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1Introduction
Abstract

This introductory chapter is devoted to the basic concepts relating to
colloidal quantum dots. After introducing the main physical and chem-
ical properties of quantum dots, a short history of their use in solar
cells is given. The relevant physics and advantages of various solar
cell structures is then discussed. Finally, an outline of this thesis is
given.
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Chapter 1. Introduction

1.1 Solar energy

In 1905, Albert Einstein published the four Annus Mirabilis papers which
would revolutionize physics. The first of these publications explained the

photoelectric effect,[1] i.e. the production of charge carriers upon absorption
of light, by proposing that light comes in discrete packets of energy known as
quanta. This discovery lay the foundation for modern day quantum physics
and many technological breakthroughs, and lies at the heart of solar cell op-
eration.

The development of solar cells is a response to the ever increasing need
for energy linked to modern day life. The growing global population and
the fast economic growth of some of the world’s most populous countries
means that the demand for energy will grow significantly in the next couple
of decades. Average global power consumption is expected to increase by
48% between 2012 and 2040, from 18 TW to 27 TW.[2] Currently, about 76%
of the world’s energy is supplied by fossil fuel and projections show that this
percentage will remain high until 2040. However, estimates of the fossil fuel
reserves and and untapped resources are highly uncertain, and it has become
clear that large scale burning of fossil fuels is an unsustainable way of meet-
ing our long term energy needs. At the same time, the CO2 emissions released
as a result are contributing to the greenhouse effect and accelerating climate
change.[3] Recently, the Paris Agreement on was signed by 174 countries and
the European Union, stating that action must be undertaken to cut CO2 emis-
sions in order to alleviate the effects of climate change, and specifically to
limit the average global temperature increase to less than 2 °C.[4] To achieve
this, a total CO2 emissions allowance of 590-1,240 Gton CO2 from 2015 on-
wards has been proposed.[5] With the current emission rate at approximately
40 Gton/year, it is clear that a shift towards cleaner forms of energy is re-
quired if this ’budget’ is not to be exceeded within the next few decades. For
this reason, an increasing amount of effort from both the scientific commu-
nity and industry has focused on developing new sources of clean renewable
energy, such as wind, hydro, and solar power.

Solar energy is particularly interesting due to the abundance of energy
available for harvest. To be precise, average solar insolation exceeds the
global power consumption by a factor of approximately 5,000, making so-
lar energy an obvious candidate for large scale energy production. The most
direct method of converting light to electricity is through photovoltaics (PV).
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1.2. Solution-processable photovoltaics

Currently, a global PV capacity of 230 GW PV has been installed, making
up only slightly more than 1% of the world’s energy supply.[6] Nevertheless,
solar energy has been identified as a key factor in cutting CO2 emissions and
the capacity of installed PV is growing rapidly.

To elucidate the potential of photovoltaic materials for energy conversion,
the limiting detailed balance efficiency of a single junction solar cell with
a bandgap Eg was calculated by Schockley and Queisser in 1961,[7] taking
into account only the four fundamental loss processes; the spectral loss of
photons with energy lower than the bandgap (hν < Eg), the thermal loss in-
duced by photons with energy higher than the bandgap (hν > Eg), blackbody
radiation, and radiative recombination. The trade-off between spectral and
thermal losses results in an ideal bandgap of 1.3 eV for single junction de-
vices measured under 1 sun intensity of the standard AM1.5 solar spectrum.
With this bandgap at most 33% of solar energy can be converted into electric-
ity. Currently, silicon (Si) is the most pervasive material in solar cell market.
With a bandgap of 1.1 eV, it lies close to the ideal bandgap for single junc-
tion solar cells, and Si is one of the most abundant elements in the Earth’s
crust, making it an attractive material for PV applications. Commercial mod-
ules typically reach an efficiency of 16-18%, while single devices can reach
impressive efficiencies of ~25% in the laboratory.[8] Taking into account prac-
tical losses such as front reflection, these solar cells are remarkably close to
the Shockley-Queisser limit, allowing only incremental efficiency improve-
ments from here on. However, producing Si wafers with sufficient crystal
purity for solar cells is an energetically expensive process. Moreover, due
to the relatively low absorption coefficient of Si, thick layers are required to
absorb most of the sunlight. These factors inherently induce high manufac-
turing costs, resulting in long monetary and energetic energy payback times
which form an obstacle to widespread use. For this reason, much effort is
devoted not only to improving the efficiency, but also to reducing the cost of
solar cell production.

1.2 Solution-processable photovoltaics
An alternative approach is to use materials which can be fabricated from a
solution, allowing for high throughput deposition techniques such as blade-
coating, spray coating, and flexographic printing. The scalability of this new
generation of solar cells allows competition with traditional Si technology on
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Chapter 1. Introduction

a price per watt basis, potentially even if the final efficiency is lower.[9]

Semiconducting polymers and small organic molecules were the first solu-
tion-processable materials used in solar cells and have been under continuous
investigation for the last two decades due to their chemical adaptability and
the ease with which they can be solubilized. In addition, the high absorp-
tion coefficient of these materials means that only a few hundred nanometres
are needed to fully absorb the accessible light. This contributes to the cost
efficiency and also allows organic solar cells to be fabricated on flexible sub-
strates, opening up a wide variety of new applications for which the rigidity
of Si is impractical. Organic semiconductors are characterized by alternat-
ing single and double bonds, i.e. conjugation, leading to highly delocalized
molecular orbitals which allow intramolecular charge transport. Polymers
used in PV possess side chains which provide solubility, while the backbone
is formed by long chains of conjugated monomers along which charge carri-
ers, usually holes in particular, can travel with relative ease. Intermolecular
transport however, requires charges to hop from one molecular chain to the
next, which, together with the disorder in polymer-polymer stacking, limits
the charge carrier mobility in these materials. In addition, due to the low di-
electric constant (or permittivity) of these materials, photo-excitations do not
form free charge carriers as they do in Si. Instead, electrostatically bound
electron-hole pairs, or Frenkel excitons, are formed with binding energies
roughly an order of magnitude larger than the thermal energy available at
room temperature. This necessitates the use of a heterojunction composed
of both donor and acceptor materials as the absorbing layer in order to facil-
itate charge separation and reduce recombination processes. The nanoscale
morphology of the donor-acceptor blend is crucial to the performance of or-
ganic solar the system, requiring prolonged optimization for each material
combination and complicating device fabrication and analysis. Furthermore,
long term stability is problematic since most organic semiconductors are sen-
sitive to oxidation and moisture, and the conjugated bonds are susceptible to
photo-degradation in UV light. Finally, the absorption onset of the most effi-
cient organic solar cells is still limited to wavelengths below 1 µm, leaving a
large portion of the infrared spectrum unused. Despite these difficulties, effi-
ciencies of organic solar cells have improved from 2.9% in 1995,[10] to 11%
today,[8] and research in this field is still ongoing.

Other solution-processable PV materials include quantum dots, which are
the topic of this thesis, and hybrid perovskites, which have shown a remark-
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1.3. Lead sulfide quantum dots

able rise in efficiency over the last several years,[11] but which make use of
toxic and water-soluble compounds and currently exhibit low device stability
and a larger than ideal bandgap. In the next section, a thorough introduction
to colloidal quantum dots will be given.

1.3 Lead sulfide quantum dots
Colloidal quantum dots (QDs) form a promising and versatile class of solution-
processable semiconductors. Clusters of inorganic semiconducting materials
in the order of several nanometres in diameter are surrounded by a shell of
organic molecules which stabilize the QD and provide solubility in non-polar
solvents. Colloidal QDs potentially offer the advantages of inorganic semi-
conductors, i.e. high charge carrier mobility and good stability, with the ben-
efits of high absorption coefficient and solution-processability. At the same
time, colloidal QDs offer a wide range of adaptability due on the one hand to
the large library of surface modifying ligands which alter the electronic prop-
erties, and on the other hand the size dependent optical properties stemming
from the quantum confinement effect; i.e. when carriers in the crystal lattice
are confined by the boundary of the QD, the available energy levels are quan-
tized (Figure 1.1a). In addition, the bandgap Eg widens with decreasing QD
radius R according to

Eg(QD)≈ Eg,0 +
h̄2

π2 (me +mh)

2R2memh
(1.1)

where Eg,0 is the bandgap of the bulk semiconductor, and me and mh are the
effective mass of the electron and hole, respectively.

Lead sulfide (PbS) QDs in particular have emerged as a leading material
for the fabrication of QD solar cells, and have been used in such applica-
tions as infrared sensors,[12–15] infrared photon sources,[16] transistors,[17–19]

and solar cells.[20–23] PbS exhibits a cubic rock-salt crystal structure (Fig-
ure 1.1b) with a lattice constant of 5.93 Å. The reason for the success of PbS
is due firstly to the facile synthesis which allows the reproducible production
of monodisperse, relatively defect free nanocrystals, shown for example in
Figure 1.1d. Secondly, the large Bohr radius of 18 nm for excitons in PbS
means that QDs of sizes lower than 10 nm fall into the extreme quantum con-
finement regime.[24,25] As a result, the bandgap, and the resulting absorption
spectrum, can be shifted at will with careful control of the QD size during
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Figure 1.1. a) Schematic energy levels of bulk (left) and confined semiconductor
(right) b) Faceted QD with rock salt crystal structure from different angles c) Absorp-
tion spectra of QDs of different sizes d) TEM images of PbS QDs, clearly showing
the rock-salt crystal structure.

synthesis (Figure 1.1c). In this way, the bandgap can be optimized to the
ideal value of 1.3 eV proposed by Schockley and Queisser for single junction
solar cells,[7,26] or optimized to complement other materials in tandem solar
cells.

Finally, the possibility of multiple carrier generation (MEG) in PbS QDs
gives the potential to overcome the Shockley-Queisser limit in a single junc-
tion solar cell; the energy of a hot exciton with E > 2Eg can in principle
excite a second electron from the valence to the conduction band through im-
pact ionisation. In bulk semiconductors, this process is inefficient because
it involves three particles, and must compete with Auger recombination and
with phonon-mediated cooling of the electrons and holes to their band edges.
In bulk systems, the abundance of energy states favours the rapid thermal de-
cay of the hot exciton. In confined systems, however, the separation of energy
levels can be greater than typical phonon energies, retarding the thermal re-
laxation process. At the same time, because the charge carriers are confined
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1.3. Lead sulfide quantum dots

to a very small volume, Heisenberg’s uncertainty principle relaxes the con-
servation of momentum requirement between the three particles, resulting in
a more efficient MEG process. Reports have already shown internal quantum
efficiencies of 150% in confined systems,[27] and MEG could theoretically
raise the Schockley-Queisser limit to 44%.[28]

Charge transport in QD films is only possible when the quantum dots are
in close proximity to one another, such that the wave-functions of charge
carriers overlap with neighbouring quantum dots. This coupling between
the QDs can be approximately quantified by the binding energy β , which
is proportional to the probability Γ that charge carriers can tunnel to adjacent
QDs.[29]

β = hΓ ∝ exp

(
−2∆x

√
2m∗

h̄2 ∆E

)
(1.2)

with h the Planck’s constant, m∗ the effective mass of the charge carrier, and
∆x and ∆E the energy barrier width and height, respectively. The coupling
thus depends heavily on the separation between two adjacent QDs, and there-
fore on the length of the capping ligands and on the permittivity of interme-
diate matrix, which affects the barrier height. As mentioned, the colloidal
stability of QDs is given by organic ligands such as oleic acid (OA) or oley-
lamine. These long aliphatic ligands provide solubility in non-polar solvents
and stabilize the nanocrystal surface, but simultaneously form a large bar-
rier to charge transport. To use this material in electronic application, the
aliphatic ligands must therefore be replaced with shorter molecules, such that
the wave-function-overlap between adjacent QDs becomes appreciable.

The ligands not only affect the material mobility, but can also change
the position of energy levels, including the Fermi level, depending on their
chemical nature and dipole moment.[30] The Fermi level is also affected by
the stoichiometry of the QD surface. Excess lead atoms on the surface lead to
a higher the density of states near the conduction band, leading to n-type PbS
QDs, while excess sulfur on the surface leads to more p-type behaviour.[31]

Altogether, PbS QDs offer a large toolbox with which the optoelectronic
properties can be controlled.
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Chapter 1. Introduction

1.4 A short history of colloidal QD solar cells

Initially, colloidal quantum dots, in particular CdSe, were used as infrared
(IR) sensitizing acceptor materials in organic solar cells. Efficient charge
transfer in polymer-QDs blends was first demonstrated by Greenham et al.
in 1996.[32] By studying the photoluminescence quenching of the conjugated
polymer poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-
PPV) in a blend with 4 nm diameter CdS or 5 nm diameter CdSe QDs, it
was observed that when the QDs are capped with long trioctylphosphine ox-
ide ligands (TOPO), photoluminescence quenching only occurs when there
is a significant overlap between the absorption spectrum of the QD and the
photoluminescence spectrum of the polymer, as is the case for CdSe. This
indicates that exciton transfer, and not charge transfer, is taking place via
resonant Förster energy transfer. However, after removal of the long TOPO
ligands with pyridine, quenching was found to be significantly enhanced in
both CdS and CdSe, indicating direct charge transfer toward the QDs, driven
by the higher electron affinity of the QD materials compared to the poly-
mer. The authors demonstrated that not only can the electron be transferred
from the polymer to the QD, but that excitons created in the QD can also be
dissociated by hole transfer from the QD to the polymer. In most systems,
this is most readily evidenced by the contribution to the photocurrent external
quantum efficiency (EQE) for wavelengths at which only the QD absorbs.[33]

Compared to cadmium-based chalcogenides, lead-based chalcogenides have
a much smaller bandgap, allowing for better sensitisation in the infrared, and
can in principle (as intrinsic semiconductors) function both as donor or ac-
ceptor depending on their size.

In 2004 and 2005, McDonald et al. first showed the use of PbS QDs
capped with octylamine for IR sensitisation of MEH-PPV.[12,34] In 2009,
Szendrei et al. showed that, depending on the size,[35] OA-capped PbS (PbS_-
OA) can function as an electron donor, demonstrating efficient electron trans-
fer to fullerenes.[14] Shortly after, Jarzab et al. showed that PbS_OA can si-
multaneously function as donor and acceptor in a ternary blend with poly(3-
hexylthiophene) (P3HT) and the fullerene derivative [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM).[36] In this case, the capping ligand on the QD
surface plays a paramount role in determining charge transfer rates. Both
octylamine and OA create a significant barrier to charge transport. On the
other hand, thiol ligands such as 1,4-benzenedithiol (BDT), 1,2-ethanedithiol
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1.4. A short history of colloidal QD solar cells
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Figure 1.2. Chemical structure of several very common ligands. a) Oleic acid
b) Octylamine c) Trioctylphosphine ixide d) Tetrabutylammonium iodide e) 1,4-
benzenedithiol f) Ethane dithiol g) Mercaptopropionic acid.

