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Abstract

In the first part of the thesis, the kinetics of a novel colloidal synthesis of nearly
monodisperse CdSe and CdS QDs involving in situ formed Cd® particles was stud-
ied. Reactions with different types of Se and S precursors, Cd to Se and S ratio, and
different amount of the stabilizer (oleic acid) were characterized by UV-Vis absorp-
tion spectroscopy. The Cd and Se/S precursor solutions were investigated by means
of atomic absorption spectroscopy (AAS) as well as 'H and !3C nuclear magnetic
resonance (NMR) spectroscopy and mass-spectrometry (MS). Transmission electron
microscopy (TEM) was used to determine the size distribution of as-synthesized CdSe
and CdS NCs. Formation of magic-sized nanoclusters (MSNCs) during the synthesis
(at the early stages of the reactions) and storage of CdS QDs was observed.

In the second part, a surface modification of originally oleic acid-capped CdSe QDs
with pyridine molecules was carried out. Three successive steps of the pyridine treat-
ment were applied to achieve better ligand exchange. The pyridine-treated NCs were
characterized by UV-Vis absorption spectroscopy, TEM and high resolution TEM
(HRTEM), 'H NMR spectroscopy, X-ray diffraction (XRD) and thermal gravimetric
analysis (TGA). Then the pyridine-treated CdSe QDs were used for the fabrica-
tion of hybrid P3HT/CdSe solar cells. Additionally, a cross-linking procedure of the
pyridine-treated NCs was applied to enable more efficient charge transfer between

nanoparticles in the hybrid blends.






Zusammenfassung

Im ersten Teil dieser Arbeit wurde die Kinetik einer neuen kolloidchemischen Synthese
von monodispersen sphérischen CdSe- und CdS-Nanopartikeln (QDs) untersucht,
deren Wachstum in Gegenwart von in situ gebildetem Cd° erfolgt. Reaktionen mit
verschiedenen Se- und S-Ausgangsverbindungen, Cd- zu Se- und S-Verhéltnissen und
Mengen des Stabilisators (Olséiure) wurden mit UV-Vis-Absorptionsspektroskopie
charakterisiert. Die Cd- und Se/S-Ausgangslosungen wurden mit Atomabsorptions-
spektroskopie (AAS) sowie 'H- und *C-Kernresonanzspektroskopie (NMR) und Mas-
senspektrometrie (MS) analysiert. Mit Transmissionselektronenmikroskopie (TEM)
wurde die Groflenverteilung der CdSe- und CdS-Nanopartikel untersucht. Die Bildung
von Nanoclustern mit magischen Gréen (MSNCs) wurde wihrend der Synthese (am
Anfang der Reaktion) und Lagerung der CdS-Nanopartikel beobachtet.

Im zweiten Teil der Arbeit wurde die Modifikation der urspriinglich Olsiure-beschich-
teten CdSe QDs mit Pyridinmolekiilen durchgefiihrt. Fiir einen vollstandigeren Lig-
andenaustausch wurden drei aufeinanderfolgende Schritte der Pyridinbehandlung an-
gewendet. Die mit Pyridinliganden stabilisierten CdSe-Nanopartikel wurden mit UV-
Vis-Absorptionsspektroskopie, TEM und hochauflésendem TEM (HRTEM),
'H-Kernresonanzspektroskopie (NMR), Rontgendiffraktometrie (XRD) und Thermo-
gravi-metrischer Analyse (TGA) charakterisiert. AnschlieBend wurden die mit Pyridin
behandelten CdSe QDs fiir die Herstellung der P3HT /CdSe-Hybridsolarzellen verwen-

det. Zusatzlich wurde eine Quervernetzung der Pyridin-beschichteten Nanoteilchen
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durchgefiihrt, um den Ladungstransfer zwischen Nanopartikeln zu verbessern.
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Chapter 1

Introduction

The research described in this thesis focuses on the characterization of optical and
surface properties, composition of the ligand shell, and growth kinetics of CdSe and
CdS semiconductor nanocrystals (NCs).

Nanocrystalline structures have attracted great interest over the past years because
their properties are remarkably different from those of bulk materials and can be con-
trolled by the particles composition, size, and surface [1][2][3]. Nanoparticles (NPs)
possess these interesting characteristics due to several phenomena (such as quan-
tum confinement of charge carriers, surface effects, and geometrical confinement of
phonons, etc.) that turned them into promising materials for many applications,
such as light-emitting diodes [4], photovoltaic devices [5], lasers [6], optical memo-
ries [7], miniaturized devices, and fluorescent probes in biological labeling [8][9]. To
satisfy more complicated applications, various structured NCs such as core/shell, het-
erostructure, etc. have also been produced based on CdSe NCs in the past decade.
Nanoscaled materials possess a variety of properties depending on the chemical com-
position. The following list enumerates some examples of materials that can be pro-

duced in the nanometer range:

e Oxides: TiO, [10][11], ZrO, [12][13], CoO [14], WO, [15], ZnO [16], etc.
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e Metals: gold [17][18], silver [19], platinum [20], cobalt [21], palladium [22].

e Semiconductors: 1I-VI compounds (CdSe [23][24], CdTe [25][26], CdS [27], ZnSe,
ZnTe, ZnS [28]), III-V compounds (GaAs [29], GaP, InAs [30], InP), IV-VI
compounds (PbS, PbSe [31], PbTe [32]) and silicon [33].

Nanoparticles can be prepared in various shapes such as quantum dots (QDs), rods,
tetrapods, nanowires, nanobelts, nanotubes, etc. The quantum dots (QDs) are
nanometer-scale semiconductor crystals and are defined as particles with physical
dimensions smaller than the exciton Bohr’s radius in the bulk material. It is reported
that optimum size variation in CdSe nanocrystals due to quantum confinement is
from 1 to 11 nm (this means the particle contains 10-10.000 atoms). With the de-
crease of sizes, the electronic structures of QDs could transform from bulk continuous
bands into molecule-like discrete levels (Fig. 1.1), and the excitonic transition en-
ergy is apparently blue-shifted from the bulk band gap both in the absorption and
the photoluminescence (PL) spectra. In other words, strong differences observed in
fundamental optical and electrical properties of semiconductor NCs in comparison
to bulk material arise from systematic variations in the density of electronic energy
levels as a function of size. NCs lie between the atomic limit of discrete electronic
energy states and extended crystalline limits of continuous bands as shown in Fig.
1.1. Since in semiconductors the Fermi level lies between two bands (Fig. 1.1), the
edges of the bands dominate the low-energy optical and electrical behavior. There-
fore, optical excitations across the gap and electrical transport depend strongly on
size for semiconductor (e.g. CdSe) QDs. As a consequence, many useful size depen-
dent phenomena are observed in nanoclusters that possess similar to the bulk solid
structure, but have a substantial fraction of the total number of atoms on the surface
[34].

