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This thesis is organized in five chapters. 

Chapter 1 is a brief introduction to the topic and provides information on the theoretical 

basis of the physical process discussed in the further chapters. 

Chapter 2 describes the materials and methods used in carrying out this work. 

Chapter 3 is a copy of a manuscript by Krishan Kumar, Quan Liu, Jonas Hiller, 

Christine Schedel, Andre Maier, Alfred Meixner, Kai Braun, Jannika Lauth, and Marcus 

Scheele titled “Fast, Infrared-Active Optical Transistors Based on Dye-Sensitized CdSe 

Nanocrystals” published in ACS Applied Materials & Interfaces 2019, 11, 48271-48280. Doi: 

10.1021/acsami.9b18236. 

Chapter 4 is a copy of an under-review manuscript by Krishan Kumar, Jonas Hiller, 

Markus Bender, Saeed Nosrati, Quan Liu, Frank Wackenhut, Alfred J. Meixner, Kai Braun, 

Uwe H. F. Bunz, Marcus Scheele titled “Periodic Fluorescence Variations of CdSe Quantum 

Dots Coupled to Aryleneethynylenes with Aggregation Induced Emission”, submitted, 2020. 

Chapter 5 discusses scattering experiments done on the self-assembly of CdSe NCs. 
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Abstract 

This dissertation focuses on the synthesis and optoelectronic properties of coupled 

organic-inorganic nanocrystal (COIN) thin films. The hybrid materials studied herein are 

composed of CdSe nanocrystals (NCs) coupled with an organic semiconductor (OSC) material. 

The CdSe NCs were synthesized using a hot injection method, which requires encapsulation 

of the NCs with insulating organic ligands. These were removed with inorganic ligand (I-) to 

facilitate the electronic coupling and further incorporation of OSCs. The first chapter of this 

thesis deals with the basis and theoretical background of the field to understand the underlying 

principles and possible cause of properties displayed by the NCs and modified NC devices. 

The second chapter focuses on the synthetic methods and various characterization techniques 

employed to gain insights into the chemical system. In the following chapters, scientific 

publications are included systematically. 

The first article mainly focuses on the study of the optoelectronic properties of the CdSe 

NCs coupled with zinc β-tetraaminophthalocyanine (Zn4APc). Chemical changes of the thin 

film device were evaluated by UV-vis-NIR and Raman spectroscopy, while the morphological 

changes were observed using electron microscopy. Iodide capping of NCs reduces the nearest-

neighbor distance, which increases electronic coupling towards mobilities on the order 

2.8 – 5.2 × 10�� ���/(��)��. The chosen Zn4APc dye molecule increases the sensitivity of 

the hybrid device towards light in the visible regime and, more significantly in the near-infrared 

region, outperforming the otherwise non-functionalized CdSe/I- NCs device by 2 − 4 orders 

of magnitude in photocurrent. The role of Zn4APc was further investigated by transient 

absorption spectroscopy measurements showing the transfer of electrons absorbed by the dye 

molecules to CdSe NCs, which was held responsible for the increase in photocurrent. Thus, the 

role of Zn4APc is to increase the absorption cross-section of the device to the near-infrared 

region, thereby broadening the absorption window of the material and making the device 

attractive for utilization in telecommunication devices. By time-resolved photocurrent 

measurements, we show that the rise time during near-infrared optical gating is 74 ±  11 ��. 

Time-resolved photoluminescence measurements show a decreased lifetime, i.e., increased 

nonradiative pathways upon functionalization of CdSe NCs, again establishing the increased 

electronic interaction between both the moieties. 
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In the second article, I chose an aryleneethynylene derivative functionalized with eight 

carboxyl group (AE 1) binding sites as the OSC for hybrid, CdSe NC-based thin films. The 

molecule offers a long flexible geometry and exhibits fluorescence enhancement in a highly 

concentrated environment like thin films, termed aggregation-induced emission (AIE).  

Absorption and Raman spectroscopy were applied to examine the chemical features of the thin 

film material. I observed an additional low energy emission band due to AE 1 functionalization 

of NCs, which I attributed to AIE. The band-edge emission peak and the induced low energy 

emission peak shows randomly induced anti-correlated fluorescence fluctuation behavior 

accompanied with ~25 �� peak position shift at room temperature under 488 �� continuous 

excitation. These fluctuations become periodic at low temperatures, 160 �. The periodicity of 

the ordered fluorescence fluctuations decreases with increasing the laser power at low 

temperatures. Time-resolved photoluminescence measurements exhibit lifetimes of  0.8 �� at 

734 �� and 1.5 �� at 636 ��. The transport properties of the COINs film were further 

explored and showed an increase of more than 3 orders of magnitude in the mobility of the 

device with temperature and approximately 1 order of magnitude difference in mobility under 

optical excitation. 

The third chapter explores the effect of the unbounded ligand on the self-assembly 

process of CdSe NCs. I synthesized and characterized two crystalline phases of the CdSe NCs; 

wurtzite and zinc blende using optical spectroscopy and wide-angle X-ray scattering. NMR 

spectroscopy experiments were performed to quantify the amount of bound and free ligand on 

the NCs. Then, we carried out the self-assembly of CdSe NCs using a drop-casting method 

allowing slow evaporation of the solvent. The self-assembled thin films were then analyzed 

using small-angle X-ray scattering (SAXS) and grazing incidence small-angle X-ray scattering 

(GISAXS). Increasing the free ligand fraction (0.97) favored the formation of ordered hcp 

structure of CdSe NCs in the wurtzite and zinc blende phase. In addition, a 10 % increase in 

the lattice parameters was observed with the addition of free ligands in the system. 
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Figure 0-1 Schematic flow of the work presented in this thesis. The first step is the synthesis of the 

CdSe NCs followed by the iodide ligand exchange. The second step is the incorporation of OSC linker 

Zn4APc (1) and AE 1 (2). The third step is the preparation of self-assembly of as-synthesized CdSe 

NCs (3). 
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1 Introduction 

1.1 Background 

Nanocrystals refer to small crystals of metal, semiconductor, and magnetic materials 

with at least one dimension of the order of a nanometer (10�� �) scale, containing merely a 

few hundred to thousands of atoms. Developments in this field have led to commercial 

applications like high contrast display screens and high tensile strength fibers.1,2 These 

advancements that we see today essentially have their origin in the discovery of semiconductors 

in the early 19th century and humankind’s desire to shrink the size of a single useable 

semiconducting device to store more and more information on a given scale. At present, 

roughly 100 million transistors per mm2 are being packed, storing a vast amount of 

information.3 This increased information storage demand has brought the size of a single 

transistor device in the nanometer range and would ideally like it to be of a single atom size. 

This demand has led to an increased interest of the scientific community to exploit the 

properties of semiconductor materials in the nanometer regime. However, the use of 

nanoparticles has been dated back to the middle ages, used for coloring the glasses of the time. 

However, the science behind it was long hidden. Richard Feynman’s talk ‘There is plenty of 

room at the bottom’ given in 1959 drew significant attention to the field after being unnoticed 

for almost two decades, leading Eric Dexler to reposting the question as ‘How small we can 

make a device without affecting the way they work.’4,5 Further down in history, researchers 

started to understand the physics associated with these devices and began to explore the change 

of fundamental properties. However, the research on nanocrystals gained momentum with the 

generalization of synthesis of cadmium-based semiconductors CdX (X = S, Se, Te) by Murray 

et al., and the theory of the observed effects was put forward by Brus et al. 6–8 

The fundamentally different property mentioned above is that the nanocrystals exhibit 

intermediate electronic properties compared to individual atoms and their bulk counterpart, 

owing to the quantum confinement effects. NCs below the Bohr exciton radius, aB, show a 

strong band-gap variation on further decreasing the physical dimension of the material. Thus, 

the semiconductor NCs show strongly size-dependent optoelectronic properties. For example, 

CdSe and CdS nanocrystals have been shown to exhibit size-dependent band-gap properties.9,10 

Magnetic nanoparticles exhibit superparamagnetism,11,12 Au, and Ag metal nanoparticles show 
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shape-dependent surface plasmon resonance where changing the shape of the nanoparticles 

alters the energy of the plasmon resonance peak.13,14 Hence the shape, size, and composition 

are the critical parameters in nanochemistry that control the electrical, optical, and magnetic 

properties of the system. Due to the tiny size of NCs, they have a large surface to volume ratio, 

which is desirable for catalytic applications.15,16 It is well known that the surface atoms have 

unsaturated valencies or dangling bonds, their passivation with linker molecules provide a 

handle to modify the electronic states (mid-band-gap states), surface energy, and reactivity of 

these NCs system. Therefore makes them very useful in achieving the desired electronic 

properties.17 Long-chain organic ligands typically used during the synthesis of NCs have higher 

energy gaps, acting as a barrier in the electronic coupling of the nearest neighboring NCs. This 

energy barrier can be suppressed by decreasing the ligand length, by replacing it with smaller 

inorganic/organic ligands18–25 or by carefully choosing an organic ligand of a suitable 

bandgap.24,26,27 Enhanced electronic interactions make NCs a promising candidate for their 

application in field-effect transistors (FETs), vapor sensors, and photonic devices.28–34 CdSe 

nanocrystalline material is very well studied and easily synthesized & reproduced with very 

narrow size distribution. CdSe NCs have high absorption coefficients in the visible light range, 

making it a suitable candidate from an electronic and photoconductive application standpoint. 

Semiconducting CdSe has low dark current owing to its low intrinsic charge carrier density, 

which is desired for designing photonic devices such as a telecommunication device. A 

telecommunication device receives the photonic signal of a specific wavelength and converts 

it to an electrical signal. Thus, a material having a high on-off ratio in the telecommunication 

window is required. These specialties have brought this class of materials to the main spotlight 

of research. Recently, there has been a growing interest in exploiting the electronic properties 

of the NCs.  

This work focuses on the optoelectronic properties of coupled organic-inorganic 

nanostructures (COINs) based on CdSe NCs and organic semiconductors (OSC), specifically 

Zn4APc and an aryleneethylene derivative. The CdSe NCs used in this thesis were prepared 

using a colloidal hot injection method, and OSCs were either commercially available or 

supplied by the University of Heidelberg as described in the respective chapters. Insulating 

native organic ligands were then exchanged with a small inorganic ligand, I-, for easier 

subsequent exchange with OSC ligands. Then the electrical, optical, and photoconductive 
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properties of thin films of these conductive COIN systems were studied, and their results are 

presented here in this thesis. 

1.2 Nanocrystals Synthesis 

The synthesis of NCs is usually performed either by physical or chemical processes. 

The physical process of nanocrystals synthesis is the “top-down” process, which encompasses 

the size reduction of bulk precursor material to the desired nanocrystals size range, e.g., the 

scotch-tape method, mechanical processes like grinding and polishing steps. However, such 

methods are physically demanding, destructive, and difficult to reproduce.  

The chemical process often follows the “bottom-up” approach for nanoparticle 

synthesis, be it the wet chemical process, sol-gel method, reverse micelle templating, or the 

hydrothermal method of synthesis. The three essential components required for the wet 

chemical method are precursors, organic surfactants, and solvents. Sometimes the solvent can 

also act as a surfactant. In a typical synthesis, the precursor is first turned into a more 

chemically active form atomic or molecular form called a monomer, either by swift addition 

into the reaction mixture or by attaining a certain temperature. Then the NCs are allowed to 

grow for a certain period of time, and then the reaction is quenched by an abrupt change in 

temperature or by the addition of quenching solvent. The following sections discuss the 

theoretical basis of any general colloidal synthesis consisting mainly of two steps: 1) nucleation 

and 2) growth of formed nuclei to synthesize NCs of the desired size. The nucleation process 

of nanocrystals is described by the classical nucleation theory (CNT), and its adaptation for 

nanocrystal systems (LaMer’s theory, see section 1.2.1.3). The growth process of the formed 

nuclei, their kinetic and thermodynamic aspects may be used to form different shapes or sizes 

of NCs. 

1.2.1 Classical Nucleation Theory 

The classical nucleation theory (CNT) developed by Becker & Dönring originally 

described the phase transition from vapor to the liquid.35 Later, this theory was adapted for 

other phase transitions, and LaMer further extended it for NCs synthesis as well.36 CNT theory 

only describes the nucleation process. Nucleation is purely dependent on the thermodynamic 

stabilization, i.e., a decrease in the formed clusters’ Gibbs free energy. The nuclei formation 
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can be described as a first-order phase transition. The subsequent sections will discuss the 

nucleation process in more detail. However, CNT does not explain the later stages or kinetics 

of NCs formation. Further NCs growth from nucleation can be described by the addition of 

monomers onto the nuclei, aggregation, or by Ostwald ripening. In this context, it is essential 

to distinguish between homogeneous nucleation, which is rapid, random & simultaneous and 

does not require nucleation sites, rather it requires a supersaturated monomer solution, whereas 

heterogenous nucleation requires a nucleation site which could be the phase boundaries or 

impurities. 

1.2.1.1 Homogeneous Nucleation 

The Gibb’s free energy for the spherical cluster is given by equation (1): 

∆� = −
4

3
���|∆��| + 4���� (1) 

where � is the radius, |∆��| is the difference of Gibbs free energies per unit volume, � 

is surface energy per unit area. The overall Gibbs free energy depends on two competing 

factors: the negative term (first term, favorable) and positive term (second term, unfavorable). 

The negative term (favorable one) is the volume or bulk energy term, representing the bond 

formation between monomer and cluster or between two monomers. While the positive term 

(unfavorable one) is the surface energy due to the formation of the bond, as mentioned earlier 

Figure 1-1a. Therefore, a critical radius �� is defined as �� =  
2�

|∆��|�  by solving equation (1) 

for �∆� ��⁄ = 0 below which the surface energy term dominates that restrict the growth 

process and promotes the dissolution. Above ��, the bulk energy term dominates and growth is 

favorable. 

1.2.1.2 Heterogeneous Nucleation 

The heterogeneous nucleation occurs preferentially at the phase boundaries since the 

effective surface energy for the nucleation process is lower at surface boundaries. Once the 

nuclei are formed, further nucleation will occur, preferably on the already formed nuclei. 

Heterogeneous nucleation is often more probable; however, in NCs growth, both type of 

nucleation coincides. 
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Figure 1-1 (a) Gibbs free energy change of a cluster with it’s radius, r as given by CNT theory. (b) 

Time profile of concentration change during sulfur nucleation given by LaMer theory adapted from 

CNT theory. Adapted from ref.37. Copyright 2015 The Royal Society of Chemistry. 

1.2.1.3 LaMer’s Nucleation Theory 

LaMer, in the 1950s, described the nucleation process of metal nanoparticle synthesis 

by burst nucleation through his pioneering work on oil aerosols and sulfur hydrosols.36,38 

LaMer’s nanoparticle synthesis relies on the separation of nucleation and growth steps for 

narrow size distribution. Figure 1-1b outlines the mechanism of NCs formation. In phase I, 

the monomer concentration first increases rapidly, either by swift injection of the precursor or 

due to reaching a certain temperature to form monomers, and the monomer concentration 

attains its saturation concentration (��). However, for nucleation to occur, a particular energy 

barrier must be overcome just like in any other chemical process. In phase II, once the 

concentration exceeds a certain minimum concentration (����) to cross the activation energy 

barrier, the homogeneous nucleation burst occurs, marking the nucleation event, and the 

monomer concentration falls rapidly below the ����. Further nucleation almost stops and the 

growth of nuclei starts, forming the NCs of required size in phase III. 

LaMer’s nucleation theory and its modifications are well-accepted theories for general 

nanoparticle synthesis. In principle, this model also helps to understand the size of the formed 

nanocrystals. A rapid increase in monomer concentration induces a burst of nucleation, 

allowing the formation of many small nuclei and fewer larger nuclei to be formed during the 

process, leading to smaller sizes of obtained NCs. Moreover, the principle of “seeded-growth” 

derived from classical nucleation (i.e., slow addition of monomer) allows fewer nuclei 

formation and further growth on the already formed nuclei leading to larger sizes NCs. 

However, LaMer’s theory does not comment on the nanoparticles' growth kinetics; instead, it 
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only describes the nucleation process. The kinetics of the colloidal semiconductor, especially 

for CdSe and InAs were investigated by Alivisatos and co-workers, observing the focusing and 

defocusing events in the nanoparticle synthesis.39 

1.2.2 Non-Classical Nucleation Models 

The CNT comprehensively describes a few aspects of NCs synthesis. However, CNT 

assumes a precise phase boundary between monomer and nuclei formation. It also defines an 

energy barrier to reach the homogeneous nucleation during synthesis. Furthermore, CNT 

assumes that γ and ΔGv are independent of the size of the cluster and do not change during the 

synthesis process; however, this is not entirely the case. Two other models exist in the 

literature, namely the spinodal decomposition and the non-classical nucleation model. The 

spinodal decomposition model assumes that the surface free energy of the nuclei is negligible 

compared to the bulk free energy. So, practically there exists no energy barrier, and hence the 

process co-occurs with a phase difference throughout the synthesis. While the non-classical 

nucleation model assumes a situation in between the two extremes, i.e., it considers �, ��� to 

be dependent on the size of the cluster. In principle, this assumption lowers the nucleation 

energy barrier depicted by CNT. It makes room for local minima in the energy landscape, 

which argues for the two-step nucleation process. At first, metastable amorphous nuclei are 

formed, which has the surface energy close to the supersaturated solution. After a specific size, 

the transition of amorphous nuclei to crystalline nuclei occurs when the bulk free energy takes 

over the surface energy. Model 2D crystallization studies have also favored this two-step 

nucleation process under low supersaturation.40,41 Similar two-step process has also been 

observed experimentally in the colloidal crystallization of charge-stabilized polystyrene 

spheres and also CdSe NCs.42,43  

1.2.3 Shape and Size Distribution  

Many kinetic and thermodynamic factors play an essential role in determining the shape 

and size distribution of the NCs. Reports have shown control of shape and sizes by carefully 

monitoring the kinetic and thermodynamic aspects of NC during the synthesis.44 Additionally, 

the monomer concentration has its influence on the shape of the NCs. CdSe, CdTe 

semiconductor NCs synthesis have been shown to form different shapes under different 

monomer concentrations.45,46 Two crucial steps mainly govern the monomer concentration 
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influence on the shape: first, the deposition of a monomer onto pre-formed nuclei and second 

is the monomer's diffusion rate to a more stable thermodynamic site. For thermodynamically 

controlled growth, the rate of diffusion of the monomers to a more thermodynamically favored 

site should be faster than the rate of chemisorption of monomer. In contrast, the reverse would 

be the case for the kinetically controlled growth of NCs, thus leading to the formation of less 

thermodynamically stable shapes of NCs. 

The equilibrium shape would have the lowest Gibbs free energy, as given by equation 

(1). Hence, the surface energy density (γ) corresponding to any given shape should be 

minimized over the entire surface area to reach the equilibrium shape of the NCs, provided that 

sufficient time is given for the growth of the NCs. If the surface energy is considered to be 

independent of the growth direction, then isotropic shape would have the lowest exposed 

surface area for any given volume. However, this is generally not the case for crystalline 

materials owing to their intrinsic atomic anisotropy present in the system. The surface energy 

is strongly dependent on the crystallographic orientation of the crystals and behaves differently 

for different crystal orientations, providing a tool for shape-controlled NCs synthesis.44,47 In 

other words, entirely spherical nanocrystal formation is highly unfavorable as it requires the 

termination of many crystallographic planes, which cost significantly in terms of the surface 

energy of the particle. Also, surfactants can show different binding strengths to the crystal 

facets altering the shape of the NCs.48–50 Kinetically; it means that the surfactant molecules 

could increase the activation energy barrier for chemisorption of monomers by binding to the 

preferred crystallographic direction, thus stopping further growth along that direction.  

The detailed mechanism and theory describing the shape and size distribution of NCs 

synthesis have been summarized in literature and have been omitted from this thesis.51 Through 

the interplay of these parameters, the growth of nanocrystals can be tuned to design novel 

materials for future applications.  

1.3 Electronic Structure of Nanocrystals 

Solid materials can be classified into three different categories: metal, semiconductor, 

and insulator categories, depending on the electronic structure of the system. Metal is the class 

of material which, at a microscopic level, has overlapping valence and conduction band 

facilitating the flow of electrons, thus allowing the charge conduction. Semiconductors have a 
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finite forbidden energy gap (< 3 ��) between the filled valence and empty conduction band, 

thus requiring some extra energy to promote electrons from the valence to the conduction band. 

In contrast, insulators have a band-gap > 4 ��, too large for electrons to jump to the conduction 

band. This electronic picture in metals is practically retained to all size ranges of the crystal 

domain. Semiconductors exhibit an exciting variation in electronic properties as the crystallite 

size is reduced to the nanometer-regime. For semiconductors below the Bohr exciton radius, 

aB, the energy level spacing increases with further decreasing physical size of the material. 

Essentially, NCs can be treated as a particle-in-box like problem for energy state calculation. 

However, by definition, quantum dots have broken the translational symmetry (present in the 

bulk system), thereby preventing the simplification in terms of the Fourier-Transformation of 

real space into momentum space.52 Hence, one would have to deal with the problem in real 

space, having a Hamiltonian matrix of dimensions equal to the number of mixing orbitals and 

thus escalating the resources needed. Accordingly, the problem with theoretical electronic 

structure calculations is that NCs are too big for the ab initio techniques (105 electrons) and too 

small to apply lattice periodicity simplifications. In literature, three methods have been used 

extensively to address this problem, namely, the effective mass approximation (EMA), the 

empirical pseudopotential method, and the tight-binding (TB) method.52 These methods have 

their advantages and disadvantages. The effective mass approximation method is described in 

more detail in the following section. 

1.3.1 Effective Mass Approximation (EMA) 

Generally, the unit cell of nanocrystals stays the same as that of bulk material. 

Therefore, the molecular orbitals (MOs) of nanocrystals will evolve to Bloch type 

wavefunction (used in solving Schrödinger equation for bulk materials) with increasing 

nanocrystal size. Under these conditions, the effective mass approximation (EMA) can be used 

to calculate the electronic properties of NCs. Using EMA to describe the band-gap dependence 

on the size, one needs to solve the Schrödinger wave equation for electrons and holes of the 

nanocrystals, given in equation (2): 

�−
ℏ�

2��
∇�

� −
ℏ�

2��
∇�

� −
��

4�������
+ ��� �(��, ��) = ��(��, ��) 

(2) 
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Here �, ℎ subscripts stand for electron and hole with �, � being their masses and 

position vectors, respectively, and ��� = |�� − ��|. The permittivity of free space is represented 

by �� and � is the dielectric medium. 

For an infinite potential outside the box and zero potential inside the box, Efros and 

Efros,53 Brus7,54,55 and Kayanuma56,57 proposed the following equation for the band-gap 

variation for nanocrystal of radius R: 

�∗ ≈  �� +
ℏ���

2��
�

1

��
+

1

��
� −

1.786��

��
− 0.248���

∗  
(3) 

Here �� is the bulk band-gap of the semiconducting material. The second term in the 

solution is the kinetic energy of the non-interacting electron and hole, whereas the third and 

fourth term corresponds to the Coulomb interaction and spatial correlation between electron 

and holes. ���
∗  is given as: 

���
∗ =

��

2��ℏ�(��
∗�� + ��

∗��)
 

(4) 

Equation (3) describes the band-gap variation, as depicted in Figure 1-2. For 

nanocrystals of larger size, infinite potential (IP)-EMA is well suited for assessing the band-

gap dependence on the size of the NCs and has been used to describe the system properties.58 

However, in smaller size regimes, this model vastly overestimates the band-gap energy change. 

Two limiting cases have been identified depending on the Bohr radius, aB of the bulk solid. For 

�
��

� ≫ 1, the exciton can easily be pictured as a particle moving inside the quantum dot with 

only a small energy change due to confinement effects. This is called the weak confinement 

regime. Another limiting case �
��

� ≪ 1, in this regime the confinement effects dominate 

called the strong confinement regime. However, Kayanuma et al. observed that electrons and 

holes should be treated as individual particles due to the increased contribution of kinetic 

energy. They further noted that the strong confinement regime is not just limited to � ��
� ≪ 1, 

rather it extends upto � ≈ 2��. 

The IP-EMA model considers infinite potential outside the box and hence does not 

include the tunneling of the wavefunction beyond the barrier. Therefore, it excludes the effect 

of the ligand sphere and the surrounding material. However, the IP-EMA model has been 
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modified and solved for a finite potential barrier to consider the effects of the surrounding 

material.59 Also, the multiband EMA (MBEM) theory provides a substantial improvement over 

single band IP-EMA to address the effective mass of holes, which requires a larger number of 

bands. Such improvements in IP-EMA provide a good explanation of the experimental data. 

