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Chapter 1
Introduction

Abstract
This opening chapter provides a basic introduction to the world of colloidal
nanocrystals, photodetectors and solar cells. After a discussion on the main
aspects, the experimental techniques which were used in this thesis will be briefly
introduced. Finally, an overview of this thesis will be given.

Charge extraction from colloidal inorganic nanocrystals

1.1 Motivation
The use of light to transport information from one place to another dates back
to ancient times when people used fire and smoke signals e.g. for alerting. Since
then, we have witnessed an astonishing development leading to telecommunication
boosted by the invention of semiconductor lasers, modulators and photodetectors
which are able to generate, manipulate and sense light. Nowadays information
technology is primarily based on highly crystalline semiconductors.1 In one of the
chapters of this thesis we are going to focus on near-infrared (NIR) photodetectors
which are important for telecommunication2,3, infrared imaging4,5 and night vision6.
Commercial NIR (700-1400 nm) and short wave infrared (SWIR, 1400-3000 nm)
photodetectors are made of epitaxially grown semiconductor materials like Si, Ge
and InGaAs.7 However, epitaxial fabrication methods are very expensive and
limited to small area rigid devices. Therefore new materials should be considered
which allow fabricating cheaper, large area, flexible devices at low temperature.
Solution-processed light-sensing optoelectonic devices provide compatibility
with flexible substrates in combination with reduced manufacturing costs.
Considerable research has been done on solution-processed organic-based
photodetectors, but due to the lack of infrared energy capture their application is
limited to wavelengths shorter than 1µm.8,9 However, colloidal inorganic
nanocrystals (NCs) composed of group IV-VI semiconductors such as PbS and
PbSe can overcome this limitation.10-14 Due to quantum confinement their bandgap
is tunable over a wide wavelength range and their spectral sensitivity is extended to
longer wavelengths.10
In 1977 Jimmy Carter already said that “Because we are now running out of
gas and oil, we must prepare quickly for a third change, to strict conservation and
to the use of coal and permanent renewable energy sources, like solar power.” Still
today however, burning fossil fuels creates approximately 80% of the globally
consumed power which has led to serious environmental problems such as
increased pollution and global warming.15 However, production of solar cells has
increased by ~30%15 in the last 5 years and thousands of people power their homes
and businesses with solar panels. Today`s photovoltaic industry uses crystalline
silicon to convert ~15-17% of the sun`s energy directly into electricity.16
Commercial traditional solar panels made from single crystal/polycrystalline
silicon are the most efficient, but their production requires high manufacturing
costs.17 In addition, crystalline silicon technology requires high purity and thick
solar cells since crystalline silicon is a relatively weak absorber.18
Similarly to photodetector devices, solution-processing opens alternative routes
to achieve cheaper, large-area and efficient devices. There has been significant
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progress to enhance solar cell efficiencies in the visible light region with organic
and polymeric photovoltaics.19 To realize further improvement, the spectral
sensitivity of solar cells should be extended farther to the near-infrared
wavelengths which contain approximately the half of the energy of the solar
spectrum. Colloidal inorganic NCs are promising candidates12,14,20-22 to fulfill these
requirements since their bandgap is widely tunable to a desired wavelength by
simply controlling the NCs` size during the synthesis. The major drawback of
using colloidal NCs for electronic applications is the presence of an insulator shell
of organic ligands around the NCs, preventing aggregation but hindering charge
extraction as well. Therefore, one of the major challenges is to modify the surface
properties of the NCs to allow charge transport.
In this thesis, we discuss the possible routes to facilitate charge extraction from
PbS NCs and their application in hybrid photodetectors and inorganic solar cells.
Moreover, the characteristic properties of PbS and hybrid active layers are studied
by combining microscopy and spectroscopy techniques.

1.2 Inorganic nanocrystals
Inorganic semiconductor nanocrystals (NCs) are crystalline materials,
aggregates of a few hundred to ten thousands of atoms (Figure 1.1). The typical
dimensions of NCs are around 1-10 nm which is generally smaller than the exciton
Bohr-radius (the distance in an electron-hole pair). As a result, the electronic
characteristics become strongly size-dependent due to the quantum confinement.
Therefore, NCs, whose excitons are confined in all three spatial dimensions, are
often referred to as quantum dots. Consequently, NCs show intermediate electronic
properties between bulk semiconductor solids and discrete molecules.