Attractive optical properties of these nanoparticles, in particular, the wide absorption

range in the visible region with the positions of the first excitonic maximum depend-
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Figure 1.1: Schematic illustration of the density of states in bulk semiconductors
and semiconductor nanocrystals (from [34]).

ing on the NCs size and a bright fluorescence emission from blue to red with very
pure color, a high fluorescence quantum yield (QY) (up to 85 % for CdSe QDs [35])
and great photostability motivated much research on the NCs application in various
fields. For instance, nanocrystal-based emitters can be used in light-emitting diodes
[36] and quantum-dot lasers; due to their high QY and photostability, QDs find appli-
cation in biomedical labeling [37]; the size dependent band gap allows to use them as
a component in solar cells [38]. Thus, thanks to the effect of quantum confinement, it
is possible to tune the optical and electrical properties of semiconductor nanocrystals
by simply varying their size.

In this thesis, we are mainly concerned with CdSe and CdS semiconductor QDs syn-

thesized by a hot-injection colloidal method in a solution in which the particles are
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covered by organic ligands to prevent aggregation and to control their size. The syn-
thetic procedure used for the synthesis of CdSe and CdS QDs was originally developed
by Kolny-Olesiak et al. for CdTe QDs [39][40] in which the nanoparticles synthesis
includes formation of in situ crystalline 100-150 nm Cd° particles. The fabricated
CdSe and CdS QDs have a very narrow size distribution; they are also highly sol-
uble in most non-polar solvents, such as toluene, hexane, and chloroform, and have
attractive optical properties, viz. intense fluorescence and tunable absorption in the
visible spectral region (Chapter 4 and 5).

In Chapter 6, the investigation of the initial ligand shell of as-synthesized CdSe QDs
with subsequent surface modification for photovoltaic applications is described. The
pyridine molecules were chosen for ligand exchange of initially oleic acid capped CdSe
NCs in order to reduce the ligand shell thickness and thus to enhance the charge trans-
fer in the system nanoparticle/conjugated polymer. The analysis of the ligand cap
after the surface modification revealed that besides pyridine molecules, still some
amount of original oleic acid molecules was present, which encouraged us to fulfill
repeated steps of the pyridine treatment. The application of pyridine-treated CdSe
NCs for the fabrication of hybrid CdSe/P3HT solar cells is reviewed in Chapter 7.

Supplementary material is provided in the Appendixes.



Chapter 2

Description of the experimental
set-ups and methods of

nanocrystals characterization

2.1 Sample preparation

CdSe and CdS colloidal nanocrystal quantum dots (QDs) were synthesized using
the procedure previously described by Kolny-Olesiak et al. for CdTe QDs [39][40].
The samples were prepared using a well-known hot injection technique in a non-
coordinating solvent at 300 °C with in situ formed crystalline Cd particles.

Chemicals: cadmium oxide brown (CdO, 99 %, powder) was purchased from Fluka;
tri-n-octylphosphine (TOP, 90 %), tri-n-butylphosphine (TBP, 97 %), oleic acid (OA,
90 %), and D-chloroform (CDCly, 99.8 atom % D) from Aldrich; 1-octadecene (ODE)
from Merck; selenium (Se, 99.99 %, powder) from ChemPur; sulfur (S, powder)
from Riedel-de Haén; regioregular poly(3-hexylthiophene) (P3HT) from Rieke Met-
als; poly(3,4-ethylenedioxythiophene) : polystyrene sulfonate (PEDOT : PSS) from

H.C. Starck. All reagents were used as received without further purification. All
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solvents were obtained from commercial sources and used as received. Standard glove
box technique was used where necessary for the manipulation of the materials under

inert atmosphered conditions.

2.1.1 Synthesis of the CdSe nanocrystals

The scheme of the experimental set-up is represented in Fig. 2.1. The synthesis of the

nitrogen 4’&

ﬁl— cooler
FEN

injection solution

temperature
controller

three-neck flask with sample:

heating CdO+OA+ODE

mantle
stirring plate

LaboBib®

Figure 2.1: Scheme of the experimental set-up for the synthesis of NCs.

CdSe QDs was initiated by preparation of three Se precursor solutions. 1) A TOPSe
injection solution containing 0.0790 g of Se (1.0 mmol) was prepared in a glove box
by mixing Se powder with 2.1120 g of TOP (5.7 mmol), diluted with ODE to a total
amount of 10 g and permanently stirred until all Se dissolved and the solution looked
optically clear; 2) A TBPSe injection solution was prepared in a glove box by mixing
0.0790 g of Se (1.0 mmol) with 1.1528 g of TBP (5.7 mmol), diluted with ODE to a
total amount of 10 g and permanently stirred until all Se dissolved and the solution
looked optically clear; 3) A Se/ODE injection solution (0.18 M) was prepared by
dissolving 0.3555 g of Se powder (4.50 mmol) in 25 mL of ODE without adding TOP
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or TBP. This solution was heated under standard air-free conditions to 200 °C for
2 h. During this time, the color of the ODE/Se mixture changed from colorless to
light red and finally to canary yellow. The resulting transparent yellow solution was
cooled to room temperature where it remained stable for months.

A mixture of CdO (0.0256 g, 0.20 mmol), OA (200 pl, 0.63 mmol), and ODE (10 mL)
was heated in a three-neck flask to 100 °C under a vacuum for 30 min while constantly
being stirred to obtain a homogenous red mixture.

Then the system was turned to nitrogen flow and heated
to 300 °C until all CdO dissolved in the OA-ODE mixture.
Caz+ The colorless solution of Cd-oleate complex in ODE at

o2 300 °C was allowed to boil without restriction. After 30-

.. .. > L
\ 27 90 min (depending on the OA concentration) a grayish

precipitated Cd

precipitate of Cd° particles started to form (Fig. 2.2).

