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ABSTRACT
The integration of semiconductor nanocrystals in optoelectronic devices paved the way
to the development of near-infra red (NIR) spectral range applications. The
technologically important NIR range is required in telecommunications, in applications
such as light emitting diodes, photodetectors, and solar cells. Incorporating these
colloidal nanocrystals (NCs) into organic devices harnesses the low-cost fabrication
protocols established in the organic devices technology. Another advantage in the
incorporation of NCs into organic photovoltaic devices may be associated with the
improved efficiency resulting from the expanded applicable spectral range.
The electronic processes governing the functionality and performance of these
optoelectronic devices are charge transfer and energy transfer taking place between the
components in the active layer. These electronic processes are presumably influenced
by the specific interaction between the components both physically and electronically.
For instance, one of the important factors governing the efficiency of a photovoltaic
device is the exciton dissociation yield. In these devices, exciton dissociation takes place
at the polymer-NCs heterojunction, and is thus dependent upon the blend morphology
and the relative position of the energy levels of the host polymer and the guest NCs.
Another dominant factor in device functionality is the charge transport. It may be
limited by the NC-NC crosstalk due to electronic insulation of the NC or due to the interparticle dispersion and distance.
Therefore, the focus of this study is the interface of the components that constitute the
active layer in devices: the polymer-NC interface or the NC-NC interface. The interface
of a colloidal NC consists of a surfactant layer that is necessary for its solution-based
synthesis and is also pertinent to its chemical processability, which is a key advantage in
device production. However, the original capping ligands used for the synthesis are
considered to shield a NC from its neighboring NCs, and to inhibit charge transport.
Thus, our goal was to tailor the NCs interface through surface capping layer
modifications in order to implement the full potential of NCs-based devices. To this end,
we modified the surface properties of InAs NCs by exchanging them with aromatic,
polar, conjugated substituents. The exchange was detected by chemical activity and
spectral measurements.
On the basis of the energy levels determination of the NCs, we investigated the resulting
effects on charge transfer, charge transport and device functionality. We showed for the
first time tuning of the electronic level positions with respect to the vacuum level in
colloidal semiconducting NCs using surface ligand exchange. By performing detailed
electrochemical as well as scanning tunneling spectroscopy measurements on InAs
particles capped with different ligands, we showed that the organic surface capping
layer of the inorganic NC takes part and affects its electronic system. Through a choice of
1

ligand the inter-dot coupling was enhanced, thus supporting higher currents. The tuning
effect resulted in shifting the energy level alignment from type I towards type II based
on the energy levels determination. This effect was demonstrated in several prototype
devices showing improved photovoltaic device performance upon the exchange.
Another effort was to modify the interface in NCs-based films in order to allow efficient
charge transport that is essential for optoelectronic devices. We systematically followed
the surface and film treatments and showed that tailoring each of the interface regions
within the active layer of InAs NCs, has an important contribution to the electrical
properties. By fabricating InAs nanocrystals field effect transistors, we found that the
ON/OFF ratio can be improved from ~5 all the way to ~105 through the applied
procedures. The interface manipulation affected the surrounding matrix of the inorganic
core, the inter-particle distance, and the nanocrystals order in the 3D array. Films with
enhanced charge transport qualities retained their quantum confined characteristics
throughout the procedure, thus making them useful for optoelectronic applications.
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LIST OF ABBREVIATIONS
CV - cyclic voltammetry
DPV – differential pulse voltammetry
DOS – density of states
Egap – band gap energy
EL - electroluminescence
EQE – external quantum efficiency
ET – electron transfer
FET – field effect transistor
FTIR – Fourier transform infra-red spectroscopy
FWHM - full width at half maximum
HOMO - highest occupied molecular orbital
ISC - short circuit current
LED - light emitting diode
LUMO – lowest unoccupied molecular orbital
NC – nanocrystal
NP - nanoparticle
NIR – near infrared
PL - photoluminescence
PLQY – photoluminescence quantum yield
PV - photovoltaic device
QD – quantum dot
QY – quantum yield
R.T. – room temperature
3

SAML – self-assembled molecular layer
SC – semiconductor
STM – scanning tunneling microscopy
STS – scanning tunneling spectroscopy
VOC - open circuit voltage
XPS – x-ray photoelectron spectroscopy
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INTRODUCTION
The goal of this dissertation is to investigate the role of the interface in optoelectronic
devices based on semiconducting organic polymer and inorganic nanocrystals (NCs).
This insight is then used to aim at the realization of efficient photocells.
Most of the work carried out in this field focused on the nanocrystal quantum effect. The
opportunity to harness the discrete electronic transitions of single particles with
controlled energy through size and composition, attracted great attention. In the pioneer
work, the devices were regarded as bi-component systems of polymer and NCs. In the
real world, NCs are used as a collection of particles with different qualities. The active
layer of NC-based devices is actually a bulk which has its own properties, different from
the sole nanocrystal. The bulk properties are derived from different factors – primarily
the intra (core-ligand) and inter (NC-NC) NC crosstalk. These are dependent upon the
size distribution of the NCs system, the organic capping layer, surface traps, the NC
interface medium (such as the polymer, and the remaining synthetic residues), etc. To
date, no prospective, significant trial to combine electronic, physical, and chemical
considerations in the design of the capping molecule has been performed.
We were interested in the factors participating in this crosstalk. We focused this study
on the investigation of NCs devices as a bulk system. The concept of a bulk system
introduces new factors that can be controlled in the context of device properties. We
zoom in at the whole spectrum of NC-NC interactions through the investigation of the
core-ligand interface, the NC medium, and the NC-NC coupling.
The interface region is also the site at which the electronic processes take place; hence
its importance in governing the bulk device performance. The inorganic core requires a
surrounding organic surfactant for its production and stability. This surfactant, also
called "ligand," plays a major role in the morphology of our devices, hence its electronic
characteristics. In our system, this ligand is regarded as a third component in the
electronic system, and its impact extends beyond the morphology.
In order to address the issue of the organic and inorganic crosspoint (both the organic
polymer-inorganic NCs and the inorganic NC’s core-organic capping layer), we
implemented ideas derived from bulk 2D systems. The semiconductor bulk surfaces
were intentionally chemically adsorbed using organic molecules that were shown to
modify their electronic properties. In the system we worked on, the colloidal
semiconductors, the organic molecules are an integral part of the system (capping
layer). Thus, we anticipated that in NCs, which are characterized by exceptionally large
surface-to-volume ratios, the organic ligand most probably plays a considerable role in
the electronic properties. This problem is the core subject explored here – the energy
levels tuning of quantum dots using the organic ligands (chapters 6, 7). Indeed, the
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concept derived from the solid state system guided us in the design; yet the investigation
of a 3D sub-10 nm system was very different in the sense of the analysis and toolbox.
Our aim was to adjust the energetic levels of the QDs to enable efficient charge transfer
in heterojunction devices. Throughout the study, we discovered that there are additional
limiting factors in this system. We turned to investigate charge transport in these NCsbased devices (chapter 8). This study shed light on the complexity of fabricating a bulk
NCs for optical device applications. The conductive properties depend on different
aspects such as the order and assembly of the layer, the quality of the interacting
medium, its relationship with adjacent components, etc.
The thesis is structured as follows:
Chapter 1 introduces the basic components in our system – the quantum dots and the
organic devices. It describes the milestones in QD-organic heterojunction devices, and
the principles of operation.
Chapter 2 brings to light the contribution of the quantum dot interface in the
performance of optoelectronic devices. It focuses on the control of the interface through
the organic capping layer as well as other approaches.
Chapter 3 examines the methodologies used for determination of energy levels of QDs,
mainly cyclic voltammetry.
Chapter 4 presents the general concepts used for modifying the electronic
characteristics of bulk semiconductors using organic molecules.
Chapter 5 introduces the methods employed in this work and the experimental
techniques used to fabricate the devices. The cyclic voltammetry technique is described
at length.
Chapter 6 presents the InAs nanocrystal surface exchange modifications using different
ligands, and discusses the ramifications on its optical characteristics.
Chapter 7 presents the effect of energy levels tuning in InAs quantum dots materials
using voltammetry and scanning tunneling spectroscopy methods. It discusses the
different implications of grafted organic molecules in the well-studied 2D surfaces in
comparison with quantum dot surfaces as studied in this research. The effect is also
demonstrated in photovoltaic devices.
Chapter 8 focuses on different aspects of interface modifications of InAs film
investigated in field effect transistors. The role of each interface treatment is discovered
throughout the study.
Chapter 9 explores the energetic levels tuning effect in another quantum dot system –
the PbSe cores. The surface modification of this system exhibits different behavior than
that observed in the InAs NCs system.
6

CHAPTER 1: QUANTUM DOT–POLYMER HETEROJUNCTION DEVICES
In this introduction we first discuss the quantum dots material system. Next, we introduce
the organic devices (LEDs, photocell) and the composite devices made with the polymer
and quantum dots. We draw attention to the advantages of quantum dots-based devices
and review the key reports in the field. In the last section, we briefly describe the relevant
electronic mechanisms that govern the operation of the hybrid devices.

1.1 THE COLLOIDAL QUANTUM DOTS
Semiconductor nanocrystals (NCs), also called quantum dots (QDs), range between 2 to
10 nm, or 10 to 50 atoms, in diameter. These dimensions lead to unique characteristics
which are situated in between the molecular and solid state regime. The QDs confine
electrons, holes, or electron-hole pairs. This confinement leads to discrete energy levels,
which can be controlled by changing the size and shape of the QD. As the particle
diameter is reduced, the energy gap is blue–shifted due to the so-called "quantumconfinement effect," which may be modeled as a particle in a three-dimensional
spherical box. Therefore, the band gap energy (Egap) of these materials is tunable over a
wide spectral range.
Infrared (IR)-emitting NCs can be synthesized using suitable materials depending on
their sizes.1 The technologically important IR range is required in telecommunications
(1,300-1,600 nm), biomedical imaging in living tissue (650–900 nm),2 thermal imaging
(1,500nm and beyond) and photovoltaic cells (800-2,000 nm). Figure 1 shows the
positions of the bulk bandgap and bandgap energies at 3 and 10 nm particle sizes
calculated for a selection of II-VI and III-V semiconductors. Energies corresponding to
1.3 and 1.550 µm are shown for reference to telecoms applications. The figure shows
that the systems of interest may include GaSb, HgSe, HgTe, InAs, InSb, PbS, PbSe, and
PbTe.3 Our work studied the properties of NCs active at the NIR such as InAs and PbSe.
Semiconductor nanocrystals are typically grown in a "hot injection" method following
the principles described in the classical work by Murray, Norris and Bawendi.4 Initially,
an organic solvent and some surface-active molecules and nanocrystal precursurs are
de-gassed and heated under inert atmosphere while other precursors are later injected
into the hot solvent where they quickly react.
The quality of a nanocrystal sample is assessed after synthesis. In general, sharp
absorption and luminescence peaks indicate more monodispersed sample. A measure
for the optoelectronic quality is the high photoluminescence quantum yield (PLQY),
which indicates on slow non-radiative recombination. The stability of the NCs in
ambient conditions is also valuable.
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Figure 1. Sensitivity of bandgap energies (calculated) to particle size for a range of
semiconductors. Bandgaps are shown for the bulk forms (circles) and at dot radii of 10 nm (up
triangles) and 3 nm (down triangles). Taken from Harrison et al.3

The solution processing of QDs is facilitated by solubilizing organic molecules that cap
the surface of the QDs (Figure 2). The capping layer is essential in the stabilization and
functionality of the NCs. The coordination sphere of surface atoms is not complete (in
contrast to core atoms). This gives rise to the formation of dangling bonds, which can act
as surface-traps for charge carriers and decrease the QDs’ emission efficiency. Using
uniform, stable passivation of the surface states, the PLQY of the QDs can be improved.5
Significant increases in the QD PLQY were obtained with the synthesis of a surrounding
shell of a wider band-gap semiconductor. The passivating shell also protects the core
and reduces mechanical degradation. The most significant enhancement in
photoluminescence (PL) intensity can be obtained with heteroshell structures.6, 7
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Figure 2. A schematic structure of a core-shell quantum dot.
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Organic ligand

1.2 ORGANIC DEVICES
Since the discovery of high conductance in doped polyacetylene in 1977,8 the field of
conjugated polymers (conductors and semiconductors) received significant scientific
and commercial attention. The potential advantages of using organic materials involve
solution processing at low temperatures over large scale areas. These techniques are
considerably more convenient than conventional semiconductor device fabrication
protocols. Large area coverage can be achieved by spray-coating or inkjet printing from
the solution phase, often combined with roll-to-roll continuous-flow processing.9
Moreover, all-polymer-devices should be flexible and hence, accessible to a new range of
applications.10 The basic cell structure used for most of these devices is fabricated using
an indium tin oxide (ITO)-coated glass substrate (or plastic foil) which also acts as the
transparent bottom electrode to the device. The ITO is coated with an active layer (or
layers) of an organic material. The active layer defines the properties of the device.
Several properties of this layer such as absorption coefficient, PL efficiency, transporting
capability, energy gap, and energy levels alignment will determine if the future device
will be a good photovoltaic device (PV), light emitting diode (LED), or transistor. The
device is completed by depositing the cathode, a metal contact or multilayered metal
cathodes onto the organic material (Figure 3).

organic layer

cathode

ITO
External
Circuit

glass/plastic substrate

Figure 3. Basic architecture of an organic PV/LED device.

The performance of organic devices is limited by the low mobility of the transporting
charge carriers. The mobility values of the organic materials vary between 10-6 to 10-1
cm2V-1s-1 for non crystalline materials and there is typically a large mobility imbalance
with the electrons being significantly slower. For this matter, the organic devices were
improved by introducing another material, which enables electron transport. To this
end, fullerene and its derivatives11, 12 or cyano derivatives of PPV polymer13 have been
used as electron-accepting and transporting materials.
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Organic photovoltaic devices
Conventional inorganic solar cells routinely exhibit solar power conversion1 efficiencies
of ~16%, while the most advanced model, can reach up to 41% AM1.52 efficiency.14 The
widespread expansion in the use of inorganic solar cells remains limited due to the high
costs imposed by fabrication procedures and materials costs, high energy payback time,
and a lack of physical flexibility. Organic solar cells that use polymers have been
investigated as a low-cost alternative. The solar power efficiencies of the best organic
photovoltaic cells (PVs) are currently at the 5-6% level.
The operation of a PV is grounded on a strongly absorbing active layer, which has a
suitable optical gap for the desired application. The PV process is initiated by the
absorption of a photon which generates an electron-hole pair – an exciton. The exciton
diffuses within the material as long as exciton decay mechanisms do not take place (on a
timescale of hundreds of picoseconds) or until the exciton encounters a high enough
potential offset (internal field) and dissociates. Then, the charges drift/diffuse and are
collected at their respective electrodes. In single-layer devices, the internal field is
dictated by the difference in work functions of the anode and cathode. Therefore, the
dissociation yield is low (~10%).15 Thus, the more efficient PVs are based on
heterojunctions (Figure 4). Charge transfer is favored between high electron affinity
semiconductor and relatively low ionization potential semiconductor.
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LUMO

HOMO

cathode

electron
acceptor
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hole
acceptor
layer

h

ITO

Figure 4. Band diagram (type II alignment) and carrier flow in a heterojunction photocell.

η = Voc Ics FF / P where Voc is the open circuit voltage (the
voltage generated when the load resistance is infinite), I sc is the short circuit current (defined to be the ratio of

1

Solar conversion efficiency η is given by:

the maximum power generated when the load resistance is zero) and FF is the fill-factor (defined to be the ratio
of the maximum power generated by the cell divided by Voc I sc ) and P is the power of the incoming light.
2

Air mass 1.5. A standard terrestrial solar spectral irradiance distribution.
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The heterojunctions are constructed by heterolayers, or by forming a “blend” of the
components. In the latter case, the advantage lies in the increase of interface area, while
the disadvantage is in the difficulty of obtaining a soluble mixture, and as a result,
controlling the morphology. Due to the low diffusion length of carriers in organic
materials (5-20nm),16 the advantage lies in the formation of the interpenetrating
network of the two components in the active layer.
Organic light emitting diodes
The first report of light emitting diode (LED) based on organic single crystal was by
Pope et al.,17 the first report of thin film small molecules was by Tang et al.,18 and of thin
film conjugated polymer by Burroughes et al.19
In a single layer organic LED, holes injected from the anode are transported towards the
cathode by the high electric field. The holes can recombine with electrons injected from
the cathode. In a good luminescent material this recombination will lead to a radiative
process (electroluminescence). The characteristics of the device can be improved by
fabricating a heterojunction LED (Figure 5). In this case, exciton formation is considered
to occur at the interface of the electron and hole transporting layers. Additional aspects
of using heterojunctions are separating the emission and transport functions, facilitating
carrier confinement and designing the emissive layer to have a high quantum yield.20

e
LUMO

LUMO

hν
HOMO
HOMO
cathode

hole
electron
transport transport
layer
layer

h
ITO

Figure 5. Band diagram ( type I alignment) and carrier flow in a heterojunction LED.