Figure 1.1 Typical dimension of NCs is located between discrete molecules and microorganisms.
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The discovery of NCs can be dated back to almost 30 years ago.23,24 Since then,
NCs have attracted increasing attention mostly due to their exceptional optical
properties25. Only during the last decade, semiconducting NC research has become
more application oriented, most notably towards solar cells12,20,26, photodetectors12,
LEDs27,28 and biological labeling29,30.
NCs can be easily synthesized from group II-VI, III-V or IV-VI
semiconductors in solution via hot-injection approaches.31,32 For most of the
applications the key issue is to control the surface chemistry of the NCs since a
ligand shell is needed to prevent aggregation and to provide good solubility. NCs
are generally synthesized with commercially available ligands such as carboxylic
acids, amines, phosphines, phosphine oxides and alkyl thiols, which are all
electrical insulators.
Figure 1.2 shows two of the most commonly used ligands which are also applied in
this thesis.
O

a)

OH

b)
NH2

Figure 1.2 Chemical structure of a) oleic acid and b) oleylamine stabilizing ligands

Since these ligands have an insulating nature, new strategies are required to
successfully extract charges from the NCs. Therefore modifying the surrounding
medium or the surface properties of the NCs is unavoidable for electrical
applications. Several strategies have been presented so far, including integrating
semiconducting NCs with insulating ligands into semiconducting polymer-based
matrices33 and attachment of electroactive end-functionalized polymers34,35 or small
molecules36,37. These approaches have led to charge extraction from the NCs to or
through the ligands and matrices.
1.2.1 Quantum confinement effect
The energy gap which separates the continuous valence and conduction energy
bands of bulk macroscopic size semiconductors is a fixed parameter. However,
nanoscale size semiconductors with sizes smaller than ~ 10 nm fall into the regime
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of quantum confinement where the excitons are confined in all three dimensions.
As a result, the energy gap increases and the continuous energy bands of the bulk
semiconductor transform into discrete atomic-like energy levels which are
determined by the NC size (Figure 1.3).38

Figure 1.3 Idealized band structure of a bulk semiconductor and a NC exhibiting size-dependent
energy bandgap. (The energy levels are not depicted to scale.)

In 1986, L. Brus has derived an analytical expression, which expresses how the
bandgap of the NC changes with its radius R:

E gNC = E g +

h2π 2
2R 2

 1
1  1.8e 2

 −
+
 m e m h  ε 0 εR

Eq. 1.1.

where Eg is the bandgap of the bulk semiconductor, h is the Planck constant, me
and mh are the effective masses of electrons and holes, respectively, while e is the
elementary charge, ε0 is the vacuum permittivity and ε is the relative permittivity of
the semiconductor NC material. Eq. 1.1 accurately illustrates the size-dependence
of the energy bandgap, which has strong influence on the optical and electrical
properties of NC. The second term of Eq.1.1 is the quantum confinement energy
which increases with decreasing NC size and it is inversely proportional to R2. The
third term is related to the Coulomb attraction of the electron-hole pair39 which is
enhanced with increasing quantum confinement and is inversely proportional to R.
If the NC size becomes sufficiently small the second term outweighs the third term
resulting in broadening of the bandgap and blue shift in the optical absorption and
emission spectra (Figure 1.4).
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(a)

(b)

Figure 1.4 Absorption and photoluminescence spectra of PbS NCs ranging in diameter from ~ 5 nm
to ~3.8 nm (blue-shifted).

By simply varying the bandgap of the NCs through carefully controlled
synthesis, the absorption and photoluminescence of the NCs can be tuned, giving
application opportunities in many different fields, e.g. optoelectronics. In addition,
the absorption of the solar spectrum can be maximized, contrary to the limited
spectral coverage of many bulk semiconductors.

