10 min. The supernatant was discarded, and the precipitant 

was redispersed in hexane (10 mL). This procedure was repeated two more times 

with a hexane-to-ethanol ratio of 2:1, before storing the purified pristine PbSe 

NPLs at -25°C inside a nitrogen-filled glovebox (the dispersed pristine PbSe NPLs 

are stable for several weeks). 

3.3.6 Surface Treatment of Pristine PbSe NPLs 

For the surface treatment of the PbSe NPLs, 0.1 M solutions of the metal halides 

were prepared in octylamine and oleic acid with a molar ratio of 9:1.42 Typically, 

the PbSe NPLs solution (0.5 mL) was diluted with hexane (0.75 mL) before the 

respective metal halide solution (1.0 mL) was rapidly injected and stirred for 

40 min at 35°C. The treated PbSe NPLs were stored at -25°C inside a nitrogen-

filled glovebox. 

3.3.7 Vis-NIR Absorption and PL Spectroscopy 

The samples for optical spectroscopy were prepared by diluting the PbSe NPLs in 

tetrachloroethylene (2.5 mL) in a quartz cuvette with a light path length of 1 cm 

(optical density below 0.2 at 500 nm). Optical Vis−NIR absorbance spectra were 

acquired using a CARY 5000 spectrophotometer from AGILENT TECHNOLOGIES. 

Steady-state PL spectra were obtained using an EDINBURGH FLS 1000 UV-Vis-NIR 

PL spectrometer. PL spectra were collected by exciting the NPLs at 500 nm with a 

xenon lamp using an InGaAs PMT for signal detection. The PLQYs were 

determined with the same device utilizing an integrating sphere, measuring the 

scattering at 500 nm and the PL in the NIR region of both the pure solvent and the 

PbSe NPLs sample, considering the sensitivity difference of both detectors.43 The 

multichannel scaling (MCS) PL lifetime data were acquired utilizing a picosecond 

pulsed diode laser with a pulse width of 110 ps at 445.1 nm obtained from 

EDINBURGH INSTRUMENTS. 
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3.3.8 Transmission Electron Microscopy 

TEM images were collected using a FEI TECNAI G2 F20 transmission electron 

microscope with a field emission gun operating at 200 kV. For TEM analysis the 

colloidal PbSe NPLs solutions were drop-casted onto a carbon-coated copper grid 

(300 mesh) acquired from QUANTIFOIL and cleaned by a method from LI et al. 

utilizing a combination of ethanol and activated carbon.44 

3.3.9 X-ray Photoelectron Spectroscopy 

XPS data were acquired using a PHI 5000 VERSAPROBE III from ULVAC-PHI. 

The spectra were obtained utilizing an aluminum X-ray source (Al Kα = 1476.6 eV) 

operated at 48.3 W with a beam diameter of 100 μm. Survey spectra were 

measured with a pass energy of 224 eV; high-resolution spectra were collected with 

a pass energy of 27 eV. Charging effects were accounted for by setting the C1s peak 

of sp3 carbon to 284.4 eV. The NPL samples were prepared by drop-casting the 

colloidal solution onto a silicon wafer and drying under vacuum overnight to 

remove the organic solvents. 

3.3.10 Attenuated Total Reflection-Fourier Transform IR Spectroscopy 

The ATR-FTIR spectrum of pristine PbSe NPLs was acquired using a CARY 360 

FTIR spectrometer from AGILENT TECHNOLOGIES. The sample was prepared by 

drop-casting the colloidal solution onto an ATR crystal. The measurement data 

were acquired under ambient conditions. 

3.3.11 Powder X-ray Diffraction 

PXRD patterns were collected in BRAGG-BRENTANO geometry with a BRUKER D8 

Advance equipped with a Cu Kα1 source operating at 40 kV and 30 mA. The NPLs 

samples were prepared by drop-casting the colloidal solution onto a single crystal 

silicon sample holder. 
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3.4 Results and Discussion 

3.4.1 Surface Treatment of PbSe NPLs with Different Metal Halides MX2 

Figure 3.1a-c shows PL spectra of pristine PbSe NPLs treated with different metal 

halides MX2 (M = Zn, Cd, Pb; X = F, Cl, Br, I).  

 

 

Figure 3.1. Metal halide surface treatment of pristine PbSe NPLs with PL at 

1.36 eV (912 nm) and a PLQY of 27% used as benchmark structures. (a−c) PL 

spectra of pristine and MX2 treated PbSe NPLs. Smaller and more electronegative 

halides X are associated with an increased bathochromic shift and a lower PL 

intensity of the NPLs after the surface passivation. The treatment with PbI2 results 

in the highest PL intensities and average PLQY of 51% compared to the pristine 

PbSe NPLs. (d−f) TEM images of pristine, CdI2 treated, and PbI2 treated PbSe 

NPLs. (g) PLQYs for surface treated PbSe NPLs shown in (a−c). The effect of metal 

halide treatment is depicted by the colored bars with respect to the pristine PbSe 

NPLs. PbI2 treatment results in the highest PLQY. 

 

The as-synthesized PbSe NPLs are capped with oleate (X-type) and octylamine 

(L-type) ligands (see Figure S3.1 for ATR-FTIR spectroscopy), exhibit a cubic rock-

salt crystal structure (see Figure S3.2a for powder X-ray diffraction), and exhibit a 

PL maximum at 1.36 eV (912 nm). The metal halide surface treatment in all cases 

is accompanied by a bathochromic shift of the PL maximum, with its extent 
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strongly depending on the halide introduced (see Figure 3.1). The smallest 

bathochromic shift occurs for metal iodide treatments and increases gradually 

when using metal bromides, chlorides, and fluorides, which results in the largest 

shifts. This trend is in line with work performed by BEDERAK et al. for thin films of 

colloidal PbS NCs, who attribute the increasing bathochromic shift of the NCs PL 

to a ligand-dependent loss of quantum confinement in the NCs.17 This gets 

apparent when considering the electronegativity of the halides. Halides with higher 

electronegativity reduce the electron density within the NPLs and hence decrease 

their quantum confinement. Note that the bathochromic shift of 368 meV 

(338 nm) for the CdCl2 surface treatment in this work is larger compared to results 

previously shown by KLEPZIG et al. (78 meV (65 nm); see Figure S3.3).36 We ascribe 

this difference to the elevated temperature present during the treatment step (35°C 

compared to 0°C), which causes a higher replacement rate of oleate by chloride on 

the NPL surface. The larger share of chloride on the NPL surface, in turn, results 

in a more strongly decreased quantum confinement as with oleate ligands and 

hence causes a larger bathochromic shift of the PL maximum. This can be further 

understood by considering the temperature dependence of the acid-base 

equilibrium between octylamine and oleic acid with elevated temperatures shifting 

the equilibrium away from the oleate and promoting a binding of chloride to the 

NPL surface.42 

Because of solubility difficulties, CdF2 was the only fluoride used for surface 

treatment (see Figure 3.1b). However, we expect the trend observed with CdF2 to 

be similar for ZnF2 and PbF2.17 

Figure 3.1d−f shows transmission electron microscopy (TEM) images of pristine, 

CdI2 treated, and PbI2 treated PbSe NPLs with PL at 1.36 eV (910 nm), 1.25 eV 

(989 nm), and 1.31 eV (942 nm), respectively (associated size distributions are 

shown in Figure S3.4). Pristine PbSe NPLs exhibit a length and width of 

(4.9 ± 0.9) × (2.7 ± 0.5) nm2, which corresponds to an aspect ratio of 1:1.8. Upon 

their surface treatment the NPLs tend to show slight size growth 

((5.1 ± 1.3) × (3.0 ± 0.6) nm2 for PbI2 treatment) and the aspect ratio decrease 

(1:1.6 for PbI2 treatment). We ascribe the size increase to the newly introduced 

layer of inorganic metal halide ligands. To preclude a further growth of the PbSe 

NPLs upon addition of PbX2, the PbSe NPLs were precipitated and purified three 

times from unreacted precursors prior to their surface treatment. Additionally, in 
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the case of CdX2, the formation of a CdSe shell is not expected at a low treatment 

temperature of 35°C. However, we attribute the decreased aspect ratio to self-

reconstruction processes of the PbSe NPLs during the surface treatment, which are 

facilitated by the higher temperature compared to the 0°C used for pristine PbSe 

NPLs.13,45 PbSe NPLs exhibit a thickness of 0.8 ± 0.1 nm, as has been determined 

by KLEPZIG et al. via TEM.36 Correlating the energy of the first excitonic transition 

to the lateral size of the NPLs reveals their additional confinement due to their 2D 

structure compared to spherical PbSe NCs (see Figure S3.5). However, it should be 

noted that the NPLs exhibit strong confinement in all three dimensions due to the 

large exciton BOHR radius of PbSe (46 nm).46 

Figure 3.1g shows the PLQY of metal halide treated PbSe NPLs compared to the 

PLQY of pristine PbSe NPLs. The error bars represent fluctuations on the PLQY of 

several PbSe NPL batches prepared with the same synthetic parameters. Similar to 

the relative PL intensity compared to the pristine PbSe NPLs and PL position, we 

observe a strong influence of the metal halide treatment on the PLQY of the PbSe 

NPLs. Generally, PLQY values increase from metal fluoride to metal iodide treated 

NPLs, with CdF2 roughly halving the initial PLQY value of the NPLs and PbI2 

doubling the PLQY of pristine NPLs. We assume this stems from partial X-type 

ligation of halide anions to surface Pb2+ cations based on the concept of hard and 

soft acids and bases (HSAB). Accordingly, the soft Pb2+ cation preferably interacts 

with the soft iodide, resulting in the highest degree of surface passivation and 

associated average PLQY of 51%. However, the HSAB principle fails to explain the 

difference between different metal iodides MI2 and suggests that X-type binding of 

iodide to undercoordinated Pb surface sites is not the only process active for the 

PLQY increase. Metal halides can also act as Z-type ligands binding to 

undercoordinated selenium surface sites via the metal cation.10,15 Notably, results 

for the PbX2 treatment generally result in the highest PLQYs for the respective 

halide and are in good agreement with work by PURCELL-MILTON et al.47 The 

authors find CdX2 to lead to the highest PLQYs for a surface treatment of CdSe 

quantum dots (QDs) and state the importance of using a metal halide with a metal 

cation already present on the surface for surface treatment. 

To address the question of the metal halide ligand binding to the PbSe NPL 

surface, we perform X-ray photoelectron spectroscopic (XPS) measurements for 

pristine and metal halide treated PbSe NPLs. Additionally, we conducted surface 
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treatment with organic halides. Because of steric hindrance, the organic halides act 

as X-type ligands via the halide anions, as opposed to the metal halides with their 

Lewis acidic character, which can bind to the NPLs by Z-type ligation. 

3.4.2 Study of the Metal Halide Ligand Binding Type 

Figure 3.2a,b shows XPS data of the Pb-4f and Se-3d core levels of pristine as well 

as CdCl2, CdI2, and PbI2 treated PbSe NPLs. The data are used to determine the 

binding energies of the different atomic species present in the NPLs. 

 

 

Figure 3.2. XPS spectra of the Pb-4f (a) and Se-3d (b) core levels of pristine as 

well as CdCl2, CdI2, and PbI2 treated PbSe NPLs. (a) The Pb-O2CR signal (red) 

becomes gradually less pronounced in MX2 treated NPLs and indicates a successful 

replacement of oleates by halides on the NPLs surface. (b) The less intensive Se 

signals are broadened for the CdX2 treatment compared to the pristine and PbI2 

treated PbSe NPLs and indicate a change in the chemical environment of the 

selenium ascribed to Z-type binding. 
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All components are fitted by a symmetric VOIGT function (convolution of 

LORENTZIAN and GAUSSIAN distribution). The spin-orbit doublet between 135 and 

145 eV is attributed to Pb2+, contains the 4f7/2 and 4f5/2 signals, and is fitted by three 

components in total (see Figure 3.2a). The lowest energy component at 136.7 ± 0.4 

and 141.4 ± 0.2 eV (orange) is ascribed to metallic Pb, which can be formed by 

X-ray photolysis during the XPS measurement of Pb in the presence of halides.48 

Consequently, we evaluate this signal with caution and focus on the higher 

energetic components at 137.8 ± 0.2 and 142.7 ± 0.2 eV (blue) as well as 

138.6 ± 0.1 and 143.5 ± 0.1 eV (red). The binding energies of these components are 

in excellent agreement with values reported by PETERS et al. and SYKORA et al. for 

PbSe NCs and are therefore assigned as follows.49,50 The medium binding energy 

peak at 137.8 ± 0.2 and 142.7 ± 0.2 eV (blue) is attributed to core Pb2+ bound to 

Se2-. The high-energy peak at 138.6 ± 0.1 and 143.5 ± 0.1 eV (red) is assigned to 

Pb2+ bound to oleate (Pb-O2CR).49,50 Accordingly, we find the Pb-O2CR component 

(red) to be far less pronounced in the metal halide treated NPLs compared to the 

pristine NPLs, which shows the X-type ligand exchange of oleates by halides upon 

the surface treatment. Additionally, the expression of the Pb-O2CR component 

gradually decreases from the CdCl2 treatment over the CdI2 treatment to the PbI2 

treatment and indicates an increasing X-type ligand replacement of oleates bound 

to Pb2+ by halides in this experimental series. While oleates cannot sufficiently 

passivate the NPLs surface due to steric repulsion between the long-chained 

organic ligands, halides can cover a higher proportion of the surface. A higher share 

of halides replacing the oleates thus causes an efficient passivation of the NPL 

surface. This is also reflected in and strongly supported by the PLQY measurements 

of the treated PbSe NPLs (PbI2 > CdI2 > CdCl2; see Figure 3.1f). 

The spin-orbit doublet between 52 and 56 eV is attributed to Se2- and contains a 

3d5/2 and 3d3/2 signal (see Figure 3.2b). The two features of the doublet are located 

at 53.6 ± 0.2 eV (Se 3d5/2) and 54.4 ± 0.2 eV (Se 3d3/2). On the basis of previously 

reported values, the signals are assigned to Se2- bound to Pb2+.49−51 Generally, the 

Se2- signals are broader for CdCl2 and CdI2 surface treatment compared to the 

pristine and PbI2 treated NPLs. We assume this broadening is caused by a change 

in the chemical environment of Se2- due to a Z- type binding of CdCl2 and CdI2 to 

Se2-. A Z-type binding of PbI2 to Se2- does not result in broader features of the 

selenium doublet because Pb2+ is the inherent cation bound to Se2- in any case, 
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regardless of the surface treatment applied. To further investigate whether a Z-type 

ligation is needed to achieve enhanced optical properties in PbSe NPLs, a surface 

treatment of pristine PbSe NPLs with tetrabutylammonium halides (e.g., TBAI) is 

performed. An exemplary absorbance and PL spectrum for TBAI treated PbSe 

NPLs is shown in Figure S3.6. We find that unlike in the passivation with metal 

halides, a surface treatment of PbSe NPLs with organic halides leads to a 

deterioration of the optical properties of pristine NPLs and to a drastic 

bathochromic shift of their PL maximum (from 1.36 eV (912 nm) to 0.95 eV 

(1305 nm); see Figure S3.6). This indicates that a treatment with X-type binding 

exclusively is not sufficient to passivate the NPLs surface, and Z-type ligation is 

required, too. Notably, this is in line with previous reports for CdSe NCs showing 

that (L-promoted) Z-type ligand removal is accompanied by a PL decrease.10,52,53 

Combining the XPS data (see Figure 3.2) and the optical spectroscopy results (see 

Figure 3.1 and Figure S3.6), we conclude that both X-type ligation of X- to Pb2+ and 

Z-type ligation of MX2 to Se2- are responsible and needed to obtain an efficient 

photoluminescence enhancement in PbSe NPLs. 

3.4.3 Optical Properties of PbI2 Treated PbSe NPLs 

Figure 3.3a,b shows the absorption and photoluminescence spectra of larger 

((6.0 ± 0.9) × (4.0 ± 0.4) nm2) and smaller ((4.9 ± 0.9) × (2.7 ± 0.5) nm2) pristine 

and PbI2 treated PbSe NPLs (see Figure S3.2b,c and Figure S3.4 for TEM images 

and size histograms) in comparison. The larger NPLs exhibit excitonic absorbance 

at 1.28 eV (967 nm) with an associated PL maximum at 0.98 eV (1265 nm; see 

Figure 3.3a). The optical features do not shift upon PbI2 surface treatment. We 

assume the lack of a bathochromic shift of the optical features is caused by a 

comparatively lower influence of the iodide on the confinement in larger NPLs 

compared to smaller ones. Figure 3.3b shows the smaller NPLs: here, the pristine 

NPLs exhibit excitonic absorbance at 1.49 eV (832 nm) with an associated PL 

maximum at 1.30 eV (953 nm). The optical features of the small PbI2 treated NPLs 

are shifted to lower energies with absorbance at 1.41 eV (879 nm) and PL at 1.25 eV 

(989 nm) (see Figure S3.7 for the determination of the absorbance maxima). 
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Figure 3.3. Optical properties of pristine and PbI2 treated PbSe NPLs emitting at 

(a) 0.98 eV (1265 nm) with no bathochromic shift upon PbI2 treatment and (b) 

1.30 eV (953 nm) and 1.25 eV (989 nm). A treatment with PbI2 results in a 

narrowed PL, sharpened absorbance features, and increased PLQYs. *The signals 

at 0.81 and 1.03 eV are caused by the solvents and are present in all measurements. 

 

The respective positions correspond to STOKES shifts of 300 meV for larger NPLs, 

190 meV for smaller pristine NPLs, and 160 meV for smaller PbI2 treated NPLs. In 

PbS NCs the STOKES shift is directly proportional to the extent of the quantum 

confinement.54−56 Here, we find the PbSe NPLs’ STOKES shifts are smaller 

compared to those of small PbSe NCs (560 meV, d = 1.1 nm)57 and PbS NCs 

(525 meV, d = 1 nm),58 as the NPLs are strongly confined in their thickness 

dimension mainly. For the smaller pristine NPLs, we observe a decreased STOKES 

shift after the PbI2 surface treatment (190 to 160 meV), which is in line with the 

bathochromic shift of absorbance and PL due to a decreased quantum confinement 

in the NPLs caused by the electronegativity of the iodide introduced to the 

surface.17 We assume the increased STOKES shift for the larger NPLs (300 meV) is 

caused by a higher lateral polydispersity ((6.0 ± 0.9) × (4.0 ± 0.4) nm2), which has 

previously been associated with a larger STOKES shift in polydisperse PbS NC 

ensembles.59 The PLQY of the large PbSe NPLs (see Figure 3.3a) increases from 1% 

to 27% upon PbI2 surface treatment. Note that larger PbSe NPLs emitting at 

0.98 eV (1265 nm) reach their maximum PLQY after being stirred under surface 

treatment conditions for 72 h, while the smaller PbI2 treated PbSe NPLs emitting 

at 1.30 eV (953 nm) reach their maximum PLQY value after 40 min under 

treatment conditions (after 40 min the larger PbSe NPLs exhibit a PLQY of 18% 

(Figure S3.8)). We ascribe the time difference for surface passivation to a higher 
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share of surface-bound ligands compared to edge- or ledge-bound ligands in larger 

NPLs, which have shown to have higher binding strength.6 For smaller NPLs, the 

relative PLQY increase is less drastic (51% to 61%) after surface treatment, and we 

additionally observe a stronger pronounced excitonic absorbance after the surface 

treatment (Figure 3.3b). The obtained PLQY values are in line with the effect of 

NCs and NPLs with a larger band gap exhibiting a lower PLQY, which is explained 

by the “energy gap law”.60 Accordingly, a transition between two electronic states 

shows an exponential dependence on the energy difference, meaning that decay 

rate 𝑘gap increases as the energy gap ∆𝐸 decreases. 

 

𝑘gap = 𝑘gap
0 𝑒−𝛼∆𝐸 (Eq. 3.1) 

 

with 𝑘gap
0  and 𝛼 being arbitrary constants. This universal correlation has been 

previously observed in PbS and PbSe NPLs.36,60 

Besides the PLQY increase, the PbI2 surface treatment causes a decrease in full 

width at half-maximum (fwhm) of the PL by 10% (see Figure 3.3a, 173 to 154 meV, 

and Figure 3.3b, 235 to 213 meV). 

Figure 3.4 shows the multichannel scaling (MCS) lifetime (LT) measurements of 

metal halide treated PbSe NPLs. 

 

 

Figure 3.4. MCS PL lifetime measurements of pristine, CdI2 treated, and PbI2 

treated PbSe NPLs, taken at each PL maximum (see Table 3.1). All PL LT were fitted 

by a monoexponential decay and show slightly shorter lifetimes after the treatment 

and an accompanying bathochromic shift of the PL. 
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The measurements are collected at each PL maximum and fitted 

monoexponentially as summarized in Table 3.1. 

 

Table 3.1. Summary of the optical properties of the MCS photoluminescence 

Lifetime measurements shown in Figure 3.4. 

sample PL position PLQY lifetime τ 

pristine 1.39 eV (890 nm) 39% 2.36 ± 0.06 µs 

CdI2 treated 1.24 eV (1000 nm) 18% 1.99 ± 0.03 µs 

PbI2 treated 1.30 eV (955 nm) 64% 2.19 ± 0.02 µs 

 

The PL lifetimes of PbSe NPLs are in the microseconds range, slightly longer than 

reported lifetimes for PbSe NCs (∼100−1000 ns) and similar to literature reports 

on PbSe NPL PL lifetimes.22,50,61,62 In contrast to results in our previous work on 

the synthesis of PbSe NPLs, we find a monoexponential decay of the PbSe NPL 

photoluminescence lifetime, which has been observed before for PbSe NCs.22,36,63,64 

We ascribe this trend to the already increased PLQY values of our pristine PbSe 

NPLs (15% at 1.26 eV (985 nm) previously and 39% at 1.39 eV (890 nm) in this 

work) caused by slight synthesis adjustments including upscaling of the reaction 

and multiple precipitation steps (see the Experimental Section). Because of these 

adjustments, the PL spectra of the obtained PbSe NPLs can be fitted by a single 

GAUSSIAN, rather than the sum of two GAUSSIANS, ascribed to two emissive states,36 

and the PL lifetime decays monoexponentially within our measurement window. 

The MCS photoluminescence lifetime analysis shows that the PL lifetime of PbSe 

NPLs remains similar even after the metal halide treatment. The slight decrease of 

the PL lifetime from 2.36 μs over 2.19 and 1.99 μs for the PbI2 and CdI2 treated 

NPLs, respectively, can be explained by the bathochromic shift and the energy gap 

law contribution in NPLs with a smaller band gap described above. We assume the 

increase of the PLQY in metal halide treated PbSe NPLs is caused by a reduced 

contribution of nonradiative recombination processes in the surface treated 

samples. We note that the MCS method for determining PL lifetimes has a rather 

broad time resolution of ∼10 ns, which lacks temporal covering of the fast (non-

radiative) recombination processes. Ultrafast spectroscopic studies on PbSe NPLs 

are therefore currently underway. 
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3.5 Conclusion 

We have studied the surface treatment of colloidal pristine 2D PbSe NPLs with 

different metal halides MX2. Treating the PbSe NPLs with PbI2 results in a strongly 

enhanced photoluminescence quantum yield from 1% to 27% for a PL at 0.98 nm 

(1265 nm) and 51% to 61% at 1.25 eV (989 nm), which renders PbSe NPLs highly 

efficient NIR emitters. XPS analysis shows that the enhancement of the PLQY can 

be ascribed to both X-type ligation of halides to Pb2+ and Z-type ligation of MX2 to 

Se2- on the NPLs’ surface. Our results underline the great potential of 2D PbSe 

NPLs for optoelectronic applications in the fiber-optics-relevant tele-

communication window. 
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3.7 Supporting Information 

 

 

Figure S3.1. ATR-FTIR spectrum of pristine PbSe NPLs. The absence of a broad 

O-H stretching vibration centered around 3000 cm-1 and a strong (C=O)asym. 

stretching vibration at 1710 cm-1 (red) that are characteristic for pure oleic acid 

indicate that oleic acid is bound to the NPLs surface as oleate (X-type binding).1 

Due to the overlap of oleate and octylamine bands distinguishing both species in 

the IR spectrum is difficult. However, we expect octylamine to be present on the 

NPLs’ surface as an L-type ligand, because of its crucial role in tuning the size of 

the PbSe NPLs.2 
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Figure S3.2. (a) Powder X-ray diffraction (PXRD) of pristine PbSe NPLs emitting 

at 0.95 eV (1311 nm) and exhibiting a cubic rock salt crystal structure (PDF card 

01-077-0245). (b) TEM image of the PbSe NPLs used for the PXRD. (c) Size 

histogram of the PbSe NPLs measured in (a) and shown in (b). 

 

 

Figure S3.3. PL spectra of pristine and CdCl2 treated PbSe NPLs synthesized at 

35°C (shown in Figure 3.1b of the main manuscript) and 0°C treatment 

temperature (KLEPZIG et al.2). The increased bathochromic shift for a surface 

treatment at 35°C (368 meV (338 nm)) is ascribed to a higher replacement rate of 

oleate by chloride on the NPL surface at the elevated temperature and a resulting 

decreased quantum confinement caused by the electronegativity of chloride. 
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Figure S3.4. Size histograms of the pristine and metal halide treated PbSe NPLs 

shown in the TEM images in Figure 3.1. The same samples are used for the XPS 

measurements shown in Figure 3.2. 
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Figure S3.5. Correlation between the first excitonic transition and lateral size of 

the NPLs averaged over their x- and y-length as determined by TEM images. The 

red squares and the brown line represent data and an empirical fit for PbSe NPLs 

published by KLEPZIG et al.,2 while the black line is a fit for PbSe NCs published by 

DAI et al.3 Synthesized PbSe NPLs in this work (blue squares) exhibit significantly 

stronger confinement compared to spherical NCs due to their 2D structure and 

slightly higher energy values compared to results by KLEPZIG et al. The minor 

increase may be related to the increased aspect ratios (1:1.3 to 1.8 compared 1:1.1 

to 1.2 in this work) effecting the lateral confinement in the NPLs. 

 

 

Figure S3.6. Optical properties of pristine and TBAI treated PbSe NPLs. The 

TBAI treatment causes a bathochromic shift of the PL by 410 meV (from 1.36 eV 

(912 nm) to 0.95 eV (1305 nm)), a broadening of the PL and a decrease in PLQY 

from 21.3 % to 11.1 % after the treatment. This supports our assumption that X-type 

ligation alone is not sufficient to achieve enhanced optical properties. 
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Figure S3.7. Determination of the absorbance maxima of the PbI2 treated PbSe 

NPLs shown in Figure 3.3. The absorbance maxima were determined via the local 

minimum of the 2nd derivate. Before calculating the 2nd derivate, the raw data was 

smoothed with a LOESS (locally estimated scatterplot smoothing) plot. 

 

 

Figure S3.8. Optical properties of large pristine and PbI2 treated PbSe NPLs 

emitting at 0.97 eV (1272 nm) after a surface treatment time of 40 min and 

corresponding to the data shown in Figure 3.3a. 
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4 Solving the Synthetic Riddle of Colloidal Two-

Dimensional PbTe Nanoplatelets with Tunable Near-

Infrared Emission 

 

The following chapter covers the development of the first direct synthesis of 

colloidal 2D PbTe NPLs by using a highly reactive aminophosphine precursor. The 

PbTe NPLs exhibit tunable NIR PL (910–1460 nm) with QYs up to 15% and 

represent the previsouly missing final piece in the group of colloidal 2D PbX NCs. 

 

The results presented here have been published in Chem. Mater. 2024, 36 (15), 

7197–7206. For details about the author contributions see Chapter B. 
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4.1 Abstract 

Near-infrared emitting colloidal two-dimensional (2D) PbX (X = S, Se) 

nanoplatelets (NPLs) have emerged as interesting materials with strong size 

quantization in the thickness dimension. They act as model systems for efficient 

charge carrier multiplication and hold potential as intriguing candidates for fiber-

based photonic quantum applications. However, synthetic access to the third 

family member, 2D PbTe, remains elusive due to challenging precursor chemistry. 

Here, we report a direct synthesis for 2D PbTe NPLs with tunable 

photoluminescence [PL, 910–1460 nm (1.36–0.85 eV), PL quantum yields 1–15%], 

based on aminophosphine precursor chemistry. Ex situ transamination of 

tris(dimethylamino)phosphine telluride with octylamine is confirmed by 31P 

nuclear magnetic resonance and yields a reactive tellurium precursor for the 

formation of 2D PbTe NPLs at temperatures as low as 0°C. The PL position of the 

PbTe NPLs is tunable by controlling the Pb/Te ratio in the reaction. Grazing-

incidence wide-angle X-ray scattering confirms the 2D geometry of the NPLs and 

the formation of superlattices. The importance of a postsynthetic passivation of 

PbTe NPLs by PbI2 to ensure colloidal stability of the otherwise oxygen-sensitive 

samples is supported by X-ray photoelectron spectroscopy. Our results expand and 

complete the row of lead chalcogenide-based 2D NPLs, opening up new ways for 

further pushing the optical properties of 2D NPLs into the infrared and toward 

technologically relevant wavelengths. 

4.2 Introduction 

In pursuit of small band gap colloidal semiconductors to cover absorption and 

emission beyond visible wavelengths, two-dimensional (2D) lead chalcogenide 

nanosheets (NSs) and nanoplatelets (NPLs) have attracted considerable attention 

as candidates for solution processable optoelectronics.1−5 The materials exhibit 

tunable optical properties, determined primarily by their quantum-confined 

thickness, which span near-infrared wavelengths [NIR, 750−1400 nm 

(1.65−0.89 eV)] and reach up to the short-wavelength infrared [1400−3000 nm 

(0.89−0.41 eV)].6−10 Access to these spectral windows is desirable for fiber optic 

applications, as glass fibers exhibit negligible optical attenuation in this range.11 

The strong vertical confinement in the 2D geometry of NSs and NPLs gives rise to 

interesting photophysics, for example, efficient charge carrier multiplication (up to 
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90% for 4 nm thick PbS NSs, which means that almost all excess photon energy is 

converted into additional electron-hole pairs),12 thickness dependent RASHBA-type 

spin-orbit coupling,13 and highly mobile charge carriers (550−1000 cm2V-1s-1 for 

PbS NSs with a thickness of 4−16 nm).14 Consequently, colloidal 2D lead 

chalcogenides are intriguing as active materials in solar cells,3 photodetectors,2 and 

field effect transistors15 and have received increasing attention in the realm of 

single photon emission, which is highly desirable for fiber-based photonic 

quantum technologies operating at telecommunication wavelengths.16,17 

Noteworthy, PbTe in particular has additionally been thoroughly investigated as 

an intermediate-temperature thermoelectric material (bulk figure of merit ZT of 

0.4−0.45 at 300 K) and PbTe quantum wells grown via molecular beam epitaxy 

have shown Z2DT > 1.2 due to the high density of states in the 2D geometry.18,19 

However, the colloidal synthesis of 2D lead chalcogenide NSs and NPLs is 

challenging since anisotropic crystal growth has to be realized for materials with 

an isotropic crystal structure [rock salt for PbX (X = S, Se, Te)].1,20−22 While there 

are several ways to synthesize PbS NPLs10,23 and NSs,1,4,20,24 the selenium, and 

especially tellurium, analogues are far less accessible compared to PbS. Syntheses 

of 2D PbS and PbSe NPLs are commonly conducted in amine solvents  

(e.g., n-octylamine) at comparatively low reaction temperatures (0−40°C). With 

these methods, the organometallic precursors can nucleate within soft lamellar 

amine bilayer templates supporting the 2D growth toward NPLs.20 Following this 

approach, the limited synthetic access to PbSe and PbTe NPLs is presumably 

partially caused by a limited variety of precursors, which are sufficiently reactive at 

low temperatures, combined with a typically low stability of the final NPL product 

under ambient conditions. In addition to autoclave syntheses of PbTe NSs (with a 

thickness between 20 and 80 nm) by ZHU et al.25 and PbSe/PbTe micropeonies 

composed of NPLs by JIN et al.,26 CHATTERJEE and BISWAS27 have synthesized 

PbmBi2nTe3n+m NSs with a thickness of a few nanometers via a solution-based 

method. However, to the best of our knowledge, to date, no direct colloidal 

synthesis of ultrathin and optically active 2D PbTe NPLs has been reported. 

