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1 Introduction 
The study of nanocrystals (NCs) has been a very intriguing topic for scientists for quite some 

time and it has emerged as one of the most fascinating fields of modern science. Since 1857, 

when Faraday chemically synthesized the first Au NCs, the appealing properties, particularly 

tuneable colours of nano-sized crystals, have gained significant attention.1 Historically, in the 

medieval era, the colour tuneability of crystals was used to impart different colours in stained 

glass which can be seen today in church windows. Baking glass with gold and silver salts at 

different temperatures and for different times yielded stained glass with different colours. The 

origin of these colours was later attributed to the phenomenon of localized surface plasmon 

resonance (LSPR) arising due to the collective oscillation of conduction band electrons at the 

surface of the metal nanoparticles.2 The progress in the field of microscopy and the 

development of transmission electron microscopy (TEM), and thus the ability to view these 

small crystals on the nanometer scale and determine their accurate sizes, became another 

important contributor to the advancements in this field and gradually modern nanoscience took 

rapid pace in the early 1980s. The discovery of the most appealing feature of semiconductor 

NCs, the ‘quantum confinement effect’ leading to the ability to tune the electronic energy states 

and optical transitions by adjusting their size and shape, has paved the way for further research 

advances in this field.1 To this end, pioneer work was done by A. Ekimov,3 A. Efros,4 T. Itoh,5 

and co-workers in the study of the size effects of the optical spectra of CuCl NCs embedded in 

alkali-halide matrices. Additionally, Brus et al. provided experimental and theoretical evidence 

of the quantum size effect of the properties of CdS NCs.6, 7 Synthetic and experimental studies 

on semiconductor NCs received even more exposure after 1993 when Bawendi group 

introduced a tool for precise control of the size of colloidal NCs known as the ‘hot-injection 

approach’, wherein monodisperse CdSe NCs were synthesized at high reaction temperatures 

in high boiling organic solvents.8 Since then, continuous research has been dedicated to 

unfolding new horizons of this field. Interesting optical and electronic properties have been 

harvested in a plethora of applications, while new classes of compounds and morphologies 

have also been studied. While there existed a gap between research advances in this field and 

commercialisation of the applications developed in the laboratory on a small scale, a breach of 

this gap was accomplished when Samsung introduced semiconductor NCs as colour converters 

in their devices. They use InP-based NCs acting as a light-emitting material in their QLED TV 

screens. Figure 1.1 depicts a photo of an exhibition held by Samsung showcasing the origin of 
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quantum dots (QDs) using stained glass and Samsung SUHD TV screens, which is an apt 

representation of size tuneable optical properties of NCs, harvested in various applications over 

time. After this breakthrough by Samsung, continuous fundamental research to achieve better 

shape and size distribution, and enhanced luminescence properties of the NCs continues in this 

field. Along with this, attempts to employ semiconductor NCs in a plethora of applications in 

various fields, e.g., in photovoltaics, optoelectronics, sensing, and bioimaging, is a topic of 

rigorous research.9 For instance, solar cells with high power conversion efficiencies (PCE) 

have been fabricated using semiconductor NCs.1, 10 Along with it, NCs have been used as 

luminescent solar concentrators (LSCs), being integrated with solar cells, result in higher 

PCE.11, 12 Biological applications of NCs constitute using them as fluorescent probes for 

various tasks of biological research that include in vivo-imaging and cell-labelling.13  

Figure 1.1 ‘Origin of quantum dots’ an art piece displayed by Samsung in collaboration with 

German scientists where they used 45 Samsung’s SUHD TVs with QD display and 9000 shards 

of stained glass.14  

Although a wide range of semiconductor NCs have been synthesized successfully, the 

ones studied most extensively are the II–VI and IV–VI semiconductors, such as CdSe and PbS 

NCs, which have been harvested for optoelectronic and biomedical applications.10, 15 Despite 

the establishment of well-developed synthetic routes to these NCs and their appealing 

properties, the toxicity of cadmium and lead imposes serious limitations for using them in some 

particular applications, especially those involving exposure to biological systems.16 This 

requires exploring alternatives to these materials that can replicate the optical properties of the 

II-VI and IV-VI NCs and potentially replace them in various applications.17 This has led to a
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considerable effort to find alternative luminescent and photoactive metal chalcogenide 

compounds consisting of earth-abundant and less toxic elements. Amongst several options, 

I−III−VI2 semiconductor QDs have proven themselves as outstanding candidates to serve as 

an alternative to their more toxic counterparts.13, 18 Their benign composition makes them best 

fit to be used in biological systems for bioimaging and drug delivery, which is one of the major 

applications of semiconductor nanoparticles.19 

Various approaches to prepare semiconductor NCs have been explored, with direct 

synthesis emerging as the most used route to II-VI-based NCs with the advantages of its simple 

setup and rapid reaction rate.20 However, in the case of I-III-VI NCs, the presence of multiple 

reactive species generated from several reactive precursors with varied reactivity poses a 

problem for the use of the direct synthesis method.21, 22 Synthesis of I-III-VI-based NCs with 

this pathway suffers from inhomogeneities in size and shape of the ensemble along with the 

formation of by-products in addition to the desired particles. An alternative to the direct 

synthesis is the partial cation exchange (CE) pathway, wherein first binary NCs are 

synthesized, which then serve as the host template for incoming cations, which replace some 

of the host cations, leading to multicomponent ternary or quaternary semiconductor NCs with 

composition depending on the number of guest cations introduced.23 Employing this strategy 

also enables the realization of metastable crystal phases and off-stoichiometric compositions 

of NCs, which are not possible through direct methods, in which thermodynamically favoured 

phases and compositions are achieved.24 This route of CE presents a feasible pathway for the 

synthesis of I-III-VI-based NCs with better size and shape control, opening the door to unique 

compositions and crystal phases. 

Along with size and composition, the dimensionality/morphology of NCs has emerged 

as a useful tool for tuning their optical properties. Thus, research on II-VI group of 

semiconductor NCs has shown that change in dimensionality of the NCs, i.e., the variation 

from zero-dimensional (0D) through one-dimensional (1D) to two-dimensional (2D) can lead 

to unique optical properties due to variation of electronic confinement of exciton and band gaps 

in these structures. Such anisotropic shapes arise from the growth restricted (or facilitated) in 

certain crystallographic directions. One major example of unique optical properties of 2D NCs 

is the extremely narrow photoluminescence (PL) spectra of CdSe nanoplatelets (NPLs), as 

compared to 0D CdSe QDs.25 However, as compared to the II-VI family, 2D I-III-VI NCs are 

scarcely studied and very few of them exhibit PL. Therefore, exploration of synthetic methods 
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to obtain 2D NCs of I-III-VI compounds might reveal intriguing optical properties and, 

therefore, should be investigated. 

This thesis focuses on the development of synthetic strategies for morphologically vivid 

Cu-In-S- (CIS) and Cu-In-Se- (CISe) based NCs belonging to the I-III-VI family of 

semiconductors, which can be utilized as a less toxic alternative in various applications. The 

work is divided into three parts. In the first part, the development of a synthetic pathway for 

quaternary Cu-Zn-In-Se (CZISe) NCs, starting with binary Cu2-xSe NCs via partial CE was 

carried out. This work aims at eliminating inhomogeneities in the size and composition of the 

NCs synthesized, to result in narrow PL spectra. Also, a one-step simultaneous injection of In- 

and Zn-precursors offers the possibility of enhancing PL intensity instead of an additional step 

of the shell growth, which is generally required for higher PL intensities in this class of 

materials. Additionally, surface modification of the synthesized NCs, wherein the long-chain 

organic ligands on the parent NCs are replaced with shorter ligands, was carried out. This is a 

necessary tool for enhancing carrier mobility, which in fact is essential for all electronic 

applications of NC-solids in, e.g., solar cells and photodetectors. Moving to different 

morphologies, the second part of the thesis deals with the anisotropic growth of Cu-Zn-In-S 

(CZIS) NPLs, with the aim of synthesizing high-quality emissive 2D materials of this class of 

compounds. A seed-mediated approach was adopted for the synthesis of CIS NPLs followed 

by a subsequent partial CE with Zn to enhance the PL intensity. Synthetic strategies were 

adopted to achieve a better shape control of the NPLs, aiming to obtain unstacked NPLs. An 

additional step of the shell overcoating with ZnS was carried out to increase the PL intensity 

and improve their stability. The third part of the thesis is dedicated to the development of a 

synthetic approach to CZISe NPLs with the aim of pushing their PL further into the near 

infrared (NIR) range, which can be achieved due to the narrower band gap of bulk CISe, as 

compared to bulk CIS. CISe-based 2D NCs exhibiting PL are not reported yet and thus 

synthesizing these NIR-emitting NCs is of particular interest. Extending PL into the NIR range 

enables increasing the scope of these NCs since NIR emitters are of significant use in biological 

systems and telecommunications. Thus, this thesis offers synthetic strategies for three materials 

belonging to the I-III-VI group of semiconductors, exhibiting distinct optical properties, 

namely, CZISe NCs, CZIS NPLs, and CZISe NPLs.  
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2 Fundamental Concepts of Semiconductor Nanocrystals 
Abstract: Semiconductor nanoscience is an interesting branch of science that involves 

interdisciplinary knowledge of both physical and chemical aspects of materials. Colloidal 

synthesis of the NCs requires knowledge of organometallic chemistry, while understanding 

photophysical mechanisms and consequently device fabrication using these NCs require 

knowledge of semiconductor physics and engineering. In this chapter, fundamental concepts 

of semiconductor NCs necessary in the context of this thesis are explained. 

2.1  Band structure of semiconductor NCs and quantum confinement 
Semiconductor NCs are small crystals with dimensions in the range of 1-100 nm with discrete 

energy levels, as opposed to their bulk counterparts.26 They can be considered as intermediate 

species between small molecules and bulk crystals. An energy band of a bulk semiconductor 

is made up of a multitude of molecular orbitals (MO) formed from the linear combination of 

corresponding atomic orbitals (LCAO). Although discrete, the energy difference between these 

MOs in a bulk semiconductor is negligible, thus forming a continuum. The energy difference 

between the filled low-energy band (valence band) and the empty high-energy band 

(conduction band) is called the band gap (Eg).27 As and when the size of the crystal decreases 

and it enters the nano regime the energy difference between individual MOs as well as the band 

gap increases. In general, this phenomenon can be termed as the quantum confinement effect. 
28 Figure 2.1 depicts the evolution of band structures on moving from bulk structured to 

nanostructured crystals.  

Energy
continuum

Energy
continuum

Bulk
semiconductor

Band gap (Eg) Eg Eg
Eg

Semiconductor nanocrystals

Decreasing size of nanocrystals



Fundamental Concepts of Semiconductor Nanocrystals 

6 

Figure 2.1 Variation of band structure from bulk to nanosized semiconductors. 

Upon absorption of a photon, an electron from the valence band in a semiconductor can 

be excited to the conduction band. The resulting electron and hole are electrostatically attracted 

to each other, forming an electron-hole pair called an exciton. An exciton occupies a finite 

space in the crystal, which varies depending on the material, and the radius of this allowed 

space is called the exciton Bohr radius (aB).27 It is described as,  

𝑎𝐵 = 𝜖0𝜖𝑟ℎ2

𝜋𝜇𝑒2       (1) 

where 𝜖0 𝑎𝑛𝑑 𝜖𝑟 are the permittivity of free space and relative permittivity of the 

semiconductor, 𝜇 is the reduced mass of the electron and hole, and 𝑒 is the charge of the 

electron. Thus, the Bohr radius is dependent on the effective mass of the electron and hole and 

consequently is different for different materials. Therefore, the nano regimes of different 

materials are also different. Quantum confinement effect becomes more significant as the NC 

size approaches the Bohr radius. At particle size much larger than aB, the exciton is not confined 

and so the continuum in the bands remains. When the particle size is less than the aB, the exciton 

becomes confined, and the energy gap increases.28 For a spherical crystal with radius R, the 

band gap (𝐸𝑔(𝑅)) is described by the Brus equation, and this also demonstrates the size effect 

of quantum confinement. It is described as, 

𝐸𝑔(𝑅) = 𝐸𝑔 + ℎ2

8𝑅2 ( 1
𝑚𝑒

+ 1
𝑚ℎ

) − 1.8𝑒2

4𝜋𝜖0𝜖𝑟𝑅
  (2) 

where Eg is the bulk band gap, ℎ is the Plank’s constant, 𝑚𝑒 and 𝑚ℎ  are the effective mass of 

electron and hole, 𝜖𝑟 is the bulk optical dielectric constant or relative permittivity, and 𝜖0 is 

the permittivity of free space. According to the second term of the equation, the band gap is 

inversely proportional to R2 and increases as the size decreases. The third term shows the 

opposite relation, which is due to the increase in Coulombic interaction. However, when R is 

in the nano regime of a few nanometers, the second term dominates, and the band gap 

increases as the R or size of the crystal decreases. Thus, this behavior is described by a 

particle in a box model, wherein the energy level spacing increases as the length of the box 

decreases. The expressions discussed above are applicable for spherical NCs (or QDs), which 

are spatially confined in all three dimensions and are known as 0D NCs. In addition to this, in 

practice, various shapes of NCs have been explored leading to different spatial confinement. 

In the case of quantum confinement within two dimensions (such as in nanorods), 
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unrestricted carrier motion is allowed in only one direction, i.e., along the length, and the 

exciton is confined in the remaining directions. Nanorods, nanotubes, and nanowires are 

examples of 2D confinement known as 1D NCs. The third case is quantum confinement and 

quantization within only one dimension (quantum well) with unrestricted carrier motion in 

two other dimensions. NPLs, and nanosheets (NSs) are examples of 1D confinement and are 

known as 2D NCs. In bulk materials, the exciton is not confined, and free motion is allowed 

in all dimensions and consequently these are three-dimensional materials. Dimensionality can 

also be explained in terms of density of states (DOS), as depicted in Figure 2.2.29 DOS 

describes the number of electronic states available per given energy. For a bulk material, 

wherein excitons are free to move in all dimensions, a 3D DOS can be derived which is 

proportional to √𝐸. Figure 2.2a shows the variation of DOS with energy for bulk materials. In 

2D nano systems, the exciton is free to move in two dimensions while being confined in one 

dimension, which results in a DOS which is independent of energy (∝ 𝐸0 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). If 

there are several confined states within a 2D quantum well, then the DOS is a step function, as 

depicted in Figure 2.2b. For quantum rods and wires (1D), the exciton is confined in two 

dimensions, while having free motion along their length, resulting in 1D DOS with inverse 

square energy dependence. Figure 2.2c shows this dependence which reveals that the DOS 

increases in fixed amounts and decreases between every step. Lastly, a 0D QD with excitons 

confined in all three dimensions exhibits 0D DOS with states allowed at only certain energy 

levels.27 Figure 2.2d shows a DOS for a 0D system which depicts a variation like that of a δ

function.
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The difference in quantum confinement for 0D, 1D, and 2D NCs reflects its shape 

dependence. If an exciton is confined within all dimensions, then its restricted motion results 

in higher quantization of energy levels leading to an increase in the band gap. Consequently, 

as the confinement is restricted to only one or two dimensions, the free movement of exciton 

increases, thus leading to a decrease in the band gap.30 Figure 2.3 shows the variation of the 

band gap of CdSe QDs, quantum wells, and quantum wires with the length of the confined 

dimension. Considering a fixed length of the confined dimension, i.e., dB, the band gap for the 

QD (0D) is the widest followed by quantum wire (1D), and then by quantum well (2D).28 

Figure 2.3 Variation of band gap for NCs with different confinements. Reprinted from ref. 28 

with permission. Copyright © 2010, American Chemical Society. 

2.2 Optical properties of semiconductor NCs 
The study of optical properties of semiconductor NCs translates from the inherent properties 

of bulk semiconductors. The filled valence band with electrons and empty conduction band 

separated by the band gap are the ground state of a semiconductor. Absorption of a photon with 

energy greater than the band gap results in the excitation of an electron to the conduction band, 

leaving a positively charged hole in the valence band. This is known as photoexcitation. Optical 

absorption processes in semiconductors obey the conservation of energy and momentum, and 

consequently, transitions can be direct or indirect depending on the material. Following 

conservation of momentum, a photon (khν) is considered to have almost zero momentum and 

consequently the sum of the individual momenta of electron (ke) and hole (kh) at the moment 

of the formation of electron-hole pair should be zero, i.e., Δk = ke + kh = khν ≈ 0.31 In such 

cases, the electron can simply be excited from the valence band to the conduction band by 

absorption of a portion of energy equal to or greater than the band gap value. Semiconductors 



Fundamental Concepts of Semiconductor Nanocrystals 

9 

in which such direct transitions are allowed are known as direct band semiconductors. In 

another situation, direct transitions can be forbidden, and in this case a phonon is involved in 

momentum conservation. These are known as indirect band semiconductors, in which the 

electron absorbs the photon and resides in a virtual state till a phonon of appropriate energy is 

available for the scattering process.27 Figure 2.4 illustrates the differences in electronic band 

structures of a direct and indirect semiconductor.  

Figure 2.4 Direct and indirect semiconductors. Adapted from ref. 31 with permission. 

Copyright © 1999, Springer-Verlag Berlin Heidelberg. eF is the Fermi level of the 

semiconductor and kF is the Fermi wave vector. 

In direct band gap semiconductor NCs, e.g., CdSe QDs once the electron is excited 

(purple arrow in Figure 2.5a) to the conduction band, its fate can be different according to the 

pathway taken. In cases when the energy absorbed by the electron is higher than the band gap, 

the electron is excited to higher levels of the conduction band, and subsequently this excited 

(hot) electron tends to lower its energy by transitioning into lower energy levels of the 

conduction band. This process, taking place without the dissipation of photon energy, is 

known as cooling or relaxation (green arrow in Figure 2.5a). When an excited electron 

dissipates energy and reunites with a hole, the process is known as recombination. In cases 

when an excited electron in the conduction band edge travels back to a hole at the valence 

band edge, with the release of photon energy giving rise to photon-induced 

luminescence, commonly known as photoluminescence (PL), the electron-hole 

recombination is known as radiative recombination (Figure 2.5b). The energy of the emitted 

photons most often is less than the excitation photon giving rise to Stokes shift, which is the 

energy difference in absorption and PL maxima. In some cases, however, it can also happen 
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that the electron does not travel to the valence band directly but proceeds through an 

intermediate trap state introduced due to lattice vacancies or impurities. The trapped electron 

can then finally recombine with the valence band hole which occurs without photon 

emission and, therefore, is known as non-radiative recombination (Figure 2.5c). This 

trap-assisted non-radiative recombination is also known as Shockley-Read-Hall 

recombination. Intermediate energy states can also act as trap centers for a hole, and in this 

case an excited electron can recombine with the trapped hole non-radiatively. Along with 

lattice vacancies, surface trap states, which are represented by defects introduced due to 

missing surface atoms or dangling bonds on some surface atoms can also serve as the origin 

of non-radiative decay pathways. As the crystal becomes smaller, the fraction of atoms 

located on the surface increases and so does the number of unbound atoms, introducing 

surface traps, which, if lie within the band gap, act as centers of non-radiative 

recombination.32, 33 In addition to non-radiative recombination, trap states in some cases can 

also be associated with radiative recombination i.e., with the release of photon energy, 

resulting in trap emission. E.g., in very small CdSe NCs, this trap state emission appears as a 

separate broad peak in their PL spectra, which arises from Se2- rich facets weakly bound to 

basic ligands leading to a poor passivation of trap states.28 Auger recombination is another 

non-radiative process involving three carriers wherein the energy dissipated in the process of 

an electron-hole recombination is provided to another free carrier. In the Auger 

recombination depicted in Figure 2.5d, the energy released from the electron-hole 

recombination is provided to another electron, which then can then excite to higher energy 

levels in the conduction band, and finally cool down to the conduction band edge by the 

release of thermal energy. Adopting synthetic strategies which facilitate the elimination of 

non-radiative recombination pathways can lead to enhanced photon emission, most often 

quantified with a photoluminescence quantum yield (PLQY), which essentially is the ratio 

between number of photons emitted and absorbed. Thus, PLQY is not an intrinsic property 

of a material but depends on the conditions and parameters adopted for the synthesis of 

particular NCs.  
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Figure 2.5 Processes of excitation (purple arrow) and relaxation (green arrow) (a), radiative 

recombination (b), trap-assisted recombination (c), Auger recombination (d). ν is the

frequency of absorbed light and ν’ is the frequency of emitted light.

For semiconductor NCs, the size dependency of optical properties is a very important 

aspect that is still being studied and exploited for various applications. This arises due to 

quantum confinement discussed in Section 2.1, which means that the band gap widens as the 

size of a NC decreases. Consequently, absorption and emission exhibit a blue shift, i.e., a shift 

to higher energy or shorter wavelengths. Thus, proper control of the size of NCs enables tuning 

their optical properties over a wide range of wavelengths, as shown in Figure 2.6 for CdSe/ZnS 

core/shell NCs. In accordance with the size effect, the CdSe/ZnS NCs reported by Rogach et 

al. exhibit blue emission for the smallest size of 1.7 nm, and the largest CdSe/ZnS NCs with a 

size of 5 nm exhibit red PL.34 Size tuneable optical properties have also been explored in the 

case of I-III-VI semiconductor NCs, which is the main class of materials studied in this thesis. 

For example, Allen et al. reported the synthesis of CISe QDs in the size range of 2 nm to 3.5 

nm with a shift of PL from red to NIR range.35 Li et al. synthesized CIS/ZnS QDs with emission 

in the range of 590 nm to 900 nm for an increase in QD size from 2 nm to 4 nm.16 Exploitation 

of size tuneability of optical band gaps of semiconductor NCs has made them suitable light 

emitting materials in several of applications including light emitting diodes (LEDs) and 

biological markers which constitute some of the major applications of semiconductor NCs.32 

Figure 2.6. Size-tuneable optical properties of CdSe/ZnS core/shell NCs. Reprinted from ref. 

34 with permission. Copyright ©2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

2.3 Core/shell NC heterostructures 
As discussed in the previous section, the surface of a NC can have crystal lattice defects or/and 

dangling bonds. These unshared atomic orbitals give rise to energy levels within the band gap 
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of the NC. The intermediate levels within the band gap of the NC are detrimental to their 

PLQY, since these can act as centers for non-radiative recombination of the exciton. Thus, it 

becomes very important to heal these defects on the surface of the NC and one strategic way 

of achieving this is the overgrowth of a shell of a different semiconductor material around the 

NC core. This growth of a shell serves two purposes: first is passivating the dangling bonds on 

the surface and healing crystal lattice defects, thus leading to PLQY enhancement; and second 

is improving stability to the NC, protecting it from aerial oxidation and photodegradation.16, 36 

Depending on the energy offsets between the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) of the two semiconductor materials in a 

core/shell system, there can be differences in carrier localization between the core and the shell 

material, leading to three different types of their arrangement, i.e., Type I, Quasi Type II, and 

Type II.37  

A Type I system consists of a shell material that has a wider band gap than the core 

material and, in this case, the exciton is completely confined within the core, as schematized 

in Figure 2.7. Examples of this type of core/shell system include CdSe/ZnS and CIS/ZnS, 

wherein ZnS acts as a shell material with a wide band gap of 3.4 eV16 which is larger than the 

band gap of CdSe (1.76 eV)38 and CIS (1.5 eV)20. A quasi Type II core/shell system is 

characterized by partial delocalization of the exciton to the shell. Although CdSe/CdS couple 

can be considered as a Type I band alignment, the energy offset is too small for the complete 

confinement of the exciton in the core, leading to a partial leakage of the electron wave function 

to the shell material, while the hole remains confined in the core, as depicted in Figure 2.7 for 

quasi Type II core/shell system. Thus, in this case, one charge carrier is localized and the other 

is delocalized over the entire heterostructure. This kind of a core/shell system facilitates the 

tuning of its optical properties with a variation of the shell thickness. Other examples of this 

type of alignment include ZnSe/CdSe and PbSe/CdSe NCs.39, 40 A staggered band arrangement 

of core and shell material belongs to the Type II core/shell system, wherein the band gap of the 

core/shell system is narrower than any of the individual band gaps of the participating 

materials. This type of band arrangement leads to a spatially indirect exciton, meaning the hole 

and the electron are localized separately in the core and the shell. Example of this type of 

heterostructure include CdTe/CdSe and CdSe/ZnTe NCs.41, 42 In this case, overgrowth of the 

shell leads to narrowing of the band gap, consequently resulting in a red shift of the emission 

wavelength and thus enabling the tuning of the optical properties within a broader range than 

the range obtained with either of the constituting materials.37 
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Figure 2.7 Exciton confinement in Type I, Quasi Type II and Type II core/shell 

heterostructures. Adapted from ref. 37 with permission. Copyright © 2010, Royal Society of 

Chemistry.