1.3 Introduction to photodetectors
Photodetectors (PD) are optical sensor devices which are able to convert light
into electrical signals using the principles of photoconductivity. When light with
sufficient energy is absorbed by certain semiconductors, the number of free carriers
increases which leads to enhanced photoconductivity compared to dark conditions.
There are many photon detection devices commercially available in the visible
spectral range such as single crystal detectors and CCD cameras which are based
on silicon technology. However, the variety of the detection systems on the market
in the NIR and SWIR spectral range is more reduced due to the limited spectral
sensitivity of silicon. NIR and SWIR detectors are generally fabricated using
epitaxially grown Ge, InGaAs or thermally evaporated PbS. The epitaxial growth
of semiconductors is considered to be an expensive technique. Therefore, new
materials are desired to enable high detectivity, inexpensive fabrication of devices
for telecommunication, night-vision systems and sensing applications.
While significant effort has been done on solution-processable organic PDs,
their use is limited to the spectral window below 1 µm due to their large
bandgap.9,40 Semiconducting NCs, especially PbS, PbSe, HgTe and InAs are
promising candidates for photon detection in the NIR and SWIR since their optical
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and electronic properties are precisely tunable by size from the visible range down
to the SWIR region and solution-processing could reduce production costs.14 In the
last couple of years NC-based PDs showed device characteristics comparable to
commercial devices which provide typical detectivity (D*) values of ~1012-1013
Jones.41 The units of D* are cmHz1/2W-1 which is also called Jones after R. Clark
Jones. Ultrasensitive quantum dot PDs were fabricated from PbS NCs showing a
detectivity of ~1013 Jones which is higher than that of commercial InGaAs
devices.42 Solution-processability of HgTe NCs has lead to the fabrication of
inkjet-printed PDs with detectivity values of ~1010 Jones.11 There is intensive
ongoing research on hybrid PDs composed of semiconducting NCs and organic
materials, which recently resulted in the fabrication of infrared photodiodes.5 The
ternary blend based photodiode functions as an infrared camera as demonstrated by
imaging a monarch butterfly under infrared illumination.
1.3.1 Figures of merit of PDs
There are several key parameters43 that have to be taken into account when
characterizing a PD. These key parameters are described in details in the following.
Responsivity (Rλ)
Rλ is the measure of the electrical output over the optical input and is often
referred to as sensitivity. The electrical output in this case is simply the
photocurrent (Iph) produced under illumination and the optical input is the power of
illumination (Plight).The Rλ in units of AW-1 can be expressed as:

R λ=

Ι ph
Plight

Eq. 1.2.

The responsivity of IR detectors increases generally with increasing wavelength
until it reaches the so-called cut-off wavelength, which is the wavelength of the
bandgap energy of the material. In general the spectral response of NC PDs follows
the shape of the NC absorption spectra.
Noise equivalent power (NEP)
NEP is a measure of the sensitivity of a photodetector; it can be defined as the
radiant power which produces a signal-to-noise ratio of unity and expressed as:

NEP =

13

In
Rλ

Eq. 1.3.
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To detect small optical signals, the Iph produced by Plight should be efficiently larger
than the noise current (In) since it is desirable to have an NEP as small as possible
since a small NEP means high signal-to-noise ratio.
Specific detectivity (D*)
D* is defined as the reciprocal of NEP normalized by the unit area of the device
and the unit bandwidth:

D* =

A∆f
NEP

Eq. 1.4.

where A is the area of the photosensitive region and ∆f is the noise bandwidth. The
normalization with the area makes it easier to compare devices with different sizes.
Dynamic range
Another important feature of PDs is the dynamic range which is the range where
the PD responds linearly to the input optical power. The dynamic range is often
limited by the saturation of the sensing signal or different sources of random noise.
Quantum efficiency (η)
Quantum efficiency can be defined as the conversion efficiency of photons to
electrons; therefore η depends on both absorption of light and collection of the
generated carriers. It can be calculated from the responsivity as

η=

Rλ hc
×
e
λ

Eq. 1.5.

where Rλ is the responsivity, λ the wavelength of light, ħ the Planck constant, c the
speed of light in vacuum and e the elementary charge.
1.3.2 PD fabrication and characterization techniques
NC-based photoconductive detectors are generally fabricated by solutionprocessing (spin-coating or dip coating) in thin film geometry, as depicted in
Figure 1.5. The basic structure consists of an insulator layer (typically SiO2) on top
of the body (generally silicon), finished by lithographically structured electrodes
(mostly gold).
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Figure 1.5 Basic structure of NC-based PDs

To measure photoresponse and determine all the key figures of merit of the device,
first a suitable light source is needed. The desired wavelength can be obtained by
using a monochromatic source or dispersion of light by a monochromator. The
exact input light power can be measured with a power meter and has to be
normalized by the size of the photoactive area. When the light is focused on the
device and the electrodes are biased, the response can be obtained by measuring the
I-V characteristics in dark and under illumination. The signal-to-noise ratio can be
measured using a lock-in amplifier technique where the incoming light is
modulated by a mechanical chopper, taking the modulation frequency and phase of
the chopping into account as reference for the lock-in amplifier. In such a way,
even very low photocurrents can be measured next to the noise current which can
be determined with the lock-in as well. More measurement details can be found in
the experimental details of Chapter 1 and 2.

