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Zusammenfassung

Halbleiter-Nanokristalle sind eine besondere Materialklasse in den Nanowissenschaften.
Sie sind kleinste Halbleiter-Kristalle, die an ihrer Oberfliche mittels organischer Chemie
passiviert wurden. Damit kdnnen Sie auf vollig neue Arten produziert, prozessiert und
zu groBeren hybriden Uberstrukturen zusammengesetzt werden. In diesen Nanomate-
rialien treten neue Effekte insbesondere durch die Gréfleneinschrankung auf. Es stellt
sich vielfach die Frage, welche Eigenschaften von den Halbleiter-Materialien iibernom-
men werden und was alleine aufgrund der geometrischen Groéflenordnung im Nanome-
terbereich von 1-10 nm zustande kommt.

Diese Arbeit beschiftigt sich mit dem Nachweis von elektronischem Transfer iiber
eine quantenmechanische Tunnelbarriere aus organischen Materialien zwischen dicht
gepackten Halbleiternanokristallen. Diese Barriere besteht aus Molekiilen der Ober-
flichenpassivierung und Material fiir die gewéhlten Selbstorganisationsmethoden, so
dass eine organische Tunnelbarriere von ca. 1 nm zwischen den Nanokristallen der
Grofle von ca. 3 nm entsteht. Um elektronischen Tunnel-Transfer nachzuweisen, wird
erfolgreich der intrinsische Typ-lII-Bandversatz der klassischen ausgedehnten CdTe-
und CdSe-Volumenhalbleitern ausgenutzt, der bedeutet, dass das globale Valenzband-
maximum in CdSe und das Leitungsbandminium in CdTe liegen. Es ist daher Hauptziel
der Arbeit, Ladungstrennung in Hybridstrukturen aus dicht gepackten Typ-II-ange-
ordneten CdTe- und CdSe- Halbleiternanokristallen nachzuweisen.

Mittels Photolumineszenzspektroskopie wurde indirekt der Elektroneniibergang von
CdTe- zu CdSe-Nanokristallen untersucht. Es wurden zwei verschiedene Methoden zur
Selbstorganisation tiberpriift: ungeordnete Cluster aus CdTe- und CdSe-Nanokristallen
in wassriger Losung sowie trockene geschichtete Systeme aus Nanokristall-Monolagen
auf Glassubstraten. In beiden Probensystemen deutet eine Photolumineszenzunter-
driickung um bis zu 70 % bei den CdTe-Nanokristallen Ladungstrennung durch Elek-
troneniibergang von CdTe- zu CdSe-Nanokristallen an. Eine maximale Transferrate
von um 1/100 ps wurde in geschichteten Proben ermittelt. Neben dem Elektronentrans-
fer wurde gezeigt, dass Energietransfer von CdSe- zu CdTe-Nanokristallen stattfindet,
der nicht die beobachtete Photolumineszenzunterdriickung erklért, da er ihr entge-
genwirkt. Durch Variation der Nanokristallgroen konnte eine Korrelation der Pho-
tolumineszenzunterdriickung mit dem Versatz der am Elektronentransfer beteiligten
Energieniveaus der Nanokristalle aufgedeckt werden. Durch diese indirekten Beweise
konnte die Ladungstrennung wie auch der intrinsische Typ-II-Versatz in den Hybridsys-
temen der verwendeten CdTe- und CdSe-Nanokristallen angezeigt werden.

Oberflachenphotospannungsmessungen bewiesen eindeutig die gerichtete Ladungs—
trennung in geschichteten Systemen aus CdTe und CdSe Nanokristallen. Die Orien-
tierung der Typ II-Grenzschicht aus CdTe- und CdSe-Nanokristalllagen bestimmte die
Richtung der Ladungstrennung, so dass eine umgekehrte Schichtfolge die gemessene
Polaritdt édnderte. Der Ladungstransfer wird fast vollstandig unterdriickt, wenn die
Barrierendicke verdoppelt wird, was fiir Tunneltransfer erwartet wird. Weiterhin wur-
den Elektronendiffusion iiber CdSe-Nanokristallmultischichten und langsamerer La-
dungstransfer iiber CdTe-Nanokristallmultischichten nachgewiesen.

Die Ergebnisse dieser Arbeit konnten fiir Anwendungen zur solaren Energiegewin-
nung wie Photovoltaik oder photokatalytischer Wasserspaltung relevant sein.

ix






1 Introduction

Semiconductor nanocrystals are a unique type of material in nanosciences as they fea-
ture properties and concepts from both classical crystalline semiconductor physics and
new nanomaterials such as organic molecules. Versatile processing and assembly capa-
bilities offer great potential for a wide range of future applications such as solar energy
conversion [1-9] as well as various other applications in optoelectronics particularly
light-emitting diodes, lasers, or displays for instance. [10-16] Different semiconduc-
tor nanocrystals can be assembled into hybrid nanostructures by self-organization to
study their interaction in order to customize new functionalities. Closely packed hy-
brid assembly of the semiconductor nanocrystals can be achieved particularly in dry
layers [16-20] and as disordered assemblies in solutions [21,22]. The semiconductor
nanocrystals are surrounded by organic molecules which inhibit further chemical reac-
tion on the surfaces of the semiconductor nanocrystals. Moreover, these surface ligands
feature the ability for self-assembly techniques mentioned above. With respect to elec-
tronic transport properties these ligands are in principle isolating. However, their thin
thickness in the range of 1 nm allows them to act as tunneling barriers for transport
between two semiconductor nanoparticles. The main topic of my thesis was to ob-
serve efficient electronic transfer dynamics across the organic barriers of closely packed

semiconductor nanocrystals.

A wide variety of semiconductor materials is available which are chemically synthe-
sized as colloidal semiconductor nanocrystal solutions. II-VI materials in particular,
such as CdS, CdSe, CdTe, CdHgTe, HgTe, ZnSe, PbS and PbSe [23-27] are used in
many experiments. III-V materials such as InP, GaP, InAs, GaAs can also be pro-
duced. [28,29] Assemblies of CdTe and CdSe nanocrystals are good prototype systems
which can be used to study electronic interactions in their hybrid assembly. CdTe
and CdSe bulk semiconductors exhibit intrinsically the so-called type II alignment,
meaning that the lowest electronic state for excited electrons is in CdSe, and that
for holes in CdTe. Thus, spacial charge separation can be observed in suitable as-
semblies of these materials. This concept is approved by sintered layered system of
CdTe and CdSe nanoparticles [1] and direct chemically-assembled hybrid semiconduc-
tor nanostructures [30-34]. Such assemblies are often called "hybrid” which means

literally ”crossbreeds” of different materials. They are assembled so that advantage
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can be taken of precisely selected properties of all the materials used. This allows new

functional materials with new properties to be formed.

Charge-carrier transfer dynamics at a type II aligned interface of CdTe and CdSe
nanocrystals leads to charge separation of photo-excited electron-hole pairs. [1] Charge
separation together with absorption of the light is one of most important processes for
solar energy conversion. There are several methods that can be used to reveal charge
separation of photo-excited charge carriers in structures of semiconductor nanocrystals.
The creation of a working solar cell with these materials is a clear indication. [1, 4]
Also photo-current measurements already showed charge separation in hybrid systems
with semiconductor nanocrystals. [12,35] Moreover, transport, related to free charge
carriers and photo-excited electron-hole pairs, was already observed across layers of
semiconductor nanocrystals. [36-40] However, the experiments mentioned are direct
measurements involving direct electrical contact with the nanosystems which interact
with the semiconductor nanocrystals and disturb the whole nanoparticle system. Direct
electric contacts are generally not applicable to nanosystems where charge separation
occurs between semiconductor nanocrystals of about 3 nm in size which cannot be
contacted easily. Surface photovoltage (SPV) spectroscopy is however a tool that allows
contactless observation of photoinduced charge separation. [41-44] This is based on

measuring the electric dipole fields of separated electrons and holes.

Nanocrystals feature highly efficient individual photoluminescence (PL) emission
which can be customized due to the remarkable properties of quantum confinement. [10]
Thus, PL-spectroscopy can be used to detect separation of photoexcited electron hole
pairs since it quenches the characteristic PL-emission of these semiconductor nanocrys-
tals. PL-spectroscopy has already been used to successfully prove energy transfer dy-
namics [45,46] in hybrid type I aligned assemblies of semiconductor nanocrystals. Using
optical spectroscopy transfer rates of up to 1/50 ps were observed. [17,19, 20,47, 48]
Since the typical size of semiconductor nanocrystals is usually 2 - 5 nm Forster Reso-
nant Energy Transfer (FRET) [45] appears in their closely packed assemblies. FRET is
relevant for transfer distances of under 6 nm according to reference [49] and therefore
is an alternative transfer dynamic that must be considered in hybrid closely packed

semiconductor nanocrystal assemblies.

For this thesis we studied hybrid closely packed assemblies of CdTe nanocrystals and
CdSe nanocrystals. T used the expected type II alignment of these materials to create a
charge selective interface to promote charge separation across an organic tunneling bar-
rier of about 1 nm. The purpose of my investigations was to prove unequivocally that
efficient charge separation occurs in closely packed CdTe-CdSe assemblies. We proved
the occurrence of charge separation via fast and efficient electronic transfer across the

barrier, implying the relevance of electronic transfer between semiconductor nanocrys-



tals surrounded by a tiny isolating shell. This confirmed that relative energetic levels
can be easily determined by the quantum confinement theory using the effective mass
approach. During this work we observed that charge separation affects not just the
small interface of one CdTe and one CdSe nanocrystal monolayer. In this connection,
diffusion phenomena for self-assembled multilayers of semiconductor nanocrystals, pas-
sivated with ligands of thioglycolic acid (shell thickness 0.1 - 0.2 nm; [50]) are discussed

in the end of my thesis.

PL-spectroscopy indicates efficient electron transfer from CdTe nanocrystals to CdSe
nanocrystals with a maximum transfer rate of 1/100 ps. The results have been proved
using SPV-spectroscopy where the directionality of the charge separation was clearly
revealed on the interface of the CdTe-CdSe nanocrystal. Furthermore, the SPV-results

indicate diffusion processes across multilayers of of CdSe and CdTe nanocrystals.

Chapter 2 describes the fundamental concepts required to understand the methods
and results presented. First of all, the term "type II aligned tunneling structure” is de-
fined. The difference between type I and type II alignment is explained, as only type II
structures can lead to efficient charge separation. The CdTe and CdSe nanocrystals
are introduced as size confined semiconductors before the physical processes in hy-
brid nano-assemblies are addressed: here, we describe photo-excitation, PL, electron
transfer, energy transfer and diffusion dynamics including the formula on which the

experimental data-evaluation is based.

Experimental details are provided in chapter 3. The synthesis and characteristics
are documented for the semiconductor nanocrystals used. The following section is ded-
icated to the methods used to achieve closely packing of the colloidal semiconductor
nanocrystals. The layer-by-layer method uses positively charged polyelectrolytes to
form layer-by-layer assemblies with the negatively charged semiconductor nanocrys-
tals. The negative charges come from the carboxyl groups of the surrounding ligands.
Clustered assembly leads to disordered colloidal clusters by the use of the divalent
Ca’t ions. Both promote inter-particle distances of about 1 nm. The experimental
methods are described in the next section. UV-vis transmission spectroscopy was used
to characterize the sample and to ascertain the correct composition for the subsequent
data analysis. The concentration of the single components was measured in each of our
semi-transparent samples in order to correct the spectroscopy graphs for these typical
minor concentration fluctuations. Details of the setups required for steady-state and
time resolved PL-spectroscopy are provided. These techniques have been used in chap-
ter 4. Last but not least, the SPV-setup for spectroscopy and transients used for the

experiments described in chapter 5 is presented.

Chapter 4 relates to experiments where PL-spectroscopy has been applied as an

indirect method to provide evidence of dominant charge separation dynamics in the
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type II aligned tunneling structures of CdTe and CdSe nanocrystals. Both systems -
the disordered hybrid clusters in solution and the dry layered samples on glass - proved
PL-quenching on the luminescent CdTe nanocrystals through the transfer of electrons
from CdTe to CdSe nanocrystals. In the case of the layered assembly, transfer rates of
up to 1/100 ps were observed. Results using different sizes of semiconductor nanocrystal
prove a correlation of the theoretically calculated electron level offset between CdTe and
CdSe nanocrystals. This indicates that the shifts of the electron and hole energy states
can be approximated using the effective mass approach and that, in general, a type II
alignment of the CdTe and CdSe nanocrystals can be expected. Energy transfer from
CdSe to CdTe nanocrystals can also be observed for type II aligned CdTe and CdSe
nanocrystals, although the PL-quenching of CdTe nanocrystals which is attributed to
charge separation is dominant.

Chapter 5 provides information concerning SPV-techniques as a direct method clearly
proving the charge separation properties of the selected CdTe-CdSe nanocrystal hybrids
and thus providing independent confirmation of the results of chapter 4. All studies
have been carried out on layered samples with only one CdTe-CdSe interface. Thus,
changes in the directionality of this charge separating type II interface lead to a change
in the sign of the SPV-signal. The SPV-signal is suppressed when the interlayer dis-
tance was increased from about 1 to about 2 nm by additional double polymer layers.
This highlights the short interaction length required for the electronic transfer and is
consistent with quantum mechanical tunneling being basically exponentially dependent
on the barrier width. Last but not least, we obtained a strong indication of diffusion
dynamics across CdSe and CdTe layers.

Chapter 6 summarizes the results of this work and provides a brief outlook.



2 Fundamental Concepts in

Nanosciences

First, the fundamental background of the basic physical concepts for my thesis are dis-
cussed: the type II alignment leading to charge separation and charge transfer is intro-
duced. The semiconductor nanocrystals are presented which combine the properties of
classical semiconductor materials (such as the possibility of a type II alignment) with
nanoscience concepts (such as quantum confinement). The CdTe and CdSe nanocrys-
tals are introduced as approrimation by spatial confinement of extended bulk semicon-
ductors. Details of the essential physical concepts and processes in hybrid nanoassem-
blies are given at the end of this chapter: photo-excitation, PL-decays, charge transfer,

energy transfer and diffusion dynamics.

2.1 Type II Tunneling Structure

This thesis concerns charge separation induced by charge transfer in self assembled
systems of two types of semiconductor nanocrystals. Both processes depend crucially
on the alignment of the energetic levels in the semiconductor nanocrystals. In this con-
nection, the essential energetic configuration of type II alignment for charge separation
and some basic considerations on the transport are also mentioned.

The systems investigated are basically static material assemblies where only pure
electron and hole dynamics play a role. We discuss thus in general only the ground levels
of the first excited states of electrons in semiconductor nanoparticles. Those states
are the nearest to the Fermi-level (which is generally the benchmark between typical
occupied and unoccupied electron levels [51]). They correspond to the lowest accessible
excited states of electrons and holes. As this thesis addresses dynamic processes in
particular we studied, in general, systems where far less than one electron hole pair per
semiconductor nanocrystal is excited. In this thesis, we investigated the PL-decays by
radiative recombination of excited-electron hole pairs to the relaxed ground states and
the electric dipole field of separated charges.

Charge separation is expressed by collection of positively charged holes on one type of
the semiconductor nanocrystals, negatively charged electrons are concentrated on the

other semiconductor nanocrystals. Therefore, the lowest accessible energetic level for
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the positive and negative charge must be on different particles. In classical crystalline
bulk solar cells this is realized by doping, leading to a p-n-junction. [52] But a controlled
fine tuning of the energetic positions of nanocrystals by doping is difficult. [53]. In any
case, intrinsic materials also exist which provide more p-type or n-type behavior [54].
These can be used for charge transfer leading to charge separation similar to a p-n-
junction. [55]

E

electron

Unoccupied
energy states

Occupied
energy states

Type | Type Il

v => e.g. Energy Transfer => e.g. Charge Separation

Figure 2.1: This illustrates the difference between type I and type II alignment. Only
the energy ground levels are displayed for excited electrons (in the area for unoccupied
states) and for excited holes (seen in the area shaded gray). The type I alignment
concentrates electrons and holes on the side with the lowest energetic states; no
charge separation can occur, only energy transfer. The type II alignment is the
correct choice for long lasting charge separation. N.B. the energy scale of the holes
is in reverse order to that of the electrons. In the remainder of this thesis only the
electron energy scale is illustrated.

In general two different energetic alignments are possible for a two component system
(fig. 2.1). The type I alignment concentrates both the lowest excited hole states and
electron states on one and the same type of semiconductor nanocrystals. The type II
alignment separates these excited ground states between the two nanocrystals. Hence,
only a type II alignment can lead to an effective long-lasting charge separation. Energy
transfer is observed especially in type I systems. However, it may also occur in type II
assemblies when electron and hole are transferred together to the nanocrystal with the
smaller energy gap. Nevertheless, observing energy transfer in type II structures does
not prevent subsequent efficient charge separation. Type I alignment in nanocrystal
assemblies has already been studied extensively. It leads to concentration of charges in
one material and may thus serve as artificial antenna complexes. [19,21,47,48] For this

work I shall concentrate on type II systems in order to study charge separation related

phenomena.



2.2 Semiconductor Nanocrystals

Transfer dynamics between different nanocrystals depend crucially on the potential
barrier between them (fig. 2.2 a), on the energetic offset of the corresponding energy
levels between both particles as driving force (fig. 2.2 b) and on the overlap of the
density of states to allow tunneling or hopping processes and to dissipate excess energy
if needed (fig. 2.2 ¢). Any transfer can only take place when the corresponding energy
state in the neighboring nanocrystal is empty. A typical barrier width is 1 nm for the
system studied in this thesis. The energetic offset in the investigated hybrid nanocrystal
assemblies is typically in the range of 0.0 - 0.5 eV for the relevant free electron states
and of 0.5 - 0.7 eV for the hole states.

Figure 2.2: Three main concepts are relevant for charge carrier transfer between two
particles: (a) The existence of a quantum mechanical barrier between the particles
influences the local transfer probability (¢*¢). (b) The energetic alignment is the
driving force for permanent transfer without back transfer. (c¢) To transfer charge
carriers it is important to have a sufficient the density of accessible states in the
neighboring semiconductor nanocrystal.

In conclusion it can be said that the systems investigated are type II aligned materials
which provide an intrinsic potential offset for electron and hole states leading to long-
lasting charge separation. The material used provides quantum mechanical tunneling
barriers. Hence, the system investigated is called "type II aligned tunneling structure”
to emphasize that a tunneling barrier is involved which may lead to tunneling and

hopping transfer dynamics.

2.2 Semiconductor Nanocrystals

Semiconductor nanocrystals are investigated in my thesis. First, the expression "nanos-
tructure” is defined in this section and the quantum confinement is explained. This
is the quantum mechanical effect of size quantization and one of the most prominent
effects in the semiconductor nanocrystals. Then the semiconductor materials are in-
troduced with emphasis on their periodic crystal structures before the CdTe and CdSe

nanocrystals are discussed on the basis of size confined crystals.
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2.2.1 Quantum Confinement

By definition nanostructures feature non-classical and especially quantum mechanical
effects that are related to the size of the particles on the nanometer scale. The typical

length scale ranges from under 1 nm up to 10 nm. This leads to the name "nanotech-

nology”. [56]
Ea d .
x —
Ewﬁs A A
Eo .................. ?Wground state
0 4 | I >

width

Figure 2.3: The illustrated quantum well has the confined width d in space and an
infinite height of their potential barrier. All quantum states inside have a higher
energy level than the minimum energy level of the quantum well. The ground state
and the first excited state are shown together with their sinusoidal wave functions.
[57-59]

One of the most important effects in semiconductor nanostructures is quantum con-
finement. Semiconductor nanocrystals are confined spatially in all three dimensions.
Hence, energy states of particles (such as electrons, holes and phonons) are also spatially
confined. Briefly, the introduction is made for one dimension using the "Heisenberg’s
uncertainty relation of position and momentum?”. [58, 60]

We may assume a one dimensional quantum well of the size d with infinite potential
barriers on both sides (fig. 2.3). Then a quantum mechanical particle (like an electron)
is confined to Ax = d. This can be inserted into "Heisenberg’s uncertainty relation of

position and momentum”:

Ax-Ap > h/2 (2.1)

where h is the Planck constant and Ap. As the minimum momentum p,,;, in such

a structure can only be +Ap this gives:
Ap > pmin =: h/2d (2.2)

The size quantization energy Fg;..(d) in the ground state corresponds to the ki-
netic energy of a particle with the minimum momentum p,,;, (zero-point energy, e.g.

reference [58]):
2 22
P h*m
Esize(d) = Ekzn(pmzn) = 27;;'7: = 2m*d2

(2.3)

==> FEy.e(d) x (2.4)

m - d?



