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Abstract Semiconductor materials play a vital role in our every-day life, as they are part of many 
devices that we use every day. In the development of ever faster, smarter and greener electronic 
devices, the development of new materials is indispensable. Semiconductor nanocrystals are such a 
class of materials that exhibit new and unprecedented properties. To date, Pb- and Cd-chalcogenide 
nanocrystals can be synthesized with unparalleled control over their size and shape and their opto-
electronic properties are to a large extent well-understood. However, toxicity concerns have risen 
regarding Cd and Pb containing materials and this has led to an emergent interest in Cu-based 
materials. The aim of this thesis is to advance the fundamental knowledge on both the synthesis and 
the properties of copper indium sulfide nanocrystals.

1.1. Semiconductor nanocrystals
In everyday life, we use without noticing a wide variety of semiconductor materials, as 

they are implemented in a gamut of electronic devices. It was about 30 years ago that sci-
entists discovered that these semiconductor materials behave very differently when they 
have nanoscale dimensions. These super small pieces of material (1–100 nm or about 100–
10000 atoms) are called nanocrystals (NCs), or quantum dots (Figure 1.1A). Semiconduc-
tor nanocrystals show optoelectronic characteristics that are fundamentally different from 
their macroscopic (bulk) counterparts, and these properties are size- and shape dependent. 
This dependence has a twofold origin: (1). the surface to volume ratio is much larger on the 
nanoscale compared to bulk, and (2). the small size of the nanocrystals spatially confines 
electronic and vibrational motion.1

 The first effect results in an increased surface contribution to the total free energy 
of the NC,1 making bonds between the NC and surfactant molecules important for stabili-
zation. These surfactant molecules in turn provide additional functionalization of the NCs, 
which is a key advantage of colloidal NCs (i.e. NCs dispersed in a liquid) over NCs made 
via other procedures (e.g. deposition techniques or lithography). The second effect gives 
rise to exciting optoelectronic properties,1 of which size dependent absorption and photo-
luminescence transitions are the most appealing to applications (see Figure 1.1B). 

 The NC field developed fast over the last years (see Figure 1.1C), and already re-
sulted in commercially available consumer devices (television screens, Figure 1.1D). Other 
possible consumer device applications for NCs are LEDs,2 solar cells,3 or luminescent solar 
concentrators.4 Furthermore, in the field of bio-nanotechnology, one could think of their 
use in drug delivery,5 in vivo imaging,6 and photothermal therapies.7  

1.2. Outline of this thesis
To date, most work on semiconductor NCs has focused on Cd- and Pb-chalcogenides. 

Consequently, the scientific community has gained a lot of understanding on the synthesis 
and (fundamental) optical properties of these materials. However, restrictions are imposed 
on devices containing toxic elements such as Cd or Pb, which stimulated research into 
Cd- and Pb-free materials. Copper indium sulfide (CuInS2, CIS) is such a material, and this 
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thesis is dedicated to obtaining fundamental insights in both the synthesis and the opto-
electronic properties of colloidal CIS NCs.

In Chapter 2, the general theoretical background on (advanced) synthesis procedures 
and optoelectronic properties of colloidal semiconductor NCs is discussed. In the second 
part of this chapter, the family of compound Cu-chalcogenides is introduced, and their 
synthesis, crystallographic and optoelectronic characteristics are reviewed. 

Chapter 3 describes the state-of-the-art in the field of low-dimensional colloidal NCs 
(i.e. ultrathin nanosheets and nanowires). Different formation mechanisms for these nano-
materials are discussed in-depth and their optical properties are addressed. 

Chapter 4 is a fundamental study on the origin of radiative and nonradiative decay 
in CIS NCs. The combination of time-resolved photoluminescence spectroscopy and ul-
tra-fast transient absorption spectroscopy, allowed us to study the exciton dynamics on 
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Figure 1.1 •  A. High resolution High Angle Annular Dark Field – Scanning Transmission Electron Microscopy image of a 
typical CuInS2 nanocrystal (NC). The white dots are the atomic columns in the crystal. B. When the size of a semiconductor 
NC is changed (e.g. from 6 to 2 nm), the energy of the absorption and photoluminescence transitions changes. The 
lower part of the panel shows the luminescence of colloidal CdSe NCs dispersed in an organic solvent (toluene), under 
UV illumination. C. The number of scientific publications containing the word “nanocrystal” between 1990 and 2018, 
according to search engine Scopus. D. Samsung sells television screens containing semiconductor NCs. Panel B. is 
adapted with permission from Ref. [1] Copyright 2011 Royal Society of Chemistry.
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different time scales. We show that shortly after photoexcitation (sub-picosecond time 
scales) the hole is localized (probably on a Cu+) while the electron relaxes to the lowest 
conduction band state. The electron decay pathway determines whether the exciton recom-
bines radiatively or nonradiatively.

In Chapter 5 we present a new method to obtain colloidal copper indium sulfide 
nanosheets. Small (2.5 nm in size) pyramidal shaped CIS NCs self-organize into large (20 
nm – 1 μm in lateral size) nanosheets that have a thickness comparable to the size of the 
original CIS NCs (viz., 3 nm). Analysis of the crystal structure and elemental composition 
of the nanosheets suggests that the self-organization of the CIS NCs is induced by a fast 
cation extraction at the early stages of the reaction. DFT calculations reveal that ligands 
play an important role in stabilizing the nanosheets and directing their structural evolu-
tion. 

In Chapter 6 we study how (washing induced) surface chemistry, temperature and pre-
cursor reactivity influence the outcome of ZnS shelling reactions on CIS NCs. We show 
that there is a complex interplay between alloying, cation exchange, etching and shell 
overgrowth reactions. The desired shell overgrowth is only achieved at sufficiently high 
temperatures, using reactive zinc and sulfur precursors, and when the surface of the CIS 
seed NCs is stabilized by residual acetate which was not completely removed by the post-
synthetic washing procedure. 

Chapter 7 describes the synthesis of Cu2-xSe NCs using a new ligand and Se-source: do-
decaneselenol. Using this chemical, we are able to control the shape of anisotropic Cu2-xSe 
NCs from quantum dots to hexagonal nanoplatelets and ultrathin nanosheets. These 
Cu2-xSe NCs form a new family of cation exchange templates, and were successfully con-
verted to CdSe and CuInSe2 NCs through cation exchange reactions. Interestingly, during 
the exchange reaction, the crystal structure changes from tetragonal umangite to hexago-
nal wurtzite, with preservation of the overall shape of the template NCs despite a substan-
tial reorganization of the anionic sublattice. 

In Chapter 8 a cation exchange procedure is used to exchange Cu+ for Ga3+ in lumi-
nescent CIS NCs, which resulted in a new quaternary, Cu-poor Cu1-3xInGaxS2 composition 
with a photoluminescence efficiency that increased by an order of magnitude. Photolumi-
nescence spectroscopy at low temperatures shows the same behavior for both materials 
and this is consistent with the model proposed in Chapter 4, in which a delocalized elec-
tron recombines radiatively with a localized hole. 

Chapter 9 summarizes the results presented in this thesis and provides an outlook to 
future experiments. 
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Abstract Colloidal semiconductor nanocrystals (NCs) are a new class of materials that show ex-
citing optoelectronic properties. The size and shape dependence of these properties is understood by 
confinement of the exciton due to a limited number of molecular orbitals that combine to form the 
conduction and valence band. A good understanding of the synthesis techniques is of vital impor-
tance to control the size and shape of the NCs and therefore their properties. Now that the scientific 
community has gained a lot of understanding about the Cd- and Pb-chalcogenides, the interest is 
shifting to heavy metal free analogues, such as Cu-chalcogenides. Ternary Cu-chalcogenides and 
CuInS2 in particular attract attention due to their size dependent absorption and photolumines-
cence. However, challenges remain as direct synthesis of NCs with a ternary composition is com-
plex, and the electronic structure of nanoscale CuInS2 is still under debate. 

2.1. Introduction
Colloidal semiconductor nanocrystals (NCs) exhibit unique size and shape dependent 

properties. To control and ideally tune these properties, a good control over size and shape, 
and thus synthesis, is of vital importance. Up to date, various synthesis approaches have 
been developed to achieve this control. In this chapter, we will first discuss the origin of the 
size and shape dependent properties, i.e. quantum confinement. Subsequently, synthesis 
techniques (direct and indirect) will be discussed in general terms, before the synthesis 
and properties of ternary copper chalcogenide nanocrystals in particular are addressed in 
detail.

2.1.1. The nanoscale and its impact on properties
A semiconductor nanocrystal (1 nm = 1×10-9 m) consists of roughly 100–10000 atoms,1 

which is considerably less than a bulk crystal with a density of 1022 atoms per cm3. The elec-
tronic structure of a bulk semiconductor is described as a collection of energy states that are 
partly occupied by electrons and, in contrast to a metal, there is an energy gap (band gap) 
between the occupied and unoccupied energy levels (valence band and conduction band, 
respectively).1 The electronic structure of semiconductor NCs changes considerably with 
respect to the bulk material, due to both the quantum confinement effect and the increase 
in the surface to volume ratio that accompanies the size reduction to the nanoscale. The 
quantum confinement effect is easiest understood if a nanocrystal is regarded as a cluster 
of atoms whose electronic structure is built up from the electronic levels of individual at-
oms, as described by the linear combination of atomic orbitals (LCAO) theory.1 In a mole-
cule, the atomic orbitals (AOs) combine to form molecular orbitals (MOs), the energetically 
lower bonding MOs and energetically higher anti-bonding MOs. The MO with the highest 
energy that is still occupied by electrons is referred to as the highest occupied molecular or-
bital (HOMO), while the MO with the lowest energy that is not occupied by electrons is the 
lowest unoccupied molecular orbital (LUMO), see Figure 2.1A. When the number of atoms 
that are combining to form a molecule increases, the number of MOs increases according-
ly, since the total number of orbitals must be preserved, and the gap between the HOMO 
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and the LUMO decreases (Figure 2.1A). When the number of MOs increases even further, 
distinct energy levels can no longer be distinguished (ΔE << kBT) and a quasi-continuum of 
energy states is formed (a band), with the highest density of MOs in the middle of the band 
and fewer near the edges (Figure 2.1B). The band originating from the occupied MOs is 
referred to as the valence band (VB), while the band originating from the unoccupied MOs 
is referred to as the conduction band (CB). The energy gap separating the two bands is the 
band gap (Eg).1 Considering that a nanocrystal consists of only 100–10000 atoms, it becomes 
clear that its electronic structure lies in between the bulk and molecular limits, consisting 
of discrete energy levels near the band edges and an increased band gap compared to bulk. 

When a semiconductor is irradiated with light of energy equal to or higher than the 
band gap, an absorption transition occurs, upon which an electron is excited from the VB 
to the CB, leaving a positively charged hole in the VB. The photogenerated electron in the 
CB and the hole in the VB have opposite charges and therefore bind to each other through 
a Coulomb interaction. This bound electron-hole pair is referred to as an exciton. In bulk, 
the wavefunction of the exciton has a certain spatial extension, which is a characteristic of 
the material and is called the exciton Bohr radius (a0). When the size of a nanocrystal (NC) 
is comparable to or smaller than a0, the exciton is spatially confined in the NC, which leads 
to an increase in its kinetic energy (similar to the quantum mechanics particle-in-a-box 
model) and thus to a widening of the band gap by addition of a confinement potential.1 
This behaviour enables tuning the absorption and emission (i.e. radiative recombination of 
the electron and hole) wavelengths of NCs by changing their size, without changing their 
composition (Figure 2.2A). By changing the shape of the NC, the confinement dimensions 
can be changed from a zero-dimensional (i.e. confined in all dimensions) quantum dot, to a 
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Figure 2.1 •  A. HOMO and LUMO energy levels (left) and the development to bands, with increasing number of atoms 
and thus MO density. Note the distinct energy levels near the band edges in the nanocrystal situation. B. Illustration 
of the density of states that is higher in the middle of a band and lower near the edges. Reproduced (adapted) with 
permission from Ref. [2] Copyright 1996 The American Association for the Advancement of Science.
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1-D (i.e. confined in two dimensions) quantum wire or quantum rod, and 2-D (i.e. confined 
in one dimension) quantum well, as schematically illustrated in Figure 2.2B.1,3  

The limited number of atoms in the nanocrystal also leads to a significantly larger 
surface to volume ratio in comparison to bulk crystals, as now relatively more atoms are 
located at the surface. Surface atoms have fewer neighbouring atoms than atoms in the 
interior of the crystal, which leads to so-called dangling orbitals or dangling bonds. These 
unshared orbitals result in localized energy states within the band gap, which can greatly 
influence the luminescence of the NC. The intra-gap states originating from dangling orbit-
als or other defects (e.g. interstitial atoms or vacancies) at the surface or within the crystal 
can trap a charge carrier (electron or hole). Trapped charge carriers often recombine nonra-
diatively, releasing the excess energy as heat, rather than as photons as is the case for radia-
tive recombination. Radiative and nonradiative exciton recombination are competing pro-
cesses, with different rates associated with each process.1,3 The number of recombination 
pathways (radiative and nonradiative) that are present in the material and their associated 
rates determines the lifetime of the exciton.1,3 As applications are based on the luminescent 
properties or long exciton lifetimes (e.g. LEDs,4–9 display technologies,10 bio-imaging11–13 or 
photovoltaics14,15), removal of intra gap states is of vital importance. Dangling bonds can 
be passivated by (usually organic) ligand molecules that bind to surface atoms, thereby 
improving the luminescent properties of the NCs. These ligand molecules enable solution 
processing and can in turn be functionalized to enhance the applicability of the NCs.1 The 
combination of NC and ligands is often regarded as a hybrid inorganic-organic nanoma-
terial (Figure 2.3A).

The possibilities for property engineering can be extended even further by combin-

CB

VB

Eg

A

6 nm 2 nm

B

Figure 2.2 •  A. With decreasing NC size, the band gap widens and more discrete energy levels appear near the band 
edges. This results in tunable absorption and emission wavelengths, under constant composition (CdSe in this case). B. 
Schematic representation of the effect of changing the dimensions of the material on the density of states. In bulk (3D) 
the exciton is not confined, in 2D the exciton is confined in only the thickness dimension, in 1D the exciton is confined in 
the diameter direction and in 0D the exciton is confined in all directions. Panel A. is reproduced (adapted) with permission 
from Ref. [1] Copyright 2011 Royal Society of Chemistry. Panel B. is reproduced (adapted) with permission from Ref. [3] 
Copyright 2016 Springer International Publishing.
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ing two (or more) different semiconductors in the same NC via nanoscale heterojunctions 
(i.e., a hetero-NC, HNC). The carrier localization regime can then be tailored from Type-I 
(electron and hole in the same material, providing an even better protection for the exciton 
from oxidizing or etching environments) to Type-II (spatially separated charge carriers, 
desirable for applications that are based on charge carrier separation) via an intermediate 
regime (Type-I1/2, one carrier delocalized over the whole HNC volume and the other local-
ized in one of the segments), see Figure 2.3B.1 This offers a remarkable degree of control 
over the properties of nanoscale excitons in HNCs. 

2.1.2. Colloidal synthesis of semiconductor nanocrystals
From the above it becomes clear that the shape and size of a semiconductor NC are key 

factors determining its optoelectronic properties. Consequently, the scientific community 
invested a lot of effort in the development of synthesis techniques that enable a substantial 
control over the characteristics of NCs (i.e. size, shape, monodispersity), thereby tailoring 
their properties. Here, we focus on colloidal synthesis, in which the NCs are synthesized in 
a solvent and obtained as a colloidal suspension. We start with direct synthesis procedures 
and follow with postsynthetic tailoring techniques.

The key in obtaining monodisperse NCs is a sufficient separation of nucleation and 
growth stages. Direct synthesis methods are thus designed in such a manner that this sep-
aration is achieved. In a colloidal synthesis, the precursors (e.g. metal salts or chalcogen-li-
gand complexes, see below for detailed examples) first form monomers in solution (i.e. 
[M–X] with M a metal cation and X a pnictogen or chalcogen anion). As the nucleation 
rate depends on the degree of supersaturation, temperature and surface tension, synthesis 
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Figure 2.3 •  A. Schematic illustration of an inorganic NC with its organic ligand shell. B. Schematic representation of 
band alignments (valence band VB, and conduction band CB) that can occur in hetero-nanocrystals (HNCs). In a Type I 
HNC the exciton is confined in one material while in the other extreme, the Type II HNC, the charge carriers are spatially 
separated. In the intermediate Type I1/2 situation, one of the charge carriers is confined to one material, while the other 
charge carrier is delocalized over the whole HNC. Panel B. is adapted with permission from Ref. [1] Copyright 2011 Royal 
Society of Chemistry. 



12

methods aim at achieving supersaturation of the monomers in solution at a high tempera-
ture, leading to a ‘burst’ of nucleation. Only moments after nucleation the temperature 
drops and because the monomers formed nuclei, there is no longer supersaturation, lead-
ing to a negligible nucleation rate.1,16 The remaining monomers in solution will then only 
contribute to the growth of the nuclei. This balance in nucleation and growth rate deter-
mines the size of the NCs, as a fast nucleation rate will lead to a large number of nuclei 
and thus to small NCs as most monomers are consumed in the nucleation process, while 
a slow nucleation rate will lead to less nuclei and more monomers available for growth.1,16 
The most commonly used synthesis method is the “hot-injection” method, in which a cold 
solution of precursors is rapidly injected in a hot solution containing other precursors. The 
rapid injection leads to a sudden increase in concentration of monomers, so that supersat-
uration is achieved and a burst of nucleation occurs. Another widely used method is the 
‘heating up’ method, in which all precursors are rapidly heated to a certain temperature. 
The heating rate is important here, as only fast heating can lead a fast increase in monomer 
concentration leading to supersaturation.1,16

The principles of nucleation and growth of NCs can be qualitatively described by clas-
sical nucleation theory: 

in which ΔGv and ΔGs are the volume excess free energy and surface excess free energy, 
respectively, r is the radius of nuclei, ρ is the density of the crystalline phase, γ is the in-
terfacial tension between the crystalline phase and the monomers in solution, and Δμ is 
the chemical potential difference between the monomers in solution and in the crystalline 
phase, which is given by Δμ = -kBT ln(x/xsat) where x is the concentration in solution and 
xsat the saturation concentration.1,16–18 As ΔGv and ΔGs have opposite signs and scale with a 
different factor with the radius (r3 and r2, respectively), there is an energy barrier that has to 
be overcome to form stable nuclei (Figure 2.4). The height of the energy barrier is defined 
as ΔGc, the critical Gibbs free energy that corresponds with a critical radius rc.1,16–18 When 
r > rc the growth rate is positive, leading to growth of the nuclei to larger NC sizes, while 
when r < rc the nuclei will redissolve.1,16–18

 

rc r

∆G

∆Gc

∆Gv

∆Gs

∆GTOT

Figure 2.4 •  Gibbs free energy diagram for the nucleation 
and growth of a crystal. ΔGs is the surface excess free energy, 
ΔGv the volume excess free energy, ΔGTOT the total change 
in Gibbs free energy, and ΔGc the critical Gibbs free energy 
which is obtained when the radius equals rc, the critical 
radius for nucleation. 

∆ GTOT = ∆ Gv + ∆ Gs =
4
3
πr3ρ∆ µ + 4 πr2γ (2.1)
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In the daily practice in the lab, controlling the nucleation and growth of NCs to obtain 
desired shapes and sizes, involves a complex interplay between the reactivity of precur-
sors, reaction temperature, solvents and ligands. A well-considered choice of ligands can 
direct growth in a certain direction, by stabilizing or blocking specific facets of the NC.1 For 
several binary composition NCs (e.g. CdSe and Cu2-xS), the synthesis procedures have been 
well-developed over the last 30 years, providing access to a plethora of morphologies that 
will be discussed below in more detail. For the less explored multinary systems, however, 
direct synthesis remains a great challenge, as an additional degree of complexity is added 
by the need to precisely balance the reactivities of more than two precursors to obtain NCs 
with the targeted multinary composition instead of a binary combination of the elements 
present in the reaction mixture (e.g. formation of Cu2-xS and In2S3 instead of CuInS2). Below, 
the state-of-the-art for CuInS2 NCs will be discussed. Yet another challenge is the synthesis 
of HNCs, where a second semiconductor is heteroepitaxially grown over a seed NC. The 
key parameter in this heterogeneous nucleation process is the lattice mismatch between the 
two phases, as a smaller mismatch will lead to a lower interfacial tension and thus higher 
wettability.1 Considering the fact that NCs are generally highly facetted and have different 
surface terminations, it is clear that the resulting shape of the HNC is strongly dependent 
on the characteristics of the seed NC and the shell material. Other factors that may com-
plicate the heteroepitaxial growth, are side-processes such as etching of the surface of the 
seed NC, cation exchange or alloying due to interdiffusion. This is particularly relevant for 
copper chalcogenide NCs, as these are known for their high cation mobility.19 This complex 
interplay will be discussed in more detail in Chapter 6. 

A way to circumvent direct synthesis challenges is using nanoscale cation exchange 
(CE) reactions. CE allows for postsynthetic control over the NC composition, while pre-
serving the size and shape of the parent NCs.20–23 In a CE reaction, (part) of the cations 
of the parent NCs are exchanged by different guest cations, while the anionic sublattice 
remains unaffected. The reaction will thus be topotactic, since the size, shape and anionic 
sublattice structure of the parent (template) NCs will be inherited by the product NCs.20–23 
The thermodynamic driving force of a CE reaction is determined by the energy balance 
of the overall reaction, which consists of a series of elementary kinetic steps that must 
proceed in a concerted manner20–23 (Figure 2.5A). The reaction will be thermodynamically 
favoured if the outgoing native cation has a larger solvation energy and a lower lattice 
enthalpy than the incoming guest cation (i.e. the chemical potential of the native cation is 
lower in solution, while that of the guest cation is lower in the nanocrystal). Therefore, the 
thermodynamic driving force of a CE reaction can be manipulated by a proper choice of 
solvent, coordinating ligands, and concentration of guest cations in solution. 

The overall rate of the CE reaction is given by the kinetic balance between all the dif-
ferent elementary steps, which depend differently on the reaction temperature, since they 
have different activation energies. Therefore, the reaction temperature is an essential pa-
rameter to control the overall kinetic and the outcome of CE reactions. It is crucial that the 
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overall diffusion rate of ingoing guest and outgoing native cations is well balanced, since 
an imbalance may lead to dissolution of the parent NCs or no exchange at all.20–23 This is 
particularly challenging in aliovalent CE (e.g. Cu+ for In3+) because the number of incoming 
and outgoing cations is inherently different. In practice, the exact balance between these pa-
rameters is delicate and different for every system, and therefore often poorly understood. 
Nevertheless, CE is a powerful and exciting synthesis strategy, which can lead to NCs with 
unprecedented compositions, shapes, and crystal structures, that would otherwise not be 
attainable. Depending on the miscibility of the two phases, the degree of exchange and the 
diffusion rates, complex nanostructures can be obtained (Figure 2.5B). Segmented HNCs 
(e.g. core/shell or Janus NCs) can be formed when the cations diffuse slowly or the phases 
are not miscible. Doped or alloyed NCs are formed when a low concentration of guest 
cations is added that diffuse through the whole NC. State-of-the art copper chalcogenide 
based examples are discussed in more detail below.  

Another postsynthetic process for NCs is self-assembly into larger 2D or 3D super-
structures. The properties of such superlattices are derived from the characteristics of the 
individual NCs (the building blocks), the interactions between them, and the geometry in 
which they self-assemble.26 There are roughly two mechanisms of NCs self-organization: 
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Figure 2.5 •  A. Schematic illustration of the elementary kinetic steps that take place in the conversion of AX NCs into BX 
NCs by topotactic Az+ for By+ cation exchange. (I) Native cation extraction by ligand L1. (II) Solid state diffusion of the native 
cation to the surface of the NC. (III) Incorporation of the guest By+ cation into cation vacancies. (IV) Solid state diffusion 
of the guest cation away from the surface. Steps I and III are essentially surface reactions and will stop in the absence 
of cation diffusion fluxes moving native cations to the surface and incorporated guest cations away from the surface 
(II and IV, respectively). The charges of the native and guest cations may be the same (isovalent CE) or not (aliovalent 
CE). Moreover, steps I and III may be directly coupled by using a ligand that is capable of binding to both the guest and 
native cations, so that the reaction becomes a direct place exchange process.20–25 B. Cation exchange reactions can yield 
different architectures in the product NC, depending on the miscibility of the two phases, the concentration of guest 
cations and diffusion rates of the incoming guest cation and outgoing native cation. 
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in the first mechanism NCs self-organize to increase the free volume per NC, in the second 
there are attracting forces that drive the organization.27 

To understand the first mechanism, NCs should be considered as hard spheres dis-
persed in a solvent.28 In a highly concentrated chaotic dispersion, the free volume per NC 
is small, but can be increased by organization in a super structure with, for example, a 
hexagonal packing (Figure 2.6). The increase in free volume per NC causes an increase in 
entropy that leads to a decrease in overall Gibbs free energy (ΔG = ΔH – TΔS, where ΔH 
is the change formation enthalpy, which is 0 for hard spheres, T is temperature and ΔS is 
the change in entropy). The ligands present on the NC surface can play an additional role 
in giving directionality to the self-organization by attractive van der Waals interactions or 
bylimiting rotational freedom by steric effects.29 

In the second mechanism inter-NC attractive forces, or a combination of attractive and 
repulsive forces, induce self-organization of NCs. Many of such forces can occur between 
NCs: Coulombic, van der Waals, charge-dipole, dipole-dipole, capillary, convective, shear, 
and other forces contribute to the particle-particle and particle-substrate interactions.30 Van 
der Waals forces are always present between any given particles, while others depend on 
the nature of the NCs (i.e. magnetic and electrostatic forces), or are subject of environ-
mental circumstances (i.e. capillary, convective and shear forces).30 In a reaction medium, 
attractive forces can be induced by for example photooxidation of cations,31 ligand removal 
leading to a different surface charge balance,32 or a charge unbalance due to cation ex-
traction, as discussed in Chapter 5. 

2.2. Ternary copper chalcogenide nanocrystals
The combination of exciting fundamental challenges described above and prospects 

for technological breakthroughs has motivated research groups worldwide to extensively 
investigate the synthesis and optoelectronic properties of a wide variety of semiconductor 
NCs and HNCs. Most of the work has been focused on Cd-chalcogenides (particularly on 
the prototypical CdSe) and, more recently, on Pb-chalcogenides. As a result, the synthesis 
of colloidal NCs and HNCs based on Cd- and Pb-chalcogenides has developed into a very 
mature field, leading to materials with exceptional properties that have already demon-
strated great potential for many applications (e.g. low threshold lasing, LEDs, labels for 
biomedical imaging, photodetectors, solar cells).4,33–37 However, the large scale deployment 

Chaotic colloidal dispersion Organized super-structure Figure 2.6 •  In a concentrated dispersion of NCs without 
ordering, the free volume per NC is small (left), while after 
self-organization (right), the NCs have a higher free volume. 
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of these conventional NCs is severely hindered by restrictions imposed on devices contain-
ing toxic elements such as Cd or Pb. This has stimulated a growing interest on alternative 
materials that possess comparable properties and are based on less toxic elements.  

Copper chalcogenides are a very attractive option, since they have low toxicity, envi-
ronmental compatibility, potentially lower costs, and a very wide range of compositions 
and crystal structures. This latter point makes them an extremely versatile class of ma-
terials, capable not only of offering similar properties to those already demonstrated by 
Cd- and Pb-chalcogenide NCs and HNCs, but also characteristics that are unparalleled by 
conventional NCs and HNCs (e.g. plasmonic properties). 

Unlike the binary copper chalcogenides, ternary I-III-VI2 materials display tunable 
photoluminescence, and are therefore promising alternatives to Cd- and Pb-chalcogenide 
NCs in several applications, such as LEDs,5,9,38 photovoltaics,14,15 luminescent solar con-
centrators,39,40 bioimaging,41,42 and photocatalysis.43,44 However, the synthesis of colloidal 
copper chalcogenide NCs and HNCs, especially of ternary and quaternary compositions, 
is still largely underdeveloped, and has yet to reach the same level of mastery available for 
the prototypical Cd-chalcogenide based NCs and HNCs. Furthermore, the optoelectronic 
properties of I-III-VI2 NCs appear to be fundamentally different from those of Cd- and 
Pb- chalcogenide NCs, and a comprehensive understanding of these materials has yet to 
emerge. 

Crystal structures
Copper-chalcogenides are known for their rich phase diagrams accommodating a 

wealth of stoichiometries. The most investigated binary copper chalcogenide is Cu2-xS, 
which can easily accommodate Cu vacancies. As a result, the binary Cu-S system has a very 
rich phase diagram,45 with a variety of equilibrium crystal structures: monoclinic low-chal-
cocite α-Cu2S, hexagonal high-chalcocite β-Cu2S, monoclinic djurleite Cu1.96S, hexagonal 
digenite Cu1.8S, monoclinic roxbyite Cu1.78S, orthorhombic anilite Cu1.75S, and hexagonal 
covellite CuS. These crystal structures are characterized by either hexagonal or cubic 
close-packing of S atoms, with Cu atoms positioned at the interstices. Rearrangement of S 
atoms from cubic to hexagonal (and vice-versa) is extremely slow, and therefore a number 
of metastable phases is also possible.45 The crystal structure of Cu2-xSe is also determined 
by the number of Cu vacancies. The crystal structures range from klockmannite hexag-
onal CuSe,46 umangite tetragonal Cu3Se2,46 berzelianite cubic Cu2-xSe46 to bellidoite cubic 
Cu2Se.46,47 Copper telluride can exist as orthorhombic CuTe, hexagonal Cu2Te, Cu3Te4, and 
Cu7Te5, and as nonstoichiometric Cu2−xTe phases.48–50 Ternary copper chalcogenides, with 
the general formula CuXA2 (X = In, Sn, Ga, Al; A = S, Se, Te), exist at room temperature in 
the chalcopyrite crystal structure, a direct derivative of the binary zinc blende structure.51,52 
Another stable phase is the CuA5X8 spinel crystal structure, which also has an face-cen-
tered cubic (fcc) close-packing of anions.52 These bulk crystal phases can undergo phase 
transformations at elevated temperatures or at the nanoscale. For example, CuInS2 exists 
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in the metastable wurtzite structure at 1045 °C in the bulk,52 but wurtzite CuInS2 NCs have 
been obtained at much lower temperatures.53 For the Cu-In-Se system a variety of com-
positions (Cu2In4Se7, Cu3In5Se9, CuIn3Se5, Cu5InSe4, and CuIn5Se8) is reported in cubic and 
hexagonal crystal structures (see Figure 2.7).54 

Copper indium sulfide
The most widely investigated ternary copper chalcogenide compositions are CuInS2 

(CIS) and CuInSe2 (CISe), as they have been shown to exhibit tunable photoluminescence 
(PL) from the visible to the NIR. Since this thesis is dedicated to a better understanding 
of the synthesis and optical properties of CIS and, to a lesser extent, CISe, the discussion 
below will focus on these materials.    
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Figure 2.7 •  Crystal structures of binary and ternary chalcogenide NCs. The crystal structures of ternary Cu-chalcogenides 
are derived from that of the binary analogues. When binary NCs have a zinc blende-like crystal structure (A), ternary NCs 
made via partial CE will have the chalcopyrite crystal structure (B). When cation exchange reactions are deployed on 
wurtzite like Cu-chalcogenides (C), the resulting ternary NCs also have a wurtzite structure (D). Schematic representations 
of the crystal structures are made with the program Vesta, see Ref. [55].
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2.2.1. Synthesis of CuInS2 NCs
Direct synthesis

As already stated above, direct synthesis of multinary materials is complex, as the reac-
tivity of more than two precursors (in this case Cu, In, and S) has to be precisely balanced 
to obtain NCs of the multinary material (CIS) rather than binary (Cu2-xS and In2S3) NCs. The 
morphologies obtained so far are therefore limited. CIS NCs are often reported as small 
pyramidal shaped NCs with the chalcopyrite crystal structure (roquesite CIS, Figure 2.8A-
C), and PL tunable in the visible to NIR spectral range, synthesized by direct synthesis 
protocols.56–60 The most common direct synthesis protocol for luminescent CIS NCs with 
diameters below 10 nm consists of heating up a mixture of CuI (or Cu(I) acetate), In(ace-
tate)3 and 1-dodecanethiol (DDT) to a temperature above 200 °C.19,56,57,60,61 In this case, DDT 
plays the multiple roles of sulfur source, ligand and solvent. 

The mechanism for the formation of CIS NCs through this synthesis protocol is similar 
to the one proposed for Cu2-xS NCs, where a lamellar Cu–thiolate complex [CuSC12H25], 
with the metal and μ3-briding S atoms building a quasi-hexagonal network and the alkyl 
chains distributed randomly on both sides of this slab,62 is first formed, and subsequently 
undergoes thermolysis forming Cu2-xS NCs.63 In the case of CIS NCs a CuIn(SR)x intermedi-
ate is involved,51,60 or more specifically, as a recent in depth study showed, a lamellar 13-15 
layer thick [L7In3Cu3I6]- complex, in which L = [SC12H25]-. Here, the iodide plays a crucial 
role in compensating the trivalent charge of the indium ions (see Figure 2.8D).64 The stabili-
ty of this intermediate has been shown to have a crucial impact on the crystal structure, size 
and shape of the resulting CIS NCs. It has also been shown that a short reaction time (viz. 
30 instead of 60 minutes) at 100 °C results in an incomplete precursor conversion and lim-
ited formation of extended planar intermediates, consequently leading to smaller number 
of nuclei later on in the reaction.64 Furthermore, a lower reaction temperature or additional 
coordinating ligands, such as oleylamine, drive the reaction to the wurtzite crystal struc-
ture, whereas a less stable intermediate results in chalcopyrite CIS NCs.51,60 This highlights 
the influence that surfactants and the precursor reactivities have on the resulting crystal 
structure and hence, the NC shape and facetting.1

Large nonluminescent wurtzite CIS nanorods have been synthesized by using in situ 
nucleated Cu2-xS NCs as seed particles (Figure 2.8E-G).53,59 In this case, the hexagonal wurtz-
ite crystal structure of the CIS nanorods is inherited from the Cu2-xS NC seeds, which also 
have an hexagonal crystal structure. At sufficiently high temperatures, CIS nucleates on the 
seed NCs, after which further growth of the CIS NCs happens at the heterointerface of the 
two materials, consuming the Cu2S NC seed as a sacrificial Cu(I) and sulfur source. The 
size of the resulting CIS NCs is largely determined by the size of the Cu2S seed NCs, which 
provides an additional way to control the size of the CIS NCs (Figure 2.8H-I).

Most synthesis protocols for ternary Cu sulfides use thiolate complexes as sulfur source. 
Although thiols are an inexpensive alternative due to their multiple roles in the synthesis, 
they also impose additional energy barriers to the nucleation and growth of the NCs, since 
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the C–S bonds of the thiolate molecules must first undergo thermolysis. In this way, a lim-
ited amount of monomers is available, resulting in limited control over the size, shape and 
composition. The protocols to synthesize CISe, are similar to the ones used for CIS, except 
that Se is typically supplied in its elemental form dissolved in coordinating solvents such 
as oleylamine,65 since selenols are not readily available. In Chapter 7 we will describe a syn-

H

I

C

A B

G

E F

34
.9

1 
Å

D

Figure 2.8 •  Ternary CuInS2 (CIS) NCs can attain two stable crystal structures, namely chalcopyrite (zinc blende 
derivative) and wurtzite. A-C. Chalcopyrite CIS NCs typically form small, pyramidal NCs. C. The corresponding powder 
X-ray diffractogram showing the chalcopyrite crystal structure. D. The lamellar intermediate complex that is formed 
during the reaction that results in chalcopyrite CIS NCs. E-G. Wurtzite CIS NCs are usually larger and often anisotropic. 
G. The corresponding X-ray diffractogram showing the wurtzite crystal structure. H,I. Growth mechanism of wurtzite 
CuInS2 NCs. H. TEM images of the different stages of the reaction. I. The proposed growth mechanism states that first 
Cu2S quasi-spherical NCs homogeneously nucleate. Second, a small domain of CIS nucleates heterogeneously onto the 
Cu2S seeds. Depending on whether the heterogeneous nucleation is slow or fast, CIS grows on one or two sides of the 
seed. Cu2S-CIS hetero-NCs are isolated at intermediate reaction times, whereas at longer times homogeneous CIS NCs 
are obtained. Panels A-C, E-I are reproduced with permission from Ref. [71]. The panels were adapted with permission 
from Refs. [56] (panels A-C; Copyright Copyright 2012 American Chemical Society), [53] (panels E,F; Copyright Copyright 
2011 The Royal Society of Chemistry), [59] (panels G-I; Copyright Copyright 2010 American Chemical Society). Panel D: 
Reprinted (adapted) with permission from Ref. [64], Copyright 2017 American Chemical Society.  
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thesis protocol to dodecaneselenol and its subsequent use as ligand and selenium source 
in the synthesis of Cu2-xSe NCs. The shapes reported for colloidal CISe NCs are trigonal 
pyramids,66 bullets,67 platelets,65 dot- cuboctahedra,68 and wires.69,70

CuInS2-based hetero-nanocrystals 
The photoluminescence (PL) efficiency (expressed in quantum yield, QY) of colloidal 

NCs of semiconductors can be improved by growing a shell of another, wide bandgap, 
semiconductor.1 This passivates surface traps and confines the photoexcited carriers to the 
core, thereby protecting the NC against oxidation and other unwanted nonradiative relax-
ation pathways.1 Suitable wide bandgap semiconductors for heteroepitaxial shell growth 
on ternary CIS NCs are ZnS and CdS. Several groups investigated the overgrowth of ZnS 
and/or CdS on CIS cores,8,9,12,56,57,72–85 and in all cases a blue shift of the PL has been ob-
served.8,9,12,56,57,72–85 This blue shift has been explained by either the formation of a graded al-
loy,8,74,75,85 etching of the CIS core prior to the shell overgrowth,12,57,77 or cation exchange.56,77 
The occurrence of alloying during the shell growth can be explained by the relatively small 
lattice mismatch between chalcopyrite CIS and zinc blende ZnS (1.6%) and the small radius 
of Zn2+, resulting in fast diffusion of the incoming cation into the CIS lattice. The different 
processes that can simultaneously take place during a shell overgrowth reaction and the 
effect of temperature, surface chemistry and precursor reactivity on the outcome of these 
reactions is discussed in more detail in Chapter 6. In any case, the resulting alloyed CIZS 
NCs do show enhancement of the PL QY, which renders them promising materials for 
implementation into lighting devices or as luminescent probes for bioimaging applica-
tions.41,42 The overgrowth of a shell of a different semiconductor can also be used to control 
the carrier localization regime in the hetero-NC (i.e. Type-I, Type-I1/2 or Type-II, see Section 
2.1.1 above),1 thereby allowing the exciton radiative lifetimes, exciton-phonon coupling 
strength, and spectral characteristics (i.e., peak position, bandwidth, Stokes shift) of colloi-
dal hetero-NCs to be tailored.86,87 This has been extensively investigated for the prototypical 
case of hetero-NCs based on Cd-chalcogenides and other II-VI materials,1 but has yet to be 
addressed for Cu-chalcogenide based materials.

Cation exchange
As illustrated above, the control over size, shape and stoichiometry of ternary copper 

chalcogenide NCs through direct synthesis protocols is still limited. The concept of topo-
tactic cation exchange (CE) reactions is already discussed above, here we fill focus on some 
recent examples of partial CE from binary to ternary copper chalcogenide materials.

The compositional and structural diversity of binary copper sulfides and selenides 
creates a very rich parameter space that can be exploited to tailor the size and shape of 
colloidal Cu2-xS/Se NCs over a very wide range, opening up routes towards a plethora of 
morphologies not attainable for other binary semiconductor NCs. For example, nanodisks, 
nanoplatelets, (ultrathin) nanosheets and other polyhedral shapes have been successfully 
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synthesized with astonishingly narrow size and shape distributions (Figure 2.9A-F).88–93 
Moreover, Cu+ ions in copper chalcogenides have been shown to be easily exchangeable 
by other cations,23,29,94–96 mainly because of their small size and charge, which results in 
fast diffusion. These characteristics, in combination with the availability of Cu-extracting 
ligands, make it possible to effectively extract Cu+ ions from the NCs and replace them 
with other cations, without disrupting the anionic sublattice. Alkylphosphines, such as 
tri-n-octylphosphine (TOP), are commonly used to extract Cu+ from NCs,23,29,94–96 due to the 
strong affinity of the soft Lewis acid Cu+ (absolute hardness η = 6.28 eV)97 and the soft base 
TOP (η = 6 eV).97 
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Figure 2.9 •  Size and shape control of colloidal Cu2-xS nanocrystals (NCs). By choosing the right synthetic parameters, 
the size and shape of colloidal Cu2-xS NCs is controlled from (A,B) spherical NCs with different diameters (3-10 nm), to 
anisotropic NCs such as (C) bifrustums (50 nm), (D) bipyramids (50 nm width by 100 nm length), (E) hexagonal nanoplatelets 
(thickness 20 nm, lateral dimensions 50 nm), and (F) ultrathin nanosheets (thickness 2 nm, lateral dimensions 110 nm). 
Formation of ternary CuIn-chalcogenide NCs and hetero-NCs by partial, self-limited cation exchange in template Cu2-xS 
NCs. G. Schematic illustration of the elementary kinetic steps involved in conversion of Cu2−xS NCs into CuInS2 NCs by Cu+ 
for In3+ cation exchange. H. Comparison of the anionic sublattice of low-chalcocite Cu2−xS with wurtzite CIS, showing that 
the anionic sublattice of low-chalcocite Cu2−xS (blue spheres) is compatible with wurtzite CIS (red spheres), since both 
anionic sublattices have an hexagonal close-packed (hcp) arrangement. I. Comparison of low-chalcocite unit cell (blue 
spheres) with In2S3 (green spheres). The spinel In2S3 structure has an fcc anionic sublattice, where layer C has to dislocate 
by 58% of a S−S distance in order to fit in the low-chalcocite lattice. J. Schematic representation of In3+ for Cu+ partial CE 
reaction with the use of a stoichiometric TOP-InCl3 complex acting as both Cu-extracting and In-incorporation agent, 
thereby effectively coupling the in- and outgoing diffusion rates. Reproduced with permission from Ref. [71]. The panels 
were reprinted (adapted) with permission from Refs. [90] (panels A,B; Copyright 2010 IOP Publishing), [89] (panels C-E; 
Copyright 2011 The Royal Society of Chemistry), [91] (panel F; Copyright 2015 American Chemical Society), [25] (panels 
G-I; Copyright 2015 American Chemical Society), [99] (panel J; Copyright 2015 American Chemical Society).
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A partial exchange (i.e. Cu2-xS to CIS) requires either a very precise determination of 
concentrations, such that only part of the cations can be replaced, or a very good under-
standing of the mechanism involved, such that the CE reaction is self-limited. For example, 
we have recently shown a self-limited partial CE reaction from Cu2-xS NCs to lumines-
cent ternary CIS NCs.25 In this case, the Cu+ ions are extracted by TOP, while In3+ forms 
a [In(MeOH)x]3+ complex with solvent molecules that transports it to the NC surface (see 
Figure 2.9G). We found that the balance between the Cuout and the Inin diffusion rates is 
delicate and could only be achieved at mild reaction conditions (room temperature), re-
sulting in self-limited partial CE, which stops when the ternary composition is reached. In 
order to proceed to the fully exchanged composition, In2S3, a large energy barrier must be 
overcome, due to the anionic rearrangement required for this transformation. The template 
Cu2-xS NCs and the ternary product CIS NCs both have a hexagonal crystal structure with 
a hexagonal close-packed (hcp) packing of anions (chalcocite and wurtzite, respectively), 
whereas In2S3 has a face-centered cubic (fcc) packing of anions (see Figure 2.9H,I). Although 
possible, this transformation from hcp to fcc requires a lot of energy, which is not available 
at the low temperatures used in the reaction.98 This synthesis strategy has been extended 
to anisotropic and complex hetero-NCs, by adapting the cation exchange protocol in such 
a way that the ingoing and outgoing diffusion rates were effectively coupled, thereby pre-
venting imbalances, and making it possible to obtain luminescent ternary CuInSe2/CuInS2 
core/shell heteronanorods.99 This was achieved by using a stoichiometric TOP-InCl3 com-
plex as both In-source and Cu-extracting agent (see Figure 2.9J). This method was also 
applied to other ternary compositions, yielding a variety of ternary (hetero)structures that 
are not attainable by direct routes, paving the way toward a plethora of ternary NCs with 
tailor-made size, shape, composition and hetero-architecture.99 The CE approach was also 
used to obtain novel CuInSe2 NC morphologies, as discussed in Chapter 7, and quaternary 
Cu1-3xInGaxS2 NCs from CIS NCs, as described in Chapter 8. 

2.2.2. Optical properties of CuInS2 NCs
The optical properties of ternary copper chalcogenide NCs render them interesting 

materials for several applications. The most investigated compositions are CIS and CISe, 
which have been shown to exhibit tunable photoluminescence (PL) from the visible to the 
NIR (Figure 2.10A-B). As will be discussed below, the wide tunability reported in the lit-
erature for the optical properties of CIS and CISe NCs is only partially due to quantum 
confinement effects (exciton Bohr radii are 4.1 nm and 7.5 nm for CIS and CISe,19,100 respec-
tively), in striking contrast with the II-VI binary analogues, which have been instrumen-
tal in the discovery and understanding of quantum confinement effects in semiconductor 
nanocrystals.1

The first important difference between binary II-VI and IV-VI compounds and terna-
ry Cu-III-VI2 compounds is that the former do not tolerate significant off-stoichiometry, 
while the latter can easily accommodate large deviations (a few %) from the ideal chemical 
formula CuXA2, both in the Cu/X ratio and in the 2A/[Cu+3X] ratio.101–104 As a result, bulk 
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CIS crystals have a very rich defect structure and can be grown both n-type (In excess) or 
p-type (S excess), and can be non-stoichiometric even if the melt has the ideal composition, 
because the homogeneity region at room temperature spans from 50 to 52 mol% In2S3.101 
This extreme tolerance to off-stoichiometry is manifested also by the existence of a series of 
compounds with different Cu:In:A ratios (CuIn5A8, CuIn3A5, Cu2In4Se7, Cu3In5Se9), which 
are absent in II-VI compounds and their alloys.102 The rich defect chemistry of CuInA2 has 
been explained by theoretical studies which show that the formation energies of native de-
fects are much lower in ternary CuInA2 compounds than in the binary II-VI analogues (e.g., 
< 2 eV for CISe and ≥ 6 eV for ZnSe).102 The calculated formation energies for electrically 
neutral defect pairs such as (2 VCu

- + InCu
2+) and (2 CuIn

2- + InCu
2+) are particularly low, being 

even exothermic (-1.46 eV) under certain conditions (optimal chemical potential).102 It is 
noteworthy that the tolerance to off-stoichiometry becomes even larger at the nanoscale, 
since CIS NCs can be readily made with Cu/In ratios ranging from 0.3 to 2.9.105

Another crucial difference between ternary copper chalcogenides and binary II-VI 
semiconductors is the nature of the valence and conduction bands (VB and CB, respective-
ly). In the II-VIs, the VB states are predominantly anion-like (the p orbitals of the group 
VI element) and the CB states predominantly cation-like (the s orbitals of the group II ele-
ment).106 In contrast, the upper VB in ternary copper chalcogenides is composed primarily 
of Cu 3d orbitals hybridized with the p orbitals of the group VI element, while the CB 
consists of Cu 4s orbitals with some mixing of p character from the chalcogen atoms.106 This 
has a significant impact on the optical band gap of these materials, which becomes compo-
sition-dependent, since an increase in the Cu content pushes the VB top to higher energies 
thereby decreasing the bandgap. This theoretical prediction is confirmed by a number of 
experimental observations, which reported band gap reductions of up to 190 meV with 
increasing Cu/In ratio from 0.9 to 2, accompanied by the development of a low energy tail 
extending up to 200 meV below the band gap.103,104 

Unlike nanocrystals of II-VI (e.g. CdSe or CdTe) and IV-VI (e.g. PbSe) semiconductors, 
CIS and CISe NCs typically present essentially featureless absorption spectra and do not 
exhibit a sharp first absorption transition, even for NCs sufficiently small to be in the quan-
tum confinement regime. Moreover, a low energy tail is usually observed. These charac-
teristics may be due to size and shape inhomogeneities within the NC ensemble, but are 
also likely to be an intrinsic property of CIS and CISe NCs, since improvements in the 
preparation methods have resulted in smaller size and shape dispersions, but have not sig-
nificantly narrowed the observed spectral linewidths.19 As discussed above, CIS can easily 
accommodate stoichiometry deviations. It is thus possible that ensembles of CIS, CIS/ZnS 
or CIS/CdS will possess composition inhomogeneities, even if they are monodisperse in 
size and shape. The same reasoning can be applied to CISe NCs.   

