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Introduction

Introduction
The word “crystal” originates from the ancient Greek word “krustallos”, meaning both “ice” and 
“rock crystal”. In everyday life, crystals are all around us: in the form of table salt, snowflakes, or as 
shiny gemstones. The common property that crystals share is the largescale microscopic arrange-
ment of atoms. In other words, a crystal is composed of smaller building blocks, the unit cell, that 
shows a repetition in one, two or three directions. Different from bulk crystals, the significant 
smaller nanocrystals that we studied in this Thesis are too small to be visible by the naked eye 
and can only be investigated with advanced techniques. The prefix nano in this word originates 
from the ancient Greek word “nánnos”, meaning dwarf. These nanocrystals have one or more 
thin dimensions that are within the nanoscale, which ranges from a single up to 100 nanometres 
(nm).1 1 nm is one billionth of a metre, or 0.000000001 times a metre. For comparison, a human 
hair has a thickness of 80.000 nm (80 µm or 0.000080 m), and a human nail grows approximately 
1 nm per second.

Interestingly, when semiconducting crystals have one or more dimensions that lie in the nanoscale 
regime and are smaller than the exciton Bohr radius (rB), size-dependent properties appear due 
to particle confinement of the charge carriers. This results in opto-electronic properties which 
are directly related to the nature of the compound and the crystal dimensions. For instance, 
nanocrystals show light absorption and emission spectrally dependent on their size and shape. 
Extensive research by chemists in the past decades has resulted in numerous wet-chemical syn-
thesis routes yielding nanocrystals with different shapes, accompanied by new properties.2 For 
example, pseudo-spherical dots,3 nanowires4 and nanoplatelets5 have been reported with a diffe-
rent number of dimensions in which quantum confinement takes place. In the case of quantum 
dots, the charge carriers are confined in three dimensions, whereas for nanoplatelets the charge 
carriers are only confined along the thickness direction. 

Application of post-synthetic chemical treatments on these nanocrystals has resulted in trans-
formations to other shapes and compositions. For example, CdSe nanoplatelets can be converted 
into quantum rings, resulting in nanocrystals with a toroidal shape.6 Other works have shown 
that cations from the parent crystal lattice can be exchange for another, resulting in hetero-
structures with epitaxial connected crystal lattices with properties different from the separated 
counterparts.7 Due to bright photoluminescence and characteristic opto-electronical properties 
of these semiconducting nanocrystals, several types are already applied in (consumer) technolo-
gies, including televisions, LED light bulbs and photodetectors.2 Furthermore, these nanocrystals 
hold also interesting properties for application in future devices such as quantum computers,8 
luminescent light concentrators9 and flexible electronics.10

The aim of this Thesis is to prepare new shapes and compositions of semiconducting cadmium 
and lead chalcogenide nanocrystals, and to investigate their optical properties. For example, we 
study the conversion of CdSe nanoplatelets into quantum rings and reveal their opto-electronical 
properties. Optical and structural characterization of these quantum rings is of interest by itself, 
and should be considered as a first step towards considerably more demanding experiments, 
for instance on the topological Aharonov-Bohm effect. Furthermore, we study the conversion 
of CdSe NPLs into two-dimensional CdSe-PbSe heterostructures and PbSe nanoplatelets by 
Pb2+-for-Cd2+ cation exchange, and examine the crystallinity and formation mechanism of PbS 
nanosheets.
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This Thesis is outlined as follows:

Chapter 1 provides a theoretical background to understand the contents of this Thesis. Here, 
we will shortly discuss the building blocks of nanocrystals (NCs) and describe the broad range 
of shapes which can be prepared via wet-chemical synthesis methods. Furthermore, a selection 
of the numerous transformations on these NCs will be outlined, including the preparation and 
unique properties of quantum rings. Finally, electron microscopy is explained, the main charac-
terization technique throughout this Thesis for the determination of the shape and crystallinity 
of the prepared NCs.

Chapter 2 presents the transformation of CdSe NPLs into quantum rings by a thermochemical 
reconfiguration mechanism. Detailed investigation of aliquots (small samples) taken during the 
treatment shows that atomic reconfiguration of CdSe units starts at the edges of the NPLs, resul-
ting in a thickening of the rims. At an elevated temperature, the perforation of the NCs occurs, 
resulting in CdSe NCs with a ring shape. Moreover, we show that we can relate the change in 
shape to the shifts of the absorption and emission transitions.

Chapter 3 presents a detailed study on the nature of charge carriers in CdSe quantum rings at 
elevated excitation densities. We show that the ring shape induces properties that are different 
from the well-studied two-dimensional CdSe NPL counterpart, in which electrons and holes are 
strongly bound to form excitons. In the case of quantum rings, a hot-uncorrelated electron-hole 
plasma is formed which shows a broadband and sizeable optical gain. Our motivation to compare 

2 nm 6 nm

20 nm20 nm

CdSe nanoplatelet

(a) (b)

(c) (d)

Figure 1 Colloidal semiconducting nanocrystals. (a) Schematic depiction of a 4.5 monolayer thick CdSe 
nanoplatelet, showing the cadmium (red) and selenium (black) atoms which are ordered in a crystal 
lattice, together with two stacked smaller building blocks (zinc blende unit cells). (b) Dispersions with 
colloidal pseudo-spherical quantum dots, from 2 up to 6 nm in size, under ambient (top) and ultra-
violet light (bottom), showing size-dependent photoluminescence under UV illumination. Image 
courtesy Angela Melcherts. (c) Typical example of an electron microscopy image of a mixture of CdSe 
nanoplatelets and CdSe quantum rings. The CdSe quantum rings were prepared by the application of a 
post-synthetic chemical treatment on CdSe nanoplatelets. (d) Commercial application of quantum dots 
as bright phosphors in television screens. Image courtesy Samsung.
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our results to CdSe NPLs is that the quantum rings are made out of the NPLs, and that the NPLs 
have been optically characterized in all detail. We remark that optical gain has also been observed 
in core/shell CdSe/ZnS rods.11

Chapter 4 describes the conversion of CdSe NPLs into two-dimensional CdSe-PbSe heterostruc-
tures and PbSe NPLs via Pb2+-for-Cd2+ cation exchange. By taking aliquots during the cation 
exchange reaction and investigating these with a combination of atomically resolved HAADF-
STEM imaging and optical spectroscopy, we were able to follow the growth of PbSe domains 
into the CdSe crystal lattice. Moreover, we could show that cation exchange proceeds along the 
thin vertical facets with sharp CdSe-PbSe heterointerfaces, yielding PbSe NPLs with a similar 
thickness to that of the original CdSe NPLs.

Chapter 5 investigates the crystallinity and formation of orthorhombic PbS nanosheets formed 
by a wet-chemical synthesis based on the Pb(SCN)2 single-source precursor. By atomically resol-
ved HAADF-STEM, we show that the rectangular nanosheets are far from perfect as they contain 
defects and small rock salt domains. By using longer reaction times and higher temperatures, 
thicker nanosheets with a lower number of defects can be grown. Furthermore, we suggest that 
growth occurs via a self-induced templating mechanism, in which a cubic complex of the sin-
gle-source precursor bound to a long-chain amine acts as primary building block.
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Theoretical background

Nanocrystals (NCs) of semiconducting compounds show size-dependent 
opto-electronic properties due to particle quantum confinement. Bright emission 
that spectrally depends on the size and shape makes these colloidal NCs attracta-
ble for a broad range of applications. This has resulted in extensive research for 
new synthesis routes and their optical properties. Here, we discuss the variety of 
NC shapes that can be prepared via wet-chemical synthesis routes. Moreover, we 
will illustrate a selection of the numerous chemical transformations which can 
be applied on two-dimensional NPLs, thereby yielding heterostructured NCs and 
ring-shaped NCs with unique properties due to their toroidal topology. Finally, 
we will shortly discuss the basics of electron microscopy, which is an essential 
characterization technique throughout this Thesis for the determination of the 
shape and crystallinity of the NCs.

Chapter 1
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1.1 Colloidal nanocrystals
The particles studied in this Thesis are colloidal NCs, microscopically tiny crystals in the nanos-
cale range with one or more dimensions smaller than 10 nm. The NCs are composed of an inor-
ganic crystalline core which is covered by an organic shell of ligands, see also Figure 1.1a. The 
inorganic core is a semiconductor compound such as CdSe or PbSe, which belongs to the metal 
chalcogenide family, meaning that the material consists of a metal cation (i.e. Cd2+, Pb2+) and 
a chalcogen anion (i.e. Se2-, S2-, Te2-). The ligands act as a bridge between the core and solvent, 
making the NCs colloidally stable in organic solvents. The polar headgroup from the ligand is 
bound to the NC surface while the (long) aliphatic chain is directed to the surroundings. The 
solvent consists of organic molecules and has a similar dielectric constant as the organic cap-
ping. As a consequence, the van der Waals attractive forces between the capping of different 
NCs is screened by the solvent, which explains the colloidal stability.1 We will illustrate that the 
opto-electronic properties are determined by the compound and size and shape of the NCs, ena-
bling the design of materials with adjustable energy levels and opto-electronic properties.

By means of tuning the synthesis conditions, a wide range of shapes (e.g., pseudo-spherical quan-
tum dots (QDs),2 nanoplatelets (NPLs),3 rods,4 …) and compositions (e.g., CdSe, CdS, PbSe, PbS, 
…) can be obtained (Figure 1.1b).5 Research has shown that this even can be extended further 
by performing additional treatments on the as-grown materials, yielding novel shapes and hete-
rostructured materials with accompanying properties.6, 7 As will be shown in the coming chapters 
for example, CdSe NPLs can be thermochemically treated to yield donut-shaped NCs (see Figure 
1.1c and Chapter 2);8, 9 or the Cd2+ cations in CdSe NPLs can be (partially) exchanged for Pb2+, 
resulting in CdSe-PbSe heterostructured NPLs (Chapter 4).10

Figure 1.1 (a) Schematic illustration of a CdSe nanoplatelet (NPL) with an organic ligand shell. (b) 
Selection of morphologies which can be prepared via colloidal synthesis techniques and post-synthesis 
modifications. (c) Electron microscopy image (HAADF-STEM) from a mixture of CdSe NPLs and quantum 
rings. CdSe NPLs can be converted in quantum rings by the application of a thermochemical treatment.

Quantum ring

Cation exchange

Quantum dot

Nanowire

Nanoplatelet

Core/crown

Core/shell

(b)(a)

Dot-on-plate
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1.2 Crystal lattices
Although the shape and composition of NCs can vary to a great extent, the materials have in 
common that the atoms are ordered in a so-called crystal lattice (Figure 1.2a). The “building 
blocks” of these crystal lattices are unit cells, the smallest group of repeatable atoms. The spe-
cific ordering within such a unit cell is directly related to the chemical interactions (covalent 
and ionic) and minimization of energy (formation enthalpy). Figure 1.2b-d shows unit cells of 
several crystal lattices for CdSe and PbSe. The CdSe NPLs and quantum rings investigated in 
this Thesis have for example the cubic zinc blende (zb) crystal structure.3 This crystal consists of 
two interpenetrated fcc lattices, the Cd2+ and Se2- ions are both tetrahedrally coordinated. Other 
available synthesis procedures for CdSe NPLs exhibit a hexagonal wurtzite (wz) crystal lattice,11 
which has nearly the same lattice enthalpy. If two lattices have nearly the same energy, the synthe-
sis method can result in one or the other crystal lattice, the crystal has then also a strong influence 
on the NC shape. In the case of PbSe NCs, the crystal structure is in most systems rock salt (rs) 
where Pb2+ and Se2- ions are both octahedrally coordinated.

The stabilization of the surface by ligands results in specific surface facets with minimal energies. 
This is for example the case in zinc blende CdSe NPLs, as only {001}-type facets (with Cd and 
Se atoms) are exposed (Figure 1.2a). Differently, pseudo-spherical CdSe zinc blende quantum 
dots (QDs) should also have other types of facets exposed to form the spherical shape (i.e. {011} 
and {111}). It has been shown that the type of ligand and their density depends on the type of 
the exposed facet; the nature of the ligand bond to the surface atoms and the ligand density 
are important factors in the overall surface energy.12 In this respect, the ligands - together with 
the crystal structure – are two important factors in understanding the shape of NCs. Moreover, 
ligand-ligand interactions on a given facet are also important. For instance, such interactions 
can generate strain in the core crystal. This is for example present in zb-CdSe NPLs, as indu-
ced crystal strain results in tetragonal lattice distortions and thus changes the opto-electronical 
properties.13-15 Moreover, this has also been observed for CdSe NCs in which the luminescence 
intensity is related to the strain exerted by the ligands.16

Figure 1.2 Crystal lattices of colloidal NCs. (a) Schematic representation of a zinc blende CdSe NPL 
showing the exposed {001} surface facets and a single unit cell (dashed cube). (b)-(d) Unit cells of various 
crystal lattices: zinc blende CdSe (b), wurtzite CdSe (c) and rock salt PbSe (d).

(a)

(c) (d)

(b) zinc blende CdSe

rock salt PbSewurtzite CdSe

CdSe nanoplatelet

(010)
(001)

(100)
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1.3 Band gap of semiconducting materials and the effect 
of quantum confinement in semiconductor nanocrystals
In bulk materials, the interaction of the atoms leads to a continuum of electronic states (for 
instance quantified by the Drude-Sommerfeld model17) thus forming bands (Figure 1.3a). In 
these bands, the electronic energy varies nearly quadratically with the electron momentum. At 
absolute zero temperature, the lowest energy band is fully occupied by electrons and is named 
the valence band (VB). On the contrary, the highest energy band is then completely empty and is 
called the conduction band (CB). Between the valence and conduction bands, there is a band gap 
(Eg) present in which the width is defined by the compound. The energy difference between the 
highest occupied molecular orbital (HOMO) and lowest un-occupied molecular orbital (LUMO) 
determines whether the material is a semiconductor (Eg < 3 eV), isolator (Eg ≥ 3 eV) or metal 
(absence of bandgap). To give the bandgap energies of the semiconducting materials studied in 
this work, cubic zinc blende CdSe has a gap Eg of 1.66 eV,18 whereas PbSe and PbS have signifi-
cantly smaller Eg values of respectively 0.28 and 0.41 eV.19 Upon excitation of these materials with 
a photon, an electron can be promoted from the valence band to the conduction band, thereby 
leaving a hole behind in the valence band. This electron-hole pair, also called exciton, is bound 
together by a Coulomb interaction and could recombine in a radiative manner by emitting a 
photon (see below). The actual optoelectronic properties of these semiconducting materials are 
thus determined by allowed transitions from the valence to the conduction band, and vice versa.

A semiconducting NC is composed of much fewer atoms (~102-105) than a bulk crystal (~1022 
atoms/cm3). As a consequence, the bandgap is determined by the compound and dimensions of 
the NC, thus by the shape and size. For instance, zero-dimensional (0D) quantum dots (QDs) 
have a pseudo-spherical shape and are smaller than 10 nm in all dimensions, while two-dimensi-
onal NPLs have a thickness of a few nm with more extended lateral dimensions. The energy level 
structure in these nanocrystals is thus determined by the dimensions and can be understood by 
particle-in-a-box calculations or the linear combination of atomic orbitals (LCAO model),20 see 
also Figure 1.3a. In the LCAO model, bonding and antibonding energy levels result from inter-
action between the atomic orbitals. The resulting “molecule” has new bonding and anti-bonding 
levels. By the addition of more and more atoms, up to the order of ~102-105 atoms in a single 
NC, the separated energy levels start to overlap and form the valence and conduction bands 
with discrete energy levels near the edges of the band gap. The width of the forbidden bandgap 
and thus the opto-electronical properties are determined by the dimensions in three orthogonal 
directions, thus by size and shape (see Figure 1.3b).

Depending on the shape, semiconductor NCs can be classified as 0D QDs, 1D quantum rods and 
2D NPLs with quantum confinement in respectively three, two and one dimension(s). Since this 
Thesis is focussed on the preparation and characterization of two-dimensional (2D) NPLs and 
their derivatives, the remaining of this Chapter will discuss the aspects of 2D cadmium and lead 
chalcogenide NCs.
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1.4 Two-dimensional nanoplatelets
1.4.1 Cadmium chalcogenide nanoplatelets

From the group of two-dimensional colloidal NCs, zinc blende CdSe nanoplatelets (NPLs) have 
been studied most extensively because of their interesting optoelectronic properties, which 
depend on the atomic-precise thickness of the crystals. This type of NPL was reported for the 
first time by the group of Dubertret in 2008.3 In an earlier publication, the luminescence was 
mistakenly described as originating from magic-sized clusters.21 These NPLs, which are some-
times also named nanosheets or quantum wells, have two dimensions significantly larger, and 
one dimension comparable or smaller than the exciton Bohr radius. This results in confinement 
of charge carriers in the thickness direction, making the significant larger lateral dimensions of 
minor importance. Therefore, the opto-electronic properties of these systems are determined by 
the thickness of the two-dimensional NCs, which is atomically precise over a given crystal and 
even over all crystals in a colloidal dispersion. Moreover, due to their two-dimensional archi-
tecture and excellent electronic passivation of the top and bottom surfaces, such NPLs exhibit 
unique properties such as very well defined and sharp optical resonances, a high optical gain, 
long Auger lifetimes and high photoluminescence quantum yields.22 Later on, it was reported that 
also two-dimensional CdS and CdTe NPLs could be prepared in a similar manner.18

It has been shown that the small dimension of zinc blende CdSe NPLs is in the [001] direction 
(Figure 1.4a) and consist of an integer number of monolayers (MLs) of CdSe with an additional 
half ML of CdSe, as both the top and bottom facets are terminated with cadmium atoms.23, 24 Due 
to the presence of oleates and acetates at these surface facets, the NPLs are dispersible in orga-
nic solvents.25 As a result of the well-defined thickness are the absorption and emission features 
sharply defined by the number of CdSe MLs (Figure 1.4b). The absorption spectra contain two 
intense and sharp absorption features (only broadened by homogeneous electron-phonon inter-
actions26) which were attributed to the heavy hole-electron (HH,e) and light hole-electron (LH,e) 
transitions (Figure 1.4c).18 The photoluminescence emission peak originates from the (HH,e) 
exciton transition and has a full width at half maximum (FWHM) in the order of 35 to 50 meV,27 

Figure 1.3 Size-dependent quantum confinement effect in semiconducting NCs. (a) The LCAO theory 
describes how atomic orbitals (AO) combine into molecular orbitals (MO), thereby generating discrete 
energy levels near the band edges. Upon the addition of more and more atoms, valence (VB) and 
conduction (CB) bands are formed. The width of the band gap (Eg) is determined by the size and shape 
of the NC. This ultimately results in a bulk material with a bulk band gap value. (b) Illustration of the 
effect of quantum confinement in three dimensions: dispersions of CdSe QDs with a size from 2 to 6 nm 
under daylight (top) and UV light illumination (bottom), showing size-dependent photoluminescence. 
Sample courtesy of Angela Melcherts.
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bulkquantum dot
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close to kBT at room temperature (25.7 meV) and narrower than the best-reported core/shell QDs 
(~67 meV).28 Single particle spectroscopy has shown that the emission peak width of individual 
CdSe NPLs is equal to that measured in ensembles. This proves the absence of inhomogene-
ous broadening and strongly indicates that the top and bottom facets are atomically flat.29 For 
that reason, it may be concluded that any differences in thickness within and between NPLs are 
absent, and that the thickness in this type of nanocrystals is being controlled to the atomic level.

CdSe NPLs are typically prepared by heating a mixture of a long-chain cadmium carboxylate 
(e.g. cadmium myristate) and elemental selenium in a noncoordinating solvent.3, 18 At an elevated 
temperature, a short-chain cadmium carboxylate (e.g. cadmium acetate) is subsequently added 
which triggers the two-dimensional growth of the NCs. Although the synthesis procedure already 
exists for more than 14 years, there is still debate in literature about the actual growth mecha-
nism.30 Several theories have been put forward, including growth within molecular assemblies 
formed from the carboxylates,31 selective binding of the two carboxylates via a mixed surfactant 
system,30 or via bis(acyl) intermediates.32 Nonetheless, by changing the reaction conditions, the 
thickness of the CdSe NPLs can be tuned from 2.5 up to 5.5 MLs, of which the 4.5 ML NPLs are 
the most studied population.18, 33, 34 Moreover, by changing the hydrous/anhydrous ratio of the 
short-chain cadmium carboxylate, the lateral sizes could be tuned.35 Modifications of the stan-
dard synthesis procedures27, 36, 37 or post-synthesis treatments of thin CdSe NPLs with colloidal 
atomic layer deposition (c-ALD)38, 39 result in even thicker CdSe NPLs, up to 13.5 MLs. Although 
the thicker populations of CdSe NPLs have now been studied for several years, there is still debate 
about the actual number of CdSe MLs, as it is difficult to determine their actual number due to 
experimental restrictions.39 Moreover, it has been shown that large NPLs scroll themselves up due 
to intrinsic strain in the NCs from surface ligands.24, 40

A drawback of the current synthesis methods is that by-products are formed during the growth 
process which must be removed from the reaction mixture afterwards. In the course of the pre-
paration of 4.5 ML NPLs, populations of 3.5 ML NPLs and spherical QDs are formed as well. 
Fortunately, these populations can be separated by making use of the different colloidal stabilities 
of the NCs in dispersion, a method called size selective precipitation (SSP).2 In here, the addition 
of small amounts of antisolvent (i.e., a mixture of methanol/butanol) precipitates the least-stable 
colloids NCs out of the solution which subsequently can be removed by centrifugation. Upon 
repeating this procedure multiple times, the desired population of NCs is isolated.

1.4.2 Lead chalcogenide nanoplatelets

Two-dimensional PbSe and PbS NCs are another group of materials which have shown interes-
ting properties. Depending on their size, these NCs are called nanoplatelets (NPLs) or nanosheets 
(NSs) when the lateral dimensions are respectively smaller or larger than roughly 50 nm. As 
these materials have smaller bandgap values than CdSe (0.28 and 0.41 eV for PbSe and PbS, 
respectively), they are optically active in the infrared (NIR) spectral region.10, 41 For that reason, 
these materials are of interest for NIR-imaging of tissues42 and application in telecommunication 
devices which work in this spectral window. Unfortunately, most of these PbSe and PbS NPLs 
lack any clear excitonic absorption and emission features, possibly due to the incorporation of 
defects in the rock salt crystal lattices during the growth process.43 Therefore, it is required to 
gain a better understanding of their formation and optoelectronic properties. Nevertheless, PbS 
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NPLs show for example efficient carrier multiplication44, 45 and higher carrier mobilities45, 46 than 
their pseudo-spherical QD counterparts, indicating that changes in dimensionality modify the 
opto-electronic properties. The applicability of these NCs, assembled in solids, as photodetectors 
has already been demonstrated in several works, thereby showing high conductivities and fast 
responses to light.47, 48

Multiple synthesis routes are available for the preparation of PbSe and PbS NPLs. In comparison 
to CdSe NPLs, the procedures for PbSe and PbS NPLs have a lower control over the thickness, 
resulting in relatively broad absorption and emission bands (if present at all). Weller’s group 
reported a method in which small PbS NCs self-assemble and form larger PbS NPLs via oriented 
attachment (Figure 1.5a).41 The two-dimensional growth of these NCs is driven by the addition 
of chlorine-containing cosolvents and strongly attached oleic acid ligands at {100} facets, resul-
ting in attachment via reactive {110} facets. Follow-up works have shown that the lateral sizes and 
aspect ratios of these NPLs can be tuned by modifying the reaction conditions, including the lead 
to sulphur ratio, temperature and reaction time.49-52 Upon the application of partial Cd2+-for-Pb2+ 
cation exchange on these PbS NPLs, heterostructured PbS/CdS core/shell NPLs have been syn-
thesized (Figure 1.5b).53 The thickness of the PbS core is thus decreased, resulting in a blue-shift 
in emission and enhanced photoluminescence because of the better PbS surface passivation by 
CdS. A different approach for the preparation of PbS NPLs is the usage of the single-source pre-
cursor Pb(SCN)2 which decomposes at an elevated temperature, thereby providing both the lead 
and sulphur atoms from a single compound.47 Despite the large lateral dimensions, the resulting 
NSs are rectangular and nearly monodisperse and exhibit an orthorhombic crystal structure due 
to a slight deformation of the rock salt crystal lattice, see also Figure 1.5c. Although it was propo-
sed that the NS formation proceeds via Pb-oleate-SCN moieties in a lamellar or layered template 
mechanism,47 we show that a different mechanism takes place in which the two-dimensional 
growth proceeds via a self-induced templating formation mechanism by an oleylamine-Pb-SCN 
complex (Chapter 5).

Figure 1.4 Crystal structure and optical properties of zinc blende CdSe NPLs. (a) Crystal structure of 
a 4.5 ML thick CdSe NPL along the [100] thickness direction, showing four MLs of cadmium (orange) 
and selenium (black) and a half ML of cadmium in excess on the top surface. The excess charge of 
the cadmium ions on the surface is compensated by ligands (not shown). (b) Corresponding optical 
absorption and emission spectra of CdSe NPLs with thicknesses of 3.5, 4.5 and 5.5 MLs of CdSe, showing 
that the optical properties are strongly dependent on the thickness of the NCs. (c) Band structure of 
zinc blende CdSe for electron motion in the extended lateral dimensions, indicating the valence and 
conduction band dispersion, this picture holds for a given quantization in the thickness direction. Due 
to the crystal structure and strong spin-orbit coupling, the VB consist of the heavy-hole (HH), light-hole 
(LH) and split-off (SO) bands. This typical zinc blende band structure is repeated for every main quantum 
number in the short thickness direction.
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To our information, only a single synthesis method is available for the preparation of PbSe NPLs 
in a direct manner.54 In the work of Koh et al., it was shown that PbSe NCs form PbSe NPLs via 
oriented attachment, initiated by passivation of the {100} facets by halides, see Figure 1.5d.54 
The NPLs exhibit a rock salt crystal structure and show size-dependent photoluminescence. On 
the contrary, multiple procedures have successfully exploited Pb2+-for-Cd2+ cation exchange and 
converted CdSe NPLs into optically active PbSe NPLs.10, 48 The Pb2+-for-Cd2+ cation exchange 
is performed by treating the zinc blende CdSe NPLs with a mixture of PbBr2 in oleylamine and 
octadecene at 80 °C, yielding PbSe NPLs with a rock salt crystal lattice.10 Although the shape 
retention of the NPLs is limited (Figure 1.5e), the PbSe NPLs show photoluminescence which 
is dependent on the thickness of the original CdSe NPLs, indicating that the thickness is being 
preserved to a certain extent. We found that lowering the reaction temperature slows down the 
speed of cation exchange, enabling the study of the intermediate two-dimensional CdSe-PbSe 
heterostructures and PbSe NPLs with corresponding optical properties. The results of this work 
are discussed in Chapter 4.

Figure 1.5 BF-TEM images of PbS and PbSe NPLs prepared via different synthesis procedures. (a) PbS 
NPLs prepared by self-assembly and oriented attachment of small PbS NCs at {110} facets. Reproduced 
with permission from ref 41. Copyright 2010 AAAS. (b) Core/shell PbS/CdS NPL along the thickness 
direction prepared via partial Cd2+-for-Pb2+ cation exchange, showing the crystal lattice of both the PbS 
core and CdS shell. Reproduced with permission from ref 53. (c) Monodisperse PbS NPLs prepared via the 
Pb(SCN)2 precursor. (d) Aggregated PbSe NPLs prepared via oriented attachment of PbSe NCs. The inset 
(top left) shows separated NPLs and an electron diffractogram, confirming the rock salt crystal lattice. (e) 
PbSe NPLs prepared via Pb2+-for-Cd2+ cation exchange on 4.5 ML thick CdSe NPLs. Panels (c)-(e) repro-
duced with permission from refs 47, 54 and 10. Copyright 2019, 2017 and 2019 American Chemical Society.

(a)(a) (c)(c)

(b)

(e)(d)(d)

5 nm5 nm

1.5 Structural modifications of two-dimensional (hetero)
nanocrystals
1.5.1 Heterostructured nanocrystals

The synthesis toolbox of NCs has been expanded to nanostructures which are composed of two 
or more semiconducting materials, resulting in so-called heteronanocrystals.55, 56 The combina-
tion of (epitaxially) connected semiconducting materials leads to new properties arising from 
the quantum mechanical interaction between the different components. Consequently, the actual 
properties are determined by the nature, the size and the shape of the individual compounds. 
Three distinctive regimes for charge-carrier localization have been identified, named as Type-I, 
Type-II and Type-I1/2 heterojunctions, see also Figure 1.6.
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In Type-I heterojunctions, the electron and hole are localised in the semiconducting material with 
the smallest bandgap. For instance, this is reflected in the photoluminescence spectrum. A typical 
example is the CdSe-PbSe heterojunction which is studied in Chapter 5. In this material, solely 
photoluminescence of PbSe is observed due to the fast transfer of the charge carriers from CdSe 
to PbSe.57 Differently, the conduction bands in Type-I1/2 heterojunctions have similar energies, 
resulting in electrons delocalized over the entire system while the holes are confined in one of the 
components. A sandwiched CdSe/CdS core/shell NPL structure is an example of such a Type-I1/2 
heterojunction.29, 58, 59 Due to the localization of the holes in the CdSe core, non-radiative recom-
bination is strongly impeded by good electronic passivation of the CdSe/CdS interface, resulting 
in a photoluminescence quantum yield up to 80 %.29 Moreover, both the excitonic (HH,e) and 
(LH,e) features are red-shifted in comparison to the CdSe core-only counterpart as the wave 
function of the electron is able to penetrate the CdS shell. In the case of Type-II heterojunctions, 
a full spatial separation of electrons and holes is achieved by the presence of significant offsets 
between the valence and conduction bands. Therefore, the recombination of excitons occurs 
across the heterointerface with emission that is redshifted from their separated counterparts. 
In CdSe/CdTe core/crown NPLs, it has been observed that this resulted in an increased PLQY 
(good interfacial passivation of the side facets), while the (radiative) lifetime becomes longer due 
to reduced spatial overlap of the electron and hole.60 There are plenty of methods available to pre-
pare heterostructured NCs in zero, one and two dimensions. Here, we will focus our discussion 
to two-dimensional heterostructures.61

1.5.2 Core/shell growth

CdSe NPLs can be modified by growing layers of other semiconducting materials at the top- and 
bottom facets to yield sandwiched core/shell NPLs.62 Colloidal atomic layer deposition (c-ALD) 
has proven to be a successful method to yield these nanostructures, as it uses a layer-by-layer 
growth process allowing one to obtain a precise number of shell layers. For example, CdSe NPLs 
are transferred between polar and nonpolar phases while the excess of added anions or cations 
is being removed after each half-cycle, resulting in the deposition of consecutive layers of anions 
and cations.64 This has resulted in a wide range of core/shell NPLs with different compositions 
and thicknesses of the cores and shells, including CdSe/CdS,58, 63 CdSe/CdZnS,58, 64 CdSe/ZnS,65 
CdSe/CdTe66 and CdSe/HgSe67 core/shell systems. Moreover, it has been shown that c-ALD is not 
limited to core/shell heterostructures, as also thicker CdSe NPLs up to 13.5 MLs were prepared 
with this method.39 Other procedures exploit less labour-intensive one-pot mixtures at elevated 
temperatures but have a lower control of the thickness of the shelled layer.68-70 The advantage of 
using higher reaction temperatures is that the number of strain-induced crystal defects is being 
diminished, leading to photoluminescence quantum yields up to 90%.70

1.5.3 Core/crown growth

Next to the preparation of core/shell NPLs, core/crown NPLs with different compositions were 
reported, such as CdSe/CdS,71, 72 CdSe/CdTe,73 CdSe/CdSe1-xTex

74 and CdS/CdSe75 heterostruc-
tures. In these core/crown NPLs, the CdSe core is being laterally extended which results in a 
crown with a thickness equal to the starting NPL. Different from their core/shell counterparts, 
the red-shift of the emission peak is almost absent in these heterostructures. This is because the 
quantum confinement is solely determined by the thickness of the NPL, making the significantly 
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longer lateral dimensions of minor importance. The enhanced passivation of the vertical sides 
with a crown leads to higher photoluminescence quantum yields, up to 60 %. This shows that 
unpassivated side-facets of CdSe NPLs are the main cause of non-radiative recombination. Opti-
cal spectroscopy has shown that upon creating an exciton in CdS, the charge carriers are quickly 
transferred to CdSe followed by (radiative) recombination.72 It is even feasible to combine core/
shell and core/crown procedures to yield CdSe/CdS/CdS core/shell/crown “platelet-in-a-box” 
systems.76, 77 As a result of the full passivation of the CdSe NPL core by a CdS shell and crown 
and suppressed Auger recombination is observed, leading to record-low thresholds of amplified 
spontaneous emission (~20 µJ·cm-2).76

1.5.4 Cation exchange

The chemical composition of NCs can be tailored by deploying post-synthesis cation exchange 
reactions.78 As the name implies, cations from the NC lattice are being substituted for another 
type, leading to (hetero)nanostructures which were otherwise not attainable by direct synthe-
sis methods. It has been shown that the anionic framework is being preserved in most cation 
exchange reactions, resulting in a so-called topotactic conversion in which the shape and size of 
the original NC is being preserved.79-81 Although anionic exchange reactions could be performed 
as well, the shape of the original NC is less retained in these reactions due to a relatively slow 
diffusion of the large anions through the crystal lattice which hinders the preservation of the 
original shape.82 Because of the large surface-to-volume ratios in NCs, cation exchange occurs 
much more swiftly in NCs than in bulk crystals. This is for example the case in Ag+-for-Cd2+ 
cation exchange on CdSe crystals. To convert a 500 nm thick film of CdSe into Ag2Se, a relatively 
high reaction temperature of 80 °C has to be applied for several hours.83 On the other hand, 
the conversion in quasi-spherical CdSe NCs with a diameter of several nanometres is already 
completed within 1 s at room temperature,84 showing that diffusion limitations in nanostructures 
are of minor importance. 