Norris et al. has used EMA to theoretically model the narrow size distribution CdSe 

QDs in diameter range over 19 to 115 Å, including spin-orbit coupling, valence band 

degeneracy, and non-parabolicity of the conduction band.60 They were able to model and assign 

up to ten transitions in CdSe QDs in the strong confinement regime, i.e., having higher 

confinement energy than the coulombic interactions. The model overestimates the confinement 

energy with decreasing size, yet they were able to manage the error to a minimum level by 

considering only one excited electronic level (1Se), which is generally all the lowest allowed 

transition includes.60,61  

 

Figure 1-2 Schematic representation of increasing band-gap from bulk to individual atom. 

1.4 Coupled Organic-Inorganic Nanocrystals 

Organic ligands like oleic acid (OA), oleylamines (Olm), tri-octylphosphine oxide 

(TOPO), tri-octylphosphine (TOP) used during the synthesis of the NCs, play a crucial role in 

their shape and size determination. During self-assembly of the NCs, ligand-ligand interactions 

influence the ordering of NCs and their interparticle distance. Therefore, these ligands have a 

significant role in overall NCs properties. However, these ligands have high band-gaps between 

their HOMO-LUMO state, acting as an energy barrier in electronic interactions between the 
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neighboring NCs. Hence, as synthesized NCs usually have limited applications in electrical 

devices. For efficient electronic coupling between NCs, organic insulating ligands have been 

replaced with smaller inorganic ligands such as halides, sulfides, thiocyanate, metal 

chalcogenides, metal halides complexes, and oxalates. 18–21,62,63 These small inorganic ligands 

are attached to the NCs through Coulomb interactions and have a very weak or no covalent 

bonding interactions. Another way to increase the electronic interactions is by using organic 

semiconductor (OSC) ligands, either covalently bound or attached by weak van der Waals 

interactions. There is a large variety of OSCs available in the literature. OSCs having a suitable 

position of frontier orbitals could be used to fine-tune the NCs for desirable optoelectronic 

properties. A similar analogy of band alignment within inorganic core-shell systems can be 

used to understand interactions between NCs and organic ligands. Long-chain insulator organic 

ligands have a large energy gap and form a type I band alignment with most inorganic NCs and 

confine the exciton within the system. The inverted scenario of band positioning is called 

inverted type I, which leads to the leakage of the electron-hole wavefunction into the organic 

ligand, where eventually, the charge carriers will recombine. Bands closely spaced on energy 

landscape form type IIa or IIb and spatially separate the charge carriers due to their energy 

difference, increasing the recombination time.64 This band positioning and its effect have been 

well studied in the literature on core-shell inorganic nano-heterostructures and coupled organic-

inorganic nanocrystals (COINs).65–67 CdSe NCs functionalized with tetrathiafulvalene 

Figure 1-3 Schematic of energy band positions of NC and OSC to show different types of 

band-alignments. Type I (left), Type II (middle) have two possible alignments (Type IIa or 

Type IIb), and inverted Type I arrangement. Solid and empty circle, representing electrons and 

holes, respectively, show the likely residing positions in the arrangement. 
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tetrathiolate (TTF-S4) can be considered to be the first report of COIN in 1993 by Majetich et 

al. 68 

1.5 Charge Transport in NCs assemblies 

Another important aspect of these COIN systems is the charge transport studies in NCs 

composed of thin-films.65,69 For inorganic semiconductor NCs, such as CdSe70,71, PbS26,27,71–

74, ITO24,75, CuS76–78 functionalized with OSCs have been investigated for their I-V 

characteristics in literature. The charge transport in NCs assemblies mainly depends on two 

conditions: 1) the transfer integral (�) should be larger than the charging energy (��), i.e. 

energy required to add extra charge carrier in the neighboring nanocrystal, and 2) � should be 

larger than the average energetic fluctuations (��) caused by disorder in the nanocrystal 

assemblies.  

1.5.1 Coupling Energy (β) 

The transfer integral or coupling energy is a measure of interactions between the NCs 

which depends on the tunneling rate of electrons from one NCs to neighboring one: 

� ≈ ℎΓ (5) 

where ℎ is the Planck’s constant, and Γ is the tunneling rate constant with an energy 

barrier Δ� of width Δ�. 

Γ ≈ exp�−2(2�∗ ΔE ℏ�⁄ )� �⁄ Δx� (6) 

As synthesized, NCs have long chain insulator ligands, which provide a large tunneling 

barrier to charge transfer as the tunneling rate varies exponentially with the barrier width Δ�. 

To improve coupling between the NCs, the barrier height and width should be decreased by 

inserting shorter inorganic ligands or conjugated OSC ligands. 



 Introduction 

16 

 

1.5.2 Charging energy and energetic disorder 

The charging energy is the energy required to add an extra electron to the electronically 

neutral NCs. The charging energy depends on the self-capacitance (�����) and mutual 

capacitance (��) of the NC. It is given by equation (7):79 

�� =
��

2������ + ����
 (7) 

Here � is the average number of nearest neighbors. The self-capacitance of spherical 

NCs of radius, � and dielectric constant (���) surrounded by a ligand matrix of dielectric 

constant (�������) is given by equation (8):65 

1

�����
=

1

4���

��� − �������

��� × �������
+

0.94

4�������

��� − �������

��� + �������
 (8) 

The dielectric constant of the NC depends on its size, which can be described using the 

Penn model.80,81 The mutual capacitance of the NCs with center-to-center distance (�) is given 

by equation (9):25 

�� ≈ 2���

����������

��� − �������
� �� �

� + 2�

�
� (9) 

Equations (7–9) show the dependence of the charging energy on the dielectric constants 

of the NC and the ligands as well as the distance �. It is also noteworthy that �� always works 

against the transport of the electrons, i.e., charging energy has to be paid twice for one electron 

to move from one NC to another. In the weak coupling regime or larger �, that is � ≪ ���, 

there exist a Coulomb gap between the energy states of the NCs, which at low applied bias 

cannot be overcome by charge carriers, and the transport is blocked. Only at higher applied 

bias, this gap can be overcome and allowing the charge transport. This gap is called the 

Coulomb gap or the Hubbard gap (see Figure 1-4). As the distance � decreases, the charge 

carrier wavefunctions start to extend over several neighboring NCs. This is called the strong 
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coupling regime (� > ���) where a continuum of molecular-like bands would exist allowing 

the flow of charge carriers easily. This crossover point is called the Mott metal-insulator 

transition (Figure 1-4). This transition is characterized by a sudden change in the transport 

properties of the system as the temperature coefficient of the resistance is changing its sign 

from negative to positive. These phenomena have been studied in Ag NCs where the 

interparticle distance is decreased from 12 ± 2 Å to 5 ± 2 Å using Langmuir-Blodgett 

techniques as well as in Au NCs film capped with CnS2 ligand behaving as an insulator (n>5, 

i.e., larger interparticle separation) & as metallic (n<5).82,83 

 

Figure 1-4 Effect of interparticle separation of NCs on electronic structure variation. Decreasing Δ� 

will reduce the Coulomb gap and extending the charge carrier wavefunction over multiple NCs. 

Eventually, the film would cross the Mott metal-insulator transition point extending wavefunctions over 

entire NCs solid film. Taken from ref.84. Copyright 2000 Annual Reviews. 

Another vital parameter to consider in the transport mechanism is the energetic disorder 

(Δ�). As it is almost impossible to synthesize atomically precise NCs, there will always exist 

a size distribution of the NCs. This size distribution and structural orientation lead to a 

significant energetic distribution in NCs states that hinders the transport of charge carriers. The 

interplay of � and Δ� will lead to an essential Metal-insulator transition phenomenon, called 

Anderson localization, which physically refers to the separation of strongly coupled regimes 

from weakly coupled regimes in NC films. 

1.6 Field-Effect Transistor 

Field-effect transistor (FET) devices are the second-generation of bipolar junction 

transistors (BJT). In general, BJT devices are governed by diffusion mediated minority charge 

carriers. Specifically, FET devices are unipolar and governed by drifting of charge carriers 
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controlled by the applied gate potential. FET devices have several key advantages over simple 

BJT’s such as simple operation, fabrication procedure, and smaller size, i.e., a higher number 

of devices per given area of the chip. Therefore, at present, these devices are predominant in 

integrated circuits. FET devices (Figure 1-5) have three terminals, just like the BJTs. However, 

the terminology is somewhat different. FET devices have “source & drain” electrodes, and the 

area between them is called the “channel” being the semiconductor material. The source 

terminal acts as the source of charge carriers, which goes to the drain terminal with some 

conductance. The “gate” electrode influences the conductance or the carrier concentration. 

Such a FET device has been categorized as junction field-effect transistors (JFET or FET) and 

metal oxide semiconductor field-effect transistors (MOSFET). Two main characteristics 

describe FET devices: 1) Output characteristics, and 2) Transfer characteristics. The output 

characteristics are the drain current as a function of applied source-drain voltage at a constant 

gate potential. The transfer characteristics are the drain current as a function of gate potential 

at a constant source-drain potential. 

The theory of FET was described by Shockley in 1952.85 Briefly, as an electrical field 

(��) must be present when current flows in +� direction, this requires a potential change along 

the channel length. At grounded gate potential, this change in applied reverse bias (�) is linear 

across the channel length (�), and this operational case of an FET is called the “gradual case”. 

The current-voltage relationship in this condition can be written as 

� � �� = � �(�)�� (10) 

 Where � is the conductance as a function of given reverse bias �. Say �� and �� are 

the reverse bias at source and drain end of the terminal separated by length �, this gives 

� =
1

�
� �(�)��

��

��

 (11) 

 Equation (11) can be solved and expressed in terms of a one-variable function having 

dimensions of current �, gate voltage ��, and drain voltage �� as  
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� = ����� − ��� − �(�� − ��)�/� (12) 

Plotting equation (12), current vs. drain voltage, follows Figure 1-5a shown below, 

having parallelly translated curves (only the magnitude is taken to plot the graph in the first 

quadrant). An important detail to note here is that equation (12) only traces the curve until �� 

(pinch-off potential). Further elongation requires the consideration of another special case. 

However, analytically the “constant current beyond pinch-off potential” can be understood in 

such a way that the increased potential amounts to the increase in the area of contact of the 

space-charge region. Hence, current will not increase beyond this point, and the transistor is 

said to be operating in the saturation region. 

Transfer characteristic measurements are another essential property of FETs (Figure 

1-5b). The mobility of the charge carriers of a channel with dimension (� × �) at a constant 

source-drain potential (���) and capacitance of insulator material (���) can be deduced using 

the gradual channel approximation,86,87 assuming the potential varies gradually in the channel 

region, as 

�� =  
���

���
�

������������

�

�

1

��� ��� 
 (13) 

 

 

Figure 1-5 a) Variation of current with the applied drain potential. b) Transfer characteristics of a 

typical FET device. 
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1.7 Photoconductivity 

FET devices use the electric field at the gate electrode to alter the conductivity of the 

device. A similar effect can also be induced by irradiation with photons of energy higher than 

the bandgap energy. These extra free charge carriers increase the conductivity of the device; it 

is known as the photochemical gating of the device. Various semiconductor NCs like PbS and 

PbSe have been explored for their photoconductivity effects.88,89  

Semiconductor NCs have been explored to find their application as photodetectors. The 

coming sections briefly discuss the theory behind the process of photoexcitation. What happens 

when we shine photons of suitable energy on a photo-detecting device, and how are the energy 

levels populated and depopulated? We shall also look at the different figures of merits of a 

photodetector to compare them among themselves and with commercially available 

photodetectors. 

1.7.1 Electronic Doping 

A. Rose has discussed the dynamics of charge carrier formation and recombination in 

his book on photoconductivity.90,91 Excitation of semiconductor material with suitable energy 

radiations acts similarly to the chemical doping process in terms of the addition of extra free 

charge carriers. This process of charge injection by light is called the electronic doping process. 

Laser illumination in a semiconductor excites electrons to the conduction band (CB), where 

they establish a thermal equilibrium between trap states (induced by defects) and the 

conduction band. Likewise, holes also distribute themselves in the valence band (VB). The 

respective charge carriers can again jump back to the CB or VB from the trap states as the 

thermal energy is sufficient enough to reshuffle, by definition. Additionally, charge carriers 

can also fall into recombination centers, which are far distant in energy, and the carriers cannot 

be re-excited from there. They would instead pick up the opposite charge carrier and 

recombine. The Fermi level for electrons ��� can be defined to roughly differentiate between 

recombination centers and trap states as 

� = �� exp �−
����, ���

��
� (14) 
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where � is the density of excited charge carriers, �� and �� are the effective density of 

charge carriers in the conduction band and the energy of the conduction band, respectively. 

����, ��� is used to define the absolute energy interval between the two states. Similarly, ��� 

is given by 

� = �� exp �−
����, ���

��
� (15) 

Various states described above are shown in Figure 1-6a. The states lying between the 

hole fermi level and the valence band act as trap states for holes and likewise states lying 

between ��� and �� act as the trap states for electrons. The states between the two Fermi levels 

serve as the recombination centers. With increasing laser excitation, the two Fermi levels move 

apart from each other (as the population of states describes the fermi level position), leaving 

the states below, as recombination centers which were acting as trap states under low excitation 

(Figure 1-6b). 

 

Figure 1-6 Electronic doping a) low excitation and b) intermediate excitation. 

Electronic doping is a simple concept that can be used to understand the complex 

dependence of current on laser power and also helps to understand the infrared quenching of 

photodetectors. 

1.7.2 Dependence of Photocurrent on Excitation Level 

The photocurrent dependence on the photoexcitation level ��� ∝ ��  is somewhat 

complicated, as the power exponent (�) varies between 0.5 to unity or the sublinear 

dependence, which is to be expected. Whereas in some cases, the power exponent goes over 

unity or the photocurrent shows supralinear dependence on laser power. 
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1.7.2.1 Sublinear Dependence 

As described above, with increasing doping level, the Fermi level for electrons and 

holes (���, ���) moves towards their respective bands, leaving the states which were acting as 

trap states before as recombination centers. To a good estimate, the density of empty 

recombination states (��) is equal to the trap states (��) lying between the original Fermi level 

(��) and the steady-state fermi level for electrons (���). Analytically, the power exponent � ≤

1 refers to the decrease in the lifetime of electrons, which will indeed be the case as �� states 

increases. Mathematically, assuming �� ≫ �� and capture cross-section �� ≪ �� with a 

continuous distribution of trap state, it is  

�� =  � � ��� �−
|��, ��|

���
�

���

��

�� (16) 

Solving the above integral for � using the electronic doping effects induced by laser 

excitation gives: 

� = �
���

�/��

�������
�

��/(����)

 (17) 

T1 is the characteristic temperature greater than T. Hence, the exponent varies between 

0.5 to unity.  

1.7.2.2 Supralinear Dependence  

An exponent greater than unity cannot be accounted for by using only “one class” of 

states, meaning the same capture cross-sectional area of states for electrons and holes. To 

understand the supralinear behavior of a photoconductor, we first need to take a look at the 

sensitization of a photoconductor. A typical CdS photoconductor in itself has a lifetime of 

electron and holes of 10�� and 10�� s, respectively, and it is seen as a relatively insensitive 

photoconductor. The sensitivity of such a photoconductor can be increased by adding another 

class of recombination states in the system, i.e., recombination states that have different capture 

cross sections for electrons and holes. These additional states will increase the lifetime of one 
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type of charge carrier and, at the same time, decrease the lifetime of another carrier. Hence the 

sensitivity of the photoconductor will be increased. This process is called sensitization.  

Supralinear behavior of a photodetector at low light illumination can be understood 

using the concept of electronic doping and sensitization. Let us assume a photoconductor with 

two classes of states where class I has the same capture cross-section for electrons and holes, 

whereas class II has a different cross-section for electrons and holes. The photoconductor 

should also have steady-state Fermi levels embracing only one type of class of the states (here 

class I), as shown by Figure 1-7a. When the light intensity increases, the two steady-state fermi 

levels start to move apart and embrace the class II states, as represented in Figure 1-7b. Hence, 

the class II states now start to act as the recombination centers having higher cross-sections for 

one type of charge carrier (say holes). Such a condition will sensitize the photodetector by 

capturing one type of charge carrier (holes in this case), thus leading to the power dependence 

greater than unity. 

 

Figure 1-7 Schematic for supralinearity model a) weak illumination b) intermediate illumination. 

Another factor that also plays a role in the shift of steady-states Fermi levels of electrons 

and holes is the temperature. The temperature has an inverse effect on electronic doping, i.e., 

turns a sensitive photoconductor to an insensitive one. A similar effect can also be generated 

by shining infrared light as generated by increasing temperature. Thus, the interplay between 

these two factors can be used to tune the sensitivity of the photoconductor. 

1.7.3 Figure of Merits of Photodetectors 

The photocurrent flowing through any semiconductor is defined as the number of 

excess charge carriers flowing per absorbed light photon.69,92 
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��� = ������ (18) 

Here � is the quantum efficiency, � is the unit charge, �� is the number of photons of 

wavelength � absorbed per unit time and �� is the internal photoconductive gain. �� = �
��

�  is 

given by the number of cycles a charge carrier completes before recombination. Gain can be 

engineered by manipulating the lifetime (�) and the transit time (��). The former parameter is 

dependent on the trap states, whereas the latter depends on the geometry of the device and the 

material properties. 

��(�, �) =
���

���
 (19) 

Responsivity or sensitivity is defined as the photocurrent produced per unit input power 

(���). Responsivity is a function of modulation frequency �, and wavelength of the photon. For 

IR photodetectors, the responsivity typically increases with the increasing wavelength of the 

light and drops off to zero after a peak below the material’s band-edge. In contrast, for NC 

based devices, it usually follows the absorption profile behavior. 

�∗(�, �) =
������

��
 (20) 

The area independent figure of merit of a photodetector is the specific detectivity (�∗) 

as given in equation (20). Where � is the area of the detector. Detectivity is measured in Jones 

(1 ����� = 1 �� ��� �⁄  ���). 

Response time or time constant (�) is defined as the time taken by the photodetector to 

reach (1 − ���) ≈ 63% of the steady-state photocurrent in responding to an optical signal. The 

response time is dependent on the frequency of modulation of the optical signal. For low 

modulation frequencies, the photodetector will be able to reach the maximum current and then 

fall to the dark current. Increasing the modulating frequency will give less and less time (1/2�), 

and eventually, the photodetector’s maximum current will not be reached. The modulating 

frequency at which the photocurrent reduced to �1
√2

� � ~ 0.707 times the peak value is defined 
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as the cut-off frequency or 3dB bandwidth of the photodetector. In the same scenario, the rise 

time and decay time of a photodetector is defined as the time taken to reach from 10% to 90% 

of the maximum steady-state current upon illumination of the pulsed optical signal. It should 

be noted that the rise and decay time of a photodetector can be different and should be 

considered in determining the bandwidth. 

 

Figure 1-8 a) Schematic drawing to show a photodetector and b) typical response of such a device 

under the illuminated and dark state. 

Specifically for NC-based photodetectors, it is also worth mentioning that a mere 

increase of the charge carrier concentration under light illumination is not widely assumed to 

be the cause of observed change in the photoconductivity. It is observed that light illumination 

easily increases the conductivity of NCs films over 2 to 3 orders of magnitude even under low 

illuminations, which barely generates single excitons per NCs.22,88,93 These findings led 

Shabaev et al. to found out that the increased free charge carriers solely are unable to contribute 

to the changed conductance and suggest that the mobility of free carriers increases under the 

optical illumination.94 The free carriers in dark conditions have a large energy barrier to 

overcome to tunnel to the next NCs. However, such boundary condition does not exist in an 

illuminated state as the Auger recombination is more probable than the radiative recombination 

in NCs. The energy released by Auger recombination can excite the nearby electrons residing 

in the conduction band, forming a band that has almost no energy barrier to overcome, making 

a band-like transport possible in such devices. 
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1.8 Self-Assembly of Nanocrystals 

Self-assembly is a process of forming an ordered structure from the covalently non-

bonded individual particles due to weak forces like van der-Waals forces or hydrogen bonding. 

Ordering of particles requires uniform shape and distribution. NCs synthesized with narrow 

size distribution can assemble themselves in an ordered superlattice when subject to a suitable 

environment such as evaporation of the solvent. Semiconductor and metallic NCs of various 

shapes and sizes have been self-assembled in literature.95 Such a mesocrystalline structure of 

NC assembly could lead to new properties that are not exhibited by disordered arrays of NC, 

e.g., orientational ordering for fluorescent properties.96 Ordered NC assemblies are also 

expected to have higher mobility than their disordered array. However, as synthesized NCs 

have organic surfactant layers of a few nanometer-size, which plays a crucial role in their self-

assembly, but also acts as an energy barrier. Therefore hinders electronic interactions with 

neighbors, and the array acts as an isolated NCs. The ultimate goal of these NCs self-assembly 

efforts is to have a highly ordered assembly with overlapping electronic wavefunction to allow 

charge transport. In these terms, only short-range conductive mesocrystalline assemblies are 

possible until now. 

1.8.1 Self-Assembly Preparation Methods 

Nanoparticles are stabilized in solution as long as the pair potential is predominantly 

repulsive. Tethering ligands stabilize NCs due to steric interactions (organic surfactants or 

neutral polymers) or electrostatic repulsion (charged inorganic ligands). These ligands provide 

complimentary solubility in polar or in non-polar solvents. Aggregation can be induced, e.g., 

by evaporation of the solvent, the addition of non-solvent, freezing the solvent, or by cross-

linking the ligand matrix. Aggregation of NCs from solution changes the overall repulsive pair 

potential to attractive to allow the formation of assembled superlattices. 

Self-assembly of NCs can be prepared by slow evaporation of the solvent, allowing the 

NCs to give sufficient time to arrange themselves in an ordered array. Rapid evaporation of 

solvent usually results in disordered or gel-like structure formation. The evaporation based self-

assembly results in thin films at the end of evaporation when the NCs find themselves in highly 

concentrated environments. Self-assembly prepared using solvent destabilization methods 

usually results in platelet, polyhedral, or sphere-like structure, not like a thin film. This method 
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exploits the presence of attractive interaction between adjacent NCs, especially when the 

solvent mixing is unfavorable, promoting flocculation. For an organic ligand stabilized system, 

increasing the solvent polarity will push the formation of bundles of ligands packed in as 

predicted by molecular dynamic simulation and observed by vibrational spectroscopy to reduce 

the contact of ligands with the non-solvent.97,98 Such bundles are more probable for longer 

saturated hydrocarbon chain ligands (C12–C18) tethered on the surface of larger NCs. Whereas 

in the case of evaporation-based self-assemblies, the ligand shell swells in the presence of the 

solvent molecules before NCs are initially crowded. As a result, non-solvent based assemblies 

have ~25% less nearest neighboring distance.99 Another comparatively less used method of 

self-assembly is gravitational sedimentation. Thermal motion of defined particle size will be 

affected by the gravitational force, so for a larger enough particle 100– 1000 �� (equating 

thermal motion, ��� to gravitational potential energy ��� required to raise a particle of mass 

m by its own diameter d in earth gravity) or high-density containing elements, gravitationally 

assisted self-assembly of NCs is possible.100 However, NCs studied for superlattice are usually 

well below the estimated range of size. 

Self-assembly is a quite delicate process and depends on various factors like 

temperature, pressure, choice of starting material, solvent, interface type (solid or liquid), 

thermodynamic (facet energy, time given to assemble), and kinetic factors (nucleation sites, 

impurities present in the system). 

1.8.2 Characterization of Nanocrystal Superlattices 

Characterization of NCs assembly requires intensive instrumentation and analysis. 

Superlattice of NCs may be characterized in real space using a sophisticated electron 

microscopy technique and in reciprocal space using small-angle X-ray scattering by making 

use of synchrotron radiation. 

In transmission electron microscopy (TEM), a high energy beam of focused electrons 

penetrates the thin film of NCs assembly and hits the detector. The signal generated by the 

detector is fed to the software, which produces a digital micrograph of that specimen. TEM 

generates a 2-D projection of a 3-D object, which can sometimes be hard to analyze from a 

single projection. To work around the problem, a TEM can look at multiple facets of the object. 