The PL of CIS and CISe NCs is also dramatically different from that observed for II-VI 
and IV-VI quantum dots, and is characterized by a broad band (full-width at half-maxi-
mum ~ 200–300 meV), a large ‘global’ Stokes Shift (~ 300 meV), and multiexponential PL 
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decays with long decay constants (fast component with tens of ns, slow component with 
hundreds of ns).19 The PL quantum yields (PL QYs) of bare CIS NCs are typically below 
5–10%, while PL QYs as high as 70–85% have been reported for CIS/ZnS or CIS/CdS core/
shell HNCs.56,57 Interestingly, shell overgrowth makes the observed lifetimes even longer, 
since it reduces the contribution of the fast decay component. Despite a decade of research, 
the origins of these intriguing optical properties are not yet understood and are still un-
der debate. The most often used model is that the PL of CIS NCs has the same origin as 
that of bulk CIS,19,107 and is thus due to a donor-acceptor pair recombination involving 
native point defects such as CuIn, VIn, or VCu (Figure 2.10C).108,109 This model is consistent 
with the observation that the PL peak position depends on the CIS NC composition (PL 
peak shifts to shorter wavelengths with decrease in the Cu/In ratio),105 and is based on the 
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Figure 2.10 •  Tunable photoluminescence in ternary CuInS(e)2 NCs, the origins of the intriguing optical properties of 
CuInS2 NCs are not yet understood and are still under debate. A. CuInS2 nanocrystals of sizes varying between 2.5 and 
4.0 nm show photoluminescence (PL) peak positions between 650 and 800 nm. B. CuInSe2 nanocrystals of sizes varying 
between 2.7 and 7.9 nm show PL peak positions between 720 and 1080 nm. Possible recombination pathways in CuInS2 
nanocrystals. C. The most often used model is that the PL of CIS NCs is due to a donor-acceptor pair recombination 
involving native point defects such as CuIn, VIn, or VCu. D. Others attributed the PL to recombination of quantized CB 
electron states with localized holes. E. Some studies proposed that the PL of CIS NCs is due to radiative recombination 
of quantized VB hole states with electrons localized at native point defects. F. A recent theoretical paper by Efros and 
coworkers113 proposed that the PL of CIS NCs is intrinsic and originates from the 1S(e)1S(h) exciton transition. Reproduced 
with permission from Ref. [71]. Panels A-B were reprinted (adapted) with permission from Ref. [57] (panel A; Copyright 
2011 American Chemical Society), and [68] (panel B; Copyright 2013 American Chemical Society).
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assumption that the defect structure of CIS does not change at the nanoscale. Under this 
assumption, and taking the concentrations of point defects determined for bulk CIS (viz., 
1.6×1019 – 2×1020 cm-3),101 one can estimate that a CIS NC as small as 3 nm diameter could 
already contain between 0.14 and ~3 VCu-VS pairs per NC. Nevertheless, this model fails 
to explain the size dependence of the PL energies, which follow the same trend observed 
for the absorption transitions, shifting to higher energies with decreasing NC size (Figure 
2.10A-B).57,68 This requires that at least one of the carriers is quantized and delocalized over 
the whole NC.

To satisfy the requirement of at least one delocalized carrier, some studies proposed that 
the PL of CIS NCs is due to radiative recombination of quantized VB hole states with elec-
trons localized at native point defects (see Figure 2.10E),110,111 while others attributed the PL 
to recombination of quantized CB electron states with localized holes (Figure 2.10D).57,112 
The essential difference between the latter two studies is that Klimov and coworkers51 as-
sumed that the hole is localized at native core defects, while Gamelin and coworkers107 pro-
posed that the PL in CIS NCs is fundamentally different from that of bulk CIS, in the sense 
that the hole localization does not occur at native point defects but instead results from a 
strong hole-phonon coupling and large nuclear reorganization energies upon localization, 
which induces hole self-trapping at a regular Cu+ ion (Figure 2.10D). This model is thus 
based upon the assumptions that nanoscale CIS has a stronger hole-phonon coupling than 
bulk CIS and that native point defects are either no longer present in nanoscale CIS or only 
give rise to nonradiative recombination centers, in contrast with the bulk CIS. However, 
these assumptions have not yet been verified.

A recent theoretical paper by Efros and coworkers113 proposed yet one more model to 
explain the PL of CIS NCs: it is intrinsic and originates from the 1S(e)1S(h) exciton transi-
tion (Figure 2.10E), similarly to the prototypical cases of the II-VI and IV-VI quantum dots. 
This model is radically different from all the models discussed above, since it involves the 
recombination of quantized CB electron states with quantized VB hole states, thus pre-
cluding the involvement of localized carriers. The large Stokes shift and long lifetimes are 
explained by the nature of the 1S(h) fine-structure states, of which the lowest emitting state 
is nominally a dark exciton and is separated by a large size dependent energy gap from the 
upper fine-structure states. This model also explains the low energy tail in the absorption 
spectra, which is assumed to originate from the emitting state itself. However, the broad 
bandwidths typically observed for both PL and band-edge absorption transitions are not 
addressed. This model also predicts a size-dependent Stokes shift, which has yet to be ex-
perimentally verified. Our contribution to the debate on the nature of the decay pathways 
in CIS NCs, is discussed in Chapter 4.  

Understanding the size dependence of the absorption spectrum and of the absorption 
cross-section (or extinction coefficient) of colloidal NCs is important not only from a fun-
damental viewpoint, but is also crucial for their deployment in applications, since it allows 
the use of optical absorption spectroscopy to determine both the size and concentration of 
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colloidal NCs. This has motivated a worldwide research effort over the last few decades on 
the size-dependent optical properties of colloidal NCs, which resulted in accurate sizing 
curves (i.e. empirical curves correlating the energy of the lowest exciton transition with 
the size of the NCs) and size-dependent molar extinction coefficients for a number of II-VI 
(CdS, CdSe, CdTe),114–117 and IV-VI (PbS, PbSe) quantum dots.118,119 Nevertheless, the situa-
tion for quantum dots of CIS and other ternary copper chalcogenides is still reminiscent of 
the early days of research on the archetypical II-VI quantum dots, when large discrepan-
cies between results from different groups were common.114,117 

To date, there are only two publications on the size-dependent molar extinction coeffi-
cient of the first exciton transition of CIS NCs,120,121 which reported widely different ε(E1) 
values and size-dependent trends (viz., 11430 d2.147 with d = 2–6 nm and (830 ± 660)d3.7±0.6 
with d = 2.5–5.1 nm in the works of Qin et al.115 and Booth et al.,116 respectively). Booth 
and coworkers also investigated the size-dependent molar extinction coefficient at 3.1 eV 
for CIS NCs and CIS/ZnS core/shell NCs.116 However, the observed size-dependency (viz., 
ε(E1) = (2123 ± 1090) d3.8±0.3) is far stronger than would be theoretically expected, since the 
spectral density of states far above the band edge is no longer significantly affected by 
quantum confinement effects.122 Therefore, the extinction coefficient per NC at energies far 
above the band edge should scale with the volume (i.e. d3). This has been experimentally 
demonstrated for a number of NC compositions (CdSe,114,122 CdTe,109 PbSe,119 and InAs123). 
These discrepancies can be attributed to inherent experimental difficulties associated with 
the accurate determination of sizes, concentrations, and absorption peak positions of col-
loidal NCs. This is a particularly challenging endeavor for CIS NCs since the first absorp-
tion peak is rather broad and is affected not only by size and shape dispersion, but also by 
composition inhomogeneities within the ensemble (see above). Moreover, CIS NCs that 
are sufficiently small to be in the quantum confinement regime (2–6 nm) are typically py-
ramidal in shape (see e.g. Figure 2.8 above), which introduces further uncertainties in the 
determination of the NC size. It is thus clear that more work is needed to determine the 
size-dependence of the molar extinction coefficients of CIS NCs with an adequate degree of 
accuracy. It should also be noted that the molar extinction coefficients at energies far above 
the band edge are better suited for analytical purposes, since they are less sensitive to size 
and shape dispersion than those of the first exciton transition, which are strongly size (and 
shape) dependent.109 

Future efforts should also be directed towards constructing reliable and accurate sizing 
curves for ternary copper chalcogenide NCs, since there are at present only three publica-
tions addressing this issue. The size-dependence of the optical band gap was experimental-
ly investigated for pyramidal CIS NCs ranging from 3.0 ± 0.6 to 7.0 ± 1.4 nm in diameter,124 
and for pyramidal and spherical CISe NCs ranging from 2.7 ± 0.5 to 7.9 ± 1.5 nm in diame-
ter.68 The size dependence of the optical band gaps of ternary CuXA2 semiconductors (X = 
In, Ga; A = S, Se) has also been theoretically investigated by Omata and coworkers.125 

Finally, ternary copper chalcogenide NCs can also sustain localized surface plasmon 
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resonance transitions if they possess a sufficiently high concentration of excess free car-
riers, similarly to the case of the binary Cu2-xA NCs. In Cu2-xA NCs, these excess charge 
carriers are present due to stoichiometry deviations, typically Cu-vacancies, which lead to 
excess holes in the valence band (i.e., p-doping).126 Localized surface plasmon resonance 
transitions, characterized by a broad absorption feature in the NIR, have also been report-
ed for Cu-rich CIS NCs.127
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Abstract Research on ultrathin nanomaterials is one of the fastest developing areas in contempo-
rary nanoscience. The field of ultrathin one- (1D) and two-dimensional (2D) colloidal nanocrys-
tals (NCs) is still in its infancy, but offers the prospect of production of ultrathin nanomaterials 
in liquid-phase at relatively low costs, with versatility in terms of composition, size, shape, and 
surface control. In this chapter, the state of the art in the field is concisely outlined and critically 
discussed to highlight the essential concepts and challenges. We start by presenting a brief overview 
of the ultrathin colloidal 1D and 2D semiconductor NCs prepared to date, after which the synthesis 
strategies and formation mechanisms of both 1D and 2D NCs are discussed. The properties of these 
low-dimensional materials are then reviewed, with emphasis on the optical properties of luminescent 
NCs. Finally, the future prospects for the field are addressed.

3.1. Introduction
Since its inception nearly four decades ago, the study of colloidal semiconductor nano-

crystals (NCs) has matured into a dynamic and multidisciplinary research field, which 
continues to grow at an outstanding pace.1–10 This ever-increasing interest stems primarily 
from the fact that colloidal semiconductor NCs combine size- and shape-dependent op-
toelectronic properties with easy surface manipulation and solution processing (as dis-
cussed in Chapter 2), thereby being promising materials for a myriad of potential applica-
tions (light emitting devices, solar cells, luminescent solar concentrators, optoelectronics, 
sensing, thermoelectrics, biomedical applications, catalysis).1–10 The intense worldwide 
research activity that was incited by these prospects resulted in a remarkable degree of 
control over the composition, size, and shape of colloidal semiconductor NCs, yielding a 
plethora of 0-dimensional (0D, e.g., cubes, pyramids, quasi-spheres), 1-dimensional (1D, 
e.g., rods, wires), and 2-dimensional (2D, e.g., disks, platelets) NCs, as well as more com-
plex morphologies (e.g., multipods), see Figure 2.2.1–10 

The discovery of the unexpected properties of graphene in 200411 generated a surge of 
research not only on graphene itself, but also on layered 2D materials beyond graphene 
(e.g., MoS2, WS2, and other transition metal dichalcogenides, silicene, phosphorene, boron 
nitride)12–15 and colloidal 2D NCs.15–17 These materials are typically denoted as “ultrathin”, 
a term which is also often used in conjunction with nanowires. Nevertheless, “ultrathin” is 
an ill-defined concept, as it does not explicitly specify a thickness or diameter range. Very 
often it is used to indicate a thickness or diameter of just a few atomic monolayers or, in 
the case of semiconductor nanostructures, dimensions that are sufficiently small to induce 
strong quantum confinement. The latter is however strongly composition dependent, since 
it is determined by the exciton Bohr radius, which ranges from ~ 2 to ~ 50 nm depending on 
the semiconductor.8 In this Thesis we will define “ultrathin” as the size range correspond-
ing to what is conventionally referred to as the “magic-size regime” (d ≤ 2 nm), which is 
characterized by the existence of well-defined atomically precise clusters with an elevated 
thermodynamic stability compared to slightly smaller or larger ones.18,19 This definition 
prevents ambiguities, since it is based on thermodynamically determined size boundaries 
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that are only weakly composition dependent, while encompassing only semiconductor 
nanostructures that are strongly quantum confined. We will focus on free-standing ultra-
thin colloidal semiconductor nanowires and nanosheets, as these systems can be seen as 
quantum wires and quantum wells suspended in low dielectric constant media, free from 
interactions with a substrate, thereby providing access to the ultimate limits of 2D and 1D 
quantum confinement. After a brief overview of the ultrathin colloidal 1D and 2D semi-
conductor NCs prepared to date, we will discuss the synthesis strategies and formation 
mechanisms proposed for both nanowires and nanosheets. The properties of these low-di-
mensional nanomaterials will then be reviewed, with emphasis on the optical properties of 
luminescent ultrathin 1D and 2D colloidal semiconductor NCs. Finally, we will address the 
future prospects for the field. This chapter is intended as an enticing overview, in which 
the state of the art is concisely outlined and critically discussed to highlight the essential 
challenges that have yet to be addressed. For further details, the interested reader is re-
ferred to a number of excellent recent reviews focusing on different aspects of 1D and 2D 
colloidal semiconductor nanomaterials.15–17,20,21

3.2. Ultrathin 2D colloidal semiconductor nanocrystals
The recent literature is rich in examples of geometrically 1D and 2D colloidal semicon-

ductor NCs, and many of them are sufficiently thin to exhibit quantum confinement ef-
fects.1,17,20–22 However, ultrathin colloidal NCs of inorganic semiconductors are still restrict-
ed to just a few materials, as we will discuss below. Free-standing ultrathin 2D colloidal NCs 
are referred to in the literature as nanosheets, nanoribbons (or nanobelts), or nanoplatelets, 
depending on their aspect ratio (and often also on the authors’ preference). Nanosheets 
(NSs) have large in-plane aspect ratios (L/h ≥ 25, L = lateral dimensions, h = thickness) in all 
directions and lateral dimensions that are much larger than a0 (L < 10 a0), so that in-plane 
quantum confinement effects can be neglected, making colloidal semiconductor NSs truly 
2D systems, and hence ideally suited to investigate 1D-confined excitons. In contrast, na-
noribbons and nanobelts (NBs) are characterized by much larger aspect ratios in the length 
(l) direction than in the width (w) direction (l/h > 100, w/h > 20, l/w > 10), and widths that 
are often just a few times larger than a0. NBs are therefore electronically quasi-2D systems, 
since excitons are not only strongly confined in the thickness direction, but are also still 
weakly confined in the width direction. Nanoplatelets (NPLs) typically have much smaller 
aspect ratios than NSs (L/h > 10), and are often just a few times larger than a0, thus being 
quasi-2D systems as well. As a result, small NPLs can be seen as intermediates between 
quantum dots (3D-confined excitons) and NSs (1D-confined excitons, i.e. quantum wells), 
while NBs are intermediates between nanowires (2D-confined excitons) and NSs. It should 
be noted that the distinction between large NPLs and NSs is only semantic, and therefore 
some authors use the term “nanoplatelet” rather than “nanosheet” for consistency reasons, 
so that they can use the same term regardless of the exact aspect ratio.16,17,22 

To date, ultrathin 2D colloidal NCs of a number of semiconductors have been prepared 
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(Figure 3.1). The most investigated ones are CdX (X = S, Se, Te) NPLs (h = 1.2–2.1 nm; square 
or rectangular with irregular edges, L = 10–700 nm, zinc blende structure)17,22–24 and NBs 
(h = 1.4–2.2 nm; l ≤ 1 µm, w = 10–20 nm, wurtzite structure),16,25,26 which have been shown 
to have remarkable optical properties.16,17,22,23,26 These properties will be discussed in more 
detail below. Colloidal ZnSe NBs (h = 1.4 nm, l = 40–160 nm, w = 15–30 nm),27 PbSe NPLs (h 
= 2 nm, square, L ~ 50 nm),28 PbS NSs (h = 2 nm, square, L ≈ 1 µm),29,30 PbS NBs (h = 2 nm; l ~ 
200 nm, w ~ 50 nm),31 CsPbBr3 NPLs (h = 0.6–3 nm; square or rectangular, L = 20–50 nm),32,33 
and NSs of Sb2S3 (h = 1.8 nm; rectangular with ragged edges, L = 100 by 500 nm),34 SnSe (h = 
1 nm, irregularly shaped, L = 300 nm),35 In2X3 (X = S, Se; h = 0.6–1.5 nm, L = 100–900 nm),36–38 
WS2 (h = 1 nm, irregularly shaped, L ≈ 100 nm, both 1T and 2H phases but highly defec-
tive),39 Cu1-xS (x ≤ 0.2, h = 2 nm, triangular and hexagonal, L = 100 nm–3 μm),40 and CsPbBr3 
(h = 2.5 nm; square, L = 300 nm–5 μm)41 have also been synthesized. Moreover, HgTe NPLs 
(h = 1.1 nm; rectangular with irregular edges, L = 100 by 300 nm) have been recently ob-
tained by Hg2+ for Cd2+ cation exchange in template CdTe NPLs.42 Partial topotactic Cu+ for 
In3+ cation exchange43 has also been recently used to convert template Cu1-xS NSs (x ≈ 0.03-
0.07, h = 2 nm, triangular and hexagonal, L = 150 nm) into CuInS2 NSs.44 

Colloidal NCs comprising two (or more) different semiconductors joined together by 
heterointerfaces offer exciting possibilities regarding property control, since the carrier lo-
calization regime in these hetero-NCs can be tailored by controlling the energy offsets be-
tween the materials that are combined.1 In this way, hetero-NCs in the Type-I (both carriers 

500 nm 100 nm

1 μm 100 nm 100 nm

5 nm

A B C D

E F G H

Figure 3.1 •  Examples of nanosheets (NSs), nanoplatelets (NPLs) and nanobelts (NBs) of various compositions. A. Square 
and rectangular CdSe NSs. B. Sb2S3 NBs. C. SnSe NSs. D. WS2 NSs. E. CdS NBs. F. CsPbBr3 perovskite NSs. G. ZnSe NBs. H. 
Cu2-xS NSs. The inset shows a stack of NSs seen from the side, evidencing their crystallinity and well-defined thickness of 2 
nm. Reproduced with permission from ref[45]. The panels were reprinted (adapted) with permission from Refs. [24] (panel 
A; Copyright 2013 American Chemical Society), [34] (panel B; Copyright 2007 Royal Society of Chemistry), [35] (panel C; 
Copyright 2013 American Chemical Society), [39] (panel D; Copyright 2014 American Chemical Society), [25] (panel E; 
Copyright 2012 WILEY-VCH), [41] (panel F; Copyright 2016 American Chemical Society), [27] (panel G; Copyright 2013 
Elsevier), and [40] (panel H; Copyright 2016 American Chemical Society).
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in the same material), Type-I1/2 (one carrier is localized in one segment of the hetero-NC, 
while the other probes the whole hetero-NC volume), or Type-II (spatially separated elec-
tron and hole) regimes can be obtained.1 This strategy has been extensively used in the 
field of colloidal NCs,1–10 but has only recently been extended to ultrathin 2D colloidal NCs 
(Figure 3.2), yielding Type-I1/2 CdSe/CdS core/shell and core/crown NPLs,23 Type-I1/2 PbS/
CdS core/shell NSs,29 and Type-II CdSe/CdTe core/crown NPLs.23,46 ZnSe/ZnS and PbSe/
PbS core/shell NPLs have also been obtained by cation exchange reactions using CdSe/
CdS core/shell NPLs as templates.23 Ultrathin CdSe NPLs (L ≈ 30 by 80–140 nm) have also 
been encapsulated in a thin (h = 1–2 nm) amorphous silica shell, which allowed the natu-
ral helical conformation of the NPLs in solution to be preserved and fully characterized.47 
Doping is another widely employed strategy to confer novel properties to colloidal semi-
conductor NCs,1 but its use in ultrathin 2D colloidal NCs is still incipient, with only a few 
known examples (viz. directly synthesized CdSe:Mn2+ NBs,26 and CdSe/CdS,Se:Mn/CdS 
core/multishell NPLs,48 and CdS:Cu+ NSs obtained by Cd2+ for Cu+ cation exchange in tem-
plate Cu2-xS NSs).40

D

E
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Figure 3.2 •  A. TEM image of CdSe/CdS core/shell NPLs and a schematic representation of a core/shell NPL. The 
TEM image in B shows the CdSe NPLs used as seeds. C. STEM image of a CdSe/CdS core/crown NPL and a schematic 
representation of this configuration. D. HAADF-STEM image and elemental maps of CdSe/CdTe core/crown NPLs, clearly 
showing the heterointerface between the core and the crown. E. Helical CdSe NPLs encapsulated in a thin silica shell, 
while preserving their helical structure. Reproduced with permission from ref[45]. The panels were reprinted (adapted) 
with permission from Refs. [23] (panels A,B,C; Copyright 2015 American Chemical Society), [46] (panel D; Copyright 2017 
American Chemical Society), and [47] (panel E; Copyright 2014 American Chemical Society).
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3.3. Ultrathin 1D colloidal semiconductor nanocrystals
The fabrication of semiconductor nanowires (NWs) by vapor phase techniques, such as 

metal-organic vapor phase epitaxy (MOVPE), is a very mature technology that routinely 
yields arrays of micrometer-long NWs on substrates with great precision over their length 
and diameter (> 10 nm), as well as over their position and orientation relative to the sub-
strate.49 Solution-phase synthesis of colloidal NWs, particularly by solution-liquid-solid 
(SLS) epitaxy, has experienced great advances in recent years, leading to a plethora of dif-
ferent materials.21 In contrast, the availability of ultrathin colloidal semiconductor NWs is 
still limited to just a few materials (Figure 3.3): Cu2S (d = 1.7 nm, l = several μm),50 M2S3 (M 
= Bi, Sb; d = 1.6 nm, l = 100 nm),20 CdSe (d = 1.5 and 2.1 nm, l = several μm),51 ZnSe (d = 1.3 
nm, l = 200 nm),52 ZnS (d = 2 nm, l ≈ 10 µm),53 PbS (d = 1.8 nm, l = 200 nm),54 CsPbBr3 (d = 3.4 
nm, l ≈ 400 nm55 and d = 2.2 nm, l ≈ 100–300 nm56), and (Zn,Cd)Te (d = 2 nm, l ≈ 100 nm).57

Semiconductor hetero-NWs (HNWs) offer great versatility in terms of property engi-
neering, since they can be heterostructured both radially (i.e., core/shell NWs) and axially 
(i.e., composition is modulated in the length direction allowing the fabrication of intra-NW 
p–n heterojunctions).21,49 Nevertheless, ultrathin colloidal HNWs are even scarcer than 
their single-composition counterparts, and to date there is only one example reported in 
the literature, consisting of ~ 100 nm long (Zn,Cd)Te/CdSe hetero-NWs (d = 2 nm) that are 
heterostructured both axially and radially (CdSe and (Zn,Cd)Te/CdSe core/shell segments 
follow alternately throughout the NW) (Figure 3.4).57

50 nm 5 nm 2 nm2 nm

A B C D E

50 nm

E

Figure 3.3 •  Examples of ultrathin colloidal nanowires: A. PbS, B. ZnS, C. ZnSe, D. Cu2S, E. CsPbBr3. Reproduced with 
permission from ref[45]. The panels were reprinted (adapted) with permission from Refs. [54] (panel A; Copyright 2007 
American Chemical Society), [53] (panel B; Copyright 2011 American Chemical Society), [52] (panel C; Copyright 2005 
WILEY-VCH), [50] (panel D; Copyright 2005 American Chemical Society), and [56] (panel E; Copyright 2016 American 
Chemical Society).

2 nm 50 nm

A B Figure 3.4 •  A. High-resolution transmission electron 
microscopy image of a single colloidal (Zn,Cd)Te/CdSe hetero-
NW. B. TEM overview image of the same colloidal hetero-NW 
sample shown in (A). The inset shows colloidal dispersions of 
(Zn,Cd)Te/CdSe hetero-NWs (2 nm diameter and ~100 nm long 
in all cases) with different compositions under UV illumination. 
The photoluminescence (PL) color can be tuned from green to 
red by increasing the CdSe volume fraction in the hetero-NW 
(PL quantum yield: 30-60%). This also results in increasingly 
larger electron-hole spatial separation, thereby leading to 
longer exciton lifetimes. Reproduced with permission from 
ref[45]. Adapted with permission from ref. [57] Copyright 2012 
American Chemical Society.
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3.4. Formation mechanism of ultrathin 2D colloidal nanocrystals
As discussed above, ultrathin 2D colloidal NCs (NPLs, NBs, and NSs) of a variety of 

semiconductors have been synthesized in recent years. Their formation mechanisms, how-
ever, are still under debate, and several possibilities have been proposed (Figure 3.5). For 
example, the formation of PbS NSs (h = 2.8 nm, L ~ 1 μm) has been ascribed by Weller and 
coworkers to 2D oriented attachment of PbS NCs (Figure 3.5).30 The attachment is assumed 
to be driven by the minimization of the surface free-energy of the exposed (110) facets, fol-
lowed by fusion and a minor reconstruction and sintering to eliminate the voids left in the 
intermediate “egg-tray” NC superstructure. The 2D-constraint imposed on the oriented 
attachment process is attributed to a dense and highly ordered oleic acid layer capping the 
(100) facets perpendicular to the active (110) facets, which would favor the formation of 
extended (100) surfaces, while preventing attachment of the (100) facets.30 2D oriented at-
tachment of NC building blocks has also been suggested as a mechanism for the formation 
of PbSe NPLs (h = 2 nm, L ~ 50 nm) in the presence of excess chloride, which is thought to 
promote 2D oriented attachment by forming inter-NC bridges.28 In this case, the influence 
of the capping ligands is taken to be negligible.28 In contrast, Buhro and coworkers pro-
posed a mechanism for the oriented attachment of PbS NC building blocks into NSs (and 
NPLs) in which the ligands play a crucial role, since the 2D-constraints are assumed to be 
imposed by a lamellar, oleate-bilayer mesophase template.16 

A similar mechanism, i.e. 2D-constrained self-assembly of building blocks within soft 
lamellar templates (Figure 3.5), has been invoked by both Buhro and Hyeon groups to 
explain the formation of wurtzite CdX (X = S, Se) NBs from Cd acetate or Cd halide precur-
sors in long-chain (≥ C8) saturated primary alkylamine solvents at low temperatures (≤ 100 
°C).16,26 The formation of a lamellar mesophase under these conditions was confirmed by 
low angle X-ray powder diffraction (XRD).16 The building blocks are (CdX)n magic-size clus-
ters (MSCs), which are generated in the early stages of the reaction, as evidenced by their 
characteristic spectroscopic signatures (i.e., discrete and ultranarrow absorption peaks).16,26 
It is worth noting that at reaction temperatures above 100 °C neither ultrathin 2D NBs nor 
(CdX)n MSCs are obtained, but instead CdX quantum dots and nanorods form.16,25 More-
over, CdS NBs do not form in unsaturated amines such as oleylamine, unless preformed 
(CdS)n MSCs are added to the reaction mixture, since they do not spontaneously form in 
oleylamine.25 These observations have been taken as evidence that the formation of wurtz-
ite CdX NBs requires reaction conditions that guarantee the stability of both soft lamellar 
templates and MSCs.16,26 A soft template mechanism has also been proposed to explain 
the formation of Cu2-xS NSs by 2D-constrained nucleation and growth within halide-sta-
bilized lamellar Cu–thiolate complexes.58 This mechanism was supported by in situ small 
angle X-ray scattering studies, which clearly demonstrated that chloride ions present in the 
growth medium stabilize stacks of lamellar Cu–thiolate complexes, ensuring their struc-
tural integrity beyond the onset of Cu2-xS nucleation.58 Therefore, the thermolysis of the 
C–S bonds leads to 2D-constrained stack-templated nucleation and growth of Cu2-xS NSs.58
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SO IIISO IV

Figure 3.5 •  Schematic overview of possible formation mechanisms for ultrathin 2D NCs. The first pathway, marked with 
red arrows, shows the subsequent steps in the soft template (ST) mechanism, in which ligand chains order (ST I) and 
either constrain nucleation and growth in 2D, or direct the oriented attachment of building blocks in the lateral directions 
(ST II). The second pathway is marked with blue arrows and shows 2D-constrained growth (G) of magic size cluster seeds 
(G I) that grow only in lateral dimensions (G II) due to the directive effect of ligands (not shown for clarity) and/or facet 
reactivity. The last pathway, indicated by green arrows, shows NS formation through self-organization (SO). Nucleation 
(SO I) and growth of NC building blocks (SO II) is followed by self-organization (SO III) and oriented attachment (SO IV), 
directed by dense ligand layers on certain facets. After self-organizing into a 2D superstructure the NCs fuse into a single-
crystalline NS.  
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Interestingly, the formation of ultrathin zinc blende CdX (X = S, Se, Te) NPLs has been 
explained without resorting to templating effects or oriented attachment by Dubertret and 
coworkers,17,23 who proposed instead a mechanism in which the growth is due to addition 
of [CdX] monomers (i.e., [CdX] units formed upon reaction between Cd and X-precursors)1 
to (CdX)n MSC seeds (Figure 3.5).17,23 In this mechanism, the 2D-constraints are explained 
by the faceting of the NPLs (the broad top and bottom surfaces are the Cd-terminated 
(100) facets) and the ligands used (C14–C18 long-chain carboxylic acids), which are pre-
sumed to block the top and bottom facets, thereby preventing growth in the thickness di-
rection.17,23 The differences with the wurtzite CdX NBs are rationalized by considering that 
their top and bottom surfaces consist of the nonpolar (i.e., stoichiometric) (11-20) facets.16,23 

Moreover, zinc blende CdX NPLs are grown at higher temperatures (120–250 °C) than 
wurtzite CdX NBs and using stronger and less dynamic ligands (i.e., carboxylates instead 
of amines) diluted in a noncoordinating solvent (1-Octadecene). The addition of a short-
chain carboxylate (Cd acetate or propionate) to the reaction mixture appears to be critical, 
since otherwise NPLs do not form, and must occur while (CdX)n MSCs are still present.17 
Furthermore, the NPL thickness is determined by the temperature at which the short-chain 
carboxylate is added (higher temperatures result in thicker NPLs).17,23 

Alternative and, to a certain extent, conflicting explanations for the formation of zinc 
blende CdX NPLs have been recently proposed by both Peng and coworkers59 and Norris 
and coworkers.60 The mechanism proposed by the latter group is based on the observa-
tion that zinc blende CdSe NPLs also form in molten Cd–carboxylates, regardless of their 
chain length, provided the right temperature is used (100 °C for Cd myristate, 180 °C for 
Cd propionate). In this model, the short-chain carboxylate is only required to make the 
Cd-precursor insoluble in ODE, so that the reaction can continue in phase-separated drop-
lets of the molten salt. The 2D growth anisotropy is attributed to a much larger activation 
energy for island nucleation on the top and bottom large planar facets with respect to the 
narrow side facets, since these are smaller than the critical island size for nucleation.60 Un-
der the assumption that the nucleation is the rate-limiting step, this would lead to much 
faster growth on the thin side facets than on the large top and bottom facets. A similar 
argument has been proposed before by Peng and coworkers to explain the remarkable 
intra-NC thickness uniformity observed in 2D NCs.61 We note that although this model 
does not require selective ligand capping by long-chain carboxylic acids,17,23 templating 
effects,16 or oriented attachment,16,28,30 it does not exclude the possibility that these processes 
occur, since the higher reactivity of the side facets would also be reflected in faster orient-
ed attachment rates, while selective capping or templating effects would synergistically 
enhance the growth rates of the side facets. Indeed, the mechanism proposed by Peng 
and coworkers to explain the formation of zinc blende CdSe 2D NCs combines the higher 
reactivity of the (110) side facets with selective capping and oriented attachment.59 In con-
trast to the studies reported by Dubertret et al.17,23 and Norris et al.,60 Peng’s group used 
preformed and purified CdSe NCs with diameter ranging from 1.7 to 2.2 nm as seeds to 
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grow ultrathin zinc blende CdSe NPLs (1.5 nm thick with 8 by 45 nm lateral dimensions).59 
The long hydrocarbon chains of the cadmium stearate present in the growth medium are 
assumed to selectively stabilize the polar (100) facets of the NCs (seeds and NPLs), leaving 
the reactive (110) side facets available for inter-NC 2D constrained oriented attachment.59 

The long-chain cadmium alkanoates are also thought to act as shuttles for the short-chain 
and insoluble cadmium acetate, bringing it to the reactive surfaces of the growing NPLs, 
where it promotes oriented attachment due to its very dynamic binding, which leaves the 
surfaces insufficiently passivated.59

3.5. Formation mechanism of ultrathin 1D colloidal nanocrystals
A survey of the literature on ultrathin colloidal semiconductor NWs reveals that in the 

majority of the cases (viz., CdSe, ZnS, ZnSe, ZnTe, PbS) their formation is ascribed to ori-
ented attachment,51–54,57 with only two examples (viz., 1.7 nm diameter Cu2S NWs,50 and 1.6 
nm diameter M2S3, M = Bi, Sb)20 in which the 1D-anisotropic growth of the NW is attributed 
to selective adhesion of ligands to the side facets, thus strongly reducing their growth rate, 
while leaving the NW tips uncapped and therefore available for growth (Figure 3.6).20,50 
The selective ligand adhesion model is commonly used to explain the anisotropic growth 
of colloidal semiconductor nanorods and multipods,1 and has also been used to explain the 
formation of ultrathin CdX NPLs (see above). However, its applicability to the growth of 
ultrathin NWs has yet to be unequivocally demonstrated, since the evidence presented in 
refs.[20,50] in support of the proposed formation mechanism is circumstantial and has not 

Figure 3.6 •  Schematic overview of formation mechanisms 
proposed for ultrathin 1D colloidal NCs. The first mechanism 
discussed (shown in the top of the image) is growth via self-
organization of NCs or MSCs that subsequently attach and 
fuse. The second mechanism (shown in the lower part of the 
image) is growth of NCs or MSCs by monomer addition. The 
anisotropy of the growth is in this case attributed to selective 
ligand adhesion.



3

47

yet been experimentally validated. 
In contrast, the formation of ultrathin NWs by oriented attachment is supported by sev-

eral pieces of evidence, of which the most significant is the observation of “pearl-necklace” 
aggregates at early stages of the growth.51,53,57 These strings of interconnected particles have 
been observed as intermediates in the formation of colloidal wurtzite CdTe nanowires by 
oriented attachment of zinc blende CdTe NCs (d = 2.5–5.6 nm), and are attributed to the 
first stage of the self-organization process, in which the NC building blocks are brought 
together by dipolar attractive interactions, thereby forming linear chain-like aggregates.62 
The presence of dipoles in NCs with the cubic zinc blende structure is attributed to the 
combined effects of the shape and faceting of the NCs (truncated tetrahedra) and an asym-
metric distribution of the charged ligands.1,62 The next stage in the NW formation is reori-
entation to achieve proper lattice orientation, which is followed by fusion of the building 
blocks, recrystallization to the wurtzite phase and sintering to eliminate inter-NC necks.62 
As a result, the diameter of the product NWs is essentially determined by the diameter of 
the NC building blocks. A similar mechanism has been proposed for the formation of col-
loidal PbSe NWs from NC building blocks (d = 4–10 nm).1,63 Interestingly, the centrosym-
metric rock salt structure of the PbSe NC building blocks is preserved in the product NWs, 
since PbSe does not have an alternative anisotropic structure. Nevertheless, the oriented 
attachment process is also in this case assumed to be driven by dipolar interactions, which 
are attributed to an asymmetric distribution of anion and cation terminated facets.1,64 It 
should be noted that the three stages proposed for the oriented attachment mechanism 
have been corroborated by an in situ transmission electron microscopy (TEM) study of the 
coalescence of PbSe NCs into larger nanostructures.1,65

Ligands have been reported to play a decisive role in the growth of colloidal PbSe NWs 
by oriented attachment of PbSe NCs (d = 4–10 nm), possibly by destabilizing or selectively 
exposing certain facets.1,64 For example, zigzag NWs are obtained from PbSe NCs capped 
by alkylamines (attachment by (111) facets), while straight NWs form when PbSe NCs 
capped by oleic acid are used as building blocks (attachment by (100) facets).64 In the case of 
ultrathin colloidal NWs, it appears that a combination of dissimilar ligands, such as long-
chain saturated primary alkylamines and acetate51,52,57 or long-chain saturated primary 
alkylamines and trioctylphosphine,53 is required, suggesting that the dipolar interactions 
driving the self-organization of the NC building blocks into a pearl-necklace aggregate 
could be the result of an asymmetric distribution of dissimilar ligands.57 It is also possi-
ble that van der Waals interactions between the linear alkyl chains of the ligands have an 
adjuvant role, facilitating the self-organization into linear strings, once the NCs have been 
driven together by long-range dipolar interactions.57
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3.6. Magic-size clusters as synthons for colloidal ultrathin low-  
dimensional nanocrystals

It is noteworthy that magic-size clusters (MSCs) have been shown to be essential for 
the formation of ultrathin colloidal NWs of both CdSe51 and (Cd,Zn)Te.57 This observation 
is remarkable, since (CdX)n MSCs have also been implicated in the formation of ultrathin 
2D colloidal NCs (see above), both as building blocks in the 2D-templated self-assembly 
model proposed for wurtzite CdX NBs,16,26 and as nuclei in the monomer addition model 
proposed for zinc blende CdX NPLs.17,23 As mentioned above, MSCs are well-defined atom-
ically precise clusters characterized by a discrete size and a much higher stability relative 
to slightly smaller or larger clusters.18,19 Consequently, growth in the magic-size regime is 
stepwise and quantized, going from one “magic-sized” structure to the next.19 This offers a 
possible explanation for the well-defined and discrete thicknesses and diameters observed 
for ultrathin NCs (NWs, NPLs, NBs and NSs), since they are also in the magic-size regime. 
One could thus expect that the thickness or diameter of the ultrathin NCs would not only 
be inherited from the MSCs seeds or building blocks (for growth by monomer addition or 
oriented attachment, respectively), but would also be subjected to the same thermodynam-
ic barriers that impose discrete and well-defined dimensions to MSCs. It has been demon-
strated that the stability of MSCs depends critically on both the ligands used (e.g., ZnTe 
MSCs form with long-chain saturated primary alkylamines, but not with bulky ligands like 
trioctylphosphineoxide, trioctylphosphine or trioctylamine)66 and the temperature (higher 
temperatures result in larger MSCs, but MSCs are no longer stable above a critical tempera-
ture).19,66 This is consistent with the observation that the thickness of CdX NBs and NPLs 
increases with increasing reaction temperature.16,17 It should be noted that the intra-NC 
thickness uniformity observed for colloidal NBs, NPLs and NSs may also be rationalized 
by considering kinetic and thermodynamic arguments that do not require MSCs (i.e., large 
activation energies for 2D island nucleation on planar facets, fast 2D growth rates, and 
instability of kinks and ledges).16 Moreover, it is as yet unclear whether the role of MSCs in 
the formation of colloidal ultrathin NCs is significant also for semiconductor families other 
than the II-VI’s. 

3.7. Correlations between ultrathin 1D and 2D growth 
It is remarkable that the precursors and synthetic protocols used to obtain ultrathin 2D 

colloidal NCs are very similar to those yielding ultrathin 1D colloidal NCs. The similarity 
is particularly striking if one compares the synthesis methods used to prepare ultrathin 
wurtzite MX (M = Cd, Zn; X = Se, Te) nanowires51,52,57 to those employed in the preparation 
of ultrathin wurtzite CdX (X = S, Se, Te) nanobelts (see above):16 both involve MSCs (either 
preformed or formed in situ) and a metal acetate dispersed in molten long-chain saturated 
primary alkylamines. The only significant differences between the two sets of synthesis 
protocols are the reaction temperatures, which are typically higher for NWs than for NBs 
(viz., 100–180 °C and 25–100 °C, respectively). The formation mechanisms proposed for 
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these two types of colloidal ultrathin NCs are also very similar (see above for details): 
2D-constrained self-assembly of MSCs within soft lamellar templates for wurtzite CdX 
NBs16,26 and oriented attachment for wurtzite MX NWs.51,52,57 This suggests that the dimen-
sionality (i.e., 1D or 2D) of the ultrathin product NCs formed upon oriented attachment of 
(MX)n MSCs is determined primarily by the reaction temperature, which must be lower 
than a critical limit to allow the formation of 2D NBs, since the structural integrity of the 
soft 2D lamellar templates is maintained by attractive van der Waals interactions between 
the alkyl chains of the amines. Given the short-range and weak nature of these interactions, 
thermal fluctuations easily disrupt the long-range in-plane order of the 2D templates, lead-
ing to a limited thermal stability. The presence of charged species introduces long-range 
electrostatic interactions that have a large impact on the thermal stability of the 2D tem-
plate, increasing or decreasing it, depending on whether they are attractive or repulsive. 
For example, the addition of halides (chloride or bromide) has been shown to increase the 
thermal stability of 2D lamellar Cu–thiolate templates, preserving their structural integrity 
beyond the onset of Cu2-xS nucleation, thereby leading to 2D-constrained nucleation and 
growth of Cu2-xS NSs.58 We propose that, if the electrostatic interactions are dipolar in na-
ture, the thermally induced collapse of the 2D templates will lead to 1D templates that are 
likely stabilized by both dipolar interactions between the building blocks (MSCs or NCs) 
and van der Waals interactions between densely packed ligands organized in a tubular 
array in which the polar heads face inwards (Figure 3.7). Further increase of the reaction 
temperature will destabilize also the 1D template and will lead to 3D growth of NCs. 

A similar model has been proposed before by Kotov and coworkers to explain the 
self-organization of water-soluble charge-stabilized colloidal CdTe NCs (d = 2.5–5.4 nm) 
into either nanowires, nanoribbons or nanosheets, depending on the experimental condi-
tions.62,67,68 In their model, the authors argue that the transition from packing into chains, 
ribbons, or sheets can be understood in terms of a competition between face-face attrac-

+ ∆T+ ∆T

Figure 3.7 •  The left image shows a 2D NC stabilized by dense ligand layers capping the top and bottom facets (the 
capping layer on the bottom facet is omitted for clarity). Upon increasing temperature, the 2D ligand template collapses 
and forms a tubular micelle that facilitates the growth of 1D NCs, particularly in the presence of dipolar interactions 
between the NC or MSC building blocks. When the temperature is increased further, the micelle collapses and only 0D 
NCs or MSCs form. 
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tion and electrostatic repulsion.68 For low-charge and strong short-range face attraction, 
the NCs pack very densely and form 2D sheets.67 By increasing the amount of charge, an 
infinite sheet becomes energetically unfavorable because of the long-range electrostatic 
repulsion. As a result, the NCs assemble as ribbons,68 and eventually form 1D chains upon 
further increase of charge.62 The main difference between this model and the one proposed 
by us above is that the role of temperature is neglected by Kotov and workers, since their 
experiments were all carried out at a constant temperature (room temperature).62,67,68 We 
thus conclude that the formation of colloidal 2D NCs is favored by strong short-range 
attractive potentials (typically van der Waals interactions between the ligands) and low 
temperatures, while 1D NCs are favored by sufficiently high temperatures, dipolar inter-
actions and long-range electrostatic repulsive forces. The impact of these forces will be cru-
cial in the early stages of the formation process, in which building blocks self-organize into 
low-dimensional soft template superstructures (viz., lamellae or “pearl-necklace” strings 
for 2D or 1D NCs, respectively) that impose constraints on the NC growth, confining it to 
one or two dimensions. At later stages, these constraints are synergistically reinforced by 
short-range interactions between specific crystallographic facets of the NC (MSC) building 
blocks, as well as kinetic and thermodynamic driving forces for anisotropic growth that 
will also be active in the absence of oriented attachment and templating effects (viz., large 
activation energies for nucleation on large planar facets, faster growth in preferred crystal-
lographic directions, instability of adatoms, kinks and ledges, selective ligand adhesion to 
specific facets).1,16 

Although the discussion above was based on observations for ultrathin low-dimen-
sional colloidal NCs of II-VI semiconductors, for which there is a wealth of experimental 
data, the model proposed here is likely applicable also for ultrathin NCs of other semicon-
ductors. However, examples of materials other than II-VI semiconductors that have been 
obtained both as ultrathin 2D NCs and ultrathin NWs are still scarce. Among those, PbX 
(X = S, Se) low-dimensional NCs are probably the most extensively investigated, although 
typically with dimensions larger than 2 nm.17,21,30,63,64,69 As discussed above, there are only 
a few examples of ultrathin low-dimensional colloidal PbX NCs (viz., PbS NWs with d = 
1.8 nm,54 PbS NSs and NBs with h = 2 nm,29,31,70 and PbSe NPLs with h = 2 nm).28 However, 
PbS NSs with h ≥ 2.8 nm17,30,69 and PbSe NWs with d ≥ 4 nm21,63,64 have been investigated in 
detail, and shown to form by oriented attachment of NC building blocks formed at the 
early stages of the reaction. These cases were already separately discussed above, in the 
context of the formation mechanisms of 2D and 1D colloidal NCs. Here we would like to 
add that in both cases the exact shape and faceting of the NC building blocks and the in-
teraction of ligands with specific facets were shown to be crucial for the formation of NSs 
or NWs. For example, in the case of PbX NSs reactive (110) facets attach and form necks 
between adjacent NCs,28–30 possibly as a result of bridge formation by excess chlorides,28 

while attachment of the (100) facets is prevented by the presence of a dense monolayer of 
capping ligands (oleic acid30 or alkylamines 28)on those facets. In contrast, in the presence of 
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dipolar interactions between the NCs, alkylamines will promote attachment by (111) facets 
while oleic acid will induce attachment by (100) facets, yielding zigzag or straight NWs, 
respectively.64 It is also important to note that the reaction temperatures for the formation 
of NWs (viz. 190–250 °C)64 are significantly higher than those used to synthesize NSs (≤ 130 
°C),28–31,69 as expected based on the model discussed above. 