1.3

THE

INTEGRATION OF SEMICONDUCTOR NANOCRYSTALS INTO ORGANIC

DEVICES

The nanoscale nature of inorganic materials has opened up new opportunities for
organic devices. The quantum size effect can be used to control the band gap, and thus
control the specific application. Furthermore, quantum confinement increases the
absorption coefficient compared with the conjugated organic component alone, such
that devices can be made thinner. Combining inorganic NCs into organic devices paved
the way to the production of IR spectral range devices. These NCs can be employed in
11

applications for telecommunications systems, in electroluminescent devices,
photodetectors, and photovoltaics for solar energy conversion. These tunable properties
were initially implemented in hybrid organic-inorganic devices where nanocrystals
were interfaced with semiconducting polymers. Two main device types were
demonstrated. First, LEDs utilizing size-dependent emission of the nanocrystals to yield
tunable electroluminescence;21-25 and second, PVs and photodetectors which utilize
strong absorption cross-sections and large interface areas between the polymers and
nanocrystals that are required for charge separation.26-30
Heterojunction PVs
The basic architecture of the hybrid QD-polymer PV device is as described earlier
(section 1.2), with a distinction regarding the active layer. The morphology of a
nanocrystalline-polymer blend should be adjusted such that it provides a continuous
pathway for hole transport through the conjugation units of the polymer (Figure 6).
Moreover, it should allow an intimate directed pathway for electron transport over
macroscopic distances. Otherwise, charge carriers will face potential barriers, and
therefore will be secluded.

e

h

Figure 6. Energy levels alignment of a QD-polymer PV device (top), and top view of its preferred
morphology (down).

Another principle requirement that must be satisfied is the energy levels position of the
QDs relative to those of the polymer, which favors electron transport in the QDs’ phase
and hole transport in the polymer phase.
In the design of a QD-polymer device there are some other factors to be taken into
consideration. High quantum yield of the NCs is favored. The selection of NCs that have
fast non-radiative recombination may reduce photovoltaic device performance.
Matching the NC absorber bandgap with the spectrum of high theoretical efficiency (see
12

also ref. 31) is an important parameter. QDs such as PbTe, PbSe and PbS fall right in this
region of greatest potential enhancement (0.1-1.1 eV) depending on their size. Other
potential ideal NC systems are the III-V materials such as InAs, InSb, and InN, Ge and
other IV-VI systems. The choice of material is also associated with the stability to
oxidation, the stability of the junction, the material and synthesis cost, the global
material availability, and potential environmental impacts.
Another important factor relates to the NCs’ electronic coupling to each other and to
their environment. The coupling cannot be so strong as to reduce quantum confinement,
yet must be strong enough to separate the electron-hole pairs.
The active layer thickness is also an important factor. On one hand, the absorbance
coefficient, α, is of the order of 104 cm-1 , demanding the equivalent of ~1 µm of planar
material to achieve complete absorption. Yet, in QDs, the minority (holes) carriers
diffusion length are typically in the 100-nm range32, 33 (which is an order of magnitude
greater than in organic SC). This is still an order of magnitude less than that required to
achieve high EQE. Therefore, it requires that this absorption-extraction compromise
would be taken into account.34
A PV device was fabricated with P3HT polymer blended with one-dimensional CdSe
nanorods.27 A power conversion of 6.9%, and external quantum efficiency3 (EQE) of
~55% were obtained. It should be noted that this device was constructed with nanorods
of modified surface coverage (pyridine) in order to permit miscibility in the polymer
mixture. In this paper, it was considered that the NCs energy levels alignment is
staggered, while the CdSe NC's energy levels are lower than the polymer's. It was shown
later, by others, that for tri n-octylphosphine oxide (TOPO) capped CdSe QDs embedded
in P3HT, the alignment is the opposite: the TOPO capped CdSe levels are located higher
than those of the P3HT.35 Based on our preliminary results we believe that the role of
pyridine was possibly to lower the NCs energy levels and not just provide better
miscibility.
The integration of NCs active in the IR into devices enables matching the solar cell’s
response to the Sun’s power spectrum. For example, the optimal bandgap of a singlejunction cell is 1.13 eV, corresponding to 1.1 µm in the short-wavelength infrared (the
maximum PCE for unconcentrated AM1.5 illumination is 31.5%).34 Our study was
motivated to fabricate NCs-based devices in the near-IR (NIR). Thus, mainly InAs and
PbSe NCs were investigated.
Infrared photovoltaic effect was evidenced in 2005 using PbS QDs passivated by oleic
acid ligand, blended with MEH-PPV polymer.28 Photocurrent spectra tunability was
demonstrated using different QD samples (best EQE of ~0.38%). Bi-layer (polymer and
NCs on top) showed as an improved model.29 Since then, the efficiency of quantum-dot
3

External Quantum efficiency is the measured ratio of photons generated (and which are emitted out of the
device) to electrons injected.
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PVs that harvest wavelengths beyond 1 μm have increased over 10,000-fold in power
conversion efficiency. The latest devices achieve power conversion efficiencies in the
infrared of more than 4%,36 values comparable to those of their organic and polymer
counterparts in the visible. These best-reporting devices are Schottky devices based on
pure-QDs active layer, with reduced inter-NCs distances (see also Chapter 2).
Heterojunction LED
The inorganic NCs confine excitons and offer desirable photoluminescence properties to
the organic LEDs; PLQE in solution can exceed 90%, colloidal solution size distributions
of less than 6% standard deviation, corresponding to a PL at full-width at half maximum
(FWHM) of less than 30 nm.
There are two potential mechanisms driving electroluminescence within QD-LEDs;
Förster energy transfer (see also section 1.4) of excitons onto the QDs from the
neighboring organic molecules of higher exciton energy, or direct charge injection into
the QDs. A hybrid organic-inorganic NC composite LED structure was realized using
multilayer construction of PPV polymer and CdSe QDs.21 The color emission was
dependent upon the NC size. Core-shell NCs-based devices have been demonstrated to
be superior in the EQE compared to core based devices. An implementation was made
by a single layer of core-shell CdSe QD (passivated by TOPO) sandwiched between two
organic thin films (the EQEi reached η=0.4%).23 The formation of QD monolayers on
organic thin film surfaces relies on a phase segregation process during spin casting of
the component mixture.24, 37 The optimized LED operation, known to date, should be
obtained such that the QDs are homogeneously dispersed in the polymer matrix to allow
exciton confinement within the QD (Figure 7).
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Figure 7. Energy levels alignment of a QD-polymer LED device (top), and top view of its preferred
morphology (down).

The work carried out in our research lab led to the development of a LED device active
at the NIR region with EQE of ~0.5%.22 The device was fabricated from semiconducting
14

polymers blended with efficient NIR emitting InAs core-shell NCs. As till now, the
feasibility of other composite polymer-NCs devices in the NIR have been shown. For
example, the tunability of QD-LED emission in the NIR as a function of the QD diameter
was demonstrated using PbSe cores (λ=1.33-1.56 µm).24 Yet external efficiency values
(best efficiencies38 are typically around 2%) and devices characteristics (such as high
turn-on voltage) are indicative of inherent limitations in these prototype devices.

1.4 ENERGY TRANSFER
Trivial Transfer
Excitation transfer may occur in a "trivial" case,39 which consists of the emission of a
quantum of light by one molecule (excitation donor – D*) which is followed by
absorption of the emitted photon by a second molecule (excitation acceptor – A). The
mechanism of "trivial" radiative energy is the two-step sequence given below:
1)
2)

An effective process is dependent upon the high quantum yield of the donor emission,
the high light absorbing ability (extinction coefficient) of A, the high concentration of the
acceptor molecules in the path, and the good overlap of the emission spectrum of the
donor with the absorption spectrum of the acceptor, as given by the spectral overlap
integral:
3)
where ID is the experimental emission of D*, and

is the experimental absorption

spectrum of A. In this mechanism, the acceptor absorbs the emitted photons before the
latter can be observed, though it does not at all influence the emission ability of the
donor. Thus, changing the concentrations of the different constituents will not affect the
lifetime of donor emission. The process decays relatively slowly with the distance,
depending on the electromagnetic wave propagation characteristics, but basically in
bulk it would follow a
rule (as the decay in radiation intensity).
Förster transfer
An electronic excited donor (D*) may transfer energy to an acceptor (A) through
nonradiative dipole–dipole coupling. This mechanism is termed "Förster resonance
energy transfer" (FRET) after the German scientist Theodor Förster.40 The theory was
based on using Fermi’s Golden Rule where the perturbation was the dipole-dipole
interaction. The Coulombic resonance interaction D* A →DA* occurs via the
electromagnetic field and does not require intermediation of a photon or physical
contact of the interacting partners. The basic mechanism involves the induction of a
dipole in A by D*. The rate constant for this process is of the form:39

15

4)
where R is the distance between the donor and acceptor, R0 is the critical transfer
distance that is also dependent on the spectral overlap between the donor and acceptor,
is the excited donor’s lifetime in the absence of acceptors and κ contains the angular
dependence of the dipole-dipole interaction. The power of 6 comes from the fact that a
dipole field varies in proportion to
and this is true both for the inducing dipole
and the receiving one, therefore producing a

dependence that typically gives

useful interaction distances of the order of a few nanometers.
The major factors influencing the rate constant for energy transfer rate are: (1) the
magnitude of the spectral overlap integral; (2) the magnitude of the pure radiative rate
of D; (3) the magnitude of the extinction coefficient ; and (4) the separation of D* and
A. The radiative rate dependence allows distinguishing this mechanism from the trivial
transfer mechanism.
Dexter Transfer
A different mechanism of energy transfer is the exchange resonance interaction, which
occurs
via
double
electron
substitution
reaction
(Figure
8).
According to the mechanism, the electron initially on D* jumps to A simultaneously with
the jump of an electron on A to D*. The electron exchange occurs via overlap of electron
clouds, and thus requires collisions between the reacting partners.

Figure 8. Dexter energy transfer mechanism.

D.L. Dexter41 worked out on a theory for the electron exchange and proposed a rate
constant of energy transfer:
5)
where K is related to the specific orbital interaction, J is the spectral overlap integral,
and RDA is the donor-acceptor separation relative to their van der Waals radii, L. The rate
constant drops to negligibly small values as R increases more than on the order of one or
16

two molecular diameters (5-10 Å). Hence, this transfer mechanism is typically of a
shorter range than the Förster mechanism.
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CHAPTER 2: STUDYING THE ELECTRICAL PROPERTIES OF
QUANTUM DOTS

This chapter follows the footprints that led us to study the problem of the nanocrystal
interface. We devote a discussion to the surface of the NCs and its implications on device
activity. The latter section describes the challenge of implementing these colloids qualities
in optoelectronic solid devices.

2.1 WHY SHOULD WE FOCUS ON THE NANOCRYSTAL INTERFACE?
In the first part of chapter 1 we were introduced to the unique advantages of
optoelectronic QD-based heterojuction devices. Yet nearly every report of those
prototype devices implies limited device performance due to inefficient NC-polymer
interactions.21, 22, 27 Device performance is greatly influenced by the excitation transfer
and charge transfer processes. Since these processes take place between the polymer
and the NCs, it was speculated that the major limitations are found at the surface area of
the two components.
The interface between the polymer and QDs in the prototype devices was the outcome of
the QDs production.22 During QD synthesis they are capped by a layer of organic ligand
to prevent aggregation and thereby preserve their quantum-confined energy levels. The
ligand is usually a non-conjugated, hydrocarbon chain terminated by a functional head
group that attaches to the NC's surface (Figure 9).

C7H14COOH

P

CH 3

(CH 2)17

NH2

C8H17

Figure 9. Capping ligands. Octadecylamine (left), tri n-octylphosphine (TOP) (center) and oleic acid
(right) used for the passivation of CdSe, InAs, and PbSe QDs.

The capping ligand structure bears three functionalities: (1) an anchor group with high
affinity toward the QD surface elements; (2) a molecular skeleton that provides
maximum coverage either by its bulky configuration or by its arrangement into tight
packing; and (3) an end group that provides miscibility in a chosen solvent.
The optical gap of these capping ligands is of substantially higher energy than that of the
QD and has been demonstrated to affect charge transfer. For example, tri noctylphosphine oxide (TOPO) ligand has been shown to suppress charge transfer in
comparison to pyridine ligand using PL of QD-polymer blends.26 It was suggested that
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the presence of the TOPO barrier inhibits transport from nanocrystal to nanocrystal. It
was considered that a 1.8 nm tunnel barrier is sufficient to reduce the direct injection of
charge carriers from the semiconducting organics into the QD core by several orders of
magnitude relative to a QD capped with a shorter chain capping molecule.42
Furthermore, the use of the above ligands encountered a fabrication problem while
attempting to combine the NCs with polymers in device applications. TOPO-covered or
TOPO-stripped QDs lead to nanoparticle aggregation within the PPV polymer matrix and
diminished interface interactions.43
In the "2nd generation" of QDs-based devices the original capping ligand was exchanged
with new capping molecules. Improved compatibility between QDs and polymers both
physically and energetically was sought.
In the majority of cases, the QD surface was modified with a shorter ligand to overcome
the problem of the physical barrier caused by the original capping ligand. The
modification of the QDs surface with shorter ligands has been shown to improve both
charge transfer and charge transport in devices.
In an effort to improve the physical interaction between the QDs and polymer in organic
devices, the QDs surface was modified with polymer segments such as oligomers,
synthetic polymers, and oligopeptides27, 44 – for example, the passivation of CdSe/ZnS
using an amine-containing polymer that acts as a multidentate ligand.45 Another
example is the encapsulation of QDs with polymer (after exchanging the original ligand
with mercapto acid) through ionic interactions.46
The application of QDs with different capping layers can be obtained by two main
methodologies: the ligand exchange technique which is widely used,47, 48 and the
synthesis of QDs stabilized with functional ligands.49 Via organic ligand design, several
important properties of the QDs can be affected, such as their processibility,
photostability, assembly, spectroscopic properties, as well as redox activity.5, 35, 49-55 As
mentioned earlier, the photostability is governed by the passivation agent. Different
anchor groups such as amines, thiols, polydentate groups, etc. have been explored, and
were shown to affect the photostability of the NCs.56 The resistance against photooxidation is of course of practical interest for device applications.
Control over the ligand's energy levels has been shown to affect charge transfer.57 The
surface of CdSe QD was adjusted by oligothiophene ligands with modular conjugation
length. Variations in the length of the conjugated segment were found to influence QD
fluorescence. It has been suggested that by varying the length of the ligand, energy levels
of ligand and QD can be adjusted to provide a path for charge transfer. Ligands were also
shown to vary the band gap. The surface modification using thiols caused blue shifts in
the absorption and luminescence spectra CdTe NCs.50
The “3rd generation” of devices is characterized by producing all-NCs active layers. In
many cases the NCs film is treated with a bifunctional ligand that leads to crosslinking of
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the NCs.58-60 Using this procedure, further increase in proximity among the NCs was
achieved and resulted in improved electron and hole transport.
The accumulation of these findings acquired from PL measurements, photoinduced
absorption, voltammetry, and also device behavior, clearly point to a more substantial
role played by the capping layer of these NCs in the operation of optoelectronic devices.