Appropriate selection of a shell material also necessitates the consideration of lattice 

constants of both materials, such that the lattice mismatch between the materials involved 

should be minimized. The lattice constant of a semiconductor describes the spacing of atoms 

in a crystal. If it so happens that the lattice constants of both materials are very different, then 

the mismatching positions of atoms at the interface can cause an interfacial strain leading to 

defect states which again is detrimental for the PLQY of the NCs. Thus, both energy offsets 

and lattice mismatch between the two materials are taken into consideration while designing a 

core/shell system. For example, ZnS is a suitable shell material for CdSe to construct a Type I 

system, which enables its PLQY enhancement, since ZnS has a broader band gap of 3.4 eV 

than CdSe with 1.76 eV. However, they have a lattice mismatch of 12% which prevents the 

growth of ZnS shell thicker than 2-3 monolayers. While CdS has a narrower band gap (2.42 

eV) than ZnS, its lattice mismatch with CdSe is much lesser, 3.9%, which makes it also a 

suitable shell material.37 Thus, a bargain between the both parameters should be made in view 

of the desired properties to obtain a suitable core/shell heterostructure. In addition to this, other 

factors like the reactivity of precursors, surface chemistry of core NCs, and reaction conditions 

all play significant roles in the growth of the shell, and thus all must carefully be optimized.36  

2.4 Colloidal synthesis of semiconductor NCs 
Several methods and techniques for the synthesis of NCs, like chemical vapor deposition, 

molecular beam epitaxy, laser ablation, magnetron sputtering, etc., have been developed.26 

Amongst the variety of synthetic approaches available, colloidal synthesis of semiconductor 

NCs, wherein they are grown in a liquid phase and then can be dispersed in suitable solvents 

with the aid of proper surface ligands or surfactants is a simple and facile method, which does 
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not require complex and expensive equipment and can be implemented in nearly any chemistry 

lab.1, 43 As opposed to colloidal synthesis in the aqueous phase, colloidal synthesis in organic 

phase allows for the use of high boiling organic solvents, which, in turn, enables tuneability of 

reaction temperature over a wide range, thus resulting in fine-tuning of the NC size and shape. 

In the following, the colloidal synthesis of semiconductor NCs in the organic phase will be 

discussed. This method yields NCs constituting an inorganic core and the outer organic ligand 

shell, as illustrated in Figure 2.8.

Figure 2.8 A colloidal semiconductor NC with inorganic core and ligand shell.

Thus, the design of a synthesis of colloidal NCs will include considerations of the 

inorganic core, the ligand shell, and the interaction between the core and the ligand shell. 

Various semiconductor materials belonging to metal pnictides of I3-V, II3-V2, and III-V groups 

(e.g., InP, InAs), metal chalcogenides of II-VI group (CdSe, CdS, ZnSe),44-46 IV-VI group 

(PbSe, PbS),47, 48 and I-III-VI group (CIS, CISe),49-51 and metal/organo lead halide perovskites 

of I–IV–VII group (CsPbBr3)52 have constituted the inorganic core of colloidal NCs. This 

inorganic core is responsible for the varied optical and electronic properties of the NCs, which 

are also indeed affected by the ligands on the surface. An organic ligand typically contains a 

polar head, which has an affinity to the NC surface and a non-polar organic chain. The 

combined roles of a ligand in the synthesis include providing a medium for the reactants to 

form molecular precursors, stabilizing NCs in colloidal form through sufficient repulsive forces 

(steric or electrostatic), and passivating the trap states on the core surface, which act as centres 

for non-radiative recombination (see Section 2.2).43 Thus, careful choice of an appropriate 

ligand or a mixture of ligands, playing the mentioned roles, leads to the formation of high-

quality NCs.  

Outer protective ligand shell 
• Provides colloidal stability
• Passivate trap states

Inner inorganic core 
Origin of electronic and 
optical properties  
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In early syntheses, the ligand and NC surface interacted with a dative bond between 

neutral electron donor with metal atoms, e.g., the case of interaction of tri-n-octyl phosphine 

oxide (TOPO) molecules with surface cadmium atoms of CdSe. However, in due course of 

time other molecules which act as neutral acceptors, bound ion pairs, and ionic species have 

been used as surface ligands. Taking this covalent bond classification in the field of NCs, Owen 

grouped ligands in terms of the number of electrons involved in bonding and the electron donor 

or acceptor nature of ligands, as illustrated in Figure 2.9.53 Here, ligands acting as neutral two-

electron donors with a lone electron pair that coordinates surface metal atoms are termed as L-

type ligands (e.g., phosphines, phosphine oxides, and amines). X-type ligands in a neutral form 

are species that have an odd number of valence-shell electrons, requiring one electron from the 

NC surface site to form a two-electron covalent bond. Examples of X-type ligands include 

carboxylates (RCOO–), thiolates (RS–), and phosphonates (RPO(OH)O–), and inorganic ions 

(such as Cl–, InCl4
–, AsS3

3–), or bound ion pairs (for example NEt4
+I–). Z-type ligands (e.g., 

Pb(OOCR)2 and CdCl2) are neutral electron acceptors with an unoccupied orbital that 

coordinates surface nonmetal atoms.53, 54 

Figure 2.9 Types of ligands. Adapted from ref. 54 with permission. Copyright © 2013, 

American Chemical Society.

Another important aspect of the interaction between the ligand and the core, a ligand’s 

propensity for a particular core material, can be understood through Pearson’s hard and soft 

acid base theory (HSAB).55-57 According to this theory, Lewis acids and bases can be classified 

into hard and soft ones, where soft-soft and hard-hard acid-base interactions are favoured over 

soft-hard acid-base interactions. Thus, ligands that can be considered as Lewis bases, and 

cations on the surface of the NC core considered as Lewis acids will also interact according to 

this theory. This theory is explained in more detail in Section 2.5.  

Growth mechanism of colloidal semiconductor NCs 
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To understand the formation mechanism of semiconductor NCs, one must first understand the 

phenomenon of nucleation and growth. Nucleation can be described as the assembly of a few 

atoms to form a small crystal that does not disintegrate into free atoms and is kinetically stable, 

or alternatively it is a thermodynamic system that tends to minimize its Gibbs free energy by 

attracting more and more monomer species. This process can also be interpreted as overcoming 

a certain energy barrier. Upon nucleation, the Gibbs free energy change for spherical NCs, 

assuming that it is an isotropic crystal without facets, can be expressed as the sum of the 

energetic gain due to bond formation and the total surface energy. 

∆𝐺 = − 4
3
𝜋𝑟3ǀ∆𝐺𝑣ǀ + 4𝜋𝑟2𝛾    (3) 

Here, r is the radius of the nuclei formed, 𝐺𝑣 is the Gibbs bulk free energy per unit volume and 

γ is the surface free energy per unit area. As shown in Figure 2.10, ∆Gc corresponds to a 

maximum in the plot of Gibbs free energy change vs. radius of the nucleus, which is essentially 

the activation energy that must be overcome for nucleation to occur.43 The maximum ∆Gc is 

attained at a certain radius which is known as the minimum critical radius denoted by rc in 

Figure 2.10 and corresponds to the minimum size of the nucleus above which it can enter the 

growth stage while nuclei smaller than this size will redissolve into atoms in solution.  

Figure 2.10 Plot of Gibbs free energy vs. radius of nucleus. Reprinted from ref. 43 with 

permission. Copyright © 2016, American Chemical Society. 

After the nucleation, the growth phase can be described as the actual deposition of 

monomers on the growing crystal. For the addition of monomers, first, they must be transported 

to the surface of the NC, and second, they must react with the NC surface. The first process 

occurs through diffusion and thus the rate can be dominated by the diffusion coefficient D, 
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whereas the rate of the second process can be defined as simply the rate of reaction between 

monomers and the NC surface. In general, an excess of precursors is used to initiate growth 

and, therefore, the effect of diffusion can be neglected, and the rate solely depends on the rate 

of the reaction between free monomers and the NC surface. In this case, the growth regime is 

called a reaction-controlled growth rate.26 During this time the growth rate is proportional to 

the surface area of the particle and during this stage a decrease in relative size distribution 

occurs. The growth rate can be expressed as, 

𝑑𝑟

𝑑𝑡
= 𝑘𝑉𝑚(𝑆𝑏 − 𝑆𝑟)     (4) 

Here, 𝑘 is the reaction rate constant, 𝑉𝑚 is the molar volume of the solid, Sb is the bulk 

concentration of the monomer, and 𝑆𝑟 is the solubility of the particle as a function of its radius 

r. However, after some time, when the concentration of monomers decreases, the rate also

becomes dependent on the diffusion of the monomers, and when this becomes the rate-limiting

step then the growth rate is a ‘diffusion-controlled growth rate’.26 The growth rate according

to Fick’s law of diffusion is given as

𝑑𝑟

𝑑𝑡
= 𝐷𝑉𝑚 (1

𝑟
+ 1

𝛿
) (𝑆𝑏 − 𝑆𝑟)   (5) 

where D is the diffusion coefficient and δ is the thickness of the diffusion layer. 

Figure 2.11 LaMer model depicting the three phases of the NC formation. Adapted from ref. 

26 with permission. Copyright © 2014, Royal Society of Chemistry. 

The relation between nucleation and growth of colloidal NCs was given by LaMer and 

is depicted in Figure 2.11.58 According to this model, the formation process of NCs can be 
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divided into three phases: in the first phase, the concentration of monomers increases due to 

the availability of a large amount of precursors or change in reaction parameters. As and when 

the monomer concentration reaches the critical concentration C*, the second phase, nucleation, 

starts, wherein nuclei are formed by aggregation of monomers. The nucleation process 

terminates when the concentration of monomers falls below the critical concentration i.e., C*. 

The subsequent stage is the growth of the NCs by monomer deposition on existing nuclei until 

the monomer concentration decreases below the critical level. However, in actual scenario new 

nuclei other than the preexisting ones, undergoing the growth, can also be formed, which in 

turn can lead to a broad size distribution of NCs. One drawback of the LaMer model is that it 

does not take into consideration the evolution of size distribution during the growth. For 

diffusion-controlled growth rate, Sugimoto established the relation between the size 

distribution and growth rate with considerations of particle solubility based on the Gibbs-

Thomson equation, and the model is depicted in Figure 2.12a .59 It can be inferred from this 

model that when the size of the NCs is slightly larger than the critical radius then the smaller 

particles grow faster than the larger ones resulting in focusing of the size distribution. On 

monomer depletion after a certain period of time, the critical radius becomes larger than the 

average size. In this case, smaller particles start shrinking and eventually redissolve into 

monomers, which can then redeposit on larger particles. The dissolved monomers can deposit 

on smaller crystals resulting in larger particles. To prevent these particles from agglomeration, 

the addition of appropriate stabilizing agents becomes necessary, which ensures the appropriate 

steric repulsion between adjacent NCs to impart them colloidal stability in a solvent. This leads 

to defocusing of size distribution also known as ‘Ostwald ripening’ which is a common 

contributor to the broad size distribution.60 Experimental investigation of the relation of size 

distribution of NCs with growth rate for the synthesis of CdSe and InAs NCs was done by 

Alivisatos and coworkers, which is illustrated in Figure 2.12b.61 According to their findings 

during the initial event of injection, after a certain time a narrow size distribution is observed 

(focusing), when the size of the particles is slightly larger than the critical radius. As the 

monomers are used up and the growth rate is diffusion controlled, resulting in low 

supersaturation of monomers, the size distribution broadens, resulting in defocusing of size 

distribution. A second event of injection of precursors after the broadening of the size 

distribution resulted in a second focusing regime. Thus, for size focusing it is essential to keep 

the average size slightly larger than the critical radius, which can be attained by a high 

supersaturation of monomers. 
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Figure 2.12 Sugimoto model (a), size distribution of CdSe and InAs NCs with two injections of 

precursors denoted by arrows (b). Reprinted from ref. 61 with permission. Copyright © 1998, 

American Chemical Society. 

Hot-injection and heat-up methods of the NC synthesis

While size and shape distribution of NCs are dependent on several factors, including reaction 

temperature and time, reactivity and concentration of precursors, solvents, and surfactants used, 

the separation of the nucleation and the growth is the most effective pathway for obtaining a 

narrow size distribution, according to LaMer.43 Separation in the nucleation and growth phases 

can be obtained by two methods of high-temperature synthesis, which facilitate the growth of 

monodisperse NCs: hot-injection and heat-up methods. In the hot-injection approach, 

separation of nucleation and growth is achieved through a ‘nucleation burst’, wherein the 

concentration of the monomers rapidly increases above the nucleation threshold on rapid 

injection of precursors at a high temperature. Most of these reactions are carried out in the 

presence of high-boiling organic solvents, like TOPO, tri-n-octylphosphine (TOP), 1-

octadecene (ODE), alkane amines, alkanethiols, etc.26, 32 This method was introduced first by 

Murray et al. in 1993 for the synthesis of considerably monodisperse cadmium chalcogenide 

NCs.8 Organometallic cadmium precursor and chalcogenide precursors were prepared in high-

boiling solvents of TOP and TOPO. Monodisperse CdSe(Te) particles were obtained by rapid 

injection of cadmium precursors into hot solvents at 300°C. This synthesis paved the way to 

the synthesis of monodisperse colloidal semiconductor NCs of the II-VI family and since then 

multiple reports with narrow size distribution and high PLQY have been published.  

Consequently, the hot-injection method was adopted for I-III-VI semiconductor NCs by 

various researchers. Some of the early reports of the synthesis were given in 2008.62-64 E.g., 
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Allen et al. reported the synthesis of CISe NCs by heating metal halides in TOP and oleylamine 

(OlAm) to 200-280°C followed by injection of bis(trimethylsilyl)selenide.35 Tang et al. also 

reported the synthesis of CISe, Cu-Ga-Se (CGSe), and Cu-In-Ga-Se (CIGSe) NCs, using a 

similar hot-injection approach.65 As opposed to the hot-injection method, in the heat-up 

approach supersaturation of nucleation is achieved by in-situ formation of reactive species by 

increasing the temperature. Here, the precursors have a lower reactivity at low temperatures 

and upon reaching a particular temperature, a nucleation burst is attained, since the reactivity 

of the precursors increases at this temperature. Monodisperse high-quality CdSe NCs 

synthesized via heat-up method were reported by Cao et al.44 Several reports on heat-up method 

are also available for I-III-VI NCs in which CIS(Se) NCs with various morphology and 

composition have been synthesized16, 49-51 However, as compared to binary II-VI NCs, I-III-VI 

NCs synthesized via heat-up or hot-injection suffer from several drawbacks. Due to the 

complex multiple component system, wherein various cations involved have different 

reactivities with the chalcogen, additional by-products form and inhomogeneities in size arise, 

affecting shape and composition of the ensemble of the NCs.21, 24, 66 An alternative synthesis 

pathway known as cation exchange (CE) discussed in the next section provides a suitable way 

of tackling the above mentioned drawbacks of the direct synthesis of I-III-VI-based 

semiconductor NCs.

2.5 Cation exchange 
Since the above-discussed hot-injection and heat-up methods generally involve the reaction 

between all molecular precursors in one pot at the same time, they are termed as a direct 

synthesis. Over the years, it has enabled astonishing control over the NC size and shape and 

has been proven to be the best fit for obtaining binary II-VI and IV-VI semiconductor NCs.21,

44 However, the urge to explore NCs with new morphologies, crystal phases, and compositions 

rises, facing limitations imposed by direct methods for obtaining such new materials. To 

overcome these limits, post-synthetic CE has emerged during last two decades as a fascinating 

alternative method for developing NCs, which would otherwise not have been possible through 

direct synthesis.23, 24, 67 CE is a simple ion exchange reaction wherein the host cations of a 

template NC are replaced by guest incoming cations, while preserving the initial structure and 

anion sublattice of the crystal. The possibility of a complementary anion exchange is lowered 

in this process due to the larger size and low diffusivity of anions in a crystal lattice of the 

majority of metal chalcogenides.24 When it comes to multicomponent synthesis of ternary and 

quaternary compositions of I-III-VI-based NCs, this method becomes significantly 
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advantageous, since their direct synthesis has various drawbacks, mainly inhomogeneous 

composition, size, and shape distribution of the NC ensemble. For example, in the synthesis of 

CISe, Cu+ being a soft acid has a higher tendency to react with soft base Se2–, as compared to 

the hard acid In3+. This leads to the formation of Cu2-xSe first in the direct synthesis of CISe, 

multiplying the possibility of formation of additional by-products.21, 68, 69  

The feasibility and outcome of CE largely depend on the thermodynamic and kinetic 

factors driving the reaction. The thermodynamic feasibility of a CE reaction can be estimated 

by taking into account the thermodynamic stability of reactant and product phases as well as 

the solvation of the cations in the solvent or ligating environment.67 To understand the 

thermodynamics of a CE reaction, an ideal reaction involving monovalent cations can be 

described, as schematized in Figure 2.13.  From this scheme, it can be inferred that an overall 

energy balance and resultant feasibility of such an ion exchange reaction can be determined, if 

the dissociation and association energies of A-X and B-X crystals and desolvation and 

solvation energies of B+ and A+ cations are known. Dissociation and association energies of a 

crystal can be defined in terms of lattice energy and surface energy, and it aids in estimating 

the thermodynamic stability of reactant and product phases. Lattice energy is the energy 

required for breaking a crystal into ions at absolute zero temperature. Thus, a higher lattice 

energy would mean a greater stability of a crystal, thus making it more difficult to dissociate. 

Consequently, the higher lattice energy of the product phase than the reactant phase would 

drive the process in the forward direction. Lattice energy (∆𝐻𝑙𝑎𝑡𝑡) can be expressed as 

∆𝐻𝑙𝑎𝑡𝑡 = 𝑁𝑀𝑧𝑖𝑧𝑗𝑒
2

𝑟+𝑟− (1 − 1
𝑛

) (6)

Here, N is Avogadro’s number, 𝑧𝑖and 𝑧𝑗 are the integral charges of the ions, e is the electron 

charge, r+ and r– are the radii of cations and anions, respectively, n is the Born exponent and 

M is the Madelung constant. Thus, lattice energy depends on the charges and the radii of ions 

involved. Additionally, M in equation 6 is related to the spatial position of ions and thus this 

also makes the ∆𝐻𝑙𝑎𝑡𝑡 dependent on the crystal structure. Consequently, this value will be 

different for different allotropes of the same material and its estimation becomes difficult, 

especially for metastable phases. When the calculation of lattice energies for a material is not 

possible, then the association and dissociation energies can be derived from the bond 

dissociation energies of the crystals. Another aspect of association and dissociation energies is 

the surface energies of the NCs. Upon nanostructuring, the surface-to-volume ratio largely 

increases, and this is reflected as an increase in surface energy in NCs, as compared to the bulk 
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surface energies. However, estimation of the surface energies is difficult since it is dependent 

on various factors, like the ligating environment and the chemical structure of different facets 

of the NC available for bonding with the surface ligands.23  

Figure 2.13 Cation exchange reaction involving monovalent cations. 

Desolvation and solvation of the cations are another thermodynamic aspect that drives 

the CE reaction. These strongly depend on the solvating/ ligating environment of the solution 

in which the CE reaction takes place. A thermodynamic preference of an ion for a CE reaction 

in terms of lattice energy and entropy can be reversed under the influence of preferential 

ligation in solution. Preferential ligation or a ligand’s affinity towards an ion can be understood 

by a qualitative concept of the HSAB principle proposed by Pearson.55-57 According to this 

principle, Lewis acids and bases can be classified based on their hardness (η) into soft and hard 

acids and bases. Soft bases contain donor atoms with high polarizability and low 

electronegativity, while hard bases contain donor atoms with low polarizability and high 

electronegativity. Cations with a low positive charge and large size can be classified as soft 

acids, while cations with high charge and small size can be classified as hard acids. The HSAB 

principle also suggests the preferential interaction between soft acids with soft bases (soft-soft 

interaction) and likewise hard acids with hard bases (hard-hard interaction). Thus, the degree 

of hardness can work as a qualitative indicator of preferential cation binding with various 

ligands, which in turn can predict the outcome of a CE reaction.70 This principle has been 

exploited to strategize many CE reactions in which the CE pathway can vary depending on the 

ligand environment, i.e., the presence of soft base or hard base. Cu-, Pb-, and Ag-chalcogenides 

contain Cu+, Pb2+, and Ag+ cations which are soft acids, and their exchange with hard acids 

like Cd2+, In3+, and Zn2+ can be facilitated with the presence of a soft base in solution. It will 

preferentially bind with the soft cations leading to their extraction from the lattice, thereby 

facilitating the entry of the hard acids into the lattice. Soft bases, like tertiary phosphines21, 71, 

72 and carboxylates73-75 have been widely exploited to enable these exchanges. Consequently, 

the opposite reaction, i.e., the exchange of hard acids like Cd2+ from chalcogenides with soft 

acids like Pb2+ can be facilitated in the presence of hard bases like alkylamines.23, 76  
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Figure 2.14 Classification of hard and soft acids and bases commonly used in semiconductor 

NC synthesis. Adapted from ref. 70 with permission. Copyright © 2017, American Chemical 

Society. 

While thermodynamic considerations offer a guide for determining the feasibility of a 

CE reaction, many of these reactions take place through non-equilibrium states and their 

outcome is kinetically controlled. The kinetic factors, determining the feasibility of a CE 

reaction are the activation barrier, rate of ion substitution at the surface, and rate of ion 

diffusion.23 For colloidal NCs, the rate of ion substitution at the surface is faster than the rate 

of ion diffusion in the solid crystal. Thus, this solid-state ion diffusion in most cases is the rate-

limiting step and determines the fate of a CE reaction. Its rate is governed by several factors, 

including the presence of vacancies and the possibility of diffusion through interstitial sites. 

These possibilities provide alternate routes of ion diffusion increasing its feasibility within the 

crystal.23 Varying rates of diffusivity of ions and the miscibility of product and reactant phases 

results in various heterostructures obtained via CE which are represented in Figure 2.15. 

Figure 2.15 Various possibilities of heterostructures via CE. Reprinted from ref. 23 with 

permission. Copyright © 2016, American Chemical Society. 
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Thus, CE has been proven to be a powerful tool for developing a diverse pool of 

semiconductor NCs, including metastable crystal phases, unique morphologies, doped NCs, 

multi-compositional alloyed structures, and heterostructures which would not have been 

otherwise possible, using conventional direct synthesis methods.24 Most attractive aspect of CE 

is the ability to attain metastable compositions and phases mostly by the preservation of the 

initial crystal phase and shape during the exchange. For instance, Li et al. demonstrated the 

preservation of the shape and crystal structure of a series of initial CdSe NCs with different 

morphologies and crystal structures after two sequential CE reactions. They carried out the first 

CE with Cu+ to obtain Cu2Se and thereafter with Zn2+ to synthesize ZnSe NCs with the same 

morphology and crystal phase as the starting NCs.77 Along with complete exchange, partial CE 

has been instrumental in the synthesis of various ternary and quaternary compositions. Starting 

with Cu2-xS(Se) this approach has enabled substantial control over the size and shape of CIS,68 

CISe,21 CZISe(Se),20 and CZSSe22 NCs. Inherently copper selenide(sulfide) can contain a large 

number of vacancies and this in turn boosts the exchange.69 

2.6 Anisotropic growth of colloidal semiconductor NCs 
Over the years along with 0D growth, 2D growth of NCs has been implemented leading to the 

development of differently shaped NPLs and NSs. 2D growth results in larger lateral 

dimensions, as compared to the thickness of the crystal, in some cases leading to a strong carrier 

confinement in one dimension, which may in turn exhibit unique optoelectronic properties. 