Concerning the precursor chemistry, thiourea and selenourea as well as their 

substituted derivates have been thoroughly studied in the context of nanocrystal 

syntheses and have been successfully used, among other chalcogen sources, for the 

direct low-temperature synthesis of PbS and PbSe NPLs, respectively.6,20,28,29 
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MORRISON et al. obtained 1 nm thick PbS quantum platelets using thiourea as a 

sulfur source at 40°C and established the lamellar mesophase template mechanism 

for the formation of the platelets.20 Similarly, our group has recently applied 

selenourea to directly synthesize PbSe NPLs at 0°C with efficient NIR emission  

[PL quantum yields (PLQY) up to 61% for PL at 989 nm (1.25 eV) and 27% for PL 

at 1265 nm (0.98 eV)].6,9 However, reports on tellurourea and its derivates are 

scarce since it is prone to detelluration and is light as well as moisture sensitive and 

hardly soluble in low-polarity organic solvents due to elaborate aromatic carbene 

ligands being required to stabilize the C=Te bond.30 Consequently, a different 

precursor chemistry is needed for the synthesis of PbTe NPLs. A common telluride 

source is trioctylphosphine telluride (TOP-Te), which has been used by IZQUIERDO 

et al. to synthesize NIR emitting HgTe NPLs [PLQY of 10% at 880 nm (1.41 eV) 

with 40 nm (57 meV) fwhm via cation exchange from CdTe NPLs].31 However, 

TOP-Te lacks reactivity at the low temperatures required to synthesize 2D PbTe 

NPLs via a soft template mechanism.32−34 SUN et al. have used 

tris(dimethylamino)phosphine telluride as a more reactive alternative to well-

established TOP-Te sources for the synthesis of CdTe NPLs, (CdTe)13 nanoclusters 

and CdTe nanowires and concluded that transaminated derivates are the actual 

reactive tellurium source in primary amine solvents.32 

Here, we adapt aminophosphine precursor chemistry to present a 

straightforward synthesis for colloidal 2D PbTe NPLs with tunable near-infrared 

PL [910−1460 nm (1.36−0.85 eV), PLQY 1−14%] by using lead oleate and 

transaminated tris(dimethylamino)phosphine telluride at low reaction 

temperatures of 0°C. The colloidal stability of the as-synthesized PbTe NPLs is 

increased by quenching the reaction and passivating the NPLs surface with lead 

iodide in one step. 
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4.3 Experimental Section 

4.3.1 Chemicals 

Acetonitrile (≥ 99.5%), chloroform-d (CDCl3, 99.8 atom % D), isopropanol 

(≥ 99.5%), lead(II) oxide (≥ 99.99%), methanol (≥ 99.8%), n-octylamine (99%), 

tellurium powder (30 mesh, 99.99%), tetrachloroethylene (TCE, ≥ 99%), 

triethylamine (≥ 99%), trifluoroacetic acid (99%), trifluoracetic anhydride 

(≥ 99%), and tris(dimethylamino)phosphine [P(N(CH3)2)3, 97%] were purchased 

from SIGMA-ALDRICH/MERCK. n-Hexane (97%) was purchased from ACROS 

ORGANICS. Lead(II) iodide (99.99%) was purchased from ALFA AESAR. Oleic acid 

(90%) was purchased from ABCR. n-Octylamine and oleic acid were degassed by 

the freeze-pump-thaw method three times prior to being stored and used inside a 

nitrogen-filled glovebox. All other reagents were directly used as received from the 

listed suppliers. 

4.3.2 Preparation of the Lead Oleate Precursor 

Lead oleate was synthesized following an established procedure by 

HENDRICKS et al.28 Accordingly, lead(II) oxide (10 g, 44.8 mmol) was dispersed in 

acetonitrile (20 mL) at 0°C; trifluoroacetic anhydride (6.2 mL, 44.8 mmol) and 

trifluoroacetic acid (0.7 mL, 9.1 mmol) were added, and after 15 min at 0°C, the 

clear solution was allowed to heat to room temperature. In a separate flask, oleic 

acid (90%, 25.4 g, 81 mmol), triethylamine (14.1 mL, 101 mmol), and isopropanol 

(180 mL) were mixed. Upon combining the two solutions, lead oleate was 

immediately obtained as a white precipitate. After recrystallization from 

isopropanol and generous washing with methanol, the lead oleate was dried under 

reduced pressure and stored under inert gas conditions (N2) at -25°C. A stock 

solution (0.5 M) of lead oleate (2.31 g, 3.00 mmol) in n-octylamine (6.0 mL) was 

prepared and stored inside a nitrogen-filled glovebox and used for multiple 

PbTe NPL syntheses (within up to one month). 

4.3.3 Preparation of the Aminophosphine Telluride Precursor 

The aminophosphine telluride precursor preparation was adapted from 

SUN et al.32 with the major difference that an ex situ transamination of 

tris(dimethylamino)phosphine with n-octylamine was performed prior to the 

PbTe NPL synthesis. A precursor stock solution (0.5 M) was prepared by heating a 
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stirred mixture of tellurium powder (255 mg, 2.00 mmol), tris(dimethylamino)-

phosphine (2 mL, 11.0 mmol), and n-octylamine (2 mL, 12.1 mmol) to 100°C for 

3 h under inert gas conditions. Subsequently, the ocher colored solution was 

filtered using a polytetrafluoroethylene syringe filter (pore size 0.2 μm), allowed to 

cool to room temperature, and used for multiple PbTe NPL syntheses (within up to 

2 weeks). 

4.3.4 Preparation of Lead Iodide Surface Passivation 

A lead iodide stock solution (0.1 M) for quenching and passivating crude 

PbTe NPLs was prepared by dissolving lead iodide (461 mg, 1.00 mmol) in 

n-octylamine (7.87 mL, 47.5 mmol) and oleic acid (2.13 mL, 6.75 mmol) at 35°C for 

1 h under stirring inside a nitrogen-filled glovebox. 

4.3.5 PbTe NPL Synthesis 

In a 5 mL round-bottom flask, 0.4 mL of the lead oleate precursor solution 

described above was diluted in hexane (3.6 mL) and cooled to 0°C under stirring. 

Subsequently, 0.2 mL of the aminophosphine telluride precursor solution was 

rapidly injected, causing the colorless solution to turn light brown. After a reaction 

time of 30 min, the increasingly dark mixture was quenched by injecting 2 mL of 

the lead iodide solution and diluted with hexane (6 mL). The passivated PbTe NPLs 

were stored at -25°C inside a nitrogen-filled glovebox and used for further 

experiments without precipitation. 

4.3.6 NIR and UV-Vis-NIR Absorbance Spectroscopy 

All samples for optical spectroscopy were prepared by diluting the colloidal PbTe 

NPLs in TCE (2.5 mL) in a quartz cuvette [quartz glass high-performance QS 

200−2500 nm (6.20−0.5 eV) by HELLMA] with a path length of 1 cm [optical 

density below 0.2 at 500 nm (2.48 eV)]. NIR PL spectra were acquired by using an 

EDINBURGH FLS 1000 UV (ultraviolet)-vis (visible)-NIR PL spectrometer and a PTI 

QUANTAMASTER QM4 spectrofluorometer. The EDINBURGH FLS 1000 UV-vis-NIR 

spectrometer is equipped with a 450 W ozone-free xenon arc lamp for excitation. 

PL was monitored using a liquid-nitrogen-cooled InGaAs NIR photomultiplier 

tube 1650 detector from EDINBURGH. The PTI QUANTAMASTER QM4 

spectrofluorometer is equipped with a 75 W steady-state xenon short arc lamp for 

excitation. PL was monitored by using a liquid-nitrogen-cooled PTI P1.7R detector 
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module (HAMAMATSU PMT R5509-72). To avoid higher order excitation light, a 

RG780 long pass filter glass plate (thickness = 3 mm) was used in the emission 

path. Spectral selection was achieved by single grating monochromators 

(excitation: 1200 grooves/mm, 300 nm blaze; NIR emission: 600 grooves/mm, 

1200 nm blaze). PL spectra were collected by exciting PbTe NPLs at 500 nm 

(2.48 eV). Absolute PLQYs were determined with the FLS1000 spectrometer using 

an integrating sphere. For this, scattering at 500 nm (2.48 eV) and PL in the NIR 

region of both, the pure solvent and the NPLs, were separately measured, 

considering the sensitivity difference of both detectors with a correction factor. 

Multichannel scaling (MCS) PL lifetime analysis was performed with the FLS 1000 

spectrometer equipped with a picosecond pulsed diode laser [pulse width of 110 ps 

at 445.1 nm (2.79 eV)] from EDINBURGH INSTRUMENTS. 

Vis-NIR absorbance spectra were collected by using a CARY 5000 

spectrophotometer from AGILENT TECHNOLOGIES. 

4.3.7 High-Resolution Transmission Electron Microscopy 

High resolution transmission electron microscopy (HRTEM) images were 

obtained using a JEOL ARM 200F equipped with a CETCOR aberration corrector 

operating at 80 kV. Samples for TEM analysis were prepared by drop casting the 

colloidal PbTe NPL solution onto graphene-coated QUANTIFOIL grids acquired from 

GRAPHENEA. The dry samples were washed with hexane. 

4.3.8 Powder X-ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were measured in BRAGG-BRETANO 

geometry with a BRUKER D8 ADVANCE equipped with a Cu Kα1 source operating at 

40 kV and 30 mA. For measuring diffractograms, colloidal PbTe NPL solutions 

were prepared by drop casting onto single crystal silicon sample holders. 

4.3.9 Grazing-Incidence Wide-Angle X-ray Scattering 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) data were obtained at 

the P03 beamline of the PETRA III synchrotron facility at an incidence angle of 

0.4° with an X-ray photon energy of 11.875 keV. The diffraction data were recorded 

with a LAMBDA 9 M detector placed 205 mm behind the sample. The samples were 

prepared by drop casting the colloidal PbTe NPL solution onto silicon wafers 

(5 mm × 5 mm, p-type doped with boron, ⟨100⟩ surface, purchased from PLANO). 
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4.3.10 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) measurements were conducted with a 

BRUKER AVANCE III HDX 400 instrument with a frequency of 400 MHz. Samples 

were prepared by filtering each specimen through a polytetrafluoroethylene 

syringe filter (pore size 0.2 μm) and diluting in dry chloroform in an NMR tube 

inside a nitrogen-filled glovebox. Spectra were analyzed using BRUKER TOPSPIN 

4.2.0 software. The residual solvent peak of chloroform-d (7.26 ppm) was used as 

an internal reference for the 1H spectra. The 31P spectra were measured with proton 

decoupling and indirectly referenced to the 1H NMR frequency of the same sample 

using the “xiref”-function of BRUKER TOPSPIN 4.2.0. 

4.3.11 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) data were collected using a PHI 5000 

VERSAPROBE III instrument from ULVAC-PHI. The spectra were obtained with an 

aluminum X-ray source (Al Kα = 1486.6 eV) operating at 24.4 W with a beam 

diameter of 100 μm. Survey spectra were measured with a pass energy of 224 eV; 

high-resolution spectra were acquired with a pass energy of 27 eV. Charging effects 

were accounted for by setting the C 1s peak of sp3 carbon to 284.4 eV. The samples 

for XPS analysis were prepared by drop casting the colloidal PbTe NPL solution 

onto a silicon wafer from PLANO and drying under a vacuum overnight. 

4.4 Results and Discussion 

4.4.1 Tunable Optical Properties of PbTe NPLs 

Figure 4.1a−c includes HRTEM images of PbTe NPLs with three different lateral 

size distributions (corresponding size histograms are depicted in Figure S 4.1; 

typical TEM images used for determining the size are shown in Figure S 4.2). The 

majority of NPLs resemble a rectangular shape with rounded edges with 

occasionally more irregular shapes as well. Their crystal phase is determined by 

selected area electron diffraction (SAED, see Figure 4.1d) and PXRD  

(see Figure 4.1e). The SAED pattern is composed of the characteristic diffraction 

peaks of the cubic PbTe phase (space group 𝐹𝑚3̅𝑚) with the corresponding lattice 

spacings of 3.23 Å (200), 2.30 Å (220), and 1.50 Å (331) (PDF card 01-072-6645). 

Complementary to SAED, PXRD underpins the cubic rock salt structure of PbTe 

for the whole NPL ensemble. Additional information on the size and 2D shape of 



Synthesis of 2D PbTe Nanoplatelets 

94 
 

PbTe NPLs is obtained by GIWAXS measurements of drop-casted solutions on 

silicon substrates (see Figure 4.1f). Clearly visible diffraction peaks suggest that the 

NPLs form a superlattice. The significant difference in the spacing between the 

diffraction peaks in the vertical and horizontal directions indicates that the 

superlattice has substantially different lattice parameter values in these two 

directions. Such a difference can be explained by the highly anisotropic shape of 

the NPLs. A possible superlattice structure is shown in Figure 4.1g (see Figure S 4.3 

for complementary X-ray reflectivity data). The small interparticle distance of 

0.5 nm suggests that the ordered NPLs (in this measurement) consist of a single 

(001) atomic layer of PbTe separated by iodide ligands (Pb-I bond length of 

∼0.32 nm).35 

 

 

Figure 4.1. (a−c) HR-TEM images of PbTe NPLs exhibiting a slightly rectangular 

shape. (d) SAED of the PbTe NPL sample shown in (a) reveals their cubic rock salt 

crystal structure. (e) PXRD of a macroscopic PbTe NPL ensemble exhibits the cubic 

rock salt structure. (f) GIWAXS diffraction pattern of drop-casted PbTe NPLs on a 

silicon substrate (white areas correspond to detector gaps). The diffraction peaks 

in the vertical direction correspond to stacking in real space with a period of ~6 nm. 

The diffraction peaks in the horizontal direction indicate a periodicity of ∼0.5 nm. 

(g) Possible scheme for a superlattice formed by PbTe NPLs with corresponding 

length scales. 
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Figure 4.2. (a) Vis-NIR absorbance, (b) NIR PL spectra, and (c) MCS lifetimes of 

colloidal 2D PbTe NPLs. (a) Exemplary PbTe NPLs exhibit a length and width of 

(6.9 ± 0.75) × (4.9 ± 0.9) nm2, excitonic absorbance at 817 nm (1.52 eV), PL at 

1075 nm (1.15 eV) with a fwhm of 160 meV (150 nm), and a PLQY of 11%.  

(b) The PL of PbTe NPLs is tunable between 910 and 1460 nm (1.36−0.85 eV) by 

adjusting the NPLs size via the reaction conditions. (c) MCS lifetimes of PbTe NPLs 

with PL at 1208 (1.03 eV) and 1462 nm (0.85 eV). The biexponential decay is 

dominated by a long lifetime contribution (τ2,1208nm = 1628 ns and 

τ2,1462nm = 886 ns) for both PbSe NPL samples and attributed to band edge PL. 
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Figure 4.2a shows the absorbance and PL spectra of PbTe NPLs exhibiting a 

weakly pronounced feature at 817 nm (1.52 eV) and associated PL at 1075 nm 

(1.15 eV) with a fwhm of 160 meV (150 nm) and a PLQY of 11%. Besides the highly 

confined thickness of the NPLs (see Figure S 4.4), the large exciton BOHR radius of 

PbTe (aB,transversal = 152 nm, aB,longitudinal = 12.9 nm)36 results in additional 

confinement in their lateral dimension (i.e., strong confinement in all three 

dimensions, where r/aB ≪ 1).37 Changes in the thickness and lateral size of the 

PbTe NPLs consequently lead to a continuous shift of the PL position and are 

synthetically achieved by altering the Pb/Te ratio used for synthesis. With a higher 

lead excess during synthesis, larger PbTe NPLs with PL shifted further into the NIR 

are obtained (see Figure S 4.5). Figure 4.2b illustrates the tunability of the PL 

maximum of PbTe NPLs in the range of 910−1460 nm (1.36−0.85 eV). The wide 

wavelength (energy) range combined with the absence of discrete steps (as has 

been observed for, e.g., CdSe NPLs),38,39 point toward a combined role of thickness 

and lateral size of the NPLs in shifting the PL maxima. PbTe NPLs shown in  

Figure 4.1a−c with average lengths of 7.1 ± 0.9, 7.7 ± 1.0, and 8.7 ± 2.2 nm, 

respectively, exhibit corresponding PL at 1217 nm (1.02 eV), 1293 nm (0.96 eV), 

and 1459 nm (0.85 eV) (see Figure S 4.1 and Figure S 4.5). NPL widths do not 

strictly follow this trend (see Figure S 4.1), underpinning that the confined 

thickness dimension predominately determines the PL position, while the lateral 

dimension plays a smaller role (it has to be noted that the determined NPL widths 

exhibit higher relative error margins due to the varying NPL shape). The fwhm of 

the PL signals shown in Figure 4.2b varies between 282 meV (190 nm) for PL at 

910 nm (1.36 eV) and 100 meV (173 nm) for PL further in the NIR at 1460 nm 

(0.85 eV). Not all PL signals strictly follow this trend, which we attribute to an 

inhomogeneous broadening of the PL signals caused by the size distribution of the 

NPLs. Compared to fwhm values of directly synthesized colloidal 2D PbSe NPLs 

[214 meV (164 nm) for PL at 976 nm (1.27 eV) and 184 meV (269 nm) for PL at 

1362 nm (0.91 eV)],6 the PbTe NPLs shown here exhibit broader PL at shorter 

wavelengths but significantly narrower PL at longer wavelengths approaching the 

low-loss third telecommunication window around 1550 nm (0.80 eV).11 Within the 

PL tunability range, the PLQY of PbTe NPLs gradually rises from 1% near 900 nm 

(1.38 eV) up to 15% for PL maxima above 1265 nm (0.98 eV) (Figure S 4.6). This 

trend of a generally increasing PLQY toward longer NIR wavelengths is different 
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from previous descriptions for PbS and PbSe NCs and NPLs, where larger radii or 

lateral sizes are associated with a reduced PLQY.6,9,40 Here, a decreasing PLQY in 

smaller band gap NCs and NPLs is explained by the energy gap law, which 

expresses the exponential relationship of the transition rate and energy difference 

between two states: nonradiative recombination rates are increased in larger NCs 

and NPLs, where dark trap states are located closer to the band edge.40 While trap 

states in PbX NPLs are expected to be caused mainly by undercoordinated edge or 

ledge atoms at the surface (of which larger NPLs contain a lower fraction compared 

with smaller NPLs), the energy gap law counteracts this positive influence on the 

PLQY for PbS and PbSe NPLs. In contrast, for PbTe, the lower fraction of edge or 

ledge atoms in larger NPLs seems to outweigh the negative effect of the energy gap 

law on the PLQY. This reversed influence in PbTe NPLs could be, e.g., caused by 

dark trap states located further away from the conduction band edge energetically 

compared to PbS and PbSe NPLs and an associated a reduced effect of accelerated 

recombination to dark states in larger NPLs. 

MCS PL lifetimes of PbTe NPLs (see Figure 4.2) are fitted biexponentially with a 

minor short lifetime contribution and a dominating long lifetime contribution. For 

PbTe NPLs emitting at 1208 nm (1.03 eV) and 1462 nm (0.85 eV), time constants 

of τ1,1208nm = 189 ns (8%) and τ2,1208nm = 1628 ns (92%) as well as τ1,1462nm = 105 ns 

(13%) and τ2,1462nm = 886 ns (87%) are determined (R2 = 0.99 and R2 = 0.99). In 

accordance with previous work on PbX (X = S, Se) NCs and NPLs, we attribute 

these two lifetime contributions to two different radiative recombination pathways. 

We assign the shorter lifetime contribution to the energy gap law and associated 

defect emission, while the dominant longer lifetimes are ascribed to band edge 

emission.9,41,42 The biexponential nature and the depicted lifetimes are in good 

agreement with values reported by LIN et al. for spherical PbTe QDs capped with 

oleylamine in TCE [τ1 = 96 ns (34%) and τ2 = 1490 ns (66%)],43 as well as our 

previous work on colloidal PbSe NPLs passivated with CdCl2 [τ1PL = 168 ns (15%) 

and τ2PL = 1320 ns (85%) for PL at 980 nm (1.27 eV)].6 The smaller contribution of 

the shorter lifetime in PbI2-passivated PbTe NPLs (8 and 13%, respectively) [and 

the CdCl2-passivated PbSe NPLs (15%)] compared to the 34:66 ratio for 

oleylamine-capped PbTe QDs, indicate that the fast recombination can be 

suppressed by a more complete surface passivation, i.e., it is related to defect 

emission. Furthermore, GALLE et al. determined slightly longer PL lifetimes of 
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0.7−2.7 μs for PbSe NPLs synthesized via cation exchange from CdSe (depending 

on the thickness of the initial CdSe NPLs),6,8 and BABAEV et al. reported PL 

lifetimes of ∼2 μs for PbSe/PbS core/shell NPLs obtained via cation exchange from 

CdSe/CdS core/shell NPLs.44 It should be noted that KHAN et al. found significantly 

shorter PL lifetimes in the range of 8.4−59 ns for colloidal 2D PbS NPLs with PL 

ranging from 735 to 748 nm, although such short lifetimes have not been reported 

for selenium (and tellurium) analogues.23 Generally, room temperature PL 

lifetimes of lead chalcogenide NPLs are significantly longer in comparison to those 

of CdSe NPLs (faster than 10 ns).38,39 Theoretical calculations for spherical PbSe 

and CdSe NCs have ascribed long PL lifetimes in PbSe NCs to a reduced oscillator 

strength of the lowest energy bright exciton states caused by intervalley coupling 

among the four equivalent L points in the BRILLOUIN zone.45 Given that PbTe 

exhibits the same crystal structure (cubic rock salt) as well as a similar band gap 

and structure as PbSe,46 we assume the same holds for the comparatively long PL 

lifetimes in 2D PbTe NPLs. 

4.4.2 Synthesis of PbTe NPLs 

Lead oleate and lead acetate (which is converted to lead oleate in situ) are 

commonly used as lead sources for the synthesis of 2D PbS and PbSe NPLs.6,20 

Lead oleate was also chosen as a Pb precursor in this work for PbTe NPLs, as it is 

readily soluble in amines at low temperatures. Our initial efforts for finding a 

suitable tellurium precursor are based on work by SUN et al., who used 

tris(dimethylamino)phosphine telluride for the synthesis of CdTe NPLs, (CdTe)13 

nanoclusters, and CdTe nanowires at temperatures as low as 70°C in case of the 

nanoclusters.32 For this, tellurium granules were dissolved in tris(dimethylamino)-

phosphine at a molar ratio of 1:5.5 at 100°C for 3 h and yielded a yellow solution. 

However, when cooling down to room temperature, white crystals of 

TeP(N(CH3)2)3 precipitated from the solution, hindering the use in a low-

temperature synthetic approach. When circumventing precipitation by injecting a 

yellow TeP(N(CH3)2)3 solution at elevated temperatures prior to precipitation, no 

reaction with Pb(oleate)2 at 0°C occurred. This observation can be rationalized by 

the findings of SUN et al., who inferred that transaminated TeP(N(CH3)2)3 derivates 

are the active tellurium precursor in their syntheses. The transamination of 

aminophosphines with amines, usually oleyl- or octylamine, is well-known.47,48 For 
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instance, TESSIER et al. reported on the role of tris(oleylamino)phosphine during 

the synthesis of InP quantum dots in oleylamine as an explanation for similar 

results regardless of the initial use of tris(dimethylamino)phosphine or 

tris(diethylamino)phosphine.49 

 

 

Figure 4.3. (a) Scheme of the combined telluration and transamination reaction 

of tris(dimethylamino)phosphine [P(N(CH3)2)3] with tellurium and n-octylamine. 

(b) 1H- and (c) 31P{1H}-NMR spectra of pure tris(dimethylamino)phosphine 

[P(N(CH3)2)3 (1)], tris(dimethylamino)phosphine telluride [TeP(N(CH3)2)3 / 

(P(N(CH3)2)3 (2)], and transaminated tris(dimethylamino)phosphine telluride 

TeP(N(CH3)2)3−x(NHR)x/P(N(CH3)2)3−x(NHR)x, R = C8H17 (3−5)) in CDCl3. The 

presence of three phosphorus resonances corresponding to the triple (5), double 

(4), and single (3) transaminated aminophosphine underpins the successful 

transamination reaction. 

 

For the synthesis of PbTe, we apply ex situ transamination by dissolving tellurium 

in a mixture of tris(dimethylamino)phosphine and n-octylamine at 100°C for 3 h 

prior to the PbTe NPL synthesis (see Figure 4.3a). At first, we obtained the same 

yellow solution as in the absence of the octylamine, but over time the color of the 
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mixture changed from yellow to ocher, and no precipitation occurred when cooling 

down to room temperature. During the reaction time, intense gas formation was 

observed, similar to what has been described by TESSIER et al. (via a CuSO4 gas 

trap)49 and SUN et al. (via 13C{1H} and 1H NMR)32 as dimethylamine and indicating 

a successful transamination reaction. Figure 4.3b,c shows 1H- and 31P{1H}-NMR 

spectra of pure tris(dimethylamino)phosphine [P(N(CH3)2)3 (1)], tris-

(dimethylamino)phosphine telluride [TeP(N(CH3)2)3/P(N(CH3)2)3 (2)], and trans-

aminated tris(dimethylamino)phosphine telluride [TeP(N(CH3)2)3−x(NHR)x/ 

P(N(CH3)2)3−x(NHR)x, R = C8H17 (3−5)] in CDCl3 in the range of 0.7−3.05 ppm and 

95−135 ppm [0−95 ppm available in the Supporting Information (Figure S 4.7)]. 

The 31P{1H}-NMR spectra were evaluated by comparison to literature values and 

with the help of heteronuclear multiple bond correlation (HMBC) NMR spectra 

shown in the Supporting Information (Figure S 4.8–Figure S 4.10).32,49,50 The 1H 

NMR spectrum of pure tris(dimethylamino)phosphine (1) features a single doublet 

resonance at 2.48 ppm with a coupling constant of 9.15 Hz corresponding to the 

PNCH3 protons coupling to the phosphorus atom. The associated 31P{1H}-NMR 

spectrum shows a single sharp resonance of P(N(CH3)2)3 at 122 ppm. Upon 

telluration, (2) strong broadening of the P(N(CH3)2)3 resonance around 122 ppm 

occurs, which might be attributed to the enduring reaction dynamic. The PNCH3 

resonance in 1H NMR is barely shifted to 2.47 ppm with an increased coupling 

constant of 9.69 Hz. The 1H NMR spectra of transaminated 

tris(dimethylamino)phosphine telluride [TeP(N(CH3)2)3−x(NHR)x/P(N(CH3)2)3−x 

(NHR)x, R = C8H17 (3−5)] exhibits the CH3 resonance of P(N(CH3)2)3 (at 2.48 ppm, 

J = 9.55 Hz) as well as several multiplets or broad signals attributed to the protons 

of the aliphatic carbon chain of n-octylamine or n-octylamino groups in different 

chemical environments. The corresponding 31P{1H}-NMR contains three new 

resonances upfield shifted with respect to the tris(dimethylamino)phosphine 

telluride resonance at 122 ppm. The three resonances at 110, 112, and 114 ppm are 

assigned to the triple (5), double (4), and single (3) transaminated 

aminophosphine, thus confirming the successful transamination of 

tris(dimethylamino)phosphine telluride.32,49 This assignment is substantiated by 

31P{1H}-NMR spectra of aliquots from the transamination reaction mixture at 

different temperatures (Figure S 4.11a). The three 31P resonances arise in order 

from 3 to 5 when heating from 40 °C to the reaction temperature of 100 °C, 
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indicating a gradual substitution of the initial dimethylamino group (-NMe2). 

Combined with the images of the collected aliquots (Figure S 4.11b), which show a 

distinct color change upon reaching 100°C, the spectra underpin the prerequisite 

of the ex situ transamination since substitution would not occur at PbTe NPL 

synthesis temperature of 0°C. 

By utilization of the ex situ transaminated aminophosphine telluride for our 

synthesis, PbTe NPLs were obtained within a reaction time of 30 min at 0°C. To 

conclude a specific reaction pathway and a definitive reason for the necessity of the 

transamination, a comprehensive mechanistic study would be required. In analogy 

to SUN et al., we expect a nucleophilic substitution of one oleate (in lead oleate) by 

the transaminated aminophosphine telluride via a nucleophilic attack from the 

telluride on the lead, followed by a nucleophilic attack of the eliminated oleate on 

the phosphorus, which results in the formation of PbTe and the second oleate (see  

 

Figure S 4.12).32 Coherently, we assume the enhanced reactivity of the 

transaminated aminophosphine telluride may be caused by the increased 

nucleophilicity of the phosphorus atom. The electron-donating character of the 

long alkyl chains combined with the electron-donating character of the amino 

nitrogen lone pairs contributes to the stabilization of a positive charge on the 

phosphorus atom and facilitates the release of Te2- for the formation of PbTe.32,49 

In contrast to high-temperature syntheses with aminophosphine precursors in 

which the high-boiling amine solvents primarily determine the reactivity, the ex 

situ transamination allows to further tune the precursor reactivity via the organic 

tail group of the amine (see Figure S 4.13). The use of aminophosphine telluride 

precursors transaminated with linear aliphatic primary amines of increasing chain 

lengths for PbTe NPL synthesis results in a bathochromic shift of the PL maximum. 

We propose that longer alkyl chains reduce the reactivity of the tellurium precursor 

due to steric hindrance and consequently result in the formation of larger PbTe 

NPLs with PL further shifted into the NIR. 
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4.4.3 Passivation of PbTe NPLs 

To increase the colloidal stability of the as-synthesized PbTe NPLs, postsynthetic 

surface passivation with lead iodide was performed. Lead iodide can act as both, 

X- and Z-type ligands and passivate dangling bonds of unsaturated lead or 

chalcogen surface sites.9 Figure 4.4 shows XPS analysis of the Pb-4f and Te-3d core 

level regions of pristine and PbI2-passivated PbTe NPLs. All components are fitted 

by symmetric VOIGT functions (convolution of a LORENTZIAN and GAUSSIAN 

distribution) with maxima corresponding to the binding energies of the different 

atomic species.  

 

 

Figure 4.4. XPS analysis of the (a,b) Pb-4f and (c,d) Te-3d core levels of pristine 

and PbI2-passivated PbTe NPLs. The RCO2−Pb (R = C7H14CH=CHC8H17) 

component vanishes upon lead iodide treatment and is replaced by an I-Pb signal, 

indicating the successful X-type ligand exchange of oleate with iodide. Passivation 

with lead iodide results in improved colloidal stability compared with pristine PbTe 

NPLs and leads to preservation of optical properties during storage of PbTe NPLs 

(see Figure S 4.14). 
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The spin-orbit doublet in the range of 135−145 eV is composed of the 4f7/2 and 

4f5/2 signals of lead and is fitted by four different components (Figure 4.4a,b). The 

lowest energy component at 136.2 and 141.1 eV for pristine PbTe NPLs and 136.3 

and 141.1 eV for PbI2-passivated PbTe NPLs is attributed to elemental lead in the 

oxidation state zero. The formation of metallic lead via photodegradation under 

XPS conditions has previously been reported for lead halide perovskite 

nanocrystals capped with oleic acid/oleylamine.51,52 In particular, the presence of 

PbI2/I- is associated with a high degree of photodegradation, thus explaining the 

high intensity of the Pb(0) signal in PbI2-passivated NPLs. The second component 

at 137.3 and 142.1 eV (pristine) as well as 137.0 and 141.9 eV (passivated) PbTe 

NPLs is ascribed to lead bound to tellurium.53,54 The highest energy component in 

case of the pristine PbTe NPLs occurs at 138.8 and 143.6 eV and corresponds to 

lead bound to carboxylate.55,56 Upon surface passivation with lead iodide, this 

signal disappears, and a new component, ascribed to lead bound to iodide, emerges 

at 137.9 and 142.8 eV. We conclude a successful passivation of the pristine PbTe 

NPL surfaces by X-type ligand exchange of oleate with iodide. The tellurium 3d3/2 

and 3d5/2 spin-orbit doublet in the range of 570−584 eV in Figure 4.4c,d is fitted 

by a single component assigned to tellurium bound to lead.57 The small shift of 

0.3 eV for the signals of the passivated PbTe NPLs (571.8 to 572.1 eV and 582.2 to 

582.5 eV) could be an indication of the change in the chemical environment upon 

introduction of the iodide to the NPLs surface. Figure S 4.14 shows a photograph 

of the pristine PbTe NPLs compared with the passivated NPLs 24 h after the 

synthesis. Pristine NPLs exhibited a color change from dark brown to black, and a 

black precipitate formed in solution, while metallic/elemental tellurium formed on 

the inside of the vial. On the other hand, iodide-passivated PbTe NPLs preserve 

their dark brown color, colloidal stability, and optical properties. We assume a 

double role of lead iodide in passivating the NPL surface and in forming a stable 

iodophosphonium salt [IP(N(CH3)2)3−x(NHR)x]+I- (R = C8H17) as a byproduct in 

analogy to the proposed pathway by SUN et al. for the reaction of transaminated 

tris(dimethylamino)-phosphine with CdCl2 toward CdTe nanostructures.32 By 

employing PbI2 passivation, we obtain colloidal PbTe NPL solutions that are long-

term stable (multiple months), can be postprocessed for measurements under 

ambient conditions, and be drop casted or spin coated onto different substrates. 