(EDT) and 3-mercapto propionicacid (MPA) result in much smaller barriers
for charge carriers and the strong affinity of the thiol groups to uncovered
Pb atoms on the nanocrystal surface results in very efficient replacement of
the native ligands. At the same time, their bidentate nature allows for inter-
QD cross-linking, forcing the QDs into close proximity with one another
(Figure 1.3) which increases wave-function overlap and allows pinhole- and
crack-free QD solids to be formed, see Figure 1.3.[37] With the introduction of
these ligands, QDs emerged as a viable stand-alone material in solar cells.[38]

Between 2007 and 2010, solar cells using only these QD solids improved
steadily from ~2-5% using the simple Schottky structure,[21,39,40] to 5-7% by
2012 using at least one charge-blocking interlayer.[41–43]

The nature of thiol-capped PbS QDs depends on the degree of air ex-
posure, with increased oxide content increasing the p-type doping.[37,44] For
this reason, n-type thiol-capped QDs can only be made in completely inert
environment and the stability of the ensuing devices is generally low as a
consequence. In 2012, salts featuring electron rich halide anions, in particu-
lar iodide, emerged as an excellent method to achieve air stable n-type dop-
ing.[30,45,46] With both n- and p-type PbS available, efficiencies of ~8% were
soon achieved,[23] and most recently, certified values have exceeded 11%.[47]

These successes notwithstanding, several issues need to be addressed be-
fore PbS QD solar cells can become a viable technology. Current state of
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Chapter 1. Introduction

BDT EDT

Figure 1.3. Cartoon of two ligand exchange processes starting from OA- to BDT-
capped PbS (left) and EDT-capped PbS (right).

the art devices have active layers of ~300 nm, while a thickness of ~1 µm
is necessary to absorb all the light in the infrared.[48] Higher mobilities and
lower recombination rates are first necessary before such thick layers can be
used effectively. Imperfections to the crystal surface either resulting from
the synthesis or from the ligand exchange process can lead to energy levels
within the bandgap. For instance, it was shown that a dangling Pb atom on
the surface leads to shallow donor states beneath the conduction band, and
that a dangling S atom leads to a shallow acceptor state above the valence
band.[49] If deep enough, these energy levels can form detrimental trap states
or centers for radiative or non-radiative recombination. Due to the high sur-
face to volume ratio inherent to nanocrystals, large trap densities are common
in QD solids, and improved passivation techniques are still needed. Further-
more, the polydispersity of QD themselves causes energetic disorder which
can affect device performance in the same way, though presently this effect
is small compared to that of trap states.[50] Finally, PbS solar cells will need
to show a very robust life cycle stability to satisfy the legislative and public
perception issues caused by the toxicity of lead.

1.5 Solar cell characterization

In this section, an introduction is given to the characterisation and basic mea-
surement techniques of solar cells. The performance of a solar cell is de-
termined by the behaviour of the current density, defined as the current nor-
malized to the device area (J = I/A), in response to an applied bias V . A
typical current-voltage (J-V ) curve in the dark is shown in Figure 1.4a. With-
out illumination, a solar cell shows diode-like behaviour, with small current
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1.5. Solar cell characterization

in reverse (negative) bias (region 1). At small bias, the shape of the J-V curve
is dominated by the symmetric shunt current resulting from the finite shunt
resistance (2). At larger bias, exponentially increasing current can be seen
(3) until, finally, the current becomes limited by the series resistance (4). Un-
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Figure 1.4. Typical J-V curves of a QD solar cell. a) In the dark on a linear (solid)
and semilogarithmic scale (dashed). b) Under AM1.5G solar illumination featuring
the figures of merit of a solar cell.

der illumination, a photo generated current shifts the entire curve downwards
and the curve enters the fourth quadrant. In this quadrant, the current flows
against the applied bias and power can be extracted from the device. Three
important points can be identified on the J-V curve, see Figure 1.4b. At zero
bias (V = 0), the short circuit current (JSC) is found. Here, almost all the pho-
togenerated current can be extracted from the device, but the power (P= J ·V )
is zero. Analogously, the open circuit voltage (VOC) is the voltage achieved if
the circuit is broken (J = 0). This is the maximum voltage the solar cell can
deliver, but here too the power is zero. The point where maximum power can
be generated (JMPP,VMPP) is found somewhere in between, and the power
generated at this point is used to calculate the power conversion efficiency
(PCE) under solar illumination with a power density Pin,

PCE =
JMPP ·VMPP

Pin
(1.3a)

=
JSC ·VOC ·FF

Pin
(1.3b)

where for the latter equality we have defined the fill factor (FF) as the ratio
of the maximum area that can fit under the J-V curve in the fourth quadrant

11



Chapter 1. Introduction

and the area defined by the product of the VOC and JSC

FF =
JMPP ·VMPP

JSC ·VOC
(1.4)

The fill factor is a measure of the shape of the J-V curve. The more square the
curve is in the fourth quadrant, the higher the FF. The FF is the most complex
figure of merit, and is determined by the competition between charge extrac-
tion and recombination.[51] Thus, we see that the efficiency can be expressed
as the product of three figures of merit, each of which gives valuable informa-
tion about the functionality of the solar cell. For high efficiency, all three val-
ues should be optimized simultaneously, since complex inter-dependencies
prevent the isolated optimisation of individual figures of merit.

To ensure comparable evaluations of solar cell performance worldwide,
testing should take place at 25 °C under 1000 W/m intensity of the stan-
dard AM1.5G solar spectrum. This is the spectrum of the sun at Earth’s sur-
face after it has been filtered by 1.5 atmospheric volumes, including scattered
light. In the laboratory environment, full intensity AM1.5G light is not read-
ily available and testing takes place under a simulated solar spectrum using a
Halogen lamp in combination with a quartz filter. The intensity is calibrated
with a Si solar cell certified by the Fraunhofer Institute for Solar Energy Sys-
tems, which has a known current under 1 Sun illumination and spectral re-
sponse. The simulated spectrum used for solar cell characterisation is similar
but not equal to the solar spectrum, and this difference must be taken into
account for accurate testing. The correction factor, or mismatch factor M,
depends on the spectral response of the solar cell under investigation and the
spectral response of the reference solar cell

M =

∫
ER(λ )SR(λ )δλ∫
ES(λ )SR(λ )δλ

·
∫

ES(λ )ST (λ )δλ∫
ER(λ )ST (λ )δλ

(1.5)

Here, ER is the AM1.5G solar spectrum, ES is the spectrum of the solar sim-
ulator, SR is the spectral response of the reference cell, ST is the spectral
response of the device under investigation, and λ is the photon wavelength.
The value of interest is the denominator of the right term, representing the
calculated current of the test device under AM1.5G illumination. For very
broadly absorbing materials, such as Si, mismatch factors are typically very
close to unity, while for non-Si materials mismatch factors of 1.1-1.4 can be
obtained, making the mismatch factor a crucial element to take into account.
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1.5. Solar cell characterization

The spectral response of the test cell can be obtained by measuring the
external quantum efficiency (EQE), also called the incident-photon-to-current
efficiency (IPCE), which is the ratio of extracted electrons to the number of
photons incident on the solar cell. Under monochromatic light, the current of
the test cell is measured, from which the number of extracted electrons can
be calculated. The light intensity is measured using calibrated silicon and
germanium photodiodes, from which the number of incident photons can be
obtained. The EQE is then calculated for each wavelength in the range 380
to 1400 nm by

EQE (λ ) =
hc
qλ

J(λ )
Pin(λ )

(1.6)

with h Planck’s constant, q the elementary charge, c the speed of light, and
Pin the incident monochromatic light intensity.
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Figure 1.5. Typical EQE spectrum of a QD solar cell, measured under short circuit
conditions. The red line shows the calculated cumulative current found by integrating
the product of the EQE and the solar spectrum.

The spectral response is simply the current extracted per incident watt of
light and can be easily calculated from the EQE spectrum

S(λ ) =
J(λ )

Pin(λ )
(1.7a)

=
eλ

hc
·EQE(λ ) (1.7b)
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Chapter 1. Introduction

Due to the sensitivity of the photocurrent to the light intensity, and the com-
plications resulting from the mismatch between the solar and lamp spectra,
the EQE serves as an important validation of the J-V measurements. The
short circuit current expected under AM1.5G illumination can be calculated
from the EQE via

JCALC =
∫ qλ

hc
EQE(λ )PAM1.5(λ )δλ (1.8)

and should be equal to the JSC obtained from the J-V measurements per-
formed under the solar simulator (Figure1.4b). The implicit assumption made
here is that the photocurrent scales linearly with light intensity (J ∝ Iα , with
α = 1), since the intensity of the monochromatic light used in the EQE mea-
surements is usually much lower than 1 Sun intensity used for the J-V mea-
surements. If α is less than unity, then JCALC gives an overestimation of the
JSC under 1 Sun intensity and a correction factor is needed.

JCALC =
∫

EQE(λ )PAM1.5(λ )

(
PAM1.5 (λ )

Pin (λ )

)α−1

δλ (1.9)

with PAM1.5 the intensity of the AM1.5 solar spectrum. A typical EQE spec-
trum is shown in Figure 1.5 together with the cumulative current calculated
from Equation 1.8.

The EQE does not differentiate between losses caused by recombination
of photogenerated charges and losses caused by the transmission or reflection
of photons. A quantity more physically informative of the processes inside
the solar cell is the internal quantum efficiency (IQE), defined as the ratio
of extracted electrons to the number of absorbed photons. The IQE can be
calculated from the EQE taking into account the portion of photons lost to
reflection and transmission. If the rear metallic electrode is thick enough,
transmitted light can be safely neglected (T = 0) and the IQE is given by.

IQEtot(λ ) =
EQE(λ )
1−R(λ )

(1.10)

where R(λ ) is the reflectance of the solar cell.
The IQE defined in this way still includes losses caused by parasitic ab-

sorption by the electrodes and interlayers. If instead the charge collection
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1.6. Solar cell operation

efficiency of photogenerated charge carriers in the active layer (AL) is of in-
terest, the IQE can be defined as

IQEAL(λ ) =
EQE(λ )
AAL(λ )

=
EQE(λ )

1−R(λ )−Aparasistic(λ )
(1.11)

where AAL is the fraction of absorbed photons in the active layer and Aparasistic
is the fraction of photons absorbed by the electrodes and interlayers. Both
definitions of the IQE are used, sometimes without distinction, in the litera-
ture. Though less physically informative, the IQEtot is more accessible ex-
perimentally, since it requires only the straightforward measurements of EQE
and the reflection. For the IQEAL, AAL must be optically modelled, which
requires full knowledge of the refractive indices of each material.

Finally, the JSC is given by

JSC =
∫

IQEAL(λ )AAL(λ )PAM1.5 (λ )δλ (1.12)

For high current, the product of IQEAL and APbS should be as high as possi-
ble. Often, a trade-off exists between maximizing absorption using thick ac-
tive layers on one hand, and on the other hand maintaining high IQE, which
decreases with increasing active layer thickness. For this reason careful opti-
misation of the active layer thickness is required for efficient solar cells.

1.6 Solar cell operation
In their most general form, solar cells comprise an active layer formed by one
or more semiconducting absorbers sandwiched between two electrodes, pos-
sibly with electron or hole blocking layers in between. Upon photon absorp-
tion in the active layer, an electrostatically bound electron-hole pair (exciton)
is formed by the excitation of an electron from the valence to the conduction
band. If the binding energy of the exciton is sufficiently low, it can be dis-
sociated into free charge carriers thermally or by the presence of an electric
field. The binding energy depends on the permittivity of the material, and for
PbS QDs, like for most inorganic materials, the permittivity is typically very
high (~18-20 for PbS QDs) so the charge carriers are essentially free at room
temperature.

For a semiconductor in the dark, the number of electrons occupying the
conduction band (ne) and holes occupying the valence band (nh) is determined
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Chapter 1. Introduction

by the Fermi level εF and the temperature, via

dne(h)(ε) = De(h)(ε) f (ε)dε (1.13)

where De(h) is the density of states of the electrons (holes) and f is the Fermi-
Dirac distribution function given by

f (ε) =
1

exp [(ε− εF)/kT ]+1
(1.14)

thus the only charge carriers present in the dark are those that are thermally
excited from the shallow donor (for electrons) or acceptor (for holes) states.
Under illumination, the electron density in the conduction bands is greatly
increased due to photo-excitations. The Fermi energy describing their dis-
tribution must therefore lie close to the conduction band. Analogously, the
Fermi energy for holes must lie close to the valence band to account for the
increased hole denisty. Thus under illumination the Fermi level splits into
two ‘quasi Fermi levels’ εe

F and εh
F . The degree of splitting is determined by

the illumination intensity, and gives the difference between the chemical po-
tential of the electrons and holes which determines the open circuit voltage,
VOC = q

(
εe

F − εh
F
)
.

For charge collection, the electrons and holes must reach the cathode and
anode respectively, by drift and/or diffusion. At any given point within the
active layer, the total current density J is given by the sum of the drift current
(first term) and diffusion current (second term) from both electrons and holes

J = eE (nµe + pµh)+q
(

De
dn
dx

+Dh
d p
dx

)
(1.15)

E is the net electric field felt by the charge carriers resulting from the ap-
plied bias and any internal electric fields, n and p are the electron and hole
concentration respectively, and De and Dh are the electron and hole diffusion
coefficients.