Owing to this, 2D NCs have been explored rigorously in recent years. By the thermodynamic 

aspect that a NC will always tend to minimize its total surface energy and surface area, the 

preferred shape of a material could theoretically be predicted from Wulff’s construction.78, 79 

However, instead of the total surface energy, the equilibrium shape of a NC is determined by 

crystalline facets with minimum surface energy and their crystallographic orientation. 

Therefore, NCs with different facets might prefer different shapes and due to asymmetric bond 

strength and symmetry reasons they might also prefer to grow in one or two dimensions, 

resulting in anisotropic shapes such as nanorods and NPLs. However, during detailed 

investigations of the NC growth, it was also found that NCs can be synthesized in shapes other 

than their thermodynamically favored equilibrium shape.78, 80 This growth proceeds through 

kinetically favored non-equilibrium conditions, which can be achieved via the manipulation of 

synthesis parameters. The shape, size, and crystal structure of the initial nuclei formed play a 

very important role in the determination of the NC shape. Non-equilibrium conditions lead to 

the formation of defects and polycrystalline nuclei, which then can introduce anisotropic 
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growth of the crystal leading to the formation of 2D NCs. This is termed defect-induced 

anisotropy and is one of the driving forces for breaking symmetry in a face-centered cubic (fcc) 

NC.81  

Kinetic effects, like growth rate, also play an important role in shape control. During 

slow growth rate due to lower reaction temperature or slow addition of precursors, crystal 

growth proceeds by minimizing the energy of unfavorable facets via preferential growth along 

this facet, resulting in expression of low energy of facets.81 On the other hand, when the growth 

rate is fast there is no preferential growth along any facet thus enabling the survival of high 

energy facets. Ligands can play a significant role in altering this NC growth direction, thus 

making anisotropic shapes available and this is known as ligand-induced anisotropy. This can 

occur through selective capping of certain facets of a growing NC with appropriate ligands, 

which then hinders their growth, as compared to others, thus leading to the 2D shapes. This 

effect is termed chemical poisoning. E.g., during the synthesis of CdSe NCs the presence of 

strong ligands, such as TOP and TOPO which have a strong affinity to surface cadmium ions 

on all facets, leads to a similar growth rate of all facets, resulting in a spherical shape of the 

particles.82 This can be altered by adding phosphonic acid, which hinders the growth in the c 

axis of wurtzite lattice, leading to the formation of rod-shaped NCs.  

Another approach for triggering anisotropic growth through ligands is the soft template 

approach. Long-chain organic ligands like alkylamines can dissolve metal salts like cadmium 

halides, forming ordered layers composed of metal salts and alkylamine.81 This lamellar 

precursor can then serve as a soft template for 2D growth of a NC. Such a soft template 

approach was adopted by Son et al.83 and Lui et al.84 wherein they employed lamellar amine 

bilayers formed by dissolution of cadmium salts in alkylamine as templates for the synthesis 

of lamellar (CdSe)13 nanoclusters which could then be transformed to 2D NSs or quantum belts 

respectively. Unbundling of these lamellar structures by addition of amines or sonication 

further resulted in individual 2D structures. The reaction temperature plays an important role 

in shape control using this approach, because beyond a certain temperature these ligand 

assemblies can decompose and no longer act as soft templates facilitating anisotropic growth. 

This method was employed to produce CdQ (Q= S/Se/Te),85-87 ZnS,88 as well as CuS89 2D 

NCs.  

Another mechanism of anisotropic growth known as oriented attachment involves the 

reorganization of small individual NCs, such that they share a common crystallographic 

orientation.90 This mechanism consists of several steps which involve the diffusion of small 

NCs to the vicinity of each other followed by a realignment of the adjacent NCs to decrease 
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the grain-grain boundary energy followed by desorption of ligands at the interface and the 

formation of a new crystal.91 Weller and coworkers reported the synthesis of  ultrathin PbS NSs 

via oriented attachment of small PbS NCs along the reactive {110} facet followed by 

reconstruction to result in flat surfaces.92 The 2D growth took place explicitly in the presence 

of chloroalkanes according to pathway B and C depicted in Figure 2.16. In this case, oriented 

attachment led to 2D sheets with the assistance of an assembly of oleic acid ligands on the 

{100} facet that hindered the 3D growth. In the absence of chlorine containing co-solvents NS

formation was not observed and instead larger 0D PbS NCs were observed as depicted in

pathway A in Figure 2.16.

Figure 2.16 Formation of PbS NSs via oriented attachment. Reprinted from ref. 92 with 
permission. Copyright © 2010, The American Association for the Advancement of Science.
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3 I-III-VI-Group-based Semiconductor Nanocrystals 
Abstract: Amidst a broad range of semiconductor NCs that are studied, this thesis delves into

the study of I-III-VI-group-based semiconductor NCs. In this family, Cu-chalcogenide-based 

NCs, particularly CIS(Se)-based NCs, are of utmost importance. This chapter is dedicated to 

the description of synthetic advances carried out on the widely studied CIS(Se) NCs, including 

emerging 2D CIS(Se) NCs. Additionally, general characteristic optical properties of this class 

of materials and underlying mechanisms are also discussed.  

Most studied semiconductor NCs with exemplary optical properties, and narrow size and shape 

distribution belong to the II-VI or IV-VI groups of semiconductors. While these NCs have been 

used extensively in various applications owing to their bright luminescence, the drawback of 

this classes of materials is the presence of toxic elements like Cd and Pb.21, 43 The search for 

alternatives to these materials continues and to this end, semiconductor NCs belonging to the 

I-III-VI group has been proven to be one of the best candidates.49 In this class, the Cu-

chalcogenide-based NCs are of utmost relevance, and this thesis focuses on CIS- and CISe-

based NCs belonging to this group. These materials have significant differences to the II-VI

and IV-VI groups both in bulk and nanoscale. Bulk I-III-VI crystal can be viewed as a

derivative of cubic zinc-blende structure adopted by binary II-VI and IV-VI group materials,

obtained by replacement of Zn2+ ions with the group I and III metals as illustrated in Figure

3.1.93, 94

Figure 3.1 Relationship between cubic zinc-blende structure adopted by II-VI semiconductors 

and crystal structures adopted by Cu-chalcogenide-based semiconductors. Reprinted from ref. 

94 with permission. Copyright © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

The presence of two non-isovalent cations leading to a reduced symmetry results in a larger 

primitive cell and lattice distortion, which in turn results in a tetragonal chalcopyrite structure 

of the bulk I-III-VI crystals.95 Along with the chalcopyrite phase, nanostructured I-III-VI 

crystals also exist in the hexagonal wurtzite phase along with a wide range of off-stoichiometric 
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compositions. The off stoichiometry in these NCs is maintained with the presence of a large 

number of lattice defects in the crystal which contributes to their properties.95 CIS NCs with a 

bulk band gap of 1.5 eV and exciton Bohr radius of 4.1 nm20, 96 exhibit tuneable PL ranging 

from the visible to the NIR spectral range. The selenide counterpart, i.e., CISe NCs on the other 

hand with a narrower bulk band gap of 1.04 eV and exciton Bohr radius of 10.6 nm21 enable 

the shift of the PL further into longer wavelengths of the NIR range. Thus, a variation of the 

chalcogenide along with fine tuning of size and composition enables the tuning of optical 

properties in a wide range of the spectrum (Figure 3.2). Consequently, this class of materials 

has been employed in a wide range of applications, especially in the fabrication of solar cells,97, 

98 LSCs,99 photodetectors,100 bioimaging, drug delivery,16, 101 etc. 

Figure 3.2. Spectral range of CIS and CISe NCs. 

Synthetic advances of 0D CIS(Se)-based NCs 

The employment of high-temperature hot-injection and heat-up methods for the synthesis of 

CdSe NCs with narrow size distribution and exemplary optical properties paved the way for 

using similar methods for CIS(Se)-based NCs as well. Early reports of these methods included 

synthesis by Allen et al., wherein CISe NCs were synthesized using bis(trimethylsilyl)selenide 

(Me3Si)2Se as a chalcogenide precursor with TOP and OlAm as coordinating solvents. They 

presented the first stoichiometric control of the CISe NCs synthesized with a variation of 

reaction temperature, which led in turn to the tuning of optical properties.35 Tang et al. reported 

the synthesis of CISe, CGSe, and CIGSe NCs using commercial metal salts and Se powder 

dissolved in OlAm.65 Using TOP-Se and trioctylphosphite complexes of CuI and InCl3, Nose 

et. al synthesized CISe NCs with controlled size.50 Single source precursors already containing 

Cu-S(Se) and In-S(Se) bonds, such as xanthates and dithiocarbamates, were also exploited for 

the synthesis of multicomponent CIS(Se) NCs.62, 102  
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One important aspect of the synthesis of CIS(Se)-based NCs to achieve a better size and 

shape control is balancing the reactivities of Cu- and In-precursors with respective 

chalcogenide sources. Alkanethiol-assisted synthesis, wherein long-chain thiols like 1-

dodecanthiol (DDT), are employed to balance the reactivities of cations, has offered significant 

control over the size and shape of CIS(Se) NCs. Xie et al. designed the route to synthesize 

nearly monodisperse  CIS2 NCs with sizes ranging from <2 to 20 nm.103 They found that Cu 

always formed CuxS (x=1–2) in the presence of solvents/ligands, like ODE, TOPO, amines, 

and carboxylates, even at low temperatures when InS could not be formed, thus showing that 

the reactivity of Cu is much higher than that of In. Thus, they used alkylthiol which is a soft 

base to suppress the reactivity of Cu, and, depending on the ratio of the alkylthiol and Cu, they 

could tune the ratio of Cu:In in the synthesized CIS2 NCs. Zhong et al. synthesized CISe NCs, 

using DDT as a ligand and ODE as a non-coordinating solvent. They found that at a relatively 

low temperature of 180°C they could synthesize high-quality CISe QDs and at a higher 

temperature of 230°C CISe NPLs were formed.104  

Various syntheses of CIS(Se) NCs employing DDT as a ligand have been put forward 

over the years, leading to high-quality CIS(Se) NCs.95, 105-107 At high temperatures, DDT 

decomposes and can be used as a source of sulphur for the synthesis of CIS NCs which has 

been exploited in many heat-up approaches.49, 108, 109 At the same time, the presence of DDT in 

the synthesis of CISe NCs at relatively high temperatures can result in the formation of 

quaternary CISeS NCs.21 It is difficult to avoid its usage though, as it also plays the role of a 

reducing agent that prevents the oxidation of Cu+ in the reaction and, therefore, is essential for 

the synthesis.21 In addition to thermodynamically favoured tetragonal CIS(Se) NCs generally 

synthesized, the hexagonal wurtzite crystal structure was reported for CIS NCs by Pan et al. 

for the first time. They synthesized monodisperse CIS NCs with tuneable structures of zinc- 

blende and wurtzite, using a hot-injection approach at 200°C by employing 

diethyldithiocarbamate precursors of Cu and In, and OlAm as an activating agent and a ligand, 

and DDT or oleic acid as capping ligands. Oleic acid yielded CIS NCs with zinc-blende 

structure and DDT yielded CIS NCs with wurtzite structure.62 Consequently, wurtzite CISe 

NCs were synthesized by Norako et al. for the first time by injecting diphenyl diselenide into 

a hot solution of CuCl and In(acac)3 at 180°C for 3 hours.110  

Growing ZnS shell with a wider band gap on the CIS(Se) NCs leads to a type I core/shell 

structure, yielding strongly emitting NCs with high PL QY. Li et al. proved the significant 

enhancement of PLQY from 8% of the core CIS NCs to 60% of the CIS/ZnS core/shell NCs, 

which were then used as fluorescent probes for in-vivo imaging.16 They used a zinc-precursor, 
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which consisted of a mixture of zinc stearate in ODE and zinc xanthate in dimethyl formamide 

(DMF) and a shell growth temperature of 230°C. Cassette et al. reported the enhancement of 

PLQY from 4% in CISe core NCs to 43% in the CISe/ZnS core/shell NCs.51 The shell growth 

was carried out employing zinc bis(ethylxanthoxanate) and zinc oleate at 180°C. Klimov group 

reported CIS/ZnS core/shell NCs with PLQY as high as 80%.111 Thus, over the years, highly 

luminescent CIS(Se) NCs with ZnS shell have been synthesized with a majority of reports 

focusing on CIS-based NCs. Along with ternary compositions, quaternary compositions 

derived from CIS(Se) nanostructures have also been explored. In these cases, the presence of 

a larger number of reactive species further necessitates optimization of reaction parameters.101, 

112

The emergence of CE pathway described in Section 2.5 opened another route for 

achieving shape and size control, since in these reactions the anion sublattice of the template 

NCs is maintained throughout the exchange, leading to the preservation of the initial crystal 

structure in most cases, and, consequently, the resulting shape and size of the NCs remain 

unchanged. Capitalizing on these advantages, CIS(Se) NCs were synthesized with a partial CE 

approach, wherein only a part of the host cations was exchanged with the incoming guest 

cations, leading to a wide range of off-stoichiometric compositions and metastable crystal 

phases.23 Starting with binary Cu2-xS(Se) a wide range of CIS(Se) NCs were synthesized.21, 24 

Tuning the composition of the NCs synthesized via CE is possible simply by varying the 

amount of Cu or In precursors used in the synthesis. In this way, starting with wurtzite Cu2-xS 

NCs Stam et al. applied the partial CE with In leading to the formation of luminescent CIS NCs 

with the wurtzite crystal phase.113 TOP a soft base, was used for extraction of soft acid Cu+ 

from the host lattice, whereupon the balance of extraction of Cu+ ions and replacement with 

In3+ was maintained at a low temperature. The same group also reported the synthesis of 

luminescent CISe2/CIS2 dot-in-rod core/shell heterostructure, starting with CdSe/CdS dot-in-

rod NCs, wherein the first exchange with Cu+ yielded intermediate Cu2Se/Cu2S nanorods, 

followed by a sequential partial CE with In3+ to obtain the desired nanorods.114 Akkerman et 

al. reported the synthesis of ternary CIS and quaternary CZIS NCs starting with Cu2-xS.68 In 

this process, a sequential addition of Zn-precursor to CIS NCs after Cu+-to-In3+ CE led to the 

formation of a core/shell-like structure, resulting in luminescent NCs, whereas, combining both 

precursors in one pot yielded homogeneously alloyed quaternary CZIS NCs, which were non-

emitting. In this case, the initial hexagonal structure of the Cu2S NCs was preserved after the 

exchange. Highly emissive quaternary CZIS NCs with 80% PLQY were synthesized by De 

Trizio et al., starting with Cu1-xInS NCs prepared using a heat-up approach by heating CuI, 
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In(Ac)3, and DDT at 230°C.115 Initial tetragonal roquesite phase was preserved in this case. 

Starting with Cu2-xSe Lox et al. synthesized CISe NCs following a partial CE pathway, which 

resulted in tuneable PL in the NIR range with a variation of the size of the synthesized NCs.21 

The initial shape of the NCs could be preserved in this case along with their crystal structure. 

Thus, CE serves as a suitable route for the synthesis of I-III-VI-based multicomponent NCs 

with a good control over their size, shape, and composition. Despite advances of CIS(Se) NCs 

there is still a lot of space for a further improvement of the synthesis of CISe NCs that would 

enable reaching longer wavelengths in the NIR range, since the emsission range in the NIR is 

still limited. 

Synthetic advances of 2D I-III-VI semiconductor NCs 

Studies on semiconductor 2D NCs have shown that they exhibit unique properties which are 

attributed to their anisotropic shape.25, 81, 89, 116-119 Atomically flat NPLs or NSs have 

thicknesses which are smaller than the corresponding Bohr radius of several semiconductors, 

while having larger lateral dimensions leading to strong quantum confinement in only one 

direction, i.e., within their thickness.20 A prominent example is CdSe NPLs, unique properties 

of which include exceptionally narrow PL, enhanced optical absorption, suppressed Auger-

recombination, and giant oscillator strength.25, 120, 121 Noteworthy that research on 2D NCs has 

been done mostly on binary metal chalcogenides, containing toxic Cd25, 122, 123 and Pb119, 121, 124 

metals, and very scarcely explored in the case of multicomponent I-III-VI-based NCs. It is 

therefore reasonable to extend the study of anisotropic properties to this class of materials as 

well, which might also reveal interesting optical properties that are not in alignment with the 

widely studied 0D QDs.  

Some synthetic strategies have already resulted in 2D I-III-VI-based NCs. E.g., Zhong et 

al. reported the synthesis of hexagonal CISe NPLs using DDT as a ligand and ODE as a non-

coordinating solvent. They obtained small CISe2 NCs at a lower temperature of 180°C, while 

at an elevated temperature of 210°C and a long reaction time of 3 h hexagonal plates with sharp 

edges were grown.104 A mixture of triangular, hexagonal, and disk-like CISe NPLs were 

synthesized by Tang et al. in a one-pot approach using commercial salts of Cu, Se powder, and 

OlAm.65 However, due to the disadvantages of direct methods in the synthesis of 

multicomponent NCs, several approaches have been explored to find alternatives to the direct 

synthesis of 2D I-III-VI-based NCs. The synthesis of CIS NSs via self-organization of smaller 

CIS NCs, driven by the change in the composition of the NCs, was carried out by Berends et 

al.116 Template-mediated synthesis of ternary and quaternary NCs has been proven to be a facile 
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synthetic route in the case of small NCs, which has further been investigated in 2D NCs as 

well. Starting with covellite CuS, Liu et al. successfully synthesized ternary Cu-chalcogenide-

based NPLs with various trivalent and tetravalent cations (In3+, Ga3+, Fe3+, Sn4+, and Ge4+).125 

Cu2-xSeyS1-y NPLs were pre-synthesized by Lesnyak et al., which served as templates for 

subsequent partial CE with Zn2+ or/and Sn2+ ions leading to the formation of 2D CZSeS, 

CSnSeS, and CZSnSeS NCs with controlled composition.22 Starting from ultrathin covellite 

CuS NPLs Wu et al. synthesized quite monodisperse ternary CIS and quaternary CuInxGa1-xS2 

and Cu2ZnSnS4 NPLs at high temperatures. Similar CuS NPLs synthesized by Wu et al. were 

employed as templates by Lox et al. in the synthesis of alloyed photoluminescent CZIS NPLs 

and cookie-shaped CZIS/ZnS NPLs.20 Shamraienko et al. synthesized binary PbSe, HgSe, 

ZnSe, SnSe, and quaternary Cu-Zn-Sn-Se NSs starting from thin CuSe NSs followed by either 

partial or complete exchange of host cations.126  

Synthesis of ultrathin CISe NSs and NPLs derived via CE from 2D Cu2-xSe NCs using a 

dodecaneselenol precursor was reported by Berends et al.127 A variation of reaction parameters 

enabled to control the shape of the Cu2-xSe NCs, which then served as templates for the 

synthesis of CISe NCs without altering their morphology. Ultrathin CISe NPLs with a 

thickness as small as 2 nm synthesized via partial CE were reported by Bi et al.100 These 

template-mediated syntheses of I-III-VI-based NPLs were carried out starting with binary Cu-

chalcogenide NPLs. An alternative to this route is the formation of CIS from In2S3. Following 

this strategy, Chen et al. recently reported the In2S3-template-assisted synthesis of CIS NPLs. 

They first carried out the synthesis of ultrathin hexagonal In2S3 NPLs which were then 

subjected to partial CE to incorporate In3+, thereby forming CIS NPLs.128 Yuan et al. applied a 

similar method, in which CZIS NPLs were synthesized via two subsequent CE reactions with 

Cu and Zn on the hexagonal template In2S3 NPLs.129 The synthetic strategies developed for 2D 

I-III-VI NCs still suffer from poor size and shape control and low PL efficiencies. CIS-based

2D NCs with highly intensive inherent PL are rarely reported. Additionally, none of the

reported CISe-based NPLs/NSs exhibit PL. Thus, development of synthetic pathways that

enable the anisotropic growth of luminescent 2D I-III-VI NCs  needs to be carried out.

PL mechanism and characteristic optical properties of I-III-VI-based semiconductor NCs. 

Although extensive studies have been dedicated to developing synthetic strategies and 

plausible applications of Cu-chalcogenide-based nanomaterials, their light emission 

mechanism remains rather less understood. The unique optical properties of CIS(Se)-based 

NCs could not be explained by the simple band edge recombination, as observed in II-VI group 



I-III-VI-Group-based Semiconductor Nanocrystals

33 

semiconductor NCs, resulting in well-defined absorption features, narrow emission ensemble 

bands, and small Stokes shift.130 Various recombination mechanisms have been proposed for 

CIS(Se)-based NCs, including: 1) donor–acceptor pair recombination, in which both electron 

and hole are localized on defects forming intra-gap states105 (Figure 3.3a); 2) localized 

electron-valence band hole recombination, in which the electron is localized on Cu antisite 

defects or sulphur vacancies131, 132 (Figure 3.3b); 3) conduction band electron- localized hole 

recombination, in which a delocalized electron recombines radiatively with an intra-gap 

localized hole111, 133 (Figure 3.3c); and 4) exciton fine structure model, which is based on the 

intrinsic electronic structure of CIS(Se)134 (Figure 3.3d). Among them the most accepted 

mechanism is the radiative recombination of a photoexcited delocalized conduction band 

electron and a localized hole residing in an intra-gap state often associated with off-

stoichiometric effects that have been shown to enhance the emission efficiency.135-137 This 

mechanism essentially can explain most characteristics of PL observed in CIS(Se)-based NCs. 

Figure 3.3 Various mechanisms of radiative recombination in I-III-VI semiconductor NCs: 

donor–acceptor pair recombination (a), localized electron–valence band hole recombination 

(b), conduction band electron–localized hole recombination (c), exciton fine structure model 

(d). Purple, green, and black arrows indicate excitation, non-radiative transition, and radiative 

recombination respectively. ν is the frequency of absorbed light and ν’ is the frequency of 

emitted light. Adapted from ref. 130 with permission. Copyright © 2019, American Chemical 

Society. 

Studies on Cu-doped II-VI NCs have suggested that the intra-gap states reside on copper 

atoms, and the similarities of their properties to I-III-VI2 semiconductor NCs imply that 

emission centers in these NCs are also Cu-related and the intra-gap recombination centers are 

native defects of these materials.135, 136 So far, the oxidation state of Cu in these emissive centers 

is still a question of debate. While some studies show that the emissive center is Cu+, because 

Cu exists in +1 oxidation state in CIS NCs as indicated by X-ray photoelectron spectroscopy 

(XPS) studies, some studies also emphasize the importance of the presence of paramagnetic 
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Cu2+ defects for radiative exciton recombination.133, 135-138 Spectro-electrochemical studies by 

Fuhr et al. have shown both the Cu+ and Cu2+ centers to be emissive with the dominance of 

Cu2+ defects in Cu-deficient QDs and Cu+ in stoichiometric QDs.139  

The characteristic optical properties of I-III-VI NCs include featureless absorption, 

very long radiative lifetimes (100–500 ns), large Stokes shift (300–500 meV), and a large PL 

broadening (>300 meV of full width at half maximum (FWHM)).130 Absorption spectra of I-

III-VI-based NCs represent a featureless profile devoid of excitonic peaks, which can be

attributed to their poor size, shape, and composition control.21 Long radiative lifetimes and 

large Stokes shift are generally attributed to the intra-gap defects native to this class of 

materials, thus making them inherent properties observed in all studied samples. Berends et al. 

studied the origin of the radiative and non-radiative decay of CIS- and CIS-based NCs in detail 

and attributed long PL lifetimes of radiative decay to recombination of a delocalized electron 

with an intra-gap state localized hole, while non-radiative recombination was assigned to 

electron trapping on the surface defects of the NCs. The long radiative lifetimes of I-III-VI 

NCs were attributed to the fact that the wave functions of both, the delocalized conduction 

band electron, and the localized hole, overlap only to a small degree.136

The mechanism of PL broadening, however, does not have a cohesive explanation. 

Several studies have proposed different explanations for the origin of a broad PL.133, 135, 139 

Some suggested QDs’ size polydispersity to be a plausible reason but that alone could not 

explain such broad PL and the obscure mechanism behind it led to a prediction that it is also 

an intrinsic property of the material. However, this speculation has been challenged by recent 

single-particle studies.140, 141 Comparison of the PL line widths of a single-particle and a NC 

ensemble of CuInS2/ZnS QDs by Zang et al. indicated that the broad PL is not an intrinsic 

property of these materials but a result of dot-to-dot variations in emission energy.141 It was 

observed that even for a particularly narrow size distribution, the PL bandwidth of the single 

particle was approx. 60 meV as compared to the PL of the QD ensemble, which was approx. 