2.2 Semiconductor Nanocrystals

where m* is the effective mass of the particle in the quantum well. Hence, the quantiza-
tion energy is indirectly proportional to the square of the diameter of the semiconductor
nanoparticles d and indirectly proportional to the mass of the particle. The same result
can also easily be obtained using elementary quantum mechanical calculations based on
Schrodinger’s equation. [57,58,61] Such calculations are used to obtain the sinusoidal
shape of the particles wave functions and higher excitation levels in the quantum well
in fig. 2.3. [57-59] However in the context of the physical experiments performed in
this thesis, it is sufficient to limit the discussion to the ground state only.

The quantization energy Ej;..(d) of equation 2.3 is only introduced for one dimension.
It must be calculated separately for all three dimensions and then totalled. Since
we are investigating spherical nanocrystals with the same confinement d in all three
dimensions this adds only a factor 3. Hence, the relation 2.4 stays unchanged since
only the proportionality constant changes.

To conclude, semiconductor nanostructures are dominated by quantum mechanical
effects due to their size which is typically under 10 nm. The size quantization effect
was introduced. It leads to a quantization energy which is indirectly proportional
to the mass of the particle and indirectly proportional to the squared width of the

semiconductor nanoparticle.

2.2.2 Crystal Structure for CdTe and CdSe Semiconductors

The nanocrystals studied are of course crystalline in structure. The periodicity of any
crystal lattice leads to delocalization of electron wave functions over the whole crystal.
This implies new energetic levels for the electrons which are discussed in this section.

CdTe and CdSe materials occur in the zincblende structure in this work as shown
in fig. 2.4. [62,63] A tetrahedral arrangement of the next neighboring atoms may be
seen. This atomic structure is also reflected in the shape of the nanocrystals which
are terminated mainly by equivalent [111], [111], [111] and [111] facettes. [64,65]. The
zincblende lattice belongs to the space group F43m (Hermann-Mauguin notation). [66]

Electrons tend to delocalize in the periodic structure of an extended crystal when
neighboring wave functions overlap. [51,56]. This leads to new energy levels for the elec-
trons which are reflected in the band structure (fig. 2.5). Since electrons are fermions,
there is a variety of delocalized electronic wave functions which differ mainly in their
periodicities and energetic levels.

The periodic structure of the crystals can be well expressed by Fourier transforma-
tion. Thus, the reciprocal lattice with its reciprocal wave vectors k is used which is a
Fourier transformation of the real space lattice. The electron wave functions in crystal
lattices can be associated with the reciprocal lattice vectors k in the Brillouin zone of

the crystal lattice according to the Bloch-theorem: the electron wave functions in a
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Figure 2.4: The unit cell of the CdTe and CdSe nanocrystals used is the zincblende.
Red stands for Cd atoms and green for Se or Te. The tetrahedral coordination of
the chemical bonds of each atom can be clearly seen. This figure has been adapted
from reference [66].

crystal lattice can be approximated by the Bloch-waves () [56]:
0@ = € (7) (2.5)

The Bloch-waves (%) are solutions of the stationary Schrédinger equation for non-
interacting electrons in a crystal lattice with the lattice vectors R expressed by a
periodic potential V (Z) = V(Z+ R). k is wave vector in the reciprocal space, ug(T) the
lattice periodical factor with u_z(¥) = u_z(7 + R) and 7t is a wave vector standing for
the multiplicity of the Bloch-solutions. The Bloch-waves (%) depend on the wave

vectors k. Hence, all electron wave functions can be attributed to wave vectors k.

The origin in the reciprocal space is the I'-point where the reciprocal vectors are
zero. Zero in the Fourier space signifies an infinite period length over the whole real
space. The further away a point in the Fourier space is from the origin (I'-point) the
higher the periodicity of the corresponding envelop wave function is in the real space

(see equation 2.5).

The lowest band gap in CdTe and CdSe is situated at the I'-point for both electron
and hole (fig. 2.5). Moreover, the states for the lowest band gap are at the I'-point
which means their electron wave functions expand over the whole crystal. Spatial
confinement of the wave functions to a nanocrystal therefore augments its energy gap.

This can be used for energy gap tuning in nanocrystals (as discussed below).

The global shape of the band structures in fig. 2.5 a and fig. 2.5 b is comparable,
showing that the global electronic properties of CdTe and CdSe are quite similar.
According to reference [67] the conduction band of CdTe is made in first approximation
of the bs-orbital of Cd and the valence band of the p-orbital of Te in the case of CdTe.
This implies that the p-orbital of Se also form the valence band of CdSe due to strong
chemical and physical similarities. Thus, optical selection rules are satisfied for photo-

excitations and radiative decay between valence band and conduction band. This is

10



2.2 Semiconductor Nanocrystals

the basis for strong absorption and PL-emission efficiencies in these materials. The

CdTe and CdSe studied are direct semiconductors.
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Figure 2.5: The band structure is displayed for bulk CdTe (a) [68,69] and bulk CdSe
(b) [68,70] in zincblende structure. Both diagrams are based on theoretical calcula-
tions. The red broken-line curves in (a) illustrate effective masses in crystal lattices
being a parabolic fit at the ['-point to the maximum or minimum of the valence or
conduction band. The occupied states are called ”valence band”, the unoccupied
states "conduction band”, the empty space in between "band gap”. CdSe bulk crys-
tals occur at standard conditions mostly in wurzite structure. Thus, less data are
available in lower precision for its zincblende conformation.

The effective mass (as a parabolic fit to the band structure) can be introduced to
characterize the charge carrier electrons and holes in conduction and valence band
respectively :

m" = i (2.6)

92E
Ok?

where i is the reduced Planck constant and 2 8k2 the second derivative in the band

*

structure (fig. 2.5) of the lowest accessible band at the I'-point. This means that the
effective mass m* is indirectly proportional to the curvature of the band structure at
the I'-point as indicated in fig. 2.5. The fitted lines in fig. 2.5 a have an approximately
three times higher curvature for the conduction band than for the valence band. Hence,
the effective mass of electrons in CdTe (and CdSe) is about three times lower than the

one of holes.

The interface between CdTe and CdSe presents a type II alignment. An offset of
about 0.3 eV can be observed for the conduction band, 0.6 eV for the valence band [54].
Holes find their lowest energetic states in CdTe, electrons in CdSe. In this thesis, we
used the following values for CdTe and CdSe bulk material in zincblende conformation
(table 2.1).

11
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CdTe CdSe
band gap [68] 1.48 eV 1.7 eV
lattice constant [68] 0.6481 nm | 0.6052 nm
effective electron mass m} [68] | 0.14 -m. 0.13 -m,
effective hole mass mj, [68] 0.37 -me 0.44-m,
conduction band level [54] -3.86 eV -4.2 eV
valence band level [54] -5.33 eV -5.9 eV

Table 2.1: Relevant physical parameters of CdTe and CdSe bulk crystals are shown
in this table for the zincblende conformation at standard conditions. Energy levels
are given relative to the vacuum level. m. is the electron mass.

In conclusion, CdTe and CdSe are direct semiconductors which present a type II
alignment. Electron wave functions in these crystals can be approximated by Bloch
waves which have, in real space, the periodicities of the lattice or its multiples. This
can be expressed in the reciprocal space by wave vectors. Energetic states of these
electron wave functions in crystals are expressed in band diagrams as indicated above.
The lowest band gap is realized only for wave functions which expand over the whole

crystal.

2.2.3 CdTe and CdSe Nanocrystals

The semiconductor nanocrystals are described in this section. Their size quantization
effect is discussed and illustrated for CdTe and CdSe nanocrystals. Finally, some of

the limitations of the presented simplified introduction are mentioned.

Figure 2.6: The microscopic shape of nanocrystals is illustrated. An electron mi-
crograph shows (a) one CdSe nanocrystal of 6 nm diameter. [71] The precise 3-
dimensional shape of the studied nanocrystals is described by a truncated tetra-
hedron (b). [64] Nevertheless, the nanocrystals are typically called and treated as
spherical nanocrystals. Thus, we illustrate them as spheres for the remainder of this
thesis(c). The organic ligand shell of TGA-ligands is also displayed (c).

Semiconductor nanocrystals are single crystals on the scale of several nanometers
(fig. 2.6 a). The nanocrystals consist typically of several hundreds to thousands of

atoms and are generally 2 - 4 nm in size. The crystal lattice of the CdTe and CdSe

12



2.2 Semiconductor Nanocrystals

nanocrystals studied is zincblende. The nano-scopic shape is a truncated tetrahedron
(fig. 2.6 b). [64] It is however sufficient to describe them as spherical nanocrystals
(fig. 2.6 ¢). We illustrate the nanocrystals for the remainder of this thesis simplified
as spheres. Nanocrystals are passivated by an organic ligand shell to prevent their
aggregation to an amorphous structure. For this work, we used only nanocrystals with
water soluble thioglycolic acid (TGA) ligands.

The surfaces of the CdTe and CdSe nanocrystals are mainly covered by Cd atoms to
which the thiol-groups of the organic ligand anchor. The TGA ligands used lead to a
thin shell of organic ligands of only 0.1-0.2 nm thickness. [19] The acid group (-COOH)

of TGA provides water solubility and is used for self-assembly methods.
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Figure 2.7: The size quantization effect is motivated for CdTe nanocrystals from the
band structure (a) (extracted from references [68,69]) and illustrated schematically
(b). The X-Point in (a) corresponds to the electron wave function having an envelop
function with the lattice periodicity @. The I'-point corresponds to an infinite period
length and is thus only available for bulk crystals. In nanocrystals the maximum
period length is limited to about the physical size of the nanocrystal. Hence, only
certain states to the right of the corresponding nanocrystal sizes are accessible. The
effective mass approximation simplifies the calculation of the energy levels of the
nanocrystal, shown here as broken red lines. The quantization energy for electrons
is about three times higher than for the holes as illustrated in (b) for two different
nanocrystal diameters.

The size quantization effect can be understood on the basis of the band structure
shown in fig. 2.5 a. An electron wave function in a nanocrystal cannot have a period
length that is longer than the diameter of the nanocrystals. Since the I'-point corre-
sponds to bulk states and the X-point to wave functions of the lattice’s period @ the
maximum period length possible for the nanocrystal must be determined. The corre-

sponding energy levels can then be obtained from fig. 2.7 a. The difference between the

13



2 Fundamental Concepts in Nanosciences

lowest energy levels in the nanocrystals and the levels at the I'-point is the quantization
energy (fig. 2.7 b).

Most of the quantization energy is related to the conduction band states (fig. 2.7).
The curvature of the conduction band in the band-structure diagram (fig. 2.7 a) is
higher than that of the valence band. Hence, the effective mass of electrons is lower
than that of the holes. Thus, the quantum confinement leads to a higher energy shift

for electrons than for holes.

The effective mass approach to determine the energy levels in nanocrystals is more
effective in practice. The broken red lines in fig. 2.7 a illustrate the effective mass fits
where we observe a good agreement of simplifying quadratic fit and the shown band-
structure for a sufficiently wide range. Thus, the quantization formula 2.3 can be used
for nanocrystals with the effective masses m} or mj for electrons and holes respectively.
For the moment, only quantization in one dimension is discussed (fig. 2.7 a). However,
the quantization energy must be determined for all three dimensions. Since zincblende
is a cubic lattice, the quantization energy is the same for all three dimensions and leads

to a factor 3. Thus, the formula to calculate the energy gap of nanocrystals Enc(d) is:

K22 K22

Enc(d) = E,p(Bulk) + 3 - 3.
neld) = Egap(Bulk) + o T 2 d2

(2.7)

where Egq,(Bulk) is the band gap of the corresponding bulk material, & the reduced

Planck’s constant.

Solutions of nanocrystals are shown for CdTe nanocrystals under UV-illumination
in fig. 2.8 a and for CdSe under daylight in fig. 2.8 b. The size of the nanocrystals
increases from left to right. The energy gap of the CdTe nanocrystals is directly visible
under UV light (fig. 2.8 a) since the nanocrystals emit the PL-light depending on their
energy gap. The appearance of CdTe and CdSe nanocrystals under daylight is similar.
Photons with higher energy than the energy gap are increasingly absorbed. Only longer
wave lengths in the red regime pass the solutions so that the appearance of the solutions
starts form yellowish-orange for very small nanocrystals and reaches dark red for large

nanocrystals.

To be more precise, the absorption (fig. 2.8 ¢) and emission spectra of CdTe (fig. 2.8 d)
are provided, as well as absorption and emission spectra of CdSe nanocrystals (fig. 2.8 e).
Both absorption spectra are typical for the studied nanocrystals. The absorption starts
from the low energy side with a first absorption peak. This peak is related to the energy
gap of the corresponding nanocrystals (without exciton binding energy). [72] After this
first absorption peak, the absorption continues to increase from visible to UV light and

approaches the bulk material values in the UV range. Peaks for excitation of higher
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Figure 2.8: A variety of different nanocrystal sizes in colloidal solution is presented
for CdTe nanocrystals under UV-illumination (a) and under normal light for different
CdSe nanocrystals (b). The nanocrystal diameter increases from left to right. Some
example spectra of the absorption (c¢) and emission (d) for CdTe nanocrystals and
for CdSe nanocrystals (e) are illustrated.

order nanocrystal quantized levels (see reference [72]) are normally not resolved in the

absorption spectra of TGA stabilized water soluble CdTe and CdSe nanocrystals. [63]

The emission spectra of the corresponding CdTe nanocrystals can be seen in fig. 2.8 d.
The PL emission peak value is red-shifted with respect to the absorption peak especially
due to the exciton binding energy. All nanocrystal spectra are quite broad since all

presented spectra are taken on ensembles of nanocrystals of similar, but not identical,

shape and size.

The absorption and emission spectra of CdSe nanocrystals are presented in fig. 2.8 e.
The CdSe absorption spectrum is of similar shape (compared to CdTe spectra in
fig. 2.8 ¢). The CdSe PL-emission in contrast is different to CdTe. A PL-peak close to
the first absorption edge appears and is of the same type as shown in fig. 2.8 d. It is
also called an excitonic peak or core emission. Moreover, a broad peak is observed in
the near infrared (NIR) called trap emission. The PL-spectrum presented in fig. 2.8 e
is typical for TGA stabilized CdSe nanocrystals in water. [24] The broad NIR-peak
is related to trap states of CdSe nanocrystals capped with ligands containing thiol
groups. [37] The binding to sulfur is supposed to induce trap states in the energy gap
of the CdSe nanocrystals. However, it must be emphasized that no absorption can

be observed in the NIR which can be related to direct optical excitation of these trap

states.
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The nanocrystals are labeled with their first absorption peak position in this work.
The CdTe nanocrystals in fig. 2.8 c,d are labeled CdTe480 (green), CdTe 515 (yellow),
CdTe580 (red), the CdSe in fig. 2.8 e is CdSe529. The PL-data are not used in labeling,
as the PL may be affected by shifts caused by the environment or by quenching. [73]

The model presented above (equation 2.7) is quite simple as it describes a cubic
nanocrystal instead of a spheric nanocrystal or a nanocrystal shaped like a truncated
tetrahedron. There are further limitations which are addressed in the following. As
mentioned the maxima of absorption and emission peaks differ due to the Stokes shift
attributed to exciton binding (see also chapter 3.1.3). The CdTe480 (green) for instance
shows a large red shift of about 40 nm or 200 meV as Stokes shift (fig. 2.8 ¢,d). The
electrostatic interaction between photo-excited electrons and holes has to be taken into
consideration here. Electrons and holes in nanocrystals interact and form excitons the
more they are confined to a smaller space. [74-76]. The exciton binding energy of
the CdTe nanocrystals used in this work is mainly (100+£50) meV (fig. 3.3, except for
the smallest green luminescent nanocrystals) and is therefore significantly smaller than

reported in documentation referring to quantum dots. [74]

Moreover, when introducing quantum wells it is not realistic to assume an infinite
barrier height. Thus, the electron wave functions also spread out into the barriers.
Hence, the charge carriers are much less confined. This leads to a virtually increased
nanocrystal with respect to the penetration of their electron wave functions in the
barriers. It is shown later that this concept fits well to the experiments (section 3.1.2).

As a consequence tunneling transfer dynamics become more likely.

Spherical CdTe and CdSe nanocrystals have been introduced. They are typically of
2 - 4 nm in size so that quantum confinement occurs. This leads to an increase in the
energy gap in the nanocrystals. The size quantization effect can be approximated by
the effective mass approach. The lowest energetic state of the conduction band levels
shifts about three times more than the highest valence band state. Absorption and

PL-spectra show very well the size dependent characteristics for nanocrystals.

2.3 Physical Processes in Nanostructures

Physical processes that are relevant to the studies presented are introduced in the fol-
lowing section. Their principles are explained together with cases and formula related
to the experiments conducted for this thesis. Since optical analysis was used, photo-
excitation and radiative and non-radiative decay dynamics are presented first. Then
charge and energy transfer processes between nanocrystals are discussed. Formula re-
lated to diffusion are included at the end.
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2.3.1 Photo-Excitation

Photo-excitation means that photons are absorbed by matter leading to excitation of
electron-hole pairs. In the cases presented, visible and ultra-violet (UV) light was
absorbed by the nanocrystals. This leads to the excitation of electrons which reach
higher energy levels and leave behind so-called holes. Also the additional excitation
of other particles, quasi-particles or modes, such as vibrations or phonons is possible.
However, these states generally decay quickly after internal conversion. Therefore,
in this thesis we concentrate only on excitation of electrons and holes. The photo-
excitation is necessary to promote charge carriers to unoccupied energetic states where
their dynamics can be investigated. It is therefore the basis for all studies in this thesis.

A clear separation of occupied electronic levels and unoccupied electronic levels ex-
ists for the structures studied at T=300K when all electrons are completely relaxed
(this is the relaxed initial ground state). Upon photo-excitation an electron is shifted
to a higher energy level that lies in the unoccupied electronic states (fig. 2.9 a). Thus,
an empty space called a hole is left behind (A hole behaves similar to a positively
charged particle and can therefore be treated as a quasi particle in description). The
excited electrons and holes relax to their lowest excited state due to fast internal relax-
ation or thermalization involving other low energy excitations, for instance vibrations

(fig. 2.9 b).
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Figure 2.9: The photo-excitation process is illustrated. Electronic energy levels (black
lines) exist which are in the completely relaxed situation either fully occupied with
electrons (shaded gray) or unoccupied. In case of photo-absorption one electron
is excited to a higher energy level (a). Thus, it leaves behind a hole with virtual
positive charge as an empty place. Fast thermalization processes lead to relaxation
of the electron and the hole to their excited ground state (b). Coulomb attraction
of electron and hole leads to the formation of an exciton. As a result, their energy is
lowered even further (c).

Another effect is Coulomb attraction between the negatively charged electron and
the positively charged hole leading to the creation of an uncharged quasi-particle called

exciton. This again has a lower energetic level compared to the excited ground states
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of electron and hole (fig. 2.9 ¢). Charge separation mainly needs to break this exci-
ton binding energy before one charge carrier can be transferred out of the interaction
range with the other particle. We assume a typical exciton binding energy in the
range of (100+£50) meV for the water soluble CdTe nanocrystals used in this work
(see chapter 3.1.3). The exciton binding energy increases for smaller semiconductor
nanocrystals. [75,77]

Electrons and holes relax by recombination to the initial ground state. It is the
opposite process to the absorption. However, its probability is generally significantly
lower than the fast thermalization which involves phonons. Therefore, the relaxation
of electrons and holes by PL-emission can be investigated typically for sufficient time.
This is used for the optical studies in this thesis.

Only electro-magnetic radiation of low intensity was applied for the absorption ex-
periments. Thus, only transitions induced by the electric dipole fields are relevant.
These are called the optical allowed transitions. They obey the optical selection rules:
their angular momentum has to change (Al = £1) since the absorbed photon carries an
angular momentum. [78,79] The so-called forbidden optical transitions have a very mi-
nor transition probability since these higher order perturbations of the electro-magnetic
field generally disappear in accordance with Fermi’s golden rule when compared with
the dominant electrical dipole transition.

In conclusion the absorption of electro-magnetic dipole radiation creates electrons
and holes. Their dynamics can be investigated until they recombine to the ground

state. The dynamics of these excited charge carriers is the topic of my thesis.

2.3.2 Radiative and Non-Radiative Decay

All physical processes are in principle reversible since typically the time inversion can
be applied. Thus, if matter can absorb light it can also emit light again. Photo-excited
excitons therefore decay especially via light emission. However, light absorption is not
the only way to excite matter. There are hence additional decay channels for excitons
other than just light emission. This means there are radiative optically allowed decay
channels for excitons by emission of light. All others are called non-radiative decay
channels.