It should be noted that the first step in the formation of low-dimensional NCs is not 
the oriented attachment itself, but rather the self-organization of the NC building blocks 
into a low-dimensional templating superstructure that directs the subsequent steps. In the 
case of colloidal NWs, the formation of “pearl-necklace” aggregates is likely driven by the 
presence of sufficiently strong dipolar interactions. In contrast, as discussed above, the 
self-organization of NC building blocks into 2D soft template superstructures requires a 
more delicate balance between a number of different interactions, and may be promoted 
by a preexisting soft lamellar template or van der Waals interactions between the capping 
ligands (e.g., oleic acid molecules capping the (100) facets of colloidal PbX NCs). From 
this perspective, it is insightful to consider the formation of atomically coherent 2D super-
lattices of PbSe NCs (d = 5–6.5 nm), which have been recently studied in great detail.71–73 
In all cases, the NC superlattices were obtained by drop casting a solution of oleic acid 
capped PbSe NCs on a dense, immiscible liquid surface (diethylene glycol), and allowing 
the solvent (toluene or hexane) to slowly evaporate at room temperature. In this method, 
the first step of the self-organization process is the irreversible adsorption of the NCs at the 
air-solvent interface, which is driven by minimization of the interfacial free energies, and is 
therefore affected by both the NC shape and the coverage by ligands, since some facets will 
adsorb more strongly than others.74 Subsequently, as the NC concentration increases both 
in the solution and at the interface, the adsorbed NCs self-organize in a close-packed 2D 
superstructure. This process is primarily driven by maximization of the packing density, 
and therefore the symmetry of the resulting superlattice is largely dictated by the shape of 
the NC building blocks.74 

At this stage, the 2D superlattice of ligand-capped NCs is highly ordered (provided 
the NCs are nearly monodisperse), but not necessarily already atomically coherent. It has 
been recently demonstrated that the ligand coverage and the nature of the ligands may be 
sufficient to yield atomically aligned 2D superlattices (e.g., 2D superlattices of oleic acid 
capped wurtzite ZnS bifrustum-shaped NCs),75 but this is more often driven by attractive 
interactions between specific facets of the NCs.71–73 The final step is the oriented attachment 
itself, which requires ligand desorption from specific facets and atomic alignment, so that 
the equivalent facets of proximate NCs can fuse, thereby forming necks that will eventually 
bind all the NCs in an atomically coherent superlattice.71–73 Depending on the exact shape 
and ligand coverage of the PbSe NC building blocks, and on other experimental variables 
that are not yet fully understood, this process will yield superlattices with either square72,73 
or buckled honeycomb71 geometry (attachment through the (100) facets in all cases). Com-
plete densification of the superstructure by elimination of the voids between the NCs does 
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not happen, in contrast with the behavior observed during the formation of single crystal-
line colloidal PbX nanosheets by oriented attachment of colloidal PbX NCs.28–31,69 This dif-
ference is most likely due to the significantly higher temperatures used in the latter process 
(100–130 °C instead of 20 °C), which promote sintering. 

3.8. Properties of ultrathin low-dimensional colloidal 
semiconductor nanocrystals

Ultrathin 2D nanomaterials are attracting increasing interest due to their extraordinary 
electronic, optical and mechanical properties, which make them promising materials for 
flexible electronics, spintronic devices, photodetectors, field-effect transistors, sensing, so-
lar cells, batteries and supercapacitors, lasers and LEDs.12,13,15–17,76,77 Semiconductor nanow-
ires are also attractive materials for a number of applications (e.g., field-effect transistors, 
Li-ion batteries, photocathodes for water splitting, solar cells, polarization sensitive pho-
todetectors, thermoelectrics, etc.).21,63 Nevertheless, as discussed above, ultrathin 1D and 
2D colloidal semiconductor NCs have only recently become available, and therefore their 
properties have not yet been thoroughly investigated. For example, it remains to be demon-
strated whether the ultrahigh carrier mobility observed in ultrathin 2D semiconductors ob-
tained by exfoliation or MOCVD (e.g., MoS2 and black phosphorous),12,13,15,76,77 can also be 
realized in ultrathin 2D NCs prepared by solution-based “bottom-up” colloidal chemical 
methods. Moreover, although colloidal NCs offer the added benefit of solution processibil-
ity, which has been exploited to make, e.g., field-effect transistors from colloidal PbS NSs 
(h = 4–20 nm)69 and fast photodiodes from 10 nm diameter colloidal PbSe NWs,63 the inte-
gration of ultrathin low-dimensional colloidal NCs on devices remains a challenge. This is 
likely due to the difficulty in removing the capping ligands and the intriguing structural 
features displayed by these materials (viz., ultrathin NPLs and NSs are often observed as 
rolled-up scrolls or stacks, while ultrathin NWs and NBs are prone to flexing, bundling, 
and entanglement). 

In this chapter, we will focus on the optical properties of ultrathin low-dimensional 
colloidal semiconductor NCs, which are of great fundamental interest because they allow 
the study of strongly 1D and 2D quantum confined excitons. They are also relevant from 
an applied viewpoint since their (potentially) narrow emission lines are very attractive for 
LEDs, displays ,and lasers.17,23 The most extensively investigated ultrathin colloidal NCs 
are CdX (X = S, Se, Te) NBs and NPLs, and, as a result, their optical properties are relatively 
well-understood and have been discussed in detail in a number of recent reviews.16,17,23 

Therefore, we will here only highlight the essential features of the optical properties of 
these materials, while attempting to establish a comparison between them and other ul-
trathin 1D and 2D colloidal NCs, with emphasis on materials displaying luminescence. 
Unfortunately, examples of the latter are scarce, which will limit our discussion to a few 
classes of compounds (viz., CdX,16,17,23,57 PbX,28–30,54,70 and CsPbBr3),32,33,55,56 for which data is 
available on both 1D and 2D ultrathin colloidal NCs. We will first discuss the CdX com-
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pounds, and later address the cases of PbX and CsPbBr3 perovskite NCs. 
The most striking feature of ultrathin colloidal CdX NPLs and NBs is their remark-

ably narrow absorption and photoluminescence (PL) peaks (Figure 3.8). For example, the 
full-width at half-maximum (fwhm) observed for both the lowest energy absorption fea-
ture and the PL peak of ensembles of CdSe NBs and NPLs ranges from 35 to 50 meV at 
room temperature.16,17,23 These values are much narrower than those typically reported for 
quantum dots (QDs) or nanorods, which are in the range of 80–150 meV for nearly mon-
odisperse (size polydispersity ≤ 10%) ensembles of NCs in the 2.6–8 nm diameter range 
(fwhm increases for smaller d).16,78 The fwhm for single CdSe QDs at room temperature 
ranges from 50 to 70 meV.16 Moreover, the exciton confinement potential is large (0.57 Eg 
and 0.86 Eg for 1.8 nm thick CdSe NBs and CdTe NPLs, respectively; Eg is the bulk bandgap 
at 300 K, viz., 1.75 eV and 1.56 eV for CdSe and CdTe, respectively),79 and increases with 
decreasing thickness, as evidenced by the shift of the optical transitions (Figure 3.8).16,17,23 
Notably, the optical transition energies of NBs and NPLs are not affected by their lateral 
dimensions, which shows that excitons in these NCs are strongly confined only in the 
thickness dimension. The ultranarrow linewidths of CdX NBs and NPLs thus implies that 
their optical transitions exhibit only homogeneous broadening, and therefore that intra- 
and inter-NC thickness variations are essentially absent.16,17,23 This is corroborated by the 
observation that the fwhm is almost the same for ensemble and single CdSe NPLs.23 

The conclusion that the NC thickness is uniform is also supported by the very small 
(viz., 0–30 meV) global (i.e., nonresonant) Stokes shift observed for ensembles of CdX NBs 
and NPLs.16,17,23 The nonresonant Stokes shift, ΔST(nr), is the energy difference between the 
lowest-energy absorption peak and the PL peak of an ensemble of NCs, and has been 
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Figure 3.8 •  Absorption and PL spectra of ultrathin hetero-NWs (A) and CdSe NPLs (B). The spectra look very similar, 
showing sharp transitions in both absorption and PL spectra. The spectra in C are absorption spectra of CdSe NPLs of 
different thicknesses, which red-shift upon increasing NPL thickness. Reproduced with permission from ref[45]. The 
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reported to range from 20 to 100 meV for CdSe QDs in the 9–2.2 nm diameter range, and 
35–100 meV for CdSe nanorods (d ≅ 3–5 nm, aspect ratio = 2–10).16,78 The apparent size de-
pendence of the ΔST(nr) values has been attributed to the combined effects of the exciton 
fine-structure and the inhomogeneous size distribution.78 The impact of the ensemble size 
distribution on the observed ΔST(nr) values is due to the fact that the absorption cross-sec-
tions of QDs and nanorods at energies far above the band-edge scale with the volume.79 
Therefore, larger NCs will absorb relatively more light upon excitation at energies above 
the band edge, resulting in a redshift of the ensemble PL spectrum from the statistically 
weighted maximum. The observation of small ΔST(nr) for ensembles of CdX NBs and NPLs 
is thus consistent with a negligible thickness distribution.16

The sharp peaks observed in the absorption spectra of CdX NPLs and NBs have been 
ascribed to quantum-well transitions, with the first two exciton resonances being assigned 
to the 1hh – 1e and 1lh – 1e transitions, respectively (hh = heavy-hole, lh = light-hole, e = elec-
tron).16,23,80 The carrier confinement in colloidal NBs and NPLs is however stronger than 
in epitaxial quantum wells, since the former are surrounded by a low dielectric constant 
medium (organic solvents or air), while the latter are embedded in a crystal of a different 
semiconductor.23,80 This results in larger exciton binding energies and, consequently, en-
hanced oscillator strengths, which are reflected in shorter exciton radiative lifetimes (a few 
ns at room temperature and 150–300 ps at 4 K).17,80

Ultranarrow features have also been observed in the absorption spectra of ultrathin 
colloidal wurtzite (Zn,Cd)Te and (Zn,Cd)Te/CdSe NWs (Figure 3.8).57 The fwhm of these 
features (viz., 95 meV)57 is even narrower than that of the ZnTe MSCs (viz., 150 meV)57,66 
from which they formed by partial cation exchange followed by oriented attachment (see 
above and ref.[57] for details). This implies that intra- and inter-NW diameter variations 
are very small. However, a detailed comparison of the optical properties of these NWs to 
those of the CdX NPLs and NBs discussed above is complicated by the heterostructured 
nature of the NWs, which consist of segments that are heterostructured on a length scale of 
the order of 2–10 nm.57 This is particularly evident in the PL spectra and in the exciton life-
times, and will be discussed in more detail below, in conjunction with the optical proper-
ties of CdX-based hetero-NPLs. Future efforts should thus be directed towards developing 
single composition colloidal ultrathin CdX NWs, which would allow a direct comparison 
between ultrathin CdX NWs, NPLs and NBs. A study by Loomis and coworkers has shown 
that photogenerated electron-hole pairs in 7 nm diameter colloidal CdSe NWs are bound as 
1D excitons at room temperature.81 It may thus be expected that the exciton decay and the 
optical properties of the ultrathin colloidal (Zn,Cd)Te and (Zn,Cd)Te/CdSe NWs reported 
in ref.[57] were also dominated by strongly bound 1D excitons. Ultrathin colloidal NWs of 
wurtzite ZnSe and ZnS have also been reported,52,53 but their luminescence was dominated 
by defect-assisted recombination, leading to very broad PL peaks (fwhm: ~ 500–600 meV), 
despite sharp lowest energy absorption peaks (fwhm: ~ 200 meV). 

The PL quantum yields (QYs) of organically passivated CdSe NPLs and NBs are re-
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markably high (viz., 20–30%) considering their large surface to volume ratio, and can reach 
values as high as 80% for CdSe/CdS core/shell NPLs.16,17,23 These values are comparable 
to those reported for QDs and quantum rods and ~ 1–2 orders of magnitude higher than 
those typically reported for nanowires (< 1%).16,21 The high PL QYs of bare CdSe NPLs and 
NBs imply that the top and bottom facets are very well passivated by ligands.16 However, 
the impact of the large surface/volume ratio of the NBs and NPLs on their PL QYs is still 
noticeable, since the PL QYs of organically capped colloidal CdSe QDs can reach values 
as high as 85%.1 It should be noted that CdX-based NWs with reasonably high PL QYs 
are uncommon, but have nevertheless been reported (viz., 7 nm diameter CdTe/CdS core/
shell NW with PL QY = 25%;21 and thioglycolic acid stabilized CdTe NWs with PL QY = 
29% for d = 2.5 nm and 2.3% for d = 5.6 nm).62 In this context, the PL QYs of the ultrathin (d 
= 2 nm) colloidal (Zn,Cd)Te and (Zn,Cd)Te/CdSe hetero-NWs studied by Groeneveld and 
coworkers (viz., 20–60%)57 (Figure 3.4) are exceptional, and may be attributed to a combi-
nation of the heterostructured nature of the NWs and a very efficient surface passivation 
by hexadecylamine ligands. 

Ultrathin colloidal CdSe-based heterostructured NPLs have also been studied in de-
tail.17,23 Overcoating CdSe NPLs with CdS layers, thereby forming Type-I1/2 CdSe/CdS core/
shell NPLs, has been observed to greatly improve the PL QYs (up to 80%), while shifting 
both the absorption and the PL spectra to lower energies by ~ 360 meV and increasing the 
fwhm of the PL peak from 37 to 65 meV.17,23 The red-shift of the optical transitions can be 
ascribed to relaxation of the quantum confinement due to delocalization of the electron 
wavefunction over the entire NPL thickness, while the increase in the fwhm likely reflects 
a distribution in the CdS shell thickness within the NPL ensemble. Spectral red-shifts have 
also been observed upon exchange of the native ligands (n-octylamine) on wurtzite CdSe 
NBs by Cd(oleate)2 (140 ± 20 meV shift) or Zn(oleate)2 (30 ± 20 meV shift),82 or upon encap-
sulation of zinc blende CdSe NPLs in a thin silica shell (130–160 meV shift).47 These shifts 
have been attributed entirely to strain for exchange with Zn(oleate)2,82 and to a combina-
tion of strain and extension of the confinement dimension for exchange with Cd(oleate)2 or 
SiO2 encapsulation.47,82 

In contrast, extension of the lateral dimensions of CdSe NPLs with CdS, thereby form-
ing Type-I1/2 CdSe/CdS core/crown NPLs, does not induce any significant spectral shift, 
consistent with the fact that there is essentially no quantum confinement in the lateral 
dimensions of NBs and NPLs.17,23 However, the PL QYs increase to values as high as 60%, 
demonstrating that unpassivated sites on the lateral facets are efficient quenching centers. 
Interestingly, pronounced spectral shifts are observed for Type-II CdSe/CdTe core/crown 
NPLs, which exhibit PL at much longer wavelengths than those of the seed CdSe NPLs 
(viz., 650 nm instead of 510 nm).17 The absorption peaks remain narrow, but the fwhm of 
the PL peak and the ΔST(nr) value increase to 170 and 300 meV, respectively, while the ex-
citon lifetimes become longer (200–300 ns).17 These changes can be attributed to the spatial 
separation of the electron and hole in, respectively, the CdSe core and the CdTe crown, 
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leading to the formation of a spatially indirect exciton.1 Similar spectral features have been 
reported for ultrathin colloidal (Zn,Cd)Te/CdSe hetero-NWs (Figure 3.8), in which the hole 
and electron wavefunctions localize primarily in the (Zn,Cd)Te and CdSe segments of the 
hetero-NW, respectively.57 As a result, the overlap between the electron and hole wave-
functions in these hetero-NWs can be tailored by controlling the CdSe volume fraction, 
allowing the PL wavelength to be tuned from 530 nm to 760 nm, with a concomitant in-
crease in the exciton lifetimes from 20 to 700 ns.57 Interestingly, for sufficiently small CdSe 
volume fractions, direct and spatially indirect 1D excitons coexist in the hetero-NW, lead-
ing to both narrow PL peaks with negligible ΔST(nr) and broad PL peaks with large ΔST(nr) 
(Figure 3.8).57 

The optical properties of ultrathin 1D and 2D colloidal NCs of PbX (X = S, Se) and 
CsPbBr3 perovskites have also been investigated, albeit to a limited extent. Intriguingly, the 
absorption spectra of ultrathin PbX NWs, NBs, NPLs and NSs do not show any discernible 
features,28–30,54,70 in striking contrast not only with the absorption spectra of ultrathin col-
loidal CdX NCs (see above), but also with the well-defined features typically observed in 
the absorption spectra of ensembles of colloidal PbX QDs.83 The PL peaks are also typically 
broader (fwhm: ~ 200–250 meV)28–30,54 than those observed for ultrathin CdX NCs, although 
remarkably narrow PL peaks (fwhm ~ 100–150 meV) have been recently reported by Khan 
et al. for PbS NPLs prepared from a single-source precursor.70 These observations have 
been interpreted as evidence that the thickness of PbX NBs, NPLs and NSs is often not 
atomically uniform, both over a single NC and across the ensemble.29 The reported PL QYs 
are very low (viz., 0.1–6%),28,29 implying that the surface passivation of ultrathin colloidal 
PbX NCs is much less efficient than that achieved for the CdX analogues discussed above. 
Owing to the large exciton Bohr radii of PbX compounds (a0 = 20 and 46 nm for X = S and 
Se, respectively)83 the confinement potential experienced by excitons in ultrathin colloidal 
PbX NCs is extremely large, reaching values as high as ~ 3 Eg for ~ 2 nm thick PbX NSs 
and NPLs28–30 and ~ 6 Eg for 1.8 nm diameter PbS NWs.54 These materials thus offer unique 
opportunities for studying the properties of excitons in extreme quantum confinement, 
since the ratio between the size of NCs in the ultrathin regime and the exciton Bohr radius 
is very small (viz., d/2a0 ≤ 0.1 and 0.04 for PbS and PbSe, respectively, and ≤ 0.4 and 0.27 for 
CdSe and CdTe, respectively).

Colloidal CsPbX3 (X = Cl, Br, I) perovskite NCs are attracting huge interest from the 
scientific community due to their outstanding optical properties (viz., narrow PL tunable 
throughout the entire visible spectrum with QYs up to 90%), which make them promis-
ing materials for various optoelectronic applications, such as low threshold lasers, high-
ly efficient LEDs, and solution processed solar cells.84–89 This intense research activity has 
resulted in synthetic protocols for colloidal CsPbX3 NCs with a variety of shapes, such as 
cubes, nanowires, nanoplatelets, and, since recently, also ultrathin NWs and NSs.32,33,55,56 As 
expected, quantum confinement effects are more pronounced in the ultrathin NCs, but are 
nevertheless relatively small if compared to those observed for the CdX and PbX analogues 
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(confinement potential is only ~ 0.5 eV or 0.2 Eg for CsPbBr3 NWs and NSs). These relatively 
modest confinement potentials reflect the fact that the exciton Bohr radius of CsPbBr3 (3.5 
nm)84 is smaller than those of CdX (4.9 and 7.3 nm for X = Se and Te, respectively)79 and 
PbX (20 and 46 nm for X = S and Se, respectively).83 The bandwidth of the optical transitions 
increases slightly upon size reduction to the ultrathin regime, viz. from 80 meV84,89 to ~ 
80–170 meV (depending on the sample),32,33,55,56 while the PL QYs decrease to ~ 10–30%. The 
lower PL QYs are likely due to the increase in the surface area of the NCs, associated with 
poorer surface passivation, but may also reflect the fact that orthorhombic domains coexist 
with the cubic perovskite phase in ultrathin colloidal CsPbBr3 NSs,90 since the PL QYs of 
the orthorhombic phase are known to be lower than those of the cubic phase.84 Moreover, 
the stability of ultrathin colloidal CsPbBr3 NWs and NSs is also lower than that of larger 
CsPbBr3 NCs.32,33,56

3.9. Conclusion
In summary, research on ultrathin nanomaterials has become one of the fastest devel-

oping areas in contemporary nanoscience, and is posed to play a crucial role in the devel-
opment of novel and disruptive technologies. The field of ultrathin colloidal semiconduc-
tor NCs is still in its infancy, and requires a lot more work to reach the level of maturity 
already achieved by other synthetic methods such as e.g. exfoliation or chemical vapor 
deposition. The most attractive prospect of colloidal chemical methods is that they may 
enable the realization of high-yield and high-throughput production of free-standing ul-
trathin 1D and 2D NCs of non-layered materials in liquid-phase at relatively low costs, 
and with versatility in terms of composition, size, shape, and surface control. However, 
most research to date has been focused on the prototypical Cd-chalcogenides, with partic-
ular emphasis on 2D and quasi-2D NCs. Future research should thus be directed towards 
exploring novel compositions, such as multinary chalcogenides (e.g., CuInS2 and Cu2Zn-
SnS4) or transition metal chalcogenides (e.g., MoS2), and further developing materials that 
are just beginning to emerge as ultrathin colloidal NCs, such as lead, copper and indium 
chalcogenides. The synthesis of colloidal ultrathin NWs is particularly underdeveloped, 
and therefore requires significant efforts to reach an adequate level of control. Finally, as 
discussed above, the formation mechanisms of ultrathin 2D and 1D colloidal NCs are still 
under debate, even for the prototypical CdX NPLs and NBs, and should thus be investigat-
ed in more detail using in situ techniques, such as in situ transmission electron microscopy, 
powder X-ray diffraction and small-angle X-ray scattering. 
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Abstract Luminescent copper indium sulfide (CIS) nanocrystals are a potential solution to the tox-
icity issues associated with Cd- and Pb-based nanocrystals. However, the development of high-qual-
ity CIS nanocrystals has been complicated by insufficient knowledge of the electronic structure, and 
of the factors that lead to luminescence quenching. Here we investigate the exciton decay pathways 
in CIS nanocrystals using time-resolved photoluminescence and transient absorption spectroscopy. 
Core-only CIS nanocrystals with low quantum yield are compared to core/shell nanocrystals (CIS/
ZnS and CIS/CdS) with higher quantum yield. Our measurements support the model of photolumi-
nescence by radiative recombination of a conduction band electron with a localized hole. Moreover, 
we find that photoluminescence quenching in low quantum yield nanocrystals involves initially 
uncoupled decay pathways for electron and hole. The electron decay pathway determines whether the 
exciton recombines radiatively or nonradiatively. The development of high-quality CIS nanocrystals 
should therefore focus on the elimination of electron traps. 

4.1. Introduction
Semiconductor nanocrystals (NCs) show intriguing optoelectronic properties that dif-

fer from bulk and depend on the size and shape of the nanocrystal.1,2 Cadmium and lead 
chalcogenide NCs are the most extensively studied photoluminescent semiconductor NCs, 
showing emission in the visible and near-infrared spectral window. However, their utiliza-
tion in consumer products is limited by toxicity concerns. This has motivated an increasing 
research effort into compositions based on less toxic elements, while possessing similar 
properties. Copper indium sulfide (CuInS2, CIS) NCs show size-dependent photolumines-
cence (PL) in the red to near-infrared spectral window and large absorption coefficients, 
and are therefore a promising alternative for lead or cadmium chalcogenide NCs in ap-
plications such as light-emitting diodes,3–5 photovoltaics,6–8 luminescent solar concentra-
tors,9,10 and bioimaging.11,12 However, the low PL quantum yields (QYs) of bare CIS NCs 
(typically below 5%)13 preclude their direct application. Improvement of the PL QYs can be 
achieved by overcoating the NCs with a shell of wide band gap semiconductors.1,9,14–17 To 
date, the best results have been reported for CIS/CdS core/shell NCs, which show PL QYs 
up to 86%,9,14 while for CIS/ZnS core/shell NCs PL QYs up to 70% have been reported.14,18 
Alternative strategies to obtain high PL QY CIS-based core/shell NCs employing exclusive-
ly cadmium-free materials are desired, but have not yet been devised. In fact, while in the 
well-known lead- and cadmium-chalcogenide NCs (e.g., PbSe and CdSe) the PL originates 
from radiative recombination of a delocalized electron in the conduction band (CB) with 
a delocalized hole in the valence band (VB), the origin of PL in CIS NCs is still under de-
bate.13,19 A commonly invoked mechanism to explain the intriguing characteristics of the 
PL of CIS NCs (viz., broad bandwidths of ~ 200–300 meV, long lifetimes of hundreds of 
nanoseconds, and large Stokes shifts of ~ 300–400 meV), is donor-acceptor pair recombina-
tion involving native point defects,17,20–23 which is based on the assumption that the exciton 
radiative recombination mechanisms in nanoscale and bulk CIS are the same. This model 
does however not explain the size dependence of the PL energies, which follow the same 
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trend as that observed for the absorption transitions. Other models involve one localized 
charge carrier, either the electron19,24–26 or the hole,14,27,28 that recombines radiatively with 
the remaining delocalized charge carrier. Yet another model was recently proposed, which 
precludes the involvement of localized carriers, ascribing the PL to the recombination of 
CB electron states with dark and bright VB hole states.29 To make the next step in the 
improvement of the PL quantum yield of CIS NCs, a better understanding of the nature 
of the emitting state and of the prevailing efficiency limiting processes is needed. As re-
cent publications showed that the PL characteristics of copper-doped II-VI semiconductor 
quantum dots are very similar to those of CIS NCs,28,30,31 a better understanding of excited 
state dynamics in CIS NCs would also provide insight in the optoelectronic properties of 
copper-doped semiconductor NCs.

In this chapter, we study the excited state dynamics in CIS core and core-shell NCs 
using transient absorption (TA) and time-resolved PL spectroscopy. We compare bare CIS 
NCs with a relatively low quantum yield (2%) to core/shell NCs with higher quantum 
yield (CIS/ZnS, 29%; and CIS/CdS, 86%), aiming at a better understanding of the compe-
tition between radiative and nonradiative decay pathways that lead to the differences in 
quantum yield. 

4.2. Results and discussion 
The CIS core NCs have the chalcopyrite crystal structure and a trigonal pyramidal 

shape with a base of 2.5 ± 0.4 nm and height of 2.4 ± 0.3 nm (Figure 4.1A,C). The featureless 
absorption spectrum extends to ~ 650 nm, while the broad PL peak is centered at 660 nm 
with a full-width at half-maximum (fwhm) of 300 meV, corresponding to a Stokes shift of 
436 meV (Figure 4.1E). The NC shape is preserved after CdS shell overgrowth, while the 
size increases (base: 3.1 ± 0.4 nm, height: 3.0 ± 0.3 nm; Figure 4.1B,D). This corresponds 
to a shell thickness of one monolayer. The PL and absorption spectra shift to higher en-
ergies upon shell overgrowth, for both ZnS and CdS shells (Figure 4.1E). A blue-shift of 
the optical transitions is commonly observed after ZnS overcoating of CIS NCs and also 
in the early stages of CdS shell growth on CIS NCs,14 but is nevertheless not yet well-un-
derstood. It has been ascribed to alloying,15,16,32–36 size reduction due to cation exchange37 
or etching,14,34,37 interfacial strain,38 and surface reconstruction39 (see also Chapter 6). Shell 
overgrowth is observed to greatly improve the PL QY, from 2% for the CIS NCs to 29% for 
CIS/ZnS NCs and 86% for CIS/CdS NCs. The PL lifetimes become longer with increasing 
QY (Figure 4.1F), indicating that nonradiative recombination pathways in core NCs are 
(partially) removed upon shell growth.14,15,32 In contrast, the Stokes shift and PL bandwidth 
are hardly affected by the shell overgrowth (Figure 4.1). This indicates that the electronic 
transitions observed in the optical spectra of bare and core/shell CIS NCs are the same. 
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4.2.1. Transient absorption spectroscopy
Using TA spectroscopy, we look more closely at the sub-ns quenching processes taking 

place in the NCs after excitation. The NCs dispersed in hexane are excited with a short 
(170 fs) pump laser pulse at 500 nm, after which a broad-band probe pulse (350–1600 nm) 
at variable time delay records changes in the NC absorption spectrum. Figure 4.2A shows 
schematically the different processes relevant to the TA experiments carried out in this 
work. After relaxation, an electron-hole pair created by a pump pulse will occupy the low-
est-energy levels of the conduction and valence bands. The transition between those en-
ergy levels is then partially blocked (Figure 4.2A-I). Therefore, the absorbance at the first 
absorption transition after photoexcitation with the pump pulse will be lower than the 
absorbance of the sample with all NCs in the ground state, i.e. prior to excitation. This phe-
nomenon is called the band edge bleach and appears as a negative signal in the TA spectra. 
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Figure 4.1 •  High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) images of A. 
CIS core NCs and B. CIS/CdS core/shell NCs. The CIS NCs have a base of 2.5 ± 0.4 nm and height of 2.4 ± 0.3 nm, the CIS/
CdS core/shell NCs have a base of 3.1 ± 0.4 nm and height of 3.0 ± 0.3 nm. C. Zoom-in of CIS core NCs, D. Zoom in of CIS/
CdS core/shell NCs. The exact size and shape of the CIS/ZnS core/shell NCs could not be determined in projection, due to 
the sensitivity of the NCs toward the electron beam and the excess of ligands, which prevented the NCs to be imaged at 
sufficiently high-resolution. E. Steady state absorption (dashed lines) and PL (solid lines) spectra of CIS NCs (red), CIS/ZnS 
core/shell NCs (blue) and CIS/CdS core/shell NCs (green). F. PL decay curves of the three samples (data points), fitted with 
a bi-exponential function (solid lines). The fits yield decay constants of 25 and 207 ns for CIS core NCs, 201 and 357 ns for 
CIS/ZnS NCs, and 209 and 566 ns for CIS/CdS NCs. The inset shows a zoom-in on the first 20 ns.
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If, on the other hand, the photogenerated electron and hole occupy localized energy levels 
(e.g., a defect or trap level), then the conduction and valence band energy levels remain 
unoccupied as in the ground state. In this scenario, no difference in absorbance will be 
observed before and after the pump pulse (Figure 4.2A-II). Excited charge carriers can also 
give rise to additional absorption transitions, in which the already excited carrier is pro-
moted to even higher energy levels (Figure 4.2A-III). This can lead to stronger absorption 
at specific energies compared to the sample in the ground state, which appear as positive 
signals in the TA spectra. This phenomenon is called excited state absorption or photo-in-
duced absorption.

Figure 4.2B shows TA spectral slices (2-dimensional TA images are shown in appendix 
A4.1) for CIS NCs for pump-probe delay times between 1 ps and 2 ns. A negative signal 
(i.e., a photo-induced reduction in absorption) appears around 530 nm, at the same wave-
length as the shoulder in the steady state absorption spectrum (Figure 4.1E and appendix 
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Figure 4.2 •  A. Schematic representation of different processes that can take place in our TA experiment on CIS NCs. I. An 
exciton in delocalized energy levels blocks the lowest energy transition (band edge bleach). II. If both photogenerated 
charge carriers localize, the lowest energy transition becomes available again and no ground state bleach is observed. 
III. Excited charge carriers can also introduce new absorption transitions, leading to photo-induced absorption. B,C,D. 
Spectral slices of TA measurements of the three samples (pump wavelength 500 nm, fluence: 2.2×1013 photons/cm2): B. 
CIS NCs, C. CIS/ZnS NCs, D. CIS/CdS NCs. 2D TA spectra are provided in appendix A4.1.
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A4.2). This signal is therefore assigned to the band edge bleach, in agreement with previ-
ous reports.25,27,40–43 In the infrared (700–1600 nm) a broad positive signal is observed. We 
assign this to excited state absorption, and will discuss its possible nature in more detail 
below. The observation of photo-induced absorption in CIS NCs is consistent with previ-
ous TA measurements in the red and near-infrared,25,40 and the data presented here reveal 
the true magnitude of this TA spectral feature. Both the positive and negative signals decay 
partially on the ns timescale investigated. The TA spectral slices of CIS/ZnS NCs (Figure 
4.2C and appendix A4.1) are qualitatively similar to those for the bare CIS NCs. Again, 
we observe a decaying band edge bleach signal at 530 nm and a broad decaying excited 
state absorption signal. The situation is different in CIS/CdS NCs (Figure 4.2D appendix 
A4.1). The band edge bleach and excited state absorption signals are observed as well, 
but they hardly decay on the ns timescale investigated here. While the band edge bleach 
persists over (at least) the first 3 ns, the PL decay trace of CIS/CdS NCs shows no rise on 
a ns timescale (Figure 4.1F). We therefore exclude the donor-acceptor pair recombination 
model, since in this model the PL should originate from two trapped charge carriers, which 
would not produce a band edge bleach signal, in clear contradiction with our observations. 

Recent work by Knowles et al.28 and Rice et al.31 reported the observation of magnetic 
circularly polarized luminescence in CIS NCs. Both groups concluded that the PL in CIS 
NCs originates from radiative recombination of a delocalized electron with a localized 
hole, in agreement with previous reports,14,42 and proposed that the hole localizes, specif-
ically, on a Cu ion.28,31 However, based on the observation of magnetic circular dichroism 
spectra, the authors of ref. 31 conclude that paramagnetic Cu2+ ions are already present in 
the CIS NCs prior to photoexcitation, while ref. 28 proposes that paramagnetic Cu2+ ions 
are only formed after photoexcitation, upon localization of a photogenerated hole on a Cu+ 

ion. As will be discussed below, our observations are not consistent with the presence of 
ground state Cu2+ ions, and therefore support the latter scenario. As the dynamics of the 
band edge bleach and photo-induced absorption are different (see below), both signals 
originate from different charge carriers. We assign the band edge bleach observed in our 
TA data (Figure 4.2) to the electron in the lowest-energy delocalized conduction band state. 
Indeed, previous work by Li et al.14 has shown that the state responsible for the ground 
state bleach in the TA spectra of CIS NCs has a twofold degeneracy, consistent with an elec-
tron state.44 We attribute the excited state absorption to the hole localized on a Cu ion. The 
signal could be due to ligand-to-metal charge transfer transitions where the hole is excited 
to a VB level.30 This type of transition is expected to strongly couple to phonons. Moreover, 
the degeneracy of the VB is high.44 This explains why the excited state absorption band 
is broad and featureless. Note that intraband absorption transitions between conduction 
band states, on the other hand, would be expected to show up as well-defined peaks in 
the mid-infrared around 2000 nm,45 since there is a single conduction band in CuInS2 with 
an effective electron mass similar to that in CdSe.29,44,46 We do not observe these transitions 
due to the limited spectral range covered in our TA experiments. Interestingly, the steady-
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state absorption spectrum of none of the samples shows any significant absorption in the 
800–1600 nm range (appendix A4.3). Moreover, laser excitation with sub-band gap energy 
does not induce any observable TA signal. This implies that localized holes and/or excess 
carriers either are absent or have negligible concentrations prior to the photogeneration of 
excitons. We must therefore conclude that copper ions are monovalent in the NC ground 
state, while Cu2+ forms only after capture of a photogenerated hole. This observation is 
inconsistent with the model proposed in ref. 31.  

4.2.2. Transient absorption dynamics 
The TA decay dynamics of the three samples are shown in Figure 4.3A-C, normalized 

to the signal at 2.5 ns. In the analysis, we can neglect effects of Auger recombination of 
multi-exciton states, because the estimated number of excitons per NC per laser pulse is 

<N>0 = 0.03 (appendix A4.4). The dynamics of the band edge bleach (averaged from 540 to 
570 nm; ascribed to conduction band electrons) are plotted in blue, and those of the excited 
state absorption (averaged from 750 to 800 nm; ascribed to localized holes) in red. The raw 
data (i.e., prior to normalization, Figures 4.3D-F) show that the signal from the delocalized 
electron (blue) is approximately 4 times stronger than that from the localized hole (red), 
because the transitions probed have different cross-sections. For the CIS core NCs, the 
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Figure 4.3 •  Comparison of the dynamics of the band edge bleach (blue) and excited state absorption (red) signals for 
the three samples. A-C: Both the excited state absorption and the band edge bleach signal are normalized to the signal 
at t = 2.5 ns. A. CIS core NCs, B. CIS/ZnS core/shell NCs, and C. CIS/CdS core/shell NCs. D-F. Data points in lighter color, 
solid lines are fits of our model discussed below. Both the excited state absorption (red) and the band edge bleach 
(blue) are normalized to the signal amplitude of the excited state absorption (red) at t = 0. The green circle in panel D 
would be the initial amplitude of the band edge bleach in the absence of ultrafast electron trapping (see main text for 
discussion).  
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initial signal intensity at t = 0 from the delocalized electron is relatively weak (significantly 
less than 4 times stronger than the hole signal). This points to ultrafast electron trapping 
in some NCs on sub-ps time scales that cannot be resolved in our TA experiment. Without 
ultrafast electron trapping, the initial bleach signal in CIS NCs at t = 0 would be at the green 
circle in Figure 4.3D. As electron trapping does not immediately affect the hole population, 
the ultrafast electron trapping does not influence the decay dynamics of the photo-induced 
absorption.

The decay dynamics of the populations of conduction band electrons (blue) and local-
ized holes (red) are different on the ps timescale, as most clearly visible in the normalized 
data (Figure 4.3A-C). The electron population decays more rapidly than the hole popula-
tion in CIS and CIS/ZnS. However, the intensity ratio of electron and hole signals at a delay 
time of 2.5 ns is the same for the three samples (Figures 4.3D-F). This means that the elec-
tron and hole decay pathways are separate on a ps timescale, but eventually couple on a 
ns timescale. Indeed, for CIS/ZnS, the electron and hole populations drop by 44% and 41% 
over the first 2.5 ns (Figure 4.3E), respectively, and in CIS/CdS by 4% and 4% (Figure 4.3F). 
In CIS core NCs the drops in electron and hole population are 72% and 78% (Figure 4.3D), 
if we take into account the effect of ultrafast electron trapping (see above). We conclude 
that the overall decay of electron and hole populations over 2.5 ns must be due to recombi-
nation (radiative and/or nonradiative), which explains why the signal ratio at 2.5 ns is the 
same for the three samples. We ascribe the fast ps dynamics of the bleach signal in CIS and 
CIS/ZnS NCs to trapping of CB electrons. Subsequently, trapped electrons recombine non-
radiatively with the localized hole on a ns timescale, eventually leading to the observation 
of coupled populations. Interestingly, the drops in population over 2.5 ns show an inverse 
correlation with the PL quantum yields of the samples, confirming that the sub-ns charge 
carrier dynamics reflect nonradiative recombination pathways.

4.2.3. Kinetic model for the charge carrier dynamics
The observations discussed above are used to build a simple kinetic model (Figure 4.4) 

for the charge carrier dynamics and nonradiative recombination pathway in CIS NCs. It 
involves ultrafast (sub-ps) localization of the hole, as evidenced by the absence of a clear 
rise in the excited state absorption signal over the instrument response of our setup. Like-
wise, the electron reaches the lowest conduction band state on sub-ps time-scales. The re-
sulting situation is schematically depicted in Figure 4.4, state II. In some NCs, the electron 
is subsequently trapped on ps-ns timescales, giving rise to a fast component in the band 
edge bleach decay dynamics, resulting in state III. A trapped electron recombines nonra-
diatively with the localized hole, resulting in the ~ ns decay dynamics of the excited state 
absorption (process III to IV). When the electron is not trapped it recombines radiatively 
with the localized hole (process II to IV) on ns–μs time scales.

Our model matches the observed TA dynamics for all three samples well. The solid 
lines in Figure 4.3D-F are the result of a global fit of the TA dynamics of the three samples 
(see appendix A4.5 for details). The good match confirms that electron trapping is the first 
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step in the nonradiative recombination pathway in CIS-based NCs (states II to III in Figure 
4.4). The multi-exponential electron dynamics in the CIS and CIS/ZnS NCs are modeled 
using three NC populations with different electron trapping rates,47 plus a fourth popu-
lation with ultra-fast trapping for the CIS NCs. Next, the hole dynamics are reproduced 
for all three samples with the addition of a single additional fit parameter, namely the 
nonradiative recombination rate of trapped electron with localized hole (states III to IV). 
The nonradiative recombination has a fixed rate constant of 1/(905 ± 33 ps) for the three 
samples. However, the probability and the moment that nonradiative recombination oc-
curs varies, because it is only the second step in the process after electron trapping. This 
means that electron trapping is the primary cause for nonradiative recombination in CIS-
based NCs, determining the overall rate and probability. We find the same results on data 
obtained using shorter-wavelength excitation (appendix A4.6) confirming the robustness 
of our model.

The model presented here provides important new insights into the nonradiative decay 
pathways of electrons and holes in CIS-based NCs. At the same time, it supports recent 
models for the nature of radiative decay in these NCs,28,31 as radiative decay (state II to state 
IV in Figure 4.4) is due to recombination of a localized hole with a CB electron. Moreover, 
our observations are consistent with the localization of the photogenerated hole on a Cu+ 

ion, in agreement with a recently proposed mechanism.28 The localized hole-delocalized 
electron recombination explains the intriguing characteristics of PL in CIS-based NCs and 
copper-doped NCs. Radiative lifetimes are long (Figure 4.1F) because the wave function 
overlap of a delocalized CB electron with a localized hole is relatively small. Furthermore, 
the large apparent Stokes shift and broad emission bands are due to energy relaxation 

Hole localization

I II

III

IV

τh < ps

Radiative recombination

τr = 80 ns

Electron trapping
τe varies

Non-radiative recombination
τnr = 904 ps

Figure 4.4 •  Schematic representation of the model proposed. After photoexcitation creating an exciton, there is a fast 
localization of the hole. A distribution of electron trapping rates makes the TA signal decay multiexponential. A trapped 
electron recombines nonradiatively with the localized hole, while a delocalized electron recombines radiatively with the 
localized hole. The fitted radiative lifetime of 80 ns, based on the data on CIS/CdS NCs, is a rough estimate, and cannot 
be determined accurately because our TA experiment has a too short time range (see also Figure 4.1). The fitted time 
constants for electron trapping are 6.1 ± 1.1 ps (with a contribution of 21.3 ± 0.4 %), 173 ± 5 ps (21.0 ± 0.3 %) and 6.0 ± 
0.4 ns (57.7 ± 0.2 %) for CIS core NCs, and 6.4 ± 0.5 ps (13.9 ± 0.5 %), 129 ± 3 ps (19.9 ± 0.3 %) and 19.2 ±0.8 ns (66.2 ± 0.1 
%) for CIS/ZnS. The time constant for nonradiative recombination of the trapped electron with a localized hole is 905 ± 33 
ps, obtained from a global fit to the excited state absorption transients. The ratio of excited state absorption and ground 
state bleach cross-sections is 0.236 ± 0.002. See appendix A4.5 for more details of the model and the fitting procedure.



74

upon localization of the hole, variations in the electronic environment of Cu,48 and cou-
pling to vibrations. Indeed, strong vibrational coupling is expected for transitions with a 
charge-transfer character (the localized hole effectively oxidizes a Cu+ ion to Cu2+), because 
they are accompanied by changes in metal-to-ligand bond length.28,49 However, we note 
that our work does not allow any conclusion regarding the nature of the hole localization 
process (i.e., self-trapping onto a regular Cu+ ion, as proposed by Knowles et al.,28 or cap-
ture by a native defect, such as a Cu+ ion on an In3+ site). The recently demonstrated sim-
ilarity between the optical properties of CIS NCs and Cu-doped semiconductor NCs28,30,31 
may be interpreted as indication that antisite defects (i.e., CuIn”) are relevant, since Cu+ 
doped in II-VI (e.g., CdSe or ZnSe) or III-V (e.g., InP) semiconductor NCs also occupies 
heterovalent sites (e.g., CuCd’ or CuIn”). Nevertheless, the unambiguous identification of 
the hole localization sites in CIS NCs will require sophisticated techniques, such as electron 
spin echo detected electron paramagnetic resonance (ESE-EPR) and electron-nuclear dou-
ble resonance (ENDOR) spectroscopies. ESE-EPR and ENDOR spectroscopies have been 
successfully used to identify the nature of donors and acceptors in Li-doped ZnO quantum 
dots,50,51 and could also shed light on hole localization process in CIS NCs.  

The results presented above show that electron trapping leading to nonradiative decay 
is most effectively blocked by growing a CdS shell around CIS NCs. The shells used in the 
present study are too thin (viz., 1 monolayer) to significantly affect the carrier localization 
regime (type-I versus type-II).1 Their impact on the electron recombination pathways there-
fore most likely results from differences in their ability to eliminate electron traps at the CIS 
surface. The lattice mismatch is 2% between CIS and ZnS (lattice parameters a, b = 5.52279 
Å for CIS,52 and a, b, c = 5.41450 Å for ZnS53), and 5.2% between CIS and CdS (a, b, c = 5.81000 
for CdS54). The small lattice mismatch between CIS and ZnS, in combination with the high 
diffusion rates in CIS,55 might favor interdiffusion and alloy formation, which would result 
in some surface Cu and In atoms, thereby preventing the complete elimination of CIS-re-
lated surface traps. In contrast, the larger mismatch between CIS and CdS would prevent 
interdiffusion, facilitating the formation of a CIS/CdS core/shell architecture, in which the 
surface of the NCs would be devoid of CIS units and therefore of CIS-related surface traps. 

4.3. Conclusions
In conclusion, we have carried out a detailed analysis of the TA dynamics of the band 

edge bleach and excited state absorption signals of CIS core NCs, CIS/ZnS core/shell NCs 
and CIS/CdS core/shell NCs. Based on this analysis we propose a model that describes two 
exciton recombination pathways in CIS and CIS-based NCs, one leading to nonradiative 
decay, the other to radiative decay. The radiative decay originates from recombination of a 
delocalized electron to a Cu-localized hole, explaining the large apparent Stokes shift and 
the long PL lifetimes. Electron trapping, probably on the surface of the CIS NCs, is the first 
step of the nonradiative recombination pathway. Removing these traps leads to improve-
ment of the PL QY of CIS-based core/shell NCs.
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4.4. Methods
Materials. Copper (I) iodide (CuI, Sigma Aldrich, 98%), Indium (III) acetate (In(Ac)3, Sigma Aldrich, 99.99%), 

1-dodecanethiol (DDT, Sigma Aldrich, ≥ 98%), Trioctylphosphine (TOP, Fisher Scientific), Zinc (II) stearate (Sigma 

Aldrich, 10–12% Zn basis), Cadmium (II) oxide (Sigma Aldrich, 99.5%), Oleic Acid (OA, Sigma Aldrich, 90%), 

1-octadecene (ODE, Sigma Aldrich, tech. 90%), Sulfur (Sigma Aldrich, 99.98%), Oleylamine (OLAM, Sigma Al-

drich, tech. 70%), Toluene (Sigma Aldrich, 99.8%), Acetone (VWR International bv, dried, max. 0.0075% H2O), 

Methanol (Sigma Aldrich, 99.8%), 1-Butanol (Sigma Aldrich, 99.8%), Hexane (Sigma Aldrich, anhydrous, 95%). 