Although the experiments are remarkably simple, the conversion proceeds via a complex series of 
microscopic processes also involving vacancies or interstitial positions as “ion-carriers”. The final 
heterostructure is the result of a combination of thermodynamic and kinetic factors.82, 85, 86 Here, 
the driving force is the generation of a more thermodynamically stable overall system (solid and 
solvent with the two solvated ions). Therefore, a cation exchange reaction depends on the types 

Figure 1.6 Schematic representation of the different carrier localization regimes in heterojunctions 
composed of two epitaxially connected semiconductors. The energies of the band gaps are depicted 
on scale.
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of the in-and outgoing cations, and their relative stabilities (described by the chemical potential) 
in the crystal lattice and the solution. The actual reaction is thus determined by many parame-
ters such as the type of the crystal lattices, (bound) ligands, solvents, and reaction temperature. 
For example, higher temperatures enhance the rate of cation exchange, and the addition of an 
excess of reactant cations in solution drives the chemical equilibrium “to the right”, thus towards 
increased exchange in the solid. Hence, partial cation exchange can be regulated via the process 
time, but also by the temperature or the concentration of reactant ions in the solution. Although 
a thorough understanding of the microscopic mechanism is lacking, the knowledge gap is slowly 
being closed by experimental work and is complemented with theoretical calculations.

In case of partial cation exchange, the elemental distribution of the reactant cations in the NCs 
depends on the miscibility of the reactant cations in the (exchanged) solid phase.85 Alloying and 
the incorporation of dopants occurs when the new cations are able to diffuse into the crystal lat-
tice. This happens if the lattice mismatch between the reactant and product phase is minimal, or if 
a “solid solution” is formed. For instance, Cu+ and Ag+ cations have been incorporated into CdSe 
NPLs, generating optically active nanostructures with large Stokes shifts and higher absorption 
cross sections.61, 87, 88 However, when there is a large lattice mismatch between the parent and 
product phases, heterostructures may be formed. In a very simplified picture, this can be rela-
ted to the mismatch in the coordination number of cations.85 This is for example happening in 
heterostructures made of zinc blende CdSe and rock salt PbSe, as the Cd2+ and Pb2+ cations are 
respectively located in tetrahedral and octahedral holes (Chapter 4).

1.6 Quantum rings
“Traditional” NCs such as quantum dots, nanowires and NPLs have in common that they belong 
to the topology class with a genus equal to zero (g = 0). This is because these shapes show home-
omorphism, meaning that the NCs could be transformed into each other without making or 
closing any holes. Therefore, quantum rings belong to a different genus class which has a genus 
equal to one (g = 1), as it is impossible to convert a NPL into a quantum ring without making 
a hole. Although it feels peculiar, a quantum ring is equal to a coffee mug from a topologically 
viewpoint, because these shapes could be transformed into each other without making or closing 
any holes. As we will show below, the confinement of charge carriers in a toroidal shape could 
result in special magneto-optical properties.

1.6.1 Preparation of quantum rings

In literature, multiple examples can be found on the preparation and characterization of semi-
conducting quantum rings. Based on the preparation technique, the reported systems can be 
divided into two groups. The first group contains quantum rings which are grown via solid-
state techniques such as molecular beam epitaxy (MBE) and metal organic chemical vapour 
deposition (MOCVD).89 In here, the rings are attached or incapsulated into a film in which the 
charge carriers (i.e. electrons and holes) are spatially separated due to different band structures 
of two epitaxially connected semiconducting materials. Therefore, it is not necessary that these 
nanostructures contain a toroidal shape. However, a specific heterostructured composition is 
required which generates the spatial separation of electrons and holes. For example, in case of a 
Type-II InP/GaAs system,90 an InP quantum dot is embedded into a GaAs film. Although there 
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is no “real” ring present, the Type-II heterostructure directs the electron to the InP quantum dot 
whereas the hole resides in the surrounding GaAs medium, resulting in an artificial ring with a 
diameter of approximately 30 nm. Further tuning of the preparation conditions has shown that 
many different compositions and shapes can be made which are optically active, see Figure 1.7a-
b.91, 92 As knowledge on the preparation of these materials already exists for a relatively long time, 
a vast amount of research on their (opto-)electronic properties has been reported.89

The second group of quantum rings are prepared via the direct growth or modification of colloidal 
NCs. The main advantage of NCs is that an enormous number of particles are prepared during 
the synthesis, in the order of Avogadro’s constant. Moreover, in contrast to the rings prepared via 
solid-state techniques which are intrinsically connected to a surface or incorporated in a film, 
colloidal NCs are freestanding in organic solvents and are therefore relatively easy processable. 
In addition, the optical properties of dispersed (thus freestanding) quantum rings can be studied. 
Due to the synthetic inaccessibility of these toroidal nanostructures for a long time, there is not 
much knowledge (yet) of their structural and opto-electronical properties. Recently, a few syn-
thesis methods became available to prepare colloidal quantum rings, we will discuss a selection 
of these procedures below.

It has been shown that oriented attachment of small building blocks of PbSe QDs could lead 
to PbSe quantum rings (Figure 1.7c).93 By tuning the amount and composition of ligands in a 
solution of PbSe QDs, the {001}-family of facets in nearly cubic-shaped rock salt NCs become 
involved in oriented attachment. This resulted in monocrystalline nanowires and, remarkably, 
rectangular quantum “rings”. Similarly, large hexagonal CdS rings were prepared via self-assem-

Figure 1.7 Literature examples of semiconducting quantum rings. (a) SEM image of a single 
In0.10Ga0.90As/GaAs quantum ring, prepared via lithographic techniques. Reproduced with permission 
from ref 91. Copyright 2003 American Physical Society. (b) SEM image of multiple GaAs quantum rings, 
grown via molecular beam epitaxy (MBE). Reproduced with permission from ref 92. (c) BF-TEM images 
of PbSe quantum rings prepared by the self-assembly of PbSe quantum dots. (d) BF-TEM images of 
PbS quantum rings prepared via direct growth. (e) BF-TEM image of CdSe quantum rings prepared by 
a thermochemical treatment with elemental selenium on CdSe NPLs. Panels (c)-(e) reproduced with 
permission from refs 93, 94 and 8. Copyright 2005, 2019 and 2016 American Chemical Society.
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bly and attachment of smaller nuclei in one-step synthesis procedures.95, 96 To our information, 
no follow-up works of these PbSe and CdS quantum rings have been published, indicating that 
it is difficult to achieve a thorough control of the reaction parameters. Other procedures exploi-
ted pickering emulsions97 and microspheres98 to self-assemble CdSe quantum dots in rings, but 
ligands between the individual QDs hinder the formation of single-crystalline ring structures.

Several procedures applied cation exchange on two-dimensional NPLs to yield rings with a dif-
ferent elemental composition. For example, CuInS2 rings were prepared by treating Cu2-xS NPLs 
with InCl3 at elevated temperatures.99 In here, the shape transformation was explained by the 
nanoscale Kirkendall effect.7, 100 The passivation of the top and bottom facets by ligands directed 
the cation exchange reaction to the side edges of the NPL. As the relative diffusion rate of ingoing 
cations is slower than that of outgoing cations, material from the central part erodes and leaves a 
ring-shaped particle behind. Via a comparable synthesis procedure, TiS2 nanodiscs were conver-
ted into CdS rings by a treatment with oleylamine and CdCl2.101 

A different approach is to use etchants for the conversion of two-dimensional sheets into rings 
by removing material from the central part of the sheets. In this way, large PbI2 rings with a 
size of several micrometres were prepared upon performing a chemical treatment on hexagonal 
PbI2 nanosheets with tri-octyl-phosphine (TOP).102 During the growth of PbI2 nanosheets, it was 
observed that the middle part of the nanosheet crystallized at the end of the reaction, suggesting 
that this location is the richest in defects. Therefore, etching of these as-grown PbI2 nanosheets 
with TOP was observed in the centres of NCs, thereby yielding PbI2 rings. Similarly, single-crys-
talline PbS nanoframes and rings were prepared out of PbS nanosheets with halide ions (Figure 
1.7d).94

The CdSe quantum rings studied in this Thesis (Chapters 2 and 3) were prepared with a protocol 
which was used before to increase the surface passivation of pseudo-spherical CdSe QDs.8, 103 In 
here, a two-step treatment led to optimal Cd:Se stoichiometries and passivation at the surface 
of the pseudo-spherical QDs, bringing the photoluminescence quantum yield to unity. In the 
first step, the CdSe NPLs were heated in the presence of elemental selenium, oleylamine and 
octadecene to 140 °C for 10 min. In the second step, TBP was injected while heating the mix-
ture to 220 °C, cooled down quickly after which cadmium formate was added. As the quantum 
yield of core-only CdSe NPLs is relatively low,25 we suspect that the authors of the pilot work on 
CdSe quantum rings intended to increase the quantum yield of these CdSe NPLs but observed 
reconfiguration into CdSe quantum rings, see Figure 1.7e.8 Although the authors proposed a 
mechanism in which the selenium-induced “etching” starts in the middle of the top and bottom 
facets of the CdSe NPLs, our results show that a different mechanism is taking place. We observed 
that reconfiguration starts at the edges at 140 °C which leads to a thickening of the rims whereas 
the actual perforation of the centre happens only at temperatures of 220 °C. Therefore, the con-
version mechanism of a CdSe NPL into a quantum ring does not happen via etching but rather 
via reconfiguration of CdSe units in the nanostructure.

Similar to Type-II heterostructures prepared by solid-state techniques (see above), various 
two-dimensional CdSe/CdTe core/crown NPLs have been reported.60, 73, 104, 105 Although these 
colloidal NCs have a non-toroidal shape, the specific heterojunction confines the excitons to the 
heterointerface in a ring shape. As a result, the confinement of the charge carriers in these ring-
like systems could induce properties which are comparable to “real” toroidal NCs.
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1.6.2 Unique properties of quantum rings

Due to the synthetic inaccessibility of colloidal nanostructures with a toroidal shape, relatively 
little theoretical and experimental work has been devoted to this class of nanomaterials. Nonet-
heless, it has been shown that the specific shape induces properties which are not present in their 
non-toroidal counterparts. Using results obtained with semiconducting rings grown with solid-
state techniques,89 we will discuss several aspects which could, in principle, also hold for colloidal 
CdSe and PbSe quantum rings. 

Multiple theoretical and experimental investigations have shown the presence of a topological 
Aharonov-Bohm effect106 in toroidal nanostructures, such as InAs/GaAs107 and ZnTe/ZnSe.108, 

109 When a perpendicular magnetic field is applied to the rings, the electrons and holes acquire a 
difference in their quantum phase along their revolutions in the ring. Depending on the strength 
of the coulomb interaction between the electrons and holes, the charge carriers move either in an 
uncorrelated manner (Figure 1.8a) or as a polarized exciton along different trajectories (Figure 
1.8b).110 As a result, the charge carriers gain different angular momenta, leading to allowed and 
forbidden optical transitions. In experiments, this manifests itself as an oscillating emission inten-
sity with increasing magnetic field with so-called bright and dark states (Figure 1.8c). Moreover, 
the exciton gains additional energy which is dependent on the strength of the magnetic field, 
visible as blue- and redshifts in the photoluminescence emission. A recent experimental study 
showed that the oscillations could even be tuned further by changing the excitation density as 
this affects the radii of the electrons and holes.111 We remark that in rings in which there is no 
(significant) separation of the electron- and hole trajectories, the topological Aharonov-Bohm 
effect will be absent.110

Figure 1.8 Optical manifestation of the Aharonov-Bohm effect in semiconducting quantum rings. 
Schematic depictions of the movement of charge carriers in a ring structure, as (a) uncorrelated 
electrons and holes, or (b) as a polarized exciton. (c) Experimental results of the optical manifestation of 
the Aharonov-Bohm effect in ZnTe/ZnSe rings, showing oscillating blue- and red shifts in the photolu-
minescence emission (top) and intensity (bottom). Reproduced with permission from ref 108. Copyright 
2008 American Physical Society. (d) Calculated additional energy of the exciton in a realistic model for 
a CdSe quantum ring where the electrons (le) and holes (lh) have different angular momenta, resulting 
in blue- and redshifts with bright and dark states. The calculations were performed by the author using 
ref 110.
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In contrast to the relatively large quantum rings prepared with solid state techniques (typically 
60-200 nm in diameter), the CdSe quantum rings prepared in our work (Chapter 2) have signifi-
cantly smaller lateral dimensions (~15 nm). Although the Coulomb interaction is present in these 
CdSe quantum rings, the electrons and holes are presumably uncorrelated in their motion due 
to strong quantum confinement, as the ring diameter is much smaller. Furthermore, the charge 
carriers move around in different radiuses (re and rh) because of their significantly different effec-
tive masses in CdSe,18 inducing a topological quantum phase difference between the electron and 
hole in magnetic fields, leading to different angular momenta for the electron (le) and hole (lh). 
Figure 1.8d shows the calculated additional energy of the exciton of these bright and dark states.

Next to the experimentally proven optical manifestation of the Aharonov-Bohm effect, other 
theoretical studies have predicted phenomena which have potential applications in magneto-op-
tical sensors and devices. For example, the group of Cao has shown that the optical absorption 
spectrum of semiconducting quantum rings in a magnetic field changes upon the application 
of a lateral dc or ac electric field with a terahertz frequency.112-114 Other studies suggest that the 
quantum rings are able to trap and store light due to the presence of the optically active and dark 
states.115, 116 It is clear that the quantum physics of semiconductor rings could find interesting 
applications in photonic computing and communication technologies.

1.7 Structural characterization of nanocrystals with 
electron microscopy
Electron microscopy has proven to be a powerful tool to reveal the atomic structure of nanoscale 
materials and is therefore being applied in many fields, ranging from geology to biochemistry and 
materials science. One of the main advantages of electron microscopy is that individual particles 
can be investigated, unlike bulk techniques such as optical spectroscopy and X-ray diffraction 
where ensemble averages are measured. The materials have in common that they are too small 
to be visualized with conventional light microscopy, as the specimens are generally smaller than 
the wavelength of light (~400 – 700 nm). This is different in electron microscopy, as the electrons 
which are being used have an about 10.000 times smaller wavelength than photons, meaning that 
significantly smaller features can be probed up to 0.1 nm. Thanks to the development of aberrati-
on-corrected electron microscopes in the past decades, the resolution has been improved further 
to 50 pm.117, 118 This means that in crystalline nanomaterials, the atomic structure can be revealed.

The NCs are inserted into the microscope on a special microscope grid. In the experiments per-
formed in this work, grids consist of a copper mesh with one or more continuous layers on top 
to support the NCs. The supporting layers are made of a ~30 nm thick polymer film (formvar) 
which is coated with a 2 nm thick carbon film to prevent charging of the grid. Alternatively, more 
expensive ultra-thin copper grids are used which solely have a 2 nm thick carbon film, resulting 
in less background noise during imaging. The NCs are deposited on the grids by casting a small 
droplet of the diluted NC dispersion.

In this Thesis, two types of electron microscopy are used: Bright-Field Transmission Electron 
Microscopy (BF-TEM) and the more advanced High-Angle Annular Dark-Field Scanning 
Transmission Electron Microscopy (HAADF-STEM). The difference between BF-TEM and 
HAADF-STEM is the kind of electron beam which is being used, see also Figure 1.9. In the case 



28

Chapter 1

of BF-TEM, the sample (also called specimen) is illuminated with a parallel beam of electrons, 
whereas HAADF-STEM makes use of a focussed beam that is scanned across a rectangular area 
of the specimen. Although the contrast in both cases arises by the interaction of electrons with 
the sample, the obtained information is different. Figure 1.9a shows the layout of an electron 
microscope in BF-TEM mode. Electrons are generated at the top of the microscope by an elec-
tron source (filament or electron gun) and then accelerated to a specific energy (e.g. 200 keV). 
The electromagnetic lenses convert the electrons into a wide and homogeneous parallel beam 
which illuminates the specimen. The transmitted electrons are consequently detected by a CCD 
camera after which an image is generated on a computer. In these images, dark areas appear by 
the absorbance of electrons by the NCs whereas the white areas correspond to electrons which are 
transmitted through the specimen. The disadvantage of BF-TEM is the presence of background 
noise, visible as small dots in the images from the formvar and carbon supporting film (see also 
Figure 1.9c). As we study NCs which are relatively thin (up to 3 nm), the contrast between the 
NCs and background is regrettably small. For example, in 4.5 ML thick CdSe NPLs, the cadmium 
columns consist of no more than three (!) atoms along the thickness direction, resulting in an 
intrinsically weak signal.

Figure 1.9 Bright-field TEM versus HAADF-STEM imaging. (a)-(b) Schematical depictions of BF-TEM 
and HAADF-STEM modes in an electron microscope (see text). The sample is illuminated with a parallel 
beam of monochromatic electrons (a) or a monochromatic focussed electron bundle that scans across 
a rectangular area (b). (c)-(d) Images of two-dimensional CdSe-PbSe heterostructures (investigated in 
Chapter 4) taken with BF-TEM and HAADF-STEM. Upon comparing these two methods, the low-contrast 
CdSe domains have an almost equal contrast as the background in BF-TEM whereas the background is 
almost completely absent in the HAADF-STEM image. Moreover, because of the Z-dependent contrast 
in HAADF-STEM mode, the CdSe and PbSe domains are more clearly discernible as they appear as 
low-and high-contrast regions.
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In the case of HAADF-STEM, the electromagnetic lenses generate an electron beam that is focus-
sed into a fine spot (Figure 1.9b). This beam probe scans across the sample while a ring-shaped 
detector below collects the scattered electrons, building up the image pixel by pixel. As nuclei 
from heavy atoms (e.g. Pb) have a stronger interaction with electrons than light atoms (e.g. Cd), 
heavy atoms scatter under larger angles and will be detected more often than light atoms. The 
obtained contrast is thus element-specific and is for that reason called Z-contrast imaging (see 
also Figure 1.9d). As a result, the background from the supporting layer(s) containing only 
low-mass elements is (almost) completely absent. Therefore, the usage of HAADF-STEM over 
BF-TEM is advantageous for our NCs as contrast from the supporting layers is (almost) comple-
tely absent. When the composition of a single NC is uniform (i.e. solely CdSe), the contrast in 
HAADF-STEM is dependent of the thickness, enabling the determination of thickness differen-
ces within a single NC or between NCs present on the same grid.

Next to the shape and crystallinity of the specimens, the chemical composition could be deter-
mined by a technique called energy-dispersive X-ray spectroscopy (EDX).118 As the electron beam 
hits the sample, an electron could be kicked off from the shell of the nucleus, causing its ejection 
and the formation of an unoccupied energy level, thus a hole in the electronic structure of the 
element. Thereafter, this vacancy is filled by an electron from a higher energy shell which emits 
an element-specific X-ray. Albeit the chance of formation and detection of X-rays is relatively low, 
the elemental distribution within a single particle can be determined with a high precision in a 
relatively easy manner.
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From CdSe nanoplatelets to 
quantum rings by thermochemical 
edge reconfiguration

The variation in the shape of colloidal semiconductor nanocrystals (NCs) remains 
intriguing. This interest goes beyond crystallography as the shape of the NC 
determines its energy levels and optoelectronic properties. While thermodynamic 
arguments point to a few or just a single shape(s), terminated by the most stable 
crystal facets, a remarkable variation in NC shape has been reported for many 
different compounds. For instance, for the well-studied case of CdSe, close-to-sp-
herical quantum dots, rods, two-dimensional nanoplatelets, and quantum rings 
have been reported. Here, we report how two-dimensional CdSe nanoplatelets 
reshape into quantum rings. We monitor the reshaping in real time by combining 
atomically resolved structural characterization with optical absorption and pho-
toluminescence spectroscopy. We observe that CdSe units leave the vertical sides 
of the edges and recrystallize on the top and bottom edges of the nanoplatelets, 
resulting in a thickening of the rims. The formation of a central hole, rendering the 
shape into a ring, only occurs at a more elevated temperature.

Chapter 2
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2.1 Introduction
The development of semiconductor nanocrystals (NCs) that show quantum confinement in one, 
two, or three dimensions, realizing bright emission and size- and shape-tailorable optical proper-
ties, has taken an enormous flight in the last three decades. For instance, a diversity of wet-che-
mical colloidal synthesis methods resulted in CdSe NCs with a wide variety in shape and size, 
ranging from sphere-like but facetted zero-dimensional (0D) quantum dots1 to one-dimensional 
(1D) quantum rods2 and two-dimensional (2D) nanoplatelets (NPLs).3 We remark here that these 
shapes all belong to the genus = 0 class. Reports in the literature on the synthesis of colloidal 
quantum rings, i.e., with a genus of 1 topology, recently emerged.4-10

Ring-type CdSe NCs have been reported by Fedin et al.,10 followed by more recent publications 
by others.8, 9 It was reported that the CdSe quantum rings have an in-plane linear distribution 
of transition dipole moments due to broken rotational symmetries8 and exhibit exciton dyna-
mics distinct from those in NPLs.9 Moreover, the different topology in quantum rings can result 
in geometry-specific optoelectronic properties. Theoretical studies point to an excitonic Aha-
ronov–Bohm effect, featuring a crossing of the exciton energy levels with increasing magnetic 
flux through the ring. Previous experimental work on solid-state quantum rings (type-I InAs/
GaAs11 and type-II (Zn,Mn)Te/ZnSe12) displayed a genuine quantum manifestation of the Aha-
ronov–Bohm effect, which is observable as an oscillating intensity of the excitonic emission with 
increasing magnetic field. The oscillating intensity is caused by the difference in phase of the 
electron and hole wave functions in the ring, which varies periodically with the magnetic field. A 
zero phase difference corresponds to a maximum emission intensity.

Here, we report on a detailed investigation of the conversion of CdSe NPLs into quantum rings,10 
urged by the increasing interest in colloidal semiconductor quantum materials for optoelectro-
nics and possibly for (quantum) information processing.13 Our results show that the temperature 
during the thermal treatment of the NPLs with elemental selenium has a strong effect on the 
shape of the final quantum rings and that “intermediate shapes” (still of genus = 0 topological 
class) can be prepared with a remaining membrane of the same thickness as that of an original 
NPL. These findings challenge the formation mechanism put forward by Fedin et al., which states 
that the top and bottom surfaces of the NPLs are etched by elemental selenium.

We investigated the formation of quantum rings in real time by extracting aliquots from the 
reaction mixture during the conversion at either 140 or 155 °C. We relate the structure of the 
intermediate NCs and finally formed quantum rings, obtained from high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM), to the optical absorption and 
photoluminescence spectra. Furthermore, we provide evidence for an atomic reconfiguration 
mechanism starting from the side edges and corners of the platelets, resulting in thicker rims 
on each platelet while leaving the central area of the platelets intact. One (or more) holes in the 
centre of the NCs are only formed in the final annealing step at 220 °C, resulting in a genuine ring 
(genus = 1 class).

Additionally, we performed “muffin-tin” calculations considering the exciton as a composed but 
single particle and solving the Schrödinger equation for a realistic three-dimensional model of 
a CdSe NPL and quantum ring, as obtained from HAADF-STEM. The results were transformed 
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to an energy level scheme for the confined excitons by considering the heavy-hole and light-
hole excitons as composed “single particles” with a centre-of-mass motion characterized by their 
effective reduced masses. Our calculations provide an energy gap between the heavy-hole and 
light-hole excitons in NPLs in reasonable agreement with the absorption spectrum and link this 
convincingly to the reduced separation observed in the CdSe rings due to weaker confinement. 
Reduced confinement also explains the strong red shift of the two absorption peaks and the red 
shift in the photoluminescence peak for the quantum rings compared to the original CdSe NPLs.

2.2 Experimental section
2.2.1 Chemicals

1-Butanol (BuOH, anhydrous, 99.8%), cadmium acetate (Cd(OAc)2, 99.995%), cadmium ace-
tate dihydrate (Cd(OAc)2·2H2O, ≥98.0%), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 98%), 
methanol (MeOH, anhydrous, 99.8%), 1-octadecene (ODE, technical grade 90%), oleic acid (OA, 
technical grade 90%), oleylamine (OLAM, technical grade 70%), and sodium myristate (≥99%) 
were bought from Sigma-Aldrich. n-Hexane (anhydrous), selenium (200 mesh, 99.99%), and 
tri-n-butyl-phosphine (TBP, 95%) were bought from Alfa Aesar, STREM Chemicals, and Acros 
Organics, respectively.

2.2.2 Synthesis of 4.5 ML CdSe NPLs

CdSe NPLs with a thickness of 4.5 monolayers (MLs) were prepared via an earlier reported 
synthesis method of Bertrand et al.14 To obtain NPLs with a square aspect ratio, a mixture of 
50/50 mol% Cd(OAc)2·2H2O/Cd(OAc)2 powder was added during the synthesis. Afterwards, the 
mixture was washed with a 1:2 mixture of MeOH/BuOH. The desired 4.5 ML NPLs were subse-
quently isolated via size-selective precipitation by the addition of small amounts of MeOH/BuOH 
and centrifugation. The 4.5 ML NPLs were finally redispersed in hexane.

2.2.3 Conversion of 4.5 ML CdSe NPLs in quantum rings

CdSe NPLs were converted into quantum rings via the previously reported procedure of Fedin et 
al.10 with minor modifications. Elemental selenium was dispersed in OLAM to yield a concentra-
tion of 7.9 mg Se/mL OLAM. 1.0 mL of CdSe NPLs with an absorbance of 0.2 at the first exciton 
transition after diluting 300 times was precipitated and redispersed in 3 mL of ODE and 1.5 mL 
of OLAM. In the first heating step, the redispersed NPLs were heated to 80 °C for 10 min to allow 
the remaining hexane to evaporate. Thereafter, 200 μL of the Se-OLAM was added and heated 
to either 140 or 155 °C in an 8 mL reaction vial or a round-bottom flask. During the last heating 
step, 200 μL of TBP is added, followed by quick heating to 220 °C. After allowing the solution to 
cool down, the mixture was washed once with a 1:2 solution of MeOH/BuOH and redispersed in 
hexane for further characterization.

2.2.4. Characterization

Photoluminescence measurements were performed on an Edinburgh Instruments FLS920 spec-
trofluorometer meter equipped with a 450 W Xe lamp and a Hamamatsu R928 PMT detector. 
UV/vis absorption spectra were measured on a PerkinElmer 950 UV/VIS/NIR spectrophotome-
ter.
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TEM samples were made by drop-casting a diluted dispersion of NCs on carbon-coated TEM 
copper grids. Quantum rings with an edge-up orientation were prepared by the addition of a 
small amount of a 1:2 mixture of MeOH/BuOH to the NC dispersion and consequently drop-cast 
on a TEM grid. If contamination of hydrocarbons arose during imaging, the copper grid was trea-
ted with EtOH and activated carbon according to an earlier reported procedure.15 Low-resolution 
HAADF-STEM imaging was performed on either an FEI Tecnai 20FEG or Talos F200X operating 
at 200 keV. High-resolution HAADF-STEM imaging with atomic resolution was performed on 
an aberration-corrected Thermo Fisher Titan microscope operating at 300 keV.

2.2.5 Muffin-Tin calculations

The energy states of the CdSe quantum rings were calculated by exploiting a three-dimensional 
particle in a box calculation, treating excitons as single particles. Here, realistic dimensions of a 
quantum ring with radius R, cylindrical radius r as f(x, y, z) = (

√
x2 + y2 + R2)

2
+ z2 − r2, with an 

optional membrane with thickness zmembrane, were used. The simulations were done with a poten-
tial landscape, which can be used to solve the Schrödinger equation numerically by using the 
finite element method. As the exciton consists of (HH,e) and (LH,e) two-body excitations, we can 
mimic these as “heavy” (HH,e) or “light” (LH,e) excitonic particles using the concept of reduced 
mass with me = 0.13, mHH = 0.90, and mLH = 0.19.16, 17 From this, the reduced mass of the (HH,e) 
is μe,HH =

me ⋅mHH

me +mHH
= 0.11, and (LH,e) was found to be μe,LH =

me ⋅mLH

me +mLH
= 0.077. The calcula-

tions were performed using these two reduced masses from which the decrease in energy diffe-
rence between the excitonic first states was determined. The lowest state can be visualized by 
taking the square magnitude of the calculated wave functions.

2.3 Results and discussion
2.3.1 Real-time characterization of the evolution of CdSe NPLs into rings

CdSe quantum rings are prepared by performing a thermochemical treatment with elemental 
selenium on 4.5 ML CdSe nanoplatelets (NPLs) following an earlier reported procedure by Fedin 
et al.10 First, the CdSe NPLs are heated for several min in the presence of oleylamine and elemen-
tal selenium at either 140 or 155 °C. Second, in what we have assigned as the “thermal annealing” 
step, tri-n-butyl-phosphine (TBP) is added, followed by quick heating to 220 °C and cooling to 
room temperature. Interestingly, the end product of the treatment at 140 °C is very different from 
that at 155 °C. In the first case (140 °C), the NCs are still square in shape and have thickened rims 
at the edges and holes in the centre. In the second case (155 °C), real toroidal rings are formed 
with rounded shapes and lateral dimensions much smaller than the original NPLs. Preparation 
of quantum rings at a slightly higher temperature (160 °C) resulted in the formation of spherical 
particles (Figure S2.1). We investigated the mechanism of formation by taking aliquots out of the 
reaction vessel during the reaction, and subsequently analysed the intermediate reaction products 
with HAADF-STEM, combined with optical absorption and photoluminescence spectroscopy.

Figures 2.1 and S2.2 show the results of a typical treatment performed at 140 °C. The HAADF-
STEM image of CdSe NPLs in Figure 2.1c shows that the NCs have lateral sizes of 14.2 × 15.7 
nm2. Moreover, the scattering intensity over a single NC is homogeneous, an indication of uni-
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form thickness. Correspondingly, the absorption spectrum (Figure 2.1a) shows the characteristic 
features of 4.5 ML thick CdSe NPLs, i.e., the heavy-hole–electron (HH,e) and light-hole–electron 
(LH,e) exciton absorption peaks (dark green and light green marks, respectively), separated by 
155 meV.17, 18 At a higher energy, the split-off hole–electron transition is observable (blue mark).17, 

18 The photoluminescence spectrum (Figure 2.1b) shows a single exciton emission peak at 2.41 
eV with a typical small Stokes shift of 10 meV.

The absorption spectra of aliquots taken after reaching 140 °C and after 1 and 2 min clearly 
show the spectrally unchanged (HH,e) and (LH,e) exciton absorption peaks. However, these 
spectral characteristics lose intensity and become less noticeable with time. Simultaneously, the 
absorption onset shifts to lower energies. Since the oscillator strength of the exciton absorption 
peaks is proportional to the number of CdSe unit cells present,19 the decrease in the (HH,e) and 
(LH,e) absorptance peaks indicates that the surface area of the NPLs decreases during the treat-
ment. Additionally, the shoulder appearing at lower energies between 2.2 and 2.4 eV indicates the 
formation of thicker regions, which corresponds to the emergence of thicker rims at the edges of 
the NPLs (Figures 2.1c and S2.2).

In the aliquots taken after 4 min and onwards, the contrast of the rims becomes better visible, 
indicating that the rims increase in relative thickness. Instead of the original absorption peaks 
of CdSe NPLs, two partly overlapping resonances emerge, which shift gradually to lower energy 
with time. The positions of the two resonances, indicated by red and orange marks, have been 
found by performing second-derivative analysis on the absorption spectra (Figure S2.4). These 
shifts strongly suggest that these features reflect the (HH,e) and (LH,e) exciton absorption peaks 
of the thickened rims. Similarly, the absorption of the (split-off hole–electron) transition (blue 
marks) shifts to lower energy. We observe that the Stokes shift becomes smaller and smaller as 
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Figure 2.1 Monitoring the transformation of CdSe NPLs into quantum rings at 140 °C on aliquots in real 
time with optical spectroscopy and HAADF-STEM. (a) Absorption and (b) photoluminescence spectra of 
the dispersion of NPLs, aliquots taken after the mixture reached 140 °C (0 min), and after 1, 2, 4, 6, 8, and 
10 min of reaction at 140 °C. For clarity, the evolving spectral features have been marked with coloured 
circles (see the text and Figure S2.4). The continuous thick lines present the results for the sample that 
has been annealed at 220 °C following 10 min of reaction. (c) HAADF-STEM images of the original CdSe 
NPLs, NCs in the aliquots extracted at given times from the reaction at 140 °C, and the final quantum 
rings obtained after annealing at 220 °C following 10 min of reaction. All scale bars are 10 nm.
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the NCs gradually obtain their final ring structure (Figure S2.5). A further analysis of the relation 
between the shape of the NC and the optical properties based on muffin-tin calculations is given 
below. Interestingly, in the final annealing step at 220 °C, a further reconfiguration takes place, as 
the NCs clearly obtain holes in the centre. The increased thickness of the rims and formation of 
the holes were confirmed by the HAADF-STEM images, as the surface area of the NCs diminis-
hed from 200.6 ± 42.9 to 123.7 ± 20.7 nm2 (Figure S2.3).