This transport process competes with recombination processes occurring
either radiatively or non-radiatively. Many different device architectures can
be used to facilitate charge collection, either by reducing the distance charge
carriers must diffuse, or by optimising the size and distribution of the internal
electric field within the active layer. The device structures most commonly
used with QD solids are discussed in this section.
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1.6. Solar cell operation

1.6.1 Schottky solar cells
The first and most simple device architecture consists of the active layer sand-
wiched directly between the cathode, often aluminium, and anode, which is
most often formed by a transparent film of indium doped tin oxide (ITO). A
energy schematic of a typical Schottky device is shown in Figure 1.6. At ther-
mal equilibrium under short circuit conditions, the Fermi levels of all com-
ponents must align. Assuming a p-type active layer with Fermi level close to
the workfunction of ITO, there will be little band bending at the anode. At
the cathode, the difference between the Fermi level of the active layer and
the workfunction of the metal electrode will cause a flow of electrons across
the interface until the Fermi levels are in equilibrium, building up a positive
charge at the metal interface and an equal but opposite charge in the semi-

AlITO p-PbS

Al

ITO p-PbS

hν

conduction band

w

valence band

ε
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ε
F

e

h
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e

h φ
B

eV
bi

eV
OC

(1)

(2)

(3)
(4)

(5)

(5)
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a) b)

Figure 1.6. Energy levels of a p-type Schottky device. a) At short circuit conditions
featuring the most important processes 1) photon absorption 2) recombination (not
all mechanisms shown) 3) charge carrier diffusion 4) charge carrier drift 5) charge
collection 6) back recombination at the electrode. b) Energy levels at open circuit
voltage.

conductor. Due to the relatively low carrier concentration, the charge in the
semiconductor will be distributed over a certain region near to the metal in-
terface. In this region, which is depleted of free majority carriers, the space
charge produces an internal electric field evidenced by the bending of the
energy levels. The width w of this depletion region is given by

w =

[
2ε0εr

eN

(
Vbi−V − kT

q

)]1/2

, (1.16)

where εr and ε0 are the relative permittivity and the permittivity of free space,
respectively, e is the elementary charge, N is the charge carrier density, Vbi is
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the built in voltage, V is the applied bias, k is Boltzmann’s constant and T is
the material temperature. Beyond the depletion width, the band levels are flat
and charge carriers must rely on diffusion for transport. Within the depletion
width (x < w), the electric field is given by

E =
qND

2ε0εr
(w− x) , (1.17)

This electric field drives electrons towards and holes away from the cath-
ode, and the Schottky barrier ΦB causes diode like rectification of the current
J under applied bias V , which, for an ideal diode, can be described by the
Shockley equation

J = J0

[
exp
(

qV
nkT

)
−1
]
− JPH, (1.18)

with J0 the reverse saturation current, n the ideality factor, and JPH the photo-
generated current. This equation can be represented by the equivalent circuit
shown in Figure 1.7a. For practical devices, contact resistance and a finite

V

J
PH

V

J
PH

R
SH

R
S

a) b)

Figure 1.7. a) Equivalent circuit of an ideal diode b) Equivalent circuit of a diode
featuring finite series and shunt resistances

mobility lead to a series resistance RS, while back recombination and leakage
currents contribute to a parasitic shunt current JSH = V/RSH, leading to the
non-ideal circuit shown in Figure 1.7b, and the corresponding adaptation of
the Shockley equation

J = J0

[
exp
(

q(V + JRS)

nkT

)
−1
]
− JPH−

V + JRS

RSH
, (1.19)

The reverse saturation current is an important parameter in determining the
device performance, and depends on the solar cell structure. For Schottky
devices, there are two theories that describe the reverse saturation current.
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1.6. Solar cell operation

The first is the thermionic emission theory, which neglects the shape of the
Schottky barrier and assumes that all and only charge carriers with energy
above the barrier height contribute to J0:

J0,T E = J00T 2exp
(
−qφB

kT

)
, (1.20)

where J00 is the effective Richardson’s constant, equal to 120 A/cm2K2. The
other theory is the diffusion theory which assumes that the driving force of
the dark current is the charge carrier density distribution within the depletion
width, given by[52]

J0,Di f f = eµe(h)NC(V )Emexp
(
−qφB

kT

)
, (1.21)

where µe(h) is the majority carrier mobility, NC(V ) is the density of states in
the conduction (valence) band, and Em is the maximum electric field in the
device, located at the metal interface (E (x = 0)). Recently, it was shown by
Szendrei et al. that the diffusion theory describes PbS QD devices better than
the thermionic emission theory.[53]

The PbS QD layer acts as a dielectric capacitor, with capacitance C given
by the Mott-Schottky equation, which allows the doping concentration N to
be calculated.

1
C2 =

2
qεrε0NA2

(
V −Vbi−

kT
q

)
, (1.22)

with A the device area defined by the overlap of electrodes.
Because of their simple structure, Schottky devices are ideal for studying

the properties of PbS layers, but have several drawbacks for solar cell appli-
cations. First, the Schottky junction is formed at the rear metallic contact,
but most of the light is absorbed close to the transparent electrode, therefore
one of the charge carriers (electrons for p-type layers) must first diffuse to
the depletion region where the band bending can facilitate charge extraction,
making them more susceptible to recombination. Secondly, the open circuit
voltage in Schottky devices is limited to ~0.67Eg/e and in practice even less,
due to pinning of the Fermi level to trap states at the metal-semiconducting in-
terface.[48] Finally, the Schottky junction poses only a small barrier to charge
carrier re-injection from the metal (process 6 in Figure 1.6), leading to low
shunt resistance.
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1.6.2 Heterojunction solar cells
The Schottky barrier can largely be removed by inserting a second semicon-
ductor at the metal interface with Fermi level close to the metal work func-
tion. Often this is done using a wide bandgap highly n-doped oxides such as
TiO2 or ZnO. The n-type semiconductor should form a so called type-II het-
erojunction, where the bandgaps are staggered. The difference in Fermi lev-
els causes band bending between the oxide and active layer which facilitates
charge transport, see Figure 1.8a. The depletion width of this p-n junction is

AlITO p-PbS ZnO AuFTO p-PbSTiO
2

e

h

b)a)

Figure 1.8. Energy levels of a heterojunction solar cell at short circuit conditions
in the a) standard configuration and b) in the inverted configuration. The depleted
region in the active layer is highlighted.

given by[54]

w =

[
2εrε0

q

(
NA +ND

NAND

)
(Vbi−V )

] 1
2

, (1.23)

with NA and ND the acceptor and donor concentrations in the p and n type
material, respectively, and Vbi the p-n junction bias given by

Vbi =
kT
q

ln
NAND

n2
i

, (1.24)

where ni is the intrinsic (undoped) carrier concentration. The distribution
of the depletion region across the junction is governed by the ratio of doping
concentrations. Charge conservation requires that the total charge in the space
charge region on either side of the junction is equal, or

NAwp = NDwn. (1.25)
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1.6. Solar cell operation

where wp and wn are the fraction of the total depletion width w located on the
p- and n-side of the junction, respectively.

Because the doping concentration of the oxide is typically much higher
than that of the PbS, the depletion region is located mostly in the PbS layer,
which facilitates charge collection. In addition, the high ionisation potential
of the oxide layers renders them very stable in air so they can effectively
encapsulate the PbS layer, increasing device stability. In addition, the trans-
parent oxide can be used as an optical spacer to optimize the distribution of
light within the solar cell by controlling the oxide thickness.[20,55]

In an alternative configuration, the transparency of the oxide allows it to
be placed at the front cathode, in which case the rear contact, usually gold,
is required to align with the Fermi level of the active layer. The overall ef-
fect of this configuration is that the polarity is inverted; harvesting electrons
from the transparent electrode and holes from the rear metallic contact. This
configuration has three advantages; the light enters at the side where band
bending is greatest, which enhances the charge collection efficiency, and the
gold electrode both protects the active layer and is itself much less prone to
oxidation than the low work function electrode required for the non-inverted
structure, resulting in much higher stability. Finally, the large bandgap oxide
acts as a more effective selective contact, blocking charge carriers (holes in
the examples in Figure 1.8) from collection at the wrong electrode.

1.6.3 Pn-junction solar cells
With the realisation of n-type PbS layers using halide anion ligands, it is pos-
sible to create PbS/PbS p-n junctions. The equation for the depletion width
is the same as for the case of a heterojunction (Equation 1.23), but because
doping concentrations are similar, the depletion region is distributed more
equally over both layers, in accordance with Equation 1.25. This junction can
be used in combination with a heterojunction, allowing the band bending to
be extended further into the active layer (Figure 1.9), making thicker layers
and therefore more light absorption possible.

1.6.4 Tandem solar cells
The Shockley-Queisser limit described in Section 1.1 applies to solar cells
with a single semiconductor acting as the active layer. It is possible to over-

21



Chapter 1. Introduction

AuFTO n-PbS p-PbSTiO
2

Figure 1.9. a) Schematic energy levels of a p-n homojucntion solar cell in the in-
verted configuration at short circuit conditions.

come this limit by intelligently connecting two or more solar cells with dif-
ferent bandgaps such that the connecting interlayer acts as a recombination
centre for electrons from the first subcell and holes from the rear subcell.

Using a semiconductor as the front sub-cell with bandgap wider than in
the ideal single junction case, high energy photons are harvested with lower
thermalisation losses. As the rear subcell, a narrow bandgap material is used
to collect the transmitted low energy photons and reduce absorption losses.
Figure 1.10 displays the energy level diagram of a normal (non-inverted) tan-
dem solar cell, and the device mechanisms will be explained according to this
architecture.

V=0Anode Cathode

V
OC,2

V
OC,1 V

OC,tandem

Anode

Cathode

V=V
OC

a) b)e

h

Figure 1.10. a) Schematic energy levels of a serially connected tandem solar cell a)
at short circuit conditions and b) at open circuit voltage.

The necessary recombination at the interlayer of equal numbers of charge
carriers from both subcells imposes a limit of the total current extracted from
the device to the lowest of the two subcell currents. For this reason, balancing
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the current generated by the subcells is crucial to avoiding unnecessary losses
in tandem solar cells. This can be done by carefully varying the thickness, and
thus the photoabsorption, of the respective layers such that an equal current
is collected from each. The recombination in the interlayer also pins the
quasi Fermi levels the electrons and holes from the front and rear subcells,
respectively. The resulting VOC of the tandem device is thus the sum of the
individual VOC’s in accordance with Kirchoff’s law for series-connected solar
cells. The detailed balance limit of a double junction solar cell is 45.7%,
making tandem solar cells an interesting alternative to the single junction
architecture.

1.7 Thesis outline
This thesis focuses on the device physics of PbS QDs in electronic devices
and the fabrication and optimisation of solar cells with various structures.
Chapter 2 focuses on the fabrication of tandem solar cells featuring PbS QDs
in combination with a blend of P3HT and PCBM. We successfully introduce
a new Al/WO3 interlayer to fabricate tandem solar cells with an efficiency of
~2%, utilizing a broad absorption range. In Chapter 3 we present the use of
PbS QDs with a thin shell of CdS as an alternative strategy for trap passiva-
tion. We observe increased VOC in Schottky solar cells, and show that this is
due to a reduction of the trap density near the conduction band. Chapter 4
is devoted to the study of the temperature dependent properties of PbS so-
lar cells and films. We fabricate p-n junction solar cells with an efficiency
of ~9% and measure the temperature dependent behaviour. We observe in-
creased efficiency at lower temperatures, particularly due to increased VOC
and FF, without degradation of the JSC. We explain this trend by measuring
the temperature dependence of the most important film properties, and give
some guidelines for further enhancement of the solar cell efficiency at room
temperature. Finally, in Chapter 5 we demonstrate a method to dope EDT-
capped PbS films by altering the Pb/S ratio on the PbS surface. We find that
p-n junction solar cells demonstrate higher JSC and FF, with approximately
equal VOC, leading to improved overall efficiency. The reason for this is traced
back to an increased doping concentration of the EDT-capped PbS film.
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2Hybrid inorganic-organic tandem
solar cells

Abstract

We report the fabrication of the first hybrid inorganic-organic tandem
solar cell with fully solution-processable active layers using colloidal
PbS QDs as the front subcell in combination with a polymer-fullerene
rear subcell. An effective interlayer consisting of ultrathin aluminium
and tungesten oxide is introduced, yielding an open circuit voltage
(VOC) equal to about 92 % of the sum of the VOC of the subcells. The
device exhibits a power conversion efficiency of 1.8 %. Despite this
modest efficiency, optical simulations of various tandem configurations
show that combining PbS QDs with small-bandgap polymers is a promis-
ing strategy to achieve tandem solar cells with a very broad absorption
range and high short circuit current.

Published as:
M. J. Speirs, B. G. H. M. Groeneveld, L. Protesescu, C. Piliego, M. V. Kovalenko and M. A.
Loi, Phys. Chem. Chem. Phys. 2014, 16, 7672
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Chapter 2. Hybrid tandem solar cells

2.1 Introduction

Rapid progress in recent years has resulted in single junction polymer-
fullerene solar cells reaching the 11% efficiency mark.[1] Simultane-

ously, single junction QD solar cells have reached efficiencies of higher than
11%.[2] However, the limitations of single junction solar cells have been ex-
tensively documented,[3–5] and interest is increasingly being shown in double
or triple junction solar cells.[6,7] By using materials with different bandgaps
in a tandem structure, a broader coverage of the solar spectrum and, conse-
quently, higher efficiency can be achieved. Recently, progress in the synthesis
of efficient small-bandgap polymers has led to an increase of the efficiency
of polymer tandem cells towards 11% and allowing the absorption coverage
to extend to ~900 nm.[8] However, this spectral range accounts for only 71%
of the power available in the solar spectrum. Extension of the absorption
spectrum further into the infrared is desirable, but highly efficient organic
materials able to absorb and efficiently utilize such low energy photons are
as yet lacking. Colloidal quantum dots are an interesting material to use in
tandem solar cells, since their size tunability allows careful optimisation of
the bandgap to complement existing efficient polymer materials.

PbS QDs have not yet been extensively explored in a multi-junction con-
figuration. Two groups have reported serial tandem solar cells employing
PbS QDs of different sizes for both the front and rear subcells.[9,10] However,
due to the high absorption coefficients in the visible spectral range regardless
of QD size, true absorption complementarity cannot be reached using QDs
only. To achieve a more uniform absorption coverage, PbS QDs can be used
in combination with a suitably chosen polymer featuring a narrower absorp-
tion band, ideally with an onset at around 900 nm. In this way, light would
be harvested throughout the visible and into the infrared up to 1.1 µm. The
combination of a QD and a polymer-fullerene subcell is therefore a promis-
ing, yet largely unexplored, strategy for achieving efficient tandem solar cells
with a broad spectral coverage.

In this work, we explore the use of PbS QDs in tandem solar cells to open
the pathway to solution-processable tandem solar cells with a broad spectral
coverage. We present the fabrication of a serial tandem solar cell employing
PbS QDs as the front subcell and a blend of poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the back subcell.
The two cells are connected with an interlayer consisting of WO3 and a thin
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2.2. Results and discussion

layer of Al. These devices feature an open circuit voltage (VOC) close to the
sum of the subcell VOC’s, and a PCE of 1.8%. Finally, we present optical
simulations which show the potential of PbS QDs in various other tandem
configurations.