1.4 Basics of solar cells
Today`s solar cell mass production is mostly based on single crystalline and
polycrystalline Si p-n junctions, which exhibit power conversion efficiencies up to
~25%.16 The p-n junction is composed of a p-doped and an n-doped Si layer on top
of each other (Figure 1.6). The absorption of photons results in the generation of
electron-hole pairs, which can generally be separated thermally or by the electric
field. The electrons and holes migrate towards the p-n junction where the opposite
carriers are pushed away from each other and are transported to the opposite
electrodes.44
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ep-doped
Si

p-n
junction

n-doped
Si

Eg

h+

Figure 1.6 Band structure and charge transport in Si p-n junction solar cells

Although this technology is very well established and gives high power
conversion efficiencies, due to the complex production techniques and high
fabrication costs, several alternatives are currently being investigated to obtain
comparable efficiencies at lower costs.
One of the strategies to improve device efficiency is to fabricate multi-junction
solar cells by stacking semiconducting materials with different bandgap energies
on top of each other. A junction such as InGaP/GaAs/InGaAs has led to
efficiencies as high as 41.6%, but this approach is far too expensive to compete
with the most recent silicon technology.16 Plastic solar cells offer easy and low-cost
production with efficiencies up to 8.3%,16 but organic semiconductors are limited
by their lack of infrared energy capture.
Nanomaterials could open other alternative pathways to improve solar cell
efficiencies in combination with low fabrication costs, due to easier synthetic and
processing methods.14 In addition, nano-sized materials like semiconducting NCs
can efficiently harness solar energy even in the near-infrared region. To improve
the efficiency of NC-based solar cells, there is an urge to fundamentally understand
the device working mechanism, since not all aspects of device performance are
understood yet. There are three main architectures under investigation using NCs in
the device active layer: i) Schottky-junction solar cells, ii) Bilayer devices
(junctions formed by two layers of distinct materials) and iii) bulk-heterojunction
devices (the active layer is composed of the blend of two distinct materials). We
are going to focus here on Schottky-junction solar cells, since they will be one of
the topics of this thesis.
1.4.1 Schottky-junction devices
When a semiconductor layer makes intimate contact with a metal a barrier can
form on the metal-semiconductor interface, called a Schottky barrier, which is
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responsible for controlling the current flow in the device.44 In the last couple of
years, NCs were used to fabricate Schottky-junction solar cells (Figure 1.7) by
simply sandwiching the NC layers between electrodes with different work
functions.

Figure 1.7 Schematic of NC-based Schottky-junction solar cells

The most efficient device active layers are processed by layer-by-layer (LBL)
dip-coating21,45 or spin-coating46,47 of p-type semiconducting NCs onto transparent
ITO patterned substrates. ITO serves as transparent and ohmic bottom contact. The
long insulating ligands can be replaced by bilinker short molecules such as
ethanedithiol21,45,48 (EDT), benzenedithiol47,49 (BDT) using sequential deposition of
the NC and short molecule solutions.

Figure 1.8 Sequential spin-coating method for fabrication of LBL NC active layer for solar cells using
BDT as bilinker ligand

As a result of the ligand exchange, the NCs become cross-linked by the bilinker
molecules and the interparticle spacing between individual NCs reduces.
Therefore, the NC layers become more conductive and the mobility of charge
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carriers increases compared to the layer composed of NCs surrounded by the long
stabilizing ligands.50 The device is finished by evaporating a low work function
(difference between vacuum level and Fermi level) metal such as Al, Ca or Mg on
top of the active layer.
When the two electrodes are connected by an external wire, charges start to
flow from the NC to the metal until thermal equilibrium is established, as depicted
in Figure 1.9, and the Fermi levels on both sides line up, causing band bending in
the NC layer.44 Only small band bending occurs at the interface of ITO and NC
layer, while on the opposite side the bending is much more pronounced due to the
offset between the Fermi level of the NCs and the metal work function. This leads
to the creation of a depletion region for charge carriers and a Schottky junction
which forms a barrier for hole extraction but favors electron injection into the
metal.21,48 It has been shown that the depletion region for NC-based Schottky
junctions is as wide as ~200 nm21,51, therefore we assume that all of our devices
presented in this thesis are fully depleted.