The photoluminescence spectra of the NCs feature a broad emission peak (red marks) that gra-
dually shifts to a lower energy, reflecting emission from the (HH,e) state confined in the rim 
at the edges. Remarkably, the final product exhibits two emission bands: one at 2.07 and the 
other located at 2.18 eV. The emission peak at 2.07 eV is red-shifted with respect to the (HH,e) 
absorption peak at 2.11 eV, indicative of the (HH,e) transition. The optical properties of quantum 
rings prepared at 140 °C are further studied with photoluminescence excitation spectroscopy and 
varying temperatures (Section S2.6.3).

Figures 2.2 and S2.9 present the evolution of the NPLs to rings upon treating the NPLs with 
elemental selenium at 155 °C. The atomic reconfiguration proceeds faster and is much more 
pronounced than at 140 °C. The end products are quantum rings with a rounded shape, thick 
rims, and lateral dimensions smaller than the NPLs. It can be observed that some quantum rings 
still have an inner membrane of the NPLs, while other rings have a clear hole (Figure 2.2c). A 
further investigation of the atomic structure, crystallinity, and shape of the quantum rings will be 
presented in the next section.

The (HH,e) and (LH,e) exciton absorption features of the NPLs disappear after 2 min of reaction 
and are replaced by two (partial) overlapping resonances (red and orange circles) that shift stron-
gly to lower energies with increasing reaction times (Figure 2.2a). It is reasonable to assume that 
these two resonances still indicate the (HH,e) and (LH,e) exciton absorption features but now of 
excitons confined to the rims that increase in thickness during the reaction. Support for this fol-
lows from muffin-tin calculations in the last section. The energy separation between the (HH,e) 
and (LH,e) exciton absorption features evolves from 155 meV in the NPLs to 75 meV in the 
quantum rings. The features marked by blue points (indicative for the (split-off hole–electron) 
transition) show a similar evolution to lower energies with reaction times. The photolumines-
cence spectrum shows one strongly broadened peak, which shifts gradually to a lower energy 
during ring formation (Figure 2.2b). In the finished quantum rings, the peak maximum is at 1.91 
eV, at a considerably lower energy than for the rings prepared at 140 °C. The Stokes shift between 
the broad (HH,e) luminescence and absorption peak is larger than for the NPLs (Figure S2.12).

2.3.2 Shape and crystal structure of the rings formed at 155 °C

We have performed a detailed atomically resolved characterization of the final CdSe rings using 
aberration-corrected HAADF-STEM imaging (see Figures 2.3 and S2.13). To compare the shape 
of NPLs and quantum rings prepared at 155 °C, we intentionally mixed pure solutions of both 
NCs.

Several aspects can be observed. First, the average surface area of the quantum rings (132.4 ± 
35.8 nm2) is smaller than that of the original NPLs (233.1 ± 45.5 nm2) (see also Figure S2.10). 
Second, as the intensity in HAADF-STEM imaging scales with the atomic number Z (so-called 
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Z-contrast imaging), we can use the intensity to identify if a hole is formed in the centre of the 
rings. We stress that HAADF-STEM is a powerful tool to investigate the holes of quantum rings, 
as these are hardly visible with conventional bright-field TEM (Figure S2.14). We took a line pro-
file across the NCs (Figure 2.3b) and used the intensity of the carbon support as a reference. If the 
intensity of the thinnest part of an NC is higher than the carbon support, it indicates that there is 
a membrane left inside the NC. We find that many quantum rings still have a membrane inside 
with the thickness of the original NPLs, i.e., 1.3 nm.20 This is clearly observable from Figure 2.3b, 
which shows an intensity line profile along the red dashed line in Figure 2.3a. The measured area 
is shown in the inset on top of Figure 2.3b, so that the locations of the three measured NCs are 
aligned with the line profile below. The leftmost NC (NC1) with a relatively uniform intensity is 
a CdSe NPL. The NC in the middle (NC2) is a typical example of a quantum ring with the 1.3 
nm thick membrane still present. The intensity in the centre of NC2 is similar to that of the NPL 
on its left, and the intensity in the rim of NC2 amounts to roughly twice the intensity of NC1. In 
Figure 2.3c1, an image of NC2 at higher magnification is shown, in which a continuous crystal 
lattice can be observed. In contrast, the rightmost NC (NC3) shows a much lower intensity in 
the centre, which is similar to the carbon support, thus showing that a hole has been formed. A 
HAADF-STEM image of NC3 at higher magnification is shown in Figure 2.3d1, confirming the 
small hole (region with no atoms) in the centre of the NC.

The results shown here do not agree with the formation mechanism that has been put forward 
by Fedin et al., featuring Se-induced etching of the top and bottom surfaces.10 First, the reduced 
lateral dimensions and the formation of thicker rims show that the atomic reconfiguration pre-
dominantly occurs at the edges. Second, the frequent observation of membranes with a thickness 
similar to that of the original NPLs in the centre of the quantum rings indicates that etching of 
the top and bottom surfaces does not occur. Instead, our results show that CdSe units from the 

Figure 2.2 Monitoring the transformation of CdSe NPLs into quantum rings at 155 °C on aliquots in real 
time with optical spectroscopy and HAADF-STEM. (a) Absorption and (b) photoluminescence spectra of 
the dispersion of NPLs, aliquots taken after the mixture reached 155 °C (0 min), and after 1, 2, 4, 6, 8, and 
10 min of reaction at 155 °C. For clarity, the evolving spectral features have been marked with coloured 
circles (see the text and Figure S2.11). The continuous thick lines present the results for the sample that 
has been annealed at 220 °C following 10 min of reaction. (c) HAADF-STEM images of the original CdSe 
NPLs, NCs in the aliquots extracted at given times from the reaction at 155 °C, and the final quantum 
rings obtained after annealing at 220 °C following 10 min of reaction. All scale bars are 10 nm.
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vertical edge planes are redeposited on the top and bottom surfaces at the rim, resulting in a 
pronounced thickening of the rim. In that scenario, the top and bottom planes terminated by 
both acetate and oleate remain intact. The exact moment at which a hole is formed, and why, is 
not entirely understood. Nevertheless, we observe that hole formation is more pronounced after 
the thermal annealing step at 220 °C. Inhomogeneous crystalline stress21 can be a reason for the 
formation of hole in the centre of the NC, resulting in a genuine ring.

Representative high-resolution images of quantum rings (Figure 2.3c1,d1) show single-crystal 
zinc blende CdSe structures oriented on the [100] zone axis, confirmed by the corresponding fast 
Fourier transform (FFT) patterns depicted in Figure 2.3c2,d2. These observations are consistent 
with the analysis of several other quantum rings.

Figure 2.3 Detailed comparison of the crystal structure of CdSe NPLs and resulting quantum rings with 
HAADF-STEM after a selenium treatment at 155 °C and annealing at 220 °C. (a) HAADF-STEM image 
showing that the quantum rings have smaller lateral dimensions and a much thicker rim compared to 
the NPLs. (b) Intensity along the red dashed line in panel (a) shows different intensity profiles of an NPL 
and two quantum rings. The CdSe NPL (NC1) shows a relatively uniform intensity. The left quantum ring 
(NC2) shows a thicker rim with roughly twice the intensity of NC1 and a thinner centre with a similar 
intensity to NC1. The right quantum ring (NC3) shows a completely formed hole in the centre. Panels 
(c1) and (d1) show images at higher magnifications of NC2 and NC3, displaying the (almost) single-crys-
talline zinc blende CdSe structure, confirmed by the corresponding fast Fourier transform (FFT) patterns 
in panels (c2) and (d2).
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Although most quantum rings lack defects such as grain boundaries or dislocations, slight miso-
rientations are present in small areas. For instance, at the left-bottom corner of the quantum ring 
in Figure 2.3d1, a slight difference in orientation of atomic columns is present compared to the 
rest of the crystal, which we attribute to bending after release of strain. Next to the areas with 
rounded edges, four specific facets are favoured, namely, (001), (010), (011), and (01–1) facets, as 
indicated in Figure 2.3c1,d1.

Figure S2.15 shows HAADF-STEM images of quantum rings, which are oriented edge-up. The 
thickness of the quantum rings varies between 2.5 and 3.5 nm, although domains up to 5.0 nm are 
observed as well. This corresponds to an average thickness of 9–12 monolayers of CdSe and shows 
that the rings can become 2–3 times thicker than the 1.3 nm thick 4.5 ML NPLs,20 which is in line 
with the image intensity profile in Figure 2.3b. Furthermore, the thicker corners and rounded 
shapes of the rings suggest that the atomic reconfiguration occurs most severely at the corners of 
the NPLs. The atomistic mechanism and role of selenium in this atomic reconfiguration cannot 
be deduced from our results and will require advanced molecular dynamics modelling. Thus, in 
the reshaping of an NPL into a ring, the large top and bottom surfaces remain highly stable. This 
is in contrast to the edges and corners that undergo a remarkable atomic reconfiguration. The 
formation of holes in the rings occurs mainly in the last “annealing step” at 220 °C, something 
that is clearly visible in the preparation of the rings at 140 °C.

2.3.4 Relation between the spectral features and the shape of the CdSe 
quantum rings

To relate the absorption and emission features of the CdSe quantum rings prepared at 155 °C 
to their shape and dimensions, we have performed simple muffin-tin model calculations using 
a model quantum ring with dimensions similar to the prepared quantum rings. The results are 
quantitatively compared with model calculations on a rectangular 4.5 ML thick CdSe NPL (1.3 × 
10 × 10 nm3). A model of the quantum ring is shown in Figure 2.4b. The prepared quantum rings 
are relatively polydisperse and were approximated as toroidal NCs with a radius R of 3.6 nm and 
a cylindrical radius r of 1.6 nm, as a decent averaged model.

We consider the exciton states as electron–hole-composed single particles with a reduced effec-
tive mass, which is derived from the conduction band and heavy-hole (HH) and light-hole (LH) 
valence bands. We solve the Schrödinger equation for a particle with this effective mass confined 
in the CdSe ring of Figure 2.4a, thus neglecting the electron–hole Coulomb attraction. Figure 
2.4c presents the lowest (HH,e) state in the ring, with an s-like envelope function, although with 
a genus of 1. The single-particle wave functions are delocalized over the entire quantum ring, 
even if we take a model with a membrane inside the ring with the thickness of a CdSe NPL (see 
Figure S2.16). In the latter case, the energy of the states is nearly equal to those for the modelled 
quantum ring without the membrane. For the (HH,e) exciton state, we use a reduced effective 
mass μHH,e of 0.11 in agreement with literature values.16, 17 For the (LH,e) exciton state, we use a 
reduced mass μLH,e of 0.09, instead of the literature value of 0.07716, 17 to obtain a better quanti-
tative agreement with the spectral results. Effective masses depend on the strain in the crystal 
structure which can be slightly different for quantum rings and NPLs. On the other hand, this 
slight adaptation of the effective mass may reflect the roughness of our single-particle approach, 
rather than a real physical effect.
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First, we examine the 4.5 ML CdSe NPLs. The experimentally determined energy difference bet-
ween the (HH,e) and (LH,e) peaks is 155 meV. Using the slightly adapted reduced mass for the 
(LH,e) exciton, we calculate a difference of 152 meV (Figure S2.16), in good agreement with the 
experimental result. Next, we examined the formed quantum rings. The energy difference bet-
ween the (HH,e) and (LH,e) peaks in the quantum rings is smaller due to the reduced quantum 
confinement in the quantum ring versus the NPL. Since the (HH,e) and (LH,e) peaks overlap, 
we used second-derivative analysis to decompose the absorption spectrum and found an energy 
difference of 75 meV (Figure S2.11). The muffin-tin calculation resulted in an energy difference 
of 105 meV, in reasonable agreement with the experimental result.

The calculations provide a single-particle result, neglecting the electron–hole attraction energy. 
However, if we assume that the electron–hole attraction for the (HH,e) and (LH,e) states is similar 
to a good degree, our single-particle calculation is reasonable. We thus confirm that the red-shif-
ted peaks (red and orange marks) in the absorption spectrum of the quantum rings (Figure 2.2a) 
are due to the (HH,e) and (LH,e) states similar to the two sharp peaks in an NPL.

In analogy, we assign the broad emission of the quantum rings to the (HH,e) exciton state. The 
considerably broader peak of emission reflects inhomogeneous broadening as the shapes and 
sizes of the quantum rings are not entirely monodisperse (see Figures 2.2 and S2.15), in contrast 
to the uniform thickness of the NPLs. Now, we consider the strong red shift of the (HH,e) exciton 
state in the absorption spectrum of the quantum rings with respect to the NPLs. Experimentally, 
this red shift is 492 meV, while our muffin-tin calculation provides an energy shift of 407 meV. 
We remark that a slightly larger quantum ring (cylinder radius r of 1.9 instead of 1.6 nm) provides 
a red shift increasing to 567 meV, indicating that the cylinder radius is a critical factor in the red 
shift. In the evolution from platelets to rings, both the reduced (HH,e)–(LH,e) energy separation 
and the absolute red shift of these resonances can be explained in a consistent manner by the 
presented model.
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Figure 2.4 Muffin-tin calculations on the CdSe quantum ring system. (a) High-resolution HAADF-STEM 
image of a single quantum ring used as a model for the muffin-tin calculations. (b) Schematic model of a 
CdSe quantum ring from the top, indicating the dimensions of the quantum ring (radius R and cylindrical 
radius r). (c) Visualization of the squared amplitude of the lowest-energy (s-type) wave function, repre-
senting the heavy-hole–electron (HH,e) exciton state. The highest spatial probability is in the central 
part of the ring. Similar wave function maps are found for quantum rings in which the central CdSe 
membrane is still present (Figure S2.16). The muffin-tin calculations result in single-particle estimations 
for the energy levels of the heavy-hole and light-hole excitons, the energy difference between these 
resonances, and the spectral shift of these resonances in the evolution from an NPL to a ring (see text).
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2.4 Conclusion
By combining HAADF-STEM imaging with absorption and photoluminescence spectroscopy, 
we were able to follow the evolution of CdSe nanoplatelets to CdSe quantum rings. Our results 
show that atomic reconfigurations at the edges result in intermediate crystal shapes with thic-
kened rims, while the formation of a hole inside these nanocrystals occurs only at the end of the 
process at elevated temperatures. High-resolution HAADF-STEM images show how the cubic 
zinc blende crystal structure and facet termination can be in compliance with the ring shape. 
The quantum rings still display the (HH,e) and (LH,e) exciton resonances, albeit less separated in 
energy due to the reduced confinement. As CdSe rings are the first crystals in a topological class 
with genus 1, they might be of interest for fundamental studies of the optoelectronic properties 
in a magnetic field and perhaps form the basis for optical quantum sensors.
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2.6 Supplementary information
S2.6.1 Synthesis of CdSe quantum rings prepared at 160 °C

Figure S2.1 HAADF-STEM image of CdSe quantum rings prepared at 160 °C and annealed at 220 °C. 
The nanocrystals have a ring-like morphology with low intensity in the centre, indicative of a hole or 
remaining thin membrane.

S2.6.2 Standard synthesis of CdSe quantum rings prepared at 140 °C

Figure S2.2 Monitoring the transformation of CdSe NPLs into quantum rings at 140 °C with HAADF-STEM. 
CdSe NPLs and aliquots taken after the mixture reached 140 °C (0 min); and after 2, 4, 6, 8 and 10 min of 
the reaction at 140 °C. The final sample is obtained after annealing the sample at 220 °C. All scale bars 
are 10 nm.
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Figure S2.3 Surface area of the nanocrystals during transformation from CdSe NPLs into quantum rings 
at 140 °C, deduced from the corresponding HAADF-STEM images (Figure S2.2). At least 25 nanocrystals 
were measured for each data point, the error bars show the standard deviation in surface area. The 
results show a strong decrease in surface area due to the reconfiguration of CdSe units from lateral sides 
to the edges of the nanocrystal.

Figure S2.4 To determine the position of the (HH,e), (LH,e) and split-off hole-electron transitions, 
second-derivative analysis was performed on the absorption spectra from samples taken during the 
conversion of CdSe NPLs into quantum rings at 140 °C, depicted in Figure 2.1a of the main text. The 
dark green and light green marks correspond to the (HH,e) and (LH,e) transitions from the 4.5 ML thick 
CdSe NPL domains. At lower energies, the (HH,e) and (LH,e) features of the quantum rings are visible, 
shown by red and orange marks. The (split-off hole-electron) transitions are marked in blue.
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Figure S2.5 Further analysis on the absorption and photoluminescence spectra of the CdSe NPLs, 
aliquots and quantum rings prepared at 140 °C. The lowest (HH,e) absorption transition was deter-
mined from second-derivative analysis, see Figure S2.4. The photoluminescence emission was deter-
mined from Figure 2.1b, shown in the main text. The aliquots taken up to 4 min exhibit a significantly 
larger Stokes shift than aliquots taken at a later stage, probably due to the presence of relatively strong 
absorption at the low-energy side of the (HH,e) transition (see Figure 2.1a).

S2.6.3 Dual emission of CdSe quantum rings

We have observed dual emission in several samples of quantum rings that were prepared at 140 
°C and consequently annealed at 220 °C. To investigate the nature of these two emitting states, 
photoluminescence excitation (PLE) spectra (Figure S2.6) and photoluminescence emission 
spectra at low temperatures were recorded (Figures S2.7 and S2.8).

To reveal more information about the nature of the two emission bands from the quantum rings 
prepared at 140 °C, PLE spectra were measured at different positions in the emission spectrum, 
shown in Figure S2.6. Firstly, similar PLE spectra are obtained while recording the emission at 
the low-energy side of the low-energy peak (1.89 and 1.97 eV) and on top of the low-energy peak 
(2.07 eV). Features identical to the absorption spectrum are observed: a strong absorption onset at 
2.1 eV and an absorption band with a low intensity around 2.7 eV. We attribute the relatively pro-
nounced feature around 2.7 eV to an exciton peak involving the higher exciton transitions and/or 
free carrier absorption.18 Secondly, PLE spectra recorded while monitoring the emission between 
the two peaks (2.14 eV) and on top of the high-energy peak (2.21 eV) show the absorption band 
at 2.7 eV more pronounced. Thirdly, the excitation spectrum recorded at the high-energy side of 
the high-energy peak (2.32 eV) is blueshifted in comparison to the PLE spectrum recorded on 
top of the high-energy peak (2.21 eV). This is caused by probing the smallest quantum rings (with 
the largest bandgap) in the ensemble, the fraction which emits at the highest energy.

As large nanocrystals can reabsorb the emission of smaller nanocrystals, features in excitation 
spectra recorded at the red side of the emission become broadened, see also the Supporting Infor-
mation in ref 22. This is in contrast to spectra recorded at the blue side of the emission, as solely 
nanocrystals with the smallest size (and thus the largest band gap) are selected. Therefore, the 
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Figure S2.6 Photoluminescence excitation spectra of CdSe quantum rings prepared at 140 °C monitored 
at different emission energies, together with the corresponding absorption and emission spectra.
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Photoluminescence emission spectra were performed at varying temperature on a sample that 
exhibits dual emission (nanocrystals depicted in Figure 2.1), the results are shown in Figure S2.7 
and S2.8. Upon cooling down the sample from 290 to 100 K, the high energy band at 2.18 eV 
completely disappears in favour of the lower energy band at 2.06 eV (Figure S2.7a). Interestingly, 
the photoluminescence of the high energy band fully recovers upon heating back to 290 K whe-
reas the low energy band loses intensity (Figure S2.8a).
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Figure S2.7 Dual emission of quantum rings, prepared at 140 °C and annealed at 220 °C, studied as 
a function of the temperature while cooling down the sample to cryogenic temperatures. The data is 
shown unnormalized (a) and normalized at the low-energy emission band (b). The sample was excited 
at 3.1 eV.

PLE spectra recorded at the red side of the emission spectrum are more broadened than the PLE 
spectra recorded at the blue side.
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Figure S2.8 Dual emission of quantum rings, prepared at 140 °C and annealed at 220 °C, studied as 
a function of the temperature while heating up the sample. The data is shown unnormalized (a) and 
normalized at the low-energy emission band (b). The sample was excited at 3.10 eV.
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As the relative population of energy states is given by e
−ΔE12
kBT , one would expect a ratio of the low-

energy to the high-energy peak of 1:0.008 at 290 K (∆E12 = 120 meV and kBT = 8.617∙10-2 meV/K 
∙ 298 K = 25.7 meV). However, this is significantly different from the 1:0.5 ratio which we observe 
(Figure S2.7b). Nevertheless, we observe that the emission bands are in thermal communication. 
Just after resonant excitation, both the higher and lower state can be populated, resulting in two 
emission peaks. At longer times, the states can become more and more in thermal equilibrium. 
The respective emission intensities and decay kinetic depend in a complex way on (1) the energy 
difference between the states, (2) the radiative and non-radiative decay dynamics of each of these 
states and (3) their contact with other decay paths. At room temperature, the emission peak at 
lowest energy (2.06 eV) is close to the (HH,e) absorption peak at 2.11 eV and indicative for the 
(HH,e) transition, while the high-energy peak (2.18 eV) is clearly from a higher-energy transi-
tion.

In conclusion, the minor differences between the PLE spectra recorded at the low-energy and 
high-energy peak suggest that the dual emission is originated by a single type of quantum rings. 
If multiple types of nanocrystals would be present, one would expect significantly different PLE 
spectra at the different positions, which is not the case. This is supported by the temperature-de-
pendent photoluminescence, as the high-energy emission peak completely disappears in favour 
of the low-energy emission peak during cooling down.
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Figure S2.9 Monitoring the transformation of CdSe NPLs into quantum rings at 155 °C with HAADF-STEM. 
CdSe NPLs and aliquots taken after the mixture reached 155 °C (0 min); and after 2, 4, 6, 8 and 10 min of 
the reaction at 155 °C. The final sample is obtained after annealing the sample at 220 °C. All scale bars 
are 10 nm.

Figure S2.10 Surface area of the nanocrystals during transformation from CdSe NPLs into quantum 
rings at 155 °C, deduced from the corresponding HAADF-STEM images (Figure S2.9). At least 25 
nanocrystals were measured for each data point. The error bars show the standard deviation in surface 
area. The results show a decrease in surface area due to the reconfiguration of CdSe units at the edges 
of the NCs.

S2.6.4 Standard synthesis of CdSe quantum rings prepared at 155 °C
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Figure S2.11 To determine the position of the (HH,e), (LH,e) and split-off hole-electron transitions, 
second-derivative analysis was performed on the absorption spectra from samples taken during the 
conversion of CdSe NPLs into quantum rings at 155 °C, depicted in Figure 2.2a of the main text. The 
dark green and light green marks correspond to the (HH,e) and (LH,e) transitions from the 4.5 ML thick 
CdSe NPL domains. At lower energies, the (HH,e) and (LH,e) features of the quantum rings are visible, 
shown by red and orange marks. The split-off hole-electron transitions are marked in blue.

Figure S2.12 Further analysis on the absorption and photoluminescence spectra of the CdSe NPLs, 
aliquots and quantum rings prepared at 155 °C. The lowest (HH,e) absorption transition was deter-
mined from second-derivative analysis, see Figure S2.11. The photoluminescence emission was deter-
mined from Figure 2.2b, shown in the main text. The aliquots taken up to 2 min exhibit a significantly 
larger Stokes shift than aliquots taken at a later stage, probably due to the presence of relatively strong 
absorption at the low-energy side of the (HH,e) transition (see Figure 2.2a).
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Figure S2.14 Comparison of images obtained with BF-TEM (left) and HAADF-STEM (right) of a sample 
with intentionally mixed CdSe NPLs and quantum rings prepared at 140 °C. Additional contrast arising 
from the polymer layer in BF-TEM from the TEM grid makes accurate determination of the thickness and 
analysis of partial/full perforation of the CdSe quantum rings impossible. As the contrast in HAADF-STEM 
arises by Z-contrast, the background is completely absent, which makes the holes in the quantum rings 
clearly visible. All scale bars are 10 nm.

Figure S2.13 High resolution HAADF-STEM images showing the morphology and crystallinity of an 
aliquot taken after heating at 155 °C for 6 min (left), and a final sample of CdSe quantum rings heated 
for 10 min and annealing at 220 °C (right). The aliquot shows a poor crystallinity in the quantum rings at 
an intermediate conversion stage. However, annealing the CdSe quantum rings in TBP at 220 °C results 
in the presence of a crystalline zinc blende lattice.

S2.6.5 High resolution HAADF-STEM images of an aliquot taken after 6 
min and product of CdSe quantum rings prepared at 155 °C

S2.6.6 TEM and HAADF-STEM images of CdSe NPLs and CdSe quantum 
rings prepared at 140 °C
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Figure S2.15 High resolution HAADF-STEM images showing CdSe quantum rings that are oriented 
edge-up, prepared at 155 °C.

S2.6.7 High resolution HAADF-STEM images of edge-up CdSe quantum 
rings prepared at 155 °C
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S2.6.8 Muffin-tin calculations of 4.5 ML thick CdSe NPLs, CdSe quantum 
rings and CdSe quantum rings with a membrane
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(a) (b)NPL heavy hole - 0.977 eV NPL light hole - 1.129 eV

(c) (d)Quantum ring heavy hole - 0.570 eV Quantum ring light hole - 0.675 eV
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Figure S2.16 Local density of states obtained from muffin-tin calculations for (HH,e) and (LH,e) transition 
states in 4.5 ML thick CdSe NPLs (a, b), quantum rings (c, d), and quantum rings with a membrane (e, 
f ). The 4.5 ML CdSe NPLs were approximated as a cuboid of 1.3 x 10 x 10 nm3. The quantum rings were 
approximated as toroidal particles with R = 3.6 nm and r = 1.6 nm. For simulated quantum rings with 
membrane, a membrane thickness of 1.3 nm was used.
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Stimulated emission through an 
electron-hole plasma in colloidal 
CdSe quantum rings

Colloidal CdSe quantum rings (QRs) are a recently developed class of nanoma-
terials with a unique topology. In nanocrystals with more common shapes, such 
as dots and platelets, the photo-physics is consistently dominated by strongly 
bound electron-hole pairs, so-called excitons, regardless of the charge carrier 
density. Here, we show that charge carriers in QRs condense into a hot uncor-
related plasma state at high density. Through strong band gap renormalization, 
this plasma state is able to produce broadband and sizable optical gain. The gain 
is limited by a second order, yet radiative, recombination process and the buildup 
is counteracted by a charge cooling bottleneck. Our results show that weakly con-
fined QRs offer a unique system to study uncorrelated electron-hole dynamics in 
nanoscale materials.

Chapter 3
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3.1 Introduction
In the past decades, Cd-based nanocrystals with variable degrees of confinement have been deve-
loped through colloidal synthesis procedures.1, 2 The ability to tune the nanocrystal shape has led 
to materials with remarkable optical properties. Nanoplatelets, for example, show anisotropic 
emission,3 giant modal gain coefficients4, 5 and record low gain thresholds6 due to the presence of 
excitons, electron-hole pairs bound by strong Coulomb attractions, that are stable even at high 
densities.7 All of these shapes are however topologically equivalent with a genus of zero. An inte-
resting new topology with a genus of one for Cd-based nanocrystals was put forward by Fedin 
et al. who synthesized toroidally shaped CdSe nanocrystals, also called quantum rings (QRs).8 
Starting from CdSe nanoplatelets, a thermochemical reconfiguration in the presence of selenium 
(Se) resulted in the formation of thin toroids (Chapter 2).8, 9 The few optical studies on QRs 
have thus far been performed in the regime of a single electron-hole pair per ring, where likely 
excitons are the dominant charge species. Even in this regime the QRs already display interesting 
properties such as broken rotational symmetry.10 A single study on ultrafast timescales indicated 
strong coupling of single electron-hole pairs to surface defects and fast charge trapping.11 To date 
however, nothing is known on the nature of elementary excitations in QRs at increasing pair 
density. As a consequence, various interesting high density effects remain unexplored, such as 
exciton-unbound charge carrier balances,5, 7, 12 multi-carrier recombination mechanisms,13 car-
rier cooling7, 14, 15 or potential stimulated emission.4, 16, 17

In this work, we combine femtosecond transient absorbance and photoluminescence spectro-
scopy to study the photo-physics of high quality CdSe QRs over a full range of densities, i.e. 
from single up to 35 excitations per QR. First off, we show that the used QR synthesis leads to 
limited ultrafast carrier trapping and pristine fast hole cooling at low carrier density, providing an 
intrinsic testbed to explore QR properties. Next, we show that the dominant species at increasing 
carrier densities are unbound electron-hole pairs condensed into a plasma state which give rise 
to a sizable optical gain window. The latter is strongly red-shifted from the absorption spec-
trum due to band gap renormalization and remains broadband due to the absence of residual 
exciton absorption lines. In the QRs studied here, recombination at increasing carrier density is 
dominated by a cooling bottleneck at early times, followed by a fast, but radiative, second order 
recombination.

3.2 Results
Figure 3.1a shows an electron microscopy image (HAADF-STEM) of the quantum rings (QRs) 
which were synthesized using a modified procedure from Fedin et al.,8 where the QRs are 
obtained starting from CdSe 4.5 monolayer (ML) nanoplatelets, see Section S3.5.1.9 As shown 
in the schematic of Figure 3.1a, the geometry of our QRs is best described as a single torus with 
outer dimensions Lx = 12.7 ± 6.0 nm, Ly = 10.3 ± 3.1 nm and an average in-plane width w = 3.7 ± 
0.9 nm. The thickness in the direction orthogonal to the ring plane amounts to Ly = 2.8 ± 0.6 nm, 
which equates nearly 8.5 ML of CdSe.1, 18

Considering their complex shape, we first performed a numerical calculation to analyse the die-
lectric response of the QRs to an external electric field. For this, we use our method based on the 
quasi-static field approximation,19, 20 see Section S3.5.2. In Figure 3.1b we report the distribution 
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of the local field factor, the ratio between the external and internal field, inside the ring for the 
in-plane (x,y) and perpendicular (z) directions. Taking the integral of the local field distribution 
over the ring volume, we finally obtain that the linear intrinsic absorption coefficient μi,0 at 309 
nm amounts to 3.0 · 105 cm-1, which allows us to normalize (gain) spectra further on and calculate 
the number of absorbed photons per QR (⟨N⟩) accurately.21

In Figure 3.1c, we report the full absorption spectrum which resembles that of 2D semicon-
ductors with a staircase profile towards higher energy.1, 18 The band gap absorbance consists of a 
broad peak at ~1.9 eV,17 associated with heavy (HH) and light hole (LH) transitions and a second 
feature at higher energy which we assign to transitions from the split-off valence band (SO) to 
the conduction band. Next, we proceed with a quantitative decomposition in Figure 3.1c using 
a series of step functions, describing free carrier absorption from a 2D continuum of states (C, 
dashed lines), and the associated exciton absorption peaks (X, solid lines).9 Notably, the exciton 
position energies, HH-LH splitting and SO-CB transition extracted from the fit line up with 
the values reported for weakly confined NPLs thicker than 8.5 ML (2.3 nm), see also Section 
S3.5.2.18, 22 Finally, we extract the exciton binding energy ΔHH as 107 ± 1 meV, matching the trend 
for decreasing exciton binding energy for increasing thickness.23 Based on both the model and 
geometrical description of the QRs, we can state that charges are only weakly confined in every 
direction for the QRs under study.

To study the charge carrier dynamics, we employ two ultrafast optical methods: transient 
absorption (TA) and femtosecond photoluminescence (fPL) spectroscopy. In both methods, a 
110 fs pulse excites a colloidal dispersion of QRs. Next, a broadband scheme measures either the 
change in absorption ΔA = A - A0 due to the pump (TA), or the intensity of the luminescence 
(fPL).24 We performed TA experiments pumping at 400, 510 and 625 nm adjusting ⟨N⟩ experi-
mentally up to nearly 35. The fPL experiments were carried out pumping at 515 nm, in a similar 
range of ⟨N⟩.