ODE and OLAM were degassed for 2 hours at 150 °C before usage.

CIS nanocrystal synthesis. For the synthesis of the CIS core NCs a protocol by Li et al.14 was followed. 297 mg 

In(Ac)3, 191 mg CuI, and 5 mL DDT were mixed and degassed for one hour at 80 °C. The reaction mixture was 

then heated under N2 flow to 230 °C and allowed to react for 5 minutes. Part of the solution that was not needed 

for the shell overgrowth was washed with acetone and redispersed in toluene. 

CIS/ZnS core/shell nanocrystal synthesis. For the synthesis of the CIS/ZnS core/shell NCs a protocol by Li et al.14 

was followed. 1 mL of the crude CIS reaction mixture was diluted with 4 mL ODE and degassed for 30 minutes 

at 80 °C. 259 mg Zn-stearate, 4 mL ODE and 0.4 mL sulfur dissolved in TOP were mixed and heated to 200 °C 

to dissolve the Zn-stearate. This solution was added dropwise over 20 minutes to the CIS NC solution at 210 °C 

under a N2 flow. After the addition was complete, the mixture was allowed to react for 20 minutes at 210 °C, and 

was subsequently cooled down to room temperature, washed with acetone and redispersed in toluene. 

CIS/CdS core/shell nanocrystal synthesis. For the synthesis of the CIS/CdS core/shell NCs a protocol by Li et al.14 

was followed. A 0.38 M Cd-oleate solution was made by dissolving 383 mg CdO in 3.9 mL oleic acid and 3.9 mL 

ODE at 280 °C under N2 flow. After 1 hour the CdO was dissolved and the clear solution was degassed for 30 

minutes at 110 °C. 1 mL of the crude CIS NC reaction mixture was diluted with 4 mL ODE and degassed for 30 

minutes at 80 °C. 4 mL ODE, 1 mL Cd-oleate solution and 0.4 mL 1 M sulfur in TOP solution were mixed, and 

added dropwise over 20 minutes to the CIS solution at 210 °C under N2 flow. After the addition was complete, the 

mixture was allowed to react for 20 minutes at 210 °C, and was subsequently cooled down to room temperature, 

washed with acetone and redispersed in toluene.

Electron microscopy. High resolution HAADF-STEM images were acquired using a cubed FEI Titan micro-

scope operating at 300 kV. A probe semiconvergence angle of ~ 20 mrad was used. 

Photoluminescence (PL) quantum yields (QYs). The PL QYs of the three samples were determined using the 

fluorophore Lumogen red 350 (PL QY = 95%) as reference. Samples for PL QY measurements were prepared 

by diluting the stock solution of washed NCs with anhydrous toluene under nitrogen in sealed quartz cuvettes. 

Lumogen red 350 was dissolved in toluene as well. The absorption and PL emission spectra were measured using

the instruments listed below. The PL QYs were calculated using the following equation: 

in which T is the transmission at 400 nm and Φ is the integrated PL peak.56 

Steady state optical spectroscopy. Samples for optical measurements were prepared by diluting the stock solu-

tion of washed NCs with anhydrous toluene under nitrogen and stored in sealed quartz cuvettes. Absorption 

spectra were measured on a double-beam Perkin-Elmer Lambda 16 UV/vis spectrometer. Photoluminescence 

spectra were recorded on an Edinburgh Instruments FLS920 spectrofluorimeter equipped with a 450 W Xenon 

lamp as excitation source and double grating monochromators for both excitation (blazed at 300 nm) and emis-

QY =
(1 − Tref)
(1 − T )

Φ
Φref

QYref (4.1)
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sion (blazed at 500 nm). The signal was detected with a Hamamatsu R928 PMT detector. 

Time resolved PL spectroscopy. Samples for time resolved PL spectroscopy were prepared by diluting the stock 

solution of washed NCs with anhydrous toluene under nitrogen, and stored in sealed quartz cuvettes. PL decay 

curves were obtained by time-correlated single-photon counting on a Hamamatsu photosensor module H10720-

01. A pulsed diode laser (EPL-445 Edinburgh Instruments, 441 nm, 55 ps pulse width, 0.2 MHz repetition rate) 

was used as the excitation source. Lifetimes were obtained from a bi-exponential fit of the decay curve.

Transient absorption (TA) spectroscopy. The NCs were washed with a 1: 1 Methanol: Butanol mixture and re-

dispersed in hexane. The NC dispersions were stored in 1 mm quartz cuvettes and studied using broadband 

pump-probe spectroscopy. A Yb:KGW oscillator (Light Conversion, Pharos SP) was used to generate 170 fs laser 

pulses at 1028 nm. After amplification the majority of the fundamental 1028 nm laser beam underwent nonlinear 

frequency mixing in an OPA and second harmonics module (Light Conversion, Orpheus) to create the pump laser 

pulses of 400 and 500 nm. A small fraction of the fundamental 1028 nm beam was used to generate the broad-

band probe spectrum in a CaF2 (350–650 nm) or sapphire (500–1600 nm) crystal and delayed up to 3 ns using an 

automated delay stage. The NC dispersions were hit by the pump and probe pulses under an angle of ~ 8° after 

which the probe pulse is collected on a detector suitable for the probe spectrum generated (Ultrafast Systems, 

Helios). All TA data shown is corrected for dispersion in the probe light by fitting a polynomial function to the 

solvent response.
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4.6. Appendices

A4.1 2D TA spectra

A4.2 Spectra comparison
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Figure A4.1 • 2D TA spectra of A-C CIS core NCs, A. Blue part of visible spectrum, B. Visible spectrum, C. NIR spectrum. D-F. 
CIS/ZnS core/shell NCs. D. Blue part of visible spectrum, E. Visible spectrum, F. NIR spectrum. G-I. CIS/CdS core/shell NCs. 
G. Blue part of visible spectrum, H. Visible spectrum, I. NIR spectrum.

Figure A4.2 • TA spectrum after 1 ps delay (blue), steady state absorption spectrum (red), and PL spectrum (green) of 
CIS core NCs.
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A4.3 Absorption spectra

A4.4 Number of excitons per NC
The average number of excitons per NC <N>0 generated by a pump pulse with fluence J 

(with units of number of photons per unit area) is given by

where σ is the absorption cross-section of the NCs at the pump wavelength. The absorption 
cross-section for CIS NCs at 400 nm can be estimated as σ = (1.8×10-16)a3 (cm2),14 where a 
is the diameter of the NCs in nm. The absorption cross-section at 500 nm is not precisely 
known, but the absorption spectra of CIS NCs (Figure 4.1E and Figure A4.3) show that it is 
approximately 2× smaller than at 400 nm.

We estimate the average number of excitons generated in the power-dependent TA 
measurements (Figure A4.4) of 2.5 nm sized CIS NCs, using a 400 nm pump, to range 
from <N>0 = 0.02 to 0.14. For the TA measurements presented above (Figures 4.2 and 4.3), 
using a pulse wavelength of 500 nm and a fluence of 2.2×1013 photons/cm2, we estimate that 

<N>0 = 0.03.
The distribution of multi-exciton states following pulsed excitation is described by 

Poisson statistics. The probability that a NC contains N excitons is

We can hence estimate that the contribution of biexciton decay in our TA experiments 
varies from P(2)/P(1) = 0.01 to 0.07 for the power-dependent data (Figure A4.4), P(2)/P(1) 
= 0.01 for the data presented in Figure A4.5, and P(2)/P(1) = 0.02 for the data in Figures 4.2 
and 4.3. These low biexciton contributions justify that our model takes into account only 
the dynamics of single excitons in CIS NCs. The low average number of excitons estimated 
here for a pump fluence of 4.9×1013 photons/cm2 is consistent with the trends observed for 
CISe NCs as reported by Korgel’s group.57
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Figure A4.3 • Steady-state absorption spectra of the colloidal suspensions of CIS core NCs, CIS/ZnS core/shell NCs, and 
CIS/CdS core/shell NCs that were used for the TA measurements.

N0 = Jσ (4.2)
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ponential fit (∆A(t) = a0 + a1 e(-t/τ1) + a2 e(-t/τ2)) of the data (black), gives decay constants τ1 = 30 ps and τ2 = 0.9 ns for CIS NCs, 
τ1 = 40 ps and negative values for CIS/ZnS core/shell NCs and τ1 = 70 ps and τ2 = 70 ns for CIS/CdS core/shell NCs. The 
fitted time constants are power independent, and the decay traces of CIS core NCs and CIS/ZnS core/shell NCs are clearly 
multi-exponential. D-F. The same decay traces, now normalized by a power dependent scaling factor. This scaling factor 
is calculated by dividing the average of the last 20 data points by the average of the last 20 data points of the lowest 
fluence. The figure shows no extra fast decay component at higher fluences. 
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A4.5 Model of independent hole localization and electron trapping
Since the excited state absorption signal due to localized holes does not show a rise in 

our TA experiment, we know that the localization of holes occurs on sub-ps time scales, 
which we cannot resolve. The starting state for the NCs is state II of Figure 4.4 above (or 
Figure A4.5 below), with a localized hole and a delocalized electron. The system of rate 
equations that describes the excited state dynamics as depicted in the model of indepen-
dent hole localization and electron trapping (Figure 4.4 and A4.5) is then as follows:

where NII and NIII are the populations in state II and III, respectively, kr is the radiative re-
combination rate of a delocalized electron with a localized hole, ke is the electron trapping 
rate, and knr is the nonradiative recombination rate of a trapped electron with a localized 
hole. Each rate ki is the inverse of the corresponding time constant τi. The solution to the 
system of rate equations (Equation 4.4) is

with NII(0) the population of state II at t = 0, i.e. the number of NCs excited by the pump 
pulse. The excited state absorption signal in the infrared ∆A+ is sensitive to the combined 
population of states II and III, while the band edge bleach signal in the visible ∆A- is pro-
portional to the population of state II only:

where σ+ is the absorption cross-section of the excited state absorption transitions involving 
the localized hole, and σ- is the band edge bleach cross-section of the band edge absorption.

For our analysis of the experimental data, we first assume that there are no effects of 
electron trapping on the TA dynamics of CIS/CdS NCs on the time scales investigated in 
this work: ke(CIS/CdS) = 0. This is justified because the PL quantum yield of CIS/CdS is as 
high as 86% and the TA dynamics are mono-exponential. Then the only decay channel is 
radiative recombination of a delocalized electron with a localized hole (II  IV in Figure 
4.4 and Figure A4.5) at rate kr. A mono-exponential fit to the ground state bleach dynamics 
of CIS/CdS yields that 1/kr = 80 ns. We note here that the fitted time constant of 80 ns for ra-
diative recombination is only a rough estimate. Indeed, the radiative lifetime of CIS-based 
NCs has this order of magnitude (see Figure 4.1F). Clearly, radiative decay is much slower 
than the timescales of up to 3 ns covered by our TA experiment. The precise value (or dis-

dNII

dt
= − (kr + ke)NII(t) (4.4a)

dNIII

dt
= keNII(t) − knrNIII(t) (4.4b)

(4.5a)NII(t) = NII(0)e− (k r+ k e) t

NIII(t) =
keNII(0)

kr + ke − knr
e− k nrt − e− (k r+ k e) t (4.5b)

(4.6a)∆ A+ (t) = σ+ [NII(t) + NIII(t)] = σ+ NII(0)
kee− k nrt

kr + ke − knr
+

(kr − knr)e− (k r+ k e) t

kr + ke − knr

∆ A− (t) = σ− NII(t) = σ− NII(0)e− (k r+ k e) t (4.6b)
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tribution of values) for the radiative recombination rate kr cannot be determined with a fit 
to TA data over such short time range. We further assume that we can use the radiative 
recombination fitted on CIS/CdS NCs for the other samples. This is justified considering 
that the core/shell geometries investigated have shells as thin as a monolayer, which are 
not expected to significantly affect the carrier localization regime and the electron–hole 
wavefunction overlap.

The band edge bleach dynamics of the core-only CIS and of the CIS/ZnS NCs are 
multi-exponential. This means that different NCs in the sample have different decay rates. 
We assume that the differences are mainly due to differences in the electron trapping rate 
ke, while the radiative decay rate kr is the same as determined for CIS/CdS. Such a situation 
can be expected, because electron trapping depends (presumably) on atomic details of NCs 
such as defects and unsaturated bonds on the surface, which are different for each NC in 
the ensemble. The band edge bleach dynamics of CIS and CIS/ZnS NCs are fitted to three 
exponentials as in Equation 4.6b. For CIS NCs we obtain three populations with relative 
weights of 21.3 ± 0.4 %, 21.0 ± 0.3 % and 57.7 ± 0.2 % and electron trapping rates of ke = 1/
(6.1 ± 1.1 ps), 1/(173 ± 5 ps) and 1/(6.0 ± 0.4 ns). For CIS/ZnS NCs these numbers are 13.9 ± 
0.5 %, 19.9 ± 0.3 %, and 66.2 ± 0.1 % with ke = 1/(6.4 ± 0.5 ps), 1/(129 ± 0.3 ps) and 1/(19.2 ± 0.8 
ns). Note that the results of this triple-exponential fit provide us with an estimate for the 
distribution of trapping rates in the NC sample, while the actual distribution is most likely 
continuous and does not consist of only three populations.

Next, we use the fit results on the band edge bleach dynamics (sensitive to the electron 
trapping) to model the excited state absorption dynamics (sensitive to the hole). A global 
fit is performed of Equation 4.6a to the photo-induced absorption data of the three sam-
ples simultaneously. We need to include a population of NCs in the core-only CIS sample 
that exhibits ultrafast electron trapping, either so fast (sub-ps) that we cannot resolve it 
in the TA experiment or involving hot-electron trapping (in the case of excitation at 400 
nm). The existence of some ultrafast trapping is evidenced by the lower bleach signal at t 
= 0 for CIS in comparison to CIS/ZnS and CIS/CdS. In the excited state absorption model 
(Equation 4.6a), all parameters determined previously are fixed: the electron trapping rates 
ke and corresponding weights as well as the radiative decay rate kr. Good correspondence 
between model and the three experiments is obtained with only three additional fit param-
eters. We find for the nonradiative recombination rate a value of knr = 1/(905 ± 33 ps), and 
that the ratio of excited state absorption and bleach cross-sections is σ+/σ- = 0.236 ± 0.002, 
and an ultrafast trapping population of CIS NCs of 37.4 ± 1.0 %.

Following the same fitting procedure for a measurement using 400 nm laser excitation 
at 6.6×1012 photons/cm2 fluence (corresponding to an estimated exciton population of <N>0 = 
0.02 directly after excitation), we obtain similar results (Figure A4.5 below): electron trap-
ping rates of 1/(6.0 ± 0.4 ps), 1/(159 ± 12 ps) and 1/(6.4 ± 0.3 ns) with relative weights of 17.1 
± 0.8%, 19.6 ± 0.7 % and 63.3 ± 0.3% for CIS core NCs and electron trapping rates of 1/(5.9 ± 
0.5 ps), 1/(120 ± 0.5 ps) and 1/(19.1 ± 1.6 ns) with relative weights 12.6 ± 0.5 %, 18.9 ± 0.5 %, 
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and 68.4 ± 0.2 % for CIS/ZnS core/shell NCs. The nonradiative recombination rate is 1/(1154 
± 57 ps) and the ratio of excited state absorption and bleach cross-sections is σ+/σ- = 0.237 ± 
0.0002, and the ultrafast trapping population of CIS NCs is 38.5 ± 1.4 %. 

A4.6 Fits and model for excitation with a 400 nm pump pulse
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Figure A4.5 • A-C. Decay dynamics of the TA signals, in blue the band edge bleach signal, in red the excited state absorp-
tion. The solid lines are fits of our model to the lighter colored data points. Both the excited state absorption (red) and the 
band edge bleach (blue) are normalized to the signal amplitude of the excited state absorption (red) at t = 0. The green 
circle in panel A would be the initial amplitude of the band edge bleach in the absence of ultrafast electron trapping. D. 
Schematic representation of the model proposed. After photoexcitation creating an exciton, there is a fast localization of 
the hole. A distribution of electron trapping rates makes the TA signal decay multiexponential. A trapped electron recom-
bines nonradiatively with the localized hole, while a delocalized electron recombines radiatively with the localized hole. 
The fitted radiative lifetime of 210 ns, based on the data on CIS/CdS NCs, is a rough estimate, and cannot be determined 
accurately because our TA experiment has a too short time range. 
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Abstract Colloidal 2D semiconductor nanosheets (NSs) are an interesting new class of materials 
due to their unique properties. However, synthesis of these NSs is challenging and synthesis proce-
dures for materials other than the well-known Pb- and Cd-chalcogenides are still underdeveloped. 
In this chapter, we present a new approach to make copper indium sulfide (CIS) NSs and study their 
structural and optical properties. The CIS NSs form via self-organization and oriented attachment 
of 2.5 nm sized chalcopyrite CuInS2 nanocrystals (NCs), yielding triangular and hexagonal shaped 
NSs with a thickness of ~ 3 nm and lateral dimensions ranging from 20 to 1000 nm. The self-orga-
nization is induced by fast cation extraction, leading to attractive dipolar interactions between the 
NCs. Primary amines play a crucial role in the formation of the CIS NSs, both by forming in situ 
the cation extracting agent, and by preventing the attachment of NCs to the top and bottom facets 
of the NSs. Moreover, DFT calculations reveal that the amines are essential to stabilize the covellite 
crystal structure of the product CIS NSs. The NSs are indium-deficient and the off-stoichiometry 
gives rise to a plasmon resonance in the NIR spectral window.

5.1. Introduction
2-dimensional nanomaterials (nanosheets, NSs) are attracting increasing attention due 

to their unique physical, electronic, and structural properties.1–11 Colloidal semiconductor 
NSs with thickness (h) in the strong quantum confinement regime (i.e., h ≤ exciton Bohr 
radius) are of particular interest, since they combine the extraordinary properties of 2D 
nanomaterials with versatility in terms of composition, size, shape, and surface control, 
and the prospects of solution processability.9 To date, colloidal NSs of a variety of binary 
semiconductors have been prepared: CdX (X = S, Se, Te),1,6,10 PbS,2 SnX (X = S, Se),12,13 InSe,14 
In2S3,15 Cu2−xS,5 Cu2−xSe,16 WS2,17,18 and MoS2.18 However, reports on NSs of multinary semi-
conductors are scarce, despite the interesting properties of this class of materials. CuInS2 
(CIS) for instance, is a direct semiconductor with a bulk band gap of 1.5 eV19,20 and large 
absorption coefficients,21 which yields nanocrystals (NCs) with photoluminescence tunable 
in the vis−NIR (600−1100 nm) spectral range.22–25 

Size and shape control in a direct synthesis of colloidal multinary NCs is challenging, 
as the reactivity of three different precursors has to be precisely balanced to prevent for-
mation of the binary system.24 We circumvented this limitation earlier by a partial Cu+ for 
In3+ topotactic cation exchange reaction, through which template Cu2−xS NCs are converted 
into CIS NCs with size and shape preservation.25–27 A similar cation exchange protocol has 
been very recently followed by Mu et al.28 to convert template Cu2−xS NSs5 into CIS NSs. 
The two-stage method developed in our work and described in this chapter relies on a 
different mechanism: 2D self-organization of CIS NCs. The resulting 2D NCs have lateral 
dimensions ranging from 20 nm to 1 μm, thickness of ~ 3 nm (similar to the height of the 
pyramidal-shaped parent NCs), and a Cu:In ratio of ~ 3:1, which is different from the 1:1 
stoichiometry of the parent CIS NCs. Our results indicate that the self-organization of the 
parent CIS NCs into 2D NCs and NSs is driven by a sudden change in their composition 
due to preferential extraction of In3+ by in situ generated reactive sulfur-containing species 
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(e.g., H2S). The fast initial growth by oriented attachment of NC building blocks is followed 
by a slower phase in which NC building blocks are individually added to the edges of the 
NSs. The crystal structure changes during the reaction from the cubic chalcopyrite struc-
ture of the parent CIS NCs to hexagonal covellite. DFT calculations indicate that the ligands 
play a pivotal role in the formation of the 2D covellite structure and that the In atoms are 
preferentially located at the surfaces of the NSs. Interestingly, the Cu-rich stoichiometry of 
the product NSs gives rise to a plasmon resonance in the NIR, making the covellite CIS NSs 
synthesized in the present work promising materials for plasmonic applications requiring 
manipulation of NIR light,29 such as chemical sensing,29 IR spectroscopy,29 photothermal 
therapy,30 in vivo photoacoustic imaging,31 smart windows,32 and thermal doping.33

5.2. Results and discussion
Briefly, the nanosheets (NSs) are synthesized by suspending dodecanethiol-capped 

chalcopyrite CIS NCs in a solution of elemental sulfur in octadecene and a primary amine 
(octadecylamine or oleylamine, OLAM), and subsequently heating the mixture to 200 °C 
(see Methods for details). This induces the formation of triangular and hexagonal NSs at 
the expenses of the parent CIS NCs (Figure 5.1). Interestingly, the NSs only form when 
both sulfur and a primary amine (either octadecylamine or OLAM) are present (Figure 
5.1G-J). Elemental sulfur has been previously shown to react with alkylamines forming 
alkylammonium polysulfides at room temperature, and alkylthioamides, dialkylamidines, 
alkyl-thioketoamidines, and H2S at elevated temperatures (< 100 °C).34 Under appropriate 
conditions the released H2S was shown to readily combine with metal precursors present 
in the reaction medium to form metal sulfide NCs.34 In a control experiment (appendix 
A5.1) we show that H2S is also formed under the conditions used in our NS synthesis 
method. This implies that H2S (or another product of the reaction between OLAM/ODA 
and sulfur) is crucial to trigger the conversion of the parent CIS NCs into the product NSs. 
A mechanism for this transformation will be proposed later in this chapter. Figure 5.1A 
shows that after 1 min at 200 °C the NSs have already grown to 25 ± 4 nm in lateral size, 
which is 10 times larger than the parent CIS NCs (trigonal-pyramidal-shaped with a base 
of 2.5 nm and height of 2.4 nm).23 Nanosheets also form at lower temperatures (e.g., 80 °C, 
Figure 5.2A; or even at room temperature, Figure 5.2B), but the growth kinetics are much 
slower. The NS thickness is determined to be 3−4 nm by analyzing transmission electron 
microscopy (TEM) images of NS stacks (Figure 5.2C).

The growth of the NSs at 200 °C was followed ex situ with TEM. Over time, both the 
lateral dimensions and the polydispersity of the NSs increase, with sizes ranging from 
tens to several hundreds of nanometers after 1 h of reaction (Figure 5.1A−D). Interest-
ingly, most of the growth occurs in the first 5 min. If the reaction is allowed to continue 
for several hours, the NSs start to shrink and break down (Figure 5.1E). Small irregularly 
shaped nanoparticles, with sizes ranging from 4 to 11 nm, are observed to coexist with 
the nanosheets at all times (Figure 5.1 and Figure 5.2D). Cryo-TEM (Figure 5.1F) shows 
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that these small nanoparticles are present both as free-standing particles in solution and 
as adsorbates attached to the nanosheet surface. Most importantly, the cryo-TEM images 
also clearly demonstrate that the NSs are already present in the reaction medium, thereby 
excluding the possibility that they are formed on the TEM grid by drying effects or elec-
tron-beam-induced aggregation.

A B C

D E F

G H I J

Figure 5.1 •  A-E. Formation of nanosheets from 2.5 nm parent CIS NCs at 200 °C followed over time with ex situ TEM: A. 
1 min, B. 2 min, C. 5 min, D. 1 h, and E. 5 h of reaction time. F. Cryo-TEM image of a sample after 2 h at 200 °C. Scale bars 
correspond to 100 nm. G-J. Product NCs obtained after control reactions at 200 °C for 2 hours. The CIS NC seeds were the 
same in all cases. G. CIS NCs in ODE. H. CIS NCs in ODE and oleylamine. I. CIS NCs in a solution of sulfur in ODE. J. CIS NCs 
in a solution of sulfur in ODE and octylamine. Scale bars correspond to 50 nm.
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5.2.1. Elemental composition of the nanosheets
The formation of nanosheets at 200 °C was also followed over time with ex situ absorp-

tion spectroscopy (Figure 5.2E). The parent CIS NCs show a rather featureless absorption 
spectrum extending to ~ 650 nm with a shoulder at ~ 550 nm, which is ascribed to the band-
edge (1S−1S) transition.23 This shoulder broadens and shifts to longer wavelengths as the 
reaction proceeds, indicating a reduction in the band gap of the NCs, which is consistent 
with a decrease in the quantum confinement as a result of the growth of the nanosheets. 
Furthermore, an additional broad absorption band appears in the NIR region, which fur-
ther broadens and shifts to longer wavelengths over time (see Figure 5.2E; peak is at 1700, 
2000, and 2200 nm for the 1 min, 1 h, and 5 h samples, respectively). A (strong) absorption 
band in the NIR is often observed in Cu-chalcogenide NCs and is ascribed to a localized 
surface plasmon resonance (LSPR) due to excess charge carriers.24,29 These excess charge 
carriers are present because of stoichiometry deviations, typically Cu-vacancies, which 
lead to excess holes in the valence band (i.e., p-doping).24,29 The observation of a strong NIR 
absorption band in the spectra of the product CIS NSs thus implies the presence of excess 

A
bs

or
ba

nc
e

500 1000 1500 2000
Wavelength (nm)

Parent CIS NCs
1 minute
2 minutes

15 minutes
1 hour
5 hours

100 nm

A

50 nm

B E

200 nm20 nm

C D

Figure 5.2 •  TEM images of product nanosheets obtained from 2.5 nm CIS NC seeds in OLAM and S-ODE after A. 1 minute 
reaction at 80 °C. B. 3 days at RT. C. TEM image of stacked nanosheets, allowing the determination of their thickness (3–4 
nm). D. TEM image of NSs and small particles on the background and adsorbed on the surfaces of the NSs. The size of the 
small particles is estimated to range from 4 to 11 nm. E. Absorption spectra of the parent CIS NCs (black) and the product 
CIS NSs at different stages of the reaction. The dashed line at ~ 550 nm marks the position of the band-edge absorption 
transition of the parent NCs, while the dashed arrow highlights the shift of the broad NIR absorption band to lower 
energies over time. It is noted that this band is absent in the spectrum of the parent NCs. The sharp peak at 1400 nm is 
due to residual methanol, which was used to wash the samples.
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carriers, suggesting that the NSs no longer have the 1:1 Cu:In stoichiometry of the parent 
CIS NCs.

Indeed, energy-dispersive X-ray spectroscopy (EDS) on wide areas, encompassing a 
large ensemble of NSs, reveals that the average elemental composition of the nanosheets is 
Cu:In:S 0.6(± 0.01):0.3(± 0.004):1 (see appendix A5.2, for a representative example), which 
is clearly different from the 0.5:0.5:1 stoichiometry of the parent CIS NCs, suggesting that, 
to keep charge neutrality, (part of) the sulfur ions formed covalent bonds, similarly to the 
CuS covellite phase.35 This should result in excess holes in the valence band, giving rise 
to an LSPR, consistent with the NIR absorption band observed in the spectra of the NSs 
(Figure 5.2E). 

Elemental analysis of individual NSs (Figure 5.3 and appendix A5.3) reveals small vari-
ations within a sample: The average Cu:In ratio of 11 measured nanosheets is 1:0.3 ± 0.06. 
The highest Cu:In ratio is 1:0.39, while the lowest is 1:0.21. Additionally, the small NCs 
seem to be In-rich CIS, as they appear brighter in the In map than in the Cu map (see Fig-
ure 5.3 and appendix A5.3). The elemental maps provide no evidence for the formation of 
InxSy NCs, since all regions examined contained both Cu and In, albeit in different ratios 
(i.e., NSs are Cu-rich, nanoparticles are In-rich). The difference between the average Cu:In 
ratio determined for the NS ensemble (viz., 2:1) and for individual NSs (viz., 3:1) can be 
ascribed to the fact that the contribution of the In-rich NCs is much larger in the ensemble 
measurements. The average composition of the NSs at different stages of the reaction was 
also analyzed with EDS and observed to be essentially constant. This shows that the cation 

A B C D

E F G H

Figure 5.3 •  B-D and F-H. STEM-EDS elemental maps of the nanosheet shown in the STEM-HAADF image in panels 
A and E, respectively. The yellow frames highlight regions in both nanosheets where clusters of small nanoparticles 
are observed at the edge of the nanosheet. The diagonal yellow line in A-D marks the edge of the nanosheet. The 
nanoparticles appear brighter in the In map than in the Cu map, suggesting that they are In-rich CIS. This is clearer visible 
in the close-up of this image in appendix A5.3.
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extraction is fast and is, in fact, already completed within the first minute of the reaction. 
This observation also indicates that the shift of the NIR LSPR absorption band during the 
reaction (Figure 5.2) is due to the lateral growth of the nanosheets, rather than a change 
in their composition. The consequences of these observations for the proposed formation 
mechanism will be discussed below. It should be noted that the LSPR band originates from 
the In-poor NSs, rather than from the In-rich CIS NCs. This becomes evident when com-
paring the absorption spectrum of a sample of NSs obtained by sedimentation with that of 
the original ensemble prior to sedimentation, when a high concentration of small In-rich 
NCs was still present (Figure 5.4). The LSPR band is very pronounced in the absorption 
spectrum of the sample obtained by sedimentation, but is hardly observable in the spec-
trum of the sample prior to sedimentation, which is dominated by the absorption of the 
small In-rich NCs.

5.2.2. Shape of the nanosheets
As shown in Figure 5.1 (and also in Figures 5.2D, 5.3, 5.4 and 5.5) the shape of the 

nanosheets ranges from triangles to hexagons, through truncated triangles and irregular 
hexagons. Remarkably, the NS edges are often kinked and irregular (see Figure 5.5A,B and 
also Figures 5.2D and 5.4). Figure 5.5B also clearly shows small particles adsorbed on the 
nanosheets’ surface. Moreover, the edges of the NS in Figure 5.5B are noticeably brighter 
than its interior, suggesting that the edges are richer in indium. This observation is con-
sistent with the structural model derived from DFT calculations and will be discussed in 
more detail below. The high-resolution TEM (HR-TEM) image in Figure 5.5C shows lat-
tice fringes of small particles on the nanosheet surface and the nanosheet itself. It is clear 
that the fringes have different directions, indicating that the small particles have different 
orientations on the surface and are not atomically aligned with the underlying nanosheet. 
The wobbly edge of the NS in Figure 5.5C is deformation caused by the intense electron 
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Figure 5.4 •  A. TEM image of product NCs obtained from 2.5 nm CIS NC seeds in OLAM and S-ODE after 2 h at 200 °C prior 
to purification by sedimentation. B. TEM image of the sediment obtained from the sample shown in A. C. Absorption 
spectra of sample containing NSs and small particles (black) and after sedimentation of the NSs (red).
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beam. This deformation happens in situ while imaging the NS and worsens over time. The 
implications of the irregularities and kinks observed in the edges of the NSs in the low-res-
olution TEM images will be discussed in the mechanism section below.

5.2.3. Crystal structure of the nanosheets
Electron microscopy was also used to study the crystal structure of the nanosheets, by 

using selected area electron diffraction (SAED) and comparing the integrated pattern to 
bulk X-ray powder diffraction (XRD) reference patterns. Figure 5.6A shows the SAED pat-
tern of a batch of nanosheets on the TEM grid. Azimuthal integration of the SAED pattern 
yields the signal shown in Figure 5.6B, which is in good agreement with a covellite bulk 
reference pattern. The SAED pattern of a single NS (Figure 5.6C) shows diffraction spots 
consistent with a single crystal. The hexagonal pattern can be indexed to covellite lattice 
planes (appendix A5.4). The crystallographic properties of the product CIS NSs are further 
studied with DFT calculations below.

200 nm

100 nmA B 10 nmC

Figure 5.5 •  A. TEM image showing kinked and irregular edges of NSs. B. STEM-HAADF image showing kinked edges and 
small particles adsorbed on the surface and at the edges of a NS. C. HR-TEM image showing lattice fringes of both the 
nanosheet and small particles adsorbed on the nanosheet surface in different orientations.
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Figure 5.6 •  A. Selected area showing a batch of deposited nanosheets. The electron diffraction pattern of this batch is 
shown in the inset. B. Azimuthally integrated SAED signal is compared to a covellite bulk XRD reference pattern (JCPDS 
PDF card 00-036-0380). C. Single nanosheet with the SAED shown in the inset, showing a hexagonal diffraction pattern. 
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5.2.4. DFT modelling of the crystal structures
During the reaction, the 2.5 nm parent CIS NCs, with chalcopyrite crystal structure, 

transform to NSs with much larger (~ 100-fold) lateral dimensions and covellite crystal 
structure. For insight into the energetics of the crystallographic transformation from chal-
copyrite to covellite, plane-wave density functional theory (DFT) calculations were per-
formed using the plane augmented wave (PAW) method with the generalized gradient 
approximation (GGA) as implemented in the VASP code.36,37 Computational details are 
given in the Methods section. The calculations, over the entire cation range but limited to 
compositions with a cation/anion ratio of one, were performed both for the CuS-type cov-
ellite structure and for the CuInS2-type chalcopyrite structure displayed in Figure 5.7A,B. 
Also the known most stable orthorhombic phase of InS shown in Figure 5.7C was consid-
ered. The formation enthalpies, defined with respect to CuS covellite and InS covellite (see 
Methods for details), are shown in Figure 5.8. Tangent lines are drawn connecting the most 
stable covellite phases, and the overall most stable phases. The total-energy calculations 
confirm that covellite CuS, chalcopyrite CuInS2, and orthorhombic InS are overall the ener-
getically most stable phases. In the compositional range of Cu1−xInxS with x between 0.5 and 
1.0, phase separation into chalcopyrite CuInS2 and orthorhombic InS is predicted. For the 
experiments, only the compositional range with In concentrations between 0.0 and 0.5 is 
relevant. The DFT calculations show that the chalcopyrite structure is more stable over this 
compositional range, except for In concentrations below x ~ 0.05 where the CuS covellite 
structure is more stable. At an In concentration of x ~ 0.25 (corresponding to the experi-
mentally determined composition of the nanosheets), the tangent line connecting the most 
stable covellite phases and the tangent line connecting the most stable chalcopyrite phases 
are very close, with a formation enthalpy difference of only 104 meV per formula unit (fu). 
The fact that the covellite structure is found experimentally shows that the ligands, which 
are not included in these bulk calculations, are required to stabilize the covellite phases 
with a nonzero In content, thereby bridging this difference in formation enthalpy. 

As can be seen in Figure 5.8, there are multiple data points for the formation enthalpies 
of the covellite phases (black circles) at one particular composition. This is because multiple 
orderings of the Cu/In atoms inside the (Cu, In)S covellite structure were considered, vary-
ing from concentrating In atoms in particular layers to a more homogeneous distribution 
in the structure. From all of these calculations, it can be concluded that it is remarkable that 
the covellite structure is found experimentally, as - at least for bulk phases - the covellite 
structure cannot accommodate large concentrations of In atoms without severe distortion. 
The covellite crystal structure is characterized by triplets of CuS atomic planes (Figure 5.7A) 
that are bonded by S−S bonds oriented perpendicular to the layered structure. The central 
CuS atomic layer in the triplets is atomically flat. However, upon introduction of In atoms 
in the structure, in general this central layer becomes buckled as shown in Figure 5.7E. It 
is noted that, in the chalcopyrite structure, the directionality of the anion−cation bilayers 
is uniform in the [221]ch direction, as indicated with the gray arrows in Figure 5.7D. In the 
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covellite structure of Figure 5.7A, though, the bilayers show opposing directionality in the 
corresponding [001]cov direction (also indicated with gray arrows). Figure 5.7E is therefore 
an intermediate structure, where the bilayers do not consist of an anion-filled atomic plane 
and a cation-filled atomic plane, but of cation−anion mixed layers. The energetically most 
favorable orderings in the covellite structures were those whereby the In atoms occupy 
the atomic planes adjacent to the S−S bonds, as shown in Figure 5.7F. However, this also 
leads to strong weakening of the S−S bonds at particular planes, with the interatomic S−S 
distance increasing substantially from 1.7 Å for pure CuS (Figure 5.7A) to ~ 3.0 Å for the S 

A B C

D E F

Figure 5.7 •  Schematic bulk crystal structures of A. covellite, B. chalcopyrite, and C. orthorhombic InS. Cu atoms are 
displayed in blue, In atoms in magenta, and S atoms in yellow. The simulation cells are periodic in all dimensions and 
are drawn with black lines. D-F. Proposed transformation sequence from chalcopyrite to covellite, with projections 
corresponding to side views of the NSs. Gray arrows drawn at the right-hand side of panels A, D, E, and F indicate the 
directionality of bilayers, pointing from anion-filled atomic layers to cation-filled atomic layers. Gray dots indicate atomic 
layers filled with both anions and cations. The {112} atomic planes of the D. chalcopyrite structure consist of hexagonal 
(Cu, In)S2 bilayers which we draw aligned with the {001} planes of the (E, F) covellite superstructure. Upon extraction of 
In atoms, the Cu atoms occupy the vacant sites, and reordering causes the cation−anion separated bilayers to become E. 
mixed atomic layers, thereby providing opportunities for S−S bond formation. Further atomic rearrangements result in 
structure F, with oppositely directed bilayers that are typical of the covellite structure. This last structure is predicted to 
be the lowest-energy covellite Cu3In1S4 phase.
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atomic layers shown at the bottom of Figure 5.7F. In addition, these In-coordinated S layers 
adopt a more conventional stacking. The large interatomic distances suggest that, along 
these planes, the structure could be more easily cleaved or layers exfoliated; i.e., surfaces 
will be formed more easily at these lattice planes. 

Although the dynamics of the transformation sequence (with cation extraction, ligand 
replacement, and oriented attachment all taking place over a very short time window) is 
much too complex to be resolved by means of total-energy DFT calculations, the calcula-
tions point to a plausible transformation pathway which is shown in Figure 5.7D−F. The 
{112} atomic layers of CuInS2 chalcopyrite show structural resemblance to the (001) layers 
of (Cu, In)S covellite. Starting from the chalcopyrite structure (Figure 5.7D), In extraction 
provides flexibility in the atomic environments, allowing the Cu(I)- sublattice to quickly re-
organize itself by occupation of the vacant sites. This results in mixed anion-cation bilayers 
in the {112} chalcopyrite planes, which then transform into {100} covellite planes (Figure 
5.7E). This process is likely favored by the very high solid-state mobility of Cu(I) cations in 
chalcogenide lattices.25–28,38 Such a transformation can also be much enhanced when chalco-
pyrite NCs come in a direct solid-solid contact with a larger covellite nanosheet by means 
of directed attachment. As a result, layered structures are formed that are terminated with 
S atoms at both sides so that S−S bonds can be formed. Next, atomic rearrangements take 
place whereby In atoms become concentrated near S−S bonded planes, which enables the 
formation of the nearly flat CuS atomic planes at the center of the triplet layers that are so 
typical of the covellite structure (Figure 5.7A). Because of the strong S−S bonds in the case 
of a Cu-rich atomic environment and the weak S−S bonds in the case of an In-rich environ-
ment (both shown in Figure 5.7F), we hypothesize that the interior of the covellite NSs are 
Cu-rich, while the surfaces of the NSs are In-rich, and that these InS-terminated surfaces 
preferably bind to ligands.

NS formation

Figure 5.8 •  Formation enthalpies of Cu1−xInxS 
bulk phases, relative to CuS covellite and 
InS covellite, calculated using GGA-PBE. The 
covellite phases are indicated by black circles, 
chalcopyrite phases by red triangles, and the 
orthorhombic InS phase by a green square. 
The top black line is the common tangent 
connecting the most stable covellite phases; 
the bottom black line is the common tangent 
line connecting the overall most stable phases. 
The blue arrow indicates the change induced 
by the NS formation reaction. 
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Calculations were also performed on a 6-bilayer slab of the chalcopyrite structure, and a 
6-bilayer slab of the covellite structure (both at In concentration x = 1/3). Upon comparison 
of the formation enthalpies of bare {001} covellite CIS NSs with bare {112} chalcopyrite CIS 
NSs, it was found that the chalcopyrite NSs are energetically slightly more favorable by 
57 meV/fu. Therefore, the DFT calculations predict that the 2D covellite structure cannot 
be stabilized by surface energies alone, and that the ligands likely play a pivotal role in 
stabilizing the colloidal 2D CIS covellite phase. Additional simulations were performed 
in which 6-bilayer covellite slabs were covered with amine or thiol ligands. To take into 
account van der Waals interactions, these calculations were performed with the compu-
tationally more expensive OptB88-vdW functional instead of the GGA-PBE functional 
(details in the Methods section). Figure 5.9 shows the configurations found for bare, crys-
tal-bound thiol-covered, surface-bound thiol-covered, and amine-covered 2D CIS covellite 
slabs. We note here that not all possible terminations of the CIS covellite structure (Cu, In 
orderings) were simulated, neither were different ligand areal densities, as this configura-
tional space is too large to be explored with quantum mechanical DFT calculations. As the 
end groups mainly determine the interaction with the 2D slabs, for computational efficien-
cy only 6-carbon-atom-chain variants of the ligands (i.e., the C6H13 hexyl radical, the C6H13S 

A B C D

Figure 5.9 •  Bare and ligand-covered 6-bilayer covellite structures evaluated by DFT-OptB88-vdW simulations; A. bare, 
B. crystal-bound thiol-covered, C. surface-bound thiol-covered and D. amine-covered slabs. The supercells are periodic; 
in width 3-4 supercells are displayed. Cu, In and S atoms are displayed as blue, magenta, and yellow spheres, respectively. 
C, N, and H atoms are displayed in brown, cyan and white colors, respectively. 
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thiyl radical, and C6H15N hexylamine) were considered. Not surprisingly, all ligands were 
found to have a favorable binding energy with the CIS nanosheets when taking the en-
ergies of the bare nanosheets and of the ligand 2D layers as a reference. However, in the 
thiol-covered configurations of Figure 5.9B,C, the remaining forces on the atoms are very 
high (up to 0.7 and 1.0 eV/Å for the crystalbound and surface-bound configurations, re-
spectively) rendering thiol coverage unlikely, while the amine-covered configuration dis-
played in Figure 5.9D relaxed well, with forces on the atoms on average 0.03 eV/Å and at 
most 0.09 eV/Å. Therefore, the DFT calculations indicate that OLAM coverage is preferred 
over DDT coverage of the covellite CIS nanosheets. It is thus likely that the formation of 
covellite (rather than chalcopyrite) CIS nanosheets was driven by the presence of large 
concentrations of OLAM (or other alkylamines) in the reaction medium.

5.2.5. Cation extraction
As shown above, the nanosheets are indium-poor, and the final stoichiometry is already 

reached after 1 min of reaction. The DFT calculations discussed above imply that the ex-
traction of In from the parent CIS NCs is crucial to initiate the transformation from the chal-
copyrite to the covellite structure, which, in the presence of OLAM ligands, can form sta-
ble In-poor CIS nanosheets. For verification of whether the extraction of indium is indeed 
essential for the formation of the CIS nanosheets and whether the final composition of the 
product NSs can be controlled, cation precursor salts were added to the reaction mixture. 
Both InCl3 and ZnCl2 were added, and in both cases nanosheets were not formed (Figure 
5.10A,B). In contrast, addition of ammonium halides (chloride and bromide) to the reaction 
mixtures had no impact on the formation of the nanosheets (Figure 5.10C,D). This confirms 
that extraction of In(III) cations from the parent CIS NCs (which is prevented when excess 
In(III) and Zn(II) cations are present) is essential for the formation of nanosheets.

5.2.6. Formation mechanism of the CIS nanosheets
Several mechanisms have been proposed in the literature for the formation of two-di-

mensional (2D) colloidal semiconductor NCs.1,2,5,9,10,13–18,39–42 These mechanisms can be 
roughly divided into three different categories:9 (i) 2D anisotropic growth by monomer 
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Figure 5.10 •  Product NCs obtained by following the same synthesis protocol used to obtain CIS nanosheets, but with 
addition of A. InCl3, B. InCl3 and ZnCl2, C. ammonium bromide and D. ammonium chloride. Addition of metal cations to 
the reaction mixture clearly prevents the formation of nanosheets, while ammonium cations and halide anions do not.
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addition to specific crystallographic facets (CdS,1 CdSe,1,6,41,42 WS2,17,18 MoS2
18); (ii) self-orga-

nization by 2D-oriented attachment of NC building blocks (PbS,2 SnSe,13 In2S3,15 Cu2−xSe,16 
CdTe43–45); and (iii) 2D-constrained growth within soft lamellar templates (Cu2−xS,5 CdS,10 
CdSe,10 InSe,14 PbS40). These mechanisms are discussed in detail in Chapter 3 so we will 
here only highlight their essential aspects. In the first mechanism, monomers (i.e., mo-
lecular [MX] units) formed upon reaction between M- and X-precursors attach to specific 
crystallographic facets of a growing NC (or a magic-size cluster) resulting in 2D anisotro-
pic growth. The 2D constraints in this mechanism are attributed either to selective capping 
of the top and bottom facets with suitable ligands,6,41 or to higher activation energies for 
monomer addition on the large top and bottom facets.42 In the self-organization mecha-
nism the 2D geometry of the resulting NC superlattice is ascribed to oriented attachment 
due to both directional (dipolar) interactions between specific high-free-energy facets2,43–45 
and dense ligand layers on the facets perpendicular to the attachment plane.2,16 In the 
soft-template mechanism, the nanosheets form within pre-existing 2D lamellar templates 
consisting of dense self-assembled monolayers of linear alkyl chain ligands, metal cations, 
and small anions (such as halides),10,14,39,40 which impose 2D constraints on growth by both 
monomer addition to NC nuclei14,39,40 and self-organization of NC (or magic-size cluster) 
building blocks.10

The mechanism proposed here for the formation of In-poor covellite CIS nanosheets 
from parent chalcopyrite CuInS2 NCs is based on 2D self-organization of in situ produced 
NC building blocks, followed by fusion and recrystallization (Figure 5.11). The first step, 
completed within the first minute of the reaction, consists of a fast extraction of indium by 
reactive sulfur-containing species formed in situ upon reaction between elemental sulfur 
and OLAM or ODA (probably H2S, which is the most reactive of the in situ generated spe-
cies).34 This sudden change in composition most likely leads to drastic modifications in the 
free energies and charge distributions of the different crystallographic facets of the parent 
pyramidal chalcopyrite CIS NCs, thereby inducing dipolar interactions between the NCs, 
similarly to previous observations on tetrahedral zinc blende CdTe NCs that had been 
subjected to reactions changing the surface composition of the NCs.43–45 We propose that 
these dipolar interactions between the In-poor CIS NCs lead to their fast self-organization 
into 2D NSs by oriented attachment driven by minimization of the imbalanced surface free 
energies (Figure 5.11A). On the basis of the DFT calculations discussed above, it is likely 
that the oriented attachment process is accompanied by a fast ligand-assisted structural 
reorganization through which the In-poor CIS NC superlattice fuses and transforms into 
single-crystalline OLAM-capped In-poor covellite CIS nanosheets. The OLAM ligands not 
only are crucial to stabilize the In-poor covellite CIS phase (see DFT calculations above), 
but also play an important adjuvant role in directing the 2D self-organization, both by sta-
bilizing the top and bottom facets of the nanosheets and by preventing attachment of NC 
building blocks on them, thereby constraining the growth to the lateral directions only, as 
has been observed in other systems.2 This is clearly illustrated by the observation of ran-
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domly oriented small nanoparticles adsorbed on the NS surface, without fusing to it (see, 
e.g., Figures 5.1F, 5.3, 5.4 and 5.5). It should be noted that the reaction between elemental 
sulfur and alkylamines produces a number of species that can also function as ligands 
(viz., alkylthioamides, alkyl-thioketoamidines, dialkylamidines).34 However, these mole-
cules either are bulkier than OLAM (or ODA) or contain a thiol donor group, which, ac-
cording to the DFT calculations discussed above, should lead to less effective stabilization 
of the NS surfaces as compared to OLAM. 