By rotating the sample holder, analyzing these projections can generate a tomographic view of 
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the object.101 A highly magnified image provides localized information about the structure of 

any object. To get a statistical overview of NC assemblies, multiple 2-D images should be 

taken and analyzed using fast Fourier transformation (FFT) provided by image processing 

software. The FFT of any periodic array in real space generates spots in inverse space, each of 

which corresponds to a lattice spacing in real space. This same information can also be provided 

by electron diffraction of a periodic array of NCs. These methods are also used to distinguish 

very similar looking real space images. Electron microscopy (EM) is generally performed ex-

situ on a conducting material and requires samples to be kept in a vacuum. Carbon-containing 

insulating organic ligands present on the surface of NCs are often undetected and get charged 

during the measurement, obstructing the image capturing of the instrument. Also, the contrast 

of an EM micrograph depends on the interaction of the electron beam with the material. 

Therefore, heavy atoms provide better contrast, thereby providing a clearer image. Usually, 

EM characterization can only be performed at the final stage of the assembly process (after 

drying of the sample), often leaving out the kinetic understanding of the phenomena. However, 

recently liquid cell TEM techniques have been developed to analyze in-situ processes as 

well.102,103 EM in scanning mode using secondary and backscattered electrons also provides 

relevant information about the surface morphology of the self-assembled NCs films. Thus, 

electron microscopy offers more in-depth insights into the self-assembly process of NCs. 

Another powerful tool for the study of self-assembly is small-angle X-ray scattering 

(SAXS). X-rays can penetrate deep inside any material, thereby making it a prominent tool to 

determine the internal structure of the system. X-ray diffraction (XRD) has long been used in 

material and biological science to determine the internal structure of a system, e.g., for studying 

crystalline structures or the human skeleton. SAXS essentially works on the same diffraction 

principle as XRD. However, this technique requires a high brilliance source of X-ray incident 

at a very low angle (0.1–10°) on the sample allowing observation of nanometer-scale spatial 

patterns of the material. If the incident X-ray beam hits the sample at an angle below the critical 

angle (grazing-incidence small-angle X-ray scattering, GISAXS), it experiences total external 

reflection. Only the evanescent component of X-ray penetrates inside the material allowing to 

determine structural features of a few nanometer thick film material. X-ray scattering provides 

reciprocal or Q-space transformation of a much larger real space lattice, thereby providing an 

excellent statistical overview with intricate structure details. The scattering wave vector (��⃗ ) 
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and the phase difference (Δ �) of the wave vector (��⃗ ) are defined for an idealized scattering 

event (see Figure 1-9) in far-field approximation as  

� = ���⃗ � = �� − ��. (21) 

The magnitude of the scattering vector in terms of the scattering angle is given by 

� =
4�

�
���� (22) 

and the phase difference between the two singly scattering wave vector is 

Δ� = 2� ∙ �
Δ�� − Δ��

�
� = �� ∙ � − �� ∙ � = � ∙ � (23) 

Using the above relation in equation (23)(27) and the Bragg’s relation (�� = 2�����), 

the interparticle distance can be correlated to the coreelation length as 

� =
2�

�
. (24) 

 

Figure 1-9 Schematic illustrating the geometry of the grazing-incidence small-angle X-ray scattering. 

A limitation of SAXS is that the size of the studied object must be comparable to the 

incident wavelength since the technique relies on interference effects. Another one is that 

small-angle scattering only considers single elastic scattering events. Any inelastic or multiple 

scattering information will be lost. So thin film materials are well suited for this technique. The 
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finite detector area and coherence volume of the sample also need to be considered. Despite 

these limitations, small-angle scattering is used to determine the structure and study the 

intermediate steps taken to reach the final assembly structure. These real-time monitoring 

capabilities, along with parameters such as temperature and lateral pressure influence, helps to 

increase our understanding of the physics behind self-assembly. 
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2 Material and Methods 

2.1 CdSe Nanocrystals Synthesis 

The synthesis of CdSe NCs was adapted from a well-established procedure.62,104 

Chemicals used in the synthesis were cadmium oxide (CdO, 99.99%, Aldrich), oleic acid (OA, 

90%, Aldrich), trioctylphosphine (TOP, 97%, Abcr), trioctylphosphine oxide (TOPO, 99%, 

Aldrich), hexadecylamine (HDA, 90%, Aldrich), 1-octadecene (ODE, 90%, Acros Organics), 

selenium pellet (Se, 99.999%, Aldrich), ammonium iodide (99.999%, Aldrich), N-

methylformamide (NMF, 99%, Aldrich), hexane (Extra Dry, 96%, Acros Organics), ethanol 

(Extra Dry, 99.5%, Acros Organics), acetone (Extra Dry, 99.8%, Acros Organics), dimethyl 

sulfoxide (DMSO, 99.7%, Acros Organics), and acetonitrile (Extra Dry, 99.9%, Acros 

Organics). All chemicals were used as obtained from their respective source without further 

purification. Synthesis of NCs was carried out in a controlled, oxygen, and moisture-free 

atmosphere, provided by a Schlenk line. The glasswares were cleaned thoroughly with the base 

bath solution and then rinsing with soap water and deionized water several times. 

For the wurtzite, CdSe NCs synthesis, 176.7 mg CdO, 8 g TOPO, 8 g HDA, 2.2 mL 

OA, and 45.8 mL ODE were taken into a three-neck round-bottom flask. The mixture was kept 

under vacuum for 2 h (∼10−2 mbar). Then the mixture was heated in a nitrogen atmosphere at 

300 °C until the solution became clear. The solution was then cooled down to 275 °C and kept 

for 30 min. In another glass vial, 1 M TOPSe was prepared by heating a mixture of 130 mg of 

Se pellets in 1.6 mL of TOP at 120 °C with constant stirring. The thus prepared TOPSe solution 

was added to the reaction mixture together with 6.4 mL of TOP and 8.0 mL of ODE. Then the 

entire mixture was heated at 280 °C for 25 min. The reaction was quenched by submerging the 

flask in a water tank. Then the reaction mixture was transferred to a nitrogen-filled glove-box. 

For purification, the reaction mixture was divided into five parts and precipitated with ethanol 

and centrifuged at 4000 rpm. The above step was repeated twice with acetone and ethanol, and 

the precipitate was dispersed in toluene. Finally, the NCs were purified by adding methanol, 

and the CdSe NCs were dispersed in hexane. 

Synthesis of zinc-blende CdSe NCs was taken from literature.105 Briefly 22.5 mg of 

CdO, 80 mg myristic acid were taken in 5 mL of ODE in a three-neck round bottom flask. The 

mixture was kept under vacuum for 2 h at 10-2 mbar. For dissolution, the mixture was heated 
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to 240 °C for 5 min and then cooled down to 60 C for injection of 1 mL cadmium acetate and 

19 mg of SeO2 in 12 mL ODE. After the addition, the temperature was again raised to 240 °C, 

and 3 mL of 1:2 OA/ODE mixture was also added. The reaction was quenched after 1 h by 

dipping the reaction flask into water. The NCs were purified in a nitrogen-filled glove box 

using toluene-acetone and toluene-methanol solvent-antisolvent combination. Thus obtained 

NCs were further washed with DCM-ethanol mixture, and finally, the oily residue was washed 

with acetone and centrifuged at 12000 rpm for 10 min. The NCs were then dispersed in hexane 

for further use. 

 

Figure 2-1 Schematic representation of the reaction assembly for the synthesis of CdSe NCs. 

2.2 Iodide Ligand Exchange  

Long-chain insulating ligands have an end to end length of approx. 2.5 nm hampering 

the electronic coupling of the neighboring NCs in the solid-state. This ligand sphere is replaced 

with Iodide ligand to enhance the transport properties of NCs thin film.  

The ligand-exchange62,104 was performed in a nitrogen-filled glovebox. 300 μL of 1 M 

NH4I solution in NMF diluted with adding 2.7 mL of acetone was taken in a vial. CdSe NCs 

(5 mL) having a concentration of ∼10 mg/mL in hexane was added to the above vial and stirred 

continuously until the hexane layer became completely colorless. The aggregate was 

centrifuged, the mixture was decanted, and the precipitate was washed several times with 

hexane to remove organic linkers left, if any. The precipitate was dissolved in 3 mL of NMF 
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and centrifuged using a hexane/acetone (1/2) mixture and dissolved in NMF. These NCs were 

used in further ligand exchange with OSC and device preparations. 

 

Figure 2-2 Iodide ligand exchange reaction and subsequent exchange with OSC. 

2.3 Device Preparation 

A commercially available bottom-gate, bottom-contact transistor substrate (n-doped 

silicon (� = 3 × 10�� ����) with 230 nm thermal oxide as a dielectric layer from Fraunhofer 

Institute for Photonic Microsystems, Dresden, Germany) with interdigitated Au electrodes of 

10 mm width and varying channel lengths (2.5, 5, 10, & 20 ��) was used for the preparation 

of the FETs. In a typical film preparation, CdSe/I− NCs (∼60−100 mg/mL) were spin-coated 

onto the substrate at 35 rps and dried at 80 rps. The film was annealed at 190 °C for 30 min. 

For devices composed of OSC exchanged particle films, a solution of CdSe/I− NCs in NMF 

was deposited onto the FET substrate together with ∼30 μL of a saturated solution of OSC in 

polar solvents like DMF/DMSO. The mixture was left undisturbed for a sufficient amount of 

time to react to form a CdSe/I−/OSC film, after which the remaining solvent was spun-off the 

substrate to leave a continuous film. The as-prepared film was washed with acetonitrile to 

remove excess and unbound OSC. Finally, the film was annealed at 190 °C for 30 min. 

For spectroscopic analysis, thin glass cover slides were used instead of FET substrates 

to deposit the NC film while keeping the rest of the procedure similar.  

Self-assembled thin films of NCs were prepared using a drop-casting method. For a 

typical self-assembled thin film preparation, CdSe NCs of roughly 10�� � were deposited on 

a Si substrate or Si3N4 window supported by Si frame, and the solvent was allowed to evaporate 

undisturbed in a semi-closed container. For ligand exchange, on a pre-assembled & dried thin 

film, Zn4APc was added and left overnight and washed with acetonitrile the next day. Thus 

obtained dried films were used for X-ray scattering experiments. 
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2.4 Characterization  

2.4.1 Absorption Spectroscopy 

The quantum confinement effect in the CdSe NCs manifests as a blue shift of the lowest 

energy excitation peak in absorption spectroscopy. Absorption measurements were performed 

on a Cary 5000 series UV-Vis-NIR spectrophotometer. The dependence of the first excitonic 

peak on the size of the NCs has been empirically determined by Yu et al. for different cadmium 

based NCs.106 

� = (1.66122 × 10��)�� − (2.6575 × 10��)��

+ (1.6242 × 10��)�� − (0.4277)� + 41.57 
(25) 

Here � is the size of the NCs in �� having a first excitonic maximum at � ��. They 

also reported the dependence of the extinction coefficient (�) on the size of the NCs, which 

was generally thought to be size-independent. The relationship is given as 

� = 5857 × (�)�.�� (26) 

This establishes the size and extinction coefficient of the particles, and by using Beer-

Lambert’s law, one can find out the concentration of NCs. 

� = ��� (27) 

 Here, � is the absorbance of light passing through a cuvette of length, �, having a 

solution of concentration, � in ���/�. 

2.4.2 Raman Spectroscopy 

Raman spectroscopy generally determines the vibrational state of the system. 

Excitation of a COIN system with monochromatic light, e.g., by a laser, results in elastic 

(Rayleigh scattering) and inelastic (Raman) scattering. The monochromatic light excites the 

molecule to a virtual state. From there, the light can either be scattered with lower energy, 
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called the stokes shift, or with higher energy than the incident light, called the anti-stokes shift. 

The later phenomena result from the interaction of light to an already excited vibrational state 

electron. The excited electron relaxes itself to the ground state by imparting its energy to the 

light photon, thereby scattering a high energy photon. Thus, Raman spectroscopy can be used 

for determining the vibrational fingerprint of an organic molecule. 

Raman spectra presented in this thesis work were acquired using a Horiba Jobin Yvon 

Labram HR 800 spectrometer in the group of Prof. Dr. Frank Schreiber. The scattered light 

was detected by a CCD-1024 × 256-OPEN-3S9 detector. A He:Ne laser 633 & 532 nm laser 

excitation were used to excite the sample. 

 

Figure 2-3 Energy levels to show different forms of light scattering from a molecule. 

2.4.3 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is used to detect NMR active nuclei 

(having a magnetic moment of ½ or its odd multiple). Nuclei, such as 1H or 13C, absorb 

radiofrequency waves when placed in a magnetic field and resonate with different frequency 

radio waves depending on their chemical environment. Thus, NMR spectroscopy offers a 

quantitative and qualitative method to characterize such NMR active molecules. NMR 

spectroscopy can be used to characterize the nature of surface ligand containing olefinic 

hydrogens. 

The NMR measurements of CdSe NCs were carried out in d8-toluene solvent using a 

400 MHz Bruker instrument at the NMR facility of the Department of Chemistry, University 

of Tuebingen.  
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2.4.4 Steady-State Photoluminescence 

Emission spectra are obtained when light excites a fluorophore from the ground state 

to the higher excited states, and the electrons and holes combine radiatively. The characteristics 

of the emission spectra is that a low energy light is emitted, and the loss of energy is regarded 

as the stokes shift. Generally, the electron-hole pair recombine radiatively from the first excited 

state of the molecule to the ground state, i.e., the fluorescence spectrum is the mirror image of 

the first excitonic absorption band. However, some fluorophores like perylene also exhibit 

emission from the first excited state to excited vibrational states of the ground electronic state 

band as well. In that case, the emission spectrum is a mirror image of the entire absorption 

spectra. There is also an exception to the mirror image rule when there is a chemical reaction 

or charge transfer between the molecules in the excited state, e.g., 1-hydroxypyrene-3,6,8-

trisulfonate fluorescence at different pH or excimer formation in pyrenes. 

Steady-state photoluminescence (SSPL) has been widely used to characterize the 

quality of synthesized NCs in terms of their fluorescence quantum yield. Fluorescence spectra 

of NCs are also dependent on the ligand sphere on the surface of the NCs as insulating organic 

ligands (Type I band-alignment) passivate the surface completely and confine the excitons to 

individual NCs, increasing the radiative recombination probability. Therefore, this technique 

has also been used to qualitatively monitor ligand exchange strategies, which are often needed 

for device applications.62,107,108 The removal of insulating ligands around the NCs is 

accompanied by a decrease in the fluorescence quantum yield and introduces lower energy 

emission, which originates from localized surface trap states. Thus, fluorescence spectroscopy 

is the primary tool to not only characterize NCs qualitatively but also to give insight into the 

electronic structure of the NCs. 

The SSPL measurements at room temperature were carried out by Jonas Hiller, a 

master's student in the group of Prof. Dr. Alfred Meixner, using a homebuilt inverted confocal 

laser scanning microscope equipped with a 488 nm TOPTICA Photonics iBeam smart diode 

laser.109 The laser intensity of the gaussian smeared out laser in diffraction-limited focus was 

estimated to be 107 W/cm2. For most SSPL experiments, this laser was operated at 30-60% of 

maximum power. The Laser was focused on the sample, and the emitted light was collecting 

using an oil immersion objective (NA = 1.25). The spectral data were recorded using an Acton 

SpectraPro 2300i spectrometer with a grating of 300/mm and a detector temperature of -45 °C. 
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Photoluminescence and scattering images were acquired by scanning the area of interest while 

utilizing two separate avalanche photodiodes (APDs) as detectors. 

 

Figure 2-4 Typical fluorescence profile of CdSe NCs. 

2.4.5 Low-Temperature Steady-State Photoluminescence 

Room temperature SSPL from colloidal NCs sample shows broad fluorescence bands 

in the spectra and makes it difficult to understand the origin of the band, specifically in a hybrid 

system like COINs. Cooling down the sample to cryogenic temperatures freezes some of the 

energetic processes involved as the available energy decreases leaving the sharpening of the 

bands and easier deconvolution of individual peaks. 

Low-temperature SSPL data were recorded by Saeed Nusrati, a doctoral student in the 

group of Prof. Dr. Alfred J. Meixner. A home-built confocal microscope mounted on a damped 

optical table was used to measure low-temperature fluorescence. The sample was mounted and 

scanned using a piezoelectric stage. A LakeShore temperature controller unit was used to 

monitor the sample temperature during the experiment. A 488 nm laser diode was used to 

excite the sample with a maximum power density of 7.52 × 10� W/cm� at the focus point, 

focused using a 60x air objective. The collected fluorescence signal was detected by single-

photon counting avalanche photodiode. The signal was integrated for 1 s. 

2.4.6 Time-Resolved Photoluminescence Spectroscopy 

The intensity decay profile of a luminescence spectrum represents the lifetime of the 

excited state, defined as the average time spent by a molecule in the excited state before 
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reaching the ground-state. The lifetime of an excited state in CdSe NCs is roughly on the order 

of 10 ns. The lifetime of fluorophore shown in Figure 2-5 are given by 

� =
1

Γ + ���
 (28) 

��� is the non-radiative decay constant conveniently used to sum up all the non-

radiative decay processes, and Γ is the radiative decay constant. The lifetime of a fluorophore 

in the absence of non-radiative pathways is termed the natural lifetime, which gives the 

maximum lifetime as 

�� =
1

Γ
 (29) 

The instrumentation for measuring time-resolved photoluminescence (TRPL) is 

significantly more complex than the SSPL measurements, and the SSPL is the averaged TRPL. 

So, the question arises what does this increased complexity in instruments have to reveal in 

terms of the molecular information? As it turns out, essential molecular information is lost 

during the averaging process. The fluorescence of a macromolecule is sometimes complex and 

shape-dependent, such that only the intensity decay profile has the shape information, which 

will be lost during averaging. Macromolecules can also exist in more than one conformation; 

thereby, the time probe of fluorescence could reveal any conformation-dependent decay 

profiles, i.e., different decay times associated with different conformations. In the case of 

energy transfer, TRPL spectroscopy can reveal the arrangement of the acceptor molecules in 

space around the donor molecules. Fluorescence decay profiles can also reveal the nature of 

quenching, i.e., whether quenching is due to diffusion or complex formation with ground-state 

molecules. 
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Figure 2-5 Simplified Jablonski diagram to show the meaning of lifetime. A&F subscript for absorption 

and fluorescence. 

Quan Liu and Tim Rammler recorded TRPL measurements, both doctoral students 

associated with the group of Prof. Dr. Alfred J. Meixner using a home-built confocal 

microscope. A 488 nm laser (200 µW, 20 MHz) was used to excite the sample, and the data 

collection was performed by a single-photon avalanche photodiode connected to a time-

correlated single-photon counting detector (TCSP, HydraHarp 400). Decay curves were fitted 

and analyzed using SymPhoTime 64. 

2.4.7 Transient Absorption Spectroscopy 

Transient absorption spectroscopy (TAS) has been a prominent tool to determine the 

excited state of a fluorophore. TAS probes the short-lived ultrafast processes and gives 

information about the energy transfer process occurring in a system. A high-intensity pump 

pulse excites the area of interest of a sample followed by a less intense probe pulse with delay 

time �, and a differential absorption spectrum (absorption of the molecule in excited state minus 

the absorption from the ground state) is calculated at variable decay times. 

Samples for TAS were prepared by drop-casting on a quartz plate (Eso Optics). Dr. 

Jannika Lauth, a post-doctoral fellow at the Delft University of Technology, Netherlands, 

performed the TA experiments on a set-up described previously.110,111 A 180 fs laser pulse, 

generated in a Yb:KGW oscillator of wavelength 1028 nm, was split to form the probe and 

pump pulse. The pump beam formed from most of the fundamental laser pulse was passed 

through a nonlinear frequency mixer in an optical parametric amplifier (OPA) and second 

harmonics generation (Light Conversion, Orpheus) to generate light in the range of 310–

1500 nm. A broadband probe spectrum was generated by focusing the 1028 nm laser light onto 
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a sapphire (500−1500 nm) or a CaF2 (400−600 nm) crystal by nonlinear processes. Delay times 

of maximum 3 ns can be obtained between the pump and probe pulse using an automatic delay 

stage. Both the pulses had an offset of ~8° angle on the sample hitting area. The pump pulse 

was dumped after the photoexcitation of the sample, while the probe pulse led to a detector 

fiber suitable for the probe spectrum selected (Helios, Ultrafast Systems). A generated 2-D map 

showed the differential absorption of the COIN sample with the wavelength. 

 

Figure 2-6 Simplified schematic of transient absorption spectroscopy. 

2.4.8 Electron Microscopy 

Another method for size determination of the NCs is by taking scanning electron 

microscopic SEM images of the sample and manually sampling many particles to get good 

statics for the size of the particles. 

SEM samples were prepared on Si or Si/SiOx substrate and micro-graphed by Elke 

Nadler from the group of Prof. Dr. Thomas Chassé and Andre Maier, a doctoral student in our 

group, using a HITACHI model SU8030 at 30kV equipped with three detectors. The sample 

preparation for NC characterization is relatively simple. However, the sample of interest can 

sometimes create issues with the electron beam, e.g., due to organic material. The ligand 

material used during the synthesis of NCs, if present in excess, will reduce the signal-to-noise 

ratio due to charging effects. To mitigate such effect, washing the sample rigorously before 

inserting it into the SEM to reduce the unnecessary and unbounded ligands and grounding the 

conducting sample reduces the noise. An electron beam in transmission mode is also used to 

get a clearer micrograph of thin films. 
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Figure 2-7 a) SEM image of CdSe NCs inset higher magnification, b) Particle size estimation, and 

Gaussian fit to represent the size distribution. 

2.4.9 Room Temperature and Low-Temperature Electrical 

Measurements 

To determine the FET properties of COINs at room temperature, the output 

characteristics and transfer characteristic properties were measured in a nitrogen-filled glove-

box using a Keithley 2634B source meter. All low-temperature measurements were performed 

at low pressure (10�� − 10�� ����) inside a cryogenic probe station CRX-6.5K (LakeShore 

Desert). The sample temperature was controlled by using a LakeShore temperature controller 

unit. The Gradual-channel approximation was used to determine the mobility at various 

temperatures in the linear regime, ��� ≤ 5 �. 

For optical gating of the transistor, single-mode fiber-pigtailed three laser diodes from 

Thorlabs having 488, 637, 847 �� and operated by a CLD1010 diode controller were used. 

The maximum output of the three lasers was different and reported with the experimental data. 

2.4.10 Time-Resolved Photocurrent Measurements 

Time-resolved photocurrent measurements were performed by Christine A. Schedel, a 

doctoral student in our group. These measurements were performed in a vacuum chamber, 

maintaining a pressure of 10�� ���� throughout the measurements. Thin films of hybrid 

material were prepared on a FET device, as described in the device preparation section. The 

impulse response of the device was measured by exciting the samples with 636 & 779 �� 
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pulsed lasers of pulse length < 500 ��, operated by a picosecond laser driver Taiko PDL M1 

from PicoQuant. These measurements were performed with 600 µ� output power and 

300 ��� repetition rate. The square pulse response of the films was determined by using a 

nanosecond diode laser driver (FSL500 from PicoQuant). The laser has a rise time of < 0.5 �� 

and 100 �� width having 12 �� laser output subjected to losses due to scattering, beam 

decollimation, and inefficient coupling of the fibers before hitting the sample. These 

measurements were performed with 300 ��� repetition rate. The photo-response generated 

by the film was preamplified with a FEMTO HAS-Y-1–60 1 GHz high-speed amplifier and 

measured with a UHFLI lock-in amplifier from Zurich Instruments. The overall time resolution 

of the instrument is 600 ��� due to the signal input of the lock-in amplifier. 

2.4.11 Grazing Incidence / Small Angle X-ray Scattering 

Structural characterization of CdSe NCs ordering was performed with a laboratory 

Xenuss 2.0 Genix3D setup in grazing incidence mode. The X-ray radiation source used in the 

instrument was a Cu ULD using Cu Kα emission at 1.5406 Å wavelength having an energy of 

8.04 ��. Two slit pairs in high resolution collimated the beam to 0.5 × 0.5 ��. The scattered 

beam was recorded using a Pilatus 300 K detector. In house measurements were performed by 

Dr. Santanu Maiti, Dr. Martin Hodas, and our intern student Konstantin Tyulyunov in the group 

of Prof. Dr. Frank Schreiber. 