Figure 3.1d shows the result of a typical TA experiment, i.e. a time-wavelength map of the diffe-
rential absorbance ΔA(λ,t), for excitation at 510 nm using a photon flux that creates ⟨N⟩ = 13.8 
electron-hole pairs per QR. Two distinct bleach bands (ΔA < 0) are observed around the SO/CB 
transition at 509 nm and around the band gap region at 620 nm. Pumping at 510 nm creates initi-
ally a hot hole in the SO valence band level and an electron in the lowest CB level, see inset Figure 
3.1c. Focusing further on the band gap region at 620 nm, we observe a broadening at early times 
toward shorter wavelengths, which is absent at low pump power. At longer wavelengths (650  
- 700 nm), a strong photo-induced absorption (PA,  ΔA > 0, white area), gives way to a broad 
bleach region below the band gap after ca. 1 ps. When comparing this to the linear absorption 
A0, there is a region where ΔA exceeds A0, giving rise to a net negative absorbance A = ΔA + A0 
< 0 or optical gain. The time-wavelength region where this occurs is strongly red-shifted from 
the band gap transition and indicated by the black solid contour line in Figure 3.1d. Figure 3.1e 
shows the result of the fPL experiment, where the luminescence is collected on similar time-wa-
velength scale and carrier density (⟨N⟩ = 18.5) as for TA. It reveals similar timescales to TA and 
a broadening towards longer and shorter wavelengths compared to the steady-state PL (black, 
Figure 3.1e).
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Figure 3.1 Overview of CdSe Quantum Rings. (a) HAADF-STEM imaging of the quantum rings (QRs) 
used in this work and schematic depiction of a single QR with average outer in-plane dimensions Lx 
= 12.7 nm, Ly = 10.3 nm and thickness Lz = 2.8 nm. (b) Numerical calculation of the distribution of the 
squared local field factor f2 in a CdSe QR for the external electric field (blue arrows) aligned along the 
in-plane x - (left) and y - (middle) directions and the out-of-plane z - (right) direction. (c) Deconvolution 
of the (intrinsic) linear absorption spectrum μi,0, using heavy-hole (HH, black), light-hole (LH, red) and 
spin-orbit split-off (SO, blue) exciton bands (solid), combined with free carrier contributions (dashed). 
A scheme of the ensuing optical transitions is shown in the inset. The binding energy ΔHH of the HH 
exciton is extracted from this fit as 107 ± 1 meV. (d) Transient absorption map ΔA after excitation at 510 
nm (2.4 eV) creating an average number of electron-hole pairs ⟨N⟩ = 13.8. The distinct optical transi-
tions identified in Figure 3.1c are indicated by the vertical white dashed lines. The black contour line 
indicates the time-wavelength range where the bleach ΔA = A – A0 exceeds the linear absorption A0, 
thereby giving rise to net optical gain (A < 0, gi > 0, see main text). (e) False color map of the PL under 
similar excitation conditions (⟨N⟩ = 18.5) as (d). The black trace indicates the steady-state photolumines-
cence spectrum which is centered at 627 nm.
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To analyse optical gain development in more detail, we will use the absorbance A(λ,t) = ΔA + 
A0, which we normalize to represent the intrinsic absorption μi(λ,t). First, we study the spectral 
dependence and threshold behavior by using spectral slices at a fixed delay of 3 ps. Figure 3.2a 
shows the result for increasing occupation ⟨N⟩. We observe a strong bleach at the band gap tran-
sition, eventually giving way to net optical gain μi < 0. The full collapse, and even inversion, of 
the lowest optical transition band upon strong excitation is remarkable since it is not observed 
in the parent CdSe nanoplatelets.5, 7 Figure 3.2b shows the material gain gi(λ) = -μi(λ) at 3 ps. 
The spectrum is initially confined to the region > 650 nm, where almost no linear absorption 
(dashed black line, Figure 3.2b) is present, only to blueshift towards 600 nm with a concomitant 
increase in magnitude, peaking at ca. 6000 cm-1. Having normalized to obtain the material gain, 
we can compare these numbers to other reports such as CdSe QDs (< 3000 cm-1)25 and CdSe 
nanoplatelets (> 15000 cm-1).5, 7

To evaluate the gain threshold, we plot in Figure 3.2c (bottom) the material gain at 660 nm for 
increasing electron-hole pair density ⟨N⟩, both for pumping resonant with the HH/LH ‒ CB (625 
nm, red) and SO ‒ CB (510 nm, green) transitions, as well as for a scenario of hot excitation (400 
nm, blue). For increasing density, we observe a crossover to net gain which occurs at ⟨N⟩ = 2.4, 3.5 
and 5.3 for 625, 510 and 400 nm pump wavelength respectively. The horizontal grey line in Figure 
3.2c (bottom) indicates the linear intrinsic absorption coefficient at 660 nm which is exceeded by 
a factor of 2, indicating strong spectral shifts.25

We finally proceed to study the gain lifetime τG, defined as the time window for which gi(t) 
remains positive. Figure 3.2c (top) shows that τG is fluence dependent, yet independent of the 
initial pump wavelength. The gain lifetime reaches up to 160 ps, on par with reports on core-only 
CdSe quantum wells,5 yet shorter than record lifetimes for core/shell architectures such as CdSe/
CdS quantum dots or wells.6, 25, 26 Remarkably, no saturation of the gain lifetime is observed, sug-
gesting that τG could further increase at higher fluence. The question remains as to whether this 
lifetime is capped by radiative or non-radiative processes, a point we will discuss below. Figure 
3.2d shows slices of the fPL experiments at 3 ps for increasing ⟨N⟩ over a range similar to the TA 
experiments. We observe a strong asymmetric broadening of the PL relative to the steady-state 
(vertical grey line), showing a progressive increase of the signal at short wavelengths (blue) and a 
moderate increase with clear saturation at longer ones (red). 

Both the TA and fPL experiments show remarkable blue and redshifts of the bleach and lumines-
cence spectra. Combined with this, we observe a full inversion of the absorption spectrum into 
a continuous and broad gain spectrum which is not observed in highly excitonic 2D materials.7 
To understand these effects, and their impact on optical gain, we should first consider how net 
stimulated emission could develop in weakly confined semiconductors. A first and distinctively 
exciton-mediated mechanism was recently unveiled for CdSe nanoplatelets.5 In this model, the 
fusion of mobile and weakly confined 2D excitons to energetically favourable (bi-excitonic) 
molecules gives rise to net stimulated emission along the molecule-to-exciton recombination 
pathway. A hallmark for this mechanism is the formation of molecules with well-defined total 
angular momentum.5 Experimentally, a circularly polarized pump-probe sequence σ+σ+ should 
generate unbound molecules with total angular momentum F = 2, whereas σ+σ- is set to create a 
bound singlet molecule state (F = 0) by photon absorption from a single exciton state. Since pos-
sible molecule states are stabilized with a binding energy ΔM relative to the single exciton states, 
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Figure 3.2 Gain spectroscopy of quantum rings. (a) Slices of the non-linear intrinsic absorption μi at 3 
ps after excitation with 510 nm. The carrier density is expressed as ⟨N⟩. Note the collapse of the band 
edge absorption feature at 625 nm (vertical arrow) and the occurrence of net optical gain μi < 0 beyond 
600 nm. (b) Material gain gi extracted from (a). The dashed line represents μi,0 for reference. (c) Material 
gain gi (bottom) and gain lifetime τg (top) at 660 nm for increasing pair density and varying excitation 
wavelength: 400 nm, 510 and 625 nm. The horizontal dashed grey line represents the value of μi,0 at 660 
nm. (d) Photoluminescence spectra for similar excitation conditions as (a). A clear non-linear increase at 
the low energy (red shaded) and high energy side (blue shaded) is observed. (e) Gain models and expla-
nation of the photo-induced absorption in the exciton (top) and free charge carrier model (bottom). 
Dashed red bands indicate the red-shifted renormalized band gap Eg,r relative to the linear gap Eg,0 (black 
dashed bands). (f ) Polarization resolved pump-probe spectroscopy using circularly polarized pump (σ+) 
and probe (σ+ (green dashed)/σ- (black)) sequences. Dashed vertical lines indicate the position of the 
ground state-exciton transition bleach (0 → X, red) and expected induced exciton-molecule transition 
(X → M, blue).
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one expects an induced absorption at a probe photon energy Ex - ΔM for the σ+σ- sequence, and 
the absence thereof in the σ+σ+ sequence (Figure 3.2e top). Figure 3.2f shows the result at 3 ps for 
such an experiment where the QRs were excited with polarization sequences as explained above. 
No difference is observed between the two pump-probe experiments, indicating that stable mole-
cules cannot be formed in our QRs, thereby ruling out the excitonic gain mechanism.
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A second mechanism for developing net gain is that found in many epitaxial quantum wells 
where charge-carriers condense into an uncorrelated plasma-like state, leading to population 
inversion and net stimulated emission across the band gap, see Figure 3.2e (bottom). The pre-
sence of a plasma state in 2D semiconductors normally leads to a redshift of the single particle 
gap, called band gap renormalization (BGR).27-29 The latter shifts the gain window towards lower 
energies, exactly what is observed in Figure 3.2b. Further proof of a plasma state can be found in 
its peculiar dynamics at both early times and at later times. Before we continue to the high density 
regime, we first assess the quality and intrinsic nature of the QRs through the single charge pair 
dynamics.

Figure 3.3a shows the normalized TA traces probing the HH/LH-CB (dashed) and SO-CB (solid) 
transitions after excitation into the SO-CB (510 nm) manifold, hence creating a hot hole and a 
cold electron. Any discrepancy between both probe wavelengths would indicate hole dynamics, 
whereas common dynamics are to be linked to electrons.30 At early times, we observe a common 
fast ingrowth scale, indicative of fast occupation of the CB state by an electron. The slower, 300 
± 15 fs ingrowth on HH/LH (dashed) and decay on SO (solid) indicates efficient hole cooling 
between SO and HH/LH, see also Section S3.5.3. 

Normalizing after 2 ps, Figure 3.3b shows that all traces line up indicating a loss of the common 
charge, i.e. electrons. As highlighted by the shaded region, we can identify two lifetimes to the 
signal decay, a fast, but fluence independent, scale spanning a time-window of ca. 25 ps, followed 
by a slower channel that accounts for over 70% of the initial population. Notably, a similar set of 
observations was made by Xiao et al. which observed a substantially faster short lifetime (ca. 6 ps) 
and sizably larger weight of the short-lived component.11 The moderate trapping, both in relative 
weight and timescale, in our QRs indicate their excellent surface passivation. The second regime, 
extending beyond 25 ps, shows a fluence dependent lifetime, a point we will come back to further.
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Figure 3.3 Dynamics of single electron-hole pairs in CdSe QRs. (a) Normalized ΔA traces probed at the 
HH/LH - CB transition (dashed) and the SO/CB transition (solid) after excitation at the SO/CB (510 nm) 
creating ⟨N⟩ = 0.5. A double exponential fit (dotted red) reveals fast single hole cooling (300 fs) from 
the SO to the HH/LH level(s). (b) Normalized ΔA kinetics at longer time delays, with a log-scale for the 
time axis, probed at the HH/LH-CB and SO-CB transitions indicating that after initial fast hole cooling 
a common electron trap depletes the conduction band on a 25 ps timescale (grey shaded area). The 
weight of this component is however limited to 30 % of the total decay.
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Next, we can proceed to understand what happens at increasing density. Looking back at Figure 
3.1e and 3.2d, we observe strong luminescence blue-shifted from the steady-state PL spectrum 
in the first 10 ps time window, which indicates that charge carriers occupy a continuous band of 
high lying energy levels.

It is well established that the slope of the luminescence at high photon energy can be descri-
bed using a Boltzmann tail e−E/Teff ,31-33 with Teff as the effective carrier temperature. Using this 
approach, Figure 3.4a shows a progressive increase of Teff with ⟨N⟩. In the same way, we can 
extract the cooling curves T(t) for increasing ⟨N⟩ from the change of the fPL slope as a function of 
time. As shown in Figure 3.4b, at low density, the carrier temperature drops mono-exponentially 
on a sub-picosecond timescale (τ0 = 270 ± 30 fs), matching the hole cooling kinetics reported 
in Figure 3.3a. However, at increased pair densities, the temperature increases at early times 
and remains overheated until nearly 100 ps. A qualitative bi-exponential fit to the cooling curve 
at ⟨N⟩ = 1.9 (⟨N⟩ = 3.9) reveals an additional component τ1 = 7 ± 1 ps (τ1 = 21 ± 2 ps), see Sec-
tion S3.5.3.9. Charge cooling in polar semiconductors such as CdSe takes place by rapid optical 
phonon emission. However, it is exactly this rapid phonon emission which could overheat the 
phonon modes at high carrier density leading to a lingering effective high carrier temperature 
Teff. To be more quantiative, we extract the average time required to emit a phonon τph from the 
slope of the cooling curves T(t),34 see Section S3.5.3.10. As shown in Figure 3.4c, at low density 
τph is essentially constant around 50 fs, matching with a theoretical estimate for CdSe, see Section 
S3.5.3.10. At higher electron-hole pairs density, τph markedly increases to nearly 10 ps. Similar 
observations were made on various polar semiconductors such as perovskites35, 36 and in various 
topologies of Cd-chalcogenides.7, 14, 15, 37 We note that the measured high carrier temperatures are 
incompatible with thermal stability of excitons or biexcitons, again point towards a plasma state.

After few tens of ps, the charge cooling is complete, and the limited linear electron trapping (25 
ps) is finished. Beyond this timeframe, we observe that the recombination is dependent on the 
pump fluence, see Figure 3.4d. In general, carrier recombination can be modelled using a mixed 
first/second order process: −dndt = k1n + k2n

2 ≈ k2n2.

However, in the range beyond 25 ps, the (electron) trapping processes summarized by k1 can be 
neglected. As shown in Figure 3.4d, a fit with k2 as a global parameter matches the ΔA traces 
for ⟨N⟩ between 0.5 and 6.9. The fit yields a second order recombination rate k2 = (7.7 ± 0.1)·10-3 
cm2∙s-1, which is in line with various reports.38-40 However, it exceeds those values found for thin-
ner 4.5 ML CdSe NPLs by an order of magnitude (k2 = 0.13∙10-3, 0.97∙10-3 cm2∙s-1),7, 41 most likely 
because the process considered here for unbound charge carriers entices a radiative electron-hole 
recombination process, which contrasts more efficient Auger-type exciton-exciton annihilation. 
Our analysis implies that the limited gain lifetime is hence not due to non-radiative losses but due 
to fast radiative recombination, an important difference with e.g. nanoplatelets or quantum dots, 
and a feat also observed in weakly confined perovskites.35, 42 From k2, we can calculate a density 
dependent two-body recombination time τ2 =

1
k2n0

 (Figure 3.4d) which varies between 0.1 and 
1 ns.
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Figure 3.4 Dynamics of electron-hole pairs at high density. (a) fPL spectra at 3 ps plotted on an energy 
scale for excitation at 515 nm (2.4 eV) at increasing pair density ⟨N⟩. Solid lines indicate the single 
exponential Boltzmann fit used to extract the carrier temperature from the high-energy side of the fPL 
spectra. (b) Extracted effective carrier temperature from the slope of the spectra in (a) for ⟨N⟩ = 0.7, 1.9 
and 3.9. Bi-exponential fits (dashed lines) are discussed in the main text. (c) LO-phonon emission time 
extracted from the cooling curves in (b) as a function of the effective carrier temperature. The dashed 
black line represents the expected theoretical value for electron-LO phonon scattering. (d) Decay of ΔA 
integrated across the HH/LH – CB bleach fitted with a second order recombination model (red lines) 
for ⟨N⟩ between 0.5 and 6.9. The inset represents the two-body recombination time constant τ2 =

1
k2n0
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3.3 Conclusion
To conclude, we obtained a set of intrinsic observations on QRs which point towards a situa-
tion where not excitons, but a hot plasma state is present giving rise to peculiar photo-physics, 
unexpected for the case of a confined 2D material. Both the full exciton saturation and inversion, 
absence of polarization resolved transitions and the high carrier temperatures make exciton-ba-
sed gain unlikely. Clearly, the reduced confinement in the out-of-plane direction compared to 
thin nanoplatelets, combined with strong carrier-carrier interactions evidenced by strong band 
gap renormalization and comparatively fast radiative bimolecular recombination, strongly 
reduces the excitonic nature of the fundamental excitations in QRs. We did not observe any 
correlation between the QR’s unique g = 1 topology and the ultrafast phenomena discussed here 
which could be due to limited rotational symmetry, as observed similarly by Hartmann et al.,10 
or carrier localization at room temperature.43 Overall, CdSe QRs at room temperature behave 
more as classical quantum wells, providing a unique platform to study unbound charge carriers 
in colloidal materials.
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3.5 Supplementary information
S3.5.1 Synthetic methods and structural analysis

S3.5.1.1 Synthesis
Chemicals
1-Butanol (BuOH, anhydrous 99.8 %), cadmium acetate (Cd(OAc)2, 99.995 %), cadmium ace-
tate dihydrate (Cd(OAc)2·2H2O, 98.0 %), cadmium nitrate tetrahydrate (Cd(NO3)·4H2O, 98 %), 
n-hexane (anhydrous, 95 %), methanol (MeOH, anhydrous 99.8 %), 1-octadecene (ODE, 90 %), 
oleic acid (OA, 90 %) and sodium myristate (NaMyr, 99 %) were purchased from Sigma-Aldrich. 
Methanol (MeOH, GPR Rectapur 99.5 %) and selenium (Se, 200 mesh) were purchased from 
VWR and Strem chemicals, respectively.

Cadmium myristate precursor
1.23 g (3.99 mmol) Cd(NO3)2·H2O was in 40 mL MeOH dissolved while stirring. In a separate 
beaker glass, 3.13 g (12.5 mmol) NaMyr was dissolved in 250 mL MeOH. After complete disso-
lution of both salts, the cadmium containing solution was slowly added to the myristate solution. 
The Cd(Myr)2 appears as a white precipitate and was filtered using a Büchner funnel, thoroughly 
washed with MeOH and dried overnight.

CdSe nanoplatelets
The 4.5 ML thick CdSe nanoplatelets with a square shape were prepared in a glovebox following 
the synthesis procedure of Bertrand et al. with some minor modifications.44 In a 50 mL three-
neck flask, 170 mg Cd(Myr)2 and 12 mg elemental Se were added to 15 mL ODE. This mixture 
was heated to 240 °C while quickly adding the acetate mixture (50/50 mol % of Cd(OAc)2·2H2O/
Cd(OAc)2) upon reaching 195 °C. The particles were consequently grown at 240 °C for 5 min 
after which the mixture was quenched with 14 mL hexane and 1 mL OA was added at 95 °C. After 
the solution was cooled down to room temperature, the samples were washed with a 2:1 ratio of 
BuOH:MeOH and centrifuged for 10 min at 3000 RPM and dispersed in hexane. The required 
4.5 ML thick CdSe NPLs were separated by size selective precipitation from thinner 3.5 ML NPLs 
and quantum dots (QDs) with a 2:1 BuOH:MeOH mixture.

CdSe Quantum Rings
CdSe NPLs were converted into quantum rings via the previously reported procedure of Fedin 
et al.8 with minor modifications.9 Elemental selenium was dispersed in oleylamine to yield a 
concentration of 7.9 mg Se/mL OLAM. 1 mL of CdSe NPLs* was added to 3 mL ODE in an 8 mL 
reaction vial or round-bottom flask, together with 200 µL of the Se-OLAM dilution. The mixture 
was heated to 80 °C for 10 min to allow the hexane to evaporate. Then, the temperature was 
increased to 155 °C and maintained at this temperature for 10 min, after which 200 µL of TBP was 
added and quickly heated to 220 °C. After reaching this temperature, the mixture was allowed to 
cool down naturally. Finally, the mixture was washed once with a 1:2 solution of MeOH:BuOH 
and redispersed in hexane for further characterization.

 *The concentration of the 4.5 ML thick NPLs was estimated from the obtained UV/VIS absorption 
spectrum. The 1 mL NPLs was equivalent to an absorbance of 0.2 at the first exciton transition in 
a 1 cm cuvette after diluting 300 times.
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Structural analysis
The HAADF-STEM images were obtained at a Talos F200X electron microscope, operating at 
200 kV.

S3.5.1.2 Sizing of colloidal CdSe quantum rings
We determined the dimensions of the CdSe quantum rings used in this study analysing the elec-
tron microscopy images (HAADF-STEM) shown in Figure S3.1a-b. Correspondingly, in Figure 
3.1c-d we report the histograms of the outer dimensions of the rings in the x, y directions (Lx, 
Ly) and the width (w) of the quantum rings. From the analysis of 136 particles, we obtain average 
outer dimensions Lx = 12.7 ± 6.0 nm, Ly = 10.0 ± 3.1 nm and average in-plane width w = 3.7 ± 
0.9 nm, see also the scheme in Figure 3.1a and S3.2. To obtain the thickness of the QRs, several 
attempts were made to orientate the quantum rings with antisolvents (EtOH or a MeOH/BuOH 
mixture) edge-up, similarly to earlier reports on CdSe NPLs.45 Unfortunately, we did not observe 
any stacks of quantum rings, probably due to thickness differences within the particles. Therefore, 
the thickness of quantum rings was estimated from the contrast in HAADF-STEM imaging, as 
the observed contrast is linearly related to the thickness, in a similar manner as Figure 3b in 
our previous work.9 This was done by analysing the contrast of both quantum rings and 4.5 ML 
thick CdSe NPLs with a thickness of 1.3 nm.46 From the 76 quantum rings analysed, an average 
thickness of Lz = 2.8 ± 0.6 nm was found.

Volume and surface area calculation
To calculate the volume of the quantum rings we modify the expression of the volume of a torus. 
As sketched in Figure S3.2, defining R as the distance from the centre of the torus to the centre 
of the tube and r the radius of the tube, the volume of the torus is given by V = (πr2)(2πR) 
corresponding to the product of the area of the tube section and the perimeter of the circle with 
radius R.

Looking at the size analysis reported in Figure S3.1, the volume of the quantum rings can be best 
approximated as the product of the area of an ellipse representing the tube section and the perim-
eter of the ellipse described by the in-plane radii Rx and Ry, corresponding to the distances from 
the centre of the quantum rings and the centre of the tube in the x-y directions. The perimeter of 

an ellipse with semi-axis Rx and Ry is approximated by 2p = 2π

√
Rx

2 + Ry
2

2
.

We note that knowing Lx, Ly and the average in-plane width w, Rx, Ry can be written as Rx =
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Following the same arguments, we can calculate the surface area of the quantum rings as 
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Figure S3.1 Electron microscopy images (HAADF-STEM) (a)-(b), and statistical size analysis of the CdSe 
quantum rings (c)-(f ).

Figure S3.2 Schematic depiction of the in-plane section of (a) an ideal torus and (b) the elliptical torus 
approximating the geometry of a quantum rings.

S3.5.2 Linear optical properties

Absorption measurements were performed on a Perkin-Elmer Lambda 950 UV/vis spectrometer.

S3.5.2.1 Intrinsic absorption coefficient and cross section of CdSe quantum rings
We calculate the intrinsic absorption coefficient μi

0 of the quantum rings at 309 nm using two 
different approaches. We first approximate the quantum rings with a nanoplatelet with the same 
lateral dimensions and thickness and use a Lorentz local field theory combined with an effective 
medium Maxwell-Garnett approach. We then numerically calculate the local field factor distribu-
tion inside the ring with a method based on the quasistatic field approximation.

Nanoplatelet approximation
As shown by Achtstein et al.,46 colloidal nanoplatelets can be approximated as oblate ellipsoids 
having random orientation in the solvent medium with refractive index nm =

√
εm . We thus 
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Figure S3.3 Model geometry and meshing for the numerical calculation of the local field factor. (a) 
Quantum ring (left) and nanoplatelet (right) geometries enclosed in a cubic unit cell (half of the cube is 
removed for illustrative purposes). (b) Meshing for the cubic cell.

obtain μ0i (λ) =
2π

3λnm (λ)
(∣fx(λ) ∣2 + ∣fy(λ) ∣2 + ∣fz(λ) ∣2) εs,I (λ), where εS,I is the imaginary part

of the dielectric permettivity εS of bulk CdSe at λ, and fi the local field factor in the i = (x,y,z) 
direction defined as Fi (λ) =

1
1 + Li ( εs(λ)

εm(λ) − 1)
.

Considering (a,b,c) as half the lengths along (x,y,z), the depolarization factors Li can be written as 
Li = ∫

∞

0

abc
2 (s + c2)

3
2 (s + a2)

1
2 (s + b2)

1
2
ds.

We calculate the value of μi
0 at 309 nm using the permettivity of bulk CdSe (εS = 7.9 + 7.3i),47 since 

at high energy the intrinsic absorption coefficient of the nanoparticles is equal to that of their 
bulk counterpart. Considering the refractive index of n-hexane at 309 nm (nm = 1.405) and the 
outer dimensions of the quantum rings (12.7 nm, 10.3 nm, 2.9 nm), we find (Lx, Ly, Lz) = (0.13, 
0.17, 0.70) and (∣fx∣2, ∣fy∣2, ∣fz∣2) = (0.47, 0.38, 0.06) leading to μi

0(309 nm) =  3.15∙105 cm-1.

Numerical static field calculations of the local field factor of the quantum rings
To numerically calculate the absorption of CdSe nanocrystals, we apply our previously developed 
method based on the quasistatic field approximation.19, 20 The numerical simulations are per-
formed using the finite-element modelling software COMSOL Multiphysics 5.4 (Electrostatics 
module). We consider nanocrystals with two different geometries (quantum rings and nanoplate-
lets in Figure S3.3a) that are much smaller than the wavelength of the light (309 nm) and consist 
of an isotropic, homogeneous material with permittivity εS = 9 + 7.3i for CdSe. The dimensions of 
the particles are the same as mentioned in Section S3.5.1.2 (Lx = 12.7, Ly = 10.3, Lz = 2.9 nm and 
w = 3.7 nm) according to the HAADF-STEM analysis. The particles are embedded in a medium 
with permittivity εm = 1.97 corresponding to n-hexane. The potential problem ∇ (ε ⋅ ∇V) = 0 is 
solved within a cubic unit cell (Figure S3.3a), with boundary conditions that represent the exter-
nal field Eε. We apply Dirichlet boundary conditions at the two faces (one at +1V and one at -1V) 
of the cube that have their normal parallel to the external electric field, and Neumann boundary 
conditions at the remaining four interfaces that have their normal perpendicular to the electric 
field. The model is meshed using a built-in algorithm, that generates tetrahedral elements (Figure 
S3.3b) with maximum element size w/8 inside the particle and a maximum element growth rate 
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Figure S3.4 Calculated local field factors fx
2(r) (left),  fy

2(r) (middle) and fz
2(r) (right) for the oblate 

spheroidal nanoplatelet (see text).

of 1.3. The values fij(r) are found by dividing the ith component of the electric field inside the 
particle Ei(r) by the amplitude of the applied external field Ej.

This approach allows us to calculate the three square of local field factors fx
2(r),  fy

2(r) and fz
2(r) as 

shown in Figure 3.1 for the QRs and in Figure S3.4 for the oblate spheroidal nanoplatelet with 
semiaxes Lx

2
 = 6.35 nm, 

Ly
2

 = 5.15 nm and Lz
2

 = 1.45 nm.

By taking the volume integral of the local field factors, we obtain the volume-averaged local field 
factors ∣fx∣

2
, ∣fy∣

2
 and ∣fz∣

2
, which are proportional to the intrinisc absorption of the particles. The 

calculated values for the QRs are ∣fx∣
2
 = 0.45, ∣fy∣

2
 = 0.33 and ∣fz∣

2
 = 0.09. Notably, these values are 

comparable with the ones obtained for the nanoplatelets (∣fx∣2 = 0.47, ∣fy∣
2
 = 0.38 and ∣fz∣2 = 0.06). 

Moreover, our results show that the numerical calculation for the nanoplatelets is in excellent 
agreement with the analytical results obtained for the oblate spheroid using the effective medium 
approach.

Finally, using the numerical calculated volume-averaged local field factors (∣fx∣2, ∣fy∣2, ∣fz∣2) = 
(0.45, 0.33, 0.09), we calculated for the QRs  μi

0(309 nm) = 3.01∙105 cm-1. Once calculated μi
0(309 

nm), the intrinsic absorption spectrum is obtained by rescaling the absorption spectrum A0(λ) 

using μ0i (λ) = A0 (λ)
μ0i (309nm)
A0 (309nm)

.

The absorption cross section
Considering the volume of a single CdSe quantum ring V = 2.09∙10-19 cm3 and the intrin-
sic absorption coefficient μi

0, the absorption cross section at a given wavelength is defined as 
σi (λ) = μ0i (λ) ×V . From this expression we found:

σ309 nm = 3.01∙105 cm-1 · 2.09∙10-19 cm3 = 6.29∙10-14 cm2,

σ400 nm = 1.22∙105 cm-1 · 2.09∙10-19 cm3 = 2.54∙10-14 cm2,

σ510 nm = 0.66∙105 cm-1 · 2.09∙10-19 cm3 = 1.38∙10-14 cm2, and

σ510 nm = 0.40∙105 cm-1 · 2.09∙10-19 cm3 = 0.84∙10-14 cm2.
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Table S3.1 Parameters extracted from the fit of the linear intrinsic absorption spectrum of CdSe 
quantum rings, using a sum of exciton and free carrier absorbance for HH, LH and SO transitions.

HH LH SO
Ex (meV) 1973.8 ± 0.1 2044.2 ± 0.7 2422.1 ± 0.8
η (meV) 11.02 ± 0.01 11.73 ± 0.2 54.63 ± 0.07
γ (meV) 55.35 ± 0.04 43.82 ± 0.54 281.07 ± 0.58

ΔEb,X (meV) 108 ± 1 301 ± 1 410 ± 7
γC (meV) 33.44 ± 0.58 123.73 ± 1.80 250.62 ± 9.6

AC 7.05 ± 0.09 18.42 ± 0.84 16.29 ± 3.05
A (cm-1) 3844 ± 14 2098 ± 36 3065 ± 705

Figure S3.5 Intrinsic absorption coefficient spectrum (black) and respective fit (red).

S3.5.2.2 Deconvolution of the linear absorption spectrum
We model the linear absorption spectrum of the quantum rings by describing partially localized 
exciton absorption48, 49 and we use the parameters extracted from the fit to calculate relevant 
properties of excitons in these systems.

Fitting function
We fit the absorption spectrum of the CdSe quantum rings by considering weak exciton local-
ization by means of asymmetric broadening.5, 48, 49 The absorption spectrum is obtained as a 
superposition of exciton lines (p) and free carrier transitions (C): A (E) = pX (E) + C (E) where 
pX is the absorption line of an exciton with linewidth γ and asymmetric broadening η due to 
localization:

pX (E) =
1
2η
[erf(E − Ex

γ
− γ
2η
) + 1] exp( γ2

4η2
− E − Ex

η
) and C the absorption associated with

free carrier transitions: CX (E) =
AC

2
[erf(

(E − EX) − ΔEb,X
γC

)]. Here, Ex and ΔEb,x are the absolute 

exciton energy and the exciton binding energy, respectively. There-
fore, including the contribution of the heavy-hole (HH), light hole (LH) 
and split-off (SO) bands, the total absorption spectrum α can be written as: 
α (E) = AHH (pHH (E) + CHH (E)) +ALH (pLH (E) + CLH (E)) +ASO (pSO (E) + CSO (E)) with 
AHH, ALH and ASO the weight of the HH, LH and SO band respectively. The fit parameters are listed 
in Table S3.1 and the fit is shown in Figure S3.5.
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Figure S3.6 Decay of the PL intensity after excitation with a 400 nm pulsed laser diode at 1 MHz.

Using the exciton binding energy, we can calculate the Bohr radius of the HH exciton as 

aB =
h̵√

2mrΔEb,X
= 2.05 nm. The full occupation of a quantum ring of area S will occur at

 ⟨Nf⟩ =
S

πa2B
= 20.

S3.5.2.3 Determination of ⟨N⟩
The number of excitons per quantum rings ⟨N⟩ is calculated as the product of the photon flux Jph 
and the absorption cross section σ. Jph depends on the pump photon energy, the area of the pump 
beam, the pulse repetition rate and the power measured at the sample position. This combination 

yields the relationship as follows Jph =
P (mW)×10−3

Eph × 1.6 × 10−19
× 1
Abf

. In this relation, Eph is the photon 

energy in eV, f is the chopper frequency (500 Hz) and Ab is the beam area. The latter is determined 
using a Thorlabs CCD camera beam profiler as Ab = 2πσxσy, where σi  is the standard deviation in 
the (x, y) directions.

S3.5.2.4 Luminescence lifetime of CdSe quantum rings
In Figure S3.6 we report the PL intensity decay of the CdSe quantum rings dispersed in n-hexane 
after excitation with a 400 nm pulsed laser diode at 1 MHz. We fit the decay of the PL intensity 
with a triple exponential function: I (t) = I0 + I1e−

t
τ1 + I2e−

t
τ2 + I2e−

t
τ2 .50 The fit parameters are 

reported in Table S3.2.

Considering the multi-exponential character of the decay, we can define an average lifetime τavg 

as: τavg =
I1τ1 + I2τ2 + I3τ3

I1 + I2 + I3
 = 27.5 ns.

We assign this average lifetime to single exciton recombination in CdSe quantum rings. Com-
pared to core-only 3.5 and 4.5 ML CdSe NPLs, where the average lifetime is 3-6 ns,50, 51 and 8.5 
ML CdSe (10.8 ns),18 τavg is longer in QRs. Moreover, we point out that the time window analysed 
in the TA and fPL experiments amounts to only 2 ns, a value much smaller than the single exciton 
recombination time in quantum rings.
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Figure S3.7 (a) Transient absorption map ΔA after excitation at 510 nm creating an average number of 
electron-hole pairs ⟨N⟩ = 0.5. (b) Transient absorption map ΔA after excitation at 625 nm creating an 
average number of electron-hole pairs ⟨N⟩ = 0.4.