Synthesis of 2D PbTe Nanoplatelets 

104 
 

4.5 Conclusion 

Up to now, there has been no direct wet-chemical pathway to 2D PbTe NPLs with 

tunable and efficient NIR photoluminescence. Here, we demonstrate a 

low-temperature colloidal synthesis of 2D PbTe NPLs with a cubic rock salt 

structure by using highly reactive aminophosphine telluride precursor chemistry. 

Our corresponding comprehensive NMR study shows the synthetic importance of 

an ex situ transamination reaction of tris(dimethylamino)phosphine telluride for 

sufficient precursor reactivity at 0°C to form 2D PbTe NPLs. Associated GIWAXS 

measurements confirm the 2D geometry of PbTe NPLs and the formation of 

superlattices from stacked NPLs. Postsynthetically PbI2-passivated PbTe NPLs 

exhibit tunable NIR PL between 910 and 1460 nm (1.36−0.85 eV) (PLQY 1−15%) 

and narrow fwhm [100 meV (173 nm)], especially at longer wavelengths. By 

matching the precursor reactivity of aminophosphine telluride with lead oleate, we 

have now complemented synthetic access to 2D PbS and PbSe NPLs by 2D PbTe, 

which will help to further tune, explore, and make use of the strong excitonic effects 

in 2D NPLs in the NIR. 
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4.7 Supporting Information 

 

 

Figure S 4.1. Size histograms of the PbTe NPLs shown in the TEM images in 

Figure 4.1. x-Lengths were determined by measuring the longest dimension of the 

NPLs, y-width is the longest distance orthogonal to the x-length. 

 

 

Figure S 4.2. Typical TEM images used for determining lengths and widths of 

PbTe NPLs shown in Figure 4.1. 
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Figure S 4.3. Additional information on the vertical stacking of the PbTe NPLs 

superlattice was obtain by an X-ray reflectivity experiment. The scattering data 

were recorded using Cu 𝐾α1 radiation with an energy of 8.064 keV on a laboratory 

diffractometer (3303TT, GE). Due to a weak scattering signal, data could only be 

recorded up to scattering vector ∆𝑞z ≈ 6 nm-1. Superlattice peaks with a spacing  

∆𝑞z ≈ 1 nm-1 are highlighted with red arrows. 

 

 

Figure S 4.4. Energy of the first excitonic transition vs. lateral sizes of 2D PbTe 

NPLs compared to a sizing curve for spherical PbTe NCs by PETERS et al.1 2D PbTe 

NPLs exhibit their first excitonic absorbance at higher energies compared to 

spherical PbTe NCs of the same diameter, emphasizing the additional vertical 

quantum confinement in the NPLs. It should be noted, however, that the 
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determined values for the energy of the first excitonic transition in 2D PbTe NPLs 

are error-prone due to rather weakly expressed absorbance feature  

(see Figure 4.2a). This is caused by the overlap of the band edge peak transition 

with different allowed transitions directly following the first exciton.1,2 

 

 

Figure S 4.5. PL spectra of PbTe NPLs synthesized with three different Pb:Te 

ratios of 2:1, 4:1, and 6:1. The PL position is synthetically tunable by changing the 

Pb:Te ratio, with a higher amount of lead precursor yielding thicker and larger 

NPLs. TEM images and corresponding size histograms are shown in Figure 4.1 as 

well as in Figure S 4.1, resp. 
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Figure S 4.6. PLQY of PbTe NPLs vs. the associated PL maxima. The PLQY 

gradually increases from 1% at 910 nm (1.36 eV) to 15% for PL above  

1240 nm (1.0 eV). 

 

 

Figure S 4.7. 31P{1H} NMR spectrum of pure tris(dimethylamino)phosphine 

(P(N(CH3)2)3 (1)), tris(dimethylamino)phosphine telluride (TeP(N(CH3)2)3 / 

P(N(CH3)2)3 (2)), and transaminated tris(dimethylamino)phosphine telluride 

(TeP(N(CH3)2)3-x(NHR)x / P(N(CH3)2)3-x(NHR)x, R = C8H17 (3–5)) in CDCl3 in the 

range of 0–95 ppm corresponding to the 31P NMR spectra shown in Figure 4.3. 
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Figure S 4.8. 1H-31P HMBC NMR spectrum of pure tris(dimethylamino)-

phosphine (P(N(CH3)2)3 (1)) in CDCl3, showing that the 1H doublet resonance at 

2.48 ppm is linked to the single sharp 122 ppm resonance in the 31P NMR. 
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Figure S 4.9. 1H-31P HMBC NMR spectrum of tris(dimethylamino)phosphine 

telluride (TeP(N(CH3)2)3 / P(N(CH3)2)3 (2)) in CDCl3, showing that the 1H doublet 

resonance at 2.47 ppm is related to the broadened 122 ppm resonance in  

the 31P NMR. 
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Figure S 4.10. 1H-31P HMBC NMR spectrum of transaminated 

tris(dimethylamino)phosphine telluride (TeP(N(CH3)2)3-x(NHR)x / P(N(CH3)2)3-x 

(NHR)x, R = C8H17 (3–5)) in CDCl3, showing the link between the 1H doublet 

resonance at 2.48 ppm and the three 31P resonances at 110 ppm, 112 ppm, and 

114 ppm. 
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Figure S 4.11. (a) 31P{1H} NMR spectra of aliquots from a tris-

(dimethylamino)phosphine telluride transamination reaction mixture at different 

temperatures (40°C, 70°C, 90°C, and 100°C). The three 31P resonances 

corresponding to the single, double, and triple transaminated aminophosphine 

arise in order when heating up from 40°C to 100°C. The spectra show that partial 

transamination occurs already at 40°C (and 70°C), however especially the double 

and triple transaminated phosphine telluride are mainly formed at elevated 

temperatures above 90°C, emphasizing the necessity of ex situ transamination. 

(b) Images of collected aliquots from the transamination reaction, showing a 

distinct color change upon reaching 100°C and further underpinning the need for 

elevated temperatures. 
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Figure S 4.12. Nucleophilic substitution reaction pathway for the formation of 

PbTe NPLs from lead oleate and transaminated aminophosphine telluride in 

analogy to the proposed reaction mechanism by SUN et al.3 for the  

formation of CdTe. 

 

 

Figure S 4.13. PL spectra of PbTe NPLs synthesized using aminophosphine 

telluride precursors transaminated with three different linear aliphatic primary 

amines (n-hexylamine, n-octylamine, n-decylamine). Longer alkyl chains reduce 

the reactivity of the precursor, presumably due to steric hindrance, which results 

in the formation of thicker and larger NPLs with PL further shifted into the NIR. 
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Figure S 4.14. Image of pristine and PbI2 passivated PbTe NPLs 24 h after 

synthesis. While pristine PbTe NPLs rapidly change color from dark brown to black 

and metallic/elemental tellurium forms at the inside of the vial, PbI2 passivated 

NPLs are stable and their dark brown color, colloidal stability and optical 

properties are retained. 
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5 Aqueous Phase Near-Infrared Emitters: Water Transfer 

of Colloidal 2D PbS, PbSe and PbTe Nanoplatelets 

The upcoming chapter reports on a water transfer protocol toward NIR-emissive 

aqueous 2D PbS, PbSe and PbTe NPLs. Combined X- and L-type passivation  

by 11-mercaptoundecanoic acid makes the NPLs soluble in water and results  

in well-retained optical properties, e.g. PL at 1023 nm with a QY of 13 % for  

aqueous 2D PbSe NPLs. 

 

The results presented here have been published in Nanoscale, 2025, 17, 24006–

24016. For details about the author contributions see Chapter B. 
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5.1 Abstract 

Colloidal two-dimensional (2D) lead chalcogenide PbX (X = S, Se, Te) 

nanoplatelets (NPLs) are strongly confined narrow band gap semiconductors with 

tuneable efficent photoluminescence (PL) in the near-infrared (NIR). They hold 

high potential for the use as classical and quantum emitters in fiber-based 

photonics that operate at telecommunication wavelengths. Up to now, the 

insolubility of 2D PbX NCs in water and other polar solvents has been a challenge 

that complicates their post-synthesic processing, e.g. into future functional 

nanocomposites. Here, we describe a phase transfer protocol from hexane to water 

using 11-mercaptoundecanoic acid (MUA), which yields aqueous phase 2D PbS, 

PbSe, and PbTe NPLs with preserved shape, crystallinity and NIR PL  

(e.g. PbS: 724 nm, PbSe: 1023 nm and PbTe: 1184 nm). Water-soluble 2D PbSe 

shows efficient emission (up to 13% PL quantum yield at 1023 nm), thereby 

retaining 65% of the initial quantum yield and making it highly interesting as an 

aqueous NIR light source. By using X-ray photoelectron spectroscopy (XPS) and 

nuclear magnetic resonance (NMR), we follow the phase transfer on a molecular 

level and find two binding motifs of MUA to the 2D PbX surfaces: X-type bound 

thiolate and L-type bound thiol. Our results shine new light on mercaptocarboxylic 

acid-based nanomaterial phase transfers and represent a crucial step for 

incorporating NIR-emissive 2D PbX into (fiber) optics. 

5.2 Introduction 

Colloidal 2D semiconductor nanocrystals (NCs), so-called nanoplatelets (NPLs) 

or flat quantum dots (fQDs), with the most prominent UV-Vis emitting example of 

CdX (X = S, Se, and/or Te) NPLs, are highly topical materials and exhibit fast 

radiative, spectrally narrow, and efficient directed photoluminescence (PL) caused 

by their strong anisotropic quantum confinement.1–4 However, for near-infrared 

(NIR) wavelength use such as (quantum) optical communication5,6 or IR sensing,7,8 

materials with a smaller band gap than cadmium chalcogenides are required.  

NIR emitting 2D CdX-associated examples include HgxCd1−xSe NPLs, HgX NC 

decorated HgX NPLs,9 and CdSe-PbSe NPLs as well as PbSe NPLs,10 all prepared 

via cation exchange from CdX NPLs. 
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On the other hand, direct colloidal synthesis routes for narrow band gap 2D lead 

chalcogenide (PbX; X = S, Se, Te) NPLs and fQDs have been developed in recent 

years. 2D PbX NPLs and fQDs exhibit efficient telecommunication band emission 

(1st, 2nd and 3rd low-loss optical fiber windows at ∼850 nm, ∼1300 nm and 

∼1550 nm, respectively)11 at NIR to short-wave-infrared (SWIR) wavelengths 

(PbS: up to 19% PLQY at ∼720 nm,12,13 PbSe: up to 61% between  

860–1510 nm,14–16 PbTe: up to 15% for 910–1460 nm).17 They are intriguing 

materials for example for fiber optics-based photonics. In addition, colloidal 2D 

PbS exhibits high carrier multiplication efficiencies (0.9–0.55 for 4–7 nm thick 

PbS nanosheets (NSs)),18 narrow linearly polarized emission (down to 615 μeV with 

a linear degree of polarization of up to 90%),19 efficient charge carrier mobilities 

(550–1000 cm2V-1s-1 for 4–16 nm thick PbS NSs),20 and RASHBA-type band 

splitting.21 These unique properties may be leveraged for future optoelectronic or 

spintronic applications. 

A shared aspect of the direct 2D PbX NPL syntheses is the use of low-polarity 

solvents and long-chain aliphatic amines, which are assumed to help template the 

anisotropic growth of the (isotropic) cubic rock salt crystal-structured materials.22 

As a consequence, the obtained 2D PbX flat fQDs, NPLs, or NSs, are covered by 

lipophilic ligands, typically L-type bound amines and X-type bound oleates,14,23 

which ensure their colloidal stability in organic environments and render them 

insoluble in aqueous (and other polar) solutions. While post-synthetic surface 

passivation with metal halides (e.g. CdCl2 or PbI2) has proven to be a powerful tool 

to enhance the colloidal stability and PL/PLQY of 2D lead chalcogenides,14 ligand 

engineering with respect to the solubility of the materials has not been investigated 

so far, limiting their general applicability. Up to now, the restrictions imposed by 

post-synthetic processing of hydrophobic 2D PbX NPLs and fQDs complicate 

numerous encapsulation techniques toward easy to handle solid-state composite 

materials feasible from aqueous solution. For example, we have assembled 

aqueous core-crown CdSe/CdS NPLs via layer-by-layer deposition with 

polyelectrolytes24 and have incorporated CdSe/CdS NPLs into zeolitic imidazolate 

frameworks (ZIF) to produce photoluminescent composite films.25 Such hybrid 

materials (made from phase transferred NCs) combine the functionality of two 

different materials classes, e.g. the inertness or chemical function of a polymer or 

the high specific surface area of a ZIF with the unique photophysics of NPLs. On 
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the other hand, inorganic–organic nanocomposites possess new application-

oriented functionalities such as switching of the optical properties based on 

external stimuli, e.g. humidity changes or electric and magnetic fields.25,26 Water 

phase transfer of NIR-emissive NCs is also frequently discussed in the context of 

biomedical imaging and labelling,27,28 albeit we note that heavy metal-containing 

NCs require thorough matrix incorporation (which may be facilitated from 

aqueous solution). In addition, aqueous ligand exchange often coincides with the 

replacement of long insulating ligands (e.g. oleic acid) by shorter chained 

molecules, which are beneficial for charge transport in NC-based solidstate devices 

such as field-effect transistors, photodetectors, and solar cells.29–33 

A common strategy to phase transfer lipophilic emissive NCs, while retaining 

their PL, is the exchange of the pristine ligands with bifunctional 

mercaptocarboxylic acids (see Figure 5.1). The latter coordinate to the NCs’ surface 

via the sulfur, while the free carboxylate headgroup provides solubility in  

water.34–36 For example, TAMANG et al. reported the aqueous phase transfer of 

InP/ZnS core/shell NCs, CdSe/CdS/ZnS NCs, CuInS2/ZnS NCs, and CdSe as well 

as CdSe/CdS nanorods using different hydrophilic thiols (e.g. cysteine, thioglycolic 

acid, and 11-mercaptoundecanoic acid).28 The authors, and other reports, further 

emphasize the importance of alkaline pH conditions during ligand exchange and 

subsequent storage of the aqueous colloidal solution.28,35,36 This is needed because 

the thiol and the carboxyl group of the mercaptocarboxylic acids must both be 

deprotonated, so that the thiolate can bind covalently to the surface of the NCs, 

while the carboxylate enables solubility in aqueous solution (MUA with a 

protonated carboxyl group is hardly soluble in water). Phase transferred NCs using 

MUA specifically have been used for imaging of human colon cancer cells  

(PbS QDs-MUA)27 or as an active component in the aforementioned zeolitic 

imidazolate framework composites for PL-based gas sensing (aqueous core-crown 

CdSe/CdS NPLs).25 

Here, we demonstrate a ligand exchange protocol using 11-mercaptoundecanoic 

acid to water transfer highly confined 2D lead chalcogenide NPLs and fQDs (PbS, 

PbSe, and PbTe), which exhibit telecommunication band emission in the NIR. The 

obtained water-soluble 2D PbX NPLs and fQDs bridge the gap between classical 

and quantum emitters and solubility requirements of common downstream 

processing techniques. By applying X-ray photoelectron spectroscopy (XPS) and 
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NMR, we disentangle X- and L-type binding motifs of thiolate and protonated 

thiols to the PbX NPLs’ surface after the universal phase transfer. These findings 

add new insights to the molecular understanding of mercaptocarboxylic acid-based 

water transfers of nanomaterials and lead the way for the post-synthetic processing 

of 2D PbX NPLs into nanocomposites with technologically relevant 

telecommunication band emission. 

5.3 Experimental 

5.3.1 Chemicals 

Acetonitrile (≥ 99.5 %), cadmium(II) chloride (99.99 %), chloroform (≥ 99 %, 

contains 0.5 – 1 % ethanol as stabilizer), ethanol (EtOH, max. 0.01 % H2O), 

iso-propanol (≥ 99.5 %), lead(II) oxide (≥ 99.99 %), 11-mercaptoundecanoic acid 

(MUA, 95 %), methanol (MeOH, ≥ 99.8 %), n-octylamine (99 %), tellurium 

powder (30 mesh, 99.99 %), tetrachloroethylene (TCE, ≥ 99 %), triethylamine 

(≥ 99 %), trifluoroacetic acid (99 %), trifluoracetic anhydride (≥ 99 %), and 

tris(dimethylamino)-phosphine (97 %) were purchased from SIGMA-

ALDRICH/MERCK. Lead(II) iodide (99.99 %), selenourea (99.97 %), and thiourea 

(99 %) were purchased from ALFA AESAR. Oleic acid (90 %) was purchased from 

ABCR. n-Hexane (97 %) was purchased from ACROS ORGANICS. Potassium 

hydroxide pellets were purchased from AVANTOR/VWR. Deuterium oxide (D2O, 

99.9 atom% D) was purchased from CARL ROTH. n-Octylamine and oleic acid were 

degassed using the freeze-pump-thaw technique prior to being stored and handled 

inside a nitrogen-filled glove box. All other reagents were used as received from the 

listed suppliers. Lead oleate was synthesized according to an established method 

by HENDRICKS et al.37 All steps of the NPL syntheses and phase transfers not 

involving deionized water or D2O were performed under inert gas conditions in a 

nitrogen-filled glove box, unless stated otherwise. 

5.3.2 PbS NPL Synthesis 

PbS NPLs were synthesized using a method similar to that of MANTEIGA 

VÁZQUEZ et al.12 Seven days before the actual synthesis, a solution of thiourea 

(240 mg, 3.15 mmol) in octylamine (6 ml) was prepared and stirred at 35°C until 

use in the PbS NPL synthesis. For a typical synthesis, lead oleate (183 mg, 

0.24 mmol) was dissolved in a mixture of octylamine (0.75 ml), oleic acid (0.4 ml), 
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and hexane (1.15 ml) at 35°C. After complete dissolution, 0.25 ml of thiourea 

solution was rapidly injected and the reaction was allowed to run for 16 min, during 

which the colorless mixture became bronze colored. The PbS NPLs were 

subsequently passivated by injecting 1.25 ml of a 0.1 M CdCl2 solution (in 

octylamine and oleic acid with a molar ratio of 9:1), followed by stirring for 40 min 

at 35°C. For thorough purification, the NPLs were precipitated by the dropwise 

addition of EtOH until the colloidal solution was visibly destabilized (typically 

requiring 2 ml), centrifuged at 2500 rcf for 10 min. The supernatant was discarded, 

and the precipitate was redispersed in dry hexane (2 ml). This process was repeated 

three times before the purified PbS NPLs were sealed under N2 atmosphere and 

stored in a refrigerator. 

5.3.3 PbSe fQD Synthesis 

PbSe fQDs were synthesized using a method previously described by our 

group.14–16 Two days before the actual synthesis, a solution of selenourea (193 mg, 

1.57 mmol) in a mixture of octylamine (2.03 ml), oleic acid (0.23 ml), and hexane 

(0.75 ml) was prepared and stirred at 35°C until use in the PbSe fQD synthesis. For 

a typical synthesis, lead oleate (1.83 mg, 2.7 mmol) was dissolved in a mixture of 

octylamine (2 ml), oleic acid (4 ml), and hexane (18 ml) at 35°C. After complete 

dissolution, the sealed mixture was cooled to 0°C using an ice bath. Shortly after, 

the selenourea solution (2.5 ml) was rapidly injected into the vigorously stirred 

lead oleate mixture. After a reaction time of 10 min, the dark brown reaction 

mixture was quenched by adding dry EtOH (18.5 ml). For purification, the 

destabilized colloidal PbSe fQD solution was processed as described above  

for PbS NPLs. 

5.3.4 PbTe NPL Synthesis 

PbTe NPLs were synthesized using a method previously described by us.17 Before 

the actual synthesis, an aminophosphine telluride precursor solution was prepared 

by heating a stirred mixture of tellurium powder (255 mg, 2 mmol), 

tris(dimethylamino)phosphine (2 ml, 11 mmol), and octylamine (2 ml, 12.1 mmol) 

to 100°C for 3 h under a N2 atmosphere. After cooling to room temperature, the 

solution was passed through a 0.2 μm polytetrafluoroethylene syringe filter and 

stored in a refrigerator until use. For a typical PbTe NPL synthesis, 0.4 ml of a lead 

oleate stock solution (lead oleate (2.31 g, 3 mmol) in octylamine (6 ml)) was diluted 
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in hexane (3.6 ml) and cooled down to 0°C under vigorous stirring. Shortly after, 

0.2 ml of the aminophosphine telluride precursor solution was rapidly injected, 

causing a color change to light brown. After a reaction time of 30 min, the dark 

brown mixture was quenched by adding 2 ml of a 0.1 M PbI2 solution (in 

octylamine and oleic acid with a molar ratio of 9:1) and diluted with hexane (6 ml). 

For purification, the PbTe NPL solution was processed as described above  

for PbS NPLs. 

5.3.5 Phase Transfer 

2D PbX fQDs and NPLs were phase transferred by adapting a protocol for 

Cd-based nanorods and NPLs described by KODANEK et al.35 First, a phase transfer 

stock solution containing MUA (1.21 g, 5.56 mmol) and KOH (0.4 mg, 7.09 mmol) 

in MeOH (18.75 ml) was prepared and stirred at 35°C until complete dissolution. 

For a typical phase transfer, the thoroughly purified PbX solutions in hexane 

(0.3 ml) were further diluted with hexane (0.7 ml) and the MUA phase transfer 

solution (1.5 ml) was added, resulting in a cloudy biphasic system, which was 

shaken overnight on a laboratory shaker. Subsequently, the mixture was 

centrifuged (2500 rcf for 10 min), the biphasic supernatant was discarded, and the 

precipitated PbX NPLs were redispersed in 2 ml of alkaline water (0.1 M KOH) 

using a laboratory vortex mixer. To remove any excess ligands, the aqueous 2D PbX 

solution was thoroughly washed by adding chloroform (2 ml), shaking on a 

laboratory shaker (10 min), centrifugation (2500 rcf for 10 min), and removal of 

the organic phase. This process was repeated at least three times, or until the 

chloroform phase remained completely transparent after shaking, with no white 

subphase being formed at the chloroform-water interface. The aqueous 2D PbX 

solutions were stored at 8°C in a refrigerator. 

5.3.6 Transmission Electron Microscopy 

For TEM, colloidal 2D PbX NPL solutions were drop-cast onto carbon-coated Cu 

grids (300 mesh) acquired from QUANTIFOIL. TEM images were obtained using a 

FEI TECNAI G2 F20 transmission electron microscope equipped with a field 

emission gun operating at 200 kV. 
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5.3.7 Visible-NIR PL and Absorbance Spectroscopy 

Samples for optical spectroscopy were prepared by diluting the colloidal 2D PbX 

solutions in TCE for lipophilic fQDs and NPLs and D2O for phase transferred 

aqueous samples (optical density below 0.2 at 500 nm) in quartz cuvettes (quartz 

glass high performance QS 200 – 2500 nm with an optical path length of 1 cm from 

HELLMA). Vis-NIR PL spectra were collected using an EDINBURGH FLS1000 PL 

spectrometer equipped with a 450 W ozone free Xe arc lamp for excitation (450 nm 

for all samples). PbS NPL PL was monitored using a photon counting 

photomultiplier tube 980 detector from EDINBURGH INSTRUMENTS; PbSe fQD and 

PbTe NPL NIR PL was monitored using a liquid N2 cooled InGaAs 1650 

photomultiplier tube detector from EDINBURGH INSTRUMENTS. Absolute PLQYs 

were determined using an integrating sphere. For this, scattering at 450 nm and 

the PL of TCE/D2O and the fQDs and NPLs were measured separately, accounting 

for the difference in sensitivity of both detectors with a correction factor. Visible-

NIR absorbance spectra were collected using a double beam CARY 5000 

spectrophotometer from AGILENT TECHNOLOGIES equipped with a tungsten halogen 

(visible) and deuterium arc (ultraviolet) lamp and a PbSmart NIR detector for 

monitoring. 

5.3.8 X-ray Photoelectron Spectroscopy 

Samples for XPS analysis were prepared by drop-casting the colloidal NPL 

solutions onto silicon wafers (<001> surface, p-doped with B) from PLANO and 

drying in vacuo overnight. XPS data were obtained on a PHI 5000 VERSAPROBE III 

from ULVAC-PHI using an aluminum X-ray source (Al Kα = 1486.6 eV) operating 

at 24.4 W with a beam diameter of 100 μm. Survey spectra were measured with a 

pass energy of 224 eV; high-resolution spectra were acquired with a pass energy 

of 27 eV. Charging effects were accounted for by setting the C 1s peak of sp3 

adventitious carbon to 284.8 eV. The background was fitted by a classic SHIRLEY 

background; all components were fitted by symmetric VOIGT functions. 

5.3.9 Nuclear Magnetic Resonance 

Samples for NMR analysis were prepared by diluting each specimen in D2O 

(typically 600 μl) in an NMR tube. NMR measurements were conducted using a 

BRUKER AVANCE III HDX 400 instrument with a frequency of 400 MHz. Spectra 
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were analyzed using the BRUKER TOPSPIN 4.2.0 software. The residual solvent peak 

of D2O/H2O (4.79 ppm) was used as an internal reference for the 1H spectra. 

5.4 Results and Discussion 

5.4.1 Phase Transfer of 2D PbX fQDs and NPLs 

Colloidal 2D PbX (X = S, Se, Te) NPLs and fQDs were synthesized from lead 

oleate and thiourea, selenourea, or aminophosphine telluride, respectively, using 

methods described previously by our group.12,14,15,17 Figure 5.1 illustrates the 

general ligand exchange procedure used for the phase transfer (see Figure S 5.1 for 

photographs of the phase transfer process). Two-fold deprotonated 

11-mercaptoundecanoic acid (dissolved with KOH in water) is used to replace the 

native oleic acid (and octylamine) ligands bound to the as-synthesized fQD and 

NPL surface. MUA coordinates to 2D PbX mainly via the sulfur, with the unbound 

carboxylate function ensuring colloidal stability in the aqueous solution. We note 

that it is crucial to thoroughly precipitate and redisperse the organic pristine PbX 

fQDs and NPLs so that unreacted precursors or excess ligands are absent prior to 

adding the phase transfer solution (MUA and KOH in MeOH). This prevents the 

formation of large quantities of potassium oleate. 

 

 

Figure 5.1. Schematic representation of the organic to aqueous phase transfer of 

2D PbX fQDs and NPLs (dark brown) using 11-mercaptoundecanoic acid at 

alkaline pH conditions. Upon vigorous shaking of the biphasic system, the fQDs 

and NPLs change to the MeOH phase (light blue); consecutive purification with 

chloroform and redispersion in 0.1 M KOH in water yields colloidally stable 

aqueous 2D PbX solutions. 
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Figure 5.2 shows TEM images of PbS NPLs, PbSe fQDs, and PbTe NPLs before 

(a–c) and after (d–f) the phase transfer. The as-synthesized 2D PbS NPLs, in line 

with previous reports, exhibit a considerably larger lateral size of 

(20.2 ± 2.4) × (6.6 ± 1.7) nm2 (a) compared to PbSe fQDs ((4.3 ± 0.8) × 

(3.2 ± 0.5) nm2 (b)) and PbTe NPLs ((5.5 ± 1.5) × (3.9 ± 1.1) nm2 (c)) and show the 

biggest aspect ratio (3.1:1), closely resembling a rectangular shape (see Figure S 5.2 

for lateral size histograms of all samples shown). For organic PbS NPLs we further 

observe stacking of vertically aligned NPLs in the TEM images (see Figure S 5.3), 

consistent with previous reports. Laterally smaller and slightly more irregularly 

shaped PbSe fQDs and PbTe NPLs do not show stacking. 

 

 

Figure 5.2. TEM images of organic PbS (a), PbSe (b), and PbTe (c) NPLs, as well 

as aqueous PbS (d), PbSe (e), and PbTe (f) NPLs (exemplary NPLs are highlighted 

for visual aid), exhibiting average lateral sizes ranging from (4.3 ± 0.8) x  

(3.2 ± 0.5) to (20.2 ± 2.4) x (6.6 ± 1.7) nm2 with PbS NPLs generally being the 

largest. Notably, there is no apparent significant change in the lateral size of the 

NPLs after the phase transfer to water. All of the presented lead chalcogenide NPLs 

exhibit the cubic rock salt crystal structure, as indicated by the FFT patterns shown 

in the insets in each panel, which are composed of the characteristic (200) 

diffraction peaks (corresponding to 2.9 Å (PbS), 3.1 Å (PbSe), and 3.2 Å (PbTe)). 
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Recently, we have assessed the PbX fQDs and NPLs thickness directly via 

scanning tunneling microscopy16 as well as by X-ray scattering experiments17 and 

from stacking in TEM.15,19 We find values ranging from 0.6–2 nm, which 

corresponds to a monolayer (1 ML) to a few atomic monolayers. After the phase 

transfer the average lateral sizes of 2D PbX NCs exhibit only minor changes 

((19.3 ± 3.1) × (6.4 ± 1.2) nm2 (d), (4.4 ± 0.8) × (3.3 ± 0.6) nm2 (e), and 

(5.6 ± 1.0) × (3.8 ± 0.8) nm2 (f)). The cubic rock salt crystalline structure (space 

group Fm3̅m) remains visible from the lattice fringes in TEM (see Figure 5.2 and 

Figure S 5.4 for examples at higher magnification) as well as the reflexes in the FFT 

patterns shown in the associated insets in Figure 5.2 (characteristic (200) lattice 

spacings of 2.9 Å (PbS), 3.1 Å (PbSe), and 3.2 Å (PbTe); see Figure S 5.4 

additionally). The minor size changes can be attributed to surface self-

reconstruction of the materials and coincidental size separation due to the 

additional centrifugation steps during the phase transfer and subsequent 

purification. 

5.4.2 Optical Properties of Aqueous 2D PbX fQDs and NPLs 

 

 

Figure 5.3. Vis-NIR absorbance and PL spectra of PbS NPLs (top), PbSe fQDs 

(middle) and PbTe NPLs (bottom) before (dotted) and after (straight line) phase 

transfer. 2D PbX NCs exhibit weekly expressed excitonic absorbance in the range 

from 584 and 990 nm as well as NIR PL from 724 to 1184 nm. 
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Table 5.1. Excitonic absorbance features (λAbs, determined by the 2nd derivative of 

the absorbance), PL maxima (λPL), and fwhm of the PL of organic and aqueous PbS 

NPLs, PbSe fQDs, and PbTe NPLs. 

sample λAbs (nm) λPL (nm) PL fwhm (meV) 

org. PbS NPLs 584 731 264 

aq. PbS NPLs 592 724 221 

org PbSe fQDs 787 929 233 

aq. PbSe fQDs 870 1023 212 

org PbTe NPLs 990 1111 155 

aq. PbTe NPLs 989 1184 167 

 

Figure 5.3 displays normalized absorbance (Abs) and NIR PL spectra of PbX 

fQDs and NPLs before (organic; dotted line) and after (aqueous; solid line) the 

transfer to aqueous solution. The optical characteristics (absorbance features, PL 

maxima, and fwhm of the PL) of the samples are summarized in Table 5.1. 