2.2 THE CONDUCTIVE PROPERTIES OF QUANTUM DOT FILMS
Efficient charge transport is critical to the performance of optoelectronic devices. The
unique factors that govern the transport in NCs-based devices can be understood from
the behavior of many single-dot systems that interact in an array.
Strong NCs coupling of NCs to each other and to the environment is one of the key
parameters in the performance of these devices. For instance, in a photovoltaic
application, following the absorption of light, a NC produces excitons that may undergo
several relaxation pathways that compete with the hole-electron separation. Figure 10
shows an array of NCs under an electric field. The red dotted line represents the
electrostatic potential well of the NC film; thin barriers between NCs impede efficient NC
coupling and help retain quantum confinement effects within the NCs. The barrier
height is determined by factors such as distance between the NCs, effective dielectric
constant of the film, NC size relative to its exciton Bohr radius, the electronic nature of
the surface ligands and their specific interaction with the NC surface, surface dangling
bonds, and any trapped charges in the film. Also shown are the competing
recombination pathways to exciton dissociation such as exciton cooling (with rate
Γ(cool) ), multiple exciton generation ( Γ(MEG) ), radiative recombination ( hν ), surface
trapping ( Γ(trap) ), and charge-transfer ( Γ(C.T.) ).
To achieve an efficient charge transport in a NCs film, one has to consider other
parameters besides the overlap of the wave function. The first is the site energy
dispersion (∆α) which relates to the band alignment of the NCs in the array and is
directly related to the size dispersion of the NCs. ∆α must be smaller than KBT for
efficient charge transfer, otherwise carriers will be localized over a small subset of NCs.
The second is the self-capacitance (Ic) which is the coulombic repulsion of two electrons
of opposite spin on a single NC, and corresponds to the charging energy of the dots.
Therefore, choosing NCs with a large dielectric constant and a very narrow size
distribution that produce a strong inter-NC electronic coupling under an electric field
can diminish the aforementioned rival mechanisms and obtain efficient charge
transport.
To address this challenge and produce an array of electronically coupled NCs, one has to
transform the chosen colloidal solution into a better conducting solid. This has proved
to be a rather complicated task.
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Figure 10. Electronically coupled NCs that reside within a built-in electric field. Taken from
Hillhouse et al.31

Earlier studies of NC-based FETs reported that as-deposited NC films are highly
insulating and unresponsive to gate bias.61,62,63 The NCs are typically capped with a
surfactant layer that is necessary for their solution-based synthesis and is also pertinent
to their chemical processability. The original capping ligand used for the synthesis of
NCs is generally between 8-18 carbons alkyl functionalized chain. These ligands are
considered to shield a nanoparticle from its neighboring NCs, and to inhibit charge
transport.
Thermal annealing,61, 62, 64 chemical treatment,63, 65,60 and doping28,66 have been
suggested as means to enable conduction. Efforts have been made mainly to reduce the
inter-particle distance in a NC solid. While these treatments are critical to device
operation, the relative role played by each is not entirely clear. In fact, some of the
treatments aimed at improving the charge conductivity have other "side" effects, giving
rise to modulation of the quantized levels67,68 and sometimes to complete loss of the
excitonic peak,69 thus making the media unsuitable for other applications as solar cells.
For example, thermal annealing can decrease the inter-NC distance by driving-off
passivating ligands. However, it may produce decomposition of the ligands and/or
inorganic core prior to complete removal of the ligand and may also lead to
unpassivated surface dangling bonds that decrease device performance by
increasing Γ(trap) . In addition, it is difficult to retain a narrow size-distribution and
quantum confinement using this approach. Another noteworthy example is chemically
treating the oleic acid capped-PbSe films with the bifunctional hydrazine ligand (N2H4).
The treatment was shown to produce conductive films that displayed either n or p-type
conductivity.63 PbSe were investigated also with other short amine containing ligands
(such as methyl amine, 1,2-ethanedithiol) and produced only p-type behavior (while
hydrazine produced n-type).69
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Maintaining the optical properties is crucial for implementing the qualities of QDs in
optoelectronic devices, while at the same time a film comprising isolated particles
results in low mobility. The balance between these two emphasizes the need for aligning
a well-ordered, close-packed layer of optically active NCs.31
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CHAPTER 3: DETERMINATION OF QUANTUM DOTS ENERGETIC
LEVELS

We devote a discussion to the experimental methods used for the determination of the QD's
energy levels and elaborate on voltammetry techniques
Control and knowledge of the band gap and band edge positions are crucial for
photovoltaic and electroluminescent applications as explained in section 1.3. The sizedependent band gap energy of QDs can be assessed using simple effective mass
theories.3 There are several spectroscopic methods used for the determination of the
band gap such as absorption, photoluminescence (PL), X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and scanning
tunneling spectroscopy (STS). Another approach employs electrochemical techniques,70
and in some cases in combination with UV/vis spectroscopy. While absorbance and
luminescence provide information about the band gap energy, XPS, UPS, and cyclic
voltammetry (CV) are methods to measure the absolute energy levels within the band
structure. The electronic structure and the valence bands of quantum dots were studied
by Colvin and Alivisatos71 and later on by Wu et al. 72, 73 using x-ray photoelectron
spectroscopy. Scanning tunneling spectroscopy was employed for both single quantum
dots and arrays by Liljeroth et al.74, 75 and Millo et al.51, 76
Early studies of CdS77 and WO378 proved the capabilities of CV in the determination of
the band edge positions of NCs. CV, the most common electrochemical method, is a
dynamic technique, where current-potential curves are recorded at well-defined scan
rates. The abstraction of an electron from the highest occupied molecular orbital
(HOMO) level of the nanocrystal gives rise to an anodic peak in the CV, whereas the
introduction of an electron to the lowest unoccupied molecular orbital (LUMO) level
results in the appearance of a cathodic peak as shown in Figure 11. From the potentials
of these calibrated peaks, it is possible to determine the HOMO and LUMO with respect
to the vacuum level for NC. In cases where the reduction (oxidation) potentials of
semiconducting materials cannot be determined easily, it has been common practice to
estimate the electron affinity ,Ea, (ionization potential, Ip) by subtraction of the optically
determined band gap, Eg, from the ionization potential, Ip, (electron affinity, Ea) value
determined electrochemically. The lack of one of the electrogenerated species can be
associated with its stability.79
The first correlation between the electrochemical band gap and the electronic spectra
for semiconducting NCs was shown using CV.80 Thioglycerol-capped CdS QDs of different
core size were detected in non-aqueous media. The HOMO and LUMO of the QDs were
ascribed to the peaks at 0.80 eV (C1 oxidation peak) and 2.15 eV (A1 reduction peak)
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Figure 11. Schematic representation of electrochemical reduction and oxidation of an NC. Taken
from Peng et al.81

(Figure 12). The electrochemical band gap obtained for those fractions was less than the
optical band gap. This observation was reported for TOPO-capped CdSe NCs as well.82
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Figure 12. Cyclic voltammograms of CdS NCs illustrating the electrochemical band gap. Taken from
Haram et al.80

The interpretation of the voltammograms could be complex and the ascription of peaks
to the HOMO-LUMO levels demands an accumulation of different measurements. For
instance, the voltammograms of CdTe NCs gave rise to multiple anodic (A1, A2 and A3)
and cathodic (C1, C2 and C3) peaks.83 The ascription of the waves to the energetic levels
was based on the proximity of the reduction-oxidation (A2-C1) difference to the optically
detected energy gap value. In addition, it was supported by the shift of the oxidation
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peak (A2) toward lower energies with decreasing particle size (Figure 13) as predicted
by the size effect phenomenon. Cyclic voltammetry can also supply information on
surface defects and traps. One indication is the size dependent shift direction. For
instance, in the aforementioned paper the shift of the oxidation peak A1 showed the
opposite trend in correlation with A2 (Figure 13). The measurements led to the
conclusion that A1 can be related to the oxidation of surface defects forming intra-bandgap surface states.

Figure 13. Voltammograms of Au electrode in buffer solution containing TGA-capped CdTe
nanocrystals of four different sizes. Taken from Poznyak et al.83

The surface ligands of NC have been shown to affect the resulting cyclic
voltammograms.52 CdSe prepared in the presence of hexadecylamine (HDA) did not
show any redox behavior. It was explained by the more densely packed surface coverage
with HDA than with TOPO, which prevents heterogeneous electron transfer.84
The effects of an exchange reaction of the TOPO ligand with tetraaniline ligand in CdSe
were examined using CV in solution.53 The voltammogram of tetraaniline modified CdSe
is significantly different. The peak ascribed to the HOMO level of TOPO-capped CdSe was
shifted to a higher potential (100 mV) and that originating from the LUMO level towards
lower potentials (-350 mV). The shift in the HOMO peak of the NC is explained by the
charging of the amine groups (oxidation at E=0.2 eV) of the surface ligands.
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CHAPTER 4: ENERGY LEVELS TUNING IN 2D SEMICONDUCTOR
SURFACES

Since this thesis derived concepts from 2D bulk surfaces, we review some of the
known effects and trends in the context of modifying inorganic surfaces with
organic molecules, and their applications in devices.
Grafted molecules onto semiconductors have been shown to alter their electronic
properties. The adsorption of organic molecules can lead to the formation of
microscopic surface dipole. In infinite size 2D inorganic surfaces, grafting of organic
molecules has been extensively studied in the context of band alignment.85,85
In general, the dipole moments of the free molecular skeleton derivatives were found to
correlate with the changes in the magnitude and direction of the semiconductor work
function, electron affinity, and the effective barrier heights.86 There are also some
indications that the shift in the energy level alignment is dependent upon the binding
group of the ligand and the interacting substrate atoms.87, 88
The separation of negative and positive charges over atomic distances as drawn in
Figure 14 creates an abrupt potential step.89 A model has evolved for the ideal case of an
ordered dipole layer.
The electric field inside the double layer is the same as in parallel-plate capacitor:
6)
where N is the surface density of dipoles (in m-2), tilted at an angle , and is the layer's
dielectric constant. The voltage is given by:
7)
Combining the two expressions yields the magnitude of the surface potential step,4
:
8)

4

This is only an estimate, since the dielectric coefficient of the dipole layer, ε , is an ill-defined property
(
is not a bulk property), and the layer may not be perfectly ordered at an angle θ .
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Figure 14. Schematic diagram of a surface dipole layer. Taken from Kronik et al.89

Dipole layers can be created at semiconductor interfaces as well. In heterojunctions, the
conduction ( ∆Ec ) and valence ( ∆E v ) band offsets at the interface are determining
device characteristics. The presence of an interface dipole layer can affect these
parameters, as depicted in Figure 15.89 The band diagram of a p-n heterojunction
without and with a dipole layer is compared in Figure 15(a) and Figure 15(b),
respectively. The energy gaps of the semiconductors, E g1 and E g2 , are unchanged due to
the presence of an interface dipole. However, in accordance with the sign conventions,
∆Ec is positive (the bottom of the conduction band drops on passing from material 1 to
2), while ∆E v is negative (the top of the valence band drops on passing from material 1
to 2).

Figure 15. Schematic energy band lineup at a semiconductor heterojunction: (a) without an
interface dipole, (b) with an interface dipole. Taken from Kronik et al.89

Although this model has developed for well-ordered layers of molecules, control over
metal/semiconductor junctions can be also obtained with molecules that form relatively
poorly organized, incomplete films.90
This effect was demonstrated to tune the surface and interface properties in bulk
inorganic semiconductor devices.85, 87, 88 The open circuit voltage, Voc, the short circuit
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photocurrent, Isc, and the dark conductivity of cells made with molecular modified
electrodes, as well as photovoltage spectroscopy measurements of those electrodes,
showed a correlation with the molecular dipole moment.
The effects of a surface potential shift induced by a grafted dipole layer have been
investigated in organic optoelectronic devices (Schottky, OLEDs, PV and
OFET).91,92,93,94,95-98 Many efforts were invested in modifying the ITO electrode to
reduce its barrier for hole injection.
A few attempts to investigate the effect of organic molecules on other systems were
made as well. Molecular adjustment of the electronic properties of TiO2 nanoporous
electrodes in dye-sensitized solar cells was reported,99 showing strong correlation of the
dipole moment with the VOC and the ISC.
Polar thiol adsorbates on molecule-like Au nanoparticles surface have also appeared to
tune their electronic levels.100 It was shown that electron-withdrawing substituents
drive the formal potential for oxidation of a molecular electron donor to more positive
values.
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CHAPTER 5: CHARACTERIZATION TECHNIQUES AND METHODS
The analytical methods employed in this work are referred to in the first part of this
chapter. Electrochemical techniques are described in greater detail. In the latter part,
experimental procedures concerning devices fabrication are denoted.

5.1 ELECTROCHEMICAL METHODS
Electrochemistry studies chemical reactions which take place in a solution at the
interface of an electronic conductor (the electrode) and an ionic conductor (the
electrolyte), and which involve charge transfer between the electrode and the electrolyte
or species in solution.101, 102 Electrochemistry is a very broad field with a large range of
applications and methods. In this study, electrochemistry is used to derive
thermodynamic information concerning charge transfer processes in quantum dots.
Using this technique, thermodynamic information should be derived under dynamic
interfacial charge transfer conditions. The reaction rate is a strong function of potential
as stated in the equivalent Arrhenius equation
9)
where

is the standard free energy of activation, T – the temperature, and k – the rate

constant. An accurate kinetic picture of any dynamic process must yield an equation of
the thermodynamic form in the limit of equilibrium. Under equilibrium conditions, the
Nernst equation links the electrode potential to the reaction bulk concentrations of the
participants in the charge transfer process:
10)
where Co and C R are the bulk concentrations,

is the formal potential of the

reaction, and F is Faraday's constant. However, most electrochemical techniques
involve nonequilibrium conditions and therefore cannot be expected to exhibit a
Nernestian response (inet=0).
An expression for the current-potential
characteristics, in non-equilibrium conditions, is given by the Butler-Volmer
equation:
11)
where the overpotential is defined in terms of the deviation from the equilibrium
potential ( η = E − Eeq ). Two limiting forms of the Butler-Volmer equation are
concerned with the current response of the system at both small and large
overpotentials.
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The electron transfer reactions take place near the electrodes at very high field strength
(typically 106 V/cm). The interface between an electrolyte solution and an electrode has
become known as the electrical double layer. A model has evolved from simpler models,
which first considered the interface as a simple capacitor (Helmholtz), then as a
Boltzmann distribution (Gouy-Chapman) of ions. As shown in Figure 16, the electrode is
covered by adsorbed ions or molecules (inner Helmholtz plane-IHP/Stern/compact). The
molecules in the next layer carry their primary (hydration) shell and are separated from
the electrode (outer Helmholtz plane – OHP). The region beyond (thickness ~100 Å)
includes nonspecifically adsorbed ions distributed in a three-dimensional region
(diffusive layer) determined by electrostatic interaction between the ions and the
potential at the OHP and the random motions of ions. The potential near the electrode
diminishes exponentially with distance from the surface, and the field strength becomes
zero very close to the electrode (considerably less than 10-6 m).

Figure 16. Model of the double-layer region (left). Potential profile across the double layer region
(right) in the absence of specific adsorption of ions.

The potential difference that one measures is said to exist between the electrode and the
solution. Experimentally, the potential between these two phases is not measurable. It
quickly becomes obvious that at least one more electrode in contact with the solution is
required, and that this electrode will have its own metal-solution potential difference.
Hence, in an actual system, the properties of collections of interfaces called
electrochemical cells are measured instead of a single interface.
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The conventional set-up used for applying a potential difference to an electrochemical
cell and monitoring the charge transfer is a three-electrode cell. This apparatus
comprises a potential-monitor (potentiostat), and a reference, working, and counter
electrodes, as illustrated schematically in Figure 17. The reference electrode is used as a
potentiometric (always zero-current) probe to monitor ∆φ working relative to its own

∆φreference . This value is compared with the ∆φcounter relative to ∆φreference , and if a difference
exists, the potential impressed across the cell by the potentiometer is adjusted (by
tuning the counter electrode potential) until balance is achieved (using
a
"potentiostat"). This feedback mechanism controlled by the potentiostat helps to
overcome the potential gradient that develops across the bulk of the solution as a
reaction occurs near the working electrode (resulting in a flow of charge and an iR
drop).

Figure 17. Schematic representation of a three-electrode controlled-potential apparatus. Taken
from Kissinger et al. 101

The current flowing in the cell is the net current of faradaic currents and nonfaradaic
currents. The faradaic current is the current generated by the reduction or oxidation of
some chemical substance at an electrode. The current due to charging of the electrode to
a given potential is a nonfaradaic current and is directly proportional to the scan rate as
given by the equation:
12)
where

is the charging current, A is the electrode area (cm2), and

is the capacitance

of the double layer per square centimeter.
For introducing voltammetry techniques, we will refer to a generalized system:
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13)
where O and R are the oxidized and reduced forms of the electroactive species, in a polar
solvent containing a relatively high concentration of inert supporting electrolyte, and
the heterogenous electron transfer (ET) is large (reversible, fast). In the real world, the
electrochemical system may have irreversible systems, adsorption of O and/or R onto
the electrode surface, coupled chemical reactions, etc.
An important aspect of voltammetry is the background current, which is the current
obtained in a solution containing all ingredients except the electroactive species of
interest. It is composed of a residual current, oxidation or reduction of adventitious
electroactive material (e.g., dissolved oxygen, the solvent, or the electrode itself) and the
charging current.
The solvent system (composed of a solvent and a supporting electrolyte) should not
undergo any electrochemical reaction over a wide range of potentials. In addition to the
solvent background limit, the solvent system should have low electrical resistance to
support passage of electric current, and should not react with the electroactive species.