Figure 1.9 Equilibrium band diagram of NC-based Schottky junctions

Upon illumination, photons with energy larger than the bandgap of the NCs are
absorbed, creating excitons (electron-hole pairs) which can either recombine or
dissociate to form free charge carriers. The exciton dissociation mechanism has
been a critical issue, which has only successfully been described in 2010.49
Complex studies on the relation between inter-NC coupling energy and exciton
binding energy have revealed that if the coupling energy is comparable or exceeds
the exciton binding energy, excitons can dissociate via tunneling through the
bilinker molecules. In this study, the length of bilinker molecules connecting the
NCs was varied and these molecules were treated as tunneling barriers. When the
inter-NC distance was decreased to the point where the exciton binding energy and
the coupling energy became comparable the electron wave functions started to
overlap, leading to tunneling of electrons between two neighboring NCs while in
the low inter-NC coupling regime the dominant pathway was resonant energy
transfer. For optoelectronics, the selection of appropriate NC materials is crucial
since the nature of the material determines the exciton binding energy and the
inter-NC distance influences the coupling energy. For solar cell applications,
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efficient exciton dissociation is required which means that materials with low
exciton binding energy and strong inter-NC coupling (such as PbS treated with
BDT or EDT) are preferred. The charge transport mechanism in NC Schottky
junctions is still not well understood and there is an ongoing debate to determine
the appropriate mechanism.
The photovoltage of NC-Schottky-junctions is theoretically limited to Eg/2e
where e is the elementary charge and Eg is the bandgap of the NCs, thus the
photovoltage can be controlled by the size of the NCs. Moreover, the photovoltage
is determined by the built-in voltage which is the difference between the Fermi
level of NCs and the work function of the top metal electrode.
Successful fabrication of NC-based Schottky solar cells has been reported
using PbS47,48,52, PbSe21, and PbSxSe1-x53 NCs with power conversion efficiencies
up to 3.6%47. It is widely believed that replacing Schottky junctions by other device
architectures could lead to higher performance. Till now, bulk heterojunction54,55
devices utilizing NCs in the active layer have not given higher efficiencies due to
morphology issues, however bilayer devices56-58 showed larger improvement in
individual parameters such as fill factor (FF) or open circuit voltage. In the best
case, the device is based on a bilayer composed of porous TiO2 and PbS, boosting
the power conversion efficiency to ~5%.56
1.4.2 Solar cell characterization
To investigate the performance of solar cells, the current-voltage (I-V)
characteristics in dark and under illumination have to be considered. It is more
practical to plot the current density-voltage (J-V) characteristics, which are
normalized by the device active area since the power output of the device strongly
depends on the size of the active area. A typical J-V plot under illumination can be
seen in Figure 1.10 together with all the key parameters. The device produces
power only in the fourth quadrant where the applied voltage is between zero and
the open circuit voltage (Voc). The Voc is the maximum photovoltage that the device
can produce under illumination and corresponds to the voltage where the current
under illumination is zero (J = 0 A/m2). (Quasi Fermi level is the Fermi level,
which is formed when the populations of the charge carriers are displaced from
equilibrium.) The Voc in Schottky junctions is determined as the difference between
the quasi Fermi level of the semiconductor and the work function of the metal
electrode. At voltages higher than Voc the current density becomes positive since
the electric field has changed polarity. The current which can flow through the
device at zero voltage under illumination is called short-circuit current density (Jsc).
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Figure 1.10 Typical current-density voltage characteristics of solar cells showing Jsc, Voc, FF and MPP

At negative voltages the current tends to saturate to a maximum value where the
maximum of the photogenerated carriers is obtained. The maximum of the
electrical power, which is called maximum power point (Pmpp) is located in the
fourth quadrant where the current density (J) and voltage (V) reached its maximum
value (Jmpp∗Vmpp). Another important feature of solar cells is the fill-factor (FF)
which is the measure of the quality of the shape of the J-V characteristics and it can
be defined as the ratio between Pmpp and the product of Voc and Jsc:

FF =

J mpp × Vmpp
J sc × Voc

Eq. 1.6.

Therefore Pmpp can be expressed as Pmpp = FF× Jsc× Voc. Finally, the power
conversion efficiency of a solar cell can be described as the ratio between the
maximum power output (Pmpp) and the power of the incident light (Plight):

η=

Pmpp
Plight

=

FF × J sc × Voc
Plight

Eq. 1.7.

As can be seen from Eq.1.7, η can be enhanced by improving either one or more of
these parameters. The optimization of device operation depends on several
parameters such as morphology and thickness of the active layer, composition and
size of the materials, temperature and light intensity.
To be able to compare device performance all over the world, the power
conversion efficiency has to be measured under standard test conditions (STC).
STC include the temperature of the solar cell (25ºC), the illumination intensity
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(1000W/m2) and the spectral distribution of the illumination source (air mass 1.5 or
AM1.5, which is the spectrum of sunlight filtered by passing through 1.5
thicknesses of the earth`s atmosphere). Since the spectrum of the illuminating
source used for indoor photovoltaic measurements is never exactly the same as the
solar spectrum, the so-called spectral mismatch factor (M) has to be determined,
which can be expressed by the following formula: 59

