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Chapter 1 
 

 

 

 

 

“...It’s wonderful to see the robustness of the physics and chemistry of 

materials, a field that continues to be amazingly creative. With the 

move towards nanoscience and self-assembly, this field is full of life.” 

 

-Alan J. Heeger, winner of the Nobel Prize for Chemistry in 2000 

 

 

 

 

Introduction 
 
 

Chemistry and physics in the nanometer size range have experienced a great development 

in the last decade leading to the appearance of the new interdisciplinary field of nanoscience. 

The interest in nanoscale materials arises from the finding that many physical phenomena in 

both organic and inorganic materials have natural length scales between 1 and 100 nm (102 - 

107 atoms). Below a certain threshold, the properties a material are determined not only by its 

composition, but also by the size. For instance, if the physical size of a semiconductor 

material lies in the range of ∼1-20 nm, i.e., is much smaller than the natural radius of the 

electron-hole pair (Wannier exciton) in a semiconductor (Bohr radius), additional energy is 

required to "confine" the excited carriers within the material leading to drastic changes of its 

electronic and optical properties. Tuning of the properties can be achieved by controlling the 

physical size of materials in one (quantum wells), two (quantum wires) and three (quantum 

dots, QDs) dimensions. There are two distinct routes to produce QDs: in the “physical” 

approach they are grown by lithographic or molecular beam techniques. In the “bottom up”, 

or “chemical” approach they are synthesized by methods of colloidal chemistry in a solvent 

medium, and are usually called “nanocrystals”.  
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In quantum dots, atomic-like electronic energy levels are formed due to the charge carrier 

confinement [1]. In very small dots, the spacing of the electronic states is much greater than 

the available thermal energy (strong confinement). Upon UV-excitation these quantum dots 

show strong fluorescence that is a pronounced function of size, providing the advantage of 

continuous spectral tunability over a wide spectral range simply by changing the size of the 

nanocrystal (Figure 1.1) [2].  

 

 
 

Figure 1.1. Size-dependent change of the photoluminescence color of colloidal solutions of 

CdSe nanocrystals passivated with a ZnS shell. The smallest (~1.7 nm) CdSe particles emit 

blue, the largest (~5 nm) – red. 

 

 

Because of strong luminescence (“band edge emission”) in combination with their high 

chemical flexibility (colloidal nanocrystals can be handled like ordinary chemical substances), 

luminescent semiconductor nanocrystals are currently investigated as emitting materials for 

thin film light-emitting devices [3], optical amplifier media for telecommunication networks 

[4], and for biological labeling [5]. Research is now under way to incorporate quantum dots 

into devices ranging from low-threshold lasers and solar cells to quantum computers. A new 

field of research has recently been emerged on the use of individual monodisperse 

nanocrystals as building blocks for the fabrication of artificial quantum dot superstructures 

and the investigation of the collective properties of these. 

The synthesis of monodisperse nanocrystals of desired sizes and properties is a first and 

very important step being a pre-requisite of their further investigation and use in practice. 

This theses deals with the development of advanced synthetic routes toward various 
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luminescent nanomaterials. The synthesis and luminescent behaviour of various II-VI, III-V 

and core-shell nanocrystals prepared both via organometallic and aqueous approaches are 

discussed in Chapters 2-4. Chapter 5 describes the self-assembly of chemically synthesized 

monodisperse nanocrystals into two-dimensional and three-dimensional arrays and colloidal 

crystals, where individual nanocrystals play the role of building blocks – artificial atoms in 

the next level of hierarchy.  

Despite of the progress in the synthesis of nanomaterials with high luminescent 

efficiencies, there is still a lack of theoretical understanding of the processes occurring during 

the formation of nanocrystalline matter in colloidal solutions. Further progress depends on our 

ability to understand and control the parameters governing the desired properties of 

colloidally grown nanocrystals. A theory of the evolution of an ensemble of nanoparticles 

growing in colloidal solution is presented in Chapter 6. In Chapter 7 the variation of the 

photoluminescence efficiency within various ensembles of colloidally grown II-VI and III-V 

semiconductor nanocrystals is described for the first time and studied both experimentally and 

theoretically. 
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Chapter 2 
 

 

 

 

Luminescent materials based on quantum-sized 

CdSe crystallites 

 
  

 

Highly monodisperse CdSe nanocrystals were prepared in a three-component hexadecylamine 

– trioctylphosphine oxyde – trioctylphosphine (HDA-TOPO-TOP) mixture. This modification 

of the conventional organometallic synthesis of CdSe nanocrystals in TOPO-TOP provides 

much better control over the growth dynamics resulting in strongly reduced broadening of the 

particle size distribution during growth. The room temperature quantum efficiency of the 

band edge luminescence of CdSe nanocrystals can be significantly improved to 40-70% by 

passivation of the CdSe surface with inorganic (CdS of ZnS) or organic (alkylamines) shells. 

The resulting highly luminescent CdSe/ZnS core-shell nanocrystals were used for preparation 

of luminescent nanocrystal – polymer composites with polylaurylmethacrylate. The superior 

luminescent properties of CdSe-related core-shell nanocrystals make these materials attractive 

for various optoelectronic and tagging applications. 

 

  

 

 

2.1. Introduction 

 

CdSe nanocrystals (also referred to as quantum dots) are probably the most extensively 

investigated object among chemically grown semiconductor nanoparticles since the 

introduction of the concept of the “size quantization effect” in the earlier eighties [1,2]. This is 

caused to large extent by the existence of a very successful preparation method for high-



  2. Luminescent materials based on quantum-sized CdSe crystallites 

 6

quality CdSe nanocrystals, i.e., arrested precipitation in high boiling mixtures of 

trioctylphosphine oxyde (TOPO) and trioctylphospine (TOP) [3,4]. The term “high quality 

quantum dots” has been recently defined as follows [5]: the achievement of desired particle 

sizes over the largest possible range, narrow size distributions, good crystallinity, desired 

surface properties and, in case of luminescent materials, high quantum yield. CdSe 

nanocrystals prepared by the TOPO-TOP route and size-separated after synthesis meet all 

these requirements apart from the last – high luminescence quantum yield, which does not 

exceed 5-15% for as-prepared particles [6-8]. The luminescence quantum efficiency can be 

sufficiently improved by growing hetero-epitactically an inorganic shell of a wide-bandgap 

semiconductor around the particles [6-9]. The conventional techniques used for the latter, 

however, allow to prepare only very small amounts of core-shell nanoparticles. Other 

problems of the TOPO-TOP synthesis are the irreproducible growth dynamics and the 

irreproducible shape of the CdSe nanocrystals presumably caused by an uncertain 

composition of the coordinating solvent. Technical grade TOPO (90%, Aldrich), for instance, 

provides better conditions for the growth of CdSe nanocrystals than distilled TOPO [10]. 

Taking into account the growing demand on highly luminescent semiconductor 

nanocrystals for light-emitting devices [11-13] and tagging applications [14,15], we tried to 

improve the conventional organometallic TOPO-TOP synthesis by introducing an additional 

coordinating component – hexadecylamine (HDA) – to the TOPO-TOP mixture.  

 

 

2.2. TOPO-TOP and HDA-TOPO-TOP stabilized CdSe nanocrystals 

 

CdSe nanocrystals were prepared by a modified high temperature organometallic 

synthesis based on the recipe given by Murray et al. [3] All manipulations were performed 

using standard air-free techniques. HDA, TOPO and TOP were purified by distillation. In a 

typical synthesis of TOPO-TOP capped CdSe nanocrystals, a portion of stock solution 

prepared by mixing 1 mmol of TOPSe [3,4] and 1.35 mmol of dimethylcadmium with 5 mL 

of TOP was rapidly injected into 10 g of TOPO vigorously stirred and heated to 300°C. In the 

synthesis of HDA-TOPO-TOP capped CdSe nanocrystals the injection of stock solution was 

performed into a mixture of 10 g of TOPO (55 mol%) and 5 g of HDA (45 mol%) – see 

details in Appendix 1. In both cases, injection resulted in an immediate nucleation of 

nanoparticles displaying a broad adsorption maximum around 450 nm. Further growth 

occurred at 250-310°C, depending on the desired size of the nanocrystals.  
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Figure 2.1 shows the temporal evolution of absorption and PL spectra of CdSe 

nanocrystals monitored during their growth in the TOPO-TOP mixture at 300°C. The growth 

dynamics of the nanocrystals was monitored by taking samples from the reaction mixture at 

different instants of time. All samples were immediately cooled and diluted with toluene to 

stop particle growth and to provide optical densities appropriate for PL measurements. The 

band-edge luminescence of CdSe nanocrystals is strongly dependent on particle size what 

allows us to translate a given PL spectrum into a size distribution curve by assuming a δ 

function emission for each single size [16]. The general trend is that the width of PL spectrum 

decreases with narrowing of the particle size distribution. Analysis of experimental data 

shows that during the first 25 min the growth of CdSe nanocrystals occurred with narrowing 

of the particle size distribution with subsequent broadening of the size distribution at later 

stages of heating. Such behavior was reported in the literature and was called “focusing” and 