300 meV. This suggests that despite a narrow size distribution the reason for broad PL can still 

be attributed to the ensemble heterogeneity in terms of its composition variation from particle 

to particle. This sample heterogeneity results in a large number of Cu-related emission centers 

which are positioned randomly. This random positioning results in varying energy contribution 

from the electron-hole coupling to the total PL energy, exhibiting a broad PL spectrum. Thus, 

in principle, the PL line widths of this class of materials can be reduced to the range of 100 

meV. The challenge, however, is the development of synthetic strategies that will enable 
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reducing the sample heterogeneity and thus the random positioning of emissive centers in the 

entire QD ensemble, resulting in narrower PL bands comparable to Cd- and Pb-chalcogenide-

based NCs. One of the objectives of this thesis was to develop synthetic strategies to result in 

Cu-chalcogenide-based NCs with homogenous size and composition, resulting in narrow PL 

band widths.  
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4 Experimental Section 
Abstract This chapter describes the experimental methodologies adopted for the synthesis of 

various I-III-VI semiconductor NCs. It is divided into four sections. The first three sections, 

i.e., Sections 4.1–4.3 give detailed account of the methodologies and reaction conditions

adopted for the synthesis of Cu-Zn-In-Se QDs, Cu-Zn-In-S NPLs, and Cu-Zn-In-Se NPLs.

Section 4.4 describes the methods of sample preparation and their characterization.

All syntheses were conducted using a Schlenk line equipped with a vacuum pump and an inert 

gas supply. An illustration of the experimental setup is given in Figure 4.1 

Figure 4.1 Synthesis setup. (Designed in Chemix.org) 

4.1 Synthesis of Cu-Zn-In-Se NCs via Simultaneous Cation Exchange and 

their Surface Modification 

4.1.1 Synthesis of Cu2-xSe NCs 

The parent Cu2-xSe NCs were synthesized using a previously published protocol.21 First, a Se-

precursor solution was prepared by dissolving 790 (10 mmol) mg of Se powder in 5 mL of 

DDT and 5 mL of OlAm under vacuum at 50oC for 1 h. After the complete transformation of 

Se into a brown alkylammonium selenide, the precursor solution was cooled down and stored 

in the nitrogen-filled glove box. For the synthesis of Cu2-xSe NCs, 0.5254 g (2 mmol) of 

Cu(acac)2 were dissolved in 18 mL of OlAm and 9 mL of DDT upon vigorous stirring under 
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vacuum at 60oC for 1 h to produce a translucent white dispersion. Thereafter, the flask was 

filled with N2 and the temperature was raised to 140oC. With the increase in temperature, the 

solution became transparent and yellowish-green in colour. Once the required temperature was 

attained, 1.32 mL (1.32 mmol) of the Se-precursor was injected. In 30 sec after the injection, 

the reaction mixture was cooled down to room temperature. The crude reaction mixture of Cu2-

xSe NCs without any additional modification was used as parent NCs for the exchange with 

In3+ and Zn2+ cations (see the next section). An aliquot of 0.2 mL of the reaction mixture was 

taken out and precipitated by adding methanol followed by centrifugation at a speed of 5100 

rpm for 5 min and finally redispersed in toluene and stored for further characterization. For the 

synthesis of larger CZISe NCs for element mapping, the size of parent Cu2-xSe NCs was 

increased by an increase in reaction temperature from 140oC to 200oC. The reaction time was 

also increased to 4 minutes along with a decrease in Cu:Se ratio from 1.5:1 to 1:1. 

4.1.2 Synthesis of CZISe NCs 

Using the synthesized Cu2-xSe NCs as templates, a mixture of the In- and Zn-precursors was 

injected for a combined Cu+-to-In3+ and Zn2+ CE reaction to occur. In-precursor was prepared 

by dissolving 1.0213 g (3.5 mmol) of In(OAc)3 in 5.25 mL of OctAm, 5.25 mL of OlAm, and 

31.5 mL of ODE in a 100 mL flask upon stirring under vacuum at 60oC. Then the flask was 

filled with N2 and thereafter the temperature was raised to 150°C to prepare a clear solution. 

Subsequently, the solution was cooled and 10.5 mL of TOP was added and the precursor was 

stored in the glovebox. Zn-precursor was prepared by dissolving 1.83g (10 mmol) of Zn(OAc)2 

in 5 mL of OlAm and 5 mL of OctAm under vacuum for 1 h at 40°C, thereafter N2 was passed 

and the temperature was increased to 100°C for a clear solution to form. Subsequently, the 

temperature was decreased and, upon reaching room temperature, the precursor solution was 

transferred to the glovebox. For the exchange, the required amounts of the In- and Zn-

precursors were mixed inside the glovebox and then transferred to a flask purged with N2. The 

temperature was raised to 220oC and 5 mL (0.3531 mmol) of the crude reaction mixture 

containing Cu2-xSe NCs were swiftly injected. The temperature was maintained for 20 min 

along with continuous stirring of the reaction mixture. Thereafter, the reaction mixture was 

allowed to cool down and was precipitated with methanol followed by centrifugation at 5100 

rpm for 5 min. The particles were purified two times by redissolving in toluene and 

precipitating with methanol. To study the composition dependence of optical properties, 

various Cu:Zn:In ratios were used: 1:1:1, 1:1:2, 1:1:0.5, 1:2:1, and 1:0.5:1.  
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4.1.3 Ligand exchange 

The OlAm- and DDT-capped NCs underwent ligand exchange with various new ligands. In 

the first attempt, the long-chain organic ligands were exchanged with small inorganic sulfide 

ions. For this, approx. 200 mg of CZISe NCs were dispersed in 10 mL of hexane followed by 

the addition of 10 mL of MFA and 1.5 mL of (NH4)2S solution in water. This biphasic solution 

was kept under stirring overnight and the next day the two phases were separated and the MFA 

phase containing the NCs was purified two times with hexane to extract excess organic ligands. 

Thereafter, the MFA phase was precipitated with acetone and toluene followed by 

centrifugation at 12000 rpm for 5 min with subsequent dispersion of precipitated NCs in 1 mL 

of DMF to prepare a concentrated solution.  

In the second attempt, the parent ligands were exchanged with ZnBr2 and butylamine. 

5 mL of 0.1M ZnBr2 solution in methanol were added to 10 mL of NCs in toluene (20 mg/mL) 

until it turned turbid, followed by the dropwise addition of 7 mL of butylamine until it became 

transparent again. This mixture was precipitated by addition of 1 mL of methanol followed by 

centrifugation at 12000 rpm for 5 min. The precipitated NCs were dispersed in 2 mL of 

chloroform.  

In the third attempt, the NCs were subjected to a ligand stripping method reported by 

Rosen et. al.142 For this, 200 mg of Et3OBF4 were dissolved in 10 mL of acetonitrile inside a 

nitrogen filled glove box. This solution was added to the NCs dispersed in 10 mL of hexane 

(20 mg/mL), which resulted in a biphasic mixture. The mixture was kept under stirring 

overnight and after the NCs phase transfer into acetonitrile, it was precipitated with the addition 

of chloroform followed by centrifugation at 12000 rpm for 5 min. The precipitated NCs were 

redispersed in 1 mL of DMF.  

4.2 Synthesis of Cu-In-S-based Nanoplatelets via Seed-mediated 

Approach 

4.2.1 Synthesis of CIS NPLs 

The synthesis of CIS NPLs was carried out starting with In2S3 seeds. For the synthesis of the 

In2S3 seeds, 66.3 mg (0.3 mmol) of InCl3, 5.67 mL of OlAm (or 3.5 mL of OlAm and 2.17 mL 

of OctAm) were mixed in a three-neck flask, while 6.4 mg (0.2 mmol) of S powder and 1 mL 

of OlAm were mixed in a small vial inside a nitrogen-filled glovebox. The flask was swiftly 

transferred under nitrogen flow of a Schlenk line and was kept under stirring until all InCl3 was 

dissolved. Simultaneously the vial was kept on a shaker until all S was dissolved. After 
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complete dissolution, the S solution in OlAm was injected into the flask and it was degassed 

and filled with N2 alternatingly several times. Thereafter, the mixture was heated to 100°C and 

the temperature was maintained for 1 h under continuous N2 flow. The resulting clear yellow 

solution was cooled down to room temperature. Thereafter, 80 µL, 200 µL, 400 µL, 480 µL, 

or 600 µL (2, 5, 10, 12, or 15% of In amount respectively) of a 0.075 M solution of 

[Cu(CH3CN)4]PF6 in acetonitrile (prepared inside the glovebox) were taken in a syringe and 

injected into the reaction mixture at room temperature. The color immediately changed from 

yellow to light brown, indicating an immediate formation of CIS NC seeds. The reaction 

mixture was kept at room temperature overnight to complete the formation of the seeds. 

Subsequently, the reaction mixture was heated to 180°C for the NPLs to grow. The temperature 

was maintained for 1 h, and then the mixture was cooled down to room temperature. A color 

change of the reaction mixture was observed from brownish to reddish upon heating. To 

stabilize the NPLs, 1 mL of DDT was added and kept at room temperature under stirring for 1 

h. An aliquot of this mixture was taken out and precipitated by adding methanol followed by

centrifugation at 5100 rpm for 5 min and redissolving in toluene for further characterization.

4.2.2 Synthesis of CZIS NPLs 

For incorporation of Zn, an excess (3 mmol) of zinc 2-ethylhexanoate was directly injected into 

the crude mixture of CIS NPLs synthesized as described above, at room temperature. The 

temperature was then increased to 180oC and maintained for 1 h. Upon heating, the color of 

the solution changed from red to orange. The resultant CZIS NPLs were cooled down to room 

temperature and precipitated by adding methanol followed by centrifugation at 5100 rpm for 5 

min. They were purified two times through dissolving in toluene and precipitating with 

methanol, and then stored for further characterization in toluene. 

4.2.3 Synthesis of CZIS/ZnS NPLs  

For the ZnS shell growth, 99.8 mg (0.4 mmol) of Zn(DDTC)2 dissolved in 2 mL of OlAm were 

injected into the as-synthesized CZIS NPLs at 180°C. The temperature was maintained for 1 

h. Along with the rapid injection of the Zn-precursor, slow and controlled addition was also

carried out using a syringe pump. In this case, once the temperature reached 180°C, the Zn-

precursor was added using the syringe pump during 1 h. The resulting CZIS/ZnS core/shell 

NPLs were cooled down and washed with methanol and toluene. Alternatively, for the shell 

growth, the core CZIS NPLs were precipitated, which were then redissolved in 9 mL of ODE 

with 700 µL of OlAm and 400 µL of OctAm. 
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ZnS shell growth was also carried out using a previously reported procedure of colloidal 

ionic layer deposition.143 For this, NPLs were redissolved in hexane and 300 µL of OlAm, then 

1 mL of FA and 50 µL of sulfur precursor (1.26 mmol of (NH4)2S in 15 mL of FA) were added, 

followed by shaking this mixture for 5 min. The hexane layer was decanted and washed further 

with FA. Thereafter, 150 µL of the Zn-precursor (1.26 mmol of Zn(OAc)2·2H2O in 15 mL of 

FA), 30 µL of OlAm, and 350µL of FA were added with subsequent shaking for 5 min. The 

hexane layer was separated, and the entire process was repeated to form another monolayer of 

ZnS. The NPLs were precipitated using ethanol and redispersed in toluene for further 

characterization. 

4.2.4 Synthesis of CZIS/In2S3 core/shell NPLs 

For In2S3 shell growth, an In-precursor was prepared by dissolving InCl3 (0.6 mmol) in 1.3 mL 

of THF inside the glovebox. The precursor was added to the as-synthesized CZIS NPLs 

reaction mixture and was degassed at room temperature. Thereafter, the S-precursor was 

prepared by dissolving thiourea (0.6 mmol) in 1 mL of triethylene glycol dimethyl ether upon 

ultrasonication, which was then added over an hour into the reaction mixture using a syringe 

pump at 170°C. The synthesized NPLs were washed with methanol and toluene.  

4.3 Synthesis of Cu-In-Se-based Nanoplatelets via Seed-mediated 

Approach 

4.3.1 Synthesis of CZISeS NCs 

This synthesis is based on the synthesis of CZIS NPLs described in the previous section. A S-

precursor was prepared beforehand by dissolving 6.41 mg (0.2 mmol) of S powder in 1 mL of 

OlAm inside the glovebox. Additionally, 0.075 M solution of [Cu(CH3CN)4]PF6 in acetonitrile 

was prepared and was kept under stirring inside the glovebox. An In-precursor was also 

prepared inside the glovebox by dissolving 66.30 mg (0.3 mmol) of InCl3 in 650 µL of THF 

and 2.17 mL of OctAm. For the synthesis, 7.89 mg (0.1 mmol) of Se powder and 4 mL of 

OlAm were loaded in a 25 mL three-neck round-bottom flask equipped with a thermocouple 

and a magnetic stirrer and the mixture was degassed at room temperature for 30 min. The 

temperature was then raised to 200°C under a nitrogen flow to dissolve Se. Upon dissolving 

Se in OlAm a clear light orange solution was obtained. The solution was then cooled down to 

room temperature and 500 μL (0.1mmol) of the S-precursor and In-precursor (0.3 mmol) were 

injected. The mixture was again degassed at room temperature for 30 min in order to remove 

THF. After 30 min the flask was filled with nitrogen and the mixture was heated up to 100°C 
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and kept for 1 h for the formation of In2(SeS)3 seeds, which resulted in a clear bright yellow 

solution. Upon cooling the reaction mixture to room temperature, 200 µL of the Cu-precursor 

were added for the formation of CISe seeds, which was accompanied by an instantaneous color 

change to dark red. The flask was then covered with an aluminum foil and kept under N2 flow 

overnight at room temperature. On the next day, the reaction mixture was first heated at 180°C 

for 1 h to form CISeS NPLs. Thereafter, 1 mL of DDT was added at room temperature and the 

mixture was kept under stirring for 1 h. After 1 h, 1080 μL (3.0 mmol) of zinc 2-ethylhexanoate 

was injected and the mixture was heated at 180°C for 1 h. Finally, the obtained NCs were 

purified using methanol and toluene. This synthesis constituted the replacement of 50% of S 

with 50% Se. Consequently, 75% of Se was employed in the synthesis by using 0.15 mmol of 

Se and 0.05 mmol of S, followed by 100% Se, i.e., 0.2 mmol of Se.  

4.3.2 Synthesis of In2Se3 NSs 

The synthesis of In2Se3 was adopted from the synthesis of In2S3 NSs reported by Park et. al.144 

For the synthesis, first, an In-precursor was prepared by mixing 55.29 mg (0.25 mmol) of InCl3 

with 3 mL of OlAm inside a nitrogen-filled glovebox. This mixture was kept under rigorous 

shaking at room temperature until all InCl3 was dissolved in OlAm. In parallel, Se-precursor 

was prepared by dispersing 29.60 mg (0.375 mmol) of Se powder in 1 mL of OlAm by 

ultrasonication and then purging the mixture with nitrogen. 5 mL of OlAm were loaded into a 

25 mL three-neck round-bottom flask equipped with a thermocouple and a magnetic stirrer and 

degassed for 30 min at room temperature. Thereafter, the flask was filled with nitrogen and the 

temperature was raised to 200°C. When the temperature of 200°C was attained, the Se 

suspension was injected into the flask. After approx. 10 min the Se powder was dissolved in 

OlAm forming a transparent light orange solution. After the complete dissolution of Se powder, 

the reaction mixture was cooled down to 115°C and the In-precursor was swiftly injected 

leading to a color change from light orange to bright yellow. The reaction mixture was 

maintained at this temperature for 1 h to produce In2Se3 seeds. After 1 h the mixture was further 

heated to 230°C for 1 h to form the In2Se3 NSs. 

4.3.3 Synthesis of CISe NPLs  

For the synthesis of CISe NPLs the above-mentioned steps for the synthesis of In2Se3 seeds 

were carried out. In2Se3 seeds were synthesized using varying amounts of InCl3, i.e., 88.4 mg 

(0.4 mmol), 66.3 mg (0.3 mmol), 33.15 mg (0.15 mmol), and 28.73 mg (0.13 mmol). The 

amount of Se was kept the same as 15.79 mg (0.2 mmol) of Se powder. Simultaneously, 0.075 

M solution of [Cu(CH3CN)4]PF6 in acetonitrile was prepared inside the glovebox. After the 
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synthesis of the In2Se3 seeds, the reaction mixture was cooled down to room temperature and 200 

µL of the Cu-precursor were injected, leading to an immediate color change from yellow to 

brown. The reaction mixture was kept under stirring overnight and on the next day was heated 

to 230°C for 1 h to promote the growth of CISe NPLs. Subsequently, the reaction mixture was 

cooled down to room temperature and 1 mL of DDT (previously purged with nitrogen) was added. 

This mixture was further kept under stirring for 1 h. Aliquots of this mixture were taken and NPLs 

were precipitated by adding methanol followed by centrifugation and redispersion in toluene. An 

additional purification step was carried out and the obtained NPLs were dispersed in 2 mL of 

toluene and stored for further characterization.   

4.3.4 Synthesis of CZISe NPLs 

For the synthesis of CZISe NPLs, 1080 µL (3 mmol) of zinc 2-ethylhexanoate were added to 

the as-synthesized CISe NPLs followed by heating to 230 °C for 1 h. After 1 h, the reaction 

mixture was cooled down to room temperature and the NPLs were precipitated by adding 

methanol and centrifugation at a speed of 5000 rpm. The supernatant was discarded, and the 

precipitate was redispersed in toluene and purified once again. Finally, the CZISe NPLs were 

redispersed in 4 mL of toluene and stored in a refrigerator for further characterization.

4.4 Characterization 

4.4.1 Transmission electron microscopy (TEM) 

TEM specimen preparations included additional purification of NCs by reprecipitation in 

methanol and dissolving in toluene to obtain a very dilute solution. The solution was drop-cast 

onto carbon-coated copper grids with subsequent evaporation of the solvent. To measure the 

CZIS NPL thickness, drops of acetonitrile were added in the dilute solution of NPLs in toluene 

to form stacks. Conventional bright-field TEM imaging was carried out on a JEOL JEM 1400 

microscope equipped with a thermionic gun (W filament) and operated at an accelerating 

voltage of 120 kV.  

High resolution imaging, high-angle annular dark-field scanning TEM (HAADF-

STEM) imaging and spectrum imaging analysis based on energy-dispersive X-ray 

spectroscopy (EDXS) were performed at 200 kV with a Talos F200X microscope equipped 

with an X-FEG electron source and a Super-X EDX detector system (FEI). Prior to STEM 

analysis, the specimen mounted on a high-visibility low background holder was placed for 2 s 

into a model 1020 Plasma Cleaner (Fischione) to remove potential contamination. For all the 

STEM-based analyses, the NC solutions were drop-cast onto carbon-coated Ni grids to avoid 

Cu fluorescence radiation.
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4.4.2 Powder X-ray diffraction (XRD) analysis 

Samples of Cu2-xSe NCs, CZISe NCs, CZIS NPLs, CZIS/ZnS NPLs, and CZISe NPLs were 

prepared by drop-casting concentrated NC solutions onto a zero-background silicon wafer 

under air. Due to the high sensitivity of the In2S3 NPLs, In2Se3 NSs, CIS NPLs, and CISe NPLs 

to aerial oxidation, all of these crude reaction mixtures were transferred inside the nitrogen-

filled glovebox directly after the synthesis and purified inside it. Thereafter, the sample was 

drop-cast on a silicon wafer inside the glovebox and was immediately measured. All XRD 

patterns were recorded on a Bruker D2 Phaser using a Cu source operated at 30 kV and 10 mA.

4.4.3 UV-Vis-NIR absorption spectroscopy  

All absorption measurements were carried out using 1 cm path quartz cuvettes. The absorption 

spectra in the NIR range were recorded by preparing dilute dispersions of NCs in TCE and 

were recorded on a Cary 5000 UV-vis-NIR spectrophotometer (Varian). For recording 

absorption spectra in the UV-Vis range samples were prepared by diluting dispersions of NCs 

in toluene. The absorption spectra were recorded on a Cary 60 UV-Vis spectrophotometer 

(Varian). 

4.4.4 Photoluminescence measurements  

For steady-state PL measurements in the NIR range, the samples were prepared by 

dispersing the NCs in TCE. The PL spectra were recorded on a FluoroLog-3 

spectrofluorometer (Horiba Jobin Yvon Inc.) using an excitation wavelength of 450 nm. 

Absolute PLQY and PL lifetime measurements of NCs emitting in the NIR were carried out 

using NC dispersions in toluene. Absolute PLQY measurements were performed on an 

Edinburgh Instruments spectrofluorometer FLS900 (equipped with Xe lamp, PMT-1700 and 

calibrated integrating sphere). All samples were excited at 700 nm and their concentration was 

adjusted to optical density of 0.15 at the excitation wavelength. The PLQY values were 

calculated by Flouracle software. The time-resolved PL (TRPL) traces were collected using an 

Edinburgh Instruments EPL-510 pulsed laser diode for excitation (λ = 508.2 nm, pulse width 

= 177.0 ps) and a time-correlated single photon counting (TCSPC) card. Average PL lifetimes 

were calculated when the initial signal intensity was reduced to 10 000 counts/e.

For PL measurements in the visible range, the samples were prepared by dispersing the 

NCs in toluene. The PL spectra were recorded on a Fluorolog-3 spectrofluorometer (Horiba 

Jobin Yvon) using an excitation wavelength of 435 nm. Relative PLQY measurements of CZIS 

NPLs and CZIS/ZnS NPLs emitting in the visible range were performed using 

CdSe/CdZnS/ZnS core/shell/shell QDs as a reference with 56.6 % absolute QY determined on 
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a Fluorolog-3 spectrofluorometer equipped with a Quanta-φ integrating sphere (Horiba Jobin 

Yvon, Inc.). TRPL traces were collected on the same instrument equipped with a pulsed laser 

diode (410 nm) and time-correlated single-photon-counting module at room temperature. 

Average PL lifetimes were calculated when the initial signal intensity was reduced to 10 000 

counts/e.

4.4.5 Elemental analysis 

The samples of CZISe QDs and CZIS NPLs for inductively coupled plasma optical emission 

spectroscopy (ICP-OES) were prepared by decomposing the NCs in 2 % aqua regia with 

subsequent dilution with Milli-Q water. Measurements were carried out on an iCAP 7400 

device (Thermo Scientific) with six matrix-matched calibration standard solutions, each 

containing Cu, In, and Zn with concentrations of 100 mg/L, 50 mg/L, 10 mg/L, 5 mg/L, 1 

mg/L, and 0.5 mg/L. For ICP-OES measurements, the ICP multi-element standard solution IV 

(Merck KGaA, Certipur®) was used. Samples of CZISe NPLs were also prepared using the 

same procedure as mentioned and the measurements were done on a PerkinElmer Optima 

7000DV instrument to quantify the copper, indium, and zinc contents in the synthesized NPLs. 

4.4.6 Fourier-transform infrared (FTIR) spectroscopy  

Attenuated total reflectance (ATR) FTIR spectra were recorded on a Thermo Scientific Nicolet 

iS5 FTIR spectrometer. Concentrated solutions of NCs in the respective solvent were directly 

drop-cast on the ATR crystal and the solvent was left to evaporate before recording the spectra. 
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5 Results and Discussion 
Abstract Using the synthetic strategies elaborated in Chapter 4, three morphologically varied 

types of NCs belonging to the I-III-VI group were synthesized in this work. This chapter 

explores the structural and morphological properties of each of these NCs using TEM, 

HRTEM, HAADF-STEM, EDXS, and XRD techniques, employing the equipments described in 

Section 4.4. Subsequently, the study of the optical properties of these differently shaped I-III-

VI NCs was carried out using various spectroscopic measurements, including absorption, PL, 

TRPL spectroscopy, and PLQY measurements. The unique optical properties exhibited by the 

different NCs, i.e., CZISe NCs discussed in Section 5.1, CZIS NPLs discussed in Section 5.2, 

and CZISe NPLs discussed in Section 5.3, can be attributed to a combined effect of the 

difference in confinement, morphology, composition, and shape/size distribution.