Figure 2.2: In situ

formed Cd° particles. The Se solution was injected right away after first ob-

serving the precipitation. The color of the reaction solu-
tion changed almost immediately (from light yellow to wine red) upon injection of
the TOPSe, TBPSe, or Se/ODE stock solution, which indicated fast nucleation and
growth. Aliquots were taken out at different reaction times to monitor the reaction
process by measuring the UV-Vis absorbance. Size-selective precipitation was not

necessary to further narrow the size distribution.

2.1.2 Synthesis of the CdS nanoparticles

The synthesis of the CdS QDs was fulfilled analogous to the synthesis of the CdSe
QDs with the only difference that one of three S precursors (S/ODE, TOPS, or TBPS)
was injected instead of the Se precursors. S precursors were prepared as follows: 1)
A TOPS injection solution containing 0.0320 g of S (1.0 mmol) was prepared in a
glove box by mixing S powder with 2.1120 g of TOP (5.7 mmol), diluted with ODE
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to a total amount of 10 g and constantly stirred at room temperature until all S
dissolved and the solution looked optically clear; 2) A TBPS injection solution was
prepared in a glove box by mixing 0.0320 g of S (1.0 mmol) with 1.1528 g of TBP
(5.7 mmol), diluted with ODE to a total amount of 10 g and constantly stirred until
all S dissolved and the solution looked optically clear; 3) A S/ODE injection solution
(0.2 M) was prepared by dissolving 0.3200 g of S powder (10 mmol) in 50 mL of
ODE without adding TOP or TBP. This solution was heated under standard air-free
conditions to 200 °C for 20 min until the sulfur dissolved and the solution appeared
as a light or canary yellow. This resulting transparent yellow solution was cooled
to room temperature where it remained stable. Under identical synthetic conditions
to CdSe nanoparticles, introduction of the TOPS, TBPS, or S/ODE stock solutions
resulted in changes of the reaction mixture from colorless to canary yellow over a
2100 s period.

For the reactions without in situ formed Cd" precipitate, a S precursor was injected
after a colorless solution of Cd-oleate complex in ODE reached the temperature of

300 °C.

2.1.3 Purification process

The purification procedure including extraction and precipitation steps was adopted
from reference [41]. The fractions taken from the reaction vessel were centrifugated
immediately in order to separate the nanocrystal solution from Cd° particles. Then
the aliquots were mixed with an equal volume mixture of hexane and methanol (1:2
v/v) by vigorous shaking and centrifugated again to extract free ligands and ex-
cess of reagents. The colored nanoparticles layer was separated; the nanocrystals in
the hexane-ODE phase were precipitated with excess acetone and methanol (5:1 v/v
ratio to the extracted hexane-ODE solution) and redissolved in hexane. The pre-

cipitation /redissolution procedure was repeated several times. The final nanocrystal
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pellet on the bottom of the vial could be redissolved in a desired solvent (toluene,

chloroform, or hexane).

2.1.4 Pyridine treatment of OA-capped CdSe QDs

For the preparation of solar cells, in order to fulfill the ligand exchange of the originally
oleic acid coated CdSe NCs, a synthesis of CdSe QDs with initial molar ratio of
Cd : Se =1: 2 and TOPSe as a Se precursor was carried out. The synthesis
was scaled up four times to obtain a bigger quantity of nanoparticles, which were
purified and then redissolved in 7 ml of pure pyridine. For a complete exchange of
the ligands, the purified CdSe QDs redissolved in pyridine were heated in a water bath
for 3 hours at 65 °C under constant stirring. Afterwards, the nanocrystal/pyridine
solution was stirred overnight at room temperature. Excess hexanes were added to
the nanocrystal/pyridine solution to precipitate the CdSe QDs. The nanocrystal
precipitate was isolated by centrifugation and decantation and finally redissolved in
0.65 mL of pyridine (in order to obtain a final concentration of the CdSe QDs in
pyridine of 215 mg/mL). The solution obtained at this step will be further referred to
as CdSePyl QDs. Part of this CdSePyl QDs solution was subjected to a second and
a third pyridine treatment step if needed (samples further referred to as CdSePy2
and CdSePy3 QDs, respectively) and carried out analogous to the first one. In this

way, a series of samples were generated and treated three times with pyridine.

2.2 Analytical methods of characterization of the
nanocrystals and the precursors

UV-Vis spectroscopy. Due to the quantum confinement effect, UV-Vis spec-
troscopy allows to determine the size and concentration as well as to predict the

size distribution of the nanocrystals. UV-Vis spectra were recorded in hexane or
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pyridine on a Carry 100 absorption spectrophotometer using 1 cm path length quartz
cells. The absorbance values were used to calculate the nanocrystal diameters and
the molar nanocrystal extinction coefficients, together with the nanocrystal concen-
trations according to reference [42]. Peng et al. determined the following equations

for nanoparticle sizes and molar nanocrystal extinction coefficients:

For CdSe: D = (1.6122 x 107?)A* — (2.6575 x 107%)\* + (2.1)
+(1.6242 x 107*)A\? — (0.4277)\ + (41.57)
For CdS: D = (—6.6521 x 107%)A3 4+ (1.9557 x 107*)\? — (2.2)

—(9.2352 x 107 2)\ + 13.29

In the above equations, D (nm) is the diameter or size of a given nanocrystal sample,
and A (nm) is the wavelength of the first excitonic absorption peak of the correspond-

ing sample.

For CdSe: ¢ = 5857 (D)*% (2.3)

For CdS: ¢ = 21536 (D)*? (2.4)

Here, € is the extinction coefficient of semiconductor nanocrystals and D is the diam-
eter of the nanocrystals. Then from Lambert-Beer’s law one can calculate the molar

concentration of the nanoparticles:

A=€eCL (2.5)

In this equation, A is the absorbance of the first exciton absorption peak for a given
sample, € is the extinction coefficient per mole of nanocrystals (L/(mol c¢m)), C' is
the molar concentration of the nanocrystals (mol/L), and L is the path length of the

radiation beam used for recording the absorption spectrum (cm) (in our experiments,
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L was fixed at 1 cm). Calculating C' from Eq. 2.5 one should take into account the
dilution of the measured NCs solution.