The initial fast growth by self-organization is a multibody event in which several NCs 
must collide to form a 2D superstructure. This process can only be sustained if the con-
centration of NC building blocks is sufficiently high. At low concentrations of parent NCs, 
growth can only proceed by sequential addition of individual In-poor CIS NCs to the edg-
es of the NSs, in a process that is equivalent to NC growth by monomer addition46 (Figure 
5.11B, the NCs are the “monomers”). This results in the kinked and ragged edges observed 
in many of the NSs (e.g., Figures 5.1F and 5.2D, 5.4 and 5.5). Again, the ligands prevent the 
incorporation of NCs through addition to the bottom and top facets of the nanosheets. The 
concentration of available In-poor NC building blocks (i.e., free in the reaction medium) 
eventually decreases below a critical limit, causing the growth of the NSs to stop (Figure 
5.11C). We note that, as discussed above, the NCs observed simultaneously with the NSs 
(either attached to their edges and surfaces, or dispersed throughout the TEM grid) are 
In-rich, and are thus unlikely to be leftover building blocks of the In-poor NSs. We pro-
pose that these In-rich NCs are by-products of the reaction that induces the formation of 
the NSs, being formed by incorporation of the In(III) extracted from other CIS NCs. This 
process establishes a partition of the initial ensemble of parent 2.5 nm CIS NCs into 2.5 nm 
In-poor CIS NCs (which become the nanosheet building blocks) and larger than 2.5 nm 
(due to incorporation of “InS” units) In-rich NCs that remain as isolated NCs. We note that 
CIS NCs are very tolerant to stoichiometry deviations and can be readily made with Cu:In 

A B C

Figure 5.11 •  Schematic representation of the proposed formation mechanism for the In-poor CIS NSs. A. The first step is 
the extraction of In from the parent chalcopyrite CIS NCs, which induces a fast initial growth by oriented attachment of In-
poor CIS NC building blocks, followed by fusion and recrystallization into single-crystalline covellite NSs. B. Subsequent 
growth occurs by addition of CIS NC units to the side facets of the NSs. C. The NS growth stops when the parent (In-poor) 
CIS NCs (i.e., “monomers”) in the reaction medium have been almost completely depleted.
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ratios ranging from 0.3 to 2.9.24 Interestingly, the oxidation state of Cu and In in CuxInySz is 
the same in all compositions (i.e., +1 and +3, respectively) because the neutrality of the NCs 
is ensured by the change in the formal oxidation state of the sulfur atoms, leading to excess 
carriers in either the valence or the conduction bands. As discussed above, this is consistent 
with the observation of LSPR bands in the absorption spectra of the covellite CIS NSs.

5.3. Conclusions
Colloidal indium-deficient covellite CIS nanosheets (NSs) with a thickness of ~ 3 nm 

and lateral dimensions up to 1 μm were obtained via a two-stage synthetic procedure, in 
which pyramidal chalcopyrite CuInS2 NCs (height, 2.5 nm) were used as parent NCs. Fast 
indium extraction by in situ generated reactive sulfur species (e.g., H2S) triggers a rapid 
self-organization and oriented attachment process that is accompanied by fusion and re-
crystallization of the In-poor CIS NC building blocks, yielding single-crystalline covellite 
CIS NSs. Further growth occurs by addition of individual In-poor CIS NCs to the side fac-
ets of the NSs, until the NC building blocks available for growth are depleted. Alkylamine 
ligands (OLAM or ODA) are essential for the formation of the NSs both because they are 
required for the in situ generation of the cation extraction agent from elemental sulfur 
and because they play a pivotal role in stabilizing the In-poor covellite structure and in 
directing the 2D anisotropic growth by preventing addition of NC building blocks to the 
top and bottom facets of the NSs. The Cu-rich stoichiometry of the product CIS NSs gives 
rise to a plasmon resonance in the NIR, making them promising materials for plasmonic 
applications.29–33 

Acknowledgement. Marijn van Huis (Soft Condensed Matter, Debye Institute for Nano-
materials Science, Utrecht University) is gratefully acknowledged for performing the DFT 
calculations that provide insight in the stability of the crystal structures with different stoi-
chiometries and ligand coverage. 

5.4. Methods
Materials. Copper(I) iodide (CuI, Sigma-Aldrich, 98%), indium-(III) acetate (In(Ac)3, Sigma-Aldrich, 99.99%), 

1-dodecanethiol (DDT, Sigma-Aldrich, ≥ 98%), sulfur (Sigma-Aldrich, 99.98%), 1-octadecene (ODE, Sigma-Al-

drich, technical grade 90%), oleylamine (OLAM, Sigma-Aldrich, technical grade 70%), octadecylamine (ODA, 

Sigma-Aldrich, technical grade 90%), indium(III) chloride (InCl3, Sigma-Aldrich, 99.999%), zinc(II) chloride 

(ZnCl2, Sigma-Aldrich, 99.99%), ammonium bromide (Fisher Scientific, +99%), ammonium chloride (Sigma-Al-

drich, 99.99%), toluene (Sigma-Aldrich, 99.8%), methanol (Sigma-Aldrich, 99.8%), and butanol (Sigma-Aldrich, 

99.8%) were obtained. ODE, OLAM, and ODA were degassed for 2 h at 150 °C before use. All other chemicals 

were used as received.

CuInS2 Parent Nanocrystal Synthesis. CuInS2 nanocrystals were synthesized following a protocol by Li et al.47 

First, 297 mg of In(Ac)3, 191 mg of CuI, and 5 mL of DDT were mixed and degassed for 1 h under vacuum at 100 

°C. The reaction mixture was then heated under N2 flow to 230 °C. After 5 min of reaction the heating mantle 
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was removed, and the mixture was allowed to cool down to room temperature (RT). This yields trigonal-pyra-

midal-shaped CIS NCs with a height of 2.5 nm. The NCs were washed with a methanol/ butanol 1/1 mixture, 

isolated by centrifugation and redispersed in 8 mL of ODE for further reactions or toluene for further analysis.

Nanosheet Synthesis. A 0.4 M stock solution of sulfur dissolved in ODE (S-ODE) was prepared by heating 

sulfur in ODE to 180 °C until a clear solution was obtained. A 1 mL portion of CuInS2 NCs in ODE (stock solution 

described above) was mixed with 0.25 mL of OLAM and 0.75 mL of S-ODE in a vial. The vial was then placed in 

a well in a preheated aluminum block on a hot plate at 200 °C. After 2 h the vial was removed from the aluminum 

block, and the product NCs were precipitated with a methanol/butanol 1/1 mixture, centrifuged, and redispersed 

in toluene. For separation of the nanosheets from small nanoparticle by-products, the dispersion of the product 

NCs in toluene was left undisturbed for several days at room temperature under N2 to sediment. Subsequently, 

the supernatant was carefully removed with a pipet, and toluene was added to the sediment. 

In experiments using ODA instead of OLAM, ODA was melted at 60 °C, and then 0.75 mL was added to the 

reaction mixture. 

In experiments designed to investigate the influence of excess cations in the reaction outcome, 0.0244 g (0.11 

mmol) of InCl3 or 0.0252 g (0.11 mmol) of InCl3 and 0.0153 g (0.11 mmol) of ZnCl2 were added to the reaction 

mixture described above. 

In experiments designed to investigate the influence of halide anions, 160.5 mg (3 mmol) of ammonium chlo-

ride or 294 mg (3 mmol) of ammonium bromide was added to the reaction mixture described above. 

Absorption Spectroscopy. NC solutions in toluene were stored in sealed quartz cuvettes. Absorption spectra 

were measured on a double-beam PerkinElmer Lambda 950 UV/vis spectrophotometer. 

Electron Microscopy. Transmission electron microscopy (TEM), cryogenic TEM, and electron diffraction mea-

surements were performed on an FEI Tecnai-12 microscope. High-resolution transmission electron microscopy 

and energy dispersive X-ray spectroscopy (EDS) were performed on an FEI TalosF200X microscope. Samples for 

TEM imaging were prepared by drop-casting a toluene solution containing NCs or nanosheets on a carbon-coat-

ed copper grid. Samples for EDS were prepared by drop-casting on a carbon-coated aluminum grid. The sample 

for cryogenic TEM was prepared using an FEI Vitrobot instrument. The electron diffraction patterns were first ra-

dially integrated using the CrystTBox toolbox.48 The pattern obtained was scaled with a scaling factor determined 

by fitting a measured gold reference electron diffraction pattern to a gold reference signal.

DFT Calculations. The binary Cu−S system has a very rich phase diagram, with a variety of equilibrium com-

positions and crystal structures, ranging from chalcocite Cu2S to covellite CuS.24 Calculations were carried out for 

the CuS composition because the CIS NSs synthesized in the present work were observed to have adopted the 

covellite crystal structure. The phase diagram of the binary In−S system is also very rich, and therefore the 1:1 

stoichiometry was chosen to allow a direct comparison with covellite CuS. The calculations of CIS bulk structures 

and bare CIS slabs were performed using the plane augmented wave (PAW) method49 with the generalized gradi-

ent approximation (GGA) of Perdew−Burke−Ernzerhof (PBE)50 as implemented in the Vienna ab initio simulation 

package (VASP) code.36,37 The cutoff energies for the wave functions and augmentation functions were set to 550 

and 770 eV, respectively, and sufficiently dense k-meshes were used to ascertain energy convergence to within 2 

meV/atom. This resulted in k-meshes of 14 × 14 × 4 for the covellite structure, 6 × 6 × 4 for 2 × 2 × 1 supercells of the 

covellite structure, 14 × 14 × 8 for the chalcopyrite structure, and 16 × 8 × 18 for the orthorhombic InS structure.51 

Both the crystal lattice and the atomic coordinates were fully relaxed. The formation enthalpy is defined with 

respect to pure CuS covellite and pure InS covellite as
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For ligand-covered configurations, supercells were constructed that were 58 Å in height, containing a vacuum 

slab at least 22 Å thick. Only for these configurations, the OptB88-vdW functional by Dion, as implemented in 

the VASP code by Klimeš et al.,52 was used to take into account van der Waals interactions. After full relaxation 

(dimensions and atomic coordinates), the lateral cell dimensions were kept fixed for evaluation of the ligand cov-

erage using OptB88- vdW while allowing full relaxation of atomic coordinates.
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5.6. Appendices

A5.1 In situ formation of H2S

A5.2 EDS spectrum
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Figure A5.1 • In situ formation of H2S. A. In vial 1 (orange solution), oleylamine and elemental sulfur are dissolved in ODE. 
In vial 2 (green solution), Cu(I)acetate is dissolved in oleylamine. B. The vials are connected and a nitrogen flow from vial 
1 to 2 is established. The vials are heated to 200 °C under a constant nitrogen flow. C. After a few minutes the color of the 
solution in vial 2 changes from green to black. The absorption spectrum of the mixture in vial 2 after reaction is shown 
in the inset. This spectrum is very similar to that of small Cu2-xS NCs, showing that a product formed in vial 1 reacted with 
Cu(I) ions in vial 2 to produce Cu2-xS NCs. This product can be identified as H2S, since the reaction between sulfur and 
alkylamines at high temperatures is known to produce a number of compounds (alkylammonium polysulfides, alkylthio-
amides, dialkylamidines, alkyl-thioketoamidines, H2S),34 of which only H2S is a gas at the reaction conditions.
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Figure A5.2 • Representative TEM image of area used to collect an EDS spectrum of NSs. The EDS spectrum is shown 
in the inset, the assignment of the peaks is indicated in the figure. Aluminum TEM grids were used in order to measure 
indium, copper and sulfur ratios without interference of the grid-material. In these grids, traces of iron are present as well.
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A5.3 Enlarged EDS elemental maps

A5.4  Electron diffraction pattern indexed to covellite reference
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Figure A5.3 • Enlarged EDS elemental maps of product NSs obtained from parent CIS NCs, the original images are shown 
in Figure 5.3. The Figures A-D, E-H are a zoom-in of the area highlighted with the yellow frame in Figure 5.3A-D, E-H 
respectively. Both area’s show isolated small particles that appear to be indium rich, as this area is clearer in the indium 
map than in the copper map. 

A B

Figure A5.4 • A. Electron diffraction pattern of a single nanosheet, shown in Figure 5.6 of the main text. The ED spots are 
assigned to covellite lattice planes. B. Zoom-in of middle area of A.
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Abstract ZnS shelling of I-III-VI2 NCs invariably leads to blue-shifts in both the absorption and PL 
spectra. These observations imply that the outcome of ZnS shelling reactions on I-III-VI2 colloidal 
NCs results from a complex interplay between several processes taking place in solution, at the sur-
face of, and within the seed NC. However, a fundamental understanding of the factors determining 
the balance between these different processes is still lacking. In this chapter, we address this need by 
investigating the impact of precursor reactivity, reaction temperature, and surface chemistry (due 
to the washing procedure) on the outcome of ZnS shelling reactions on CuInS2 NCs, using a seeded 
growth approach. It is demonstrated that low reaction temperatures (150 °C) favor etching, cation 
exchange, and alloying, regardless of the precursors used. Heteroepitaxial shell overgrowth becomes 
the dominant process only if reactive S- and Zn-precursors (S-ODE/OLAM and ZnI2) and high 
reaction temperatures (210 °C) are used, although a certain degree of heterointerfacial alloying still 
occurs. Remarkably, the presence of residual acetate at the surface of CIS seed NCs washed with eth-
anol is shown to facilitate heteroepitaxial shell overgrowth, yielding for the first time CIS/ZnS core/
shell NCs displaying red-shifted absorption spectra, in agreement with the spectral shifts expected 
for a type-I band alignment. The insights provided by this work pave the way toward the design of 
improved synthesis strategies to CIS/ZnS core/shell and alloy NCs with tailored elemental distri-
bution profiles, allowing precise tuning of the optoelectronic properties of the resulting materials.

6.1. Introduction
The search for Pb- and Cd-free nanocrystals (NCs) has greatly intensified in recent 

years. Copper indium sulfide (CIS) in particular is one of the most extensively investigated 
alternative materials, since CIS NCs display tunable photoluminescence (PL) through the 
visible and near infrared (NIR) spectral window, large absorption cross sections across a 
broad spectral range, and low toxicity.1–6 These properties make colloidal CIS NCs promis-
ing materials for a variety of applications (viz., light-emitting diodes, photovoltaics, bio-im-
aging, and spectral converters in displays and luminescent solar concentrators).1–10 How-
ever, the PL quantum yield (QY) of CIS NCs is typically low (< 10%)1,3–5,11–20 due to exciton 
trapping at surface defects, which facilitates nonradiative decay.1,3–5,11–16,18,21–25 To realize the 
full potential of CIS NCs, it is thus imperative that strategies to boost their PL QYs are de-
veloped. The extensive research carried out over the last decades on the prototypical II-VI 
semiconductor NCs has clearly established that exciton trapping at surface defects can be 
effectively prevented by overgrowth of shells of wider band-gap materials, thereby leading 
in recent years to CdSe-based core/shell quantum dots (QDs) with near unity ensemble PL 
QYs.26–31 The excellent quality of II-VI core/shell QDs motivated the scientific community 
to develop similar strategies for CIS NCs. To date, these efforts have mainly focused on the 
overgrowth of ZnS shells, since ZnS is a non-toxic, stable and abundant material, with a 
small lattice mismatch with respect to CIS (viz., 2%), and a wide band-gap (3.54 eV) with 
(bulk) band edges positioned such that a type-I band alignment with CIS is expected.6,13,19,21

Many studies on the preparation of CIS/ZnS core/shell NCs have indeed reported en-
hanced PL QYs (as high as ~ 80%) and increased stability.2,11–25,32–35 However, spectral blue-
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shifts in both absorption and PL have been invariably observed after ZnS shelling of CIS 
NCs, in striking contrast with the small red-shift expected for type-I core/shell hetero-NCs 
due to leakage of the exciton wavefunction into the shell.29 This widening of the band gap 
of the NCs after ZnS shelling has been attributed to a variety of reasons: formation of grad-
ed alloy (CIS,ZnS) NCs,15,16,25,35 etching of the CIS NC cores prior to onset of heteroepitaxial 
shell overgrowth,11,18,19 or superseded ZnS shell ingrowth by Zn2+ for Cu+ and In3+ cation ex-
change.14,19 This implies that the outcome of ZnS shelling reactions on CIS NCs is dictated 
by a complex interplay between a number of processes, as schematically illustrated in Fig-
ure 6.1. Although this is to a certain extent true for any semiconductor NC, the CIS shelling 
chemistry appears to be far more complex than that of other well-investigated systems, 
being seemingly intermediate to that of CdSe-based core/shell QDs, which is dominated 
by additive heteroepitaxial shell overgrowth with limited interfacial diffusion,26–31,36 and 
that of PbX/CdX (X = S, Se, Te) core/shell QDs, which is dominated by superseded shell 
ingrowth by topotactic Pb2+ for Cd2+ cation exchange.37–39 However, as clearly demonstrat-
ed by the variety of explanations adopted by different groups for the observed spectral 
blue-shifts, there is at present no consensus on the exact mechanism underlying shelling 
reactions on CIS NCs and on the chemical conditions required to steer the reaction toward 
the desired outcome. 

In this chapter, we address the impact of precursor reactivity, reaction temperature, and 
surface chemistry on the delicate balance between these processes using a seeded growth 
approach. We demonstrate that low reaction temperatures (150 °C) favor etching, cation 
exchange, and alloying, regardless of the precursors used, with the dominant process being 
determined by the nature of the precursors. Additive heteroepitaxial ZnS shell overgrowth 
becomes the dominant process only if reactive S- and Zn-precursors (S-ODE/OLAM and 
ZnI2) and high shelling reaction temperatures (210 °C) are used, although accompanied by 
a certain degree of heterointerfacial alloying. Remarkably, we observe that residual acetate 

Figure 6.1 •  Schematic representation of a CIS NC 
surface depicting the chemical processes that can 
take place during a ZnS shelling reaction. A. [ZnS] 
monomers form homogeneously in solution from 
Zn- and S-precursors. B. Alloying: Zn2+ from adsorbed 
[ZnS] monomer units diffuses inward while Cu+ and/
or In3+ ions diffuse outward. C. Heteroepitaxial shell 
overgrowth. A stable ZnS phase grows on the CIS 
surface. D. Cation exchange: upon adsorption of Zn–R 
species at the CIS surface a place exchange reaction 
can take place, through which Zn2+ is incorporated in 
the NC, while Cu+ or In3+ cations are extracted as M–R 
species. E. Etching: chemical species in the reaction 
medium can promote the partial dissolution of the CIS 
NC by extracting cations and/or S2- from the lattice. F. 
Homogeneous nucleation: [ZnS] monomers can form 
ZnS NCs through homogeneous nucleation.
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at the surface of the CIS seed NCs favors heteroepitaxial ZnS shell overgrowth, while de-
pressing alloying, etching, and cation exchange to negligible levels. This yielded, for the 
first time, CIS/ZnS core/shell NCs displaying red-shifted absorption spectra. Finally, we 
discuss the mechanisms behind the chemical processes that take place during ZnS shell-
ing reactions on CIS NCs, proposing a model that explains the impact of different phys-
ical-chemical variables on the balance between these processes, ultimately dictating the 
outcome of the shelling reaction. These insights can be used to design synthesis strategies 
to CIS/ZnS core/shell and alloy NCs with tailored elemental distribution profiles, allowing 
precise tuning of the optoelectronic properties of the resulting materials.
 
6.2. Results and discussion

The shelling reaction procedure used in our study was the seeded injection method 
(see Methods for details). This method was chosen to keep the CIS seed NCs as long as 
possible separated from heat and the precursors to minimize undesired reactions between 
the precursors and the CIS surface (see Figure 6.1). The use of trioctylphosphine (TOP) was 
also intentionally avoided, due to its strong binding affinity to Cu(I), which would enhance 
cation exchange processes by promoting the creation of Cu(I) vacancies.40–42 The chalcopy-
rite CIS NCs used as seeds have a trigonal pyramidal shape with an average height of ~ 2.5 
nm (Figure 6.2A), and show a featureless absorption spectrum with the lowest energy ab-
sorption centered at 530 nm, and a broad PL peak with maximum at 676 nm (Figure 6.2B). 
These optical properties are in line with those typically reported for CIS NCs.1–6 

6.2.1. Effect of washing on surface chemistry
Since most processes that can take place during ZnS shelling reactions involve the CIS 

NC surface (see Figure 6.1 above), residual precursors and ligands that are not complete-
ly removed by the washing procedure could have a large impact on the outcome of the 
shelling reaction. To investigate the impact of different washing procedures on the surface 
chemistry of CIS NCs, a batch of freshly synthesized CIS NCs was divided into four vials 
and each portion was washed differently. Either ethanol, methanol/butanol (1/1 volume 
mixture) or acetone were used as anti-solvents, and one portion was not washed to serve 
as reference. The absorption and PL spectra of the different portions after one washing 
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A B Figure 6.2 •  A. High resolution high angle annular 
dark field – scanning transmission electron 
microscopy (HAADF-STEM) image of a representative 
batch of chalcopyrite CIS seed NCs. B. Absorption 
and PL spectra of the CIS NCs shown in (A).
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cycle are shown in Figure 6.3A. The dashed vertical lines indicate the peak position of the 
absorption and PL spectra of the unwashed CIS NCs. The key spectral features, such as the 
peak positions in PL and absorption spectra and PL linewidth, are preserved, which indi-
cates that the electronic transitions involved are not affected by the washing procedure. If 
the different washing treatments had led to significant changes in elemental composition, 
size, or shape, this would have affected the band gap of the NCs and thus the exact peak 
positions. The only observed change is that the PL QY of the NCs decreased after all three 
washing procedures (Figure 6.3A). This is commonly observed for colloidal NCs and is 
induced by partial removal of capping ligands, thereby leaving unpassivated surface sites, 
which act as traps for the photogenerated carriers.29,43 

To verify the elemental composition of the CIS NCs, three different analysis techniques 
(i.e. energy-dispersive X-ray spectroscopy (EDS), inductive coupled plasma - optical emis-
sion spectrometry (ICP), and X-ray photoelectron spectroscopy (XPS)) were used and the 
results are compared in Table 1 (see Methods for details, representative EDS spectrum is 
shown in Figure 6.3B). The Cu:In ratios of the washed samples are comparable and show 

Figure 6.3 •  A. Absorption and PL spectra of unwashed CIS NCs (black) and CIS NCs that were washed with either ethanol 
(red), methanol/butanol 1/1 mixture (green), or acetone (blue). The dotted lines mark the absorption and PL maxima. The 
relative PL QYs are also given. The NCs are all from the same batch, and differ only with respect to the washing procedure. 
B. Representative EDS spectrum of unwashed CIS NCs with peak assignment. Aluminum originates from the TEM grids 
that were used.
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unwashed 0.45 ± 0.004 - 0.18 ± 0.01

ethanol 0.94 ± 0.006 0.63 ± 0.01 0.46 ± 0.03

methanol/
butanol 0.59 ± 0.003 0.61 ± 0.01 0.49 ± 0.03

acetone 0.68 ± 0.002 0.59 ± 0.02 0.58 ± 0.04

Table 1 - Cu/In ra�os of the CIS NCs a�er different washing 
procedures determined with three different techniques.
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only small deviations within a given technique (e.g., the ICP values vary only from 0.59 
to 0.63). The only exception is the sample washed with ethanol, for which EDS gives a 
Cu:In ratio of 0.94, while ICP and XPS yield values that are in good agreement with those 
observed for the other samples using the same techniques (Table 1). The reason for this 
discrepancy is as yet unclear. The similarity between the Cu/In ratios of the differently 
washed CIS NC samples suggests that the washing procedure does not significantly affect 
the elemental composition of the NCs, in agreement with the fact that the optical spectra of 
the CIS NCs are not observably affected by the washing procedures (Figure 6.3A).  

It is important to note that although the standard deviations for the ratios obtained for 
each technique can be precisely determined (see Methods), the uncertainties associated 
with the different techniques are hard to estimate, and stem from the inherent biases asso-
ciated with each technique. EDS is an electron microscopy technique in which a region on 
the grid is selected where mostly NCs are present. The data obtained thus reflects the ele-
mental composition of the NCs, but has an inherent uncertainty since only a small fraction 
of the NC ensemble can be measured at any given time. To minimize this uncertainty we 
measured relatively large areas and several different spots on the grid. XPS on the other 
hand, probes a larger area of a drop-casted sample, with regions of different thickness and, 
in case of inefficient washing, likely also different concentrations of residual ligands and 
unreacted precursors. If one considers the fact that the escape depth of the photogenerated 
electrons is limited (see below), it becomes clear that XPS may be biased towards elements 
in the organic matrix surrounding the NCs, if this matrix is too thick. Finally, ICP will 
provide the bulk composition of the sample including ligands, NCs, unreacted precursors 
and residual complexes formed in situ. The limitations of the different techniques are par-
ticularly critical for the unwashed sample, which cannot be analysed by ICP (see Meth-
ods), and is particularly prone to a bias towards the unreacted precursors and ligands. For 
this reason, one cannot meaningfully compare the Cu/In ratios observed for the unwashed 
sample with those obtained for the washed samples, since they may be distorted by the 
presence of unreacted precursors. Nevertheless, small changes in the cation ratios as a 
result of the washing procedures cannot be completely excluded.

XPS is not only suitable to determine the relative concentrations of elements present in 
a sample, but also allows distinguishing between different chemical species of an element 
as the exact binding energy (BE) of electrons is determined by the oxidation state and 
chemical environment of the atom. For bulk materials, XPS is known as a surface sensitive 
technique due to the limited escape depth of the generated photoelectrons.44 However, the 
CIS NCs investigated here have sizes of ~ 2.5 nm, so the escape depth is sufficiently large 
to probe a substantial part of a NC, including the ligand layer. High-resolution XPS spec-
tra of relevant elements are shown in Figure 6.4A-D and F (XPS survey spectra are shown 
in appendix A6.1). The indium 3d5/2 peak is observed at a BE of 445.3 eV in the unwashed 
sample. In the washed samples this peak shifts to lower energies (444.9 eV, Figure 6.4A), 
which is in good agreement with BEs earlier reported for indium in CIS NCs.14 The higher 
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BE measured in the unwashed sample may result from a contribution of unreacted indium 
acetate, resulting in a convolution of peaks (the In 3d5/2 peak of the similar complex indium 
acetylacetonate is found at a BE of 445.6 eV45). However, the full-width at half-maximum 
(fwhm) of the peaks (viz., 1.3 and 1.2 eV for the unwashed and washed samples, respec-
tively) does not justify fitting more than one peak to account for different In-containing 
species. The copper 2p3/2 peak lies around a BE of 932.5 eV and thus partially overlaps with 
the I 3p1/2 peak around 930.7 eV. The fitting of the Cu peaks was therefore corrected for the 
I-overlap (see Methods for details). In the unwashed sample the Cu 2p3/2 peak has a BE of 
932.7 eV, whereas in the washed samples this peak shifts to lower energies (932.3 – 932.4 
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Figure 6.4 •  XPS spectra of A. indium, B. sulfur, C. copper and D. carbon. The measured signal is shown in black, the 
fits to the peaks in colors and to the background in grey. The numbers in the legends in B. and D. denote the number of 
different sulfur and carbon species, respectively. In the inset in D, the carboxylic C 1s peak at 288.6 eV (red line) is clearly 
visible in the ethanol washed sample. E. Relative concentrations of the relevant elements. The concentrations of Cu, In 
and S are shown together as “CuInS2”. F. Iodide 3d XPS spectra of the differently washed and unwashed CIS NC samples.
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eV, Figure 6.4C). These BEs are again in good agreement with energies reported earlier 
for Cu(I) in CIS NCs.14 Because the resolution in the XPS spectra is 0.2 eV and the copper 
2p3/2 peak in CuI is expected at a similar BE (932 eV),46 a convolution of signals cannot be 
excluded. The presence of Cu2+ in the samples is however excluded, as no satellite features 
around 942 eV associated with divalent copper47,48 have been observed (Figure 6.4C). It is 
interesting to note that the small shifts in BEs for Cu and In, between the unwashed and 
the washed samples, could also be ascribed to small compositional differences between the 
samples, as De Trizio et al. reported shifting of the Cu 2p3/2 peak from 932.3 to 932.6 eV and 
of the In 3d5/2 peak from 444.9 to 445.3 eV, upon decreasing the Cu:In ratio.14

The sulfur 2p3/2 peaks at BEs of 163.0 (163.2 for the unwashed sample) and 162.0 eV (Fig-
ure 6.4B) show that in all samples two sulfur species are present. To identify these sulfur 
species, we compare different literature studies on the interactions of alkanethiols with 
surfaces. First, thiols chemisorbed on a Cu(100) surface form a thiolate complex and have 
a sulfur 2p3/2 BE of 162 eV, while after thermal desorption of the alkyl chain the BE shifts to 
161.3 eV for the remaining atomic sulfur.49 Second, on a InP(100) surface, the sulfur BE of 
alkanethiols is 162.4 eV, while for elemental sulfur at this same surface a BE of 161.6 eV has 
been reported.50 Third, crystal bound DDT molecules in Cu2S NCs give rise to S 2p3/2 signal 
at a BE of 161.8 eV (sulfur as part of the crystal lattice, i.e. three-fold coordinated to Cu(I) 
atoms),51 while in Cu2S NCs with surface bound DDT molecules peaks at both 161.8 eV and 
162.2 eV are measured, which were ascribed to sulfur as part of the crystal structure and 
surface-bound thiolate, respectively.51 The trend in all these studies is clear: upon adsorp-
tion, chemisorption and subsequent desorption of the alkyl chain leaving sulfur behind on 
or in the crystal, the S 2p3/2 BE shifts to lower values. The higher BE of 163.0 eV measured in 
this study is therefore ascribed to thiolates at the surface of the NC. Based on a recent study 
by Reiss and coworkers,52 we indeed expect DDT in the form of thiolates at the surface. The 
slightly higher BE of 163.2 eV in the unwashed sample is ascribed to the presence of DDT 
molecules. The peak at the lower BE of 162.0 eV is attributed to sulfur ions that are part 
of the CIS crystal, as was reported previously.14 As the fwhm of the sulfur related peaks is 
1.2–1.4 eV, fitting additional peaks related to other sulfur-containing species, such as free 
DDT or didodecylsulfide molecules, is not justified.

Carbon species are detected in all samples and can only originate from thiolate mole-
cules or residual acetate from the indium acetate precursor, since the anti-solvents used in 
the washing procedures have low boiling points and thus evaporate under the ultra-high 
vacuum present in the XPS measurement chamber. In all samples, C 1s peaks are detected 
at BEs of 284.8, 286.8-287.1 and 285.8 eV, that we ascribe to the thiolate molecule. A fourth 
peak at a BE of 288.6 eV is clearly present in the ethanol washed sample (Figure 6.4D). In 
the other samples this peak is quite weak and is fitted in a range of 289.1 eV to 288.1 eV 
(Figure 6.4D). C 1s BEs in this region are associated with esters or carboxylic groups53,54 
and is in our case originating from the acetate group. This peak could hardly be fitted in 
the unwashed sample, as the relative concentration of the acetate in this sample is very low 
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compared to that of DDT or thiolates, since DDT is the reaction solvent as well. The last 
element detected is iodide, with a 3d5/2 BE of 619.8 eV in the unwashed sample and 619.5 eV 
in the washed samples and is therefore ascribed to the presence of CuI.46,55 

Figure 6.4E shows the relative concentrations (see Methods for details) of carbon, sulfur 
from thiolate, iodide, and CuInS2 (obtained by adding the concentrations of Cu, In and 
crystal-bound sulfur) in the four samples, as determined by XPS. In all samples, a high 
relative carbon concentration is measured, which is consistent with the expected carbon 
content (viz., 85%), estimated based on the DDT surface coverage that has been reported 
by Gromova et al. (3.6 DDT molecules/nm2)52 (see Methods for details). In all washed sam-
ples, the relative carbon concentration with respect to the CuInS2 concentration decreases 
(i.e. C/CIS = 16.9 for the unwashed sample, 7.1 for the methanol/butanol washed sample, 
6.8 for the acetone washed sample, and 9.5 for the ethanol washed sample). The relative 
thiolate content decreases most for the samples that are washed with ethanol or metha-
nol/butanol (i.e., Sthiolate/CIS is 0.8 for the unwashed sample, 0.2 for both the ethanol and 
methanol/butanol washed samples, and 0.4 for the acetone washed sample). Low carbon 
content combined with a high thiolate content, indicates efficient removal of other carbon 
containing species, which can only be acetate in this case. The methanol/butanol washed 
sample shows low carbon and low thiolate content, indicating efficient removal of both 
thiolates and acetate. The ethanol washed sample shows a relatively high carbon content 
combined with the lowest thiolate concentration, indicating residual acetate molecules. 
Indeed, a qualitative comparison of the acetate peaks in Figure 6.4D clearly shows that 
the acetate related 1s peak is more pronounced in the ethanol washed sample, compared 
to the other washed samples. The iodide concentration is similar in all washed samples 
(i.e. I/CIS is 0.1 for the washed samples and 0.6 in the unwashed sample). Based on these 
observations we conclude that an isometric mixture of methanol and butanol is the most 
efficient in removing coordinating molecules (both thiolates and acetate), and that washing 
with ethanol leaves a significant concentration of residual acetate in the CIS NC samples. 

6.2.2. Effect of washing on the outcome of the shelling reaction. 
The four differently washed CIS NC samples were used as seeds for shelling reac-

tions at two different reaction temperatures (150 and 210 °C), employing ZnI2 and S-ODE/
OLAM as precursors (see Methods for details). These precursors were chosen because they 
are both very reactive, making it less likely that the monomer formation rates dominate the 
reaction kinetics, thereby allowing the impact of competing reactions involving the surface 
(i.e., heteroepitaxial growth, alloying, etching, cation exchange, see Figure 6.1 above) to be 
more evident. Optical spectroscopy was used as main technique to investigate the outcome 
of the seeded shelling reactions, as shifting of the absorption peaks gives a clear indication 
of changes in the effective core size resulting from alloying, etching, cation exchange (blue-
shift), or heteroepitaxial shell overgrowth (red-shift). We chose to use absorption rather 
than PL for this analysis, as there is still a lively debate on the origin of the PL in CIS 
NCs.1,2,4,12,56,57 It is likely that at least one localized carrier is involved in the radiative decay 
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pathway, but the nature of this localized state is as yet unclear.1,4,12,56,57 Therefore, one can 
only speculate on the impact of alloying, cation exchange, and/or shell overgrowth on this 
localized state and the resulting PL spectral shifts. This difficulty is further aggravated by 
the fact that the PL QYs of bare CIS NCs are typically very low and drastically increase 
after shelling reactions, therefore making the comparison between the PL spectra prior 
to and after shelling reactions unreliable, since the PL spectrum of the CIS seed NCs may 
not necessarily reflect the size, shape, and composition polydispersity of the ensemble.2 In 
contrast, the lowest energy absorption transition is only a function of the band edge po-
sitions, which are directly related to the degree of alloying, cation exchange, and/or shell 
overgrowth. 

The absorption spectra of the product NCs of all eight shelling reactions are shown 
in Figure 6.5. The spectra of the product NCs using the unwashed core NCs are clearly 
red-shifted with respect to the seed NCs, indicating a reduction of the quantum confine-
ment. This observation can be explained by considering the excess of CIS precursors in the 
unwashed sample, which lead to further growth of the CIS NCs upon injection in the hot 
reaction mixture at both reaction temperatures (see appendix A6.2). In contrast, the size of 
the product NCs obtained from washed CIS NCs is not significantly larger than that of the 
seed NCs for reactions at 150 °C, but increases to ~ 5 nm for reactions at 210 °C (appendix 
A6.2), indicating the overgrowth of a ~ 1 nm thick ZnS shell, irrespective of the washing 
procedure. The product NCs obtained at 210 °C using acetone washed seeds are more 
polydisperse and contain a larger fraction of bigger NCs (d ≥ 7 nm) than those obtained 
from both ethanol washed and methanol/butanol washed seeds, suggesting that ripening 
was more pronounced in former case, possibly due to the higher concentration of residual 
thiolates in the acetone washed NCs. These product NCs also have a lower colloidal stabil-
ity than those obtained from ethanol or methanol/butanol washed seeds, which resulted 
in the formation of aggregates that lead to a light scattering background in the absorption 
spectra of these samples (see 210 °C curve in Figure 6.5D). Interestingly, washing with 
methanol/butanol or acetone resulted in spectral blue-shifts at both 150 °C and 210 °C (78 
and 43 meV, respectively, for methanol/butanol, and 43 and ~ 50 meV, respectively for ac-
etone washed samples), while the use of ethanol washed CIS seed NCs, lead to a blue-shift 
of 119 meV at 150 °C and a red-shift of 61 meV after reaction at 210 °C. The latter observa-
tion is particularly relevant, since in this case the observed red-shift cannot be ascribed to 
growth of the seed CIS NCs, as CIS core-precursors were washed out. These results thus 
imply that residual acetate favors heteroepitaxial shell overgrowth at 210 °C, thereby lead-
ing to a spectral red-shift due to exciton leakage in the shell, while promoting etching and/
or alloying reactions at low reaction temperatures. Moreover, these observations highlight 
the crucial impact of the reaction temperature on the balance between the different chem-
ical processes taking place during the ZnS shelling reaction, thereby influencing not only 
the extent of the blue-shift induced by alloying, cation exchange, and/or etching reactions, 
but also the heteroepitaxial shell overgrowth. These inferences will be confirmed below by 
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structural investigations. Clearly, both the reaction temperature and the surface chemistry 
play a crucial role in determining the balance between the different chemical processes 
that can take place during the shelling reaction. The interplay between these variables will 
be discussed in more detail in the mechanism section below, after we address the impact 
of the precursor reactivity and investigate the atomic structure of representative CIS/ZnS 
product NCs. 

It should be noted that the impact of the ZnS shelling on the PL QYs of the CIS NCs is 
strongly dependent on the washing procedure, the largest enhancement being observed 
for unwashed seed NCs (factor 2.7 at 150 °C and 3.5 at 210 °C), followed by ethanol washed 
and methanol/butanol washed seed NCs (factor 1 to 1.6 at 150 °C and 1.2 to 2.7 at 210 °C, 
depending on the batch of seeds). The acetone washed seed NCs actually result in product 
NCs with lower PL QYs than the initial ones (reduction by a factor 3). These differences are 
intriguing and suggest that the state of the surface of the seed NCs is largely responsible 
for the quality of the CIS/ZnS heterointerface formed during the ZnS shelling reaction. It is 
also remarkable that the PL QY enhancements observed in the present work after shelling 
are more modest than those previously reported in the literature using similarly sized chal-
copyrite CIS NCs as cores (factor 10–15).11,12 It is as yet unclear whether these differences 
are due to the different growth methods used (viz., seeded injection in the present work 
and one-pot slow addition in refs [11,12]), or to other variables such as the nature of the 
shell precursors and ligands present in the reactions. Shedding light on these questions, 
however, is beyond the scope of this work, and will be the subject of future follow-up work.   

6.2.3. Precursor reactivity
The results discussed above show that both the reaction temperature and the presence 

of residual acetate and thiolate in the CIS seed NCs have a dramatic impact on the outcome 
of the shelling reaction. Another crucial variable is the precursor reactivity, which deter-
mines the monomer formation rate and therefore directly impacts on the kinetics of both 
the heteroepitaxial growth and the homogeneous secondary nucleation (Figure 6.1).29,36,58–62 
Further, the precursor reactivity also affects the rates of undesired parallel processes, such 
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as cation exchange, etching, and alloying (Figure 6.1). Methanol/butanol washed CIS NCs 
were used as seeds to investigate the influence of the precursor reactivity, since this wash-
ing was the most effective in removing coordinating molecules (both acetate and thiolate, 
see above), therefore minimizing possible synergistic or antagonist interactions with the 
precursors, allowing the isolated effect of the precursor reactivity to be more clearly ob-
served. It should be noted that the precursor reactivity is determined by both its intrinsic 
stability and the reaction temperature. Therefore, also in this case two different shelling 
reaction temperatures were used. The outcome of the shelling reactions was followed not 
only by the extent of the spectral shifts observed for the product NCs, but also by the 
change in their elemental composition with respect to the CIS seed NCs (Figure 6.6 and 
appendix A6.3). Taken together, these variables allow the dominant chemical processes 
acting on the CIS seed NCs during the ZnS shelling reactions to be identified. 

The data corresponding to the product NCs obtained from the reaction using ZnSt2 
and S-ODE as precursors is not included in Figure 6.6, since in this case large 2D nano-
platelets and nanosheets were obtained at both reaction temperatures (appendix A6.4). 
This intriguing outcome has been studied in detail in previous work,63 and shown to be 
induced by fast cation-extraction by in situ generated reactive sulfur-containing species 
(e.g., H2S, see Chapter 5). This process converts the CIS seed NCs into In-poor CIS NCs, 
which subsequently undergo 2D self-organization and oriented attachment, yielding In-
poor CIS nanosheets63 (see Chapter 5). This demonstrates that S-ODE/OLAM is capable 
of quickly extracting In3+ (and to a lesser extent Cu+) from CIS NCs, thereby leading to 
pronounced etching, which is characterized by large blue-shifts accompanied by large re-
ductions in the In/Cu ratio and low Zn-content. The extent of the etching is directly related 
to the reactivity of the Zn-precursor: an unreactive Zn-precursor, such as ZnSt2, is unable 
to react with the S-precursors fast enough to outcompete the In-extraction reaction, thereby 
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resulting in pronounced etching, followed by 2D self-organization. In contrast, a reactive 
precursor, such as ZnI2 at 210 °C, can effectively prevent NC etching by quickly reacting 
with the S-precursors to form [ZnS] monomers, which in turn favors heteroepitaxial shell 
overgrowth, leading to relatively small blue-shifts and high Zn-content, accompanied by 
unchanged (or slightly increased) In/Cu ratios (Figure 6.6). Interestingly, decreasing the 
reaction temperature to 150 °C has a higher impact on the reactivity of ZnI2 (and thereby 
on the [ZnS] formation rate) than on the reactivity of S-ODE/OLAM, thereby shifting the 
balance toward the NC etching reaction, resulting in larger blue-shifts, lower Zn-content 
and larger decrease in the In/Cu ratio, with respect to the reaction carried out at 210 °C.     

The data in Figure 6.6 shows that shelling reactions at 150 °C (blue data points) invari-
ably lead to larger blue-shifts, lower Zn/Cu ratios, and larger reductions in In/Cu ratio 
with respect to the same reaction carried out at 210 °C. This shows that lower reaction tem-
peratures favor etching, alloying, and cation exchange. Zn2+ for Cu+ or In3+ CE is favored 
by using more stable precursors, such as Zn(St)2 and DDT, since in this case the precursor 
to monomer conversion rate will be slow, leaving the Zn-precursor available to bind to the 
NC surface and undergo cation exchange. This process is further favored in the presence 
of DDT because this molecule is unable to induce extensive etching, being already the cap-
ping ligand shell on CIS NCs synthesized with DDT as S-source,52 thereby leaving a rela-
tively stable surface for adsorption of the Zn-precursor. The prevalence of CE under these 
conditions is clearly evidenced by the observation that the shelling reaction using Zn(St)2 
and DDT at 210 °C leads to the largest blue-shift and the highest Zn-content. Moreover, 
replacing Zn(St)2 by the more reactive ZnI2 leads to smaller blue-shifts and lower Zn-con-
tents. This is in line with the expected trend in the CE efficiencies, since the driving force 
for the CE reaction is the energy gain upon replacing the native cation by the guest cat-
ion.42,64 Considering that In3+ is a hard Lewis acid,65 the formation of In(III) stearate is more 
favorable than that of In(III) iodide, as stearate is a harder Lewis base and stronger ligand 
than iodide. This also explains why Zn2+ for In3+ CE is more efficient than that of Zn2+ for 
Cu+.14 It is thus clear that the outcome of a ZnS shelling reaction on CIS NCs is determined 
by a delicate balance between the rates of all the chemical processes depicted in Figure 6.1, 
and that this balance is highly sensitive not only to the reaction temperature and the nature 
of the Zn- and S-precursors, but also to the presence of residual coordinating molecules at 
the surface of the NCs. The mechanism behind this complex interplay of physical-chemical 
processes will be discussed in more detail below, after the atomistic structure characteriza-
tion of two representative examples of product NCs.

6.2.4. Structural characterization
The observations described above suggest that the use of reactive S- and Zn-precursors 

(ZnI2 and S-ODE/OLAM) at high temperatures (210 °C) in the presence of acetate leads to 
heteroepitaxial ZnS shell overgrowth on CIS NCs, with negligible contribution of unde-
sired competing processes such as CE, alloying, and etching, while low reaction tempera-
ture (150 °C) or unreactive precursors shift the balance toward the competing processes. 
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To verify whether this is indeed the case, the structure and composition of the seed and 
product NCs were investigated with transmission electron microscopy. Figure 6.7A and C 
show high-resolution (HR) HAADF-STEM images of CIS NCs, washed with ethanol and 
used as seeds for a shelling reaction with S-ODE/OLAM and ZnI2 at 150 °C or 210 °C, re-
spectively. In Figure 6.7B and D HR-HAADF-STEM images of product NCs obtained from 
these reactions are shown. The absorption spectrum of the product NCs obtained at 150 
°C is blue-shifted by 40 meV ([In/Cu]product/seed = 0.5), while that of the product NCs 
obtained at 210 °C is red-shifted by 200 meV ([In/Cu]product/seed = 1.0). It is immediately 
clear that the shape of the seed NCs (trigonal pyramid) is essentially preserved in the prod-
uct NCs obtained at 150 °C, despite a small growth (base increases from 2.7 ± 0.3 nm to 3.2 ± 
0.7 nm and height increases from 2.5 ± 0.3 nm to 3.0 ± 0.4 nm). In contrast, the product NCs 
obtained at 210 °C have a different shape and a significantly larger size (average diameter 
of 4.7 ± 0.8 nm) with respect to the seed NCs (trigonal pyramids with an average base of 2.5 
± 0.3 nm and an average height of 2.3 ± 0.3 nm). 