S3.5.3 Ultrafast spectroscopy

S3.5.3.1 Transient absorption
Samples were excited using 120 femtosecond pump pulses with varying wavelengths created 
from the 800 nm fundamental (Spitfire Ace, Spectra Physics) through non-linear conversion in 
an OPA (Light Conversion TOPAS). Equally short probe pulses were generated in a 2 mm CaF2 
crystal using the 800 nm fundamental. The pulses were delayed relative to the pump using a 
delay stage with 33 fs bi-directional accuracy. The probe spectrum in our experiments covers 
the UV-VIS window from 350 up to 750 nm. Pump and probe pulses were linearly polarized 
using appropriate polarization optics, in particular a broadband quartz-MgF2 quarter wave plate 
(Newport) is used for the probe and a Bérek compensator or calcite polarizer (Newport) is used 
to rotate or fix the pump polarization. The photon flux is calculated from the average power, the 
repetition rate and the beam area. The latter is obtained through a Thorlabs CCD beam profiler 
and defined as Abeam = 2πσxσy, where σi is the standard deviation in the i = x, y direction.

S3.5.3.2 Low fluency ∆A maps

Table S3.2 Parameters extracted from the fit of the PL intensity decay using a triple exponential function.

I0 0.00107 ± 0.00001
I1 0.338 ± 0.002
τ1 4.20 ± 0.07
I2 0.412 ± 0.002
τ2 25.7 ± 0.32
I3 0.130 ± 0.003
τ3 93.7 ± 1.3
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Figure S3.8 (a) Second derivative of the absorbance spectrum A0. (b) Integral of the ΔA signal between 
480 and 565 nm corresponding to the SO/CB bleach when pumping the quantum rings at 510 nm 
generating ⟨N⟩ = 14.5 electron-hole pairs.

S3.5.3.3 SO/CB transition in TA maps: bleach or shift
In order to clarify the origin of the SO/CB bleach in the ΔA map, we integrate the SO/CB band. If 
the bleach originated from a mere spectral shift, the integral around the transition should be zero. 
To set the boundaries of the integral, we look at the second derivative of the absorption spectrum 
reported in Figure S3.8a. The SO/CB transition can be recognised in the region between 480 
and 565 nm. We thus integrate the ΔA map obtained creating ⟨N⟩ = 14.5 electron-hole pairs (see 
Figure 3.1d) around the SO/CB band between 480 and 565 nm. In Figure S3.8b we report the 
integrated ΔA signal as a function of time, showing a clear decay trace and thus confirming that 
the bleach at the SO/CB transition is originating from occupation of the CB electron state, as 
discussed in the main text.

S3.5.3.4 Early-time low fluency ∆A dynamics
From the ΔA map reported in Figure S3.7a we can extract the dynamics of the HH/LH-CB (625 
nm) and SO-CB (510 nm) following excitation at 510 nm, as reported in Figure 3.3a-b of the 
main text. A detailed scheme of the pump-probe experiment is reported in Figure S3.9a. The 
HH/LH and SO bands are coupled to the same electron state in the CB. This means that when an 
electron occupies the CB level it will show up as (or contribute to) a bleach for both HH/LH-CB 
and SO-CB. On the other hand, a hole has two options and ensuing outcomes. If it occupies the 
SO level, it will only contribute to the bleach of the SO-CB transition at 510 nm, and not to the 
HH/LH-CB transition at 625 nm. If the hole occupies the HH/LH level on the other hand, it will 
contribute to bleach of the HH/LH-CB transition and not to the SO-CB level. Comparing the 
bleach signal at 510 (SO-CB) and 625 (HH/LH-CB) hence allows us to distinguish electron from 
hole dynamics. Any similarity between both traces is due to electron dynamics, any difference is 
due to holes relaxing between energy levels or getting trapped.

By pumping at 510 nm, we prepare the system in the state as shown in Figure S3.9a, i.e. the hole 
in the SO level and the electron directly in the CB level. As a result, both the HH/LH-CB and 
SO-CB bleach curves show a rapid ingrowth due to the occupation of the electron in the CB 
(Figure S3.9b and 3.3a). After this rapid ingrowth, the HH/LH and SO dynamics are markedly 
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Figure S3.9 (a) Scheme of the pump-probe experiment for excitation at 510 nm. (b) Normalized ΔA 
traces probed at the HH/LH - CB transition (red) and the SO/CB transition (black) after excitation at the 
SO/CB (510 nm) creating ⟨N⟩ = 0.5.

different, pointing to hole dynamics, by showing a clear anti-correlation. Specifically, the SO-CB 
shows a sub-picosecond decay concomitantly to the ingrowth of the HH/LH-CB signal on the 
same timescale. Since the two bands share the same electron level, a difference in their kinetic 
behaviour is to be ascribed to hole dynamics. The anti-correlation can thus be explained as hole 
cooling via rapid phonon emission from the SO valence band to the HH/LH valence band level. 
The anti-correlation also rules out trapping since the gain of population of the HH/LH hole level 
is matched by the loss of the SO hole level. Once the hole cooling is completed, the two traces 
line up (see Figure 3.3b), indicating that the curves at later times describe the electron dynamics.

S3.5.3.5 Recombination kinetics
In order to get insights on the recombination dynamics of carriers in the first nanosecond(s), we 
analyse the recombination dynamics at the HH/LH bleach following excitation at 510 nm. To 
avoid possible contribution of spectral shifts we integrated the ΔA signal along the whole HH/
LH band from 600-635 nm.

Double exponential fit
First, we fit the recombination kinetics using a double exponential function as 
y (t) = y0 +Ae−k1t + Be−k2t . The result of the fit is reported in Figure S3.10a. Such a function 
provides a good fit to the whole data set that spans an average number of electron-hole pairs ⟨N⟩ 
between 0.5 and 18. As highlighted in Figure S3.10b-c, the decay is characterized by two recom-
bination rates, k1 corresponding to ca. 25 ps followed by a faster one (k2) leading to a lifetime of 
250-340 ps. We note that for ⟨N⟩ < 10 the weight of k1 amounts to ca. 30 % of initial amplitude. 
This component was assigned by Xiao et al. to carrier capture at surface defects originating from 
the etching procedure.11
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Figure S3.10 Double exponential fit. (a) Double exponential fit of the recombination kinetics at the HH/
LH bleach for an average number of excitons ⟨N⟩ between 0.6 and 19 following excitation at 510 nm. 
Decay rate of k1 (b) and k2 (c) as a function of  ⟨N⟩, together with the respective relative weight calcu-
lated as the prefactor A and B normalized for the decay initial amplitude (d).

Figure S3.11 Second order recombination model. (a) Values of n0 extracted from the global fit of the 
integrated ΔA at the HH/LH as a function of the average number of electron-hole pairs ⟨N⟩ calculated 
from the cross section at 510 nm. (b) Bimolecular recombination lifetime 1/(k2n0) as a function of ⟨N⟩.
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Table S3.3 Bimolecular rate k2 values reported in the literature for various 2D colloidal materials.

Reference System k2 (cm2∙s-1)
Kunneman et al.41 CdSe NPLs 0.13∙10-3

Tomar et al.7 CdSe NPLs 0.97∙10-3

Kumar et al.38 Monolayer MoSe2 300∙10-3

Sun et al.39 Monolayer MoSe2 43∙10-3

Yuan et al.40 Monolayer WS2

Bilayer WS2

Three-layer WS2

410∙10-3

6.0∙10-3

1.88∙10-3

Delport et al.52 Iodide Ruddlesden-Popper Perovskites 0.11-0.49∙10-3

Second order recombination fit
Excluding the first 20 ps of the decay to avoid the electron trapping component, we apply a 
second order recombination model to the decay of the HH/LH integrated bleach. In this picture 
the decay of ΔA is proportional to the decay of the density of carriers, following the second order 

equation: −
d2n
dt2
− k1n − k2n2 = 0.

From the steady-state PL decay we get an average recombination lifetime of 27.4 ns, a value much 
longer than the time-window considered here. Consistently, we put k1, the recombination rate 
linear with n, to zero. The solution to the equation above is thus n (t) = n0

1 − k2n0t
, where n0 is

the initial density of a carriers. We thus fit the whole set of data with k2 as a global parameter. In 
Figure S3.11a we report the values of n0 extracted from the fit as a function of the experimental 
number of electron-hole pairs  calculated from the cross section. Clearly, for ⟨N⟩ > 10 there is a 
change in the slope of the curve. Since the model holds when ΔA is in linear dependence with 
the density of carriers n, for our analysis we focus on the data set for  between 0.6 and 7.1. We 
point out that the change in the slope of n0 could be due to the fact that, for higher electron-hole 
density pairs, the recombination time 1/(k2n0) starts to become comparable to the initial electron 
trapping time (Figure S3.11b). 

From this analysis, see Figure 3.4d of the main text, the fit yields a second order recombination 
rate k2 = (7.7 ± 0.1)∙10-3 cm2∙s-1. For comparison, in Table S3.3 we report the second order recom-
bination rate for various 2D materials, see discussion in the main text.



83

Stimulated emission through an electron-hole plasma

S3.5.3.6 Broadening of ∆A at shorter wavelength
In Figure S3.12 we report the normalized ΔA spectra at 3 ps following excitation at 510 nm for 
increasing electron-hole pairs, showing a pronounced broadening of the HH/LH transition at 
shorter wavelengths (higher energies). This behaviour matches the broadening of the fPL spectra 
(see Figure 3.1d and 3.4a) in the same range of wavelength, pointing towards the presence of hot 
charge carriers.

S3.5.3.7 Femtosecond photoluminescence
For the detection of the broadband PL transients on a sub-picosecond timescale, we used the 
transient grating PL technique.24 The output of a femtosecond Ytterbium fibre laser, (Tangerine SP, 
Amplitude Systems; operating at 58 kHz with pulses < 150 fs) was split into pump and gate parts. 
For the pump part, second harmonic (515 nm) and third harmonic (343 nm) generation was used 
in the experiments and focused to a 50 μm2 spot onto the sample. During the measurement, the 
sample was continuously stirred in a 1 mm cuvette to avoid photo-induced degradation effects or 
charging of the nanoparticles. The PL signal from the sample was collected and refocused onto 
the gate medium, a 1 mm fused silica crystal, using a pair of off‐axis parabolic mirrors. For the 
gate part, about 40 μJ of the 1030 nm output was split using a 50/50 beam splitter to generate the 
two gate beams and focused onto the gate medium at a crossing angle of approximately 8° and 
overlapped with the PL in a boxcar geometry. The two gate beams, which spatial and temporal 
overlap inside the gate medium, generate a laser-induced grating. This transient grating acts like 
an ultrafast optical shutter to temporally resolve the broadband PL signals by diffracting the gated 
signal from the PL background. Two achromatic lenses collimated and focussed the gated signals 
onto the spectrometer entrance (Princeton Instruments SP 2150), and the gated PL spectra were 
measured by an intensified CCD camera (Princeton Instruments, PIMAX3). A 380 or 550 nm 
long‐ and 850 nm short‐pass filter were used to remove the residual pump and intense 1030 nm 
gate, respectively. The time delay between pump and gate beams was controlled via a motorized 
optical delay line. For each transient PL spectrum, 120000 shots at each gate time delay were 
accumulated.

Figure S3.12 Normalized ΔA spectra at 3 ps following excitation at 510 nm for increasing number of 
average number of excitations ⟨N⟩ (from 0.5 to 18).
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S3.5.3.8 Low fluency fPL map
In Figure S3.13 we report the fPL map after excitation at 515 nm generating 0.7 electron-hole 
pairs.

Figure S3.13 fPL map after excitation at 515 nm creating an average number of electron-hole 
pairs ⟨N⟩ = 0.7.

S3.5.3.9 Carrier temperature from femtosecond PL
Fit of the Femtosecond PL spectra
The extraction of the carrier temperature is based on the concept that temperature describes 
the distribution of charges over the energy levels at hand. This distribution is in principle a Fer-
mi-Dirac (FD) distribution for electrons and holes with a complex energy dependence. However, 
if we look only at those carriers residing at high energy (relative to the quasi-Fermi levels) this 

dependence can be simplified to the Boltzmann tail approximation: FD (E)∝ exp(− E
kBTeff

).

This approach has been followed extensively in literature for the extraction of the carrier tem-
perature from femtosecond transient absorption experiments.7, 35 However, the involvement of 
photo-induced absorptions, strong shifts and renormalizations and the congested fine structure 
(including excitons and free charge transitions) at the band edge, this is not so straightforward. 
Instead, we opted to apply this concept to the luminescence spectra, an approach followed also 
for e.g. CdSe nanoplatelets by Pelton et al.31

Bi-exponential fit of the cooling curves T(t)
By fitting the PL spectra using the approach described in the section above, we extracted the 
decay of the carrier temperature as a function of time, see Figure 3.4b of the main text. We fit 
the cooling curves T(t) using a biexponential function: T (t) = T0 +A1e−

t
τ0 +A2e−

t
τ1  where T0 was 

fixed at 298 K. For ⟨N⟩ = 0.7, the T vs time curve is well fitted by using a single exponential with τ0 
= 270 ± 30 fs. This value is in good agreement with the hole cooling rate calculated at low fluency 
from the ΔA map kinetics shown in Figure 3.3a (300 ± 15 fs), see discussion in the main text. As 
such, we can define τ0 as the intrinsic cooling time of carriers in this system. We thus fixed the 
value of τ0 and fit the T vs time curves for ⟨N⟩ = 1.9 and 3.9 using above equation. In Table S3.4 
we report the fit coefficients. The fits are reported in Figure 3.4b of the main text.
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where the explicit time dependence of τph, Teff(t) and its derivative are written out. The input 
required to calculate τph is thus given by Figure 3.4b which presents us with exactly this Teff(t), 
from which we calculate also directly dTeff/dt. All the other parameters are known and as such we 
can calculate τph(t) at the varying time delays. 

Theoretical estimate of the phonon emission time
Considering the energy of the LO phonon h̵ωLO, the scattering time constant τ0 can be estimated 
from the relation 1

τ0
= e2

√
2mh̵ωLO

4ε0πh̵2
( 1
ε∞
− 1
εs
), where m is the effective electron mass, ε0 the permittivity

of the vacuum, and εS and ε∞ the static and high-frequency dielectric constant of the medium. 
Following Sippel et al. Using m = 0.13m0, ε∞ = 6.3 and ε0 = 9.3, τ0 = 31 fs,14 a value that agrees well 
with the τph we extracted from the cooling curves at ⟨N⟩ = 0.7, see main text.

⟨N⟩ = 0.7 ⟨N⟩ = 1.9 ⟨N⟩ = 3.9
A1 349 ± 35 228 ± 50 864 ± 48

τ0 (ps) 0.270 ± 0.06 0.270 0.270
A2 - 488 ± 31 722 ± 25

τ1 (ps) - 7.1 ± 0.9 20.9 ± 1.7

Table S3.4 Parameters extracted from the fit of the PL intensity decay using a triple exponential function.

As shown in Table S3.4, τ1 amounts to several ps, showing already that for increasing fluency 
the phonon emission rate slows down significantly. Nevertheless, we point out that this approach 
lacks physical basis and it is meant uniquely as an indication that the net charge carrier cooling 
rate slows down with increasing fluency. We thus proceed in calculating the phonon emission 
rate as shown in the section below and discuss this in the main text.

S3.5.3.10 Electron - LO phonon scattering
Phonon emission time from transient PL

The cooling process can be modelled assuming that the energy loss rate 
dU
dT  is dominated by 

carrier-phonon interactions14, 34 described as

dU
dT
≈ 3kB

2
dTeff

dt
≈ h̵ωLO

τph
[exp(− h̵ωLO

kBTeff
) − exp(− h̵ωLO

kBTL
)], where TL is the lattice temperature 

fixed at 300 K and ̵hωLO the phonon energy of CdSe (26 meV).14 τph is the phonon emission time, i.e. 
the average time needed to emit one LO phonon with an energy of 26 meV. We can re-write above 

expression to describe τph directly: τph (t) =
2h̵ωLO

3kB
dTeff
dt (t)

[exp(− h̵ωLO

kBTeff (t)
) − exp(− h̵ωLO

kBTL
)],
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Two-dimensional CdSe-PbSe 
heterostructures and PbSe 
nanoplatelets: formation, atomic 
structure and optical properties

Cation exchange enables the preparation of nanocrystals (NCs) which are not 
reachable by direct synthesis methods. In this work, we applied Pb2+-for-Cd2+ 
cation exchange on CdSe nanoplatelets (NPLs) to prepare two-dimensional (2D) 
CdSe-PbSe heterostructures and PbSe NPLs. Lowering the reaction temperature 
slowed down the rate of cation exchange, making it possible to characterize the 
intermediary NCs ex situ with atomically resolved HAADF-STEM and optical 
spectroscopy. We observe that the Pb2+-for-Cd2+ cation exchange starts from the 
vertices of the NPLs and grows into the zinc blende CdSe (zb-CdSe) lattice as 
a rock salt PbSe phase (rs-PbSe), while the anion (selenium) sublattice is being 
preserved. In agreement with previous works on CdTe-PbTe films, the interfaces 
between zb-CdSe and rs-PbSe consist of shared {001} and {011} planes. The final 
PbSe NPLs are highly crystalline and contain protrusions at the edges which are 
slightly rotated, indicating atomic reconfiguration of material. The growth of PbSe 
domains into CdSe NPLs could also be monitored by the emission peak shift as a 
function of the exchange time. Temperature dependent emission measurements 
confirm a size-dependent change of the bandgap energy with temperature and 
reveal a strong influence of the anisotropic shape. Time-resolved photolumines-
cence measurements between 4-30 K show a dark-bright exciton state splitting 
different from PbSe QDs with 3D quantum confinement.

Chapter 4



92

Chapter 4

4.1 Introduction
Cation exchange applied to colloidal nanocrystals transforms one compound into another, while 
the nanocrystal (NC) shape is often being preserved. Hence, this method enables the preparation 
of NCs of a certain compound and shape that cannot be reached by direct synthesis.1-4 Moreo-
ver, unconventional heterostructures can be obtained with epitaxial interfaces by partial cation 
exchange, complementing the core/shell and core/crown systems obtained via direct synthesis.5 
Multiple works on cation exchange of cadmium chalcogenide NCs have shown that the anion 
fcc sublattice (Se2-, S2-) is being preserved6-8 and that cation exchange in NCs occurs more swiftly 
than in their bulk counterparts, as the distance from a lattice position to the NC surface is only 
in the nanometre range.9

The synthesis procedures to perform cation exchange on two-dimensional (2D) CdX (X = S, Se, 
Te) nanoplatelets (NPLs) have been classified as indirect or direct. Indirect methods are based 
on a two-step cation exchange via an intermediate copper chalcogenide phase. For example, PbS 
(ZnS) and PbSe/PbS (ZnSe/ZnS) core/shell NPLs have been prepared out of CdS and CdSe/CdS 
NPLs while retaining the original crystal shape.10 Alternatively, direct methods perform cation 
exchange in a single step, although with less retention of shape. For instance, Pb2+-for-Cd2+ cation 
exchange in a solution of PbBr2 and oleylamine has been demonstrated for different NC shapes 
such as quantum dots (QDs),11, 12 nanowires13 and NPLs of different thicknesses.14, 15 Similarly, 
HgTe NPLs were prepared via Hg2+-for-Cd2+ cation exchange via an HgCl2-OLAM procedure.16

Experimental procedures to perform Pb2+-for-Cd2+ cation exchange on CdSe NPLs with PbBr2-
OLAM have used 80 °C as reaction temperature.14, 15 Interestingly, this is a significantly lower 
temperature than used for pseudo-spherical CdX (X=S, Se, Te) QDs of 2.5 – 6.5 nm in diameter; 
these systems required a higher reaction temperature between 80 and 190 °C to perform full 
cation exchange.12 This is a strong indication that the activation energy needed to perform Pb2+-
for-Cd2+ cation exchange on 2D NPLs is lower than that of QDs. In the case of NPLs, it is also 
of large interest to see in which way cation exchange proceeds; the route via the top and bottom 
surface would minimize the travel distance in the lattice, but it is known that the top- and bottom 
surface are well passivated by Cd-oleate.17 The route via the vertical side facets is much longer on 
average, but these facets are much less stable than the top and bottom surface. In this respect, we 
remark that thermochemical reconfiguration of CdSe NPLs into quantum rings also occurs via 
the vertical facets and vertices.18

By slowing down the rate of cation exchange we could extract and characterize intermediate 
samples, thus NPLs in which both CdSe and PbSe are present. Earlier works reported core-shell 
and hemi-sphere Janus PbSe/CdSe heteroNCs with epitaxial interfaces,12 and CdS tetrapods on 
which PbSe tips are formed.19 The shape, atomic structure and optical properties of 2D CdSe-
PbSe heteroNPLs have not been studied, nor the microscopic details of the cation exchange.14

In addition, the opto-electronic properties of PbSe/CdSe heteronanocrystals are of high interest. 
Exploitation of different band alignments in core/shell PbSe/CdSe and multi-shell PbSe/CdSe/
CdS QDs successfully showed upconversion from NIR to visible light.20, 21 Recent work on type-I 
PbSe/CdSe dot-on-plate heterostructures established rapid transfer of excitations from CdSe 
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NPLs to the attached PbSe QDs, thereby effectively using the high absorption cross-section of 
the CdSe NPLs.22

Here, we investigate the conversion of 4.5 monolayer (ML) thick CdSe NPLs into CdSe-PbSe 
heterostructures and PbSe NPLs via direct Pb2+-for-Cd2+ cation exchange with PbBr2 and oley-
lamine. We have lowered the reaction temperature from the reported 80 °C to 40 °C and slowed 
down the reaction so much that we could extract aliquots with 2D PbSe-CdSe heterostructures. 
The atomic structure of these intermediate reaction products reveals the crystallography of cation 
exchange in these 2D NPLs. Moreover, the 2D CdSe-PbSe heterostructures have interesting opti-
cal properties with swift exciton energy transfer from the CdSe lattice to the PbSe domains.

4.2 Experimental section
4.2.1 Chemicals

1-Butanol (BuOH, anhydrous, 99.8%), cadmium acetate (Cd(OAc)2, 99.995%), cadmium ace-
tate dihydrate (Cd(OAc)2·2H2O, ≥98.0%), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O, 98%), 
methanol (MeOH, anhydrous, 99.8%), 1-octadecene (ODE, technical grade 90%), oleic acid (OA, 
technical grade 90%), oleylamine (OLAM, technical grade 70%), sodium myristate (≥99%), tet-
rachloroethylene (TCE, anhydrous, ≥99%) were bought from Sigma-Aldrich. n-Hexane (anhy-
drous), selenium (200 mesh, 99.99%), and tri-n-butyl-phosphine (TBP, 95%) were bought from 
Alfa Aesar, STREM Chemicals, and Acros Organics, respectively. ODE, OLAM and OA were 
degassed in a Schlenk line before use.

4.2.2 Synthesis of 4.5 ML CdSe NPLs

CdSe NPLs with a thickness of 4.5 monolayers (MLs) were prepared in a N2-filled glovebox via 
an earlier reported synthesis method of Bertrand et al.23 To obtain NPLs with a square aspect 
ratio, a mixture of 50/50 mol% Cd(OAc)2·2H2O/Cd(OAc)2 powder was used. Afterwards, the 
mixture was washed with a 1:2 mixture of MeOH/BuOH. The 4.5 ML NPLs were subsequently 
separated from QDs and 3.5 ML thick CdSe NPLs via size-selective precipitation by the addition 
of small amounts of MeOH/BuOH and centrifugation. The desired 4.5 ML NPLs were finally 
redispersed in hexane, multiple batches were combined to yield a concentrated stock dispersion 
with an orange colour.

4.2.3 Conversion of 4.5 ML thick CdSe NPLs into CdSe quantum rings

CdSe NPLs were converted into CdSe quantum rings by a previously reported procedure.18 
Briefly, selenium was dispersed in OLAM to yield a concentration of 7.9 mg Se/mL OLAM. 1.0 
mL of CdSe NPLs with an absorbance of 0.2 (in a 1 cm cuvette) at the first exciton transition after 
diluting 300 times was precipitated and redispersed in 3 mL of ODE and 1.5 mL of OLAM. The 
redispersed NPLs were heated to 80 °C for 10 min to allow the remaining hexane to evaporate. 
Thereafter, 200 μL of the Se-OLAM mixture was added and heated to 155 °C for 10 min in an 8 
mL reaction vial. Next, 200 µL TBP was added while quickly heating the mixture to 220 °C. After 
allowing the solution to cool down, the mixture was washed once with a 1:2 solution of MeOH/
BuOH and redispersed in hexane.
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4.2.4 Pb2+-for-Cd2+ cation exchange

Pb2+-for-Cd2+ cation exchange on the 4.5 ML CdSe NPLs was performed using a previously 
reported protocol.14 Firstly, a PbBr2-OLAM mixture was prepared in a N2-filled glovebox by 
mixing 3 mL ODE with 1 mL OLAM, together with 24 mg PbBr2 (0.065 mmol) powder. This 
mixture was heated under vigorous stirring to 100 °C for 15 min, yielding a colourless solution. 
Secondly, the PbBr2-OLAM mixture is cooled down to the desired reaction temperature, i.e. 80, 
60, 40 or 25 °C. Then, the 4.5 ML CdSe NPLs are quickly added from the stock solution, with an 
equivalent to 1.0 mL with an absorbance of 0.2 (in a 1 cm cuvette) at the first exciton transition 
after diluting 300 times. Directly after the addition of the CdSe NPLs, the colour of the mixture 
turns from orange to brown and finally into black. Lowering the reaction temperature slows down 
the rate of the Pb2+-for-Cd2+ cation exchange, visible as a more gradual colour change. Aliquots 
of approximately 300 μL were taken with Pasteur pipettes during the exchange reaction and were 
immediately quenched in a mixture of 400 μL TCE and 100 μL OA to prevent agglomeration. It 
was found that this volume was enough to perform washing and further characterization of the 
intermediate heterostructured NCs. The final product dispersion was washed by the addition of 
200 µL OA and 4 mL MeOH/BuOH, centrifuged and redispersed in TCE.

4.2.5 Optical and structural characterization

Photoluminescence measurements were performed on an Edinburgh Instruments FLS920 spec-
trometer equipped with a TMS300 monochromator, 450 W Xe lamp, thermoelectrically cooled 
Hamamatsu R928 PMT detector and a liquid N2 cooled R5509-72 NIR PMT for wavelengths 
beyond 825 nm. The recorded emission spectra were corrected for the spectral responsivity 
of the detectors and monochromators. Photoluminescence decay curves were recorded with a 
pulsed Coherent 45 mW OBIS LX 445 nm laser (modulated with an Agilent function genera-
tor) and a R5509-72 NIR PMT. Cryogenic measurements were carried out in a continuous flow 
liquid helium cryostat from Oxford Instruments. UV/vis absorption spectra were measured on 
a PerkinElmer 950 UV/VIS/NIR spectrophotometer. TEM samples were made by drop-casting 
a diluted dispersion of NCs on carbon-coated TEM copper grids. BF-TEM and HAADF-STEM 
images were taken on a Talos F200X from FEI operating at 200 keV. High resolution HAADF-
STEM imaging was performed on an aberration-corrected Titan electron microscope from Ther-
mofisher operating at 300 keV. To minimize structural changes of NCs during imaging, a low 
beam current of ~5 pA was used with relatively low magnifications.

4.3 Results
Heterostructured CdSe-PbSe NPLs and PbSe NPLs are prepared by performing Pb2+-for-Cd2+ 
cation exchange with PbBr2 and oleylamine (OLAM) on 4.5 ML thick CdSe NPLs following an 
earlier reported procedure of Galle et al.14 Based on the lattice enthalpies of CdSe and PbSe (∆Hlatt 
of respectively 3310 and 3144 kJ/mol), one would not expect to observe Pb2+-for-Cd2+ cation 
exchange because of the slightly lower lattice energy (and thus lower stability) of the final PbSe 
lattice.3, 24 However, the driving force can be explained by a combination of an excess of Pb2+ cat-
ions and favourable solvation energy of Cd2+ with OLAM. We estimated a Pb2+:Cd2+ ratio of 7.8:1 
during the exchange reaction (see Section S4.6.1), explaining that the equilibrium lies towards 
the incorporation of Pb2+ cations into the selenium sublattice. The strong solvation energy of Cd2+ 
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can be understood in terms of the hard-soft acid-base (HSAB) theory which predicts the affinity 
among ions and solvents. In here, a complex of a hard acid with a hard base (i.e. Cd-OLAM)
is more stable than a soft acid with a hard base (i.e. Pb-OLAM), meaning that Cd-OLAM is 
energetically more favourable than Pb-OLAM. Under the current circumstances, Pb2+-for-Cd2+ 
exchange is therefore favoured in these CdSe NPLs.3, 13

Figure 4.1 shows photographs of samples taken during the conversion at 80, 60, 40 and 25 °C 
for up to 420 min of reaction. As the exchange reaction proceeds very fast at 80 °C, the disper-
sion turns black after 1 min of reaction, indicating a complete Pb2+-for-Cd2+ cation exchange. 
When lowering the reaction temperature from 80 to 40 and 25 °C, less dramatic colour changes 
to yellow-brown dispersions are observed during the first stages of reaction; this suggests that 
intermediate CdSe-PbSe heterostructures can be isolated. Regardless of the reaction temperature, 
all dispersions have turned completely black after 180 min, pointing to a complete Pb2+-for-Cd2+ 
exchange of the NCs. We chose to study the aliquot series prepared at 40 °C further with HAADF-
STEM and optical spectroscopy.

4.3.1 Ex situ monitoring of cation exchange with electron microscopy and 
optical spectroscopy

Figure 4.2 shows the HAADF-STEM images and corresponding absorption (dashed lines) and 
emission (continuous lines) spectra of the CdSe-PbSe heterostructures prepared at 40 °C. The 
time evolution of absorption and emission spectra from other reaction temperatures (80, 60 and 
25 °C) can be found in Figure S4.2. The advantage of using HAADF-STEM for this type of NCs 
is that element-specific contrast is obtained, as the intensity scales with the atomic number Z 
(also called Z-imaging).25 Lead-rich regions will appear with a higher contrast (i.e. brighter) than 
cadmium-rich domains which will have a lower contrast (i.e. darker), different from bright-field 
TEM (Figure S4.3).

As can be observed in Figure 4.2a, the CdSe NPLs appear with a homogeneous contrast, indi-
cating uniform thickness within the NCs.26 The absorption spectrum (Figure 4.2g) shows the 
characteristic features of the heavy hole-electron (HH,e) and light hole-electron (LH,e) transi-
tions at 2.42 and 2.58 eV, together with a narrow emission band slightly redshifted of the (HH,e) 
transition, both in line with previous reports on 4.5 ML thick CdSe NPLs.23, 26
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Figure 4.1 Investigating the influence of the reaction temperature on Pb2+-for-Cd2+ cation exchange of 
CdSe NPLs with PbBr2-OLAM. Photographs of sample vials containing the aliquot dispersions taken at 
specific intervals using different reaction temperatures (80, 60, 40 and 25 °C). The reaction temperature 
of 40 °C was chosen for further investigation.
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Differently, bright dots are present at the edge and corner sites of the NCs in the HAADF-STEM 
image of the aliquot taken after 1 min (Figure 4.2b), which we attribute to small PbSe domains. 
These bright dots are absent in the centre of the NCs, proving that cation exchange starts at the 
vertical facets from which the Pb2+ cations migrate into the CdSe crystal lattice. Moreover, this 
also implies that the cadmium-terminated top and bottom facets of the CdSe NPLs are fully pro-
tected by ligands, and that a lower activation energy is required for Pb2+-for-Cd2+ exchange at the 
vertices. This finding is similar to the observation of pseudo-spherical PbSe quantum dots22 and 
metallic nanoparticles27 grown on the edge corners of CdSe NPLs, showing that these locations 
are also preferred sites for growth of other compounds.

The (HH,e) and (LH,e) transitions of CdSe are also clearly visible in the absorption spectrum 
of the 0.5 min aliquot, although slightly shifted to lower energies in comparison to pure 4.5 ML 
CdSe NPLs. The redshift can be explained by the replacement of native oleate and acetate ligands 
to bromide ions. Previous research has shown that the native ligands apply strain in the thickness 
direction, yielding a tetragonal distortion of the crystal lattice.28, 29 Replacement to halides (i.e. 
Br-, Cl- and I-) partially releases the strain, resulting in a slight increase in thickness and thus a 
relaxation of quantum confinement. Although features from the PbSe domains are not visible 
in the linear absorption spectrum, plotting the data on a logarithmic scale (Figure S4.2) shows 
enhanced absorption between 2.00 and 2.25 eV, indicating the presence of PbSe domains. The 
emission spectrum displays a strongly redshifted and broad photoluminescence peak at 1.33 eV, 
which is assigned to emission from PbSe domains. Moreover, a weak emission peak is visible at 
the low-energy side of the (HH,e) transition, possibly from a minor population of unchanged 
CdSe NPLs.