The absorbance A in Eq. 2.5 should be calibrated if the size distribution of the
nanocrystals is significantly broader than that of the standard samples used for de-
termination of the extinction coefficient (i.e. half-width at the half-maximum (hwhm)
of the absorption spectrum is equal to 14 for CdSe and 11 for CdS). In this case the

following equation should be used:

(2.6)

A and A,, are the calibrated absorbance and the measured absorbance, respectively.
(hwhm)yy is the half-width at the half-maximum on the longer wavelength side of
the first absorption peak. K is the average (hwhm)yy of the standard samples used
for the measurements of e (K=14 for CdSe and K=11 for CdS).
Photoluminescence (PL) spectroscopy. PL spectra were measured at the exper-
imental set-up constructed in the group of Prof. Lienau in the Physics Department
at the University of Oldenburg. Shortly, in this set-up, a Xenon-lamp emits white
light which is focused by a lens onto the entry slit of excitation monochromator.
Bandwidth and light intensity are controlled with two slits. The second lens behind
the monochromator makes the monochromatic light again parallel, and the third lens
focuses the light onto the sample. PL spectra of the samples are collected by a lens
in 90° geometry and then again decomposed by a monochromator and detected by a
photomultiplier. The solution spectra were taken with an optical density below 0.05-
0.1 at the excitation wavelength. This low absorption value should keep reabsorption
of the emitted light by the sample at a negligible level.

Transmission electron microscopy (TEM). TEM is a valuable technique to study

size, size distribution, shape, and morphology of CdSe QDs. HRTEM provides deter-
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mination of individual crystalline morphology and internal structure. TEM images
were obtained with EM 902A transmission electron microscope (Zeiss) operating at
80 kV, and HRTEM images were obtained using a Philips CM 20 FEG transmission
electron microscope operating at an acceleration voltage of 200 kV. TEM specimens
were prepared by putting a 10 pl aliquot drop of a very dilute hexane or pyridine
solution onto a carbon-coated copper grid and subsequently dried at room tempera-
ture.

Nuclear magnetic resonance (NMR) spectroscopy. NMR spectroscopy is a
widely used analytical method for the analysis of nanocrystals ligands since it allows
both the analysis of the composition of the ligand shell and distinguishing between
bound and free ligands. 'H, '3C, and 3'P NMR spectra were recorded on a Bruker
DRX 500 and Bruker Avance III 500 NMR spectrometers operating at 500, 125.722,
and 202.772 MHz, respectively. The spectra were referenced to as tetramethylsilane
(TMS) at 6 0.0 or in the scale relative to CDCly using the residual proton signal of
CDCl, at 6 7.24 in the case of 'H NMR spectra, to an internal CDCl, reference at
§ 77.0 in the case of 13C NMR spectra, or to an external phosphoric acid standard
set at 6 0.0 in the case of 3P NMR spectra. 'H, 3C, and *'P NMR analyses were
carried out either by dissolving a powder of a nanocrystal sample in CDCl; or by
using recovered ligands dissolved in CDCl,. To obtain the recovered ligands, purified
nanocrystals were first digested by a DCI-D,O solution in an ultrasonic bath to obtain
optically clear solutions. Then the organic ligands were extracted by adding CDCl,
to the DCI-D, O solution and vigorous shaking [26].

X-ray powder diffraction (XRD). XRD was used to determine crystal structure
and phase purity as well as to estimate the size of the NCs. The diameter of spherical

particles can be estimated from the full width at half-maximum of a given Bragg’s
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reflection from the Debye-Scherrer formula [43][44][45]:

(2.7)

Here, d is the mean diameter of the crystallite (nm), A is the wavelength of the X-ray
radiation (nm), B is the full width at half maximum (fwhm) of the peak (rad), and
0 is the Bragg’s angle of diffraction.

XRD patterns were collected on a Philips X'Pert-MPD diffractometer using Cu K,
radiation (A = 1.5406 A); samples were deposited onto special glass slides suitable to
avoid contribution from the sample holder to the diffraction pattern.

Thermal gravimetric analysis (TGA). In the nanocrystal characterization, TGA
enables access to information on the composition of the ligand shell, as one can
observe the presence of several steps in the weight loss curve which correspond to
different ligands. TGA measurements were performed under N, atmosphere on a
TGA/SDTA-851e instrument from Mettler-Toledo, using a heating rate of 2.5 °C/min
up to a temperature of 500 °C.

Energy-dispersive X-ray analysis (EDX). EDX spectroscopy was used for the el-
emental qualitative and quantitative analysis of the NC sample. EDX measurements
were performed using concentrated samples deposited onto aluminum substrates with
a Hitachi S-3200N scanning electron microscope operating at low vacuum (1-270 Pa).
Mass-spectrometry (MS). MS was used to determine the structure of organic com-
pounds by observing the signals corresponding to their molecules and fragments. In
our work, MS was applied for the analysis of the crude colloidal solutions of CdSe
QDs in ODE and the injection precursors (Se/ODE and S/ODE). MS analysis was
fulfilled on a Finnigan MAT 95 instrument with electron ionization (EI) at 70 eV.
Atomic absorption spectroscopy (AAS). AAS was used to investigate the con-

centration of in situ formed Cd® nanoparticles in the course of the reaction. AAS
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measurements were carried out on a Perkin Elmer AAS instrument 4100. The calibra-
tion was made with Cadmium AAS standard solution, Specpure (Cd 1000 pg/mL)
from Alfa Aesar. Cd° particles were digested with concentrated H,SO, and then
treated with concentrated HNO; to obtain optically clear solutions. For measure-
ments, these solutions were diluted with ultra pure water (final resistance of 18.2 M(Q

cm™!) obtained using a Millipore-Q System (Millipore Co. Ltd.).

2.3 Preparation and characterization of laboratory

solar cells

Fabrication of solar cells

Hybrid nanoparticle/polymer blends of CdSe and regioregular poly(3-hexylthiophene)
(P3HT) were prepared as follows. Colloidal solutions of pyridine-treated CdSe NCs
dissolved in pyridine were blended with P3HT dissolved in chlorobenzene. The weight
ratio of CdSe : P3HT was 10 : 1, and the volume ratio of chlorobenzene : pyridine was
4 : 1 in all measurements. The polymer/nanoparticle solution was stirred overnight
for efficient mixing. Laboratory solar cells were prepared with a bulk heterojunction
layer of the CdSe/P3HT blends sandwiched between a glass substrate (15 x 15 mm)
coated with indium tin oxide (ITO) (which was covered with a layer of poly(ethylene-
dioxythiophene) doped with polystyrenesulfonic acid (PEDOT : PSS)!) as anode and
an Al layer as cathode (Fig. 2.3a).