5.1.1 CYCLIC VOLTAMMETRY
A key method in voltammetry is the linear sweep voltammetry (LSV), in which the
potential is linearly varied with time (Figure 18a) with sweep rates, ν , ranging from 10
mV/s to about 1000 V/s using stationary conventional working electrode. In a typical
LSV experiment, an i-E curve, also called a voltammogram, is obtained. As shown in
Figure 18b, as the scan is begun at a potential well positive of E ° for the reduction
process ( O + e → R ), only nonfaradaic currents flow for a while. When the electrode
potential reaches the vicinity of E ° , the reduction begins and current starts to flow. As
the potential continues to grow more negative, the surface concentration of the O
species forms must drop; hence the flux to the surface (and the current increases). As
the potential moves past E ° , the surface concentration drops nearly to zero, mass
transfer of O species to the surface reaches a maximum rate, and then it declines as the
depletion effect sets in. Two important parameters in LSV are the peak potential, Ep, and
its current, ip, which are the potential and current at the characteristics voltammogram.
The determination of the accurate potential of a certain reaction is a non-trivial task. The
first reason is related to non-reversible systems, which can be recognized according to
the dependence of the scan rate with the peak current. If the system is found to be
irreversible, the position of the peak potential Ep may be dependent upon the scan rate.
Second, deriving the potential of the reduction/oxidation wave can be done by different
approaches. It can be done by determining the peak potential or by finding the onset of
the peak.
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The cyclic voltammetry (CV) is a reversal technique and is the potential-scan equivalent
of the double LSV technique. It enables generating a species during one scan and then
probing its fate with subsequent scans. The CV is among the most effective
electroanalytical methods available for initial electrochemical studies of new systems
and has proven very useful in obtaining information about fairly complicated electrode
reactions.

Figure 18. Linear potential sweep (a) and a resulting voltammogram (b).

The voltammogram in Figure 19 shows the reversible couple (redox) of anodic and
cathodic peak potentials (Epa and Epc respectively). A redox couple in which both species
rapidly exchange electrons with the working electrode is termed an electrochemically
reversible couple. Electrochemical irreversibility is caused by slow electron exchange of
the redox species with the working electrode, or preceding electron reaction. In
favorable circumstances, detection limits > 10-6 M are obtainable.

Figure 19. Cyclic voltammogram of a redox couple.
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5.1.2 DIFFERENTIAL PULSE VOLTAMMETRY
Differential pulse voltammetry (DPV) is another technique that provides increased
sensitivity and more efficient differentiation and resolution of different species. This
method is aimed to isolate the faradaic response of an electrochemical cell from the
associated effects of solution resistance and capacitance. It can be considered as a
derivative of the LSV, with a series of regular voltage pulses superimposed on the
potential linear sweep or staircase waveform.
The current is sampled just before (ia) and at the end (ib) of the modulation pulse,
recording the difference as the result (Figure 20). By sampling the current just before
the potential is changed, the effect of the charging current can be decreased, thus,
achieving high sensitivity with detection limits up to 10-8 M. The peak shape and peak
current magnitude are strongly influenced by the chemical and electrochemical
processes involved. Systems with slow charge transfer kinetics may face limitations of
reduced response and broader peaks.

Figure 20. Excitation signal for differential pulse voltammetry.

5.1.3 EXPERIMENTAL DETAILS
Electrochemical study (Autolab model PGSTST12) was carried out in an inert glove box
using a standard three-compartment cell (BASi). Potentials were recorded versus
Ag|0.01 M AgNO3 reference electrode at R.T. Pt coil served as the counter electrode.
Cyclic voltammetry and differential pulse voltammetry techniques were used.
The properties of 3-8 mg/mL QDs dispersions in THF, CH3CN or (9:1 v:v) CH3CN/THF
mixed solvent containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)
were investigated at Pt disk electrode (1.6 mm in diameter). DPV parameters:
modulation time 50 ms; internal time 200 ms; step potential 5 mV; modulation
amplitude 25 mV; standby potential 0 V.
In order to estimate the HOMO level (Ionization potential Ip), the anodic peaks were
related to the vacuum level using the relation:103
14) HOMO level=-(Eox+4.4) eV
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where Eox is the peak potential used to determine the HOMO energy level by means of
the empirical relationship proposed in ref. 104. The value of 4.4 at the indicated relation
corresponds to the difference between the vacuum level potential of the saturated
calomel electrode (SCE) and the potential of the Ag|0.01 M AgNO3 electrode.
Alternatively, the cell potential was correlated with the oxidation potential:
15) EHOMO = −(4.8 + qVCV, Fc/Fc+)
where q is the elementary charge, and VCV is the oxidation potential versus Fc
(ferrocene)/Fc+ (ferrocenium cation) reference electrode determined by solution-based
CV. The half cell potentials of Fc/Fc+ in different electrolytes (CH3CN – 0.1 eV, THF - 0.2
eV) are depicted in Figure 21.
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Figure 21. Normalized cyclic voltammograms of 0.001 M ferrocene/ferrocenium dissolved in THF
(black) and in CH3CN (grey) + 0.1 M TBAPF6 at 0.1 V/s. Ec – the cathodic wave potential, EA – the
anodic wave potential. The half cell potential is calculated according to EC+EA/2 vs Ag/AgNO3.

5.2 OPTICAL CHARACTERIZATION TECHNIQUES
5.2.1 ABSORPTION
Optical absorption spectra of solutions and films of NCs/polymers were measured with
an UV3101 Shimadzu UV-VIS-NIR spectrophotometer. The spectrophotometer scanned
in discrete steps over a maximum range from 190 to 3200 nm. NCs dispersions
(typically ~2 mg/mL) were measured in sealed quartz cuvettes. Films were prepared by
drop casting/spin-coating the solution sample onto glass/ITO substrates and dried
under vacuum or thermally treated under vacuum. Finally, the films were encapsulated
using epoxy gel. The optical properties of a sample were measured after a baseline was
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acquired using a reference sample (quartz cuvette filled with the solvent applied for the
NCs/polymer solution, or an uncovered glass substrate). The absorption is quoted in
terms of the quantity A defined by:
16)
where T is the fraction of transmitted light, α – the extinction coefficient, and x is the
sample thickness.
Absorbance measurements employed for the comparison of the relative PL
characteristics were done by measuring the absorption of a sample through a
predefined 2X2 mm window area. The absorption measurements intended for the PV
devices were accompanied by film thickness measurements using a profile meter.

5.2.3 PHOTOLUMINESCENCE
Samples were prepared by depositing NCs dispersions onto glass substrates (12.5X12.5
mm). Following the solvent evaporation, the samples were encapsulated (glass cover
slides –16X16 mm). A comparative study was performed by covering the sample using a
black isolating tape leaving a 12X12 mm window area.
Films measurements were performed using a cryocooler at T=10 K. Solutions
measurements were performed at R.T.
The setup for the PL measurements is schematically shown in Figure 22. It consists of He
cryo cooler, sample mount, light source (laser – 633/ 988/ 1064 nm), corresponding
band pass filter, lens, optical fiber, chopper, lock-in amplifier, monochromator, IRdetector, and electronic measuring equipment.
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Figure 22. Schematic of photoluminescence setup at T=10 K.

5.3 X-RAY PHOTOELECTRON SPECTROSCOPY
X-ray photoelectron spectroscopy (XPS) measurements were performed in a Thermo VG
Scientific Sigma Probe fitted with a monochromatized X-ray Al Kα (1486.6 eV) source. A
100 W X-ray spot of 400 μm in diameter was used for surface scans with pass energies
of 100 and 20 eV for survey and individual core level lines scans of C1s, N1s, and Si2p,
respectively. All spectra were referenced to the C1s peak at 285.0 eV, unless indicated
otherwise. The determination of the electron binding energy of each of the emitted
electrons is based on the work of Ernest Rutherford (1914) using the equation:
17)

Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray
photons being used, Ekinetic is the kinetic energy of the electron as measured by the
instrument and φ is the work function of the spectrometer (not the material).
where

5.4

PV DEVICE FABRICATION

The PV cells were prepared on cleaned patterned glass/ITO substrates (Psiotec Ltd). A
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) layer was spin-coated and annealed at
110°C under dry vacuum for 3 h. A semiconducting polymer layer was fabricated on top
of the PEDOT:PSS layer. The yellow-PPV (Y-PPV) polymer was formulated by a
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crosslinking process as described elsewhere.103 The film was annealed at 110°C under
dry vacuum for 3 h resulting in a 70-80 nm thickness. The QDs dispersions (TOP InAs in
toluene, MTP-modified InAs in THF) were spin-coated (1000 rpm) on the PPV to form a
film of thickness 200-250 nm. Additional annealing was performed at 120°C under dry
vacuum for 3 h. The top contact was ~180 nm of Ag evaporated at <0.1 nm s-1 and at a
pressure of ca. 5 × 10-7 mbar.

5.5 FIELD EFFECT TRANSISTORS
FETs were fabricated using InAs NCs and analyzed according to the generalized
approach. The basic equations describing the current flowing through the transistor
channel are:
18)
19)

20)

where the current (IDS) flowing between two of the terminals – known as the source and
drain – is controlled by the bias (VGS) applied to the third terminal – known for obvious
reasons as the gate. Cox is the capacitance of the oxide, VT – threshold voltage, L - channel
length, and W – channel width.

5.5.1 PROCESS PROCEDURE FOR BOTTOM CONTACT FET SUBSTRATES
The transistors used in this study are fabricated in a bottom-contact configuration as
depicted in Figure 23 using photolithograpy procedure.
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Figure 23. Schematic description of organic transistor in a bottom-contact configuration. Taken
from Roichman.105
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Optical lithography is used here to selectively remove parts of the metal films (Au, Ti)
deposited onto the silicon wafer. It uses light to transfer a geometric pattern from a
photo mask to a light-sensitive chemical photo resist (P.R.). A cascade of chemical
treatments then engraves the exposure pattern into the material underneath the photo
resist as described in Table 1.105
step
Evaporation

Priming

procedure
Deposition of Ti: 5nm, Au: 50 nm onto heavily
doped (n++) Si, 100 nm thick SiO2 wafers using egun evaporator.
300°C, 10 min, hot plate

Photoresist
deposition

Spin coating P.R.: 5214E 5000 rpm, 60 s

Priming

300°C, 10 min, hot plate

Photoresist
deposition
Softbake/prebake

Wafer cooling, Spin coating P.R. 5214E 5000 rpm,
60 s
90°C, 10-15 min, oven

Exposure
Post-exposure bake

4.5 sec, Hg lamp, (g-line), 436 nm, contact-printing
technique
90°C, 2 min, oven

Developing

TMAH developer for 50-60 sec, DI wash*, spin dry

Characterization

Visual inspection, Height profile

Plasma descum

200 mTorr O2, 100 W. 2 min

Hardbake

120°C, 30-60 min, oven

Au etch

I2:NH4I: H2O: C2H5OH (0.5 g, 2 g, 10mL. 15 mL) R.T.,
70-90 sec. DI water rinse: 2 min Spin dry

P.R. strip

NMP, 5-8 min, ~80°C, hot plate. DI water rinse: 2
min
Spin dry

Ti etch

NH4OH, H2O2:H2O) (1:1:3),45-60 sec , ~80°C, hot
plate. DI water rinse: 2 min Spin dry

Table 1. Process procedure for bottom contact FET substrates fabrication.
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The transistor design used in our work is depicted in Figure 24.

Figure 24. Source and drain contacts architecture. W=10,000 µm; L=2-16µm.

5.5.2 DEVICE FABRICATION
FET substrates have been washed by toluene (A.R.) and methanol (VLSI) in order to
remove organic contamination from the surface. Then, samples were inserted for 20 min
into ultraviolet ozone cleaning system (UVOCS) in order to remove any organic
contamination and to increase the surface density of hydroxyl groups, thereby
increasing the APS surface coverage. Following that, all production steps were carried
out in a glove box. The channel dimensions: L – channel length 3.5 – 5.5 µm, W – channel
width 10,000 µm. Transistors parameters: Oxide thickness=1000 A, oxide dielectric
=3.9.
Devices were prepared by a choice of steps 1-3 (see section 8.2). Following any of these
preparations, a thermal annealing at 150°c under vacuum for 1 h was performed.
1. APS assembly – 3-(trimethoxysilyl)propylamine (APS) layer was produced by
incubating a 3 mM solution in toluene for 1.5 h, followed by a thorough washing by
toluene and methanol.
2. NCs deposition – NCs films were prepared by drop casting a NCs solution (minimal
volume for surface coverage, 40 mg/mL in toluene) in a sealed petri dish for 24-48 h.
3. EDA treatment – Chemical treatment with ethylenediamine (EDA) was done by drop
casting (0.04 %V in acetonitrile) for a period of 30 s followed by thorough washing with
acetonitrile. The film was thermally treated at 150°c under vacuum for 1 h. Then, the
device was washed with toluene, and coated again with NCs solution for overnight.
Alternatively, APS-modified NCs devices (see section 8.2.2) were fabricated in two steps:
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1. APS-modified NCs were prepared by ligand exchange technique. An excess of APS was
added to the TOP-capped InAs in toluene. After two days of incubation the NCs were
precipitated by hexane. Finally, the NCs were redissolved in toluene.
2. Film preparation was performed by drop casting a NCs solution (40 mg/mL in
toluene) onto FET substrate, in a sealed petri dish for ~24 h. The samples were washed
twice in toluene to remove unbound material. Following that, thermal annealing at
150°c under vacuum for 1 h was performed.
Electrical measurements
I/V measurement were done using semiconductor parameter analyzer (SPA) HP4155C
of Agilent technologies, in a glove box. All measurements were performed in darkness, at
R.T.
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CHAPTER 6: THE DESIGN OF THE NANOCRYSTAL INTERFACE

The exchange of the as-synthesized capping layer of the InAs NCs using different ligands is
described. In addition, the ramifications of the surface treatments are investigated using
spectroscopic techniques both in NCs samples alone and in blends of NC-polymer targeted
for optoelectronic devices.

6.1 MODIFICATION OF NANOCRYSTAL CAPPING LAYER
In section 2.1 we drew attention to the significance of substituting the original capping
ligand used for the QDs synthesis for device applications. The common method to
modify the capping layer is the ligand exchange methodology. Using this approach, QDs
are prepared by the classical synthetic procedures – for instance, using TOP as a capping
layer. Then, the coating surfactant is exchanged for other surfactants. Exchanging the
ligand allows the use of a variety of ligands of different qualities, and to depart the
constraints of QD synthesis. The exchange, however, is not complete, despite attempts to
vary the length and number of times the QDs were exposed to the new ligand.106
In order to better understand the contribution of the organic molecular layer in SC NCs,
we varied the capping layer composition using different ligands. To this end, chemical
modifications of TOP-capped InAs quantum dots (QDs) were performed using various
para-phenylene skeleton molecules in which one end is a binding functionality (-X), and
the other end is a terminal group with electron withdrawing/donating power (-Y) (see
Figure 25).

InAs

X

P

Y

X = NH2 or SH

Y = OCH3, CH3, H, NO2

Figure 25. Modification of NC surface properties. Ligand exchange of TOP-capped InAs NC with a pphenylene ligand bearing a binding functionality (X) and a variable polar terminal group (Y).
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We studied a series of molecules bearing the same binding group (thiol containing
ligands) with different auxiliary polar substituents. In addition to that, ligands bearing
different binding groups (amine and thiol containing ligands) were examined. These
molecules are all fully conjugated units, and bear an aromatic unit as found in PPV
polymer chain. This aromatic group can provide for delocalization of electrons or
holes,107 which may reduce the inter-dot barrier height (see also section 2.2).

6.1.1 QUANTUM DOTS DISPERSIONS AND PURIFICATION
InAs NCs were used for this study owing to their NIR optical activity. They were
produced for the first time by the Alivisatos group in 1996.108 In this study, we deployed
colloidal InAs cores which were synthesized by A. Aharoni and D. Mocatta from the
Banin group in Jerusalem. The QDs were prepared using a solution-phase pyrolitic
reaction of organometallic precursors (optically tunable between 1.6 to 1 eV).109 Size
selection was performed by gradual precipitation of the NCs using methanol [size
dispersion 5-10%]. The NCs were dispersed in toluene and were filtered through a 0.2
µm PTFE filter. Additional purification was performed by precipitating the NCs using
methanol, and isolating them by centrifugation. Values of NCs sizes were determined
according to 1st excitonic peak.

6.1.2 THE LIGAND EXCHANGE PROCEDURE
The as-prepared TOP-capped QDs were surface modified using ligand molecules: 4nitrothiophenol (NTP), 4-methoxythiophenol (MoTP), 4-methylthiophenol (MTP), and
aniline. Surface exchange was carried out by adding the as-prepared QDs into a toluene
solution containing an excess of the modifying ligands (50-100-fold excess) relative to
the calculated TOP ligands. Following the addition to NTP, the particles precipitated and
were then separated by centrifugation. In order to remove the excess ligand the
precipitate was washed with toluene. All other surface modified QDs (using MoTP, MTP
and aniline) were incubated for at least 72 h and then precipitated with methanol. After
separation by centrifugation, excess ligand was removed by redispersion in toluene and
precipitation with methanol.