2.2 Results and discussion

2.2.1 Tandem solar cells
PbS QDs, capped with oleic acid (OA) ligands were synthesized using the
hot injection method and treated with 4 washing steps. The full procedure is
described elsewhere.[11] For this chapter, QDs featuring a first excitonic ab-
sorption peak at approximately 1025 nm in solution were used. The average
diameter of the QDs was estimated to be around 3.4 nm using an empirical
relationship between the first absorption peak and the particle size.[12] The
device structure of the tandem cells is shown in the inset of Figure 2.1a. The
layer of PbS was deposited onto a substrate of pre-patterned indium tin oxide
(ITO) by a sequential layer-by-layer method whereby PbS is spincoated from
chloroform, is exposed to a 20 mM solution of 1,4-benzenedithiol in acetoni-
trile for 30 seconds, and the procedure is repeated until the desired thickness
is achieved. This treatment results in the replacement of the OA ligands and
in the crosslinking of the QDs into a dense insoluble network. As has been
previously reported by our group,[11,13] the full removal of the OA molecules
in this manner is supported by FTIR spectra, as evidenced by the disappear-
ance of the strong symmetrical and asymmetrical (COO-) vibrations at 1400
and 1550 cm1 and the C-H vibrations at 2856 and 2925 cm1, which are
typical of OA. The interlayer was deposited by thermal evaporation of Al (1
nm), and WO3 (15 nm). The rear active layer was spincoated from a solution
of P3HT and PCBM (1:0.8 wt⁄wt) in 1,2-dichlorobenzene. The as-cast film was
subsequently annealed at 120 °C for 5 minutes. The device was finished by
thermal evaporation of LiF (1 nm) and Al (100 nm). Electrical characteriza-
tion of the device was performed under simulated AM1.5G solar illumination
using a Steuernagel SolarConstant 1200 lamp set to 100 mW/cm2 intensity
using a silicon reference cell and corrected for the spectral mismatch factor
according to Kroon et al.[14] Ellipsometric data were obtained using a Wool-
ham VASE ellipsometer and the data were fitted using Wvase32 software to
obtain the complex refractive indices of the materials investigated.
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Figure 2.1. a) The device structure of the tandem solar cell. b) J-V curves of the PbS
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and the tandem device (black diamonds). c) EQE spectra of the PbS QD reference
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The current-voltage (JV ) characteristics of the tandem cell and the refer-
ence cells can be seen in Figure 2.1. The reference for the front subcell is an
ITO/PbS/Al Schottky device, yielding a VOC of 0.41 V, a JSC of 15.3 mA cm2,
a FF of 51%, and a PCE of 3.0%. The PbS film used for the reference was
chosen to be slightly thicker than that used in the tandem device to reduce
the variance of the VOC, as will be described later, giving rise to a slight over-
estimation of the VOC of the reference cell and, consequently, a conservative
estimation of the effectiveness of the interlayer. As a reference for the rear
subcell, a P3HT:PCBM active layer is spincasted on top of ITO and WO3,
which exhibits a VOC of 0.56 V, a JSC of 7.5 mA cm2, a FF of 66%, and a

32



2.2. Results and discussion

PCE of 2.7%. The tandem configuration yields a VOC of 0.85 V, a JSC of 2.0
mA/cm2, a FF of 58%, and a PCE of 1.0%. The device characteristics are
summarized in Table 2.1 and the EQE spectra of the subcells are shown in
Figure 2.1c. These results show that the WO3 and Al together form an ef-
ficient interlayer for the recombination of the electrons from the bottom cell
and the holes from the top cell, aligning the quasi-Fermi levels of the Al and
WO3 and resulting in a VOC of the tandem cell equal to about 89% of the sum
of the respective subcells.

Table 2.1. Device performance for tandem solar cells and reference devices

Device
structure

dPbS
[nm]

dP3HT
[nm]

VOC
[V]

JSC
[mA/cm2]

FF
[%]

PCE
[%]

PbS subcell 110 - 0.41 15.2±0.8 51 3.0±0.2
P3HT subcell - 105 0.56 7.5±0.4 66 2.7±0.1
Tandem 90 105 0.85 2.0±0.2 58 1.0±0.1

The reason for the low PCE, and in particular the low JSC is the current
mismatch between the PbS and P3HT layers. From the J-V curves of the
reference devices, it can be seen that the P3HT:PCBM single cell provides
about half the current of the PbS single cell. In the tandem structure, the
difference between the two is exacerbated by the fact that P3HT:PCBM is
placed behind the PbS, which absorbs a large portion of the light in the visible,
as can be seen in Figure 2.1d. This results in a very low current generation in
the rear cell and consequently a low JSC in the tandem device.

2.2.2 Transfer matrix formalism
To elucidate the mismatch in this device, optical modelling was performed
to simulate the electromagnetic field as it propagates through the layers com-
posing the device structure, using the transfer matrix formalism developed
by Pettersson et al.[15] In short, this method assumes each layer is perfectly
flat and possesses an isotropic, wavelength dependent, complex index of re-
fraction N(λ ) = n(λ )+ iκ(λ ), where n is the refractive index and κ is the
extinction coefficient. Propagation of an oscillating electric field, such as a
photon, through a layer j can expressed with the phase matrix

L j =

[
e−i2πN jd j/λ 0

0 ei2πN jd j/λ

]
(2.1)
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where d is the thickness of the layer. On the other hand, the effect of a junction
between two layers j and k can be described by the interface matrix

I jk =
1

t jk

[
1 r jk

r jk 1

]
(2.2)

where t jk and r jk are the complex transmission and reflection coefficients
given by

t jk =
2N j

N j +Nk
(2.3a)

r jk =
N j−Nk

N j +Nk
(2.3b)

The effect of a stack of layers on an incident electric field (E0) on the trans-
mitted field (Em) can conveniently be described as the product of the layers’
respective interface and propagation matrices. So the electric fields propagat-
ing through the stack of[

E+
0

E−0

]
= S

[
E+

m+1
E−m+1

]
(2.4)

where the plus and minus symbols indicate light travelling to the right and to
the left, respectively, and S is the total system matrix given by

S =

[
S11 S12
S21 S22

]
=

(
m

∏
n=1

I(n−1)nLn

)
· Im(m+1) (2.5)
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The electric field at the boundaries of a layer j inside the stack can be ex-
pressed by first calculating the partial layer stacks to the left (S′j) and to the
right (S′′j ) of layer j

S′j =

(
j−1

∏
n=1

I(n−1)nLn

)
· I( j−1) j, and (2.6a)

S′′j =

(
m

∏
n= j+1

I(n−1)nLn

)
· Im(m+1) (2.6b)

then the electric fields at the left (E ′) and right boundary (E ′′) of layer j are
given by[

E+
0

E−0

]
= S′j

[
E ′+j
E ′′−j

]
and (2.7a)

[
E
′′+
j

E ′′−j

]
= S′′j

[
E+

m+1

E−m+1

]
(2.7b)

With some derivation, the electric field propagating within the layer j at an
arbitrary point x can be found to be

E(x) = E+(x)+E−(x) (2.8a)

=
S′′j11 · eiN j(d j−x)+S′′j21 · e−iN j(d j−x)

S′j11S′′j11 · e−iN jd j +S′j12S′′j21 · eiN jd j
·E+

0 . (2.8b)

where t+ and t− are internal transmission coefficients relating the incident
electric field propagating in the plus and minus x direction, respectively. Fig-
ure 2.3a shows an example of the distribution of the electric field throughout a
tandem device. The quantity of interest is the generation rate in the material,
which is proportional to the energy dissipated per second from the electro-
magnetic field, given by

Q j(x) =
1
2

cε0κ jn j|E j(x)|2 (2.9)

from which the generation rate G is obtained,

G j(x,λ ) = Q j(x,λ ) ·
λ

hc
(2.10)
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Figure 2.3b shows the generation rate resulting from the corresponding elec-
tric field distribution. Thus, while the electric field distribution is a continu-
ous function of the position in the solar cell, the generation rate shows sharp
discontinuities at the interfaces where the absorption coefficient changes.

The current found at a single wavelength is found by integrating the gen-
eration profile in the active layers over the layer thickness. This is repeated for
each wavelength and summed to find the total amount of photons absorbed.
In this model, we assume that each absorbed photon contributes one elemen-
tary charge to the current of the subcell, and that the current of the tandem cell
is equal to the smallest of the currents produced by the two subcells. It should
be noted that in PbS QDs, potentially more than one charge can be gener-
ated per photon through multiple exciton generation. However, without being
able to quantify this effect, we choose to not make assumptions regarding this
effect in our device.

Where possible, values of the complex refractive indices were taken from
the literature,[16–19] and were otherwise obtained by variable angle spectral
ellipsometry. The complex refractive indices of the active layers used in this
study can be found in Figure 2.4.
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Equation 2.10.
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Using this model, the current generated in both subcells as a function of
both subcell thicknesses is simulated, yielding two current surfaces which can
be seen in Figure 2.5a. If we take the minimum of the two surfaces we can
obtain a simulated current of the tandem device as a function of the active
layer thicknesses, displayed in Figure 2.5b as a contour plot. The black line
in Figure 2.5b indicates at which thicknesses current matching is achieved
between the subcells. Below the black line the current of the tandem device
is limited by the PbS subcell, above the black line the current is limited by the
P3HT:PCBM subcell. The current matching condition cannot be achieved for
PbS thicknesses exceeding ~40 nm. Since the thickness of the PbS layer in
the tandem soalr cell is ~90 nm, it is clear that the tandem device is limited
by the low current generated in the rear subcell.

2.2.3 Thickness optimisation

Figure 2.5 shows that the current of the tandem device is strongly depen-
dent on the thickness of the PbS layer and is only moderately sensitive to
the P3HT:PCBM layer thickness. Therefore, the thickness of the PbS sub-
cell was systematically tuned, and the experimental results are displayed in
Figure 2.6a. In agreement with Figure 2.5b, the JSC was found to increase
as the PbS thickness was decreased from 90 to 30 nm. Unexpectedly, how-
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Figure 2.4. Complex refractive indices of the materials used in the optical simula-
tions. Optical modelling was performed according to the transfer matrix formalism
described by Pettersson et al.
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ever, decreasing the thickness also led to a decrease of the VOC of the tandem
device. We suggest that this is caused by decreasing shunt resistance in the
PbS cell as the thickness is decreased, as can be seen in Figure 2.6b-c. Low
shunt resistance increases charge carrier recombination in the PbS layer and
leads to a reduction of the VOC. The decrease in shunt resistance is likely
due to microscopic pinholes in the PbS film caused by the reduction of inter-
nanocrystal spacing during the ligand exchange. While the QDs are capped
with OA, the inter-QD spacing is 2 nm, which is reduced to 0.5 nm when
the ligand is replaced with the much shorter benzenedithiols.[20] This volume
reduction causes pinholes or cracks of the topmost layer during fabrication.
In thick devices, these pinholes are filled by the deposition of subsequent
layers as the film is fabricated layer- by-layer. For thin devices, however,
some pinholes may remain, leading to a low shunt resistance. Therefore, in
this case, decreasing the thickness of the front cell to the optically optimal
value while maintaining high shunt resistance is not practically feasible. In
a trade-off between JSC and VOC, an intermediate PbS thickness of ~60 nm
and P3HT:PCBM thickness of 105 nm was chosen and optimized, resulting
in a champion device featuring a VOC of 0.89 V, JSC of 3.9 mA/cm2, FF of
53% and a PCE of 1.8%, the J-V characteristics are reported in Figure 2.7.
The open circuit voltage of this device is about 92% of the sum of the subcell
VOC’s, which, to the best of our knowledge, is the best demonstration of WO3
as a component for tandem device interlayers. WO3 has been used previously
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in an interlayer in a serial tandem device by Janssen et al.,[21] however in this
work only 72% of the sum of the subcell VOCs was obtained.
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2.2.4 Optical modeling

To avoid the trade-off between better current matching and lower VOC, the
order of the subcells could be reversed, such that the wide bandgap P3HT
subcell is in front and the PbS in the back. The modelled current surfaces, dis-
played in Figure 2.8a-b suggest that a JSC of 9.5 mA/cm2 is possible in such
a device. In addition, with the polymer in the front cell, high current can be
achieved in a much broader range of thicknesses than with the polymer in the
back. However, an even more promising approach would be to replace P3HT
with a small bandgap polymer such as poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)], or PC-
PDTBT.[22] Using PCPDTBT as the rear subcell (Figure 2.8c-d), a slightly
higher current of 10.5 mA/cm2 can be obtained. However, the range of thick-
nesses in which this can be achieved is narrow and requires PbS layers thinner
than 50 nm which will again affect the shunt resistance. Instead, using PC-
PDTBT as the front subcell and PbS QDs as the rear cell give’s the highest
modelled JSC of 12.2 mA/cm2. Moreover, the current is high over a broad
range of thicknesses of the subcells, making this the most attractive device
structure for further investigation.
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Figure 2.8. Left: Surface profiles of the tandem devices with structures using various
combinations of subcells consisting of PbS (blue), P3HT:PCBM (red), and PCPD-
TBT:PCBM (green) JSCs as a function of the subcell thicknesses. Right: Contour
plots of the maximum achievable JSC’s. The black lines indicate current matching
between the subcells. The modelled structure is depicted in the insets.
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Chapter 2. Hybrid tandem solar cells

2.3 Conclusion
In conclusion, tandem solar cells featuring PbS QDs as the front subcell and
P3HT:PCBM as the rear subcell were fabricated, demonstrating the first hy-
brid inorganic-organic tandem solar cell where both subcells are processed
from solution. An interlayer consisting of Al (1 nm) and WO3 (15 nm) was
implemented as an effective recombination layer, yielding a VOC equal to
about 92% of the sum of the subcell VOC’s. Optical modelling shows that by
replacing P3HT with a narrow bandgap polymer and reversing the order of the
subcells, a substantial increase in the JSC of the device can be obtained. Our
approach provides a promising route to efficient solution-processable tandem
solar cells with spectral coverage up to 1.1 µm wavelength.
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[16] A. D. Rakić, Appl. Opt. 1995, 34, 4755–4767.

43



Chapter 2. Hybrid tandem solar cells

[17] H. Hoppe, S. Shokhovets, G. Gobsch, Phys. Status Solidi Rapid Res.
Lett. 2007, 1, R40–R42.

[18] T. Ameri, G. Dennler, C. Waldauf, H. Azimi, A. Seemann, K. For-
berich, J. Hauch, M. Scharber, K. Hingerl, C. Brabec, Adv. Funct.
Mater. 2010, 20, 1592–1598.

[19] J. Kotlarski, P. Blom, L. Koster, M. Lenes, L. H. Slooff, J. Appl. Phys.
2008, 103, 084502–084502.

[20] K. Szendrei, M. Speirs, W. Gomulya, D. Jarzab, M. Manca, O. V. Mik-
hnenko, M. Yarema, B. J. Kooi, W. Heiss, M. A. Loi, Adv. Funct.
Mater. 2012, 22, 1598.

[21] A. Janssen, T. Riedl, S. Hamwi, H. Johannes, W. Kowalsky, Appl. Phys.
Lett. 2007, 91, 073519–073519.

[22] J. Peet, J. Kim, N. E. Coates, W. L. Ma, D. Moses, A. J. Heeger, G. C.
Bazan, Nat. Mater. 2007, 6, 497–500.

44



3PbS-CdS core-shell quantum dot
solar cells

Abstract

The high surface to volume ratio of lead sulfide quantum dots (PbS
QDs) leads to a high density of detrimental trap states caused by lat-
tice imperfections on the QD surface. Introducing a thin shell of a wide
bandgap semiconductor to the QD surface is a promising method to
passivate these trap states. Here we demonstrate solar cells made from
PbS-CdS core-shell QDs, yielding a 147 mV increase in VOC compared
to core-only PbS QDs. We explore the physical reason for this enhance-
ment and demonstrate that it is indeed caused by improved passivation
of the PbS surface by the CdS shell, leading to a lower electron trap
density.