To avoid short circuits, half of the ITO coating was etched away with concentrated

HCI and zinc powder. Subsequently, the substrates were cleaned with acetone (for

IThe PEDOT : PSS layer improves the surface quality of the ITO electrode, reducing the prob-
ability of shunts, and facilitates the hole injection/extraction as well. Moreover, the work function

of this electrode can be changed by chemical/electrochemical redox reactions of the PEDOT layer
[46].
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15 min) and isopropyl alcohol (2 times per 15 min) in an ultrasonic bath. The last
cleaning step was O, plasma etching. The interfacial layer of PEDOT : PSS (Clevios
ph, H. C. Starck) between the active layer and ITO was spin-coated from an aqueous
solution on the cleaned substrate and dried at 180 °C under nitrogen atmosphere for
20 min. The active layer was deposited by spin coating solutions of CdSe and P3HT
on top of the PEDOT : PSS layer under inert atmosphere. Thermal annealing of the
composite thin films of CdSe/P3HT was applied at 140 °C for 20 min under inert
atmosphere as well. Finally, the devices were completed by thermal evaporation of

about 100 nm Al on top as cathode (Fig. 2.3b).

aluminum contact

active layer

PEDOT:
PSS ITO

glass substrate

/ / light

(a)

Figure 2.3: Fabrication of the laboratory solar cells: (a) Schematic representation
of a laboratory solar cell; (b) Photograph of a laboratory solar cell.

Cross-linking procedure
Two different cross-linking methods with each of the two cross-linker compounds
(viz. 1,7-diaminoheptane and 3,3’,5,5'-tetramethylbenzidine) were applied to modify

the solar cells:

1. First, a cross-linker was added to the a priori prepared mixture of CdSe QDs
in pyridine and P3HT in chlorbenzene (the molar ratio of the cross-linker to
CdSe QDs was about 50 % (one cross-linker molecule per two nanoparticles)).
The mixture was stirred at room temperature for a minimum of 3 hours. Then
this solution was used to spin coat the active layer.

2. The active layer of the commonly prepared CdSe/P3HT mixture was spin coated
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onto the glass/ITO/PEDOT:PSS layer. Then the substrate with the film was
dipped into the dilute solution containing a cross-linker with successive elec-
trode evaporation. The solvent of the cross-linker solution was chosen in such
a way, that it could not dissolve both the NCs and the polymer: hexane for
1,7-diaminoheptane and acetone for 3,3’,5,5’-tetramethylbenzidine. The used
concentrations of these solutions were 10 mM for 1,7-diaminoheptane and 5
mM for 3,3’,5,5-tetramethylbenzidine. The immersing time was varied from 10

to 60 min.

For both methods, annealed and not annealed films were compared (annealing within
20 min at 140 °C before evaporation of the Al cathode was applied). The presence
or absence of the annealing step is indicated during the discussion of the results for
each sample (Chapter 7).

It should be pointed out that addition of a cross-linker to the solution of pure CdSe
QDs in pyridine (i.e. without polymer) leads to the immediate coagulation of nanopar-
ticles (indicating a strong effect of the linker molecules), which makes the NCs inap-
propriate for further processing.

Characterization of solar cells

Current-voltage (I-V) measurements carried out on a K. H. Steuernagel class B so-
lar simulator were used to characterize the performance of the laboratory solar cells
under AM1.5G? illumination (“Air Mass 1.5 Global”). The intensity of the solar sim-
ulator (1000 W/m?) was calibrated using a calibrated Si (mono-Si, Fraunhofer ISE,
Freiburg) reference solar cell; a spectral mismatch was not taken into account. All

measurements were done at room temperature.

2AM1.5 approximates the intensity of sunlight that would be received on a tilted plane surface on
a clear day, and for the model atmosphere containing specified concentrations of e.g. water vapor,
and aerosol [47].
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Chapter 3

Nucleation and growth of colloidal

nanocrystals

This chapter describes the overview of theoretical models of nucleation and growth

of spherical nanoparticles synthesized in colloidal solutions.

3.1 Nucleation of nanocrystals

3.1.1 LaMer model of NC nucleation and growth

Burst of nucleation concept

Research on the production of uniform colloidal particles dates back to the 1940s,
when LaMer and colleagues [48] investigated various oil aerosols and sulfur hydrosols.
The classic studies of LaMer and Dinegar [49] show that the preparation of monodis-
perse colloids requires a “burst of nucleation” where many nuclei are generated at
the same time and no additional nucleation occurs during the growth of the exist-

ing nuclei. In the homogeneous nucleation process, nuclei appear without any seed
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for heterogeneous nucleation (dust, particles, or bubbles) and therefore, the energy
barrier to nucleation in a homogeneous solution is extremely high [50]. Fig. 3.1 de-
picts the scheme of the influence of an energy barrier on “nucleation burst”. In stage
I, no precipitation is observed even under the supersaturated conditions due to the
high energy barrier of homogeneous nucleation. In stage II, the system can overcome
this barrier when the degree of supersaturation is high enough, which results as a
quick formation of stable nuclei. In stage III, the growth stage starts where no new
nuclei are formed and the particles keep growing as long as the solution is supersatu-
rated. At this stage, the number of NPs stays constant or decreases. The beginning
of the growth relates to the decrease of the monomer concentration since the rate
of monomer consumption by the nucleation and growth process exceeds the rate of
monomer supply. If no growth of NPs occurs during nucleation, the resulting NCs will
possess narrow size distributions. Hence, the concept of “burst of nucleation”, which
separates nucleation and growth stages, is the key to the synthesis of monodisperse

NCs.

Supersaturation

Figure 3.1: LaMer plot [50]: change of degree of supersaturation as a function of
time [49].

Application of the LaMer model to the hot-injection method
Introduction of the hot-injection method for the synthesis of high quality II-VI semi-

conductor nanoparticles allowed to separate the nucleation and growth stages which
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resulted in improved quality of the obtained NCs (the size dispersion is <10 %
[51][52]). Briefly, the hot-injection process can be described as a rapid injection of the
precursor(s) at 300 °C with quick formation of relatively monodisperse nuclei; a drop
in temperature to 250-270 °C due to the injection of the room temperature reactant(s)
which leads to quenching of nucleation; growth of the nuclei to larger nanocrystals at
the temperature at which the formation of new nuclei does not occur [53].