“defocusing” of the nanocrystal size distribution [16]. A more detailed description of growth 

kinetics of the TOPO-TOP capped CdSe nanocrystals will be presented in Chapter 7. After 

synthesis, size-selective precipitation using n-butanol and methanol as solvent and non-

solvent, respectively, was employed to isolate nearly monodisperse fractions of TOPO-TOP 

capped CdSe nanocrystals with perfect crystallinity (Figure 2.1). Usually, size selective 

precipitation was performed as following: a sample of as-prepared CdSe nanocrystals with a 

broad size distribution was dispersed in n-butanol and methanol was added dropwise until the 

initially clear solution becomes slightly turbid. The largest nanocrystals in the sample exhibit 

the greatest attractive van der Waals forces and tend to aggregate before the smaller 

nanocrystals [17]. The aggregates consisting of the largest nanocrystals present in the sample 

can be isolated by centrifuging or filtration through a 0.2 µm PTFE membrane filter and re-

dissolved in non-polar organic solvents (toluene, hexane, chloroform, etc.). Subsequently, a 

small amount of additional non-solvent was added to the supernatant to precipitate the second 

size-selected fraction. Repetition of this procedure for several times allows obtaining up to 

∼10 size-selected fractions from one portion of the CdSe crude solution. 

When the reaction mixture contained HDA in addition to TOP and TOPO, the ratio 

between TOPO and HDA strongly affected the growth kinetics. The general tendency was 

that with increasing HDA content the initial particle size and the growth rate decreased. In 

mixtures containing more than about 80 mol% of HDA, precipitation of CdSe nanocrystals 

was observed above 200°C. To prepare CdSe nanocrystals with sizes above 4.5-5.0 nm, 

additional injections of stock solution were required.  
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Figure 2.1. Temporal evolution of absorption and PL spectra of TOPO-TOP capped CdSe 

nanocrystals at 300°C (left). TEM overview and HRTEM images of a size-selected fraction of 

TOPO-TOP capped CdSe nanocrystals (right). 

 

 

 

A set of absorption and photoluminescence spectra displaying the growth of CdSe 

nanocrystals in the stabilizing HDA-TOPO-TOP mixture at 300°C is shown in Figure 2.2. Up 

to 5 electronic transitions are resolved in absorption spectra, indicating very narrow size 

distributions of the CdSe nanocrystals. The in situ particle size distributions are comparable 

with those of the best CdSe samples obtained via the TOPO-TOP synthesis followed by 

several stages of size-selective precipitation [3,6,16]. 
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Figure 2.2. Room temperature absorption and emission spectra of CdSe nanocrystals 

monitored during the growth at 300°C.  

 

Figure 2.3a shows the evolution of the mean particle size during growth of the CdSe 

nanocrystals at 300°C. The growth rate decreased gradually and the growth almost terminated 

when the particles diameter reached ~4.5 nm. A comparatively low injection temperature 

(300°C) and the use of purified solvents resulted in very reproducible growth kinetics of the 

CdSe nanocrystals. The evolution of the particle size distribution during the growth at 300°C 

was estimated from the absorption and PL spectra as described above [see also details in 

Refs.16,18] and shown in Figure 2.3b. As the size distributions estimated from optical spectra 

are systematically broader than the real ones [16], we present the relative values of standard 

deviation (σ) normalized to a starting value (σ0) observed immediately after injection of the 

stock solution. The inset in Figure 2.3b shows a size histogram of a sample with average size 

of 4.1 nm with standard deviation of ~4%, as measured from HRTEM images. In contrast to 

the growth of CdSe nanocrystals in TOPO-TOP, very fast “focusing” of the size distribution 

was observed during the particle growth in HDA-TOPO-TOP and no “defocusing” after long-

term heating at 300°C. The absence of “defocusing” means that the narrowest size distribution 

corresponds to the largest size achievable at a given growth temperature. As a result, stepwise 
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growth (1 h at 250°C + 1 h at 280°C + 1 h at 310°C) allowed to reproducibly reach size 

distributions with a standard deviation below 5%. Additional injections of stock solution were 

required to obtain larger CdSe nanocrystals which slightly broadened the size distribution 

(Figure 2.3b). This broadening is most probably caused by the high (300°C) growth 

temperature resulting partly in new nucleation of nanocrystals. On the other hand, very slow 

(1 drop per 30 s) additional injection at 280°C into a solution of CdSe nanocrystals primarily 

grown at 310°C resulted in an even further narrowing of the size distribution. For all crude 

solutions of CdSe nanocrystals, i.e. without particle size selection, the full width at half 

maximum (FWHM) of the band edge PL spectra were in the range of 27-31 nm. 

Figure 2.3. (a) Temporal dependence of the mean particle size during the growth of CdSe 

nanocrystals at 300°C. (b) The relative particle size distribution of growing CdSe 

nanocrystals: ( ) during continuous growth at 300°C; (∆) obtained after stepwise growth (1 

h 250°C + 1 h 280°C) and (1 h 250°C + 1 h 280°C + 1 h 310°C); (∇) obtained after slow 

additional injection of 0.4 mL of the stock solution at 280°C to the stepwise grown 

nanocrystals. The insert shows a size histogram of CdSe nanocrystals with average size of 

∼4.05±4% measured from HRTEM images for over 200 particles. Arrows indicate additional 

injections of stock solutions containing: (1)-(3) 50%; (4) 100%; (5) 140% of Cd and Se 

precursors compared to the initial amount of CdSe. 
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Figure 2.4. Small-angle and wide-angle powder X-ray diffractograms of a size series of CdSe 

nanocrystals (samples a-d and g from Figure 2.2). Vertical lines indicate bulk CdSe 

reflections (top: wurtzite, hexagonal; bottom: zinc blende, cubic).  

 

Figure 2.4 shows small-angle and wide-angle powder XRD (P-XRD) patterns of CdSe 

nanocrystals of different sizes. As expected, the width of the diffraction peaks at wide angles 

is considerably broadened and increases with decreasing particle size. Nanocrystals with sizes 

above ~4.0 nm exhibit P-XRD patterns with diffraction peaks in accord with those of 

hexagonal CdSe (wurtzite phase). In the case of smaller CdSe nanocrystals the XRD patterns 

do not permit to distinguish between the cubic and the hexagonal phases unambiguously. As 

it is often observed for nanocrystalline samples with narrow particle size distributions, the P-

XRD patterns also show a very well pronounced sharp first-order reflex in the small-angle 

region (Figure 2.4) which is caused by Bragg diffraction on the nanocrystals ordered in the 

powder. The intensity of this reflex was ∼3-5 times larger than that of the diffraction peaks at 

wide angles. Due to the exceptionally narrow size distribution of these CdSe nanocrystals, the 

second-order reflexes are also resolved (Figure 2.4). 

HRTEM images of the CdSe nanocrystals (Figure 2.5) show nearly spherical crystalline 

particles with lattice plane distances identical to hexagonal CdSe. EDX measurements 

indicate compositions close to the ratios given by the bulk formula. The narrow size 

distribution of the particle sizes resulted in a 2D hexagonal arrangement of the CdSe 
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nanocrystals on the TEM grids. The ordered nanocrystal arrays were obtained simply by 

drying a drop of diluted colloidal solution on the carbon coated TEM grid. 

 

 

      
 

Figure 2.5. Typical TEM and HRTEM images of as-prepared HDA-TOPO-TOP CdSe 

nanocrystals. 

 

The room temperature PL quantum efficiency (QE) of as-prepared CdSe nanocrystals 

was in the range of 10-25% and has a tendency to decrease with increasing particle size. 

However, the PL QE of the CdSe nanocrystals can be considerably improved by post-

preparative surface passivation with an inorganic (ZnS) or organic (amines) shell. This is a 

strong hint that the PL efficiency losses are due to insufficient passivation of surface traps.  