Time dependent decays are described by the following differential equation:

AN
—-=-IN() (2.8)

where N is the number of excited states available for decaying and I' is a positive

proportionality parameter. A general solution of equation 2.8 is:

N(t) = N(0)ezp(—Tt) (2.9)
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The spectroscopic experiments carried out for this thesis cannot directly measure the
number N of excited states but only the intensity I of the photons emitted. Since [ is

proportional to the derivative of N in time the intensity can be expressed as

I(t) = I(0) - exp(~T't) (2.10)

The proportionality parameter I' is called decay rate and defines the parameter
characteristic life time 7 as [' =: % where 7 designs the time after which only the

portion of 1/e is left.

Considering more decay channels, equation 2.8 becomes:

% — T -N(t)—To-N(t) — . = —(T1 + T2 + ...) - N(1) (2.11)

The solution to this equation is again equation 2.9 when we set I' = 'y +T's + ...
This means that all different decay processes can be joined together into one effective

process with one effective rate or characteristic life time. Here, we obtain:

1 1 1
-l (2.12)
Ttotal T1 T2

The joint effects of radiative and non-radiative processes can be measured as one effec-

tive decay time Tyotqr: ) ) .
= + (2.13)

Ttotal Tradiate Tnonradiative

Moreover it is possible to quantify the effect of hybrid assemblies when it induces an
additional quenching compared to pure reference samples. Therefore a reference sample
is required in order to investigate the usual decay characteristics of the material used.
Furthermore, a hybrid sample must be measured to record the combined effect of normal
decay characteristics required for the investigated material and additional quenching

induced by hybrid assembly. This total quenching time 74 can be expressed as:

1 1 1
= + (2 . 14)
THybrid TReference TQuenching

From equation 2.14 one can easily extract the quenching characteristics TQuenching
induced by the hybrid sample. Both the reference and the hybrid sample should be
measured under comparable conditions, that is the same environment or solvent, same
processing method, same samples’ age and history, comparable sample treatment, etc.

This was ensured for the samples presented within this thesis.

In conclusion, a change of a radiative decay rate can reveal the decay rate of another

non-radiative decay.
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2.3.3 Charge Transfer between Nanocrystals

Charge transfer processes leading to separation of photo-excited excitons are the most
important non-radiative decay channels discussed in this thesis. Chapter 4 is based
on investigation of non-radiative decays to reveal charge separation by charge trans-
fer dynamics with PL-spectroscopy. Charge transfer between the investigated isolated
nano-scale quantum systems is a purely quantum mechanical phenomenon where the
quantum mechanical barriers on nanometer scale are established by the isolating or-
ganic materials between localized electron states in the nanocrystals.

Charge transfer over a finite quantum mechanical tunneling barrier occurs since the
electron wave function is not completely confined to one semiconductor nanoparticle.
There is an overlap to the close environment. In accordance with the so-called quantum
mechanical tunneling effects, charge carriers can inter-penetrate barrier-materials on
the nanometer scale.

Resonant tunneling transfer of charge carriers occurs between states of the same
energy level. After transfer a quick subsequent relaxation to the ground state of the

neighbor particle may occur. The tunneling rate is given as [80]:

2m*AV
F=Typ-exp|— me (2.15)

where b is the barrier width, AV the effective barrier height, m* the effective mass (see
chapter 2.2.2) and & the reduced Planck constant.

Non-resonant tunneling, also called hopping, occurs for transfer between different en-
ergetic states. This is especially the case in materials which are classified as disordered
systems (these are for instance systems without constant periodicities or structures
like those created from an ensemble of non-identical nanocrystals as it is the case for
this thesis). The thermal energy and coupling energy is typically lower for hopping
transfer than the spread of the energy levels involved in the charge transfer. [80] Thus
an additional rate expecially for the thermal broadening (related to kpT') and for the
energetic offset AE between the energy has to be multiplied [80]:

2m*AV
I'=Tg-exp|— me ~e:np[—

(AE + \)?

2.1
4\kpT (2.16)

where kp is the Boltzmann constant and A the so-called recognition energy. [80,81] Since
A << AF is assumed for the nanocrystal assemblies studied, the thermal broadening
has the shape of a Gaussian with a characteristic width of about 50 meV at T=300K.
[80,82] These considerations are especially important for hopping diffusion where the

transport occurs on similar energy levels. According to Abrahams and Miller [83] the
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hopping transfer to lower energy states (down-hopping) does not need to include the
thermal broadening. Thus, equation 2.15 must be used. For the remainder an equation

similar to equation 2.16 must be used.

Non-resonant tunneling involves that energy is absorbed and emitted at the trans-
fer. The typical energy difference AFE for electron transfer between CdTe and CdSe
nanocrystals studied in this thesis is about 0.2 e€V. This energy must be absorbed by
other particles in the nanocrystal system such as the phonons and the holes. Phonons
especially are important for hopping transfer since they provide the states for ther-
mal energy broadening and may absorb or provide the necessary energy differences.
However, it may be argued that the energetic level spacing in quasi zero-dimensional
quantum systems can be higher than phonon energies, making single-phonon assisted
processes impossible [84, 85]. However, it was shown that sub-nanosecond multi-
phonon processes may break this so-called phonon bottleneck expected for semicon-
ductor nanocrystals [86,87]. This effect apparently did not play an important in the
present thesis which was executed at about T=300K and therefore no further investi-

gations were carried out.

To conclude, the most important dependence for the charge transfer is the exponen-
tial decay of the transfer probability with the barrier width 6. It will be shown later
(chapter 5.3) that an increase of the organic barrier can significantly quench the charge

transfer dynamics.

2.3.4 Energy Transfer

Energy transfer between isolated systems on the nanometer scale has been investigated
for many years. The relevant transfer mechanisms have been described by Forster [45]
and Dexter [46]. The energy of an exciton is transferred from the so-called ”donor”
with the higher energy gap to the so-called "acceptor” with the smaller energy gap.
Hence, the PL-emission of the donor is quenched and the PL-emission of the acceptor

is enhanced.

Forster described non-radiative, optically allowed transition of excitons via dipole-
dipole coupling. An exciton in the donor exhibits an electric dipole field that induces
another dipole in the acceptor. Via this electro-magnetic interaction an exciton is com-
pletely transfered. A subsequent quick thermalization hinders the back transfer to the
donor (in the case of hetero energy transfer). Thermalization via vibronic relaxation,
for instance, may happen in nanocrystals on pico-second time scale or below. [88] The
FRET-rate is according to reference [17]:

27 pp 4K

U'rreET = HTRG@ (2.17)
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Figure 2.10: (a) Energy transfer is illustrated between two semiconductor nanoparti-
cles with a center to center distance R. An exciton is transferred from the “donor” to
the "acceptor”. For comparison to electronic transfer the shorter barrier width b for
electronic charge transfer is also mentioned. In the nanocrystal assemblies studied
typically R ~ 4 nm and b ~ 1 nm applies. (b) Only hetero energy transfer where the
exciton energy is lower on the acceptor than on the donor is illustrated and discussed.
(The exciton energy comprises energy gap and exciton binding energy.)

where h is the reduced Planck constant, up and pa4 the donor’s and acceptor’s

2 an orientational average of all dipoles, n the mediums refractive

transition dipoles, k
index, R the transfer distance between center of the donor’s particle and center of the
acceptor. © is the spectral overlap integral (of the PL-emission of the donor and the
absorption of donor. Further details can be found in other references such as [47,89]).

Equation 2.17 depends critically on the transfer distance R as 1/R® (see fig. 2.10 a),
on the refractive index as 1/n* and on the spectral overlap of the donor’s emission
and the acceptor’s absorption. Forster resonant energy transfer is efficient for R in the
range up to 6 nm [49,90]. This corresponds to the length scales of the nanoparticle
assemblies investigated in this thesis (R ~ 4 nm).

Forster described a non-radiative energy transfer. However, although the transfer
process involves no photons it still obeys the optical selection rules [58,91]. In his
publication [46] Dexter extended the theoretic discussion to include various optically
forbidden transitions for energy transfer. He discussed not only electro-magnetic inter-
action of donor and acceptor more in detail but also added electric multipole coupling
and magnetic coupling (which are basically just the Taylor expansion of the electro-
magnetic interaction) to Forster’s theory of excitonic energy transfer. However, Dexter
is known in particular for his description of electronic energy transfer [92] based on the
quantum mechanical exchange interaction. Dexter found an exponentially decaying
dependence on the transfer distance due to the exchange integral. [46,92,93]

Energy transfer is a relevant transfer mechanism in closely packed nanocrystal sys-
tems with transfer rates of up to 1/50 ps. [20] It will be shown later that energy transfer

is also relevant in the type II structures studied. While charge separation by electron
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2.3 Physical Processes in Nanostructures

transfer is supposed to cause only PL-quenching, energy transfer leads to enhancement
of the energy transfer acceptor (ET-acceptor). To ensure that no energy transfer is
present during studies of charge separation dynamics, only the ET-acceptor may be
excited making enhancement by energy transfer from the energy transfer donor (ET-
donor) impossible.

To summarize, energy transfer is relevant between closely packed nanocrystals with
transfer rates of up to 1/50 ps. It leads to PL-quenching of the ET-donor and to
enhancement of the ET-acceptor. FRET depends on the center to center distance R
as 1/R®. The shorter tunneling barrier width b is not relevant for FRET.

2.3.5 Diffusion

In photovoltaic applications photo-generated excitons and charge carriers have to dif-
fuse to reach the functional interfaces (like charge separating interfaces or contact elec-
trodes). Thus, understanding diffusion processes may help to adapt thick nanocrystal
systems for future applications in solar energy conversion. Diffusion processes are
random walk processes of particles or charges in materials or media. Although the

discussion is limited here to one dimension, diffusion can also be investigated in more

dimensions.
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Figure 2.11: Diffusion is illustrated as evolution in time of density distribution n(x,t)
which is confined for ¢t = 0 at * = 0 (a). The density distribution spreads out
symmetrically in time (b,c). The standard deviation o(t) is illustrated in (b) and (c).

Fig. 2.11 shows an example of one dimensional diffusion. A particle density distri-
bution n(z,t) is concentrated at ¢t = 0 at one point (at = 0, fig. 2.11 a). Fig. 2.11 b,c
illustrate the broadening of the particle density distribution n(z,t) in time. The stan-
dard deviation o(t) of the density distribution n(z,t) characterizes an average diffusion
length.
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2 Fundamental Concepts in Nanosciences

Diffusion is described by Fick’s laws [94,95]. Fick’s first law in one dimension (z) is:

on
=-D. 2" 2.1
J o (2.18)

where J(x,t) is the particle flux density in x direction, D the diffusion coefficient,
n(z,t) the particle density distribution. Using the continuity equation dn/ot = 0.J/0x
Fick’s second law can be obtained:

on 0’n

— =D -— 2.19

ot Ox? (2.19)

The normal distribution (also called Gaussian distribution) with the standard devi-

ation o(t) := V2Dt is a solution of equation 2.19 as indicated in fig. 2.11:

n(:n,t)zm-ewp l—é(\/%)j :U(t>.1m'e$p [_;<09&>>2

(2.20)

Equation 2.20 describes the evolution of the probability distribution function n(z,t)
for t > 0 for random walk of a particle starting at ¢ = 0 at position = 0. It is
reasonable to use o(t) to quantify the mean diffusion length in time since the average
displacement by random walk is naturally zero (the center of the distribution n(x,t)
remains unchanged, see also fig. 2.11). Today, the variable MSD ("mean squared

displacement”) is often used in literature [96,97]:
MSDip :=o(t)? = 2Dt (2.21)

The MSD shows a linear dependence in time. It is the square of the standard
deviation ¢. Thus, we find that any characteristic diffusion length has to be scaled
to time ¢ sublinearly as v/t. Diffusing particles with a limited life time 7 are often
investigated. Thus, a characteristic diffusion length Ag; s is defined as follows according
to references [98,99]:

laigf = VDT (2.22)

The studies in this thesis have been performed on layered systems. Hence, diffusion
is quantized by the hopping of the diffusing particles from one layer to the next with
an interlayer distance ljqye,. In analogy to reference [39] a hopping time tpopping can
be introduced, based on equation 2.21. This provides a characteristic hopping time for

one dimensional diffusion:

(llayer)z

thopping = 2. D (223)

Diffusion of charges is related to the mobility u of charge carriers. When the diffusion

constant D is known, the mobility p can be easily calculated according to the Einstein-
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2.3 Physical Processes in Nanostructures

Smoluchowski-relation [100-102]:

kpT-
q

D=y (2.24)

where k is the Boltzmann’s constant, T the absolute temperature and ¢ the charge of

the diffusing particle. This may be simplified to:
D=~ p-0.025V (2.25)

for the diffusion of electrons and holes at room temperature T~ 300K.
In conclusion, diffusion is a random walk process describing statistically occurring
transfer processes such as hopping. Parameters have been provided that are used to

quantify diffusion.
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3 Experimental Details and Methods

Hybrid assemblies of colloidal CdTe and CdSe nanocrystals have been investigated
experimentally in this thesis. Hence, experimental details and characteristics of the
CdTe and CdSe nanocrystals are introduced before presenting the experimental methods
of mano-assembly and the measurement techniques. Layered assemblies on solid and
dry substrates have been prepared as well as colloidal self-organization in suspension.
UV-vis extinction spectroscopy, steady state and time resolved PL-measurements and

SPV-spectra and SPV-transients have been applied for the experiments in this thesis.

3.1 Experimental Details on Semiconductor Nanocrystals

3.1.1 Water Based Synthesis of CdTe and CdSe Nanocrystals

Nanocrystals can be obtained by different methods. Colloidal chemical synthesis in
organic or polar solvents was used for this thesis and refers mainly to nanocrystals.
Nanostructures grown by physical vapor deposition (PVD) techniques such as molecu-
lar beam epitaxy (MBE) or by chemical vapor deposition (CVD) in vacuum deposition
machines are usually named quantum dots or quantum structures to differentiate be-
tween the two. [103,104]

We concentrate here on the synthesis routine that was proposed by Gaponik et al. [63]
The water-based synthesis is illustrated in fig. 3.1. This was carried out under nitrogen
to avoid the presence of COg or Oy. The precursor solution consists of Cd(ClO4) and
thiol containing ligands (R-SH) in water. Its pH-value is adjusted to 11.2 - 11.8 by
adding a solution of NaOH. The chalcogenid is added as gaseous HyTe or HaSe and is
produced separately by dropping HySO4 on AloTes or AloSes. No was used as carrier
gas.

Heating the precursor solution leads to the nucleation of the nanocrystals. The
ligands slow down the crystal growth so that the nanocrystals can grow as mono-
crystalline structures. The sulfur of the thiol groups coordinates with Cd and passivates
the nanocrystal surface at least temporarily. The growth of the crystals occurs by the
Ostwald ripening process where the larger nanocrystals grow while the smaller ones
disappear. It is driven by minimizing the surface energy. [106] Hence, the reaction

time determines the size of the nanocrystals. The nanocrystal solutions obtained from
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3.1 Experimental Details on Semiconductor Nanocrystals

Cd(CIO,),, R-SH

? heating

Figure 3.1: The nanocrystals are produced in a water-based chemical synthesis. The
symbol ”X” stands for Se or Te; R is an organic end group of the ligand. HyX
is produced from aluminum selenide or telluride and bubbled through a precursor
solution containing Cd(ClO4) and ligands. The nanocrystals are formed when the
solution is heated. The illustration was adapted from reference [105].

the synthesis can be further refined in size distribution by a size selection routine.
By adding alcohol to the solution and by subsequent centrifugation, nanocrystals of
different sizes can be precipitated step-by-step. The solubility of the nanocrystals
depends on the ratio of ligands on the surface to the volume of nanocrystals. Hence,
different sizes can be selectively separated. Moreover, the size selected re-dissolved
nanocrystal solutions are purged from any excess reactants. For this reason parasitic
effects from other materials have been excluded from my studies. [63]

Altogether the synthesis routine for TGA-capped CdTe and CdSe nanocrystals was
presented. Nanocrystals grow in a heated aqueous solution. The sizes can be adjusted
depending on the processing time. A precipitation from solutions can be used to

fractionate the solutions in order to obtain a narrow size distribution. [63]

3.1.2 Size Characterization of CdTe and CdSe Nanocrystals

Nanocrystals are characterized by their energy gap determining their physical prop-
erties. The energy gap is related to the size of the nanocrystals. The reference fit
currently used [107] is a polynomial fit and is approved for CdTe nanocrystals from 3.5
to 8.0 nm. As I used smaller nanocrystals of about 3 nm in size I would now like to
introduce a new model that is based on formula equation (2.4) and evaluated on the

basis of data already documented.
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3 Experimental Details and Methods

The energy gap of nanocrystals Eyq,(NC') consists of the bulk material’s band gap
Egqp(Bulk) and the quantization energy Eqyqnt of the nanocrystal. According to equa-
tion (2.4) the following relationship exists between Egyqn: and an effective nanocrystal

diameter d. sy, where we now introduce the fitting parameter Ad:

1 1
E want X =: (31)
a @2, (dye + Ad)?

According to the quantum mechanical tunneling effect (fig. 2.2 a) the effective diameter
desy is larger for an electron wave function in a quantum well with finite barriers
than it is for the geometric diameter dycs of the well. Therefore, we introduced
the parameter Ad which is used in the following as a fitting parameter. A physical
interpretation is that Ad characterizes an effective the penetration depth of the electron
wave function into the barriers. Moreover, the proportionality constant A is needed for
the fit. We obtain the following fit (with the two parameters A and Ad):

A
ives =\ T Bt &

where dycs stands for the mean geometric diameter of the nanocrystals (in nm),
E4ap(NC') denominates the nanocrystal’s energy gap (in eV) determined from the wave
length of the first absorption peak, Eqq,(Bulk) is a documented value of the band gap
energy for the same bulk material (in eV, see tab. 2.1) and A and Ad are the only
fitting parameters (their units are nm-eV and nm respectively). All parameters are
displayed in table 3.1, the fit is presented in fig. 3.2. In parallel to my work on an im-
proved fitting model, other publications also appeared using new fitting models based
on the physical relation between the quantization energy Fgyuqnt and the nanocrystal

diameter dyc¢. [108,109] A four parameter fit was used.

Fig. 3.2 presents documented data on energy gap and nanocrystal diameter which
have been obtained from the first absorption peaks and transmission electron mi-
croscopy photographs. [25,107] CdTe (fig. 3.2 a) and CdSe nanocrystals (fig. 3.2 b)
are illustrated. The fitting curves proposed by Yu et al. [107] by a polynomial four
or five parameter fit is illustrated in gray. The best fit in accordance with the two
parameter fitting of equation (3.2) is shown in dark green. The parameters shown in

table 3.1 have been used for the fitting curves.

The significant difference of the fit presented (equation 3.2) and the one of Yu et
al. can only be observed for the CdTe nanocrystals below 3.5 nm in size. For the
rest a good agreement can be observed. Thus, the parameters obtained in table 3.1

can be discussed for their physical relevance. The proportionality parameter A can be
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Figure 3.2: The "sizing curves” for CdTe (a) and CdSe (b) nanocrystals are displayed.
They correlate the measured energy gap and nanocrystal size. The data points have
been extracted from Yu et al. (reference [107], black squares) and Andrey et al.
(reference [25], red circles). The fits are displayed for Yu et al. (reference [107],
gray) and according to equation 3.2 with the parameters shown in table 3.1 (dark
green). Broken lines are extrapolations of the fits.

Ad A Egap(Bulk)
CdTe nanocrystals | 2.825 nm | 23,85 nm-eV 1.477 eV
CdSe nanocrystals | 1.795 nm | 14.27 nm-eV 1.7 eV

Table 3.1: Fitting parameters obtained for nanocrystal sizing curves from data of
references [25,107]. The values of Ad in larger than 1 nm demonstrates the non
negligible overlap of wave functions with the environment. It is attributed to the
finite barrier height of the organic ligands and the solvent.

h2n2 + h2r

ez ng) in equation (2.7) and A is of the same order

compared to the factor 3 - (
of magnitude as the theoretic value.

The variable Ad may be more important. This parameter value is the difference
between the geometric diameter of the II-VI semiconductor material of the nanocrystals
and the real expansion of the electron and hole wave functions. Therefore, Ad indicates
how strongly the evanescent wave functions penetrate the barrier of organic ligands and
other surrounding media. This is important for tunneling transfer dynamics which is
the main topic of this thesis. The fit provides a virtual broadening of the nanocrystals’
diameter by 2-3 nm. Hence, there is probably still a significant evanescent electron
wave function after 1 nm barrier width that may feature hopping transfer dynamics.