M =

∫E
∫E

R

(λ ) S R (λ )∂λ

S

(λ ) S R (λ )∂λ

⋅

∫E
∫E

S

(λ ) S T (λ )∂λ

R

(λ ) S T (λ )∂λ

Eq.1.8.

where ER(λ) is the reference spectrum, ES(λ) the solar simulator spectrum, ST(λ) the
spectral response of the test device and SR(λ) the spectral response of the reference
cell. Typical values of M for crystalline Si solar cells lie in the range of 0.98-1.02,
since they have a similar spectral response to standard reference cells made of Si.
However, M of non-silicon based solar cells can deviate from 1, therefore it is
crucial to use a calibrated reference cell to accurately determine the efficiency of
the test cell. The reference cell is a silicon solar cell and its spectral response was
provided by the Energy research Centre of the Netherlands (ECN). The spectral
response of the test cell can be obtained by measuring the incident-photon-tocurrent conversion efficiency (IPCE) which is also known as External Quantum
Efficiency (EQE). The spectral response of the test cell can be measured relative to
that of a calibrated Si and a Ge photodiode from 400 to 1400 nm using
monochromatic light as illumination source. In this way, the ratios between the
generated photocurrent at short-circuit conditions and the incident photon flux at a
given wavelength for the whole range of the solar spectrum can be determined.

Figure 1.11 Typical IPCE spectrum of NC solar cells, measured at short-circuit conditions
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A typical IPCE spectrum for determination of M can be seen in Figure 1.11.
To determine the net photocurrent (Jph) of a photovoltaic device, the J-V
characteristics have to be recorded under illumination (JL) and in dark (JD). Jph can
be expressed as Jph= JL-JD, which can be plotted against the voltage (Figure 1.12)
to obtain the voltage where Jph= 0 and is called the compensation voltage (V0).

Figure 1.12 J-V characteristics under illumination (JL), in dark (JD) and calculated photocurrent (Jph);
Jph=JL-JD. The arrows show the open-circuit voltage (Voc) and compensation voltage (V0) where the
net Jph=0.

The extraction of photogenerated electrons and holes from a photoconductor
layer has already been investigated by Goodman and Rose in 1971.60 With a simple
physical model they explained the dependence of the current on the voltage in leadoxide glasses. If light is homogeneously absorbed throughout the whole layer with
a layer thickness of L, charge carriers are created uniformly with a generation rate
of G. Under applied bias (V), the drift length of charge carriers (electrons and
holes) is given by w =µ×τ×E; where µ is the carrier mobility, τ is the carrier
lifetime and E is the electric field. The authors showed that if all photogenerated
free carriers are extracted from the layer, the photocurrent starts to saturate which
implies that the drift length of charge carriers is equal or larger than the active layer
thickness (L). In this case no recombination occurs and the saturated photocurrent
density can be expressed as

J ph = qGL

Eq.1.9.

where q is the elementary electric charge, G the generation rate of the
photoexcitations and L the device layer thickness. On the basis of Eq.1.9., for nonspace-charge limited devices Jph depends linearly on the light intensity (I).
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However, a fundamental electrostatic limit of the photocurrent was predicted if
w of one of the charge carriers becomes smaller than L. In this case, the
accumulation of the slower charge carriers occurs in the device close to the
corresponding electrode, making the electric field non-uniform. Next to this
electrode a so-called space-charge will form, namely, a space filled with a net
positive or negative charge, depending on whether electrons or holes are causing
the space-charge. Here, the electric field will be increased, enhancing the extraction
of the carriers, while close to the other electrode the electric field decreases,
diminishing the extraction of the opposite carriers. As a consequence, the Jph can be
expressed as

J ph

 9ε εµ 
= q 0 
 8q 

1/ 4

G 3 / 4V 1 / 2

Eq.1.10.

Hence, space-charge limited Jph is characterized by the square root dependence on
the voltage and is proportional to I3/4. Moreover, in space-charge limited devices
the recombination of free carriers becomes more significant, therefore the
maximum FF which can be obtained is predicted to be ~ 42%.61
Figure 1.13 a) shows the non-space charge limited case where Jph is plotted as a
function of the effective voltage (V0-V). The effective voltage was obtained by
subtracting the applied voltage (V) from the compensation voltage (V0). There are
only two regimes to be distinguished: i) small effective voltages (V0-V < 0.1 V)
where the drift and diffusion currents compete and vary linearly with the voltage
and ii) increasing effective voltages (V0-V > 0.1 V) when the Jph tends to saturate.
(b)

(a)
I

II

I

II

III

Figure 1.13 Schematic illustration of the a) non space-charge limited photocurrent and the b) spacecharge limited photocurrent
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In the case of a space-charge limited device, as can be seen in Figure 1.13 b), a
third regime appears where Jph is characterized by the square root of the effective
voltage.