The post-preparative treatment of CdSe nanocrystals with primary amines, e.g. 

allylamine or dodecylamine (DDA) resulted in a significant improvement of the PL QE. The 

passivation of the CdSe surface with amines was performed by mixing 1 mL of the crude 

solution of CdSe nanocrystals (prepared in TOPO-TOP mixture) 5 mL of allylamine or DDA 

and subsequently stirring at 50°C (allylamine) or 100°C (DDA) for 24 h. The nanocrystals 

were precipitated with methanol and re-dispersed in hexane for optical measurements. The 

procedure led to a stable PL with QE of 40-50% in both cases, which is comparable to values 

for CdSe nanocrystals covered with inorganic shells. This enhancement of the band edge PL 

in comparison with TOPO-capped CdSe nanocrystals may be caused by strong bonding of the 

amines to the nanocrystal surface which resulting in better passivation. Less sterically 
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hindered amines may improve surface capping and, hence, the passivation of traps by creating 

larger capping densities [9]. 

 

Figure 2.6. Room temperature absorption and emission spectra of TOPO-capped 3.7 nm 

CdSe nanocrystals before (solid lines) and after (dashed lines) surface exchange with 

allylamine. The spectra taken after partial reconstruction of the initial TOPO-TOP stabilizing 

shell are presented as dash-dot lines. The insert shows normalized PL spectra. 

 

 

The influence of amines on the PL properties of CdSe nanocrystals has been further 

investigated by the substitution of TOPO at the surface of CdSe nanocrystals synthesized via 

the conventional TOPO-TOP synthesis. After treatment of the nanocrystals with allylamine or 

DDA the band edge PL increased by about an order of magnitude (Figure 2.6) and reached a 

QE of ~50%. This exchange of TOPO by amines at the surface of CdSe nanocrystals was 

accompanied by a slight blue shift of both the absorption spectrum onset and the maximum of 

the band edge PL band (Figure 2.6). Allylamine can be partially removed from the particle 

surface by precipitating the nanocrystals from the amine-TOPO-TOP solution, re-dissolving 

them in TOPO-TOP mixture and subsequently pumping off allylamine in vacuum at 60°C. 

This partial reconstruction of the initial TOPO/TOP surface was accompanied by a red shift of 

both, the absorption and the PL spectra (Figure 2.6). The blue shift during the exchange of 

TOPO with amine might be explained either by a slight decrease of the particle size caused by 

the removal of surface Cd and Se atoms with leaving TOPO molecules [3], or by a re-

distribution of electronic density in the semiconductor core under the influence of passivating 
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groups. The reversibility of the spectral shift during the amine-to-TOPO exchange allows to 

suppose the latter explanation as responsible for the behavior observed.  

In summary, exceptionally monodisperse CdSe nanocrystals were synthesized by 

introducing alkylamines into the widely used TOPO-TOP synthesis. The use of purified 

stabilizing agents resulted in highly reproducible growth dynamics, shape and PL QE of CdSe 

nanocrystals. In the HDA-TOPO-TOP mixture, focusing of the particle size distribution is 

observed during particle growth so that no post-preparative size-selective precipitation is 

required. The surface of as-prepared CdSe nanocrystals can be passivated without isolating 

the nanocrystals from the crude solution by surface modification with alkylamines. It lead to 

stable and reproducible luminescence quantum efficiencies ~50% at room temperature.  

 

 

2.3. Core-shell nanocrystals with CdSe cores: CdSe/CdS and CdSe/ZnS 

The organometallic routes described in Section 2.2 result in nearly monodisperse 

perfectly crystalline CdSe nanoparticles capped with a shell of organic ligands (amines, 

TOPO and TOP). The organic molecules provide passivation of surface dangling bonds or 

coordination sites which form traps for photogenerated carriers. Surface passivation with 

organic molecules is necessary to achieve high PL quantum efficiencies. However, a 

bottleneck of this approach is the poor stability of the organic shell and, hence, the PL 

efficiency and its strong dependence on the nanocrystal surrounding. The TOPO-TOP 

stabilizing shell is rather labile and can be partially washed out during post preparative 

treatment. As an example, several repetitive size-selective precipitations allowed us to isolate 

TOPO-TOP capped CdSe nanocrystals with very narrow particle size distribution, but, after 

this treatment, the band edge PL usually decreased by approx. two orders of magnitude.  

The next step towards the preparation of more robust highly luminescent quantum dots 

could be the passivation of the nanocrystal surface with an inorganic shell of a semiconductor 

with wider band gap, e.g., ZnS or CdS [6,8]. The lattice mismatch between CdSe and ZnS or 

CdS shell is small enough to allow epitaxial growth. In CdSe/ZnS and CdSe/CdS core-shell 

nanocrystals the large bandgap semiconductor forms a closed outer shell and the band edges 

of the core material lie between the band edges of the outer one (Scheme 2.1). The outer 

inorganic shell provides both high PL quantum efficiency due to passivation of charge carrier 

traps at the surface and improves chemical stability and photostability of the whole 

nanocrystal. Last two parameters are crucially important for all potential applications of the 
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nanocrystals. Chemical stability implies negligible changes of properties like particle size, 

solubility, PL efficiency, etc. after exposure of nanocrystal to various surroundings, e.g., 

ambient atmosphere. Photostability means stability of the particle properties under 

illumination. 

 

 

Scheme 2.1. Schematic representation of band structure of core shell CdSe/ZnS and 

CdSe/CdS nanocrystals 

 

To date, CdSe/ZnS and CdSe/CdS nanocrystals are, probably, the most successful 

examples of core-shell nanocrystals [6,8,9]. In both cases, values of 30-80% were reported for 

their PL efficiency, i.e., much higher than those observed for “bare” CdSe QDs [6,8]. 

CdSe/ZnS core-shell nanocrystals are more stable and processable as compared to CdSe/CdS, 

probably, due to the relatively large energy barrier at the CdSe - ZnS sore-shell interface 

(Scheme 2.1.) resulting in perfect confinement of both electron and holes to the CdSe core 

[6]. On the other hand, as-prepared CdSe/CdS nanocrystals exhibited higher PL quantum 

yields: the best value reported was as high as 84% [8]. The experimental results indicate that 

in the excited state the hole is confined to the core and the electron is delocalized throughout 

the entire particle what makes CdSe/CdS nanocrystals attractive for use in optoelectronic 

devices [8].  

The CdSe/CdS core-shell nanocrystals were synthesized according to the recipe 

proposed by Peng et al. [8]. The growth of the CdS shell resulted in significant improvement 

of the PL efficiency of the nanocrystals achieving 68% (Figure 2.7). The red shift observed in 

both absorption and PL spectra evidenced that some delocalization of wavefunctions of CdSe 

core takes place upon growth of the CdS shell. The growth of the CdS shell also considerable 

improves the nanocrystal stability. Even after storage of the CdSe/CdS nanocrystals at 
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ambient conditions for more than one year no remarkable changes of the nanocrystal size and 

PL efficiency were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Room temperature absorption (solid lines) and emission (dashed lines) spectra of 

CdSe nanocrystals before and after growth of ∼3 monolayers thick CdS shell. 

 

The CdSe/ZnS core-shell nanocrystals were synthesized using colloidal CdSe cores 

prepared either in TOPO-TOP or in HDA-TOPO-TOP mixtures. Since CdSe quantum dots 

synthesized in the HDA-TOPO-TOP mixture showed an exceptionally narrow size 

distribution, no size selection and even no isolation of the CdSe nanocrystals from the crude 

solution was required for the synthesis of the core-shell particles. Moreover, rather high initial 

concentrations of CdSe cores can be used for the synthesis of the core-shell particles.  

In a typical synthesis of CdSe/ZnS core-shell nanocrystals, 2.5 mL of the crude solution 

of CdSe nanocrystals (prepared as described in Section 2.2) were mixed with 5 g of TOPO 

and 2.5 g of HDA and heated to 220°C. The amount of Zn:S stock solution (see details in 

Appendix 1) necessary to obtain the desired shell thickness was calculated from the ratio 

between the core and shell volumes using bulk lattice parameters of CdSe and ZnS. This 

amount was than added dropwise to the vigorously stirred solution of CdSe nanocrystals. 

Figure 2.8 shows a set of absorption and PL spectra of CdSe/ZnS nanocrystals with different 
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thicknesses of the shells. A maximum of the PL QE (66%) was observed for a ~1.6 

monolayers thick ZnS shell and was reproducibly 50% or above for a wide range of the shell 

thicknesses. Figure 2.9b shows a HRTEM image of CdSe/ZnS nanocrystals (1.6 monolayers 

of ZnS) synthesized from ~4.0 nm large CdSe cores shown in Figure 2.9a. 

 

 

 

Figure 2.8. (left) Room temperature absorption and emission spectra of CdSe nanocrystals 

before and after growth of a ZnS shell of different thickness (in monolayers, ML). 

Figure 2.9. (right) HRTEM images of (a) CdSe nanocrystals (sample c - see Figure 2.2) and 

(b) CdSe/ZnS core-shell nanoparticles (CdSe sample c covered with 1.6 monolayers of ZnS).  