In conclusion a new fitting model with only two parameters was successfully intro-
duced. The interpretation of this physical model indicates that the electronic wave
functions are not just confined to the geometric nanocrystal diameter but a significant

penetration beyond 1 nm around the nanocrystals may be likely. This highlights the
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3 Experimental Details and Methods

possibility of electronic interactions which are relevant especially for charge transfer

and charge separation dynamics.

3.1.3 Stokes Shift for the CdTe Nanocrystals Used

Fig. 3.3 presents the absorption and emission data of various nanocrystal solutions in
water. Only nanocrystal batches or high quality are plotted. The nanocrystal diameter
is calculated according to the formula and parameters in chapter 3.1.2. We observe
a Stokes shift of 50-200 meV as difference between absorption and emission of the
investigated nanocrystals. A general trend of decreasing Stokes shift with increasing

nanocrystal size can be seen.
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Figure 3.3: This shows data on the Stokes shift experimentally obtained in CdTe
nanocrystals. The positions of the first absorption peak (dark green) and PL-emission
peak (red) are correlated to the diameter of the CdTe nanocrystals. The Stokes shift
(dots) was calculated from its difference (typically 50-150 meV for nanocrystals in
this thesis). The nanocrystal diameter is calculated according to the formula and
parameters given in chapter 3.1.2.

The Stokes shift is attributed to the exciton binding energy (by coulomb interaction;
see fig. 2.9 ¢). This is smaller than the values expected from existing documentation.
Typical exciton binding energy values are for CdSe nanoparticles of 4 nm diameter
about 100 meV [76] and about 300 meV for 3 nm diameter. [74].

3.2 Assembly Methods

Most of the samples investigated have been established by the ordered layer-by-layer
assembly. A nano self-assembly effect via opposite electrically charged groups was ap-
plied for this layered technique. This principle was also used for clustered assembly in

solution.
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3.2 Assembly Methods

3.2.1 Layer-by-Layer Assembly

The applied layer-by-layer (LBL) technique is based on electrostatic adsorption of
nanocrystals (negative surface charge) and poly-electrolyte (positively charged) on sub-

strates. Monolayers of nanocrystals are obtained in this way. [18,19,110]

=)

f -
) layered
Cleaning PDDA CdTe PDDA CdSe PDDA CdTe-CdSe
sample

Figure 3.4: The assembly routine of LBL preparation is illustrated. Monolayers of
each of the materials are grown by dipping a clean, charged substrate successively
into the poly-electrolyte of positively charged PDDA and solutions of negatively
charged CdTe or CdSe nanocrystals (negative charge due to TGA ligands). The
LBL layers are deposited equally on all sides of the substrate.

The procedure of LBL deposition is illustrated qualitatively in fig. 3.4. The initial
substrate cleaning leads to a negative surface charge. The positively charged PDDA
polymer is adsorbed to the surface when this substrate is dipped in the poly-electrolyte
with poly-diallyl-dimethyl-ammonium-chlorid (PDDA). As a result, the surface of the
substrate becomes positively charged. Negatively charged nanoparticles are electrostat-
icly adsorbed into the surface in the subsequent dipping step with nanocrystal solution.
The TGA-ligand shell of the nanocrystals contains a carboxylic group (-COOH) that
becomes negatively charged in water (-COO~ + H3O%). Therefore, the nanocrystals
become electrostaticly bound to the positively charged surface.

There are two different approaches for the cleaning: plasma-cleaning and chemical
cleaning. Both lead to a negative charging of the surface. To apply plasma-cleaning
the substrates have been successively pre-cleaned in an ultrasonic bath containing iso-
propanol, acetone, Helmanex solution (5 %) and deionized water, each time for 20 min-
utes. Then the samples were stored under water before being used. Shortly before LBL
preparation, the substrates were dried in Ny air flow and exposed for 5 min to a plasma
cleaner (Harrick PDC-32-G2, 18W). Immediately after the plasma-cleaning the LBL
deposition was started with PDDA solution.

The chemical cleaning routine does not need the pre-cleaning in ultra sonic bath. The
samples were simply cleaned in a heated 1:1:3 solution of NHj3 (25 %) : H202(30 %) :
Ho0O at 70 °C for 1 h and cooled down for 20 - 30 min. After this treatment the
surface is charged negatively (The applied mixture is softly etching SiO9 according to
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reference [111]). After rinsing the samples can be stored for about one week in water
before they lose significantly their surface charge.

We used cationic and anionic polymers for self assembly of nanocrystals into mono-
layers. The TGA-ligands of the nanocrystals are negatively charged. Hence, the pos-
itively charged ammonium groups in the polymer PDDA monomers (fig. 3.5) attach
electrostatically to the carboxyl groups of TGA ligands.

b)

s0; |,
PDDA PSS

Figure 3.5: This shows the chemical structure of the monomer of PDDA (a) and PSS

(b).

Poly-styrene-sulfonate (PSS) was also used in one of the experiments presented as
anionic poly-electrolyte (fig 3.5 b). Both PDDA and PSS were used in a concentration
of 1 mg/mL in 0.5 M NaCl solutions. Such polymers lead to a layer thickness of
about 0.5 nm in layered nano-self-assembly for each polymer layer since they may
interpenetrate with surrounding organic materials [19,47]. The LBL preparation with
only PDDA and nanocrystals leads to the formation of nanocrystal monolayers with an
interlayer distance of about 1 nm. [19] To increase the interlayer spacing we introduced
a multiple polymer layer of PDDA and PSS (1 mg/mL in a 0.5 M NaCl solution) and
again PDDA for specific samples. This is supposed to increase the interlayer distance
to about 2 nm.

The optimized procedure for the LBL deposition was taken from Franzl et al. [47]
The LBL assembled samples were coated by alternating deposition of the positively
charged PDDA (1 mg/mL in a 0.5 M NaCl solution) and negatively charged CdTe or
CdSe nanocrystals from their purified stock solution (typically 10 - 100 uM for CdTe
nanocrystals and 100 - 1000 uM for CdSe nanocrystals).

Typically 1 ml of nanocrystal solution and 2 ml of poly-electrolyte solution were used
for the standard deposition on microscopy glasses measuring approx. 1 x 12.5 x 75 mm?3.
Since we used rectangular cuvettes with a base plate of 10 x 10 mm? the samples could
be placed diagonally into the cuvettes so that the substrates were standing in the
solution without touching surfaces. Thus, a sample area of more than 1 mm? was
coated homogeneously on both sides of the substrate.

Any excess material above one monolayer can easily be removed in washing steps

after one dipping cycle since it is not electrostatically bound (not depicted in fig. 3.4). In
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this way defined monolayers of nanocrystals and polymers are obtained. The surface
charge of the nanocrystal coated surface is again negative in water. Thus, the next
coating step with positive PDDA can be carried out to prepare the substrate for the
next nanocrystal layer. Each polymer or nanocrystal layer took 15 min. All samples
were finished off with a layer of PDDA also to passivate the ligands on the surface in
the same way as they are passivated in the underlying layers. Effects due to different

environmental conditions [73] are thus suppressed.
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Figure 3.6: The growth and layer thickness of the nanocrystal monolayers was in-
vestigated. Transmission spectra for LBL films containing 1 - 5 layers of CdSe520
nanocrystals are displayed (a). The optical density of each single layer can be ob-
tained from this (b). Obviously the first layer contains only 40 % of the amount of
nanocrystals compared to the other layers. The film thickness was measured with
a profilometer for four CdTe629 layers on glass (¢) and on sputtered TiOy (d), as
well as for six layers of CdTe629 on glass (e) and TiOz (f). The observed valley of
about 15 um was cut with a blade to obtain the height contrast between substrate
and film.

We performed thickness measurements of LBL films with nanocrystals (fig. 3.6).
Transmission spectroscopy was performed during the steps of PDDA deposition. Thus,
the homogeneous increase of the optical density (OD) with each layer was monitored
(fig. 3.6 a). From this we were able to deduce the OD of each single layer (fig. 3.6 b).
Since the OD is proportional to the particle concentration (equation 3.4), we find
that all layers are deposited with an identical amount of nanocrystals except the first
nanocrystal layer which generally has a lower concentration of the order of 30 to 50 %.
This is consistent with reference [19].

To measure the mechanical thickness, a Veeco Dektak 6M profilometer was applied
(fig. 3.6 c-f). We used CdTe629 on two different substrates: standard microscopy
glass and a compact layer of 20 nm TiOs. A small scratch was made in the soft LBL

layers with a blade (a check was made to ensure that such scratches do not damage the
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substrates). In the graphs presented we observe a clear valley of 15 um width where the
nanocrystal-polymer layers have been removed. These spaces are surrounded by spikes
which are attributed to the dislocated material (due to scratching). The thickness
of the four layers of CdTe629 was determined to be 20 nm on both glass and TiO9
(fig. 3.6 ¢,d), the six layers of CdTe629 present a thickness of 30 nm (fig. 3.6 e,f). This
corresponds to an average thickness of 5 nm per PDDA-CdTe629 double layer. When
we know the diameter of the nanocrystals is 4 nm we can extract the thickness of 1 nm
for the organic layers composed of PDDA and the nanocrystals ligand shell.

In conclusion the LBL assembly leads to mono-layers of nanocrystals with a standard
interlayer spacing of 1 nm. This layered nano-self-assembly is based on electrostatic
adsorption. The nanocrystals used provide TGA-ligands which are negatively charged
in water; in contrast the polymer PDDA presents positively charged groups in water.
Experimental results indicate a well controlled mono-layered growth on each side of

the substrates.

3.2.2 Colloidal Clustering

The colloidal clustering of nanocrystals is another method that is used to achieve closely
packed nanocrystal structures. [21,22] Adding the Ca?*-ions to TGA-capped nanocrys-
tals leads to a disordered assembly of nanocrystals. Clustering offers in particular a
quick tool to study effects of closely packing and an alternative hybrid assembly com-
pared to layered assembly. It is however limited to short experiments as precipitation

may occur after some hours.

)
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Figure 3.7: To prepare clustered samples of semiconductor nanocrystals we mix di-
luted nanocrystal solutions with CaCls solution. Clusters of nanocrystals are formed
within 30 min. The Ca?" ions induce the clustering. [21]

We prepared a diluted solution of TGA capped nanocrystals (about 0.4 uM for each
type of nanocrystals) so that the optical densities investigated did typically not exceed
0.1. The clustering is induced by adding Ca?* ions (fig. 3.7). We use CaCly in a
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concentration of 100 yM. After mixing the solutions we waited 30 min before taking
the measurements.

An electrostatic binding of the divalent cation with two negatively charged carboxylic
groups leads to the formation of these clusters. Thus, an inter-particle distance of about
1 nm can be expected. The size of the clusters is estimated by dynamic light scattering

measurements (Zetasizer Nano ZS90, Malvern) to be on the order of 100 nm.

3.3 Spectroscopy

The present work is based on optical spectroscopy. Extinction spectroscopy was used to
monitor the composition of the samples. PL-signals of the samples have been monitored
to study charge separation effects inducing PL-quenching. Steady state spectra and time
resolved PL-graphs have been evaluated. SPV-measurements (spectroscopy and time

resolved) were applied to provide direct evidence of charge separation.

3.3.1 Extinction Spectroscopy

Steady state extinction spectroscopy (fig. 3.8) was applied to obtain absorption spectra.
We used a Varian Cary 50 UV-vis or a Varian Cary 5000 UV-vis-NIR spectrophotome-

ter.
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Figure 3.8: This shows the principal setup for extinction spectroscopy.

Optical Density Measurements

Monochromated light of the intensity Io(\) is passed through a sample (fig. 3.8). The
intensity I(\) transmitted through an ideal specimen is in accordance with the Beer-
Lambert law [112]:

IN) = Ip(A) - e=oM)md (3.3)

where o()) is the wavelength dependent extinction cross section, n the particle density
and d the sample thickness. Taking the logarithm of equation 3.3 we obtain the wave
length dependent optical density OD(\):

)
Io(N)

OD(X) = logig =¢eN)-c-d (3.4)
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where €(\) is the extinction coefficient €(\) = o(A)N4/In10, ¢ the particle concentration
¢ =n/N4y and Ny the Avogadro number.

Using the equation 3.4 we were easily able to compare the particle concentration c
in the samples to allow precise quantitative analysis (the nanocrystal concentrations
have been compared at the position of the first excitonic peak). The optical thickness
of the samples in absorption was typically below 0.1 corresponding to above 80 % of

light transmission.

Scattering Correction for OD-Data

We performed extinction spectroscopy of solved or dispersed samples in cuvettes or
dry layered sample on glass substrates. Extinction in these real samples consists of the
following contributions: Absorption by the investigated material (ODgs), absorption
by matrix material (substrate, impurities and solvent) (ODypatriz), scattering at the
geometric shapes and configurations in the sample (ODgqq.) and (directed) reflection
on interfaces of changing refractive interfaces (OD,¢y1.).

Therefore, the globally measured OD of the sample becomes:

I(\
OD(A) = ODabs()\) + ODmatrix()\) + ODscat‘()\) + ODrefl.()\) = lOQwI ()\)
0

(3.5)

The absorption of the matrix material or the substrate (ODqtriz) can be measured.
The contribution of reflection (OD,¢f;.) is generally a constant offset for the applied
samples (except the layer thickness of material deposited on substrates becomes sig-
nificant (e.g. >100 nm) so that film thickness interference pattern may occur). Thus,
the intensity Ij of a glass substrate or cuvette with solvent was measured as reference.

Equation 3.5 can be simplified to:

I(\)
I5(A)

OD*(X) = ODgps(A) + ODgear.(A) = logro (3.6)

The scattering term is supposed to dissappear in theory at small nanocrystal sizes
used [47]. However, as a few samples had impurities or scratches, it seemed useful to
fit the scattering. In analogy to the Mie scattering from atmospheric spectroscopy, the

following simple empirical relation may be used:
Uscat.(A) o A\~ XAngstrom (37)

where o Angstrom is called Angstrom coefficient of disturbance with 0 < aangstrom < 4.
[113] We also extended the OD*-measurements to the NIR-vis range where no absorp-
tion of the sample was present. This part was fitted according equation 3.7 for possible

scattering. Moreover, an offset from a slightly different reflection was subtracted. In
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this way, we obtained the background corrected absorption spectra ODps. An extreme
example for this fit is displayed in fig. 3.9 for demonstration with low nanocrystal load

(below one monolayer) and extremely high scattering background.
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Figure 3.9: Scattering correction according to equation 3.7 is presented for the ex-
treme example of inkjet-printed CdTe580 nanocrystals on glass corresponding to not
even one monolayer of nanocrystals (blue). The best fit of the part with no absorp-
tion (from 650 nm to the infra-red) is displayed according to equation 3.7 (black).
The extrapolation of this fit is subtracted from the measured data to obtain the
scatter-corrected data (red). The inset shows the corrected data. After making this
correction, it is now possible to extract the nanoparticle concentration. All OD data
evaluated during this thesis showed nearly no scattering. The example presented was
just chosen to clearly illustrate the correction method.

3.3.2 Photoluminescence Spectroscopy

PL-spectroscopy was one of the principle methods of investigation used in this thesis
(fig. 3.10). Samples have been excited with a fixed wavelength. In general the excitation
wavelength was about 400 nm so that all the nanocrystals were excited simultaneously.
However, some experiments were also carried out, where only one component of a
hybrid assembly was selectively excited.

The PL-emission was detected either as spectra or for a fixed wave length. The
PL-signal was collected at an angle of 90° with respect to the excitation beam.

Samples in solution have been measured in cuvettes. To avoid reflection of the exci-
tation light into the emission light path, the cuvettes have been oriented parallel with
their surface normal to the excitation beam (fig. 3.10). Solid samples on planar glass
substrates have been positioned at an angle of 54.7° to avoid polarization dependent
detection of the PL-light by the monochromator. The direct reflection of the excitation
light was directed away from the detection path. The OD of the samples was low to
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Figure 3.10: This shows the principal setups for steady state PL-spectroscopy (a) and
time correlated single photon counting using a laser as excitation source (b).

avoid misleading interpretation due to re-absorption within the samples (OD < 0.1 at

position of PL-emission).

Steady State Photoluminiecence

The steady-state PL-spectra were taken with a Varian Cary Eclipse spectrophotometer
and a Horiba Jobin-Yvon Fluorolog-3 spectrometer. Both use as light sources Xenon
lamps and apply monochromators with gratings to filter the excitation and the emission
light. Thus, higher order diffractions may pass the monochromator and must be blocked
by additional filters.

Spectra have been recorded in the spectral range of 300 - 1000 nm. With respect
to the applied scanning settings the measurement time did not exceed 1 min for one
spectrum. The excitation intensity was the same for each set of samples (containing
hybrid and reference samples). Attention was paid to staying within the linear regime

of the detector (photomultiplier).

Normalization of PL-Data

There may be many ways to normalize the PL-graphs depending on what should be
emphasized. In the context of this thesis it was the aim to investigate how the relative
quantum efficiency of the investigated nanocrystals changes when they are included in
hybrid assemblies.

In the PL-experiments presented we have one hybrid sample containing two types of
semiconductor nanocrystals and two reference samples for the corresponding individual
nanocrystals. Thus, it makes sense to rescale the reference samples to make them
comparable with the hybrid samples.

We fitted the OD-spectra of the hybrid sample by linear superposition using a least

square fit (see fig. 4.4 b). In this way we obtained the relative concentration variations
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between hybrid and reference samples. Moreover, we used the OD-spectra to calculate
how much energy is absorbed from each component in the hybrid and the reference
sample. The reference graphs have then been rescaled accordingly. The normalization
corrections generally remain small and normally do not change more than about 5 %.

It is important to use comparable samples in order to exclude, for instance, additional
effects originating from photo-degradation or a significantly different optical thickness.
We took care to prepare all samples in parallel and the sample age did not differ by
more than 1 h at measurement (for OD and steady state PL). The sample thickness
was in general comparable (similar layer numbers). All samples have been prepared on
a shaded laboratory space, then stored and transported in a black paper box to avoid
photo-degradation.

To conclude, the PL-graphs of the references have been normalized in this thesis so
that the relative quenching or enhancement of the relative PL-efficiency can be directly
observed for the corresponding reference sample. We only need then to compare the
peak heights of the references (colored graphs) with the black graph of the hybrid

assembly.

Time Resolved Photoluminescence

Two setups have been used for time resolved PL. The PicoQuant FluoTime 200 is a
setup for time correlated single photon counting to measure the time evolution at a fixed
excitation and a fixed emission wave length (scheme in fig. 3.10 b). The time resolution
of our slowly decaying PL-experiments was about 1 ns. Diode lasers with 405+5 nm
or 470+10 nm have been used. The counting rate was limited to less than 1 % of the
repetition rate of the laser to stay within the linear detection regime. The adjustment
was done for the sample with the highest PL-intensity of each set of samples.

Second, a Hamamatsu C5680 streak camera was used to detect the PL-emission
wavelength dependent and time resolved (fig. 3.11). The wave length resolution along
one axis of the Streak camera’s CCD chip is obtained by using a Chromex IS250
polychromator (40 gr/mm grating). The time resolution of the PL-emission is displayed
along the second axis of a Streak picture. The spectrally resolved photons hit locally
resolved the photo cathode of the Streak camera where the photons are transformed to
free electrons (under vacuum). These electrons are accelerated through a grid counter
electrode. Electrons passing this grid are deflected by a time-dependent electric field
(perpendicular to the spectral resolution) to obtain the time resolution. Thus, the
electrons now hit the screen resolved in wavelength and time. To detect this weak
electron picture by the CCD chip the electrons are amplified spatially resolved in a
micro channel plate. They then hit a phosphorescent screen and are transformed back
to photons which are detected by the CCD chip of the Streak camera. We use the
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Figure 3.11: This shows the principals of the detection of a time resolved PL-signal
with a streak camera. A periodically repeated time resolved PL-signal is first split
spectrally by a polychromator in front of the Streak camera. The incident photons
are converted to electrons in a photocathode and accelerated through a grid (under
vacuum). In the sweeping unit a capacitor separates the time dependence along the
vertical axis. In the end the electrons are amplified in a multi-channel plate and
their impact on a phosphorescence screen was detected by a CCD chip.

streak camera with the ”single sweep” plug-in (M5677) where the time window ranges

from 5 ns to 10 ms and the time resolution is 50 ps in the best case.

For excitation in Streak experiments we used our femto-second laser setups. 400 nm
light pulses of about 70 fs pulse width with 100 kHz repetition rate have been ob-
tained from our amplifier setup. The 800 nm pulses of the Coherent RegA 9050 (a
Ti:Sa regenerative amplifier) have been frequency doubled in a Coherent OPA (optical

parametrical amplifier).