Small-angle X-ray scattering measurements were performed in collaboration with the 

group of Prof. Dr. Ivan Vartaniants and Dr. Martin Hodas at PETRA III synchrotron DESY, 

Hamburg at P10, using a coherent beam of energy 13.8 ��� and a GINIX setup. A nano-

focussed beam having 400 �� diameter achieved using KB mirrors was used to scan a sample 

from 10 × 10 µ�� to 30 × 30µ�� with step size ranging from 0.2 µ� to 1 µ�. The beam 

exposure time was kept to 0.3– 0.5 � to get a good signal to noise ratio and avoiding beam 

damage to the sample. The scattered beam was recorded with an Eiger 4M detector positioned  

370 �� downstream to record a larger q-range (SAXS &WAXS patterns). An optical 

microscope was used to roughly position the interesting areas of the films.  
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Abstract  

We report an optically gated transistor composed of CdSe nanocrystals (NCs), 

sensitized with the dye Zinc β-tetraaminophthalocyanine for operation in the first telecom 

window. This device shows a high ON/OFF ratio of six orders of magnitude in the red spectral 

region and an unprecedented 4.5 orders of magnitude at 847 ��. By transient absorption 

spectroscopy, we reveal that this unexpected infrared sensitivity is due to electron transfer from 

the dye to the CdSe NCs within 5 ��. We show by time-resolved photocurrent measurements 

that this enables fast rise times during near-infrared optical gating of 74 ± 11 ns. Electronic 

coupling and accelerated nonradiative recombination of charge carriers at the interface between 
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the dye and the CdSe NCs are further corroborated by steady-state and time-resolved 

photoluminescence measurements. Field-effect transistor measurements indicate that the 

increase in photocurrent upon laser illumination is mainly due to the increase in the carrier 

concentration while the mobility remains unchanged. Our results illustrate that organic dyes as 

ligands for NCs invoke new optoelectronic functionalities, such as fast optical gating at sub-

bandgap optical excitation energies.  

Introduction  

Optical transistors are key components in optical data communication, where they 

convert an incoming pulse of optical information into an electrical data output.112,113 Light 

pulses in the first telecommunication window (800– 900 ��) are useful for specialized 

communication systems over short distances where the rather large dispersion at these 

wavelengths is irrelevant.114 The band-edge absorption and excellent compatibility with 

standard CMOS technology of silicon are in principal well-suited for it to serve as the active 

material in an optical transistor; however its indirect bandgap and intrinsically limited optical 

sensitivity have moved other materials, such as GaAs, SiGe or graphene, into the spotlight.115–

117 Inorganic semiconductor nanocrystals (NCs) are considered as alternative materials for 

optical transistors due to their exceptionally large extinction coefficients and absorption cross 

sections.118–121 In particular, InAs and PbS NCs have been successfully explored in highly 

sensitive photodetectors, although often with a rather slow operation time, which is not 

attractive for optical transistors and fast data communication.122–128 CdSe is the technologically 

most mature example for this material class, and electro-optical conversion with CdSe NCs has 

been studied for over two decades.129,130 Tailoring the surface chemistry has mitigated the 

effect of frequent surface defects, crystal grain boundaries, and barriers to charge-carrier 

injection in thin films of CdSe NCs, enabling charge carrier mobilities that are comparable to 

those in silicon.131,132 A large tolerance for a wide range of substrates, including flexible and 

bendable materials, as well as photolithographic techniques to pattern CdSe NC-based devices 

with high fidelity render this material class increasingly competitive with established bulk 

inorganic semiconductors for electro-optical applications.133,134 However, the band-edge 

absorption in bulk CdSe is limited to < 730 ��, which is reduced further to < 650 �� for 

typical CdSe NCs due to quantum confinement. Below these wavelengths, CdSe NCs have 

demonstrated excellent optical transistor properties with ON/OFF ratios of 6 orders of 
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magnitude and detectivities of > 10�� �����.135,136 However, due to the lack of absorbance at 

telecommunication wavelengths, the application of CdSe NCs in optical transistors is 

unattractive. This hampers the exploration of electro-optical communication units (optical 

transceivers) based entirely on CdSe NCs despite their otherwise attractive optoelectronic 

performance. A possible solution for this shortcoming is the design of hybrid materials, for 

instance by mixing CdSe NCs with graphene, black phosphorous or transition-metal 

dichalcogenides.137–139 However, the relatively long lifetimes of separated charges at the 

interface of these hybrid materials invoke rise and fall times between 60 �� and 2.8 �, which 

so far prevent fast data communication.  

Here, we demonstrate as to how tethering the organic dye Zinc β-

tetraaminophthalocyanine (Zn4APc) to the surface of iodide-capped CdSe NCs expands the 

electro-optical response of thin films of this hybrid material into the first telecommunication 

window. At 847 �� photoexcitation, we obtain an ON/OFF ratio of 4.5 orders of magnitude 

and a rise time of 74 ��. With transient absorption spectroscopy (TAS), we show that the 

mechanism behind this action is a photoexcitation of singlet excitons in the dye, followed by 

charge-carrier separation and electron transfer onto the n-type NCs. Elevated electron 

mobilities within the network of iodide-capped CdSe NCs enable fast transfer of the 

photoexcited charge carriers to the terminals of an optical transistor, which merely consists of 

two contacts, a light source and a thin layer of the hybrid nanomaterial. This work details as to 

how modifying the ligand sphere of NCs with organic π-systems generates new optical 

properties without compromising the electronic performance of the material. This provides 

attractive application perspectives, for instance for optical communication technologies. 

Results 

Characterization of Ligand Exchange and effect on electric transconductance 

Ligand exchange of 5.5 �� wurtzite CdSe NCs is monitored by optical absorption and 

Raman spectroscopy of thin, solid-state films in Figure 1a,b. As-synthesized CdSe NCs 

capped with a mixture of hexadecylamine (HDA) and oleic acid (OA) exhibit an excitonic 

transition at 621 �� (Fig. 1a, red curve). Surface modification with NH4I (Fig. 1a, blue 

curve), followed by further ligand exchange with Zn4APc (Fig. 1a, orange curve) invokes a 

red shift of the excitonic transition by 2– 3 and 10 ��, respectively. We attribute this either to 

the change in the dielectric environment of the NCs or possibly to the reduced quantum 
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confinement due to improved interparticle coupling.140,141 The appearance of two additional 

absorption bands at 710 and 850 �� after ligand exchange with Zn4APc is supporting 

evidence for a successful surface modification of the CdSe NCs.142 For a comparison, we 

display the absorption spectrum of pure Zn4APc in the solid state in Figure 1a (black curve) 

but note that the details of the spectral absorbance are strongly influenced by the types of 

aggregates formed in the solid state. These are not necessarily identical in the NC/dye film.  

The Raman spectra in Figure 1b further corroborate this: HDA/OA-capped CdSe NCs (red 

curve) are weakly Raman active and mainly show the bands of the silicon substrates at 520 

and 940– 985 ����. After surface modification with NH4I (blue curve), we observe strong 

bands at 207, 415, and 621 ��-� which we interpret as the longitudinal optical phonon (1LO) 

and overtone (2LO, 3LO) modes of CdSe in reasonable agreement with previous reports.143,144 

In addition to these bands, the Raman spectrum of the CdSe/I–/Zn4APc film exhibits additional 

bands beyond 688 ����, which we attribute to the presence of Zn4APc upon comparison with 

the spectrum of pure Zn4APc (black curve).145 Based on the applied amounts of NCs and dye, 

we gauge the ratio of Zn4APc to CdSe NCs as 4: 1 in the hybrid material. 

Sayevich et al. have shown that initially insulating CdSe NCs capped with HDA/OA 

can be converted into n-type field-effect transistors upon surface modification with NH4I and 

ON/OFF ratios of 5 orders of magnitude.62 Our transconductance measurements of the CdSe/I– 

NC thin films in Figure 1c confirm these properties. Although we were not successful in 

fabricating similar transistors by direct ligand exchange of HDA/OA-capped CdSe NCs with 

Zn4APc, we find in Figure 1d that a consecutive surface modification into CdSe/I–/Zn4APc 

films leads to n-type transistors and an ON/OFF-ratio of 4 orders of magnitude. For a 

characterization of the morphologies of the film, see Figure S5 in the Supporting Information. 

A comparison of Figure 1c with 1d illustrates that the slightly inferior ON-OFF ratio after 

Zn4APc modification is mainly due to a larger threshold voltage and hysteresis. We anticipate 

that charge-carrier transport in CdSe/I–/Zn4APc films most likely manifests without the aid of 

molecular orbitals of Zn4APc. In this scenario, the increased hysteresis in the hybrid film 

probably originates from burying the conductive CdSe/I– layer within a matrix of Zn4APc.  

We determine the field-effect mobilities (�) in the dark and under 637 �� excitation 

by applying the gradual channel approximation and extract the charge-carrier concentration 

(�). On average, we find µ =  2.8 × 10�� ���/�� and � = 3.0 × 10�� ���� in the dark 

which compares to µ =  5.2 × 10-� ���/�� and � =  2.4 × 10�� ���� under 35 µ� 
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incident optical power. For a comparison, we verified whether films of pure Zn4APc without 

the addition of CdSe NCs are insulating (Figure S6).  

 

Figure 3-1 (a) Absorption profile of thin films on glass substrates of CdSe NCs with different capping 

ligands as well as pure Zn4APc as specified in the legend. (b) Raman spectra on Si/SiOx substrates of 

CdSe NCs with different capping ligands as specified in the legend as well as pure Zn4APc ligand 

(black). Raman peaks of the Si substrate are indicated by asterisks. (c) Transfer characteristics of a 

field-effect transistor (��� = 5 �) with a thin film of CdSe/I– NCs and (d) with CdSe/I–/Zn4APc. In (c) 

and (d), data plotted with dots are shown on a logarithmic scale, while data plotted with solid lines are 

displayed on a linear scale. Gray lines represent the gate leakage in both devices. 

Optical Transistors 
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Figure 3-2 Optical gating of (a) CdSe/I– NCs at 637 �� and an incident optical power of 0– 35 µ�; 

(b) CdSe/I–/Zn4APc NCs with 637 �� and 0– 31 µ�, (c) CdSe/I– NCs with 847 �� and 0– 21 µ�, 

and (d) CdSe/I–/Zn4APc NCs with 847 �� and 0– 21 µ� at 0 � gate potential.  

We hypothesized that rather than in field-effect transistors where the concentration of 

free charge carriers is modulated through a thin dielectric, the hybrid CdSe/I–/Zn4APc NC film 

may be more promising for application in optical transistors. In such a device, charge-carrier 

modulation is provided by an optical gate, that is, the photoexcitation is by an external light 

source.  Figure 2 compares the performance of the CdSe/I– NC films (Figure 2a,c) with that 

of CdSe/I–/Zn4APc NC films (Figure 2b,d) under optical gating with 637 and 847 ��, 

respectively. Under near-resonant excitation of the CdSe NCs with 637 �� (Figure 2a,b), we 

observe a strong optical modulation of the current output for both materials. Without Zn4APc, 

the I/V-characteristics are mostly still in the linear regime (Figure 2a), while after additional 

surface functionalization with phathalocyanine, the ON-currents are 1 order of magnitude 

higher at an otherwise same excitation power and the I/V-characteristics approach the 

saturation regime (Fig. 2b). We argue that this may be the result of the additional absorption 
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of Zn4APc at 637 ��, resulting in a larger photocurrent and a more efficient photogeneration 

of free charge carriers.  

A vastly different behavior of CdSe/I– vs CdSe/I–/Zn4APc is observed under optical 

gating with 847 �� (Fig. 2c,d). CdSe NCs show a very weak absorption by in-gap defect states 

at this wavelength and, consequently, the expected photocurrent is small. Below a source–drain 

voltage (���) of 10 V, there is no clear trend of the photocurrent with increasing excitation 

power, and the ON-current indeed largely equals the OFF-current (Figure 2c). For large 

electric fields, for example, ��� > 10 �, the I/V-characteristics show a non-ohmic behavior 

and an OFF-current exceeding the ON-current, that is, a negative photoeffect. Such an effect 

is sometimes observed at a sub-bandgap excitation of semiconductors with a significant 

number of shallow in-gap states.146 Briefly, for an n-type semiconductor with in-gap states near 

the conduction band edge, the OFF- or dark-current results from free electrons in the 

conduction band donated by the shallow in-gap state. Under sub-bandgap optical excitation, 

electrons are excited from the valence band edge into the (empty) in-gap state. This leaves 

trapped electrons in the in-gap states, free electrons in the conduction band, and free holes in 

the valence band. If fast recombination of the free electron/hole pair is possible, the ON-current 

in this material will be smaller than the OFF-current, resulting in a seemingly negative 

photoeffect as shown in Figure 2c. In contrast, after functionalization with Zn4APc the 

photoeffect under 847 nm excitation is strongly positive (Figure 2d). At this wavelength, only 

phthalocyanine shows considerable absorption, and we suggest that Zn4APc acts as a sensitizer 

to activate the CdSe/I- network for photoconduction and operation as an optical transistor.  

Wavelength-Dependent ON/OFF Properties 

A key property of an optical transistor is its ability to distinguish between a poorly 

conductive OFF-state and a highly conductive ON-state. In Figure 3, we investigate the 

ON/OFF properties of CdSe/I– NCs with (orange curve) and without (blue curve) 

sensitization with Zn4APc under optical gating with 637 nm (Figure 3a) and 847 nm (Figure 

3b) at a bias of 200 mV. At 637 nm and an incident optical power of 35 µW, the Zn4APc-

sensitized CdSe/I– film outperforms the same NCs without the organic π-system with an 

ON/OFF-ratio of 6 orders of magnitude vs 4.6 orders of magnitude. We gauge the 

corresponding responsivity under these conditions as 20 mAW-1 with the dye and 1 mAW-1 

without the dye. At 847 nm and 21 µW absorbed optical power, the sensitizing effect of 
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Zn4APc has the highest impact with an ON/OFF ratio of 4.5 orders of magnitude. The 

corresponding responsivity is roughly 1.5 �����. For comparison, the CdSe/I– NC film 

without the dye exhibits an ON/OFF ratio < 2 orders of magnitude and a responsivity of only 

10 µAW-1. We note again that the small photosensitivity of the CdSe/I– NCs is most likely due 

to in-gap states because of surface defects, which could be reduced even further by better 

passivation. This view is supported by the higher OFF-current after the first optical excitation 

cycle, which indicates residual charging of the film. Moreover, the observation of a negative 

photoeffect (Figure 2c) is typical for the presence of in-gap states. The ON/OFF characteristics 

in Figure 3 are in good agreement with the optical gating measurements in Figure 2 in that 

sensitization with Zn4APc invokes improved optical switching at 637 nm and especially 

847 nm by an additional 2.5 orders of magnitude. We note that the 106 ON/OFF ratio at 637 nm 

is among the highest for this material, which is otherwise only achieved for single nanowires 

and rather sophisticated device architectures.135,136,147–150 The large sensitivity at 847 nm is 

unprecedented for CdSe NCs due to its large bandgap and usually requires alloying, for 

example, with CdTe, to achieve a significant absorption in the near-infrared region.151 

 

Figure 3-3 ON/OFF properties of optical transistors at ��� =  0.2 � of thin films of CdSe/I– NCs (blue) 

and CdSe/I–/Zn4APc NCs (orange). In (a), the excitation source is provided by 35 µW of 637 nm 

incident light and in (b) by 21 µW of 847 nm light. The time resolution in both experiments is 10 ms 

per step, which is the integration time of the current measurement unit.  

Transient Absorption Spectroscopy (TAS) 
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Figure 3-4 Two-dimensional-TA spectra of a CdSe/I–/Zn4APc film. (a) Near-resonant direct 

photoexcitation of CdSe NCs at 640 nm mainly leads to bleach features from the CdSe NCs and only a 

weak contribution from the Zn4APc. (b) Photoexcitation near the Zn4APc optical transition at 800 nm 

leads to charge transfer from the Zn4APc to the CdSe NCs visible by an indirect bleach of the CdSe 

transitions and visible by the rise of bleach feature 2 with the same time constants as the decay of bleach 

feature 1 as discussed in the text. (c) Spectral slices of the CdSe/I–/Zn4APc film photoexcited at 

different wavelengths and the associated increased contribution of the Zn4APc molecule at higher 

wavelengths and considerable Zn4APc absorption. (d) Temporal slices of band 1 (red, 785 nm), band 

1a (green, 710 nm) and band 2 (blue, 621 nm) with an ultrafast rise in the first 25 ps of the measurement. 

The red and blue curves exhibit almost equal time constants as discussed in the text. 

To understand the sensitization mechanism exerted by the organic π-system onto the 

NCs, we study optically thick films of CdSe/I– cross-linked with Zn4APc by TAS. The samples 

are photoexcited with short laser pulses (~180 fs) of different wavelengths (640–850 nm, 1.9–
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1.5 eV), and the differential change in absorption is examined by broadband probe pulses 

between 500 and 900 nm.142,152 The color-coded two-dimensional (2D) TA spectrum obtained 

under near-resonant excitation of the CdSe NCs (pump at 640 nm or 1.94 eV) is displayed in 

Figure 4a and exhibits five bands, labeled 1, 1a, 2, 3 and 4. We attribute the weak bands 1 and 

1a (710–780 nm or 1.75–1.59 eV) to the convoluted bleach of the Davydov-split highest 

occupied molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) transition 

of Zn4APc and note that such a splitting is often observed for aggregates of these 

molecules.142,153–155 We assign the strong bleach in band 2 (625 nm or 1.96 eV) to the 1Sh–1Se 

transition of the CdSe NCs. Similarly, the induced absorption band 3 (580 nm or 2.14 eV) and 

the bleach in band 4 (520 nm or 2.38 eV) most likely originate from a biexcitonic shift and the 

1Ph–1Pe transition in the CdSe NCs as detailed previously.156 

The TA spectrum changes significantly under near-resonant excitation of the HOMO–

LUMO transition of Zn4APc (pump at 800 nm or 1.55 eV, Figure 4b). Bands 1 and 1a are 

now very prominent, supporting our assignment as the Davydov-split Q-band (the S0  S11 

and S0  S12 transitions) of Zn4APc.153 This is further detailed by the normalized line cuts at 

delay times of ≥ 7 ps in Figure 4c (black line: pump at 640 nm; red line: pump at 800 nm). 

Most importantly, we observe bands 2 and 3, although a direct excitation of these CdSe-related 

transitions is not possible at 800 nm. We hypothesize that a transfer of photoexcited charges 

from the π-system onto the NCs is responsible for this finding. To test this hypothesis, we 

analyze the decay of the transient bands 1/1a and 2 toward a possible time correlation in Figure. 

4d. Indeed, we find the decay time of the bleach in band 1 matching the rise time of the bleach 

feature in band 2 at early times of the measurement (25 ps), before bleach 2 starts decaying 

again. The decay dynamics of the Zn4APc-associated bleach feature 1 and the correlated 

indirect bleaching of the CdSe feature 2 are fitted with a double-exponential (�� = 330 ± 25 fs, 

�� = 5.8 ± 0.2 ps and �� = 300 ± 34 fs, �� = 4.7 ± 0.1 ps, see Fig. 4d) and almost the same 

time constants. Note that when studying the decay dynamics of bleaches in bands 1/1a and 2 

at a direct photoexcitation of the CdSe at 640 nm, the bleach feature 2 rises instantly (see 

Figure S1 and, for further details, Figure S2 and S3).  

Time-Resolved Photocurrent Measurements 

A crucial figure of merit of an optical transistor is its rise time under optical excitation 

with a square pulse signal. The typical time-resolved response of a CdSe/I–/Zn4APc-based 
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device with an active area of 2.5 µm × 1000 µm on Si/SiO2 is presented in Figure 5. We first 

measure the impulse response of the device toward 636 nm (Figure 5a) delta function laser 

pulses (< 500 ps pulse length, 3 MHz repetition rate) under varying bias of 0.2–10 V. 

Trapezoidal integration of this impulse response in the time domain yields the first half of the 

corresponding square pulse response and allows the determination of the rise time (Figure 5b, 

red lines). To verify this evaluation, we also measure the time-resolved photocurrent of the 

same device to a 635 nm square pulse with 100 ns pulse length and 3 MHz repetition rate in 

Figure 5b (gray lines). We find excellent agreement in the onset of the time-resolved 

photocurrent obtained with these two independent measurements for all applied biases. This 

suggests that the integration of the impulse response to a 779 nm delta pulse (Figure 5c, < 500 

ps pulse length, 3 MHz repetition rate) will also allow a reliable measurement of the rise time. 

The rise time, defined as the time elapsed for the integrated photocurrent to rise from 10 % to 

90 % of its maximum value, at 0.2 V is 45 ± 20 ns under 636 nm laser excitation and 74 ±

11 ns under 779 nm laser illumination. Increasing the applied bias to 10 V not only increases 

the photocurrent but also the rise times to 128 ± 80 ns and 153 ± 51 ns under 636 and 779 

nm laser excitation, respectively. While the former is the expected effect of an increased 

electric field, the latter indicates the population and/or formation of deep traps under high-field 

conditions.  

 

Figure 3-5 (a) Impulse photocurrent response of CdSe/I–/Zn4APc thin films toward 636 nm delta 

function pulses (< 500 ps), 600 µW optical power, 3 MHz repetition rate and a varying bias of 0.2–

10 V. (b) Trapezoidal integration of the impulse response in (a) (red lines) as well as the measured 

photocurrent response to a square pulsed 635 nm excitation with 100 ns pulse length (< 12 mW optical 

power, 3 MHz) and a varying bias of 0.2–10 V (gray lines). (c) Impulse photocurrent response of the 

same device towards 779 nm delta function pulses (< 500 ps, 600 µW, 3 MHz) and a varying bias of 

0.2–10 V. 
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Fluorescence (Lifetime) Measurements 

To investigate the radiative excited-state decay of the CdSe/I–/Zn4APc films, we 

perform fluorescence lifetime measurements upon excitation with 488 nm in Figure 6 

(orange). For a comparison, we also display the fluorescence properties of thin films of CdSe/I– 

NCs without Zn4APc (blue). A fluorescence spectrum of pure Zn4APc is provided in the 

Supporting Information. Since we observe that the fluorescence spectra and particularly the 

decay kinetics exhibit a substantial dependence on the substrate coverage and film thickness, 

we depict the same measurements for sub-monolayers (Figure 6a,b) as well as multilayers 

(roughly four layers, Figure 6c,d). For sub-monolayer coverage, the CdSe/I– NC film displays 

a single fluorescence band with a maximum at 617 nm, while the Zn4APc-capped film shows 

a similar signal at 631 nm and additional broad bands at 731 nm as well as 570 nm (Figure 

6a). We assign the bands at 617 and 631 nm, respectively, to the (red-shifted) band-edge 

fluorescence of the NCs and tentatively attribute the 731 nm signal to the singlet fluorescence 

of the organic π-system. For multilayers of the CdSe/I–/Zn4APc films, we find peaks at 657 

and 745 nm, which we attribute again to the further red-shifted CdSe band-edge and the 

Zn4APc singlet fluorescence, respectively (Figure 6c). The third band at 570 nm is still visible 

but substantially weakened. Multilayers of CdSe/I– NCs show the same steady-state 

fluorescence as sub-monolayers. 

For time-resolved fluorescence decay measurements, the fluorescence signal is 

integrated over the full visible regime and therefore contains contributions from the NCs as 

well as the organic π-system. For sub-monolayers (Figure 6b), all decay curves are well-fitted 

with biexponentials, exhibiting slow and fast decay components with time constants τ1 and τ2, 

respectively. For CdSe/I–, we observe τ1 = 6.1 ns and τ2 = 1.4 ns. After cross-linking with 

Zn4APc, the radiative decay is significantly faster, with τ1 = 3.1 ns and τ2 = 0.62 ns. The time 

constants for the CdSe/I– NCs are consistent with earlier results on single CdSe/CdS NCs 

passivated with inorganic ions in the solid state, but significantly smaller than those obtained 

for CdSe/I– NCs in solution.104,157 For multilayers, the fluorescence decay is substantially faster 

(Figure 6d). Without Zn4APc, we now find τ1 = 5.3 ns and τ2 = 0.86 ns, while for Zn4APc 

tethering, the decay is too fast to be distinguished from the instrument response function of our 

measurement set-up, such that no kinetic parameters can be extracted.  
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Figure 3-6 (a) Steady-state fluorescence of a (sub-)monolayer of CdSe/I– NCs (purple) and CdSe/I– 

NCs capped with Zn4APc (orange). (b) Time-resolved fluorescence decay of a similar (sub-)monolayer 

of CdSe/I– NCs without (purple) and with (orange) Zn4APc. The instrument response function is 

depicted in black. (c,d) Steady-state and time-resolved fluorescence decay of multilayers of the same 

two materials. In all cases, the excitation wavelength is 488 nm. 