 

 

The emission wavelength of the CdSe/ZnS core-shell nanocrystals depend strongly on 

the size of the CdSe core and can be tuned from blue to red as shown in Figures 1.1 and 2.10 

The narrow size distribution of CdSe nanocrystals prepared in using HDA-TOPO-TOP 

mixture (see Figures 2.2 and 2.5) instead of the conventional TOPO-TOP mixture, as well as 

proper control of the reaction conditions allowed us to prepare colloids with PL bands as 

narrow as 25-35 nm (FWHM) and room temperature PL quantum yields as high as 50-70%. 

(Figure 2.10) 
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Figure 2.10. Room temperature absorption (left) and emission (right) spectra of CdSe/ZnS 

nanocrystals with different sizes of CdSe core and ∼2 monolayers thick ZnS shell. 

 

 

CdSe/ZnS core-shell nanocrystals exhibit high PL quantum efficiencies not only in the 

dissolved state, but also in close packed layers and in polymer matrixes [19]. Thus, 

nanocrystal-polymer composites have been prepared by mixing HDA-TOPO-TOP capped 

CdSe/ZnS nanocrystals with a mixture of laurylmethacrylate and dimethacrylate crosslinker 

and subsequent co-polymerization of the acrylate derivatives (Figure 2.11, see experimental 

details in Appendix I). Such composite materials combined processability and mechanical 

properties of the polylaurylmethacrylate matrix with the superior luminescent properties of 

CdSe/ZnS nanocrystals. The nanocrystals almost quantitatively retain their PL quantum 

efficiency after the polymerization of the matrix. Their strong luminescence, narrow emission 

bands and wide color tunability makes such quantum dot – polymer composites attractive for 

various scientific and commercial applications.  
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Figure 2.11. Composites of luminescent CdSe/ZnS nanocrystals and polylaurylmethacrylate 

(PLMA) 

 

 

 

2.4. Conclusions 

 

Highly crystalline CdSe nanocrystals have been synthesized by organometallic reactions 

in the presence of primary amines as effective capping agents. Fairly narrow particle size 

distributions are obtained already on the synthesis stage, which can be further improved by 

size selective precipitation. The use of amines generally allows to synthesize CdSe 

nanocrystals with sizes smaller than obtained in the conventional TOP-TOPO method by 

using the dodecylamine-TOP mixture, for instance, highly monodisperse CdSe nanocrystals 

with an average diameter of ~1.5 nm were obtained which exhibit bright blue emission 

peaked at 460 nm and a QE of 17%. Depending on the particle size, the band edge 

luminescence of CdSe nanocrystals with a mean size between 1.2-7.0 nm cover the whole 
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visible spectral range with room temperature quantum yields of 10-30%. The PL QE of 

amino-capped particles is markedly higher than that of TOPO-capped nanocrystals. Treatment 

of pre-synthesized TOPO-capped CdSe nanocrystals with primary amines allows to reach a 

quantum efficiency of the band edge luminescence as high as 40-60%. CdSe nanocrystals 

synthesized in the HDA-TOPO-TOP mixture can be succesfully used as prepared for the 

synthesis of core-shell CdSe/CdS and CdSe/ZnS nanoparticles with high reaction yields and 

PL QE’s of 50-70%. These features may be especially important for the use of CdSe 

nanocrystals for display and tagging applications. 
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Chapter 3 
 

 

 

 

 

Luminescent CdTe nanocrystals 
  

 

Luminescent CdTe nanocrystals were synthesized via two different approaches. CdTe 

nanocrystals stabilized with long chain primary amines were prepared organometallically by 

reacting dimethylcadmium with different tellurium sources in mixtures of dodecylamine and 

trioctylphosphine as the coordinating and size regulating solvent. Colloids of crystalline CdTe 

nanoparticles with zincblende lattice display mean particle sizes between 2.5 and 7 nm. The 

particles show strong band edge photoluminescence shifting from green to red with increasing 

particle size. The photoluminescence quantum yield of amino-capped CdTe nanocrystals was 

as high as 65% at room temperature without covering the surface of the nanoparticles with a 

passivating inorganic shell.  

In the second approach, luminescent CdTe nanocrystals were synthesized in aqueous 

solutions by a metathesis reaction between cadmium perchlorate and H2Te gas. Different 

thiols were used to stabilize the CdTe nanocrystals and design their surface properties. These 

CdTe nanocrystals represent a new kind of highly-luminescent core-shell QD system with a 

naturally sulfur-capped surface (CdS shell) created by mercapto-groups covalently attached to 

surface cadmium atoms. The two routes for luminescent CdTe nanocrystals, organometallic 

and aqueous, are compared and their advantages and disadvantages are discussed.  

  

 

 

3.1. Introduction 

In contrast to CdS and CdSe nanocrystals which can be prepared either in aqueous 

solutions using thiols as stabilizing agents [1-5] or in high-boiling coordinating solvents like 

TOP-TOPO mixtures [6-8], only a few reports on non-aqueous chemical routes to CdTe 
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nanoparticles have been published [6, 9-12]. In a synthesis given by Bawendi et al., high 

quantum yields of about 50 % have been reached if a special tellurium compound (hexapropyl 

phosphorous triamide telluride) was used in the synthesis [12]. On the other hand, since the 

appearance of the first report on the aqueous synthesis of mercaptoethanol- and thioglycerol-

capped CdTe nanocrystals in 1996 [4], sufficient progress has been made in the aqueous 

preparation of thiol-capped CdTe nanocrystals. The luminescence of these particles is very 

stable and covers almost the whole visible spectral range (500-730 nm) depending on the 

particle size. Several papers deal with characterization of thiol-capped CdTe nanocrystals 

[13,14] and their use for numerous applications. Worth to mention is the utilization of 

luminescent thiol-capped CdTe QDs in light-emitting devices (LEDs) [15-17], photonic 

crystals[18-21] and as biological labels [22,23]. Recent investigations have shown that this 

material may be attractive for light energy conversion [24]. 

In this Chapter, we report on a novel organometallic synthesis of CdTe nanocrystals 

using dodecylamine as a size regulating and stabilizing agent (Section 3.2). The synthesis 

allows obtaining a size series of highly luminescent CdTe nanoparticles whose emission 

colors cover the visible spectral range from green to red. If metallic tellurium is used as the 

tellurium source, the synthesis yields particles with a room temperature quantum yield 

reaching 65%. 

In Section 3.3 we report on recent progress in the aqueous synthesis of thiol-capped 

CdTe nanocrystals and discuss their processability and optical properties, with an emphasis 

on  procedures leading to highly luminescent (QE at room temperature of up to 40%) QDs. 

We also discuss the advantages and disadvantages of different thiols which determine as 

capping agents of CdTe QDs the surface properties of the nanocrystals. In Section 3.4 we 

discuss some advantages and disadvantages of the aqueous synthesis in comparison to the 

organometallic approach. In Section 3.5 we report on various approaches towards the transfer 

of luminescent CdTe nanocrystals from organic media into aqueous medium and from 

aqueous solution into non-polar organic solvents.  

 

 

3.2. Organometallic synthesis of CdTe nanocrystals 

 

Luminescent CdTe nanocrystals were synthesized in various stabilizing solvents using 

dimethylcadmium as cadmium precursor and either TOPTe or Te powder as the tellurium 

precursor [see Equation (3.1)]. The conventional TOPO-TOP stabilizing mixture do not yield 
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CdTe nanocrystals with high PL efficiency. Therefore, various other mixtures of different 

stabilizing agents were tested and the results obtained are summarized in Table 3.1.  

 

 

...CdTeTe)(orTOPTe)Cd(CH Cs,agentgstabilizin + →+ °−300150
23    (3.1) 

 
 

Table 3.1. Organometallic synthesis of CdTe nanocrystals 
 

Stabilizing agents  Te source Result Solubility 
 

 TOPO/TOP (1:1) TOPTe + Toluene, hexane 
 Te + Toluene, hexane 
TOP TOPTe + Toluene, hexane 
 Te -  
TOPS TOPTe + Toluene, hexane 
DDA/TOP(5:1) TOPTe ++ Toluene, hexane 
DDA/TOP(1:1) TOPTe + Toluene, hexane 
 Te ++ Toluene, hexane 
DDA/TOPO TOPTe + Toluene, hexane 
DDA/TBP Te + Toluene, hexane 
HDA/TOP(5:1) TOPTe + Toluene, hexane 
DOA/TOP (5:1); DOA – dioctylamine TOPTe -  
DMPU/TOP(5:1) ; DMPU – 2,3-dimethyl-
3,4,5,6-tetrahydro-2(1H)-pyrimidinone 

TOPTe + Toluene 

TG; TG - 1-thioglycerol TOPTe + Methanol, DMF 
MTh/TOP(5:2); MTh -  1-methylthiophene TOPTe ++ - 
MTh/TOP(1:1) Te - - 
Ani/TOP(5:2); Ani – Aniline TOPTe ++ Toluene 
 

 

 

Figure 3.1. shows the average room temperature PL quantum efficiency obtained for 

CdTe nanocrystals prepared with different stabilizing agents. The nature of the stabilizing 

agents also affects the nanocrystal size and, as a result, the position of the PL band which can 

be tuned in the ranges presented in Fig. 3.1. by properly adjusting the growth conditions. 
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Figure 3.1. A comparison of the CdTe nanocrystals prepared using different stabilizing and 

size-regulating agents (see abbreviations in Table 3.1). 