Published as:
M. J. Speirs, D. M. Balazs, H.-H. Fang, L.-H. Lai, L. Protesescu, M. V. Kovalenko and M.
A. Loi, J. Mater. Chem. A 2015, 3, 1450-1457
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Chapter 3. PbS-CdS core-shell quantum dot solar cells

3.1 Introduction

After synthesis, lead chalcogenide QDs are typically surrounded by long
aliphatic ligands such as oleic acid (OA) or oleylamine. The ligands provide
solubility in apolar solvents, prevent ripening or aggregation, and passivate
the particle surface. These ligands, however, also act as a barrier to charge
transfer and transport between neighboring QDs, and must therefore be re-
moved for electronic device applications. Typically, this is done by expos-
ing the QD film to one or more shorter ligands, such as aromatic thiols,[1,2]

short alkyl thiols,[3,4] mercaptopropionic acid,[5] and more recently, halide
anions.[6,7] When ligand exchange takes place, the inter-dot distance is de-
creased, and the electronic wave functions between adjacent QDs overlap.
This allows charge carrier mobilities in the QD film to be enhanced by sev-
eral orders of magnitude.[8]

Nevertheless, the ligand-exchange procedure also introduces many sur-
face defects such as vacancies and dangling bonds.[9] These defects favor
trap-assisted recombination, which inhibits the splitting of the quasi-Fermi
energy levels under illumination and consequently limits the maximum achiev-
able open circuit voltage (VOC).[4,10,11] For this reason, proper electronic pas-
sivation of ligand-treated QD surfaces is a crucial prerequisite for highly ef-
ficient solar cells. One method to passivate the QD surface focuses on repair-
ing surface defects by post-deposition exposure of QD films to various small
molecular and atomic ligands.[7,12] Another, less explored, method is to in-
troduce a passivation layer already during the synthesis of the QD in order to
prevent trap states rather than repair them. The latter strategy can be achieved
by introducing a shell of a wide bandgap semiconductor such as CdS to the
surface of PbS, thus obtaining obtain PbS-CdS core-shell QDs.

Recently, we reported PbS-CdS core-shell QD sensitized solar cells on
mesoporous TiO2 nanoparticles, using 3-mercaptopropionic acid ligand ex-
change.[13] A substantial increase in VOC of 150 mV was observed when cov-
ering PbS QDs with a 0.5 nm thick shell of CdS. Further increasing the shell
thickness provided only a marginal additional increase in VOC and was ac-
companied by a significant drop in JSC due to the added barrier for charge
transport. It was also shown that the mean electron lifetime and diffusion
length increases with increasing shell thickness, suggesting that the increase
in VOC is due to suppressed non-radiative charge recombination. Other reports
have also described PbS-CdS QDs in solar cells,[14] most recently exhibiting
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3.2. Results and discussion

a power conversion efficiency (PCE) of 5.6% with PEDOT and ZnO as hole
and electron transporting layers, respectively.[15] Also in this case, the device
improvement is due to an increased VOC, and the best results are obtained for
very thin shell thicknesses (~0.1 nm). So far, the increase in VOC has been
attributed solely to increased surface passivation, but before this can be con-
cluded, one must take care to exclude differences in energy levels between the
two systems (core-only and core-shell QDs) as the origin of the improvement
of VOC. In a previous work, the bandgaps of the OA-capped QDs were com-
pared in solution.[15] However, the bandgap and energy levels depend on the
capping ligands,[16] and these effects may be different for core-only and core-
shell QDs. Therefore, for accurate cross-comparison, the bandgap must be
compared in the ligand-treated film rather than in solution.[17] Furthermore,
the position of the Fermi level has an important role in determining the VOC
since it affects the degree of band bending within the active layer.

The purpose of this chapter is therefore to explain in detail the physical
origin of the increased VOC. To probe the properties of the material itself, the
simplest solar cell architecture, the metal/QD Schottky device, is investigated.
In this architecture, core-shell QDs exhibit a VOC = 0.59 V, which is 147 mV
higher than the core-only reference device. The origin of the increased VOC is
explained using impedance spectroscopy, time-resolved photoluminescence
spectroscopy, light intensity dependent VOC measurements, and bottom-gated
field effect transistors (FETs). All investigations point to the reduction of
traps on the QD surface as the main origin of the increased VOC.

3.2 Results and discussion

3.2.1 Quantum dot characterisation

PbS QDs are synthesized using a previously described hot-injection method.[13]

Core-shell QDs are then obtained by Cd2+ cation exchange in parent PbS
QDs.[18] After the shell is formed, a blueshift of the first excitonic peak from
1095 nm to 1069 nm is observed (Figure 3.1b), which is attributed to the size
reduction of the PbS core when Pb2+ atoms are replaced by Cd2+. The size
of the PbS QDs is determined to be 3.69 nm using an empirical formula de-
veloped by Moreels et al. relating the bandgap Eg and the diameter d of PbS

47
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Figure 3.1. a) Scanning transmission electron microscope (STEM) micrographs of
the OA-capped core-shell QDs. b) Absorption spectra of the core-only QDs used
prior to Cd2+ cation exchange (black) and the resulting core-shell QDs (red) after
cation exchange. The inset shows a schematic of the cation exchange process b)
Energy-dispersive X-ray spectroscopy (EDXS) measurement of the core-shell QDs.
The atomic labels have been added to the peaks of interest, in particular to indicate
the presence of Cd atoms in the shell.

QDs in nanometres,[19]

Eg [eV ] = 0.41+
1

0.0252d2 +0.283d
. (3.1)

From the blueshifted peak of the core-shell QDs, this equation indicates a
reduced core diameter of 3.57 nm and, consequently, an approximated shell
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3.2. Results and discussion

thickness of 0.065 nm. The actual shell thickness is likely higher, since this
equation assumes perfectly spherical particles and does not take into account
the shared sulfur atom between the Pb and Cd atoms. Furthermore, the shell
allows partial relaxation of quantum confinement of the charge carrier wave-
functions into the shell compared to the ligand/solvent environment, leading
to a partial reduction of the blueshift and an underestimation of the shell thick-
ness. The overall diameter of the core-shell QDs observed in scanning TEM
(STEM) micrographs is the same as the parent core diameter within measure-
ment resolution. Although the similar lattice parameters of PbS (rock salt, a
= 0.59 nm) and CdS (zinc blende a = 0.58nm) impede direct observation of
the shell in the micrographs, the presence of the CdS shell is confirmed by
energy-dispersive X-ray spectroscopy (EDXS) measurements performed on
the QDs shown in Figure 3.1b.

Ligand exchange has been demonstrated to be a fundamental step to-
wards increasing QD film conductivity.[20] In this chapter, ligand exchange
is achieved by exposing QD films to a solution of 1,4-benzenedithiol (BDT)
in acetonitrile, and the optical bandgap is examined both before and after lig-
and exchange. For the core-only QDs the ligand exchange process results in
a significant redshift of the excitonic peak from 1023 nm to 1048 nm in the
absorbance spectrum (Figure 3.2a). This is explained by partial loss of quan-
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Figure 3.2. Absorbance spectra of OA-capped QDs in solution (solid line) and
capped with BDT in film (dashed line) for a) core-only QDs and b) core-shell QDs.

tum confinement when the inter-dot distance is decreased . In contrast, the
core-shell QDs undergo a much smaller redshift upon ligand exchange (Fig-
ure 3.2b), indicating that quantum confinement is much more preserved, due
to the additional barrier caused by the CdS shell. The distance between BDT-
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Chapter 3. PbS-CdS core-shell quantum dot solar cells

treated PbS QDs has previously been shown to be ~0.5 nm.[9] The addition
of a 0.1 nm shell to each QD effectively increases the distance between the
cores by ~40%, which affects the degree of wave function overlap between
adjacent QDs, and consequently the bandgap. Recently, we have developed
a method to determine the electronic bandgap of this class of materials us-
ing ionic liquid gated field effect transistors.[17] For these materials, the elec-
tronic bandgap obtained with this method differs only 2-5% with the optical
bandgap. In this thesis therefore, the position of the excitonic peak is used
for facile determination of the optical and electronic bandgap. Both types
of QDs used in this chapter exhibit excitonic peaks around 1050 nm in film,
corresponding to a bandgap of 1.18 eV.

3.2.2 Core-shell quantum dot solar cells
PbS and PbS-CdS Schottky solar cells with active layer thickness of ~130 nm
are fabricated in inert atmosphere using the previously mentioned layer-by-
layer deposition procedure.[1,21] The resulting J-V responses of these devices
are shown in Figure 3.3, and the device figures of merit are summarized in
Table 3.1.

Table 3.1. Summary of solar cell figures of merit. The average values and standard
deviation are given in brackets.

Device VOC
[V]

JSC
[mA/cm2]

FF
[%]

PCE
[%]

PbS 0.44 (0.44±0.02) 10.8 (9.3±1.3) 43
(42±2)

2.1 (1.7±0.3)

PbS-CdS 0.59 (0.42±0.06) 10.0 (8.2±1.5) 44
(45±5)

2.5 (2.0±0.5)

For the core-only devices, a VOC of 0.44 V, a JSC of 10.8 mA cm 2, a
FF of 43%, and a PCE of 2.1% are observed. It should be noted that while
the JSC and FF in these devices are lower than in our previous reports, the
VOC is comparable to that of the best Schottky devices reported for PbS QDs
of similar bandgap.2 For the best core-shell device, a slightly smaller JSC of
10.0 mA/cm2, a largely unchanged FF of 44%, and a significantly increased
VOC of 0.59 V are observed, resulting in a PCE of 2.5%. This increase in VOC
is comparable to what has been recently reported for core-shell QDs.[15,22] A
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significantly reduced loss of VOC is observed compared to the built in voltage
Vbi, defined as the voltage where the light and dark current are equal; the
difference between the VOC and Vbi for the core-only device is 62 mV, while
for the core-shell device the difference is only 2 mV. A histogram of the VOCs
for all prepared devices is displayed in the Figure 3.3c, showing the high level
of reproducibility of the VOC improvement.
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Figure 3.3. a) Schottky device structure b) J-V characteristics in the dark (dashed
lines) and under AM1.5G illumination (solid lines) for Schottky devices fabricated
with PbS QDs (black) and PbS-CdS QDs (red). b) Schottky device structure. c)
Histogram of the VOCs for all devices made. d) EQE spectra of the same devices.
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3.2.3 Origin of the increased open circuit voltage
To understand if there is any difference in the Fermi energy level between
core-only and core-shell QDs, impedance spectroscopy measurements of the
Schottky devices are conducted in the dark under forward bias conditions.
Devices as thin as ~70-80 nm are fabricated to ensure that the depletion width
extends throughout the active layer. The impedance spectra for both the core-
only and core-shell devices feature a single semicircular arc (Figure 3.4a-b,
which is fitted using the equivalent circuit displayed in the inset to obtain the
capacitance per unit area (C′ = C/A, where A is the device area defined by
the electrode overlap). From the Mott-Schottky equation we have,

1
C′2

=

(
2

qNεrε0

)(
V −Vf b−

kT
q

)
, (3.2)

where N is the density of free charge carriers in the device, εr is the relative
permittivity of the material, and ε0 is the permittivity of vacuum. Thus, plot-
ting C′−2 versus the applied bias allows the flat-band potential Vf b to be ex-
tracted as a qualitative measure of the depth of the Fermi level in the bandgap.
For the core-only device we find Vf b = 758 mV, whilst for the core-shell we
find a slightly lower value of 734 mV. Since the flat-band potential is an up-
per limit for the maximum obtainable open circuit voltage, the slightly lower
value found in the core-shell QDs has a small detrimental effect on the value
of the VOC, and cannot explain the increased VOC found in the experiments.
From the slope of the Mott-Schottky curves, similar doping concentrations
of 9.6 ·1016 and 1.9 ·1017 cm−3 were found for the core-only and core-shell
respectively.

The geometric permittivity of these materials can be obtained from the
capacitance of fully depleted devices. To avoid chemical contributions to the
capacitance devices must be fabricated with thicknesses less than the deple-
tion width w = (2εrε0/eN ·Vbi)

1/2,[23] which equals 124±5 nm and 76±4 nm
for core-only and core-shell QDs respectively. The capacitance of devices
with thickness 70-80 nm are measured at zero bias, and the parrallel plate
model is used to calculate the permittivity C′ = εrε0/d, where d is the device
thickness. Relative permittivities are calculated to be εr = 21− 24 for core-
only and εr = 15−17 for core-shell QDs. Despite this significant difference
in permittivity, the electronic bandgap calculated from the excitonic peak is
not greatly influenced, since for both QDs, the excitonic binding energies are
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Figure 3.4. a) Nyquist plots for a) PbS only and b) PbS-CdS core-shell QDs. The
black dots represent the data points while the red lines show the fits using the equiv-
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from a-b). The dotted lines are fitted to the linear regime. d) C′ for core-only (black
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very small.*

*We can calculate the excitonic binding energy Eb of a semiconductor using Eb =
ε−2memh (me +mh)

−1 m−1Ry, where me and mh are the effective electron and hole mass,
m is the free electron mass, and Ry is Rydberg’s constant. Assuming the effective mass of
charge carriers in the core is not affected by the thin shell, we can use me = mh = 0.09m,[24]

to obtain Eb = 1.2 meV for PbS QDs and Eb = 2.1 meV for PbS-CdS QDs. This is negligible
compared to the optical bandgap
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Chapter 3. PbS-CdS core-shell quantum dot solar cells

Time resolved PL measurements can give important information on the
dynamics of the photoexcitations in our QD films, and consequently on the
formation of photoexcited carriers. From the transient measurements reported
in Figure 3.5, the lifetimes of excited states are extracted both for OA and
BDT-capped QDs. For the OA-capped QD films, the dynamics are described
by mono-exponential decay with lifetime τ = 42 ns for the core-only and a
more than one order of magnitude higher lifetime of τ = 406 ns for core-shell
QDs, which is similar to the results found by Sanchez et al.[25] After ligand
exchange with BDT, a reduction of the decay time of more than two orders of
magnitude is observed for both types of QDs and the decay dynamics become
bi-exponential, with a fast component τ1 = 0.12 ns and a slower component
τ2 = 0.98 ns for core-only QDs, while the values τ1 = 0.33 ns and τ2 = 4.2 ns
are found for core-shell QDs. Interestingly, the increased lifetime of the core-
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Figure 3.5. a) Photoluminescence decay dynamics of OA-capped QD films, and
the corresponding time constants extracted by mono-exponential decay fitting. b)
Photoluminescence decay dynamics for QD films after ligand exchange with BDT,
and the corresponding time constants extracted from bi-exponential decay fitting.

shell QDs occurs despite a lower permittivity, which leads to reduced dielec-
tric screening of the radiating field inside the QDs.[26] Although this increase
may be at least partially due to improved surface passivation, other factors
must also be considered. It has been shown for example, that for PbSe-CdSe
core-shell QDs with shell thickness of 1.6 nm the charge carrier lifetime is in-
creased due to a reduced electron-hole overlap within a single QD, caused by
the de-localization of the electron wave-function into the shell while the hole
is confined to the core.[27] Since the QDs used in this study have an extremely
thin shell, this effect is assumed to be negligible. The quantum confinement
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must also be considered as an important parameter affecting exciton lifetime,
since in more confined systems the charge carriers have less probability for
bimolecular recombination. We have seen from the absorption spectra that
the degree of quantum confinement does differ significantly, therefore it is
difficult to separate the effect of reduced trap-assisted recombination from
the effect of reduced bimolecular recombination. The effect of surface passi-
vation is expected to be more evident in the BDT-capped QDs, since many of
the traps in PbS QDs are introduced during the ligand exchange process. The
difference in lifetimes between the core-only and core-shell QDs, however, is
larger for the OA-capped QDs, suggesting that quantum confinement is the
dominant factor in these measurements, and not surface passivation.