Discussion  

CdSe NCs are well-known for their high performance in field-effect transistors with 

low threshold voltage, fast switching times, printability, and lithographic 

processability.132,134,158,159 Our results suggest that they are also excellently suited for 

application as optical transistors.136,160,161 Large extinction coefficients (� =  2.7 × 10� �/

���)162 and small intrinsic carrier concentrations of the order of 1011 cm-3 invoke high 

ON/OFF ratios of up to 6 orders of magnitude for optical transistors with a relatively simple 
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light source. Particularly noteworthy is the ON/OFF ratio of 4.5 orders of magnitude at 847 nm 

illumination, which is not only unprecedented for CdSe, but also challenging to realize with 

other intrinsic IR absorbers, such as lead or mercury chalcogenides. Typical ON/OFF ratios for 

PbSe or PbS NCs are in the range of 3 orders of magnitude and often require additional electric 

gating because of the higher intrinsic carrier concentrations (1016 cm-3).152,163,164 For HgTe 

quantum wells with an absorption at 900 nm and an intrinsic carrier concentration of 

10�� ����, an ON/OFF ratio of 2 orders of magnitude at room temperature was reported.165 

We explain the favorable performance of Zn4APc-functionalized CdSe NCs in this regard with 

the sensitization of the NCs by an organic dye (�(711 ��) ≈  3.6 × 10� �/���)166, enabling 

near-infrared absorption and harvesting of additional photons. Electronically, the dye 

marginally reduces the dark current and increases the threshold voltage (compare Figure 1c/d) 

toward electric gating. This indicates that charge-carrier transport proceeds mostly across a 

conductive network of iodide-capped NCs, including the carriers that were originally 

photoexcited in the organic dye. The largely identical field-effect mobilities extracted in the 

dark and under full optical excitation (0.0028 vs 0.0052 cm2/(Vs)) demonstrate that 

photoexcited charge carriers use the same transport channels as in the dark. This is in 

contradiction to photocurrent measurements on PbS and PbSe NC films, which displayed 

increased mobilities under photoexcitation.89,163,167 We note, however, that the excitation 

power densities in those studies were substantially smaller than in the present case (50 µW/cm2 

vs ~100 mW/cm2).  

The benefit of the dye-sensitization approach presented here is further illustrated by the 

favorable time-resolved response to optical gating. While the rise time of the pure CdSe/I– film 

with 160 ms is slow at sub-bandgap excitation (Figure 3b), optical transistors made of 

Zn4APc-sensitized CdSe/I– NCs are over one million times faster with 74 ± 11 ns under 

779 nm excitation (Figure 5c). Other materials with strong absorption in this spectral regime, 

such as HgTe–CdS nanoplatelets or PbSe NC nanojunctions, have shown comparably slower 

rise times of 10 µs and 300 ns, respectively.168,169 Recent time-resolved photocurrent 

measurements on lead halide perovskite photodetectors have reported response times as fast as 

1.8 ns, but these were limited to excitation at 532 nm.170 We suggest that the dye-sensitization 

concept outlined here may allow expansion of the spectral window for optical gating with 

perovskites similar to what we have demonstrated with CdSe NCs to reward even faster NIR 

optical transistors.  
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Scheme 1. Idealized Schematics of the Structural Composition and Working Mechanism of 

the Optical Switch Under Near-IR Excitation.a  

 

aDirect photoexcitation of the HOMO–LUMO transition of the organic dye is followed by electron 

transfer into the 1Se state of the NCs, from where the electrons are shuttled to the electrodes under a 

small bias. 

At the heart of this concept is charge transfer from the dye to the NCs, which is evident 

from the transient absorption data in Figure 4b,c at various excitation wavelengths between 

710 and 850 nm. The essentially identical time constants for the biexponential decay of the 

photobleach of the singlet transition of Zn4APc compared to the biexponential rise of the 

excitonic photobleach of CdSe are a strong hint for such a mechanism (Figure 4d). The slower 

decay/rise component as the rate-limiting step of charge transfer (τ ≈ 5 ps) illustrates that 

optical switching at this hybrid interface is many orders of magnitude faster than that in other 

hybrid CdSe NC-based materials.137–139 On the other hand, resonant excitation of the NCs at 

640 nm exhibits no comparable signs of charge transfer in the opposite direction (Figure 4a). 

From this, we can draw two conclusions: (I) While an unambiguous distinction between charge 

and energy transfer is challenging, charge transfer seems to be the more plausible mechanism 

here. This follows from the fact that energy transfer requires a large overlap between the 

absorption of the acceptor and the fluorescence of the donor. Thus, energy transfer from the 

NCs onto the molecule should be much more favorable than in the reverse direction; however, 

we only observe the latter. (II) The frontier orbital energies of Zn4APc are such that electron 
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transfer into the 1Se state of CdSe is thermodynamically favorable. Electrochemical studies 

suggest that the LUMO of Zn4APc is indeed approx. 0.5 eV above the 1Se state of CdSe, 

rendering electron transfer feasible.171 In contrast, the HOMO of Zn4APc is positioned approx. 

0.4 eV above the 1Sh state, which speaks against hole transfer toward the NCs. Overall, we 

therefore attribute the large photocurrent under 847 nm excitation of Zn4APc/CdSe NCs to the 

singlet absorption of Zn4APc, splitting of the exciton and transfer of electrons to CdSe, which 

is schematically detailed in Scheme 1. This view is also consistent with the finding that 

transient photobleaching of the excitonic transition in CdSe is predominantly caused by 

electrons.172 Electrons are the majority carriers in films of iodide-capped CdSe NCs, such that 

they are swept quickly to the electrodes. Holes remain either trapped in the dye, recombine at 

the organic/inorganic interface with excess electrons in the NCs, or are shuttled (slowly) to the 

electrodes by hopping between adjacent dye molecules. To this end, the time-resolved 

fluorescence data in Figure 6b,d enable valuable insights into the recombination mechanism 

of the charge carriers. The experimental lifetime τ is correlated to the radiative and nonradiative 

rates, �� and ���, as � =
�

������
. Thus, the substantial decrease of τ upon functionalization of 

CdSe/I– with Zn4APc indicates an increase of either the radiative recombination or a 

nonradiative pathway. Since it is difficult to imagine how any of the afore-mentioned scenarios 

for the fate of the holes could lead to additional radiative recombination, we suspect that the 

shortened lifetime is due to accelerated nonradiative recombination, presumably due to trapped 

holes at the organic/inorganic interface and their interaction with excitons in the NCs.  The 

same scenario could also explain the red-shifted fluorescence of CdSe/I– NC films after surface 

functionalization with Zn4APc: If electrons reside predominantly in the NCs and holes in the 

organic dye, a “type-II” radiative recombination at the organic–inorganic interface would be 

possible.173 This emission should be red-shifted compared to the pure CdSe band-edge 

recombination, since the Zn4APc HOMO lies energetically above the CdSe 1Sh state. The red-

shifted absorption and fluorescence (Figures 1a and 6a, c) support this view. In contradiction, 

a type-II fluorescence at a semiconductor interface is typically accompanied by a substantially 

increased radiative lifetime, since electrons and holes are spatially separated. Our finding of a 

drastically reduced lifetime does not support this scenario. However, it is also possible that a 

potential increase in the radiative lifetime is accompanied by an increase of nonradiative 

recombination with the result of an overall shorter experimental lifetime. In this context, we 

note that the rise time upon resonant excitation of the dye (74 ± 11 ns) is only marginally 
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longer compared to resonant excitation of the NCs (45 ± 20 ns). Considering that 

photoexcited charges in the dye need to be shuttled to the NCs before they can contribute to 

the photocurrent, this implies that trapping at the organic/inorganic interface in CdSe/I–

/Zn4APc is relatively short-lived.  

Conclusions 

Iodide-capped, n-type CdSe nanocrystals are surface-functionalized with the organic π-

system Zn β-tetraaminophthalocyanine and assembled into a thin-film optical transistor. 

Optical gating with a 637 nm light source yields excellent current modulation by 6 orders of 

magnitude, near-saturation behavior, and a rise time of 45 ± 20 ns. Under near-infrared 

excitation, the modulation exhibits 4.5 orders of magnitude and rise times of 74 ± 11 ns, 

which is unprecedented for CdSe nanocrystals due to their intrinsically poor sensitivity to 

infrared light. We show that this is enabled by the harvesting of infrared photons by the organic 

dye, singlet exciton splitting, and electron transfer onto the nanocrystals with a lifetime of 

~5 ps. Such dye-sensitized nanocrystals combine the well-developed electronic properties of 

CdSe nanocrystals with high optical sensitivity in the near-infrared region, which is attractive 

for application in optical transceivers operating in the first telecommunication window. 

Experimental Methods 

Chemicals used were cadmium oxide (CdO, 99.99%, Aldrich), oleic acid (OA, 90%, 

Aldrich), trioctylphosphine (TOP, 97%, Abcr), trioctylphosphine oxide (TOPO, 99%, Aldrich), 

hexadecylamine (HDA, 90%, Aldrich), 1-octadecene (ODE, 90%, Acros Organics), selenium 

pellet (Se, 99.999%, Aldrich), ammonium iodide (99.999%, Aldrich), N-methylformamide 

(NMF, 99%, Aldrich), hexane (Extra Dry, 96%, Acros Organics), ethanol (Extra Dry, 99.5%, 

Acros Organics), acetone (Extra Dry, 99.8%, Acros Organics), dimethyl sulfoxide (DMSO, 

99.7%, Acros Organics), and acetonitrile (Extra Dry, 99.9%, Acros Organics). All chemicals, 

except those used in CdSe NC synthesis, were stored and used inside a nitrogen-filled 

glovebox. 

CdSe NC Synthesis. 

Wurtzite 5.5 nm CdSe NCs were synthesized using a previously reported literature 

procedure.174 Briefly, 176.7 mg CdO, 8 g TOPO, 8 g HDA, 2.2 mL OA, and 45.8 mL ODE 

were weighed into a three-neck round-bottom flask and kept under vacuum for 2 h (∼10−2 
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mbar). It was heated under a nitrogen atmosphere to 300 °C until the solution became clear. 

The solution was cooled down to 275 °C and kept for 30 min. In a glass vial, 1 M TOPSe was 

prepared by heating 130 mg of Se in 1.6 mL of TOP at 120 °C under constant stirring. Together 

with this TOPSe solution, 6.4 mL of TOP and 8.0 mL of ODE were added to the flask, and the 

temperature was increased to 280 °C. After that, the mixture was kept for about 25 min to grow 

CdSe NCs. The reaction was quenched by a sudden decrease in the temperature. For 

purification, the reaction mixture was precipitated with ethanol, centrifuged, and redispersed 

in hexane. For further purification, this procedure was repeated twice with acetone and ethanol, 

and the precipitate was redispersed in toluene in both cases. Finally, the NCs were purified by 

adding methanol and redispersing in hexane. 

Ligand Exchange. 

The ligand-exchange procedure was adopted from the literature and performed in a 

nitrogen-filled glovebox.174,175 Briefly, 300 μLof1M NH4I solution and 2.7 mL of acetone were 

added to 5 mL of CdSe NCs (concn ∼10 mg/mL) in hexane and stirred continuously until the 

hexane layer became completely colorless. The aggregate was centrifuged, washed with 

hexane, and centrifuged again. The precipitate was dissolved in 3 mL of NMF and centrifuged 

using a hexane/acetone (1/2) mixture and finally dissolved in NMF. NCs prepared in this way 

are referred to as CdSe/I– NCs in this manuscript. 

Device Preparation. 

Device fabrication was performed in a nitrogen-filled glovebox. A commercially 

available bottom-gate, bottom-contact transistor substrate (n-doped silicon (� = 3 ×

 10�� ����) with 230 nm thermal oxide, Fraunhofer Institute for Photonic Microsystems, 

Dresden, Germany) with interdigitated Au electrodes of 10 mm width and varying channel 

lengths (2.5, 5, 10, and 20 μm) was used for the preparation of the FETs. In a typical film 

preparation, CdSe/I− NCs (∼60−100 mg/mL) were spin-coated onto the substrate at 35 rps and 

dried at 80 rps. The film was annealed at 190 °C for 30 min. For devices composed of 

CdSe/I−/Zn4APc films, a solution of CdSe/I− NCs in NMF was deposited onto the FET 

substrate together with ∼30 μL of a saturated Zn4APc solution in DMSO. The mixture was left 

undisturbed for a sufficient amount of time to react to form a CdSe/I−/Zn4APc film, after which 

the remaining solvent was spun-off the substrate to leave a continuous film. The as-prepared 



 Publication 1 

61 

 

film was washed with acetonitrile to remove excess and unbound Zn4APc. Finally, the film 

was annealed at 190 °C for 30 min. 

Electrical and Optical Measurements. 

Electrical measurements were carried out under nitrogen by using a Keithley 2634B 

Source Meter. The charge-carrier mobility (μ) was extracted using the gradual channel 

approximation in the linear regime: 

� =
���

���
�

���

×
�

�
×

���

��� × ���
 

where 
���

���
�

���

is the slope of the curve drain current vs gate voltage, � is the length of 

the channel, � is the width of the channel, ��� and ��� are the thickness and permittivity of the 

oxide layer, respectively, and ��� is the source−drain voltage applied (≤ 5 �). 

The carrier concentration (�) was measured as follows 

� =  
�

 � ×  �
  

where � is the conductivity, � is an elementary charge, and � is mobility of the charge 

carrier. 

Photocurrent Measurements. 

Photocurrent measurements were performed in a cryogenic probe station CRX-6.5K 

(Lake Shore Desert) at room temperature and a pressure of 5 ×  10�� ����. For this, the film 

on the bottom-gate bottom-contact transistor substrate was transferred into the probe station 

under minimal exposure to air. The samples were contacted in a two-point probe fashion. Data 

were recorded using a 2634B SYSTEM SourceMeter from Keithley Instruments operated by 

the software test script processor (TSP) express. As an excitation source, single-mode fiber- 

pigtailed laser diodes from Thorlabs operated by a compact laser diode controller CLD1010 by 

Thorlabs were used: a 637 nm laser diode with a maximal output power of 70 mW and a 847 

nm laser diode with a maximal output power of 30 mW. Losses to this theoretical optical power 

output due to scattering, inefficient coupling into the optical fiber, decollimation of the beam, 

etc., were determined by a calibration sample and an optical power meter to obtain the total 

incident optical power at the sample surface. 
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Transient Absorption Measurements. 

Transient absorptions of thin films of CdSe/I−/Zn4APc NCs were studied by broadband 

pump-probe spectroscopy in a set-up described previously and discussed here briefly.142,176 The 

samples were drop-cast on quartz plates (Eso Optics), yielding thin optically dense films of 

varying thicknesses. Laser pulses of 180 ��, generated in a Yb:KGW oscillator at 1028 ��, 

are split-off to generate a pump and a probe beam. The pump beam energy was varied by 

nonlinear frequency mixing in an optical parametric amplifier (OPA) and second harmonics 

generation (Light Conversion, Orpheus). A broadband probe spectrum was generated by 

focusing the 1028 �� laser light onto a sapphire (500 − 1500 ��) or a CaF2 (400 − 600 ��) 

crystal by nonlinear processes. The probe pulse can be delayed up to 3 �� by an automated 

delay stage. The majority of the 1028 �� fundamental laser beam is used as the pump pulse 

for photoexciting the sample (wavelengths 310 − 1500 ��) after nonlinear frequency mixing 

in an optical parametric amplifier (OPA) and second harmonics module (Light Conversion, 

Orpheus). The pump and the probe pulse overlap at the sample position in an ∼8° angle. The 

pump pulse is dumped after the photoexcitation of the sample, while the probe light is led to a 

detector fiber suitable for the probe spectrum selected (Helios, Ultrafast Systems). 

Time-Resolved Photocurrent Measurements. 

Time-resolved photocurrent measurements were performed at room temperature under 

vacuum (1.5 × 10�� ����) and the devices were kept under vacuum for at least 2 ℎ before 

starting any measurements. Pulse- response measurements were performed using a picosecond 

pulsed laser driver (Taiko PDL M1, PicoQuant) together with laser heads for 636 �� (pulse 

length <  500 ��) and 779 �� (pulse length < 500 ��) operation. A repetition rate of 3 ��� 

was selected with an output power of approximately 600 ��. For the step function 

measurements, a nanosecond diode laser driver (FSL500, PicoQuant) with a laser rise time of 

< 0.5 �� in conjunction with a 635 �� laser diode operated at 3 ��� with a pulse width of 

100 �� and an average output power of ≤ 12 �� was used. This laser power is subjected to 

further losses due to scattering, inefficient coupling into the optical fiber, decollimation of the 

beam, etc. The current was preamplified with a FEMTO HSA- Y-1−60 1 GHz high-speed 

amplifier and measured with a Zurich Instruments UHFLI lock-in amplifier with the Boxcar 

Averager Function, which averages the signal from 33.6 M samples. The signals were 
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background-corrected. The time resolution was limited to 600 ��z due to the signal input of 

the lock-in amplifier. 

Steady-State Photoluminescence Measurements. 

Steady-state photoluminescence measurements were performed using an inverted 

confocal microscope equipped with an oil-immersion microscope objective (�� =  1.25). 

The samples were placed in an ambient atmosphere and excited using a 488 �� (optical power 

on sample 1 ��) laser diode manufactured by TOPTICA iBEAM- SMART-488. The 

photoluminescence data were recorded using an Acton SpectraPro2300i spectrometer at a 

detector temperature of −40 °� and an acquisition time of 4 �. 

Time-Resolved Photoluminescence Decay Measurements. 

The fluorescence lifetimes of CdSe/I− and CdSe/I−/Zn4APc were measured using a 

home-built scanning confocal microscope.177 A 488 �� pulse laser (200 ��, 20 ���) 

illuminated the sample using a high numerical aperture (�� = 1.46) oil objective. The 

fluorescence was collected by the same objective and then sent via a beam splitter to a single-

photon avalanche photodiode, which was connected to a time-correlated single-photon 

counting detector (TCSP, HydraHarp 400). Decay curves were fitted and analyzed by 

SymPhoTime 64. 
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Abstract 

CdSe nanocrystals and aggregates of an aryleneethynylene derivative are assembled 

into a hybrid thin film with dual fluorescence from both fluorophores. Under continuous 

excitation, the nanocrystals and the molecules exhibit anti-correlated fluorescence intensity 

variations, which become periodic at low temperature. We attribute this to a structure-

dependent aggregation induced emission of the aryleneethynylene derivative, which impacts 

the rate of excitation energy transfer between the molecules and nanocrystals. Energy transfer 
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also affects the electric transport properties of the hybrid material under optical excitation. This 

work highlights that combining semiconductor nanocrystals with molecular aggregates, which 

exhibit aggregation induced emission, can result in unprecedented emerging optical properties. 

 

Introduction 

Aggregation induced emission (AIE) refers to enhanced and often redshifted 

fluorescence of luminophores upon formation of aggregates from solution.178 The prototypical 

example are organic π-systems with a large degree of structural twisting in the ground state, 

e.g. tetraphenylethylenes179 or aryleneethynylenes180, which exhibit high torsion angles 

between the central C=C or C≡C bond and the sterically demanding phenyl-substituents. 

Photoexcitation weakens the double or triple bond and reduces the torsion angles with the 

phenyl rings.181–183 Relaxation from this state occurs via three pathways: 1) radiative 

recombination, 2) intramolecular motion (mostly de-twisting of the C=C or C≡C bond) or 3) 

photochemical reaction to an intermediate. AIE occurs if pathways 2)+3) are significantly 

inhibited in the aggregates due to restriction of intramolecular motion.184 The degree of this 

restriction depends on the solid-state structure and, thus, on temperature-induced structural 

transitions.182,185,186 These transitions may be triggered photothermally via sufficiently strong 

photoexcitation and the concomitant rise in temperature.187,188 The photoexcitation can occur 

either directly via resonant excitation of the aggregates or indirectly by excitation energy 

transfer (EET) via a sensitizer.189,190 Inorganic semiconductor nanocrystals (NCs) are ideal as 

sensitizers as they exhibit much larger extinction coefficients than most organic dyes and strong 

absorption at above-band gap photon energies.191 EET between NCs and organic π-systems has 

been extensively investigated in both: solution and solid state. However, to the best of our 

knowledge, no research has been committed specifically towards involving AIE molecules.192–

198  

Here, we combine aggregates of the aryleneethynylene derivative AE 1 (Figure 1a) 

with pronounced AIE together with CdSe NCs into a hybrid nanocomposite. We show that 

EET between the NCs and the molecular aggregates in combination with photothermally 

induced structural changes lead to temporal fluctuations of the NC fluorescence and the degree 

of AIE in the aggregates, which are anticorrelated to each other. At low temperature, these 
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intensity fluctuations become periodic. EET plays a role in charge carrier transport during 

photocurrent experiments. 

Results 

 

Figure 4-1 a) Structural formula of the arylenephenylene derivative AE 1. b) Optical properties of AE 

1. Absorption in methanol (red dashed line), thin-film absorption (red solid line), fluorescence in 

methanol (blue dashed line, excitation at 350 nm), thin-film fluorescence (blue solid line, 488 nm 

excitation) and thin-film fluorescence at 160 K (blue dotted line, 488 nm excitation). c) Thin-film 

fluorescence during 1000 s of continuous excitation at 488 nm with a binning time of 1 s. d) Line profile 

(orange solid) and wavelength maxima position (purple) of c) extracted by fitting gaussian functions. 

e) Raman spectra taken during “bright” periods (at 10, 460 and 1000 s) and “dark” periods (at 140, 450 

and 860 s). Bands attributed to the phenyl-C=C breathing and the C≡C stretching mode are indicated. 

f) Thin film fluorescence at 160 K during 100 s of continuous excitation at 488 nm. 

In methanolic solution, AE 1 shows broad absorption with a maximum at 350 nm, 

including a weak low-energy tail, and narrow, dim emission at 480 nm (Figure 1b, red and 

blue dashed lines, respectively). In the solid state, aggregates of AE 1 exhibit pronounced 

low-energy tailing of the absorption as well as broad, enhanced emission with a maximum at 

650 nm and a lifetime (τ) of 0.8 ns (Figure 1b, red and blue solid lines). At 160 K, the 

fluorescence maximum is further red-shifted to 750 nm (Figure 1b, dotted line). These optical 

properties are typical for molecules with AIE and are consistent with other, similar 
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aryleneethynylenes.183,185,199,200 Absorption and fluorescence of AE 1 are strongly dependent 

on the extent of conjugation of the π-electron cloud, for which the torsion angles of the five 

phenyl rings are an important measure.201 For torsion angles close to 0 °, the molecule is fully 

planarized, the degree of π-conjugation is maximized and the energy of this rotamer is 

minimized.202 In the ground state, the energy difference between rotamers of different torsion 

angles is low (< 4 KJ/mol) and a wide range of rotational states are populated.203 This leads to 

the broad absorption feature in Figure 1b. In the excited state, the torsion-angle dependent 

energy profile of the rotamers becomes much steeper (ΔE ≈ 30 KJ/mol)204 and, an unhindered 

rotation provided, radiative emission will occur from a narrow range of rotational states with 

relatively small torsion angles.203 This narrows and red-shifts the fluorescence compared to the 

absorption. In the solid state, structural rigidity favors rotamers with small torsion angles and 

enforces a higher degree of planarization. This invokes the low-energy tailing of the absorption 

and the red-shift of the fluorescence in Figure 1b. Kinetic arrest of high energy rotamers due 

to the structural rigidity prevents the fluorescence line narrowing observed in solution and leads 

to a broad fluorescence feature. At low temperature, structural order and, thus, the degree of 

planarization, are enhanced further, which shifts the fluorescence to even lower energies.205,206 

Continuous excitation at 488 nm under nitrogen atmosphere leads to substantial 

fluctuations (± 20 %) in the fluorescence intensity emitted by the AE 1 aggregates (Figure 

1c,d). The timescale of seconds for the transition between an intensity maximum and minimum 

suggests that a macroscopic process, and not an electronic transition, is responsible for the 

fluctuations. Within the theory of AIE, this process needs to affect either the restriction of 

intramolecular motion or the rate of formation of a photochemical intermediate to result in 

fluorescence intensity fluctuations.181 Photothermally induced local structural changes are a 

likely cause for less restricted intramolecular motion and faster non-radiative recombination. 