The nucleation stage, characterized by a rapid increase in the NP concentration, is
very short, and sometimes it is difficult to observe it during the experiment. After
the nucleation stage is completed, the maximum concentration of NCs is reached and
then the concentration stays the same or starts to decrease. Thus, the experimen-
tal data give evidence that the crystallization process in the hot-injection method
is likely to start at stage II in the LaMer plot (Fig. 3.1) when the critical level of
supersaturation (see Eq. 3.6) is achieved [50].

However, the LaMer model does not predict the “focusing” and “defocusing” stages
during the growth of NCs, which are often observed in the experiments. According
to the mechanism of NC formation proposed by Peng et al. [54], after injection, a
nucleation stage, which takes place rather quickly and is difficult to study, is fol-
lowed by a growth stage. For the diffusion-controlled growth of spherical NCs, at any
given monomer concentration there exists a critical size which is at equilibrium. NCs
smaller than the critical size dissolve in the course of the reaction while larger ones
grow at rates strongly dependent on size. Focusing of the size distribution occurs
when the NCs present in the solution are all slightly larger than the critical size. Un-
der these conditions, the small NCs grow faster than the large ones. Later, because
of the depletion of the monomer concentration, the critical size becomes larger than
the average size of NCs. That is why some small NCs begin to shrink in the solution
while big ones keep growing, consuming from the small ones. This is the so-called

“Ostwald ripening process”, a concept in which the particle number decreases and
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the size distribution defocuses.

Thus, the LaMer model has some limitations for the hot-injection technique since it
assumes that the nucleation burst does not alter the value of supersaturation signif-
icantly and that all of the seeds created during the nucleation stage may grow for
extended times into much larger particles in the absence of competing reactions such

as fresh nucleation or Ostwald ripening [55].

3.1.2 Thermodynamic considerations of NC nucleation

The energy barrier to the homogeneous nucleation is explained thermodynamically
as follows [50]: the Gibbs free energy of the formation of spherical NPs AG with a
radius r from the solution with a supersaturation S, in which ~ is the surface free
energy per unit area and AG, is the free energy change between the monomers in

solution and unit volume of bulk crystal, is given by

AG = 4mriy + §WT3AGU (3.1)
where
—RT1
AG, = %g (3.2)

Here V,, is the molar volume of bulk crystal. AG, has a negative value as long as the
solution is supersaturated.

The value of r at the maximum AG is called a critical radius r. and represents the
minimum radius of the nucleus that can grow spontaneously in the supersaturated

solution. Setting dAG/dr = 0 allows to determine 7.:

29V
re =

" RTInS. (33)
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Because 7. is a minimum radius that will persist and not dissolve in the solution, the
critical supersaturation S, should be as high as possible to induce the homogeneous
nucleation. The sizes of the nuclei are estimated to be less than 1 nm [50].

Substitution of Eq. 3.3 into Eq. 3.1 (with consideration of Eq. 3.2) provides the

critical free energy, which is necessary to form a stable nucleus:

1673V2

AG, = —0 1 'm
3(RTIn S,)?2

(3.4)

If the rate of nucleation is defined as the rate of increase of the number of particles

N, it can be written in the Arrhenius form in terms of AG, [50]:

AN AG, 16732
Y _ Aexp (- — A m .
a P ( KT ) P <3k3T3N§(1n sc)2> (3:5)

Rewriting Eq. 3.5 to express S, the following equation can be obtained:

312 1/2
1673V 2 ))) (3.6)

n.5c = <3k3T3(1n(A/(dN/dt

In contrast to the simple LaMer model, it is difficult to define exactly the critical
supersaturation level S, at which the stable nuclei are formed. It should be pointed
out that together with NC precipitation, there is always redissolution of the formed
particles as the system tries to attain equilibrium. At S., the rate of nucleation is
higher than the rate of dissolution and the effective number of nuclei starts to increase
(even while smaller nuclei still dissolve).

In this thermodynamic model, it is assumed that v and AG, are constants which
is not applicable to nanosized crystals. In nanometer regime, these parameters are
strongly size dependent. For example, as particle size decreases, the ratio of the
surface atoms to the bulk significantly increases. Presumably, the aspiration of NPs

to minimize the surface free energy leads to the changes of the crystal structure of NPs
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in comparison to bulk material (e.g. zinc blende structure of CdSe QDs vs. wurtzite
structure of bulk CdSe; see Chapter 4) and plays a big role in the formation of very

small and stable “magic-sized” clusters (e.g. CdS clusters described in Chapter 5).

3.2 Growth of nanocrystals

3.2.1 Reiss model of the growth of uniform NCs

The first theoretical studies of growth of monodisperse NCs were carried out by Reiss
[56]. His model assumes “growth by diffusion”, where the growth rate of spherical

particles is determined by the flux of monomers to NPs (J):

B Arr? dr

J = =
Vi dt

(3.7)

The diffusion layer of each spherical particle can be considered to be undisturbed in
a homogeneous medium if the distance between particles is big enough. In this case,
a single particle has a concentration gradient with spherical symmetry and the flux
J of monomers diffusing through the spherical surface enclosing the particle can be

described by the Fick’s law:

dC
—AnrxiD— )
J T e (3 8)

where D is the diffusion coefficient, C' is concentration, and x is a distance from the
center of the particle to the surface of the sphere enclosing the particle. Assuming
that J is constant for z, the integration of C(x) from r to r + 6 (d is the thickness of

the diffusion layer) with respect to x provides:

r(r+9)

J=4xD
TS

(C(r +68) - C)) (3.9)
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Cs=C(r) is the concentration at the surface of the particle. For very large values of

0, Eq. 3.9 is reduced to the following equation:

J = 47T7’D<Cbulk — Cs) (310)

where Cyy is the concentration of the bulk solution. Combining Eq. 3.7 and Eq.