6.1.3 CHARACTERIZATION OF THE EXCHANGE
The surface modification via ligand exchange technique of the original TOP-capped InAs
QDs with the new ligands was verified using Fourier transform infrared spectroscopy
(FTIR). The measurements were acquired with the assistance of E. Gerts.
The measurements indicated that the modifying ligands bearing a thiol group: NTP,
MoTP, and MTP were attached to the NCs via the thiolate group. In addition, a
comparison of the free amine containing ligand – the aniline – to its exchange-reaction
product indicated the ligand's attachment to the NCs. While there is clear evidence for
the exchange reaction, there is also some indication that the exchange did not replace
100% of the TOP molecules on the NC surface. Figure 26 shows the modified NCs
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samples and their corresponding free ligands followed by detailed analysis of the
spectra.
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Figure 26. FTIR spectra of InAs NCs samples and their corresponding free ligands. The inset
shows the magnified spectra of aniline-free ligand (top) and aniline-modified NCs (down). The
IR spectra of InAs NCs samples were recorded in KBr matrix using Bruker FTIR (Vector 22).
Their corresponding free ligands were recorded in liquid film (aniline, MoTP) or in KBr matrix
(NTP, MTP).

The presence of TOP ligand is indicated by the frequencies of C-H stretching (a), CH2
deformation (b), and the bands which may be associated with InAs capped with
TOP(c).110
The spectra of the thiol-modified NCs samples (NTP, MoTP, and MTP) reveal
characteristic vibrations of their corresponding free ligands. On the other hand, a
prominent difference is observed in these spectra: the S-H stretch at 2547 cm-1 (d)
present in the free ligands' spectra is missing in the modified NCs samples. The absence
of the thiol vibration is indicative of the ligand's attachment to the QD via the sulfur
atom.111 Specific analysis of each treatment is described below:
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NTP ligand has a thiol stretch (d) and a characteristic NO2 symmetric stretch (e). The
NTP-modified NCs spectrum reveals the presence of NTP (e) and TOP (a) in the sample
(although no clear indication that TOP is attached, peak (c)). However, the presence of
the thiol band (d) is missing.
MoTP ligand has a thiol stretch (d) and characteristic aromatic ether bands (f). The
MoTP-modified NCs spectrum reveals the presence of MoTP (f) and remaining of TOP
(a) in the sample (although no clear indication that TOP is attached, peak (c)). However,
the presence of the thiol band (d) is missing.
MTP ligand has a thiol stretch (d), aromatic C=C bending (g) and characteristic
fingerprinting vibration (h). The MTP-modified NCs spectrum reveals the presence of
MTP (g,h) and implies the remaining of TOP (a) in the sample (although no clear
indication that TOP is attached, peak (c)). However, the presence of the thiol band (d) is
missing.
Aniline ligand has two bands which are associated with the symmetric and asymmetric
N-H vibrations of 1° amine (i), and another peak which has been assigned to the NH2
scissoring absorptions (j) at 1621 cm-1 and a characteristic band (k) which is assigned
partly to the C-N stretch and partly to the ring stretching vibration. The comparison of
aniline-modified NCs spectrum with the free ligand reveals prominent changes. The two
bands characterizing the primary amine (i) are reduced to one wide band (i*). In
addition, two bands appear in the aniline modified sample (m) (inset – aniline (top) and
aniline-modified NCs (bottom)). As opposed to that, both the scissoring of the NH2
adsorption (j) and the fingerprinting band (k) are diminished. The presence of TOP is
observed in the sample (a).
In light of these changes in aniline spectrum that occurred upon InAs presence, it is
reasonable to assume the ligand's attachment. The collapse of the two amine modes into
a single mode may indicate the adsorption of the amine group to the NCs. This is
consistent with the diminished scissoring effect. This collapse into a single mode was
attributed in aniline chemisorbed on Si to the cleavage of one N-H bond.112 Due to
adsorption, the nitrogen lone pair electrons are occupied within the NCs surface atoms
bonding, and do not participate in the aromatic resonative states. This can explain the
disappearance of the aromatic C-N band.

6.2 MAINTAINING THE QUANTUM CONFINED PROPERTIES OF THE NCS FOLLOWING
LIGAND EXCHANGE

A key factor in the ligand exchange reaction is the impact on the quantum confined
characteristics of the NCs sample. In a successful reaction, the end product should retain
its excitonic peak structure (preserving the FWHM, and peak/valley ratio). This
information is of great importance for future applications of the fabrication of
optoelectronic devices. In the following sections, the data collected for the InAs ligand
exchanges is presented.
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6.2.1 ABSORPTION OF THE NANOCRYSTAL DISPERSIONS AND NANOCRYSTAL SOLIDS
Absorbance of the modified NCs
In order to verify that the QDs did not degrade as a result of the exchange procedure,
absorbance measurements were performed. For example, the comparison between the
TOP-capped InAs QD with the aniline-modified and the MTP-modified QDs shows
(Figure 27) that the modified NCs have exactly the same absorption spectrum indicating
that the modified NCs retained their quantum confined characteristics.
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Figure 27. Absorbance measurements of TOP-capped InAs NCs sample in toluene (solid) in
comparison to its surface modified aniline (squares) and MTP (circles) samples in THF. The actual
spectra are identical but are scaled for clarity.

Other modifications (NTP, MoTP) of InAs NCs also did not result in any shift of the
exciton peaks, as shown in Figure 28.
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Figure 28. Normalized absorbance spectra of TOP capped InAs QDs in toluene (solid lines) in
comparison to its modified (a) NTP InAs NCs in CH3CN (triangles) (b) MoTP InAs NCs in THF
(diamond).
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Absorbance of device components
The spectral properties as well as the comparative films thickness of InAs NCs used in
the devices were obtained using absorbance measurements (Figure 29). Also shown is
the spectrum of the crosslinked yellow-PPV film. Two absorption peaks observed in the
UV-visible range are ascribed to the yellow-PPV (460 nm) and the cross-linkable
component (triarylamine block copolymer - X-link) (400 nm).

Figure 29. Absorbance spectra of TOP (dashed) and MTP-modified (dotted) InAs NCs films, and
yellow-PPV polymer film (solid). NCs samples were prepared by spin coating (1000 rpm) onto ITO
substrates followed by annealing at 120°C under vacuum.

6.2.2 PHOTOLUMINESCENCE OF NANOCRYSTAL DISPERSIONS AND NANOCRYSTAL
SOLIDS

To further study the influence of surface modification on the active layer of a device, we
studied NCs solids using PL. We measured the NCs before and after the exchange, and
also blended with the polymers used to fabricate the PV devices. The measurements
were performed with the assistance of A. Razin.

Figure 30. Schematic of PL experiment of NC-polymer blend. Excitation is targeted for the NC
component in the TOP-capped or aniline-modified InAs mixture.
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Throughout the study, only the NCs component was excited. Hence, the PL
characteristics of a certain NCs-polymer blend are shaped by the NCs' passivation
properties, charge transfer processes, and the specific physical morphology in the NCspolymer system (Figure 30). In contrast, energy transfer between the NCs and polymer
does not play a role.
First, the normalized PL of the as-synthesized,109 TOP-capped NCs was compared to the
aniline-modified NCs in solution, at R.T. (Figure 31a). These measurements do not show
a noticeable variation in the PL characteristics due to the exchange.
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Figure 31. Absorption and emission spectra of TOP (solid) and aniline-modified (dotted) InAs
samples (T=10 K). (a) NCs dispersions in toluene, PL spectra were normalized according to
absorption measurements, excitation wavelength 670 nm, at R.T. (b) NCs films, excitation
wavelength 1064 nm (TOP) and 988 nm (aniline).

The absorption of the NCs films (at 10 K) shows similar maximum absorption peaks,
although broader than obtained in solution (Figure 31b). On the other hand, the PL of
the NC films is noticeably different, both in shape and in wavelength. It shows >80 nm
red shift in comparison to the PL in solution. This may imply quantum mechanical
coupling of the nanocrystal with its environment,51 and also the competing mechanisms
for photoluminescence in the NCs array. The red shift may also imply efficient energy
transfer from high to low band-gap nanocrystals which is inhibited in solution.

6.2.3 PHOTOLUMINESCENCE OF NANOCRYSTAL-POLYMER BLENDS
In the NCs-polymer films, the surface composition of the NCs is a non-negligible factor.
Figure 32 shows the NCs blend with MEH-PPV (a) and Y-PPV (b). The comparison of the
as-synthesized TOP-capped (solid line) with the aniline-modified NCs (dotted line)
blends shows more than three times enhancement of PL intensity following the aniline
exchange. This may be the consequence of the improved assimilation of the NCs into the
polymer, owing to the aniline conjugated, and aromatic character.
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Figure 32. Absorption and emission spectra of NCs-polymer films (T=10 K). TOP (solid) and
aniline-modified (dotted) InAs blended with a)MEH-PPV and b)yellow-PPV polymers. PL Spectra
was normalized according to absorption (at 670 nm). Excitation wavelength was 670 nm.

Another aspect of film morphology relates to film production (Figure 33). The PL of the
NCs-PPV blend shows two peaks (P1,P2) which could also be identified in the NCs only
films (Figure 31). The low energy peak (P2) is less intense in the spin-coated film,
suggesting better integration of the NCs in the polymer matrix or the enhanced phase
separation occurring in the slowly drying drop-casted films.
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Figure 33. Comparison of PL emission of TOP InAs, 4.1 nm in diameter, in different configurations.
Excitation wavelength was 670 nm (T=10 K).

6.3

SUMMARY AND DISCUSSION

The ligand exchange reaction in InAs NCs does not modulate the exciton peaks as
observed from absorbance measurements. In other words, the band gap is retained
throughout the procedure. This is also in agreement with the PL measurements of the
NCs samples (dispersions and films of NCs only). In polymer-NCs blends, a difference in
the PL intensity is observed between the aniline-modified InAs and the as-synthesized
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NCs. The PL characteristics imply an improved interaction between the exchanged-NCs
and the polymer owing to better physical compatibility. The energetic levels shifting
effect (see also chapter 7) due to surface modification may induce changes in the charge
transfer processes taking place between the NCs and polymer. These differences are not
observed in these measurements, probably due to the tight crosstalk between the NCs in
these films and to other competing quenching mechanisms that give rise to the low PL
efficiency of the NCs (the PLQY was undetectable for these NCs). Time resolved PL or
photoinduced absorption can be employed to attain a better understanding of the
charge transfer processes.
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CHAPTER 7: TUNING ENERGETIC LEVELS IN NANOCRYSTAL
QUANTUM DOTS THROUGH SURFACE MANIPULATIONS

In this chapter we show that the NC energy levels positions are largely dependent on the
capping ligand. We report on detailed studies of the HOMO level shifting of surfacemodified InAs SC NCs upon ligand exchange using both voltammetry measurements and
scanning tunneling spectroscopy (STS) on both NCs ensembles and single NCs. We
supplement this study with a demonstration of the use of the energy level shifting effect
which showed a dramatic improvement in device performance of bilayer InAs NCs/PPV PV
devices.

7.1

INTRODUCTION

As reviewed in section 2.1, there are different approaches to improve the QDs-polymer
interactions in device applications. Perhaps the most important factor which governs
the interaction in these hybrid devices is the relative position of the energy levels of the
host polymer and the guest NCs (see also section 1.3).103, 113 In LEDs the conduction and
valence bands of the NC should be enclosed within the polymer bands (known as type I
band alignment). Conversely, a staggered band alignment is required in a solar cell (type
II band alignment). Band alignments are not easily tunable as they are determined
mostly by the material parameters, and in particular, for the inorganic NCs, there is little
flexibility in determining their positions.
The grafting of organic molecules onto 2D surfaces has been extensively studied as
described in chapter 4. However, band position tuning using organic ligands was not
reported for semiconductor NCs systems. In light of the significant effects induced by
surface molecules on 2D surfaces, one could expect that in NCs, which are characterized
by exceptionally large surface to volume ratios (for example, a 2 nm InAs dot has about
half of its atoms on the surface), capping ligand design could allow for energy levels
tuning. Since organic molecules are an inseparable part of the NCs system, it is of
interest to have the ability to carry out band gap engineering through this element. This
concept was one of the main targets of this research as depicted in Figure 34. Control
over the surface capping layer was obtained using ligand exchange technique (see also
Chapter 6). Although the grafting of organic molecules onto 2D surfaces has been
extensively studied, in the first step of our study, better understanding of the contribution of
the organic molecular layer in SC NCs is sought. Indeed, applying the principles learnt in
this context from infinite surfaces to the surface of nano-size particles is not straight
forward because the small size and high symmetry of the NCs can give rise to competing
interactions as well as screening effects.114
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Figure 34. Conversion of type I to type II energy level alignment through nanocrystal surface
modification.

7.2 DETERMINATION OF HOMO-LUMO BASED ON QUANTUM SIZE EFFECT
The first technique used to study the energy levels tuning following ligand exchange
employed voltammetry measurements using NCs dispersed in non-aqueous solutions in
order to determine their HOMO levels. Since optical measurements revealed that the
band gaps were not changed as a result of the surface modifications (see also chapter 6),
we focused the study on HOMO level positioning. This choice was encouraged by the
observation that electrogenerated oxidized species of NCs are more stable than the
reduced ones.79
The cyclic voltammogram of TOP-capped InAs NCs is shown in Figure 35(a). The anodic
wave along the positive potential scale versus Ag/AgNO3 is ascribed to the HOMO
level.103 In addition to cyclic voltammetry (CV), we employed differential pulse
voltammetry (DPV), which enables higher sensitivity.
A reproducible response was obtained upon measuring different samples. Figure 35 (b)
shows the DPV signal (full line) as well as the net NCs signal (dashed line) obtained after
subtracting the background. We note that the TOP-InAs have a rather broad signal. Due
to the semi-insulating nature of the TOP, in order to observe a clear signal we had to use
up to one order of magnitude higher concentration compared to the substituted NCs.
We attribute this broad spectrum to the enhanced probability for aggregate formation.
Figure 35 also demonstrates the known superiority of differential pulse compared to
cyclic voltammetry101 in terms of sensitivity and signal quality. Hence, the data collected
from CV regarding the oxidation/reduction waves were deduced using DPV.
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Figure 35. TOP-capped InAs NCs voltammograms (a) CV curves of 4.4 nm diameter (1130 nm) NCs
(black) and the electrolyte solution (gray) at 0.1 V/s. (b) DPV curves of the TOP-InAs (solid) and
the signal after subtracting the background (dashed); potential was swept from negative to
positive. NCs samples were dispersed in THF + 0.1 M TBAPF6. The peaks ascribed to the HOMO
levels of the NCs are designated with arrows.

7.3 HOMO LEVEL SHIFTING
In order to distinguish between the possible contributions of the ligand itself from that
of the nanocrystal, we conducted voltammetry measurements of their free ligands as
well (Figure 36, and Figure 37). The irreversible oxidation peaks revealed in the CV data
(Figure 36c,d) are investigated using DPV. Figure 36a and Figure 36b show the anilinemodified NCs and MTP-modified NCs in comparison to their corresponding free ligands.
For Figure 36b we do not observe any response from the MTP ligand itself and hence the
interpretation is straight forward as in the TOP-InAs case. Figure 36a however, shows
that there is response associated with the free aniline ligand (dashed line) which is
centered below to 0.8 V. Examining the response of the aniline-modified InAs (full line in
Figure 36a), we note the appearance of two peaks. The low energy peak is in good
agreement with the peak position of the bare ligand (dashed line). We therefore
attribute only the higher energy peak at 0.8 eV to the InAs NC HOMO.
The electrochemical response of MoTP-modified InAs shows three oxidative peaks
(Figure 37b). The potential of two of them (ii, iii) was found to be solvent dependent
(THF vs CH3CN). It is clearly seen that these peaks (ii, iii) originate from the oxidative
response of the MoTP ligand. As opposed to that, the lowest potential oxidative peak (i)
does not appear in the free ligand voltammogram, but only in the MoTP-modified NCs
voltammogram and hence, ascribed to the NCs.
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Figure 36. HOMO levels of surface-modified InAs NCs (4.4 nm diameter) deduced from DPV (a,b)
and CV (c,d). The voltammograms show the modified NCs samples (solid line) in comparison to
their corresponding unbound ligand (dashed) dissolved in THF + 0.1 M TBAPF6. (a,c) anilinemodified InAs NCs (solid), unbound aniline ligand (dashed) (b,d) MTP-modified InAs NCs (solid),
unbound MTP ligand (dashed). Potential was swept from negative to positive.