Indeed, we observe significant local changes in the optical scattering and luminescence images 

of AE 1 aggregates after laser excitation, indicating an altered morphology (see Figure S1). 

Furthermore, we find a strong correlation between the intensity and the peak wavelength of the 

fluorescence, in that a lower intensity coincides with a blue-shifted fluorescence peak (Figure 

1d). This is consistent with a transformation from a more planarized structure with high 

fluorescence quantum yield to a less-planarized structure with fast non-radiative 

recombination. To test for the formation of a photochemical intermediate as an alternative 

cause for the intensity fluctuations, we compare the Raman bands of AE 1 appearing together 
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with the fluorescence signals of different intensity (Figure 1e). We find a strong band at 1590 

cm-1 and a weak signal at 2230 cm-1, which we assign to the phenyl-C=C breathing and the 

C≡C stretching mode in agreement with earlier reports.206,207 There are no substantial 

differences between Raman spectra taken during periods of fluorescence intensity minima vs. 

maxima, suggesting that chemical transformations of AE 1 are not responsible for the 

fluorescence intensity fluctuations. Over the course of 1000 s of continuous excitation, the 

intensity of the phenyl-C=C breathing mode decreases in comparison with that of the C≡C 

stretching mode. However, this evolution progresses within periods of low and high 

fluorescence intensity alike. 

We conclude that the fluorescence intensity fluctuations of AE 1 under continuous 488 

nm laser excitation are probably caused by a photothermally induced order/disorder transition. 

This transition locally increases the non-radiative recombination rate due to bond rotation and 

decreases the fluorescence quantum yield. In the disordered, “solution-like” state, the 

absorption of AE 1 at 488 nm is weakened (Figure 1b), which now decreases the rate of 

photothermal heating and allows for a recovery of the initial optical properties of the AE 1 

aggregates. At 160 K, the fluorescence fluctuations disappear (Figure 1f). We suspect that 

photothermal heating may not be sufficient at this temperature to invoke the same structural 

changes that lead to the random fluorescence fluctuations in Figure 1c. 

In Figure 2, we analyze the solid-state fluorescence of AE 1 aggregates coupled to the 

surface of iodide-capped CdSe nanocrystals (CdSe/I- NCs) at room temperature. The NCs were 

chosen based on the large spectral overlap between their fluorescence (Figure 2a, blue solid 

line) with the absorption of AE 1 aggregates (Figure 2a, red dashed line) to enable efficient 

EET. The absorption spectrum of the hybrid material (CdSe/I-/AE 1) is dominated by the 

absorption of the CdSe NCs (purple dashed line), while the fluorescence spectrum bears two 

well-resolved, narrow bands at 636 nm and 734 nm (purple solid line). Wavelength-selective 

fluorescence lifetime measurements of these bands reveal τ = 0.8 ns at 734 nm and a longer 

lifetime at 636 nm with τ = 1.5 ns (Figure 2b). Based on this, we assign the band at 636 nm to 

the CdSe/I- NCs and the band at 734 nm to AE 1.  
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Figure 4-2 a) Thin-film absorption (purple dashed line) and thin-film fluorescence (purple solid line) 

of CdSe/I-/AE 1. Excitation at 488 nm. For comparison, the fluorescence of the CdSe/I- NCs (blue solid 

line) and the absorption of pure AE 1 (red dashed line) are also displayed. b) Fluorescence lifetime 

measurements of the CdSe/I-/AE 1 bands centered around 636 nm (blue) and 734 nm (red) and their fit 

(black). The instrument response function (IRF) is displayed in green. c) Thin-film fluorescence of 

CdSe/I-/AE 1 during 1000 s of continuous excitation at 488 nm with a binning time of 1 s. d) Line 

profile of c) cut at 636 nm and 734 nm. e) Raman spectra taken during “bright” and “dark” periods. f) 

Peak position of the low energy band in c) (green) compared with the intensity of the same band (red). 

Continuous excitation at 488 nm with 1 to 10 MW/cm-2 and nitrogen atmosphere of 

CdSe/I-/AE 1 results in the temporal fluctuations in the fluorescence spectrum depicted in 

Figure 2c. The fluctuations occur gradually over a timescale of 10 – 30 s with ON/OFF-

periods of similar duration. Most notably, the ON/OFF periods of the bands at 636 nm and 

734 nm are mostly anti-correlated, that is, an increase of the NC fluorescence occurs together 

with a decrease of the AE 1 emission and vice versa (Figure 2d). We verify that CdSe/I- NCs 

without AE 1 do not exhibit similar fluorescence fluctuations (Figure S2). Similar to pure AE 

1, we find the same Raman signals at 1590 cm-1 and 2230 cm-1, which do not change 

significantly during relative ON or OFF periods (Figure 2e). Here however, the intensity of 

the phenyl-C=C breathing mode remains constant, indicating a higher photostability of the 

hybrid composite compared to pure AE 1. Another similarity between CdSe/I-/AE 1 and the 

pure molecule is the strong correlation of the intensity (red) and peak wavelength position 
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(green) of the fluorescence of AE 1 (Figure 2f). In contrast, the peak wavelength position of 

the CdSe/I- fluorescence remains constant throughout the fluctuations.  

At 160 K and helium atmosphere, the temporal fluorescence fluctuations of CdSe/I-/AE 

1 become periodic (Figure 3). At 45 kW/cm2 excitation power density, the two fluorescence 

bands of the CdSe/I- NCs and the AE 1 aggregates are quasi-continuous over a timescale of 

200 s (Figure 3a). Increasing the excitation power density to 615 kW/cm2 induces periodic 

oscillations of the intensity of both fluorescence bands by ± 20 %, which remain exactly anti-

correlated (Figure 3b-e). The peak wavelength position of AE 1 (Figure 3d, purple) follows 

the intensity fluctuations (Figure 3d, blue) almost perfectly, however, the variations are 

significantly smaller compared to room temperature (Figure 2f). The periodicity of the 

fluctuations depends on the excitation power density and varies with a period of 115 s at 80 

kW/cm2 to 26 s at 620 kW/cm2 (Figure 3f) as determined from the sine fits shown in Figure 

3e.  
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Figure 4-3 Thin-film fluorescence at 160 K of CdSe/I-/AE 1 during 200 s of continuous excitation at 

488 nm with a binning time of 1 s and varying laser power. a) 45 kW/cm2, b) 360 kW/cm2and c) 615 

kW/cm2. d) Peak position of the low energy band in c) (purple) compared with the intensity of the same 

band (blue). e) Line profile of c) cut at 625 nm and 736 nm. f) Correlation between the laser power and 

the period of one complete oscillation in e) for the fluorescence bands at 620 nm (blue) and 725 nm 

(orange).  

Since thin films of CdSe/I- NCs exhibit a strong field-effect and photocurrent response, 

we now explore the effect of including AE 1 into such devices.70 Figure 4a compares the 

electric conductivity (σ) in the dark of CdSe/I- NCs before (blue) and after (orange) 

functionalization with AE 1 between 8 – 300 K. The dark conductivities are mostly identical 

apart from a window of intermediate temperatures (100-200 K), where the presence of AE 1 

invokes an increase in σ. Under optical excitation with λ = 408 nm, the conductivities with AE 

1 are much higher than for the bare CdSe/I- NCs at all temperatures (Figure 4b). However, the 

corresponding field-effect mobilities under optical excitation (Figure 4c & Figure S3) are the 

same for both materials. Thus, the effect of AE 1 is mainly an increase of the free carrier 

concentration (n) in the NC ensemble under optical excitation, since � = � ∙ � ∙ �, with the 

elemental charge e. Comparing the field-effect mobilities for CdSe/I-/AE 1 NCs in the dark 

(Figure 4d, blue) vs. the excited state (orange) reveals that transport under optical excitation 
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becomes exceedingly more efficient than in the dark as the temperature decreases. This 

indicates the importance of the population of trap states: At low temperature, these states may 

only be populated through photoexcitation as thermalization is not sufficient anymore.   

 

Figure 4-4 Temperature-dependent electric conductivity in the dark (a) and under 408 nm excitation 

(b) of thin films of CdSe/I- NCs (blue) and CdSe/I-/AE 1 (orange). (c) Temperature dependence under 

408 nm excitation of the field-effect mobility of the same thin films. (d) Comparison of the dark (blue) 

and excited-state field-effect mobility (orange) of CdSe/I-/AE 1 thin films. 

Discussion 
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Scheme 2 a-b). Idealized schematic of the two structural scenarios proposed for CdSe/I-/AE 1 

composites with different energy transfer efficiency. c) Qualitative description of the proposed 

order/disorder transition. d) Spectral overlap between NC emission (green) and AE 1 absorption in the 

ordered (blue) and disordered (red) state. 

We suggest that changes in the EET efficiency from excited CdSe/I- NCs to aggregates 

of AE 1 are responsible for the anticorrelated fluctuations in the CdSe/I-/AE 1 nanocomposite 

(Scheme 1a,b). Under 488 nm excitation, most of the light is absorbed by the inorganic NCs 

as reflected by the absorption spectrum in Figure 2a, which mimics that of the pure NCs. The 

NC fluorescence overlaps with the absorption of AE 1, resulting in efficient EET, which 

weakens the CdSe fluorescence signal and strengthens the molecular fluorescence. In Figure 

3e, this scenario applies when the fluorescence band at 736 nm is at a maximum and the band 

at 625 nm is at a minimum, e.g. after 25 s. Simultaneously, this EET invokes photothermal 

heating of the AE 1 aggregates, eventually triggering an order/disorder transition to break up 

the aggregates. The result of this transition is a reduced degree of planarization (Scheme 1c), 

which blueshifts the absorption spectrum, decreases the overlap with the NC fluorescence 

(Scheme 1d), weakens the efficiency of EET, diminishes the molecular fluorescence and 



 Publication 2 

75 

 

brightens the emission of the NCs. In Figure 3e, this scenario applies when the fluorescence 

band at 736 nm is at a minimum and the band at 625 nm is at a maximum, e.g. after 55 s. In 

the disordered state, EET is slow and photothermal heating is weak, such that new aggregates 

of AE 1 may form and the initial state with efficient EET from the NCs to the aggregates is 

restored. An illustration of the different absorption and emission pathways underlying this 

picture are provided in Scheme S2 in the Supporting Information. 

The overall interpretation in Scheme 1 is consistent with the laser power-dependent 

period for one complete cycle (Figure 3f) as increasing the number of photons will increase 

the rate of heat transfer, which should shorten the cycle period. It is furthermore supported by 

the fluorescence fluctuations of pure AE 1 in Figure 1, which are likely due to a similar 

order/disorder transition of the aggregates. Relaxing the structural rigidity in molecular 

emitters with AIE increases the rate of non-radiative recombination and decreases the 

fluorescence intensity.181 The higher stability of the Phenyl-C=C moiety in the nanocomposite 

(Figure 2e) compared to the pure molecule (Figure 1e) is consistent with mostly indirect 

excitation of AE 1 in the nanocomposite by EET vs. direct excitation of the pure molecule 

leading to photodegradation. EET as the main electronic interaction between the CdSe NCs 

and AE 1 is also consistent with the fluorescence lifetime data in Figure 2b. The essentially 

unchanged fluorescence lifetimes of the NCs and the molecular aggregates after combination 

into the hybrid material implies localized excitons, either on the NCs or the molecules. In 

particular, there are no indications for transfer of single charges and the formation of an 

interfacial exciton, for which one would expect much longer fluorescence lifetimes similar to 

those in type II core/shell NCs.173  

The mobility data (Figure 4c) suggests that AE 1 does not enhance electronic coupling 

between the CdSe/I- NCs. Transport occurs via hopping between adjacent NCs, irrespective of 

the presence of AE 1. The increase in the carrier concentration with AE 1 under optical 

excitation (Figure 4b) implies that excitons dissociate into locally trapped charge carriers 

before they reach the electrodes, which mainly increases the free charge carrier density and not 

the field-effect mobility. A large trap state density is indicated by the differences in the dark 

vs. excited state mobilities at low temperature (Figure 4d). We suggest that reducing the 

density of trap states should increase the exciton diffusion lengths in CdSe/I-/AE 1 NC thin 

films with the potential to exploit EET as an additional means of charge carrier transport. This 
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may enable similar periodic fluctuations in the electric transport properties as those 

demonstrated for the fluorescence. 

Conclusion 

Coupling organic π-systems that exhibit aggregation induced emission to a second 

fluorophore can result in emergent optical properties, such as dual fluorescence with oscillating 

intensity fluctuations. This is realized in a hybrid thin film consisting of CdSe nanocrystals 

coupled to aggregates of an aryleneethynylene derivative with fluorescence from both 

fluorophores, which establish a feedback loop: excitation energy transfer from the nanocrystals 

to the aggregates leads to photothermal heating and an order/disorder transition in the 

aggregates. This transition weakens the fluorescence intensity of the organic π-system and the 

rate of energy transfer, which strengthens the nanocrystal fluorescence. Simultaneously, the 

slower energy transfer rate reduces photothermal heating, which gradually restores the initial 

structure and optical properties of the molecular aggregates. This closes the feedback loop and 

initiates the next cycle. The resulting optical oscillations and their temperature dependence may 

be of interest for application in nanothermometry.  

 

Supporting Information.  

(Figure S1) Luminescence and scattering images of pure linker and CdSe/I-/AE 1, 

(Figure S2) Fluorescence of CdSe/I-, (Figure S3) Gate sweeps of CdSe/I- and CdSe/I-/AE 1. 
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and methods. (Scheme S2) Schematic of the absorption and emission pathways in CdSe/I-/AE 
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Publication 3 (Draft) 

5 Influence of the Ligand Density on Self-Assembly of CdSe 

Nanocrystals 

 

Introduction 

The various forces and parameters acting on nanocrystals during self-assembly, which 

ultimately may lead to a highly ordered NC superlattice, have been subject of intense research 

efforts.208 Moreover, the self-assembly of semiconductor NCs is also interesting for their 

application in electronic devices as the control over the long-range order of the conductive NCs 

assembly provides a means to significantly improve the properties of the superlattices in 

electric devices.209–211 

Lead salt NCs (PbX; X=S, Se) are the most-widely studied materials for self-assembly 

as they are easily prepared, allowing the assessment of parameters like solvents/evaporation 

rate212–214, temperature215,216, surface coverage217, free ligand influence218, etc. The self-

organization of CdSe NCs was first shown by Bawendi and coworkers.219 However, since this 

seminal work, similar follow-up studies for CdSe NCs have been surprisingly scarce despite 

their significance for electronic and optical devices.62,70,220–223 In particular, X-ray based 

structural studies of CdSe NC superlattices are rare. Interestingly, the self-assembly of 

anisotropic CdSe NCs (e.g. nanorods or -platelets) is comparatively more explored than that of 

spherical NCs.224–226 Covalently necked honeycomb superlattices of CdSe NCs have also been 

reported by Vanmaekelbergh et al.227 However, the CdSe honeycomb structure was prepared 

by cation exchange from a preformed PbSe honeycomb structure.  

In this work, we have synthesized CdSe NCs in the wurtzite and zinc-blende crystalline 

phase. By using 1H NMR spectroscopy, we quantify the unbound and bound ligand densities 

on the CdSe NCs to reveal their influence on the self-assembly into superlattices. By applying 

small-angle X-ray scattering (SAXS) in transmission as well as grazing incidence small-angle 

X-ray scattering (GISAXS), we show that the degree of long-range order as well as the 

superlattice cell parameter can be tuned via the ligand densities.  
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Results and Discussion 

Absorption spectroscopy and Wide-angle X-ray scattering 

The crystalline phases of the two sets of CdSe NC samples were verified by optical 

spectroscopy and wide-angle X-ray scattering (WAXS) as shown in Figure 5-1. In absorption 

spectroscopy, the wurtzite and zinc-blende phase have been shown to exhibit distinctive 

relative positions of the first two excitonic peaks owing to the different electronic structure of 

the respective phase.228–230 The absorption spectra presented in Figure 5-1a gray solid line 

shows ~0.096 eV difference in the first two excitonic peak energies for wurtzite. For the zinc 

blende phase (Figure 5-1a blue solid line), the difference is ~0.11 eV, which agrees with the 

above literature reports. We calculated the sizes of the NCs as 4.8 and 5.3 nm, respectively, 

using the empirical relationship between the NC diameter and the first excitonic peak of CdSe 

NCs. 106  

The WAXS characterization of the two crystalline phases is displayed in Figure 5-1b. 

Line broadening of the Bragg peaks due to the small crystalline domains renders the two 

scattering patterns quite similar. However, there are still notable differences present to 

distinguish the two phases. The supposedly zinc blende structure (blue data) exhibits three 

prominent peaks, which we assign to the <111>, <220> and <311> Bragg reflections. In 

contrast, the supposedly wurtzite sample (gray data) contains a significantly broadened peak 

centered at 1.76 Å-1 which likely originates from three Bragg peaks, namely the <100>, <002> 

and <101> families. Two weak additional reflections are present at 2.5 Å-1 and 3.2 Å-1, which 

we attribute to the <102> and <103> planes, confirming the presence of the wurtzite phase.  
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Figure 5-1 Characterization of two different phases of CdSe NCs. (a) Absorption spectra of CdSe NCs 

in the wurtzite (gray) and zinc blende (blue) phase. (b) Wide-angle X-ray scattering of the wurtzite 

(gray solid line) and zinc blende (solid blue line) NCs. 

NMR Spectroscopy 

NMR spectroscopy can be used to distinguish between free and bound ligands in 

colloidal CdSe NC samples due to differences in the diffusion constant and, thus, relaxation 

kinetics.107,231 To this end, the olefinic protons of oleic acid have been used as spectroscopic 

reporters to determine the ligand concentration against a known concentration of ethylene 

carbonate dissolved in toluene-d8. The standard peak of ethylene carbonate (3.09 ppm) is well 

separated from the olefinic proton region (5.4–5.7 ppm) and does not interfere with the 

quantification. We use a similar procedure to record the NMR data for 4.8 nm wurtzite shown 

in Figure 5-2. Thoroughly cleaned particles (Figure 5-2a) were dissolved in d8-toluene for 

NMR data acquisition. Subsequently, free oleic acid was added in a step by step manner 

(Figure 5-2b & c). The sharp peaks at 5.73 & 5.9 ppm are unidentified and have been ignored 

for the area under the curve calculations. The NMR data show a density of 0.48 �� ���⁄  

bound to the NC surface for no addition of oleic acid (Figure 5-2a), 0.65 �� ���⁄  (Figure 

5-2b) and 0.89 �� ���⁄  (Figure 5-2c) for 23.7 and 47.4 µL addition of oleic acid. These 

values fall in the lower range of values reported in literature (1.2– 4.6 ��/���).107,231,232 

However, it should be noted that unaccounted ligands like trioctylphosphine oxide (TOPO) and 

hexadecylamine (HDA) could also be present. The free ligand fraction is estimated as 

��
�� + ��

� , where Nf and Nb are the number of free and bound oleic acid per NCs. The 
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calculated free ligand fraction is 0, 0.97, and 0.98 for no oleic acid addition and two further 

additions respectively. 

 

Figure 5-2 Determination of the free and bound ligand concentration using NMR spectroscopy. a) 

Olefinic region of the cleaned particles. b & c) graph corresponds to the subsequent addition of free 

oleic acid in wurtzite CdSe NCs solution. OA stands for oleic acid. 

Small-angle X-ray Scattering 

To quantify the effect of excess ligand concentration on the CdSe NC self-assembly, 

we used small-angle X-ray scattering (SAXS) in Figure 5-3. We did not observe any scattering 

patterns showing long-range order in the self-assembled thin-film of the as purified NCs. 

Purified CdSe wurtzite NCs of 4.8 nm diameter (Figure 5-3a) showed an amorphous ring 

pattern with the nearest neighbor distance (NND) of 7.7 ± 0.1 ��. The subsequent addition of 
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free OA to the NC solution altered the NND in the amorphous regions of the NC film to 7.4 ±

0.3 �� and 8.4 ± 0.5 ��, respectively. Upon this addition, we also observe the emergence of 

ordered domains in the film, manifesting in six-fold scattering patterns (Figure 5-3b,c), which 

we tentatively attribute to a hexagonal close-packed structure (hcp) with unit cell parameters 

� = 7.1 ± 1.5 �� and 7.5 ± 0.2 ��, respectively. Since a = NND in a hexagonal cell, we note 

that the NNDs in the ordered domains of the superlattice are shorter than in the amorphous 

domains for the same amount of added OA (compare Figure 5-3d vs. h).  

A similar behavior is also shown by the zinc-blende (ZB) phase of 5.3 nm CdSe NCs 

system as presented in Figure 5-3e–g. Thoroughly washed ZB NCs do not show any long-

range ordering (Figure 5-3e), but rather an amorphous arrangement of NCs with an NND of 

7.8 ± 0.1 ��. The NND increased to 8.0 ± 0.3 �� and 9.0 ± 0.3 �� with addition of free 

ligand, respectively (Figure 5-3f,g). Again, we begin to observe a six-fold scattering pattern 

with the first addition of free oleic acid and more prominently with the second addition. This 

indicates the formation of some ordered domains aside the already described amorphous 

regions. Similar to the wz-NC data, we tentatively attribute the ordered domains to an hcp 

structure and derive the lattice parameters � = 7.6 ± 0.3 �� (Figure 5-3f) and 8.5 ± 0.2 �� 

(Figure 5-3g), respectively. 
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Figure 5-3 Small-angle X-ray scattering of the wurtzite (a-c) and zinc blende (e-g) CdSe NCs with 

increasing free ligand amount. The appearance of an ordered structure in both samples with the addition 

of free ligand becomes apparent. The effect of increasing the amount of oleic acid on the nearest 

neighboring distance (d) of the amorphous film and on the unit cell parameter (h) of the self-assembled 

NCs with long-range order. 

To quantify the effect of ligand addition on the self-assembly of the CdSe NCs, we analyzed 

the scattering patterns from a range of samples presented in Figure 5-3d&h. The amorphous 

regions of the thin film showed an overall increase of the NND of 10% and 21% for the WZ 

and ZB phases, respectively, as the free oleic acid amount is increased. The NND showed 

beginning saturation upon the addition of roughly 9000 OA molecules per NC (Figure 5-3d). 

The lattice parameter of the ordered superlattices also showed ~10% growth with increasing 

ligand concentration (Figure 5-3h).  

Grazing-incidence small-angle X-ray scattering 

We also looked at the self-assembly of 5.1 nm wurtzite and 5.2 nm zinc blende NCs 

prepared on a silicon substrate using grazing-incidence small-angle X-ray scattering (GISAXS) 

to confirm the unit cell parameters of the ordered structure. We added a similar amount of free 

oleic acid as that which led to a OA/NC ratio of 1700 in the NMR and SAXS experiments. The 

scattering data are displayed in Figure 5-4. Self-assembled wurtzite CdSe NCs show a strong 

scattering rod pattern (Figure 5-4a), indicating a preferential perpendicular lamellae type 

ordering. We fitted the scattering data using a slightly distorted hexagonal unit cell having � =
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� = 8.1 and � = 14.2 �� as well as � = � = 89.5° and � = 120°. In contrast, the zinc blende 

NCs showed many-fold ring shaped scattering with strong directional orientations. We were 

able to fit the experimentally observed scattering pattern using the hexagonal like closed pack 

structure oriented in a mixture of different orientations (001, 010,101,110) and unit cell 

parameters � = � = 8.5 and � = 26 �� as well as �, � = 92 and � = 118°. This indicates 

that the ZB NCs have multiple preferred facial orientation with respect to the substrate plane. 

However, we were not able to fit the scattering peaks on all the four rings with c-axis close to 

the expected hexagonal crystal system. 

 

Figure 5-4 Grazing incidence small-angle X-ray scattering data. (a) Wurtzite NCs scattering pattern 

together with hexagonal close pack simulated pattern showing a good agreement with the experimental 

peaks. (b) GISAXS scattering peaks from self-assembled zinc blende NCs along with the simulated 

pattern having multiple crystal orientation parallel to the substrate plane. Differently colored miller 

planes are the projections of different nanocrystal orientations parallel to the plane of the substrate. 

Purification steps can sometime remove the bound ligands from the surface of the NCs 

as well. This decreases the ligand density of NCs and increases the core to core interaction of 

NCs. Self-assembly from such NC solutions results in a disordered thin film (Figure 5-3a,e). 