 

 

The highest PL efficiencies were achieved for CdTe nanocrystals synthesized in 

mixtures of dodecylamine and trioctylphosphine as the coordinating and size regulating 

solvents. A detailed description of the synthetic route is given in the Appendix 1.  

Figure 3.2 shows the absorption and the photoluminescnece spectra of CdTe 

nanoparticles synthesized in DDA-TOP mixture at different stages of particles growth (see 

Appendix 1.5, method B). The spectra shown are from samples taken from the reaction vessel 

without any further narrowing of their size distribution. They were diluted with toluene to 

provide the optical densities appropriate for PL measurements. A shift of the absorption edge 

and of the PL maximum towards longer wavelengths indicates growth of the CdTe 

nanocrystals during the heat treatment. The use of DDA as size-regulating and stabilizing 

agent resulted in quite narrow particle size distributions although we did not apply a hot 

injection technique. Prolonged heating (20 hours) of the nanoparticles at temperatures 

between 180-210°C significantly increased the quantum yield of the band edge PL, 

presumably owing to annealing of defects and improvement of the crystallinity. Nanoparticles 



  3. Luminescent CdTe nanocrystals 

 27

prepared by method A (see Appendix 1.5) finally exhibit a quantum yield of up to 65% at 

room temperature. 

Similar to CdS and CdSe nanocrystals, the CdTe colloids also show a relatively weak 

PL band red-shifted from the absorption edge which, most probably, originates from the 

radiative recombination of electrons and holes trapped in defect (surface) states. Its intensity 

is strongly influenced by the presence of TOP and DDA in the colloidal solutions and 

complete suppression of the defect luminescence through surface modification of the 

nanocrystallites is currently investigated.  

 

Figure 3.2 Absorption (top) and photoluminescence (bottom) spectra of CdTe nanocrystals 

recorded immediately after injection of the dimetylcadmium/tri-n-octylphosphine telluride 

mixture into DDA at 150°C (a) and after the particles growth for one hour at this temperature 

(b). Spectra (c) and (d) were measured after heating at 200°C for one hour and for 12 hours, 

respectively. The insert shows the absorption spectra of the reaction mixture (c) and of the 

samples after one (c1) and two (c2, c3) size-selective precipitations from toluene/methanol 

mixtures (The narrowing of the size distribution of CdTe nanocrystals is clearly recognized). 
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The resulting size distribution of the CdTe nanocrystals in the crude solution was 

calculated from SAXS data and is presented in Figure 3.3 The size distribution of 

nanocrystals in solution was calculated from the scattering data by means of indirect Fourier 

transformation [25]. The position of the pronounced maximum in the distribution corresponds 

to the weight-averaged mean radius of the CdTe nanocrystals. The value of about 2.2 nm 

agrees well with that estimated by TEM and XRD. The FWHM of the distribution curve of 

CdTe nanocrystals was ~2.3 nm, being considerably better than that observed for CdTe 

nanocrystals prepared in TOPO-TOP mixtures. Subsequent size selective precipitation using 

toluene and methanol as solvent and non-solvent, respectively, allows to further narrow down 

the size distribution.  

 

Figure 3.3. Size distribution of CdTe nanocrystals in the crude solution as calculated from 

SAXS measurements. 

 

The inset in the Figure 3.2a shows absorption spectra of size selected samples of CdTe 

nanoparticles. The size distribution of the nanoparticles became narrower after size-selective 

precipitation resulting in a better resolution of the first electronic transition in the absorption 

spectra (from top to bottom). However, residual inhomogeneities of the size-selected samples 

are evident from the photoluminescence excitation (PLE) spectra (Figure 3.4). At a resolution 

of about 2 nm (emission and excitation monochromator) well-structured spectra are obtained 

displaying up to four transitions even at room temperature. Moreover, well pronounced anti-

Stokes tails were observed in PLE spectra of CdTe nanocrystals (Figure 3.4). The nature of 
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the anti-Stokes PL in colloidal semiconductor nanocrystals was recently discussed [26] and it 

has been shown that sub-bandgap surface states are involved as intermediate states in the up-

conversion process. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Photoluminescence 

excitation spectra measured at 

different emission wavelengths as 

indicated by the arrows. The spectra 

correspond to different sizes of CdTe 

nanocrystals contained in the sample.  

 

 

Figure 3.5 shows small- and wide-angle powder X-ray diffraction data of size-selected 

CdTe nanoparticles. The positions of the diffraction peaks at wide angles match those of the 

cubic modification of bulk CdTe (zincblende phase). As expected, the width of the diffraction 

peaks is considerably broadened and decreases with increasing particle size. By using the 

Scherrer formula, the mean sizes of the nanocrystals can be calculated from the peak width at 

half-maximum. Particle sizes obtained from the width of the (111) reflection are depicted in 

the figure. As is often observed for samples with narrow particle size distribution, the XRD-

pattern also shows a strong peak in the small-angle region which is caused by some short-

range ordering of particles in the powder. By using the Bragg equation, the distance between 

nearest neighbors can be roughly calculated from the peak position assuming a local-range 

particle order and a liquid-like radial distribution function [3]. The calculated values given in 

Figure 3.5 are slightly larger than the particle sizes obtained from the Scherrer equation 
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indicating that the particles are separated from each other by a shell of organic ligands around 

the nanoparticles. The latter is in fact observed in transmission electron micrographs of the 

particles. An example is given in Figure 3.6 showing particles with absorption maximum at 

605 nm. The image displays well separated particles with a mean  size of 4.0 nm, the latter 

being in accord with the size calculated from the Scherrer equation. The Fourier transform of 

the image in fact confirms short-range ordering in the powder with a period of about 5.5 nm. 

The high resolution image given as inset shows lattice fringes for most particles indicating 

highly crystalline material. The EDX measurements indicate the presence of Cd, Te and P in 

the samples with the Cd:Te ratio being very close to 1:1. 

 

 

Figure 3.5. Powder X-ray diffraction data of size-selected fractions of CdTe nanocrystals. 

The particle sizes decrease from top to bottom; particle sizes were calculated from the Bragg 

equation and the Scherrer equation. The line spectra indicate the reflections of bulk CdTe 

(top: zinc blende, cubic; bottom: wurzite, hexagonal). 
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Figure 3.6. TEM overview image of a monolayer of CdTe nanocrystals. The insert shows a 

HRTEM image of single CdTe nanocrystals. 

 

Thus, the use of DDA as coordinating solvent allows to synthesize highly crystalline 

CdTe nanoparticles showing size-dependent and very strong band edge PL. For the synthesis 

of these nanoparticles, dodecylamine was found to have several advantages over other 

amines. For instance, octylamine with its relatively low boiling point did not allow to use 

temperatures higher than 160-170°C and the particles tend to precipitate after several hours of 

heating. The use of dioctylamine as a solvent resulted in the immediate precipitation of the 

reaction products. Hexadecylamine provided good conditions for the growth of CdTe 

nanoparticles, but the particle size distribution obtained after prolonged heating was not as 

narrow as was achieved with DDA.  

A proper choice of the tellurium source is another important point in the synthetic route 

developed. Thus, elemental tellurium slowly dissolving in the presence of TOP provides a 

constant source of highly diluted tellurium precursor. This method allows to grow CdTe 

nanocrystals at high temperatures but with extremely low rates controlled by the very slow 
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dissolution of tellurium. This probably results in a very low defect density which may be the 

reason for the very high room temperature PL quantum yield of 65 %. 