The electrochemical response of NTP-modified InAs is shown in Figure 37a. The
reduction peaks (-1.4, -1.9 V) are assigned to the ligand’s nitro group reduction.115 In
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Figure 37. DPV of modified InAs NC samples (4.4 nm diameter) in comparison to their
corresponding unbound ligand dissolved in CH3CN + 0.1 M TBAPF6. (a) NTP-modified InAs NC
(solid), unbound NTP ligand (dashed) (b) MoTP-modified InAs NCs (solid), unbound MoTP ligand
(dashed). Potential was swept from negative to positive.
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addition, the NTP-modified NCs showed five oxidative waves (I-V). The NTP free ligand
voltammogram on the other hand, showed only two oxidative waves (I, II). One of them
was ascribed to dithiol redox activity. As a result, the identification of the other peaks
(III-V) required additional measurements. The size dependent voltammetry of NCs
samples ranging from <2 nm (740 nm) to 5.9 nm (1360 nm) diameter revealed that the
potential of one of the peaks (IV) was independent of NCs size (not shown). Between the
two remaining peaks (III, V), we have chosen to regard the lower potential peak (III) as
the HOMO level. To obtain a clearer picture we plot in Figure 38a the signal for 4.4 nm
diameter TOP-InAs, MTP-modified InAs, and aniline-modified InAs after subtracting the
background for each. This figure shows that the exchange of the TOP ligands by MTP and
aniline results in a shift of the InAs NC HOMO level to lower energy (stabilization). To
quantify the shifts we fitted the relevant peaks by a Gaussian function and deduced the
onset potential and the peak position. From this analysis we find that the MTP and
aniline modified NCs are shifted by about 0.2-0.3 and 0.3-0.4 eV, respectively. Recalling
that the band gap was found to remain in tact upon ligand exchange, corresponding
shifts are expected for the LUMO.

Figure 38. HOMO levels of surface-modified InAs NCs (a) Measured using 4.4 nm NCs (b) Measured
using sub 2 nm NCs. The peaks show the background subtracted signal deduced from DPV of TOP,
MTP, and aniline modified InAs.

7.4 MODULATION OF THE BAND GAP POSITION
To further establish the remarkable shift observed in DPV, we turned to scanning
tunneling spectroscopy (STS) measurements of the same NCs with different surface
ligands. This technique was demonstrated to be sensitive to variations in the energy
levels structure of SC NCs.51, 67, 68 STS and STM measurements were performed by D.
Steiner.
For these measurements, the NCs were deposited on an atomically flat Au(111)
substrate by drop casting of InAs in toluene solution. The tunneling spectra (dI/dV vs V
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characteristics, proportional to the electronic density of states) were acquired by
positioning and stabilizing the STM tip over a specific QD, as shown in Figure 39(a). All
spectra were taken at room temperature, in order to compare with the DPV results. This
yielded significant broadening of the excited level features compared to spectra
acquired at 4.2 K, presented in previous reports.116 However, this broadening does not
affect the accuracy of the band-gap assessment. We also note in passing that the spectra
were taken with the STM tip retracted as far as possible from the NC in order to
minimize the effect of voltage division between the two tunnel junction, which acts to
increase the apparent (measured) gaps116. Figure 39(b-d) demonstrate the effects of
TOP-ligand exchange by MTP and aniline on the tunneling spectra of ~4.4 nm diameter
InAs NCs. The upper (red) curves are typical spectra acquired on aniline-modified NC
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Figure 39. (a) Schematic of the STS measurement configuration. (b-d) Tunneling (dI/dV vs V)
spectra of (b) a single aniline-capped InAs QD (top curve) in comparison with a single TOP-InAs QD
(bottom curve), (c) a single MTP-modified InAs QD (top) in comparison with a single TOP-capped
InAs QD (bottom) and (d) an aggregate of MTP-modified InAs QDs (top) in comparison to an
aggregate of TOP-InAs QDs (bottom). All spectra show a shift of ~0.2 eV toward the valence band.
The insets show the topographic images of the measured (modified) 4.4 nm diameter InAs NCs.
The dashed vertical lines are guides to the eye, demonstrating the shifts of the band edges of the
modified NCs towards lower energies.
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(Figure 39(b)) and MTP-modified NCs (isolated Figure 39(c) and within an aggregate Figure 39(d)), while the lower (blue) curves were measured on TOP-capped NCs. These
data show that the band-gap does not change upon exchange of the capping ligands, in
agreement with our aforementioned optical data. On the other hand, the band edges
(corresponding to the HOMO and LUMO levels) for both MTP and aniline modified NCs
were found to shift towards lower energies by about 0.2 eV. This latter observation
agrees qualitatively with the DPV results thus corroborating our above interpretation of
the DPV findings.

7.5 SIZE DEPENDENT SHIFTING EFFECT
After establishing the energy level tuning capabilities for NCs larger than 3 nm, we
turned to examine the effect on very small (<2 nm) NCs. For this size of NCs we used
only electrochemistry analysis and the results are shown in Figure 38b.
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Table 2. Estimated HOMO levels versus vacuum (eV) and shifting values (eV) of InAs NCs by means
of DPV and STS. Using DPV, the energetic levels were determined through onset potential and peak
potential analysis.82 The table includes the width, center, and onset of the Gaussian function fit.
The values for the onset and center of the peak are relative to those of the TOP-coated small NC.
*Large NCs were ~4.4 nm diameter, small NCs were <2 nm diameter. ** The reference “0” levels for
onset and peak potentials. The NC size was estimated using the energy of the first exciton
absorption peak.
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The peak analysis is summarized in Table I. The relative shift of the HOMO level between
the TOP coated large and small NCs is hard to determine due to the broad signal
obtained for the TOP coated large NCs. STS measurements, reported elsewhere, showed
negligible shift of the HOMO level between different sizes of TOP-coated NCs. Examining
the effect of ligand exchange we note that unlike the large NCs, for the small NCs only the
aniline seems to have a significant effect on the energy level position. We defer the
discussion of this to the conclusions part.

7.6 DEMONSTRATION OF THE SHIFTING EFFECT IN PHOTOVOLTAIC DEVICES
To demonstrate the technological importance of the above findings we examined the
relevance of surface ligand modifications to device functionality. These devices were
prepared and measured by N. Yaacobi-Gross. The effect of using a conjugated rigid
ligand, MTP, instead of the bulky and saturated TOP ligands on the inter-dot coupling is
examined first. Single layer devices were constructed where a film of NCs was
sandwiched between two electrodes. Figure 40a shows that the film composed of NCs
baring MTP ligands supports an order of magnitude higher current compared to the as
synthesized TOP-InAs based film.
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Figure 40. (a) I-V curves of single layer InAs NCs devices in the dark. (b) Schematic energy level
diagram of the TOP-InAs device. (c) Action spectra of bi-layer devices in the near-IR made of
yellow-PPV (Y-PPV) and InAs NCs: TOP- InAs NCs (full line), MTP-modified InAs NCs (dashed line).
(d) Schematic energy level diagram of the MTP-modified InAs device. The measurements were
performed by N. Yaacobi-Gross.

58

Next, to demonstrate how the remarkable surface ligand induced shifts can be used to
tune device functionality, we constructed bi-layer devices composed of ITO|PEDOT|YPPV|NCs|Al. We chose this composition since the HOMO level of Y-PPV is at ~5.0 eV and
the HOMO level of TOP-InAs is at ~4.7 eV. Figure 40b and Figure 40d schematically
describes the energy band diagram of the bi-layer LEDs where the top layer is TOP-InAs
and MTP-modified InAs, respectively, manifesting the band gap shift discussed above.
We note that the energy barrier for photo-generated holes moving from the NC layer
into the PPV layer is expected to be much lower for the MTP-modified InAs compared to
the TOP-InAs. Figure 40c shows the action spectra for the two devices where the
response for the MTP-modified InAs is two orders of magnitude higher than that of the
TOP-InAs. Since the transport in the MTP-modified InAs is enhanced by only ~1 order
(see Figure 40a), the further dramatic increase (Figure 40c) by an additional order of
magnitude is assigned to the effect of level shifting induced by the surface ligands.

7.7 CONCLUSIONS AND SUMMARY
In conclusion, we modified the original surface layer of TOP-InAs NCs with molecules
bearing different binding groups and with molecules having different auxiliary polar
substituents. The exchange reaction was verified using FTIR measurements and the
optical absorption gap as well as the first exciton peak showed no change following the
exchange. Using differential pulse voltammetry we found that the HOMO-LUMO levels
can be shifted by up to 0.3 eV. Two sample sizes (~4.4 nm diameter – large, and <2 nm
diameter - small) of InAs NCs were investigated. To substantiate the DPV measurements
scanning tunneling spectroscopy was performed on part of the samples. The importance
of the energy level shift for device performance was demonstrated and showed that this
method would be valuable for device engineering. Table I summarizes the results
obtained from DPV as well as from STS.
Examining the values for the relatively large NCs along with the values for the free
ligand dipole we note that there is no consistent correlation between the energy levels
shift and the value (& sign) of the free ligand dipole.
The electrostatic potential of the binding group is seemingly isolated from its adjacent
polar end group. This has been described before by Bredas and coworkers117 for an
infinite 2D isolated molecular layers. The potential differences were calculated by
density functional theory (DFT) for thiol byphenyl substituted with various functional
end groups. The potential distributions in the thiol docking group region are virtually
identical for all molecules. In another publication,114 the effect of molecular dipoles
assembled on clusters surfaces was computationally analyzed and showed: 1. The polar
molecules assembled on surfaces affect each other so as to minimize the mutual
interaction 2. There could be partial charge exchange between the anchor group and the
substrate 3. The electrostatic field of the dipole molecule affects the charge distribution
below the surface. From these it is clear that the overall effect is not necessarily directly
related to the magnitude of the dipole of the unbound molecule.
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The results for the large NCs show that upon exchange of the TOP with any of the other
ligands the electronic energy levels of the NC were stabilized (or unchanged in the case
of NTP). This implies that if we assign the energy levels shift to an effective dipole, then
its positive end is pointing towards the NC center. The lack of correlation with the
molecules polar terminal group suggests that the binding functionality (anchor group)
plays the most important role in determining the shift. To this extent we write the
electronegativity of each of the relevant atoms at the interface: phosphorus (2.19
Pauling), sulfur (2.58 Pauling), and nitrogen (3.04 Pauling). The electronegativity of
sulfur and nitrogen is significantly higher compared to phosphorus suggesting that the
sulfur and nitrogen should be more efficient in drawing electrons out of the InAs and
producing a dipole with a polarity that agrees with the direction of the electron energy
level shift (HOMO level shift: aniline > thiol containing ligands > TOP).
The physical picture of the below 2 nm diameter NC, however, does not seem to follow
the explanation we found for the “large” NCs. As
Table 2 shows, for all the thiol bound molecules there is no significant effect, while for
the aniline-bound molecule the effect seems to be similar to that found for the large NCs.
The essence of the explanation provided for the large NCs is that one can consider the
NC as having “bulk” and surface that can be treated separately. As the NC gets smaller
this assumption becomes more and more invalid as surface interactions may extend
across significant portions of the NC. Full understanding of the effects in small NCs will
require dedicated modeling, which will most likely employ extensive computer
resources.
In summary, the surface capping of NCs is part of its electronic system and it can alter,
among other things, the energy levels position. We envisage that engineering of the
nanocrystals surface capping would allow tuning of energy levels alignment of a chosen
nanocrystals-polymer system to arrive at better photo-cells and/or LEDs.

60

CHAPTER 8: INTERFACE MODIFICATIONS OF INAS QDS SOLIDS AND
THEIR EFFECT ON FET PERFORMANCE

In chapters 6 and 7, we presented the nanocrystal capping ligand exchange and the effects
on its electronic properties. In this chapter, we further explore the nanocrystal interface
beyond the nanocrystal capping layer. We investigated the interacting medium between
the nanocrystals, and how it effects charge transport and device performance using fieldeffect transistors.

8.1 INTRODUCTION
In section 2.2, the challenge of producing a NCs film targeted for an optoelectronic
device was introduced. Maintaining the optical properties is crucial for implementing
the qualities of QDs, while at the same time a film comprising isolated particles results in
low mobility. The objective is to balance between these and to form a well-ordered,
close-packed layer of optically active NCs.31
Conductive InAs NCs films are essential for their efficient device applications in the NIR
such as LEDs,22,103 PVs, 67 and light sensors.118 In this work, we systematically follow the
surface and film treatments of InAs colloids films. The films properties are investigated
in field-effect transistor (FET) devices. We show that tailoring each of the interface
regions within the active layer of these NCs has an important contribution to the
electrical properties. Specifically, we find that the ON/OFF ratio can be improved from
~5 all the way to ~105 through the applied procedures. We also use the FET
characteristics to examine the presence of the sub-gap states and the electronic disorder
(σ parameter) in the film, and find that treating the interface with coordinating selfassembled monolayers affects both.
As we are interested in the quantum confinement related properties of NCs, we avoid
treatments that would induce sintering of the NCs. The electrical qualities were used to
follow the assembly of NCs into a homogeneous close structure using a sequence of
chemical and thermal manipulations (Figure 41). The contribution of each treatment is
studied.
Here, two interface regions are addressed: The gate insulator or the NCs-insulator
interface and the NC or the NC-NC interface. Regarding the NCs-insulator interface, both
electronic and physical properties of the interface may have an effect. Charged states at
the gate insulator interface have been shown to affect device parameters, especially the
threshold voltage (VT) and subthreshold curve. In organic-based FETs, this interface
was shown to be subjected to trapping of electrons by the hydroxyl surface groups to
form SiO-.119 When positive voltage was applied, a charged layer of immobile negative
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ions at the interface was formed. The introduction of self-assembled molecular layers
(SAML) has been demonstrated to alter the density of charged states at the interface and
control the threshold voltage (VT) in FETs. 120,121-123,33, 34,124, 125

Figure 41. Interface modifications of an InAs NC film shown schematically. 1. Solution exchange of
as-synthesized TOP-capped NCs with aniline ligand. 2. NCs assembly onto the amine linking sites of
APS-functionalized surface. 3. Crosslinking with EDA and thermal treatment.

The motivation for surface passivation in NCs-based FETs reported here, is also its being
a potential platform for NCs assembly. This motivation is supported by the reports that
SAML are able to assemble NCs, via coordination and electrostatic interactions, into
closed-packed configuration.126, 127,128 Regarding the NC-NC interface, efficient
interaction between the NC cores will promote higher mobility values. As we are
interested in avoiding sintering, a ligand exchange is suggested here as a means to
improve NC-NC interaction and to purify the sample.

8.2 STEPWISE SELF-ASSEMBLY OF NANOCRYSTALS SOLIDS
8.2.1 PRE-TREATMENT OF NANOCRYSTAL SAMPLES
InAs QDs, ~4.5 nm in diameter, were prepared using a procedure described
elsewhere109. To take advantage of their full potential, the NCs dispersions were
processed to allow narrower size distribution such that the electronic disorder would be
minimized and the charge mobility would be maximized.129, 130 Two important
treatments to be used may have a direct effect on the properties of the NCs, and hence
we first verified that this is not the case here. The effect of ligand exchange, which is
known to enhance transport131, 132 as well as shift the NCs energy levels (see chapter 7),
was tested by comparing the absorption of the NCs in solution before and after the
exchange reaction (see Figure 42a). Extraction of solvent residues through thermal
treatment is also an important step. To ensure that the chosen conditions (150°C, under
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vacuum) do not induce sintering effects, we studied the optical absorption in films
before and after the treatment. As Figure 42b shows, the optical characteristics of the
first exciton peak were preserved.

Figure 42. Absorbance spectra of (a) TOP-capped InAs (circles) and its aniline-exchange product
(diamonds) dispersed in toluene. (b) InAs NCs films before thermal treatment: TOP-capped NCs
(diamonds), aniline-modified NCs (squares), and after thermal treatment at 150°c: TOP-capped
NCs (circles), aniline-modified NCs (triangles).

Next, we compared FETs characteristics where the NCs are directly deposited onto the
SiO2 gate insulator and annealed under the same conditions as in Figure 42. The assynthesized NCs films show field-effect characteristics that vary significantly between
devices on the same wafer, and one of the better characteristics is shown in Figure 43a.

Figure 43. Typical output characteristics of TOP-capped InAs (a&b), aniline-modified InAs (c) FETs.
Inset – transfer characteristics for VDS=30 V. The channel length is 3.5 µm.

While there is some gate effect, it is clear that there is a parallel conduction path that is
probably associated with some kind of non-intentional doping of the layer. Adding
purification procedure (see section 6.1.1) prior to the device fabrication led to the
appearance of a more conventional FET type I/V characteristics in part of the devices,
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with Ion(VGS=50V)/Ioff(VGS=0V) of 102 (Figure 43b). Yet, TOP-capped InAs devices have
shown variable and inconsistent behavior. The ligand exchange pretreatment of InAs
NCs with aniline molecule was characterized in details earlier67, and the absorbance
spectra confirming that the QDs retained their original size is shown in Figure 42. In the
context of the FET devices we found that exchanging the NCs TOP ligand with aniline
resulted in reproducible I/V characteristics such as those depicted in Figure 43c. For
both TOP and aniline-capped NCs devices only n-channel conduction was observed.