The addition of free ligands increases the surface ligand density (Figure 5-2b,c) and the excess 

of free ligand helps to form a long range ordered assembly of NCs on slow evaporation of 

solvent (Figure 5-3b,c,f,g). The increased amount of free ligand allows expanding the nearest 

neighbour distance up to 21% in the amorphous film (Figure 5-3d). In addition, the excess 

ligand helps in the formation of ordered assemblies and increases the lattice parameter by up 



 Publication 3 

85 

 

to 10% (Figure 5-3h). The GISAXS data showed slightly larger (~0.8 nm) unit cell parameters, 

even after taking differenct sizes of NCs ino account, then the lattice parameters obtained by 

SAXS measurements. 

Conclusion 

In summary, we synthesized and characterized two phases of CdSe NCs and studied 

the effect of free ligand amount on the self-assembly of the NCs. The addition of free oleic acid 

increases the surface coverage of the wurtzite NCs as shown by NMR spectroscopy. Our results 

show that the completely cleaned NCs form unordered assemblies on drying. Increased ligand 

interactions appear to help in preventing kinetic arrest and fascilitate the formation of 

assemblies with a higher degree of long-range order. We statistically showed the free ligand 

concentration provides a handle to tune unit cell volume. 

Experimental Section 

Chemicals 

 Cadmium oxide (CdO, 99.99%, Aldrich), oleic acid (OA, 90%, Aldrich), 

trioctylphosphine (TOP, 97%, Abcr), trioctylphosphine oxide (TOPO, 99%, Aldrich), 

hexadecylamine (HDA, 90%, Aldrich), 1-octadecene (ODE, 90%, Acros Organics), selenium 

pellet (Se, 99.999%, Aldrich), ammonium iodide (99.999%, Aldrich), N-methylformamide 

(NMF, 99%, Aldrich), hexane (Extra Dry, 96%, Acros Organics), ethanol (Extra Dry, 99.5%, 

Acros Organics), acetone (Extra Dry, 99.8%, Acros Organics), dimethyl sulfoxide (DMSO, 

99.7%, Acros Organics), acetonitrile (Extra Dry, 99.9%, Acros Organics). All chemicals were 

stored and used inside the nitrogen-filled glovebox except the chemicals used in CdSe NCs 

synthesis. 

Nanocrystal Synthesis 

CdSe NCs were synthesized in wurtzite and zinc-blende crystal phases using the 

literature reported process.105,174 The wurtzite phase was synthesized, briefly, 176.7 mg of 

CdO, 8 g HDA, 8 g TOPO, 2.2 mL OA in 45.8 mL ODE taken in a three-neck round bottom 

flask. The content of the flask was degassed for 2 h at 10-2 mbar. The mixture was dissolved at 

300 °C, and already prepared a mixture of 1.6 mL of 1 M TOPSe with 6.4 mL of TOP and 

8.0 mL of ODE was added swiftly to the reaction mixture at 275 °C. After NCs growth for 

25 min, the flask was submerged in the water bath to quickly quench the reaction. So, formed 

NCs were transferred to the glove-box and purified using first ethanol, then acetone, and finally 
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ethanol as antisolvents and repeating each step at least twice to completely clean the particles, 

unreacted raw material, and excess organic ligands. The particles were then redispersed in 

hexane. 

Zinc blende crystalline phase NCs were prepared using literature procedure,105 briefly, 

22.5 mg CdO, 80 mg myristic acid, and 5 mL ODE taken in a three-neck round bottom flask 

and kept under vacuum for 2 h at 10�� mbar. The slurry was heated to 240 °C for 5 min under 

N2 atmosphere to dissolve the precursor material. The temperature was then reduced to 60 °C 

to add selenium precursor. A freshly prepared mixture of 1 mL cadmium acetate and 19 mg of 

SeO2 in 12 mL ODE was added to the reaction mixture, and the temperature was raised to 

240 °C, and 3 mL of 1:2 OA/ODE mixture was also added at this temperature and NCs were 

grown for 1 h. After that, NCs were taken inside the glove box for purification with toluene–

acetone and toluene–methanol solvent–antisolvent combination. Further purification was 

carried out using DCM–ethanol mixture and then washing the oily NCs with acetone and 

centrifuging at 12000 rpm for 10 min and finally redispersing the NCs in hexane. 

Ligand quantification 

Nuclear magnetic resonance (NMR) speectroscopy is used to quantify the amount of 

free oleic acid and bounded oleic acid to the CdSe NCs surface using a 400 MHz Bruker 

instrument. Ethylene carbonate of known concentration (0.1 M) was used as internal standard 

to quantify the amount of oleic acid present (bound and free). The regions of the NMR peaks 

corresponding to free and bound ligands were integrated using the software TopSpin and 

compared to the integration of the standard peak. The satellite peak lying right to the free oleic 

acid peak was integrated and subtracted from the bound oleic acid peak to correct for the 

satellite peak contribution. The ligand densities were calculated using the concetration of NCs 

extractred from optical spectroscopy using the empirical relationship between the NC diameter 

and the first excitonic peak.106 

Self-assembly preparation 

Self-assembly of NCs was prepared on a Si3N4 window supported by Si substrate. We 

drop-casted roughly a 10-6 M CdSe NC solution on the substrate for a typical self-assembly 

experiment and allowed the solvent to evaporate in a semi-closed container. Small-angle X-ray 

scattering experiments were performed at P10 Coherence Beamline PETRA III at E=13.8 keV 

using GINIX setup. Eiger4M detector was placed at 370 mm downstream for the accessing 

SAXS and WAXS regions simultaneously. A 10 × 10 to 30 × 30 µ�� area was scanned with 
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a step size ranging from 0.2 to 1 µm using a highly focused, 400 nm diameter beam and 0.3–

0.5 s data acquisition time. Allowing us to get a statistical overview of the sample. 

For in-house GISAXS measurements, samples were prepared on a silicon substrate 

using a similar procedure. The laboratory GISAXS is a Xenuss 2.0 Geniy3D setup using Cu 

ULD as the X-ray source, having 1.54 Å wavelength of energy 8.04 eV. Two slit pairs were 

used as the beam collimator achieving a 0.5 × 0.5 �� beam dimension. The scattering data 

were recorded using a Pilatus 300 K detector. 
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6 Summary (Zusammenfassung) 

6.1 Summary 

The work reported in this thesis is divided into three projects. This work focuses on the 

various properties of the CdSe nanocrystals. CdSe nanocrystals are one of the synthetically 

mature semiconductor nanocrystals. The size distribution of CdSe nanocrystals is narrow (≤ 

5 %) with high reproducibility as well.233 Therefore, these nanocrystals are highly suitable in 

terms of integrating nanocrystalline properties for their use in electrical/optical devices. This 

thesis explores the different aspects of such device preparation from nanocrystals. As 

synthesized nanocrystals have a layer of highly insulating organic surfactant molecules (such 

as oleic acid, trioctylphosphine oxide, hexadecylamine) necessary for their synthesis. However, 

these surfactant molecules inhibit the electronic interaction of neighboring nanocrystals in the 

solid-state by imposing a large energetic barrier of substantial height (large energy gap of 

molecular orbitals (MO) of ligands) and width (∼twice the size of the bound ligands). So, these 

ligands have to be replaced with other ligand molecules in order to have an electrically 

conducting thin-film. Small inorganic ligands have been used for the surface modification of 

the nanocrystals and high mobilities for these devices have been achieved. The short inorganic 

ligands improve the electrical transconductance properties of the thin-film device however, as 

such they do not bring any novel properties to the system, or in other words, they serve no 

purpose from an electronic standpoint other than reducing the interparticle distance.84,234 

The alternative route for surface modification is via ligand exchange with organic 

semiconductor ligands having molecular orbitals positioned to allow electronic coupling with 

the neighboring nanocrystals. This strategy of forming a hybrid material composed of large 

number of alternating organic and inorganic interface has an additional advantage in terms of 

charge transfer efficiency and invoking new material properties.110,235 This thesis work 

explores the structural, optical, and electronic properties of thin-film CdSe nanocrystals and 

their enhancement by coupling them with organic dye molecules.  

The first article shows the enhancement of the laser-assisted on/off properties of the 

CdSe nanocrystals coupled with Zn4APc dye molecules in the red spectral region. Remarkably, 

the coupled system shows an increase of ∼4 orders of magnitude in photocurrent in the near-

infrared region whereas the non-functionalised CdSe/I- nanocrystals show poor response and a 
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slower rise of the photocurrent, which hints at surface trap-states. Transient absorption 

measurements show that the hybrid material exhibits charge transfer from dye molecule to 

CdSe nanocrystals in 5 ps. The hybrid system also illustrates a fast rise in photocurrent at 

779 nm excitation as depicted by the time-resolved photocurrent measurements. 

The second article shows the coupling of CdSe nanocrystals with aryleneethylene 

derivative (AE 1). Long-chain organic �-linker show aggregation-induced emission in thin 

films or highly concentrated environments. The hybrid material poses a dual-band fluorescence 

behavior from the band-edge emission of the CdSe nanocrystals and the aggregation induced 

emission. Continuous measurement of the steady-state photoluminescence reveals that the 

intensity of these two bands (nanocrystals emission and the aggregation induced emission 

peak) varies randomly in an anticorrelated manner at room temperature, i.e., the intensity of 

one peak increases with simultaneous decrease in the intensity of the other peak. This intensity 

change is also associated with ∼10 nm change in the position of the aggregation induced 

emission band. The Raman peak extracted from the fluorescence spectrum of the hybrid film 

showed no sign of chemical transformation in the molecule during the intensity variation of the 

thin film. The intensity variation behaved in a periodic manner under low temperature and 

roughly an order of magnitude lower laser power. The time period of the oscillation of “on-

off” fluorescence was observed to be dependent on the laser power. We attributed the 

fluorescence variations to the structural change in the alignment of the linker molecules 

effecting the energy transfer between nanocrystals and linker. 

The third article investigates the structural properties of CdSe nanocrystals in wurtzite 

and zinc blende phases. NMR spectroscopy showed the amount of free and bound linker in the 

self-assembly solution of wurtzite nanocrystals. Interestingly, the self-assembly of 

nanocrystals showed a dependence on the availability of free linker in solution. Increasing the 

free linker showed 10–21% increase in nearest-neighboring distance in nanocrystals thin film 

and roughly a 10% increase in the lattice constant of the self-assembled particles. 

For future endeavors in this field, one could explore the coupling of CdSe nanocrystals 

with different OSC linkers to further improve the mobility of the electrical device and the 

induced photocurrent with different excitation energy. Time-resolved photocurrent 

measurements of these hybrid nanocrystals have shown that these materials can display optical 

switching on the order of few tens to hundreds of nanoseconds. A more systematic study 

involving a detailed analysis of photocurrent measurements while exploring the effects of 
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parameters like temperature could be performed for a better understanding of the system. The 

optical properties of nanocrystals coupled with aryleneethylene derivatives, exhibit new 

fluorescence behavior; thus future work in the field could focus on exploring whether similar 

effects also arise with other cruciform linkers. If so, then how does temperature affect the 

optical properties? Also, the fluorescence enhancement could be checked for different bands 

using a tunable cavity mode. 

6.2 Zussamenfassung 

Die Arbeit, über die in dieser Dissertation berichtet wird, ist in drei Projekte unterteilt. 

Diese Arbeit konzentriert sich auf die verschiedenen Eigenschaften der CdSe Nanokristalle. 

CdSe Nanokristalle gehören zu den synthetisch ausgereiften Halbleiter Nanokristallen. Die 

Größenverteilung der CdSe Nanokristalle ist schmal (≤ 5 %) und weist ebenfalls eine hohe 

Reproduzierbarkeit auf.233 Daher können diese Nanokristalle sehr gut in elektrischen/optischen 

Geräten eingesetzt werden, um nanokristalline Eigenschaften einzuführen. Diese Arbeit 

untersucht die verschiedenen Aspekte bei der Herstellung solcher Bauelemente aus 

Nanokristallen. Native Nanokristalle weisen eine Schicht aus hochisolierenden organischen 

Tensidmolekülen (wie Ölsäure, Trioctylphosphinoxid, Hexadecylamin) auf, die für ihre 

Synthese notwendig sind. Diese Tensidmoleküle hemmen jedoch die elektronische 

Wechselwirkung benachbarter Nanokristalle im festen Zustand, indem sie eine große 

Energiebarriere von beträchtlicher Höhe (große Energielücke der Molekülorbitale (MO) der 

Liganden) und Breite (∼doppelt so groß wie die gebundenen Liganden) errichten. Diese 

Liganden müssen also durch andere Ligandenmoleküle ersetzt werden, um einen elektrisch 

leitenden dünnen Film zu erhalten. Für die Oberflächenmodifikation der Nanokristalle wurden 

kurze anorganische Liganden verwendet und es wurden hohe Mobilitäten für diese 

Bauelemente erreicht. Die kurzen anorganischen Liganden verbessern die elektrischen 

Transkonduktanzeigenschaften des Dünnschicht-Bauelements, bringen jedoch als solche keine 

neuen Eigenschaften in das System ein oder, anders ausgedrückt, sie dienen aus elektronischer 

Sicht keinem anderen Zweck als der Verringerung des Abstands zwischen den Teilchen.84,234 

Der alternative Weg zur Oberflächenmodifikation führt über Ligandenaustausch mit 

organischen Halbleiterliganden, deren Molekülorbitale so positioniert sind, dass sie 

elektronische Kopplung mit den benachbarten Nanokristallen ermöglichen. Diese Strategie der 

Bildung eines Hybridmaterials, das aus einer großen Anzahl alternierender organischer und 
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anorganischer Grenzflächen besteht, hat einen zusätzlichen Vorteil in Bezug auf die Effizienz 

des Ladungstransfers und die Herbeiführung neuer Materialeigenschaften.110,235 In dieser 

Arbeit werden die strukturellen, optischen und elektronischen Eigenschaften von dünnen 

Filmen aus CdSe Nanokristallen und ihre Verbesserung durch Kopplung mit organischen 

Farbstoffmolekülen untersucht.  

Der erste Artikel zeigt die im roten Spektralbereich auftretende Verbesserung der 

lasergestützten Ein/Aus-Eigenschaften der CdSe Nanokristalle, die mit Zn4APc-

Farbstoffmolekülen gekoppelt sind. Bemerkenswert ist, dass das gekoppelte System einen 

Anstieg des Photostroms im nahen Infrarotbereich um ∼4 Größenordnungen zeigt, während 

die nicht funktionalisierten CdSe/I- Nanokristalle ein schlechtes Ansprechverhalten und einen 

langsameren Anstieg des Photostroms zeigen, was auf Oberflächen-Fallenzustände hindeutet. 

Transiente Absorptionsmessungen zeigen, dass das Hybridmaterial einen Ladungstransfer vom 

Farbstoffmolekül auf die CdSe Nanokristalle in 5 ps aufweist. Das Hybridsystem 

veranschaulicht auch einen schnellen Anstieg des Photostroms bei 779 nm Anregung, wie er 

durch die zeitaufgelösten Photostrommessungen dargestellt wird. 

Der zweite Artikel zeigt die Kopplung von CdSe Nanokristallen mit dem 

Arylenethylenderivat (AE 1). Langkettige organische π-Linker zeigen aggregationsinduzierte 

Emission in dünnen Filmen oder hochkonzentrierten Umgebungen. Das Hybridmaterial zeigt 

ein Zweibanden-Fluoreszenzverhalten bestehend aus der Bandkantenemission der CdSe 

Nanokristalle und der aggregationsinduzierten Emission. Die kontinuierliche Messung der 

Photolumineszenz im Gleichgewichtszustand zeigt, dass die Intensität dieser beiden Banden 

(Emission der Nanokristalle und aggregationsinduzierter Emissionspeak) bei Raumtemperatur 

zufällig antikorreliert variiert, d.h. die Intensität eines Peaks nimmt bei gleichzeitiger 

Intensitätsabnahme des anderen Peaks zu. Diese Intensitätsänderung ist mit einer Verschiebung 

der aggregationsinduzierten Emissionsbande um ~10 nm verbunden. Der aus dem 

Fluoreszenzspektrum des Hybridfilms extrahierte Raman-Peak zeigte keine Anzeichen einer 

chemischen Umwandlung des Moleküls während der Intensitätsvariation des dünnen Films. 

Die Intensitätsvariation verhielt sich bei tiefer Temperatur und etwa eine Größenordnung 

niedrigerer Laserleistung periodisch. Es wurde beobachtet, dass die Zeitdauer der Oszillation 

der "ein-aus"-Fluoreszenz von der Laserleistung abhängig war. Wir führten die 

Fluoreszenzvariationen auf die strukturelle Änderung in der Ausrichtung der Linkermoleküle 

zurück, die den Energietransfer zwischen Nanokristallen und Linker bewirkt. 
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Der dritte Artikel untersucht die strukturellen Eigenschaften von CdSe Nanokristallen 

in Wurtzit- und Zinkblende-Struktur. NMR-Spektroskopie zeigte die Menge an freiem und 

gebundenem Linker in der Lösung für die Selbstassemblierung von Wurtzit Nanokristallen. 

Interessanterweise zeigte die Selbstassemblierung der Nanokristalle eine Abhängigkeit von der 

Verfügbarkeit des freien Linkers in Lösung. Eine Zunahme des freien Linkers zeigte eine 10-

21%ige Zunahme des Abstands zum nächsten Nachbarn in der Dünnschicht der Nanokristalle 

und eine etwa 10%ige Zunahme der Gitterkonstante der selbstorganisierten Teilchen. 

Für zukünftige Bestrebungen auf diesem Gebiet könnte man die Kopplung von CdSe 

Nanokristallen mit verschiedenen OSC-Linkern untersuchen, um die Mobilität des elektrischen 

Geräts und den mit unterschiedlicher Anregungsenergie induzierten Photostrom weiter zu 

verbessern. Zeitaufgelöste Photostrommessungen dieser hybriden NCs haben gezeigt, dass 

diese Hybridmaterialien ein optisches Schalten in der Größenordnung von einigen zehn bis 

hundert Nanosekunden anzeigen können. Zum besseren Verständnis des Systems könnte eine 

systematischere Studie durchgeführt werden, die eine detaillierte Analyse von 

Photostrommessungen beinhaltet und gleichzeitig den Einfluss von Parametern wie der 

Temperatur untersucht. Die optischen Eigenschaften von Nanokristallen, die mit 

Arylenethylenderivaten gekoppelt sind, zeigen ein neues Fluoreszenzverhalten; daher könnten 

sich zukünftige Arbeiten auf diesem Gebiet darauf konzentrieren, zu untersuchen, ob ähnliche 

Effekte auch bei anderen kreuzförmigen Linkern auftreten. Wenn ja, wie wirkt sich die 

Temperatur auf die optischen Eigenschaften aus? Außerdem könnte die 

Fluoreszenzverstärkung für verschiedene Banden mit Hilfe eines durchstimmbaren Resonators 

untersucht werden. 

      (Sprachberaterin: Christine A. Schedel) 
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Fig. S1 shows temporal slices of a CdSe/I-/Zn4APc-COIN optical transistor 

photoexcited at 640 nm near-resonantly to the first excitonic transition of the CdSe NCs and – 

unlike measurements with a photoexcitation wavelength of ≥ 710 nm - lacking a time-

correlation between the decay of bleach feature 1 and 1a and bleach feature 2 in the first 25 ps 

of the measurement due to a charge transfer mechanism (no rise time in bleach feature 2). The 

dynamics of the Zn4APc bleaches 1/1a and the CdSe NC bleaches 2 are fitted with a double-
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exponential (�� = 3.7 ± 2.3 ps, �� = 74 ± 17 ps for the rather noisy bleach feature 1 and �� =

 1.4 ± 0.1 ps, �� = 34 ± 2.0 ps for the nicely resolved bleach feature 1a, �� = 4.6 ± 0.2 ps, 

�� = 71 ± 2.5 ps for bleach feature 2). 

 

Figure A-S1 Decay of Davydov-split bleach features 1 and 1a of the Zn4APc and decay of bleach 

feature 2 due to direct photoexcitation of the CdSe NCs. 

By comparing the time constants of the decay in bleach feature 1 and 1a at different 

photoexcitation wavelengths with the rise of bleach feature 2 in the first 25 ps of the 

measurement, we find that at photoexcitation wavelengths of 800 nm (close to the wavelength 

of the photocurrent measurements), particularly photoexcited electrons from the energetically 

lower lying S11 level of the Zn4APc molecule seem to be transferred to the CdSe S1e level, 

while at 710 nm, electrons from the S12 transition in the Zn4APc molecule seem to be preferred 

for transfer to the CdSe S1e level (see Fig. S2 and S3 respectively). Fig. S2 shows almost the 

same time constants of a biexponential fit for the decay of the directly photobleached Davydov-

split S0S11 transition (bleach feature 1, �� = 330 fs ± 25 fs, �� = 5.8 ± 0.2 ps) photoexcited 

at 800 nm and the time corelated rise of bleach feature 2 due to charge transfer into the CdSe 

1Se level  (bleach feature 2, �� = 300 ± 34 fs, �� = 4.7 ± 0.1 ps). Time constants for the decay 

of the S0S12 transition in bleach feature 1a are �� = 640 fs ± 110 fs, �� = 6.5 ± 0.4 ps. 
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Figure A-S2 Decay of bleach feature 1 at 785 nm when photoexciting CdSe/I-/Zn4APc-COIN at 

800 nm (Davydov-split S0S11 transition) and time correlated ultrafast rise (before decay at longer 

times) of CdSe-associated bleach feature 2. 

Photoexciting the sample at 710 nm close to the S0S12 transition of the Zn4APc leads 

to the time constants of bleach feature 1a (�� = 550 fs ± 26 fs, �� = 4.8 ± 0.3 ps) being almost 

the same as in the rise of bleach feature 2 (�� = 480 ± 24 fs, �� = 3.7 ± 0.1 ps), whereas at 

710 nm the S0S11 transition decays faster (�� = 190 ± 45 fs, �� = 5.0 ± 0.5 ps). 

 

Figure A-S3 Decay of bleach feature 1a at 720 nm when photoexciting CdSe/I-/Zn4APc-COIN at 710 

nm (Davydov-split S0S12 transition) time correlated ultrafast rise (before decay at longer times) of 

CdSe-associated bleach feature 2 as discussed above. 
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Figure A-S4 Solid-state fluorescence of a thin film of pure Zn4APc on quartz under 633 nm excitation. 

The sharp lines are due to Raman modes. We attribute the broad band with a maximum at 780 nm to 

the S1→S0 transition and note the generally very small quantum yield (< 1 %) of this transition for this 

molecule in accordance with an earlier report.236 
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Figure A-S5 Scanning electron micrographs of typical CdSe NC films used in this work. a)/b) CdSe 

NCs capped with I- at two different magnifications. The lighter regions at the top and bottom of a) are 

the gold contacts of the channel. c)/d) CdSe NCs capped with I- after ligand excahnge with Zn4APc at 

two different magnifications. e) Low-magnification microgaph showing a dense film with several 

intended scratches to determine the height of the film. f) High-magnification micrograph of one of the 

scratches under a tilt of 85 °. The average height of the film is 200 nm. 
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Figure A-S6 Current/voltage transport charaterization of four different channels (length: 2.5 µm) of 

pure Zn4APc films without any CdSe NCs. The current range of 10-13 A reflects the noise level of the 

measurement set-up. In combination with the essentially flat I/V behavior, this indicates insulating 

behavior of the Zn4APc film. 
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AE 1 Synthesis 

General Remarks 

All reactions requiring exclusion of oxygen and moisture were carried out in dry 

glassware under a dry and oxygen free nitrogen atmosphere. The addition of solvents or 

reagents was carried out using nitrogen flushed stainless steel cannulas and plastic syringes. 

For spectroscopic and analytic characterizations, the following devices were used: 

Analytical thin layer chromatography (TLC) was performed on Macherey & Nagel 

Polygram® SIL G/UV254 precoated plastic sheets. Components were visualized by 

observation under UV light (254 nm or 365 nm) or in the case of UV-inactive substances by 

using the suitably coloring solutions. The following coloring solutions were used for the 

visualization of UV-inactive substances: 

KMnO4 solution: 2.0 g KMnO4, 10.0 g K2CO3, 0.3 g NaOH, 200 mL distilled water. 

Cer solution: 10.0 g Ce(SO4)2, 25 g phosphomolybdic acid hydrate, 1 L distilled water, 50 mL 

conc. H2SO4. 

Flash column chromatography was carried out using silica gel S (32 µm-62 µm), 

purchased from Sigma Aldrich, according to G. Nill, unless otherwise stated.237 As noted, 

Celite® 545, coarse, (Fluka) was used for filtration. 