5.1 Cu-Zn-In-Se Nanocrystals Synthesized via Cation Exchange and their 

Surface Modification for Prospective Applications 
This Section is based on the manuscript ‘Composition-Dependent Optical Properties of Cu-

Zn-In-Se Colloidal Nanocrystals Synthesized via Cation Exchange’. Accepted, Chem. Mater.

DOI: https://doi.org/10.1021/acs.chemmater.3c00538 

5.1.1 Background and Aim 

In the I-III-VI group of nanomaterials, most studies have been carried out on CIS-based NCs, 

which have established them as suitable fluorophores in a wide range of applications.145 

However, the selenide counterparts, i.e., CISe-based NCs, are of particular importance for 

light-harvesting owing to the smaller bandgap of 1.04 eV of the bulk CISe and a larger exciton 

Bohr radius of 10.1 nm, as compared to CIS, which has a comparatively larger bandgap of 1.5 

eV and smaller Bohr radius of 4.1 nm.146 These properties have been proven to be extremely 

instrumental in the development of photovoltaic cells employing CISe NCs, with PCE as high 

as 10%.147 Even higher PCE of 11.6% and 13.6% were reported for solar cells, fabricated 

employing CZISe QDs by Du et al. and Zhang et. al., respectively.112, 147 Moreover, CISe-based 

NCs are also explored as light harvesters in LSCs, since the commonly observed large Stokes 

shift helps in reducing the self-absorption losses, thereby increasing the photon conversion 

efficiency of the solar cells attached to these LSCs.11, 12, 99, 148 Along with it, NIR-active CISe 

NCs are also of importance in biological applications due to their less toxic nature and 

compatibility with the transparent tissue range.51 Thus, CISe-based NCs are a suitable material 

https://doi.org/10.1021/acs.chemmater.3c00538


Results and Discussion 

46 

for a wide range of applications and extending their PL emission further into the NIR unlocks 

new applications for this material.  

In most reported syntheses, however, CISe QDs exhibit low PLQY65, 110, 145, 149 without 

the additional shell growth, which means that the NC surface is particularly prone to surface 

defects thus increasing the number of centers for non-radiative recombination.150 PLQY of the 

CISe cores has drastically been increased by overcoating the NCs with wide band gap 

semiconductors such as ZnS or CdS.35, 50, 51 In our group, e.g., the previously synthesized core 

CISe NCs showed no PL without the shell, and only after the deposition of a ZnS shell they 

exhibited PLQY below 1%.21 Also, previously reported CISe-based NCs exhibited very broad 

PL band widths on the order of 300 meV and the underlying reason was attributed to the sample 

inhomogeneity.141 Thus, exploration of synthetic pathways to yield high-quality CISe NCs with 

homogeneous size, shape, and composition, resulting in high PLQY and narrow PL band width 

is still a topic of research and is the principle motivation behind this work. Additionally, 

different applications of semiconductor NCs require different surface properties and thus post-

synthetic surface modification of the synthesized NCs to make them the best fit for the target 

prospective application is also of great relevance. 

The aim of this part of the work was to develop a synthetic pathway for CISe-based 

NCs that exhibit good shape and size control which is reflected in good optical properties in 

the NIR range. Direct synthesis employing conventional hot-injection and heat-up approaches 

has yielded small CISe NCs with PL tunable in the NIR range.35, 50, 146, 150 However, due to the 

disadvantages of this method for the synthesis of Cu-chalcogenide-based multicomponent NCs 

discussed in Section 2.5, the strategy of partial CE was adopted to tackle the lack of control 

over the reaction. Therefore, to realize the aim, a two-step synthetic pathway for 

photoluminescent CZISe NCs via a CE approach using Cu2-xSe NCs as templates with 

subsequent CE employing Zn2+ and In3+ as guest cations, was developed. The family of Cu-

chalcogenides serve as suitable templates for these CE reactions since Cu+ is easily 

exchangeable with other cations.24, 126, 151 In the case of CZISe NCs, the comparable ionic radii 

of the host cation Cu+ and guest In3+ and Zn2+ cations in a given coordination number help in 

maintaining the structure and morphology of the NCs.68, 152 Additionally, the presence of a 

large number of copper vacancies in nanostructured Cu-chalcogenides facilitates the exchange 

process by providing an additional route for the diffusion of the cations.69 The aim of this work 

also constituted augmenting the PLQY of the synthesized NCs without an additional step of 

shell growth, which was achieved through simultaneous incorporation of Zn and In. 

Additionally, to deduce a relation between the composition of the as-synthesized NCs and their 
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optical properties, ratio of the incoming cations involved was varied. Finally, with the aim of 

expanding the range of prospective applications of the NCs synthesized, possible routes of 

ligand exchange, wherein the parent long-chain organic ligands on the NC surface are 

exchanged with shorter new ligands were also explored.  

5.1.2 Synthesis of Cu2-xSe NCs 

The synthetic pathway developed for the synthesis of CZISe NCs is illustrated in Figure 5.1. 

The first step, involving the synthesis of Cu2-xSe NCs using a hot-injection approach, which 

serve as templates for the subsequent CE reaction, resulted in small, approx. 5 nm sized 

particles. The synthesis was carried out using a modification of a previously published 

protocol.21, 69, 153, 154 As reported earlier, an initial ratio of Cu:Se of 1.5 and 30 sec reaction time 

are necessary to grow small-sized Cu2-xSe NCs. However, it was found that a relatively low 

reaction temperature of 140oC offered a better control over the size of the sythesized NCs as 

compared to 170°C used earlier.21 Thus, the reaction conditions employed, i.e., short reaction 

time and a relatively low temperature, aid the synthesis of small Cu2-xSe NCs. Furthermore, a 

Cu deficient Cu:Se ratio of 1.5 was chosen to result in non-stoichiometric Cu2-xSe NCs with 

inherent Cu vacancies, which can then serve as a suitable template for the subsequent partial 

CE reaction. It has been reported that the presence of vacancies in non-stoichiometric Cu2-xSe 

NCs significantly accelerates CE as compared to nearly stoichiometric Cu2Se.69 

Figure 5.1 A scheme depicting the synthesis of Cu2-xSe NCs with subsequent partial CE to 

CZISe NCs, followed by the study of composition dependence of their optical properties. 

As depicted in the TEM image shown in Figure 5.2, fairly monodisperse spherical Cu2-

xSe NCs were synthesized using this synthetic strategy. The average size of these NCs was 

4.44±0.04 nm. The same batch of starting Cu2-xSe NCs was used to carry out all the subsequent 

exchanges explained in the next section, to eliminate factors such as different size and 

composition of template NCs, which could possibly influence the properties of the final QDs. 

Thus variation in composition of the guest cations alone enabled to tune the position of the PL 



 
 Results and Discussion 

48 

maxima in the NIR region. XRD pattern depicted in Figure 5.4 confirms cubic berzelianite 

crystal structure (ICSD C6-680) of the synthesized Cu2-xSe NCs which is in accordance to the 

previous report.21  

 
Figure 5.2 Conventional TEM image of the starting batch of Cu2-xSe NCs. 

5.1.3 Synthesis of CZISe NCs with varied composition 

In the subsequent step, as represented in the scheme in Figure 5.1 a simultaneous CE of Cu+-

to-In3+ and Zn2+ was carried out to result in the desired CZISe NCs. For this, the In- and Zn-

precursors prepared were mixed and the mixture was heated to 220°C. As soon as the desired 

temperature was attained, the Cu2-xSe NCs were injected rapidly and the reaction temperature 

was maintained for 20 min. The addition of the guest cations was accompanied by a colour 

change from the dark green colour of the template NCs to the dark brown colour indicating a 

successful CE reaction. The partial CE is faciliated by two factors. As explained in Section 2.5, 

according to the HSAB principle soft acids preferentially bind to soft bases and hard acids 

preferentially bind to hard bases. In this context, TOP, which is a soft base present in the In-

precursor solution, binds preferentially with soft acid Cu+, leading to its efficient extraction 

from NC lattice, thus facilitating the incorporation of In3+ and Zn2+.23, 56, 155, 156 Second, the 

presence of Cu vacancies in the template non-stoichiometric Cu2-xSe NCs aids the CE by 

providing additional diffusion pathways for the incoming and outgoing cations.69, 113 It was 

observed by Akkerman et al. that at an elevated temperature and with simultaneous addition of 

guest cations homogenously alloyed CZIS NCs could be formed, while upon sequential 

addition at lower temperatures gradient alloy CZIS NCs with a ZnS-rich surface were 

obtained.68 Following this, a relatively high temperature of 220°C was used because at higher 

temperatures the reactivity of Zn2+ increases thus enabling the diffusion of Zn2+ cations into 

the core of the NCs instead of replacing Cu+ just on the surface. The TEM images of the NCs 

synthesized reveal their quasi spherical shape and a narrow size distribution (Figure 5.3a-e). 
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Figure 5.3 TEM images of CZISe NCs with final Cu:Zn:In ratio = 1:0.91:1.13 (a), 1:0.84:1.36 

(b), 1:1.18:0.96 (c), 1:1.41:1.16 (d), 1:0.66:1.14 (e). HAADF-STEM image (f) and EDXS 

element maps (g-j) of large CZISe NCs with Cu:Zn:In feed ratio of 1:1:1. 

Comparision of the the TEM image of the template Cu2-xSe NCs presented in Figure 

5.2 and the TEM images of CZISe NCs indicates that the morphology did not undergo any 

change owing to the fact that the anion framework is maintained during the CE reaction.21 The 

estimated NC sizes summarized in Table 5.1 indicate a slight increase in size after the CE 

reaction, possibly due to their simultaneous growth during the exchange. It should be pointed 

out that the sizes of all different compositions are similar and therefore the size effect on the 

resultant properties of the NCs can be neglected. To gather more insight into the morphology 

and element distribution of the NCs, HAADF-STEM and EDXS were carried out on larger, 12 

nm-sized CZISe NCs. The HAADF-STEM image depicted in Figure 5.3f shows that these NCs 

are spherical in shape and the corresponding EDXS element maps shown in Figure 5.3g-j 

indicate rather homogenous distribution of Cu and In, which also corresponds well with the 

distribution of Se, while Zn appears to be distributed inhomogenously with a greater 

concentration in the outer layer. Thus, starting with non-stoichiometric Cu2-xSe NCs, the 

strategy of simultaneous CE to In3+ and Zn2+ resulted in the growth of gradient alloy-like NCs 

with In3+ replacing Cu+ in the whole NC, while Zn2+ replacing Cu+ more preferntially on the 

surface, contrary to homogenously alloyed CZIS NCs obtained via simultaneous CE by 

Akkerman et al. on Cu2S NCs68  
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Table 5.1 Initial feed ratios, final composition, In:Zn ratio, and average sizes of the 

CZISe NCs. 

Initial ratio 

Cu:Zn:In 

Final ratio 

Cu:Zn:In 

In:Zn Cu:(In+Zn) Size (nm) 

1:1:1 1:0.91:1.13 1.24 0.48 5.02±0.8 

1:1:2 1:0.84:1.36 1.60 0.45 5.2±0.7 

1:1:0.5 1:1.18:0.96 0.81 0.46 5.0±0.7 

1:2:1 1:1.4:1.16 0.82 0.38 5±0.7 

1:0.5:1 1:0.66:1.14 1.72 0.55 5.2±0.6 

As seen from the XRD patterns in Figure 5.4, the positions and the intensity of the 

peaks indicate the preservation of the crystal structure, which is expected from a CE approach. 

This is generally observed in CE reactions, wherein the anion framework remains intact whilst 

the exchange of host cations by guest cations takes place. In this case, the ionic radii of Cu+, 

In3+, and Zn2+ are comparable in the both tetrahedral and octahedral coordinations. Considreing 

this, there is most likely only efficient exchange of the cations while maintaining the integrity 

of the anion framework.157 Preserving the integrity of the anion framework in a CE reaction 

has been used as a tool to synthesize CIS NCs with metastable crystal structures rather than the 

thermodyamically stable counterparts. In general, CIS(Se) crystallizes in the cubic phase or 

tetragonal phase derived from the distortion of the zinc-blende phase depending on the reaction 

temperature and composition.95 However, metastable hexagonal CIS has been synthesized 

using a CE pathway by Akkerman et al., wherein they started from hexagonal Cu2-xS NCs in 

which a subsequent addition of In3+ and Zn2+ cations did not lead to restructuring, thus resulting 

in metastable hexagonal CIS and CZIS NCs.68 The positions of the peaks in the XRD pattern 

of CZISe NCs in Figure 5.4 shift slightly to lower Bragg angles compared to the position of 

the initial Cu2-xSe NCs, which indicates filling of the Cu vacancies by the incoming guest 

cations.21  
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Figure 5.4 XRD patterns of template Cu2-xSe and CZISe NCs after simultaneous partial CE. 

The experimental XRD patterns are compared to a database powder diffraction file of cubic 

berzelianite (ICSD C6-680). 

The composition of the final NCs was controlled by a simple variation in the feed ratio 

of the guest cations. The initial feed ratios, the final composition from ICP-OES, and the 

corresponding sizes of the different CZISe NCs are summarized in Table 5.1. ICP-OES results 

show that the final ratios of Cu:Zn:In (In:Zn) are 1:0.9:1 (1.2), 1:0.8:1.4 (1.6), 1:1.2:0.9 (0.8), 

1:1.4:1 (0.8), and 1:0.6:1.2 (1.7), derived from the corresponding feed ratios of 1:1:1, 1:1:2, 

1:1:0.5, 1:2:1, and 1:0.5:1. The feed ratio of Cu:Zn:In of 1:1:1 resulted in Cu:Zn:In ratio of 

1:0.91:1.13 with In replacing 37.4% of the Cu ions and Zn replacing 29% of the Cu ions. This 

indicates that the Cu+-to-In3+ exchange is more feasible than Cu+-to-Zn2+ one. However, there 

is also the possibility of Zn2+-to-In3+ exchange simultaneously occuring leading to higher 

amount of In in the NCs. It was also observed by Akkerman et al. that even by using a large 

excess of a Zn-precursor the Zn content could not be increased after a certain limit, which also 

supports that Zn2+ can only partially replace Cu+ and is less efficient than Cu+-to-In3+ CE.68 In 

the case of the synthesized CZISe NCs, first, the In amount was increased with feed Cu:Zn:In 

ratio of 1:1:2 resulting in the final Cu:Zn:In ratio of 1:0.84:1.36. Thus, even by doubling the 

In-precursor content there was no complete Cu+-to-In3+ CE observed with In3+ replacing only 

42.6% of Cu, while Zn2+ replaces 26.4 % of the Cu+ cations. Thus, even though Cu+-to-In3+ CE 

is more feasible, a competition between both exchanges makes it difficult to precisely control 

the reaction. Subsequently, a decrease in the In-precursor concentration led to a decrease in the 

amount of In vs. Zn. Thereafter, the Zn content was also varied by using a Cu:Zn:In feed ratio 
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of 1:2:1, resulting in the final ratio of 1:1.4:1.16. This obviously led to increasing the efficiency 

of Cu+-to-Zn2+ CE resulting in Zn replacing 39.5% of Cu+ and In replacing 32% of Cu+. A 

decrease in the Zn amount with the Cu:Zn:In feed ratio of 1:0.5:1 led to the decrease in Zn 

content in the NCs, resulting in final Cu:Zn:In ratio of 1:0.66:1.14. Thus, it can be concluded 

that while there is a higher feasibilty of Cu+-to-In3+ CE, there exists a competition between 

both exchanges which cannot be precisely controlled, resulting in varying compositions of the 

NCs synthesized.  

It is also noteworthy that the entire reaction takes place without intermediate NCs 

purification step thus leaving the possibility of unreacted Cu+ from the first step interfering in 

the CE step, thus adding to the difficulty of precise control of composition of the resultant 

CZISe NCs. Additional purification might lead to the stripping of the parent ligands inducing 

instability of the NC colloids and detrioration of optical properties and therefore was avoided. 

When the In:Zn feed ratio is plotted against the the final In:Zn ratio obtained from ICP-OES 

analysis, we observe that the final ratio corelates well with the feed ratio and an increase in the 

In:Zn feed ratio results in the corresponding increase in the final In:Zn ratio, as shown in Figure 

5.5. Additionally, as seen in the graph, the final ratio of the host cations to the combined ratio 

of the guest cations, i.e., Cu:(In+Zn), against the feed In:Zn ratio did not show significant 

changes, thus indicating that the ratio between the host and the guest cations was roughly 

similar for all compositions independent of the varying ratio between the guest cations.   

Figure 5.5 In:Zn and Cu:(In+Zn) atomic ratios as obtained from ICP-OES analysis plotted vs. 

the feed In:Zn ratio. 

5.1.4 Optical properties of CZISe NCs with varied composition 

The optical properties of the synthesized NCs were studied by using absorption and PL 

spectroscopy. Template Cu2-xSe NCs exhibit a LSPR with a maximum at approx. 1100 nm, as 
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shown in Figure 5.6 commonly observed in this material and attributed to the collective 

oscillation of free holes.21, 69, 153, 154 These free holes in the valence band originate from a large 

number of copper vacancies present in the crystal structure.158, 159 The presence of the vacancies 

is indeed instrumental for CE with vacancy diffusion driving the exchange along with other 

factors.  
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Figure 5.6 Absorption spectrum of 4.4 nm-sized Cu2-xSe NCs. 

Absorption spectra in Figure 5.7a indicate dampening of the LSPR, which is a profound 

indication of the filling of Cu vacancies69, 153 and thus proves a successful CE reaction. The 

absorption spectra reveal the presence of a broad shoulder around 900–1000 nm, indicating the 

first electronic transition, which is generally observed in small CISe NCs.97, 98 Such shoulder 

in the absorption spectra of CZISe NCs was also reported by Du et al., wherein their 4 nm-

sized NCs exhibited a shoulder around 860–980 nm depending on the synthesis temperature.147 

Featureless absorption generally observed in I-III-VI-based NCs is attributed to the 

inhomogeneous composition of the NC ensemble.21, 103 Thus, the presence of excitonic features 

in the NCs synthesized is an additional indication of their homogenous composition, and 

uniform size and shape. For higher In:Zn ratios one can distinguish an additional broad 

shoulder at around 850 nm, which can be attributed to the second electronic transition, a 

phenomenon practically not observed in I-III-VI-based NCs. As far as the composition 

dependence of the onset of absorption is concerned, a blue shift with the increase in Zn content 

was observed. The NCs with the In:Zn ratio of 0.81 and 0.82 exhibited the most blue shifted 

onset at 1050 nm. For the higher In:Zn ratios, i.e., a lesser amount of Zn, the absorption onset 

was slightly red shifted. It is a general observation wherein a larger Zn content leads to 

widening of the band gap and a resulting blue shift of absorption onset. For example, it was 
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observed by Zhang et al. that the absorption onset of CZISe NCs exhibited a blue shift due to 

increased Zn amount.112 Similar widening of the band gap reflected in the blue shift of 

absorption band was observed by De Trizio et al. by incorporation of Zn2+ via partial CE into 

pre-synthesized CIS NCs.115 
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Figure 5.7 Absorption (a) and PL (b) spectra of CZISe NCs with Cu:Zn:In atomic ratios of 

1:0.91:1.13, 1:0.84:1.36, 1:1.18:0.96, 1:1.4:1.16, and 1:0.66:1.14. Trend of PL maxima (c) 

and PLQY (d) plotted vs. In:Zn atomic ratio. A small peak in (a) at approx. 1140 nm is an 

absorption feature of the solvent. 

PL spectra of the various compositions of CZISe NCs synthesized are depicted in Figure 

5.7b. It was interesting to note that the PL band widths obtained were significantly narrower, 

as compared to spectra generally reported for I-III-VI-based NCs. PL band widths are usually 

in the range of 300 meV and it was believed to be an intrinsic property of the material.140, 141 

Contrary to this, the single-particle studies pointed towards the underlying reason of the broad 

PL to be simply the sample heterogeneity. Zang et al. in their single-particle studies suggested 

that the PL band widths of CIS NCs can be narrowed to approx. 100 meV, the only challenge 

being the development of synthetic strategies for obtaining such narrow spectra.141 Hinterding 

et al. also showed that the single particle linewidths were approximately two times narrower 

than the ensemble line widths of CIS core and CIS/CdS core/shell NCs.160 This line broadening 
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was indeed attributed to the sample inhomogenity originating from polydispersity in size, 

shape, and composition. The ensemble PL band widths of the synthesized CZISe NCs could 

be narrowed to the range of 150–190 meV, which can be attributed to the structural 

homogeneity, also supported by the absence of multiple features in the PL spectra.12, 111 PLQY 

values of these NIR-emitting NCs were determined with the highest PLQY of 20.2% observed 

for CZISe NCs with In:Zn ratio of 1.24. Subsequently, CZISe NCs with In:Zn of 1.60 exhibited 

PLQY of 19.7% followed by In:Zn ratio of 0.81 with PLQY of 14.3%, and finally In:Zn ratio 

of 1.72 with PLQY of 12.2%. Thus, PLQY values did not follow a particular trend with varying 

In:Zn ratio (see Figure 5.7.d), but the stoichiometric feed ratio of Cu:In:Zn resulted in the 

highest value of PLQY.  

The PLQY of ternary/quaternary I-III-VI-based NCs can be increased considerably with 

the growth of a shell. E.g., PLQY as high as 60% has been reported for CISe/ZnS core/shell 

NCs.145, 161 An enhanced PL was also observed in the case of sequential CE on Cu2S NCs 

resulting in a ZnS-rich surface leading to the formation of a gradient type CZIS/ZnS structure 

rather than a homogenously alloyed one.68 However, the authors observed no PL in the case of 

simultaneous CE. PLQY reported previously by our group for CISe/ZnS NCs was <1%,21 thus 

a many-fold increase in PLQY was achieved with this synthetic strategy. The enhancement of 

the PL efficiency can be directly related to the incorporation of Zn2+ as was shown by De Trizio 

et al. in the case of Cu1-xInS2, wherein partial CE with Zn resulted in record PLQY values of 

80%.115 Zn2+ cations tend to fill defects on the NC surface thus eliminating the channels for 

non-radiative recombination. TRPL traces of these CZISe NCs are presented in Figure 5.8. 

The average PL lifetime values estimated from these TRPL traces are 120 ns, 154 ns, 223 ns, 

and 115 ns for CZISe NCs with Cu:Zn:In ratios of 1:0.91:1.13, 1:0.84:1.36, 1:1.41:1.16, and 

1:0.66:1.14, respectively. In general, Cu-chalcogenide-based NCs exhibit very long PL lifetime 

values in the range of hundreds of ns.130, 133 Long radiative lifetimes of these NCs can be 

attributed to delay due to the complex recombination mechanism proceeding through intra gap 

states. In addition, the decay curves belonging to Cu-chalcogenide-based NCs cannot be fitted 

by single exponential functions, which represents multiple recombination pathways existing in 

the NC ensemble.130, 136, 162  
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Figure 5.8 TRPL traces of CZISe NCs with Cu:Zn:In ratio of 1:0.91:1.13, 1:0.84:1.36, 

1:1.41:1.16, and 1:0.66:1.14. 

Previous studies have shown that the addition of Zn introduces a blue shift of the PL 

maxima which is attributed to the widening of the band gap.115 Consequently, a larger Zn2+ 

content will result in a more pronounced blue shift of PL maxima. For instance, Liu et al. tuned 

the PL maxima of 2.6 nm-sized CZISe NCs synthesized via aqueous approach in the range of 

600–800 nm with larger Zn content leading to a blue shift.163 However, in this work a 

simultaneous CE is carried out and the final position of PL maxima would undoubtedly depend 

on the both In and Zn content, therefore it is reasonable to plot the PL maxima vs. the In:Zn 

ratio to deduce a possible composition dependence (see Figure 5.7c). The ratio of Cu to the 

sum of total guest cations for all samples was practically constant with the compositions of 

Cu:Zn:In of 1:0.9:1, 1:0.8:1.4, 1:1.2:0.9, 1:1.4:1, and 1:0.6:1.2 yielding Cu:(In+Zn) of= 0.48, 

0.45, 0.46, 0.4, and 0.5, respectively. This means that the variation of optical properties can 

simply be attributed to the relative ratio of incoming cations. Regarding the composition 

dependence of the PL, a blue shift with the increase in the Zn content vs. In was observed. For 

the In:Zn ratio of 0.81 and 0.82 the most blue shifted emission at 987 nm and 1006 nm was 

observed. With the further increase in In content, leading to a In:Zn ratio of 1.2, the PL 

maximum was slightly red shifted to 1024 nm. Consequently, an even higher In:Zn ratio of 1.6 

and 1.7 led to the most red shifted emission at 1063 nm. Thus, the PL maxima could be tuned 

from approx. 980 nm to 1060 nm by a simple variation of the ratio of incoming cations in the 

same size range.  
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5.1.5 Ligand exchange  

The as-synthesized NCs were capped with OlAm and DDT, long-chain organic ligands, 

revealed by an intensive characteristic C–H band in the FTIR spectrum depicted in Figure 5.9. 