Moreover, the NCs obtained at 150 °C (Figure 6.7B) show a uniform intensity over the 
whole NC, indicating that they consist of (Cu,In,Zn)S2 alloys. This is consistent with the 
observation of blue-shifted spectra after the reaction, as discussed above. In contrast, the 
NCs obtained at 210 °C (Figure 6.7D) show increased intensity in the center of the particle, 
suggesting that either the heavier elements are mostly located in the center or an increased 
thickness is present at the center of the NCs. Since the intensity in HAADF-STEM images 
scales with both the projected thickness and the atomic number of the present elements, 
such 2D images cannot unambiguously confirm core-shell architectures. Therefore, elec-
tron tomography was applied to study the internal structure of the CIS/ZnS product NCs. 
Figure 6.7E shows the 3D visualization of a CIS/ZnS core/shell NC investigated during the 
electron tomography experiment. In Figure 6.7F and G, 2D slices through the 3D recon-
struction are shown, with indication of the position of the slices in Figure 6.7E. In Figure 
6.7G, a more intense region (red color) is detected, compared to the orthoslice in Figure 
6.7F. Since indium has a much larger atomic mass (ZIn = 49) than the other elements present 
(ZCu = 29 and ZZn = 30), its presence in the core of the NC is confirmed, while the surface 
is richer in the lighter elements copper and/or zinc. From these tomography results, we 
conclude that the ZnS shell grows anisotropically. This is similar to previous observations 
on wurtzite CdSe/CdS dot core/rod shell nanorods41,66–68 and nanobullets,36 and wurtzite 
graded AgInSe2/ZnSe core/shell NCs,69 suggesting that the facets of the trigonal pyramidal 
shaped CIS seed NCs are not equivalent. However, the CIS seed NCs and the product NCs 
(both the alloy NCs obtained at 150 °C and the CIS/ZnS core/shell NCs obtained at 210 °C) 
have the chalcopyrite structure (appendix A6.5), which, in contrast with the hexagonal 
wurtzite structure, does not possess polar facets. Therefore, the anisotropy observed in the 
heteroepitaxial shell overgrowth at 210 °C may be attributed to a different termination of 
the pyramid base with respect to the sides, either due to a different facet composition or 
due to selective adhesion of acetate, or a combination of both. 
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6.2.5. Mechanism
The results discussed above provide valuable insights on the chemical processes that 

take place during ZnS shelling reactions on CIS NCs (Figure 6.1), allowing us to under-
stand the mechanisms behind them and the factors that determine the balance between 
these processes, ultimately dictating the outcome of the shelling reaction and the optoelec-
tronic properties of the product NCs. These processes can be roughly divided into three 
categories: (i) reactions taking place in solution, such as the precursor to [ZnS] monomer 
conversion, homogenous nucleation of ZnS NCs, and reactions involving the added pre-
cursors and/or ligands forming new species in situ (e.g., reaction between elemental sulfur 
and alkylamines forming H2S, alkylthioamides, dialkylamidines70); (ii) reactions with the 
surface (i.e., reactions that alter the chemical composition of the NC facets), such as etching, 
cation exchange and alloying; and (iii) reactions on the surface, such as additive heteroepi-
taxial shell overgrowth, and ligand adsorption or desorption. These reactions may occur 
in parallel, competing with each other for the limited supply of precursors, monomers, or 
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Figure 6.7 •  A. High resolution HAADF-STEM image of (ethanol washed) CIS seed NCs. The NCs have a trigonal pyramidal 
shape with an average base of 2.7 ± 0.3 nm and an average height of 2.5 ± 0.3 nm. B. High resolution HAADF-STEM 
image of product NCs obtained after shelling reaction using the CIS NCs shown in A as seeds at 150 °C. The average size 
of the product NCs is 3.2 ± 0.7 nm for the base and 3.0 ± 0.4 nm for the height. C. High resolution HAADF-STEM image 
of (ethanol washed) CIS seed NCs from a different batch with respect to those shown in (A). The NCs have a trigonal 
pyramidal shape with an average base of 2.5 ± 0.3 nm and an average height of 2.3 ± 0.3 nm. D. High resolution HAADF-
STEM image of product NC obtained after shelling reaction using the CIS NCs shown in C as seeds at 210 °C. The average 
diameter of the product NCs in this sample is 4.7 ± 0.8 nm. E. 3D visualization of a product CIS/ZnS NC from the same 
sample shown in (D) with indication of the position of the orthoslices shown in (F,G). The inset shows the 3D visualization 
with the location of the core indicated in magenta. F,G. Orthoslices through the 3D reconstruction shown in E (intensity 
is color-coded, increasing from blue to red in the same sequence as in the visible spectrum). Additional HR HAADF-STEM 
images are shown in appendix A6.5.
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available surface sites (e.g., etching, cation exchange, and alloying compete with hetero-
pitaxial shell growth), or sequentially, in a concerted manner (e.g., monomer formation 
precedes both heteroepitaxial shell growth and homogeneous nucleation). Therefore, the 
outcome of the reaction depends on a complex interplay between a number of inherently 
linked elementary kinetic steps.  

The precursor to monomer conversion has been shown to be the rate limiting step in the 
formation of a variety of binary metal chalcogenides (viz., CdX, PbX, Cu2S, X = S, Se),29,58–61 
and is likely also rate-limiting in heteroepitaxial shell overgrowth reactions,29,36,62 since re-
cent work has suggested that heteroepitaxial shells grow by incorporation of monomer 
units, rather than by layer-by-layer adsorption of atomic species,29,62 even when the suc-
cessive ionic layer adsorption and reaction (SILAR) strategy is employed.36 The adsorption 
of atomic species or precursors is in fact more likely to lead to etching, since the adsorbed 
species may leave again after reacting with the surface site, thereby carrying a metal or 
chalcogen atom with itself, before more precursors can join in to form a sufficiently sta-
ble adlayer. Etching can also be promoted by ligands or reactive species formed in situ. 
Alternatively, the adsorbed metal precursor may lead to cation exchange (CE). Nanoscale 
CE has been extensively investigated in recent years as a postsynthetic strategy to control 
the composition of NCs, and is thus well-understood.42 The CE process itself is essentially 
a surface reaction, which would be self-limited in the absence of cation diffusion in the 
NC, stopping as soon as all surface native cations had been exchanged by guest cations.64 
Therefore, solid state diffusion fluxes must be set in motion to allow the reaction to pro-
ceed. Depending on the solid state diffusion rates of the guest and host cations the CE 
process can lead to either superseded shell ingrowth (e.g., PbSe/CdSe, ZnSe/CdSe)37–39,64 or 
alloy NCs (graded or homogeneous, e.g. (Zn,Cd)Se,64 CuInS2 from Cu2-xS,40 (Cu,In,Zn)S2,14 
CsPbBr3:M with M = Sn2+, Cd2+, Zn2+ 71). Diffusion may lead to alloying, even in the absence 
of cation exchange, since Zn2+ cations from [ZnS] monomers deposited at the surface may 
diffuse in the CIS NCs if a sufficiently stable ZnS heteroepitaxial monolayer is not formed 
fast enough. This is expected because the binding strength of a Zn2+ in an isolated [ZnS] ad-
sorbate is much weaker than that in a fully grown ZnS shell due to its lower coordination 
number, resulting in much lower activation energies for diffusion. 

Each of the processes described above has its own activation energy, and therefore de-
pends differently on temperature. Consequently, the reaction temperature has a dramatic 
impact on the balance between the rates of the different processes, and can thus be used as 
a sensitive parameter to tailor the product of shelling reactions. The observations discussed 
above show that low temperatures (150 °C) favor etching, alloying and cation exchange, 
leading to pronounced spectral blue-shifts. This can be rationalized by considering that at 
this temperature the [ZnS] monomer formation rates are too low, and therefore heteroepi-
taxial overgrowth by monomer addition is unable to outcompete the other processes. The 
unreacted shell precursors are then available to undergo direct reactions with accessible 
sites at the surface of the CIS NCs, reducing the monomer formation rates even further. 
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The dominant process under these conditions will then depend on the nature of the pre-
cursors. Reactive S-precursors (S-ODE/OLAM) combined with unreactive Zn-precursors 
(ZnSt2) lead primarily to etching, resulting in product NCs with large spectral blue-shifts 
(> 150 meV) and low Zn-content, while the use of reactive S- and Zn-precursors (S-ODE/
OLAM and ZnI2) results in a combination of etching and [ZnS] deposition followed by 
interdiffusion, yielding product (CIS,ZnS) alloy NCs with intermediate blue-shifts (50–150 
meV), high Zn content and decreased In/Cu ratio with respect to the seed NCs. 

Conversely, unreactive S-precursors (DDT) favor cation exchange involving the Zn-pre-
cursors, which is most efficient when the Zn-precursor is also less reactive (ZnSt2). As dis-
cussed above, this is due to the fact that the driving force for CE reactions is the energy 
gain upon replacement of the native cation by the guest cation,42,64 which is larger if the Zn2+ 
precursor is more stable, since in this case the leaving In3+ complex will be more stable due 
to the hard Lewis acid nature of In3+.65 Therefore, increasing the reaction temperature (210 
°C), while using a combination of unreactive precursors (ZnSt2 and DDT), increases the CE 
rates even further, leading to large spectral blue-shifts (> 150 meV) and high Zn-contents. 
In contrast, high reaction temperatures and reactive precursors shift the balance toward 
the [ZnS] monomer formation, thereby boosting the heteroepitaxial growth rates, while 
depressing the rates of the competing processes. As a result, heteroepitaxial shell over-
growth dominates, leading to product NCs with high Zn-content, small spectral blue-shift 
(< 100 meV), and minimally changed In/Cu ratios. The relatively small blue-shifts indicate 
that a certain degree of ZnS interdiffusion and alloying still occurs, presumably at the early 
stages of the shell overgrowth. 

From this perspective, it is remarkable that the presence of acetate in the ethanol washed 
CIS seed NCs is capable of completely suppressing the spectral blue-shifts, leading instead 
to CIS/ZnS core/shell NCs displaying spectral red-shifts (60–200 meV). It is interesting to 
note that addition of zinc acetate to the shelling reaction mixture results in a pronounced 
spectral blue-shift (appendix A6.6), suggesting that its lower reactivity with respect to ZnI2 
(ΔfH= –1669 kJ/mol and –208 kJ/mol, for Zn(Ac)2.H2O72 and ZnI2,73 respectively) leads again 
to a dominance of etching by reactive S-species and [ZnS] interdiffusion. This demonstrates 
that acetate should already be present prior to the onset of the shelling reaction in order to 
facilitate the heteroepitaxial ZnS growth, suggesting that it exerts its influence by modulat-
ing the surface availability and stability. Reactions with the surface (etching, CE, alloying) 
result from an accessible and dynamic surface, while a reaction on the surface, such as het-
eroepitaxial overgrowth, requires an accessible but steady surface. We thus propose that 
acetate at the surface of the CIS seed NCs will stabilize its surface and hinder access to ac-
tive sites until the concentration of [ZnS] monomers in solution is sufficiently high to lead 
to heteroepitaxial growth rates that are fast enough to outcompete the Zn2+ interdiffusion 
and other competing processes. In other words, the release rate of acetate from the surface 
of the CIS seed NCs is sufficiently slow to allow the concentration of [ZnS] monomers to 
build-up, while preventing unreacted precursors and other active species from binding at 



128

active surface sites, thereby inhibiting etching and cation exchange, since binding of the 
Zn-precursor or etchant species to the surface is the first step in these processes.64,74 Based 
on the observation of anisotropic shell growth (see above), it is likely that acetate is more 
strongly bound to one facet in particular. 

It should be noted that homogeneous nucleation of ZnS NCs was not observed in any of 
the experiments discussed above. This can be attributed to the fact that the activation ener-
gies for homogeneous nucleation are even higher than those for heterogeneous nucleation 
and heteroepitaxial overgrowth.29 Therefore, homogeneous nucleation would only be sig-
nificant if the monomer formation rates would exceed the heteroepitaxial growth rates or 
if the NC surface would not be accessible to the [ZnS] monomers due to a too dense and 
strongly bound ligand layer, which was clearly not the case under the conditions prevalent 
in our study. 

The insights obtained in our work can be used to design synthesis strategies to CIS/
ZnS core/shell and alloy NCs and are also useful to rationalize the seemingly disparate 
results presented in the literature, with reported spectral blue-shifts ranging from 60 to 
340 meV.2,11–14,18,23,24,32–35 The diversity of the trends reported in literature for ZnS shelling 
reactions on CIS NCs can be understood in light of the mechanisms proposed in our study, 
and can be ascribed to the wide variety of reaction conditions used. Most studies used the 
dropwise addition of relatively unreactive shell precursors (typically ZnSt2 and TOP-S) 
to a hot (T ≥ 200 °C) solution containing CIS NCs.2,11–14,18,23,24,32–35 Such conditions will in-
disputably favor alloying, since the [ZnS] monomer formation rates will be slow and the 
surface mobility will be high. The presence of TOP in many studies,2,11,12,14,74 will also favor 
cation exchange and etching because TOP (a soft Lewis base with absolute hardness η ≈ 6 
eV),75 has a strong affinity for Cu+ (a soft Lewis acid with η = 6.28 eV),65 and also for sulfur, 
thereby being able to extract both from the CIS NCs. Several studies have also used the 
crude reaction mixture (so unwashed CIS seed NCs),12,14,15,24,25,33–35 thereby adding residual 
Cu- and In-precursors to the shelling reaction mixture. This should facilitate the forma-
tion of (gradient) alloy NCs even further, since the deposition and interdiffusion of [ZnS] 
monomers would be accompanied by incorporation of both Cu and In. Considering that 
the magnitude of the spectral blue-shift depends on the extent of the Zn interdiffusion and 
alloying (and on the extent of prior etching of the NC seeds), one can easily see that dif-
ferences in the reaction temperatures and reaction times used in different studies will also 
add to the spread in the observed blue-shifts. 

Interestingly, the crystal structure of the CIS seed NCs is not a relevant parameter from 
this viewpoint, since a recent study by our group has shown that the spectral blue-shifts 
observed after ZnS shelling of wurtzite CIS NCs by dropwise addition of Zn- and S-pre-
cursors (viz., 50–150 meV, with unchanged In/Cu ratio) are analogous to those observed 
for chalcopyrite CIS NCs under similar conditions.2 However, under seeded growth condi-
tions, the crystal structure of the CIS seed NCs has a dramatic impact on the morphology 
of the product CIS/ZnS hetero-NCs, leading to CIS/ZnS dot core/rod shell heteronanorods, 
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if wurtzite CIS NCs are used as seeds and the [ZnS] monomer concentration is allowed 
to build-up by delaying the injection of the seeds with respect to the injection of the Zn- 
and S-precursors.76 This recent study clearly demonstrates the crucial role of the monomer 
formation rates in determining the outcome of shelling reactions, in agreement with the 
mechanism proposed above. There are also studies that used conditions that favor cat-
ion exchange (e.g., addition of only Zn-precursors), resulting in (CIS,ZnS) alloy NCs with 
high Zn-content and consequently very large blue-shifts (340 meV).14 In this context, the 
recent study by Woods and coworkers on the preparation of CISe/ZnSe1-xSx alloyed core/
shell NCs by Zn2+ for In3+ and Cu+ cation exchange is particularly interesting.74 The authors 
demonstrated that the thickness of the ingrown superseded shell was determined by the 
reaction temperature (lower temperatures yielding thinner shells), concluding that the dif-
fusion of Zn2+ cations into successive atomic monolayers of the seed NCs is a thermally 
activated process in which the activation energy increases in a depth dependent fashion.74 

Similar observations have been reported before for ZnSe/CdSe core/shell and graded al-
loy NCs,64 demonstrating that the reaction temperature is a sensitive parameter to tailor 
the composition and the elemental distribution profile of semiconductor hetero-NCs from 
core/shell to homogeneous alloy NCs through graded alloys, thereby tuning the carrier 
localization regime and the optoelectronic properties of the resulting materials.

6.3. Conclusions
The outcome of ZnS shelling reactions on CIS NCs is determined by a delicate balance 

between several chemical processes that take place both sequentially and in parallel, com-
peting with each other for the limited supply of shell precursors and available surface sites. 
In this study, we investigated the impact of the precursor reactivity, reaction temperature, 
and surface chemistry on the outcome of the shelling reaction using a seeded growth strat-
egy.

We demonstrate that low reaction temperatures (150 °C) favor etching, cation exchange, 
and alloying, regardless of the precursors used. Under these conditions, the dominant pro-
cess is determined by the nature of the precursors used. Reactive S-precursors (S-ODE/
OLAM) combined with unreactive Zn-precursors (ZnSt2) result primarily in etching, while 
the use of reactive S- and Zn-precursors (S-ODE/OLAM and ZnI2) results in a combination 
of etching and [ZnS] deposition followed by alloying. Unreactive S-precursors (DDT) fa-
vor cation exchange involving the Zn-precursors, which is most efficient with more stable 
Zn-precursors. 

High reaction temperatures (210 °C) and less reactive precursors also favor cation ex-
change followed by alloying. Heteroepitaxial ZnS shell overgrowth only becomes dom-
inant if reactive S- and Zn-precursors and high reaction temperatures are used, because 
these conditions shift the balance toward [ZnS] monomer formation. Nevertheless, a 
certain degree of [ZnS] interdiffusion and heterointerfacial alloying still occurs, yielding 
product NCs which still show spectral blue-shifts with respect to the seed NCs. 
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Remarkably, the presence of residual acetate at the surface of the CIS seed NCs is shown 
to depress etching, cation exchange, and alloying to negligible levels, while facilitating het-
eroepitaxial shell overgrowth, yielding for the first time CIS/ZnS core/shell NCs displaying 
red-shifted absorption spectra, in agreement with the spectral shifts expected for a type-I 
band alignment. This finding highlights the crucial importance of the surface chemistry 
of the CIS NCs and of the washing procedures used to purify the seed NCs prior to the 
shelling reaction, since residual acetate is only present in samples washed with ethanol. 
The insights provided by this work pave the way toward the design of improved synthesis 
strategies to CIS/ZnS core/shell and alloy NCs with tailored elemental distribution profiles, 
allowing precise tuning of the carrier localization regime and the optoelectronic properties 
of the resulting materials.
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6.4. Methods
Materials. Copper(I) iodide (CuI, Sigma Aldrich, 98%), indium(III) acetate (In(Ac)3, Sigma Aldrich, 99.99%), 

1-dodecanethiol (DDT, Sigma Aldrich ≥ 98%), zinc stearate (ZnSt2, Sigma Aldrich, 10–12% Zn basis), Zinc iodide 

(Sigma Aldrich, 98+%), 1-octadecene (ODE, Sigma Aldrich, tech. 90%), sulfur (Sigma Aldrich 99.98%), oleylamine 

(OLAM, Sigma Aldrich, tech. 70%), toluene (Sigma Aldrich 99.8%), methanol (Sigma Al-drich 99.8%), 1-butanol 

(Sigma Aldrich 99.8%), ethanol (Sigma Aldrich ≥ 99.8%), acetone (VWR international, dried max 0.0075% H2O), 

nitric acid (Sigma Aldrich, 65%). Prior to usage, ODE and OLAM were degassed for 2 hours under vacuum at, 

respectively, 200 °C and 150 °C. All other chemicals were used as received.

Chalcopyrite CuInS2 NC synthesis. The CIS NCs were synthesized based on a protocol reported by De Trizio 

et al.14 Typically, CuI (0.8 mmol) and In(Ac)3 (0.8 mmol) in 10 mL DDT were mixed under inert atmosphere and 

degassed for 1 hour at 80 °C. Under N2 atmosphere, the temperature was raised to 210 °C, and after 40 minutes 

of reaction the mixture was cooled down to room temperature. To investigate the effect of the washing protocol 

on the outcome of the shelling reactions, the NCs were washed by precipitation once with one of three different 

anti-solvents: 1/1 methanol/butanol mixture, ethanol or acetone, the total volume of anti-solvent being 10 mL. The 

precipitate was isolated by centrifugation and redispersed in 15 mL toluene. 

ZnS shelling reactions. ZnS shelling experiments were carried out by using a seeded injection technique, in 

which a mixture of CIS NC seeds and a sulfur precursor was swiftly injected under stirring into a hot solution of 

the Zn-precursor in ODE at either 150 or 210 °C. After 2 hours the reaction was stopped by removing the heating 

source. The product NCs were washed by precipitation with isometric methanol/butanol, isolated by centrifuga-
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tion, and redispersed in toluene. To study the influence of the shell precursor reactivity, a highly reactive and a 

less reactive precursor was used for both the cation and the anion precursors. For the Zn-precursor, Zn(St)2 and 

ZnI2 (ΔfH = –208 kJ/mol)73 were chosen as, respectively, the least reactive and the most reactive precursor. For the 

shelling reaction, 0.32 mmol Zn-precursor (Zn(St)2 or ZnI2) was mixed with 4 mL ODE and heated for 30 min at 

100 °C, before being further heated to the reaction temperature (150 or 210 °C). As highly reactive S-precursor, 

elemental sulfur dissolved in ODE (ΔfH = 0 kJ/mol)73 was used, while DDT (ΔfH = –328.1 kJ/mol)77 was chosen as 

the least-reactive precursor. Sulfur in ODE (0.1 M) was prepared by dissolving 160 mg elemental sulfur in 50 mL 

ODE. The mixture was heated to 200 °C and stirred until a clear solution was obtained. The CIS seed NCs (4 mL of 

a solution of purified NCs in toluene) were sedimented by centrifugation and, depending on the sulfur precursor, 

redispersed in either 2 mL DDT and 2 mL ODE or 3 mL 0.1 M S-ODE and 1 mL OLAM. OLAM was only added 

as ligand to the S-ODE solution, since DDT could serve as both sulfur source and ligand. It has been shown that at 

high temperatures (< 100 °C) elemental sulfur reacts with OLAM (and alkylamines in general) to form H2S and a 

number of reactive sulfur-containing species (e.g., alkylthioamides, dialkylamidines),63,70 which may be the actual 

reactive S-precursor in the reactions carried out in the present study. 

Optical characterization. Absorption spectra were recorded with a Perkin Elmer lambda 950 UV/VIS/NIR 

spectrophotometer. PL measurements were performed with an Edinburgh Instruments FLS920 spectrofluorim-

eter equipped with a 450 W Xe lamp, a double excitation monochromator and emission monochromator. The 

signal was detected with a Hamamatsu R928 PMT detector or, when the emission was at 800 nm or longer, with 

an Acton research SpectraPro 300i CCD camera with optical fiber. The magnitude of the shift of the peak positions 

in the optical spectra was calculated by converting the spectra to eV scale, according to the method reported by 

Ejder et al.78 and comparing the peak positions of the product NCs to the peak position of the seed CIS NCs. The 

peak position of the absorption spectra were determined by taking the second derivative of the spectra. 

Electron microscopy. Transmission electron microscopy (TEM) images were recorded with a Tecnai microscope 

(Thermo Fisher Scientific, formerly FEI company), with an acceleration voltage of 100 or 120 kV. Samples for TEM 

imaging were prepared by drop-casting a toluene solution of NCs onto a carbon-coated copper TEM grid. Energy 

dispersive X-ray spectroscopy (EDS) measurements were performed with a FEI Tecnai-20F microscope equipped 

with a Field Emission Gun, a Gatan 694 CCD camera and an EDAX spectrometer. The microscope was operated 

at 200 kV. Acquisition time for the EDS measurements was 60 s and for these measurements carbon-coated alumi-

num TEM grids were used. To ensure that the elemental concentrations were statistically valid and representative 

for the whole NC ensemble, EDS analyses were performed on wide areas (containing approximately 104–105 NCs) 

and on triplicate (i.e., three different spots on the grid). The Cu, In and Zn concentrations were determined by 

fitting the peaks corresponding to the K-lines. To determine the Cu/In ratio, the average Cu and In concentrations 

(CCu and CIn) of three measurements on the same grid were calculated (based on values aCu, bCu, cCu). Based on the 

fit, an uncertainty percentage was given for each value, yielding (after multiplication) a standard deviation for 

each concentration in each measurement (SD). The average concentrations and corresponding standard devia-

tions (i.e. propagating errors) are calculated as79

(6.1)CCu =
aCu + bCu + cCu

3

SD Cu =
SD 2

a, Cu + SD 2
b, Cu + SD 2

c, Cu

3
(6.2)
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The Cu/In ratio (r) and corresponding standard deviation is given by 

High-resolution high angle annular dark field scanning TEM (HAADF-STEM) images were acquired using 

a cubed FEI Titan microscope operating at 300 kV. A probe semiconvergence angle of ~ 21 mrad was used. For 

electron tomography experiments, HAADF-STEM tilt series were acquired over an angular range of ± 75° with a 

tilt increment of 10°. Due to the small size of the particles, the solution was deposited onto an ultra-thin carbon 

support grid, which results in the small amount of projection images. 

Inductive Coupled Plasma - Optical Emission Spectrometry (ICP-OES). Samples were prepared by drying a known 

volume of purified NCs in toluene. The dried NCs were dissolved in 5 mL concentrated HNO3 and diluted 

with demineralized water. Unpurified NC solutions (i.e. crude reaction mixtures or supernatant) contain a large 

amount of DDT that rapidly reacts with HNO3, producing heat and hazardous gaseous products (H2S, NO2), 

making it impossible to obtain samples suitable for ICP analysis. The samples were measured on a Perkin Elmer 

Optima 8300 instrument and the wavelengths used for analysis were: λCu: 324.725 nm; λIn: 325.609 nm. For each 

concentration in each measurement, a standard deviation was given. The Cu/In ratios and the corresponding 

standard deviations were calculated as explained above.

X-ray photoelectron spectroscopy (XPS). Samples for XPS measurements were prepared by drop casting NC 

solutions in toluene on aluminum plates, in a glove box. Sample shipping, handling and loading to the XPS 

apparatus were done under inert gas atmosphere. XP spectra were recorded on a Thermo Scientific K-Alpha 

spectrometer equipped with a monochromatic small-spot X-ray source and a 180° double focusing hemispherical 

analyzer with a 128-channel delay line detector. Spectra were obtained using an aluminum anode (AlKα = 1486.6 

eV) operated at 72 W and a spot size of 400 µm. Survey scans were measured at constant pass energy of 200 eV, 

and high-resolution scans of the separate regions were measured at 50 eV pass energy. The background pressure 

of the ultra-high vacuum (UHV) chamber was < 2×10−8 mbar. Sample charging was compensated for by the use of 

an electron flood gun, and binding energy (BE) calibration was done by setting the C1s peak of sp3 carbon to BE = 

284.8 eV. Concentrations of elements were determined by calculating the ratio of the peak areas (corrected for the 

relative sensitivity, electron mean free path and transmission function). As the Cu 2p3/2 (~ 932.5 eV) and I 3p1/2 (~ 

930.8 eV) regions overlap, the fitting of the Cu peaks was corrected by the I concentration determined from the I 

3d5/2 and I 3d3/2 BEs at 619.5 and 631.0 eV, respectively. We assumed a fitting uncertainty of 5% in the peak areas. 

This was used as standard deviation and the standard deviation in the Cu/In ratios was calculated as explained 

above in the EDS paragraph.

Estimate of the expected carbon content on CIS NCs. Gromova et al.52 determined a DDT coverage on CIS nano-

crystals of 3.6 DDT molecules/nm2. If a tetrahedral shape is assumed for the CIS NCs investigated in this work 

(they are in fact trigonal pyramidal, see Figures 6.2 and 6.7 above) with an edge length a of 2.5 nm, a surface area 

A of 10.8 nm2 and a volume V of 1.8×10-21 cm3 are obtained (Atetrahedron = √3 a2, Vtetrahedron = a3/(6√2)). This surface 

area yields 40 DDT molecules/NC and thus 40×12= 480 C atoms per NC. PDF reference card 00-027-0159 gives a 

density of 4.7 g/cm3 for chalcopyrite CIS, yielding a total of 82 atoms per NC. The expected Carbon content for a 

perfectly washed sample would thus be 480/(480+82)×100 = 85%.

(6.3)r =
CCu

CIn

SD Cu/In = r ·
SD Cu

CCu

2

+
SD In

CIn

2

(6.4)
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6.6. Appendices

A6.1 XPS survey spectra
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Figure A6.1 • XPS survey spectra of the differently washed and unwashed CIS NC samples, with assignment of the ob-
served peaks (top of panel).
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A6.2 TEM images
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Figure A6.2 • Overview TEM images of A. CIS NCs used as seeds after different washing procedures and B-I. product NCs 
obtained after reacting differently washed CIS seed NCs ((B,C) unwashed, (D,E) ethanol washed, (F,G) methanol/butanol 
washed, (H,I) acetone washed) with ZnI2 and elemental sulfur at two different temperatures: 150 °C (B, D, F, H) or 210 °C 
(C, E ,G, I). The insets show the size histograms.
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A6.3 Absorption spectra

A6.4 TEM images
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Figure A6.3 • Absorption spectra of CIS seed NCs washed with a methanol/butanol mixture and product NCs after reac-
tion with zinc stearate and DDT A, B., zinc stearate and elemental sulfur C, D., zinc iodide and DDT E, F., and zinc iodide 
and elemental sulfur G, H., The top row shows spectra of product NCs obtained at 150 °C, while the bottom row show the 
spectra for products of reactions at 210 °C. The absorption spectra of the CIS NCs used as seeds is included in all cases. The 
blue-shift in the absorption spectra of the product NCs compared to the seed NCs is indicated.
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A B Figure A6.4 • TEM images of product NCs ob-
tained after reaction of seed CIS NCs (washed 
with methanol/butanol) with zinc stearate 
and elemental sulfur in the presence of oley-
lamine at A. 150 °C or B. 210 °C.
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A6.5 Additional HR-HAADF-STEM images 

Figure A6.5 • HR-HAADF-STEM images of A-C. (ethanol washed) CIS NCs that were used as seeds in a shelling reaction at 
150 °C, yielding alloy NCs as products D-F. G-I. (ethanol washed) CIS NCs that were used as seeds in a shelling reaction at 
210 °C, yielding core/shell NCs as products J-L. (see above for details). The insets show the FFTs of the images, which can 
be indexed based on the CIS chalcopyrite structure for both the seed and the product NCs.

A B C

D E F

G H I

J K L



142

A6.6 Zn(Ac)2 control experiment
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Figure A6.6 • Absorption and PL spectra of CIS seed 
NCs (black lines) and product NCs obtained after re-
action with ZnI2 (blue) or Zn-acetate (red) at 210 °C. 
In both cases S-ODE was used as sulfur precursor and 
OLAM was added as ligand. The CIS seed NCs were 
washed with methanol/butanol prior to use. Both ab-
sorption and PL spectra are blue shifted with respected 
to the CIS seed NCs. The two emission peaks observed 
in the red spectrum are ascribed to CIS-ZnS alloy NCs 
(weak peak at 650 nm) and a metal complex formed in 
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Abstract In this chapter the synthesis of colloidal anisotropic Cu2-xSe nanocrystals (NCs) with 
excellent size and shape control is presented, using the unexplored phosphine-free selenium pre-
cursor 1-dodecaneselenol (DDSe). This precursor forms lamellar complexes with Cu(I) that enable 
tailoring the NC morphology from 0D polyhedral to highly anisotropic 2D shapes. The Cu2-xSe 
NCs are subsequently used as templates in postsynthetic cation exchange reactions, through which 
they are successfully converted to CdSe and CuInSe2 quantum dots, nanoplatelets, and nanosheets. 
The shape of the template hexagonal nanoplatelets is preserved during the cation exchange reac-
tion, despite a substantial reorganization of the anionic sublattice, which leads to conversion of the 
tetragonal umangite crystal structure of the parent Cu2-xSe NCs into hexagonal wurtzite CdSe and 
CuInSe2, accompanied by a change of both the thickness and the lateral dimensions of the nano-
platelets. The crystallographic transformation and reconstruction of the product NCs are attributed 
to a combination of the unit cell dimensionalities of the parent and product crystal phases, and an 
internal ripening process. This work provides novel tools for the rational design of shape-controlled 
colloidal anisotropic Cu2-xSe NCs, which, besides their promising optoelectronic properties, also 
constitute a new family of cation exchange templates for the synthesis of shape-controlled NCs of 
wurtzite CdSe, CuInSe2, and other metal selenides that cannot be attained through direct synthesis 
approaches. Moreover, the insights provided here are likely applicable also to the direct synthesis of 
shape-controlled NCs of other metal selenides, since DDSe may be able to form lamellar complexes 
with several other metals.

7.1. Introduction
Colloidal copper chalcogenide nanocrystals (NCs) are an emerging class of semicon-

ductor materials with interesting optoelectronic properties, without containing heavy met-
als such as cadmium and lead.1,2 Binary copper sulfide NCs can be directly synthesized 
in a wide range of sizes, shapes, crystal structures, and stoichiometries, which not only 
provides good control over their optoelectronic properties but also makes them excellent 
template materials for postsynthetic cation exchange reactions in order to obtain other 
binary or multinary metal chalcogenide NCs.1–3 Their suitability as templates is further 
enhanced by the small size and charge of the Cu(I) ions and the high concentration of Cu 
vacancies, which facilitates fast diffusion through the lattice and easy exchange by other 
cations.1–3 Nanoscale cation exchange (CE) reactions have proven to be versatile and suc-
cessful synthetic routes to (hetero-)NCs with sizes, shapes, crystal structures and composi-
tions not (yet) realizable via direct synthesis.4–7 Luminescent CuInSe2/CuInS2 dot core/rod 
shell nanorods,8 ZnSe/ZnS dot core/rod shell nanorods,9 ZnSe/CdSe core/shell QDs,10 and 
stable and efficient (GaInZn)P QDs11 are just a few recent examples. The key in the success 
of these reactions is the preservation of the anionic framework of the template NC during 
the CE reaction. As a result, the original size, shape and anionic sublattice structure of the 
template NCs are transferred to the product NCs.4–7 For example, it has been shown that 
the preservation of the anionic sublattice during Cu+ for In3+ CE reactions in binary Cu2-xS 
NCs is essential to make the reaction self-limited, resulting in partial exchange to the ter-
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nary CuInS2, rather than full exchange to the binary In2S3.3

However, in order to exploit the benefits of cation exchange reactions, an excellent con-
trol over size and shape is needed in the direct synthesis of the template NCs. Anisotropic 
shapes such as 1D nanorods and nanowires and 2D nanoplatelets and nanosheets of vari-
ous metal chalcogenide compositions (e.g., CdA, PbA, Cu2-xA, and ZnA, with A = S, Se, and 
Te) are attracting increasing attention due to their novel optoelectronic properties that hold 
great promise for application in spintronic devices, field-effect transistors, photodetectors, 
and LEDs.12 The control of the size and shape of colloidal NCs in direct synthesis protocols 
requires a very strict balance of multiple physical–chemical parameters, such as tempera-
ture, reaction time, coordinating ligands, and nature and concentration of the precursors.13 
Phosphine chalcogenides (e.g., trioctylphosphine–X, TOP–X, with X = S, Se, and Te)14–18 
have been successfully used in many synthesis protocols for colloidal metal chalcogenide 
NCs, but their widespread use is limited by economic, safety, and environmental concerns, 
since phosphines are expensive, pyrophoric, and toxic chemicals. This issue can potentially 
be circumvented by dissolving the chalcogen directly in a noncoordinating solvent, such as 
octadecene (ODE),19–21 which is however rather difficult for selenium and tellurium, due to 
their low solubility in noncoordinating solvents.20,21 For metal sulfide NCs, other anion pre-
cursors have emerged as cheap and less-toxic alternatives: thiourea1,22 and 1-dodecanethiol 
(DDT).1 The latter has proven to be a versatile precursor for the synthesis of shape-con-
trolled colloidal Cu2-xS NCs yielding, under suitable conditions, NCs with a wide variety 
of different shapes (viz., hexagonal bifrustums and bipyramids, hexagonal nanoplatelets, 
and ultrathin Cu2-xS nanosheets).1,2,23,24 In contrast, synthesis protocols for shape-controlled 
colloidal Cu2-xSe NCs are still underdeveloped and rely almost exclusively on phosphine 
based Se-precursors or Se in ODE.1,2 Recently, a selenium analogue of DDT, 1-dodecane-
selenol (DDSe), was shown to be a suitable Se precursor in the solventless synthesis of 
Cu2Se, Ag2Se, and AgCuSe2 NCs.25 

In this work, we show that DDSe is a very versatile Se precursor and ligand for the syn-
thesis of colloidal Cu2-xSe NCs, providing excellent control over the size and shape of the 
NCs. By tuning the reaction parameters (viz., temperature, ligands, and halide additives), 
we are able to tailor the morphology of the colloidal Cu2-xSe NCs from 0D quantum dots 
to 2D nanoplatelets with varying aspect ratios and nanosheets. Cu2-xSe NCs with different 
morphologies were subsequently used as templates in postsynthetic CE reactions to obtain 
CdSe and CuInSe2 NCs. Interestingly, the crystal structure changes during the CE reactions 
from tetragonal umangite to hexagonal wurtzite. This structural transformation preserves 
the hexagonal shape of the nanoplatelets but changes their aspect ratio (thickness decreas-
es, while the lateral dimensions increase). The anionic sublattice reorganization that under-
lies the crystallographic transformation and reconstruction of the product NCs is attribut-
ed to a combination of the unit cell dimensionalities of the parent and product phases and 
an internal reconstruction process, through which atoms move to the nonpolar side facets, 
thereby increasing the relative area of the (likely DDSe capped) polar (002) top and bottom 
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facets. This work provides novel tools for the rational design of shape-controlled colloidal 
Cu2-xSe NCs, which, besides their promising optoelectronic properties,1,2 also constitute 
a new family of cation exchange templates for the synthesis of shape-controlled NCs of 
wurtzite CdSe, CuInSe2, and other metal selenides that cannot be attained through direct 
synthesis approaches. Moreover, the insights provided here are likely applicable also to 
the direct synthesis of shape-controlled NCs of other metal selenides, since selenolate com-
plexes of several metals are known (e.g., Ag(I), Sn(II), Pb(II), and In(III)).25,26 

7.2. Results and discussion
7.2.1. Dodecaneselenol

After synthesis and purification (see Methods for details), a very light yellow colored 
liquid product was obtained, which was analyzed by proton nuclear magnetic resonance 
(1H NMR, Figure 7.1). The majority of the peaks observed in the 1H NMR spectrum can be 
assigned to the desired product 1-dodecaneselenol (DDSe),27,28 but peaks due to impurities 
(diselenide, DDSe–SeDD, and dodecane, DDH) are also present: The triplet at 0.85 ppm is 
assigned to the –CH3 protons at the end of the alkyl chain of DDSe. The –CH2– protons next 
to the –SeH group shift to 2.58 ppm, compared to 1.25 ppm for the –CH2– protons in the 
middle of the alkyl chain. The quintet at 1.75 ppm is ascribed to the –CH2– protons next to 
the –CH2SeH group, as these protons still feel the electronegative selenium atom. Finally, 
the selenol proton gives rise to a triplet at -0.7 ppm. The peaks assigned to impurities are: 

SeH
A

B

C

D

E

AB
C

D

E

DDSe-SeDD

Figure 7.1 •  1H NMR spectrum of synthesized DDSe, with the integrals in red below the peaks. The letters indicate the 
chemically different protons that can be distinguished in the NMR spectrum. The insets show enlarged regions of the 
spectrum. 



7

149

the weak peaks at 3.62 and 2.79 ppm are assigned to protons that are part of DDSe–SeDD, 
as two electronegative selenium atoms next to each other will give rise to larger chemi-
cal shifts. The protonated alkyl chain, DDH, leads to proton signals overlapping with the 
broad peak at 1.5–1.2 ppm. 

The purity of the product dodecaneselenol can be calculated by comparing the peaks 
at 1.5–1.2 ppm (DDSe + DDSe–SeDD + DDH), the peak at 2.58 ppm (DDSe + DDSe–SeDD), 
and the peak at 3.62 ppm (DDSe–SeDD), which indicates that the product consists of 76% 
DDSe, 22% DDH, and 2% DDSe–SeDD. The reaction yield was 30%. As the main impurity 
was dodecane, which should not influence the NC synthesis since it contains no Se and 
is noncoordinating, no further purification steps than described in the Methods section 
were performed. A 13C NMR spectrum of the product mixture is shown in Figure 7.2A. 
The DDSe was stored under inert atmosphere and in the dark, as oxygen and light induce 
oxidation to the more stable DDSe–SeDD, Figure 7.2B.

 
7.2.2. DDSe as Se precursor in the synthesis of colloidal Cu2-xSe NCs

To verify the adequacy of the as-prepared DDSe as Se precursor for the preparation 
of colloidal Cu2-xSe NCs, we adapted a previously published synthesis protocol for Cu2-xS 
NCs29 by simply replacing DDT by DDSe (0.6 mL DDSe was injected into a solution of 0.22 
mmol Cu(OAc), 0.075 mmol SnBr4, and 0.55 g TOPO in 12.5 mL ODE at 160 °C, followed 
by heating up to 220 °C and 40 minutes of reaction). To allow the direct comparison of 
the reactivity of both precursors, we intentionally kept all reaction parameters the same. 
One minute after DDSe injection, a sample was taken and analyzed with X-ray diffraction 
(XRD), transmission electron microscopy (TEM), and optical spectroscopy (see Figure 7.3). 
The low angle X-ray diffractogram (Figure 7.3A) shows periodic peaks, spaced by 3.7 nm, 
similar to those observed for lamellar Cu–thiolate complexes30 that are observed at early 
stages of the Cu2-xS NCs synthesis using DDT as sulfur precursor.23,29 The XRD patterns 
of the Cu–DDSe and Cu–DDT complexes are essentially identical, both in peak position 
and in relative peak intensity. This is not unexpected since the atomic radii of S2- and Se2- 
only differ by 13 pm,31 and therefore the differences in the lamellae thickness due to the 
chalcogen atoms cannot be distinguished in XRD patterns. TEM analysis of the sample 
obtained after 1 minute reveals thin rectangular sheets (appendix 7.1) that disappear as the 
reaction proceeds and are thus attributed to Cu–DDSe lamellar complexes formed in situ 
following the injection of DDSe in the hot reaction mixture. This assignment is support-
ed by the absorption and PL spectra of the sample extracted 1 min after injection (Figure 
7.3B), which revealed features similar to those previously observed for Br-stabilized Cu–
DDT lamellar complexes.29 It is thus likely that Br-stabilized Cu–DDSe lamellar complexes 
are also formed at early reaction stages. The differences between the optical properties 
of the Cu–DDT and Cu–DDSe lamellar complexes can be understood by considering the 
intrinsic characteristics of ligand-to-metal charge-transfer transitions involving S and Se, 
respectively: The Cu–Br–DDSe optical spectra are ~ 15 nm blue-shifted compared to the 
Cu–Br–DDT spectra, and the DDSe PL spectrum is much narrower and appears much 
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brighter than that observed for the S-analogue. Optical transitions in Cu(I) complexes are 
ascribed to ligand-to-metal charge-transfer (LMCT) transitions32 that shift to shorter wave-
lengths with decreasing electronegativity of the ligand. The blue-shift observed here for 
the Se-complexes with respect to the S-analogues is therefore explained by the replacement 
of S by the less electronegative Se. The PL quantum yield (QY) of a LMCT transition is 

Figure 7.2 •  A. 13C NMR spectrum of DDSe product mixture. The blue numbers in the spectrum indicate the carbon 
atoms that the peaks are assigned to. The red crosses indicate peaks assigned to by-products of the synthesis. B. 1H NMR 
spectrum of yellow crystals isolated after a week exposure to light and air, showing formation of DDSe–SeDD.
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determined by the balance between the radiative and nonradiative decay rates, the for-
mer being dictated by selection rules. For both complexes the transition is spin-forbidden, 
however the spin-selection rule is relaxed when heavier elements are involved, due to 
spin-orbit coupling.31 The transition involving the heavier element selenium is therefore 
more efficient, since it has a faster radiative decay rate, which makes it more competitive 
with respect to the nonradiative decay processes. The band width of LMCT transitions is 
determined by the magnitude of the nuclear reorganization of the complex due the cre-
ation of an electron–hole pair.31 As the soft Lewis acid Cu+ binds stronger to the softer base 
selenium compared to sulfur, the creation of an exciton leads to a smaller degree of reorga-
nization and consequently a narrower PL band.

The exploratory Cu2-xSe NC synthesis described above yielded polydisperse NCs (Fig-
ure 7.4A,D), in striking contrast with the ultrathin Cu2-xS nanosheets (NSs) that are obtained 
in the DDT-based synthesis under the same reaction conditions.29 We attribute the morpho-
logical differences between the Cu2-xS and the Cu2-xSe product NCs to the combined effects 
of a weaker Se–C bond and a lower thermal stability of the lamellar Cu–DDSe complexes, 
in comparison to the sulfide analogues. The latter results in the formation of an isotropic 
phase before the nucleation threshold of Cu2-xSe NCs can be overcome, thereby preventing 
the formation of 2D NCs by soft templating effects, in contrast to the Cu–DDT -based syn-
thesis.23,29 In the Cu–DDT system, halide ions were shown to increase the thermal stability 
of the lamellar Cu–DDT complexes, allowing them to stay intact at temperatures that were 
sufficiently high for nucleation and growth of Cu2-xS NCs, thereby promoting the forma-
tion of 2D nanosheets.23 However, in the present study the stabilization effect of the Br- ions 
appears to be too weak to impose 2D constraints on the nucleation and growth of Cu2-xSe 
NCs, under the reaction conditions used. Moreover, the weaker Se–C bond results in lower 
activation energies for thermolysis of the Cu–DDSe complexes, thereby forming [CuSe] 
monomers at lower temperatures and at faster rates, leading to faster growth rates than 
those observed for the sulfide analogues at the same temperatures. 
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Figure 7.3 •  A. X-ray powder diffractogram of a sample taken 1 minute after injection of DDSe in a Cu2-xSe NCs synthesis 
(red) or DDT in a Cu2-xS NCs synthesis (black). B. Absorption (dashed lines) and PL (solid lines) spectra of samples taken 1 
minute after injection of DDSe (blue) and DDT (black).
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Figure 7.4 •  TEM images of Cu2-xSe NCs with different aspect ratios and the corresponding size histograms. A,D. Cu2-xSe 
NC sample obtained after 40 min reaction at 220 °C, using Cu(OAc), SnBr4, and TOPO. B,E. Cu2-xSe quantum dots (d = 4.9 ± 
0.5 nm) obtained after 15 min reaction at 170 °C, using Cu(OAc), SnBr4, and TOPO. C,F. Cu2-xSe platelets (h = 4.4 ± 0.6 nm, l 
= 21 ± 6 nm) obtained after 40 min reaction at 170 °C, using CuBr, NaBr, and TOPO. G,J. Cu2-xSe platelets (h = 7.0 ± 0.5 nm, 
l = 17 ± 2 nm) obtained after 40 min reaction at 170 °C, using Cu(OAc), SnCl4.H2O, and TOPO. H,K. Stacked and flat lying 
Cu2-xSe NSs (h = 2.4 ± 0.4 nm) obtained after 40 min reaction at 170 °C, using CuBr and NaBr, without TOPO. I. HR-TEM 
image of stacked NSs (additional and larger size images are shown in appendix 7.2) L. TEM image of control experiment 
without halides, using only Cu(I) acetate as precursor and corresponding histogram of thickness and lateral dimensions 
of these NCs, showing a low aspect ratio. 
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7.2.3. Colloidal Cu2-xSe NCs with narrow size and shape dispersion
The exploratory experiments described above clearly demonstrate that the controlled 

synthesis of Cu2-xSe NCs using DDSe as chalcogen precursor requires milder reaction con-
ditions than those used in the synthesis of colloidal Cu2-xS NCs using DDT. Indeed, lower 
injection and growth temperatures (130 and 170 °C instead of 160 and 220 °C, respectively) 
improved the size and shape control but did not restore the 2D constraints, yielding quan-
tum dots with a diameter (d) of 4.9 ± 0.5 nm after 15 minutes of reaction (see Figure 7.4B,E). 
The formation of 2D NCs (nanoplatelets with a thickness h of 4.4 ± 0.6 nm and lateral di-
mensions l of 21 ± 6 nm) required not only longer reaction times (40 minutes) but also the 
replacement of Cu(OAc) and SnBr4 by CuBr and NaBr (Figure 7.4C,F). Addition of chloride 
ions (SnCl4.5H2O) to the reaction mixture (see Methods for details) led to nanoplatelets 
with a lower aspect ratio (h = 7.0 ± 0.5 nm, l = 17 ± 2 nm) than those obtained with bromide 
addition (Figure 7.4G,J). Cu2-xSe NSs (h = 2.4 ± 0.4 nm) were synthesized by carrying out the 
reaction in the absence of TOPO, while keeping CuBr as Cu(I) precursor and NaBr as Br 
source and a low reaction temperature (Figure 7.4H,I,K). The lateral dimensions of the NSs 
range from ~ 50 to ~ 100 nm (Figure 7.4H), and their thickness is around 4 monolayers with 
a spacing of 0.78 nm, as shown in high-resolution (HR) TEM images (Figure 7.4I and ap-
pendix 7.2). A control experiment without halides and just using Cu(I) acetate as precursor 
confirms the stabilizing effect of halide ions, as the NCs obtained under these conditions 
have a very low aspect ratio (Figure 7.4L). The similarity between the shape-directing abil-
ities of Cu(I)–DDSe complexes and those of Cu(I)–DDT complexes implies that the syn-
thesis of colloidal Cu2-xSe NCs using DDSe as Se precursor is capable of reaching the same 
level of mastery already demonstrated for the synthesis of colloidal Cu2-xS NCs using DDT 
as S precursor.1,2,23,24 Moreover, the insights revealed by our work are likely applicable also 
to the direct synthesis of shape-controlled NCs of other metal selenides, since selenolate 
complexes of several metals are known (e.g., Ag(I), Sn(II), Pb(II), and In(III)),25,26 and DDSe 
may be thus able to form lamellar complexes with a variety of other metals. 