Dialysis was carried out using an appropriate length of the commercially available 

regenerated cellulose tubular membranes: Spectra/Por® Biotech Cellulose Ester (CE) Dialysis 

Membranes with the following specifications: 

Molecular weight cut off: 500-1000 D 

Flat width: 31 mm 

Vol/cm: 3.1 mL/cm 

Diameter in dry state: 20 mm 

Unless stated otherwise the equipped tubular membranes were put into excess (~ 10 L) 

of deionized water and stirred for 5 d by changing the surrounding solvent once every day. The 

dialysed solution was freeze-dried afterwards. 
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Melting points (m.p.) were determined in open glass capillaries on a Melting Point 

Apparatus MEL-TEMP (Electrothermal, Rochford, UK) and are not corrected. 

1H NMR NMR spectra were recorded in CDCl3 at room temperature on a Bruker DRX 

300 (300 MHz), Bruker Avance III 300 (300 MHz), Bruker Avance III 400 (400 MHz), Bruker 

Avance III 500 (500 MHz) or Bruker Avance III 600 (600 MHz) spectrometer. The data were 

interpreted in first order spectra. All spectra were recorded in CDCl3 or D2O. Chemical shifts 

are reported in  units relative to the solvent residual peak (CHCl3 in CDCl3 at δH = 7.27 ppm, 

HDO in D2O at δH = 4.75 ppm or TMS (δH = 0.00 ppm).238 The following abbreviations are 

used to indicate the signal multiplicity: s (singlet), d (doublet), t (triplet), q (quartet), quin 

(quintet), sext (sextet), dd (doublet of doublet), dt (doublet of triplet), ddd (doublet of doublet 

of doublet), etc., br. s (broad signal), m (multiplet), mc (centered multiplet). Coupling constants 

(J) are given in Hz and refer to H,H-couplings. All NMR spectra were integrated and processed 

using ACD/Spectrus Processor.  

13C NMR spectra were recorded at room temperature on the following spectrometers: 

Bruker Avance III 400 (100 MHz) or Bruker Avance III 600 (150 MHz). The spectra were 

recorded in CDCl3. Chemical shifts are reported in  units relative to the solvent signal: CDCl3 

[C = 77.00 ppm (central line of the triplet)] or TMS (c = 0.00 ppm).  

High resolution mass spectra (HR-MS) were either recorded on the JEOL JMS-700 

(EI+), Bruker ApexQehybrid 9.4 T FT-ICR-MS (ESI+) or a Finnigan LCQ (ESI+) mass 

spectrometer at the Organisch-Chemisches Institut der Universität Heidelberg.  

Elemental Analyses were carried out at the Organisch-Chemisches Institut der 

Universität Heidelberg. 

IR spectra were recorded on a JASCO FT/IR-4100. Substances were applied as a film, 

solid or in solution. Processing of data was done using the software JASCO Spectra Manager™ 

II. 

 

Reagents and Solvents 

Unless recorded otherwise, solvents were purchased from the chemical store of the 

Organisch-Chemisches Institut der Universität Heidelberg and distilled prior to use. Absolute 

solvents were prepared according to standard procedures and stored under argon over 
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appropriately sized molecular sieve.239 Absolute THF, Et2O, toluene, CH2Cl2 and MeCN were 

purchased from Sigma-Aldrich and purified by a solvent purification system (MBraun, MB 

SPS-800, filter material: MB-KOL-A, MB-KOL-M; catalyst: MB-KOL-C). Chemicals other 

than solvents were either purchased from the chemical store of the Organisch-Chemisches 

Institut Universität Heidelberg or from commercial laboratory suppliers unless reported 

otherwise. 

 

Compounds 

 

Diethyl 2,2'-((4-iodophenyl)azanediyl)diacetate (1): Ethylbromoacetate (15.2 mL, 22.9 g, 

137 mmol) was added to a solution of 4-Iodoanilline (10.0 g, 45.7 mmol) and N-ethyl-N-

isopropylpropan-2-amine (40 mL) and was stirred at 120 °C for 4 h. The crude reaction mixture 

was quenched with H2O, extracted with ethyl acetate, dried over MgSO4 and evaporated in 

vacuo. The crude product was purified by flash chromatography on silica gel [petroleum 

ether/ethyl acetate (4/1)] to afford 1 (17.8 g, 99%) as an orange oil. 1H NMR (400 MHz, 

CDCl3): δ = 6.48-6.38 (m, 4 H), 4.22 (q, J = 7.2 Hz, 4 H), 4.10 (s, 4H), 1.28 (t, J = 7.2 Hz, 

6 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 170.4, 147.6, 137.8, 114.8, 79.8, 61.2, 53.5, 14.2 

ppm ppm. IR (cm-1): ν 2979, 2935, 2905, 1730, 1588, 1561, 1495, 1445, 1430, 1370, 1343, 

1316, 1294, 1255, 1175, 1113, 1095, 1076, 1053, 1022, 993, 968, 922, 855, 803, 727, 692, 631, 

611, 550, 505, 441, 431. HR-MS (ESI+): m/z calcd. for C14H19INO4
+ 392.0353 [M+H]+; found. 

392.0355. C14H18INO4 (391.03): calcd. C 42.98, H 4.64, N 3.58; found C 43.80, H 4.64, 

N 3.67. 

 

Diethyl 2,2'-((4-((trimethylsilyl)ethynyl)phenyl)azanediyl)diacetate (2): 1 (12.0 g, 

30.7 mmol) was dissolved in THF/NEt3 (2:1, 60 mL/30 mL) and degassed for 30 min with a 
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stream of nitrogen. TMS-acetylene (5.68 mL, 3.92 g, 39.9 mmol), Pd(PPh3)2Cl2 (393 mg, 

613 μmol) and CuI (234 mg, 1.23 mmol) were added and the mixture was stirred under 

nitrogen at 50 °C for 48 h until TLC monitoring showed complete conversion. The reaction 

mixture was filtered over a pad of silica gel and evaporated in vacuo. The crude product was 

purified by flash chromatography on silica gel [petroleum ether/ethyl acetate (6/1)] to afford 2 

(6.05 g, 68%) as a yellow solid (m. p. 53-55 °C). 1H NMR (300 MHz, CDCl3): δ = 7.36-7.30 

(m, 2 H), 6.55-6.50 (m, 2 H), 4.22 (q, J = 7.14 Hz, 4 H), 4.13 (s, 4 H), 1.28 (t, J = 7.14 Hz, 

6 H), 0.23 (s, 9 H) ppm. 13C NMR (75 MHz, CDCl3): δ = 170.4, 147.9, 133.3, 112.4, 112.0, 

105.8, 91.9, 61.3, 53.4, 14.2, 0.1 ppm. IR (cm-1): ν 2979, 2913, 2148, 1745, 1725, 1605, 1516, 

1476, 1444, 1416, 1371, 1349, 1302, 1280, 1247, 1220, 1180, 1117, 1063, 1030, 968, 936, 858, 

839, 820, 762, 737, 703, 650, 637, 599, 580, 534, 471, 449. HR-MS (ESI+): m/z calcd. for 

C19H28NO4Si+ 362.1782 [M+H]+; found 362.1784. C19H27NO4Si (391.03): calcd. C 63.13, H 

7.53, N 3.87; found C 63.24, H 7.62, N 3.76. 

 

Ethyl 2-(2,5-diethynyl-4-methoxyphenoxy)acetate (3): 2 (6.00 g, 16.6 mmol) was dissolved 

in THF (50 mL), placed in an ice bath and degassed for 15 min with a stream of nitrogen. TBAF 

(1M in THF, 18.4 mL) was added and the mixture was stirred for 10 min. The reaction mixture 

was quenched with SiO2, filtered and evaporated in vacuo. The crude product was purified by 

flash chromatography on silica gel [(petroleum ether/ethyl acetate (6/1 → 1/1)] to afford 3 

(2.54 g, 52%) as a light yellow/green oil. 1H NMR (300 MHz, CDCl3): δ = 7.39-7.33 (m, 2 H), 

6.58-6.51 (m, 2 H), 4.23 (q, J = 7.14 Hz, 4 H), 4.14 (s, 4 H), 2.97 (s, 1 H), 1.28 (t, J = 7.14 Hz, 

6 H) ppm. 13C NMR (75 MHz, CDCl3): δ = 170.4, 148.0, 133.4, 112.1, 111.3, 84.2, 75.3, 61.3, 

53.4, 14.2 ppm. IR (cm-1): ν 3280, 2981, 2937, 2101, 1731, 1607, 1557, 1515, 1446, 1388, 

1371, 1343, 1324, 1298, 1257, 1175, 1114, 1095, 1056, 1022, 968, 932, 856, 816, 715, 646, 

591, 533, 454, 438, 405. HR-MS (ESI+): m/z calcd. For C16H20NO4
+ 290.1387 [M+H]+; found 

290.1388. C16H19NO4 (289.13): calcd. C 66.42, H 6.62, N 4.84; found C 66.23, H 6.78, N 4.68. 
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Octaethyl 2,2',2'',2''',2'''',2''''',2'''''',2'''''''-(((benzene-1,2,4,5-tetrayltetrakis(ethyne-2,1-

diyl))tetrakis(benzene-4,1-diyl))tetrakis(azanetriyl))octaacetate (AE 1-COOET): 1,2,4,5-

Tetraiodobenzene240 (320 mg, 550 µmol) and 3 (686 mg, 2.31 mmol) were dissolved in 

degassed THF/NEt3 (1:1, 1.5 mL/1.5 mL). Pd(PPh3)2Cl2 (39 mg, 55 μmol) and CuI (11 mg, 

55 μmol) was added and the mixture was stirred under nitrogen at 60 °C for 24 h. The reaction 

mixture was filtered over a pad of silica gel and evaporated in vacuo. The crude product was 

purified by flash chromatography on silica gel [petroleum ether/ethyl acetate (1/1)] to afford 

AE 1-COOET (398 mg, 59%) as a red film. 1H NMR (600 MHz, CDCl3): δ = 7.64 (s, 2 H), 

7.44-7.41 (m, 8 H), 6.61-6.58 (m, 8 H), 4.22 (q, J = 7.15 Hz, 18 H), 4.17 (s, 16 H), 1.30 (t, 

J = 7.15 Hz, 24 H) ppm. 13C NMR (150 MHz, CDCl3): δ = 170.5, 147.9, 134.4, 133.0, 124.8, 

112.5, 112.3, 95.6, 86.6, 61.3, 53.4, 14.2 ppm. IR (cm-1): ν 2979, 2935, 2197, 1730, 1604, 1556, 

1520, 1444, 1386, 1370, 1343, 1296, 1257, 1174, 1135, 1094, 1057, 1020, 967, 855, 813, 727, 

647, 531, 467, 441. HR-MS (ESI+): m/z calcd. for C70H74N4NaO16
+ 1249.4992 [M+Na]+; found 

1249.5004. C70H74N4O16 (1227.37): calcd. C, 68.50; H, 6.08; N, 4.56; found C 67.85, H 6.51, 

N 4.11. 

 

Sodium 2,2',2'',2''',2'''',2''''',2'''''',2'''''''-(((benzene-1,2,4,5-tetrayltetrakis(ethyne-2,1-

diyl))tetrakis(benzene-4,1-diyl))tetrakis(azanetriyl))octaacetate (AE 1): AE 1-COOET 
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(316 mg, 257 mmol) was dissolved in MeOH/H2O (1:1, 10 mL/10 mL) and NaOH (515 mg, 

12.9 mmol) was added. The resulting mixture was stirred at 70°C for 2 d. The solvent was 

evaporated in vacuo. The residue was dissolved in H2O and filtrated. The resulting solution 

was adjusted to pH 7 and dialyzed against DI H2O for 5 d. After filtration and freeze-drying the 

title compound AE 1 was afforded as brown fluffy solid (250 mg, 97%). 1H NMR (600 MHz, 

D2O): δ = 7.71-7.69 (m, 2 H), 7.48-7.44 (m, 8 H), 6.58-6.54 (m, 8 H), 3.93 (m, 16H) ppm. Due 

to low solubility, 13C NMR spectrum could not be obtained. IR (cm-1): ν 3589, 3327, 3171, 

3037, 2928, 2650, 2193, 1577, 1516, 1457, 1381, 1298, 1232, 1176, 1134, 972, 906, 817, 695, 

610, 515, 456, 43 
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Selected 1H-NMR Spectra 
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CdSe NCs synthesis 

Chemicals Used 

Chemicals used were cadmium oxide (CdO, 99.99%, Aldrich), oleicacid (OA, 90%, 

Aldrich), trioctylphosphine (TOP, 97%, Abcr), trioctylphosphine oxide (TOPO, 99%, Aldrich), 

hexadecylamine(HDA, 90%, Aldrich), 1-octadecene (ODE, 90%, Acros Organics), selenium 

pellet (Se, 99.999%, Aldrich), ammonium iodide (99.999%,Aldrich), N-methylformamide 

(NMF, 99%, Aldrich), hexane (ExtraDry, 96%, Acros Organics), ethanol (Extra Dry, 99.5%, 

AcrosOrganics), acetone (Extra Dry, 99.8%, Acros Organics), dimethylsulfoxide (DMSO, 

99.7%, Acros Organics), and acetonitrile (ExtraDry, 99.9%, Acros Organics).  

All chemicals, except those used in CdSe NC synthesis, were stored and used inside a 

nitrogen-filled glovebox. All sample preparations for electrical or fluorescence measurements 

were carried out in a nitrogen-filled glovebox. The samples were inserted into probe station for 

low temperature photocurrent measurements using an air tight arm sealed inside the glove box. 

Samples were kept under low pressure for at least 2 h before starting any measurements. 

 

CdSe NCs and Device Preparation 

Wurtzite CdSe NCs having ~5 nm size were synthesized using a literature reported 

synthesis.62,70 As synthesized NCs were dispersed in hexane. CdSe NCs 5 mL, ~10 mg/mL 

were taken for ligand exchange with 300 µL of a 1 M solution of NH4I in NMF further diluted 

using 2.7 mL acetone. This biphasic mixture was stirred until the NCs change their phase, then 

centrifuged and washed using excess of acetone.  CdSe/I- thus obtained were dispersed in NMF 

having 60–100 mg/mL concentration. For device preparation we used commercially available 

gold patterned Si/SiO2 with 230 nm thick dielectric layer and 2.5 µ� × 1 �� channel provided 

by the Fraunhofer Institute for Photonic Microsystems, Dresden, Germany. In a typical device 

preparation, 70 µL of CdSe/I- NCs were dropped on an FET substrate, mixed with 30 µL of 

AE 1 solution in NMF with a concentration of roughly 1 mg/mL and kept undisturbed for 6 h. 

The still wet mixture of CdSe/I-/AE 1 was then spun off at 30 rps for 1 min. Then the substrate 

was washed with acetonitrile multiple times and annealed at 190° C for 35 min. A similar 

procedure was followed for preparing samples on coverslips for fluorescence measurements. 
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Electrical and Optical Measurements 

Electrical measurements were carried out under nitrogen by using a Keithley 2634B 

source meter. The charge-carrier mobility was extracted using the gradual channel 

approximation in the linear regime. The error in the mobility (S) was calculated using the 

standard deviation error in the slope of Id vs Vg curve at 5 V source-drain voltage:  

                            S = �
�

���
∑ �A� − A��

��� ;                           A =  
1

N
∑ Ai

N
i=1  

Here, A is the slope from N measurements with the mean value A. 

Absorption measurements were acquired using a Carry 5000 UV-Vis-NIR 

spectrophotometer on a thin glass coverslip or in methanol as stated in the text. Photocurrent 

low temperature measurements were recorded using a CRX-6.5K (Lake shore Desert) probe 

station operated under low pressure 5 × 10� ���� and a Keithley 2634B source meter. 

Samples were illuminated using a 408 nm LP405-SF10 laser diode manufactured by Thorlabs 

having theoretical maximum output power 11.5 – 30 mW. This output power decreases orders 

of magnitude due to beam decollimation, scattering and inefficient coupling of optical fiber 

when calibrated using a test sample comes out to be 10 – 18 µW. 

 

Room Temperature Fluorescence Measurements 

12 × 12 �� glass coverslips were cleaned by submerging in a chromic acid cleaning 

solution for several hours followed by three subsequent washing steps with triple distilled water 

and spectroscopy grade methanol. Fluorescence samples were then prepared on these 

coverslips using the drop casting method described above. The film was washed with 

acetonitrile and annealed at 190 °C before taking any measurements.  

The room temperature steady-state photoluminescence spectral measurements as well 

as photoluminescence and scattering image acquisition were carried out using a homebuilt 

inverted confocal laser scanning microscope.109 A 488nm TOPTICA Photonics iBeam smart 

diode laser with a gaussian intensity profile, operated in continuous wave mode was employed 

as the light source. The laser intensity in the diffraction limited focus at maximum laser power 
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is estimated to be 107 �/��2operated at roughly 30-60% of maximum power. Focusing of 

the laser on the sample and the subsequent collection of reflected, as well as scattered and 

emitted light was achieved through an oil immersion objective (NA = 1.25). The spectral data 

was recorded using an Acton SpectraPro 2300i spectrometer with a grating of 300/mm and a 

detector temperature of -45 °C. Photoluminescence and scattering images were acquired by 

scanning the area of interest while utilizing two separate avalanche photodiodes (APDs) as 

detectors. The exclusion of atmospheric oxygen was achieved by nearly completely enclosing 

the upper part of the sample holder and passing a constant flow of nitrogen through this 

apparatus. 

 

Low Temperature Fluorescence Measurements 

Low temperature fluorescence was measured using a home-built confocal microscope 

mounted on a damped optical table and a standard microscope objective (60X DIN Achromatic 

objective, NA = 0.85, Edmund Optics) located inside a cryostat (SVT-200, Janis). A Cernox 

temperature sensor (CX-1030-SD-HT 0.3L) was positioned close to the sample to measure the 

temperature by a LakeShore Model 336 temperature controller. The sample holder was 

mounted on the scan stage. Attocube systems linear stages (ANPx320 and ANPz101eXT) and 

scanners (ANSxy100lr and ANSz100lr) were used to scan and position the sample.  

A continuous wave 488 nm laser diode (OBIS LS 20 mW, Coherent Inc) was used to 

excite the sample. The excitation intensity of the laser was measured between 0.35 mW and 

4.80 mW before entering into the cryostat. The excitation light was then aligned into the 

objective (60X DIN Achromatic air objective, Edmund Optics) to get an optimal focus. The 

excitation intensity in the focus was between 5.5 × 10� and 7.52 × 10� �/�m�.241 

The collected fluorescence signal was passed through the dichroic mirror and a 

longpass filter (488 LP Edge Basic, AHF Analysentechnik). It was detected by a single-photon 

counting avalanche photodiode (APD, COUNT-100C, Laser Components). Fluorescence 

spectra were also acquired with integration times of one second by a Shamrock 500 

spectrograph in combination with an Andor Newton back illuminated deep depleted CCD 

camera (DU920PPR-DD). Further details for low temperature confocal imaging and 

spectroscopy setup can be found elsewhere.242 
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Time-resolved photoluminescence decay measurements 

Time-resolved photoluminescence spectra were measured with a home built scanning 

confocal microscope.243 The sample was fixed on a piezo stage (Physik Instrumente) via 

magnets to avoid movement. A constant nitrogen flow was applied to maintain an inert 

atmosphere and avoid oxidation of the sample. To avoid bleaching, the lifetime was always 

measured before a fluorescence measurement. 

A linearly polarized continuous wave laser (488 nm,0.33 mW measured before 

objective lens) was focused on the sample by a high numerical aperture (NA=1.46) oil 

objective, the fluorescence was collected by the same objective and sent to a spectrometer 

(Acton SP-2500i, Princeton Instruments). For lifetime measurement, the laser was operated in 

the pulsed mode (5.3 × 10� �/���, 20 ���). The signal was sent to a single photon 

avalanche photodiode (APD), connected to a time-correlated Single Photon Counting module 

(TCSP, HydraHarp 400). Decay curves were fitted and analysed by SymPhoTime 64.  

 

Scheme S1 Sketch of optical setup for fluorescence lifetime measurement. Abbreviations FM: Flip 

mirror, LP: Long-pass filter, M: Mirror, BPE: Band pass filter, ND: neutral-density filter, BS: Beam 

split. 

 



 Appendix B 

114 

 

Supplementary Figures 

 

Figure B-S1 a&c) Luminescence and b&d) scattering images of pure linker (upper panel) & CdSe/I-

/AE 1. Pure linker films show laser tracing after continuous exposure to 488 nm laser indicating some 

changes in the film. 
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Figure B-S2 Thin film fluorescence of CdSe/I- NCs during 500 s of continuous excitation at 488 nm. 

Scheme S2 Simplified energy level diagram of CdSe/I-/AE 1 NC thin films in the ordered state 

(right) as well as in the disordered state (left). Blue arrows indicate absorption, yellow arrows 

indicate emission pathways. Upon resonant excitation of the 1S3/2 - 1Se transition of the NCs, 

the electron in the NC can either relax to the ground-state by radiative recombination or by 

transfer of its energy to AE 1 (orange arrows). For energy transfer, the emission energy in the 

NCs needs to match the absorption energy in AE 1. This absorption energy exhibits a broad 

distribution due to the large number of rotamers with different energies (green parabolas), 

especially in the excited state, which are locked-in in the solid state. For ordered stacks of AE 
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1 molecules (right), there are several transitions between rotamers, which can be excited via 

energy transfer from the NCs. Thus, energy transfer is relatively efficient, resulting in bright 

fluorescence of AE 1. In the disordered state (left), the average transition energy between 

rotamers is larger by ΔE compared to the ordered state. This is a consequence of the smaller 

degree of planarization of the molecules. In effect, the transferred energy from the NCs is not 

sufficient to excite most of the transitions between different rotamers in the disordered state, 

which leads to poor energy transfer and weak emission. 

 

Figure B-S3 Typical gate-sweep curve at 5 V source-drain voltage measured at 200 K with channel 

dimension 2.5 µm × 1 cm a) under no illumination b) under 408 nm laser illumination. Solid curve 

represents the drain current and dotted curve represent the respective leakage current; negative data 

have been ignored for the logarithmic plot. 
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Symbols and Abbreviations 

COIN Coupled Organic-Inorganic Nanocrystals 

NCs Nanocrystals 

OSCs Organic Semiconductors 

Zn4APc zinc β-tetraaminophthalocyanine 

AE 1 Aryleneethynylene derivative 

AIE Aggregation Induced Emission 

SAXS Small Angle X-ray Scattering 

GISAXS Grazing Incidence Small Angle X-ray Scattering 

�� Exciton Bohr radius 

FETs Field-Effect Transistor 

CNT Classical Nucleation Theory 

Δ� Gibbs free energy difference 

R/r Radius of nanocrystal 

� Surface energy density 

Cs Saturation concentration 

Cmin Minimum critical concentration 

eV Electron Volt 

(IP)-EMA/EMA Infinite Potential/Effective Mass Approimation 

TB Tight Binding 
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MOs Molecular Orbitals 

h Planck’s constant 

Eg Bulk band gap 

� Permitivity of a medium 

QDs Quantum Dots 

OA/Olm Oleic Acid/Oleyl amine 

TOP/TOPO Trioctyl Phosphine/Oxide 

HOMO/LUMO Highest Occupied/Lowest Unoccupied -Molecular Orbital 

� Transfer integral 

Ec Chanrging energy 

Δ� Energetic disorder 

Γ Tunneling rate constant 

Cself/ Cm Self/mutual capacitance  

BJT Bipolar Junction Transistor 

JFET Junction Field Effect Transistor 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

W Applied reverse bias 

W0 Pinch-off potential 

CB/VB Conduction/Valence Band 

Ef Fermi level energy 
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Nc/Nv Density of charge carriers in Conduction/Valence Band 

iph Photocurrent 

Gi Internal photoconductive gain 

Tt Transit time 

� Lifetime of charge carrier 

Ri Sensitivity 

�� Boltzmann constant 

SEM/TEM Scanning/Transmission Electron Microsccopy 

XRD X-ray Diffraction 

��⃗  Scattering vector 

��⃗  Wave vector 

Δ� Phase difference 

� Exciton cofficient 

NMR Nuclear Magnetic Resonance 

SSPL Steady-State Photo Luminescence 

TRPL Time Resolved Photo Luminescence 

TAS Transient Absorption Spectroscopy 
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