The current density in an ideal Schottky solar cell can be described by the
Schokley diode equation,

J = J0

[
exp
(

qV
nkT

)
−1
]
− JPH , (3.3)

where J0 is the reverse saturation current density, JPH is the photocurrent, n
is the ideality factor, k is Boltzmann’s constant, T is the temperature, and V
is the applied voltage across the solar cell. The ideality factor is determined
by the dominant trapping mechanism in the solar cell, and is therefore an in-
formative parameter to determine the degree of surface passivation in these
devices. One method to obtain the ideality factor is by fitting the exponential
regime of the dark current JD as a function of the applied bias. This method is
complicated for the solar cells studied here due to the lack of a well-defined
exponential regime at low forward bias (inset Figure 3.3b). Therefore the
ideality factor is in this case more accurately determined at open circuit con-
ditions (J = 0), for which Equation 3.3 can be rearranged to

VOC =
nkT

q
ln
(

JPH

J0

)
(3.4a)

=
nkT

q
α ln(I)+ c (3.4b)

For the latter equality, we have made use of the relationship JPH ∝ Iα , where I
is the illumination intensity, α is an empirical parameter indicating the linear-
ity of the photocurrent with intensity, and c is a fitting parameter collecting all
the terms independent of light intensity. For these solar cells, α is found to be
0.96 and 1.00 for the core-only and core-shell QDs respectively, as shown in
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Chapter 3. PbS-CdS core-shell quantum dot solar cells

Figure 3.6a. Hence, by plotting the VOC against the illumination intensity I on
a semi-logarithmic plot, the ideality factor n can be extracted from the slope of
the curve. The ideality factor gives an indication of the dominant recombina-
tion mechanism in the device, with n = 1 corresponding to ideal bimolecular
recombination, and n = 2 corresponding to fully trap-assisted recombination
via mid-gap trap states.[10,28] Two regimes are observed for both the core-only
and the core-shell QDs (Figure 3.6b). At low light intensity, when the ratio
of traps to photo-generated charge carriers is relatively high, both devices are
trap dominated, with n = 2.04 and n = 1.93 for the core-only and core-shell,
respectively. As the light intensity is increased, more traps are filled and the
density of charge carriers increases, increasing the probability of bimolecu-
lar over trap-assisted recombination. For the core-only QDs, this leads to a
reduction of the ideality factor to n = 1.46, indicating that trap-assisted and
bimolecular recombination both play a significant role at 1-Sun intensity. For
the core-shell QDs at about 1-Sun intensity, we have n = 1.08, establishing
that bimolecular recombination dominates in core-shell QDs under these con-
ditions. Therefore, this validates the idea that trap-assisted recombination is
suppressed in core-shell QDs.

One of the consequences of a high density of trap states is the pinning of
the Fermi level to the trap energy levels. Therefore, the ability to shift the
Fermi level within the bandgap via an applied bias gives insight into the den-
sity of trap states. For this reason, SiO2-gated FETs were fabricated, of which
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the output and transfer characteristics are shown in Figure 3.7. Both the core-
only and core-shell transistors exhibit ambipolar transport behaviour. The
gating effect for the core-shell QDs is slightly larger for the p-channel (Fig-
ure 3.7a, left panel) and significantly enhanced for the n-channel compared to
core-only QDs (Figure 3.7a, right panel). From the transfer characteristics of
the n-channel (Figure 3.7b), a shift in the sub-threshold gate voltage and a de-
creased sub-threshold swing is observed from 9.1 V/dec for the core-only to
6.3 V/dec for the core-shell QD FETs. The improved gating effect and steeper
sub-threshold swing in the n-channel indicate that the Fermi level can be
moved more freely in the core-shell QDs, and is less pinned by trap states than
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in the core-only QDs.[29] For the p-channel transfer characteristics, no signifi-
cant change is observed between the two types of QDs (Figure 3.7c), suggest-
ing that the CdS shell passivates mostly electron traps. Charge carrier mobil-
ity values are extracted from the linear current regime according to the gradual
channel approximation and using a parallel plate capacitor model for the gate
electrode charge accumulation. In this way, for the core-only QDs, charge
carrier mobilities of µh = 5.9 · 10−8 cm2/Vs and µe = 5.5 · 10−6 cm2/Vs are
obtained for the hole and electron respectively. For the core-shell QDs, a
similar value for the hole mobility is found µh = 5.5 · 10−8 cm2/Vs and a
marginally lower electron mobility µe = 4.1 ·10−6 cm2/Vs for the core-shell
QDs.

3.3 Conclusion

We have demonstrated enhanced Schottky solar cells with PbS-CdS core-
shell QDs. In comparison with core-only PbS QDs, devices fabricated with
core-shell QDs give rise to an increase in the VOC of up to 147 mV. We have
excluded an altered bandgap as the origin of the improved VOC by adjusting
the QD counterparts to exhibit identical bandgaps after film formation and
ligand exchange, and demonstrated an almost identical flat-band potential for
both types of QDs to exclude the effect of a shifted Fermi level.

From absorbance spectra, a much smaller redshift for core-shell QDs is
observed after ligand exchange, indicating increased quantum confinement,
leading to a longer excitation lifetime as revealed by time resolved PL spec-
troscopy. The dominant recombination mechanism in core-shell QDs is de-
termined to be trap-assisted recombination at low light intensity. At 1-Sun
intensity, however, bimolecular recombination takes over for core-shell QDs,
indicating an effective filling of the trap states. In contrast, core-only QDs
maintain a signature of trap-assisted recombination even at 1-Sun intensity.

FETs fabricated with core-shell QDs demonstrated increased shifting of
the Fermi level under applied gate voltage for the n-channel, demonstrating
a reduced electron trap density. The reduced trap density allows more effi-
cient splitting of the quasi-Fermi levels in core-shell QDs and consequently a
higher VOC, making this a highly promising material for QD solar cell appli-
cations.
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3.4 Experimental Details

QD synthesis: PbS QDs are synthesized using a previously described hot
injection method,[30] in which a lead precursor solution of 1.516 g Pb(CH3-
COO)2·H2O in 50 ml ODE and 4.5 ml OA is vacuum dried at 120 °C in a
three-neck reaction flask. The temperature is subsequently raised to 145 °C
after which a sulfur precursor of 0.420 ml bis(trimethylsilyl) sulfide in 10 ml
1-octadecene (ODE) is quickly injected and the flask cooled in a water bath.
Hexane and ethanol are added to the solution, followed by centrifugation to
separate the QDs. Two more washing steps are performed by re-dispersion in
hexane and precipitation by ethanol and finally the QDs are re-dispersed in
chloroform. PbS-CdS QDs are obtained by Cd cation exchange in PbS QDs,
described in detail elsewhere.[31] In short, parent PbS QDs are injected into
a three-neck flask containing a solution of CdO, ODE and OA, and kept at
100 °C for a reaction time of 45 minutes. Ethanol is then used to precipitate
the PbS-CdS core-shell particles, after which two re-dispersion/precipitation
steps are performed with toluene and ethanol respectively. Finally, the PbS-
CdS core-shell particles are re-dispersed in chloroform.

STEM and EDXS characterization: STEM micrographs are made using
a FEI Tecnai F30 microscope, operating at 300 kV acceleration potentail.
EDXS analysis is performed using a JEOL JSM-6400 scanning electron mi-
croscope. Samples are fabricated by dropcasting 1-2 µL of 2.5 mg/ml solu-
tion of QDs in toluene onto a carbon coated copper grid. No further washing
treatment is performed.

Solar cell fabrication: In inert atmosphere, PbS or PbS-CdS QDs are spin-
casted from chloroform solution (10 mg/ml) on substrates pre-patterned with
indium tin oxide (ITO). Ligand exchange is carried out by exposing the film
to a 20 mM solution of BDT in acetonitrile for 30 seconds, followed by spin-
drying without any additional washing steps. Complete removal of the OA
ligand by this method has previously been confirmed by FTIR spectra.[1,21]

This process is repeated ~10 times, yielding smooth films of approximately
130 nm thick as determined by a Dektak Profilometer. The devices are then
annealed at 140 °C for 5 minutes. Sintering or major modification of the QD
surface from this step can be ruled out by observing the unchanged excitonic
peak from absorption measurements. Finally, the top contacs are deposited
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by thermal evaporation of 1 nm LiF and 100 nm Al at < 10−6 mbar. Device
areas are defined by the overlap of the Al and ITO electrodes to be 16 mm2.
In total, 19 devices were fabricated for each type of QD.

Transistor fabrication: Silicon substrates covered by a 230 nm thick SiO2
layer and pre-patterned gold electrodes with 5 µm channel length and 10 µm
channel width are used for transistor fabrication, upon which a ~50 nm film
of QDs is deposited using the same layer-by-layer method and annealing step
used for solar cell devices. The measurements are performed in inert atmo-
sphere using an Agilent E5262A Semiconductor Parameter Analyzer.

J-V characterization: Current-voltage sweeps are carried out in inert atmo-
sphere under simulated AM1.5G solar illumination using a Steuernagel So-
larconstant 1200 metal halide lamp set to 100 mW/cm2 intensity, as measured
by a silicon reference cell, and corrected for the spectral mismatch.[32] Un-
der illumination, a shadow mask with slightly smaller area (9 mm2) is used to
exclude lateral contributions to the photocurrent from beyond the device area.

EQE measurements: External quantum efficiencies are measured under mon-
ochromatic light conditions at short circuit conditions, using the same shadow
masks as in the J-V characterization measurements. As a light source, a
250 W quartz tungsten halogen lamp (6334NS, Newport) with lamp hous-
ing (67009, Newport) is used. Monochromatic light is achieved using narrow
band pass filters (Thorlabs) with a full width half maximum (FWHM) of 10
± 2 nm from 400 nm to 1300 nm and a FWHM of 12± 2.4 nm from 1300 nm
to 1400 nm. Light intensity is determined by calibrated PD300 and PD300IR
photodiodes (Ophir Optics).

PL measurements: PbS and PbS-CdS QDs films are deposited on quartz
substrates by dropcasting (OA-capped) or by using the aforementioned layer-
by-layer technique (BDT-capped). The samples are then annealed at 140 °C
for 5 minutes. The samples were excited at 400 nm by the second harmonic
of a modelocked Ti:Sapphire (Mira 900) laser delivering pulses of 150 fs. An
optical pulse selector is used to vary the repetition rate of the exciting pulse.
Time-resolved traces are recorded with a Hamamatsu streak camera working
in synchroscan mode and single sweep mode for different lifetime measure-
ments. All measurements are performed in an optical cryostat. Samples are
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loaded inside a glove box to maintain an oxygen-free environment at all times.

Impedance spectroscopy: Impedance spectroscopy measurements were con-
ducted under dark conditions. A forward bias ranging from 0 - 0.8 V is super-
imposed with a 15 mV ac signal over the frequency range 1 MHz-50 mHz.
The data are fitted using the equivalent circuit displayed in the inset of Fig-
ure 3.4 to extract the capacitance.
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4Temperature dependent behaviour
of lead sulfide quantum dot solar

cells and films

Abstract

Despite increasing greatly in power conversion efficiency in recent times,
lead sulfide quantum dot (PbS QD) solar cells still suffer from low open
circuit voltage (VOC) and fill factor (FF). In this work, we explore the
temperature dependent behaviour of ~9% efficient solar cells. In the
temperature range between 290 to 230 K, we find increased VOC and
FF without significant degradation of the short circuit current, leading
to an efficiency of 10.3% at 230 K. The change in VOC is driven by the
decrease of the reverse saturation current which fits the p-n junction
model. Using Schottky and single carrier devices, we measure the car-
rier mobility, diffusion lengths, and doping concentrations of PbS QDs
films with tetrabutylammonium iodide and ethanedithiol ligands as a
function of temperature. Both mobility and diffusion length are found
to decrease with decreasing temperature while device performance in-
creases, indicating that the charge carrier transport is dominated by
drift, and not diffusion. Finally, we propose that a further optimization
of the doping concentrations could help achieve increased device per-
formance at room temperature.

Published as:
M. J. Speirs, D. N. Dirin, M. Abdu-Aguye, D. M. Balazs, M. V. Kovalenko and M. A. Loi,
Energy Environ. Sci. 2016 , 9, 2916-2924
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Chapter 4. Temperature dependence of PbS QDs

4.1 Introduction

Lead sulfide quantum dot solar cells have seen a rapid rise in solar cell
power conversion efficiency (PCE), from less than 1% in 2005 to 11.3%

in 2016.[1,2] This progress has been made possible by several factors. First,
improvements in the synthesis of the QDs have increased the monodisper-
sity and scalability of PbS QDs.[3,4] Secondly, a vast body of research has
been carried out to improve post deposition passivation of the QD films,[5–8]

which has been shown to reduce trap density and allows tuning of the band
positions and Fermi levels.[9] Finally, an improved understanding of energy
level alignment and band bending has led to increasingly sophisticated de-
vice structures which facilitate the extraction of generated charges.[10–13] To
further improve solar cell efficiencies, the prevailing limitations must be un-
derstood. Presently, the open circuit voltage (VOC) in particular falls well
short of its theoretical maximum and must be improved if PbS QD solar cells
are to become a viable technology.[14,15] Studying the temperature dependent
properties of PbS films has been found to be a useful tool for probing both the
optical and electronic properties of thiol-capped QDs,[16,17] but as yet no such
study has been performed for state of the art solar cells. Moreover, no such
study has been carried out for halide ligands which have become widespread
in the QD field and which behave very differently to thiol ligands in many
respects.[18,19]

In this chapter, we report the temperature dependent behaviour of highly
efficient solar cells comprising a layer of tetrabutylammonium iodide (TBAI)
capped PbS and a layer of 1,2-ethanedithiol (EDT) capped PbS. We observe a
large increase in device performance at lower temperatures, mainly due to an
increased VOC and fill factor (FF), with only slightly decreasing short circuit
current (JSC). We explain the origin of this behaviour by measuring important
electronic properties of PbS films such as carrier mobility, permittivity, and
doping concentration as a function of temperature. Finally, we provide guide-
lines to further improve PbS QD solar cell performance in the near future.
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4.2 Results and discussion