 

 

3.3. Aqueous luminescent thiol-capped CdTe nanocrystals 

 

3.3.1. Synthesis of thiol-stabilized CdTe nanocrystals 
 

Figure 3.7a shows typical room temperature absorption and PL spectra of a size series of 

thiol-capped CdTe nanocrystals synthesized in aqueous medium (see experimental details in 

Appendix 1). The spectra were measured on as-prepared CdTe colloidal solutions which were 

taken from the refluxing reaction mixture at different intervals of time and diluted with water 

to provide the optical densities appropriate for PL measurements (about 0.1 at the excitation 

wavelength). All samples show a well resolved absorption maximum of the first electronic 

transition indicating a sufficiently narrow size distribution of the CdTe QDs. The maximum 

shifts to longer wavelengths with increasing size of the nanocrystals as a consequence of the 

quantum confinement. The room temperature PL excitation (PLE) spectra (Figure 3.7b) also 

display well resolved electronic transitions at higher energies and the pronounced tails of anti-

Stokes PL. The nature of the anti-Stokes PL is, probably, similar to that suggested for InP and 

CdSe colloidal QDs [26]. From single dot spectroscopy performed on CdSe nanocrystals it is 

known that the emission of one particle with distinct size is basically a narrow line, therefore, 

the PLE technique allows the detection of luminescence emitted only by particles with 

selected size. The PL bands (Figure 3.7a) are located close to the absorption thresholds (so-

called band-edge or ”excitonic” photoluminescence) and are sufficiently narrow, ~0.15 eV 

during all stages of the particle growth (full width at half maximum, FWHM, ~35 nm for 

green-emitting particles being increased up to 55-60 nm for size fractions of largest CdTe 

nanocrystals). The position of the PL maximum of the smallest (~ 2 nm) luminescent CdTe 

QDs is located at 510 nm (green emission), whereas the largest (~ 6 nm) CdTe nanocrystals 

obtained emit in the near IR with a PL maximum at 730 nm. The whole spectral range 

between these two wavelengths is covered by the intermediate sizes of CdTe QDs.  

The PL QE of as-synthesized CdTe nanocrystals depends on the nature of the stabilizing 

agent (Table 3.2) and lies typically between 3 and 11%, although values of 30-35% for 2-

(dimethylamino)ethanethiol stabilized nanocrystals were attained. In most cases the quantum 

yield can be sufficiently improved by post-preparative treatments of the nanocrystals as will 

be shown below.  
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Table 3.2. Overview of the conditions used for the aqueous synthesis of CdTe nanocrystals, 

their properties and additional comments on their use. 

Stabilizer pH used 
for the 
synthesis 

Stability* of 
CdTe QDs 

Surface 
charge of 
CdTe 
QDs 

Typical PL 
QE of as-
prepared 
CdTe QDs 

Additional comments 

2-Mercapto-
ethanol 

11.2-11.8 Moderate  Slightly 
negative 
in alkaline 

<1% “Magic” clusters of the 
(supposed) formula 
Cd54Te32(SCH2CH2OH)32

8- 
are formed [13] 

1-Thioglycerol 11.2-11.8 Stable Slightly 
negative 
in alkaline

3% Have been used for synthesis 
of highly luminescent 
CdHgTe QDs and for 
electrophoretic deposition of 
closely-packed films [29] 

Mixture of  
1-Thioglycerol 
and 2,3-Dithio-
glycerol (1:1) 

11.2-11.8 Moderate Slightly 
negative 
in alkaline 

6% High affinity to different 
surfaces (gold, glass, latex, 
polymers etc.) [20] 

Thioglycolic acid 
(TGA) 

11.2-11.8 Stable Negative 10% 
 

Have been used for 
fabrication of LEDs by layer-
by-layer (LbL) assembly 
[15,27] and for 
electrophoretic deposition into 
pores of artificial opals [21]. 
Can potentially be used for 
bio-conjugation and for the 
synthesis of QDs conjugates 
[23]. 

2-Mercapto-
ethylamine (MA) 

5.6-5.9 Moderate Positive 10% 
 

Can potentially be used for 
bio-conjugation and for the 
synthesis of QDs conjugates 
[23]. 

L-Cysteine 11.2-11.8 Moderate Negative 
or positive 
depending  
on the pH 

10% Have been used for synthesis 
of conjugates with bovine 
serum albumin [22]. 

2-
(dimethylamino)
ethanethiol 

5.0-6.0 Under 
investigation 

Positive 30% Under investigation 

 
 
* “Stable” means here that colloidal solutions of CdTe QDs are stable for months and even 
years being stored under air in the dark at room temperature. “Moderate” means that colloidal 
solutions coagulate occasionally during the storage; however, they are generally stable for 
months as well. Independent of the stabilizer nature, CdTe QDs are generally stable (no 
oxidation, no or only very minor changes of the optical properties) for years in powder form and 
in closely packed or nanocrystal/polymer films being kept in the dark under air. 
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Figure 3.7. (a) Absorption and photoluminescence spectra (λex = 400 nm) of CdTe 

nanocrystals taken as prepared. The smallest nanoparticles stabilized by 2-mercaptoethanol 

possess only a weak broad emission, associated with surface traps (not shown in the figure). 

Nanocrystals with emission maxima above 670 nm were obtained by additional injections of 

Cd and Te precursors. (b) Photoluminescence excitation spectra of TGA-capped CdTe 

nanocrystals showing well-resolved maxima of high-energy electronic transitions. The 

emission wavelengths are indicated by arrows. 

 

Table 3.2 provides an overview of different thiols used by us as capping agents for CdTe 

nanocrystals. As already mentioned above, the nature of the thiol influences the particle growth 

and the PL QE of as-synthesized CdTe nanocrystals. Besides that, each type of stabilizer has its 

own advantages and disadvantages allowing the use of CdTe nanocrystals capped by varying thiols 

for different purposes. This is also briefly summarized in Table 3.2. CdTe QDs stabilized by 

thioglycolic acid (TGA) and by mercaptoethylamine (MA) show efficient luminescence as 

prepared and possess either negative or positive surface charge because of the surface carboxylic or 
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amino groups respectively. The possibility to manipulate these nanocrystals, e.g. by the layer-by-

layer technique or by electrophoresis [15,21] and to use the free functional groups of the capping 

molecules for conjugation with other molecules or QDs [23] makes them especially attractive for 

fabrication of functional materials. In the following sections, we mainly discuss the TGA- and 

MA-capped CdTe nanocrystals and describe ways of further improvement of their 

photoluminescence efficiency.  
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Figure 3.8. X-ray diffractograms of CdTe nanocrystals obtained in aqueous solutions in the 

presence of thioglycolic acid (TGA) and 2-mercaptoethylamine (MA).  

 

 

Figure 3.8 shows XRD patterns obtained from powdered precipitated fractions of TGA- 

and MA-capped CdTe nanocrystals which are similar to those previously reported for thiol-

capped CdTe nanocrystals [13,14,28]. The nanocrystals belong to the cubic (zinc blende) 

structure which is also the dominant crystal phase of bulk CdTe. However, the positions of 

the XRD reflexes of CdTe QDs synthesized under prolonged refluxing in the presence of 

thioglycolic acid (Figure 3.8) are intermediate between the values of the cubic CdTe and the 
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cubic CdS phases. As discussed in Ref. [29], prolonged refluxing of the aqueous colloidal 

solutions of CdTe nanocrystals in the presence of an excess of thiols in basic media leads to 

partial hydrolysis of the thiols and to the incorporation of the sulfur from the thiol molecules 

into the growing nanoparticles. Mixed CdTe(S) QDs, most probably with some gradient of 

sulfur distribution from inside the nanocrystals to the surface are formed under these 

conditions. Indeed, the smaller nanocrystals synthesized at moderate conditions (short 

refluxing time) show only slight deviations of the XRD reflexes from CdTe zinc blende 

diffraction patterns. The aqueous synthesis performed at comparatively low pH values (5.6 – 

5.9) in the presence of 2-mercaptoethylamine as a stabilizer led to the formation of CdTe 

nanocrystals whose XRD patterns show only slight traces of a CdS phase (Figure 3.8).  

 

 
 

Figure 3.9. High-resolution TEM image of CdTe nanocrystals stabilized by thioglycolic acid. 

The particles were transferred from water to toluene in order to achieve their better separation 

on the TEM grids. 

 

HRTEM investigations of CdTe nanocrystals grown at different conditions confirmed 

the XRD data. The longer the time of refluxing in the basic medium, the larger was the sulfur 

content in the mixed CdTe(S) nanocrystals as indicated by the lattice plane distances in the 

HRTEM images being intermediate between cubic CdTe and cubic CdS phases [29]. In 
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contrast, MA-capped CdTe nanocrystals synthesized at slightly acidic pH showed the lattice 

plane distances of the cubic CdTe phase. As is evident from Figure 3.9 the thiol-capped CdTe 

nanoparticles are crystalline, sufficiently monodisperse and well separated, with a mean size 

of ~4.5 nm which is in good accordance with the size calculated from the XRD data by the 

Scherrer equation.  