For 590 nm excitation pulses we first pumped a Coherent Mira 900-F Ti:Sa os-
cillator by a Coherent Verdi Nd:YAG (neodymium-doped yttrium aluminum garnet)
continuous-wave solid-state laser. Thus, we obtained laser pulses of about 800 nm with
120 fs pulse duration and about 75 MHz repetition rate (this corresponds to a time
window of 12 ns between the pulses). The laser pulses have been converted with a
optical parametrical oscillator (OPO Advanced ring, Angewandte Physik & Elektronik
GmbH) to about 590 nm wavelength. To reduce the repetition rate a pulse picker was

used.

3.3.3 Surface Photovoltage

SPV experiments are quasi non-contact methods to track photo-excited charges in
layered hybrid assemblies. Planar samples providing charge separating interfaces can
be studied. [41-44] We used this method to clearly show directional charge separation

and diffusion in layered hybrid nanocrystal assemblies.
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Figure 3.12: This shows the principle of SPV. A sample is excited by light (hv).
Charge separation occurs across a charge selective interface. The separated charges
provide an electrical field that can be measured as an SPV-signal (Ugpy) in an
outer capacitor. To permit light absorption one electrode of the capacitor needs to
be transparent. To capture significant signal the space between the capacitor needs
to be small and homogeneous. Thus, a mica plate is used as spacer.

The SPV-setups are based on a ”sample in capacitor” configuration (see fig. 3.12).
Photo-excited electric dipoles provide electric fields which can be measured by an ex-
ternal capacitor. Since the capacitor is planar, only one dimensional charge separation
across a large interface can be measured.

To excite the sample, at least one of the electrodes must be transparent to allow
photo-excitation of the sample and subsequent charge separation in the sample. We
used SnOy:F (FTO) for both electrodes. The samples have been deposed on FTO
(400 nm thickness) coated substrates by LBL assembly.

The experiments were executed under modulated excitation. This means that the
measured charge separation dynamics (also including relaxation via recombination)
were faster than the modulation frequency. Slower components are not resolved. All
experiments have been executed in a home-made cryostat under a medium vacuum.

The measured signal Ugpy is proportional to the amount of separated charges @ and

their averaged separation distance d (perpendicular to the capacitor plates) [42]:
Uspv x @ -d (3.8)

SPV allows conclusions to be made concerning charge separation efficiency and time
resolved dynamics. We use SPV-spectroscopy here to compare samples. SPV-transients
have been applied to reveal details about diffusion.

The setup for SPV-spectroscopy is displayed in fig. 3.13. The light from a 250 W halo-
gen lamp was used for excitation. It was monochromated by a prism-monochromator
(intensity at 550 nm on the order of 10 W/m?). The SPV-spectra taken have not been
corrected for changing excitation flux to show the raw data. A chopper wheel (about
3 Hz) was used. We used a high impedance 500 MHz buffer (input resistance > 100 G2,

output resistance 50 Q) with 10 GQ load resistance. The measurement circuit had an
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RC time constant of the order of 100 ms. SPV-spectra were taken with a lock-in ampli-
fier (Signal Recovery Model 5210). The lock-in amplifier measures the signal in phase
with excitation and the 90° phase shifted signal (also called quadrature). A retardation
of a positive signal results by convention in a negative quadrature signal.

SPV-transients were measured with a 300 MHz-sampling oscilloscope with readout
on logarithmical time-scale using an excitation at 442.8 nm wavelength of a pulsed dye
laser (pulse length 5 ns, excitation intensity at the sample 0.2 mJ/cm?, repetition rate
1 Hz).

42



3.3 Spectroscopy

monochromatic micasy

light spacer_J
9 transparent grounded
electrode electrode
g
ight from
50 w \
halogen chopper
lamp lock-in amplifier
mono- Signal Ground  Remote [ 1. 23
chromator b S {

Figure 3.13: This shows the principles of SPV-spectroscopy. Light is first monochro-
mated, then modulated by a chopper before it hits a sample. The light induced
SPV-signal is measured with a lock-in amplifier.
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4 Charge Separation between CdTe and
CdSe Nanocrystals

The closely packed structures of CdTe and CdSe nanocrystals are studied in this chap-
ter. We found evidence of charge separation indirectly by PL-spectroscopy which is
induced by the expected type II alignment of CdTe and CdSe nanocrystals used. The
PL-quenching observed of the CdTe nanocrystals is attributed to charge separation by
electron transfer from CdTe to CdSe nanocrystals. It cannot be explained by energy
transfer since energy transfer is shown to enhance slightly the CdTe nanocrystal’s PL.
Moreover, the PL-quenching correlates well to the energetic offset of the electron levels
in the hybrid assembly which supports the expectation that the closely packed nanocrys-
tals used also typically exhibit the same type II alignment as the assembly of bulk CdTe
and CdSe. The effect was observed on two independent systems: colloidal clustered

nanocrystals in solution and dry layered structures on glass.

4.1 Experimental System

CdTe and CdSe bulk materials exhibit a type II alignment. [54] Using CdTe and CdSe
nanocrystals of comparable sizes (around 3 nm) the quantization energies for both
materials can be compared since their effective electron and hole masses are comparable
(chapter 2.2.2 and 2.2.3). Therefore, a type II alignment is expected for these CdTe
and CdSe nanocrystals as illustrated in fig. 4.1 a,b. The type II alignment fosters
the collection of photo-excited electrons in CdSe nanocrystals, whereas holes find their
lowest excited state in CdTe nanocrystals.

The fundamental processes for the experiments are illustrated in fig. 4.1 b. After
photo-excitation of CdTe nanocrystals, electrons and holes can decay radiatively by
emission of luminescence light. The induced charge separation by electron transfer
from a CdTe to a CdSe nanocrystal acts as an additional decay channel for the charge
carriers. Thus, PL-quenching is an indirect indication of the charge separation in the
hybrid system.

To take advantage of the interaction between nanocrystals, we used two different
methods to obtain closely packing: clustered assembly in solution (fig. 4.1 c¢) and

dry layered assembly on glass substrates of alternating CdTe and CdSe nanocrystal
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Figure 4.1: Closely packing of type II aligned CdTe and CdSe nanocrystals (a) leads
to charge separation as shown in the energy scheme (b). Typical nanocrystals of
about 3 nm in diameter are illustrated with the organic tunneling barrier of about
1 nm formed by ligands and polymer or ions between nanocrystals (b). The PL
of CdTe nanocrystals is suppressed by electron transfer to CdSe nanocrystals. We
studied hybrid assemblies by clustering (c) and of self assembled layered structures
on glass (d).

monolayers or double-layers (fig. 4.1 d). Both methods result in inter-layer distances
between CdTe and CdSe nanocrystals of about 1 nm. This is due to the short TGA
ligands and the polymers or ions used to achieve the close packing [19,21]. The organic
materials between the nanocrystals act as tunneling barriers as indicated in fig. 4.1 b.

All investigations have been executed on the decay of CdTe nanocrystals since the
thiol capped CdSe nanocrystals used are bad emitters [24] and exhibit unstable and
often weak PL-features in layered structures. Thus, the PL of the CdSe nanocrystals

cannot be evaluated significantly within this thesis.

4.2 Photoluminescence Quenching Indicating Charge

Separation

PL-measurements are presented in the following indicating charge separation between
type II aligned CdTe and CdSe nanocrystals as a reason for the quenched PL of CdTe
nanocrystals. First, we concentrated on a closely packed system with low order while

using random clustering of nanocrystals before studying the PL-signal of layered struc-
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tures in the next section. Both systems were investigated with steady state PL and

time resolved PL.

4.2.1 Clustered System

PL-spectroscopy and time resolved PL-measurements have been applied to clustered
assemblies of CdTe and CdSe nanocrystals. The strong PL-quenching of the CdTe
nanocrystals indicates efficient charge separation by electron transfer from CdTe to
CdSe nanocrystals.

The assembly of nanocrystal-clusters leads to an expected inter-particle distance of
about 1 nm (chapter 3.2.2). We used CdTe567 (diameter: 2.9 nm) and CdSe529 (diam-
eter: 2.9 nm, according equation 3.2). An offset of 0.36 eV can be calculated between
the first unoccupied electron levels of CdTe567 and CdSe529 (according chapter 2.2.3).
The optical densities of the samples are depicted in fig. 4.2 a. Fig. 4.2 b shows the
corresponding PL-spectra taken at 400 nm excitation wavelength where both CdTeb567
and CdSeb529 absorb. The hybrid sample presents a quenched PL-peak at the emission
of CdTeb67. This indicates the expected charge separation. No PL-emission of the
CdSe529 can be observed in any sample. (This is due to bad quantum efficiencies of
those TGA-capped CdSe nanocrystals in water. [24])

The OD-graphs (fig. 4.2 a) have been used to determine the precise concentrations
of nanocrystals in each sample. This allows for correction of the small concentration
variations observed. We fitted the OD-curve of the hybrid sample with a least square
fit (broken line, fig. 4.2 a) by linear superposition of both reference OD-graphs. Thus,
from the fitting coefficients we obtained the relative concentration differences between
hybrid and reference samples. This relative concentration variation has been applied to
rescale the PL-intensities of the reference samples in fig. 4.2 b (according chapter 3.3.2).

A quenching of 63 % was obtained for the CdTe567 PL-emission in the hybrid sample
(fig. 4.2 b). Hence, we can conclude that the PL of CdTe567 is quenched due to charge
separation induced by electron transfer from CdTe567 to CdSeb29. We can assume
that energy transfer (see chapter 2.3.4) from CdTe567 to CdSe529 is very unlikely due
to negligible spectral overlap and especially due to the unfavorable energy gaps, the
smallest energy gap being located at CdTe567. Hence, energy transfer would lead to a
PL-enhancement of the CdTeb67 since it is the ET-acceptors. The quenching of steady
state PL therefore strongly indicates charge separation in this type II aligned closely
packed nanocrystal system.

More insight was obtained from the time resolved evolution of the PL-emission pre-
sented in fig. 4.3 a. The same samples as shown in fig. 4.2 were studied using a time
correlated single photon counting setup. We used a PicoQuant FluoTime 200 at an

excitation wavelength of 470 +/- 10 nm and an emission wavelength of 605 +/- 16 nm.
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Figure 4.2: The PL-quenching data displayed shows charge separation in hybrid clus-
tered assemblies of CdTe and CdSe nanocrystals. The OD (a) and PL-data (b) are
presented for the hybrid clustered sample (black lines), CdTe567 reference (red line)
and CdSe529 reference (green line). The OD of samples was fitted by linear superpo-
sition (broken line) to measure the exact content of nanocrystals. (b) The PL-graphs
have been excited at 400 nm wavelength. Reference samples’ PL-graphs have been
normalized to the fitted concentrations. A quenching of 63 % was observed. (Data
already presented in reference [114])
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The same excitation intensity and measurement duration was applied so that the mea-
sured amplitudes can be compared directly. For more clarity, the normalized PL-decays

have also been plotted in the inset to fig. 4.3 a.
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Figure 4.3: (a) Time resolved PL-data confirm the PL-quenching. The graph con-
tains a hybrid clustered sample (bold black lines), CdTe nanocrystals reference (red
line) and CdSe nanocrystals reference (green line). Excitation was at 470 +/- 10 nm,
emission at CdTe nanocrystals PL-peak about 605 +/- 16 nm, time resolution was
around 1 ns. The decays of the reference samples are normalized according to the
fitted nanocrystal concentration in the hybrid sample. The inset shows data on log-
arithmic time scale normalized to their maxima. (b) The OD of the hybrid sample
is displayed before (solid black line) and after (broken blue line) PL-measurements,

proving no degradation. (The same data are already partially presented in refer-
ence [114])

As expected from the steady-state PL, a clear quenching of the CdTe567’s PL was
observed in time resolved PL-measurements for the hybrid sample. The faster PL-decay
indicates the presence of a new decay channel. This is consistent with the expected
charge separation via electron transfer from CdTeb67 to CdSe529.

The spectra of the reference samples have been rescaled to the excitation intensity
received per nanocrystal (see chapter 3.3.2). Thus, the initially reduced PL-amplitude
indicates that a faster decay mechanism is present and effective on a timescale of at
least 1 ns (the time resolution of the measurement).

This indicates a quick initial quenching on the nanosecond time scale caused by
fast charge separation. We deduced a global quenching of 60 % (by integration of the
presented PL-signals in time). This agrees with the 63 % obtained from steady state
PL (fig. 4.2 b). Thus, the results of time resolved (fig. 4.3) and steady state PL (fig. 4.2)

are consistent.
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The inset to fig. 4.3 a shows the time resolved data normalized to their maxima on a
logarithmic PL-intensity scale. A faster decay of the CdTe567’s PL-emission is observed
in the hybrid specimen compared to the decay of the reference sample. Furthermore,
both decays are not mono-exponential. There are two major reasons: firstly, also
the ensemble of one type of nanocrystals does not exhibit mono-exponential decay.
Secondly, the disordered inhomogeneous clustering of nanocrystals provides a wide
range of interparticle distances which at the same time induces a broad distribution of
transfer times. According to formula 2.14 we obtain a rough order of magnitude value
in the range of 3 - 6 ns for transfer times (depending on the evaluation of fig. 4.3 a or
its inset).

The OD of the hybrid sample before and after the measurements does not change
(see fig. 4.3 b). Hence, no photo-degradation effect can be observed for the studied
system. Thus, we excluded other reasons for this quenching and found that only charge
separation by electron transfer may explain the observations. Also environmental or
solvatochromism effects as described in references [73,115] are excluded since both types
of nanocrystals carry the same ligands (TGA), are solved in the same solvent and their
stock solutions are size selected and purified. Hence, charge separation via electron
transfer from CdTe567 to CdSeb29 on nanosecond time scale is strongly indicated.

In conclusion, the experiments provide strong evidence of charge separation in a
hybrid clustered system of CdTe and CdSe nanocrystals. The charge separation was
monitored via the quenching of the CdTeb67’s PL-emission. In this way we monitored
the effect of electron transfer from CdTe567 to CdSeb29. We observed a quenching of
about 60 % in the steady state PL for the presented nanocrystals. FRET has been
excluded as a quenching mechanism since CdTe567 would normally serve in this con-
figuration as ET-acceptor and should receive an PL-enhancement and not the observed
PL-quenching. The time resolved PL-decays motivate electron transfer times on the
nanosecond scale. All-in-all the measurements presented provide a strong indication of
charge separation in closely packed systems of CdTe and CdSe nanocrystals of similar

sizes.

4.2.2 Layered System

The results on layered hybrid samples of CdTe and CdSe nanocrystal are presented
in the following and confirm the results on clustered samples presented above. The
observed PL-quenching of CdTe nanocrystals indicates electron transfer from CdTe
to CdSe nanocrystals leading to charge separation. Wavelength dependent measure-
ments reveal that charge separation dynamics are obviously dominating energy transfer
dynamics in the studied systems since for all measurements a strong PL-quenching of
CdTe nanocrystals is observed in the hybrid samples. The LBL-method (chapter 3.2.1)
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allowed better control of the nanoassembly since monolayers of nanocrystals are de-
posited. When we compared dry LBL-samples on glass substrates with the clustered
systems in water presented above it was obvious that the environment surrounding the
nanocrystals had changed significantly. This new environment affects the kinetics of
the nanocrystals and the PL quantum yield for the CdTe629 decreased by at least one
order of magnitude, while the quantum efficiency of CdSe nanocrystals emission rose
significantly [73,116]. Nevertheless, a comparable PL-quenching behavior was observed
for the CdTe nanocrystals, as reported above, in clustered assemblies. Once again, we
observe PL-quenching for the CdTe nanocrystals used in hybrid CdTe629-CdSe507 and
CdTe601- CdSe507 samples.

Measurements using different excitation wavelengths exhibited a small but signifi-
cant contribution of energy transfer from CdSe to CdTe nanocrystals which also de-
creased the investigated PL-quenching of the CdTe nanocrystals. Nevertheless, the
PL-quenching of CdTe nanocrystals remained dominant. In the following we present

the results using steady state and time resolved PL.

Steady State PL

Fig. 4.4 presents PL-quenching of CdTe nanocrystals indicating charge separation. The
optical data have been obtained on the following set of samples (fig. 4.4 a): two ref-
erence samples comprising six monolayers of CdTe629 (diameter: 4.1 nm) or CdSe507
(diameter: 2.6 nm). The hybrid sample was established with two layers of CdTe629
nanocrystals sandwiched by CdSe507 nanocrystal layers. The OD of the samples in-
vestigated is presented in fig. 4.4 b. Only the background offsets and weak scattering
(see chapter 3.3.1) have been corrected for the OD-spectra. The PL-graphs of the
references have been rescaled accordingly (see chapter 3.3.2). The arrows in fig. 4.4 b
indicate the excitation wavelengths for the subsequent PL-measurements (fig. 4.4 c,d,e).
Both CdTe629 and CdSe507 are excited with different relative intensities for excita-
tion at (400+10) nm and (5454+10) nm. At (600+8) nm excitation, only the CdTe629
nanocrystals are excited selectively; hence no PL-signal was detected for the CdSe507
reference in fig. 4.4 e. The large difference in the first excitonic absorption of CdSe507
and CdTe629 allows the selective excitation of only CdTe629 nanocrystals.

The hybrid sample exhibited a PL-quenching of the CdTe629 nanocrystals of about
60 - 70 % (fig. 4.4 c¢,d,e). This indicated charge separation by electron transfer from
CdTe nanocrystals to CdSe nanocrystals. A clear excitonic peak of CdTe629 was
observed around 660 nm for the reference sample without any significant trap emissions
in the NIR range. In contrast the CdSe507 showed weak excitonic core emission at

about 540 nm and a broad trap emission from 600 to 900 nm.
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Figure 4.4: The PL-study on the CdTe629 nanocrystal’s PL-quenching provides ev-
idence of charge separation in layered nanocrystal assemblies. Studies relating to
excitation wavelength exhibit the strongest quenching when only CdTe629 is excited
selectively. This indicates additional energy transfer dynamics when CdSe507 is also
excited. The schemes of the hybrid and reference samples are illustrated in (a). The
hybrid sample consists of three CdSe507 and two CdTe629 layers (black), references
of each six layers CdTe629 (red) or CdSe507 (green). The corresponding OD graphs
are presented in (b) after background and scattering correction. The CdTe and CdSe
OD graphs have been rescaled to achieve in linear superposition the best fit (broken
blue) of the OD in the hybrid sample (b). The PL-response of the CdTe and CdSe
reference sample has been rescaled accordingly. PL-measurements were carried out
for the excitation wavelengths (400£10) nm (c), (545+10) nm (d) and (600+8) nm
(e) as indicated in (b). Both CdTe629 and CdSe507 were excited for (c) and (d);
only CdTe629 was excited for (e). CdTe is strongly quenched in all PL-graphs. No
significant PL-quenching or enhancement of the CdSe507 was detected.

o1



4 Charge Separation between CdTe and CdSe Nanocrystals

The PL of CdSe507 was not affected in the hybrid sample. The core emission at
540 nm and the broad trap emission from 600 to 900 nm remained unchanged. Thus,
there was no evidence of hole transfer within the PL-lifetime of CdSe507 since the CdSe
nanocrystals PL around 540 nm was not quenched. Moreover, there was no evidence
of energy transfer from CdTe nanocrystals to the CdSe nanocrystal trap states in the
NIR since no enhancement was observed in the NIR.

Further details of the differences between the excitations at 400, 545 and 600 nm can

be seen from the quantitative data provided in table 4.1.

PL-excitation 400 nm 545 nm | 600 nm
PL-quenching of CdTe629 59 - 60 % 62 % 68-71%
Abscasesor /| Absroia in hybrid sample 33 % 25 % 0%

Table 4.1: The data evaluation of fig. 4.4 is presented in this table. The first line
shows the applied excitation wavelengths. The second line presents the recorded
PL-quenching for fig. 4.4 c¢,d,e (obtained from peak integrals and peak heights after
subtracting the rescaled CdSe507 reference’s PL). The portions of absorbed exci-
tation intensity for CdSe507 in the hybrid sample relative to the total absorbed
intensity of the hybrid sample are displayed in the third line. Weaker absorption of
CdSeb07 compared to CdTe629 is related to the significant smaller size of CdSe507
and hence to the significant lower extinction coefficient of CdSe507. [107].

The PL-quenching of CdTe629 became stronger when the excitation wavelength was
increased up to 600 nm (approx. 70 %). At this position only CdTe nanocrystals were
excited as there was no absorption at this wave length and no PL-emission was observed
for the CdTe507 reference. Moreover, we did not see any enhancement of the hybrid
sample’s PL in the NIR so that energy transfer from CdTe629 to the luminescent trap
states of CdSe507 can be excluded. Hence, we can conclude that the PL-quenching of
about 70 % can be attributed to charge separation via electron transfer from CdTe629
to CdSeb07 nanocrystals.