Figure 4.2 Structural and optical characterization of intermediate CdSe-PbSe heterostructures and 
PbSe NPLs prepared by Pb2+-for-Cd2+ cation exchange on CdSe NPLs. (a)-(f ) HAADF-STEM images of 
CdSe NPLs (a) and aliquots taken after cation exchange for 1, 2, 5, 60 and 420 min of reaction (b)-(f ). 
(g) Corresponding absorption (dashed lines) and emission (continuous lines) spectra of the interme-
diate structures and final PbSe NPLs. The dashed vertical lines indicate the (HH,e) and (LH,e) absorption 
features of 4.5 ML CdSe NPLs. Photoluminescence emission was recorded upon excitation with 400 or 
405 nm, the absorption and emission spectra were normalized afterwards.

(a) CdSe NPLs (b) 1 min (c) 2 min

(d) 5 min (e) 60 min (f ) 420 min

20 nm 20 nm 20 nm

20 nm20 nm20 nm

(g) 420 min

0.5 

1
2

5

10

20

30

40

50

CdSe NPLs

40 °C

N
or

m
al

iz
ed

 P
L 

em
is

si
on

 (a
.u

.)

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e 

(a
.u

.)

60

Energy (eV)
1.0 2.01.5 2.5 3.0 3.5



97

Two-dimensional CdSe-PbSe heterostructures and PbSe nanoplatelets

HAADF-STEM images of samples taken after 2 and 5 min (Figure 4.2c-d) reveal a slightly higher 
number of Pb-rich domains while the homogeneous contrast in the centres remains unaffected. 
Next to the (HH,e) and (LH,e) features from CdSe in the absorption spectrum, enhanced absorp-
tion between 1.25 and 2.25 eV is present along with a redshift of the emission band to 1.29 eV, 
indicating the further growth of the PbSe domains. The absence of photoluminescence from 
CdSe in the heterostructures can be explained by the fast electron-hole excitation energy to PbSe, 
in agreement with previous results for PbSe-CdSe dot-on-plate heterostructures in which rapid 
energy transfer from CdSe to PbSe was observed on a picosecond timescale.22 The sample taken 
after 60 min reveals NCs with inhomogeneous contrast in the centres and bright dots at the edges. 
EDX in BF-TEM mode (Figure S4.4) shows that these structures have been fully converted into 
PbSe, indicating that the bright dots are PbSe regions which are thicker. A longer reaction time 
(420 min of reaction) results in a further shift of absorption and emission to lower energies. 
Moreover, selected area electron diffraction (SAED) measurements confirm the presence of the 
rock salt crystal structure of the PbSe NPLs (Figure S4.5), in accordance with X-ray diffraction 
(XRD) measurements of Galle et al.14

To summarize, it is evident from the optical and structural characterization that cation exchange 
starts from the vertices of the CdSe NPLs, instead of the top and bottom facets. As time progresses, 
the Pb2+-for-Cd2+ cation exchange causes a continuing lateral growth of the PbSe domains into 
the inner part of the NPL, until full PbSe NPLs are obtained. Further investigation of the crys-
tallinity and interfaces of the CdSe-PbSe heterostructures prepared at 40 °C with high resolution 
HAADF-STEM will be presented below.

4.3.2 Detailed investigation of the CdSe-PbSe interface with high-
resolution HAADF-STEM

Colloidal CdSe-PbSe NCs, such as pseudo-spherical quantum dots and nanorods,30, 31 show (001) 
and (111) heterointerfaces between the zinc blende (zb) and rock salt (rs) crystal domains. More-
over, cation exchange in these systems proceeds along a vacancy-assisted pathway, in which the 
cations are exchanged layer-by-layer while the anion sublattice is preserved.6, 7, 31, 32 Similarly, zb-rs 
interfaces with continuous anion lattices have also been observed in films prepared by solid-state 
techniques, including CdTe-PbTe,33-35 PbSe-InAs36 and InGa1-xAsx-ErAs.37 As their preparation 
requires elevated growth temperatures over 200 °C, the interfaces are almost defect-free and con-
sist of epitaxially connected (001 and (011) lattice planes.

Figure 4.3a depicts connected unit cells of zinc blende CdSe (zb-CdSe) and rock salt PbSe 
(rs-PbSe) with a continuous selenium sublattice and a shared (001) interface. As can be seen, in 
the case of zb-CdSe, cadmium and selenium are tetrahedrally coordinated, whereas for rs-PbSe 
both lead and selenium have octahedral coordination. Because of the small lattice mismatch 
between the two crystal lattices (< 1 %, lattice constants of 6.077 and 6.128 Å for zb-CdSe and 
rs-PbSe), epitaxial connections between the two crystal lattices are possible.32, 38 We have sketched 
the possible zb-CdSe−rs-PbSe interfaces seen along the [100] top view direction in Figure 4.3b-
d, this should help the HAADF-STEM analysis of the 2D PbSe-CdSe NPLs presented below. In 
the case of shared (001) interfaces, the termination of zb-CdSe determines if the interface is either 
cadmium or selenium rich (Figure 4.3b-c). Next to (001) interfaces, charge neutral non-polar 
(011) interfaces have been observed (Figure 4.3d).
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Figure 4.3 Schematic depictions of heterostructures from zinc blende CdSe (zb-CdSe) and rock salt 
PbSe (rs-PbSe) with a continuous (anion) selenium sublattice (black spheres). (a) Connected unit cells of 
zb-CdSe and rs-PbSe showing the continuous selenium sublattice with the Cd2+ (orange) and Pb2+ ions 
(blue) located in the tetrahedral and octahedral holes, respectively. (b) and (c) Polar (001) CdSe-PbSe 
interfaces seen along the [100] top view direction which are either cadmium (b) or selenium (c) rich, 
depending on the termination of the zb-CdSe plane. Dashed squares indicate the unit cells of zb-CdSe 
and rs-PbSe. (d) Non-polar (011) interface between zb-CdSe and rs-PbSe seen along the [100] top view 
direction.

Figure 4.4 Analysis of high resolution HAADF-STEM images of CdSe-PbSe NPLs after 0.5 min of reaction 
time at 40 °C. (a) HAADF-STEM image, showing monocrystalline CdSe NPLs with PbSe domains at the 
edges with a high contrast. (b) Zoom-in of (a) showing the atomic ordering of both zb-CdSe and rs-PbSe 
with a (011) interface between the two crystal domains. (c)-(d) FFT patterns of two selected regions in 
(b), indicating the high crystallinity of zb-CdSe and rs-PbSe, respectively. (e) Intensity profiles along 
the coloured lines in (b), confirming both the crystallinity and presence of a (011) interface between 
zb-CdSe and rs-PbSe. (f ) HAADF-STEM image of a larger PbSe domain showing the presence of both 
(001) and (011) interfaces.
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Atomically resolved HAADF-STEM was used to investigate the crystallinity and interfaces in the 
(partially) exchanged NCs. As we observed structural reconfiguration of material due to beam 
damage after imaging (Figure S4.6), relatively low beam currents and magnifications were used 
to minimize these effects. Figure 4.4 shows the results of CdSe-PbSe heterostructures after cation 
exchange for 0.5 min. Similar to the low-resolution HAADF-STEM images (Figure 4.2), the CdSe 
and PbSe domains appear respectively with a low and high contrast, but now showing the atomic 
ordering in most regions. As can be observed in Figure 4.4a, several small PbSe regions with a 
high contrast are visible in which the cation exchange process just started (indicated with white 
arrows), together with larger PbSe domains showing visible crystallinity. We chose to analyse the 
CdSe-PbSe interface at the top part of the image, a zoom-in of this region is shown in Figure 
4.4b. To quantify the degree of crystallinity, Fast Fourier Transform (FFT) patterns were calcu-
lated, see Figure 4.4c-d. The FFT pattern of the CdSe region shows the characteristic reflections 
from zb-CdSe up to the (040) lattice planes with [100] in zone axis, in agreement with literature.26 
The FFT pattern of the high contrast region shows the characteristic reflections of rs-PbSe with 
[100] in zone axis, in agreement with the previous report of Galle et al.14 The (002) and (020) 
reflections from both crystal structures show similar directions, this forms a first indication that 
the selenium sublattice is preserved during the Pb2+-for-Cd2+ cation exchange.

Intensity profiles were taken along the [010] and [011] directions (coloured arrows in Figure 
4.4b) to investigate the interface and epitaxial connection of the two crystal domains. To reveal 
the difference between the cadmium and selenium columns along the [010] direction, two profiles 
were taken with a spacing of a half unit cell, indicated as [010]Cd and [010]Se/Pb+Se in Figure 4.4e. 
As can be seen, the [010]Cd profile (orange line) exhibits a significantly higher scattering intensity 
than the [010]Se/Pb+Se profile (green line) in the zb-CdSe region, and the low-intensity peaks are 
located in between the high-intensity peaks. From this, it is evident that these directions corre-
spond to cadmium and selenium columns in the zb-CdSe crystal lattice. When following both 
intensity profiles into the rs-PbSe region, clear peaks of columns containing both Pb and Se are 
visible in [010]Se/Pb+Se while these are absent in the [010]Cd profile. This observation demonstrates 
that the selenium lattice continues along the [010]Se/Pb+Se direction and thus that the selenium 
lattice is preserved during cation exchange. Additional proof for the preservation of the selenium 
lattice is unveiled by the [011]n(Cd/Se)/Pb+Se intensity profile (red line). Here, peaks with an alternat-
ing intensity are visible in the zb-CdSe domain which show the presence of alternating Cd and Se 
columns. High intensity peaks are visible upon following the profile into rs-PbSe, corresponding 
to columns containing both Pb and Se.

Next to the presence of (011) interfaces, we have observed several zb-CdSe-rs-PbSe NCs with 
(001) interfaces (see Figure 4.3). Figure 4.4f shows an HAADF-STEM image with a slightly 
larger domain of rs-PbSe containing both (001) and (011)-type interfaces. From above observa-
tions, we can conclude that the selenium sublattice is being preserved during the Pb2+-for-Cd2+ 
exchange, in agreement with previous works on cation exchange. We also should remark here 
that our results suggest that the interfaces are very clear cut, and both crystal phases are pure. For 
instance, there is no indication that the CdSe phase contains Pb2+ “front runners” away from the 
interfacial region. 
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High resolution HAADF-STEM images of CdSe-PbSe heterostructures after cation exchange 
for 60 and 420 min are shown in Figure 4.5. Most of the particles have fully been exchanged 
after 60 min of reaction (Figure 4.5a), as columns of rs-PbSe are visible with a high crystallinity. 
Nevertheless, several NCs show incomplete conversion as lower contrast domains of zb-CdSe are 
present (indicated with an arrow). Differently, cation exchange has been completed after 420 min 
of reaction, resulting in NCs with a similar shape without any low-contrast zb-CdSe domains 
(Figure 4.5b). The absence of zb-CdSe (< 1% give detection limit) was confirmed with EDX in 
HAADF-STEM mode, showing that no cadmium was left in the NCs (Figure S4.7).

Interestingly, both the 60 and 420 min samples show protrusions at the edges of the NCs, indi-
cated in the 420 min sample with white arrows (Figure 4.5b). Although we have shown that the 
selenium sublattice is being preserved during the cation exchange process, this observation sug-
gests that atomic reconfiguration take places to more energetically stable rock salt crystal shapes 
at the edges of the NCs. We found that these smaller domains are rotated relative to the NPL, 
see the FFT patterns of different regions of a single PbSe NPL in Figure 4.5c-f. The FFT pattern 
from the centre of the NPL shows the typical reflections of rs-PbSe (Figure 4.5d). In contrast, 
the FFT pattern of the protrusion in the dashed blue box exhibits a different orientation as the 
[111] direction is in zone axis and contains the corresponding {022} reflections (Figure 4.5e). The 
FFT pattern of the red box only shows the presence of the {111} reflections indicating that the 
crystal structure of the rs-PbSe protrusion has been rotated by certain α and β angles. Additional 
BF-TEM images show that the thickness of the NPLs is mostly preserved, resulting in PbSe NPLs 
composed of six to nine layers of rs-PbSe (Figure S4.8).

Figure 4.5 High-resolution HAADF-STEM images of Pb2+-for-Cd2+ cation exchanged CdSe NPLs obtained 
after 60 and 420 min of reaction at 40 °C. (a) CdSe-PbSe heterostructures after cation exchange for 60 
min show an almost full Pb2+-for-Cd2+ cation exchange. The region with a lower contrast (indicated with 
an arrow) indicates the presence of zb-CdSe, showing incomplete cation exchange. (b) PbSe NPLs after 
cation exchange for 420 min, containing protrusions at the edges of the NPLs (indicated with arrows). 
(c) Zoom-in of a single PbSe NPL with multiple protrusions, together with corresponding FFT patterns 
of different regions (coloured boxes) in (d)-(f ). (d) FFT pattern of the centre of the PbSe NPL, showing 
rs-PbSe along the [100] zone axis. (e) FFT pattern of a protrusion with the characteristic {022} reflections 
of rs-PbSe but now with the [111] zone axis. (f ) FFT pattern of a protrusion highly tilted where only the 
{111} reflection is visible.
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4.3.3 Applicability of Pb2+-for-Cd2+ cation exchange on other crystal 
shapes: the case of CdSe quantum rings

To show that Pb2+-for-Cd2+ cation exchange with PbBr2-OLAM is applicable to other shapes 
of CdSe NCs, the exchange procedure was performed on zb-CdSe nanorings with a toroidal 
shape (Chapter 2).18, 39 Figure 4.6a shows the obtained optical absorption and emission spectra, 
together with high resolution HAADF-STEM images of the corresponding CdSe and PbSe quan-
tum rings. In agreement with previous reports, the photoluminescence of the CdSe quantum 
rings is centred around 2.0 eV, while the first absorption peak is slightly blue shifted to 2.05 
eV (Figure 4.6a). After Pb2+-for-Cd2+ exchange at 80 °C for 420 min, both the absorption and 
emission band have been shifted to lower energies, similar to the Pb2+-for-Cd2+ cation exchange 
on CdSe NPLs discussed before. Apart from a shoulder close to the absorption onset at 1.0 eV, 
the absorption spectrum is featureless. The photoluminescence emission peak is redshifted from 
the absorption onset and is centred at 0.87 eV.

Figure 4.6b shows a representative HAADF-STEM image of CdSe quantum rings. As can be 
seen, the NCs have a toroidal shape and are highly crystalline, in agreement with our previous 
work (Chapter 2).18 Although several particles are fully perforated, others have a membrane in 
the centre with a thickness of the original CdSe NPL.18 After cation exchange, the shape of the 
NCs is mostly preserved (Figure 4.6c). The FFT pattern of a single PbSe quantum ring (inset) 
shows that the NCs are highly crystalline, as the characteristic reflections from rs-PbSe are 
observed. EDX in HAADF-STEM mode confirms these results as a minimal amount of cadmium 
is observed (Figure S4.9). To summarize, we can conclude that Pb2+-for-Cd2+ cation exchange is 
also applicable to other shapes of NCs while the shape of the original particle is being preserved.

Figure 4.6 Characterization of PbSe quantum rings obtained by Pb2+-for-Cd2+ exchange of CdSe 
quantum rings. (a) Absorption (dashed lines) and emission (solid lines) spectra of CdSe and PbSe 
quantum rings. (b) High-resolution HAADF-STEM image of zb-CdSe quantum rings. (c) High resolution 
images of rs-PbSe quantum rings after cation exchange. Inset: FFT pattern of a single PbSe quantum 
ring, confirming the rs-PbSe crystal lattice.
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4.3.4 Investigating the optical properties of two-dimensional CdSe-PbSe 
heterostructures and PbSe NPLs at cryogenic temperatures

Important insights in cation exchange and growth of PbSe domains into the CdSe NPLs can also 
be obtained from optical spectroscopy, as quantum confinement strongly influences the optical 
properties of PbSe nanostructures. Therefore, we selected three samples (0.5, 5 and 420 min of 
Pb2+-for-Cd2+ cation exchange) with different PbSe lateral domain sizes and investigated these 
with a combination of time-resolved and temperature dependent optical spectroscopy.

Temperature dependent excitation- and emission spectra were recorded for CdSe NPLs after 0.5 
min of Pb2+-for-Cd2+ cation exchange at 40 °C, showing a broad emission band around 1.4 eV at 
room temperature (Figure 4.7a and S4.10). High-resolution HAADF-STEM imaging (Figure 
4.4) revealed that this sample contained an average rs-PbSe domain size of 4.4 ± 3.1 nm2, together 
with PbSe QDs with a diameter of ~2 nm. The observed peak position is similar to the exciton 
energy reported for 2 nm diameter PbSe QDs and is much higher than the 0.27 eV bulk band 
gap value of PbSe, indicating 3D quantum confinement of the incorporated PbSe domains.40 
The large width of the emission band is explained by inhomogeneous broadening caused by the 
relatively large size inhomogeneity of the rs-PbSe domains. Evidence for strong coupling of the 
PbSe domains to the CdSe NPLs is clearly visible in the excitation spectra of the PbSe emission 
(see inset Figure 4.7a and S4.10), which reveals the characteristic (HH,e) and (LH,e) absorption 
features of 4.5 ML CdSe NPLs. Efficient energy transfer from CdSe NPLs to PbSe domains almost 
completely quenches the CdSe NPL exciton emission already after 0.5 min of cation exchange, 

Figure 4.7 Photoluminescence emission spectra of CdSe-PbSe NCs after (a) 0.5 min, (b) 5 min and (c) 
420 min of Pb2+-for-Cd2+ cation exchange at 40 °C, recorded at temperatures between 300 and 4 K. 
The inset in (a) shows excitation spectra recorded at 9 and 273 K with an emission energy of 1.85 eV. 
(d)-(f ) show respectively the corresponding peak position versus the temperature. For the smallest PbSe 
domain size/shortest cation exchange time (0.5 min), there is a negative change in Eg, while for the 
longer periods (5 and 420 min) there is an increase in band gap with increasing temperature. The red 
line represents a linear fit, from which the temperature shift of the exciton energy dEg

dT
 is determined.
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similar to the previously reported PbSe-dot-on-CdSe-NPL heterostructures.22 Upon cooling 
down to 4 K the excitation lines of CdSe NPLs shift to higher energies due to lattice contraction 
of the zb-CdSe crystal lattice, as has been shown for pure 4.5 ML CdSe NPLs.41

The PbSe domains after 5 min of cation exchange at 40 °C have grown to 24.9 ± 22.4 nm2, as 
determined from high-resolution HAADF-STEM images. As a consequence, the larger lateral 
size reduces the quantum confinement along the lateral directions, thereby redshifting the emis-
sion peak to about 1.15 eV (Figure 4.7b). Upon comparing this result to literature values of PbSe 
QDs with a diameter of 5 nm which show emission at 0.7 - 0.8 eV,40, 42 the higher emission energy 
of these CdSe-PbSe heterostructures can be explained by strong confinement in the thickness 
direction, in line with our finding that the crystal thickness is being preserved during cation 
exchange (see Figure S4.8).

After 420 min of reaction, the Pb2+-for-Cd2+ cation exchange is complete (see above) and PbSe 
NPLs with lateral sizes over 10 nm have been formed. As a result, the further decrease of quantum 
confinement along the lateral directions causes the emission peak to shift to about 1.0 eV (Figure 
4.7c), a similar energy to what has been reported before by Galle et al.14 In spite of the presence of 
protrusions in these PbSe NPLs (Figure 4.5c), the emission band is relatively narrow.

To summarize, our results indicate that the CdSe-PbSe heterostructures and PbSe NPLs exhibit 
strong confinement along the thickness direction, different from QDs with similar crystal sizes. 
Moreover, due to the very large exciton Bohr radius of PbSe (46 nm),40, 43 relatively large redshifts 
in emission in the order of hundred meV are observed when the PbSe domains grow in size.

To further investigate the optical characteristics of the PbSe NPLs and CdSe-PbSe heterostruc-
tures, temperature-dependent photoluminescence spectra were measured. Emission spectra 
between 300 and 4 K are shown in Figure 4.7. Interestingly, the emission peak position for the 0.5 
min cation exchanged sample blueshifts (dEgdT  < 0, Figure 4.7d) with decreasing temperature, while 
for the two samples with larger PbSe domains (5 and 420 min samples, Figure 4.7e-f), a redshift 
(dEgdT  > 0) of the emission peak is observed upon decreasing the temperature.44 For the smallest 
PbSe NCs (0.5 min), the lattice contraction at low temperatures increases quantum confinement, 
resulting in a blueshift of the band gap energy. Remarkably, this effect is sufficiently strong that it 
reverses the redshift observed for large PbSe NCs and bulk PbSe.44

If we compare the temperature dependence of our 2D (hetero-)NPLs to earlier works on PbSe 
QDs,45 the 0.5 min cation exchanged CdSe-PbSe heterostructures have a similar dEgdT  value and 
emission peak position as 2 nm PbSe QDs (Figure S4.11a). The PbSe NPLs from the 5 and 420 
min cation exchange have markedly higher dEgdT  values than reported for PbSe QDs with similar 
band gap energies (Figure S4.11b).40, 42 Clearly, the anisotropic shape and quantum confinement 
along the thickness direction of the NPLs strongly influences dEgdT . The present results for 2D PbSe 
nanostructures where confinement is much stronger in the thickness directions may help to 
better understand the contribution of lattice contraction on the exciton energy in PbSe NCs.
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To obtain information on the exciton dynamics related to temperature dependent radiative and 
non-radiative processes, time-resolved photoluminescence emission measurements were per-
formed between 4 and 300 K. The luminescence decay curves measured for the three types of 
samples at different temperatures and at different emission wavelengths show multi-exponential 
behaviour which can be accurately described by a two-exponential fit (Figure S4.12). The mul-
ti-exponential behaviour indicates that there are differences between NCs and complicates the 
analysis.

In order to compare the lifetimes of PbSe domains after 0.5, 5 and 420 min of CE, we calculated 

average lifetimes using τav =
A1τ12 +A1τ22

A1τ1 +A2τ2
, the results are shown in Figure 4.8. For the smallest

PbSe NCs (0.5 min sample), the lifetime decreases from 75 to 300 K. This is different from the 
larger NCs (5 min sample) that show a decrease in lifetime between 75 and 200 K, followed by an 
increase in lifetime above 200 K. A similar increase in lifetime above 200 K for PbSe NPLs was 
reported before by Skurlov et al.46 Although it is beyond the scope of this study to explain the 
complex temperature-dependent lifetime behaviour of these (hetero-)NCs, the absence of clear 
trends between 75 and 300 K indicate the presence of thermally activated processes, including 
trapping and de-trapping of charge carriers.47

Different from the lifetime behaviour between 75 and 300 K, a clear lengthening is observed for 
all three samples below 30 K. A sharp increase occurs with a different temperature onset for the 
different PbSe structures. For the smallest PbSe domains (0.5 min sample), the lifetime increases 
from 3 to 5 μs by cooling down the sample from 30 to 4 K. For the slightly larger domains and 
fully exchanged NPLs (5 and 420 min samples), the onsets are present at 22 and 10 K, respectively. 
The increase in lifetime is roughly linear in the log-plot, consistent with a dynamic equilibrium 
between a dark and bright exciton state. Dark-bright splitting causes a lengthening of the radi-
ative lifetime due to the forbidden character of the dark transition and is strongly size depend-
ent.47-50 In the PbSe NPLs, a larger dark-bright splitting is present than what is expected based on 
the lateral dimensions. Although the large contribution of non-radiative processes to the decay 

Figure 4.8 Temperature dependence of the average lifetimes for CdSe-PbSe heterostructures after 
0.5, 5 and 420 min of cation exchange, determined from the decay curves (Figure S4.12). Note that 
the y-axis is given on a logarithmic scale. The samples were excited at 445 nm while the emission was 
monitored at the emission peak maximum (see Figure 4.7a-c).
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dynamics makes it difficult to accurately determine the dark-bright state splitting, it is nonethe-
less clear that the splitting is dominated by strong confinement along the thickness direction.

4.4 Conclusion
To conclude, we have followed the Pb2+-for-Cd2+ cation exchange with PbBr2-OLAM on CdSe 
NPLs into 2D CdSe-PbSe heterostructures and PbSe NPLs by combining optical spectroscopy 
with HAADF-STEM imaging. Lowering the reaction temperature resulted in a slow-down of 
cation exchange, yielding partially exchanged CdSe NPLs containing well-defined PbSe domains, 
with absorption and emission features from both CdSe and PbSe. Atomically resolved HAADF-
STEM revealed the conservation of the selenium framework and presence of well-defined {001} 
and {011} heterointerfaces between the zb-CdSe and rs-PbSe domains, similar to systems pre-
pared with solid-state techniques. Performing the cation exchange procedure on CdSe quantum 
rings resulted in the formation of optically active PbSe quantum rings while the shape of the 
original NC was preserved, showing that this procedure is also applicable to other NC shapes. 

Moreover, this work reports on the temperature-dependent optical properties of heterostruc-
tured CdSe-PbSe NPLs. Quantum confinement strongly influences the emission peak maximum 
of PbSe NPL domains, at longer growth times (> 5 min cation exchange) predominantly along 
the thickness direction. The smallest PbSe domains (0.5 min) show a negative dEgdT , which is in 
agreement with similarly sized PbSe QDs. The increase of the dEgdT  for larger PbSe NPLs (5 min and 
420 min of cation exchange) is stronger than for QDs with the same emission peak maximum, 
indicating a strong influence of the anisotropic shape. A clear increase of the lifetimes is observed 
upon cooling from 30 to 4 K for all PbSe nanostructures, indicative of dark-bright exciton split-
ting which is strongly affected by the anisotropic confinement in the PbSe NPLs.
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4.6 Supplementary information
S4.6.1 Estimation of the Pb2+ to Cd2+ ratio

To estimate the Pb2+:Cd2+ cation ratio at the beginning of the cation exchange reaction, we deter-
mine the amount of Cd2+ cations in the CdSe NPLs from the shape of the nanocrystal and the 
absorption spectrum of the diluted stock dispersion by using Beer’s law c = A300 ⋅ d

ε300 ⋅ l
; with c the

concentration of the CdSe NPLs (mol·L-1), A300 the absorbance of the nanocrystal dispersion at 
300 nm (A300 = 2.722), d the dilution factor of the dispersion (d = 101), ε300 the absorption coeffi-
cient of the nanocrystals at 300 nm (in cm-1·mol-1·L), and l the path length of the cuvette (1 cm). 
In here, the absorption coefficient (ε300) is related to the absorption cross section of a single nan-
oplatelet (σ300) at 300 nm as ε300 = σ300

Nav

ln(10)
, with Nav Avogadro’s constant.51 We calculated the

absorption cross section σ300 using a previously reported protocol from Geiregat et al.52 where the 
bulk dielectric values of CdSe and shape of the nanocrystal (see below) were taken into account. 
This results in respectively σ300 = 1.28·10-13 cm-2

 and ε300 = 3.34·107 cm-1·M-1, in line with theoretical 
and experimental literature values,52, 53 yielding a concentration c = 2.722 ⋅ 101

3.34 ⋅ 107 ⋅ 1
 = 8.22·10-6 mol

CdSe NPLs·L-1. We added 210 μL of this concentrated stock solution to each experiment, which 
corresponds to 1.73·10-9 mol CdSe NPLs.

We “fill” the shape of a single CdSe NPL with unit cells of zinc blende CdSe to estimate the 
number of Cd2+ cations per nanocrystal. The lateral sizes determined from HAADF-STEM 
images are 11.9 by 14.7 nm2, see also Figure 4.2a of the main text. As the NPLs exhibit the 
characteristic (HH,e) and (LH,e) absorption features of 4.5 ML thick CdSe NPLs at 2.42 and 2.58 
eV (Figure 4.2g), the nanocrystals consist of four monolayers of CdSe and a terminating layer 
of Cd along the thickness direction.26, 54 Figure S4.1 depicts a schematic representation of this 
crystal structure along the thickness direction, showing that this matches with a building block 
of two stacked unit cells of zinc blende CdSe which contain 10 Cd2+ cations and 8 Se2- anions. As 
the lattice constant of zinc blende is 0.6077 nm, the nanocrystals consist of on average 20 by 24 
“building blocks” of two stacked unit cells of CdSe, resulting in respectively 4800 Cd2+ and 3840 

“building block”
of two stacked unit cells

4.5 ML CdSe NPL

Figure S4.1 Schematic representation of a 4.5 ML thick CdSe NPL, showing that the crystal structure 
along the thickness direction has “building blocks” of two stacked unit cells of zinc blende CdSe. A single 
building block contains 10 Cd2+ and 8 Se2- ions.
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Se2- ions per CdSe NPL. This corresponds to the presence of 1.73·10-9 mol CdSe NPLs· 4800 Cd2+ 

cations/NPL = 8.29·10-6 mol Cd2+ ions.

As we add 65·10-6 mol Pb2+ (from 24 mg PbBr2) and 8.29·10-6 mol Cd2+ (from the CdSe NPLs) 
to the reaction mixture, an approximate Pb2+:Cd2+ ratio of 7.8:1 is present during the cation 
exchange reaction. Although several assumptions have been made for this calculation, we can 
safely conclude that an excess amount of Pb2+ ions is present to drive the Pb2+-for-Cd2+ cation 
exchange in the CdSe NPLs.

S4.6.2 Optical spectroscopy and structural characterization
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Figure S4.2 Absorption and emission spectra of aliquots taken during the Pb2+-for-Cd2+ cation exchange 
of CdSe NPLs into PbSe NPLs at 80, 60, 40 and 25 °C for up to 420 min of reaction. The absorption data is 
plotted on a logarithmic scale to visualize the absorption of PbSe.
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The absorption spectrum of the aliquot taken after 1 min of reaction time at 80 °C (Figure S4.2a) 
shows the absence of characteristic features of the (HH,e) and (LH,e) transitions from CdSe 
NPLs at 2.42 and 2.58 eV. However, an onset at 1.1 eV is present, that shifts during the 420 min 
of reaction to 1.0 eV. Except for this onset, no other features of PbSe are visible, in agreement to 
previous results on PbX (X = S, Se) NPLs.55, 56 The emission spectra show a comparable redshift 
as the absorption spectra: the emission peak after 1 min of reaction at 1.05 eV has been shifted 
to 0.95 eV after 420 min. Analogous trends in absorption and emission are observed at 60 °C, 
although the shifts to lower energies are slightly smaller (Figure S4.2b). Decreasing the tem-
perature to 40 °C (Figure S4.2c) shows similar trends in absorption and emission as 60 and 80 
°C, with the (HH,e) and (LH,e) absorption transitions from 4.5 ML thick CdSe NPLs are visible 
at the early stages of the reaction. Simultaneously, an increasing broad absorption band appears 
between 1.25 and 2.25 eV due to the growth of PbSe domains. A lower temperature of 25 °C 
did result in irreproducible results (Figure S4.2d). The glovebox heated up during the cation 
exchange reaction which consequently reduced the ability to control the reaction temperature. 
Moreover, the recorded emission spectra showed low intensities, suggesting that a temperature 
of 40 °C or higher anneals nanocrystals structure in situ, thereby reducing the number of defects 
in the crystal lattice.

Figure S4.3 High resolution BF-TEM image of an aliquot taken after 5 min of cation exchange at 40 °C. 
Domains of rock salt PbSe are clearly visible at the edges of the nanocrystals and are occasionally in 
zone axis. In contrast to the HAADF-STEM image (Figure 4.2d), the difference between the low-contrast 
CdSe and background is not as clear due to the additional noise from the formvar layer of the EM grid.

Figure S4.4 Elemental composition of the heterostructures during the conversion of CdSe NPLs into 
PbSe NPLs determined with EDX in BF-TEM mode. We remark that elemental analysis with EDX is 
relatively inaccurate as multiple factors influence the measurements.
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Figure S4.6 High resolution HAADF-STEM images of a partially exchanged nanocrystal (0.5 min aliquot 
at 40 °C) after the first (a) and second scan (b), showing that the crystal structure has been deformed 
under influence of the electron beam. In order to minimize these structural changes during imaging, 
low beam currents (~5 pA) and magnifications were used.