Before phase transfer all three 2D PbX NC samples exhibit NIR PL at positions 

(with associated fwhm) that are in good agreement with our previous reports and 

are representative of the respective material system.12,14,17,19 PLQY values  

(org. PbS: 1%, org. PbSe: 23%, and org. PbTe: 4%) are similarly, albeit slightly lower 

for PbS and PbTe NPLs. We attribute this to the relatively harsh purification 

required to remove excess oleate and oleic acid before the phase transfer, which is 

in turn accompanied by ligand stripping, exposing surface traps. The purification 

step is particularly demanding for PbS and PbTe NPLs, since their syntheses 

require a large amount of oleic acid and they are generally more labile to chemical 

changes than PbSe fQDs. 

After the phase transfer all three 2D PbX NCs retain sizeable telecommunication 

band NIR PL. The PL of PbSe fQDs and PbTe NPLs shows bathochromic shifts 

from 929 nm to 1023 nm and 1111 nm to 1184 nm, respectively. This observation 

has previously been attributed to a reduction of quantum and dielectric 

confinement, caused by the addition of a quasi-sulfide layer by the MUA-ligand38 

and a dielectric surrounding change due to the water transfer.28,39 However, for the 

PbS NPLs we find a slight blue-shift in the absorbance (731 nm to 724 nm). It is 

assumed that the dielectric surrounding effects are counteracted by size 

narrowing/exclusion caused by the rigorous washing in the PbS NPL case. This is 
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also reflected in the small decrease in average lateral size, from (20.2 ± 2.4) ×  

(6.6 ± 1.7) nm2 down to (19.3 ± 3.1) × (6.4 ± 1.2) nm2. In addition, PbS NPLs have 

the largest lateral size and PbS exhibits the smallest exciton Bohr radius 

(aB,PbS = 20 nm),40 making it the system with the smallest confinement and minor 

changes in the chemical environment are expected to influence PbS NPLs less than 

the extremely confined PbSe fQDs (aB,PbSe = 46 nm)40 and PbTe NPLs 

(aB,PbTe ≈ 82 nm).41 

After the phase transfer, the PbX NPLs and fQDS exhibit a PLQY of 1% for PbS 

NPLs, 15% for PbSe fQDs and 2% for PbTe NPLs. This corresponds to retaining 

65% of the initial PLQY in organic solution for PbSe fQDs (a decrease from 23% to 

15%) and 50% for PbTe NPLs (from 4% down to 2%), which is in good agreement 

with the relative PLQY decrease observed during the phase transfer of CdSe NPLs 

to water (∼50% loss).24,35 These results render aqueous 2D PbSe fQDs in particular 

efficient NIR emitters in aqueous solution. For example, in comparison with well-

established zero-dimensional PbSe QDs at these wavelengths, e.g. HYUN et al. 

reported “at least 10%” PLQY for aqueous PbS and PbSe QDs,27 and LIN et al. 

measured 3.8 to 10% PLQY for ligand exchanged PbS, PbSe, and PbTe NCs in N-

methyl-formamide.31 To further improve the PLQY of (aqueous phase) 2D lead 

chalcogenides, shelling with e.g. CdS, resulting in type-I heterostructures, is under 

investigation currently.6,42,43 

5.4.3 Ligand Binding to Aqueous 2D PbX fQDs and NPLs 

To follow and characterize the lipophilic-to-hydrophilic ligand exchange at the 

molecular level, we perform X-ray photoelectron spectroscopy (XPS) 

measurements. Figure 5.4 shows the S2p XPS core-level spectra of organic (a–c) 

and aqueous (d–f) 2D PbX NCs. The signals primarily consist of the spin–orbit 

split S 2p3/2 and 2p1/2 doublet, with a 2:1 area ratio and a doublet separation of 

1.2 eV (ref. 44) and minor overlapping non-sulfur contributions by the Se 3p3/2 and 

3d1/2 doublet45,46 (separation of 5.3 eV) in case of the PbSe fQDs  

(Figure 5.4b and e) and the Te 4s singlet47 in case of aqueous PbTe  

NPLs (Figure 5.4f). 

 



Aqueous 2D PbS, PbSe and PbTe Nanoplatelets 

134 
 

 

Figure 5.4. XPS analysis of the S 2p core level region prior to and after phase 

transfer of PbS NPLs (a, d), PbSe fQDs (b, e), and PbTe (c, f) NPLs. After the phase 

transferring to water by the introducing MUA as a ligand, the spectra of all three 

aqueous 2D PbX NCs show the appearance of RS-Pb (light green) and RSH-Pb 

(yellow) components, which indicates a combination of X-type bound thiolate and 

L-type binding of the protonated thiol to the 2D PbX NC surface. 

 

The absence of the Te 4s singlet in organic PbTe NPLs suggests that the phase-

exchanged PbTe NPLs are more stable under ambient conditions (which is crucial 

given the aqueous solutions are typically stored outside of the glovebox). They do 

not decompose by short-term exposure to air, for example during transfer into the 

vacuum of the XPS. In contrast, the less stable organic PbTe NPLs likely form oxide 

moieties, with a Te 4s signal consequently shifted to higher energies and originated 

outside the measured S 2p region compared to the Te-Pb binding motif. 

Of the three organic 2D PbX NCs prior to phase transfer, only PbS NPLs  

(Figure 5.4a) exhibit significant S 2p core-level region signals. This can be 

explained by organic PbSe and PbTe NPLs both not containing sulfur or sulfur-

containing ligands. In perfect agreement with values reported by CAO et al. and 

MALGRAS et al., the narrow, high-intensity signal contribution at 160.6 and 
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161.8 eV (S-Pb, light green) is attributed to sulfur bound to lead within the PbS NPL 

core.48,49 Additionally, minor contributions of sulfur species with higher oxidation 

states occur above 163.0 eV (dark grey), which are assigned to the oxidation of 

sulfur surface atoms due to a lack of protective ligands following the purification 

required prior to the phase transfer.49 The lowest intensity components (Pb*, light 

grey) was previously assigned to the energy loss from Pb 4f signals.49 

After the ligand exchange and transfer to water (d–f) S 2p signals rise for all 2D 

PbX NCs, as the sulfur-containing MUA ligand is introduced. The main component 

at 160.9 ± 0.3 and 162.1 ± 0.3 eV (RS-Pb and S-Pb, light green) is attributed to 

deprotonated MUA, which is bound to Pb surface sites via the thiolate function in 

an X-type manner (see Figure S 5.5 for a schematic representation of the different 

ligands binding types).46,50 For PbS NPLs, these signals coincide with the S-Pb core 

component and are thus rather indistinguishable. Notably, the X-type binding 

motif, where thiolate as an anionic one-electron donor forms a covalent bond to a 

surface metal atom,23 is the expected one. This motif is commonly depicted in 

reports on the water transfer of different NCs (also shown in Figure 5.1) with 

mercaptocarboxylic acids (though it is not necessarily probed).28,35 The assignment 

of the second major component present for all 2D PbX NCs at 163.2 ± 0.2 and 

164.4 ± 0.2 eV (yellow) is less unambiguous in literature, with three different 

options: 

 

i. Free, unbound thiol (here MUA).48 

ii. “Reverse” X-type binding of mercaptocarboxylic acid by the carboxylate 

with the free thiol facing the solution.36 

iii. L-type binding of a protonated thiol as a neutral LEWIS base which donates 

two electrons from the sulfur to form a dative covalent bond.23,51 

 

Similar to BAGARIA et al., we deem the presence of considerable amounts of free, 

unbound MUA to be unlikely in our case, since the aqueous colloidal solutions were 

thoroughly precipitated to remove excess MUA (as well as any amine or oleate 

residues).36 In addition, the drop-casted XPS samples were further rinsed with 

chloroform prior to being measured. To clarify this and to distinguish between the 

other two options (see Figure S 5.5), 1H NMR measurements were performed and 

are discussed in Figure 5.5. Lastly, it is noteworthy that PbSe fQD and PbTe NPL 
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XPS spectra show no signs of oxidized sulfur species at higher binding energies. 

This result is consistent with the stability of relatively long-chained thiols towards 

photooxidation. It underpins that the oxidized sulfur species present in the 

aqueous PbS NPL sample originates from sulfur atoms in the core that are already 

present in organic PbS NPLs (see discussion above) and therefore are not to be 

expected for PbSe fQDs and PbTe NPLs.52 

Figure 5.5 depicts 1H NMR spectra of deprotonated MUA (phase transfer stock 

solution (a)), as well as aqueous PbS NPLs (b), PbSe fQDs (c), and PbTe NPLs (d) 

in D2O, within the range of 1.45–2.85 ppm. The relevant protons and their 

respective chemical shifts are labeled in panel (e) and were assigned by applying 

work of RISTIG et al.53 Two-fold unbound deprotonated MUA (as present in the 

phase transfer stock solution) exhibits two triplet resonances at 2.47 ppm (t, 2H, 

αS-CH2) and 2.10 ppm (t, 2H, αCOO-CH2) corresponding to the protons in the α-

position of the thiolate (1) and the carboxylate (2), respectively. The β-protons 

appear as two overlapping quintet resonances at approximately 1.53 ppm and 

1.50 ppm (m, 4H, β-CH2). The aliphatic protons, not shown in Figure 5.5a, occur 

as a broad singlet resonance around 1.24 ppm (s, 12H, CH2), the thiol-proton of 

partial protonated MUA is expected at a similar resonance (s, 1H, SH), overlapping 

with the aliphatic protons. The carboxyl-proton (expected above 10 ppm (s, 1H, 

COOH)) is not present in any of the samples. For discussing the aqueous 2D PbX 

NC spectra, we focus on the α- and β-protons, all of which are downfield shifted by 

a similar amount compared to the free MUA for the three lead chalcogenides, which 

indicates a binding to the 2D PbX surface. It has to be noted that the fQD and NPL 

spectra do not show resonances of the unbound MUA ligand, which further 

confirms that the aqueous samples are indeed free of excess ligand (and ruling out 

free unbound thiol as the origin of the discussed XPS signals at 163.2 ± 0.2 and 

164.4 ± 0.2 eV). In detail, the α-protons are shifted by +0.30 ppm to 2.74 (t, 2H, 

αS-CH2, (1)) and +0.07 ppm to 2.17 ppm (t, 2H, αCOO-CH2, (2)), respectively. These 

shifts are consistent with those of the β-protons, which diverge in the fQD and NPL 

samples, resulting in two well separated quintets with shifts of +0.16 ppm to 

1.69 ppm (q, 2H, βS-CH2, (3.1)) and +0.04 ppm to 1.54 ppm (q, 2H, βCOO-CH2, 

(3.2)), respectively. Notably, the similar shift ratios Δδ(αS-CH2)/Δδ(αCOO-CH2) of 

4.29 and Δδ(βS-CH2)/Δδ(βCOO-CH2) of 4.0 underpin the proton assignments. 
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Figure 5.5. 1H NMR spectra of free, deprotonated MUA (a) as well as aqueous PbS 

NPLs (b), PbSe fQDs (b), and PbTe NPLs (c). The downfield shift of the resonances 

of free MUA (assigned in panel (e)) compared to MUA in the 2D PbX samples 

indicates its binding to the 2D PbX surface. The larger shift of the α- and β-protons 

of the thiolate side ((1) and (3.1)) in comparision to the carboxylate side ((2) and 

(3.2)) of MUA suggests preferential binding via the sulfur. 

 

The downfield shifting is associated with binding to the surface because the NC 

deshields the nuclei of the ligand.53,54 Consequently, nuclei in closer proximity to 

the NC surface experience larger deshielding than those farther away. From the 

larger shifts of the αS-CH2 and βS-CH2 it is concluded, that MUA is bound to the 

fQD and NPL surface via the sulfur side. Together with the XPS data it is inferred 

that the aqueous PbX fQD and NPL surface is covered by a combination of X-type 

and L-type bound MUA. The NMR analysis further rules out the presence of large 

quantities of “reversely” X-type bound MUA. Such a configuration would result in 

different chemical shifts, showing two sets of resonances for the two different 

orientations. Notably, we do not observe significant NMR line broadening (around 

1 Hz for the αS-proton), which we attribute to solvent-ligand interactions, 

previously described by DE ROO et al.55 In brief, the authors conclude that poor 
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ligand solvation is the main cause for NMR line broadening in NC samples and 

found that water/D2O produces the narrowest line widths in their study. We 

assume the same for the highly soluble deprotonated MUA ligands applied here. 

The combination of X- and L-type bound MUA can address surface sites in a 

manner similar to the commonly used combination of X- and L-type oleate and 

octyl- or oleylamine in organic solution. This may be interpreted as one of the 

reasons for the successful and widespread use of mercaptocarboxylic acids in phase 

transfer processes involving compositionally and structurally very diverse NC 

systems.27,28,35 

5.5 Conclusion 

Up to now, there have been no phase transfer protocols for 2D PbX fQDs and 

NPLs with telecommunication band NIR PL in aqueous solution. Here, we adopt 

phase transfer protocols based on MUA to PbS NPLs, PbSe fQDs, and PbTe NPLs, 

yielding aqueous solutions and retaining their NIR PL. Aqueous PbSe fQDs (post-

phase transfer quantum yield of 13%) are competitive with aqueous spherical PbX 

NCs, making them interesting for further processing into functional 

nanocomposites. Using XPS and NMR, we conclude on a combined role of X- and 

L-type binding of MUA to the fQDs and NPLs via the sulfur side (as thiolate and 

thiol). Our findings advance the understanding of efficient mercaptocarboxylic 

acid-based nanomaterial water transfer and will help to use the potential of 2D PbX 

NPLs and fQDs for the incorporation in (quantum) optical applications at 

technologically relevant wavelengths. 
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5.7 Supplementary Information 

 

Figure S 5.1. Photo series showing the phase transfer process for the example of 

PbSe fQDs. (a) Thoroughly purified organic PbSe fQDs are dispersed in hexane.  

(b) Addition of a phase transfer solution (MUA and KOH in MeOH) results in the 

PbSe fQDs changing phase and loosely flocculating in the bottom MeOH phase.  

(c, d) Subsequent centrifugation followed by discarding of the biphasic supernatant 

and redispersion in water (0.1 M KOH) yields non-purified aqueous PbSe fQDs.  

(e–g) Purifying the aqueous PbSe fQDs with chloroform gives the final aqueous 

PbSe fQDs. 
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Figure S 5.2. Lateral size histograms of PbS NPLs, PbSe fQDs, and PbTe NPLs 

before (a–c) and after (d–f) phase transfer to water. The lateral sizes do not change 

significantly. x-Lengths (red) are the longest dimension of the fQDs and NPLs, y-

widths (blue) were determined by measuring the largest distance perpendicular to 

the x-length. A sample size n of 150 NPLs was measured for each sample. 
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Figure S 5.3. TEM images of large stacks of vertically aligned 2D PbS NPLs (drop-

casted from organic colloidal solution onto amorphous carbon-coated TEM grids). 

The rigorous purification before the phase transfer, accompanied by ligand 

stripping, promotes the formation of such stacks. 
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Figure S 5.4. High magnification TEM images of 2D PbX fQDs and NPLs before 

(a–c) and after (d–f) the aqueous phase transfer. The clearly visible lattice fringes 

underpin the crystallinity of the materials. 

 

 

Figure S 5.5. Schematic representation of the possible binding motifs of MUA to 

the PbX NPL surface. By combining XPS and NMR measurements we rule out the 

presence of “reversely” X-type bound MUA and conclude on a combined 

passivation by X- and L-type bound MUA. 
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6 Sub-millielectronvolt Line Widths in Polarized 

Low-Temperature Photoluminescence of 2D PbS 

Nanoplatelets 

This chapter focuses on the PL properties of single 2D PbS NPLs at cryogenic 

temperatures. At 4 K PbS NPLs exhibit blinking-free, linearly polarized PL (up to 

90%), with linewidths down to 615 µeV and trions as the dominant PL source. 

 

The results presented here have been published in Nano Lett. 2024, 24 (51), 

16293–16300. For details about the author contributions see Chapter B. 
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6.1 Abstract 

Colloidal semiconductor nanocrystals are promising materials for classical and 

quantum light sources due to their efficient photoluminescence (PL) and versatile 

chemistry. While visible emitters are well-established, excellent (near-infrared) 

sources are still being pursued. We present the first comprehensive analysis of low-

temperature PL from two-dimensional (2D) PbS nanoplatelets (NPLs). Ultrathin 

2D PbS NPLs exhibit high crystallinity confirmed by scanning transmission 

electron microscopy, revealing MOIRÉ patterns in overlapping NPLs. At 4 K, unique 

PL features are observed in single PbS NPLs, including narrow zero-phonon lines 

with line widths down to 0.6 meV and a linear degree of polarization up to 90%. 

Time-resolved measurements identify trions as the dominant emission source with 

a 2.3 ns decay time. Sub-meV spectral diffusion and no inherent blinking over 

minutes are observed, as well as discrete spectral jumps without memory effects. 

These findings advance the understanding and underscore the potential of 

colloidal PbS NPLs for optical and quantum technologies. 

6.2 Introduction 

Colloidal semiconductor nanocrystals are being extensively studied for their use 

as classical and quantum light sources due to their optical properties dominated by 

size quantization.1−3 Key requirements for their application include photostable PL 

with high quantum yields, short radiative lifetimes, low spectral broadening and 

diffusion, as well as scalable fabrication. At UV to visible wavelengths, cadmium 

chalcogenide CdX (X = S, Se, and Te) NPLs and heterostructures are known for 

their excellent optical properties. In particular, CdSe-based NPL systems exhibit 

narrow line widths below 40 meV at room temperature,4,5 between 80% and up to 

unity PL quantum yield,6−8 fast radiative decay in the nanosecond range,4,9 and 

highly directional PL.10 In recent years, colloidal lead halide perovskite 

nanocrystals have emerged as emitters with efficient (quantum yield over 96%),11 

narrow (12−42 nm) and rapidly decaying (1−29 ns) room-temperature PL at visible 

wavelengths,12 as well as single photon emission.13−15 However, materials with 

similar characteristics at (near-)infrared (NIR) wavelengths are yet highly sought 

for, in particular for photonic quantum communication applications.16−18 Potential 

candidates include Ag-doped CdSe NPLs,19 HgTe NPLs20 or InAs/CdSe core-shell 

nanocrystals.21 Another promising material class are lead chalcogenide 
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PbX (X = S, Se, Te) QDs,22−24 NPLs25−27 and related heterostructures:28−30 For 

instance, KRISHNAMURTHY et al. demonstrated single spherical PbS/CdS QDs 

emitting in the telecom O-band (near 0.95 eV) at room-temperature, featuring 

photon antibunching and an average line width of 89.5 meV.29 In a similar system 

and at T = 4 K, HU et al. reported on bleaching-free PL at around 1.0 eV and mean 

intrinsic PL line width of 16.4 meV, featuring asymmetric line shapes caused by the 

coupling of excitons to optical and acoustic phonon modes.28 In both cases, the 

broad line widths (compared to their II-VI analogues, such as CdSe QDs) are a 

result of a 64-fold degenerated band-edge exciton in PbX QDs that splits into 

multiple energetically similar transitions, resulting in intrinsic PL 

broadening.28,31,32 A closely related, yet unexplored system at the single particle 

level are photoluminescent 2D PbS NPLs. MANTEIGA VÁZQUEZ et al. developed a 

synthesis of rock salt cubic-structured PbS NPLs exhibiting a PL quantum yield of 

up to 19.4% for PL at 1.7 eV (720 nm) upon surface passivation with CdCl2.25 This 

strongly enhanced emission efficiency provides the opportunity to investigate the 

excitonic emission properties of 2D PbS NPLs at the individual emitter level and 

exploring their electronic structure, phonon interactions and spectral 

characteristics at cryogenic temperatures. 

Our findings provide the first in-depth optical study of individual PbS NPLs at 

cryogenic temperatures. Highly polarized emissions at around 1.82 eV (677.6 nm) 

with sub-meV line widths are observed at T = 4 K, accompanied by an acoustic 

phonon sideband. Time-resolved and excitation power dependent measurements 

reveal trion states as the dominant cause of PL. The emissions exhibit exceptional 

spectral stability with sub-meV spectral diffusion and are blinking-free over several 

minutes, promoting the potential of 2D PbS NPLs for reaching near-infrared 

optoelectronic applications. 

6.3 Results and Discussion 

NIR emitting colloidal PbS NPLs passivated with CdCl2 were synthesized by a 

method described by MANTEIGA VÁZQUEZ et al.25 Figure 6.1a shows an overview 

TEM image of PbS NPLs resembling a rectangular shape with average lateral 

dimensions of (16.0 ± 1.6) × (9.2 ± 1.2) nm2 and a corresponding aspect ratio of 

1.7:1 (see Figure S 6.1 for an additional overview image and the corresponding size 

histogram). 
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Figure 6.1. (a) Overview TEM image of rectangular PbS NPLs exhibiting average 

lateral dimensions of (16.0 ± 1.6) × (9.2 ± 1.2) nm2. (b) HR-HAADF-STEM image 

of two overlapping PbS NPLs forming a MOIRÉ pattern. The formation of the 

interference pattern emphasizes the ultrathin 2D geometry of the PbS NPLs.  

(c) Ensemble room temperature absorbance and PL spectrum of PbS NPLs (in 

colloidal solution), exhibiting excitonic absorption at 1.96 eV and NIR  

PL at 1.70 eV. 

 

Figure 6.1b depicts a HR-HAADF-STEM image of two overlapping PbS NPLs (the 

corresponding FFT patterns of the highlighted crystal areas are shown in  

Figure S 6.2a). The individual PbS NPLs are highly crystalline and exhibit the cubic 
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rock salt structure (space group  𝐹𝑚3̅𝑚) expected for 2D PbS nanosheets (NSs) and 

NPLs25,33,34 with the characteristic lattice spacings of 2.9 Å (200) and 2.1 Å (220) 

(PDF card 01-078-1900). Notably, no diffraction peaks of an orthorhombic PbS 

phase (interplane distances of 2.8 and 2.05 Å)35 are evident from the FFT patterns 

(see Figure S 6.2). The ultrathin 2D geometry and crystalline nature of the NPLs is 

underpinned by the formation of a pronounced MOIRÉ pattern in the overlapping 

area of the two differently oriented diffracting crystals (see Figure S 6.2b,c for 

additional examples). Although not directly related to the in-depth optical studies 

in this work, the formation of randomly oriented MOIRÉ patterns suggests that the 

small CdCl2 ligands used as X- and Z-type ligands in a postsynthetic surface 

passivation step, allow for a quasi-direct contact between some PbS NPLs (in 

contrast to typical bulky organic surfactants such as oleic acid, which lead to 

further spatially separated NPLs, see also Figure S 6.3 for grazing-incidence 

wide-angle X-ray scattering data of PbS NPLs and further discussion).26,36 While 

twistronics are very thoroughly researched for VAN DER WAALS materials,37 MOIRÉ 

superlattices based on metavalently bound materials such as PbS have only 

recently been accessed by WANG et al. via an aqueous synthesis route with readily 

removable ligands. We assume that metal halide passivation can yield similar 

formations while at the same time enhancing the optical properties of the PbS 

NPLs synthesized in organic medium.36 Figure 6.1c depicts the optical 

characteristics of the PbS NPL ensemble in colloidal solution at room-temperature, 

which exhibit an excitonic absorption feature at 1.96 eV and associated NIR PL at 

1.70 eV with a rather broad fwhm of 264 meV (Figure 6.1c). To gain further insight 

into the optical, structural and electronic properties of PbS NPLs at the single NPL 

level, we perform PL measurements at cryogenic temperatures (see SI, 

section 6.6.1). Please note that signs of MOIRÉ modulation are not expected in the 

characterized single NPL optical spectra since the NPLs are separated spatially by 

the polystyrene matrix). 

Figure 6.2a shows a representative PL spectrum of individual PbS NPLs at 

T = 4 K. In marked contrast with typical PL spectra of PbS nanocrystals for which 

single broad (≥ 8 meV) emission lines are observed,28 the PL spectra of PbS NPLs 

consist of a narrow, resolution-limited, zero phonon line (ZPL) together with 

phonon sidebands at energies of 26.5 and 5 meV that we attribute to optical (LO) 

and acoustic phonons (Ac), respectively28,38 (see Table S 6.1 for the fitting results, 
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Figure S 6.5 and Figure S 6.6 for more spectra of individual NPLs). The statistics 

on more than 70 individual NPLs show that the emission energies of the ZPL 

(Figure 6.2b) is centered around 1.82 ± 0.06 eV, which clearly indicates a high level 

of uniformity in the thickness and the lateral dimensions of the PbS NPLs. 

 

 

Figure 6.2. PL of single PbS NPLs at T = 4 K. (a) Micro-PL spectrum of a single 

PbS NPL (1 s exposure time) featuring sub-meV emission and a red-shifted phonon 

sideband with LO-phonon replicas (LO) and acoustic phonon (Ac) contributions. 

(b) Distribution of the emission energy centered around 1.82 eV and (c) fwhm of 

the narrowband part of single PbS NPL emissions, obtained by measuring 71 

individual NPLs. 74% of the measured emission lines exhibit sub-meV line widths. 

(d) Polarization-dependent PL measurement of a single PbS NPL and (e) the 

respective normalized PL intensity obtained in different spectral ranges as a 

function of the linear polarization angle of the emitted light. The blue dots 

represent the ZPL (δ = 0.90), the red dots correspond to the acoustic phonon 

sideband (δ = 0.71). (f) Normalized sum of the 91 PL spectra from the 

measurement in (d) and illustration of STOKES and anti-STOKES PL of the acoustic 

phonon sidebands of a single PbS NPL. 
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Moreover, Figure 6.2c shows that the NPL emission line width does not exceed 

2 meV and that more than 74% of the studied PbS NPLs exhibit a sub-meV line 

width. The detected line widths go down to 0.6 meV, approaching the resolution 

limit of the spectrometer. This strongly contrasts with the sharpest emission line 

width measured on individual PbS nanocrystals (≥ 8 meV)28 for which the line 

broadening stems from the exciton fine structure,28 the intervalley and the 

exciton-phonon coupling effects,39 and the spectral diffusion.40 Therefore, the 

record sharpness of the PbS NPLs studied here points to (i) an absence of spectral 

diffusion, (ii) a reduced exciton-phonon coupling and/or (iii) a different excitonic 

origin of the emission. Strikingly, we observe an additional discrete peak (arrow in 

Figure 6.2a) close to the ZPL on the PL spectra. A detailed analysis of the PL spectra 

around the ZPL (conducted on another NPL, Figure 6.2f) unveils that this discrete 

peak appears in both, the STOKES and anti-STOKES part of the PL spectra. Such a 

well-defined peak observed around 2.4 meV for most of the NPLs is most likely 

stemming from the thickness breathing mode (which would be 2.4 meV for a 

1.6 nm thick PbS NPL, see Figure S 6.7 for TEM images of PbS NPLs exhibiting the 

thickness of 1−2 nm).41,42 This feature, previously observed on PL spectra of 

individual CdSe43 and InP44 NCs at cryogenic temperatures, is the fingerprint of 

confined acoustic phonon modes at about 10 K, which corresponds to the base 

temperature in coldfinger cryostats for such sample preparation. 

Notwithstanding unprecedented sharpness of their emission lines, PbS NPLs 

exhibit striking linear polarization properties (Figure 6.2d), which are analyzed by 

utilizing a rotating half-wave plate followed by a polarizer. In Figure 6.2e, 

integrated intensities of the ZPL and the acoustic phonon sideband for the various 

polarization angles are reported. From the angle dependent PL intensity, we 

evaluate the polarization degree, δ, as δ = (Imax - Imin)/(Imax + Imin) where Imax (Imin) 

are the maximum (minimum) PL intensities. The ZPL displays a high polarization 

degree δ = 0.90 (for similar data from a second PbS NPL, we refer to Figure S 6.8). 

The acoustic phonon sideband (from -1 meV to -8 meV in Figure 6.2f) shows a 

slightly lower polarization degree of δ = 0.71, while maintaining the same 

polarization angle as the ZPL. 

The emission polarization of single NPLs is influenced by their aspect ratio,31 as 

well as the orientation of the NPL with respect to the substrate. A dipole orientation 

in the plane of the substrate will show a maximum polarization degree, whereas 
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dipoles with orthogonal orientations are expected to appear as unpolarized 

emission (details in the SI, section 6.6.2, Figure S 6.8). The high degree of linear 

polarization in PbS NPLs indicates that the excitonic transition in individual PbS 

NPLs exhibits a polarization component, attributed to a linear 1D or 2D dipole. 

Furthermore, the alignment of the dipole is nearly ideal to the substrate plane 

(similar to observations shown in Figure 6.1). The aspect ratio is PbS NPLs is 

approximately 2, leading to anisotropic lateral electronic confinement and 

therefore contributing to the enhanced degree of observed polarization. It is 

important to note that the degree of polarization may depend on further factors 

that we do not study in detail here, such as selection rules of the allowed excitonic 

states and the respective oscillator strengths or possible effects of absorption 

polarization, by which the recombination of specific exciton types can be favored 

depending on the excitation energy and the energy spectrum of the NPL (further 

discussion in the SI, section 6.6.3). 

Figure 6.3 shows the comparison of a PbS NPL ensemble with single NPL PL to 

study the origin and excitonic nature of the emission in more detail. Figure 6.3a 

includes the temperature-dependent PL spectra of a PbS NPL ensemble  

(Figure S 6.9 shows the data with an even more precise stepwise increase in 

temperature). We find an increasing slope of the high-energy PL edge with 

decreasing temperature, indicating an increased relative intensity and a decreased 

spectral width of the bandgap-associated emission. The PL spectrum of a single 

NPL at 4 K in Figure 6.3b, as well as the distribution of emission energies discussed 

in Figure 6.2b, shows good overlap with the emission edge of the ensemble 

emission at T = 4 K in Figure 6.3a. 

The spectral region of the emission is then filtered (shaded gray area in  

Figure 6.3a,b) and detected with an avalanche photodiode to perform PL decay 

measurements for temperatures from 4 to 200 K (Figure 6.3c). The decay 

dynamics occur on two distinct time scales: a slow component (τ1 ≥ 6 ns) and a fast 

component (τ2 in the subnanosecond range), with detailed data provided in  

Figure S 6.9. As the temperature increases to 160 K, we observe a lengthening of 

the fast decay component from 300 to 750 ps. The fast decay component, τ2, 

remains stable between 10 and 70 K, with most changes occurring above 70 K, 

which is consistent with the findings of CANNESON et al.45 on trion emission in 

CsPbBr3 quantum dots. At temperatures of 170 K, the fast decay component 
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disappears. This vanishing of the fast component could be explained by the thermal 

energy overcoming the binding energy of the excitonic complex, allowing us to 

estimate the trion binding energy to be ∼14.7 meV, which is close to the theoretical 

values reported in the literature for PbS NPLs of similar dimensions.46 (similar 

temperature-dependent results for PbS NPLs ensembles can be observed in  

Figure S 6.10 and Figure S 6.11). These dynamics stand compared to the PL decay 

of PbS nanocrystals, which typically occurs on a microsecond time scale  

(see Figure S 6.12 for PL lifetime measurement of ensemble PbS NPLs at RT).47,48 

We attribute the presence of the fast component to the generation of higher order 

excitonic complexes (such as trions), additionally favored by a pile-up effect due to 

the high repetition rate of the pulsed laser of 82 MHz used for photoexcitation in 

the temperature-dependent measurements. 