8.2.2 NCS DEPOSITION ONTO FUNCTIONALIZED INSULATOR SURFACES
NCs assembly onto functionalized substrates
After observing that the pretreatment of NCs has a pronounced effect, we studied the
effect of modifying the surface of the gate insulator. 3-(trimethoxysilyl)propylamine
(APS) molecule was chosen to mediate between the NCs layer and the insulator (Scheme
1). APS is a bifunctional molecule bearing a methoxy end that can covalently attach to
the silicon oxide surface. The other end is an amine moiety that orients itself outward
and can serve as a binding site for a nanocrystal.126

Scheme 1. InAs NCs-based transistor schematic. Bottom-contact, bottom-gate structure, fabricated
on a heavily doped Si gate, 100 nm dry thermal SiO2 oxide, Cr/Au (5 nm/50 nm) source/drain
contacts, APS SAM, and InAs NCs film as the semiconductor. The channel has a length (L) of 3.5-5.5
μm and a width (W) of 10,000 μm. Magnified: the SiO2-nanocrystal interface comprising the
functionalized APS molecule.

APS assembly
The presence of the APS layer and its composition is confirmed by XPS 133,134 as shown in
Figure 44 and analyzed below. The core level C1s spectrum (Figure 44(a)) is indicative
of CH2 group in APS (285.0 eV), while the more intense peak (286.5 eV) is associated
with C atoms bonded to the N atoms. The N1s peak (Figure 44(b)) core level spectrum
also reveals two peaks. The low energy (399.6 eV) peak corresponds to the primary
amine groups. The second peak (401.5 eV) has been ascribed to the presence of a
hydrogen-bonded amine or positively charged quaternary nitrogen of the form -NH3+
(amino groups may undergo H-bonding with each other or with substrate hydroxyls).
The presence of this peak is also associated with the presence of multilayers
assembly.135
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Figure 44. XPS core-level for deposition of APS on SiO2. (a) C1s spectrum; (b) N1s spectrum. The
measurements were performed by Dr. R. Brener.

Figure 45 compares the characteristics of FETs treated with APS to those without APS.
These results show that functionalizing the insulator surface with APS molecules had a
profound effect on the subthreshold slope of the FETs characteristics indicating a
passivation of charged interface states.136,137,120, 138 Farther analysis and conclusions
from these measurements is deferred to the discussion and conclusion sections.

Figure 45. Typical field effect characteristics of aniline-modified NCs layer fabricated onto SiO2
(grey) and onto APS modified SiO2 (black) .VDS=30 V, L=3.5 µm.

APS-modified NCs device
A different approach is to modify the NC surface with APS using ligand exchange
technique, using the ligand's amine linking groups. Only then, the APS-modified NCs are
immobilized onto the silicon oxide surface using the APS methoxy residues. NCs treated
with APS retained their quantum confined characteristics as depicted in Figure 46. The
modification of InAs QDs with APS ligand was detected using Fourier transform infrared
(FTIR) measurements (Figure 47) and analyzed below.
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Figure 46. Absorbance spectra of TOP-capped InAs (grey) and its APS-exchange product (black)
dispersed in toluene.

APS free ligand shows two bands of characteristics: symmetric and asymmetric N-H
vibrations of 1° amine (i), and NH2 scissoring absorptions (j). Two prominent changes
are observed following its reaction with NCs: the two bands characterizing the primary
amine (i) are reduced to one wide band (i*). The collapse of the two amine modes into a
single mode indicates the adsorption of the amine group to the NCs. The second
difference following the exchange reaction is the appearance of two bands in the APSmodified sample (m).
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Figure 47. FTIR spectra of the InAs NCs samples (APS-modified NCs, original TOP-capped NCs) and
their corresponding free ligand (APS). InAs NCs samples were recorded in KBr matrix. The APS
free ligand was recorded in liquid film.

InAs NCs exchanged with APS were used to fabricate FETs. The samples were incubated
with APS-modified NCs and then washed thoroughly to remove unbound material. The
transfer characteristics are shown in Figure 48.
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Figure 48. Transfer characteristics of APS-exchanged NCs FET. The channel length is 3.5 µm.

8.2.3 POST-TREATMENT USING A CROSS-LINKING AGENT
The last treatment we tested was of crosslinking the NCs with a short molecule. FETs
treated with ethylenediamine (EDA) show two orders of magnitude higher currents
(Figure 49a,b). One of the striking features is that the current modulation of anilinemodified InAs FET reached Ion/Ioff ~105 (Figure 49d).

Figure 49. Output characteristics (top) and transfer characteristics (bottom, VDS=30 V) of TOP InAs
(a,c) and aniline-modified InAs (b,d) layers treated with EDA and assembled onto APS modified
SiO2. The channel length is 5.5 µm. Insets: output characteristics for 0<VDS < 1.5 [V].
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The spectral characteristics of our NCs were not changed as a result of the thermal or
chemical treatment as depicted in Figure 50.
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Figure 50. Absorbance spectra of TOP-capped InAs film before (squares) and after (triangles)
treatment with EDA.

8.3 DEVICE ANALYSIS
InAs NCs devices have shown n-channel conductance as predicted from an earlier report
of InAs NCs arrays.51 The stronger coupling between electron states of neighboring QDs
compared to the holes is assigned to the much heavier effective mass of the holes
compared to the electrons. In correspondence, STS showed a reduction of the band gap
in InAs NCs array (in comparison to the isolated dot structure) mainly by shifting the
conduction level.51 In any of the chemically and thermally treated devices in our study,
no indication of p-channel conductance was obtained. In order to compare the device
performance before and after each step, we analyzed the I-V curves to extract the
threshold voltage (VT), the mobility in the linear regime (μlinear), the subthreshold slope
(S), and the ON/OFF ratio. In the ideal case, the threshold voltage is determined as the
VGS at which the device switches from the off state to the on state and vice versa. Since
our transistors operate in the accumulation mode, one would expect the threshold
voltage to be close to zero. The potential presence of surface dipoles136, 139 and/or
midgap states (or broad density of states, (DOS)) alters the above picture making the
threshold voltage determination a less trivial task. Sometimes, the threshold assessment
is determined as the first voltage at which a measurable current flows (Von), where the
current in the transfer characteristics is plotted in a logarithmic scale. However, since
the subthreshold slope is significant in, at least, some of our devices (see Figure 45) this
method could produce too large errors. Therefore, the method we use is extrapolation of
the high concentration curve backward toward zero current in the transfer characteristics. In
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the saturation regime the determination of the threshold voltage VT , saturation (in the square root
of the current plot) is the cross point Vint. Another issue that required attention relates to
the contribution of the non-ideal contacts in these devices due to the high energy barrier
for injection of electrons to the channel. As Figure 49a and Figure 49b show, the contact
resistance is significant only at drain source voltages below VDS= 1 V and is revealed as a
diode like effect.140

Having the above in mind we analyzed curves where VDS>5 V and determined the
threshold voltage from the saturation characteristics using:
21)
and extrapolating the curve to zero (see Figure 49c,d) where W , L and Cins are the
channel width, length and the gate capacitance (per unit area), respectively.
The values of VT extracted for the devices shown in Figure 49c and d (15.8-15.9 V) also
match the values one obtains from analysis of the output characteristics. Following the
EDA (as in previous treatments), aniline-modified InAs FET shows better performance
than the TOP-InAs FET. The current modulation of TOP-InAs device approaches Ion/Ioff
~104, while the aniline-modified InAs FET reached Ion/Ioff ~105. Both the aniline and
TOP devices switch on at Von<0.
It is known that in FETs based on disordered materials as amorphous silicon, nanocrystalline silicon, and organic semiconductor the mobility exhibits a charge density
(gate voltage) dependence.130, 141, 142 In some cases and at least across a limited range the
mobility can be described as the power of the charge density:
22)
To use a minimal set of assumptions we extracted the mobility directly from the
transfer characteristics which for the linear regime translates into the equation:
23)
The results of such calculations are shown in Figure 51. Figure 51a shows the mobility
for TOP-capped InAs and Figure 51b shows it for aniline-modified InAs, both assembled
onto APS and treated with EDA (the same as in Figure 49).
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Figure 51. Mobility extraction of TOP InAs (left) and aniline-modified InAs (right) FETs treated
with EDA. The calculation of mobility is in the linear regime where VDS=5 V. The solid lines are best
. For the TOP device: VT=15.9 V, k=0.31 and for the aniline device:
fit to a power law
VT=15.8 V, k=0.18. Channel length is 5.5 μm.

8.4 CONCLUSIONS AND SUMMARY
Annealed as-synthesized NCs film revealed gate dependent behavior even though
capped with an alkyl TOP chain. Yet, its performance was poor and inconsistent. The
targeted design of the interface regions showed FET improvement. The performance
progressed gradually with each interface treatment. The overall manipulation resulted
in three to four orders of magnitude increase in current modulation.

8.4.1 THE ROLE OF THE CAPPING LIGAND
The purification degree of the NCs material was found to be critical to device
performance. A direct indication is obtained following sample purification of the original
NCs dispersion. As already mentioned in the context of Figure 43, only following such
purification were we able to observe the appearance of FET type curves (Figure 43b) in
some of the devices. Yet, purifying the NCs sample by repeatable cycles of precipitation
could be destructive, since excess ligand is gradually removed.63, 126, 143 As opposed to
that, solution ligand exchange allows for further purification steps without degrading
the NCs. In fact, following the ligand exchange we were able to observe consistent and
reproducible device characteristics. Yet, the occasionally observed best FETs based on
purified TOP samples showed almost similar performance. The common perception
regarding ligand exchange relates to the capping characteristics (molecule length and
structure) affecting the inter-particle distance. However, our findings suggest that
improved device performance as a result of ligand exchange is attributed also to the NCs
sample's quality which seems to improve following ligand exchange.
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Due to the too large variation in the performance of the TOP-InAs based FETs, in the
following, we will only refer to FETs based on aniline modified InAs.

8.4.2 ASSEMBLY ONTO PASSIVATED SURFACE
To gain additional insight into the effect of the different treatments we performed
another analysis which focused on the above threshold regime where the mid-gap states
affecting the sub-threshold slope are already filled. We used the method presented in
Figure 51 to extract the characteristic power law (k) of the mobility and then used the
expression derived in ref 130 which relates the power law to the degree of disorder in the
film

. The resulting disorder parameter ( ) is shown

in Figure 52. Figure 52 shows that

drops following the APS treatment and remains

almost constant following the EDA cross-linking. This suggests that a second role played
by the APS is of improving the order in the film. This is in line with the motivation for
using the APS as a platform for NCs array. This is supported by the observation that APS
amine groups can attach to the NC surface as revealed from exchange experiments using
APS (see also Figure 46 and Figure 47).

Figure 52. DOS width or disorder parameter calculated for the various treatments.

8.4.3 ENHANCEMENT OF NANOCRYSTALS CROSSTALK
The crosslinking procedure using EDA resulted in two orders of magnitude
improvement in charge transport. The spectral characteristics of our NCs were not
changed as a result of the thermal or chemical treatment. High quality films allow for
Ion/Ioff ~105 and a linear regime mobility of 1.2E-5 [cm2/Vs]. Figure 53 sums up the
subthreshold slopes and current modulation ratios for the various treatments. The
subthreshold slopes decline following the APS treatment, and they are maintained
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following the EDA crosslinking. Enhancement of ON/OFF ratios and mobilities is
achieved as a result of the crosslinking. These results highlight the specific role of each
treatment: the passivation of surface electronic states by APS, and the reduction of the
inter-particle distance using EDA.

Figure 53. Comparison of subthreshold slope (S) and maximum current modulation (Ion/Ioff max)
for various treatments of aniline-modified NC FETs. For maximum current modulation: Ion, Ioff were
extracted from the transfer characteristics (VDS=30 V) at maximum and minimum IDS respectively.
Subthreshold slopes were calculated using:
.

In summary, we fabricated NCs films for optoelectronic devices in a systematic manner.
Targeting the interface regions within InAs NC solid substantially improves its
semiconducting film properties, and enhances the ON/OFF ratio in FETs by more than
three orders of magnitude. Careful analysis of the FET performance revealed the specific
role played by each interface treatment. A pretreatment of silicon oxide interface
directed the self-assembly of nanocrystals onto the transistor channel, enabling the
passivation of surface states and the formation of more ordered array. The crosstalk
between adjacent nanocrystals was enhanced through modifying the medium in
between them, and by using a crosslinking agent. High quality films allow for Ion/Ioff
~105 and a linear regime mobility of 1.2E-5 [cm2/Vs].
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CHAPTER 9: BAND GAP MODULATION IN PBSE NCS THROUGH
LIGAND EXCHANGE

The PbSe NCs system was studied using the toolbox developed for the InAs system to
investigate the energetic levels shift. A different picture is obtained upon treating the PbSe
NCs with aniline ligand as described in details below.

9.1 INTRODUCTION
Lead selenide belongs to the IV-VI series (along with lead sulphide, lead telluride and tin
oxide) of semiconducting materials, which comprises some of the most promising
materials for IR applications.1 The lead chalcogenides such as PbS and PbSe generated
great attention due to their narrow band gaps, with band gap energies of 0.41 and 0.27
eV respectively in the bulk state.110 Some other characteristics which are found to be
advantageous are their large static dielectric constants with respect to other
semiconductors. The effective masses of electrons and holes are very similar,68 and the
Bohr radii are large – for example, 18 nm and 46 nm for PbS and PbSe, respectively.
The first liquid phase synthesis of colloidal PbSe was reported by Murray102 producing
rocksalt crystals. In the following year, Guyot-Sionnest,144 Krauss23, and their coworkers
simultaneously reported similar methods to prepare PbSe semiconductor colloidal NCs.
Very small PbSe nanocrystals (d = 2-3 nm) as well as larger quantum wires, rods, and
cubes have also been recently reported.145, 146 TOP/oleic acid-capped PbSe NCs have
been demonstrated to emit from 2 to 3 µm at R.T. and to 4.1 µm at 77 K but the
efficiencies of the larger particles were found to be in the region of 0.5%.147 However,
inorganic coating of the NCs may help to increase this value, and a number of examples
of coating PbSe with, for example, PbS exist.7, 148 Recently, the surface characteristics of
the cores capping layer were studied.149 It was found that only a minor part of the ligand
shell (0−5% with respect to the number of oleic acid (OA) ligands) is composed of TOP.
PbSe NCs were incorporated into devices such as LEDs,24 FETs,63, 69,62 and PVs33 and
their electrical transport characteristics were investigated. Guyot-Sionnest et al. have
demonstrated their ambipolar nature.150 Both electrons and holes were injected into 3D
PbSe layers,151 and an increase in the charge mobilities upon charge injection was
recorded.
Films of as-synthesized PbSe NCs have been studied using voltammetry.55, 103, 151-153 Yet
the reported values for the conduction band are scattered from 5.2 to 4.2 eV.
Recently, while preparing this document, the energetic levels of PbSe NCs were reported
using CV (Figure 54, bottom).154 The LUMO was determined from the value of the first
reduction peak location in CV data, and the HOMO was determined by subtracting the
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optically measured energy gap from the LUMO value. The authors report on multi
oxidation and reduction peaks, and on complexity associated with the CV data. Their size
dependent analysis (Figure 54, top) showed a consistent trend of the first reduction
peak, that depends on the NC diameter. This served as a basis for the ascription of the
1st reduction peak to the LUMO level. However, their data raise a few questions.
According to Figure 54, the trend of the LUMO with the NC diameter seems to be in the
opposite direction (as the NC gets smaller the LUMO should have more negative
potential). In addition, it is difficult to identify the trend from the first reduction peaks in
the voltammograms (shown in the paper supporting information).

Figure 54. Cyclic voltammogram of 5.1 and 6.5 nm PbSe NCs (top). Size dependent PbSe NC energy
levels (black dots) measured by cyclic voltammetry (bottom). Measured energy levels show a good
fit with theoretical calculation (black line) and values from ref. 153 (black axes). Taken from Choi et
al.154

In our work, the electronic levels of the PbSe cores were investigated upon surface
manipulation using ligand exchange technique with aniline molecule. We employed
spectroscopic methods to characterize the exchange. Energetic levels modulation was
investigated using CV. Surprisingly, absorption also indicated a change in the electronic
structure upon the organic layer modification.
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9.2 RESULTS
PbSe NCs were prepared using a liquid phase synthesis by D. Loyman and V. Kloper
from the Lifshitz group in the Technion. The oleic-acid capped PbSe materials were
active at the near-infrared region (from 1100 to 2100 nm).155 In the ligand exchange
procedure, the as-synthesized NCs dissolved in toluene (100 mg/mL) were added to
aniline (1 mg particles per 10 µL ligand). Following incubation (~48 h), the NCs were
isolated using methanol and centrifugation (6,000 RPM for 20 min). The sediment was
redissolved in chloroform (100 mg/mL) and washed again to remove excess ligand
using methanol. The sediment was dried under vacuum for ~15 minutes, and was finally
dissolved in tetrachloroethylene/ chloroform/ THF.
The PbSe NCs exchange reaction with aniline was investigated using absorption
measurements. Figure 55 shows the 1st exciton peaks of different NCs samples before
and after the exchange reaction. Red shifts in absorption (up to ~30 nm for the larger
particles) are observed for the aniline exchange products in comparison to their
corresponding as-synthesized NCs.
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Figure 55. Normalized absorbance spectra of oleic acid-capped PbSe (solid) dispersions and their
corresponding aniline-exchange products (dashed).