3.10, one can obtain:

% = @(Cbulk —Cy) (3.11)
This equation suggests that if Cs and Cy, are constant for all particles, the growth
rate of the particle is inversely proportional to its radius. In other words, the growth
rate of the particles decreases as the radius increases. Hence, the size distribution of
the ensemble of particles becomes narrow regardless of the initial size distribution as
long as all of the particles are growing and no additional nucleation occurs.
Thus, Reiss demonstrated theoretically that diffusion-controlled growth in colloidal
systems can lead to the narrowing of size distribution with time by considering the
diffusion area vs. size. In this sense, the Reiss model explains the experimentally
observed narrowing of the size distribution in the initial stages of the NC growth
[54][57][58]. However, this model cannot explain the defocusing or Ostwald ripening
stage, since it does not consider the dependence of crystal growth on the particle
size and equilibrium that exists in the system between the particles and monomers

responsible for the precipitation and dissolution processes.

3.2.2 Gibbs-Thomson effect on the NC growth

The Oswald ripening process of NCs can be explained in terms of the Gibbs-Thomson
effect since the surface energy of the particles changes during the growth and the

kinetics of crystal growth responds to this change [50]. Change in chemical potential
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of a spherical crystal with a radius r with respect to that of the bulk crystal can be

expressed as the Gibbs-Thomson equation:

29V
N T

Ap (3.12)

Taking into account this equation and the equilibrium between precipitation and
dissolution of NCs, the reaction rate constants for precipitation and dissolution can
be written in terms of the activated complex theory as:

A 29V,
k, = kg exp (—aR—;> = k:g exp (—a%) (3.13)

2Wm) (3.14)

kg = kS exp ((1 - a)%) = kJexp ((1 —a) BT
Here, « is the transfer coefficient, k¥ is the rate constant for the bulk crystal, and k,
and k, are the reaction rate constants for precipitation and dissolution, respectively.
The last two equations signify that the smaller the radius of the particle is, the harder
it is to grow, but the easier it is to dissolve due to its higher chemical potential. This
statement is controversial to the focusing mechanism where smaller crystals grow
faster.
In the Reiss model, it was considered that C; was constant for all particles which
is an oversimplification and should be modified. Rewriting C with respect to the
precipitation-dissolution equilibrium and combining this expression with Eq. 3.11,

the following equation of NC growth can be obtained:

d S — exp(2
= _v,.nco,, _ b ”;TV) (3.15)
dt A\ r 4+ i exp(asz)
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Here, C’geq is the equilibrium surface concentration of the bulk crystal (C’geq = :—3)
’ bl P

and S is supersaturation (S = Chur/CY,,). This equation can be further rewritten in

a dimensionless form:

dr* S —exp(l/r")

i 3.16
dr ™+ Kexp(a/r¥) (3.16)
22 0
where r* = 2§_ng’ T = %t and K = fo—vak%. Thus, Eq. 3.16 represents a

modified version of Eq. 3.11, where both the mass transport and the reaction kinetics
are considered.

Talapin et al. performed Monte Carlo simulations of the evolution of an ensemble
of growing NCs during the Ostwald ripening stage using Eq. 3.16 [59]. According
to their calculations, the growth of NCs in the diffusion controlled regime results in
better final size distributions as compared to those grown in the reaction controlled
regime. In other words, the most narrow size distributions are achieved if NC growth
occurs under strong diffusion control. Moreover, it was concluded that the Ostwald
ripening process takes place when the supersaturation is low and the final relative
standard deviation is independent of the initial size distribution under the diffusion
controlled growth. Based on their model, the authors suggested two general strategies
to improve the size distribution of NCs. First, to carry out the synthesis under the
diffusion controlled regime, e.g. by decreasing the diffusion or mass transfer coefficient
of the system. Second, to increase the surface tension at the solvent-NC interface,

e.g. by a proper choice of ligands.

3.2.3 Growth through interparticle diffusion

All previous models considered the growth of NCs in the initial stages of the reaction
only through the addition of monomeric species. However, there is experimental ev-

idence that particle coalescence or even oriented attachment can also play a role in
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NC growth. Hence, the particle-particle interactions are also important during the
synthesis of NCs. The group of Peng investigated the dissolution/ripening processes
of CdS and CdSe NCs by analyzing the size distribution of a series of UV-Vis ab-
sorption spectra using Monte Carlo simulation [60]. Their results suggest that for a
diffusion controlled process, the interparticle diffusion in addition to the well-known
solution-particle diffusion might also play a big role in determining the size growth
rate of NC in solution. A similar conclusion was drawn for the MnO NCs, since
their experimental results revealed some contradictions to the traditional “focusing
of size distribution” model [61]. In this traditional model, the focusing of the size
distribution is characterized by the constant NC concentration during the particle
growth, which occurs through monomer accretion from solution. However, for the
systems with drastic decrease in the particle concentration during the growth pro-
cess, the synthetic scheme should be different. Thus, the authors proposed a tentative
alternative mechanism for the formation of monodisperse NCs ( “self-focusing of the
size distribution”), where the monomers are driven from small NCs to larger ones by
interparticle diffusion, owing to solubility gradients between neighboring NCs (Fig.

3.2).

Traditional “focusing of size distribution” Self-focusing via interparticle diffusion
XK KT T
e

o ®
Small ones grow faster in size with the Small ones dissolve rapidly and
same amount of monomer supply completely because of big neighbors

Figure 3.2: Differences between traditional focusing of size-distribution and self-
focusing via interparticle diffusion [61]. The dashed circles represent the diffusion
spheres for each NC. The solid arrows show the diffusion flux.
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Quantitatively, the size growth rate (dr/dt) of a NC in solution under simultaneous

solution-particle and interparticle diffusion is described by Eq. 3.17 [60] as:

% — AD/d([M] = S4) + 10D7G*(Sae — S4) [P (3.17)

where ([M] — Sq) is the monomer concentration gradient between the bulk solution
and a NC, (Sge — Sq) is the mean interparticle diffusion gradient, D is the diffusion
coefficient of monomers, d is the NC size, ¢ is the radius of the diffusion sphere, and
[P] is the particle concentration.

Eq. 3.17 indicates that as size-dependent solubility becomes insignificant for large par-
ticles, the interparticle diffusion becomes negligible because (S, — Sg) approaches
zero. Presumably, that is why interparticle interaction is observable in a nanosize
range. To sum up, this preliminary model can explain concentration-dependent tran-
sition of dissolution to ripening [60], focusing of size distribution in ripening (which
was, for example, reported by Talapin et al. [59]), and formation of a bimodal size

distribution (for details concerning bimodal size distribution see Chapter 4).