 

 

Figure 6.3. (a) Temperature-dependent PL spectra of an ensemble of PbS NPLs 

and (b) PL spectrum of a single PbS NPL at 4 K. The gray shaded area indicates the 

spectral range selected for lifetime measurements. The black dashed line 

represents the energy distribution of emissions from single PbS NPLs at 4 K in 

Figure 6.2b. (c) Fluorescence lifetime measurements of an ensemble of PbS NPLs, 

normalization is performed at a ‘long’ time scale (5 ns in this case) to emphasize 

the fast component and its strong temperature dependence. (d) Fluorescence 

lifetime measurement of a single PbS NPL. A monoexponential decay model is 

applied (solid, black line). (e) Excitation laser power dependent PL spectra of a 

single PbS NPL and (f) the respective normalized integrated PL intensity of the ZPL 

showing a linear increase with the excitation power. 
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The PL decay of a single PbS NPL at 4 K is shown in Figure 6.3d, and data is best 

modeled with a monoexponential decay, even though it cannot be ruled out 

completely that a smaller fraction with a slower decay component is present also 

in this case. A lifetime of 2.3 ns is extracted, which is in the realm of lifetimes 

reported for CdSe49 and InP50 NCs. 

A further tool to investigate the excitonic origin of NPLs and nanocrystals are 

excitation power dependent measurements.51,52 We perform these measurements 

under CW excitation with results shown in Figure 6.3e. A linear increase of the 

integrated PL intensity of the ZPL (Figure 6.3f) and the lack of additional spectral 

features with growing excitation power rule out multiexcitonic emissions as well as 

recombination processes that are independent of the excitation power (such as 

those involving trap or defect states). 

By considering all observations up to this point, the question arises whether the 

narrow-band emission in single PbS NPLs can either be attributed to the presence 

of neutral excitons or trions, i.e. an exciton in the presence of an additional 

unpaired charge carrier. Owing to their specific spin structure,53 optical properties 

of trions (positive and negative) include rather temperature-independent emission 

characteristics.54 This results in trion emission having a rapid initial decay phase, 

which is indicative of swift radiative recombination. This phase is faster than the 

decay of dark excitons, yet slower than that of bright excitons.54 The unique 

dynamics of neutral excitons, which are susceptible to temperature due to the 

interplay between optically inactive (dark) and active (bright) states, are in stark 

contrast with the more temperature-stable behavior of trions. However, the 

proportion of trion transitions is sensitive to temperature, particularly in relation 

to their binding energy. When thermal energy surpasses the trion binding energy, 

the trion emission effectively vanishes. This aligns well with observations from the 

PbS NPL ensemble PL decay as a function of temperature, which demonstrates 

that, while the rate of fast PL decay remains constant, its relative weight diminishes 

with an increase in temperature. Based on these factors, we assume the fast decay 

of the narrowband emission of single PbS NPLs at 4 K is initiated by a trion 

transition. The sign of the trion does not affect the conclusion but further studies 

on the magneto-optical properties of the trion will aim at unveiling the sign of the 

trion and their spin dynamics. 
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Figure 6.4. Spectral and temporal dynamics of single PbS NPLs. (a) PL time 

traces of a representative PbS NPL, exhibiting minimal spectral diffusion and 

blinking. (b) Normalized sum (red, dashed line) of the 300 PL spectra from (a). 

The blue line features the normalized sum of spectra which is corrected for spectral 

diffusion by rescaling the x-axis of each spectrum to the emission energy of the 

strongest emission peak. (c) Distribution of the central emission energy of the 

emission (obtained by fitting each spectrum in (a)) and (d) intensity time trace 

from the emission in (a) within the integration range shown by the dashed line.  

(e) PL time trace of a single PbS NPL, revealing combined spectral diffusion and 

blinking with discrete jumps. (f) Normalized sum of spectra for the four distinct 

emission states observed in (e), with the colors of the spectra corresponding to the 

selected ranges in (e). 

 

To characterize the spectro-temporal dynamics in PbS NPLs, we analyze PL time 

traces of individual NPLs at a cryostat temperature of 4 K. These dynamics are key 

to understanding the influence of the nanomaterials’ surroundings on their 

photophysical properties. Figure 6.4a shows 300 consecutively recorded spectra 

with 1 s exposure time each, exhibiting a highly stable emission of PbS NPLs. All 

recorded spectra are summed up and normalized to obtain a time-integrated 

spectrum over 300 s (dashed red line in Figure 6.4b). A second approach addresses 

the spectral diffusion by rescaling the x-axis of each individual spectrum to match 

the emission energy of the strongest emission peak, followed by summing up these 



Cryo Photoluminescence of 2D PbS Nanoplatelets 

161 
 

adjusted spectra and normalizing them (solid blue line in Figure 6.4b). The 

excellent overlap between the normalized sum of spectra and the spectral 

diffusion-compensated normalized sum of spectra underpins that the effect of 

spectral diffusion in the single PbS NPL emission is almost negligible over 5 min 

(see Figure S 6.13 and Figure S 6.14 for more time trace measurements of 

individual PbS NPLs). The distribution of the central emission energy, derived 

from applying a GAUSSIAN line shape to each spectrum, is presented in Figure 6.4c 

and reveals sub-meV (fwhm of 0.4 meV) spectral diffusion. The reduced fast 

spectral dynamics, which typically occur due to the STARK effect induced by trapped 

surface charges, points to a low density of surface traps. The application of CdCl2 

in a postsynthetic step for surface passivation has been identified as an effective 

strategy for addressing dangling bonds via X- and Z-type binding to Pb2+ and S2- 

surface sites, respectively, and contributes to a reduced trap state density.25,26 

Midgap trap states are also expected to be of low level of significance due to the 

high crystallinity and well-balanced stoichiometry (Figure 6.1 and also MANTEIGA 

VÁZQUEZ et al.20), as well as an expected robustness of PbS NPLs against off-

stoichiometry predicted in ab initio simulations.55 Figure 6.4d shows the time-

dependent intensity of the emitted signal shown in Figure 6.4a, within the spectral 

region indicated with dashed lines. A stable emission is observed over long times 

with no clear traces of blinking and only slow, low-magnitude drifts of the intensity, 

which is yet another argument for a low trap-state density in PbS NPLs. 

While the low spectral diffusion is a common feature of the studied NPLs, the 

spectral characteristics can vary considerably. Figure 6.4e illustrates the spectral 

evolution of another PbS NPL, which displays several discrete spectral jumps over 

time. Four distinct spectral positions were identified, and for each of these we show 

the normalized sum of the respective spectra in Figure 6.4f by using the same color. 

Despite the differences in spectral position, the spectra are almost identical: The 

ZPL as well as observed STOKES and anti-STOKES PL features with phonon energies 

of around 5−6 meV do not change significantly. Another noteworthy feature is the 

lack of a memory effect56 at the spectral jumps, which indicates that the spectral 

positions correspond to discrete localized states that are not correlated or affected 

by the previous state of the NPL. These observations could be consistent with a 

trion emission experiencing four different COULOMB environments (e.g., four 

localized trapping sites) where the spectral positions are determined by the 
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quantum-confined STARK effect induced by a charge carrier trapping. The absence 

of spectral diffusion (see Figure S 6.15) at each spectral position indicates that the 

charges remain strongly localized as hopping charges would cause STARK effect 

fluctuations. 

6.4 Conclusion 

In conclusion, we have synthesized highly crystalline, ultrathin 2D PbS NPLs 

with CdCl2 ligands used for surface passivation. A comprehensive analysis of the 

PL properties of these PbS NPLs is conducted at cryogenic temperatures. The 

results reveal that single PbS NPLs exhibit strong and linearly polarized emission 

at 4 K, showcasing sub-meV line widths significantly narrower than those observed 

in spherical nanocrystals of similar materials. These findings highlight the unique 

optical properties conferred by the 2D geometry of the PbS NPLs. Time-resolved 

PL measurements confirm that the narrow emission originate from trions. The 

trion state in PbS NPLs demonstrates stable emission with minimal spectral 

diffusion and the absence of blinking over minutes. Additionally, PbS NPLs exhibit 

new spectral diffusion characteristics, which lack a memory effect. Our findings not 

only advance the fundamental understanding of colloidal 2D semiconductor NPLs 

but also emphasize their significant potential for advancing the next generation of 

optical and quantum technologies. 
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(15) Rainò , G.; Nedelcu, G.; Protesescu, L.; Bodnarchuk, M. I.; Kovalenko, M. V.; 

Mahrt, R. F.; Stöferle, T. Single Cesium Lead Halide Perovskite Nanocrystals at 

Low Temperature: Fast Single-Photon Emission, Reduced Blinking, and Exciton 

Fine Structure. ACS Nano 2016, 10 (2), 2485−2490. 

(16) Cao, X.; Zopf, M.; Ding, F. Telecom Wavelength Single Photon Sources. J. 

Semicond. 2019, 40 (7), No. 071901. 

(17) Miyazawa, T.; Takemoto, K.; Sakuma, Y.; Hirose, S.; Usuki, T.; 

Yokoyama, N.; Takatsu, M.; Arakawa, Y. Single-Photon Generation in the 1.55-Mm 

Optical-Fiber Band from an InAs/InP Quantum Dot. Jpn. J. Appl. Phys. 2005, 44 

(5L), L620. 

(18) Ward, M. B.; Karimov, O. Z.; Unitt, D. C.; Yuan, Z. L.; See, P.; Gevaux, D. G.; 

Shields, A. J.; Atkinson, P.; Ritchie, D. A. On-Demand Single-Photon Source for 

1.3 μm Telecom Fiber. Appl. Phys. Lett. 2005, 86 (20), No. 201111. 

(19) Khan, A. H.; Pinchetti, V.; Tanghe, I.; Dang, Z.; Martín-García, B.; Hens, Z.; 

Van Thourhout, D.; Geiregat, P.; Brovelli, S.; Moreels, I. Tunable and Efficient Red 

to Near-Infrared Photoluminescence by Synergistic Exploitation of Core and 

Surface Silver Doping of CdSe Nanoplatelets. Chem. Mater. 2019, 31 (4), 

1450−1459. 

(20) Izquierdo, E.; Robin, A.; Keuleyan, S.; Lequeux, N.; Lhuillier, E.; Ithurria, S. 

Strongly Confined HgTe 2D Nanoplatelets as Narrow Near-Infrared Emitters. J. 

Am. Chem. Soc. 2016, 138 (33), 10496−10501. 

(21) Xie, R.; Peng, X. Synthetic Scheme for High-Quality InAs Nanocrystals 

Based on Self-Focusing and One-Pot Synthesis of InAs-Based Core-Shell 

Nanocrystals. Angew. Chem. Int. Ed 2008, 47 (40), 7677−7680. 

(22) Moreels, I.; Justo, Y.; De Geyter, B.; Haustraete, K.; Martins, J. C.; Hens, Z. 

Size-Tunable, Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study. 

ACS Nano 2011, 5 (3), 2004−2012. 

(23) Murphy, J. E.; Beard, M. C.; Norman, A. G.; Ahrenkiel, S. P.; Johnson, J. C.; 

Yu, P.; Mićić, O. I.; Ellingson, R. J.; Nozik, A. J. PbTe Colloidal Nanocrystals: 

Synthesis, Characterization, and Multiple Exciton Generation. J. Am. Chem. Soc. 

2006, 128 (10), 3241−3247. 

(24) Pietryga, J. M.; Schaller, R. D.; Werder, D.; Stewart, M. H.; Klimov, V. I.; 

Hollingsworth, J. A. Pushing the Band Gap Envelope: Mid-Infrared Emitting 

Colloidal PbSe Quantum Dots. J. Am. Chem. Soc. 2004, 126 (38), 11752−11753. 



Cryo Photoluminescence of 2D PbS Nanoplatelets 

165 
 

(25) Manteiga Vázquez, F.; Yu, Q.; Klepzig, L. F.; Siebbeles, L. D. A.; Crisp, R. W.; 

Lauth, J. Probing Excitons in Ultrathin PbS Nanoplatelets with Enhanced Near-

Infrared Emission. J. Phys. Chem. Lett. 2021, 12 (1), 680−685. 

(26) Biesterfeld, L.; Klepzig, L. F.; Niebur, A.; Rosebrock, M.; Lauth, J. Toward 

Bright Colloidal Near-Infrared Emitters: Surface Passivation of 2D PbSe 

Nanoplatelets by Metal Halides. J. Phys. Chem. C 2022, 126 (45), 19277−19285. 

(27) Klepzig, L. F.; Biesterfeld, L.; Romain, M.; Niebur, A.; Schlosser, A.; 
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6.6 Supporting Information 

6.6.1 Methods 

Chemicals. Acetonitrile (≥99.5%), cadmium(II) chloride (99.99%) isopropanol 

(≥ 99.5%), lead(II) oxide (≥ 99.99%), methanol (≥ 99.8%), n-octylamine (99%), 

oleic acid (≥ 90%), Rhodamine 6G (~95%), triethylamine (≥ 99%), trifluoroacetic 

acid (99%), and trifluoracetic anhydride (≥ 99%) were purchased from SIGMA-

ALDRICH/MERCK. n-Hexane (99.99%) and thiourea (99%) were purchased from 

ALFA AESAR. Ethanol (99.9%) was purchased from ACROS. Tetrachloroethylene 

(≥ 99.9%) was purchased from MERCK-MILLIPORE. The n-Octylamine and oleic acid 

were degassed via the freeze-pump-thaw method three times prior to being stored 

and used inside a nitrogen-filled glovebox. All other reagents were directly used as 

received from the listed suppliers without further purification. All synthetic steps 

were performed under the inert gas conditions inside a nitrogen-filled glovebox, 

unless explicitly stated otherwise. 

 

Preparation of the Lead Oleate Precursor. Lead oleate was synthesized via 

an established method described by HENDRICKS et al.1 For the PbS NPL synthesis, 

lead oleate (365 mg, 0.47 mmol) was weighed into a 8 ml screw cap vial and 

dissolved in a mixture of n-hexane (2.3 ml), n-octylamine (1.5 ml), and oleic acid 

(0.8 ml) by stirring at 35°C until complete dissolution. 
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Preparation of the Thiourea Precursor. The thiourea precursor was 

prepared by dissolving thiourea (180 mg, 2.36 mmol) in n-octylamine (4.5 ml) 

under continuous stirring at 35°C. The mixture was stirred for at least 30 h before 

being used in the PbS NPL synthesis. 

 

PbS NPL Synthesis. The PbS NPLs were synthesized following a procedure by 

MANTEIGA VÁZQUEZ et al.2 The 8 ml screw cap vial containing the premixed lead 

oleate solution was allowed to heat up to 35°C and 0.5 ml of the thiourea precursor 

solution were rapidly injected. After a reaction time of 20 minutes, the solution 

exhibited a bronze to dark-brown color and the PbS NPLs were passivated by 

adding a solution of CdCl2 (2.5 ml,0.1 M) in a mixture of n-octylamine and oleic 

acid (volume ratio of 9:1) and subsequent stirring for additional 10 min. The 

passivated PbS NPLs were stored at -25°C in the fridge of a nitrogen-filled 

glovebox. 

For preparing the samples for optical measurements at cryogenic temperatures 

the PbS NPLs were first transferred to toluene. Briefly, the NPLs were precipitated 

by drop-wise addition of a mixture of isopropanol and ethanol (3:1) until visible 

destabilization of the colloidal solution, centrifuged at 2500 rcf for 10 min, and 

reprecipitated in dry toluene. 

The PLQY was determined using a relative method described by WÜRTH et al.3 

using Rhodamin 6G in dry ethanol as a reference dye with a known quantum yield 

of 0.95. Thereby the PLQY is given by 

 

PLQY = 0.95 ∙
𝐴sample

𝐴reference
∙

1 − 10−𝐴𝑏𝑠reference

1 − 10−𝐴𝑏𝑠sample
∙ (

𝑛TCE

𝑛EtOH
)

2

 
(Eq. S6.1) 

 

with the integral area 𝐴 of the PL measurement curve, the absorbance 𝐴𝑏𝑠, and the 

refractive index 𝑛 of the solvent. 

 

Transmission Electron Microscopy. Overview TEM images were obtained 

using a FEI TECNAI G2 F20 transmission electron microscope equipped with a field 

emission gun operating at 200 kV. Samples for TEM analysis were prepared by 

drop-casting the colloidal PbS NPLs onto carbon-coated copper grids (300 mesh) 

acquired from QUANTIFOIL. 
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High-Angle Annular Dark-Field Scanning Transmission Electron 

Microscopy. A FEI TITANTHEMIS 300 microscope equipped with a probe 

aberration corrector, which is operated at 200 kV, was used to acquire (HR)STEM 

images. The probe size was set to 0.1 nm with a convergence semiangle of 

22.5 mrad. The collection angle of the HAADF detector was in the range 

80−150 mrad. The contrast in an HAADF image is proportional to Z ≈ 1.7−2, 

meaning that the bright contrast indicates relatively heavy atomic composition. 

 

Grazing-Incidence Wide-Angle X-ray Scattering. GIWAXS diffractions 

patterns were measured at the beamline P03 of the PETRA III synchrotron facility 

(DESY, Hamburg) at an incidence angle of 𝛼𝑖 = 0.4°. For this, samples were 

prepared by drop casting the colloidal PbS solutions onto silicon wafers 

(5 mm x 5 mm, p-typed doped with boron, <100> surface, purchased from PLANO). 

 

Optical Measurements at Cryogenic Temperature. The optical 

measurements at cryogenic temperatures for the ensembles of PbS NPLs and the 

individual PbS NPLs were performed using a closed-cycle helium flow cryostat 

(MONTANA INSTRUMENTS, CRYOSTATION C2). The drop-casted PbS NPL samples 

were prepared the following way: 5% weight fraction of polystyrene were added to 

the PbS NPL solution in toluene, which was then centrifuged at 500 rpm for 2 min. 

The solution was then drop-casted onto a flat silicon substrate covered with a gold 

film, acting as mirror to increase the yield of collected PL from the sample. For 

obtaining the emission spectra of NPL ensembles and single NPLs, they were 

excited using continuous wave diode laser light at 532 nm (THORLABS) which was 

focused onto the sample by an objective (MITUTOYO, M PLAN APO NIR 100X) with a 

numerical aperture of 0.7. The emitted PL signal was guided to a spectrometer 

(SPECTROSCOPY & IMAGING GMBH) with 300 l/mm grating and detected by a CCD 

(see Figure S 6.4). We calibrated the spectral transmission of our setup and 

spectrometer by guiding a broad-band white light signal (THORLABS SLS202L) 

through the optical setup, including the spectrometer. The recorded spectrum and 

the original spectrum of the white light source were used to calibrate the total 

spectral efficiency of our setup and spectrometer. Different NPL ensemble 

emissions have been studied at different positions on the sample. For the time-

resolved PL measurements, the PbS NPLs were excited by pulsed laser light at 
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445 nm for the ensemble of NPLs, and at 500 nm for the single NPLs. The 

repetition rate of the pulsed laser was 82 MHz. The signal was collected by an 

avalanche photodiode. 

For the time-resolved PL measurements on ensemble PbS NPLs, the data is fitted 

biexponentially: 

𝐼(𝑡) = 𝐼0 + 𝐴1e
−

𝑡
𝜏1 + 𝐴2e

−
𝑡

𝜏2 , 
(Eq. S6.2) 

 

with the background intensity 𝐼0 and two amplitude components 𝐴1 and 𝐴2. These 

correspond to the intensities of the slow and fast decay components, with 

respective lifetimes 𝜏1 and 𝜏2. 

For the single PbS NPLs the data is fitted single-exponentially: 

 

𝐼(𝑡) = 𝐼0 + 𝐴e−
𝑡
𝜏 , 

(Eq. S6.3) 

 

where 𝐼0 represents the background intensity and 𝐴 denotes the amplitude and 𝜏 is 

the derived lifetime. 

For the polarization-dependent measurements, the degree of polarization (DOP) 

was determined by 𝛿 = (𝐼max − 𝐼min) (𝐼max + 𝐼min)⁄  where 𝐼max and 𝐼min are the 

fitted maximum and minimum PL intensities, respectively. 

6.6.2 Polarization-Dependent Photoluminescence Analysis 

In this section, we present the theoretical model for the simulation of the 

polarization degree dependent on the NPL orientation on the substrate. To 

determine the orientation (𝛩, 𝛷) of an individual nano-emitter, we employ the 

theoretical framework proposed in reference [4]. Our simulated scenario is as 

follows. As shown in [4], the degree of linear polarization of the emission is defined 

as: 

𝛿(𝛩) =
𝐼max − 𝐼min

𝐼max + 𝐼min
 , 

(Eq. S6.4) 

 

where 𝐼max and 𝐼min are the minimum and the maximum intensity. 
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For 1D dipoles, 

𝐼min = 𝐴sin2𝛩 + 𝐵cos2𝛩 , (Eq. S6.5) 

𝐼max = 𝐶sin2𝛩 + 𝐼min . (Eq. S6.6) 

 

For 2D dipoles, 

 

𝐼min = 𝐴 + 𝐵 + (𝐴 − 𝐵 + 𝐶)cos2𝛩 , (Eq. S6.7) 

𝐼max = 𝐶sin2𝛩 + 𝐼min . (Eq. S6.8) 

 

The constants 𝐴, 𝐵, and 𝐶 can be determined analytically. Particularly the simple 

expression for 𝛿 in the limit of high numerical aperture (𝛩max = 𝜋 2⁄ ) for a 1D and 

2D dipoles are: 

𝛿high NA,1D(𝛩) =
7

8
sin2𝛩 , 

(Eq. S6.9) 

𝛿high NA,2D(𝛩) =
7

16
sin2𝛩 , 

(Eq. S6.10) 

 

respectively. For both 1D and 2D dipoles the polarization degree 𝛿 depends on the 

out-of-plane 𝛩. Moreover, in the limit of low numerical aperture, 𝛿 for 1D and 2D 

dipoles4 are: 

 

𝛿low NA,1D(𝛩) =
sin2𝛩

(1 −
𝛩max

2

2 ) sin2𝛩 +
𝛩max

2

2

 , 
(Eq. S6.11) 

𝛿low NA,2D(𝛩) =
sin2𝛩

(
𝛩max

2

2 − 1) sin2𝛩 + 2
 , 

(Eq. S6.12) 

 

respectively. If we use low numerical aperture, i.e., 𝑁𝐴 = 0.7, in the case of 

𝑛1 = 1.5 (polystyrene index), and 𝑛2 = 1 (medium index), we can apply 

Equation S6.12 to show 𝛿 change with 𝛩, with 

 

𝛩max = arcsin
𝑁𝐴

𝑛1
 . 

(Eq. S6.13) 

 

The calculation result is presented in Figure S 6.8. 
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6.6.3 Polarization Effects in Anisotropic PbS NPLs 

In our study we investigate two-dimensional PbS NPLs. The properties of trions 

are often deduced from nanoycrystals where a cubic symmetry is assumed. For 

instance, in caesium lead halide perovskite nanocrystals it was discussed that in 

cubic nanocrystals (𝑂ℎ point group), both electrons and holes possess Γ₆ symmetry 

and are two-fold degenerate.5 As a result, the trion states formed are also of Γ₆ 

symmetry and similarly two-fold degenerate, with all allowed polarizations and 

equal dipole matrix elements along the x, y, and z axes. 

However, PbS NPLs exhibit strong shape anisotropy. These NPLs are only  

1–2 nm thick, but significantly larger in the other two dimensions 

(16.0 ± 1.6 nm x 9.2 ± 1.2 nm, in our case). This pronounced shape anisotropy 

breaks the cubic symmetry. With this reduced symmetry, stricter selection rules 

govern optical transitions, allowing transitions in certain directions while 

prohibiting them in others. As a result, the trion emission in PbS NPLs may become 

highly polarized. A finite degree of fluorescence polarization has also been 

observed in related systems such as PbS/CdS quantum dots.6 Although these 

quantum dots are expected to show isotropic, unpolarized emission due to their 

symmetry, a slight linear degree of polarization is observed experimentally. 

Possible reasons lie in irregularities in the shape of the quantum dots, anisotropy 

in the CdS shell, or defects at the core/shell interface, all of which break the 

symmetry and lead to polarized fluorescence signals. 

Another key factor contributing to polarization is the renormalization of the 

optical electric field within the NPLs, caused by the contrast of dielectric constants 

between the NPL and its environment. It leads to a significantly altered local 

electric field, as has been observed in CdSe/CdS NPLs.7 For our measurements, the 

single PbS NPLs have been embedded in polystyrene. The resulting dielectric 

mismatch can increase the emission anisotropy, strengthening the in-plane dipole 

moment and contributing to the higher degree of PL polarization observed in our 

system. 

On the other hand, experimental factors pose a slight overestimation to the 

observed polarization. For example, the use of a 0.7 NA objective lens, as well as 

the random orientations of the NPLs in the polystyrene matrix, may lead to 

deviations in the measured polarization. In future studies, advanced measurement 

techniques may probe the polarization in greater detail. These may include the use 
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of a high-NA objective lens, specially designed substrates to control the orientation 

and tilt angle of the NPLs, and the application of magnetic fields to further explore 

the underlying mechanisms and selection rules. We anticipate that these 

approaches will help us gain a more comprehensive understanding of the 

polarization behavior in PbS NPLs. 

6.6.4 Phonon Sidebands in the Photoluminescence Spectra 

All emissions that we observe feature sidebands which we attribute to phonon-

assisted emission processes. Usually, a low energy tail of the PL is seen, which we 

attribute to the coupling with acoustic phonons. Coupling to distinct optical 

phonon related features seems to be not very prominent in the PbS NPLs. Such 

coupling is common in semiconductor nanocrystals and is typically explained by a 

mixture of surface-related and intrinsic effects.8 The presence of localized surface-

charges induces a polarization in the nanocrystal and therefore enhances coupling 

to longitudinal (LO) phonons. Due to the high crystal and surface quality and 

passivation in our PbS NPLs leading to little spectral diffusion and the presence of 

a narrow emission, this type of coupling is expected to be strongly reduced. 

Intrinsic effects include a reduced overlap of electron and hole wavefunctions in 

the NPL leading to an increased polarization in the nanocrystal and therefore 

enhanced coupling to LO phonons. In the case of PbS NPLs, the wavefunction 

overlap is maximized in the direction of strongest confinement, and the quality of 

the orthogonally oriented surface is high with negligible surface reconstruction. In 

contrast, coupling to acoustic phonons (as seen in the spectrum) is expected via 

deformation potential and piezoelectric interactions. Until now, this suppression 

of optical phonon modes has not been observed in PbS nanostructures, most likely 

because of strong internal dipoles caused by asymmetry in the polar facet 

orientation and the structure truncation. Due to the high crystal and surface quality 

with negligible surface reconstruction (see Figure 6.1) as well as the applied 

passivation in the 2D PbS NPLs, a high wavefunction overlap in the direction of 

strongest confinement is expected, and thereby strongly reducing the NPL 

polarization and LO phonon coupling. The observed low-frequency acoustic modes 

(both in STOKES and anti-STOKES PL) are most likely stemming from the thickness 

breathing mode.9,10 The phonon energies are in the range of a few meV with slight 

changes from NPL to NPL (see Figure 6.4 and SI), which is reasonable for confined 
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acoustic phonons that are more sensitive to symmetry and size. The observed 

phonon energy range aligns well with transient absorption spectroscopy results in 

similar (slightly smaller) PbS NPLs.2 

 

6.6.5 Supplementary Figures and Tables 

 

Figure S 6.1. (a) Typical overview TEM image used for determining the lateral 

dimensions of the PbS NPLs. Within areas of higher concentration (compared to 

the overview image shown in the main manuscript), individual NPLs overlap with 

each other. (b) Corresponding size histogram, x-lengths correspond to the longest 

dimension of the NPLs, y-widths are the longest distance orthogonal to the 

x-length. 
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Figure S 6.2. (a) FFT patterns corresponding to the two NPLs and the MOIRÉ 

pattern depicted in Figure 6.1b. The two PbS NPLs overlap with a twist angle 

of 40°. (b, c) HR-HAADF-STEM images and corresponding FFT patterns depicting 

additional examples of MOIRÉ patterns formed by overlapping PbS NPLs with twist 

angles of (a) 22° and (b) 75°, respectively (compare to Figure 6.1b). 
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Figure S 6.3. (a) Grazing-incidence wide-angle X-ray scattering diffraction 

pattern (background-corrected) of PbS NPLs drop-casted onto a silicon substrate 

(white areas are detector gaps). The presence of superlattice peaks (marked in red) 

at small values of the scattering vector q indicates the formation of a superlattice 

of the individual NPLs. At the same time, the BRAGG peaks from the PbS atomic 

lattice (highlighted in yellow) allow us to confirm that the NPLs are oriented in a 

certain way within the formed superlattice. (b) Orientation of the crystallographic 

directions of the PbS atomic lattice and the superlattice of the NPLs. (c) Combining 

the BRAGG peaks with the superlattice peaks, we propose the shown superlattice 

structure with the characteristic spacings of 0.5 nm and 4.6 nm between the 

individual NPLs in real space. Interestingly, the low intensity of the hkl peaks with 

h + k + l = odd suggests, that the rows of NPLs might be shifted by half of a unit 

cell with respect to each other, resembling a body-centered superlattice. The small 

distance of approximately 0.5 nm between the individual NPLs eliminates the 

possibility of relatively large organic ligands to fit between the NPLs. 
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Figure S 6.4. Sketch of the optical setup for micro-PL. BS: beam splitter. 

HWP: half wave plate. POL: polarizer. APD: Avalanche photodiode. 

 

 

Figure S 6.5. (a)–(d) Exemplary PL Spectra of four different single 

PbS NPLs at T = 4 K. 
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Figure S 6.6. (a)–(c) Exemplary PL spectra (T = 4 K) of other localized emissions 

observed in the PbS NPL sample that do not exhibit narrowband emission. 

 

 

Figure S 6.7. (a)–(c) Exemplary TEM images of PbS NPLs lying on their side 

exhibiting a thickness of 1–2 nm. 
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Figure S 6.8. (a) Polarization angle dependent PL intensity of a single PbS NPL. 

The abrupt change observed between 0° and 360° is due to photobleaching during 

the measurement, resulting in a discontinuity in the PL intensity. (b) Sketch of the 

optical set-up and relevant parameters of the model for estimating the polarization 

degree of a single PbS NPL. (c) Calculated polarization degree over the collection 

angle for an ideal 1D dipole (red) or 2D dipole (blue), assuming the experimental 

setup in (b). (d) Calculated maximum degree of polarization as a function of the 

numerical aperture of the objective, assuming the experimental setup in (b). 
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Figure S 6.9. (a) Temperature-dependent PL spectra of the PbS NPL ensemble 

shown in Figure 6.3. (b) Fluorescence lifetime measurements of the ensemble of 

PbS NPLs. (c) Temperature-dependent decay time of the short component of the 

PL decay τ2 (blue dot) and Temperature-dependent amplitude of short component 

of the PL decay over long component of the PL decay (red dot). 

 

 

Figure S 6.10. (a) Temperature-dependent PL spectra of a different ensemble of 

PbS NPLs. (b) Fluorescence lifetime measurements of the ensemble of PbS NPLs. 

(c) Temperature-dependent decay time of the short component of the PL decay τ2 

(blue dot), the short decay component τ2 vanished at around 150 K and 

Temperature-dependent amplitude of short component of the PL decay over long 

component of the PL decay (red dot). 
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Figure S 6.11. (a) Temperature-dependent, normalized PL spectra of a different 

ensemble of PbS NPLs. (b) Fluorescence lifetime measurements of the ensemble of 

PbS NPLs. 

 

 

Figure S 6.12. PL lifetime measurement of an PbS NPL ensemble at room 

temperature. A triple-exponential decay model is employed, with τ1 = 42.6 ns, 

τ2 = 231.3 ns and τ3 = 956.2 ns. 

 

 

Figure S 6.13. (a)–(c) PL time traces (top) and snapshot spectra (bottom) of three 

exemplary PbS NPLs exhibiting spectral diffusion. 
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Figure S 6.14. Only minor spectral diffusion and ultra-low blinking timescales in 

a representative PbS NPL. (a) The top part shows the PL time trace featuring low 

spectral diffusion and at the same time strong blinking behavior with a long off-

time of around 150 s. The bottom part shows the normalized sum of spectra with 

the NPL in the bright state. (b) is the distribution of the central emission energy 

(obtained by fitting each spectrum in (a) with the NPL in its bright state). 