Figure S4.5 SAED diffraction patterns (a) and rotationally averaged patterns (b) of CdSe and PbSe NPLs, 
together with reference patterns of zb-CdSe, rs-PbSe and orthorhombic PbSe (or-PbSe). The SAED 
pattern of the starting CdSe NPLs is in agreement with zb-CdSe whereas the pattern of the PbSe NPLs 
matches that of rs-PbSe.
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Figure S4.7 EDX in high resolution HAADF-STEM mode on several PbSe NPLs after Pb2+-for-Cd2+ 
exchange for 420 min at 40 °C. Although a homogenous distribution of blue dots of cadmium is visible 
(e), no peak of Cd is present in the EDX spectrum (at 3.1 keV). Therefore, the detected X-rays are origi-
nated from background noise from the EDX detector and no detectable amount of Cd is present.
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S4.6.3 Temperature-dependent spectroscopy

Figure S4.10 Excitation spectra while monitoring the PbSe emission for 0.5 (a) and 5 min (b) samples. 
The emission was recorded at the high energy side of the PbSe emission band, respectively at 1.85 and 
1.50 eV. Both after 0.5 and 5 min exchange the room temperature, the excitation spectra reveal the 
characteristic (HH,e) and (LH,e) transitions of 4.5 ML thicks CdSe NPLs, indicating the presence of 4.5 
ML thick CdSe domains and efficient energy transfer from CdSe to PbSe. At cryogenic temperatures the 
excitation spectrum has been blue-shifted by ~0.12 eV, in agreement with previous results for 4.5 ML 
thick CdSe NPLs.41
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Figure S4.12 Photoluminescence decay curves of CdSe-PbSe heterostructures and PbSe NPLs after 
Pb2+-for-Cd2+ for (a) 0.5, (b) 5 and (c) 420 min of cation exchange for pulsed 445 nm excitation (pulse 
width: 180, 120 and 120 ns). All decay curves are clearly multi-exponential as a result of the large 
polydispersity and reflect variations in radiative and non-radiative decay rates within samples. The black 
lines are two-exponential fits in the form I (t) = A1 ⋅ e−t/τ1 +A2 ⋅ e−t/τ2 , from which the average exciton 

lifetimes are calculated using the relation τav =
A1τ12 +A1τ22

A1τ1 +A2τ2
 (shown in Figure 4.8).

0 4 8 12 16 20

0.1

0.2

0.5

1.0 4 K, λem= 1330 nm 
20 K, λem= 1330 nm 
90 K, λem= 1320 nm 
280 K, λem= 1240 nm  

0 4 8 12 16 20

0.05

0.5

1.0

0.1

7 K 
28 K
153 K 
233 K

λem= 1300 nm

0 4 8 12 16 20

0.05

0.5

1.0

0.1

81 K 

4 K
18 K 

302 K  

 λem= 1100 nm

Time (μs)

N
or

m
al

iz
ed

 P
L 

(a
.u

.)

Time (μs) Time (μs)

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

N
or

m
al

iz
ed

 P
L 

(a
.u

.)

N
or

m
al

iz
ed

 P
L 

(a
.u

.)

0.5 min 5 min 420 min

Figure S4.11 Comparison of the band gap at 300 K and change of band gap as a function of temperature 
(dEgdT ) of our 2D CdSe-PbSe heterostructures (0.5 and 5 min samples) and PbSe NPLs (420 min sample) 
to literature values.40, 42 (a) The band gap energy of PbSe QDs, two-dimensional PbSe-CdSe hetero-
structures and PbSe NPLs nanostructures after cation exchange. The band gap energy of the smallest 
PbSe NCs/domains (0.5 min sample) is in good agreement with previous results for PbSe QDS. Larger 
PbSe NPLs (5 and 420 min sample) experience stronger confinement in the thickness direction and 
therefore have a higher band gap energy than one would expect for PbSe QDs with a similar size. (b) 
Sizing curve from Moreels et al.42 is used to convert PbSe QD diameter versus 

dEg
dT  values from Olkhovets 

et al. into Eg versus 
dEg
dT  values.45 Again, the smallest PbSe domain values are in good agreement with 

previous results, whil the laterally larger PbSe NPLs have higher 
dEg
dT  values. The difference is insightful, 

as the lattice contraction effect on the exciton energy as a function of temperature of PbSe NPLs clearly 
different from PbSe QDs.
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Looking closer: an atomically 
resolved HAADF-STEM study on 
the crystallinity and formation 
mechanism of PbS nanosheets

Two-dimensional semiconducting nanocrystals exhibit thickness-dependent opti-
cal properties, different from the zero- and one-dimensional counterparts. While 
most research has focussed on materials for the visible spectral region, expansion 
to systems with efficient near-infrared emission is essential for future technologi-
cal applications. Recently, much work has been conducted towards well-defined 
PbS nanosheets with rock salt and orthorhombic crystal structures, complemen-
ted by theoretical studies showing that the crystal structure determines the optical 
properties and type of bandgap. Subsequently, a thorough understanding of the 
crystallinity is required to elucidate the optical properties of PbS NSs.

In this work, we perform a detailed investigation on the crystallinity of PbS 
NSs prepared with the Pb(SCN)2 single source precursor. Atomically resol-
ved HAADF-STEM imaging reveals the presence of defects and small rock salt 
domains in the dominant orthorhombic PbS crystal lattice. Moreover, NSs with 
different thicknesses are observed in steps of two monolayers, displaying clear 
absorption features. By lowering the synthesis temperature, the decomposition 
reaction is slowed down, allowing the isolation and study of intermediate reaction 
products; rectangular quasi-crystalline NSs. To explain the reaction mechanism, 
we propose a self-induced templating mechanism in which an OLAM-Pb-SCN 
complex is the driving force for the NS formation.

Chapter 5
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5.1 Introduction
Two-dimensional (2D) semiconducting nanocrystals (NCs) have opto-electronic properties dif-
fering from their zero- and one-dimensional counterparts. The two long lateral dimensions result 
in a dispersion relation between the kinetic electron energy and its momentum; while the thin 
direction is quantum confined. Hence, these systems share characteristics with epitaxial quantum 
wells, while still being solution-processable. Moreover, in some systems, such as CdX (X = Se, S 
or Te) nanoplatelets (NPLs), the thickness is atomically defined, resulting in well-defined spectral 
features without inhomogeneous broadening.1 As a result, these materials are promising for novel 
opto-electronic applications.2

Synthesis procedures have been developed for a broad range of 2D NCs, varying from CdSe,1, 3 
ZnSe4 to In2S3

5 and PbSe,6-8 mostly with optical properties in the visible spectral region. However, 
expansion towards 2D systems with efficient near-infrared emission is essential for future techno-
logical applications such as tissue imaging and telecommunication devices.9, 10 Recently, progress 
has been made towards the preparation of 2D PbS nanosheets (NSs),11-16 but control over the 
synthesis and opto-electronic properties of these nanocrystals remains challenging.17-19

Other than the 0D truncated cubes which crystallize as cubic rock salt PbS (a = b = c),20, 21 PbS 
nanosheets (NSs) can exhibit an orthorhombic crystal structure (a ≠ b ≠ c).11, 13 Although the 
specific origin of the different crystal lattice for these 2D NCs is unknown, it has been proposed 
that ligands at the surface exert strain on the crystal lattice and induce a phase transformation,11, 

13, 22 similar to the rock salt to orthorhombic phase transition observed for bulk PbS at elevated 
pressures.23, 24 Moreover, recent DFT calculations show that the type of bandgap is strongly rela-
ted to the unit cell of PbS; an indirect bandgap was reported for a pronounced orthorhombic unit 
cell, while direct bandgaps are observed for rock salt and less pronounced orthorhombic PbS.25 
As a consequence, the optical properties, such as absorption and carrier lifetimes, are directly 
related to the microscopic crystal structure in the NCs. Therefore, a thorough understanding of 
the crystallinity is required to understand the optical properties of PbS NSs.

Over the past years, several synthesis methods have been reported for the preparation of PbS 
NSs. Early works have shown that oriented attachment and templated formation yield PbS NSs in 
which the 2D nanostructures are formed by the connection of small NCs.15, 26 More recent syn-
thesis routes have utilized single-source precursors, including lead xanthate and lead thiocyanate 
(Pb(SCN)2).11, 13 These precursors and syntheses are advantageous for upscaling,27 where a metal 
salt decomposes in an organic solvent at elevated temperatures (> 150 °C), providing both the Pb 
and S for the synthesis. A possible benefit of such a single-source precursor is that ligands could 
stabilize the generated NCs in situ.

In this work, we perform a detailed investigation on the crystallinity and formation mechanism 
of PbS NSs prepared with the Pb(SCN)2 single-source precursor. To investigate the crystal struc-
ture and composition of the formed NCs in detail, we fully exploit atomically resolved high-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM). At low magni-
fication, the PbS sheets show a rectangular shape and a low polydispersity both in shape and size. 
High resolution imaging reveals the presence of defects and incorporated rock salt domains in 
the dominant orthorhombic PbS crystal lattice. By lowering the reaction temperature, we slow 
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the decomposition reaction, enabling us to follow the formation of the NSs. Moreover, we pro-
pose a model for the formation of the PbS NSs, in which a OLAM-Pb-SCN complex is the driving 
force for NSs formation in steps of two MLs. With longer reaction times the NSs crystallinity 
was further improved, while the thickness of the NSs was pushed uniformly further towards 6 
monolayers (MLs).

5.2 Experimental section
5.2.1 Chemicals

Acetonitrile (ACN, anhydrous, 99.8%), 1-butanol (BuOH, anhydrous, 99.8%), lead(II) thiocyanate 
(Pb(SCN)2, 99.5%), methanol (MeOH, anhydrous, 99.8%), nonanoic acid (≥97%), 1-octadecene 
(ODE, technical grade 90%), octylamine (99%), oleic acid (OA, technical grade 90%), oleylamine 
(OLAM, technical grade 70%) were bought from Sigma-Aldrich. Toluene (anhydrous, 99.8%) 
was bought from Alfa Aesar. Ethanol (EtOH, anhydrous, ≥99.8%) was bought from VWR.

5.2.2 Synthesis of PbS nanosheets

The PbS nanosheets were prepared according to an earlier reported synthesis procedure of Akker-
man et al.13 In a typical synthesis, 32.3 mg (0.1 mmol) Pb(SCN)2 was added to a 25 mL three-neck 
flask with 223.8 mg (0.250 mL) OA, 101.6 mg (0.125 mL) OLAM and 7.9 g (10 mL) ODE. The 
flask was capped with a Vigreux, but the reaction was allowed to proceed in air (O2 is needed for 
the Pb(SCN)2 decomposition reaction). To dissolve the Pb(SCN)2 the reaction flask was heated to 
110 °C for 30 min, after which the temperature was quickly raised to 165 °C (at a rate of ~15 °C/
min). Around 155 °C the reaction mixture turns light brown, when the temperature reaches 165 
°C the flask is quickly cooled with a water bath. The NSs were washed by centrifugation at 2750 
RPM (840 RCF), redispersed in 5 mL of toluene and stored in a N2-filled glovebox to prevent 
oxidation. A possible additional washing step was performed using either acetonitrile (5 mL) 
or MeOH/BuOH (3 mL, 1.5 mL) as an antisolvent, again centrifuging at 2750 RPM (840 RCF).

5.2.3 Characterization

TEM samples were prepared by drop-casting a dilute dispersion of NCs on carbon-coated copper 
TEM grids. Nanosheets with an edge-up orientation were prepared by the addition of MeOH/
BuOH (1:2) to the dispersion and consequent drop-casting on a TEM grid. To diminish conta-
mination of hydrocarbons during imaging, the copper grid was treated with EtOH and activated 
carbon following a recently published procedure.28 BF-TEM imaging was performed on a FEI 
T20, a Thermo Fisher Talos L120C, or on a Fei Talos F200X operating at respectively 200, 120 and 
200 keV. Low-resolution HAADF-STEM images were acquired on a Fei Talos F200X operating 
at 200 keV. Atomically resolved high-resolution HAADF-STEM imaging was performed on an 
aberration-corrected Thermo Fisher Titan microscope operating at 300 keV.

UV/VIS absorption spectra were measured on a PerkinElmer 950 UV/VIS/NIR spectrophoto-
meter with quartz cuvettes. FTIR spectra were measured with a Bruker Vertex 70 and an air tight 
liquid cell purchased from International Crystal Laboratories, with a path length of 0.5 mm and 
two KBr windows. Spectra were recorded from 400 cm-1 to 7000 cm-1 with a KBr beam splitter, a 
DTLaTGS D301 detector and a mid IR source.
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1H-NMR measurements were performed using an Agilent MRF400 equipped with a OneNMR 
probe and Optima Tune system. Spectra were recorded according to the following parameters: 
400 MHz, CDCl3 25°C. PbS NSs were measured with a slightly modified method using a longer 
relaxation delay (25 s) to allow complete relaxation.29, 30 In short, 0.6 or 0.9 mL of the synthesized 
PbS NSs was measured including 10 µL (0.05 M) ferrocene stock solution as an internal standard.

5.3 Results
5.3.1 Atomically resolved HAADF-STEM imaging

Utilizing the previously reported work of Akkerman et al.,13 PbS nanosheets (NSs) were synthesi-
zed by the decomposition of Pb(SCN)2 in octadecene (ODE), oleylamine (OLAM) and oleic acid 
(OA). Bright-field transmission electron microscopy (BF-TEM) shows PbS NSs with well-de-
fined geometrical features and an even contrast throughout the NSs (Figure 5.1a and S5.1a). 
The nanocrystals exhibit rectangular shapes, straight edges and sharp 90° corners with lateral 
dimensions of 142 by 25 nm2, in agreement with previous work.13 Investigation of these NSs with 
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), 
shows the well-defined edges and sharp corners, but now, remarkable contrast differences within 
and between the NSs become clear (Figure 5.1b and S5.1b). As only electrons bent by interaction 
with the sample are detected in HAADF-STEM imaging, the uneven contrast in these images 
must be due to thickness variations and/or spatial variation in the elemental composition of the 
specimen.31 From Figure 5.1b, we can already conclude that within a given NS elemental and/

(a)(a) (b)(b)

(c)(c)(c)(c) (d)(d)
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50 nm50 nm

5 nm5 nm

20 nm20 nm
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Figure 5.1 Electron microscopy images of PbS NSs prepared at 165 °C. (a) BF-TEM image of the NSs, 
showing well-defined nanocrystals with sharp edged corners. (b) Low-resolution HAADF-STEM imaging 
reveals contrast differences within and between the NSs. (c-d) High-resolution HAADF-STEM imaging 
shows the serrated edges of the NSs (c) and an almost monocrystalline orthorhombic PbS structure in 
the [100] direction (d).
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or thickness differences are present. Moreover, the contrast differences between the NSs suggest 
the presence of NSs with a different average thickness. Both these observations would result in 
broadened and unfeatured absorption and emission spectra of ensemble measurements.

To further investigate the atomic structure of the NSs, we use a higher resolution aberration 
corrected electron microscope in HAADF-STEM mode, showing that the edges of the NSs are 
serrated (Figure 5.1c). With atomic resolution, the crystal structure can now be studied directly 
(Figure 5.1d). The absence of the background contrast in HAADF-STEM imaging results in a 
clear image of the atom columns, better than in BF-TEM mode (Figure S5.1 and S5.2). Evidently 
the [100] direction of orthorhombic PbS is in zone axis, with the atom columns appearing oval 
due to the characteristic shift of the orthorhombic crystal structure (Figure 5.1d). The long edge 
of the NSs is formed by the [010] axis of the orthorhombic structure. Previous works have shown 
that the isotropic rock salt lattice (Figure 5.2a) can be converted to anisotropic orthorhombic 
PbS under high pressure (Figure 5.2b).23, 24, 32 Note that the difference between orthorhombic and 
rock salt PbS is most clear in the face-down orientation of the NSs (Figure 5.2a-b), as the edge-up 
configuration of the crystal lattices have a very similar atomic ordering (see Figure 5.2c-d and 
S5.3).

Although most of the nanocrystals clearly show an orthorhombic crystal lattice (Figure 5.1d), 
several nanocrystals contain areas with a higher or lower intensity in Figure 5.3a. The high con-
trast area (blue circle) is a lead-rich nanoparticle of 5-6 nm in diameter attached to the top or 
bottom facet of the NS, as determined from energy electron loss spectroscopy (Figure S5.4a). 
Occasionally these nanoparticles were observed individually in the sample as well (Figure S5.4b 
and S5.5). On the other hand, the low contrast regions (red circle) are attributed to lead defici-
encies in the crystal structure, potentially due to incomplete growth of the NS. Moreover, at this 

Figure 5.2 Schematic depictions of the rock salt and orthorhombic PbS crystal lattices. (a) and (b) 
show the face-down direction ([100] in zone axis). (c) and (d) show the edge-up direction of the orthor-
hombic structure on the long (c) and short edge (d) of PbS NSs. A thickness of 1 orthorhombic unit cell, 
4 monolayers (MLs), is shown (see Figure S5.3 for a 2 MLs rock salt unit cell). The grey octahedrons show 
deformation of the isotropic rock salt structure (a = b = c), into the anisotropic orthorhombic structure (a 
≠ b ≠ c). The long edge orientation of the orthorhombic crystal lattice shows no remarkable difference 
with the rock salt crystal structure (Figure S5.3).
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resolution even point defects in the crystal structure can be observed (Figure 5.3b). Here, several 
columns show a higher intensity, originating from additional lead atoms (blue circles), whereas 
columns with a lower contrast indicate a deficiency of lead atoms (red circles). Several interstitial 
lead atoms, in between the atom columns, are observed as well as indicated by the blue arrows.

In addition to point defects, a few small domains exhibit a rock salt crystal lattice. A typical exam-
ple is shown in Figure 5.3a-b (dashed green boxes), where the rock salt domain is seamlessly 
incorporated into the dominant orthorhombic crystal lattice. Since these areas have a size of no 
more than 1-4 unit cells, the corresponding Fast Fourier transform (FFT) pattern is indistinguis-
hable from that of the dominant orthorhombic lattice (see Figure S5.6). Therefore, we believe 
these areas to be defects in the orthorhombic crystal structure. As the orthorhombic crystal 
structure is suspected to be due to surface strain induced deformation,13, 22 a possible explana-
tion is that the rock salt areas experience less strain and are thus less distorted. To summarize, 
atomically resolved HAADF-STEM imaging shows that the PbS NSs are far from perfect. The 
crystallographic imperfections presented here, were not previously reported, as these details are 
difficult to distinguish, or even undetectable, in BF-TEM imaging. We suspect that these defects 
in the crystal structure contribute in a large part to the previously reported lack of photolumi-
nescent properties.

To investigate the thickness of the NSs, an antisolvent (MeOH/BuOH in a 1:2 ratio) was added 
to the dispersion before sample preparation, inducing face-to-face stacking of the NSs.33 Atomi-
cally resolved HAADF-STEM imaging shows the NSs in the edge-up orientation (Figure 5.4a), 
displaying the [001] direction of the orthorhombic crystal structure (Figure 5.2c). NSs with a 
thickness of 4 MLs monolayers (1.2 ± 0.1 nm) are observed but a second population of NSs with 
6 MLs (1.8 ± 0.1 nm) is present in equal amounts (Figure 5.4b). We remark that the PbS orthor-
hombic unit cell consists of 4 MLs, and the corresponding NS thickness of 1.2 ± 0.3 nm, was 
previously determined from stacked NSs in TEM while the crystal structure was determined by 

(a)(a) (b)(b)

5 nm5 nm 2 nm2 nm
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Figure 5.3 Atomically resolved HAADF-STEM images of PbS NSs prepared at 165 °C, showing defects 
and vacancies in the orthorhombic crystal lattice. (a) Image showing the [100] top view direction of a NS, 
containing a lead-rich nanoparticle (blue dashed circle) and regions with lead deficiency (red dashed 
circles). (b) A closer look at the orthorhombic crystal structure also shows point defects (red and blue 
circles) and interstitial lead atoms (blue arrows). Both images have small rock salt areas incorporated in 
the predominant orthorhombic crystal structure (green dashed squares).
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comparison of experimental XRD results to simulations.13 The 6 MLs NSs measure 1.8 ± 0.1 nm 
(see Figure 5.4b) and instead correspond to 1.5 orthorhombic unit cells, similar to previous work 
by Khan et al.11 The increase in thickness of the NSs reported here, is possibly due to a slightly 
lower heating rate during synthesis (~15 °C/min instead of ~20 °C/min13), effectively resulting 
in a longer reaction time. Direct observation of these two populations confirms that the contrast 
differences between the NSs in the face-down orientation (Figure 5.1b), can indeed be attributed 
to the 2 MLs difference in thickness.

This stepwise increase with half an orthorhombic unit cell indicates that the top and bottom of the 
NSs are not terminated by an additional layer of cations, as is the case for CdSe nanoplatelets.34, 35 
It was previously reported that the opto-electronical properties of two-dimensional CdSe NPLs 
are determined by the thickness of the nanocrystals, as the lateral dimensions are significantly 
larger than the exciton Bohr radius.1 Effectively stepwise atomic control of the absorption and 
emission transitions in these systems is shown.3, 34 Here, we expect to observe a similar rela-
tion between the thickness and the optical properties in PbS NSs. The absorption spectrum of a 
sample containing 4 and 6 MLs sheets (discussed above) lacks clear absorption features, only the 
already reported distinct onset (usually ~1.6 eV) is observed,13 although the position of the onset 
can vary slightly from synthesis to synthesis. For thorough comparison of the absorption spectra 
a second-derivative analysis was performed,36 yielding only a single transition at 1.77 eV (Figure 
S5.7) in a sample containing both 4 and 6 ML sheets in a 1:1 ratio. Applying this same analysis 
method to the absorption spectrum published in the work of Akkerman et al., also shows a single 
transition but at 1.81 eV.13 Thus, we attribute the 1.77 eV transition to the 4 MLs sheets, while no 
transition is observed for the 6 MLs sheets. Only at increasing reaction times (see below), or in 
syntheses with decreasing heating rates (to 9 °C/min) a transition observed at 1.64 eV (see Figure 
S5.7). We tentatively assign the transitions at 1.77 and 1.64 eV to PbS NSs with a respective 
thickness of 4 and 6 MLs.

As is clear from Figure 5.4a, stacking of NSs by the use of an antisolvent, also reduces the 
NS-to-NS distance (0.8 ± 0.3 versus 3.6 ± 0.3 nm13 and 4.4 nm37). At some points the NSs even 
appear to merge or grow together (indicated by the blue arrow), indicating a lack of surface 
passivation (see blue arrow in Figure 5.4a). In 1H-NMR measurements the NSs purified by cen-
trifugation and redispersion in fresh toluene (the only purification step previously reported), 

Figure 5.4 Determination of the thickness of PbS NSs with an edge-up orientation, prepared at 165 °C. 
(a) High-resolution HAADF-STEM image showing NSs with thicknesses of 4 and 6 MLs of PbS. (b) Corre-
sponding histogram, indicating the presence of NSs with a thickness of 1.2 and 1.8 nm in a 1:1 ratio.
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still show the presence of long organic ligands and ODE (Figure S5.8). Although it is important 
to note, that the characteristic broadening of the 5.3 ppm peak as OA or OLAM bind to a NC 
surface is not observed.30, 38, 39 In additional purification steps, where an antisolvent is used most 
of the organic ligands and ODE were removed (see Figure S5.8b). After these purification pro-
cedures, the thiocyanate as observed at ~2040 cm-1 with FTIR, is still bound to the surface of the 
NSs (see inset Figure S5.10). We therefore presume that in stacking the NSs, the organic ligands 
are removed as well, resulting in a decrease of NS-to-NS distance. 

To summarize, we have shown that with HAADF-STEM on an aberration corrected microscope 
the crystal structure of these NSs can be directly determined. The orthorhombic crystal structure 
shows several defects, high and low intensity areas are observed, and even small rock salt areas 
are incorporated in the orthorhombic crystal structure. In the edge-up orientation, the NSs were 
shown to occur in two populations, both 4 MLs and 6 MLs were observed in a 1:1 ratio. In 
absorption, the NSs show an optical transition at 1.77 eV, a transition related to the 4 MLs sheets. 
Thus, we expect the absorption spectrum to be dominated by the transition of the 4 MLs sheets.

5.3.2 Formation mechanism of PbS nanosheets

Whenever 2D nanocrystals are synthesised, a soft templated growth mechanism is often sug-
gested. Especially in the presence of long organic ligands, as these have been shown to form 
close-packed lamellar mesophases which can guide 2D growth.26, 40-42 Relatively few studies have 
unambiguously shown the in situ presence of soft templates during the growth of 2D nanostruc-
tures. In case of PbS NSs synthesized with lead acetate, octylamine and oleic acid, the existence 
of a lamellar mesophase before nanocrystal formation was shown with low-angle XRD measu-
rements and TEM images.26 In the synthesis of Cu2-xS NSs, templates observed in TEM images 
were tentatively described as Cu-thiolate frameworks, maintaining their 2D structural integrity 
at high temperatures when stabilized by halides.43 During the reaction, these templates gradually 
disappear due to Cu-catalysed C-S thermolysis, resulting in the formation of the NSs.

In the pilot work of Akkerman et al., it was proposed that a Pb-oleate-SCN complex is formed 
during the first phase of the reaction. Subsequently, the decomposition of this complex at higher 
temperatures yields the PbS NSs in a similar manner as the formation of Cu2-xS NSs.13 However, 
no direct proof for a templated mechanism was given. Therefore, we investigated the formation 
mechanism via aliquots from a reaction at a lower temperature (145 °C) to follow the growth 
of the PbS NSs in time. This slowed the reaction, allowing the study of intermediary reaction 
products with HAADF-STEM (Figure 5.5 and S5.11) and UV/Vis (Figure S5.12).

The first aliquot, taken one min after the characteristic colour change from transparent to light 
brown, did not result in any isolated product. However, HAADF-STEM imaging of the aliquot 
taken one min later (Figure 5.5a) shows several small NSs with straight edges and 90° corners. 
These NSs have an average size of 161 by 18 nm2 (see Figure S5.13), and thus have slightly diffe-
rent lateral dimensions when compared to the standard synthesis at 165 °C (142 by 25 nm2). In 
a later aliquot (6:30 min), the NSs grow to 293 by 38 nm2 and show an increase in intensity and 
fluctuations within the NSs (Figure 5.5c and S5.14).

Interestingly, it is only at higher magnifications (see Figure 5.5b) that PbS NSs grown for 2:30 
min are shown to be different from the standard synthesis at 165 °C (see above). Instead of an 
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orthorhombic crystal structure, these NSs have an amorphous-like structure with a random dis-
tribution of small crystalline areas of about 25 ± 17 nm2. These crystalline domains primarily 
exhibit a rock salt crystal structure, with only some orthorhombic domains. Despite the differen-
ces in crystal structure and only being connected by amorphous areas, the crystalline domains 
are uniformly oriented. Just like NSs with a complete crystal structure (see Figure 5.3a), the 
individual orthorhombic areas all have the [010] axis along the long lateral direction of the NS 
(equivalent to the [01-1] direction for rock salt PbS). The corresponding FFT pattern of the NS is 
surprisingly sharp (inset Figure 5.5b) but does show some broadening in the ordering of the long 
lateral direction. This uniform orientation even occurs when the NSs are broken, less rectangular 
and not well defined (see FFT inset in Figure S5.14b). The aliquot 4 min later, shows an increase 
in the crystallinity of the NSs (Figure 5.5d). Only some small strips of amorphous-like areas 
remain, while the crystalline domains still predominantly have an orthorhombic and rock salt 
crystal structure. Meanwhile the absorption spectra show a gradual shift in optical transition, 
from 1.77 eV early in the reaction to 1.64 eV (Figure S5.12a). This observation indicates that 
besides the increase in crystallinity, the NSs gain thickness from 4 MLs to 6 MLs.

(c) 6:30 min(c) 6:30 min (d)(d)

(a) 2:30 min(a) 2:30 min (b)(b)

[010]

[001]

50 nm50 nm

50 nm50 nm 50 nm50 nm

50 nm50 nm

Figure 5.5 HAADF-STEM imaging of aliquots taken 2:30 (a-b) and 6:30 min (c-d) after reaching 145 °C, 
additional images of the other aliquots can be found in Figure S5.11. (a) Rectangular NSs with a lateral 
size of 160 ± 27 by 18 ± 3 nm2 are already present after 2:30 min of reaction. (b) Atomically resolved 
imaging shows quasi-crystalline NSs with several crystalline areas with an average size of 25 ± 17 nm2. 
The FFT pattern (inset) shows the characteristic reflections of rock salt PbS with slight rotations. (c) After 
6:30 min of reaction time the NSs have grown to an average size of 293 ± 79 by 38 ± 8 nm2. (d) An 
increase in the rock salt crystalline areas occurs, only small strips of amorphous-like areas remain.
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The surprisingly rectangular NSs, with little crystallinity but a uniform orientation in the [010] 
direction are indications of a templating mechanism. Intensity profiles taken along the short 
lateral direction of the NS shown in Figure 5.5b (see also Figure S5.15) indicate that there is 
no significant difference in intensity between the amorphous-like and crystalline areas. From 
this, we can deduce that these NSs have a uniform thickness, albeit with ordered and disordered 
parts. As the isolated crystalline areas are all oriented in the [010] direction, and the crystallinity 
in a NS increases over time, the amorphous-like areas must already be “quasi-crystalline”: thus 
amorphous in the sense that the unit cells are deformed with respect to the ideal, but with an 
overall orientation of the main crystallographic axes. Only in this way, can we explain the obser-
ved alignment of the different crystallographic domains in the same NS.

While the usual suspects for templates are the long chain primary amine and oleate ligands, here 
the single source precursor is included in the templating mechanism as well. The thiocyanate ion 
(SCN-) is actually an ambidentate ligand, which can form coordinating bonds with a metal ion 
(e.g. Cd2+, Pb2+) via S or N, as both atoms have unshared electron pairs.44 However, the N site is 
seen as a borderline base while the S site is generally considered to be a soft base.45, 46 As such, 
bonding via N will be preferential when a borderline or hard acid is present whereas a soft acid 
will induce bonding via S, resulting in respectively M-NCS or M-SCN complexes. In the case of 
a borderline acid (such as Cd2+ and Pb2+), both complexes are possible and the electronic and 
steric factors of other ligands (i.e. OA and OLAM) bonded to the metal centre become very 
influential.45-47

As oleic acid and oleylamine are present during the decomposition of Pb(SCN)2, both ligands 
can coordinate with lead, resulting in different electron densities on the lead atom. In a complex 
with OLAM (an L-type electron donating ligand)48 the lead ion will have an increased electron 
density. Therefore, the SCN- will likely form a OLAM-Pb-SCN complex.46 However, in case of OA 
(an X-type electron donating/accepting ligand)29, 49 the electron density on the lead ion is lower, 
likely resulting in an OA-Pb-NCS complex.

By Akkerman et al., it was already shown that an excess of either oleic acid or oleylamine disrupts 
the reaction mechanism, resulting in polydisperse NSs or rock salt nanocubes.13 However, the 
HAADF-STEM images in Figure S5.16 show that with an equivalent amount of only OA, no dis-
cernible nanocrystals are formed. With an equivalent amount of only OLAM, several nanocubes, 
but mostly 2D structures are formed, indicating the importance of an amine in this decomposi-
tion reaction. Additional experiments where the longer ligands were replaced with either nona-
noic acid or octylamine (Figure S5.17), showed that the ligand length is somewhat irrelevant, but 
the combination of binding groups is important. Interestingly, with a shorter amine ligand the 
width of the synthesized NSs varies much more. Instead of the usual 25-35 nm width, an average 
of 130 nm with standard deviation of 60 nm is observed. It is an indication that shorter amine 
ligands allow more freedom in the formation of the sheets. Again, stressing the importance of the 
L-type bonding of an amine to the thiocyanate ion. Therefore, we suspect that an OLAM-Pb-SCN 
complex is the driving force for the self-induced templating mechanism (Figure 5.6a).

Figure 5.6a shows a schematic representation of the suspected basic building block playing an 
important role in the self-induced templating mechanism. Here, the amine group bound to the 
lead ion will induce S site bonding of the thiocyanate, already placing lead and sulphur in proxi-
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mity. In this complex, the angle between the Pb/S bond and the C/S bond is expected to be 
around 90°, previously shown to be the case for both Cd-SCN and Zn-SCN complexes.46 Due 
to this angle in the thiocyanate complex, there is ample space for coordination with another 
OLAM-Pb-SCN complex (Figure 5.6b). This coordination already forms a unit cell of the rock 
salt crystal structure. As in experiments no NSs with a thickness of 2 MLs were observed, we con-
sider this building block to be too unstable to form NSs with an ionic lattice. Instead, NSs with a 
thickness of 4 or 6, and even 8, 10, and 12 monolayers were observed during the growth at 145 °C 
(Figure S5.18). As the increase in thickness occurs only in steps of 2 monolayers, this is an indi-
cation that NSs grow via the addition of these square “units” and not monolayer by monolayer.50, 

51 Depending on the bond strength of the ligands, and the bond strength of the carbon/sulphur 
double bond, these units can begin to cross-correlate, eventually forming the ionic lattice of the 
NSs (see Figure 5.6c). The quasi-crystalline areas observed in Figure 5.5b are considered to be 4 
MLs thick, but not yet fully crystallised, i.e. the carbon/sulphur double bond has not yet broken 
and therefore the ionic lattice cannot form. Additional thermal annealing is necessary for these 
bonds to break and the crystal structures to form from these quasi-crystalline NSs (see Figure 
5.6b). The initial crystalline domains formed in the low temperature reaction are mostly rock salt, 
we expect the orthorhombic deformation to only be induced when the top and bottom ligand 
shells of the NS start to align, such that they can induce strain on the crystalline domains. In the 
stage of a mixed system with both quasi-crystalline and crystalline parts, the strain induced by 
the ligands can still be distributed throughout the entire system, without affecting the smaller 
rock salt incorporations. When the sheets become fully crystalline, the ligands on the top and 
bottom also become long-range organized; as a result the surface tension becomes substantial, 
inducing a rock salt to orthorhombic transition.