Thus, both XRD and TEM investigations show that crystalline (cubic zinc blende 

structure) particles of either pure CdTe or mixed CdTe(S) phase are formed in the aqueous 

synthesis depending on the reaction conditions (pH value, duration of reflux, nature of 

stabilizer). 

 

 

3.3.2. Photostability of thiol-capped CdTe nanocrystals  
 

As indicated in Table 3.2, colloidal solutions of CdTe QDs being kept under air in the 

dark at room temperature are stable and do not change their optical properties for months and 

even years (depending on the nature of the stabilizer). However, the light sensitivity 

(photochemical stability) of aqueous CdTe colloids was found to be strongly dependent on the 

presence of oxygen and free stabilizer molecules in solution and can be greatly improved by 

keeping them under inert atmosphere. We have compared the room-temperature 

photostability of aqueous colloids of TGA-capped and MA-capped CdTe nanocrystals with 

the photostability of organometallically-synthesized CdTe QDs and TOPO-capped CdSe 

nanocrystals (see Chapter 2). The latter QDs were reported to be stable enough for, e.g., 

applications in light-emitting devices [30,31].  

To investigate the photostability of CdTe nanocrystals in comparison with that of 

TOPO-TOP capped CdSe QDs, dilute colloidal solutions were irradiated for different time 

intervals with light of 450 W xenon lamp cut around 400 nm by a band pass filter having a 

bandwidth of ~40 nm and a peak transmission of ~40%. The optical densities of irradiated 

solutions of TGA-capped CdTe QDs in water and TOPO-capped CdSe QDs in toluene were 

adjusted to 0.15 at 400 nm. The absorption and the PL spectra of CdTe and CdSe nanocrystals 

were checked after different intervals of irradiation time. The long-term photostability of 

deaerated solutions of TGA-capped CdTe and TOPO-capped CdSe QDs was found to be 

comparable and very high. The photodegradation of TGA-capped CdTe QDs proceeded 

approx. 20-times faster in oxygen-saturated solutions. However, taking into account the rigid 

conditions of illumination their photostability even in this case was very high in comparison 
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with organometallically synthesized CdTe QDs and was comparable with the stability of 

TOPO-capped CdSe nanocrystals.  

The mechanism of nanocrystal photodegradation seems to be different in the cases of 

TGA-capped CdTe and TOPO-capped CdSe nanocrystals. Both in airless and in oxygen-

saturated solutions the illumination of CdTe nanocrystals led firstly to an improvement of 

their PL QE, followed by a gradual quenching of the PL intensity and finally to coagulation of 

the colloid. The temporal evolution of the absorption and the PL spectra of TGA-capped 

CdTe nanocrystals in aqueous solution will be also discussed in Chapter 7 (see Figure 7.8). 

The nanocrystals in the precipitate normally still luminesce. In the case of TOPO-capped 

CdSe nanocrystals the PL QE slowly went down during the illumination until the 

luminescence disappeared completely, while no coagulation was observed.  

The photostability of MA-capped CdTe nanocrystals in aerated aqueous solutions was 

found to be lower compared to that of the TGA-capped CdTe QDs and no improvement of the 

PL QE was observed at initial stages of irradiation. The difference between the behavior of 

TGA- and MA-stabilized CdTe QDs originates most probably from their structural difference. 

The TGA-capped nanocrystals are essentially in the mixed CdTe(S) phase with sulfur 

enriched pre-surface layers, whereas MA-capped particles are almost pure CdTe. The 

irradiation promotes oxidation of unsaturated Te atoms which were recently identified as hole 

traps by optically detected magnetic resonance [32] and are known to be highly susceptible to 

oxidation [33]. This treatment leads to an improvement of the CdS shell around the CdTe core 

via substitution of oxidized surface Te sites by sulfur from the stabilizer molecules. The 

formation of such a shell enhances the PL efficiency of TGA-capped CdTe QDs at the initial 

stages of illumination and greatly inhibits the following photodegradation of the nanocrystals. 

In fact, an enhancement of the PL efficiency at initial stages of irradiation was also observed 

for CdSe/ZnS core-shell nanocrystals [34]. In the case of MA-stabilized CdTe QDs where 

sulfur atoms are hardly present in the crystalline structure, a complete outer CdS shell cannot 

be formed at the expense of thiol molecules of the stabilizing shell resulting in their faster 

photodegradation. The absence of a stabilizing CdS shell in the case of organometallically-

synthesized CdTe nanocrystals whose surface is capped by TOP and amines [see Section 3.2.] 

causes a very quick loss of the photoluminescence in air as well.  

In addition to the above mentioned processes, a photocatalytic oxidation of thiol 

molecules on the surface of nanocrystals can also take place as was shown for thiol-capped 

CdSe nanocrystals [35]. The thiol ligands on the surface of the QDs convert into disulfides 

under irradiation leading to precipitation of the nanocrystals if no new thiol ligands are 
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available in solution. This model correlates well with the behavior of the TGA-capped CdTe 

nanocrystals allowing the explanation of their higher photostability in presence of the excess 

of free thiol stabilizer in solution [36].  

 
 

3.3.3. Selective photochemical etching  

 

As was mentioned in Section 3.3.2, the photoluminescence efficiency of TGA-capped 

CdTe nanocrystals increases at the initial stages of photooxidation, presumably due to the 

removal of tellurium trap states and an improvement of the CdS shell. Further investigations 

of photochemical etching showed that this technique may not only be used to enhance the 

luminescence of CdTe nanocrystals but also to narrow their size distribution. The etching was 

carried out by illumination with a 450 W Xenon lamp in air-saturated solutions. The high-

energy part of the lamp spectrum was cut off by optical filters in order to illuminate the 

samples near the absorption edges. Under these conditions an exposure for 5 days typically 

leads to both a ~3-fold improvement of the PL QE (up to 30%) and narrowing the PL band of 

the crude solutions of TGA-stabilized CdTe QDs (Figure 3.10).  

Figure 3.10. Evolution of absorption (left) and PL (right) spectra of TGA-stabilized CdTe 

nanocrystals exposed to selective photoetching. All PL spectra are normalized to the absorption 

at the excitation wavelength (450 nm).  
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In contrast, the photochemical etching under polychromatic light leads to an even 

stronger increase of the PL QE of up to 40% but is accompanied by a broadening of the 

photoluminescence and absorption bands owing to different rates of etching of different 

nanocrystals in the ensemble. We suggest that the improvement of the PL QE is due to the 

eliminating of defect states (or carrier traps) - most probably unsaturated surface tellurium 

atoms [32]. The nanocrystals possessing the most defect states dissolve primarily during 

photochemical etching. On the other hand, low defect QDs possessing only of a few (or 

single) Te traps do not completely degradate due to the passivating role of their CdS shell. 

Moreover, the vacancies formed can be successfully saturated by an excess of thiol molecules 

being available in solution.  

The fractions of etched CdTe nanocrystals with PL QE of ~ 40% show a temporal 

stability against coagulation comparable with the initial solutions of the nanocrystals. The 

luminescence properties of the former as solid films (both casted and spin-coated) were found 

to be stable for at least 4 weeks under daylight conditions.  

 

 

 

3.4. Aqueous synthesis vs organometallic approach: advantages and disadvantages 

 

In this section we discuss some general advantages of the aqueous synthesis and 

compare some characteristics of thiol-capped CdTe nanocrystals with corresponding data of 

organometallically synthesized QDs. The comparison with organometallically synthesized 

QDs will be based both on their properties published in the literature and on our own 

experiences in the synthesis and handling of CdTe [Section 3.2.], CdSe and CdSe/ZnS 

[Chapter 2 and references therein], InP and InAs [Chapter 4 and references therein] 

nanocrystals. 

Among the advantages of the aqueous synthesis its simplicity and high reproducibility 

should be mentioned first. Thus, colloids of CdTe nanocrystals with a particle size 

distribution about 10% can be prepared without the hot-injection technique which is necessary 

for the synthesis of nanocrystals in TOPO-TOP mixture (e.g., CdSe [6,37], CdTe [38], InAs 

[39]). As a result, the aqueous synthesis of thiol-capped nanocrystals can be carried out 

equally effective on a large scale, whereas the scaling up of the organometallic synthesis is 

difficult due to its poor reproducibility [40,41] and the use of extremely dangerous reactants 

(e.g. dimethylcadmium). Thiol-capped CdTe nanocrystals can be precipitated, washed and 
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kept in the dry state under ambient conditions as long as two years being retaining their 

stability and solubility in water.  