 

 

Figure S 6.15. Distribution of the central emission energy of the strongest 

emission peak from four trion states in Figure 6.4e (obtained by fitting each 

spectrum in Figure 6.4e). 
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Table S 6.1. The fitting results of specific PL emissions of PbS NPL derived from 

Figure 6.2a by using the GAUSSIAN fittings. 

 ZPL acoustic phonon 

position 1.8028 eV 1.7986 eV 

fwhm 0.615 eV 7.250 eV 

 

6.6.6 References 

(1) Hendricks, M. P.; Campos, M. P.; Cleveland, G. T.; Jen-La Plante, I.; 

Owen, J. S. A Tunable Library of Substituted Thiourea Precursors to Metal Sulfide 

Nanocrystals. Science 2015, 348 (6240), 1226–1230. 

(2) Manteiga Vázquez, F.; Yu, Q.; Klepzig, L. F.; Siebbeles, L. D. A.; Crisp, R. W.; 

Lauth, J. Probing Excitons in Ultrathin PbS Nanoplatelets with Enhanced Near-

Infrared Emission. J. Phys. Chem. Lett. 2021, 12 (1), 680–685. 

(3) Würth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger, U. Relative and 

Absolute Determination of Fluorescence Quantum Yields of Transparent 

Samples. Nat. Protoc. 2013, 8 (8), 1535–1550. 

(4) Lethiec, C.; Laverdant, J.; Vallon, H.; Javaux, C.; Dubertret, B.; 

Frigerio, J.-M.; Schwob, C.; Coolen, L.; Maître, A. Measurement of Three-

Dimensional Dipole Orientation of a Single Fluorescent Nanoemitter by Emission 

Polarization Analysis. Phys. Rev. X 2014, 4 (2), 021037. 

(5) Becker, M. A.; Vaxenburg, R.; Nedelcu, G.; Sercel, P. C.; Shabaev, A.; 

Mehl, M. J.; Michopoulos, J. G.; Lambrakos, S. G.; Bernstein, N.; Lyons, J. L.; 

Stöferle, T.; Mahrt, R. F.; Kovalenko, M. V.; Norris, D. J.; Rainò, G.; Efros, A. L. 

Bright Triplet Excitons in Caesium Lead Halide Perovskites. Nature 2018, 553 

(7687), 189–193. 

(6) Hu, Z.; Kim, Y.; Krishnamurthy, S.; Avdeev, I. D.; Nestoklon, M. O.; Singh, A.; 

Malko, A. V.; Goupalov, S. V.; Hollingsworth, J. A.; Htoon, H. Intrinsic Exciton 

Photophysics of PbS Quantum Dots Revealed by Low-Temperature Single 

Nanocrystal Spectroscopy. Nano Lett. 2019, 19 (12), 8519–8525. 

(7) Ma, X.; Diroll, B. T.; Cho, W.; Fedin, I.; Schaller, R. D.; Talapin, D. V.; 

Wiederrecht, G. P. Anisotropic Photoluminescence from Isotropic Optical 

Transition Dipoles in Semiconductor Nanoplatelets. Nano Lett. 2018, 18 (8), 

4647–4652. 



Cryo Photoluminescence of 2D PbS Nanoplatelets 

185 
 

(8) Cui, J.; Beyler, A. P.; Coropceanu, I.; Cleary, L.; Avila, T. R.; Chen, Y.; 

Cordero, J. M.; Heathcote, S. L.; Harris, D. K.; Chen, O.; Cao, J.; Bawendi, M. G. 

Evolution of the Single-Nanocrystal Photoluminescence Linewidth with Size and 

Shell: Implications for Exciton-Phonon Coupling and the Optimization of Spectral 

Linewidths. Nano Lett. 2016, 16 (1), 289–296. 

(9) Goupalov, S. V. Low-Frequency Vibrations of Semiconductor Nanoplatelets. 

J. Phys. Chem. C 2019, 123 (18), 11926–11932. 

(10) Girard, A.; Saviot, L.; Pedetti, S.; Tessier, M. D.; Margueritat, J.; Gehan, H.; 

Mahler, B.; Dubertret, B.; Mermet, A. The Mass Load Effect on the Resonant 

Acoustic Frequencies of Colloidal Semiconductor Nanoplatelets. Nanoscale 2016, 

8 (27), 13251–13256. 

  



 

186 
 



Monolayer-Defined Flat PbSe Quantum Dots 

187 
 

7 Monolayer-Defined Flat Colloidal PbSe Quantum Dots 

in Extreme Confinement 

The coming chapter comprises an in-depth study of the structural, electronic and 

optical properties of single layer-defined PbSe fQDs, using a combination of 

scanning tunneling microscopy and spectroscopy, tight-binding calculations and 

cryogenic ensemble PL measurements. Mono- to trilayer-thick colloidal PbSe fQDs 

exhibit a band gap that is free of trap states, a QD-like density of states and record 

exciton binding energies of up to 600 meV for (substrate-free) PbSe monolayers. 

 

The results presented here have been published in Nano Lett. 2025, 25 (31), 

12019–12024. For details about the author contributions see Chapter B. 

 

 

 

Leon Biesterfeld,a,b,c Huu Thoai Ngo,d Ahmed Addad,e Dominik A. Rudolph,a,c 

Wolfgang Leis,f Michael Seitz,f Gang Ji,e Bruno Grandidier,d Christophe Delerue,d 

Jannika Lauth,*a,b,c Louis Biadala *d 

 

e Cluster of Excellence PhoenixD (Photonics, Optics, and Engineering – Innovation Across 

Disciplines), D-30167 Hannover, Germany. 

f Institute of Physical and Theoretical Chemistry, Eberhard Karls University of Tübingen, 

D-72076 Tübingen, Germany. 

g Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover, 

D-30167 Hannover, Germany. 

h Université de Lille, CNRS, Centrale Lille, Université Polytechnique Hauts-de-France, 

F-59000 Lille, France. 



Monolayer-Defined Flat PbSe Quantum Dots 

188 
 

i Université Lille, CNRS, INRAE, Centrale Lille, UMR 8207-UMET-Unité Matériaux et 

Transformations, F-59000 Lille, France. 

j Institute of Inorganic Chemistry, Eberhard Karls University of Tübingen, D-72076 

Tübingen, Germany. 

 

Reprinted with permission from Nano Lett. 2025, 25 (31), 12019–

12024. Copyright © 2025 American Chemical Society. 

 

Further permissions related to the material excerpted should be directed to the 

American Chemical Society. 

 

This publication is licensed under the Creative Commons-BY 4.0 License. 

  

https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02957
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02957
https://creativecommons.org/licenses/by/4.0/


Monolayer-Defined Flat PbSe Quantum Dots 

189 
 

7.1 Abstract 

Colloidal 2D PbX (X = S, Se, Te) nanocrystals are innovative materials pushing 

the boundaries of quantum confinement by combining crystal thicknesses down to 

a monolayer with additional confinement in the lateral dimension. These flat PbSe 

quantum dots (fQDs) exhibit telecommunication band photoluminescence 

(1.43 – 0.83 eV), which is highly interesting for fiber optic information processing. 

With scanning tunneling microscopy/spectroscopy (STM/STS), we probe single-

layer-defined fQD populations down to one monolayer, showing an in-gap state 

free QD-like density of states in excellent agreement with theoretical tight-

binding (TB) calculations. Cryogenic ensemble spectra match STS/STM and TB 

calculations and exhibit the contribution of mono-, bi-, and trilayers to the 

photoluminescence. Comparing the electronic band gaps with the optical ones, we 

derive exciton binding energies as high as 600 meV for PbSe monolayers. Our 

results allow for a target-oriented synthesis of a new class of QDs with record 

binding energies and precisely tailored optical properties at technologically 

relevant wavelengths. 

7.2 Introduction 

Controlling the anisotropic growth of semiconductors at the nanoscale is key for 

tuning the degree of freedom of charge carriers, i.e., by dimensionality,1−3 and for 

the development of quantum technologies.4,5 Among the available growth 

techniques, colloidal synthesis stands out, as it allows for a growth-by-design by 

thorough control over the size and the shape6−9 of semiconductor nanocrystals 

(NCs), which enables fine-tuning of their (photo)physics and optoelectronic 

properties.10,11 A striking example is the growth of colloidal 2D CdSe 

nanoplatelets (NPLs), for which the thickness is controlled at the atomic layer 

scale,12 while the in-plane dimensions can be tuned over hundreds of nanometers.13 

The strong quantum confinement in the vertical dimension dominates the optical 

properties of the material, resulting in rapidly decaying (<10 ns at room 

temperature (RT)) PL associated with narrow line widths below 40 meV and 

exciton binding energies of ∼200 meV.12,14−16 At the same time, the lateral 

confinement in 2D CdSe enables a fine-tuning of the exciton energy17 by reducing 

the length or width of the NPLs down to and below the exciton BOHR radius. 

However, the optical properties of CdSe are typically limited to visible wavelengths, 
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and to reach the telecommunication range, smaller band gap materials such as lead 

chalcogenides (PbX (X = S, Se, Te)) are required.18−20 Notwithstanding their high 

potential as classical or quantum emitters for applications in fiber optics and 

photonics,21,22 PbX NCs stand out for their remarkable physical properties with 

large exciton BOHR radii23,24 and high dielectric constants.25 Furthermore, PbX 

nanocrystals (NCs) are predicted to exhibit intriguing properties when extreme 

quantum confinement is reached. For example, PbSe in its monolayer (1ML) form 

could be a topological crystalline insulator26,27 and a suitable material platform for 

defect engineering.28 Notably, EKUMA reported on the effect of vacancy defects on 

the electronic and optical properties of monolayer PbSe and found that defect-

induced states predominantly reside outside the band gap, which renders 

monolayer PbSe a rather defect-tolerant material.28 Scarce experimental 

realization of monolayer-defined PbSe islands by molecular beam epitaxy has 

demonstrated the strong influence of the VAN DER WAALS substrate (MoS2 29 or 

VSe2 30) on the growth process and the resulting material properties, caused by the 

induced strain between the crystal lattices of PbSe and the VAN DER WAALS 

substrate.29,30 Here, we define a PbSe monolayer (1ML) according to the unit cell 

of cubic PbSe, namely, 0.6 nm (Pb-to-Pb distance), which consists of three atomic 

planes of PbSe. Recent colloidal synthesis protocols for cubic rock salt crystal-

structured anisotropic PbS, PbSe, and PbTe NCs31−34 allow to circumvent substrate 

interactions and are crucial for further harnessing the extreme quantum 

confinement in substrate-free PbX materials. 

Flat PbSe NCs studied here are referred to as fQDs in the following and exhibit 

efficient PL (up to 61% quantum yield) in the NIR between 1.43 and 0.83 eV 

(860 − 1510 nm).31,33 While highly promising, fQDs have been mostly studied with 

ensemble optical spectroscopic techniques, which provide average excitonic 

properties, but prevent comprehensive knowledge of the electronic properties, 

such as the dimensionality, the presence of electronic trap states in the gap, and 

exciton binding energies in correlation with structural properties (3D dimensions 

and associated size dispersion). In contrast, scanning tunneling microscopy (STM) 

allows for the determination of the single-particle morphology, and scanning 

tunneling spectroscopy (STS) enables probing excitation spectra of individual NCs, 

practically without any selection rules.35 For colloidal lead chalcogenide NCs, 

STM/S studies have focused on spherical 0D PbSe QDs,36,37 PbSe/PbS core-shell 
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QDs,38 “molecular” aggregates of QDs,36 and their epitaxially fused superlattices up 

to now.39−41 

Here, we unveil the optical, electronic, and structural properties of 1ML-defined 

colloidal 2D PbSe fQDs experiencing extreme quantum confinement. By STM we 

show that while the lateral dimensions of PbSe fQDs remain constant, the thickness 

of the fQDs varies from 1.8 nm down to a monolayer of cubic PbSe, i.e., 0.6 nm. 

Meanwhile, the corresponding STS at 77 K unambiguously shows in-gap state free 

DOS with well-defined electronic gap values of 1.67, 1.26, and 1.00 eV, 

corresponding to mono-, bi-, and trilayer cubic PbSe, accurately withstanding 

direct comparison with TB calculations. From these calculations we further predict 

that the electronic band gap is tunable by more than 0.7 eV by changing the lateral 

dimensions of the PbSe fQDs from 2 × 2 nm2 to 8 × 8 nm2. In agreement with STS, 

three PL contributions are observed in ensemble spectra, with their respective 

ratios changing for aged samples and suggesting an OSTWALD ripening mechanism 

of thinner (1 and 2 ML) populations of PbSe fQDs toward thicker (2 and 3 ML) ones 

with a smaller band gap. Strikingly, by comparing the electronic and the optical 

band gap, we directly obtain the exciton binding energy, which increases from 200 

up to 600 meV when the thickness of PbSe fQDs is decreased from 3ML to 1ML. 

From our experimental results and exciton binding energies for PbSe quantum 

wells42 and quantum wires,43 we show that in PbSe nanostructures the exciton 

binding energy is inversely proportional to the strongest confinement dimension. 

These findings advance the understanding of colloidal PbSe fQDs by disentangling 

the vertical and lateral quantum confinement in the ultrathin structures, 

consequently enabling the synthetic targeting of specific fQD dimensions, leading 

to tailored optical properties at technologically relevant wavelengths. 

7.3 Results and Discussion 

NIR emitting colloidal PbSe fQDs are synthesized by a method described by us 

previously and stabilized by oleate and octylamine ligands.31,33 Figure 7.1a shows 

an overview HR-HAADF-STEM image of PbSe fQDs exhibiting shapes with slightly 

anisotropic lateral dimensions of (4.9 ± 1.1) × (3.9 ± 0.6) nm2 and a corresponding 

small aspect ratio of 1.25:1 (see Figure S 7.1a−c). 
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Figure 7.1. (a) Overview HR-HAADF-STEM image of PbSe fQDs with average 

lateral dimensions of (4.9 ± 1.1) × (3.9 ± 0.6) nm2. (b) High-resolution micrograph 

of individual crystalline PbSe fQDs (lattice spacing 3.1 Å (200)). (c) FFT pattern of 

the single fQD region marked in (b), underpinning the crystallinity of the fQD and 

exhibiting the characteristic diffraction peaks of cubic rock salt structure PbSe.  

(d) STM image (VS = 4 V; Iset = 50 pA) of the PbSe fQDs shown in (a), exhibiting 

average lateral sizes of (5.0 ± 1.7) × (3.5 ± 1.3) nm2 after annealing under high 

vacuum. (e) Small-scale STM image (VS = 3 V; Iset = 40 pA) of two PbSe fQDs.  

(f) STM height profiles of fQDs with thicknesses of 1.8, 1.2, and 0.6 nm. 

 

At higher magnification (Figure 7.1b), the lattice fringes of PbSe fQDs are clearly 

visible, with the measured lattice spacing of 3.1 Å (200) indicating the PbSe rock 

salt structure. This is supported by the corresponding FFT pattern (Figure 7.1c), 

which exhibits a set of diffraction peaks characteristic of cubic PbSe (lattice 

constant a = 6.128 Å, space group 𝐹𝑚3̅𝑚, PDF card 01-077-0245). For complete 

structural characterization, we perform STM imaging to determine the thickness 

of the PbSe fQDs. Figure 7.1d depicts a large-scale STM image (23 × 23 nm2 at 

T = 77 K) of the sample shown in Figure 7.1a−c. The size and the morphology of 

fQDs in STM (Figure 7.1d,e and Figure S 7.1d−f) are identical to those obtained 



Monolayer-Defined Flat PbSe Quantum Dots 

193 
 

under STEM (see Figure S 7.1a−c) and show that fQDs are stable under the STM 

imaging environment without undergoing surface reconstruction. For isolated 

PbSe fQDs, the height, z, can be determined with an accuracy of ∼0.1 nm from STM 

images collected in constant current mode. Figure 7.1f shows that, while the lateral 

dimension remains constant across the sample, three distinct thicknesses of 1.8, 

1.2, and 0.6 nm are observed. It is noteworthy that during our experiments we have 

mostly observed 0.6 or 1.2 nm thick PbSe fQDs and only a few examples with a 

thickness of 1.8 nm. We attribute the measured thicknesses of 0.6, 1.2, and 1.8 nm 

to monolayer, bilayer, and trilayer fQDs, respectively, with 0.6 nm being the height 

of the unit cell of cubic PbSe (Pb-to-Pb distance). 

To gain further insight into the electronic properties of colloidal mono- to few-

layer PbSe, we performed STS measurements on isolated individual  

fQDs at 77 K (Figure 7.2). 

 

 

Figure 7.2. (a) Set-point current dependent STS spectra on the black dot area of 

the PbSe fQD (Eg,STS = 1.65 eV) shown in the inset of panel b. (b) dI/dV spectra 

(VS = -1 V; Iset = 200 pA) measured at four different spots on the same PbSe fQD 

(color-coded in the STM image inset), which consistently show a band gap free of 

in-gap states with only minor fluctuations in the form of the VB and CB. Inset: STM 

image (VS = 4 V; Iset = 50 pA) of the fQD. 



Monolayer-Defined Flat PbSe Quantum Dots 

194 
 

STS-measured dI/dV spectra depend on the parameters of the double barrier 

tunnel junction formed between the STS tip, the sample, and the conductive 

substrate. In order to extract valid energy level structures and band gaps, resonant 

tunneling is required (shell-tunneling regime).35,44,45 Figure 7.2a shows current-

dependent dI/dV spectra collected on a thin PbSe fQD; varying the set-point 

current Iset changes the tip to fQD distance and, thereby, the tunneling rate. When 

Iset is increased from 100 to 500 pA, the apparent band gap remains constant, 

which implies a single tunneling junction, i.e., between the tip and the PbSe fQD, 

which prevents considerable charging of the sample. Please note that the lack of a 

double tunnel junction points toward an absence of ligands between the fQD and 

the gold substrate, in agreement with the height measurement by STM. A constant 

apparent band gap further implies resonant tunneling and that the peaks align with 

the actual energy levels of the PbSe fQDs, from which we can derive meaningful 

band gap values. In agreement with OVERGAAG et al.,36 we attribute the tolerance 

of PbSe fQDs to high set-point currents to the low effective charge carrier masses 

of PbSe, which result in spatially drawn-out orbitals, and a large tunneling 

coupling. For the PbSe fQD shown in the STM image inset in Figure 7.2b, we find 

a zero-conductance region free of in-gap states, framed by single pronounced peaks 

on either side. The presence of sharp resonances in the dI/dV spectra, rather than 

a step-like energy level structure that would be expected for “truly” 2D quantum 

materials, provides evidence for the quantum confinement of 2D PbSe in all three 

dimensions (x, y, z / aB < 1) and justifies the use of the term “flat QD”. In 

accordance with the literature, we assign the two peaks at negative and positive 

sample voltages to the 1Sh and 1Se energy levels, respectively.37,46 The extracted 

electronic band gap of 1.65 eV is approximately 0.45 eV wider than the largest STS 

band gap Eg,STS reported for spherical PbSe QDs (Eg,STS,spherical PbSe QDs ≈ 1.2 eV for 

d ≈ 3.5 nm) by LILJEROTH et al. and highlights the extreme additional confinement 

in the z direction in PbSe fQDs. Figure 7.2b depicts dI/dV spectra obtained from 

four randomly selected spots within the same single PbSe fQD (shown in the inset). 

Although the expression of the valence (VB) and conduction band (CB) energy 

levels varies slightly between the different spots, we do not find in-gap states at any 

of the probed spots. Furthermore, the measured band gap value is consistent 

throughout the fQD, underpinning that the deduced Eg,STS values are valid. 

 



Monolayer-Defined Flat PbSe Quantum Dots 

195 
 

 

Figure 7.3. (a) Representative STS spectra at 77 K of fQDs with tri-, bi-, and 

monolayer thickness (top to bottom; tunneling conditions: VS = -1 V, 

Iset = 200 pA). (b) Theoretical TB calculated DOS of PbSe fQDs with three different 

thicknesses z. Note that a broadening of 60 meV is introduced to the calculations 

to reproduce the experimental conditions. (c) Schematic representation of a 

monolayer, bilayer, and trilayer cubic rock salt PbSe fQD of 5.1 × 4.5 nm2 with 

atomically flat (001) basal and site facets, with alternating lead (gray) and selenium 

(yellow) atoms. 

 

Figure 7.3a shows representative dI/dV spectra at T = 77 K for PbSe fQDs with 

varying thickness. The electronic band gap increases from 1.00 to 1.67 eV when the 

thickness of the PbSe fQDs is decreased from 1.8 to 0.6 nm as a result of the strong 

quantum confinement. To further understand the correlation between the 

thickness/layer number and the band gap size, we performed TB calculations 

(Figure 7.3b) for PbSe fQDs with lateral dimensions of 4 × 4 nm2.47 The theoretical 

DOS quantitatively replicates the DOS and the electronic band gap derived by STS 

for mono-, bi-, and trilayer thick PbSe fQDs, confirming the STM height 

measurement shown in Figure 7.1f spectroscopically. Figure 7.3c depicts a 

schematic visualization of the crystal structure of a monolayer, bilayer, and trilayer 

cubic rock salt PbSe fQD (the crystal was built using the open-source molecular 

builder and visualization tool AVOGADRO version 1.2.0 with library version 1.2.048). 

The weak variations between the calculated and experimental electronic gaps likely 

arise from the slight deviation from a square shape of the fQDs. 
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Figure 7.4. (a) Ensemble RT absorbance and PL spectrum (gray) of the colloidal 

PbSe fQDs studied in STM/S and cryogenic PL spectrum of the same sample over 

a year later (black), showing bathochromically shifted narrow PL in the third 

telecommunication window at 0.80 eV (1550 nm), which is attributed to OSTWALD 

ripening within the time frame. (b) Cryogenic PL spectrum of laterally smaller PbSe 

fQDs measured directly after synthesis. The three PL contributions are attributed 

to monolayer, bilayer, and trilayer PbSe fQD populations. (c) TB calculated 

correlation between the electronic band gap and lateral size of mono- to trilayer 

PbSe fQDs, highlighting the interplay of strong vertical confinement and the minor 

lateral confinement in pushing PbSe fQD emission into the low attenuation 

telecommunication windows. (d) Exciton binding energy vs the reciprocal value of 
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the thickness z of PbSe fQDs from this work and 2D PbSe42 as well as PbSe 

nanowires (NWs)43 (both calculated by effective mass approximation (EMA)). 

 

In addition to their remarkable structural and electronic properties, PbSe fQDs 

are also appealing with regard to their optical properties. Figure 7.4a shows the RT 

ensemble PL and absorbance spectrum of the PbSe fQD sample investigated by 

STM/S (sample 1) directly after the synthesis. The PL is centered near 0.94 eV 

(fwhm = 197 meV) with weakly pronounced excitonic absorption at 1.23 eV. 

Surprisingly, cryogenic ensemble PL measurements performed 15 months after the 

STM/S measurements (Figure 7.4a) reveal a rather narrow PL line centered at 

0.80 eV (1550 nm; fwhm = 120 meV) in the C-band telecommunication window. 

We infer OSTWALD ripening of PbSe fQD 1MLs and bilayers toward trilayer fQDs in 

the metastable colloidal solution over the extended time frame as the reason for 

the bathochromic PL shift (compared to the PL directly after synthesis) and the PL 

being governed by the emission of the thicker PbSe fQDs (see Figure S 7.2 and 

Table S 7.1 for further discussion on OSTWALD ripening/fusing of fQDs). To test this 

hypothesis, we synthesized a new batch of PbSe fQDs (sample 2) with a smaller 

lateral size (3.3 ± 0.5) × (2.9 ± 0.4) nm2 (see Figure S 7.3), exhibiting optical 

features at higher energies for the following cryogenic PL discussion (Figure 7.4b). 

When investigating a fQD sample directly after synthesis, we find that the 

cryogenic PL spectrum is best fitted by the sum of three GAUSSIANS, which reflects 

the three distinct fQD thickness populations (1ML (0.6 nm), bilayer (1.2 nm), and 

trilayer (1.8 nm)) and points to an absence of major OSTWALD ripening  

(Figure 7.4b). The fwhm of each spectral feature at cryogenic temperature in  

Figure 7.4a and b is comparable to the values typically obtained for spherical PbSe 

QDs (50 – 100 meV)2,20 (although it should be noted that the fwhm of 2D PbSe31,33 

strongly depends on the spectral position and is smaller the further the PL lies in 

the NIR), and all contributions are significantly narrower than typical values for 

comparable 2D PbS nanoplatelets at RT (>200 meV),21,34 indicating the potential 

of PbSe fQDs for applications requiring narrow emission. 

We further performed TB calculations to determine the influence of the lateral 

size on quantum confinement in PbSe fQDs. Figure 7.4c shows the electronic band 

gap deduced from the calculated DOS (see Figure S 7.4 for the calculated DOS 

corresponding to each of the plotted data points) for square-shaped fQDs with a 
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thickness from mono- to trilayers and lateral dimensions ranging from 2 to 10 nm. 

For each fQD thickness, the electronic gap dramatically drops by 600 meV when 

tuning the size from 2 to 6 nm. Beyond 6 nm, the electronic band gap weakly 

changes and the quantum confinement is compelled by the thickness of the fQDs. 

This substantiates previous reports on the PL tunability of ultrathin PbSe31 and 

PbTe32 NPLs, which was assumed to be caused by a combination of the thickness 

and the lateral size, with thickness as the major factor. In addition, Figure 7.4c 

highlights the possibility and provides a target range to access PL in the low 

attenuation telecommunication range of the O-, E-, and S-bands, where glass fibers 

exhibit negligible losses, by further tailoring the dimensions of PbSe fQDs. 

It is noteworthy that the exciton binding energy of PbSe fQDs can be directly 

determined by our experimental results. It corresponds to the difference between 

the experimental values of the electronic and optical band gap with the latter 

including electron-hole Coulomb interactions. For the sample shown in  

Figure 7.4b, we evaluate the exciton binding energy as the difference between the 

electronic gap derived from TB calculations for 3 × 3 nm2 and the optical spectra. 

We find that the binding energy Eb increases from 200 meV for 1.8 nm thick PbSe 

fQDs up to a record value of 600 meV for PbSe 1MLs, which is comparable to well-

established layered materials such as transition metal dichalcogenides, for which 

Eb typically exhibits values of ∼0.5 eV.49 We emphasize that our experimental 

results validate previous estimations from 4-band effective mass calculations on 

the exciton binding energy in low-dimensional PbSe nanomaterials. Figure 7.4d 

shows our experimental exciton binding energies together with the ones estimated 

by EMA calculations for 3 nm thick PbSe nanosheets (Eb ∼80 meV)42 and 

ultranarrow (1 nm in diameter) PbSe NWs (Eb ∼400 meV).43 The exciton binding 

energy is inversely proportional to the dimension that compels the quantum 

confinement. 

7.4 Conclusion 

In conclusion, we have synthesized NIR-emitting colloidal PbSe fQDs with 

thicknesses down to the monolayer. We directly demonstrate the strongly 

anisotropic nature of the fQDs by STM (height) measurements and confirm the 

microscopy data by a comprehensive study of the electronic properties via 

low-temperature STS and TB calculations. In-gap state free electronic band gaps of 
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1.67, 1.26, and 1.00 eV for mono-, bi-, and trilayers and a QD-like DOS with defined 

peaks on either side of the zero-conductance region, in excellent agreement with 

theoretical DOS, are demonstrated. Associated ensemble cryogenic PL spectra 

contain three distinct contributions, which are attributed to the different thickness 

populations in PbSe fQD syntheses and show consistent results between structural, 

electronic, and optical properties. From a shift of the PL contributions on longer 

time scales after synthesis, we infer OSTWALD ripening and a possible fusing 

mechanism of thinner fQDs to thicker populations with PL shifting to longer 

telecommunication wavelengths, which can be slowed down by PbI2 surface 

passivation. Our study showcases the extreme quantum confinement of PbSe fQDs 

exhibiting high exciton binding energies up to 600 meV for PbSe 1MLs and 

emphasizes their potential as innovative classical or quantum light sources for fiber 

optics-based photonics. 
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7.6 Supporting Information 

7.6.1 Methods 

Chemicals. Acetonitrile (≥ 99.5%), anhydrous ethanol (max. 0.01% H2O), 

isopropanol (≥ 99.5%), lead(II) oxide (≥ 99.99%), methanol (≥ 99.8%), 

n-octylamine (99%), anhydrous tetrachloroethylene (TCE, ≥ 99%), triethylamine 

(≥ 99%), trifluoroacetic acid (99%), and trifluoroacetic anhydride (≥ 99%) were 

purchased from SIGMA-ALDRICH/MERCK. Anhydrous n-hexane (97%) was 

purchased from ACROS ORGANICS. Lead(II) iodide (99.99%) and selenourea 

(99.97%) were purchased from ALFA AESAR. Oleic acid (90%) was purchased from 

ABCR. n-Octylamine and oleic acid were degassed via the freeze-pump-thaw 

technique three times prior to being used and stored inside a N2-filled glovebox. 

All other reagents were used as received from the listed suppliers without any 

further purification steps. 

 

PbSe fQDs Synthesis. 2D PbSe fQDs were synthesized following a procedure 

previously described by our group;1,2 all synthetic steps were performed under N2 

atmosphere. Prior to the actual synthesis, a selenourea precursor solution was 

prepared by dissolving selenourea (193 mg, 1.57 mmol) in a mixture of octylamine 

(2.025 ml, 12.2 mmol), oleic acid (0.225 ml, 0.71 mmol), and n-hexane (0.75 ml) at 

35°C for 24 – 72 h. For a typical 2D PbSe fQDs synthesis, lead oleate (1.83 g, 

2.7 mmol) (synthesized via an established method of Hendricks et al.)3 was stirred 

in a mixture of octylamine (2.0 ml, 12.0 mmol), oleic acid (4.0 ml, 12.5 mmol), and 

n-hexane (18 ml) at 35°C until complete dissolution and subsequently cooled to 

0°C using an ice bath. The selenourea solution (2.5 ml) was injected rapidly into 

the vigorously stirred lead oleate solution, causing an immediate color change from 

colorless/slightly yellow to dark brown. After 10 min the dark reaction mixture was 
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quenched by adding dry ethanol (18.5 ml). The cloudy quenched solution was then 

centrifuged at 2500 rcf for 10 min, the supernatant discarded, and the precipitate 

was redispersed in n-hexane (10 ml). This process was repeated until the 

supernatant was transparent, usually requiring a total of three cycles. At this point, 

pristine PbSe fQDs were sealed under N2 atmosphere and stored in a refrigerator. 

PbI2 passivated PbSe fQDs were prepared by diluting pristine fQDs (0.5 ml) with 

n-hexane (0.75 ml) and injecting 1.0 ml of a 0.1 M PbI2 solution in n-octylamine 

and oleic acid (molar ratio 9:1). After 40 min at 35°C the passivated PbSe fQDs 

were likewise sealed and stored in a refrigerator. 

 

High-Angle Annular Dark-Field Scanning Transmission Electron 

Microscopy. HR-HAADF-STEM images were obtained using a FEI TITAN THEMIS 

300 microscope equipped with a probe aberration corrector, operated at 200 kV. 

The probe size was set to 0.1 nm with a convergence semi-angle of 22.5 mrad. The 

collection angle of the HAADF detector was in the range of 80 – 150 mrad. The 

contrast in HAADF images is proportional to Z ≈ 1.7 – 2, meaning that bright 

contrast indicates relatively heavy atomic composition. 

 

Transmission Electron Microscopy. TEM images were acquired using a FEI 

TECNAI G2 F20 transmission electron microscope with a field emission gun 

operating at 200 kV. For TEM measurements the colloidal PbSe fQDs were drop-

cast onto carbon-coated copper grids (300 mesh) from QUANTIFOIL. 

 

Scanning Tunneling Microscopy and Spectroscopy. Colloidal solutions of 

PbSe fQDs were drop-cast onto gold substrates, which were immediately loaded 

into the load lock chamber of an ultra-high vacuum (UHV) system (base pressure 

below 1 x 10-10 Torr) for annealing at 80°C for several hours. The samples were 

probed with tungsten tips that were thoroughly annealed in UHV. The STM 

experiments were performed with a low temperature STM from OMICRON at 77 K. 