The [010] orientation of each crystalline domain within the NSs, fully crystalline or not, observed 
in early stages of the reaction can only be explained by a mechanism in which the basic building 
blocks are already almost aligned. The presence of specific ligand binding groups greatly influen-
ces the lead thiocyanate complex formed, specifically the OLAM-Pb-SCN complex which has a 
90° bond angle. Due to interaction between these complexes they only fit together favourably in 

Figure 5.6 Schematic formation mechanism of PbS NS via a self-induced templating mechanism. (a) 
OLAM-Pb-SCN complex with a 90° angle between the Pb-S and C-S bonds. (b) Two OLAM-Pb-SCN 
complexes can form a square by cross-coordination. (c) Two-dimensional formation of the quasi-crys-
talline structure in the edge-up orientation of the PbS NS. (d) Growth of the NSs along the lateral direc-
tions via cubes (four cross-coordinated OLAM-Pb-SCN complexes).
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a specific way; as a consequence, the ligands still bound to the molecule align favourably in the 
[01-1] direction (the [001] direction in case of a rock salt crystal structure, see Figure 5.2a). As 
a whole, we deem this mechanism to be a self-induced templating mechanism, where the basic 
building blocks already favourably interact with each other, helped along by their templating 
long-chain organic ligands. Experiments with shorter amines show a relaxation in the width of 
the synthesized NSs, as the templating is less directive when the amines have more space to move. 
The combination of these factors induces the orientation of the crystal structure in the [010] 
direction (see Figure 5.7d).

5.3.3 Improving the crystallinity of the nanosheets

To test our understanding of the formation mechanism, we tried to apply this knowledge to 
improve the crystallinity of the NSs. As previously published, these materials have so far not 
shown any emission, not even after chloride surface treatments. Instead, the post-synthetic sur-
face treatment resulted in the formation of dots on the NSs surface while the previously sharp 
edges and corners rounded off.13 As discussed above, this could be due to the patchy nature of 
both the edges and unfinished growth of the NSs. In a standard synthesis, the reaction occurs 
quickly and is immediately quenched after reaching 165 °C. By prolonging the reaction at 165 °C 
for 5, or even 10 min, we attempted to improve the crystallinity.

(a)(a) (b)(b)

(c)(c) (d)(d)

2 nm2 nm 5 nm5 nm

5 nm5 nm20 nm20 nm

Figure 5.7 Investigating the influence of reaction time on the crystallinity of PbS NSs grown at 165 °C 
with high-resolution HAADF-STEM. (a-b) PbS NSs reacted for 5 min, the NSs still show serrated edges 
and bright clusters on the surface. Moreover, several rock salt areas are indicated with dashed green 
squares in (b). (c-d) PbS NSs reacted for 10 min, showing a more uniform crystalline structure.
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Figure 5.7a shows a HAADF-STEM image of the 5 min synthesis, and despite an improved crys-
tallinity of the edges of the NSs they are still slightly serrated. Bright lead clusters are again obser-
ved on the surface of the NSs, while the sheets themselves have a predominant orthorhombic 
crystal structure showing some contrast differences within the sheet (see Figure 5.7b). Still, some 
small areas of rock salt crystal structure are observed (indicated by the green dashed squares). 
We again regard the lower intensity areas as unfinished growth, but in edge-up orientation of 
the NSs these areas cannot be observed. After another 5 min (Figure 5.7c), the edges of the NSs 
still display some serrated edges and small amorphous areas. However, the orthorhombic crystal 
structure has become a lot more uniform and rock salt crystal domains are no longer observed.

To study the thickness of these NSs directly, the NSs are imaged with an edge-up orientation. 
Instead of the previously observed 1:1 ratio of 4 and 6 MLs thick NSs (Figure 5.4b), a longer 
reaction time of 5 or 10 min shifts the thickness of the NSs firmly to 6 MLs and some 8 MLs 
NSs (see Figure 5.8a-b and S5.19). The structural improvements clearly observed with HAADF-
STEM, could also translate to improvement of optical properties. However, as shown in Figure 
5.8c the scattering in the absorption spectra increases while the absorption transition becomes 
more pronounced. Analysis with the second-derivative shows a transition at 1.64 eV, indicating 
that the NSs are more uniform in thickness predominantly being 6 MLs thick. Indicating a tran-
sition from the 1:1 ratio to only 6 MLs, a more uniform population of NSs with a more uniform 
orthorhombic crystal structure.

Figure 5.8 Determination of the thickness of PbS NSs with an edge-up orientation, prepared at 165 
°C for 5 min. (a) High-resolution HAADF-STEM image showing NSs with thicknesses of 6 MLs and 8 
MLs of PbS. (b) Corresponding histogram, indicating the absence of 1.2 nm sheets, but the presence 
of NSs with a thickness of 1.8 and 2.4 nm. (c) Absorption spectra of PbS NSs prepared at 165 °C for 0, 5 
and 10 min show an increase in background scattering; together with corresponding second-derivative 
analysis. The dashed vertical lines are located at 1.64 and 1.77 eV.
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Allowing the reaction of the NSs to continue, for only 5 or 10 min, results in a more uniform 
orthorhombic crystal structure. At the same time, the thickness uniformity in the sample 
improves as well. After 5 or 10 min, no more 4 MLs NSs are observed both in HAADF-STEM and 
absorption spectra. Instead, the thickness of the sheets becomes predominantly 6 MLs resulting 
in a pronounced optical transition at 1.64 eV.

5.4 Conclusion
In summary, atomically resolved HAADF-STEM imaging has been used to characterize orthor-
hombic PbS NSs. Thanks to their 2D shape and thickness of no more than 1-2 nm, we could 
observe several types of crystal imperfections: serrated edges, lead deficiencies and lead adatoms. 
In addition to the presence of small rock salt domains in the orthorhombic crystal structure, 
differences in thickness within and between the NSs occur. With higher reaction temperatures 
and longer reaction times, the number of defects can be decreased, resulting in almost perfect 
crystal lattices.

We propose that these PbS NSs form via a self-induced templating mechanism, in which the 
single source precursor Pb(SCN)2 plays a key role via an OLAM-Pb-SCN complex. Based on the 
chemistry of the reactants, we reason that OLAM-Pb-SCN forms rectangular complexes, thereby 
initiating 2D growth of the NSs. Interaction between the long OLAM ligands induces protection 
of the top and bottom surfaces of the sheets. We expect that this is important for the directivity 
of the main lateral crystal axis, the [010] direction, in the quasi-crystalline intermediate states of 
the PbS NSs. These complexes form a square 2 ML building block, which subsequently induces 
templating by the long-chain organic ligands, inducing the orientation of the crystal structure 
and growth in the [010] direction. This mechanism explains the presence of quasi-crystalline NSs 
prepared at lower temperatures, in which rock salt domains are present in a seemingly amorphous 
nanostructure. Over time crystallinity in the template increases, implying that the quasi-crystal-
line area only needs additional thermal annealing to form the ionic lattice of the PbS NSs.

Strong light scattering obscures the absorption features (expected to be stepwise for this 2D 
system), analysis with the secondary-derivative elucidates an optical transition at 1.64 eV for 4 
MLs and at 1.77 eV for 6 MLs. To be able to fully study the light absorption spectrum, the sheets 
will need to be embedded in an inert structure with a similar dielectric constant. Moreover, a 
further reduction of intrinsic crystal defects, edge imperfections, and a removal of Pb-clusters 
will be required to eliminate these non-radiative recombination channels. A challenge, since 
the radiative lifetimes in the near-infrared are relatively large compared to the visible region. 
However, it will be worth the effort, as the orthorhombic crystal structure, the related electronic 
band structure and the two-dimensionality offer perspectives for novel scientific insights and 
opto-electronic properties in the near-infrared.
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5.6 Supplementary information

(a) BF-TEM(a) BF-TEM (b) HAADF-STEM(b) HAADF-STEM

200 nm200 nm200 nm200 nm

Lateral size (nm)
0 200100 300 400 500

0

40

80

120

Co
un

ts

n = 117
length = 142 ± 34 nm
width = 25 ± 3 nm

(c)

Figure S5.1 Overview images of a standard synthesis of PbS NSs prepared at 165 °C imaged with (a) 
BF-TEM and (b) low-resolution HAADF-STEM. (c) Lateral dimensions determined from low-resolution 
HAADF-STEM images.

Figure S5.2 High-resolution BF-TEM image showing the atomic columns along the [100] direction in 
a face-down oriented PbS NS. Inset shows the corresponding FFT pattern of the image. Although the 
atom columns are visible, the additional contrast from the background makes an in-depth characteri-
sation of the crystal structure impossible. Therefore, atomically resolved HAADF-STEM is preferred over 
BF-TEM, see also Figure 5.1d of the main text.
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Figure S5.3 Crystal structure of rock salt PbS along the 45° rotated thickness directions.
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Figure S5.4 Energy electron loss spectroscopy (EELS) on nanoparticles which are attached to a NS (a) 
and freestanding (b). In both cases, the particles contain lead and sulphide.
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STEM

Figure S5.5 High-resolution HAADF-STEM image of individual lead-rich nanoparticles lacking a well-de-
fined crystal structure. This observation is similar to previous literature on CdSe nanocrystals, where 
particles with a decreased size (below 2 nm) were shown to lack crystallinity.52
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Figure S5.6 Atomically resolved HAADF-STEM images of an orthorhombic (a) and a rock salt domain (c) 
from Figure 5.3a. The corresponding FFTs show no distinct differences.
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Figure S5.7 Absorption spectra and corresponding second-derivative analysis of a standard synthesis 
(standard 165 °C, orange), a synthesis with a heating rate of 9 °C/min (slower 165 °C, green) and previous 
results of Akkerman et al.13 (suspension of Figure 4b digitized, dashed blue). The standard sample 
contains a 1:1 ratio of both 4 and 6 ML thick PbS NSs, the second derivative analysis shows a single 
maximum at 1.77 eV. A maximum of 1.81 eV is observed for the literature absorption spectrum with 
only a 4 ML thick population. Despite the presence of two populations, the absorption features are 
dominated by the optical transition of the 4 ML NSs. In the slower synthesis the second derivative shows 
a single maximum at 1.64 eV, presumably due to the presence of more 6 ML thick NSs. The grey dashed 
lines are a guide to the eye at 1.64 eV and 1.77 eV.
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Figure S5.8 1H-NMR spectra of PbS NSs and references. (a) NMR spectrum of PbS NSs, see Table S5.1 
for a full reference of each peak. (b) Selection of (a) with reference spectra of OA and ODE. The sharp 
resonances at 5.8 ppm and 4.9 ppm are attributed to ODE, the 5.3 ppm resonance is attributed to 
the presence of OA/OLAM, although the characteristic broadening surface bound ligands, previously 
observed both in 3D and 2D materials is not observed here.30, 38, 39
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In Table S5.1, a complete overview of every resonance and their characterisation is given. The 
concentrations of ODE and OA/OLAM were determined by the addition of a known concentra-
tion of ferrocene (10 µL, 0.05M).29, 30 The concentrations ODE and OA/OLAM were determined 
using the internal standard with the following equations:

Chemical shift (ppm) Corresponds to Group
0.9 OA, ODE, OLAM -CH3

1.3 OA, ODE, OLAM -CH2

2.0 OA, ODE, OLAM -CH2, -NH2

2.3 OA O=C—CH3

2.7 OLAM -CH2-NH2

4.1 Ferrocene -
4.9 ODE =CH2

5.3 OA, OLAM -HC=CH-
5.8 ODE -CH=CH2

7.3 CDCl3 -

Table S5.1 Table listing the resonances observed in Figure S5.8a and attributed to the protons present 
in the reaction mixture. Note that thiocyanate does not contain any protons and therefore cannot be 
characterized with 1H-NMR.

Figure S5.9 NMR spectra of PbS NSs centrifuged and redispersed (blue) and washed with two different 
antisolvents (orange, green). Ferrocene was added as an internal standard and used to calculate the 
concentration of ODE and OA/OLAM in the sample.
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Sample Integral 4.1 ppm 
(ferrocene)

Integral 4.9 ppm 
(ODE)

Integral 5.3 ppm 
(OA/OLAM)

Concentration
ODE
[µM]

Concentration 
OA/OLAM

[µM]

PbS single 
washed

1 11.81 0.58 45* 2.2*

PbS Me/Bu 1 0.23 0.01 0.58 0.025
PbS ACN 1 0.13 0.03 0.33 0.075

Table S5.2 A table listing the integrals of the NMR spectra shown in Figure S5.9. Values used to calculate 
the concentration of the corresponding molecules present in each sample. After additional washing 
steps with an antisolvent, the concentration has significantly decreased. *Scaled by a factor of 1.5 for 
comparison with other samples, as only 0.6 mL sample was measured instead of 0.9 mL.
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Figure S5.10 FTIR spectra of PbS NSs centrifuged and redispersed (blue) and washed with two 
different antisolvents (orange, green). Showing the presence of the thiocyanate group even after 
further purification.

Figure S5.11 HAADF-STEM images of the aliquots taken at 145 °C. Time zero is defined as the moment 
that the reaction mixture reached 145 °C.

No precipitate observed
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Figure S5.12 Absorption spectra of PbS NSs prepared at 145 and 160 °C; together with corresponding 
second-derivative analysis. The dashed vertical lines are located at respectively 1.64 and 1.78 eV.

Figure S5.13 Lateral dimensions of PbS NSs prepared at 145 °C after 2:30 (a) and 6:30 min (b) of reaction.

Figure S5.14 PbS nanosheets prepared at 145 °C for 2:30 min of reaction time. (a) Several NSs are 
partially “broken”, having holes and misaligned edges. (b) The crystalline areas observed in “broken” 
NSs are still aligned with the [010] direction in the long lateral dimension of the NSs. (c) Two or more 
amorphous-like NSs located on top of each other show a more crystalline crystal structure. As if the 
orientation of the quasi-crystalline area is felt and amplified between the NSs.
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Figure S5.15 To investigate possible thickness differences between the crystalline (rock salt and orthor-
hombic) and quasi-crystalline areas of a PbS NSs prepared at 145 °C for 2:30 min of reaction, intensity 
profiles were taken across the NS. (a) High-resolution HAADF-STEM image showing crystalline domains 
in the quasi-crystalline structure. (b) Intensity profiles along the corresponding dashed red regions 
in (a). The blue shaded areas correspond to crystalline domains along the profile. No clear relation is 
observed between the intensity of a crystalline area versus that of a quasi-crystalline area, indicating a 
homogeneous thickness in the NSs.

Figure S5.16 To investigate the role of oleic acid (OA) and oleylamine (OLAM) in the Pb(SCN)2 decom-
position reaction, OLAM and OA were replaced with an equal amount of respectively OA (a) and OLAM 
(b). (a) Replacement of OLAM with OA yields amorphous structures. (b) Replacement of OA with OLAM 
results in PbS cubes and two-dimensional structures, showing that OLAM is essential for the growth 
of PbS NSs. Similar influence of OLAM has been shown in dithiocarbamate single source precursor 
reactions.53

(a) Pb(SCN)2 and OA(a) Pb(SCN)2 and OA (b) Pb(SCN)2 and OLAM(b) Pb(SCN)2 and OLAM

200 nm200 nm200 nm200 nm
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Figure S5.17 (a) Replacing OA with an equivalent amount of nonanoic acid results in PbS NSs with 
lateral dimensions of 351 ± 69 by 37 ± 10 nm2. (b) Replacing OLAM for an equivalent of octylamine 
results in PbS NSs with lateral dimensions of 482 ± 124 by 130 ± 60 nm2.

Figure S5.18 Determination of the thickness of intentionally stacked PbS NSs prepared at 145 °C after 
2:30 and 11:30 min (final product). (a) shows a representative stacked quasi-crystalline NS. Indicating 
that any NSs which survived the addition of an antisolvent could already be more crystalline than 
expected from face-down orientation. (b) Histograms of the measured stacked NSs.

Figure S5.19 Determination the thickness of intentionally stacked PbS NSs with edge-up orientation 
after annealing for 10 min at 165 °C.
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In dit proefschrift worden de eigenschappen van halfgeleidende nanokristallen met verschillende 
samenstellingen en vormen onderzocht. Hier geven we een introductie en een samenvatting van 
de gevonden resultaten.

Halfgeleiders en de eigenschappen van halfgeleider 
nanokristallen
Halfgeleidermaterialen zijn tegenwoordig niet meer weg te denken uit ons leven. Je kunt ze bij-
voorbeeld vinden in je smartphone, lamp of zonnecel op het dak van je huis. Deze toepassingen 
hebben gemeenschappelijk dat er een interactie plaatsvindt tussen licht en het halfgeleidende 
materiaal. Zo wordt er met behulp van een halfgeleider elektriciteit omgezet in licht, of juist licht 
geabsorbeerd en omgezet in elektriciteit. Daarnaast worden silicium-gebaseerde halfgeleiders 
ook toegepast in computerchips. Hier wordt gebruik gemaakt van de eigenschap dat deze mate-
rialen alleen onder speciale omstandigheden geleiden, dit in tegenstelling tot geleidende metalen 
zoals koper en zilver of niet-geleidende isolatoren zoals rubber. Daardoor is het mogelijk om met 
halfgeleiders minuscule schakelaars (transistoren) te maken die de bouwstenen vormen van de 
hedendaagse computers.

In dit onderzoek hebben we ons gericht op een specifieke groep halfgeleiders, de metaal-chal-
cogenides. Deze chemische verbindingen bestaan uit een metaalatoom, cadmium of lood, dat 
gebonden is aan een zwavel-, selenium- of telluriumatoom. Voorbeelden zijn cadmium-selenide 
(CdSe), lood-selenide (PbSe) en lood-sulfide (PbS). Een belangrijke eigenschap van halfgeleiders 
is dat de optische en elektrische eigenschappen veranderen als het materiaal een grootte heeft van 
enkele nanometers. In tegenstelling tot kristallen van bijvoorbeeld strooizout of suiker zijn deze 
halfgeleidende nanokristallen zo klein dat je ze met het blote oog niet kunt zien. De microscopisch 
kleine kristalletjes hebben één of meer dimensies met een grootte tussen de 1 en 10 nanometer 
(nm), waarin 1 nm gelijk staat aan 0.000000001 meter (10-9 m). Ter vergelijking, een mensen-
haar heeft een dikte van ongeveer 0.000080 meter (80 μm). De onderzochte nanokristallen zijn 
dus nog ongeveer tienduizend keer kleiner! Om die reden worden specifieke analysetechnieken 
gebruikt om de eigenschappen van deze deeltjes te onderzoeken. Alhoewel een nanokristal vele 
malen kleiner is dan een macroscopisch kristal, zijn de atomen in deze kleinere kristalletjes ook 
geordend in een zogenaamd kristalrooster, waarvan de kleinste bouwsteen een repeterende een-
heidscel is (Figuur 1a).

Jarenlang onderzoek heeft ons methodes geleerd om nanokristallen te maken met verschillende 
vormen en samenstellingen. Zo kunnen we onder andere bolletjes (kwantum stippen), nanodra-
den en nanoplaatjes maken door te “spelen” met parameters tijdens de vormingsreactie. Denk 
hier bijvoorbeeld aan de aanwezige chemicaliën, temperatuur en duur van de reactie. Doordat we 
een hoge controle hebben over de reacties is het mogelijk om nanokristallen te maken van een 
specifieke grootte, met daaraan gekoppelde eigenschappen. Een voorbeeld hiervan is weergege-
ven in Figuur 1b, waar dispersies van nanokristallen met verschillende groottes te zien zijn. Door 
de oplossingen te belichten met hoogenergetisch UV-licht worden elektron-gat paren (excitonen) 
gecreëerd die opgesloten zijn in het nanokristal, het zogenaamde kwantumopsluitingseffect. Deze 
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excitonen kunnen vervolgens recombineren onder emissie (uitzending) van zichtbare fotonen, 
waarbij de energie (kleur) afhankelijk is van de grootte en vorm van het nanokristal.

Anders dan in kwantumstippen zijn de excitonen in CdSe nanoplaatjes opgesloten in één 
richting. Dit komt doordat de dikte (1-2 nm) veel kleiner is dan de grotere laterale dimensies 
(> 10 nm). In deze systemen worden de eigenschappen bijna volledig bepaald door de dikte; 
dergelijke nanoplaatjes worden hierom ook wel tweedimensionale nanokristallen genoemd. 
Omdat de dikte de sterkte van de kwantisatie bepaalt, en CdSe nanoplaatjes in een dispersie één 
enkele dikte hebben, zijn de uitgezonden fotonen van nanoplaatjes veel uniformer in energie 
dan bijvoorbeeld bij de emissie uit aangeslagen kwantum stippen en nanodraden. Naast de 
directe synthese van nanokristallen kunnen we ook chemische behandelingen uitvoeren op deze 
kristalletjes, waardoor we de vorm en samenstelling aan kunnen passen. Op deze manier is het 
mogelijk om nanokristallen te maken die (nog) niet te vormen zijn via directe synthesemethodes. 
Zo kunnen we bijvoorbeeld nanoplaatjes omzetten in kwantum ringen, extra schillen groeien 
om het oppervlak beter te passiveren, of kation-uitwisseling toepassen waarbij Cd2+ vervangen 
wordt voor Pb2+. Diverse types nanokristallen worden vanwege hun felle en specifieke kleur van 
het licht daarom al gebruikt voor bijvoorbeeld LED-lampen en televisies (Figuur 1c). Daarnaast 
wordt er ook onderzoek gedaan om deze nanodeeltjes toe te gaan passen in onder andere lasers, 
flexibele elektronica en kwantumcomputers.

Wat staat er in dit proefschrift?
In dit proefschrift hebben we nieuwe types nanokristallen gemaakt en de bijbehorende eigen-
schappen onderzocht. Hierbij hebben wij ons specifiek gericht op de structuur en optische eigen-
schappen van tweedimensionale cadmium- en loodchalcogenide nanokristallen. Door middel 
van chemische behandelingen zetten we deze CdSe nanoplaatjes om in kwantum ringen, of wis-
selen we de Cd2+-kationen in deze nanoplaatjes uit voor Pb2+, resulterend in tweedimensionale 
CdSe-PbSe heterosystemen en PbSe nanoplaatjes. Daarnaast onderzoeken we het vormingspro-
ces en de structuur van PbS nanovelletjes.

Figuur 1 Halfgeleidende nanokristallen en hun eigenschappen. (a) Schematische weergave van een 
CdSe nanoplaatje, opgebouwd uit selenium (zwart) en cadmium (rood) atomen. De uitgelichte atomen 
laten de twee “bouwstenen” zien waar het nanokristal uit opgebouwd is, zogenaamde eenheidscellen 
van zinkblende CdSe. (b) Dispersies van CdSe kwantum stippen met verschillende groottes onder 
daglicht (boven) en UV-licht (onder). Doordat de gecreëerde ladingsdragers worden opgesloten in het 
halfgeleidende nanokristal, is de uitgestraalde kleur afhankelijk van de grootte van de deeltjes. (c) Door 
nanokristallen toe te passen in televisies kan men een realistischere kleurweergave bereiken dan met 
conventionele LCD-schermen. Paneel (b) en (c) zijn afkomstig van Angela Melcherts en Samsung.

2 nm 6 nm

CdSe nanoplaatje

(a) (b) (c)
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In Hoofdstuk 1 bespreken we de achterliggende theorie die nodig is om de onderzoeksresultaten 
te begrijpen van de latere hoofdstukken. We geven een selectie van de vele vormen van nanokris-
tallen die gemaakt worden via colloïdale synthesemethodes en laten we zien dat de chemische 
samenstelling en vorm van bestaande nanokristallen veranderd kunnen worden door chemische 
behandelingen. Omdat er nog weinig onderzoek is gedaan naar CdSe kwantum ringen geven we 
een overzicht van de fysische fenomenen die kunnen optreden in kwantum ringen. We sluiten af 
met een korte uitleg over elektronenmicroscopie, een belangrijke analysetechniek om de vorm, 
samenstelling en atomaire ordening van de gemaakte nanokristallen te bepalen.

In Hoofdstuk 2 en 3 beschrijven wij de vorming en optische eigenschappen van CdSe kwantum 
ringen. Alhoewel het al enige tijd mogelijk is om deze ringen te maken uit CdSe nanoplaatjes, 
was de manier waarop de transformatie plaatsvindt nog niet goed bestudeerd. Daarom hebben 
we tijdens de omzetting kleine hoeveelheden vloeistof uit het reactiemengsel genomen (Figuur 
2a) en de op dat moment gevormde (dus intermediaire) nanokristallen onderzocht met opti-
sche spectroscopie en elektronenmicroscopie (Hoofdstuk 2). Hieruit bleek dat aan het begin van 
de omzetting de randen van de nanoplaatjes dikker worden. Op een hogere temperatuur wordt 
vervolgens het midden van het nanoplaatje weggenomen, resulterend in een nanokristal met de 
vorm van een donut (Figuur 2b). Met hoge resolutie elektronenmicroscopie laten we zien dat de 
gevormde kwantum ringen dikker zijn dan de oorspronkelijke nanoplaatjes en een doorlopende 
kristalstructuur bevatten. Bovendien kunnen we absorptie en emissie van de intermediaire en 
uiteindelijke nanokristallen relateren aan de vorm van de deeltjes.

Daarnaast bestuderen wij de fysica van de ladingsdragers in de CdSe kwantum ringen onder hoge 
excitatiedichtheden (Hoofdstuk 3). Anders dan in CdSe nanoplaatjes, waarbij de elektron-gat 
paren sterk aan elkaar gebonden zijn door de Coulomb-interactie, vallen de gevormde excitonen 
in kwantum ringen uiteen in individuele elektronen en gaten, een zogenaamd plasma. Bovendien 
zien we dat tegelijkertijd optische versterking plaatsvindt door gestimuleerde emissie met een 
verschuiving naar lagere energieën. Deze resultaten laten zien dat de energie en dynamica van 
elektronen en gaten in kwantum ringen anders is dan in nanoplaatjes, en dus dat de vorm van het 
nanokristal een grote invloed heeft op de optische eigenschappen.

Figuur 2 De omzetting van CdSe nanoplaatjes in kwantum ringen. (a) Door tijdens de omzetting kleine 
hoeveelheden vloeistof uit het reactiemengsel te nemen, kunnen we de tussenliggende vormen bestu-
deren. De kleurverandering van geel/oranje (nanoplaatjes) naar rood (kwantum ringen) is een indicatie 
dat de nanokristallen dikker worden tijdens de behandeling. (b) Elektronenmicroscopie afbeelding van 
een mengsel van nanoplaatjes en kwantum ringen.
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In Hoofdstuk 4 richten we ons op de omzetting van CdSe nanoplaatjes in CdSe-PbSe hetero-
structuren en PbSe nanoplaatjes door Pb2+-voor-Cd2+ kation uitwisseling toe te passen. Omdat 
de uitwisseling op 80 °C al binnen enkele seconden geheel verlopen is, gebruiken we een lagere 
temperatuur van 40 °C om de omzetting te vertragen. Hierdoor kunnen we de tussenliggende 
CdSe-PbSe heterostructuren uit de oplossing nemen en de ingroei van PbSe in het CdSe nan-
oplaatje volgen (Figuur 3a-c). Met elektronenmicroscopie zien we dat de groei van PbSe aan 
de hoekpunten begint en dat er scherpe grensvlakken tussen de CdSe en PbSe kristal domeinen 
ontstaan, en kunnen we de absorptie en emissie aan de aanwezigheid van deze kristaldomeinen 
relateren (Figuur 3d-e). De uiteindelijke PbSe nanoplaatjes hebben een dikte die bijna identiek is 
aan de oorspronkelijke CdSe nanoplaatjes, een belangrijke indicatie dat de sub-kristalstructuur 
van selenium niet aangetast wordt. Bovendien laten we zien dat de Pb2+-voor-Cd2+ kation uit-
wisseling ook toegepast kan worden op CdSe kwantum ringen waarbij de ringvormige structuur 
behouden blijft.

In Hoofdstuk 5 hebben we de vorming onderzocht van PbS nanovelletjes uit de Pb(SCN)2 
reactant. Alhoewel de nanokristallen opmerkelijk rechthoekig zijn met grote laterale dimensies, 
scherpe randen en uniforme groottes, laat hoge-resolutie-elektronenmicroscopie zien dat de 
nanovelletjes defecten bevatten, zoals missende of juist extra atomen en kleine steenzout domein-
tjes in de orthorhombische kristalstructuur (Figuur 3f). Door de temperatuur van de synthese te 
verlagen, wordt de synthese vertraagd. Hierdoor kunnen we de vorming van de nanokristallen 
volgen. Zo hebben we ontdekt dat de gevormde nanovelletjes in stappen van twee lagen PbS 
groeien en dat er eerst een amorfe structuur wordt gevormd die gedurende de reactie wordt 
omgezet in een orthorhombisch kristalrooster. Om deze waarnemingen te kunnen verklaren 

Figuur 3 Pb2+-voor-Cd2+ kation uitwisseling van CdSe nanoplaatjes (a-e), en PbS nanovelletjes (f ). 
Elektronenmicroscopie afbeeldingen van CdSe nanoplaatjes (a), waarbij de ingroei van kleine PbSe 
domeinen met een hoog contrast te zien is (b), totdat volledige uitwisseling heeft plaatsgevonden en 
PbSe nanoplaatjes zijn gevormd (c). (d) Hoge resolutie afbeelding waarbij de atoomkolommen van 
CdSe en PbSe duidelijk zichtbaar zijn. Een scherp grensvlak tussen de twee domeinen toont aan dat 
selenium-subkristalrooster doorloopt en dus behouden blijft tijdens de uitwisseling. (e) Absorptie- 
en emissiespectroscopie laat zien dat de kenmerken van de CdSe nanoplaatjes verdwijnen en 
verschuivingen naar het nabij-infrarood plaatsvinden. (f ) Alhoewel de PbS nanovelletjes gelijke vormen 
hebben (inzet), laten hogere vergrotingen zien dat de nanokristallen defecten bevatten. Voorbeelden 
zijn missende en extra atomen (rode en blauwe cirkels), tussenliggende atomen (pijlen) en kleine 
steenzout domeintjes (groen vierkant).
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stellen we een mechanisme voor, waarbij de Pb(SCN)2 precursor een kubisch complex vormt 
die als mal optreedt bij de groei. Tevens laten we zien dat een verlenging van de vormingsreactie 
voornamelijk resulteert in 6 monolaag dikke PbS nanovelletjes met een kleiner aantal defecten.

Mogelijk toekomstig onderzoek
Onderzoek is nooit klaar. De paradox “The more we learn, the less we know” (Hoe meer we leren, 
hoe minder we weten) is zeker van toepassing op dit onderzoeksgebied. Alhoewel ik nu vier 
jaar heb gewerkt aan bovenstaande onderwerpen zijn er vele richtingen ontstaan waar we nieuw 
onderzoek naar kunnen doen. Hieronder lichten we enkele mogelijkheden kort toe.

In dit proefschrift hebben we laten zien dat CdSe nanoplaatjes omgezet kunnen worden in kwan-
tum ringen. Anders dan we zouden verwachten ontstaat er geen bolvormig nanokristal met de 
meest stabiele vorm, maar juist een nanokristal met een ringvormige kristalstructuur. Eerdere 
studies hebben aangetoond dat gebonden liganden aan het oppervlak en spanningen in het kris-
talrooster een grote invloed hebben op de vorm van nanokristallen. Door deze parameters mee te 
nemen in theoretische berekeningen kunnen we bestuderen waarom juist een transformatie van 
een plaatje naar een ring plaatsvindt onder de specifieke reactieomstandigheden. Tevens zorgt de 
ringvormige kristalstructuur van CdSe kwantum ringen waarschijnlijk voor nieuwe opto-elek-
tronische eigenschappen. Zo hebben diverse studies van kwantum ringen, ingesloten in dunne 
lagen van een ander materiaal, laten zien dat de ringvormige kristalstructuur een koppeling ver-
oorzaakt met magneetvelden (het zogenaamde topologische Aharonov-Bohm effect). Hierdoor 
is het geabsorbeerde en uitgezonden licht gekoppeld aan de sterkte van het aangelegde magneet-
veld. Alhoewel dit effect nog niet experimenteel aangetoond is voor CdSe kwantum ringen, is het 
te verwachten dat het ook in dit systeem op zal treden.

In het geval van de PbS nanovelletjes is het interessant om te onderzoeken of de vorming via de 
zelf-geïnduceerde kubische mal verloopt die we hebben voorgesteld. Dit zou onderzocht kunnen 
worden met behulp van röntgenverstrooiing waarbij de groei actief in de reactievloeistof gevolgd 
wordt. Met deze methode konden onderzoekers het groeimechanisme van andere soorten 
nanokristallen, bv. CdSe kwantum punten, met succes bestuderen. In tegenstelling tot de andere 
systemen (zoals de CdSe en PbSe nanoplaatjes en ringen), is het onduidelijk waarom de PbS 
nanovelletjes geen optische emissie vertonen. Dit zou kunnen komen door de vele defecten die 
we in de kristalstructuur hebben gezien, maar ook door onvolledige passivering van het opper-
vlak. Een combinatie van theoretisch en extra experimenteel onderzoek zou hier een verklaring 
voor kunnen vinden. Kortom, er valt nog veel te ontdekken!
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