7.2.4. Postsynthetic cation exchange of Cu2-xSe template NCs to CdSe and CuInSe2 NCs
Cu2-xSe NCs with three different morphologies (dots, platelets, and sheets; see Figure 

7.4B,G,H, respectively, for representative examples) were used as templates in cation ex-
change (CE) reactions (see Methods for details). The optical spectra of the template and 
product nanocrystals are shown in Figure 7.5. The dimensions of these NCs will be dis-
cussed below in more detail (Figure 7.6). The template Cu2-xSe quantum dots, nanoplate-
lets, and nanosheets show a strong and featureless absorption in the UV–vis region of the 
spectrum accompanied by a broad band in the NIR. The absorption spectrum of the Cu2-xSe 
quantum dots (QDs) shows also a small peak at 360 nm, which is ascribed to residual 
Cu–DDSe complexes, since this peak is already observed immediately after the DDSe injec-
tion and becomes gradually weaker as the growth proceeds. NIR absorption bands similar 
to those displayed in the spectra of the template Cu2-xSe NCs (Figure 7.5) are commonly 



154

observed for Cu-chalcogenide NCs and have been ascribed to localized surface plasmon 
resonances due to excess charge carriers (typically valence band holes originating from Cu 
vacancies).1,2,33 The NIR absorption bands are no longer present in the absorption spectra 
of the product NCs obtained from the CE reactions, indicating the absence of Cu vacancies 
and the successful conversion of the template Cu2-xSe NCs into either CdSe or CuInSe2 
NCs, through Cu+ for Cd2+ or partial, self-limited Cu+ for In3+ CE, respectively. 

The absorption spectra of the CdSe NCs (quantum dots, nanoplatelets, and nanosheets) 
show well-defined features that can be ascribed to the lowest energy transitions of quan-
tum confined excitons. These features are better defined in the spectrum of the CdSe QDs 
and are consistent with the 1S3/2(h)  1S(e), 2S3/2(h)  1S(e) and 1P(h)  1P(e) transitions of CdSe 
QDs with a ~ 4 nm diameter.34,35 The peak positions in the absorption spectra of the CdSe 
nanoplatelets and nanosheets are also consistent with their thicknesses (their dimensions 
will be discussed in more detail below) but are partially distorted by the presence of a light 
scattering background, since these NCs tend to forms stacks (see below for details). The ab-
sorption spectra of the product CuInSe2 NCs do not show well-defined features, regardless 
of the NC shape (Figure 7.5). The product CuInSe2 QDs show PL in the NIR, characterized 
by a large global Stokes shift and slow PL decay times (appendix 7.3). These optical char-
acteristics are typical for ternary CuInSe2 NCs.1,36–38  

The PL of the product CdSe QDs and nanosheets is strongly red-shifted with respect 
to the lowest energy absorption transition, very broad, and slow decaying (see Figure 7.5 
and appendix 7.3). These observations suggest Cu+-dopant mediated radiative decay, as 
shown before for Cu+:CdSe QDs39,40 and nanosheets.41 Low Cu concentrations were indeed 
detected with EDS analysis in the product CdSe NCs (~ 0.5% in the dots and ~ 2% in the 
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Figure 7.5 •  Absorption and PL spectra of template Cu2-xSe NCs (blue lines), product CdSe NCs (red lines), and CuInSe2 NCs 
(brown lines) obtained after CE reactions (Cu+ for Cd2+, and partial, self-limited Cu+ for In3+, respectively). The absorption 
spectra were normalized at 400 nm. TEM images of the samples used to acquire the optical spectra are shown below 
(Figure 7.6). A. Absorption and PL spectra of quantum dots of different compositions. The dips in the PL spectrum of the 
CuInSe2 NCs at ~ 1100 nm are due to absorption by toluene. The PL spectrum of the CdSe quantum dots (red line) is a 
two-sided Gaussian fit combining PL spectra measured with two different sets of gratings and detectors (the measured 
spectra are shown in appendix 7.3) B. Absorption spectra of thick nanoplatelets. Optical spectra of thinner (l ≤ 4.2 nm) 
CdSe nanoplatelets displaying PL are shown in appendix 7.3. C. Absorption and PL spectra of ultrathin nanosheets. The 
absorption by toluene is observed at ~ 1100 nm.
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nanoplatelets and nanosheets see appendix 7.4). This is an indication that the Cu+ for Cd2+ 
CE was not complete. EDS analysis of the CuInSe2 NC samples yielded a Cu:In ratio of 1:2 
(see appendix 7.4). However, the possibility that these samples contained residual indium 
precursor cannot be excluded.

Figure 7.6 shows TEM images of the template Cu2-xSe NCs and of the product CdSe and 
CuInSe2 NCs obtained after CE reactions. It is clear that the shape of the template NCs is 
preserved after the CE reaction, thus making CuInSe2 nanosheets accessible for the first 
time and also hexagonal CdSe nanoplatelets. Nevertheless, the cation exchange was not 
truly topotactic, since the dimensions of the product NCs were slightly altered with respect 
to those of the template NCs. In the case of the dot-shaped NCs, the dimensions changed 
from dCu2-xSe = 4.9 ± 0.5 nm to dCdSe = 4.1 ± 0.7 nm and dCuInSe2 = 3.6 ± 0.7 nm, while for the 
nanoplatelets they changed from h = 7.0 ± 0.5 nm, l = 17 ± 2 nm for the parent Cu2-xSe NCs to 
h = 6.0 ± 0.7 nm, l = 21 ± 3 nm for the CdSe nanoplatelets and h = 4.9 ± 0.7 nm, l = 21 ± 1 nm 
for the CuInSe2 nanoplatelets (see appendix A7.5 for corresponding size histograms). The 

Cu2-xSe CuInSe2

Cu2-xSe CdSe CuInSe2

Cu2-xSe CdSe CuInSe2

50 nm 50 nm 50 nm

50 nm 50 nm 50 nm

50 nm50 nm50 nm

A B C

ED F

G H I

CdSe

Figure 7.6 •  TEM images of A. Template Cu2-xSe quantum dots, d = 4.9 ± 0.5 nm. B. Product CdSe quantum dots with 
d = 4.1 ± 0.7 nm, obtained by Cu+ for Cd2+ cation exchange using the NCs shown in A as templates. C. Product CuInSe2 

quantum dots with d = 3.6 ± 0.7 nm, obtained by partial Cu+ for In3+ cation exchange using the NCs shown in A as 
templates. D. Template Cu2-xSe nanoplatelets (h = 7.0 ± 0.5 nm, l = 17 ± 2 nm). E. Product CdSe nanoplatelets with h = 6.0 
± 0.7 nm and l = 21 ± 3 nm, obtained by Cu+ for Cd2+ cation exchange using the NCs shown in D as templates. F. Product 
CuInSe2 nanoplatelets (h = 4.9 ± 0.7 nm, l = 21 ± 1 nm) obtained by partial Cu+ for In3+ cation exchange using the NCs 
shown in D as templates. G. Template Cu2-xSe nanosheets (h = 2.4 ± 0.4 nm, l = 50 - 100 nm). H. Product CdSe nanosheets 
obtained by Cu+ for Cd2+ cation exchange using the NCs shown in G as templates. I. Product CuInSe2 nanosheets obtained 
by partial Cu+ for In3+ cation exchange using the NCs shown in G as templates.  
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decrease in size of the dot-shaped NCs after the CE reactions is ascribed to etching, as the 
TEM images (Figure 7.6E,I) show irregularly shaped NCs, in contrast to the template Cu2-

xSe dot-shaped NCs (Figure 7.6A). The lateral dimensions of the nanoplatelets increased 
after the CE reaction, while the thickness decreased. This is ascribed to an internal recon-
struction and ripening process accompanying a change in crystal structure and will be 
discussed in more detail below. The nanosheets no longer formed stacks after the CE, and 
therefore their thickness could not be determined. 

HR-TEM imaging and electron diffraction (ED) experiments were performed on the set 
of three differently shaped NCs, before and after CE (Figure 7.7 and appendices A7.6, A7.7, 
and A7.8). Figure 7.7A shows a HR-TEM image of Cu2-xSe nanoplatelets, with some nano-
platelets oriented such that lattice fringes can be observed. A fast Fourier transform (FFT) 
of this image allows the measurement of the lattice spacings in these Cu2-xSe nanoplatelets, 
yielding 0.11, 0.17, and 0.45 nm. Azimuthal integration of the ED ring patterns yields sig-
nals that can be compared to bulk X-ray powder diffraction (XRD) reference patterns, as 
shown in Figures 7.7D-F. The diffraction patterns of the different morphologies are not 
identical, most likely due to the limited number of lattice planes in the ultrathin nanosheets 
and dots and the different orientation of the nanoplatelets and nanosheets on the TEM grid 
(nanosheets are mostly lying flat on the large facets, while the nanoplatelets are mostly 
ordered in stacks oriented perpendicular to the large facets). However, the peaks in the dif-
fraction patterns of the nanosheets coincide with the main peaks in the diffraction patterns 
of the nanoplatelets, and we thus assume that these differently shaped NCs have the same 
crystal structure. The ED patterns of the dots are rather featureless, which can be explained 
by peak broadening due to their small size (visible as diffuse gray values in the measured 
ring patterns; see appendices A7.6, A7.7, and A7.8). The presence of a strong peak in the ED 
pattern of the Cu2-xSe dots (Figure 7.7D) is intriguing and suggests that the self-organized 
hexagonal superlattice formed by these NCs on the TEM grid (appendix A7.6) may have 
a preferred orientation. The absence of peaks at q-values lower than ~ 20 nm-1 is due to the 
electronbeam stopper that blocks the intense signal close to the center, which is necessary 
to enhance the contrast at larger q-values (see appendices A7.6, A7.7, and A7.8). 

The ED pattern of the Cu2-xSe nanoplatelets matches the tetragonal umangite XRD ref-
erence pattern (JPCDS PFD-card 00-047-1745, Figure 7.7D and Figure 7.8A). A compari-
son with other crystal structures known for Cu2-xSe was made, but none of these gave a 
better match than the umangite reference (see appendix A7.9). We assume that all three 
morphologies have the same crystal structure. In the following, we will focus on the nano-
platelets, which yielded a more complete data set. After conversion of the template Cu2-xSe 
NCs to CdSe NCs by cation exchange, a hexagonal crystal lattice is obtained, as clearly 
shown in the HR-TEM images and corresponding FFTs (Figure 7.7B and appendix A7.7). 
The lattice spacings determined are 0.18 and 0.10 nm. The electron diffraction pattern of 
the nanoplatelets corresponds very well with the wurtzite CdSe reference JPCDS PFD-
card 04-011-9600 (Figure 7.7E). The highest intensity peaks correspond to the (100) and 
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(110) planes, indicating that the top facet is the (002) plane, similar to the wurtzite CdSe 
nanoplatelets reported earlier.42 In the HR-TEM image and FFT of the product CuInSe2 
nanoplatelets obtained by cation exchange, a hexagonal pattern is also recognized, with 
lattice spacings of 0.17 and 0.10 nm (Figure 7.7C and appendix A7.8). The ED pattern of 
the CuInSe2 nanoplatelets corresponds very well to the hexagonal CuInSe2 XRD reference 
JPCDS PFD-card 01-078-5190. We assume this crystal structure for all the product CuInSe2 
NCs. Furthermore, we infer that the product CuInSe2 NCs have the same faceting as the 
product CdSe NCs, since the position and relative intensities of the reflections are similar 
(compare Figure 7.7E and F). It is interesting to note that the direct transformation of cop-
per selenide to CuInSe2 has also been observed by solid-state reaction between CuSe2 and 
elemental indium powders promoted by high-energy mechanical milling.43 However, in 
this case, the reaction involves the simultaneous oxidation of In0 to In3+ and reduction of 
Cu2+ to Cu+ and of Se2

2- to Se2-,43 in contrast with the present work, which does not involve 
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Figure 7.7 •  HR-TEM images of A. Template Cu2-xSe nanoplatelets. B. Product CdSe nanoplatelets obtained by Cu+ for 
Cd2+ cation exchange using the NCs shown in A as templates. C. Product CuInSe2 nanoplatelets obtained by partial Cu+ for 
In3+ cation exchange using the NCs shown in A as templates. All scale bars correspond to 10 nm. In the images of the CdSe 
and CuInSe2 nanoplatelets, the hexagonal lattice can be recognized. The insets show the FFT of the images that were 
used to determine the lattice spacings. Azimuthally integrated ED ring patterns of all three morphologies of D. Template 
Cu2-xSe NCs. E. Product CdSe NCs. F. Product CuInSe2 NCs. Bulk XRD reference patterns for umangite (D, JPCDS PFD-card 
00-047-1745), wurtzite (E, JPCDS PFD-card 04-011-9600) and hexagonal CuInSe2 (F, JPCDS PFD-card 01-078-5190) are also 
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158

any redox reactions, since Cu is already in its +1 oxidation state in Cu2-xSe, and In is already 
in the +3 oxidation state in the precursor used for the CE reaction. Moreover, the solid-state 
transformation reported in ref. 43 results in tetragonal CuInSe2, while hexagonal CuInSe2 is 
obtained in the present work.

7.2.5. Mechanism for the NC reconstruction during the cation exchange 
As shown above, the tetragonal crystal structure of the template Cu2-xSe NCs changes 

to a hexagonal structure in the product CdSe and CuInSe2 NCs. This structural transfor-
mation is accompanied by a reconstruction of the NC, through which its overall shape is 
preserved despite changes in its aspect ratio (i.e., the thickness decreases, while the lateral 
dimensions increase). This is unusual, as CE reactions are typically topotactic, leaving the 
anionic sublattice undisturbed, thereby preserving the size, shape, and anionic sublattice 
structure of the template NCs in the product NCs.4–7,44 Very few examples of reorganization 
of the anionic sublattice during CE reactions are known, viz. the transformation of trigonal 
In2S3 NCs to tetragonal CuInSe2 NCs in water,45 covellite CuS NCs to wurtzite CdS NCs,46 
and hexagonal Cu2Te nanodisks to wurtzite CdTe nanodisks.18 In the latter case, the main 
anionic displacement is in the z-direction with an average displacement of 0.19 nm per Te 
atom (based on unit cell parameters) which leads to tilting of the c-axis (the [001] direction) 
by 90°, from perpendicular to the nanodisk plane to in-plane.18 Modeling of both unit cells 
predicted an overall compression of the in-plane area of 5% and an increase in thickness 
of 25%, in good agreement with the observed increase in thickness of 22% for the product 
CdTe disks.18 

The unit cell dimensions of the systems we discuss here are very similar to each other, 
however in a different orientation: tetragonal umangite has a = b = 0.640 nm and c = 0.428 
nm (JPCDS PFD-card 00-047-1745), while hexagonal wurtzite CdSe has a = b = 0.426 nm 
and c = 0.695 nm (JPCDS PFD-card 04-011-9600). Calculations based on these values yield 
an expected increase in lateral dimensions of 7.9% (0.06 nm per unit cell) and a decrease 
in thickness of 0.5% (0.002 nm per unit cell). However, from the different views on slabs of 
umangite and wurtzite in Figure 7.8B-G, it is clear that the anionic sublattices in umangite 
and wurtzite are not equivalent. This means that upon conversion of umangite to wurtzite 
by either Cu+ for Cd2+ or partial Cu+ for In3+ CE, not only the dimensions of the unit cells 
should change but also the anionic sublattice itself should undergo a substantial recon-
struction. Figure 7.8H shows a 3-dimensional model superposing the anionic sublattices of 
umangite and wurtzite. From this model, it is clear that conversion of the template uman-
gite NCs to product wurtzite NCs requires expansion in all three dimensions (viz., 16% in 
the x–y plane and 10% in the z-direction), leading to an overall increase in volume of 29%. 

 The experimentally observed dimensions of the nanoplatelets are: (see Figure 7.6 
above) thickness h = 7.0 nm ± 0.5 nm and diameter l = 17 ± 2 nm for the template umangite 
Cu2-xSe NCs, h = 6.0 ± 0.7 nm and l = 21 ± 3 nm for the product wurtzite CdSe NCs, and h = 
4.9 ± 0.7 nm and l = 21 ± 1 nm for the product CuInSe2 NCs. This corresponds to an increase 
in lateral dimensions of 23.5 ± 0.2 % and 23.5 ± 0.1 % and a decrease in thickness of 14.3 ± 
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0.1 % and 30.0 ± 0.1 % for the CdSe and CuInSe2 NCs, respectively. It is interesting to note 
that this in striking contrast with the expectations based on the calculations above, since 
the observed expansion in the xy-plane is much larger than that expected (23.5% instead 
of 16%), while a contraction in the z-direction (by 14.3% and 30% for CdSe and CuInSe2, 
respectively) is observed instead of the expected expansion of 10%. In terms of the overall 
volume, the CdSe nanoplatelets expand 26.4 ± 0.3 % (assuming a perfect hexagonal prism 
with height h = 6.0 ± 0.7 nm, side length s = 10.8 ± 0.9 nm, and apothem a = 11 ± 1 nm), while 
the CuInSe2 nanoplatelets expand only 7.4 ± 0.3 % (assuming a perfect hexagonal prism 
with h = 4.9 ± 0.7 nm, s = 11.6 ± 1 nm, and a = 10.6 ± 0.7 nm) in comparison to the template 
Cu2-xSe nanoplatelets (assuming a perfect hexagonal prism h = 7.0 ± 0.5 nm, s = 9 ± 1 nm, and 
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a = 8 ± 1 nm). The overall expansion of the CdSe nanoplatelets is only slightly smaller than 
that expected (26.4% instead of 29%), suggesting that the larger expansion in the lateral 
direction occurred to compensate for the reduction in thickness. However, the expansion 
of the CuInSe2 nanoplatelets (7.4%) is significantly smaller than that expected, mostly be-
cause the expansion in the xy-direction was not enough to compensate the pronounced 
contraction in the z-direction. 

These observations indicate that the observed reconstruction of the product NCs is 
driven not only by the reorganization of the anionic sublattice that is required for the struc-
tural transformation from tetragonal umangite to hexagonal wurtzite but also by internal 
ripening processes that favor extension of the lateral dimensions at the expenses of the 
thickness. The process of internal ripening, where elemental units move from high-energy 
facets to low-energy facets, has been observed before for many different NC systems and 
typically results in reduction of the anisotropy of the NC shape (e.g., nanorods become 
shorter and thicker).13 It is known that the polar facets of wurtzite CdSe have a higher free 
energy and are generally less densely passivated by ligands (e.g., alkylamines or alkyl-
phosphonic acids) than the nonpolar facets47 and therefore tend to be eliminated when 
internal ripening processes occur.13 

Interestingly, the electron diffraction experiments discussed above (Figure 7.7) indicate 
that in the present case the top and bottom facets of the product CdSe (and CuInSe2) nano-
platelets consist of the polar (002) plane, while the side facets consist of the nonpolar (100) 
and (010) planes (Figure 7.8I), which implies that the reconstruction and structural trans-
formation of the nanoplatelets result in growth of the polar (002) facets at the expenses of 
the nonpolar (100) and (010) side facets. Although this internal reconstruction process still 
involves transfer of material from high free-energy facets (the (002) top and bottom fac-
ets) to low free-energy facets (the nonpolar side facets), it is fundamentally different from 
typical internal ripening processes, since it results in growth of the high free energy facets 
rather than their elimination. This observation can be rationalized by considering that the 
polar top and bottom facets of the nanoplatelets are likely stabilized by dodecaneselenol, 
which can be expected to form dense ordered monolayers at surfaces, similarly to DDT 
and other linear chain alkylthiols.23,29,48 Therefore, the increase in the relative area of the 
(002) facets most likely results in reduction of the overall surface free energy due to the 
stabilizing effect of surface ligands. The role of ligands in stabilizing facets is a well-known 
phenomenon.19 For example, it has been shown that alkylamines stabilize the high energy 
(001) top and bottom facets of covellite CIS nanosheets,49 oleic acid directs the 2D-growth 
of PbS by stabilizing the (100) facet,50 and amines and DDT stabilize different djurleite 
Cu2-xS facets, thereby providing control over where CE reactions take place and conse-
quently over the morphology of Cu2-xS/I-III-VI2 hetero-nanorods.51 We thus conclude that 
the driving force for the internal reconstruction process that accompanies the structural 
transformation of the nanoplatelets from tetragonal umangite Cu2-xSe to hexagonal wurtz-
ite CdSe and CuInSe2 is likely the minimization of both the total surface free energy and 
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the reconstruction strain during the structural reorganization process, in such a way that 
the total volume expansion work is kept to a minimum (VCu2Se= 1.7×103 nm3, VCdSe= 2.1×103 
nm3, VCuInSe2= 1.8×103 nm3).

7.3. Conclusions
In this work, 1-dodecaneselenol (DDSe) was synthesized and used as Se-precursor 

for the synthesis of shape-controlled colloidal Cu2-xSe NCs with varying dimensions and 
shapes. During the Cu2-xSe NCs synthesis, Cu–DDSe complexes form that are stabilized 
by halides, similar to the Cu2-xS NCs synthesis using DDT as S-precursor. By adjusting 
the reaction parameters, the same control over size and shape can be achieved as for the 
analogue Cu2-xS system using DDT as S-precursor. However, the reaction temperatures 
required for the controlled synthesis of colloidal Cu2-xSe NCs from DDSe were found to 
be lower than those used for the S-analogue (viz., injection and growth at 130 and 170 °C 
instead of 160 and 220 °C, respectively). Cu2-xSe dot-shaped NCs (d = 4.9 ± 0.5 nm), hexag-
onal nanoplatelets (4.4 ± 0.6 to 7.3 ± 0.6 nm thick with lateral dimensions from 21 ± 6 to 17 
± 2 nm), and nanosheets (2.4 ± 0.4 nm thick with lateral dimensions ranging from ~ 50 to 
~ 100 nm) were converted to wurtzite CdSe and CuInS2 NCs through postsynthetic cation 
exchange reactions, yielding NCs with morphologies and dimensions that are not acces-
sible via direct synthesis. Interestingly, although the overall shape of the template Cu2-xSe 
NCs was preserved in the product CdSe and CuInS2 NCs, the cation exchange reactions 
were not fully topotactic, leading to a substantial reorganization of the anionic sublattice, 
which resulted in the change of the crystal structure from the tetragonal umangite to the 
hexagonal wurtzite and a NC reconstruction, through which the lateral dimensions of the 
nanoplatelets increased while their thicknesses decreased. This internal ripening process 
is likely driven by the minimization of both the total surface free energy (by creating more 
ligand coated top and bottom surfaces) and the reconstruction strain during the structural 
reorganization process (by keeping the total volume expansion work to a minimum).

This work provides novel tools for the rational design of shape-controlled colloidal 
Cu2-xSe NCs, which, besides their promising optoelectronic properties, also constitute a 
new family of cation exchange templates for the synthesis of shape-controlled NCs of 
wurtzite CdSe, CuInSe2, and other metal selenides that cannot be attained through direct 
synthesis approaches. Moreover, the insights provided here are likely applicable also to 
the direct synthesis of shape-controlled NCs of other metal selenides, since DDSe may be 
able to form lamellar complexes with several other metals.

Acknowledgement. Quinten Akkerman and Joost van der Lit are thanked for synthesiz-
ing 1-dodecaneselenol.



162

7.4. Methods
Materials. Dodecylmagnesium bromide solution (DMB, 1 M in ether), copper(I) bromide (CuBr, 98%), cop-

per(I) acetate (CuOAc, 97%), tin(IV) tetrabromide (SnBr4, 99%), tin(IV) tetrachloride pentahydrate (SnCl4.5H2O, 

98%), cadmium(II) chloride (CdCl2, trace metal, 99.99 %), indium(III) chloride (InCl3, trace metal, 99.99%), sodium 

bromide (NaBr, ≥ 99%), calcium chloride (CaCl2, 93.0%), trioctylphosphine (TOP, 90%), 1-dodecanethiol (DDT, 

≥ 98%), 1-octadecene (ODE, tech., 90 %), trioctylphosphine oxide (TOPO, 99%), oleic acid (OA, 90%), anhydrous 

toluene, methanol, and butanol were purchased from Sigma-Aldrich. ODE, TOPO, and OA were degassed prior 

to use (120 °C under vacuum). All other chemicals were used without any further purification. Selenium powder 

(Se, 99.99%) was bought from Alfa Aesar.

Synthesis of 1-dodecaneselenol (DDSe).The synthesis procedure is adapted from Froster et al.52 Briefly, 4.56 g 

(57.8 mmol) of dry selenium powder was added over a period of 30 minutes to 60 mL of DMB solution (60 mmol) 

under an inert atmosphere (N2) and refluxed for 3 h. The reaction mixture was poured over 60 mL of iced water, 

after which 9 mL of 37% HCl solution was added. The resulting suspension was filtered, and the organic phase of 

the filtrate was collected and dried over CaCl2. Remaining solvent was removed after which vacuum distillation 

(~105 °C, 2.5 Torr) yielded a clear colorless air sensitive oil in a yield of 30%.  

Cu2-xSe QDs synthesis. Cu2-xSe QDs were synthesized following an adaptation of a previously reported method 

for the synthesis of Cu2-xS NSs.29 The main adaptations were the use of DDSe instead of DDT, a lower reaction 

temperature, and a shorter reaction time. Typically, 0.22 mmol Cu(OAc), 0.075 mmol SnBr4 were mixed with 12.5 

mL ODE and 0.55 g of TOPO. The mixture was degassed for 30 minutes at 100 °C under vacuum. The solution 

was then heated to 130 °C, and 0.6 mL DDSe was swiftly injected, the reaction mixture being still under vacuum. 

Directly after the injection, the reaction solution turned clear yellow/orange and was purged with a N2 gas flow. 

The temperature was further increased to 170 °C, and the reaction mixture turned turbid brown/black at ~ 150 °C. 

The solution was maintained at 170 °C for 15 minutes and was then cooled to RT by removing the heating mantle. 

The Cu2-xSe NCs were precipitated by adding a 1:1 methanol:butanol solution, followed by centrifugation. The 

supernatant was discarded and the NCs were dispersed in ~ 2 mL toluene. These washing steps were repeated 

three times.

Cu2-xSe nanoplatelet synthesis. A modification of the method described above to synthesize Cu2-xSe QDs was 

used to synthesize Cu2-xSe nanoplatelets. Typically, 31.6 mg (0.22 mmol) of CuBr and 30.8 mg (0.30 mmol) of NaBr 

were mixed with 12.5 mL ODE and 0.55 g of TOPO. After degassing for 30 min at 100 °C, the solution was heated 

to 130 °C, and 0.6 mL DDSe was swiftly injected, all under vacuum. After the injection, the reaction mixture was 

purged with a N2 gas flow, and the temperature was further increased to 170 °C. The solution was maintained 

at 170 °C for 40 minutes and was then cooled to RT by removing the heating mantle. The Cu2-xSe NCs were pre-

cipitated by adding a 1:1 methanol:butanol solution, followed by centrifugation. The supernatant was discarded, 

and the NCs were dispersed in ~ 2 mL toluene. These washing steps were repeated three times. The aspect ratio 

of the platelets (thicker and smaller lateral dimensions) can be tuned by using 0.22 mmol Cu(OAc), 0.075 mmol 

SnCl4.5H2O, 12.5 mL ODE, and 0.55 g of TOPO.

Cu2-xSe NSs synthesis. Cu2-xSe NSs were synthesized following an adaptation of the protocol described above to 

synthesize the Cu2-xSe QDs. Typically, 15.8 mg (0.11 mmol) of CuBr and 15.4 mg (0.15 mmol) of NaBr were mixed 

with 6.25 mL ODE. After degassing for 30 min at 100 °C, the solution was heated to 130 °C, and 0.25 mL DDSe 

was swiftly injected, all under vacuum. After the injection, the reaction mixture was purged with a N2 gas flow, 
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and the temperature was further increased to 170 °C. The solution was maintained at 170 °C for 40 minutes and 

was then cooled to RT by removing the heating mantle. The Cu2-xSe NSs were precipitated by adding a 1:1 meth-

anol:butanol solution, followed by centrifugation. The supernatant was discarded and the NCs were dispersed 

in ~ 2 mL toluene.

Control experiment. In the experiment used to test the influence of halide ions present in solution, the synthesis 

for Cu2-xSe quantum dots was performed as ascribed above, however without the addition of Br- salt. 

Cation exchange to CdSe. A 0.06 M Cd-stock solution was prepared by dissolving 0.08 g (0.4 mmol) CdCl2 in 7 

mL methanol. 0.5 mL of Cu2-xSe NCs in toluene (as prepared above) was mixed with 0.5 mL Cd-stock solution and 

50 µL TOP and left at room temperature for approximately 24 hours. The color of the NC solutions changed to 

red immediately after addition of the Cd-stock solution and TOP. Prior to TEM and elemental analysis, the NCs 

were washed with methanol and redispersed in toluene. 

Partial cation exchange to CuInSe2. A In-stock mixture was prepared by mixing 0.22 g (1 mmol) InCl3 in 3 mL 

ODE and 0.5 mL (1 mmol) TOP. This mixture was heated at a heating plate set at 180 °C while stirring, for 30 

min. 0.5 mL of Cu2-xSe NCs in toluene (as prepared above) was mixed with 40 µL In-stock mixture and placed at 

a heating plate with a temperature set at 100 °C overnight. Prior to TEM and elemental analysis, the NCs were 

washed with methanol and redispersed in toluene.

Electron Microscopy. Transmission electron microscopy (TEM) and electron diffraction measurements were 

performed on a FEI Tecnai 10, 12 or 20-FEG microscope. Samples were prepared by drop-casting a NC solution in 

toluene on a carbon-coated copper grid. Azimuthal integration with CrystBox53 was used to analyze the electron 

diffraction patterns. Energy dispersive X-ray spectroscopy (EDS) experiments were performed on a FEI Tecnai 

20-FEG or FEI TalosF200X microscope, using carbon-coated aluminum grids. 

X-ray Diffraction (XRD). Diffraction measurements were performed with a Bruker D2 Phaser equipped with a 

Co Kα X-ray source with X-ray wavelength of 1.79026 Å. Thin solid film NC samples for XRD were prepared by 

drop-casting a concentrated NC solution in chloroform on a Si wafer and evaporating the solvent.    

Absorption and photoluminescence spectroscopy. Absorption spectra were measured on a double-beam Perki-

nElmer Lambda 950 UV/vis spectrophotometer. NC solutions were measured in toluene and stored in sealed 

quartz cuvettes. Photoluminescence (PL) and PL excitation spectra were measured on an Edinburgh Instruments 

FLS920 spectrofluorometer equipped with a Hamamatsu R928 detector with a monochromator grated at 500 nm 

or a Hamamatsu R5509-72 PMT with a monochromator grated at 1200 nm. A 900 W Xe lamp was used as exci-

tation source. 

Time resolved PL spectroscopy. Samples for time-resolved PL spectroscopy were prepared by diluting the stock 

solution of washed NCs with anhydrous toluene under nitrogen and stored in sealed quartz cuvettes. PL decay 

curves were obtained by time-correlated single-photon counting on a Hamamatsu photosensor module R5509-

72. A pulsed diode laser was used as the excitation source: EPL-445 Edinburgh Instruments, 441 nm, 55 ps pulse 

width, 0.2 MHz repetition rate. Lifetimes were obtained from a biexponential fit of the decay curve.

Model visualization. The panels B-G in Figure 7.8 were made using the program Vesta.54
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7.6. Appendices

A7.1 Product 1 minute after injection of DDSe

1 μm

Figure A7.1 •  TEM image of product material one minute after injection of DDSe into the reaction mixture (0.22 mmol 
Cu(OAc), 0.075 mmol SnBr4.H2O, 12.5 mL ODE and 0.55 g TOPO) at 220 °C.
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A7.2  HR-TEM images of Cu2-xSe NSs

 

Figure A7.2 • High-resolution TEM images of stacked Cu2-xSe NSs. The atomic layers (~ 4 per NSs) can be distinguished.



170

A7.3 PL decay curves, PL reconstruction and Cd for Cu CE on thin nanoplatelets
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Figure A7.3 • A. PL decay curve of product Cu+-doped CdSe quantum dots obtained by Cu+ for Cd2+ cation exchange 
in template Cu2-xSe NCs. B. PL decay curve of product CuInSe2 quantum dots obtained by partial Cu+ for In3+ cation ex-
change in template Cu2-xSe NCs. Both decay curves were fitted with a two-exponential function (red line). The decay times 
are indicated in the figure. C. Normalized PL signals as measured on two different detectors (black) and the two-sided 
Gaussian fit through both measured curves (red). For the measurements a Hamamatsu R928 detector with a mono-
chromator grated at 500 nm, and a Hamamatsu R5509-72 PMT with a monochromator grated at 1200 nm were used. D. 
TEM image of template Cu2-xSe nanoplatelets with a thickness of 4.2 nm. E. TEM image of product CdSe nanoplatelets 
obtained by Cu+ for Cd2+ cation exchange using the Cu2-xSe NCs displayed in A as templates. F. Absorption and PL spectra 
of 3.9 nm thick product CdSe nanoplatelets obtained by Cu+ for Cd2+ cation exchange in template Cu2-xSe nanoplatelets. 
G. Absorption and PL spectra of 4.2 nm thick product CdSe nanoplatelets obtained by Cu+ for Cd2+ cation exchange in 
template Cu2-xSe nanoplatelets.
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A7.4 EDS elemental maps
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Figure A7.4 • HAADF-STEM Elemental maps. A-C. CdSe nanocrystals: dots (A), platelets (B) and nanosheets (C). D-F. 
CuInSe2 nanocrystals: dots (D), platelets (E), nanosheets (F). The maps confirm the successful cation exchange for both 
compositions and show qualitatively the same results as the bulk EDS measurements discussed in the main text.
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A7.5 Size histograms of NCs after CE
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Figure A7.5 • Size histograms of NCs shown in Figure 7.6 in the main text.
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A7.6 HR-TEM and ED images of Cu2-xSe NCs
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Figure A7.6 • A-C. High-resolution TEM images of Cu2-xSe quantum dots (A), nanoplatelets (B) and nanosheets (C). The 
inset in A shows the FFT of the NC in the frame, the insets in B and C show the FFT of the full images. The scale bars 
correspond to 10 nm. D-F. Electron diffraction ring patterns of quantum dots (D), nanoplatelets (E) and nanosheets (F).
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A7.7 HR-TEM and ED images of CdSe NCs
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Figure A7.7 • A-C. High-resolution TEM images of CdSe quantum dots (A), nanoplatelets (B) and nanosheets (C). The 
insets show the FFT of the images. The scale bars correspond to 10 nm. D-F. Electron diffraction ring patterns of quantum 
dots (D), nanoplatelets (E) and nanosheets (F).
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A7.8 HR-TEM and ED images of CuInSe2 NCs
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Figure A7.8 • A-C. High-resolution TEM images of CuInSe2 quantum dots (A), nanoplatelets (B) and nanosheets (C). The 
insets show the FFT of the images. The scale bars correspond to 10 nm. D-F. Electron diffraction ring patterns of quantum 
dots (D), nanoplatelets (E) and nanosheets (F).
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A7.9 Comparison of ED pattern of Cu2-xSe nanoplatelets with XRD references
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reference fits best to the signal.
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Chapter
Towards quaternary Cu-chalcogenide 
nanocrystals via postsynthetic cation 
exchange reactions
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Abstract Cu-chalcogenides, and Cu(In,Ga)(S,Se)2 in particular, are interesting materials for use 
in applications, for example photovoltaics, photocatalysis, and light-emitting devices. Tuning the 
band gap and band potentials of nanocrystals (NCs) of these materials is of utmost importance to 
tailor their photoluminescence (PL) colors and to make charge carrier transfer possible by matching 
with band potentials of other semiconductors or molecular HOMO-LUMO levels. Here we present 
a new approach (postsynthetic cation exchange) to control the cation ratio in copper indium gallium 
sulfide NCs, thereby tailoring their optoelectronic properties. The Cu+ for Ga3+ exchange results in 
blue-shifted absorption and PL spectra, and PL quantum yields that are one order of magnitude 
higher than those of the parent CuInS2 NCs. Temperature-dependent PL spectroscopy in the 4.2 to 
300 K range shows that the radiative decay pathways in CuInS2 and Cu-poor Cu1-3xInGaxS2 NCs 
are similar, and are consistent with radiative recombination of a delocalized electron with a localized 
hole. The results presented in this chapter open up a new route for tuning the optoelectronic prop-
erties of Cu1-3xInGaxS2 nanocrystals. 

8.1. Introduction
Copper chalcogenide-based nanocrystals (NCs) are attracting increasing attention due 

to their potentially lower costs and lower toxicity in comparison to Pb- and Cd-chalco-
genides. Their large absorption cross-section and direct band gap, make Cu-chalcogenides 
interesting for photovoltaic (PV) applications.1,2 Cu(In,Ga)S2 (CIGS) or its selenide ana-
logue in particular have a strong absorption coefficient (3–6 ×105 cm-1), good stability un-
der operating conditions, and the right electron affinity and lattice constants to form a 
heterojunction with, for example, wurtzite CdS and (Zn,Cd)S.1 Bulk Cu(In,Ga)(S,Se)2, with 
a band gap in the range of 1.04–1.50 eV,1 has already been studied for use in PV devices3,4 
and advances have been made on the nanoscale as well.5,6 Another possible application for 
Cu(In,Ga)(S,Se)2 materials is photocatalysis or photoelectrocatalysis, typically production 
of solar fuels (H2 evolution from water),1,7,8 or pollutant degradation (e.g., dyes in industri-
al waste water).1,9,10 Furthermore, this type of (nano)materials is interesting for lighting de-
vices as their photoluminescence (PL) wavelength can be tuned over the visible spectrum, 
by controlling the composition and/or size of the nanocrystals.11

For all these applications, a good control over the band gap and band potentials, com-
bined with efficient PL and stability, is required. To date, ternary CuGaS2 (CGS) NCs can 
be synthesized via direct synthesis protocols,12–15,7 or via cation exchange reactions,16,17 but 
for quaternary CIGS NCs only direct synthesis protocols are known in which the In/Ga 
ratio can be moderately controlled by adjusting the precursor ratio’s.6,12,15,18–21 Good control 
over the size and composition of these quaternary NCs, which would allow for their ratio-
nal design for application in devices, has yet to be achieved. 

Postsynthetic cation exchange (CE) is a powerful tool to control the composition and 
even the heterostructure of semiconductor NCs. As discussed in Chapter 2, depending on 
the concentration of the guest cations, diffusion rates of incoming and outgoing cations, 
and miscibility of the parent and product phases, doped, alloyed, or hetero-structured NCs 
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can be created.22 In this chapter, we use postsynthetic CE to create NCs with a quaternary 
composition, starting from luminescent CuInS2 (CIS) NCs. For the first time, Cu+ ions in 
CIS NCs are exchanged for Ga3+ cations, resulting in a new composition that has not yet 
been reported (i.e. copper-poor Cu1-3xInGaxS2). The product NCs inherit the size and shape 
of the parent NCs, with only a small lattice contraction. The optical spectra of the quaterna-
ry CIGS product NCs are shifted to higher energies with respect to those of the parent CIS 
NCs, while the PL quantum yield increases by an order of magnitude. Temperature-depen-
dent PL measurements in the 4.2 to 300 K range reveal that the radiative decay pathways 
in both materials are similar, and support the model proposed in Chapter 4, in which a 
delocalized electron radiatively recombines with a localized hole. The postsynthetic CE 
procedure described here opens up a new way of tuning the composition of quaternary 
Cu1-3xInGaxS2 NCs, which show interesting optoelectronic properties.

8.2. Results and discussion
The CIS NCs used as parent NCs in the Ga3+ exchange reaction had a trigonal pyramidal 

shape and a size of 6.4 ± 1.1 nm, and showed an essentially featureless absorption spec-
trum extending up to ~ 900 nm, with PL at ~ 1100 nm (Figure 8.1). The size of the parent 
CIS NCs was chosen such that they were large enough to allow reliable structural analysis 
with HR-TEM techniques, while still being sufficiently small to show PL in the NIR. Our 
choice of Ga3+-precursor complex for the CE reaction (viz., GaCl3-diphenylphosphine) was 
motivated by a recent study on Cu+ for Ga3+ exchange in Cu2-xS NCs, which demonstrated 
that this complex was the most successful precursor to convert the parent Cu2-xS NCs into 
CGS NCs by CE.17

8.2.1. Elemental composition and structural analysis
A purified solution of CIS NCs was mixed with stoichiometric GaCl3-diphenylphos-

phine in toluene and dodecanethiol (DDT) and heated for 30 minutes at 100 °C (see Meth-
ods for details). Energy-dispersive X-ray spectroscopy (EDS) analysis revealed an indi-
um rich composition with a Cu:In ratio of 0.68 ± 0.008 : 1 for the parent CIS NCs, and a 
Cu:Ga:In ratio of 0.20 ± 0.001 : 0.16 ± 0.001 : 1 for the product NCs. This suggests that Cu+ 
ions are exchanged for Ga3+ while preserving the charge balance, as the relative concentra-

Figure 8.1 •  A. TEM image 
of the parent CIS NCs. B. 
Absorption (black) and 
PL (red) spectra of the 
CIS NCs shown in (A). The 
dips around 1100 nm in 
the PL spectrum are due 
to absorption by toluene 
(vibrational overtones).
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tion of gallium ions multiplied by their formal charge (0.16×3 = 0.48) exactly corresponds to 
the decrease in the concentration of copper ions times their formal charge (0.68×1 – 0.20×1 
= 0.48). This may seem surprising, as it requires the extraction of three Cu+ cations for each 
Ga3+ cation incorporated, while the exchange of the equally charged In3+ for Ga3+ would be 
a direct one-to-one exchange. However, as discussed in Chapter 2, CE reactions are driven 
by both thermodynamic and kinetic factors. The thermodynamic driving force of a CE 
reaction is determined by the overall energy balance, which will favor CE if the outgoing 
native cation has a larger solvation energy and a lower lattice enthalpy than the incoming 
guest cation (i.e., the chemical potential of the native cation is lower in solution, while 
that of the guest cation is lower in the nanocrystal). The species present in solution in the 
present case are Cl- (soft Lewis base23 with absolute hardness η = 4.6 eV24) and diphenyl-
phosphine (soft Lewis base25 with η ≈ 6 eV24). Both these soft Lewis bases will form stronger 
bonds with the soft Lewis acid Cu+ (η ≈ 6.28 eV) than with the hard Lewis acids In3+ (η ≈ 
13 eV) and Ga3+ (η ≈ 17 eV).23,24 Moreover, Cu+ for Ga3+ exchange is also kinetically favored, 
since Cu+ is easily extracted from the NCs by soft Lewis bases, owing to its fast solid-state 
diffusion, low charge (which results in relatively weak Cu–S bonds), and soft Lewis acid 

Figure 8.2 •  High-resolution (HR) TEM images of the (A.) parent CIS NCs and (B.) product CIGS NCs. The insets show the 
FFTs of the images. C,D. HR-TEM image of single NCs, the corresponding FFT, and powder electron diffraction patterns of 
(C) the parent CIS NCs and (D) the product CIGS NCs . E. Azimuthally integrated diffraction patterns patterns compared 
to a bulk chalcopyrite CIS X-ray powder diffraction reference, ref. [26].
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character.2   
TEM analysis shows that the size (6.2 ± 0.9 nm) and shape of the product Cu1-3xInGaxS2 

NCs are similar to those of the parent CIS NCs (Figure 8.2A and B). FFT analysis of the 
high-resolution TEM images allows determination of the lattice spacings, which are not 
significantly different before and after the CE reaction (viz., 0.18, 0.21 and 0.34 nm in both 
cases), and correspond well to the CIS chalcopyrite lattice.26 However, the azimuthally inte-
grated powder electron diffraction ring patterns (Figure 8.2C, D, E) shift to higher q values 
by ~ 1 nm-1 (Figure 8.2E), indicating a small contraction of the unit cell (i.e. ~ 0.015 nm). This 
contraction is consistent with the exchange of the relatively large Cu+ (rCu+ = 60 pm)27 for the 
relatively small Ga3+ (rGa3+ = 47 pm),27 which differ by 0.013 nm. The powder electron dif-
fraction patterns of both the parent CIS NCs and the product Cu1-3xInGaxS2 NCs correspond 
very well with the X-ray powder diffraction (XRD) reference pattern of bulk chalcopyrite 
CIS (Figure 8.2E).

High-resolution high angle annular dark field – scanning transmission electron mi-
croscopy (HAADF-STEM) imaging and elemental mapping were used to investigate the 
elemental distribution profile (i.e. core/shell heteronanocrystal or homogeneous alloy) of 
the product Cu1-3xInGaxS2 NCs (Figure 8.3). However, the resolution achieved was not suf-
ficient to allow an unambiguous conclusion to be drawn. Nevertheless, considering that 
all elements appear to be uniformly distributed over the NCs, we propose that the product 
NCs are likely homogeneous (Cu,In,Ga)S2 alloys. 