The STM images were typically obtained with a sample bias between -5.5 and -4.5 V 

and set-point currents less than 30 pA. Tunneling spectroscopy measurements 

were performed at constant tip-sample separation by varying the feedback bias 

between -2.0 and -1.0 V and increasing the set-point current between hundreds of 

pA. The dynamic conductance was measured with a lock-in amplifier typically 
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using a 9 mV modulation at 500 Hz on the bias voltage. During the acquisition of 

a sequence of spectra, ramping up the voltage between the sample and the tip took 

4.6 s to measure a single dI/dV trace. 

 

NIR (Cryogenic) PL and Ultraviolet-Visible-NIR Absorbance 

Spectroscopy. NIR (cryogenic) PL spectra were collected using an EDINBURGH 

FLS 1000 UV-Vis-NIR spectrometer and a PTI QUANTAMASTER QM4 

spectrofluorometer. The EDINBURGH FLS 1000 is equipped with a 450 W ozone-

free xenon arc lamp for excitation; PL was monitored using a liquid N2 cooled 

InGaAs NIR photomultiplier tube 1650 detector from EDINBURGH. The PTI 

QUANTAMASTER QM4 is equipped with a 75 W steady-state xenon short arc lamp 

for excitation and PL was monitored using a liquid N2 cooled PTI P1.7R detector 

module (HAMAMATSU PMT R5509-72). To avoid higher order excitation light, a 

RG780 long pass filter glass (thickness of 3 mm) was mounted in the emission 

path. Spectral selection was achieved using single grating monochromators 

(excitation: 1200 grooves/mm, 300 nm blaze; NIR emission 600 grooves/mm, 

1200 nm blaze). Samples for RT optical ensemble spectroscopy were prepared by 

diluting the colloidal PbSe fQD solutions in TCE (optical density below 0.2 at 

500 nm) in a quartz cuvette (quartz glass high performance QS 200 – 2500 nm 

with an optical path length of 1 cm by HELLMA). Absolute PLQYs were determined 

with the FLS 1000 using an integrating sphere. For this, scattering at 450 nm and 

the PL in the NIR of TCE and the fQDs were measured separately, accounting for 

the difference in sensitivity of both detectors with a correction factor. Cryogenic PL 

spectra measured with the FLS 1000 were acquired using an OPTISTAT CF sample-

in-vacuum cryostat system by OXFORD INSTRUMENTS operated with liquid N2 at 

regulated temperatures between 293 K and 77 K. Samples were prepared by drop-

casting the colloidal PbSe fQD solutions onto high purity fused silica substrates 

from ESCO OPTICS. Cryogenic PL spectra obtained with the QUANTAMASTER QM4 

were collected using a special liquid N2 filled dewar accessory with a fused silica 

base at the level of the optical path. For this, samples were prepared by dip-coating 

magnesia sticks (from SIGMA-ALDRICH/MERCK) in the colloidal PbSe fQD solutions, 

which were then directly submerged in the liquid N2, achieving operating 

temperatures of ~80 K. All PL spectra were acquired by exciting the PbSe fQDs at 

450 nm. UV-Vis-NIR absorbance spectra were collected by using a double beam 
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CARY 5000 spectrophotometer from AGILENT TECHNOLOGIES equipped with a 

tungsten halogen (Vis) and deuterium arc (UV) lamp and a PbSmart NIR detector 

for monitoring. 

 

Tight-Binding Calculations. We calculate the electronic structure of QDs in 

TB. Pb and Se atoms are described by 20 atomic orbitals, 10 orbitals (sp3d5s*) for 

each spin. The HAMILTONIAN matrix is written from parameters that have been 

adjusted to give a good description of the electronic structure of PbSe over a wide 

energy range and the entire BRILLOUIN zone. Spin-orbit coupling is included. We 

present here the results obtained with parameters by PODDUBNY et al.,4 but very 

similar results are obtained with parameters by ALLAN et al.5 Due to the large 

number of atoms in QDs, full diagonalization of the HAMILTONIAN is impossible, 

and only electronic states close to the gap are calculated. The DOS is obtained by 

expanding each DIRAC by a GAUSSIAN with a half-value width of 100 meV. QD 

surfaces are not passivated. Despite this, in the case of IV-VI semiconductors, there 

are no surface states for reasons discussed in Ref. [5], which was confirmed by ab 

initio calculations by HENS et al.6 
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7.6.2 Supplementary Figures and Tables 

 

Figure S 7.1. (a, b) Typical STEM images used for lateral size determination of 

PbSe fQDs. x-Lengths were determined by measuring the longest dimension of the 

NPLs, y-widths are the largest distance orthogonal to the x-length. (c) Lateral size 

histogram of PbSe fQDs, values determined from STEM images. (d, e) Typical STM 

images used for lateral size determination after annealing under high vacuum.  

(f) Lateral size histogram of PbSe fQDs determined from STM images, 

demonstrating that the size of the fQDs does not change drastically during 

annealing. 
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Figure S 7.2. Cryogenic PL spectra of pristine (a, b) and PbI2 passivated (c, d) 

PbSe fQDs,1 measured two months apart (during this time the samples were stored 

at ambient temperature under N2 atmosphere). (a, b) The low temperature PL of 

pristine fQDs is best fitted by the sum of two GAUSSIANS, assigned to bi- and trilayer 

PbSe, resp. (c, d) For PbI2 passivated PbSe fQDs, the PL is best fitted by three 

GAUSSIANS in both cases. The third and highest energy PL contribution is attributed 

to 1ML PbSe fQDs. Notably, the ratio between the two/three PL contributions 

changes within the studied time frame; after two months, we observe an increased 

population of the lower energy contributions (bilayer and trilayer PbSe fQDs), 

while the higher energy contributions (1ML and bilayer PbSe fQDs) decrease (see 

Table S 7.1 for details on PL contributions of all samples). We infer OSTWALD 

ripening in solution (and fusing in deposited samples) as the cause of shifted PL 

maxima in aged fQD samples and the ratio changes of the three contributions. In 

particular, we observe more pronounced ageing in pristine PbSe fQDs (a, b) with a 

surface mainly passivated by oleate in octylamine as a solvent (no 1ML contribution 

after 13 and 15 months, compared to the new sample 2 shown in Figure 7.4b, which 

shows all three contributions). In contrast, PbI2 passivation appears to be a 

valuable tool for slowing down/hindering the fusing of fQDs (c, d) and we find 

three PL contributions at both time points. These observations are consistent with 
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previous reports for 2D CdSe NPLs by DUFOUR et al.,7 who reported an increased 

colloidal stability for mixed halide- and octylamine-passivated 2D CdSe NPLs 

compared to purely organically passivated NPLs with a tendency to stack over time. 

Directly related to PbSe, KOH et al. found that oriented attachment of PbSe QDs is 

disfavored when PbI2/I- is introduced, since the mismatch between Pb-I and Pb-Se 

bond lengths prevents the formation of bridges between adjacent NCs,8 which 

likewise could hinder the vertical fusing of fQDs in our case. Similarly, we have 

previously reported the necessity of PbI2 passivation for the colloidal stabilization 

of 2D PbTe NPLs synthesized under comparable conditions. 

 

Table S 7.1. Position and ratio of all PL contributions for the PL spectra shown in 

Figure 7.4a and b and Figure S 7.2. 

sample 

1 ML PL 

contribution 

bilayer PL 

contribution 

trilayer PL 

contribution 

position 

(eV) 

ratio 

(%) 

position 

(eV) 

ratio 

(%) 

position 

(eV) 

ratio 

(%) 

STM/S sample, 77 K, 

after 15 mo. (Figure 7.4a) 
- - - - 0.80 100 

laterally smaller PbSe 

fQDs, 77 K, directly after 

synthesis (Figure 7.4b) 

1.23 33 1.11 56 0.98 11 

pristine PbSe fQDs, 

13 mo., ~80 K  

(Figure S 7.2a) 

- - 1.08 43 0.96 57 

pristine PbSe fQDs, 

15 mo., 77 K  

(Figure S 7.2b) 

- - 1.05 20 0.92 80 

PbI2 passivated PbSe 

fQDs, 13 mo., ~80 K 

(Figure S 7.2c) 

1.19 30 1.10 39 0.98 31 

PbI2 passivated PbSe 

fQDs, 15 mo., 77 K 

(Figure S 7.2d) 

1.17 22 1.09 40 0.98 38 
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Figure S 7.3. (a) Exemplary TEM image of the laterally smaller PbSe fQDs 

((3.3 ± 0.5) x (2.9 ± 0.4) nm2) shown in Figure 7.4b of the main manuscript.  

(b) Corresponding lateral size histogram. 

 

 

Figure S 7.4. TB calculated DOS for 1ML (a), bilayer (b), and trilayer (c) PbSe 

fQDs with increasing lateral size from 2 x 2 nm2 to 10 x 10 nm2, used to determine 

the calculated electronic band gaps for the band gap vs. lateral size plot shown in 

Figure 7.4c of the main manuscript. 
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8 Near-Infrared Emitting Fibers: Stable Jet 

Electrospinning Flat PbSe Quantum Dots into 

Poly(methyl methacrylate) 

This chapter demonstrates the incorporation of colloidal PbSe fQDs into 

poly(methyl methacrylate) fibers using stable jet electrospinning. The fabricated 

highly aligned nanocomposite fibers are easy-to-handle, exhibit a well-defined 

structure and retain the NIR PL of the embedded PbSe fQDs in the solid-state. 

Energy transfer within perpendicularly aligned stacks of PbSe fQDs results in PL 

that is narrower and bathochromically shifted compared to that of the colloidal 

PbSe fQDs. 

 

The results presented here have been published in J. Phys. Chem. Lett. 2026,  

17 (4), 955–965. For details about the author contributions see Chapter B. 
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8.1 Abstract 

Flat colloidal PbSe QDs (fQDs) represent an innovative class of 2D near-infrared 

(NIR) photoluminescent QDs, which combine extreme thickness with additional 

lateral confinement. PbSe fQDs exhibit efficient NIR photoluminescence 

(860 – 1550 nm) that is adjustable to the low-loss transmission windows of 

(optical) fibers and makes them highly promising nanoemitters for fiber-based 

applications. Here, we demonstrate the incorporation of PbSe fQDs into easy-to-

handle functional and stable jet electrospun poly(methyl methacrylate) (PMMA) 

fibers. Within these electrospun nanocomposites, we find perpendicularly aligned 

stacks of PbSe fQDs, which give rise to a narrowed and bathochromically shifted 

photoluminescence (e.g., at 1073 nm, with a quantum yield of 5%) that is caused 

by an energy transfer into the smallest band gap tail of the PbSe fQD thickness 

distribution. Embedding PbSe fQDs into solid-state nanocomposite fibers 

represents an important step forward for implementing near-infrared (NIR)-

emitting 2D PbX nanocrystals in fiber optics. 

8.2 Introduction 

Colloidal semiconductor nanocrystals (NCs) are highly valued for their unique 

size-tunable properties, while being easy to synthesize, modify and process in 

solution.1,2 In particular, two-dimensional (2D) nanoplatelets (NPLs) and 

nanosheets with a thickness of a few monolayers (ML) exhibit highly interesting 

photophysics different from their 0D NC counterparts.3,4 For instance, 2D CdSe 

NPLs5,6 have received significant recognition due to their efficient,7 color pure8 and 

directed9 photoluminescence (PL) throughout the visible range, and consequently 

have prompted the concurrent exploration of near-infrared (NIR) photo-

luminescent 2D NCs, such as lead10–12 and mercury13,14 chalcogenides. Among NIR-

emitters, 2D lead chalcogenide PbX (X = S, Se and Te) NPLs10,15–17 and flat 

quantum dots (fQDs)18 stand out as a material class with large bulk exciton Bohr 

radii 𝑎B (PbS, 20 nm; PbSe, 46 nm; PbTe, ~82 nm)19,20 and interesting properties 

when forced into the strong confinement regime (𝑥, 𝑦/𝑎B < 1 and 𝑧/𝑎B ≪ 1).21–23 

For example, ultrathin 2D PbS NPLs exhibit linearly polarized, blinking-free 

emission (at ~681 nm) with a significantly narrower linewidth than their spherical 

counterparts at low temperatures (down to 0.6 meV with a polarization  

degree of 0.9).24 When using PbSe fQDs rather than CdSe or PbS NPLs, the low-
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loss transmission windows of optical fibers located further into infrared at 

~850 nm, ~1350 nm and ~1550 nm25 can be covered.15,18,26 2D PbSe fQDs exhibit 

efficient PL at NIR to short-wave infrared wavelengths (860 – 1550 nm, with up to 

61% quantum yield (QY))26 and thus have the potential to be used as nano-sized 

light sources in optical fibers, either as classical emitters (e.g., to periodically 

reamplify a signal that is transmitted through a fiber)25,27 or as quantum emitters 

for emerging quantum information science.28 However, colloidal PbSe fQDs 

(similar to most colloidal NCs in general) face an inherent discrepancy between 

their finely dispersed colloidal state in solution and the demands of predominantly 

solid-state applications. Therefore, efficient methods are needed to fabricate 

macroscopic functional nanocomposites from colloidal NCs. Common strategies 

for bridging this gap include depositing colloidal solutions of PbX NCs (or NCs in 

general) in thin films via drop-casting (and doctor-blading),29 spin coating,30 spray 

coating,31 or dip coating,30 and layer-by-layer deposition in conjunction with 

polymers.32,33 Films produced like this have been used as, or have been further 

processed into, field-effect transistors (ionic ligand passivated PbSe QDs)29, 

photodetectors (I--capped PbSe NPLs synthesized via cation exchange from CdSe 

NPLs)31 and solar cells (metal halide passivated PbS and PbSe QDs).30 More 

specialized manufacturing options for bringing colloidal NCs into solid-state are, 

e.g., ink-jet printing34 or embedding colloidal NCs into electrospun polymer 

fibers.35–38 For the latter, LIU et al. have reported the incorporation of CdSe/ZnS 

core-shell QDs into disordered electrospun fibers consisting of a polymeric 

photoresist and have demonstrated their potential as waveguiding structures.37 

However, an advanced operating mode of electrospinning is stable jet 

electrospinning (SJES), which allows producing a few micrometers thin, highly 

aligned unidirectional fibers with macroscopic length scales.39,40 With this 

approach, the chaotic whipping of the spun fiber that is inherent to conventional 

electrospinning is prevented by adjusting the viscoelastic properties of the 

spinning solution. In particular, the polymer concentrations and molecular weight 

must be high enough to achieve the overlap concentration. Typically, the solutions 

then exhibit non-Newtonian viscoelastic behaviour.41,42 By adding organic dye 

molecules42,43 or inorganic nanocrystalline emitters36,43 to the polymer solution 

used for SJES, functional composite microfibers can be fabricated via a straight-

forward yet versatile and cost-efficient approach. The obtained inorganic-organic 
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(or organic-organic) composite fibers are easy to handle and possess the optical 

functionality of the embedded emitters, which makes them highly interesting for 

telecommunication applications, waveguiding and solid-state fiber lasing.36,42 We 

previously embedded green light-emitting (512 nm) colloidal 2D CdSe/CdS core-

crown NPLs (4.5 ML) into SJES fibers and have found an unexpected 

perpendicular alignment of the 2D NPLs relative to the fiber. This orientation is 

beneficial for light harvesting and guiding light along the fiber direction and was 

found to be caused by normal forces that occur when the viscoelastic spinning 

solution leaves the spinneret nozzle due to die swell of the polymer.36,44 As a 

consequence, SJES not only represents an advanced method for integrating 

colloidal NCs into solid state form but also offers a way to control their orientation 

by carefully adjusting the rheological properties of the spinning solution via its 

composition and polymer characteristics, as well as the spinning parameters. 

However, to the best of our knowledge, nanocomposite (SJES) fibers with similar 

characteristics containing nanocrystalline emitters with PL at technologically 

relevant NIR wavelengths, have not yet been demonstrated, despite their potential 

for (quantum) optical applications. 

 

Here, we report on the incorporation of NIR-emissive 2D PbSe fQDs into 

poly(methyl methacrylate) (PMMA) fibers via stable jet electrospinning. The fibers 

are well-defined with a smooth surface and unidirectional alignment, while 

exhibiting the narrow and efficient NIR PL of the embedded PbSe fQDs, e.g., at 

1073 nm with a fwhm of 185 meV and a PLQY of 5%. Small-angle X-ray scattering 

reveals that the fQDs are arranged within the fibers such that individual fQDs are 

stacked in vertical columns, which are then oriented perpendicular to the fiber 

direction. Contextualizing these findings within a previously derived alignment 

mechanism driven by the die swell of the polymer advances the understanding of 

SJES for obtaining solid-state nanocomposites containing macroscopically 

ordered anisotropic fQDs. The PbSe fQD stack formation results in a bathochromic 

shift and narrowing of the PL due to energy transfer into the smaller band gap tail 

of the fQD thickness distribution. 
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8.3 Results and Discussion 

Figure 8.1a and b respectively depict an overview and a high-magnification TEM 

image of PbSe fQDs, which were synthesized from lead oleate and selenourea by 

using a method described previously.15,18,26 PbSe fQDs used here exhibit average 

lateral dimensions of (4.6 ± 0.9) nm x (3.5 ± 0.6) nm and a corresponding aspect 

ratio of 1.3 : 1, which is in perfect agreement with reported values (see Figure S 8.1a 

for a lateral size histogram). The higher-magnification micrograph (Figure 8.1b) 

reveals the lattice fringes of the individual PbSe fQDs, confirming their highly 

crystalline nature and cubic rock salt structure (see Figure S 8.1b for a 

corresponding FFT pattern of a single fQD). The rather low contrast in TEM, 

compared to conventional spherical QDs, points toward the ultrathin geometry of 

the fQDs, which has been characterized by scanning tunneling microscopy. We 

have probed distinct, atomic-layer-defined thicknesses corresponding to 

monolayered, bilayered and trilayered PbSe fQDs (see Figure S 8.2 for 

height/thickness measurements).18 

Stable jet electrospinning was performed to embed the shown PbSe fQDs into 

PMMA fibers (Figure 8.1c). The spinning solution was prepared by dissolving 

35 wt% PMMA in 2-butanone,36,42 which was subsequently mixed with 

0.6 – 1.8 wt% PbSe fQDs dispersed in toluene (relative to the PMMA amount). 

Figure 8.1c displays a schematic representation of the SJES setup (see Figure S 8.3 

for a photograph of the custom-built system). To spin the fibers, an electric field of 

30 kV was applied between the steel needle of a syringe, mounted on an automated 

pump, and a rotating drum collector. The final hybrid microfibers were collected 

between layers of aluminum foil (see Figure S 8.4 for a photograph). Figure 8.1d 

and e show SEM images of 1.2 wt% PbSe fQD-containing SJES PMMA fibers. With 

this PbSe fQD concentration, the parallel aligned fibers show a smooth surface and 

a rather narrow size distribution, with an average diameter of 20.3 ± 2.8 µm (see 

Figure S 8.5 for SEM images of fibers containing 0.6 and 1.8 wt% PbSe fQDs). 

Likewise, the lowest concentration of 0.6 wt% PbSe fQDs results in fibers with a 

uniform and even surface [d = 21.9 ± 3.4 µm], which is essential for minimizing 

surface-roughness scattering losses when guiding light through the fibers, e.g., in 

telecommunication applications.45,46 These well-defined composite fibers exhibit a 

ribbon-like cross section (see Figure S 8.6), which is consistent with previous 
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studies on purely organic PMMA SJES fibers without any emitters,42 and is 

presumably related to the drying process of freshly spun fibers.47,48 

 

 

Figure 8.1. (a, b) TEM images of PbSe fQDs with an average lateral dimension  

of 4.6 ± 0.9 nm x 3.5 ± 0.6 nm and a slightly rectangular shape (aspect 

ratio = 1.3 : 1). (c) Schematic representation of the stable jet electrospinning 

method used to produce PbSe fQD-containing SJES PMMA fibers. (d, e) SEM 

images of SJES PMMA fibers containing 1.2 wt% PbSe fQDs. The resulting fibers 

are highly aligned and evenly shaped, with a smooth surface and an average 

diameter of (20.3 ± 2.8) µm. 
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In contrast, adding a high concentration of 1.8 wt% PbSe fQDs to the PMMA 

spinning solution leads to fibers with a compromised morphology, showing 

branching between irregularly shaped domains (Figure S 8.5c and d). Accordingly, 

we consider the upper limit of PbSe fQD concentration that can be added to obtain 

structurally intact SJES fibers to be 1.8 wt% or lower. Notably, the studied 

concentration range (0.6 – 1.8 wt%) is considerably higher than all concentrations 

reported previously by us for SJES fibers containing 2D CdSe/CdS core-crown 

NPLs (0.003 – 0.3 wt%), and it highlights not only the versatility of the approach, 

but also the robustness of stable jet electrospinning for embedding different 

colloidal NC systems.36 In the final fibers, the PMMA matrix fully encapsulates the 

pristine PbSe fQDs (i.e., without post-synthetic surface passivation), so that the 

obtained nanocomposite fibers are highly stable under environmental conditions 

and can be easily handled for further investigation or processing e.g. by simply 

cutting out pieces from a fiber mat using scissors. To test the optical functionality 

of the produced PbSe fQD-containing fibers, we conducted absorption and PL and 

PL quantum yield measurements on fiber samples and the initial colloidal  

PbSe fQDs. 

Figure 8.2 shows absorption and PL spectra of colloidal PbSe fQDs (blue) and 

PbSe fQD-containing SJES fibers (red); their optical characteristics are listed in 

Table 8.1. The initial colloidal PbSe fQDs exhibit excitonic absorption at ~941 nm 

and PL centered at 1033 nm (STOKES shift of ~130 meV), with a fwhm of ~275 meV 

as well as a PL quantum yield of 18%, which is representative of previous 

measurements of as-synthesized oleic acid/octylamine passivated PbSe fQDs.26 In 

previous work, we describe that the ensemble PL of PbSe fQDs is governed by three 

contributions which correspond to the aforementioned monolayer, bilayer and 

trilayer PbSe fQD populations.18 For the fQDs used here, which were processed into 

fibers within a few days after the synthesis (i.e., without significant aging), the PL 

is expected to be dominated almost entirely by bilayer PbSe fQDs (lateral 

dimensions of ~4.6 nm x 3.5 nm with a thickness of 1.2 nm), with minor 

contributions from monolayers and trilayers, causing the ensemble PL to deviate 

slightly from a symmetric GAUSSIAN shape. 
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Figure 8.2. NIR absorption and PL spectra of PbSe fQDs in solution (blue) and in 

PMMA SJES fibers (red). PbSe fQDs in solution exhibit efficient PL at 1033 nm 

with a PLQY of 18%, which is retained in the fibers and accompanied by a 

bathochromic shift to 1070 – 1085 nm and a PLQY of 3 – 6%. 

 

Table 8.1. Excitonic absorption λAbs (based on the local minimum of the 2nd 

derivative of the absorption), PL position λPL, STOKES shift, fwhm of the PL and 

PLQY of colloidal PbSe fQDs and PbSe fQD-containing PMMA SJES fibers. 

sample 
λAbs 

(nm) 

λPL 

(nm) 

STOKES shift 

(meV) 

PL fwhm 

(meV) 

QY 

(%) 

colloidal PbSe fQDs 941 1033 130 275 18 

0.6 wt% fQD fiber 916 1073 198 185 5 

1.2 wt% fQD fiber 935 1085 183 190 3 

1.8 wt% fQD fiber 939 1070 162 186 6 
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Regarding the fiber measurements, notably, the optical properties of the 2D PbSe 

fQDs are retained without any drastic changes for all three nanocomposite 

samples, which is a prerequisite for any fiber optical application. In detail, the PL 

of the fibers is bathochromically shifted compared to the colloidal fQDs, with 

maxima at 1073 nm and 1085 nm for the 0.6 wt% (light red) and 1.2 wt% PbSe-

containing fibers (red), respectively. The PL of the 1.8 wt% fibers (dark red, dotted) 

is shifted to 1070 nm; however, due to their irregular shapes and rough fiber 

surfaces, this sample is disregarded in the following (see Figure S 8.5c and d). The 

absorbance features of the fibers are slightly hypsochromically shifted to ~916 and 

~935 nm with respect to the colloidal fQDs, the fwhm of the fiber PL spectra is 

decreased by ~100 meV, and the PLQY is reduced to 5% and 3%, respectively (see 

Table 8.1). The decrease in PLQY by a factor of ~0.22, from 18% to ~4%, upon 

embedding the fQDs into the PMMA fiber is consistent with values typically 

reported for the incorporation of core-only NCs into polymers33,49 or their 

deposition into solid-state thin films,50,51 and has been ascribed to changes in the 

NCs’ surface chemistry exposing previously saturated surface trap states.52 This 

may be overcome in future work by stabilizing the optical properties of PbSe fQDs 

through additional ligand passivation, for example with a polymer-compatible 

surface ligand,52 and/or by shelling,53−55 prior to incorporation into the polymer 

matrix. The bathochromic PL shift (from 1033 nm to 1073 and 1085 nm) and the 

thereby increased STOKES shift (from ~130 meV to 198 and 183 meV), as well as the 

change to more symmetric GAUSSIAN PL linewidths in PbSe fQD-containing fibers, 

may be attributed to energy transfer between fQDs that are spatially closer to each 

other and fixed locally in the polymer matrix, compared to the colloidal solution.  

VOZNYY et al. reported on a concentration-dependent energy transfer in colloidal 

0D PbS QD ensembles, whereby charge carriers funnel into the lowest-energy tail 

of the QD distribution, thus increasing the apparent STOKES shift with higher QD 

concentration.56 In the case of the PbSe fQDs studied here, this could be energy 

transfer from monolayer to bilayers/trilayers and bilayers to trilayers, as well as to 

laterally larger PbSe fQDs within a given thickness population. Similar energy 

transfers have been thoroughly studied for coupled QD films,57,58 and are amplified 

by long photoluminescence lifetimes and spatial proximity of (f)QDs (e.g., due to 

agglomeration in colloidal solution or stacking in solid state).56 For example, 

ROWLAND et al. and GUZELTURK et al. have demonstrated efficient homo-
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fluorescence resonance energy transfer in ordered stacks of 2D CdSe NPLs in which 

the spatial separation between donor and acceptor is minimized.59–63 PbSe fQDs 

typically exhibit rather long PL lifetimes in the range of 1 – 2 µs12,15,26 and we have 

previously observed the formation of stacked superlattices with short interparticle 

distances of ~0.5 nm for colloidal PbS and PbTe NPLs (chloride/iodide-passivated) 

when depositing them as thin films.10,24 Consequently, energy transfer between 

PbSe fQDs (stacked or randomly oriented in close proximity) in the fiber is possible 

and assumed as an additional reason for the lowered PLQY in the fibers, as charge 

carriers can be transferred to defective fQDs.60 It is important to note that this type 

of energy transfer does not preclude the possibility of the fQDs’ surface chemistry 

changing simultaneously, thereby causing shifts of their optical features when they 

are encapsulated in the polymer, as discussed in the context of PLQY. 

To gain insight into the relative orientation and the spacing of the PbSe fQDs 

within the fibers, specifically the possible presence of stacks of PbSe fQDs, we have 

performed 3D single-particle excitation polarization microscopy (Figure 8.3) and 

X ray diffraction (Figure 8.4), which are possible due to the comparatively high 

PbSe fQD concentrations used. 

 

Figure 8.3a shows polar plots of the radiation patterns of single PbSe fQDs and 

reference individual 4.5 ML CdSe/CdS core-crown NPLs in SJES PMMA fibers. 

CdSe NPL-containing SJES fibers were produced as described in reference [36]. In 

brief, the 2D CdSe/CdS NPLs exhibit a lateral size of ~47 nm x 12 nm x 1.2 nm, 

meaning that their 2D geometry is much more pronounced than in PbSe fQDs 

(~4.6 nm x 3.5 nm x 1.2 nm), which are confined in all three dimensions (with 

particular strong confinement in the thickness).18,36 Regardless of the smaller 

lateral dimensions in PbSe fQDs, we observe a clear variation in the PL intensity of 

PbSe fQDs, depending on the polarization excitation light (see Figure 8.3b), which 

suggests an anisotropic dipole distribution in PbSe fQDs, different from that of 

(quasi-)spherical QDs.36 However, this variation is considerably lower than has 

been observed for CdSe/CdS NPLs, for which the in-plane dipole distribution leads 

to highly directional PL orthogonal to the NPLs’ plane.9,36 Notably, with 3D single-

particle excitation polarization microscopy, we only probe individual PbSe fQDs 

that are not part of a closely packed stack. Therefore, unlike in our previous work 

on CdSe/CdS NPLs,36 it is not possible to draw conclusions about the presence (and 
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possible orientation) of PbSe fQDs inside the SJES PMMA fibers based on optical 

measurements alone, which is why we have conducted X-ray diffraction 

experiments. 

 

 

Figure 8.3. 3D single-particle excitation polarization microscopy measurements. 

(a) Polar plots of the radiation pattern of PbSe fQDs (0.6 wt%) and CdSe NPLs 

(0.03 wt%) inside a SJES PMMA fiber fitted with a sin2(x) function (average of 10 

analyzed particles). The NPLs/fQDs were excited from three different angles (0°, 

120°, and 240°) to ensure excitation of all NPLs/fQDs at the focus point of the 

objective (shown in three shades of grey for CdSe NPLs; for PbSe fQDs all three red 

lines overlap). (b) Corresponding averaged sin2(x) amplitudes. 
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Figure 8.4 depicts X-ray diffraction patterns of 0.6 to 1.8 wt% PbSe fQD-

containing SJES PMMA fibers (see Figure S 8.8a for an in-depth description of the 

1.8 wt% fiber). All three fiber samples exhibit an anisotropically shaped scattering 

signal at 𝑞 = √𝑞x
2 + 𝑞y

2 ≈ 1.26 nm-1, indicating the presence of stacks of PbSe fQDs 

oriented perpendicular to the fiber axis (Figure 8.4a,c,e as well as Figure S 8.9a−c; 

see Figure S 8.10 for X-ray diffraction patterns of complementary drop-casted 

PbSe-polymer samples containing randomly oriented stacks for comparison). 

 

 

Figure 8.4. X-ray diffraction experiments conducted on PbSe fQD-containing 

SJES PMMA fibers. (a, c, e) 2D diffraction patterns of fibers with a PbSe fQD mass 

fraction of 0.6 wt% (a), 1.2 wt% (c), and 1.8 wt% (e). (b, d, f) Schematic 

representation of the arrangement of the PbSe fQDs inside the PMMA fibers. 
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The distance between the PbSe fQDs within a stack can be estimated as  

𝑑 = 2𝜋/𝑞 = 5.0 ± 0.2 nm (Figure 8.4b,d,f, as well as Figure S 8.8b), which is in good 

agreement with the expected center-to-center distance of stacked 1.2 nm thick 

fQDs/NPLs separated by oleic acid ligands.64 The angular width of the peak at 

1.26 nm-1 is ~25 ± 5° for all three mass fractions (see Figure S 8.9d–f), indicating a 

high degree of orientational order of the stacks perpendicular to the PMMA fiber. 