1.5 Characterization techniques
Several characterization techniques are used throughout this thesis to study and
understand the physical properties of the materials and the working mechanisms of
the fabricated devices. In the following, the most frequently used characterization
techniques will be introduced.
1.5.1 Steady-state and time-resolved photoluminescence
Photoluminescence (PL) measurements are one of the most informative
techniques to investigate electronic excited states in semiconductors. In particular,
time-resolved PL is a very powerful tool, which allows understanding the dynamics
of ongoing processes upon excitation. In this case, the sample is excited by a short
pulse of monochromatic light, followed by a measurement of the subsequent
photoluminescence as a function of time. The analysis of decay time of the
excitations provides valuable information about the nature of the excited states and
helps to understand the various routes of possible energy losses.
In general, excitation promotes the molecule from its singlet ground state (So)
to the first excited singlet state (S1). The depopulation of this state may occur via
radiative (rapid recombination to the So state giving rise to luminescence) or via
nonradiative transitions. The PL emission depends not only on the electronic
structure of a single molecule, but is also strongly influenced by the molecular
packing and coupling of the molecules. For instance, when two identical molecules
are close to each other in a spatial arrangement, the excitation energy level splits
due to the interactions between them and causes a spectral shift with respect to the
single molecule. PL processes occurring in semiconductor NCs can be described on
a similar way if we consider NCs as large molecules.
In NC thin films the emission from the S1 level is characterized by a PL decay
time in the order of nanoseconds. For surface-modified NC thin films we can
usually detect a reduction of the decay time caused by the interaction of the
exctitation with the electronic levels of the ligand molecules. For example, in
donor-acceptor systems, where the energy levels are aligned as a type-II
heterojunction, we can observe significant reduction of the PL decay time with
respect to the decay time of the pristine donor due to charge transfer.
For steady state and time-resolved PL measurements, samples were excited by
the second harmonic of a mode-locked Ti:sapphire laser, tunable in the range
~720-980 nm, delivering pulses of 150 fs, with repetition frequency of ~76 MHz.
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To vary the repetition rate of the exciting pulse, an optical pulse selector with a
division ratio between 1:20 to 1:5000 was used. The Ti:sapphire laser was pumped
with a solid-state diode-pump, frequency-doubled Nd:Vanadate (Nd:YVO4) laser,
providing single-frequency green (532 nm) output at a power of 5 Watts. Steady
state PL was measured in the visible with a Hamamatsu EM-CCD camera and in
the NIR with an InGaAs detector from Andor.
The-time resolved PL signal was recorded with two Hamamatsu streak
cameras, one with a photocathode sensitive in the visible and the other in the NIR
spectral range.
1.5.2 Microscopy
The morphology of thin films used as active layers in devices is one of the
most important parameters determining the device’s efficiency. The presence of
pinholes and cracks in the active layer generally leads to decreased device
performance.62 Atomic force microscopy (AFM) can provide high-resolution
surface topography images, reflecting the material`s surface properties. Surface
topography information was obtained by a MultiMode AFM NanoScope IV
Scanning Probe Microscope Controller in tapping mode, mounting Si cantilevers.
High resolution cross-section images can be obtained by scanning electron
microscopy (SEM). SEM belongs to the electron microscopy family and is able to
image samples by scanning them with a high-energy beam of electrons. The
electrons interact (absorption, scattering) with the surface creating secondary
electrons, back-scattered electrons and x-rays. These signals are collected by an
array of detectors to form the images. The sample cross sections were taken by a
ZEISS 1540 XB cross beam electron microscope.
Transmission electron microscopy (TEM) uses the same basic principles as
normal microscopes, but it operates with electrons instead of light, which allows
obtaining resolutions tens of thousand times higher due to the small de Broglie
wavelength of electrons. The beam of electrons interacts (e.g. transmission,
scattering) and travels through the specimen, resulting in the formation of images
with fine details.
1.5.3 Absorption
Absorption spectroscopy measures transitions between electronic states. The
frequencies, where the absorption occurs, primarily depend on the electronic
structure of the semiconductor, giving qualitative and quantitative information
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about a sample. Optical density spectra were taken with a Perkin Elmer Lambda
900 spectrometer.
Transient absorption, also known as pump-probe technique, is an extension of
absorption spectroscopy where a pump laser is used to excite the sample from the
ground state to higher excited states followed by a probe laser to obtain the
absorption spectra of higher excited states as a function of time after excitation.
This technique is an important experimental tool to separately identify the
dynamics of charge carriers and provide evidence for charge transfer. Differential
transmission decays are obtained with a two color pump-probe setup. The samples
are excited with pulses from a regenerative amplifier (784 nm wavelength, 150 fs
duration, 1 kHz repetition) and are probed with infrared (∼1280 nm wavelength)
pulses from a tunable parametric amplifier.
Fourier transform infrared spectroscopy (FTIR) is a common technique to
identify the chemical composition of a sample by the analysis of its infrared
absorption spectra at various frequencies. It uses the fact that every chemical bond
or group of bonds vibrate at specific characteristic frequencies. The transmittance
and reflectance of the infrared rays at different frequencies is translated into an
infrared spectrum consisting of characteristic peaks of the sample which can be
identified from the FTIR library. Measurements were performed in vacuum with a
Bruker IFS 66v/S spectrometer equipped with a DTGS detector. All spectra were
measured with a resolution of 4 cm−1 and are averages of 4800 scans. The spectrum
of a clean silicon wafer was used as a reference. Spectra were recorded and
evaluated with the software OPUS version 4.2 (Bruker).