While the presence of ligands on the surface of the NCs is necessary for their growth and 

stability, the long-chain ligands also act as barriers for charge transfer and reduce electronic 

coupling between adjacent NCs.66, 164, 165 Therefore, the long ligands on the surface of the NC 

core are in fact detrimental for the use of these NCs in various optoelectronic applications 

where efficient charge transport is required, e.g., in solar cells66, 97, 147 and field effect 

transistors66, 166. To make CZISe NCs compatible for prospective applications, the parent 

ligands must be exchanged or removed. Such solution-based ligand exchange also simplifies 

the process of device fabrication, wherein film deposition via layer-by-layer ligand exchange 

can be avoided.66 A ligand exchange can proceed through phase transfer of particles or can also 

be done in the same phase.  

 
Figure 5.9 FTIR spectra of CZISe NCs capped with different ligands. 

In the first attempt, the parent organic ligands (OlAm and DDT) were exchanged with 

inorganic sulfide ligands. For this, the NCs in hexane and ammonium sulfide in n-MFA 

forming a biphasic mixture were kept under stirring overnight resulting in the transfer of the 

NCs into the polar n-MFA phase, as shown in Figure 5.10.  
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Figure 5.10 Phase transfer and ligand exchange of CZISe NCs with sulfide ligands. 

The ligand exchange was further confirmed by the significant reduction of the –CH2– band 

which is quite intense in the FTIR spectrum of as-synthesized NCs (see Figure5.9). 

Concentrated dispersions of CZISe NCs with the new ligands could also be prepared in DMF, 

which can then be directly used for device fabrication. The optical properties, i.e., absorption 

and position of PL maximum, remain unchanged after the exchange, as shown in Figure 5.11a, 

while PL intensity dropped due to the introduction of surface defects.  
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Figure 5.11 Absorption and PL spectra of CZISe NCs before and after ligand exchange with 

S2– (a), ZnBr2-butylamine (b), EtOBF4 (c). 

The second strategy was to exchange the parent organic ligands with ZnBr2 and 

butylamine. ZnBr2 solution in methanol was added to the NCs dispersion in toluene until it 

turned turbid, indicating the promotion of the ligand exchange. This turbid solution was 

reversed to a clear solution by adding butylamine. The ligand exchange was reflected in a 

decreased intensity of the –CH2– band, as shown in the FTIR spectrum in Figure 5.9. 

Concentrated dispersions of ZnBr2–butylamine-capped CZISe NCs could be prepared in 

chloroform, which might be useful for the fabrication of thin films via solution-based 

processing. Absorption and PL spectra depicted in Figure 5.11b of the QDs before and after 

exchange indicate that they remain unchanged, while PL intensity drops due to the introduction 

of surface defects.  



 
 Results and Discussion 

59 

The last strategy tested was adopted from Rosen et al., which led to the stripping off of 

the parent ligands,142 as proven by the absence of the –CH2– band in the FTIR spectrum (Figure 

5.9). The NCs capped with BF4
– could be dispersed in DMF to form concentrated colloids. The 

absorption spectrum after the exchange remained the same, as depicted in Figure 5.11c, while 

PL intensity was significantly decreased due to the formation of surface defects, which can 

serve as centers for non-radiative recombination.  

Thus, the surface modification of these NCs was possible despite the presence of 

strongly bound thiol ligands and concentrated batches of CZISe NCs could be prepared. These 

surface modified NCs could further be used for prospective applications, particularly in solar 

energy harvesting due to the suitability of the band gap of the material and its nontoxic nature.97 

While solar cells fabricated employing CZISe NCs with PCE of 13.6% have been reported,112 

further efforts to increase the PCE of the devices need to be undertaken.  

5.1.6 Conclusions  

In conclusion, in this work a simultaneous CE approach was adopted for the synthesis of 

alloyed CZISe NCs with considerably good PL properties. In particular, the FWHM was 

reduced to the range of 150–190 meV and the PLQY of the CZISe NCs was increased up to 

20%. These properties are quite rarely observed in Cu-chalcogenide-based ternary/quaternary 

NCs without an additional shell growth. Furthermore, a relation between the optical properties 

and the composition of CZISe NCs was established. In agreement with the generally observed 

trend of an increasing blue shift with the increase in the Zn content, a blue shift of the PL 

maxima could be trigerred by increasing the Zn content. The increase in In content led to an 

opposite trend, i.e., the PL redshift. Thus, by controlling the ratio of In:Zn it was possible to 

tune the PL in the range of approx. 980–1060 nm. The organic ligands on the surface of the 

NCs synthesized could be exchanged with short chain ligands, thus decreasing the distance 

between adjacent NCs in the solids, which leads to enhanced electronic coupling. This 

possibility keeps the door for prospective applications of these NCs in solar energy harvesting 

open. 

5.2 Seed-Mediated Synthesis of Cu-Zn-In-S Nanoplatelets with Inherent 

Photoluminescence in the Visible Range 
This Section is based on the publication entitled ‘Seed-mediated Synthesis of Photoluminescent 

Cu-Zn-In-S Nanoplatelets’ (Chem. Mater. 2022, 34, 9251–9260).  
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5.2.1 Background and Aim 

In the family of I-III-VI semiconductor NCs, most research has been carried out on CIS-based 

NCs.21 Although the multiple reactive species present in the direct synthesis of CIS-based NCs 

result in poor size and shape control of the NC ensemble, rigorous research advances in this 

material have enabled the production of high-quality CIS-based NCs covered with a shell that 

have exhibited very high PLQYs.115 However, 2D NCs of the multicomponent CIS family with 

well-defined optical properties, possessing strong PL, have very scarcely been researched 

compared to their 0D counterparts. 2D semiconductor NCs have recently gained significant 

interest due to their unique anisotropic properties.20, 81, 116, 122, 167 These properties appear due 

to the strong quantum confinement in one dimension, because the thickness of these 2D NCs 

is typically significantly smaller than the corresponding Bohr radius. Also, 2D materials have 

been employed in a variety of applications, particularly in thin-film photovoltaics and 

optoelectronics with binary NCs essentially acting as functional units.119, 123, 124, 168, 169 Thus, in 

the case of CIS-based NCs, the inherent features of this class of NCs combined with the 

anisotropy in NPLs/ NSs might result in new effects. Reports in literature for 2D I-III-VI-based 

NCs are rare, with very few reports of CIS-based 2D NCs that exhibit PL.129 For instance, the 

CIS NPLs reported by Chen et al.128 and Berends et al.116 did not exhibit any PL. Thus, highly 

intensive PL originating from 2D morphologies of CIS NCs is an open research topic, which 

should be explored. 

The aim of this project was to synthesize quaternary CZIS NPLs which exhibit inherent 

PL and better shape control than previously reported I-III-VI-based 2D NCs. With this aim, I-

III-VI-based In-rich CZIS NPLs were synthesized wherein first In2S3 small NC seeds were 

synthesized in OlAm or in a mixture of OlAm and shorter chain OctAm. In2S3 serves as a 

suitable template for the synthesis of CIS NCs as was reported by Chen et al.128 Thereafter, a 

small amount of Cu was incorporated into the In2S3 NCs to form CIS seeds. Consequently, 

these CIS seeds were then allowed to grow forming CIS NPLs. The obtained CIS NPLs were 

further subjected to a partial CE with Zn2+ leading to the formation of CZIS NPLs. The 

advantages of using a CE approach for the synthesis of multicomponent compositions has been 

discussed in Section 2.5. To establish the tuneability of the PL spectra, the composition of the 

NPLs was varied with a variation of the amount of Cu incorporated into the In2Se3 seeds. 

Aiming at the improvement of the stability and optical properties of the synthesized CZIS 

NPLs, they were covered with a shell of a wide bandgap semiconductor, ZnS.  
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5.2.2 Synthesis of CIS and CZIS NPLs 

The synthesis of CZIS NPLs was carried out with a multistep one-pot method, as illustrated in 

Figure 5.12. The approach developed included the formation of CIS seeds by incorporating 

Cu+ into In2S3 seeds with their subsequent recrystallization or oriented attachment into CIS 

NPLs. The CIS NPLs obtained were used to synthesize photoluminescent CZIS NPLs and 

CZIS/ZnS core/shell NPLs. As the first step of the synthesis procedure, In2S3 seeds were 

synthesized in pure OlAm or a mixture of long-chain (OlAm) and shorter-chain (OctAm) 

amines using a considerable excess of the In-precursor. The feed ratio was strategically chosen 

to be In-rich instead of a stoichiometric one to consume all sulfur in the first synthesis step and 

thus avoid the formation of the Cu2-xS phase in the subsequent steps through the direct reaction 

between the S- and the Cu-precursors. It was also observed that using a mixture of amines with 

carbon chains of various lengths resulted in unstacked CIS NPLs. On the other hand, using a 

single type of amine ligand led mostly to their partial stacking, reflected in the formation of 

gelly-like precipitates which could be redispersed upon ultrasonication. It was also noted that 

this reversible stacking in the case of the single ligand synthesis did not affect optical properties 

of the final NPLs. This demonstrated that the presence of a disordered ligand shell on the NPLs’ 

surface increases C–C σ-bond rotation/bending freedom of the molecules, providing higher 

solubility of the NPLs.170, 171 Alkylamines in general also play a significant role in the 2D 

anisotropic growth of the NCs by preferential attachment to the top and bottom facets, blocking 

monomer addition on these basal planes.116  

Figure 5.12 Scheme of the synthesis of CZIS core and CZIS/ZnS core/shell NPLs starting from 

In2S3 seeds. 

In2S3 seeds were obtained in the reaction between InCl3 and S powder dissolved in 

OlAm or a mixture of OlAm and OctAm at 100ºC for 1 h. This was followed with the addition 

of various amounts of [Cu(CH3CN)4]PF6 to the In2S3 seeds at room temperature to form CIS 

seeds with different compositions (i.e., the ratio between Cu and In). This addition of Cu was 

accompanied by an immediate color change from yellow to light brown that indicated the 

formation of CIS seeds. Following this, the as-synthesized CIS seeds were kept overnight under 

stirring at room temperature to eliminate other simultaneous processes which might take place 
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at higher temperature due to the presence of multiple reactive species. Next day, the CIS NC 

seeds were heated to 180°C for the growth of the NPLs. The as-synthesized NPLs were 

unstable, and therefore, 1 mL of DDT was added at room temperature and kept under stirring 

for 1 h. DDT serves as a reducing agent thus preventing the oxidation of Cu+, leading to 

enhancement of their stability. In the next step, partial CE was carried out to improve the optical 

properties and stability of the NPLs through the incorporation of Zn2+ into the as-synthesized 

CIS NPLs, leading to the formation of alloyed quaternary CZIS NPLs. This partial CE 

exchange was performed using zinc 2-ethylhexanoate directly injected into the crude reaction 

mixture with further heating at 180°C for 1 h. As a final step for the augmentation of PL 

intensity, a ZnS shell was grown around these NPLs using Zn(DDTC)2 which can serve as a 

single source for both Zn and S. The formation of separate ZnS nanoparticles as a by-product 

was avoided by slowly adding Zn(DDTC)2 dissolved in OlAm, using a syringe pump that 

yielded solely CZIS/ZnS core/shell NPLs.  
  

The addition of [Cu(CH3CN)4]PF6 to the In2S3 seeds is a critical step which changes the 

path of further crystallization and growth. A control experiment was carried out without the 

addition of the Cu-precursor but under the same reaction conditions, which resulted in 

hexagonally shaped In2S3 NPLs as shown in Figure 5.13a. The morphology of these NPLs was 

similar to the In2S3 NPLs synthesized by Park et al. using a stoichiometric In:S ratio.144 This 

control reaction indicates that the addition of even small amounts of the Cu-precursor 

drastically affects the morphology of the NPLs, which is triggered by the change in the crystal 

structure from tetragonal β-In2S3 to a tetragonal chalcopyrite CIS (Figure 5.15). As depicted in 

Figure 5.13b-d, the addition of 2%, 5%, and 10% of Cu wrt In resulted in the formation of thin 

rectangular NPLs with an average lateral size of 30×8 nm2. The thickness of the NPLs was 

difficult to determine precisely, as they did not form sufficiently large stacks where the NPLs 

can be observed vertically oriented on a grid. Their thickness could be approximated to be 

about 1 nm by analogy with the thickness of the In2S3 NPLs determined by TEM measurements 

of their stacks.144 The increase in the Cu-precursor amount above 10% with respect to In led to 

the formation of small NCs as by-products along with the desired NPLs, as shown in Figure 

5.13e. A further increase to 15% of the Cu-precursor did not lead to the formation of NPLs, 

and only small spherical particles were observed (Figure 5.13f). This change in the NC growth 

may be attributed to the significant distortion of the seeds upon adding more copper, which 

hinders their oriented attachment and thus the formation of the NPLs. As follows from these 

results, an optimal amount of [Cu(CH3CN)4]PF6 is required to form CIS NPLs with a 
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significant Cu content, while a larger amount of the precursor leads to a change in morphology, 

resulting in small spherical NCs.  

 
Figure 5.13 Conventional TEM images of In2S3 NPLs (a), and CIS NPLs with 2% (b), 5% (c), 

10% (d), 12% (e), and 15% (f) of Cu relative to In. HAADF-STEM image (g) and 

corresponding EDXS-based element maps of Cu (h), In (i), and S (j), displaying the element 

distribution across the CIS NPL. All scale cale bars in (a-f) are 50 nm, and in (g-j) are 30 nm. 

ICP-OES results summarized in Figure 5.14  and Table 5.2 show that with increasing 

Cu/In feed ratio from 0.02, through 0.05 to 0.1, the corresponding Cu/In ratio in the CIS NPLs 

also increased with final values of 0.09, 0.14, and 0.31, respectively. The STEM-EDXS 

element maps displayed in Figure 5.13h-j further proved the presence of Cu in the NPLs. The 

distribution of Cu appeared to be rather inhomogeneous with a more homogenous distribution 

of In and S over individual NPLs. This uneven copper content reflects the mechanism of the 

NPL formation from small NC seeds, in which copper is most probably located mainly on the 

surface. After arranging into the CIS NPLs copper ions remain confined. 
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Figure 5.14 ICP-OES-based analysis of the cation ratios in CIS and CZIS NPLs relative to the 

feed ratios used in the synthesis. 

Table 5.2 Final Cu/In and Cu/Zn/In ratios of the CIS NPLs and CZIS NPLs, respectively, from 

the results of ICP-OES analysis, as well as average sizes of the CZIS NPLs. 

Sample 

(Cu% relative to In) 

Composition (Cu/In) 

of CIS NPLs 

Composition (Cu/Zn/In) 

of CZIS NPLs 

Average 

lateral size 

(nm2) 

2% Cu (molar = 1/50) 1/11.1 1/7.7/6.5 31×8 

5% Cu (1/20) 1/7.2 1/5.4/4.8 30×8 

10% Cu (1/10) 1/3.2 1/5.1/5.5 38×11 

Even though I-III-VI-based NCs generally crystallize in a tetragonal or cubic phase 

depending on their composition and reaction temperature,95, 104 the existence of a metastable 

hexagonal wurtzite structure was also observed in the case of nanostructured materials of this 

group110. The CE pathway explained in Section 2.5 is a feasible route of accomplishing such a 

metastable crystal structure. In this scenario, a hexagonal binary phase is chosen as the starting 

template, which is maintained after the addition of guest cations.95,68 Thermodynamically stable 

tetragonal phases are generally observed when NCs are produced via direct synthesis involving 

molecular precursors of all components. Specific ordering of the metal atoms rather than a 

random distribution of Cu and In atoms leads to the preferential adoption of the tetragonal 

phase. The tetragonal phase of I-III-VI NCs is derived from the cubic zinc-blende structure in 

which the tetragonal distortion is introduced due to the different lengths of the I-VI and III-VI 
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bonds in the crystal.172 Also for Cu-deficient species, the distortion increases with a decrease 

in the Cu/In ratio, where the tetragonal distortion becomes more pronounced as the crystal 

becomes more and more Cu-deficient.105 Such a tetragonal crystal structure was also observed 

in the case of the synthesized CIS NPLs which are also Cu-deficient (Figure 5.15). The 

positions of the Bragg reflections match with the CIS chalcopyrite tetragonal phase (JCPDS-

ICDD - C38-777) with two pronounced reflections at 27.8° and 48° that correspond to the 

planes lying in the lateral directions. The strongly asymmetric shape of the first peak can be 

assumed to be due to the contribution from relatively intensive peak at 32.7°. On the other 

hand, In2S3 NPLs with hexagonal shape crystallized in the tetragonal β-In2S3 crystal phase 

(JCPDS-ICDD - C25-390), as was observed by Park et al.144 This indicates that the introduction 

of Cu led to the adoption of the CIS chalcopyrite structure, which in turn led to the formation 

of differently shaped NPLs. 

 

Figure 5.15 XRD patterns of In2S3, CIS, CZIS, and CZIS/ZnS NPLs with corresponding bulk 

references of In2S3 (C25-390), CIS chalcopyrite (C38-777), and ZnS sphalerite (C5-566) 

structures from the JCPDS-ICDD. 

Incorporation of Zn2+ into CIS NPLs via partial CE led to the improvement of their shape, 

as depicted in the TEM images of Figure 5.16a–c. Resulting CZIS NPLs did not form stacks 

and exhibited a well-defined rectangular morphology. The TEM images reveal that the platelets 
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are fairly monodispersed with lateral sizes of ~30×10 nm2. This better defined shape of the 

CZIS NPLs allowed the precise determination of their thickness via HRTEM analysis of 

vertically stacked NPLs, as exemplarily shown in Figure 5.20a, with an average value of 

1.1±0.08 nm. The incorporation of Zn perhaps fills the surface defects which, along with the 

enhancement of optical properties, leads to proper development of the NPL shape. Successful 

embedding of Zn2+ was revealed by the STEM-EDXS element mapping indicating its presence 

along with Cu and In in the CZIS NPLs (Figure 5.16e–h). As compared to the CIS NPLs, the 

distribution of Cu in these NPLs appears to be more homogenous along with the distribution 

of other cations.  

Figure 5.16 Conventional TEM images of CZIS NPLs with Cu:(In+Zn) ratio of 0.07 (a), 0.09 

(b), and 0.1 (с). HAADF-STEM image (d) and corresponding EDXS-based element maps of Cu 

(e), In (f), Zn (g), and S (h) of CZIS NPLs with Cu/(In+Zn) ratio of 0.09. All scale cale bars in 

(a-c) are 50 nm, and in (d-h) are 30 nm. 

The surface of the synthesized CZIS NPLs was studied using FTIR spectroscopy. 

Analysis of the obtained spectrum indicates the presence of both types of the ligands, i.e., thiol- 

and amine-functionalities on the NPL surface (Figure 5.17). Thus, long-chain organics were 

bound to the surface of the NPLs and consequently, the use of these particles in future 

applications where an efficient charge transport is essential, would require a post-synthetic 

surface modification of the NPLs, wherein these ligands are exchanged with other short-chain 

ligands.  
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Figure 5.17 FTIR spectrum of CZIS NPLs. 

As follows from the ICP-OES results presented in Figure 5.14 and Table 5.2, the Cu 

content decreases upon the incorporation of Zn in the CIS NPLs. While the initial CIS NPLs 

exhibited Cu/In ratios of 0.09, 0.14, and 0.31, after the treatment with the Zn-precursor the 

CZIS NPLs had Cu/(In+Zn) ratios of 0.07, 0.10, and 0.09, respectively, revealing more 

efficient Cu+-to-Zn2+ CE in CIS NPLs. The In/Zn ratio in all CZIS NPLs was in the range of 

0.84–1.08. It should be noted that the multistep synthesis was performed in one-pot with 

successive addition of the necessary precursors and without purification of the product after 

every stage. Based on this, the probability of multiple competing processes, such as Cu+-to- 

Zn2+, In3+-to- Zn2+, Cu+-to-In3+ CE reactions, cannot be neglected which make it challenging 

to interpret the obtained data. 

XRD analysis revealed that the NPLs maintained their crystal structure after the 

incorporation of Zn (see Figure 5.15). This agrees with literature data suggesting that Cu-

deficient CZIS crystallizes in the tetragonal phase.20, 115, 129 As in the case of CIS NPLs, in the 

diffractogram of the resulting CZIS NPLs, two narrow and pronounced sharp reflections at 

27.8° and at 48° correspond to the planes in the lateral direction of the NPLs, while a broad 

peak at approx. 56° can be assigned to lattice planes lying in the thickness direction. The pattern 

observed is a result of the formation of anisotropic 2D NCs. This was confirmed with the XRD 

pattern of CZIS QDs obtained by adding 15% of the Cu-precursor represented in Figure 5.18 

which shows only broad reflections that correspond to isotropic nanoparticles. The change in 
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composition did not lead to a remarkable shift of the peak positions, while a small shift to larger 

2 theta values as compared to the reference is found to be consistent for all compositions, most 

likely due to the replacement of In3+ with Zn2+. 

 
Figure 5.18 XRD pattern of the sample obtained after adding 15% of the Cu-precursor with 

subsequent Zn incorporation with corresponding bulk references of CIS chalcopyrite (JCPDS-

ICDD - C38-777) and ZnS sphalerite (JCPDS-ICDD - C5-566) structures. 

5.2.3 Synthesis of core/shell NPLs 

With the aim of further enhancing the stability and improving optical properties of CZIS 

NPLs, they were overcoated with a ZnS shell. ZnS was chosen as the shell material because it 

has a small lattice mismatch with CIS (i.e., 2 %) and a larger band gap, as compared to bulk 

CIS, which results in a type-I band edge alignment with CIS.36, 161 Several strategies of the shell 

growth were tested. In the first one, Zn(DDTC)2 dissolved in OlAm was used as the shell 

precursor which is highly reactive and serves as a source of both Zn and S. Reactivity of the 

shell precursor plays an important role in the kinetics of heteroepitaxial growth as well as in 

homogenous nucleation. The use of a highly reactive precursor for the shell growth promotes 

the heteroepitaxial nucleation and growth of the shell instead of other competing processes that 

can take place, such as CE, etching, or alloying.36 In this work, two approaches of the shell 

precursor addition were adopted: rapid hot-injection and slow addition. In the first, the Zn-

precursor was injected directly into the crude reaction mixture of CZIS NPLs at 180°C and the 

temperature was maintained for 1 h. It was reported that a higher temperature favors the 

heteroepitaxial growth of the shell, while lower temperatures favor CE reactions.36, 173 The 

highest possible temperature of 180°C was chosen for the shell growth, since the presence of 

OctAm in the reaction mixture does not allow further increase of the temperature due to its 

boiling point of 180°C. A TEM image in Figure 5.19a shows that after the shell growth, along 
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with the NPLs, small spherical particles were also formed as by-products. These particles are 

probably ZnS NCs formed because of the secondary homogenous nucleation along with the 

heteroepitaxial growth of the ZnS shell.  

Figure 5.19 CZIS/ZnS core/shell NPLs synthesized using a rapid injection (a) and a slow 

injection (b) of the shell growth precursor. 