Furthermore, we observe that the decreased PL-quenching for excitation at 400 and
545 nm (fig. 4.4 ¢,d) is correlated to the absorption of the CdSe507 nanocrystals. This is
a strong indication of significant energy transfer from CdSe507 to CdSe629 nanocrystals
as the PL-emission of the CdTe629 nanocrystals in the hybrid sample is enhanced from
about 30 to about 40 %. However, the effect of the charge separation still appears
dominant compared to the energy transfer dynamics discussed.

Last but not least, a small blue shift of the CdTe629 nanocrystals’ PL. was ob-
served at the hybrid sample for both the OD-spectrum (fig. 4.4 b) and the PL-spectra
(fig. 4.4 c,d,e). This may be attributed to light-induced degradation of the sample
at ambient air. However, this is a weak point when layered samples are studied by

PL-spectroscopy. As the PL-emission of the CdTe629 nanocrystals changes, the PL-
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4.2 Photoluminescence Quenching Indicating Charge Separation

efficiency may also decrease which may also cause the PL-quenching. However, the PL-
quenching of the CdTe629 nanocrystals is the only argument relating to how charge
separation can be detected by PL-spectroscopy. Thus, an independent direct proof
of charge separation was required. This is described later in this thesis with SPV-
techniques (chapter 5).

In conclusion, the results of the steady-state PL-spectroscopy indicate charge separa-
tion by electron transfer from CdTe to CdSe nanocrystals with a maximum quenching
of about 70 % in the investigated system. Furthermore, we could observe small but

significant effects of energy transfer from CdSe to CdTe nanocrystals.

Time Resolved PL

To support the conclusions from steady state PL-spectroscopy, we performed time re-
solved PL-measurements using different excitation wavelengths. We used CdTe601 and
CdSeb07 nanocrystals where an offset for the relevant electron energies is expected to
be around 0.19 eV (according to chapter 2.2.1). The OD-data of the samples containing
each eight nanocrystal monolayers are displayed in fig. 4.5 a together with the samples’
schemes in the insets. The hybrid sample comprises alternating monolayers of CdTe601
and CdSeb07.

Fig. 4.5 b,c show the PL-decay of CdTe601 for excitation at 410 nm and 590 nm
respectively. Any overlap with neighboring PL-peaks of CdSe507 was avoided for the
evaluation interval of the decays. The time resolution of this measurement was limited
to 40 ps (full width at half maximum; FWHM) of the excitation peak as indicated
in fig. 4.5 b,c by the internal response function. All time-resolved experiments were
carried out with low excitation intensities and under vacuum in order to keep the single
exciton regime and to prevent photo-degradation effects with atmospheric gases during
measurement.

Fig. 4.5 b,c show effective quenching of CdTe601 nanocrystal’s PL-emission for both
excitation wavelengths. This indicates an efficient electron transfer from the CdTe601
to CdSeb07 nanocrystals on a sub-nanosecond time scale.

The hybrid sample decayed faster when only CdTe601 nanocrystals were excited
(fig. 4.5 ¢) compared to when both CdTe601 and CdSe507 nanocrystals were excited
(fig. 4.5 b). The CdTe601 reference sample exhibited the same decay characteris-
tics independent of the excitation wavelength. The characteristic PL-quenching time
is extracted according to equation 2.14: the quantitative evaluation of the CdTe601
nanocrystals decays led to a quenching time constant of about 200 ps for excitation at
410 nm (fig. 4.5 b) and about 100 ps for 590 nm excitation (fig. 4.5 c).

Since both types of nanocrystals were excited at 410 nm, an energy transfer mecha-
nism from CdSe501 to CdTe601 was supposed to enhance the CdTe601 nanocrystals’
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Figure 4.5: The presented time-resolved data of the PL-quenching on CdTe601
nanocrystals indicate the dominance of charge separation dynamics and also indicate
weak energy transfer since PL-quenching is less pronounced when also the ET-donor
CdSe507 was excited (at 410 nm). OD-graphs of eight layer samples (background
and scattering corrected) are presented (a). The graphs of the hybrid sample of al-
ternated each four layers of CdSe507 and CdTe601 are in black, the references with
each eight layers of nanocrystals for CdTe601 in red and for CdSe507 in green. The
arrows in (a) indicate the excitation wavelength of the PL-measurements presented
below. The PL-transients for excitation wavelength 410 nm (b) and 590 nm (c) were
measured at the emission of the CdTe601 nanocrystals around 645 nm. The hybrid
sample is presented as black stars, the CdTe601’s reference as red circles. Fitted
multi-exponential decays are added as a guide. The instrument response function
of the measurement setup is displayed as a broken gray line. Charge separation
is indicated by the faster PL-decay of CdTe601 in the hybrid sample compared to
the reference for both excitation wavelength (b,c). By selective excitation of only
CdTe601 (c) the quickest decay was observed indicating the effects of excitonic en-
ergy transfer from CdSe507 to CdTe601 which prolong the decay of the CdTe601 in
the hybrid sample (b). The PL-quenching rate was calculated to be about 200 ps
(b) or about 100 ps (c).
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4.2 Photoluminescence Quenching Indicating Charge Separation

PL. Nevertheless, the CdTe601 nanocrystals’ PL-quenching attributed to charge sepa-
ration was still dominant. The two effects resulted in a prolonged PL-quenching time.
These results confirmed the findings of steady-state PL above (fig. 4.4 ¢,d,e).
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Figure 4.6: The fast time resolved decay of CdSe nanocrystals shows no significant
influence from the hybrid assembly. PL-transients of CdSe507 are displayed for
the excitation wavelength 410 nm and emission around the CdSe507 core of ap-
prox. 540 nm. The hybrid sample was established of three alternating CdTe601 and
CdSe507 layers (black stars), the CdSe507 references with six layers (green squares).
The solid lines presents a fitted multiexponential decay and is intended only as a
guide, the broken gray line represents the instrument response function of the mea-
surement setup with about 40 ps FWHM. A fast initial decay of CdSe507 appears
for the hybrid sample. Nevertheless, differences between reference and hybrid sample
could not be detected in the essential final decay over 200 ps. Thus, the apparent
faster decay in the beginning may be attributed to a parasitic effect such as jittering
of the laser, for instance.

To obtain a complete picture of the system it is generally useful not to rely on the
data from just one component in the hybrid assembly. Thus, we now wish to discuss in
brief the PL-decay of CdSe nanocrystals. In fig. 4.6 the decays of CdSe507 are displayed
in a reference sample (six layers) and a hybrid sample of three alternating CdTe 601
and CdSe507 layers. Both are quite similar especially for the essential longer times
scale above 200 ps. Initial differences around 80 ps are considered as parasitic effects
from the experimentation (such as jittering of the laser). Thus, there was no significant
influence from the hybrid assembly on the CdSe507’s PL. This is consistent with the
steady-state results of fig. 4.4. Furthermore the PL-decay of CdSeb507 was much faster
than the decay of CdTe601. Hence, an effect of charge separation would affect the
CdSe507 used much less compared to the relatively longer living PL of CdTe601.

We conclude this section of PL-studies with the finding of an efficient PL-quenching
for CdTe nanocrystals. A characteristic quenching time as low as 100 ps was revealed
for the PL-emission of CdTe nanocrystals in the presented system. Due to the expected
type II band alignment of the CdTe601 and CdSe507 nanocrystals selected we attribute
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4 Charge Separation between CdTe and CdSe Nanocrystals

this fast PL-extinction to a charge separation process induced by electron transfer from
CdTe601 to CdSe507. As secondary and weaker effect we obtained indication of energy
transfer from CdSe to CdTe nanocrystals. There appeared to be no significant effects on
the CdSe nanocrystal PL. The main effect was however the PL-quenching of the CdTe
nanocrystals. Although the data presented provide strong indications of dominant

charge separation dynamics, the PL-spectroscopy can only be used as indirect proof.

4.3 Correlation of PL-Quenching and Energetic Offset of
Electron States

Different PL-quenching behavior was observed when studying hybrid assemblies with
nanocrystals of different sizes. From the following, it can be seen that the PL-quenching
efficiency and rate correlate with the offsets between the energy levels of the investigated
electron transfer. These energy levels in the nanocrystals which are related to the
conduction band of bulk semiconductors have been calculated using the effective mass
approximation (chapter 2.2.3) The correlation further supports the theory that the
investigated PL-quenching of the CdTe nanocrystals was caused by charge separation
due to electron transfer from CdTe to CdSe nanocrystals. Experiments of clustered

and layered samples were investigated.

PL-Experiments on Clustered Systems

Fig. 4.7 presents experimental results on different hybrid clustered CdTe-CdSe samples.
Various combinations of nanocrystal measuring 2.0 - 3.6 nm in diameter have been
used. In detail, we used two types of CdSe nanocrystals: CdSe462 (diameter: 2.0 nm)
and CdSeb07 (diameter: 2.6 nm). Moreover, we used CdTe512 (diameter: 2.2 nm),
CdTe550 (diameter: 2.7 nm), CdTe570 (diameter: 3.0 nm) and CdTe585 - CdTe601
(diameter: 3.3-3.6 nm). All CdTe nanocrystals were extracted from the same synthesis
at different reaction times. They were purified from excess reactants and size selected.
The same applies for the CdSe nanocrystal solutions.

The offset of the energy ground levels for the first excited electrons was calculated
according to chapter 2.2.3. In fig. 4.7 the offsets are set into correlation with the relative
PL-efficiency of the CdTe nanocrystals in hybrid assemblies. 100 % corresponds to the
PL-efficiency of the pure CdTe nanocrystal reference samples.

Clustered samples were prepared as described in chapter 3.2.2. We performed the
PL-measurements using a Varian Cary Eclipse spectrophotometer and applying 400 nm
excitation wave length. Thus, in all experiments, both CdTe and CdSe nanocrystals,
were always excited simultaneously. Hence, we studied the competition of charge sep-

arating effects and energy transfer at the same time. The choice of 400 nm excitation
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Figure 4.7: A correlation is presented between PL-quenching efficiency and energetic
offset of the lowest conduction band related energy levels in the CdTe and CdSe
nanocrystals. The results were obtained when using clustered samples. The PL-
quantum-yield of CdTe nanocrystals in hybrid assemblies using CdSe nanocrystals is
presented relative to the PL-yield of only-CdTe nanocrystal reference clusters. The
x-axis presents the offset of energy levels corresponding to the conduction band states
as presented in the bottom left-hand side. The broken line is provided as a guide.
Squares stand for assemblies using CdSe462, circles using CdSe507. The color of the
data points indicates qualitatively the energy gap of the CdTe nanocrystals.
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4 Charge Separation between CdTe and CdSe Nanocrystals

provided comparable measurement conditions for all samples. The spectra obtained

are similar to fig. 4.2 b and were evaluated similar as described there.

Fig. 4.7 shows the correlation between energetic offset of the electron states and the
PL-quenching by charge separation (electronic transfers). The relative PL-emission
yield in the hybrid sample recovers when the energetic offset of the levels for electron
transfer decreases. This is consistent with the expectations from single charge carrier

transfer dynamics where the offset is a driving force for the charge separation dynamics.

Moreover, enhancement of the PL was recorded for one data point when the calcu-
lated offset approaches 0 e€V. This is interpreted as a sign of a changed regime where
energy transfer from CdSe to CdTe becomes dominant over the charge separation which

is supposed to quench the CdTe nanocrystals’ PL.

The observed trend is consistent to expectations: the smaller the energetic offset,
the lower the driving force of charge separation is and hence the quenching becomes
less effective. Energy transfer should be always present (as evidenced before). Hence,
the cross-over from dominant PL-quenching by charge separation to enhanced PL by
energy transfer may occur even before the energetic offset crosses 0 eV. Furthermore
the offsets are only roughly calculated based on literature values of bulk materials and
by simple effective mass approach which does not include the exciton binding energy
for instance. Thus, the real crossover between type I and type II alignment could not
be determined exactly. There is a possible error of about 0.1 eV in the energetic offset,
especially since the exciton binding energy revealed by the Stokes shift may be in the
order of 0.1 eV (see chapter 3.1.3).

Not all data points are on a line for linear correlation. In particular, we observe that
the PL-quenching behavior also correlates with the two CdSe nanocrystals used. Thus
there might be an additional effect to consider (such as energy transfer or charging
effects induced by the ligand shell). This was not evaluated with the two dimensional
plot of only a few data points. However the general tendency of a correlation of the
PL-quenching to the energetic offset can be observed.

All things considered, it has been shown that transfer dynamics can be tuned by
selection of adapted sizes of both CdTe and CdSe nanocrystals. In this way it is possible
to control the PL-quenching that is attributed to the charge separation between hybrid
closely packed CdTe and CdSe nanocrystals.

PL-Measurements at Layered Systems

Similar results were also observed in layered systems for the dependence of the PL-
quenching on a fine tuning of the energy offset (of the conduction band-related nanocrys-

tal states). The quenching rates are presented to quantify the effect of PL-quenching.
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Figure 4.8: The PL-quenching rates of layered hybrid assemblies of CdTe and CdSe
nanocrystals reveal a dependence on the energetic offset of the electron levels. All
data have been obtained from time resolved PL-data using equation 2.14. Hybrid
samples consist of six alternating CdTe-CdSe nanocrystal layers and reference sam-
ples of six CdTe nanocrystal layers. In the experiment the two types of nanocrystal
were been excited using 400 nm as excitation wavelength in a decay time window of
only 1 ns. The x-axis presents the energetic offset of the levels originating from the
semiconductor conduction band (see scheme on the bottom at the left hand side).
The broken line is provided as a guide only. Error bars have been obtained through
different evaluation methods for decay times of multiexponential decay (using 77 /o
and T/.) and by assumption of only 5 % size distribution for both nanocrystals
batches used. CdTe570, CdTe601, CdSe462 and Cd507 nanocrystals were used.
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4 Charge Separation between CdTe and CdSe Nanocrystals

The PL-quenching rates presented are caused by the competition of charge separation
and energy transfer dynamics in hybrid type II aligned structures.

Fig. 4.8 shows the effective PL-quenching rates obtained on samples of six nanocrystal
layers. The choice of different nanocrystal sizes leads to the theoretically calculated
offsets on the coordinate axis. To provide comparable measurement conditions an
excitation wavelength of around 400 nm was applied, always exciting both CdTe and
CdSe nanocrystals. Hence, fig. 4.8 presents the effective PL-quenching containing both
PL-quenching effects by charge separation and PL-enhancement due to energy transfer.

The general trend of the PL-quenching rates reveals its dependence on the energetic
offset. The previous findings of clustered self-assembly (fig. 4.7) were reproduced with
layered samples. The PL-quenching attributed to charge separation can be determined
by the choice of nanocrystals. PL-quenching disappeared when the calculated energy
offset approached 0.0 eV.

The PL-quenching rate of about 1/200 ps reported in fig. 4.5 does not correspond
fully with the data presented in fig. 4.8. This is because we used a different sample
structure for maximal charge separation in fig. 4.5 so these samples did not come from
the same monolitic experiment: the layer number of the samples is different (eight
versus six nanocrystal layers). The structure is terminated once by CdSe, and a second
time by CdTe nanocrystals. It should therefore be stressed that the sample structure
also had a significant impact on the global PL-quenching effect which was induced by
PL-quenching due to charge separation and by PL-enhancement due to energy transfer.

All together, the rates observed in fig. 4.8 and evaluated on sub-nanoseconds time
scale are in good agreement with the expected dominant charge separation dynamics by
electron transfer from CdTe to CdSe nanocrystals. The PL-quenching was the lowest

when the calculated energy offset in nanocrystals was closest to 0.0 eV.

4.4 Discussion

The results provided strong indirect evidence that charge separation via electron trans-
fer occurs in type II aligned, closely packed assemblies of CdTe and CdSe nanocrystals.
The PL-quenching of the CdTe nanocrystals could be observed independently in two
different systems. Water-based disordered colloidal clustering and dry layer-by-layer
assembled structures produced the same PL-quenching effect so that quenching induced
from the environment or the assembly system may be excluded. Moreover, there was
a good correlation between the energetic offset of the electronic states (as driving force
for the electron transfer) and the experimentally measured PL-quenching. Both obser-
vations are strong indications for the expected electron transfer process which leads to

charge separation.
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4.4 Discussion

Other PL-quenching dynamics need to be ruled out if PL-quenching alone should
be used as proof. Therefore, energy transfer dynamics have been addressed. Since
CdTe is the energy transfer acceptor due to its smaller energy gap we could see that
energy transfer from CdSe to CdTe nanocrystals really leads to an enhanced effect on
the CdTe nanocrystal’s PL. However, the presence of trap states in the NIR gives rise
to ambiguous interpretation: energy transfer from CdTe to the trap states of CdSe
nanocrystals might be possible which could explain the observed PL-quenching of the
CdTe nanocrystals. It may be argued that the absorption spectra of CdSe show that
these trap states provide no absorption at the emission of the CdTe nanocrystals.
Therefore, optically allowed FRET is forbidden as there is insufficient spectral overlap
so that no FRET can occur. Moreover, the PL-signal of the traps is not enhanced.

However, energy transfer to dark states cannot be excluded.

The instability of the CdSe nanocrystals’ PL-signal may not provide convincing proof
that the PL-quenching observed on the adjacent CdTe nanocrystals is not also affected
by such degradation. A blue shift of the CdTe nanocystals’ PL-peak was observed in
parallel to its PL-quenching on layered samples. On the other hand we may expect
that separated charges induce chemical reactions on the semiconductor nanocrystals.
Thus, degradation effects leading to a blue shift are, from this point of view, consistent

with the expected charge separation dynamics.

Therefore, clear direct proof of the charge separation is needed. This will be dis-
cussed in the next chapter. Today, PL-quenching is also used as indication for charge
separation effects that might be related to type II alignment. [117,118] However the
PL-quenching is normally not used on its own to provide clear evidence of charge

separation.

Several papers already exist that relate to II-VI semiconductor nanocrystal structures
making use of the size quantization effect in order to tune the effective band alignment
between type I and type II. The major part of these papers is limited to directly grown

nanoparticles, in particular, core-shell nanocrystals.

Both type I and type II core shell nanocrystals often exhibit a higher PL quantum
yield than their "naked" cores. A major difference lies in the radiative PL decay rate:
in type I core-shell nanocrystals electrons and holes are both confined to the material
with the lower energy gap including some mostly evanescent wave functions into the
other material. Hence, there is perfect overlap of electron and hole wave functions and
a high radiative rate can be seen. In type II nanocrystals in contrast, electrons and
holes are each mostly confined to the different spatial places that correspond to the
different 1I-VI semiconductor materials. Thus, the overlap between electron and hole
wave function is small and the radiative rate is significantly lower. [31] Zeng et al. and

Nonoguchi et al. demonstrated the possibility of tuning type I nanocrystals to type 11
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4 Charge Separation between CdTe and CdSe Nanocrystals

nanocrystals [119] as well as the crossover from type II to type I [120] while monitoring

the radiative rate of nanocrystals having different shell coating thickness

Another way to distinguish between type I and type II nanocrystals in the cited
literature is the appearance of the absorption spectra. Type I core-shell nanocrystals
exhibit sharp absorption and PL-peaks. In contrast type II core-shell nanocrystals
present a broad onset of the absorption due to weak oscillator strength of cross-over-
excitons together with a relatively sharp PL-emission peak guaranteeing monodisperse
nanocrystals size distribution. Thus, Ivanov et al. were able to provide evidence of
cross-over from type I to type II and back again to type I alignment in ZnSe/CdSe

core/shell nanocrystals [121]. Similar observations were also found in reference [119].

Recently Wu et al. worked on clustered aggregates of CdTe and CdSe nanocrystals
directly assembled via positively and negatively charged nanocrystals [122]. Studying
the influence of various parameters on the PL-quenching they also tried to tune the
band alignment by applying the size quantization effect. When employing large CdTe
nanocrystals of 1.9 eV energy gap (first OD peak at 660 nm, diameter 4.6 nm, lig-
ands positively charged) and small CdSe nanocrystals (2.7 eV energy gap, OD peak at
456 nm, diameter 1.9 nm, ligands negatively charged) he was unable to observe any
significant PL-quenching due to charge separation. However, he was also unable to

observe any PL-enhancement by energy transfer.

However, there seems to be interest in engineering the band positions and the absorp-
tion independently. Ternary nanocrystals alloys like CdS,Te;_, [123] or CdSe,Te;_,
[62] may be used for this purpose.