1.5.4 Electrical characterization
Current-voltage characteristics of solar cells were recorded using a Keithley
2400 SourceMeter in a nitrogen filled glove-box. Measurements were performed in
the dark and under illumination from a Steuernagel SolarConstant 1200 metal
halide lamp calibrated to 1 sun intensity and corrected for spectral mismatch with
the AM1.5G spectrum using a Si reference cell. The calculated mismatch factors
for PbS (1.1 eV) and PbS (1.3 eV) in this setup amounted to 1.17 and 1.22,
respectively. Contributions to the photocurrent from regions outside the
anode/cathode overlap area were eliminated using illumination masks with slightly
smaller apertures than the device area.
Incident photon to current conversion efficiency (IPCE) spectra were measured
from 400 to 1400 nm using a custom-built setup comprising a 50 W quartz
tungsten halogen lamp (Newport Research Series) with a highly stable radiometric
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power supply, 33 narrow band-pass interference filters (CVI laser), a transimpedance amplifier and a Stanford Research Systems SR830 lock-in amplifier.
The spectral response was measured relative to that of a calibrated Si (Newport
818-SL) and a Ge (Oriel 71653) photodiode.
Electrical measurements of PDs were carried out in a home-built probe station
under high vacuum (10-6 mbar) with a Keithley 4200 semiconductor analyzer at
room temperature. To prevent parasitic currents and to electrically isolate the
silicon substrate a sheet of mica was used between the silicon substrate of the
devices and the copper holder. The illumination of the samples was provided by a
532 nm fiber-coupled laser allowing a homogeneous illumination of the sample
with a power of 6 mW/cm2. The photocurrent was measured with a lock-in
amplifier illuminating the sample with a halogen lamp through an Acton
monochromator (Spectra Pro 2150i).
1.5.5 Sample preparation
Spin coating
In this procedure, an excess amount of a solution is cast on the substrate, next
the substrate is accelerated to its final rotational speed. During the spinning time
solvent evaporates and the thin film is formed. The quality of the thin film is
affected by the spinning parameters, i.e. acceleration and spinning speed, time of
the spinning, as well as by the concentration of the solution and the vapor pressure
of the solvent.
Drop casting
This sample fabrication method is used to prepare samples for optical
measurements. It is based on simply covering the substrate with a couple of drops
of the solution and leaving it for a while to dry under a fume hood.

1.6 Outline of the thesis
This thesis is focused on studying methods to obtain charge extraction from
inorganic NCs and on the fabrication of optoelectronic devices. Different
approaches are presented for charge extraction from simple charge transfer to
surface modification of NCs in solution and thin films.
Chapter 2 focuses on the fabrication and characterization of organic/inorganic
PDs composed of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and PbS
NCs. In chapter 3 we present an alternative way for surface modification of PbS
and CdSe NCs in solution. The chapter is devoted to investigate the successful
binding of a fullerene derivative, namely 3,4-dihexyloxyphenyl-C61-butyric-acid
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(dPCBA) to PbS and CdSe NCs. In chapter 4, we report on a solid state surface
modification method which enables the fabrication of efficient PbS solar cells,
showing PCEs approaching 4%. The effect of 2 different NC sizes on the
performance and key parameters of the devices is investigated. Finally, Chapter 5
explores the origin of the temperature dependence of the electrical and optical
properties of PbS NCs, providing new information about PbS NC arrays.
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