4.2.1 Temperature dependent J-V characteristics

Following the bilayer strategy reported by the Bawendi group,[10] solar cells
are fabricated via layer-by-layer spin casting of the active layer consisting of
200 nm TBAI-capped PbS, which has been shown to be n-type,[9,20,21] and
60 nm EDT-capped PbS, which is less n-type or even p-type depending on
how much it has been oxidized.[8,9] TiO2 is used as electron extracting layer,
due to its favourable band alignment with the conduction band of PbS, its
good ambient stability, and ability to block holes effectively. A combination
of MoO3 and Au is used as the anode. There are conflicting reports concern-
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Figure 4.1. a) J-V curves under 1 Sun illumination showing forward and reverse
sweep. The dark current and the device structure are shown in the inset. b) EQE
spectrum of the same device (black line) and the current calculated from integrating
the product of the EQE spectrum and AM1.5G solar irradiation (red line) c) Time
evolution of the solar cell parameters.
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ing the use of MoO3 in the literature. Some authors have reported high effi-
ciencies using only Au as a top electrode,[10,22] and report a decreased stabil-
ity when MoO3 is used.[10] On the other hand, two studies have claimed that
a detrimental Schottky barrier is formed at the PbS/Au interfaces in devices
where MoO3 is omitted, and that MoO3 is able to remove this barrier.[23,24]

In our case, a meaningful comparison between MoO3/Au and Au is not pos-
sible, because devices without MoO3 are consistently short-circuited. This
is possibly due to the penetration of Au deep into the active layer during the
evaporation process. For this reason, the MoO3 interlayer is included in all
our devices. The full device structure is shown in Figure 4.1a, together with
the resulting J-V curve measured under AM1.5G 1 Sun intensity. The solar
cell displays a VOC of 0.61 V, a JSC of 25.8 mA/cm2, a FF of 60%, and an
overall PCE of 9.4%, which is higher than previous reports with similar de-
vice structure.[10] The JSC is in good agreement with the current density of
24.5 mA/cm2 calculated from the external quantum efficiency (EQE) (Fig-
ure 4.1b). Furthermore, the solar cell displays a very high air stability. In
Figure 4.1c, the time evolution of the solar cell figures of merit shows an in-
crease in VOC and FF over the first several days of shelf storage in air, leading
to an efficiency enhancement from 7.8% for a fresh device, to a maximum of
9.4% after 10 days. The efficiency then remains above 80% of it’s maximum
value for ~65 days and retaining an efficiency of 5.4% after 5 months.

To gain more insight into the physical processes of the solar cell, the J-V
characteristics were measured as a function of temperature, shown in Fig-
ure 4.2. As the temperature is decreased from 295 K to 180 K, the JSC remains
almost constant, decreasing only about 5% over the measured range. The VOC
shows a linear increase until 200 K and then plateaus at 0.80 V, or about 38%
above the VOC measured at room temperature. Extrapolating the VOC from
the linear regime to 0 K, a value of 1.20 eV is obtained. This is close to the
bandgap of the active layer, which is 1.37 ± 0.05 eV as determined by the
first excitonic peak of the EQE spectrum. This indicates that the VOC is not
limited by Fermi level pinning to the trap states.[25] Below 200 K, the VOC is
likely limited by the energy level alignment with the TiO2 and Au electrodes.
The FF shows more complex behaviour; it initially increases with decreasing
temperature until a maximum at 250 K and then decreases at lower temper-
ature. Overall, the J-V parameters cause the PCE to initially increase with
decreasing temperature to a maximum of 10.3% at 230 K, mainly due to the
increasing VOC. At temperatures lower than 230 K, the FF dominates the
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4.2. Results and discussion

behaviour of the solar cell, leading to an overall decreasing of the PCE with
decreasing temperature.

The increase in VOC can not be explained by a changing bandgap. Pho-
toluminescence measurements (Figure 4.3) show that as the temperature is
decreased, the bandgap in fact narrows, and a smaller VOC would be expected
as a result.

Thus, to explain the behaviour of the solar cell parameters, and in particu-
lar the very desirable increase in VOC, we look at the Shockley diode equation
for the current J,

J = J0exp
(

q(V + JRS)

nkT

)
− V + JRS

RSH
− JPH. (4.1)
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Figure 4.2. a) J-V curves under 1 Sun illumination in the temperature range 295-
230 K showing increasing PCE, and b) in the range 230-180 K, where the PCE
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Figure 4.3. Photoluminescence of a) TBAI and b) EDT-capped PbS QDs at various
temperatures excited at 400 nm.

Here J0 is the reverse saturation current, e is the elementary charge, RS and
RSH are the series and shunt resistances, respectively, n is the ideality factor, k
is Boltzmann’s constant, and V is the applied bias. Rearranging this equation
to open circuit conditions (J = 0), and assuming that the shunt current is much
smaller than the photocurrent (V/RSH << JPH ), the open circuit voltage is
given by

VOC =
nkT

q
ln
(

JPH

J0

)
(4.2a)

=
nkT

q
α ln(I)+ c. (4.2b)

For the latter equality, we have made use of the relationship JPH ∝ Iα , where
I is the illumination intensity, α is an empirical parameter indicating the lin-
earity of the photocurrent with intensity, and c is a fitting parameter collecting
all the terms independent of light intensity. From Equation 5.5b, we see that
the temperature affects the VOC directly via the linear term, and indirectly via
J0 and possibly the ideality factor n. As shown above, the variation of JPH
with temperature is small and thus has a negligible effect on the VOC. Since
the VOC increases with decreasing temperature, the linear term in Equation
5.5b is clearly not the dominating factor. The temperature dependence of the
ideality factor was measured under various illuminations at open circuit con-
ditions, as shown in Figure 4.4. In our devices α is equal to 0.95 ± 0.3 at
all temperatures measured (Figure 4.4b), which indicates that bimolecular re-
combination is low in these solar cells. Over a wide range of temperatures,
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4.2. Results and discussion

no change is seen in the ideality factor within the measurement error. An ide-
ality factor close to unity indicates that the dominant recombination process
is bimolecular, while a value close to 2 indicates mostly trap-assisted recom-
bination. Thus, from our measurements we can conclude that bimolecular
and trap assisted recombination both play a significant role in our devices
and that the relative contributions of the two do not change significantly with
temperature. Therefore, the only remaining term to explain the increased VOC
as from Equation 5.5b is the reverse saturation current, which is known to
be temperature dependent. Figure 4.5a shows the dark J-V measurements,
which were fitted with the least squares method to the explicit form of the
non-ideal Shockley equation using the Lambert-W function to extract the re-
verse saturation current.[26] The extracted values are shown in Figure 4.5b.

Several models can be used to explain the temperature dependence of
J0. The most commonly applied models in the case of QD solar cells are the
thermionic emission model,[16,27,28] and the diffusion model.[17,29] According
to the thermionic emission model, J0 is given by

J0,T E = J00T 2exp
(
−qφB

kT

)
, (4.3)

where J00 is the effective Richardson’s constant, equal to 120 A/cm2K2, and
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Figure 4.4. a) Light intensity dependent VOC values (dots) at different temperatures
and the fits from Equation 5.5b (solid lines) b) Light intensity dependence of the short
circuit current at various temperatures. Markers indicate the data points, while the
solid lines are fitted with the equation JSC = cIα , where I is the illumination intensity
and c and α are fitting parameters. The dashed line indicates the slope of a perfectly
linear current-intensity behaviour. c) The ideality factors extracted from a) and b)
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φB is the Schottky barrier height. The diffusion model on the other hand
predicts a reverse saturation current given by[30]

J0,Di f f = qµe(h)NC(V )Emexp
(
−qφB

kT

)
(4.4)

where µe(h) is the majority carrier mobility, NC(V ) is the density of states in
the conduction (valence) band, and Em is the maximum electric field in the
device. Finally, the reverse saturation current given by a regular p-n junction
is given by[30]

J0,PN = qNCNV

(
1

NA

√
µe

τe
+

1
ND

√
µh

τh

)√
kT
q

exp
(
−Eg

kT

)
(4.5)

where NA and ND are the acceptor and donor concentrations of the p and n
type layers, respectively, τe and τh are the minority carrier lifetimes, and Eg
is the bandgap. Without making assumptions about any of the unknown pa-
rameters, the extracted J0 values are fitted to each of these models in Figure
4.5. The diffusion and p-n model both provide a good fit within measurement
error to the experimental data, while the best fit for the thermionic emis-
sion model predicts a too high slope of the temperature dependence. The
thermionic emission and diffusion model are both based on the assumption
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4.2. Results and discussion

of a Schottky barrier in the solar cell, which is not present in our devices. In-
stead, the p-n junction model is physically more applicable to the solar cells
investigated here. It is important to underline that this model gives us insight
into how the reverse saturation current can be decreased in order to increase
the VOC in future solar cells at room temperature. The term in the exponent
shows that a trivial method to enhance the VOC is to increase the bandgap.
However, this will simultaneously decrease the amount of photons absorbed
and the generated carriers and thus the JSC. It is also well known that for a
high VOC, recombination should be suppressed. This is reflected in the carrier
lifetime terms τe and τh, which should be maximized. This can be achieved
by reducing the trap density, to which much effort in the colloidal QD field
is already being directed. Less attention has so far been directed to increas-
ing the doping concentrations in the p and n layers. This should not only
increase the VOC through the reduction of J0, but can help increase the built
in electric field, which facilitates charge extraction. Furthermore, the doping
concentration appears as a linear term in the reverse saturation current as op-
posed to only a square root dependence of the carrier lifetime, thus we posit
that optimizing the doping concentration is a more effective strategy method
to further increase solar cell efficiency of PbS QDs. Finally, from Equation
4.5 we see that while a high mobility is desirable for charge extraction and
thus necessary for high JSC, it has a weakly detrimental effect on the reverse
saturation current, possibly leading to an unavoidable tradeoff between VOC
and JSC.

4.2.2 Permittivity and mobility

In order to better understand the behaviour of these solar cells at lower tem-
perature, it is important to know whether the permittivity of the material is
changing, since the permittivity not only influences recombination rates,[31]

but also determines the necessary exciton dissociation energy,[32] plays an im-
portant role in the optical field distribution in the solar cell,[33] and will sub-
sequently be used in the calculation of the charge carrier mobility. For this,
we fabricate Schottky devices with structure ITO/PEDOT:PSS/PbS/LiF/Al,
where the PbS QDs were treated either with EDT or TBAI, and the capac-
itance of the films is measured at several temperatures between 290 K and
190 K. For the geometric permittivity to be accurately obtained from the ca-
pacitance measurements, the device must be fully depleted. For this reason
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Chapter 4. Temperature dependence of PbS QDs

we make these devices thinner (~110-150 nm) than the solar cell active layer,
and measure under reverse bias to ensure the device is depleted. To ver-
ify this, the capacitance is measured at several voltages and is found not to
change significantly between 0 V and -0.5 V, see Figure 4.6a. The permittiv-
ity is calculated from the average capacitance in the frequency range 103-104

Hz, since here the capacitance is well behaved and flat, and using the par-
allel plate capacitor model C = (Aεrε0)/d, where A is the area defined by
the overlap of the electrodes equal to 0.16 cm2 in our devices, d is the layer
thickness, and εr and ε0 are the relative and vacuum permittivity, respectively.
Here we consider the PEDOT:PSS layer to be part of the anode and neglect its
contribution to the total capacitance of the device. The permittivity obtained
in this way for various temperatures is plotted in Figure 4.6b. The obtained
εr values for EDT decrease slightly from 18.0 ± 0.9 at room temperature to
16.8 ± 0.9 at 168 K. The permittivity of TBAI-capped PbS instead remains
constant within measurement error at a value of 18.7 ± 1.0.

Equation 4.5 shows that charge carrier mobility, doping concentration,
and carrier lifetime are important parameters that determine the overall device
performance. It is therefore useful to investigate each of these parameters in
turn.

To measure the temperature dependent mobility in the active layer, single
charge carrier devices are fabricated with EDT- and TBAI-capped PbS. Un-
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calculated with the parallel plate model from capacitance measurements averaged
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like field effect transistors (FETs) or Hall effect measurements, which probe
the mobility in the plane of the substrate, single charge carrier devices allow
the out of plane mobility to be determined, i.e. in the same device configura-
tion as the solar cell.

Hole only devices were fabricated using device structure ITO/PEDOT:
PSS/PbS/MoO3/Au, since both PEDOT:PSS and MoO3/Au are hole selective
contacts aligning favorably to the PbS valence band. Silver or aluminum con-
tacts both allow close alignment with the conduction band of PbS (-4.0 eV),
therefore either Ag/PbS/Ag or Ag/PbS/LiF/Al devices structures are used for
electron only devices.

J-V curves of devices exhibiting space charge limited current (SCLC) in
the presence of shallow traps show four characteristic regions.[34,35] At low
bias, thermally generated charges outnumber the injected charge carriers, and
the device follows Ohm’s law (J ∝ V ). At a certain voltage Von, the injected
charges exceed the thermally generated charges and injected charges fill the
trap states leading to trap-filling SCLC behaviour:

JT F =
9
8

ε0εrµθ
V 2

d3 (4.6)

Here, θ is the ratio of free charge carriers to the total carrier density, V is the
applied bias, and d is the device thickness. When all the traps are filled, the
device shows an exponential current injection. Since the contacts allow only
one charge carrier to be injected into the device, a self-limiting space charge
builds up and the device follows Mott-Gurney behaviour

JMG =
9
8

ε0εrµ
V 2

d3 (4.7)

The J-V characteristics for hole only devices with EDT-capped PbS are
shown in Figure 4.7a. For these measurements, we perform an analysis sim-
ilar to the one proposed by Kim et al.[34] Of the four regimes, the Ohmic, in-
jection, and Mott-Gurney regimes are clearly evident; the trap-filling regime
is less pronounced, but is taken to be in the region where the log-log slope of
the J-V curve equals 2. From the ratio of JT F,h and JMG,h we find a θ value of
0.70 at room temperature, indicating that approximately 30% of charge car-
riers are trapped, which increases to 0.98 at 240 K. We extract the mobility
using the Mott-Gurney region for the temperatures where this this is possible.
At lower temperatures, only the Ohmic and trap-filling regions can be seen
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Figure 4.7. a-d) J-V curves and architectures of single carrier devices with a) Hole
only device with EDT b) Electron only device with EDT c) Hole only device with
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regime (blue), trap-filling regime (green) and SCLC regime (red). e) Extracted mo-
bilities from single carrier devices for EDT (black circles) and TBAI (red squares),
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resent the measurement uncertainty over a single device resulting mainly from the
uncertainty in film thickness. f) Extracted mobilities from FET devices.
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because Von increases with lower temperature and pushes the Mott-Gurney
regime to higher biases outside the range of the J-V curve. For those tem-
peratures, we extract µh from the trap-filling region with the assumption that
θ remains approximately constant. Since θ cannot exceed unity, the error
made with this assumption is small. The extracted mobilities are plotted in
Figure 4.7e.