Therefore, to avoid the formation of additional by-products, instead of a rapid injection 

of the Zn-precursor, its slow and controlled addition was carried out using a syringe pump. Due 

to the low monomer concentration, the slow addition should not promote the secondary 

homogenous nucleation, thus preventing the formation of ZnS NC by-products and result in a 

narrower size distribution.45, 46, 111, 136, 174 Indeed, the resulting NPLs were fairly monodisperse 

with no by-products as indicated by the TEM image of CZIS/ZnS NPLs in Figure 5.19b. Along 

with the shell deposition, the NPLs also grew laterally with an increase in size from 34×8 nm2 

of the parent CZIS NPLs to 42×9 nm2 of the CZIS/ZnS core/shell NPLs. This increase in their 

lateral size was perhaps due to the seeded growth of the core since unreacted precursors could 

still be present in the reaction mixture. The growth of the shell took place preferentially in the 

thickness direction and was confirmed by HRTEM imaging of vertically oriented stacks of the 

NPLs before and after the shell growth. As can be seen in HRTEM images displayed in Figure 

5.20, a pronounced increase in the NPL thickness from 1.1±0.08 nm to 1.6±0.2 nm occurs after 

the shell growth. This means that the shell thickness was approximately 1 monolayer (i.e., half 

of the lattice parameter) on each facet of the NPL.145 As seen in Figure 5.15, after the shell 

growth, the initial crystal structure of the NPLs was maintained, and no shifts of the peak 

positions were observed in the diffractogram. The positions of the Bragg reflections in both 

core CZIS NPLs and core/shell CZIS/ZnS NPLs match well with the CIS roquesite (JCPDS-

ICDD - C27-159) and ZnS sphalerite (JCPDS-ICDD - C5-566) crystal structures. The peak at 

48° in both patterns matches better with the ZnS sphalerite reference, which is due to the 
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incorporation of Zn in the core and to the fact that the NPLs are Cu-poor, i.e., they have a 

structure closer to In2S3 (see Figure 5.15). 

 
Figure 5.20 HRTEM images of vertically oriented stacked core CZIS (a) and core/shell 

CZIS/ZnS (b) NPLs with corresponding average thickness values. 

Since using the abovementioned procedures only 1 monolayer thick shell was grown, 

subsequent attempts to grow a thicker ZnS shell, which would further enhance the stability and 

the optical properties of the synthesized NPLs, were carried out. It was speculated that the 

presence of strongly bound thiol ligands on the NC surface could be the reason for the inability 

to form a thicker ZnS shell. Berends et al. pointed out that the purification of CIS NCs has a 

significant impact on the following shell growth process due to the surface chemistry of the 

NCs and the presence of residual ligands and precursors.36 Therefore, applying the second 

strategy of the shell deposition, CZIS NPLs were first purified once and then dissolved in a 

mixture of ODE, OctAm, and OlAm. This mixture was used for the shell growth upon slow 

addition of Zn(DDTC)2 in OlAm. However, the TEM image in Figure 5.21a reveals etching 

of the resulting CZIS/ZnS NPLs. The particles were somewhat stacked and did not maintain 

the morphology of the parent CZIS NPLs. To confirm the role of DDT in the inhibition of the 

formation of a thicker shell, crude CIS NPLs without addition of DDT and the Zn-precursor 

were used as the cores in the same procedure. In this case, TEM imaging revealed that the 

resulting CIS/ZnS NPLs remained stacked, and the growth of a thicker shell was also 

unsuccessful (see Figure 5.21b). 
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Figure 5.21 Conventional TEM images of CZIS/ZnS core/shell NPLs (a), CIS/ZnS core/shell 

NPLs (b), CZIS/ZnS NPLs synthesized via colloidal ionic layer deposition (c), and CZIS/In2S3 

NPLs (d). Inset in (d) shows a TEM image of the corresponding NPLs forming stacks. All scale 

bars are 50 nm.  

In the third strategy, the colloidal ionic layer deposition method for the shell growth 

reported by Meerbach et al. was employed.143 This method, wherein a controlled sequential 

deposition of anion and cation half layers is carried out at room temperature, has a number of 

advantages: narrow size distribution and shape uniformity, control over surface composition 

and ligand chemistry, considerable reproducibility of the shell growth at room temperature.175 

A TEM image in Figure 5.21c shows product NPLs with a higher contrast and a thickness of 

about 2 nm indicating that a comparatively thicker shell was grown after the deposition of two 

ZnS monolayers. Finally, in the fourth strategy, instead of ZnS an In2S3 shell was grown. In2S3 

has a larger band gap of 2.0–2.3 eV128 than CIS with a band gap of 1.5 eV21 and thus should 

result in the type I band alignment. TEM image of the synthesized NPLs in Figure 5.21d reveals 

that NPLs with a similar morphology and size were also formed in this case. At the same time, 

no increase in the thickness of the shell was observed (inset in Figure 5.21d). Therefore, it can 

be concluded that the deposition of a thick shell was impossible in the case of these NPLs, 

perhaps due to interfacial strain between the core and the shell. 

5.2.4 Optical properties of CIS, CZIS, and CZIS/ZnS NPLs  

The evolution of the optical spectra from In2S3 to CZIS/ZnS core/shell NPLs is displayed in 

Figure 5.22. As seen in Figure 5.22a, the addition of the Cu-precursor to In2S3 seeds led to a 
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redshift in the absorption spectra, the magnitude of which depends on the precursor amount. 

The absorption spectra of CIS NPLs with different compositions, shown in Figure 5.22b, 

exhibit a pronounced shoulder at approx. 530 nm representing the first electron transition, 

which is generally observed in small I-III-VI NCs.21, 95, 130 Increasing copper content in the 

NPLs resulted in a small redshift of this shoulder as well as the onset of absorption spectra 

(Figure 5.22b, inset). It also led to the appearance of a pronounced shoulder at approx. 410 nm, 

whereas the UV-part of the spectra remains practically unchanged. In the NPLs with a Cu/In 

ratio of 0.09 and 0.14, no PL signal was observed, while the sample containing larger Cu 

amount (Cu/In = 0.31) possessed a weak emission in the red part of the visible spectrum. It can 

be assumed that the observed low PL intensities and a broad PL band width are due to the 

presence of numerous internal and surface defects and not uniform size and inhomogeneous 

composition of the NPLs discussed above.130  

Figure 5.22 Absorption spectra of In2S3 and CIS seeds (a), absorption and PL spectra of CIS 

(b), CZIS (c) and CZIS/ZnS core/shell (d) NPLs. The inset in (b) displays the absorption spectra 

of the CIS NPLs normalized at 300 nm. PL lifetime measurements of CZIS and CZIS/ZnS NPLs 

(e). The insets in (c) and (d) are photos of CZIS and CZIS/ZnS NPL dispersions, respectively, 

under UV-light. 

Subsequent incorporation of Zn indeed significantly improved the emission intensity of 

the NPLs, shifting the absorption onsets and the PL maxima to shorter wavelengths, as 

compared to the CIS NPLs due to the increasing band gap (see Figure 5.22c). By this, 

absorption spectra became practically featureless without the pronounced shoulders observed 

for CIS NPLs. Here, the positions of the PL spectra demonstrated a blue shift from 721 nm for 
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Cu/(In+Zn) = 0.09 through 666 nm for Cu/(In+Zn) = 0.10 to approx. 650 nm for the CZIS 

NPLs sample with the smallest Cu content (Cu/(In+Zn) = 0.07). As seen in Figure 5.22c, PL 

spectra of CZIS NPLs also exhibited large Stokes shifts and significantly broad PL band 

widths. These features are typically observed in I-III-VI-based NCs. The FWHM values of the 

synthesized NPLs were 340 meV, 325 meV, and 370 meV for the CZIS NPL samples with 

Cu/(In+Zn) ratios of 0.07, 0.10, and 0.09, respectively. According to the literature data, small 

spherical CIS NCs of approx. 2.5 nm size having chalcopyrite structure exhibited broad PL 

band widths of approx. 300 meV.136 Similarly, in wurtzite CIS NCs, size-dependent FWHM 

values were reported ranging from 300 to 320 meV in 2.7–7.2 nm particles.176 In general, it 

can be stated that broad PL with FWHM > 300 meV is commonly observed in CIS-based NCs 

which is mainly attributed to the ensemble heterogeneity of size and composition.130, 140, 141 

Single-particle studies support this claim, wherein a FWHM as narrow as 60 meV was reported 

for single NCs as compared to the broad FWHM of 300 meV of the ensemble.141 At the same 

time, in striking contrast to the corresponding small CZIS NCs, the PL of the CZIS NPLs was 

dramatically redshifted. For example, 2.4 nm CZIS NCs with a small copper content 

(Cu/(In+Zn) = 0.05–0.1) were reported to have the PL in the range of 550–580 nm,177 hundred 

nm shorter than for the NPLs in this work, despite a remarkably smaller size of the latter in the 

thickness dimension. This large difference implies the presence of quite strong 1D quantum 

confinement. 

As discussed in Chapter 3, the most widely accepted mechanism of the emission process 

in CIS (CISe)-based NCs is recombination of the photoexcited electron from the conduction 

band to an intrastate Cu related defect which can be either associated with Cu+ or Cu2+.108, 136, 

137, 139-141, 178 This recombination mechanism explains the characteristic emission features of I-

III-VI-based NCs, viz., broad band widths, large Stokes shift, long radiative lifetimes, etc.130 

Whereas Cd-chalcogenide NPLs are monodisperse in the thickness dimension and show strong 

quantum confinement leading to considerably narrow emission band widths,25, 122, 179, 180 

contrary to this observation, PL bands observed in these CZIS NPLs were still broad even 

though the NPLs exhibited extremely small thickness (1.1 nm) and were considerably 

monodisperse in the thickness dimension. Having in view a Bohr exciton radius of CIS of 4.1 

nm,96 such thin NPLs should be in quite strong quantum confinement regime, similar to that of 

CdSe NPLs, as implied by the large PL redshift discussed above. However, the radiative 

recombination in CIS-based NCs is a more complex process than the band-edge recombination, 

which occurs through the radiative transition of delocalized conduction band electron to 

randomly positioned Cu-related emission centers, accommodating holes supplied from the 
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valence band. The random positioning of these centers over a whole NPL caused by a possible 

inhomogeneity in the composition within individual NPLs, resulting in the heterogeneity of the 

ensemble, is the most probable reason of such broad PL bands observed.141 

The ZnS shell growth through slow addition of Zn(DDTC)2 to the crude solution of CZIS 

NPLs, as expected, further enhanced the PL intensity due to the capping of the surface defects 

and thus reducing the number of centers of non-radiative recombination.20, 36 Here, etching of 

the NCs, diffusion of Zn into the core via CE are possible processes accompanying ZnS shell 

growth, which lead to a blue shift of PL maxima. On the other hand, leakage of electron to the 

shell material and an increase in size due to further growth of NCs during the shell deposition 

result in a red shift of the PL maxima. In the case of CZIS/ZnS NPLs, a pronounced blue shift 

both in absorption and PL spectra was not observed, as seen in Figure 5.22c,d, since the core 

NPLs already contained a large amount of zinc inhibiting a further CE reaction. A slight 

redshift in the PL spectra may be the result of electron delocalization over the entire 

heterostructure. Thus, core/shell NPLs (synthesized with Cu/(In+Zn) ratio of 0.10) exhibited a 

PLQY of 29% compared to 9% value of the initial core CZIS NPLs (Figure 5.22c,d). While 

PLQY as high as 80% has been reported for small CIS(Se) NCs with ZnS shell,111, 145 2D 

counterparts with high-intensive PL have rarely been reported. For example, Chen et al. 

reported the synthesis of non-emitting hexagonal CIS NPLs.128 Addition of Zn in their case 

resulted in the degradation of the NPLs to 5 nm small NCs which then exhibited PL. 

The average lifetime approximated from the PL decay curves in Figure 5.22e was 306 

ns for CZIS NPLs with Cu/(In+Zn) ratio of 0.10, while CZIS/ZnS NPLs exhibited an average 

lifetime of 340 ns. A long decay time along with biexponential133, 136 or triexponential49 decay 

curves are generally observed in the case of I-III-VI-based NCs.105, 130, 162 The various 

components correspond to either fast decay attributed to emission transition from surface trap-

states, or to slow decay attributed to defect-related donor–acceptor pair transitions.49 The 

generally observed long decay time in Cu-deficient CIS-based NCs is attributed to the delay 

due to the complex recombination mechanism.130, 136 The decay times of core CZIS NPLs and 

those of core/shell NPLs were similar, implying that they follow a similar radiative decay 

channel. However, faster decay in the CZIS NPLs sample and its lower QY indicate that this 

fast decay pathway is plagued by non-radiative recombination.115 PL dynamics of single thick-

shell CIS/ZnS NCs shows monoexponential decay, while multiexponential PL decay is 

exhibited by a corresponding ensemble.141 This further supports the claim that one of the 

principle reasons of the characteristic optical properties of I-III-VI NCs is still the sample 

heterogeneity.  
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Optical properties resulting from the attempts to grow a thicker shell are represented in 

Figure 5.23. With slow addition of Zn(DDTC)2 at 180oC to the solution of purified CZIS NPLs, 

a significant decrease in the PL intensity was observed after the shell growth (see Figure 

5.23b). Purification apparently leads to the formation of indium oxide on the NPL surface, 

which in turn results in the formation of defects on the core/shell interface due to a large lattice 

mismatch between In2O3 and ZnS. Deposition via layer-by-layer addition of S- and Zn-

precursors resulted in a ZnS shell, which although was somewhat thicker, did not result in a 

PL enhancement (Figure 5.23c). It implies that the multiple phase transfer reactions taking 

place at room temperature introduced surface defects in the core and the shell material leading 

to the degradation of optical properties. Finally, the strategy of the shell growth based on the 

deposition of In2S3 instead of ZnS yielded core/shell NPLs with PLQY of 5%. 

Figure 5.23 Absorption and PL spectra of as-synthesized CZIS NPLs (using a Cu:In feed ratio 

of 0.05) (a) and CZIS/ZnS core/shell NPLs synthesized after purifying CZIS core NPLs before 

the shell growth (b), CZIS/ZnS NPLs synthesized via colloidal ionic layer deposition (c), and 

CZIS/In2S3 core/shell NPLs (d). Inset in (d) shows a photo of a corresponding NPLs dispersion 

under UV-light. 

5.2.5 Conclusions  

Thus, in this work a successful synthesis pathway to obtain rectangular, unstacked CIS, CZIS, 

and CZIS/ZnS core/shell NPLs with tetragonal crystal phase, exhibiting an inherent PL, was 
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developed. A synthetic route to obtain CIS NPLs was adopted, wherein the adopted reaction 

conditions enabled the anisotropic growth of the corresponding CIS seeds leading to the 

formation of NPLs. The strategy involved the formation of In2S3 seeds as the first step, 

followed by the addition of minimal amount of Cu to form CIS seeds. Thereafter, an increase 

in temperature led to the anisotropic growth of the CIS seeds to form CIS NPLs with inherent 

PL in the visible range. Subsequently, an exchange with Zn was carried out to finally produce 

CZIS NPLs with enhanced PL. The as-synthesized NPLs exhibited a rectangular shape with 

the thickness of 1.1 nm. Further, it was found that the amount of Cu incorporated plays an 

important role in the preservation of the NPL shape. As the Cu amount increased more than 

10% relative to the In amount, the NPL shape could not be preserved and hence there exists a 

limit to the maximum amount of Cu that can be incorporated into the NPLs. Additionally, with 

a variation in the composition of the synthesized NPLs, the PL maxima could be tuned in the 

range of 650–720 nm with an increase in Cu amount resulting in a red-shift. ZnS shell growth 

led to a further enhancement of PLQY from 9% in CZIS NPLs to 29 % in CZIS/ZnS NPLs.  

 

5.3 Cu-Zn-In-Se Nanoplatelets with Narrow Photoluminescence in the 

Near Infrared Range 
This Section is based on the manuscript ‘Cu-Zn-In-Se Nanoplatelets with Narrow Near 

Infrared Photoluminescence’. In preparation. 

5.3.1 Background and Aim 

The previous chapter discussed a synthetic strategy for CZIS NPLs which exhibited inherent 

PL in the visible range. Moving to longer wavelengths, tuneable optical properties in the NIR 

window of 1300–1600 nm are of particular interest in telecommunications, while biological 

window of 800–1100 nm makes NIR emitting NCs in this range best fit for bio-imaging, and 

the NIR window of 800–2000 nm is important in photovoltaics.47 Due to extremely narrow 

bulk band gap and high optical efficiencies of lead and mercury chalcogenide NCs, they have 

been proven as suitable candidates for a wide range of NIR-based applications.47, 48, 181-183 

However the presence of toxic elements poses a major setback in their widespread use, 

particularly in those applications involving exposure to biological environments. This has led 

to the development of synthetic strategies of I-III-VI-based semiconductor NCs as a less toxic 

earth-abundant metal containing alternative with the potential as NIR emitters, making them a 

suitable replacement as fluorophores in various applications.21, 181 In this group, CISe-based 

NCs with a narrow bulk band gap of 1.04 eV and large exciton Bohr radius of 10 nm are an 
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interesting and less studied material.21 While reports of NIR-emitting CISe NCs are abundant, 

their PL range is limited to 1100–1200 nm and pushing it to even longer wavelengths would 

unlock a plethora of new applications.35, 145, 150, 163, 184, 185 CISe-based QDs with tuneable 

emission in the range of 990–1060 nm were accomplished in this work, as discussed in Section 

5.1. However, 2D morphologies of this group that exhibit PL are not yet reported in literature. 

With the emerging applications of 2D materials and unique optical properties exhibited by 2D 

materials of II-VI group, it is reasonable to explore these morphologies in the case of CISe-

based NCs as well.  

The aim of this work was to synthesize quaternary CZISe NPLs that exhibit PL in the 

NIR range. With this aim, the synthetic approach presented in the previous section for CZIS 

NPLs was optimized to compensate for the reactivity differences of S- and Se-precursors. 

Starting with the replacement of S with Se in the previous synthetic pathway proved that the 

same reaction parameters were not favorable for the Se counterpart. Consequently, In2Se3 seeds 

were synthesized first with a modified reaction temperature, followed by the formation of CISe 

seeds via the addition of a small amount of Cu+ at room temperature. Thereafter, anisotropic 

growth of these seeds was promoted by an increase in temperature leading to the formation of 

CISe NPLs. To enhance the PL intensity and to improve the stability of these NPLs, Zn was 

incorporated in the subsequent partial CE step. To establish the tuneability of the PL maxima, 

variation of different parameters, like composition of NPLs and temperature of the synthesis, 

was carried out. Thus, this section describes a synthetic method that enables the realization of 

2D morphologies of photoluminescent CISe-based NCs.  

5.3.2 Synthesis and optical properties of CZISeS and CZISe NCs 

The procedure adopted in Section 5.2 for the synthesis of CZIS NPLs was modified to 

synthesize CZISeS NPLs by adding a Se-precursor in the above mentioned reaction procedure 

with the final aim of completely replacing S with Se, leading to the formation of CZISe NPLs 

with emission pushed into the NIR range. First, 50% of Se was added along with 50% of S in 

the reaction mixture and the reaction conditions were kept same as in the synthesis of CZIS 

NPLs. In this case, as seen in the TEM image in Figure 5.24a, the NPL shape was maintained. 

Consequently, addition of 75% of Se along with 25% of S, and further complete replacement 

of S, i.e., addition of 100% of Se were carried out, which resulted in the dissolution of the NPLs 

into small-sized QDs (Figure 5.24b-c). These experiments revealed that the reaction 

temperature of 100°C used for the seed formation and 180°C used for promoting the anisotropic 

growth were not suitable for growing 2D CZISe NCs. 
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Figure 5.24 TEM images of CZISeS NCs synthesized with 50% Se (a), 70% Se (b), and CZISe 

NCs with 100% Se (c). Absorption and PL spectra of CZISeS NCs synthesized with 50% Se (d), 

75% Se (e), and CZISe NCs with 100% Se (f). 

The optical properties of the synthesized CZISeS and CZISe NCs are depicted in Figure 

5.24d-f which shows that with an increase in Se amount a red shift of PL maxima occurred, 

and the PL of CZISe NCs with 100% Se was shifted to the NIR range. However, shifting the 

emission in the NIR while maintaining the 2D morphology was a challenge. Thus, the 

anisotropic growth of the CISe seeds while resulting in emission in the NIR range, required 

significant optimization of reaction parameters owing to the differences in reactivities of S and 

Se. This required revisiting the In2S3 NPL synthesis and modifying the reaction conditions for 

In2Se3 NPLs. These reaction conditions could then be adopted for the synthesis of CZISe NPLs 

to maintain the 2D morphology. 

5.3.3 Synthesis of In2Se3 NSs  

In2Se3 NSs were synthesized using a modified procedure  reported by Park et al. for In2S3 NSs 

(see Figure 5.25).144  
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Figure 5.25 Scheme of the synthesis of In2Se3 NSs and CZISe NPLs. 

Using 1 equivalent of In and 1.5 equivalents of Se, as was reported by Park et al. in 

their typical synthesis, the reaction temperature was modified to compensate for the difference 

in reactivity of the S- and Se-precursors. It has been observed that syntheses with Se precursors 

typically require higher temperatures and longer reaction times, as compared to syntheses with 

S-precursors.95 Therefore, the temperature of the In2Se3 seeds formation was raised to 115°C

and the temperature of subsequent step of NPL formation was raised to 230°C. The TEM image 

of the resultant NPLs depicted in Figure 5.26 shows the formation of 2D stacked large NCs. 

Figure 5.26 TEM image of In2Se3 NSs. 

In2Se3 is a polymorphic material, which exists in many crystal phases with three most 

common ones – α, β and γ phases. In ambient conditions, crystallization in the layered phases 

of α and β is favoured.186-188 Hexagonal In2Se3 NSs, crystallizing in β phase synthesized using 

a selenourea precursor and short aminonitriles as shape controlling agents, were reported by 

Almeida et al.169 Additionally, synthesis of low dimensional In2Se3 in different phases and their 

corresponding applications are discussed in detail in the review by Li et al.188 The position and 

intensity of reflexes of α crystal phase of bulk In2Se3 (JCPDS-ICDD- C20-493) depicted in the 

Figure 5.31 suggest that the In2Se3 NSs synthesized here crystallize in α phase with the position 

of reflexes shifted to lower 2 theta values. The successful synthesis of In2Se3 NSs paved the 
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way to the synthesis of CISe and CZISe NPLs by using the same In2Se3 seeds and the modified 

reaction temperature. 

5.3.4 Synthesis of CISe and CZISe NPLs 

The synthesis of CZISe NPLs was developed with optimized reaction parameters adopted for 

the synthesis of In2Se3 NPLs. Generally higher temperature and long reaction time are favored 

for the synthesis of CISe-based NCs as compared to CIS-based NCs to compensate for the 

difference in reactivity of S- and Se-precursors.95 Additionally, different reactive Se-

precursors, e.g., trimethylsilyl selenide and dodecaneselenol35, 127 have also been used to 

synthesize CISe NCs. In this approach, CISe NPLs were grown from CISe seeds under a higher 

temperature followed by the incorporation of Zn to result in quaternary CZISe NPLs. The first 

step involved the formation of In2Se3 seeds by reaction of InCl3 and Se powder dissolved in 

OlAm at 115°C for 1 h. OlAm acts a solvent and the sole ligand for the NCs which also helps 

in breaking the symmetry and promotes the 2D growth of NCs, wherein the preferential 

attachment of the amine on the facets of the NCs prevents the growth of the NPLs in the 

thickness direction.116  

The In2Se3 seeds were formed with varying amounts of In to result in varying final 

compositions of CZISe NPLs. In-rich and near stoichiometric In:Se ratios were used for the 

synthesis of In2Se3 seeds. The formation of In2Se3 seeds was followed by the addition of 200 

µL of 0.075 M [Cu(CH3CN)4]PF6 solution in acetonitrile to incorporate Cu+ in the In2Se3 

leading to the formation of CIS seeds. The addition of Cu was accompanied by a colour change 

from bright yellow to brown, indicating the immediate transformation of In2Se3 seeds to CIS 

seeds. The reaction mixture was kept under stirring overnight to incorporate as much Cu+ as 

possible into the In2Se3 seeds. In the subsequent step, the temperature was raised to 230°C 

promoting the growth of the NPLs via attachment of the seeds followed by anisotropic growth. 