Last but not least we may discuss the transfer rates observed. A transfer rate of up
to 1/100 ps was revealed for layered assembly in this chapter whereas charge separation
with a rate in the nanosecond range was indicated for clustered assembly. The difference
might be explained by the following facts: the rate in the layered structures was revealed
without the energy transfer from CdSe to CdTe nanocrystals. The transfer distance
could be different for clustered assembly. Moreover, the PL life time was different for

nanocrystals in solutions.

The electron transfer rate of about 1/100 ps in layered type II aligned assemblies
compares well to the energy transfer rate in layered assemblies of type I aligned CdTe
nanocrystal assemblies. [19] A characteristic energy transfer time of 134 - 254 ps was
reported by the PL-quenching on the ET-donor. An offset of 0.23 eV can be calculated
for the relevant electron states in this reported type I system. This compares well to the
0.19 eV which was calculated for the type II system studied in this thesis. It appears
that energy transfer dynamics and charge separation dynamics are competing on the
same time scale or that both are related to each other. However, for the investigated

hybrid type II system of CdSe-CdTe nanocrystals we might discuss why a dominance
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4.4 Discussion

of the electronic transfer was observed: since the CdSe PL is quickly decaying there
might not be enough time for efficient energy transfer.

To summarize, efficient PL-quenching provided a strong indication of charge sep-
aration by electron transfer from CdTe nanocrystals to CdSe nanocrystals. It was
observed in both clustered and layered nanocrystal assemblies. Time resolved spec-
troscopy showed a maximum transfer rate in the order of 1/100 ps which is attributed
to electron transfer in layered hybrid nanocrystal structures. Moreover, a correlation
was revealed between the PL-quenching and the offset between the energy levels of
conduction band-related energy states. This correlation is valid for both layered and
clustered assemblies. This supports expectation that the energy levels of nanocrystals
may be easily approximated by effective mass approach. However, the PL-quenching
data presented provided only indirect indications of charge separation by electron trans-

fer from CdTe to CdSe nanocrystals.
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5 Directional Charge Separation and
Diffusion for Layered CdTe and CdSe

Nanocrystals

In this chapter SPV-techniques clearly show the charge selectivity of the CdTe-CdSe
nanocrystal interface since we directly measure the dipolar field of the separated electron
hole pairs. An inversion of the layer structure leads to a sign change for the SPV-
voltage. The charge separation can be suppressed when the interlayer spacing is doubled.
This proves that in reality the measured charge separation originates from the layered
nanocrystal assemblies. Moreover, it is consistent with the assumed transfer mechanism
of tunneling.

The studies presented in the previous chapter provided indirect evidence of charge
separation between CdTe and CdSe nanocrystals based on PL-quenching of time and
spectrally resolved PL-data. The presence of trap dynamics for instance also gives
rise to ambiguous interpretations. Hence, solid direct proof of charge separation in
hybrid assemblies of CdTe and CdSe nanocrystal was needed and established by SPV-
techniques that allow the detection of separated charges by sensing externally induced
electric dipole fields (chapter 3.5.3).

Moreover, here is evidence of diffusion in layered CdTe and CdSe nanocrystal assem-
blies. Since the nanocrystal layers are separated by about 1 nm of an organic barrier

we report on hopping diffusion of electrons and holes at the end of this chapter.

5.1 Experimental System

SPV-spectroscopy (see chapter 3.3.3) was applied on samples containing several lay-
ers of CdTe or CdSe nanocrystals topped by one single layer of the complementary
nanocrystals to obtain the charge separating interface of CdTe and CdSe nanocrystals
on the top of the sample (fig. 5.1). The measurement was only sensitive in the direc-
tion perpendicular to the electrodes of the SPV-setup. Hence, only the contribution
of charge separation perpendicular to the CdTe-CdSe nanocrystal interface plain was

measured. All samples were prepared by LBL-assembly on cleaned FTO substrates
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(thickness about 400 nm on glass) activated by the chemical cleaning procedure using
NH3 and Hy0; (see chapter 3.2.1).
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Figure 5.1: This shows a typical sample in a SPV-setup with the expected physical
processes. Photo-excited excitons may diffuse to the charge separating interface of
the type II aligned CdTe and CdSe nanocrystals at the point where they separate.
The separated charges, which may diffuse, exhibit an electrical field that is measured
in the capacitor configuration of the SPV-setup. SPV is only sensitive for charge sep-
aration perpendicular to the capacitor plain. (The figure have already been presented
similarly in reference [124].)

As well as the measurement of pure charge separation, the effects of diffusion can also
be seen (fig. 5.1). Exciton diffusion is supposed to increase the number of excitons that
get separated on the type II interface. Charge diffusion increases the average charge
separation distance. Hence, the SPV-signal increases in the case of diffusion because
the SPV-signal depends linearly on both the number of created charges and the average

separation distance (see equation 3.8).

5.2 Directional Charge Separation

This section presents data on the directionality of charge separation on a CdTe-CdSe
nanocrystal interface. Spectrally resolved SPV-data are presented before the time evo-
lution of the SPV-signal is discussed. We observe that the sign of the SPV-signal de-
pends only on the layer order of the CdTe-CdSe nanocrystal interface proving the direc-
tionality of the charge separation where electrons get concentrated on CdSe nanocrys-
tals and holes on CdTe nanocrystals.

Fig. 5.2 a,b present SPV-data on two complementary samples inverted with the
respect to the positions of CdTe578 and CdSe529 nanocrystals. Therefore, fig. 5.2 a

presents data from a sample with six layers of CdSe529 topped by one monolayer of
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CdTeb578, fig. 5.2 b shows six layers of CdTe578 topped with one CdSeb529 layer. The
nanocrystal diameters are 3.1 nm for CdTe578 and 2.9 nm for CdSe52 (according to
equation 3.2).

The positive (in-phase) signal shown in fig. 5.2 a proves the collection of positive
charges on the top of the sample in CdTe578 and negative charges in CdSe529. The
SPV-signal and, hence, the directionality of the charge separation is inverted for the
complementary sample in fig. 5.2 b. The comparison of fig. 5.2 a,b reveals a sign-
change of the SPV-signal when the layer order of CdTeb78 and CdSe529 is changed.
This clearly confirms the directionality of the charge separation as expected from the
type II alignment of CdTe and CdSe bulk materials (see fig. 4.1).

No SPV-signal was detected in the NIR-range where there was no absorption of the
nanocrystals. The onset of the graphs (fig. 5.2 a,b) leading to a shoulder at around
600 nm corresponds to the absorption of CdTeb78, a second peak around 530 nm
corresponds to the absorption of CdSe529 nanocrystals. The decrease of the SPV-signal

to the bluish wavelengths is caused by the decreasing excitation intensity (fig. 5.2 c).

A positive in-phase signal was observed across the whole spectrum in fig. 5.2 a, a
negative one in fig. 5.2 b. The presented 90° phase-shifted signals are inverted with
respect to the in-phase signal. This indicates that the build-up and decay of the
SPV-signal show some retardation with respect to the chopped excitation light. (By
convention for the lock-in-amplifier used the 90° phase-shifted signal is inverted in the
case of a retarded SPV-signal.) This indicates a long life time of the charge separation

and is discussed later with time resolved SPV-measurements.

The shape of the 90° phase-shifted signals in fig. 5.2 a,b is very similar to the in-phase
signal indicating a similar, constant phase shift of the SPV-signal in both samples across
the spectrum. Hence, the charge separation dynamics are independent of the excitation
wavelength and the SPV-spectra show a complete sign change (corresponding to a phase
shift of 180°). This confirms the collection of positive charges (holes) in CdTe578 and

electrons in CdSe529 nanocrystals.

A significant SPV-signal rises at wavelength where only CdTe578 absorb. Hence, the
charge separation obviously starts when only CdTe578 is excited and no electron-hole
pair is present in CdSe529. The sign of the SPV-signals does not change for different
wavelengths indicating that the directional charge separation on the CdTe578-CdSe529
interface is the only significant charge separation mechanism which can be observed.
Other potential charge separation dynamics on other interfaces are insignificant.

Fig. 5.2 ¢ presents the OD of the nanocrystals used and the light intensity of the
excitation light in the setup. Since the excitation intensity is not constant and decaying
to the UV-range, the SPV-signals presented in fig. 5.2 a,b are also decreasing to the

shorter wavelength. The SPV-signal is proportional to the created free charges (equa-
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Figure 5.2: SPV provides experimental evidence about the directionality of charge
separation. The SPV-spectra are displayed for two hybrid samples (a,b). The sample
of (a) comprises six layers of CdSe529 topped by one layer of CdTe578 (green graphs).
The sample of (b) is an inverted sample by replacing CdSe529 with CdTe578 vice
versa. SPV-signals are displayed in-phase with excitation light (solid line) and 90°
phase-shifted (broken line, by convention inverted if signal is a retarded signal). (c)
OD-spectra of CdTe578 (red) and CdSeb529 (green) in three layer LBL samples on
glass and excitation intensity of SPV-experiments (broken black) are provided for
comparison with SPV-spectra. The sign of the SPV-signal is inverted when the layer
order is inverted proving directional charge separation. (The data have already been
presented in reference [124].)
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tion 3.8). Thus, a check was made to ensure that the shape of the SPV-curves can be
reproduced by multiplying the excitation intensity with the OD of the samples (data
not shown). The peaks occurring in the spectra correspond to the first absorption peaks
of the nanocrystals. The presented SPV-graphs show the measured raw data. Hence,
the graphs in fig. 5.2 a,b,c can be fully understood and prove the expected directional

charge separation.

As already mentioned, time-resolved SPV-measurements (fig. 5.3) were performed
on the same sample as presented in fig. 5.2. These measurements confirm the direc-
tionality of charge separation since the signs stays either positive (fig. 5.3 a) or negative
(fig. 5.3 b) for the whole time range investigated. The time-resolved transient mea-
surements are plotted on a logarithmic time scale. Fig. 5.3 a shows the sample of six
CdSeb29 layers topped by one CdTe578 layer and we can see an all-over positive signal
with the peak maximum delayed by about 0.5 us after the excitation pulse. Fig. 5.3 b
presents the complementary sample with six CdTe578 layers topped by one layer of
CdSeb29. Here we recorded an all over negative signal and a much longer delay of
the peak maximum with about 100-400 us. The different delay times of the peaks in
fig. 5.3 provide evidence of significant differences in the charge carrier dynamics. This
topic is addressed in more detail in section 5.4 where diffusion is discussed on samples

having different numbers of nanocrystal layers.

SPV-transients have been obtained for different wavelengths. The orange graphs
present excitation of only CdTe578 at 604.8 nm laser wavelength. The blue graphs
present excitation of both CdTe578 and CdSe529 nanocrystals at an excitation wave-
length of 442.8 nm. The initial shape of the graphs shown in fig. 5.3 is almost identical
for both excitation wavelengths although the amplitude varies in fig. 5.3 a. This is an
indication that the same diffusion processes are active for both excitations in fig. 5.3 a.
Hence, there is apparently no difference in the diffusion dynamics depending on absorp-
tion in CdTe nanocrystals or in CdSe nanocrystals. In fig. 5.3 b a difference in both
excitations can be observed for the time scales over 10 us indicating slightly different

recombination dynamics.

The sign of the SPV-signal does not change for the whole investigated time range
(fig. 5.3). This means that all charge separation dynamics of this hybrid multilayer
sample exhibit only one dominant charge separation direction. Other interfaces such
as nanocrystals to FTO do not contribute significantly to the SPV charge separation
signal. Parasitic charge separation at the boundaries should always present the same
directionality in these complementary samples. Thus, a sign change during the decay of
one sample would be a clear indication of additional parasitic charge separation dynam-

ics. As it is shown with the directionality of the SPV-sign for the whole measurement
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Figure 5.3: Time resolved SPV-signals confirm the experimental evidence for the di-
rectionality of charge separation. SPV-transient spectra are given on a logarithmic
time scale. The first sample (a) comprises six layers of CdSe529 topped by one
layer of CdTe578 (green) and the second sample (b) complements the first sample
when the positions of CdTeb78 and CdSeb29 nanocrystals are exchanged. Invert-
ing the nanocrystal position changes the signal’s sign. Different amplitude, build-up
and decay characteristics in (a) and (b) are apparent. The data are consistent with
fig 5.2. The shape and sign of the transient graphs prove only significant contribu-
tion to SPV-signal by charge separation dynamics going to the indicated direction
in the small sample schemes. No significant dependence of the SPV-graphs on the
excitation wavelength was observed. The SPV-transients were recorded when only
CdTe578 is excited (wavelength 604.8 nm, orange) and when both CdTe578 and
CdSeb29 were excited (wavelength 442.8 nm, blue). The graphs are not normalized
but the measurements have been recorded at different excitation intensities to pro-
vide roughly the same SPV-amplitudes. (The onset of the laser pulse was shifted to
16 ns on both graphs.)
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range we cannot find any evidence of other strong charge separating interfaces on these
samples except the type II interface of CdTe578 and CdSe529 nanocrystals.

The data presented in fig. 5.3 confirm the findings given above for fig. 5.2: electrons
are collected in layers of CdSe529 and positively charged holes in CdTeb78. Hence,
the time-resolved data also confirm the charge separation direction expected from the
type II alignment of CdSe and CdTe semiconductors.

In conclusion, we have used SPV-spectroscopy and transients to clearly demonstrate
the directionality of the charge separation in hybrid multilayered structures of CdTe578
and CdSeb29 separated by a single PDDA-polymer spacer inducing an inter-layer dis-
tance of about 1 nm. Holes accumulate in CdTe nanocrystal layers, and electrons
in CdSe nanocrystal layers. The observed charge selective separation supports the

expected type II alignment between suitable CdTe and CdSe nanocrystals.

5.3 Suppression of Charge Separation at Increased
Barrier Width

This section proves the strong sensitivity of the charge separation process to the barrier
width in LBL assembled nanocrystal structures. We observed that the SPV-signal is
suppressed when the barrier between the nanocrystal layers was doubled. This proves
the strong distance dependence of the charge transfer process conform to the expected
transfer mechanisms of tunneling.

Fig. 5.4 a presents schemes of the investigated samples of four layers CdTe578 topped
by one layer of CdSe529 to induce charge separation. The sample called a "spacer
sample” was prepared with additional double polymer layers that increase the inter-
nanocrystal-distance from about 1 nm to about 2 nm (see chapter 3.2.1). Both samples
(spacer and reference) contain the same amount of the individual nanocrystal species.

Fig. 5.4 clearly shows that the SPV-signal of the spacer sample is almost completely
quenched. This indicates the strong distance dependence of the transfer mechanism.
Considering tunneling as a mechanism for charge separation, an exponentially decaying
dependence on the inverse of the transfer distance (i.e. barrier width) is expected
(chapter 2.3.3). This is consistent with the findings in a nearly complete quenching of
the SPV-signal presented above. Moreover, the almost complete quenching of the SPV-
signal confirms that the investigated charge separation dynamics are only caused by
tunneling transfer between adjacent nanocrystal layers. This excludes parasitic effects
of other interfaces at the sample to explain the measured charge separation effect.

Fig. 5.4 b presents in detail the in-phase SPV-signal and fig. 5.4 ¢ the 90° phase-
shifted signal. Practically no signal can be observed for the blue plotted spacer sample

when we compare it to the red reference sample graphs. The in-phase signal of the
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Figure 5.4: An increased barrier width leads to suppression of the SPV-signal. The
samples’ schemes are illustrated with two different interlayer barrier widths as in-
dicated (a). Both samples comprise four CdTe578 layers topped by one CdSe529
layer. The spacer sample contains an extra double layer of isolating polymers be-
tween each nanocrystal layer increasing barrier width from about 1 nm to about
2 nm. The corresponding SPV-signals are presented in-phase with excitation (b)
and 90° phase-shifted for the out-of-phase contributions (c¢). The spacer sample
is strongly quenched (blue lines) whereas the reference sample shows signal (red).
Thus, the increased inter-layer barrier significantly decreases the efficiency of the
charge separation. (The data are already presented in reference [124].)

71



5 Directional Charge Separation and Diffusion for Layered Cd'Te and CdSe Nanocrystals

spacer sample (blue) with the increased barrier width is almost zero, the 90° phase-
shifted signal rises a little bit indicating that a weak retarded charge separation is
taking place. Hence, the charge separation signal in SPV is mostly suppressed by the
increased inter-layer distance.

To conclude this section we found a strong dependence of the charge transfer pro-
cesses on the barrier width. We observed a nearly complete quenching of the SPV-
signal. The barrier between the nanocrystal layers consists of the organics of ligands
and polymer layers. The organic inter-layer barrier was increased from about 1 nm
to 2 nm in the layered assembly of CdTe and CdSe studied. The result is consistent
with transfer dynamics such as inter-layer-tunneling of single charge carriers. More-
over, the experiment confirms that no charge transfer dynamics at interfaces other than

nanocrystal layers lead to the observed strong charge separation signal.

5.4 Diffusion in Layered Semiconductor Nanocrystal

Assemblies

It is necessary to ensure the creation of separated single charges in order to study
the diffusion of single charges. Thus, to guarantee this, we made use of the type II
aligned interface between the CdTe and CdSe nanocrystalsused. The type II interface
confines holes to CdTe nanocrystal layers and electrons to CdSe nanocrystal layers.
This is illustrated in fig. 5.1. The samples shown consists of some multilayers of CdSe
nanocrystals topped by one layer of CdTe nanocrystal. Thus, the holes remain confined
to the CdTe top-layer and electron diffusion may be studied over CdSe layers. Separated
electrons and holes exhibit an electrical field which is dependent on the separation
distance. Thus, SPV-techniques can be applied to reveal diffusion. To study diffusion in
CdTe layers, analog samples of CdTe multilayer with one CdSe top-layer were produced.

Let us assume that charge separation would only occur for charges which are excited
directly on the interface of one CdTe and one CdSe nanocrystal monolayer. Thus, it
would not make any difference to the SPV-signal if more layers of the same nanocrystals
were added on one side. However, it can be observed that the SPV-signal increases
when the number of layers is increased. Therefore, we must assume that diffusion
processes do take place. Our observations concerning diffusion are presented in the
following.

SPV-spectroscopy and time-resolved SPV have been applied to reveal diffusion pro-
cesses. Data are presented for samples with different numbers of nanocrystal layers to
provide evidence of diffusion processes. SPV-spectra are analyzed indicating diffusion
dynamics for electrons, holes and propablyexcitons. SPV-transients are consistent with

the experiment showing that diffusion in CdSe layers is faster than in CdTe layers.
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The experimental results presented in this section have been obtained using samples
with 2, 4, 6 and 10 layers of CdSe529 topped by one layer of CdTe578 nanocrystals
to study electron diffusion over CdSe529 layers (see insert in fig. 5.5 a). To obtain
indications on hole diffusion dynamics over CdTe578 layers the structures consist of 2-
10 CdTe578 nanocrystal layers topped with one CdSe529 layer (see insert in fig. 5.5 b).
A strong correlation of the number of nanocrystal layers N to the SPV-intensity and

SPV-peak position was observed which indicates diffusion processes.

Steady State SPV Results

SPV-spectroscopy provides indications of diffusion processes on up to ten nanocrys-
tal layers since the SPV-amplitude is correlated to the layer number in the samples.
Without any diffusion process only a constant SPV-signal would be expected from the
type Il interface of CdTe and CdSe nanocrystals. In this subsection we present separate
analyses of the contributions of the CdTe and the CdSe nanocrystals. We evaluated the
contribution of the CdTe and CdSe nanocrystals in relation to the overall SPV-spectra
in correlation with the number N of the nanocrystal layers in the samples (fig. 5.5 a,b).
Fig. 5.5 ¢ demonstrates the fit of the SPV-spectra required to obtain the contributions
acdse and Bogre presented in fig. 5.5 a,b. A linear superposition of the SPV-references
of single materials was used.

First of all, we find that the contributions of both types of nanocrystal always in-
creases in relation to the global SPV-amplitude. No contribution remains constant,
which would indicate that the separated charges remain only on the CdTe-CdSe inter-
face. We observe that the contribution on both the CdTe and the CdSe nanocrystals
follows a power-law. This is a clear indication of diffusion processes over the nanocrystal
layers since without diffusion we cannot expect any change to the SPV-spectra.