From a single fQD point of view, this observation differs strikingly from our 

previous report on the perpendicular orientation of individual CdSe NPLs in SJES 

PMMA fibers, since each individual PbSe fQD in the present configuration is 

oriented parallel to the fiber direction.36 However, considering the small 

dimensions of the PbSe fQDs (~4.6 nm x 3.5 nm x 0.6 – 1.8 nm) and the 

dimensions of the formed stacks, it is evident that the same mechanism that 

vertically aligns CdSe/CdS NPLs can result in a seemingly different arrangement 

for significantly smaller 2D fQDs: The length of the stack is estimated from the 

radial width of the scattering peak as 𝐿 =  2π/∆𝑞 and decreases from approximately 

𝐿 = 65 nm for 0.6 wt% to 40 nm for 1.8 wt%. This means that the rod-like shaped 

stacks of PbSe fQDs (see Figure 8.4b,d,f) exhibit dimensions similar to those of 

larger individual CdSe/CdS NPLs, and that they show similar behavior when stable 

jet electrospun with PMMA. We assume that the PbSe fQDs prestack in the 

spinning solution (a process that is further promoted by the generally high fQD 

mass fractions used in this work, see Figure S 8.10) with the stacks being randomly 

oriented within the likewise randomly coiled PMMA chains in solution. At the same 

time, in the spinneret nozzle the coiled polymer chains become stretched into the 

flow direction due to the velocity gradient, equally causing the PbSe fQD stacks to 

orient in the same direction. Upon leaving the nozzle, the polymer chains recoil, 

inducing a normal force (die swell), that reorients the fQD stacks into an upright 

orientation perpendicular to the fiber direction.44 In this orientation, in turn, each 

individual PbSe fQD is then oriented parallel to the fiber. For larger PbSe fQD 

weight fractions, a broad uniform ring emerges in the scattering patterns at 

𝑞 ≈ 1.6 nm-1 (Figure 8.4c,e, as well as Figure S 8.8a and Figure S 8.9b,c), 

corresponding to the appearance of individual PbSe fQDs with no preferred 

orientation. These findings highlight that the comparatively small single PbSe fQDs 

cannot be oriented by the polymer and that a higher aspect ratio (as in NPLs) is 

needed for the normal forces to induce a rotation into an upright position, as is the 
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case for the stacks of PbSe fQDs or individual CdSe/CdS NPLs. These single 

randomly oriented PbSe fQDs correspond to the ones observed in 3D single-

particle excitation polarization microscopy measurements shown in Figure 8.3. 

The stack formation revealed by X-ray scattering underpins the discussed 

assumption that energy transfer between spatially close PbSe fQDs is the reason 

for the apparent shift of their PL inside the fibers, compared to that of their initial 

colloidal state in solution. Since this effect not only shifts the PL to higher 

wavelengths/lower energies, but is also accompanied by a narrowing of the PL 

signal, it may be leveraged to tailor the optical properties of the nanocomposite 

fibers to the 2nd and 3rd telecommunication windows at ~1350 and ~1550 nm in the 

future. 

8.4 Conclusion 

To conclude, we have demonstrated the incorporation of NIR-emissive colloidal 

2D PbSe fQDs into stable jet electrospun PMMA fibers. The obtained functional 

nanocomposite fibers are unidirectionally aligned, have a smooth surface and 

possess the optical properties of the embedded PbSe fQDs. For fibers containing 

0.6 wt% PbSe fQDs, we measured narrow PL at 1073 nm (fwhm 185 meV) with a 

quantum yield of 5%, rendering them highly interesting for classical and quantum 

communication applications. X-ray scattering revealed that the PbSe fQDs in the 

fibers are distributed in a quasi-hierarchical structure made of stacks of individual 

fQDs, which are oriented perpendicular to the fiber direction due to die swelling 

during the SJES process. Within the stacks of PbSe fQDs, the energy transfer 

toward the smallest band gap tail of the fQD thickness/size distribution results in 

hybrid fibers with a PL that is narrower than that of their colloidal PbSe fQD 

building blocks. Our findings underscore the potential of SJES for producing 

functional hybrid materials and are an important step in developing easy-to-

handle solid state nanocomposites with PL at technologically relevant NIR 

wavelengths. 
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8.5 Experimental Section 

Chemicals. Acetonitrile (≥ 99.5%), ethanol (EtOH, max. 0.01% H2O), 

iso-propanol (≥ 99.5%), lead(II) oxide (≥ 99.99%), methanol (≥ 99.8%), 

n-octylamine (99%), tetrachloroethylene (TCE, ≥ 99%), triethylamine (≥ 99%), 

trifluoroacetic acid (99%), and trifluoracetic anhydride (≥ 99%) were purchased 

from SIGMA-ALDRICH/MERCK. 2-Butanone (> 99%) and n-hexane (97%) were 

purchased from ACROS ORGANICS. Oleic acid (90%) was purchased from ABCR. 

Selenourea (99.97%) was purchased from ALFA AESAR. Poly(methyl methacrylate) 

(PMMA-8N, 83000 g/mol) was purchased from RÖHM GMBH. n-Octylamine and 

oleic acid were degassed by freeze-pump-thawing prior to being stored and 

handled inside a N2-filled glove box. All other reagents were used as received from 

the listed suppliers. 

PbSe Flat Quantum Dot Synthesis. Colloidal PbSe fQDs were synthesized by 

a method previously described by us.15,18,26 The lead oleate used was synthesized 

via an established protocol by HENDRICKS et al.65 First, a solution of selenourea 

(193 mg, 1.57 mmol) in octylamine (2.03 ml), oleic acid (0.23 ml), and hexane 

(0.75 ml) was prepared and stirred at 35°C for at least two days prior to the fQD 

synthesis. To synthesize the PbSe fQDs, lead oleate (1.83 mg, 2.7 mmol) was 

dissolved in a mixture of octylamine (2 ml), oleic acid (4 ml), and hexane (18 ml) 

at 35°C. After complete dissolution (~5 min), the sealed mixture was cooled to 0°C 

using an ice bath. The selenourea solution (2.5 ml) was then quickly injected into 

the vigorously stirred lead oleate mixture. After 10 min of reaction time, the dark 

brown reaction mixture was quenched by the addition of dry EtOH (18.5 ml). To 

purify the already destabilized PbSe fQDs, dry EtOH was added dropwise until a 

precipitate formed at the bottom of the flask. This mixture was then centrifuged at 

2500 rcf, the supernatant was discarded, and the precipitate was redispersed in dry 

toluene (10 ml). This process was repeated two more times before sealing and 

storing the purified PbSe fQDs under N2 atmosphere. All steps of the PbSe fQD 

synthesis, except for cooling, were performed under inert gas conditions in a N2-

filled glove box. 

Stable Jet Electrospinning of PbSe fQD-containing PMMA Fibers. 

SJES was performed using a custom-built electrospinning setup (see Figure S 8.3 

for a photograph of the setup and details about its components). The spinning 
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solution was prepared by stirring 35 wt% of PMMA in 2-butanone for 24 h at room 

temperature, resulting in a clear, viscous solution. Then, PbSe flat quantum dots 

dispersed in toluene were added at varying concentrations (0.6 – 1.8 wt% of Pb) 

and ultrasonicated for 10 min prior to spinning. For SJES, 4 mL of the PMMA/fQD 

dispersion was loaded into a syringe equipped with a stainless-steel needle (inner 

diameter of 0.8 mm) and mounted on an automated syringe pump. The rotating 

drum collector, which was covered in aluminum foil to make fiber removal easier, 

was placed 30 cm from the needle tip inside the SJES chamber. Prior to spinning, 

nitrogen was used to flush the chamber atmosphere to maintain a relative humidity 

of approximately 10%. A +15 kV voltage was applied to the steel needle and a 

voltage of -15 kV was applied to the drum collector, resulting in a total potential 

difference of 30 kV across the spinning gap. The solution flow rate was kept at 

25 mL/h, and the drum collector was rotated at 2000 rpm to improve fiber 

alignment. All parameters were kept constant across experiments. After each 

spinning run, the chamber was flushed with nitrogen for 15 min to remove any 

residual organic solvent vapors. 

Transmission Electron Microscopy. TEM images were obtained using a FEI 

TECNAI G2 F20 transmission electron microscope with a field emission gun 

operating at 200 kV. For this, the colloidal PbSe fQDs were crop-cast onto carbon-

coated copper grids (300 mesh) from QUANTIFOIL. The average lateral size of the 

PbSe fQDs was determined using the IMAGEJ software. 

Scanning Electron Microscopy. To image the fiber surfaces, a 1 cm x 1 cm 

section was cut from the electrospun fiber mat and mounted on an aluminum SEM 

sample carrier using conductive adhesive carbon tape. To obtain cross-sectional 

images, another 1 cm x 1 cm fiber sample was placed between two layers of carbon 

tape and immersed in liquid nitrogen for 1 min. The frozen sample was then broken 

at the midpoint between the tapes to expose the cross-section, after which it was 

mounted on a sample carrier. To improve conductivity, all samples were sputter-

coated with a thin layer of gold using a LEICA SCD050 sputter coater (from LEICA 

MICROSYSTEMS). SEM images were captured using a combined system consisting of 

a ZEISS EVO LS 25 and BRUKER EVO system at magnifications ranging from 500x 

to 35000x. The average diameter of the electrospun fibers was determined using 

the IMAGEJ software. For each sample, SEM images acquired at different locations 

and orientations were measured using manual line profiling across well-resolved 
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fibers (sample size n = 40) and the values were then averaged to obtain the mean 

fiber diameter. 

NIR Photoluminescence and UV-Vis-NIR Absorption Spectroscopy. 

Near-infrared photoluminescence spectra were acquired using an EDINBURGH FLS 

1000 UV-Vis-NIR spectrometer equipped with a 450 W ozone-free xenon arc lamp 

for excitation. The PL was monitored using an InGaAs NIR photomultiplier tube 

(Model 1650 detector cooled with liquid N2) from EDINBURGH INSTRUMENTS. 

Colloidal samples for optical ensemble spectroscopy were prepared by diluting the 

colloidal PbSe fQD solutions in TCE (with an optical density below 0.2 at 500 nm) 

in a quartz cuvette (quartz glass, high-performance Model QS 200 – 2500 nm, with 

an optical path length of 1 cm by HELLMA). For fiber samples, a 3 cm × 1 cm was cut 

from the electrospun fiber mat and placed on the solid sample holder of the FLS 

1000. Absolute PLQYs were determined using an integrating sphere with the FLS 

1000. For this, the scattering at 450 nm and the PL in the NIR of TCE or a blank 

PMMA fiber sample and the fQDs or PMMA/fQD fibers, respectively, were 

measured separately, accounting for the difference in sensitivity of both detectors 

with a correction factor. UV-Vis-NIR absorption spectra were collected using a 

double beam CARY 5000 spectrophotometer from AGILENT TECHNOLOGIES 

equipped with a tungsten halogen (Vis) and deuterium arc (UV) lamp and a 

PbSmart NIR detector for monitoring. For fiber samples, an integrating sphere 

(diffuse reflectance accessory from AGILENT TECHNOLOGIES) was used. The 

absorption maxima/shoulders were determined by the local minima of the second 

derivative of the smoothed absorption (locally estimated scatterplot smoothing). 

The increased noise present in all absorption spectra around 800 nm stems from 

the NIR detector changes at this wavelength 

Excitation Polarization Microscopy. For 3D excitation polarization 

microscopy, PbSe fQD-(0.6 wt%) and CdSe NPLs-containing (0.03 wt%) PMMA 

SJES fibers were placed between a microscope slide and a cover slip and fixated 

using NORLAND optical adhesive 148 glue (NORLAND PRODUCTS). The NCs were 

excited using a COHERENT CHAMELEON ULTRA II laser that generates 900 nm light, 

which was frequency-doubled to 450 nm using a β-BaB2O4 crystal (THORLABS). The 

beam was broadened using a lens system and the polarization of the laser beam 

was rotated using a rotating half-wave plate (achromatic λ/2 plate, 400 – 800 nm, 

THORLABS). Sending the beam through a rotatable wedge prism (4° beam deviation, 
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375 – 700 nm, THORLABS), allowed entering the back aperture of the objective 

(NA = 1.35, oil immersion, UPlanApo, 60x, OLYMPUS) from three different 

positions, thus hitting the sample from three different angles. The emitted light 

passed through a dichroic mirror (SP 556, AHF) and onto an electron-multiplying 

charge-coupled device camera (iXonEM +897, back-illuminated, ANDOR 

TECHNOLOGY). Consequently, the intensity of the radiation pattern is a function of 

the excitation angle. It is important to note that this method only analyzes 

individual fQDs: stacks are not taken into account. 

Small-Angle X-ray Scattering. X ray diffraction experiments were performed 

using a XEUSS 2.0 instrument with a copper anode. The diffraction patterns from 

the vertically aligned fibers were recorded by a PILATUS 300K detector in 

transmission geometry. The X-ray beam was focused to approximately 

1.2 µm x 1.2 µm. The direct beam was covered with a beam stop. 
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8.7 Supporting Information 

 

Figure S 8.1. (a) Lateral size histogram of the PbSe fQDs used in this study 

(sample size n = 200). The x-lengths (blue) correspond to the longest dimension of 

the fQDs and the y-widths (red) were determined by measuring the longest 

perpendicular distance. (b) High-magnification TEM image of a single PbSe fQD. 

(c) FFT pattern of the PbSe fQD shown in (b), composed of a set of diffraction peaks 

that are characteristic of cubic rock-salt-structured PbSe (with a lattice constant 

a = 6.1 Å and space group 𝐹𝑚3̅𝑚, as referenced in PDF card 01-077-0245). 

 

 

Figure S 8.2. Overview on the morphology of PbSe fQDs, as previously 

published.1 (a, b) HR-HAADF-STEM images of PbSe fQDs. (c) FFT of the region 

marked in (b). (d, e) STM images (𝑉S = 4 V; 𝐼set = 50 pA) of PbSe fQDs (shown in 

(a) and (b)). (f) STM height profiles of colloidal PbSe fQDs showing 
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distinct atomic layer-defined thicknesses of 1.8, 1.2 and 0.6 nm, 

corresponding to tri- to monolayer cubic PbSe, respectively. 

Reprinted with permission from Nano Lett. 2025, 25 (31), 12019–12024. 

Copyright © 2025 American Chemical Society. Further permissions related to the 

material excerpted should be directed to the American Chemical Society. 

 

 

 

Figure S 8.3. Custom-built stable jet electrospinning setup used to fabricate  

PbSe fQD-containing PMMA SJES fibers, consisting of: a tinted acrylic glass 

chamber (80 x 50 x 50 cm3), two highvoltage generators (from HEINZINGER 

ELECTRONIC) to apply an electric potential, a spinneret (21-gauge needle from  

B. BRAUN) connected to the positive voltage, and a custom-made rotating drum 

collector (hollow aluminum cylinder with 10 cm diameter and 17 cm length, rotated 

at 8–33 Hz) connected to the negative voltage. The spinning solution was injected 

via a syringe pump LA-30 (left side) from LANDGRAF LABORSYSTEME HLL.2 The gas 

atmosphere inside the orange chamber was controlled using a custom-built 

ARDUINO-based climate chamber control unit (top). 

 

https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02957
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Figure S 8.4. Photograph of stable jet electro spun PbSe fQD-containing PMMA 

microfibers on aluminum foil (used to facilitate fiber separation). 

 

 

 

Figure S 8.5. SEM overview images of SJES PMMA fibers containing  

0.6 wt% (a, b) and 1.8 wt% PbSe fQDs (c, d). At the lower PbSe fQD concentration, 

the aligned fibers exhibit a smooth, regular surface and a mean diameter of 

(21.9 ± 3.4) µm, which is similar to the 1.2 wt% sample shown in Figure 8.1d,e of 
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the main manuscript. However, adding 1.8 wt% PbSe fQDs results in unevenly 

shaped SJES fibers with a rougher surface, as well as considerable crosslinking 

between adjacent fibers and splitting of individual fibers (indicated by the yellow 

arrows in panel c). Consequently, 1.8 wt% PbSe fQDs are considered the upper 

limit for obtaining high-quality PbSe fQD-containing SJES PMMA fibers within 

the parameter space of this work. 

 

 

 

Figure S 8.6. Cross sectional SEM images of individual PbSe fQD-containing 

fibers highlighting their ribbon-/dog-bone-like shape. 
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Figure S 8.7. 3D single-particle excitation polarization microscopy images.  

The data shown in Figure 8.3 were collected by analyzing the signal from the spots 

indicated in red. Spots with a regular round shape and clear sinusoidal modulation 

of the signal when varying the polarization orientation were selected for analysis. 

Spot brightness does not play a role in the selection process, because the brightness 

only reflects the angle-dependent absorption probability of a given fQD; therefore, 

different excitation angles lead to different brightness levels. 
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Figure S 8.8. (a) SAXS diffraction pattern of SJES fibers containing 1.8 wt%  

PbSe fQDs. The white dashed lines indicate the radial (𝑞) and angular (𝜙) 

directions in polar coordinates. The scattering signal of PbSe fQDs within stacks is 

visible at 𝑞 = 1.3 nm-1. This signal can be used to estimate the distance between the 

PbSe fQDs in a stack and their orientational order. The uniform scattering ring at 

𝑞 = 1.5 nm-1 originates from the unordered individual PbSe fQDs. This ring is only 

visible for the samples with PbSe fQD mass fractions of 1.2 and 1.8 wt%.  

(b) Distance 𝑑 between the PbSe fQDs within a stack, determined from the radial 

position of the scattering peak, plotted against the PbSe fQD weight fractions.  

(c) Fwhm in angular direction of the scattering peak originating from the PbSe 

stack, plotted against the PbSe fQD weight fractions. 

 

 

Figure S 8.9. Radial (a–c) and angular (d–f) cross-sections of the scattered 

intensity through the peak corresponding to the stacks of PbSe fQDs in fibers with 

PbSe fQD mass fractions of 0.6 wt% (a, d), 1.2 wt% (b, e) and 1.8 wt% (c, f). Black 

points represent the experimental data, and the red lines correspond to fits with 

GAUSSIAN functions with a linear background. For the radial profiles at 1.2 wt% and 

1.8 wt% (panels (b) and (c)), two GAUSSIAN functions were used to take into account 
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two contributions: (1) PbSe fQDs within a stack (small peak at around 𝑞 = 1.3 nm-1) 

and (2) individual PbSe fQDs (large peak at around 𝑞 = 1.5 nm-1). The results of the 

fits, i.e. the corresponding distances between the PbSe fQDs and the angular fwhm 

of the peaks, are shown in Figure S 8.8b, c above. 

 

 

Figure S 8.10. X-ray diffraction patterns of complementary drop-casted chip-like 

PbSe fQD-polymer samples of the same composition that was used for the SJES 

fibers. All samples containing PbSe fQDs (b–d) exhibit an isotropic scattering ring 

at 𝑞 ≈ 1.34 nm-1, corresponding to stacks of PbSe fQDs with a random orientation 

(indicated by an isotropic ring instead of an anisotropically shaped scattering 

signal). The interparticle spacing within these stacks is similar to that observed in 

the SJES fibers (~4.7 nm here vs ~5.0 nm in the fibers), supporting the assumption 

that the PbSe fQDs pre-stack in the spinning solution, while the alignment of the 

stacks is an effect of the SJES technique. (The minor anisotropy of the scattering 

signal in panel (c) is presumably caused by accidental stress during sample 

preparation, because the spinning solution is optimized for SJES rather than for 

drop-casting and drying under ambient conditions.) 
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7 Summary 

This thesis provides insights into the chemistry and photophysics of colloidally 

synthesized two-dimensional lead chalcogenide nanocrystals and underscores 

their potential for cutting-edge technologies operating in the NIR. The presented 

findings span from the material development in 2D NC synthesis over in-depth 

analyses of their morphology, electronic structure and optical properties to the 

incorporation of 2D NCs in to functional hybrid fibers. 

Chapter 1 and 2 introduce the field of colloidal 2D NIR emitters, providing a 

broad foundation for the following research articles. 

Chapter 3 reports on the surface passivation of colloidal 2D PbSe NPLs using a 

selection of metal halides to adress surface-related trap states and thereby increase 

the PLQY of the NPLs. The best enhancement was achieved using PbI2 with PLQY 

values of 27% for PbSe NPLs with PL centered around 1265 nm and 61% for PL at 

989 nm. This increase is interpreted in terms of the HSAB principle: 

undercoordinated Pb2+ surface sites preferably interact with the soft iodide rather 

than with the harder fluoride to bromide. In addition, it was found that introducing 

foreign cations, e.g. by adding ZnI2, to saturate undercoordinated Se2- surface 

atoms is less favorable than using lead halides, which is in line with earlier reports 

and presumably due to undesired cation exchange side reaction starting to occur. 

By using XPS in conjuction with experiments employing organic halides, it was 

further determined that the PLQY enhancement is the result of a combined 

passivation by X-type binding halides X- from the dissociated treatment agent, as 

well as direct Z-type binding of metal halides MX2. The developed surface 

passivation method yields 2D PbSe NPLs with the highest reported PLQYs to date 

and later proved to be a crucial step in the development of a new 2D PbTe NPLs 

synthesis. 

Chapter 4 describes a synthesis of colloidal 2D PbTe nanoplatelets with tunable 

NIR PL in the range of 910 – 1460 nm with a PLQY of 1 – 15% based on 

aminophosphine precursor chemistry. To obtain a tellurium source that is 

sufficiently reactive at the low temperatures required to synthesize 2D NPLs, 

tris(dimethylamino)phosphine was let to react with elemental tellurium and 

transaminated with octylamine at 100°C. This ex-situ transamination is monitored 

by 31P NMR and results in the weakening of the Pb+-Te-/Pb=Te bond in the 
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aminophosphine precursor, i.e. an increase in its reactivity. The PL position of the 

final PbTe NPL can be controlled by the Pb/Te ratio as well as by the alkyl chain 

length of the amine used for transamination. Further, it is hypothesized that post-

synthesis PbI2 treatment plays a vital double role by (1) passivating the NPL surface 

and (2) quenching the precursor by forming a stable iodophosphonium salt. 

GIWAXS was used to confirm the 2D shape of the NPLs, by revealing the formation 

of superlattices with anisotropic interparticle spacings. A small interplanar 

distance of ~0.5 nm points toward single atomic layers of PbTe separated by iodide 

ligands. This study is the first to report a straightforward synthesis of colloidal 

PbTe NPLs, thereby complementing the group of colloidal 2D PbX NCs. 

Chapter 5 describes a water transfer protocol for 2D PbX NCs. Exchanging the 

native oleic acid and octylamine ligands for bifunctional 11-mercaptoundecanoic 

acid yields aqueous phase near-infrared emitters. The phase tranfer retains the PL, 

crystallinity and shape of all three lead chalcogenides. Aqueous PbSe fQDs exhibit 

relatively efficient PL with a QY of 13% for emission centered at ~1023 nm, 

matching the performance of water-soluble spherical PbX NCs. Furthermore, the 

combination of XPS and NMR studies enables following the phase transfer on a 

molecular level, and revealing two binding motifs of the mercaptocarboxylic acid 

to the 2D NCs: X-type bound thiolate and L-type bound thiol. These results 

highlight the chemical robustness of 2D PbX NCs, which is higher than one might 

initially expect of a material class deemed to be water and oxygen sensitive. 

Aqueous phase 2D PbX NCs bridge the gap between their intriguing photophysics 

and the solubility requiremens of downstream processing techniques used for 

producing functional nanocomposites, such as layer-by-layer deposition. 

Chapters 6 and 7 focus on spectroscopy. In Chapter 6 the PL of single PbS NPLs 

at cryogenic temperatures is investigated. At 4 K, the 2D PbS NPLs exhibit narrow 

PL with a degree of linear polarization of up to 90%. Single NPL spectra consist of 

a zero-phonon line with sub-meV line widths around 0.6 meV (resolution-limited), 

and two lower-energy phonon sidebands at -26.5 and -5 meV, which are attributed 

to acoustic and optical phonons, respectively. Time-resolved PL spectra reveal that 

the PL, which decays biexponentially at cryogenic temperatures, is dominated by a 

fast decay component, that is attributed to trion emission. Above 170 K, this fast 

component vanishes, implying a trion binding energy of ~14.7 meV. Further 

analysis of the PL over a period of 5 min reveals that the single NPL PL shows no 
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blinking as well as minimal spectral diffusion without a memory effect. These 

unique properties distinguish 2D PbS NPLs from their spherical counterparts, 

highlighting the influence of their 2D shape on their photophysical properties. 

Additionally, the crystalline quality and ultrathin 2D geometry of PbS NPLs are 

underpinned by the formation of randomly oriented MOIRÉ patterns, which suggest 

a thickness of one to a few atomic layers and quasi-direct contact between these 

NPLs. 

Chapter 7 presents research on the morphology and extreme quantum 

confinement of 2D PbSe fQDs. Using scanning tunneling microscopy (STM), the 

thickness of 2D PbSe fQDs was directly assessed for the first time. Investigating an 

ensemble of fQDs, three distinct single-layer defined populations of mono-, bi- and 

trilayer PbSe were found. These findings represent the first realization of substrate-

free PbSe monolayers. Scanning tunnelling spectroscopy (STS) of these three fQD 

populations reveals that they exhibit in-gap free density of states (DOS) with 

defined peaks on either side of the zero-conductance region. This QD-like DOS 

differs from the step-like profile of confined 2D systems and is the reason why these 

QDs are termed “flat QDs”. Flat quantum dots are a class of QDs that exhibit 

extreme vertical confinement combined with additional confinement in their 

lateral dimension. Comparing the experimental band gaps with theoretical tight-

binding (TB) calculations confirms the presence of mono- to trilayer PbSe. 

Additionally, the different layer populations can be distinguished in ensemble PL 

spectra when the fQDs are cooled to 77 K. Such cryo-PL measurements over longer 

timescales suggest OSTWALD ripening of monolayers into bilayers and later trilayers 

taking place, which can be considerably slowed down by surface passivation of the 

fQDs with PbI2. Comparing the fundamental band gaps obtained from STS and TB 

calculations with the optical band gaps obtained from cryo-PL, allows the direct 

determination of exciton binding energies of 200 meV in trilayers up to a record 

600 meV in monolayer PbSe. This work ties together in-depth insights into the 

morphology and electronic structure of PbSe fQDs with synthetic considerations, 

paving the way for future growth-by-design-approaches. 

Chapter 8 builds on the previous findings and brings PbSe fQDs one step closer 

to a fiber optical application by incorporating them into easy-to-handle solid-state 

nanocomposite fibers via stable jet electrospinning with poly(methyl 

methacrylate). Electrospinning a dispersion of PMMA and PbSe fQDs results in 



Summary 

250 
 

highly aligned NIR-emissive nanocomposite fibers (e.g. PL at 1073 nm with a QY 

of 5%), which have a well-defined shape and smooth surface, suitable for e.g. 

waveguiding. SAXS experiments reveal stacks of individual PbSe fQDs within these 

fibers, that are oriented perpendicular to the fiber direction, which supports a 

previously proposed die swelling mechanism for the alignment of 2D 

nanocrystalline emitters by SJES. Within these PbSe fQD stacks, energy transfer 

into the smallest band gap tail of the thickness/size distribution of the fQD 

ensemble results in a narrowing (e.g. from a fwhm of 275 meV to 185 meV) and a 

bathochromic shift (~40 – 50 nm) of the fiber PL compared to colloidal fQDs, 

which could be leveraged to further tailor the optical properties of these interesting 

nanocomposites. 

To conclude, the research presented in this thesis expands the synthetic horizon 

for future chemical and photophysical studies on 2D lead chalcogenide 

nanocrystals and deepens the understanding of their optical properties, laying a 

foundation for up-coming physical and application-oriented research. The next 

chapter outlines possible directions for future work in this field, highlighting open 

ends of this work and presenting general ideas that seem worthwhile to pursue. 
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10  Outlook 

To address the open questions that arose thoughout this thesis, future studies on 

colloidal NIR-emissive 2D lead chalcogenide NCs should further combine synthetic 

chemistry with advanced spectroscopic investigations. 

Chapter 3, which focuses on the surface passivation of 2D PbSe NPLs concludes 

with the determination of MCS PL lifetimes of around ~2 µs for PbSe NPLs. 

However, this method has a rather low time resolution of ~10 ns and is naturally 

limited to radiative recombination processes. This calls for further ultrafast 

spectroscopic studies of PbSe NPLs and 2D PbX NCs in general. Transient 

absorption spectroscopy will provide insights into short-lived radiative and non-

radiative recombination dynamics of charge carriers in as-synthesized and surface-

passivated PbSe NPLs (with a ~130 fs time resolution). Combining broadband 

transient absorption studies (350 – 2400 nm) with the findings presented herein 

from STS and tight-binding calculations (Chapter 7) might allow the unambiguous 

assignment of observed transient signals to specific transitions in PbSe fQDs (and 

subsequently in PbS and PbTe NPLs). Comparison with existing studies on 

spherical PbX NCs could provide a deeper understanding on how the ultrathin 2D 

shape affects the unique optical properties of NPLs/fQDs, including the PL 

characteristics observed for single PbS NPLs in Chapter 6. The next logical step 

could be low-temperature transient absorption measurements, which may allow 

distinguishing 2D PbX NCs with different layer numbers, similar to the PL 

measurements presented in Chapter 7. 

In terms of synthetic questions, a long-term goal would be achieving precise 

control over the obtained number of layers, or more generally the thickness of the 

2D NCs, for all three 2D PbX systems, as is standard for 2D cadmium 

chalcogenides. This will undoubtedly be a challenging task. One possible starting 

point would be revisiting the surface passivation/quenching of 2D PbX syntheses 

using metal halides, as this was proven to significantly slow down the OSTWALD 

ripening of mono- and bilayers to trilayer PbSe (Chapter 7). Stopping the 2D PbX 

syntheses after different (and presumably short) reaction times by adding MX2 and 

rigorously purifying the product may allow the isolation of populations with 

distinct atomic-layer-defined thicknesses. Similarly, a better control over the 

lateral dimensions and specifically the growth of laterally significantly larger NPLs, 
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i.e. 20 x 20 nm2 and beyond could be pursued. To achieve this, first experiments 

could involve a prolonged dropwise precursor addition (rather than the rapid 

injection of the complete solution at once) to extend the growth time of the NPLs 

without generating additional nuclei. 

One possible mid-term synthetic goal could be the growth of heterostructured 2D 

lead chalcogenides, i.e. core/shell or core/crown NPLs/fQDs. For applications 

requiring efficient PL, e.g. for use as classical or quantum emitters at 

telecommunication wavelengths, the goal includes specifically designing structures 

with a type-I band alignment. In this configuration, the shell or crown has a lower-

energy valence band edge and a higher-energy conduction band edge, so that both 

charge carriers are confined to the 2D NCs core for radiative recombination. Well-

established materials with similar crystal structure and lattice parameters would 

good first canditates for such heterostructures. For example, CdX (X = S, Se, Te) 

exhibit comparable lattice constants to PbX and can crystallize in a cubic structure 

(zinc blende), and all possible material combinations result in a type-I band 

alignement. To achieve combinations with more uneven lattice matching, such as 

2D PbSe/CdS core/crown or shell NCs, gradient shelling, e.g. 2D PbSe/PbS/CdS 

core/shell/shell structures, could be considered.  

Regarding the aqueous phase-transfer presented in Chapter 5, immidiate follow-

up research could start with further processing of aqueous 2D PbX NCs to create 

nanocomposite materials. A starting point could be layer-by-layer deposition with 

different polyelectrolytes or incorporation into metal organic frameworks, as was 

previously done with CdSe NPLs by our group and cooperation partners. Further 

in the future, combining a water transfer with the mentioned synthesis of 

heterostructured 2D PbX NCs – for example by shelling PbX with thick layers of 

low-toxicity materials, such as ZnS – could open up possibilities for fundamental 

research in biological environments. 

Concerning the findings from STM/STS measurements (Chapter 7), future 

studies may focus on surface-passivated PbSe fQDs, which have not yet been 

studied in the same manner. Beyond that, 2D PbTe NPLs are arguably the most 

interesting material for in-depth physical studies, due to the materials very large 

exciton BOHR radius and inherent band structure anisotropy. In this context 

alloying of PbTe with SnTe may be a long-term goal, that introduces the relative 
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composition of Pb to Sn as a new parameter for controlling the materials band gap 

and opens up a different line of research into the world of topological insulators. 

The incorporation of PbSe fQDs into SJES PMMA fibers (Chapter 10) opens up 

various options for future research. From a fundamental 2D PbX NC perspective, 

the next step would be to investigate the presumed energy transfer within PbSe 

fQD stacks using transient absorption spectroscopy, for example. In terms of the 

polymer chemistry, it would be interesting to apply this proof of concept for stable 

jet electrospinning PbSe fQD to more sophisticated transparent polymers with 

lower optical loss at telecommunication wavelengths than PMMA, to further 

improve the quality of the nanocomposites. 

In conclusion, there are many exciting avenues for future research on colloidal 

two-dimensional lead chalcogenide nanocrystals, each of which will undoubtedly 

give rise to new questions in the years to come. The present work provides a broad 

foundation for future studies to build upon. 
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