It has been established that the presence of DDT is a crucial step in the synthesis of CISe NCs, 

since DDT being a reducing agent prevents the oxidation of Cu+ thus enhancing stability of the 

NCs synthesized.21 Therefore, 1 mL of DDT was added at room temperature and the NPLs 

were kept under stirring. In the final step, Zn was incorporated into the CISe NPLs via a partial 

CE, forming alloyed quaternary CZISe NPLs.  

As seen in the TEM image of CISe NPLs depicted in Figure 5.27a, the incorporation 

of Cu leads to a significant change in the morphology of the NPLs. As compared to the large 

In2Se3 NSs, the CISe NPLs grew smaller and adopted triangular shape. They formed stacks 

made of several resulting in nanostructures, in which the building blocks were single crystal 
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NPLs, as revealed from the HRTEM images of CISe NPLs shown in Figure 5.28a. This stacked 

nature of the NPLs can be attributed to the use of a single ligand, which leads to an ordered 

ligand arrangement resulting in lower solubility of the particles, as compared to a disordered 

ligand arrangement adopted in the case of a mixture of ligands.171 The TEM image depicted a 

polydisperse shape and size distribution and it was difficult to estimate the size of the individual 

NPLs due to the stacked appearance on the TEM image. 

 
Figure 5.27 Conventional TEM image (a), HAADF-STEM (b) and corresponding EDXS-based 

element maps of Cu (c), In (d), and Se (e) of CISe NPLs synthesized at 230°C. All scale bars 

are 20 nm. 

The thickness of the single NPLs was estimated to be 2 nm from the HRTEM image of 

vertically oriented stacks of CISe NPLs as shown in Figure 5.28b. The HAADF-STEM image 

shown in Figure 5.27b (which mainly depicts atomic-number contrast) further confirmed that 

the main building blocks of the NCs are triangularly shaped single platelets. Additionally, a 

few hexagons were observed as well. EDXS element maps (Figure 5.27c-e) revealed that the 

Cu and Se distributions coincide very well, while the In distribution varies, especially at the 

particle edges.  
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Figure 5.28 HRTEM image of CISe NPLs (a) and vertically oriented stacks of CISe NPLs 

(b). 

To gain more insights into the growth mechanism of the CISe NPLs, the progress of 

the synthesis was monitored by TEM imaging of samples of the reaction mixture taken when 

the reaction temperature reached 150°C, 180°C, and 213°C (Figure 5.29a-c). From the TEM 

images it was observed that at these temperatures the NPL formation was not initiated, but the 

attachment of seeds observed at 150°C became pronounced as the temperature increased. Upon 

reaching 230°C, the temperature was maintained for 1 h and samples of the reaction mixture 

were collected at 0 min, 5 min, 10 min, and 20 min for TEM imaging (Figure 5.29d-g). 

According to these TEM images, the CISe NPLs were formed at 230°C, with the attachment 

of CISe seeds followed by anisotropic growth. The NPL formation mechanism is similar to 

that proposed by Zhong et al., wherein small CISe nanoparticles were formed at the start of the 

reaction, and after monomer consumption these nanoparticles dissolved to release monomers 

which formed the NPLs, a process very similar to the Ostwald ripening.104 In our case, the CISe 

seeds attached to form small NCs, which then underwent 2D growth to form triangular NPLs 

that stacked on each other. 
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Figure 5.29 Conventional TEM images of samples from the CISe NPLs synthesis taken when 

the temperature reached 150°C (a), 180°C (b), 213°C (c), and 230°C (d); 230°C after 5 min 

(e), 230°C after 10 min (f), and 230°C after 20 min (g). The samples synthesized at 180°C (h) 

and 200 °C (i). All scale bars are 50 nm. 

The impact of temperature on the formation of CISe NPLs was further studied by 

employing lower temperatures for the NPL growth. When the synthesis was carried out at 

180°C for 1 h, the NPLs were not formed and rather small 0D NCs were observed (Figure 

5.29h). Subsequently, synthesis at 200°C led to the agglomeration of smaller particles but did 

not result in well-defined shapes (Figure 5.29i). Only at 230°C the NPLs adopt a defined 

triangular shape, stacking on each other leading to the appearance of irregular shapes (See 

Figure 5.27a). It was observed from ICP-OES results summarized in Table 5.3 that different 

temperatures lead to incorporation of different amounts of Cu+ in the In2Se3 seeds, resulting in 

different compositions (Cu:In:Se) from the same Cu:In:Se feed ratio of 1:20:13. This difference 

in composition of the resultant particles might be the plausible reason for the difference in 

morphology. 
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Table 5.3 Feed ratio and element ratio (Cu:In:Se) as obtained from ICP-OES of CISe NPLs 

synthesized at different temperatures. 

Temperature (°C) Cu:In:Se feed ratio Cu:In:Se final composition 

180 1:20:13 1:1.11:1.02 

200 1:1.06:2.10 

230 1:2.07:3.70 

 

In the next experiment the time for the formation of CISe seeds, i.e., time for Cu 

incorporation, was reduced from the overnight process to solely 1 h. TEM image in Figure 

5.30a reveals that this led to the formation of smaller aggregated NCs with tetrahedral shape. 

Furthermore, the amount of ligands used was varied to study its effect on the morphology. 

Instead of 9 mL of OlAm used in general for the synthesis, 4.5 mL OlAm was added, also 

resulting in the formation of small tetrahedral NCs (Figure 5.30b). Lastly, the stacked 

arrangement of NPLs was attempted to be altered by using a mixture of ligands, i.e., by adding 

a short ligand (dodecylamine) along with the longer-chain OlAm. However, this led to 

complete distortion of the 2D morphology yielding only small NCs, as shown in Figure 5.30c. 

Therefore, it can be concluded that the synthetic conditions adopted for the CZISe NPLs were 

quite crucial for achieving anisotropic shape, where the variation of certain reaction parameters 

rather led to different morphologies. 

 

Figure 5.30 Conventional TEM images of samples from the CISe NPLs synthesis using: 1 h 

for Cu+ incorporation (a), 4.5 mL of OlAm (instead of 9 mL) (b), a mixture of OlAm and 

dodecylamine (c). All scale bars are 50 nm. 

CISe generally exists in two crystalline phases, tetragonal phase which is the low 

temperature phase and cubic phase which is the high temperature phase.104 CISe NPLs in the 

low temperature tetragonal phase were reported by Tang et al.,65 Zhong et al.,104 and Bi et al.100. 
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However, hexagonal ultrathin CISe NPLs obtained from tetragonal ungamite CuSe NPLs via 

CE were also reported for the first time by Berends et al.127 The synthesized CISe NPLs in this 

work adopted a tetragonal phase, as was confirmed by the XRD pattern shown in Figure 5.31. 

The positions of the reflexes match well with bulk tetragonal CISe reference (JCPDS- ICDD- 

C35-1349). The three pronounced reflections at 27°, 45°, and 53° correspond to the planes 

(112), (204), and (116), respectively, lying in the lateral directions. The lattice parameters 

calculated from the XRD patterns are as follows: a = b = 0.577 nm, c = 1.158 nm, which are in 

good agreement with reported data a = b= 0.578 nm, c = 1.161 nm104. The crystallite size, as 

calculated by the Scherrer equation was 8.3 nm. Noteworthy that the addition of Cu triggers 

the crystallization of the CISe NPLs in a different crystal structure from that of the pure In2Se3 

NSs. This difference in crystal structure might be the plausible reason for distinct morphologies 

of In2Se3 NPLs and CISe NPLs.  
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Figure 5.31 XRD patterns of In2Se3 NSs, CISe and CZISe NPLs with corresponding bulk 

reference structures of CISe (C35-1349) and In2Se3 (C20-493) from the JCPDS-ICDD.  

In the final step of the synthesis, CISe NPLs were treated with the Zn-precursor. The 

addition of Zn made the shape of NPLs more defined with shaper edges, as seen in the TEM 

images in Figure 5.32a-d. However, incorporation of Zn did not lead to further unstacking of 

the individual platelets. The sizes of the individual NPLs were difficult to calculate precisely 

due to the formation of stacks which were estimated to be approx. 18 nm. HAADF-STEM 

image of CZISe NPLs in Figure 5.32e further confirmed their triangular shape. EDXS element 

maps indicated the presence of Cu, In, and Se, whose distribution can be considered 
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homogenous (Figure 5.32f-i). The distribution of Zn, at the same time, was rather 

inhomogeneous with its location mainly on the particle surface, because of surface-limited CE.  

 

Figure 5.32 TEM image of CZISe NPLs with Cu:In ratio of 0.794 (a), 0.628 (b), 0.72 (c), and 

0.623 (d). HAADF-STEM image (e) and corresponding EDXS-based element maps of Cu (f), 

Zn (g), In (h), and Se (i) of CZISe NPLs. All scale bars from (a-d) are 100 nm and (e-i) are 20 

nm. 

Table 5.4 ICP-OES results for CZISe NPLs with varying feed amounts of In. 

Cu:In feed ratio Cu:In final ratio Cu:In:Zn In:Zn 

0.0375 0.79 1:1.29:1.00 1.28 

0.05 0.63 1:1.59:2.39 0.66 

0.1 0.72 1:1.38:1.34 1.03 

0.115 0.62 1:1.60:0.91 1.10 

 

The effect of difference in composition on NPL morphology and optical properties was 

further studied by keeping the Cu, Se, and Zn precursors’ amounts fixed at 0.015 mmol, 0.2 

mmol, and 3 mmol, respectively, while varying the In amount. To this end, 0.4 mmol, 0.3 

mmol, 0.15 mmol, and 0.13 mmol of In were employed thereby resulting in Cu:In feed ratios 

of 0.0375, 0.05, 0.1, and 0.115. The final ratios of Cu:In, Cu:In:Zn, and In:Zn in CZISe NPLs, 

as obtained from the results of ICP-OES analysis, are presented in Table 5.4. From the ICP-

OES results it was observed that the lowest Cu:In feed ratio of 0.0375 led to the highest Cu:In 

ratio of 0.794 in the NCs, while a decrease in the In amount from Cu:In feed ratios of 0.05 

through 0.1 to 0.115 consequently led to lower Cu:In ratios of 0.628, 0.72, and 0.623, 

respectively. It is therefore evident that the final Cu:In ratios did not follow a particular trend, 

while it can be concluded that in all cases the final Cu:In ratios were in the narrow range of 
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0.6–0.7. This rather constant composition is most probably due to the fact the entire reaction 

takes place in the same pot, wherein both Cu and Zn addition was carried out without 

intermediate purification steps. This leads to competition between all cations involved thereby 

resulting in different compositions of the CZISe NPLs. The final ratio of the three cations and 

the respective In:Zn ratio obtained for the different compositions are summarized in Table 5.4. 

The Cu:Se ratio in all compositions (> 0.20) was always much higher than the feed ratio 

(0.075), which proves the high affinity between Cu(I) and Se and justifies the choice of a low 

Cu feed amount in the synthesis. Furthermore, a large excess of the Zn-precursor is also 

necessary for the efficient incorporation of Zn2+ (feed ratio of Zn:Se of 10 resulted in final 

Zn:Se ratio of 0.2–0.5). 

The XRD pattern of CZISe NPLs depicted in Figure 5.31 indicates that the 

incorporation of Zn did not trigger any change in the crystal structure and the tetragonal crystal 

structure was preserved, which is generally observed in the case of CE reactions. A slight shift 

of Bragg reflections to larger angles was observed after the incorporation of Zn, which can be 

explained by the smaller lattice constant of zinc-blende ZnSe (5.67 Å) compared to 

chalcopyrite CuInSe2 (5.78 Å). 

5.3.5 Optical properties of CISe and CZISe NPLs 

The progress of the reaction from the formation of In2Se3 seeds to the final CZISe NPLs was 

monitored by collecting absorption spectra. As seen in Figure 5.33a, In2Se3 seeds exhibit a 

featureless absorption with the onset at approx. 400 nm and a small shoulder at approx. 300 

nm. In2Se3 NSs synthesized from the In2Se3 seeds also exhibited a featureless absorption. The 

incorporation of Cu+ leading to the formation of CIS seeds triggers a slight redshift of the 

absorption onset. The formation of CISe NPLs further accentuates the red shift due to the 

growth of NCs, resulting in the absorption onset at approx. 1000 nm (see Figure 5.33b). For 

all Cu:In feed ratios, i.e., 0.035, 0.05, 0.1, and 0.115, the onset of absorption lies in this range, 

whereas starting from 500–550 nm the absorption increases towards shorter wavelength. 

Finally, after adding Zn2+ the absorption spectra undergo no significant changes in shape, 

remaining mainly featureless, with the onset and the short wavelengths absorption region 

shifting to shorter wavelengths for all compositions of CZISe NPLs (Figure 5.33c). The shape 

of the spectra represented the commonly observed featureless absorption for CIS(Se)-based 

NCs. 

(c) (e) 
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Figure 5.33 Absorption spectra of In2Se3 seeds, CIS seeds, and In2Se3 NPLs (a), absorption 

and PL spectra of CISe NPLs (b) and CZISe NPLs (c) with different compositions. 

Steady state PL spectra of the CISe NPLs were acquired for different compositions and 

we found that all of them were emitting without the incorporation of Zn, as shown in Figure 

5.33b. However, the PL intensities were quite low. PL spectra of the CISe NPLs were tuneable 

in a narrow wavelength range: CISe NPLs with Cu:In feed ratios of 0.035, 0.05, 0.1, and 0.115 

exhibited PL maxima at 1229 nm, 1215 nm, 1272 nm, and 1242 nm, respectively. The most 

red shifted emission was observed for Cu:In ratio of 0.1, while a decrease in the Cu:In feed 

ratio to 0.05 and 0.035 led to a blue shift of the PL maxima. We can conclude that the position 

of PL maxima does not change drastically upon changing the Cu:In feed ratio. Increasing the 

Cu amount to shift the PL instead led to deterioration of the PL intensity. 

We monitored the growth of the CISe NPLs over time with PL spectroscopy. PL spectra 

were recorded for the samples taken at 0, 5, 10, 20, and 60 min during the growth of NPLs at 

230°C and from Figure 5.34a it is clear that the maximum intensity was attained after 60 min 

of the growth. Decreasing the time of Cu incorporation to 1 h led to the blue shift of the PL 

maximum along with the decrease in PL intensity, as depicted in Figure 5.34b. Use of a mixture 

of ligands to unstack the NPLs also caused a blue shift of PL accompanied by a considerable 

degradation of its intensity, as seen in Figure 5.34c. Interestingly, decreased amount of OlAm 

in the synthesis led to an increase of PL intensity accompanied by a large blue shift (see Figure 
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5.34d). The blue shift of PL maxima in these cases can be attributed to the decreased size of 

the NCs with different morphologies. 
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Figure 5.34 Absorption and PL spectra of samples of CISe NPLs taken at 0, 5, 1, 20, and 60 

min of the synthesis (a); CISe NPLs synthesized the Cu incorporation for 1 h and overnight 

(b), CISe NPLs synthesized with a mixture of ligands and a single ligand (c), CISe NPLs 

synthesized with 4.5 mL and 9 m L of OlAm (d). 

The addition of Zn led to a slight blue shift of the PL maxima along with the 

enhancement of the PL intensity. This shift is generally attributed to the enlarged band gap 

upon incorporation of Zn and a relatively higher PL intensity than that of the CISe NPLs is a 

result of the healing of crystallite defects, especially those on the surface via the formation of 

a ZnSe-rich shell.101 As observed from Figure 5.33c, for CZISe NPLs with In:Zn ratio of 1.28 

the PL maximum is located at 1203 nm. A decrease in the In:Zn ratio to 0.66 and 1.098 led to 

a blue shift of PL maxima to 1170 nm. However, the In:Zn ratio of 1.028 led to the maximal 

red shift with the PL peak reaching 1256 nm. It can be concluded that the change in composition 

does not lead to a significant variation of the PL peak position, which is tuneable in a narrow 

wavelength range of 1170–1256 nm. Previously reported in literature, 3–5 nm CISe QDs emit 

between 600 and 800 nm with broad PL band widths of approx. 250 meV.146, 189 For approx. 6 

nm sized CISe Lox et al. reported PL maximum at 990 nm with PL band width of 160 meV.21 

Approx. 5 nm-sized CZISe NCs discussed in Section 5.1 also exhibit PL in the range of 980–
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1060 nm. Considering that the thicknesses of the CZISe NPLs are reasonably small, i.e., 

approx. 2 nm, the observed positions of PL maxima are dramatically red shifted. A similar red 

shift in the case of 1D confinement was observed for the CZIS NPLs described in Section 5.2. 

Interestingly, these CZISe NPLs exhibited quite narrow band widths contrary to usually 

broad PL spectra inherent to this class of materials, which generally have FWHM on the order 

of 300 meV.141 FWHM values determined for CZISe NPLs were 125 meV, 123 meV, 111 

meV, and 132 meV for Cu:In feed ratios of 0.035, 0.05, 0.1, and 0.115, respectively. FWHM 

values for the CZISe NCs discussed in Section 5.1 were already lowered to the range of 150–

190 meV and in the case of the CZISe NPLs these values were further lowered. With thickness 

of approx. 2 nm of single CZISe NPLs, much smaller than the exciton Bohr radius of CISe of 

10.6 nm, the resultant confinement in this direction is expected to be quite strong, which might 

be the probable reason for this narrow PL band width. However, when compared to the FWHM 

values of other anisotropic 2D materials, the PL band widths are still broad. Among the 

narrowest emitters are CdSe NPLs with FWHM values as low as 20 meV.25, 190 In the NIR 

region, PL band widths as narrow as 80 meV have been reported for PbSe NPLs.121 

Nevertheless, the PL band widths obtained for the CZISe NPLs are significantly narrower than 

that obtained for CZIS NPLs in Section 5.2, and are by far the narrowest in this class of 

materials. 

Several reports on CISe-based QDs, especially with an additional growth of a shell that 

exhibits high PLQY, are present in the literature. For example, Yarema et al. reported the 

synthesis of CISe/ZnSe NCs reaching 60% PLQY.145 CISe/ZnS NCs with 50% and 60% PLQY 

have been reported by Casette et al.51 and Park et al.,191 respectively. However, anisotropic Cu-

chalcogenide NCs that exhibit PL are rare, with very few reports for CIS-based 2D NCs and 

none for CISe-based NCs. The NPLs synthesized in this work achieved PLQY of 9% for In:Zn 

ratio of 0.66. Thus, this is the first report of CISe-based 2D NCs that exhibit PL shifted to the 

NIR range farther than the reported materials. TRPL characterization of these NPLs revealed 

an average lifetime of 475 ns, as displayed in Figure 5.35. Such long lifetime on the order of 

hundreds of ns is in accordance with literature data and confirms the complex mechanism of 

radiative recombination present also in this material.139, 140 
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Figure 5.35 PL lifetime trace of CZISe NPLs. 

5.3.6 Conclusions 

In this work, CISe and CZISe NPLs were synthesized by a seed-mediated approach. The NPLs 

form stacks containing several single particles overlaid on top of each other, and their 2D 

morphology was proven by the HRTEM and HAADF-STEM imaging revealing triangular 

platelets with thickness of approx. 2 nm. Both CISe and CZISe NPLs synthesized adopted a 

tetragonal structure. The CISe NPLs exhibited weak PL in the NIR range, while the 

incorporation of Zn led to a significant enhancement of their PL intensity achieving 9% QY 

with PL maxima ranging from 1170 to 1250 nm. Previous reports on the synthesis of CISe 

based 2D NCs did not show any emission. Thus, to the best of our knowledge this is the first 

report of CISe-based 2D NCs with inherent PL. Furthermore, significantly narrow PL bands 

were observed for the synthesized CZISe NPLs with FWHM values lowered to the range of 

110–130 meV, which are among the narrowest reported so far for this class of materials.
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6 Summary and Outlook 
In this work, strategies to synthesize I-III-VI NCs, exhibiting tunable PL in a broad spectral 

range, were developed. Among them, CZISe NCs were synthesized using a CE approach with 

Cu2-xSe serving as starting template NCs. This synthetic route, wherein the guest cations, i.e., 

Zn and In, were injected simultaneously into the Cu2-xSe NCs, yielded alloyed CZISe NCs with 

a Zn-rich surface that exhibited a high PLQY of 20% without an additional shell growth, which 

is usually required to enhance PL in CISe-based NCs. The integrity of the starting Cu2-xSe NCs 

in terms of their shape and crystal structure was preserved after this exchange reaction, which 

is one of the advantages of this synthetic approach. Composition tuneability enabled the 

variation of the PL maxima in the wavelength range of 980–1060 nm. The FWHM of the PL 

bands was lowered significantly to 150–190 meV, contrary to broad PL widths of 300 meV 

generally exhibited by this class of material. This can be attributed to the substantial elimination 

of the inhomogeneities in the NC ensemble using the simultaneous CE strategy.  

Along with 0D morphologies, the urge to further explore other shapes with 1D 

confinement led to the development of a synthetic route to CZIS NPLs. Consequently, a seed-

mediated approach starting with In2S3 seeds followed by the formation of CIS seeds and 

thereafter anisotropic growth of the seeds to result in ternary CIS NPLs was developed. In this 

approach, a partial CE step was also involved for the incorporation of Zn, leading to the 

synthesis of quaternary CZIS NPLs. This offered better shape control over the synthesis 

resulting in unstacked NPLs. The synthesized CZIS NPLs exhibited tunable PL in the range of 

650–720 nm, depending on the amount of Cu incorporated. An additional shell growth on the 

synthesized NPLs enabled the enhancement of PLQY up to 29% in CZIS/ZnS NPLs from 9% 

in CZIS NPLs. Such high-quality uniform NPLs with high PLQY have not yet been reported.  

Finally, to cater to the applications requiring NIR emission, the synthesis of CISe-based 

NPLs was explored. Due to the differences in the reactivities of S- and Se-precursors 

optimization of the reaction parameters was essential for the synthesis. Similar to CIS NPLs, 

CISe NPLs were synthesized starting with In2Se3 seeds followed by Cu incorporation, yielding 

CIS seeds. Anisotropic growth of the CIS seeds was promoted to result in CISe NPLs, which 

was followed by a partial CE with Zn to form quaternary CZISe NPLs. The adopted strategy 

for the synthesis of 2D CZISe NCs resulted in stacked triangular NPLs made of several single 

platelets, which exhibited exceptionally narrow PL bands, lowered to the range of 110–130 

meV. Even though a polydisperse size distribution in terms of lateral dimensions was observed, 
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the narrow PL band widths indicated strong 1D confinement in the thickness direction. The 

synthesized NPLs were emissive in the range of 1170–1256 nm and achieved a PLQY of 9%.  

Thus, in this thesis several important challenges related to the synthesis of Cu-

chalcogenide-based NCs were addressed. Challenges of poor size and shape control leading to 

broad PL bands and low PL intensity in 0D QDs were solved by using a simultaneous CE 

approach. Significant advances in the field of 2D NCs of I-III-VI group of semiconductors 

were also achieved, wherein the routes to emitting Cu-chalcogenide-based 2D materials were 

developed. The morphologically vivid NCs synthesized, and their respective properties are 

summarized in Figure 6.1. 

Figure 6.1 Summary of results. 

As future prospects of the work performed in this thesis are concerned, an obvious 

continuation is to use these NCs in various applications, including fabrication of LSCs, solar 

cells, and photodetectors. The prerequisite for solar cells and photodetectors is the 

enhancement of charge transport. This can be achieved by post-synthetic surface modification 

leading to the replacement of long-chain organic ligands with short chain ligands, which should 

increase coupling between adjacent NCs. Routes for replacing the surface ligands on CZISe 

NCs have already been explored and efforts in fabricating solar cells and photodetectors 
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continue for this material. For LSCs, polymer composites of these NCs should be produced 

followed by their deposition on glass slides, which can act as the LSC and lead to enhanced 

PCE when combined with conventional Si-solar cells. Due to different absorption ranges of the 

synthesized NCs, they can be used as fluorophores in a tandem LSC that facilitates harvesting 

of a broader spectral range. Owing to the less toxic nature of the synthesized NCs, as compared 

to the best semiconductor emitters that contain Cd and Pb, one of the most appealing 

applications of these NCs is in biological imaging. NIR-emitting CZISe NCs and CZISe NPLs 

will be of particular use in this scenario due to a perfect match with a so-named biological 

window in the NIR spectral range. This would require the NCs to be soluble in aqueous media 

and can also be achieved through post-synthetic surface modification.
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