The surface modification via ligand exchange technique was investigated using FTIR.
The verification of capping layer substitution with amine ligands using FTIR is a
challenging task in the case of PbSe NCs.65 The main reason is the strong absorption of
the original capping ligand (oleic acid) in the IR.155 Figure 56 shows the spectra of the
PbSe QDs before and after the exchange with aniline, and the free aniline, followed by
detailed analysis of the spectra.
Aniline ligand has two bands which are associated with the symmetric and asymmetric
N-H vibrations of 1° amine (i), and other characteristic peaks such as (k) and (j). The
comparison of aniline-modified NCs spectrum with the free ligand reveals some changes.
The two bands characterizing the primary amine (i) are unresolved after the exchange
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(i*). The characteristic band (k) is also diminished. Yet, the presence of aniline is
confirmed by the characteristic bands (j) and other peaks in the fingerprinting region
(441 cm-1). Another difference is the appearance of peaks (such as (m)), or alternatively
the shifting of aniline-free ligand's peaks. This may be the result of the ligand’s
attachment to the NC surface. These subtle changes supply indication on the
modification of the free amine ligand. However, the presence of oleic acid is still
observed in the sample ((a) and other characteristic bands).

Figure 56. FTIR spectra of oleic acid-capped PbSe, its aniline exchange product, and aniline free
ligand. The spectra of PbSe NCs samples were recorded in KBr matrix using Bruker FTIR (Vector
22). Aniline was recorded in liquid film.

To further study the ramifications of the exchange reaction on the NCs, we used
voltammetry measurements. Using this technique, the impact of the exchange reaction
on the energetic levels can be studied (see also section 7.3). Here, the energetic levels of
the dispersed NCs were investigated instead of NCs films as in previous reports.153, 154,
156 The cyclic voltammograms ranging from -3 to 1.5 eV vs Ag/AgNO3 reveal a few
oxidation and reduction peaks (Figure 57).
In order to distinguish the HOMO/LUMO levels from all other oxidation/reduction
waves, we carried out QDs size analysis using voltammetry.80, 157 Our study shows that
the first reduction peak (C) shifts toward lower potentials with decreasing nanocrystal
size. Since this is in accordance with our expectation – that as the NC gets smaller its
LUMO level moves farther away from the vacuum level – we ascribe peak C to the LUMO
level. Figure 58 shows the magnified peak C for a variety of PbSe NCs. In
correspondence, a plausible size dependent oxidation peak (A) is observed (Figure 57)
in part of the measurements. Further investigation of the oxidation processes is required
to relate this peak to the HOMO or other nanocrystal energy level.
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Figure 57. Normalized cyclic voltammograms of 3.5 and 6.8 nm diameter PbSe QDs dissolved in
THF (7.5 mg/mL) + 0.1 M TBAPF6 at 0.03 V/s. The peaks suspected as HOMO and LUMO are
designated as A and C correspondingly. The QDs sizes are evaluated according to their first exciton
peaks.155

Current [A]

0

-2 10

-6

-4 10

-6

-6 10

-6

-8 10

-6

-1 10

-5

-1.4 -1.2

~6.8 nm
~6 nm
5.8 nm
~3.5 nm
-1

-0.8 -0.6 -0.4 -0.2

0

E Vs. Ag/AgNO [V]
3

Figure 58. Magnified region of cyclic voltammograms (0, -1.4 vs Ag/AgNO3) of PbSe QDs samples
showing normalized reduction peaks (C) which are ascribed to the LUMO levels. The QDs sizes are
evaluated according to their first exciton peaks.155
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Figure 59 illustrates the estimated energy levels of different samples, from which the
size effect is obviously observed. HOMO levels are acquired by subtracting the
corresponding QDs energy gaps from the estimated LUMO levels (derived from peaks C),
ignoring any corrections due to the binding energy of the exciton.

Potential Vs. Vacuum [eV]

3.3

3.58

3.6
3.72

4.28*

4.25*

5.8

6

4.32*

4.36*
3.5

6.8

NC diameter [nm]
Figure 59. Estimated energy levels positions versus vacuum (eV) of PbSe NCs by means of CV and
absorption spectra. Using CV, the energetic levels were determined through peak potential
analysis.82 PbSe QDs were dissolved in THF + 0.1 M TBAPF6 at 0.03 V/s. The cell potential was
normalized to vacuum using the Fc/Fc+ couple (with the potential taken as 4.6 V vs vacuum). The
QDs sizes are evaluated according to their first exciton peaks.155

The cyclic voltammograms following aniline exchange reveal some prominent
differences in comparison to the as-synthesized voltammograms. An example for this
comparison is given in Figure 60. As a result of the exchange reaction, the size effect can
no longer be recognized (peak C), and the first reduction peak of the different NCs size
samples is situated around ~-0.9 eV vs Ag/AgNO3. In particular, for the small NCs (3.5
nm), a reduction peak is detected in a higher potential than detected prior to the
exchange (Figure 60, inset). Some differences appear for the oxidation waves as well
(Figure 60). An additional oxidation peak is observed (~0.4 eV vs Ag/AgNO3) which
might be attributed to aniline’s presence.
In Figure 61, the oxidation wave which may exhibit size dependent potential in the assynthesized samples (peak A) is shown. The peak shifts to lower potentials following the
exchange. This is in agreement with the red shift detected in absorption.
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Figure 60. Cyclic voltammograms of 3.5 nm PbSe QDs before and after aniline exchange dissolved
in THF (7.5 mg/mL) + 0.1 M TBAPF6 at 0.03 V/s. Inset – magnification of the first reduction peak
(normalized) region.
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Figure 61. Magnified region (0.2, -0.6 vs Ag/AgNO3) of cyclic voltammograms (normalized) of PbSe
QDs samples before and after the exchange showing a modification in the oxidation peaks. NCs
were measured in THF (7.5 mg/mL) + 0.1 M TBAPF6 at 0.03 V/s.
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9.3

CONCLUSIONS

A complex electronic behavior of the as-synthesized PbSe NCs was detected by CV. This
insight was also reported by Choi et al.154, who investigated materials synthesized in the
same method as that used by us.155 Their determination of the energetic levels of films
was done in a similar way to ours (according to the LUMO level in CV, by using the first
reduction peak). The values of the HOMO-LUMO levels deviate from the values deduced
in our work. It might be associated with detection problems of the first reduction peaks
(see also Choi et al. supporting data). It may signify the variation in energy levels of QDs
films vs dispersions.51 Alternatively, this can be the result of different approaches of
normalization of the data.
Locating the energetic levels was necessary to follow any changes due to ligand surface
modifications. The aniline ligand exchange was detected using UV, FTIR, and CV.
Indications for the surface modification of PbSe NCs can be found in each of the
techniques used here. Moreover, the introduction of PbSe NCs with aniline affected their
energetic levels. According to absorption, the band gap decreased upon the exchange.
The CV data also imply shifting of NCs energy levels. It is possible that the nitrogen
atoms, in a similar manner to sulfur atoms, participate in the PbSe core electronic
system. The quasi-shell that might have been appended in this case, can explain a band
gap reduction. However, the nature of these energetic levels shifting should be further
investigated.
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CHAPTER 10: CONCLUSIONS AND SUGGESTIONS FOR FURTHER
WORK

Conclusions
This study shed light on the colloidal quantum dots as the primary element in solid
optoelectronic devices. It showed the complexity associated with implementing the
potential advantages of these materials. We have shown that quantum dots are raw
material and should be used after processing and adjustments for devices. In other
words, we have shown a route to design and modify the synthetic product in order to
apply them efficiently in devices.
The work revealed another degree of freedom within the ability to tune and adjust the
QDs electronic properties. Size and chemical composition of the QDs determine their
band gap. We showed that the new variable, the organic ligand, can affect the position of
the band gap. This knowledge is of great importance in governing the performance of
heterojunction devices. This work is a proof of concept in this regard, and extensive
work is needed in order to gain control over its function.
Suggestions for further work
One of the most important aspects that arose during our work is the importance of the
NCs quality in the senses of purity level, size distribution, and free ligand concentration.
These parameters can have a dramatic influence on the transport properties,
spectroscopic characteristics, and stability of the NCs materials. These may have strong
impact on device activity. Unfortunately, no standards have yet been set for these
parameters for QDs, not even for the commercially available materials.
The colloidal semiconductors invaded the field of electronic devices over a decade ago.
Throughout this period there have been some interesting innovations for different kinds
of devices, along with persistent efforts for improved performance. To further develop
the applications of NCs-based devices there is a need to establish valid procedures. This
will require working with high-quality materials, as is customary in the industry of
electronic components. At this stage, the production of colloidal quantum dots has not
met the standards of the electronic devices. This, to our knowledge, serves as a major
limitation in the progression of this field.
Another aspect that refers to the synthetic product is the development of NCs synthesis
targeted for electronic devices using suitable capping ligands. The ligand exchange
modification offers flexibility and facile surface modification. However, the substitution
of the original layer is not complete, and varies for different ligands and possibly for
different NCs sizes. Throughout our study on the effect of electronic levels tuning
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through ligand modification, we encountered both size and ligand dependent tuning
effects. We assumed that these might be related also to the composition of surface
ligands and coverage. To gain more understanding on the impact of the surface capping
layer on the energy levels, it would be valuable to employ particles that are already
synthesized with different (uniform) capping ligands. This approach can shed light on
the effect, and perhaps the levels shifting effect would be intensified.
During our study, we employed a variety of methods (voltammetry, STS, XPS, PL,
absorption) to investigate the influence of the capping layer on the energetic levels of
the QDs. Yet we could not draw any conclusive remarks regarding the tuning effect in
some of the methods. The PL results showed only weak influence on the capping layer
(section 6.2.3). The results obtained from the XPS study (appendix a) showed strong
dependence on the capping ligand, but they were not necessarily related to the tuning
effect. However, we believe that the effect can be explored using these methods. To this
end, techniques that are more sensitive to the interface should be effective. XPS with
synchrotron radiation should be employed to study the valence band shifts as shown in
other reports. Time-resolved PL may detect more successfully the differences in charge
transfer processes due to different NCs capping. This includes either the comparison of
polymer blended with different QDs or blends of QD capped with different ligands.
Another method that can be employed to study the charge transfer processes is photoinduced spectroscopy.
Perhaps the most promising avenue for future work relates to the application of the
effect in QDs-based devices. The opportunity to form type II heterojunction devices
through the modification of QDs with different ligands opens up the possibility to
fabricate all-QDs-based photovoltaic cells. This excludes the need to use polymer
mixtures that suffer from blending and charge transport problems, as well as inadequate
level alignment. This challenge is currently under work in our lab.
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APPENDIX A - XPS STUDY OF NCS
As described in section 2.2, x-ray photoelectron spectroscopy can be employed in order
to determine the energy levels positions. XPS technique was used here to characterize
the InAs NCs materials. We aimed to study the size-dependent72 electronic structure of
NCs before and after ligand exchange. To this end, both the as-synthesized TOP-capped
InAs and their MTP modification products were investigated. The study included
monitoring of the core levels (C1s, As3d, In4d, and In3d), as well as the valence band of
each sample.
The samples were prepared by casting NCs dispersions in toluene onto N-heavily
doped/100 nm SiO2 substrates. The solvent was allowed to evaporate under vacuum.
The samples were then transferred immediately to the photoemission chamber in less
than 10 min to minimize exposure to air. The XPS measurements were performed by Dr.
R. Brener.
Results & analysis
The core-level peak positions of the different NCs samples were varied substantially (up
to 2.5 eV) from one measurement to another. This behavior is usually induced by
charging effects. Thus, in order to derive the valence band relative positions of different
NCs sizes and surface compositions, we avoided using the peaks’ absolute values, and
the data were first calibrated. Although it may be a trivial procedure for the general case,
in our system it is not. Typically, the C1s is used to normalize the data (C1s is set to
285.0 eV). However, in our case, the C1s core level output does not signify an alkyl chain
in all the measurements. Following the ligand exchange, it comprises an alkyl
component and an aromatic component owing to the MTP ligand structure (4 aromatic:
1 alkyl). This agrees with the XPS data that reveal considerably different FWHM for the
C1s peaks before and after the exchange. For example, 2.8 nm NCs (Figure 62) showed
FWHM = 1.22 eV for TOP-NCs, and 1.39 eV for MTP-modified NCs. Fitting the MTPmodified C1s data to two peaks (FWHM is set to 1.22 eV for both peaks, according to the
derived FWHM for the pre-modified NCs) results in 3.8:1 peak area ratio of aromatic:
alkyl C-H peaks as predicted from the MTP structure. This distinction into two peaks can
potentially allow the C1S core level alkyl component to be used as an internal reference
for calibration in every measurement. In this way, the different sizes and surface
compositions of NCs can be compared.
The core level peaks of different sizes of TOP-capped InAs NCs were studied by McGinley
et al.158, 159 using high-resolution photoemission spectroscopy with synchrotron
radiation. However, we could not follow that analysis, since our measurements were
obtained using a fixed monochromatized X-ray Al Kα (1486.6eV) source, hence were not
as sensitive to the surface content of the NCs as in that study. Thus, although different
NCs sizes with different surface layers were investigated, we did not derive quantitative
information regarding the surface composition or surface coverage of the dots.
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Figure 62. C1s core level spectra of InAs NCs samples (2.8 nm diameter) (a) before modification
and (b) after MTP ligand modification.

The valence bands of the different samples were calibrated as described previously. An
example of the valence band measurement is given in Figure 63. A valence band shift
value was derived by finding the onset of the lowest binding energy peak.
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Figure 63. Valence band measurement of TOP-InAs (2.8 nm) using XPS. The sample was biased (5
eV).

The relative valence band positions vs their NCs sizes are summarized in Figure 64.
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Figure 64. Normalized valence band positions of InAs NCs before and after MTP ligand exchange.
C1s peak was used for calibration.

The values obtained for the TOP-capped NCs of different NCs sizes are between 0.260.41 eV. On the other hand, the valence band shifts for the various sizes of MTPmodified NCs reached up to ~0.7 eV. Moreover, the values obtained for the <4 nm MTPmodified NCs are shifted by 0.1-0.45 eV as compared with their original NCs values.
These results are conferred in the discussion section.
Alternatively, another method is suggested here to analyze the results and handle the
charging effects recorded in the measurements. While In4d and As3d are considered as
shallow core-levels160 on the InAs(ll0) surface, In3d should be less subjected to surface
variations. Thus, we derived the relative value of the valence band versus the In3d peak
for each measurement. In this way, variations in the measurements caused by local
sample charging can be eliminated.
The range of the valence band shift is ~0.15 eV for the TOP-capped NCs, except for one
data point at 4.4 nm, -443.6 eV (not shown). The MTP-modified NCs showed shifts up to
0.15 eV relative to their pre-exchanged NCs.
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Figure 65. Relative values of valence bands normalized to In3d peaks calculated for different NCs
samples.

Discussion
Figure 64 and Figure 65 suggest different approaches for normalizing the data obtained
from the measurements of NCs samples having different surface capping and different
sizes. We expected to find correlation of the valence band with the QD size based on
studies on different QDs.72,71 The range of the valence band shift is up to ~0.15 eV for
both analyses (by excluding the exceptional result in -443.6 eV). The HOMO level shifts
obtained for the size dependent experiments using the voltammetry measurement were
approximately the same (up to 0.2 eV shift). However, using the XPS it is not obvious
that the observed shifts are really related to the size effect. In the first analysis (using the
C1s as a reference, Figure 64) there is no observable trend for the NCs sizes and the
differences between the TOP-capped NCs values may not exceed the error bar. In the
second analysis (Figure 65), more data points are required in order to conclude if there
is any trend for the as-synthesized NCs.
The large shifts obtained for the MTP-modified NCs as shown in Figure 64 may be
related to the observed charging effects. They can also be related to the different
exchange yield of MTP in different sizes, which produces different surface capping. In
this regard, shifting effects of the energetic levels can play a role. Yet, since the size
effect measurements are questionable for their ability to detect the electronic properties
of the NCs, any other conclusion regarding the surface modification implications is not
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drawn here. To gain more understanding it seems obligatory to investigate these
materials using synchrotron radiation.
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APPENDIX B –LIST OF MATERIALS

abbrevi
ation

Compound name

Chemical structure

Acetonitrile
aniline

CH3CN

APS

3(trimethoxysilyl)prop
ylamine

EDA

Ethylenediamine

ITO

Indium tin oxide

MoTP

4-methoxythiophenol

MTP

4-methylthiophenol

NTP

4-nitrothiophenol

OA

oleic acid

MEHPPV

poly[2-methoxy-5-(2'ethyl-hexyloxy)-1,4phenylene vinylene]

PS

Polystyrene

THF

tetrahydrofuran

TBAPF6

tetrabutylammonium
hexafluorophosphate
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Tol.

toluene

TOP

trioctylphosphine

TOPO

trioctylphosphine
oxide
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