Keeping in mind the potential importance of highly luminescent nanocrystals for large-

scale applications, we also estimated the cost of equimolar amounts (with respect to the 

formula unit, i.e. CdTe and CdSe) of TGA-capped CdTe QDs and TOPO-capped CdSe 

nanocrystals whose luminescence efficiencies and photostabilities are similar. The costs of 

chemicals were compared using Aldrich’2001 prices for most of the chemicals, Strem’2001 

price for dimethylcadmium and CERAC Inc.’2001 price for Al2Te3). The synthesis of CdSe 

QDs is about 8 times more expensive. In the case of organometallically prepared core/shell 

nanocrystals (e.g., CdSe/ZnS and CdSe/CdS) this difference reaches orders of magnitude. 

Nanocrystals synthesized by the aqueous approach do not possess the degree of 

crystallinity of the organometallically prepared QDs, where high annealing temperatures 

(200-360°C) are used during the synthesis. A very effective separation of nucleation and 

growth stages achieved in the organometallic synthesis by the so-called hot-injection 

technique allows to reach narrower size distributions of the nanocrystals in comparison with 

those prepared in aqueous solutions. However, the aqueous approach generally allows the 

synthesis of smaller QDs, both CdTe and CdSe, and the post-preparative size-selective 

precipitation procedure works more reproducible in the case of aqueous colloids in terms of 

retaining the luminescence properties, as will be discussed in Chapter 7.  

The possibility to control the surface charge and other surface properties of thiol-capped 

QDs simply by the choice of the stabilizing mercapto-compound with appropriate free 

functional groups is definitely important, especially when water soluble nanocrystals are 

needed, e.g. for fluorescent tagging applications. TGA-capped water-soluble CdTe 

nanocrystals with stable PL QE up to 40% reported in the present study might be an useful 

alternative in this case.  
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3.5. Transfer of luminescent CdTe nanocrystals from organics into aqueous medium and 

from aqueous solution into organics 

 

Transfer of CdTe nanocrystals from organic solvents to water. Further functionalization and 

modification of organometallically synthesized amino-capped nanocrystals, in particularly 

their solubility in a variety of solvents can be realized by surface exchange of the amine 

capping groups. The possibility to make luminescent semiconductor nanocrystals water-

soluble is of special interest due to their potential application as biological labels [22,34,42]. 

For this purpose we treated CdTe nanocrystals with N,N-dimethyl-2-

mercaptoethylammonium chloride in order to attach these highly polar surface capping 

molecules to the nanocrystal surface (Scheme 3.2).  

 

Scheme 3.2.  

 

Highly luminescent semiconductor nanocrystals prepared in a nonaqueous medium can 

be readily transferred to water by the following procedure, which has to be carried out under 

nitrogen atmosphere. 20-50 mg of freshly prepared CdTe nanocrystals were precipitated from 

toluene solution by adding a small amount of methanol and were isolated by filtration through 

a 0.22 µm membrane filter. Nanocrystals collected on the membrane were immediately 

transferred to an aqueous 1 M solution of N,N-dimethyl-2-mercaptoethylammonium chloride. 

The mixture was left under stirring at room temperature for about 1 h until it became optically 

clear. Absorption spectra of nanocrystals transferred to water were identical to those of the 

same particles dispersed in toluene. The CdTe nanocrystals retained sufficiently strong band 

edge PL (QE 13-18% depending on the particle sizes) after being transferred in aqueous 

solution. 

Under the mild conditions applied (room temperature), a complete exchange of 

stabilizing DDA molecules by thiol molecules is improbable. Nevertheless, it was possible to 

make the CdTe nanocrystals soluble in water and to retain a sufficiently high PL with QE up 
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to 18%. This value is comparable with those achieved for more complex water-soluble core-

shell CdSe/CdS/SiO2 and CdSe/ZnS nanocrystals used for biolabeling [34,43], and for thiol-

capped CdTe nanocrystals synthesized in aqueous solutions (see Section 3.3). 

 

Transfer of thiol-capped CdTe nanocrystals from aqueous solution to non-polar 

organic solvents. As was discussed in Section 3.3, the synthesis of CdTe nanocrystals in 

aqueous medium allows preparation of strongly luminescent nanocrystals of high quality. As 

an advantage of the aqueous synthesis the simplicity and the high reproducibility was 

mentioned. On the other hand, processing of water soluble nanocrystals is strongly restricted 

since they are incompatible with most common organic solvents and polymers, making it 

difficult to form high quality films by spin-coating or casting techniques, etc. Here we present 

a novel simple approach allowing transfer of thiol-capped CdTe nanocrystals from aqueous 

solution to non-polar organic solvents. The procedure is based on the partial exchange of 

surface stabilizer molecules with dodecanethiol. This process successfully transfers up to 90% 

of the nanoparticles is accompanied by only moderate changes of their optical properties. 

In the typical phase transfer reaction, 1ml of an aqueous solution of either crude or size-

selected CdTe nanocrystals stabilized with thioglycolic acid was placed into a vessel (Figure 

3.11a) and 1ml of 1-dodecanethiol was added dropwise (Figure 3.11b). Then acetone was 

added to the upper organic phase (Figure 3.11b). The addition of about 2-3 ml acetone was 

found to be necessary to promote and accelerate the transport through the phase boundary. 

The exact amount of acetone depends on the nanocrystal size and has to be established 

experimentally. The CdTe nanocrystal start to transfer immediately after shaking and heating 

up to boiling point of acetone. Simultaneously, the volume of the organic phase decreases to 

ca. 1 ml indicating almost quantitative transfer of acetone to the bottom (aqueous) phase 

(Figure 3.11c). The efficiency of the phase transfer process was found to be directly 

dependent on the amount of acetone added. After isolation of the organic phase, methanol was 

added drop-wise to precipitate the CdTe nanocrystals. The isolated precipitate consists of 

CdTe nanocrystals capped with dodecanethiol and is readily soluble in toluene, hexane, 

chloroform, etc (Figure 3.11d). The photoluminescence efficiency of the initial aqueous CdTe 

nanocrystals is comparable with that of nanocrystals transferred in toluene (cf. Figures 3.11e 

and 3.11f) and is of about 12-15%. The absorption and the photoluminescence spectra of 

nanocrystals in toluene solutions are very similar to the ones in water. 
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Figure 3.11. Phase transfer of aqueous thioglycolic acid capped CdTe nanocrystals to non-polar 

organic solvents: (a) initial aqueous solutions of CdTe nanocrystals with different particle size, 

(b) addition of dodecanethiol and acetone, (c) shaking and heating results in transfer of CdTe 

nanocrystals from aqueous medium to dodecanethiol phase, (d) the CdTe nanocrystals can be 

isolated from dodecanethiol and redispersed in a non-polar solvent (toluene). Images (e) and (f) 

shows photoluminescence of CdTe nanocrystals dispersed in water [initial colloidal solution, 

image (a)] and toluene [resulting solution, image (e)]. 

 

 

 

3.6. Conclusions 

 

Highly luminescent CdTe nanocrystals were synthesized by the reaction of 

dimethylcadmium and metallic tellurium in a mixture of dodecylamine and trioctylphosphine. 

Fairly narrow particle size distributions have been obtained without using the “hot injection” 

technique to separate nucleation and growth of the nanoparticles. A series of nearly 

monodisperse crystalline CdTe nanoparticles with zincblende lattice and mean particle sizes 

between 2.5 and 7 nm were isolated by size-selective precipitation. The particles show strong 

band edge photolumineschence tunable in the visible spectral range from green to red and 

have been characterized by powder XRD, HRTEM, absorption and luminescence 

spectroscopy. A photoluminescence quantum yield of up to 65% is observed at room 

temperature without passivating the surface of the nanoparticles with an inorganic shell. 
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Thiol-capped CdTe nanocrystals represent a new kind of core-shell system with a 

naturally sulfur-capped surface (CdS shell) created by mercapto-groups covalently attached to 

the surface cadmium atoms. Under reaction conditions facilitating the formation of mixed 

CdTe(S) nanocrystals, as in case of the TGA-capped CdTe QDs, the sulfur-rich region is most 

probably stretched from the surface into the nanocrystal. Importantly, the synthesis of this 

kind of core-shell nanocrystals naturally occurs in one step during particle growth, as the 

sulfur originates from the stabilizing thiol molecules. The wave functions calculated for a 

CdTe/CdS system with the particle-in-a-box model [44] show a delocalization of the electron 

through the entire structure and the confinement of the hole in the CdTe core. The effective 

screening of the hole by the shell explains the high photostability of these nanocrystals, since 

the main photodegradation mechanism is the photooxidation of surface tellurium atoms 

requiring oxygen and holes [33]. The weak localization of electrons promotes the electronic 

accessibility of thiol-capped CdTe nanocrystals, allowing, e.g., an effective electron injection 

important for LED applications. The additional functional groups of the thiol capping 

molecules of the nanocrystals provides their water solubility, high processability and the 

surface charge desired. 
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