We now analyze the strong increase in the SPV-amplitude with increasing number of
layers N in the context of charge carrier dynamics. We know from chapter 3.3.3 that the
relation SPV « @ - d applies with () as amount of separated charges and the average
separation distance d. Thus, we can expect the following two contributions. firstly,
the average separation distance d increases linearly in accordance with a growing layer
number N since the room for free diffusion becomes larger. Secondly, the absorption
in the material or the multilayers may increase linearly with the layer number since
the amount of separated charges () may increase if photo-excited excitons from all
nanocrystal layers contribute to charge separation. Thus, a linear increase of the SPV-
amplitude of the top layer’s contribution in correlation to the layer thickness N can
be expected. This linear increase may be attributed to diffusion processes of separated
charges. A quadratic dependence on the layer number N may therefore be expected

for the multilayers, indicating that both the diffusion of the separated charge carriers
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Figure 5.5: The SPV-amplitude increases when the number of (a) CdSe or (b) CdTe
nanocrystal monolayers increases, indicating that diffusion processes occur also in the
layers furthest away from the charge separating interface of CdTe-CdSe nanocrys-
tals. A power-law dependence is revealed for the contributions of CdTe and CdSe
nanocrystals to the SPV-amplitude. The fitted contribution values have been plotted
for the samples of N CdSe layers topped by one layer of CdTe (a) and N CdTe layers
topped by CdSe (b). The corresponding sample’s schemes are shown in the figure
insets. The spectra are fitted to the fit-formula of linear superposition to reveal the
contributions acgse and Sogre in (a) and (b). An example of the fit is displayed in
(c). The SPV-spectra of hybrid assemblies (squares) are fitted (solid line) by linear
superposition of SPV reference spectra (broken lines). SPVgg. (dark green) repre-
sents a sample of six CdSe nanocrystal layers topped by one CdTe layer and SPVgr,
red for a sample of six CdTe nanocrystal layers topped by one CdSe layer. The weak
reference signals (broken lines) were obtained from samples of three layers of CdTe
(red) or CdSe nanocrystal (dark green) on FTO of about 400 nm thick. (The data
have already been presented in reference [125].)

74



5.4 Diffusion in Layered Semiconductor Nanocrystal Assemblies

and the photo-excited charges from all nanocrystal layers contribute significantly to
the SPV-signal.

These expectations are confirmed exactly for the plotted contributions aggge in
fig. 5.5 a,b. Fig. 5.5 a reveals a quadratic dependence of the CdSe nanocrystal’s con-
tribution aggse to the SPV-signals when the CdSeb529 layer number N is increased.
Fig. 5.5 b shows only a linear dependence of the CdSe nanocrystals contribution aggse
on the CdTe layer number N. This corresponds exactly to the above stated expecta-
tions and proves charge diffusion in the CdSe layers.

The CdTe nanocrystal’s contribution Scgre to the SPV-signals does not follow ex-
actly the above discussed expectations. Fig. 5.5 a shows a quadratic dependence on
the layer number N of CdSe529 although the number of CdTeb78 layers is constant.
Fig. 5.5 b indicates a nearly cubic dependence at the beginning with an apparent satu-
ration at ten CdTeb78 layers. It cannot be clearly explained why a quadratic and cubic
dependence is observed instead of a linear and quadratic dependence.

In any case, the difference between quadratic and cubic contribution of Scogre indi-
cates that the multilayered CdTe nanocrystals provide a higher contribution than the
CdSe nanocrystal topping layer. This is interpreted as a weak indication for exciton
diffusion or other charge separation and diffusion processes. However, the strong in-
crease for all contributions in fig. 5.5 a,b provides a clear indication of charge diffusion
in the layers.

Last but not least, a general tendency can be seen for starting saturation for ten
nanocrystal layers. It appears that all the plotted contributions run slowly into satu-
ration with its strongest expression for Scgre in fig. 5.5 b.

The tendencies of fig. 5.5 a,b have been reproduced using different nanocrystals (not
shown) indicating the general validity of the findings. Also the unexpected behavior of
CdTe nanocrystal’s contribution is reproducible. The dependencies of the CdTe and
CdSe contributions in fig. 5.5 a,b can therefore be motivated especially for CdSe by the
correlation of the higher separation distance d induced by charge carrier diffusion and
to higher absorption caused by higher layer thickness. The higher absorption obviously
leads to the creation of more separated charges (). Thus, the tendencies of fig. 5.5 a,b

indicate diffusion dynamics in fair agreement with the relation SPV « @ - d.

Time-Resolved Experiments

Fig. 5.6 presents transient graphs for the varied layer number N of CdSe529 layers
(fig. 5.6 a) or CdTe578 layers (fig. 5.6 b). We observe that the peak positions of the
transients shift to longer times when the number NV of nanocrystal layers is increased.
Moreover, the SPV-amplitude increases for growing layer number N as expected from

the evaluation of the SPV-spectra presented above. These effects indicate not only that
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the two nanocrystal layers of the type II interface alone are responsible for the observed
signal but also that the charges from nanocrystals that are not in direct contact with
this type II interface contribute to the SPV-signal. Hence, diffusion processes are
obvious in the structures presented. Since SPV detects the field of separated charges
we attribute the observed effects in fig. 5.6 to diffusion of single charge carriers over
the layers of the same type of nanocrystals.

The diffusion observed by transient SPV on multilayered CdSe samples with CdTe
topping layer may be attributed to electron diffusion over CdSe layers. In the excitation
wavelength dependent measurements of fig. 5.3 we observed no significant difference in
the build-up of the time-resolved signal. When the CdTe top-layer is excited selectively
(fig. 5.3 a) excitons are created only in the top-layer. Hence, an with the time increasing
SPV-signal indicates the electron diffusion over the CdSe layers since the holes are
supposed to stay in the type II aligned CdTe nanocrystals. As there is no obvious
difference between the excitation of CdTe578 only and the excitation of both CdSe529
and CdTeb78 in fig. 5.3 a it can be assumed that the contribution from the CdSe529
nanocrystals is also related to the same diffusion process which is electron diffusion
when only the CdTe578 top layer is excited.

Furthermore, it should be pointed out that the samples in fig. 5.6 a show in general
a faster increase in the SPV-amplitude compared to fig. 5.6 b. Hence, diffusion pro-
cesses in CdSe nanocrystal multilayers appear to be faster than in CdTe nanocrystal
multilayers.

Last but not least, reference spectra are shown with either the three layers of CdSe529
(fig. 5.6 a) or CdTe578 nanocrystals (fig. 5.6 b) on FTO-substrates. A significant signal
is observed there with its peak right at the beginning and a quite quick decay. This
may be an indication of photogeneration of free charge carriers instead of excitons in
nanocrystal layers as proposed in reference [126]. This signal of the reference samples
has the same sign for both CdTeb578 and CdSe529 since no controlled directionality for
charge separation was induced by an interface such as CdTe578-CdSe529.

To summarize, both SPV-spectra and time-resolved SPV provide a strong indication
of diffusion dynamics in the presented sample series. It appears that charge diffusion is
faster in CdSe than in CdTe nanocrystal layers. Moreover, we found indications that
electron-hole pairs created in layers without direct contact to the type II interface also

contribute significantly to an enhanced SPV-signal.

5.5 Discussion

The SPV-measurements given at the start of this chapter showed the directionality

of the charge separation on the CdTe-CdSe nanocrystal interface. A positive SPV-
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Figure 5.6: SPV-transient spectra show charge diffusion processes due to the different
build-up times of the SPV-signal. The plots are presented on a logarithmic time
scale. The samples contain a varying number N of CdSe529 layers topped by one
layer of CdTe578(a). The measurements on complementary samples with respect to
replacing CdSe529 with CdTe578 vice versa are also displayed (b). The transients
in (a) show a faster build-up and a higher amplitude than in (b). The peaks shift to
longer times for higher layer numbers (in both (a) and (b)). The onset of the laser
pulse has been shifted to 16 ns in both graphs to better illustrate this (excitation
wavelength: 442.8 nm; the data are already presented in reference [124]).
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signal was obtained for a structure of CdSe nanocrystals topped by CdTe nanocrystals
indicating the collection of holes in the CdTe top-layer. By reversing the structure of
the sample and using CdTe nanocrystals topped by CdSe nanocrystals we were able
to prove by negative SPV-signal the collection of electrons in the CdSe top-layer. The
sign of the SPV-signal was only dependent on the order of the CdTe-CdSe nanocrystal
layers and no spectral influence or time dependencies could alter the SPV-sign. This
proves the collection of electrons in the CdSe and the holes in CdTe nanocrystals as
expected from the intrinsic type II alignment of bulk CdTe and bulk CdSe. [54]

The SPV-signal was almost completely quenched when the inter-layer distance was
doubled (from 1 nm to 2 nm). This confirms that the SPV-signal observed has to be
attributed to charge separation effects in the layered nanocrystal structure since no
other interface such as nanocrystals-mica or nanocrystals-FTO caused any significant
additional charge separation. There are thus two possibilities of obtaining charge sepa-
ration: first, the expected charge separation at the type II interface of CdTe and CdSe
nanocrystals and second, the photoexciation creates free charge carriers that are dif-
fusing in the heterostructures and lead to an SPV-signal in analogy to reference [126].
Reference samples of three CdTe or three CdSe layers on FTO substrates indicate in
fact that there are photogenerated free charge carriers available in the investigated
films (fig. 5.6). However, these photoexcited charges in all reference samples always
lead to a charge separation with the same sign. Therefore, the presence of photoexcited
free charge carriers does not contradict the charge selectivity of the type II alignment
between CdTe and CdSe nanocrystals. We observe that the sign of the SPV-signal de-
pends only on the orientation of the CdTe-CdSe interface. Thus, the charge separating

properties of this type II interface is proven.

The experiment with increased barrier width between the nanocrystals conforms to
the expected tunneling / hopping transfer dynamics. Tunneling depends exponentially
on the barrier width. Thus, doubling the barrier width is expected to decrease the
transfer rate substantially. Moreover, optical measurements with LBL samples con-
taining PSS did not indicate additional quenching due to the presence of the PSS
polymers. Hence, the presented closely packed assemblies of CdTe578 and CdSe529

nanocrystals can therefore really be called type II tunneling structures.

The distance dependence of the SPV-signal reveals diffusion phenomena in layered
nanocrystal structures. We took advantage of the charge selectivity of the type II
alignment to separate the charges at a well-located interface so that one type of charge
carriers could be confined to a specific layer. This concept obviously works as we
can clearly attribute the increase in the SPV-signal in multilayered CdSe samples to
electron diffusion over an increased number of CdSe layers. On the one hand, the study

provides evidence of how much each layer contributes to the SPV-signal in dependence
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on the multilayer thickness. On the other hand, time-resolved measurements showed
that, with selective excitation of only the top-layer compared to excitation of both
top and multilayers, no significant differences could be detected in the signal shape.
This indicates that charges created in the CdTe top layer produce the same signal as
charges created in the whole sample. Since holes are confined to the CdTe top-layer of
the structure in question, the increase in the SPV-signal must be attributed to electron
diffusion in the CdSe multilayers.

The diffusion dynamics found in the CdTe multilayers cannot be attributed so clearly
to hole diffusion since excitation intensity dependent time resolved measurements show
some differences after a delay. Only the evaluation of the contribution of CdSe to
the SPV-spectrum indicates hole diffusion dynamics. All-in-all the diffusion process
in CdTe multilayers was shown to be slower than in CdSe multilayers. This is well
in agreement with the expectation that hole diffusion is much slower than electron
diffusion in closely packed nanocrystal structures with an organic tunneling barrier of
about 1 nm. [36]

To quantify the diffusion a rough estimate can be obtained with an approximation
in analogy to reference [127]. Diffusion was studied there with SPV and Monte-Carlo
simulation. The system investigated was similar with regard to the asymmetry: Pho-
toexcitation on a top layer leads to charge injection in a thick layer and subsequent
diffusion in the thick layer. Diffusion starts from one side of the boundaries and its
development is evaluated in the sample area where the diffusion takes place. The fol-
lowing correlation of the peak time t,,¢,; of SPV-transients, diffusion constant D and a
dielectric screening length A\g was obtained (by Monte-Carlo simulation with diffusion

coefficients varying from 1073 to 1078 em?/s):

2

Asg ~ — -
5725

D - tpeak (5.1)

Apart from the factor 215 this is the same as the characteristic diffusion length dis-
tance lg;¢s for free diffusion in unlimited space for one dimension (equation 2.22). The
finding of reference [127] is that the diffusion distance in such asymmetric structures is
correlated to the characteristic diffusion length l4¢; (of a symmetric structure) which
may be comprehensive in some way. Thus, the above mentioned equation may deliver a
rough estimate of the diffusion process until further theoretic description or simulation
provides more precise formula.

This formula (equation 5.1) may be applied to the peak delay times t,cq shown
in fig. 5.6. The expected layer thickness can be used instead of the screening length
Ag. In this way, a rough estimate can be obtained for the order of magnitude of the
diffusion parameters which may be compared with literature values. Thus, a mobility

of the order of 107% — 10_6(%) can be estimated in CdSe529 multilayers and of

79



5 Directional Charge Separation and Diffusion for Layered Cd'Te and CdSe Nanocrystals

1076 — 10_8(%) in CdTe nanocrystal multilayers. This corresponds to an inter-layer

hopping time (equation 2.23) of about 10 ns to 100us.

The value assumed for diffusion in CdSe529 compares well to the studies of refer-
ences [36,37] which reported an electron mobility of 107%—1075cm?/V's [36] over CdSe
nanocrystal layers separated by about 1 nm of organics. Publications for nanocrys-
tal assemblies with decreased inter-particle distance or changed chemistry or ligands
showed much higher electron mobilities in the order of 10~2 C‘Tj [39,40,126,128] and up
to 10*10‘%2 [129]. Thermal sintering which is supposed to destroy the nanocrystaline

nature of CdSe nanocrystals provided a conductivity of 10(/”52 [38]. Since Ginger et
al. [36] and Hikmet et al. [37] reported electron diffusion values similar to the values
we obtained for comparable closely packed nanocrystal systems, this highlights the fact
that SPV can be used to obtain information on the charge carrier diffusion dynamics.
However, before SPV can be used for diffusion studies, the model mentioned above

must be refined using, for example, Monte-Carlo simulation.

Moreover we found that light which was absorbed at a significant distance from
the charge separating interface contributes similary to the charge separation signal
as light absorbed in the adjacent CdTe-CdSe layers. This may be an indication of
exciton diffusion or for photo-creation of free charge carriers in the nanocrystal layers
(in analogy to reference [126]). Let us assume a significant creation of free charges in the
multilayer part. Then electrons and holes may diffuse independently. Thus, when one
of them reach the type II interface, one type of charge carriers gets "trapped” in the top
layer. The diffusion of this trapped charge species is hence causing an SPV-signal. The
other type of charge carrier continues its diffusion in the multilayers. If however charges
created at the type II interface diffuse, they get directly separated and it is the other
type of charge carriers which enhances the SPV-signal due to diffusion. This would
imply that electrons and holes diffuse at a comparable speed since we cannot distinguish
a significant difference for excitation in the monolayers or in the multilayers. Ginger et
al. however reported a strong difference between electrons and holes for diffusion. [36]
Exciton diffusion on the other hand might transfer the excitons to the type II interface
where charge separation provides the free charge carriers for diffusion. Since the lifetime
of bright excitons is typically below 1 ns this diffusion must be fast. However, initial
preliminary experiments on exciton diffusion did not reveal fast exciton diffusion and
no such indications have been found in existing literature. Diffusion of dark excitons
is mentioned rarely in literature. However, it was reported that dark excitons could be

recycled in energy transfer over CdTe nanocrystal layers. [48]

Although the mechanism of the observed diffusion cannot be determined exactly the
charge separating properties of the type II alignment have been approved and used in

other applications. Talgorn et al. found evidence of an increase in photoconductivity
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5.5 Discussion

in multilayered CdTe-CdSe films. [130] Moreover the photovoltaic effect was approved
in closely packed films of CdTe-CdS or CdTe-CdSe nanocrystal devices. [131,132]

In conclusion, the directionality of the charge separation of the CdTe578-CdSeb529
interface studied was proven. Electrons are collected in CdSe, holes in CdTe nanocrys-
tals. A strong dependence of the transfer on the inter-layer distance is shown which is
consistent with the expected tunneling transfer dynamics. There is evidence of diffu-
sion in layered CdTe and CdSe nanocrystal assemblies. The charge separating interface
of CdTe and CdSe nanocrystals is used to ensure the creation of free charge carriers
which diffuse over several nanocrystal layers. The exact mechanism for diffusion, es-
pecially in relation to the diffusing particles, could not be seen. However, diffusion of
electrons over CdSe multilayers appears faster than diffusion of the charge carriers in

CdTe multilayers.
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6 Conclusions and Outlook

Closely packed nanocrystal systems have been investigated in this thesis with respect
to charge separation by charge carrier tunneling. Clustered and layered samples have
been analyzed using PL-measurements and SPV-methods. The most important find-
ings are reviewed in the following. A short outlook is also provided for potential further

aspects and application of the presented results.

The main purpose of this thesis was to find and quantify electronic tunneling transfer
in closely packed self-assembled nanocrystal structures presenting quantum mechanical
barriers of about 1 nm width. We successfully used hybrid assemblies of CdTe and
CdSe nanocrystals where the expected type II alignment between CdTe and CdSe typ-
ically leads to a concentration of electrons in CdSe and holes in CdTe nanocrystals.
We were able to prove the charge selectivity of the CdTe-CdSe nanocrystal interface
which induces charge separation. We mainly investigated the effects related to the elec-
tron transfer from CdTe to CdSe nanocrystals. Closely packing was achieved by two
independent methods: the disordered colloidal clustering in solution and the layered
assembly on dry glass substrates. Both methods lead to an inter-particle distance of

about 1 nm of mainly organic material which acts as a tunneling barrier.

PL-spectroscopy was applied. The PL-quenching of the CdTe nanocrystals in hy-
brid assemblies indicates charge separation by electron transfer from CdTe to CdSe
nanocrystals. A maximum quenching rate of up to 1/100 ps was measured leading to
a significant global PL-quenching of up to about 70 % for the CdTe nanocrystals. It
was shown that charge separation dynamics compete with energy transfer dynamics
and that charge separation typically dominates. The quantum confinement effect was
used to tune the energetic offset between the CdTe and CdSe nanocrystals. We thus
observe a correlation of PL-quenching and offset of the energy states for the electron
transfer. The investigated PL-quenching vanishes when this offset approaches 0.0 eV.
The fact that PL-quenching and its correlation with the energetic offset was observed
for both clustered and layered assembly provides a strong indirect indication of charge

separation via electron transfer from CdTe to CdSe nanocrystals.
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The main result of this thesis is the direct proof of the charge separation on the type II
interface of CdTe and CdSe nanocrystal layers. SPV-measurements as a direct mea-
surement methode showed clearly the directionality of charge separation since the SPV
measures the electric field of the separated charges. Electrons are collected on CdSe
nanocrystal layers, holes on CdTe nanocrystal layers. A change in the order between
CdSe and CdTe therefore leads to a change in the sign of the SPV-signal. Both SPV-
spectra and time-resolved SPV-measurements support this finding and showed that the
charge selectivity of the CdTe-CdSe interface is unidirectional for the whole excitation
spectrum and the entire investigated time range. This indicates that the directionality
of the CdTe-CdSe interface is the only dominant charge separation mechanism that
was observed. Hence, the type II alignment of the self-assembled nanocrystals used
was clearly proven. Introducing an additional barrier between the nanocrystal layers
doubled the barrier width so that the SPV-signal is quenched. This is consistent with
tunneling transfer which is exponentially dependent on barrier width. Moreover, we
learned that both absorption in CdTe and CdSe nanocrystals and the sample thickness
contribute to the SPV-signal. Thus, we could observe electron diffusion in CdSe multi-
layers which was faster than the charge carrier diffusion dynamics in CdTe nanocrystal

multilayers.

Future research may address the combination of energy transfer dynamics with the
charge separation processes presented in this thesis. On the one hand, this may provide
a better understanding of their fundamental processes and differentiate between exci-
tonic FRET and electronic Dexter energy transfer. On the other hand, it may pave the
way for imitation of the natural photosynthesis where both energy transfer and charge
separation are realized on the nanoscale. The nanocrystals may be used as building
blocks to replace the organic molecules of natural processes. The closely packed self-
assembly of type II aligned nanocrystals may find application in solid state devices such
as extremely thin absorber solar cells with surface enhanced substrates. Also colloidal
application for water splitting may be an option, where semiconductor nanocrystals
may provide both energy transfer and charge separation. The organic barrier around
the particles may help to protect the semiconductor nanocrystals against degradation
during photo-catalytic water splitting. Moreover, the semiconductor nanocrystals may
be used as a tape rule for sensing the relative energetic alignment to other nanoparti-
cles or molecules. The PL-quenching rate correlates with the offset of the energy levels
which can be tuned due to the quantum confinement effect. PL-quenching studies may
reveal the relative energetic alignment of other nanoparticles when experimental series

of their closely packed hybrid assemblies with different nanocrystal sizes are analyzed.
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