A B C

D E F

Figure 8.3 •  A. HAADF-STEM image of the product CIGS NCs. B. Overlay of the HAADF-STEM image shown in A with the 
elemental maps shown in C-F. C-F. STEM-EDS elemental maps of the NCs shown in panel A.
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8.2.2. Optical properties
The optical spectra of the product Cu1-3xInGaxS2 NCs are blue-shifted with respect to 

those of the parent CIS NCs by 140 meV for the absorption and 260 meV for the PL (Figure 
8.4 A and B, respectively), indicating a widening of the band gap after the Cu+ for Ga3+ CE. 
This can be attributed to either an increase in quantum confinement due to a smaller effec-
tive CIS core size,28,29 in case a CIS/CIGS core/shell NC is formed, or to the intrinsic increase 
in band gap6,30 in case a homogeneous CIGS alloy is formed, since the band gap of bulk Cu-
GaS2 is larger than that of CuInS2 (viz., 2.431,31 and 1.55 eV32, respectively). If the formation 
of a homogeneous CIGS alloy with Ga:In ratio of 0.16 is assumed (as discussed above), the 
band gap of 1.72 eV determined with a Tauc plot (inset Figure 8.4A) corresponds reason-
ably well with the value of 1.65 eV estimated from the compositional dependence of the 
band gap of CuIn1-xGaxS2 NCs reported in ref. [18]. Taking into account that in the present 
case the Cu/[In+Ga] ratio is smaller than 1, and considering that the valence band maxi-
mum (VBM) is mostly build up from Cu d10 orbitals,33 it is not surprising that the band 
gap of the product Cu1-3xInGaxS2 NCs is larger than that expected based on the composi-
tional dependence reported for CuIn1-xGaxS2 NCs.18 The PL of the product Cu1-3xInGaxS2 
NCs is centered in the biological spectral window,34 making them promising candidates 
for bio-imaging applications. Although the absolute PL quantum yield (QY) of the product 
Cu1-3xInGaxS2 NCs could not be determined due to experimental limitations (see appendix 
A8.1), comparison to the parent CIS NCs shows that the PL QY increases by one order of 
magnitude after the CE reaction (Figure 8.4B).

PL spectroscopy at low temperatures is a powerful tool to study the fundamental elec-
tronic structure of semiconductor NCs. In general, at 4 K only the lowest energy exciton 
states are populated.35 This allows the study of the exciton fine-structure, i.e. the degen-
eracy of the lowest exciton state and its splitting due to the crystal-field and quantum 
confinement effects. For II-VI semiconductors (e.g., CdSe) the lowest exciton state (1Se–1Sh) 
is 8-fold degenerate. In a NC of wurtzite CdSe this degeneracy is partially lifted up due to 
the combined effects of the crystal-field, the increased electron-hole exchange interaction, 
and the non-spherical shape, leading to 5 fine-structure states,36,37 the lowest of which being 
a dark state (i.e., radiative recombination from it to the ground state is forbidden within 
the electric-dipole approximation).38 Upon cooling down NCs of II-VI materials, the pop-
ulation of the dark fine-structure exciton state will increase, leading to increasingly longer 
exciton lifetimes (~ 20 ns at 300 K, ~ 1 µs at 4.2 K).36 Furthermore, the population of phonon 
states decreases with decreasing temperature which results in narrower bands, because 
exciton-phonon coupling is the cause of homogeneous broadening.36,39 Consequently, the 
spectral line widths for NCs of II-VI materials at low temperatures are dominated by inho-
mogeneous broadening (i.e., the size distribution of the ensemble). In addition, the band 
gap of II-VI semiconductors increases with decreasing temperature due to the lattice con-
traction.39,40 

For CIS NCs only two studies on low temperature optical characteristics have been pub-
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lished.41,42 Both papers report temperature-independent PL energies and bandwidths,41,42 
accompanied by an increase in exciton lifetime41 and PL intensity42 with decreasing tem-
perature. This behavior is similar to our present observations on the parent CIS NCs and 
product Cu1-3xInGaxS2 NCs (Figure 8.4C-F). The broad PL bands at low temperatures are 
fundamentally different from those observed for NCs of II-VI materials (see discussion 
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Figure 8.4 •  Optical spectra of parent CIS NCs and product Cu1-3xInGaxS2 NCs. A. Absorption and B. PL spectra of the 
parent CIS NCs and product Cu1-3xInGaxS2 NCs. The inset in (A) shows a Tauc plot of both absorption spectra, assuming 
a direct band gap. The PL QY of the product Cu1-3xInGaxS2 NCs is at least one order of magnitude higher than that of the 
parent CIS NCs. C,D. Low temperature PL spectra of parent CIS NCs. E,F. Low temperature PL spectra of product CIGS NCs. 
The dip in the PL spectra around 1150 nm is caused by toluene absorption.
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above), indicating that the broad PL bandwidths of CIS NCs are primarily due to homoge-
neous broadening, i.e., reflect a strong exciton-phonon coupling.39 This is consistent with 
a recent study on single particle PL by Whitham et al.,43 who report broad PL bands (~ 50 
meV) even for single CIS NCs. Another interesting difference with respect to the II-VI ma-
terials, is the absence of a thermally-induced energy shift in the PL bands. Considering the 
radiative recombination mechanism proposed in Chapter 4 (i.e., recombination of a con-
duction band electron with a localized hole), this observation implies that both the conduc-
tion band minimum (CBM) and the energy level of the localized hole are independent of 
temperature, such that the CBM – localized hole energy difference remains constant upon 
changing temperature. This inference is supported by literature on bulk I-III-VI2 materials 
(e.g. AgInSe2, CuInSe2, AgGaS2), which shows that there is little or no temperature depen-
dence of the band gap.44–46 This has been attributed to the intra-atomic character of the 
CBM-VBM transition in I-III-VI2 materials, since the upper VB is composed primarily of Cu 
3d orbitals hybridized with the p orbitals of the group VI element, while the CBM consists 
of Cu 4s orbitals with some mixing of p character from the chalcogen atoms.33,47 It should 
be noted that a strong exciton-phonon coupling is consistent with the recombination of a 
localized hole with a CB electron. This recombination mechanism is also supported by the 
increase in the exciton lifetimes with decreasing temperatures reported by Knowles et al.41 
However, the latter observation may also be explained by the presence of fine structure 
exciton states, of which the lowest is a dark state, as proposed by Shabaev et al.48 

The temperature-dependent PL measurements presented here, cannot settle the de-
bate on the exact exciton decay pathways in CIS and CIS-based materials, as discussed 
in Chapters 2 and 4. However, it is clear from these results that there are no fundamental 
differences in the exciton fine structure of CIS and Cu1-3xInGaxS2 NCs, which is line with 
earlier studies on bulk I-III-VI2 materials. Furthermore, the observations reported here are 
consistent with the exciton decay pathway proposed in Chapter 4, where one delocalized 
carrier recombines radiatively with a localized carrier. 
  
8.3. Conclusions

The Cu+ for Ga3+ CE reaction in CIS NCs presented in this chapter, is a new way to pre-
pare CIGS NCs. This cation exchange is driven by the presence of soft Lewis bases (Cl- and 
diphenylphosphine) in solution, which bind stronger to the soft Lewis acid Cu+ than to 
the hard Lewis acids In3+ and Ga3+, and by the fast solid-state diffusion of the outgoing Cu+ 
cations. The product Cu1-3xInGaxS2 NCs most likely have a homogeneous distribution of 
elements, but more advanced analysis (XPS, HR-HAADF-STEM combined with EDS and 
tomography) should be performed to unambiguously identify the elemental distribution 
profiles in the NCs. The Cu1-3xInGaxS2 NCs show PL in the first biological spectral window 
in the NIR. Temperature-dependent PL measurements in the 4.2 to 300 K range indicate 
that the origin of the PL in CIS and Cu1-3xInGaxS2 NCs is similar, and are consistent with the 
recombination of a localized hole and a CB electron, as discussed in Chapter 4.
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Note. Part of this chapter will be part of a scientific publication: Hinterding, S. O. M.; 
Berends, A. C.; Kurttepeli, M.; Meeldijk, J. D.; Bals, S.; van der Stam, W.; Donega, C. de M. 
Tailoring Ga3+ for Cu+ Cation Exchange in Cu2-xS and CuInS2 Nanocrystals by Controlling 
the Ga-Precursor Chemistry. In preparation.

8.4. Methods
Materials. Indium (III) acetate (In(Ac)3, Sigma Aldrich, 99.99%), Copper (I) iodide (CuI, Sigma Aldrich, 98%), 

1-dodecanethiol (DDT, Sigma Aldrich, ≥ 98%), diphenyl phosphine (DPP, Sigma Aldrich, 98%), Toluene (Sigma 

Aldrich, 99.8%), Methanol (Sigma Aldrich, 99.8%), 1-Butanol (Sigma Aldrich, 99.8%). All chemicals were used as 

received. 

Synthesis of CuInS2 NCs. For the synthesis of luminescent CuInS2 (CIS) NCs a protocol reported earlier by Li et 

al.49 was adapted. 297 mg In(Ac)3, 191 mg CuI, and 5 mL DDT were mixed and degassed under vacuum for one 

hour at 80 °C. The reaction mixture was then heated under N2 flow to 230 °C and allowed to react for 100 minutes. 

The reaction was stopped by removing the heating mantle. The NCs were precipitated with a methanol/butanol 

1/1 mixture, and after centrifugation and decantation of the supernatant, redispersed in 10 mL toluene. 

GaCl3-DPP precursor preparation. The GaCl3-DPP precursor complex was prepared in a N2-filled glovebox, by 

addition of 0.815 mL (4.683 mmol) DPP to an equimolar amount (0.8246 g) of GaCl3, followed by heating on a 

heating plate with Tplate = 100 °C. After a few minutes, an opaque, viscous liquid formed. 

Cation exchange in CuInS2 NCs. 0.250 mL CIS NCs in toluene were diluted in a vial with 1 mL toluene and 

mixed with 0.1 mL DDT (extra ligand to preserve the colloidal stability of the NCs) and 0.1 mL GaCl3-DPP precur-

sor. The vial containing this mixture was placed at a heating plate with Tplate = 100 °C for 30 minutes, after which 

it was removed. The NCs were precipitated with a methanol/butanol 1/1 mixture and, after centrifugation and 

decantation of the supernatant, redispersed in 0.2 mL toluene

Optical spectroscopy. Samples were prepared by placing a diluted dispersion of NCs in toluene in a quartz 

cuvette with 10 mm path length. Absorption spectra were measured using a Perkin Elmer Lambda 16 UV-vis-NIR 

spectrometer. Photoluminescence spectra were measured on an Edinburgh Instruments FLS920 Spectrofluorime-

ter equipped with a Hamamatsu R5509-72 PMT with a monochromator grated at 1200 nm. A 900 W Xe lamp was 

used as excitation source.

Electron microscopy. Transmission electron microscopy (TEM) images were recorded on Philips Tecnai Tecnai 

20feg electron microscope. Azimuthal integration with CrystBox50 was used to analyze the electron diffraction 

patterns. TEM samples were prepared by drop-casting a dispersion of particles in toluene onto a copper TEM-

grid, pre-coated with a carbon-coated polymer film. For energy-dispersive X-ray spectroscopy (EDS) measure-

ments aluminium TEM-grids were used, instead of ones made of Cu, to prevent the Cu signal of the TEM-grids 

from interfering with the EDS measurements. A low-background Be sample holder was used. Measurements 

were performed on areas with > 500 nanoparticles. Elemental maps were measured on a Talos F200X electron 

microscope with a 200 kV XFEX electron beam. Detection was done using four symmetrically placed SuperX-EDS 

detectors. Measurements were performed in high-angle annular dark-field scanning transmission electron mi-

croscopy (HAADF-STEM) mode, with a current of 700 pA. Detection in this mode was done using a Fischione 

Instruments HAADF detector. 
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8.6. Appendices

A8.1 Experimental limitations in PL QY measurements
In general, the PL QY of NCs emitting in the NIR spectral window are measured by 

comparing the absorbances and the PL intensities of a NIR emitting dye (indocyanine 
green) and the NCs. As shown in Figure A8.1A, the absorption spectra of the CIS NCs 
and the indocyanine green dye hardly overlap. In addition, it is important to have an ab-
sorbance lower than 0.1 at the excitation wavelength to prevent self-absorption effects. Al-
though the absorption of the dye at 610 nm is below 0.1, the samples are quite concentrated 
(compare to absorption at 800 nm), which leads to self-absorption effects, as is clear from 
the blue shift observed in the PL spectra with decreasing concentration in Figure A8.1C. 
Furthermore, at 610 nm only a very small sub-ensemble of CIS NCs is excited, resulting in 
very weak PL (Figure A8.1D). 
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excited at 610 nm. D. PL spectra of CIS NCs at three different concentrations, corresponding to the absorption spectra 
shown in A, excited at 610 nm.





9 
Chapter
Summary and outlook



194

Abstract The work presented in this thesis focusses on the synthesis and optical properties of col-
loidal Cu-chalcogenide NCs and CuInS2 NCs in particular. Novel synthesis approaches that yield 
NCs with unprecedented sizes, shapes, and/or hetero-architectures are developed, and the properties 
of these new materials are investigated. Another theme in this thesis are the remarkable optoelec-
tronic properties of NCs of CuInS2 and other I-III-VI2 materials and their origin, which is still under 
intense debate. This chapter summarizes the main results of this thesis and provides an outlook to 
future work. 

9.1. Synthesis of CuInS2 nanocrystals
In recent years, Pb- and Cd-free materials, for example compound Cu-chalcogenides, 

have received increasing attention from the scientific community, as they may offer sim-
ilar (or superior) properties to those already observed for the well-established Pb- and 
Cd-chalcogenide NCs with the added benefits of low toxicity and lower environmental 
impact. In particular, ternary Cu-chalcogenides, such as CuInS2 (CIS) and CuInSe2, have 
attracted great interest due to their interesting optoelectronic properties and potential for 
applications, as discussed in Chapter 2. However, in order to harness the potential of these 
materials, good control over the size and shape of the NCs is of vital importance. This is dif-
ficult to achieve in direct colloidal synthesis protocols as the reactivity of three precursors 
must be precisely balanced in order to obtain ternary NCs instead of a mixture of binary 
NCs. The extra step towards control over specific (anisotropic) shapes has yet to be made 
and that this is not trivial becomes clear in Chapter 3, where we review the many different 
formation mechanisms proposed for ultrathin binary nanowires and nanosheets. There 
is still a lively debate about the sequence of events and the way in which specific ligands 
direct the growth in certain dimensions. One of the formation mechanisms proposed for 
low-dimensional anisotropic NCs is self-organization of smaller NCs. This procedure was 
for the first time developed for a ternary material in our work, and is described in Chapter 
5, where we discuss a two-step colloidal synthesis procedure to obtain copper indium sul-
fide nanosheets through self-organization of smaller copper indium sulfide NCs as build-
ing blocks (Figure 9.1A). 

The two-step approach used to make copper indium sulfide nanosheets is an example 
of an indirect synthesis procedure that can be used to obtain NCs in shapes and composi-
tions not (yet) attainable via a direct procedure. Nanoscale cation exchange (CE) is another 
synthesis approach that can be used to obtain NCs in compositions and morphologies that 
are not attainable via direct synthesis due to thermodynamic and/or kinetic limitations. 
Cu-chalcogenides in particular are very well suited for CE reactions, due to the small size 
and charge of the Cu+ ions which result in high mobilities through the NC lattice. In ad-
dition, the rich phase diagram of Cu-chalcogenides and their tolerance to stoichiometry 
deviations leads to a wealth of compositions, including ones that are able to accommodate 
a high concentration of Cu vacancies, which further enhances the cation diffusion rates. In 
Chapter 7, a CE procedure was used to synthesize CuInSe2 NCs with anisotropic shapes 
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and a crystal structure that had not yet been reported. To achieve these anisotropic shapes, 
first a new synthesis protocol for Cu2-xSe NCs was developed using the unexplored dodec-
aneselenol as Se-precursor and ligand (Figure 9.1B). In Chapter 8, the CE strategy was fur-
ther exploited to synthesize quaternary copper indium gallium sulfide (CIGS) NCs with, 
for the first time, control over the Cu/Ga ratio, instead of only a In/Ga variation. Further-
more, these CIGS NCs show an increased photoluminescence quantum yield compared to 
the parent CIS NCs (Figure 9.1C).

The suitability of Cu-chalcogenide NCs as templates in CE exchange reactions also has 
a drawback: the high mobility of cations in the NC lattice makes the NCs prone to (unwant-
ed) side processes during shelling reactions, such as etching, cation exchange, or alloying, 
which compete with the heteroepitaxial overgrowth of a shell material. The interplay be-
tween all these processes is studied in Chapter 6, were we discuss the synthesis of CIS/
ZnS core/shell heteronanocrystals (Figure 9.1D). A seeded-injection approach was used to 
unravel important factors that determine the balance between all these processes: surface 
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chemistry, reaction temperature, and precursor reactivity. Insight in these fundamental 
processes, allows rational design of hetero-architectures with specific optoelectronic prop-
erties for future studies. 

9.2. Optical properties of ternary Cu-chalcogenide nanocrystals
In Chapter 2 the concept of quantum confinement is introduced, and we explain that 

due to this effect the dimensions of semiconductor NCs are defining factors in their opto-
electronic properties. The dimensionality of the exciton confinement expands the toolbox 
available for tuning the properties of NCs. For example, when an exciton is confined in 
one or two dimensions, it leaves two or one directions, respectively, open for long-range 
charge carrier transport. Chapter 3 highlights some extraordinary photoluminescence 
properties of ultrathin CdX and PbX (with X = S, Se, Te) nanosheets and nanowires, such 
as remarkably narrow absorption and photoluminescence peaks that are also influenced 
by the crystal structure. To date, there are no ultrathin NCs of ternary materials known 
that show luminescence. The copper indium sulfide nanosheets discussed in Chapter 5 are 
indium-deficient and consequently have an excess of carriers (either holes in the valence 
band or electrons in the conduction band) that give rise to a plasmon resonance in the NIR 
spectral window. The CuInSe2 nanosheets prepared via CE from Cu2-xSe nanosheets in 
Chapter 7 are also non-emissive, likely due to a too high concentration of surface defects. 

The in 3 dimensions confined CuInS2 and CuInSe2 NCs with diameters of 2–6 nm dis-
cussed in Chapter 4 and 7 do show luminescence, with some remarkable characteristics. 
Broad PL bands (200–300 meV), large global Stokes shifts (300–400 meV), long exciton 
lifetimes (100 ns – μs), and featureless absorption spectra are all indications that the elec-
tronic structure and exciton decay pathways in these ternary Cu-chalcogenide materials 
are fundamentally different from what is known for the extensively studied II-VI nano-
materials. This has led to a lively debate on the origin of the photoluminescence in Cu-
InS2 NCs and related materials. In Chapter 2, we summarized the theoretical models that 
have been proposed, from bulk-based donor-acceptor pair recombination to the intrinsic 
dark-bright exciton fine-structure states. In Chapter 4, using advanced time-resolved spec-
troscopic measurements on CuInS2 NCs, we exclude the often-used donor-acceptor pair 
recombination hypothesis, and provide strong evidence of partly decoupled electron and 
hole decay pathways. Most likely shortly after photoexcitation, on a subpicosecond time 
scale, the hole is localized (probably on a Cu+), while the electron relaxes to the lowest 
conduction band state. The subsequent fate of the electron (i.e. being trapped at a defect 
state or remaining delocalized in the conduction band) determines whether the exciton 
decays radiatively or nonradiatively. Additional contributions to this debate are presented 
in Chapter 8, were we describe temperature-dependent photoluminescence measurements 
on CuInS2 and quaternary copper indium gallium sulfide NCs in the 4 to 300 K range. At 
4 K, the photoluminescence peaks of both materials are still as broad as they were at room 
temperature, and at essentially the same spectral position. The latter observation suggests 
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that the conduction band minimum is temperature-independent, in line with the absent or 
very weak temperature dependence observed for the bandgap of bulk I-III-VI2 semicon-
ductors. The temperature-independent and broad bandwidth of the photoluminescence 
transition implies a strong exciton – phonon coupling, which is a clear signature of a local-
ized carrier, thus being consistent with the recombination model proposed in Chapter 4.  
 
9.3. Outlook

The results described and discussed in this thesis provide new tools for the synthesis 
of ternary Cu-chalcogenide NCs, and provide insights in the fundamental optoelectronic 
properties of these materials. However, many open questions and challenges remain. Ad-
vanced spectroscopy techniques (e.g. electron paramagnetic resonance based techniques) 
should be used to answer the burning question concerning the nature of the localized state 
in CuInS2 NCs and related materials. In addition, when cation exchange techniques are 
applied to more Cu2-xS(e) NC sizes and shapes, a library of CuInS(e)2 structures will open 
up, allowing a further in-depth study on their optoelectronic properties that hopefully will 
be applied in new technology and devices. 
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Figure 9.2 •  A. Schematic representation of the exciton decay model proposed in our work for CIS NCs. After 
photoexcitation creating an exciton, there is a fast localization of the hole and relaxation of the electron to the lowest 
conduction band state. A trapped electron recombines nonradiatively with the localized hole, while a delocalized electron 
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and copper indium gallium sulfide NCs, showing broad bands with a temperature independent bandwidth and no shift 
in energy.
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Synopsis Dit proefschrift gaat over de synthese van halfgeleider nanokristallen, in het bijzonder 
CuInS2 en CuInSe2, en de studie van hun eigenschappen. Nanokristallen van halfgeleidermaterialen 
hebben andere eigenschappen dan dezelfde materialen op bulkschaal, en door de vorm en grootte van 
de nanokristallen te veranderen, kunnen deze eigenschappen gemanipuleerd worden. Dit hoofdstuk 
begint met een vrij uitgebreide samenvatting van de inleidende hoofdstukken 2 en 3, waarna de 
resultaten uit de overige hoofdstukken kort worden samengevat in de context van de eerder besproken 
theorie. 

10.1. Nanokristallen van halfgeleidermaterialen 
Nanokristallen, met een grootte variërend tussen 1–100 nm (1 nm = 1×10-9 m), bestaan 

uit slechts 100–10000 atomen en dit heeft een grote invloed op hun eigenschappen. In 
Hoofdstuk 2 beschrijf ik hoe dit komt: enerzijds doordat de combinatie van een beperkt 
aantal atomen niet de volledige bandenstructuur vormt zoals we die kennen van bulk 
halfgeleiders (Figuur 10.1A, met valentieband en geleidingsband), maar wel beduidend 
meer energieniveaus kent dan een molecuul (Figuur 10.1A). De elektronische structuur 
van halfgeleider nanokristallen heeft wel banden, maar ook discrete energieniveaus aan de 
rand van de banden en bovendien is het energiegat tussen de banden afhankelijk van het 
exacte aantal atomen in het kristal, kortom de grootte. Anderzijds is het de oppervlakte/
volume ratio die bij nanokristallen veel groter is dan in bulk, die ervoor zorgt dat deeltjes 
andere karakteristieken hebben. De atomen op het oppervlak hebben namelijk minder 
buren dan de atomen in de kern van het deeltje, waardoor zij minder bindingen kunnen 
vormen en dus ‘bungelende orbitalen’ hebben. Deze bungelende orbitalen kunnen 
energieniveaus vormen in het energiegat tussen de valentieband en geleidingsband, wat 
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Figure 10.1 •  A. Schematische weergave van energieniveaus. Een nanokristal bestaat uit voldoende atomen om 
energieniveaus te laten combineren tot banden, maar aan de rand van deze banden zijn nog wel discrete energieniveaus 
zichtbaar. Als nanokristallen steeds kleiner worden en dus uit minder atomen bestaan, zijn er minder energieniveaus 
om te combineren tot een band. Het energiegat tussen de banden wordt hierdoor groter. B. Een nanokristal bestaat uit 
atomen (rode en blauwe ballen in dit figuur), met daarom heen een schil van organische moleculen (zwarte slingers in 
dit figuur) die er onder andere voor zorgen dat het nanokristal stabiel is in een vloeistof. 
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een negatieve invloed heeft op de efficiëntie van de luminescentie van de nanokristallen 
(zie hieronder). Om de bungelende orbitalen toch een binding te laten vormen, worden 
liganden gebruikt. Liganden zijn (vaak) organische moleculen met een apolaire staart en 
een polaire kopgroep, die bindt aan het oppervlak. De apolaire staart zorgt ervoor dat de 
nanokristallen stabiel zijn in een apolair oplosmiddel, dus een colloïdale dispersie vormen. 
Dit laatste wordt voor het gemak ook wel ‘oplossing’ genoemd. Natuurlijk is het ook 
mogelijk om de organische staart van de liganden een bepaalde functionaliteit te geven, 
waardoor ze bijvoorbeeld binden aan specifieke receptoren in het lichaam. Figuur 10.1B 
geeft een idee van hoe je een nanokristal met liganden eromheen voor je kan zien.

Veel nanokristallen van halfgeleiders kunnen licht geven, of luminesceren (Figuur 
10.2A). Dit gebeurt als er een elektron van de valentieband over het energiegat naar de 
geleidingsband wordt gebracht, door het toevoegen van voldoende energie in de vorm 
van licht. Dit noemen we exciteren. Wanneer het elektron terugvalt van de geleidingsband 
naar de valentieband, wordt het verschil in energie als licht uitgezonden. Als er echter 
energieniveaus in het energiegat tussen de banden zijn ontstaan door bijvoorbeeld de 
bungelende orbitalen die hierboven zijn besproken, of door andere defecten in het kristal, 
dan kan het elektron (of het gat) hier op terecht komen. Vervolgens valt het elektron wel 
terug naar de valentieband, maar hierbij wordt het verschil in energie afgegeven aan 
het kristal door trillingen en komt er dus warmte vrij en geen licht. Deze processen zijn 
schematisch weergegeven in Figuur 10.2B. 

Een robuustere manier om het nanokristal te beschermen, is door niet alleen liganden 
met het oppervlak te laten binden, maar door er een schil omheen te groeien van een 
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Figure 10.2 •  A. Cuvet met daarin CuInS2 nanokristallen gedispergeerd in het oplosmiddel tolueen. De oplossing 
(colloïdale suspensie) wordt beschenen met UV-licht en de nanokristallen zenden helderrood licht uit. B. Schematische 
weergave van excitatie, luminescentie en niet-stralend verval. I. Een elektron wordt van de valentieband naar de 
geleidingsband gepromoveerd door het materiaal te beschijnen met licht van voldoende hoge energie. IIa Het elektron 
valt terug naar de valentieband en licht met een energie die gelijk is aan het energiegat tussen de banden wordt 
uitgezonden. IIb. Het elektron komt na excitatie op een energieniveau in het energiegat tussen de banden terecht. Het 
elektron valt nu niet terug onder uitzenden van licht, maar het overschot aan energie gaat verloren als warmte. C. Als een 
kern/schil nanokristal wordt gemaakt, hang het van de precieze energieniveaus van de banden in beide materialen af of 
het elektron en het gat in hetzelfde materiaal zitten (bovenste situatie), of dat ze van elkaar gescheiden worden (onderste 
situatie, waarin het elektron zich in het schilmateriaal bevindt, terwijl het gat in het kernmateriaal blijft). De liganden zijn 
weggelaten voor de duidelijkheid.
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ander halfgeleidermateriaal. Dit zorgt ervoor dat bungelende orbitalen kunnen binden en 
ook dat het kristal beschermd is tegen degraderende processen zoals oxidatie door lucht. 
Het schilmateriaal op zijn beurt, heeft ook weer een valentieband en geleidingsband met 
een energiegat ertussen. Afhankelijk van hoe de energieniveaus van deze banden zich 
verhouden tot de energieniveaus van de banden in het kernmateriaal, zullen het elektron 
en gat na excitatie opgesloten blijven in het kernmateriaal, of juist uit elkaar getrokken 
worden over het kern- en schilmateriaal (zie Figuur 10.2C). De mogelijkheid om de locatie en 
nabijheid van het elektron en het gat te sturen, geeft extra mogelijkheden om nanokristallen 
te ontwerpen met eigenschappen die zijn toegespitst op specifieke toepassingen.

 

10.2. Synthese van halfgeleider nanokristallen
Zoals hierboven beschreven, is de grootte van halfgeleider nanokristallen allesbepalend 

voor hun interessante optische en elektronische eigenschappen. Daarnaast kunnen ook de 
vorm en de kristalstructuur hier nog een belangrijke rol in spelen. Het is daarom van belang 
om synthese methoden te ontwikkelen waarmee de grootte, vorm en kristalstructuur van 
nanokristallen gecontroleerd kan worden. In Hoofdstuk 2 ga ik dieper in op de verschillende 
directe en indirecte synthesemethoden, en de achterliggende theorie.

In het syntheseproces (Figuur 10.3A) van nanokristallen zijn er twee fases te 
onderscheiden: nucleatie en groei. In de eerste fase vormen atomen kleine clusters, 
die, als ze stabiel zijn in de gegeven omstandigheden, in de tweede fase uitgroeien tot 
nanokristallen in specifieke vorm en grootte. De nucleatie fase wordt bereikt door ofwel 
alle uitgangstoffen te mengen en snel op te warmen naar een hoge temperatuur, ofwel een 
deel van de uitgangsstoffen op te warmen en een ander deel te injecteren. In beide methodes 
ontstaat er een oververzadiging van monomeren, wat resulteert in nucleatie van clusters. 
Zowel nucleatie als groei zijn afhankelijk van een complex samenspel van vele factoren, 
zoals temperatuur, reactiviteit van de uitgangsstoffen, oplosmiddelen en liganden. Na vele 
jaren onderzoek is er voor veel binaire materialen zoals ZnSe, ZnS, CdSe, CdS en Cu2-xS een 
grote controle verkregen over vorm, grootte en structuur, maar voor andere materialen 
is dit tot op de dag vandaag zeer beperkt. Met name materialen die uit meer dan twee 
elementen bestaan (bijvoorbeeld ternair CuInS2) zijn een uitdaging om te maken via een 
directe synthese, omdat de reactiviteit van drie uitgangsstoffen zeer precies gecontroleerd 
moet worden om te voorkomen dat twee al reageren en zo een binair materiaal vormen.

Om de moeilijkheden van directe synthese van ternaire nanokristallen te omzeilen, zijn 
alternatieve, indirecte, synthese methoden ontwikkelt. Een voorbeeld hiervan is kationen 
uitwisseling, een proces waarbij (een deel van) de kationen wordt vervangen, maar waarbij 
de anionen op hun plek blijven en het kristal zo de grootte, vorm en kristalstructuur behoudt 
(Figuur 10.3B). Cu2-xS en Cu2-xSe nanokristallen zijn hier bijzonder geschikt voor, omdat de 
kleine en eenwaardige Cu+ ionen makkelijk door het kristal kunnen bewegen. Bovendien 
hebben deze materialen de eigenschap dat ze nog steeds stabiel zijn als er een ‘lege plek’ 
is in het rooster, waar normaal een kation had gezeten. Deze lege plekken bevorderen 
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verplaatsingen van kationen nog eens extra. Een andere indirecte synthese mogelijkheid 
is zelforganisatie, waarbij kleine nanokristallen de bouwstenen zijn van een groter (nano)
kristal (met een anisotrope vorm).  

 

10.3. Extreem dunne nanokristallen
In het veld van halfgeleider nanokristallen, is een subcategorie van extreem dunne 

nanomaterialen ontstaan. Waar in een bulk halfgeleider na excitatie het elektron en het 
gat op een ideale afstand van elkaar verblijven, is dat in nanokristallen niet mogelijk, 
omdat de dimensies van het kristal kleiner zijn dan deze ideale afstand. Bij extreem dunne 
nanomaterialen zijn de dimensies van het kristal in één of twee richtingen veel kleiner dan 
deze ideale afstand (ruwweg ≤ 2 nm), maar in de andere twee of één richtingen groter dan 
de ideale afstand (zie Figuur 10.4A). Dit zorgt ervoor dat het elektron en het gat zich kunnen 
verplaatsen in de dimensies waar het kristal groter is en dit is een interessant aspect voor 
mogelijke toepassingen. Hoofdstuk 3 gaat in op de verschillende mechanismen die er in de 
wetenschappelijke literatuur bestaan over de vorming van deze ultradunne nanokristallen 
en de optische eigenschappen die daar tot dusver voor zijn gerapporteerd. 

Wat betreft de vormingsmechanismen voor ultradunne nanoplaatjes zijn er ruwweg 
drie te onderscheiden (Figuur 10.4B). In de eerste spelen liganden een belangrijke rol 
bij het vormen van complexen met kationen, in een gelaagde structuur. De nucleatie 
van de nanokristallen vindt vervolgens plaats binnen deze structuur en groei kan als 

BA vacuum

N2

Figure 10.3 •  A. Typische synthese opstelling: een driehals rondbodemkolf met daarop aangesloten een thermometer 
en koeler. De derde hals is afgesloten met een septum, waar een naald doorheen gestoken kan worden. De opstelling 
wordt via het kraantje bovenop de koeler aan een vacuümpomp of N2 leiding aangesloten. B. Schematische weergave van 
een kationen uitwisselingsreactie. De blauwe ballen stellen de nieuwe kationen voor, de rode ballen de oorspronkelijke 
kationen. Gedurende de reactie, zullen steeds meer blauwe kationen de plek innemen van de rode kationen in het 
nanokristal. 
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gevolg hiervan alleen in twee dimensies plaatsvinden (Figuur 10.4Ba). In beide andere 
mechanismen worden eerst kleine clusters van atomen gevormd. Daarna groeien deze 
clusters door naar nanokristallen, waarbij specifieke liganden de groeirichting beperken 
tot twee dimensies (Figuur 10.4Bb), terwijl volgens een ander mechanisme de clusters 
eerst doorgroeien tot kleine nanokristallen, die vervolgens via zelforganisatie nanoplaatjes 
vormen (Figuur 10.4Bc). Hoewel deze drie mechanismen zeker naast elkaar kunnen bestaan 
afhankelijk van het precieze materiaal en/of reactie omstandigheden, is er met name voor 
CdS en CdSe nanoplaatjes nog veel discussie over welke van de twee met clusters startende 
mechanismen precies waar is en welk type liganden sturend is voor de tweedimensionale 
groei.

Vormingsmechanismen voor ultradunne nanodraadjes lijken op die voor nanoplaatjes; 
ofwel clusters groeien door in één dimensie doordat liganden de groeirichting beperken 
tot één richting, ofwel zelforganisatie van kleine nanokristallen of clusters zorgt voor de 
vorming van nanodraadjes. Deze laatste hypothese lijkt het meest waarschijnlijk, omdat in 
sommige nanodraadjes de afzonderlijke bouwstenen nog herkenbaar zijn, als ware het een 
kralenketting.

De optische en elektronische eigenschappen van ultradunne nanoplaatjes en 
nanodraadjes zijn vergelijkbaar met wat we al kennen voor kleine nanokristallen van 
dezelfde compositie, maar zijn vaak nog scherper gedefinieerd. Dit komt waarschijnlijk 
omdat voor de anisotrope nanokristallen de dikte (de richting waar het elektron en het gat 
op elkaar gedrukt worden) zeer goed gedefinieerd is (atomair gedefinieerd) en alleen in de 
grotere dimensies kleine variaties voorkomen. Voor isotrope nanokristallen waarin het gat 
en het elektron in alle richtingen beperkt worden in hun beweging, is elk extra atoom een 
vergroting van hun bewegingsruimte, wat een direct gevolg heeft voor de definitie van de 
eigenschappen. 
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Figure 10.4 •  A. Ultradunne nanokristallen, links een nanodraadje waarbij in twee dimensies (dikte, breedte) het 
elektron en gat worden ingeklemd, maar waarbij de lengte dimensie veel groter is. Rechts een nanoplaatje, waarbij 
de dikte veel kleiner is dan de ideale afstand tussen elektron en gat, maar overige twee dimensies veel groter. B. Een 
schematisch overzicht van de vormingsmechanismen van ultradunne nanoplaatjes. In aI vormen liganden gelaagde 
complexen, waarna nucleatie en groei (aII) in twee dimensies plaatsvindt en uiteindelijk nanoplaatjes vormen (aIII). In 
het tweede proces vormen eerst kleine clusters (bI), die vervolgens doorgroeien in twee dimensies (bII) om ook weer een 
nanoplaatje te vormen (bIII). In het derde proces groeien de clusters (cI) eerst door tot isotrope nanokristallen (cII). Deze 
nanokristallen vormen via zelforganisatie (cIII) een nanoplaatje (cIV).
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10.4. Ternaire nanokristallen op basis van koper
Veruit het meeste onderzoek dat de afgelopen ruim 30 jaar heeft plaatsgevonden naar 

halfgeleider nanokristallen, heeft zich geconcentreerd op binaire materialen uit de groepen 
II en VI uit het periodiek systeem (Cd, Zn als kationen en S, Se, Te als anionen) en ook PbS 
en PbSe. Als gevolg hiervan begrijpen we deze materialen tot in de kleinste details van de 
synthese en hun optische en elektronische eigenschappen. Met name CdSe en CdS die in het 
zichtbare deel van het spectrum absorberen en luminesceren en PbSe en PbS die dat doen 
in het nabije infrarood, leken groot potentieel te hebben voor een scala aan toepassingen. 
De toxiciteit van Cd en Pb gooide echter roet in het eten en dit heeft de wetenschappelijke 
gemeenschap gemotiveerd op zoek te gaan naar materialen met vergelijkbare optische 
eigenschappen, maar zonder deze zware metalen. Ternaire materialen gebaseerd op koper 
(bijvoorbeeld CuInS2 en CuInSe2) zijn hiervoor potentiële kandidaten, omdat ze op het 
eerste gezicht vergelijkbare optische en elektronische eigenschappen lijken te hebben als 
de Cd en Pb equivalenten. Van deze materialen op nanoschaal is nog zeer weinig bekend 
en dit proefschrift is er daarom op gericht een bijdrage te leveren aan fundamenteel begrip 
van de optische en elektronische eigenschappen van deze materialen, en beter inzicht te 
krijgen in synthese methoden. 

10.5. Synthese van ternaire nanokristallen op basis van koper
CuInS2 nanokristallen zijn in een beperkt aantal vormen eerder gemaakt en gepresenteerd 

in wetenschappelijke literatuur. Dit komt niet alleen omdat nanokristallen van CuInS2 
relatief nieuw zijn, maar ook omdat directe synthese van nanokristallen die uit meer dan 
twee elementen bestaan extra complex is (zie hierboven). In Hoofdstuk 5 gebruiken we 
de zelforganisatie-methode zoals hierboven besproken, om van kleine piramidevormige 
CuInS2 nanokristallen (grootte ~ 2.5 nm) grote nanovellen (laterale dimensies 10 nm – 1 
μm) te maken (Figuur 10.5A). Tijdens deze reactie worden kationen (met name indium) 
onttrokken uit de nanokristallen, wat er waarschijnlijk voor zorgt dat er attractieve krachten 
tussen de deeltjes ontstaan. 

Een andere indirecte synthese methode die hierboven is besproken is kationen 
uitwisseling. Deze methode wordt toegepast in Hoofdstuk 7, waar eerst Cu2-xSe 
nanokristallen worden gemaakt met een nieuw soort ligand en selenium uitgangsstof, wat 
resulteert in goede controle over de anisotrope vorm van de kristallen. Vervolgens worden 
deze anisotrope deeltjes door middel van kationen uitwisseling omgezet naar CuInSe2 
en CdSe nanokristallen (Figuur 10.5B). In Hoofdstuk 8 vervolgens, wordt de kationen 
uitwisselingsprocedure gebruikt op CuInS2 nanokristallen, voor het maken van quaternaire 
Cu1-3xInGaxS2 deeltjes. Deze compositie waarbij de Cu/Ga ratio kan worden gewijzigd (in 
plaats van de reeds bekende In/Ga ratio), is nieuw en laat bovendien in een toegenomen 
efficiëntie van de luminescentie zien ten opzichte van de CuInS2 nanokristallen (Figuur 
10.5C).

De kenmerken waardoor de Cu-gebaseerde nanokristallen zo geschikt zijn voor kation 
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uitwisselingsreacties, hebben ook hun nadeel. De hoge mobiliteit van de koper ionen 
maakt de nanokristallen gevoelig voor allerlei ongewenste zij-reacties als je probeert een 
schil over het materiaal heen te groeien. Deze zij-reacties zijn etsen van het oppervlak, 
kationen uitwisselingof allooi vorming. In Hoofdstuk 6 bespreken we hoe het samenspel 
van verschillende parameters (oppervlaktechemie van de nanokristallen, temperatuur en 
reactiviteit van de uitgangsstoffen) de balans tussen al deze zij-reacties bepaalt in de reactie 
waarbij ZnS groeit op CuInS2 nanokristallen. Door inzicht in deze fundamentele processen, 
is het mogelijk om het schilgroeiproces beter te ontwerpen, zodat het uiteindelijke product 
precies de gewenste eigenschappen heeft.
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Figure 10.5 •  A. Koper indium sulfide nanovellen vormen door zelforganisatie van veel kleinere piramidevormige koper 
indium sulfide nanokristallen. B. Door gebruik van het nieuwe ligand en Se-uitgangsstof dodecaanselenol, kunnen we 
Cu2-xSe nanokristallen maken in nooit eerder gemaakte vormen en groottes. Deze Cu2-xSe deeltjes kunnen vervolgens met 
kationen uitwisselingsreacties worden omgezet in CuInSe2 en CdSe nanokristallen. C. Door Cu+ voor Ga3+ uit te wisselen 
in CuInS2 nanokristallen, ontstaan Cu1-3xInGaxS2 nanokristallen die efficiënter luminesceren. D. Tijdens een reactie om ZnS 
als schil om CuInS2 nanokristallen te groeien, kunnen allerlei zij-reacties optreden. Om een ZnS laag te groeien, moeten 
eerst [ZnS] monomeren in oplossing vormen (A). Vervolgens kunnen deze monomeren reageren met het oppervlak. Als 
de Zn2+ kationen vervolgens het kristal in diffunderen, ontstaat een allooi (B), terwijl een stabiele ZnS schil gewenst is (C). 
Andere processen zijn kationen uitwisseling (D) of etsen van het oppervlak (E). Een laatste mogelijkheid is nucleatie van 
een aparte ZnS fase (F).
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10.6. Optische eigenschappen van ternaire nanokristallen
Zoals hierboven beschreven, is beperking van de ruimte voor het elektron en gat de 

belangrijkste oorzaak voor de bijzondere optische en elektronische eigenschappen van 
halfgeleider nanokristallen. Als deze nanokristallen in één of twee dimensies heel dun zijn 
maar in de andere dimensies groter, levert dit ook weer nieuwe mogelijkheden op ten 
opzichte van de situatie waarin het kristal in drie dimensies heel klein is. Voor CuInS2 zijn 
er nog geen nanodraadjes of nanoplaatjes bekend die luminesceren. Ook de koper indium 
sulfide nanovellen die we hierboven en in Hoofdstuk 5 bespreken doen dat niet. Door 
de relatief lage indium concentratie in deze kristallen, vindt er een ander proces plaats, 
wat veroorzaakt wordt door het corresponderende relatieve overschot van koper ionen. 
De extra gaten die hierdoor in de nanokristallen aanwezig zijn, resoneren met licht in het 
nabij infrarood. Ook de CuInSe2 nanovellen die met kationen uitwisseling zijn gemaakt 
van Cu2-xSe nanovellen in Hoofdstuk 7, laten geen luminescentie zien. Bij deze deeltjes 
komt dat waarschijnlijk door het grote aantal bungelende orbitalen wat aanwezig is door 
het grote oppervlak van de nanovellen. 

De veel kleinere piramidevormige CuInS2 en CuInSe2 nanokristallen luminesceren wel, 
en de eigenschappen van deze emissie zijn opzienbarend: de emissiepieken zijn erg breed, 
het energieverschil tussen de emissiepiek en de absorptiepiek is heel groot en na excitatie 
duurt het erg lang (honderden nanoseconden) voordat het elektron weer terugvalt. 
Deze karakteristieken zijn geheel anders dan wat bekend is voor de II-VI materialen. In 
de wetenschappelijke gemeenschap is er veel discussie over de theorieën (ruwweg drie) 
die deze eigenschappen verklaren. Onze resultaten uit Hoofdstuk 4 zijn een belangrijke 
bijdrage aan het debat, omdat zeker één theorie (de meest gebruikte) wordt uitgesloten. We 
laten bovendien zien dat het terugvallen van het elektron niet zo simpel is als hierboven in 
Figuur 10.2B geschetst, maar gaat via een apart energieniveau voor het gat. Daarnaast lijkt 
het erop dat de belangrijkste bron voor verval het elektron zónder uitzenden van licht, wordt 
veroorzaakt door kristal defecten op het oppervlak van het nanokristal (Figuur 10.6A). De 
emissie metingen bij zeer lage tempratuur (4K, –269 °C) die we bespreken in Hoofdstuk 8 
laten opnieuw eigenschappen zien die heel anders zijn dan bekend van de II-VI materialen 
op lage temperatuur (Figuur 10.6B). De breedte van de emissiepieken verandert niet met 
variërende temperatuur, wat laat zien dat het energiegat waarover het elektron terugvalt, 
niet afhankelijk is van de temperatuur. Dit past bij observaties die eerder in de literatuur 
beschreven zijn voor ternaire bulkmaterialen. Daarnaast zien we ook geen verschuivingen 
van de emissiepieken over de x-as als functie van temperatuur. Deze observatie bevestigt 
het model uit Hoofdstuk 4, waarin het gat op een apart energieniveau terecht komt. 
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10.7. Vooruitzichten
De resultaten die ik in dit proefschrift beschrijf, geven nieuwe mogelijkheden voor 

het maken van nieuwe vormen van CuInS2 en CuInSe2 nanokristallen, en geven inzicht in 
fundamentele optische en elektronische eigenschappen van deze nanomaterialen. Maar 
er blijven natuurlijk altijd onbeantwoorde vragen. Meer geavanceerde spectroscopische 
technieken zouden bijvoorbeeld inzicht kunnen geven in hoe het aparte energieniveau 
waar het gat naar toe gaat er precies uit ziet. Het is bovendien ook zeer interessant om de 
invloed van vorm, grootte en kristalstructuur van CuInS(e)2 nanokristallen op de optische 
en elektronische eigenschappen te bestuderen. Met die kennis, zullen deze Cd- en Pb- vrije 
materialen op een dag de technologie van de toekomst mogelijk maken. 
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Figure 10.6 •  A. Schematische weergave van het elektron verval proces in CuInS2 nanokristallen. Na excitatie van het 
elektron, gaat het gat naar een apart energieniveau (proces I naar II). Als het elektron dan direct vervalt, gaat dat onder 
het uitzenden van licht (proces II naar IV). Als het elektron op een defect energieniveau van het oppervlak terecht komt 
(III), gaat het verval zonder uitzenden van licht. B. Emissie spectra van CuInS2 en Cu1-3xInGaxS2 nanokristallen op zeer lage 
temperatuur. De emissiepieken zijn bij elke temperatuur even breed en verschuiven ook niet over de x-as. 
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