3.3 Modeling of simultaneous nucleation and growth

All models of nucleation or growth discussed above took into account the assumption
that nucleation is a very fast process and is followed by the growth of NCs, without
overlapping of these stages. However, there are experimental results indicating that
the early stages of the NC synthesis involve simultaneous nucleation, growth, and
coarsening. In 2009, van Embden et al. [62] and Rempel et al. [63] independently
fulfilled modeling of simultaneous nucleation and growth in colloidal solutions of NCs.
After the generation of monomers from precursors, both models successfully replicate
four main aspects of NC evolution observed experimentally [55][57][61]: formation of

small clusters due to combination of monomers to form dimers, trimers, and larger
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clusters®; fast growth of the ensemble due to monomer depletion; the quasi-equlibrium
phase, characterized by almost invariant mean size; classical Ostwald ripening of the
ensemble after complete monomer depletion with an increase in NC size.

From these simulations performed on NC nucleation and growth, it may be concluded
that the evolution of NCs in the liquid phase (in particular, by hot-injection tech-
nique) must process via highly reaction limited kinetics and not diffusion limited as
it was commonly believed. When the process is diffusion limited, the reaction rate
is determined by the rate at which monomers diffuse to nuclei. On the contrary, in
reaction limited growth, the relatively low rate of reaction at the surface limits the
incorporation of monomers into the particle.

To effectively model NC growth, van Embden et al. established a form of the growth
rate for a single particle in the steady state that can be tuned between the reaction

and diffusion limits [62]:

dr _ DVi ([Coutr] = [Cingin] exp (252)))
dt (r + k%)

where I', is the instantaneous size-dependent growth rate, [Cyyfin| is the concentration

I =

(3.18)

of monomer in equilibrium with an infinitely flat surface, k, is the rate constant which
controls the incorporation of monomer into the particle (particle growth). Converting

Eq. 3.18 into dimensionless units, the following equation can be obtained:

45 (5 - exp(1/))
dr (B+e)

(3.19)

where dimensionless radius (), supersaturation (5), and time (7) are represented as:

B=rp S = [[Cc—fl] 7 =ty with ¢ = 22 and ¢ = ¢*DV,u[Cinginl. € is the ratio

lwhich is in agreement with the experimentally observed formation of magic-sized nanoclusters
(for details see Chapter 5).



3.3 Modeling of simultaneous nucleation and growth 29

of diffusion to reaction rates and is given by the dimensionless Damkdéler number:
€= g—f. If k. < d, then ¢ < 1 and the growth kinetics is reaction limited, if £ > 1,
the process is diffusion limited.

The authors varied the value € to study the growth kinetics both under diffusion and
reaction limited conditions and found a time scale of the simulation and experiment
to be similar under reaction limited process. The simulation has also shown that
under reaction control the full width at half-maximum (fwhm) remains constant at
early reaction times, whereas for the diffusion limited case, the fwhm narrows during
the early stages of NC growth. The fact of narrowing may be a contributing factor to
the misinterpretation that NC growth proceeds under diffusion limited kinetics. This
model does not include the particle-particle interactions operating through a mean
diffusion field, however, the authors expect that under reaction limited conditions, it
would not influence the growth significantly. Similarly, Rempel et al. [63] noticed
that the diffusion limited growth rate estimated from their model was several orders
of magnitude higher than those observed experimentally, putting into question the
validity of this hypothesis. Additionally, their model showed that focusing can be
achieved under pure reaction control in the absence of diffusion limitation. Thus,
both models predicted similar reaction stages in good agreement with experiment,
and contrary to the common understanding revealed that the growth of monodisperse

NCs takes place under reaction limited conditions.
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Chapter 4

Investigation of growth kinetics of

CdSe nanocrystals

This chapter presents a new synthetic route for the formation of high quality zinc
blende CdSe colloidal quantum dots (QDs). The synthesis was carried out using in
situ formed Cd" particles as a Cd precursor! and Se dissolved in tri-n-octylphosphine
(TOP), tri-n-butylphosphine (TBP), or 1-octadecene (ODE) as a Se precursor. The
preparation of the Se/ODE solution was found to be crucial to obtain a Se precursor
with an activity comparable with TOPSe and TBPSe. The reactions with different
Cd: Seratio (1: 0.2, 1: 04,1: 08, 1: 1, and 1 : 2) and oleic acid (OA)
concentrations (200, 300, and 400 pl) have been investigated to observe the changes
in reaction kinetics and to optimize the synthesis conditions. A variety of techniques
such as UV-Vis absorption and photoluminescence (PL) spectroscopy, powder X-ray
diffraction (XRD), nuclear magnetic resonance (NMR) spectroscopy, two-dimensional

correlation NMR spectroscopy (COSY), mass spectrometry (MS), atomic absorption

!The term “precursor” is used to indicate the species containing Cd or Se prior to the hot-injection
[64].
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spectroscopy (AAS), energy-dispersive X-ray analysis (EDX), thermal gravimetric
analysis (TGA), transmission electron microscopy (TEM), and high resolution TEM
(HRTEM) were used to carry out structural and spectroscopic characterizations of

the CdSe nanoparticles as well as the Cd and Se precursors.

4.1 Motivation and review of the literature

The synthesis of colloidal semiconductor nanocrystals (NCs) has been a rapidly devel-
oping research area in recent years with a particular emphasis on II-VI semiconductor
systems such as CdSe [65][66][67]. This work has led to significant improvements in
particle size tunability, size homogeneity, reproducibility, production of particles with
high luminescence quantum yields, adjustment of surface and electronic properties,
as well as reduction of environmental hazards and safety problems. Nevertheless,
further improvements in material quality and monodispersity are still possible and
desirable in all of these areas (viz. for improvement in the performance of NC-based
devices). More importantly, continued research on the synthesis of CdSe NCs will
yield a more complete understanding of this important model system, and this im-
proved understanding will form the basis for synthetic optimization of a broader range
of semiconductor NCs.

There are many different methods of nanoparticles synthesis which can be broadly
classified into two categories: top-down approach and bottom-up approach. In the
top-down approach, one starts with a macroscopic piece of material out of which a
nanostructure device is made, whereas in the bottom-up approach, quantum dots are
made by growing, for instance, semiconductor NCs as col