At room temperature, a mobility of 3 · 10−6 cm2/Vs is found, lower than
the value of 1 · 104 cm2/Vs found by Rath et al. with the structure ITO/PbS/
Au.[36] With decreasing temperature, the mobility decreases almost three or-
ders of magnitude to 5 · 10−9 cm2/Vs at 190 K. These results are in agree-
ment with those found by Kim et al.,[34] though the temperature dependence
is slightly more pronounced in our devices. We then perform similar analyses
on electron only devices with EDT-capped PbS QDs, and TBAI-capped QDs.
The data show that the EDT-capped PbS films are slightly p-type, exhibiting
one order of magnitude higher hole mobility than electron mobility at room
temperature. In contrast, the TBAI-capped films display electron mobility one
order of magnitude higher than hole mobility, indicating n-type behaviour as
has been previously reported in literature.[9,37] Furthermore, at room temper-
ature the mobility found in TBAI-capped films is more than an order of mag-
nitude higher for holes (5 ·10−5 cm2/Vs) and almost four orders of magnitude
higher for electrons (1 ·10−3 cm2/Vs) than the one of EDT-capped PbS. Both
the hole and electron mobility of TBAI-capped PbS decreases roughly two or-
ders of magnitude between room temperature and 200 K, while the electron
mobility for EDT-capped PbS shows the least influence from temperature, de-
creasing from 7 ·10−7 cm2/Vs to 2 ·10−7 cm2/Vs between room temperature
and 240 K.

Field effect mobilities are also measured for comparison. For this, SiO2
gated FETs were fabricated by depositing EDT- and TBAI-capped films with
the same recipe as the solar cells and measured in vacuum. Charge carrier
mobility values are extracted from the linear regime according to the grad-
ual channel approximation and using a parallel plate capacitor model for the
gate electrode charge accumulation. In contrast to the SCLC devices, the
FETs show initially increasing mobility with decreasing temperature which
may indicate band like transport (Figure 4.7f). The FET mobility values fol-
low the same trend as previously reported for PbS QDs using Hall effect and
FET measurements,[38] and FET mobilities of CdSe QDs.[39] Hall effect mea-
surements only probe the mobility of the non-trapped charge carriers,[38] and
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in FETs the Fermi level is raised by the gate bias such that most traps are
filled.[40] Therefore, Hall effect and FET analyses both give mobility values
closer to the trap free mobility of PbS QDs, but which are far from the ef-
fective mobility in solar cell configurations. The mobility results from our
SCLC devices likely indicate a high trap density in PbS QD films that pre-
vents band-like transport at low biasing conditions; given this high trap den-
sity, a decrease in the temperature means less thermal energy is available to
re-excite charge carriers from shallow traps back to the transport levels, low-
ering the overall mobility. Furthermore, we observe that in contrast to the
SCLC devices, the FETs with EDT-capped PbS display notably higher elec-
tron mobility. This can be explained by the vacuum environment used for the
temperature dependent FET measurements, since vacuum can reverse the am-
bient p-doping effect of thiol-capped PbS, as observed previously by Balazs
et al.[8]

4.2.3 Charge Carriers lifetimes and diffusion lengths
Charge carrier mobility plays an important role in determining whether or not
generated charges are able to be extracted from the solar cell before recom-
bining. It is therefore interesting to note that despite the trend of decreasing
mobility, as measured with the single carrier devices, the JSC does not de-
crease very much. The current density in a diode is given by the sum of the
drift and diffusion currents,

J = qE (nµe + pµh)+q
(

De
dn
dx

+Dh
d p
dx

)
(4.8)

where n and p are the electron and hole concentration respectively, E is the
electric field in the device caused by the built in electric field and the applied
bias, and De and Dh are the electron and hole diffusion coefficient given by
De/h = (kT/q)µe/h. Charges from outside the depletion region must diffuse
to the region where there is an electric field to drive their transport. Charges
generated in regions further away from the depletion region than their dif-
fusion length recombine before they can be extracted and therefore do not
contribute to the photocurrent. To determine the diffusion length in our solar
cells, it is necessary to measure not only the mobility, but also the lifetime
of photogenerated charge carriers. For this, Schottky devices with the struc-
ture ITO/PEDOT:PSS/PbS/LiF/Al are fabricated with both EDT and TBAI
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ligands and the capacitance is measured under 1 Sun illumination at open
circuit conditions. Since no current leaves the device at VOC, all generated
charges must recombine, and the characteristic lifetime of the process can
be found from the product of the recombination resistance and the chemi-
cal capacitance τn = RrCµ .[41,42] The Nyquist plots obtained are displayed in
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Figure 4.8. a) Carrier lifetime for electrons in EDT-capped PbS (black dots), and
holes in TBAI-capped PbS (red dquares) obtained with impedance spectroscopy
measurements under 1 Sun illumination at open circuit conditions. d) Diffusion
lengths of electrons in EDT-capped PbS (black dots) and holes in TBAI-capped
PbS (red squares) calculated from Ln =

√
Dnτn using the mobilities as reported in

Figure 4.7e and lifetimes as from a). The error bars represent the measurement un-
certainty over a single device following from the uncertainty in mobility and carrier
lifetime.

Figure 4.8a-b and are fitted with the simple three component model shown
in the inset. The lifetimes obtained therefrom are displayed in Figure 4.8c.
It is important to note that these are the lifetimes of the minority carriers in
their respective layers, i.e., the electron lifetime for EDT-capped PbS and hole
lifetime for TBAI-capped PbS. EDT-capped PbS displays carrier lifetimes of
~2 µs at room temperature, in close agreement to the values measured by
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Chuang et al. using transient photovoltage measurements,[15] which increases
slightly to 13 µs at 215 K. The carrier lifetimes in TBAI capped films are
also ~2 µs at room temperature but do not show significant temperature de-
pendence in the measured range. With the lifetime and mobility known, the
diffusion length can easily be calculated from Ln =

√
Dnτn, where Dn =

kT
q µn

is Einstein’s diffusion coefficient, and is shown in Figure 4.8b. The electron
diffusion length in EDT-capped PbS is found to be extremely short, around
3.0± 1.5 nm, which is significantly shorter than reported values for PbS cou-
pled with MPA (30± 10 nm ) or with MPA + CdCl2 (80± 10 nm).[43] Owing
to the higher mobility, TBAI-capped PbS displays a higher diffusion length
at room temperature of 23 ± 3 nm, which decreases to 5.7 ± 1 nm at 240 K.
Considering the solar cell thickness of 260 nm and the fact that the JSC does
not drop significantly between room temperature and 240 K (Figure 4.2d),
the declining diffusion length for TBAI-capped PbS and very small diffusion
length for EDT-capped PbS indicate that the solar cells are practically fully
depleted under short circuit conditions.

4.2.4 Doping concentration
The doping concentrations in the n and p layers together determine both the
degree of band bending and the distribution of the depletion width w via
NAwp = NDwn. In most silicon solar cells, the main absorbing layer has mod-
erate (usually p-type) doping concentration of 1016-1017 cm−3, followed by
a highly doped (usually n-type) layer. This leads to a large depletion width
in the absorbing layer, allowing most photogenerated charges to be swept out
of the device without relying on diffusion. To determine the doping concen-
trations in our solar cells we again investigate Schottky diodes with structure
ITO/PEDOT:PSS/PbS/LiF/Al. From the Mott-Schottky equation,

C′−2 =
2

qεrε0N

(
V −Vf b−

kT
q

)
, (4.9)

the doping concentration N can be obtained from the slope of C′−2 versus the
applied bias V . For this, the capacitance is measured with a 4.6 kHz AC bias
with amplitude of 10 mV superimposed on a DC bias ranging from 0 to 1 V
at various temperatures. The Mott-Schottky curves are shown in Figure 4.9a
and the extracted doping concentrations are plotted in Figure 4.9c. EDT-
capped PbS shows a doping concentration of (1.0± 0.4) · 1017 cm−3, which
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Figure 4.9. a-b) Mott-Schottky plots for EDT and TBAI-capped PbS films. The
capacitance is measured with a 10 mV AC perturbation with frequency 4.6 kHz
superimposed on the forward bias. c) Doping concentration of EDT-capped PbS
(black dots) and TBAI-capped PbS (red squares) measured by Mott-Schottky anal-
ysis. The error bars are determined by the uncertainty in permittivity, slopes of the
Mott-Schottky curves, and temperature. d) Depletion width calculated at zero bias
(black) and at maximum power point (red). The dashed line shows the device thick-
ness. The error bars originate from the uncertainty in permittivity and doping con-
centrations.

remains essentially constant over the measured temperature range. TBAI-
capped PbS exhibits a doping concentration at room temperature of (4.6±
2.3) ·1016 cm−3, which decreases to (1.5±0.5) ·1016 cm−3 at 215 K.

With the doping concentration known, the depletion width w can be cal-
culated by[44]

w =

[
2εrε0

q

(
NA +ND

NAND

)
(Vbi−V )

] 1
2

, (4.10)

where NA and ND are the acceptor and donor concentrations, and Vbi is the
built in potential. The depletion width is calculated for varying temperature
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at zero bias and at maximum operating point, shown in Figure 4.9d. At room
temperature under short circuit conditions the depletion width is found to be
234 ± 15 nm. Therefore the depletion width plus diffusion length covers al-
most the whole device thickness of 260 nm. As the temperature is decreased,
the depletion region increases, leading to full depletion of the device below
~280 °C. This can explain why the short circuit current does not change with
decreasing temperature despite the lower mobility. Under maximum power
point conditions, the depletion width shows a similar trend but ~30% lower,
such that w is only 168± 17 nm at room temperature, which limits the collec-
tion efficiency of charges outside the depletion region and explains why JMPP
is significantly lower than the JSC, leading to a relatively low FF in these
devices.

For depletion widths smaller than the device thickness, it is important to
optimize the distribution of the depletion width over the p-n junction. Given
that the mobility of TBAI-capped PbS is significantly higher than in the EDT-
capped layer, it is desirable to use the TBAI layer as the main absorber layer,
and to limit the thickness of the EDT layer. At room temperature, these dop-
ing concentrations indicate that 64% of the the depletion region is located on
the TBAI side, while at lower temperatures the depletion width shifts increas-
ingly to the TBAI layer, such that 93% of the depletion area is located on
the TBAI side at 215 K. This, together with the increasing depletion width
could explain the initial increase in fill factor between room temperature and
260 K, while at lower temperatures the decreasing mobility dominates the FF
behaviour. Thus, to improve the efficiency at room temperature, an order of
magnitude higher doping of the p-type layer is required such that practically
all of the depletion width falls in the TBAI layer.

4.3 Conclusion
We have fabricated highly efficient PbS QD solar cells and explored their
temperature dependent properties. The VOC is found to be governed solely by
the reverse saturation current, which can be explained using the p-n junction
model. Based on this model, we propose that increasing the doping levels
in the p-n junction structure is a promising method for increasing the VOC in
future QDs based solar cells. In addition, the doping concentration of the p-
type layer should be at least 1 order of magnitude higher than the n-type layer
for a favourable depletion width distribution across the junction. Moreover,
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we have determined all the most important physical parameters that deter-
mine the working mechanism of our solar cells. Electron and hole mobilities
were measured for both EDT- and TBAI-capped QD films, and were found
to decrease with decreasing temperature. TBAI-capped QDs showed electron
and hole mobility values of 1·10−3 cm2/Vs and 5·10−5 cm2/Vs respectively,
which decrease roughly two orders of magnitude as temperature is decreased
to 200 K. EDT-capped films show significantly lower electron and hole mo-
bility values of 7·10−7 cm2/Vs and 3·10−6 cm2/Vs respectively. Very short
diffusion lengths were observed in EDT-capped PbS independent of temper-
ature between 290 K and 240 K, while TBAI-capped films showed diffusion
lengths decreasing from 26 ± 3 nm to 6 ± 1 nm. In spite of these short dif-
fusion lengths the current output of our devices at JSC is almost temperature
independent. This is explained by the depletion region, which is found to
extend almost throughout the active layer of the solar cells at room temper-
ature and to extend completely throughout the device at lower temperatures.
Thus, these solar cells are not limited by diffusion, instead they rely on drift
dominated transport for charge carrier extraction.

4.4 Experimental methods
Device fabrication. On top of pre-patterned fluorine tin oxide (13 Ω/sq),
TiO2 is formed by spincasting a solution of ethanol:titanium(IV)butoxide:HCl
(20:2:1) and annealed at 450 °C for 30 mins. Oleic acid-capped PbS QDs are
synthesized by a previously described hot injection method.[14,41] QD films
are made in a N2 glovebox by layer-by-layer spincasting a 10 mg/ml solution
of PbS in hexane and exposing the film to either EDT (0.01% v/v in actetoni-
trile) or TBAI (15 mg/ml in methanol) for 30 s before spin drying. The film is
then washed twice in the solvent of the ligand and spin-dried. This process is
repeated until the desired thickness is achieved. Under <10−6 mBar vacuum,
the solar cells are finished by thermal evaporation of 5 nm MoO3 and 80 nm
Au at a rate of 0.2 Å/s and 2 Å/s, respectively. In total, 30 solar cells with
this structure were fabricated on 12 different substrates and the analysis re-
ported here was performed on the champion device. For Schottky devices the
active layer is deposited on top of 90 nm poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfotnate) (PEDOT:PSS; VP AI4083, H.C. Stark) spincasted
from water and annealed at 120 °C for 10 minutess. The Schottky devices
are finished by thermal evaporation of 1 nm LiF (0.1 Å/s) and 100 nm Al
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(0.5-10 Å/s). The device area is 0.16 cm2 as defined by the overlap of elec-
trodes.

Current-voltage characterization. J-V sweeps were carried out in inert
environment using a Keithley 2400 source-meter. Simulated AM1.5G illumi-
nation was provided by a Steuernagel Solarconstant 1200 metal halide lamp
set to 100 mW/cm2 intensity, measured by a silicon reference cell (SRC-
1000-RTD-QZ, VLSI Standards Inc.) and corrected for the spectral mis-
match.[45] The illuminated area was limited to 0.10 cm2 by a well defined
shadow mask for efficiency calculations. The temperature was controled by
an adjustable N2 gas flow through a liquid N2 bath.

Impedance spectroscopy. Using a SP-200 Bio-Logic potentiostat a for-
ward bias is superimposed with a 30 mV AC pertubation over the frequency
range 1 MHz to 100 Hz. For permittivity measurements, the capacitance is
measured in the dark at -0.5 V DC bias. For carrier lifetime measurements,
the device is held at open circuit bias under 1 Sun illumination.

EQE measurements. The EQE is measured at short circuit conditions un-
der monochromatic light. As white light source a 250 W quartz tungsten
halogen lamp (6334NS, Newport) with lamp housing (67009, Newport) is
used. Monochromatic light is obtained using narrow band pass filters (Thor-
labs) with a full width half maximum (FWHM) of 10 ± 2 nm from 400 nm
to 1300 nm and a FWHM of 12 ± 2.4 nm from 1300 nm to 1400 nm. The
light intensity is determined by calibrated PD300 and PD300IR photodiodes
(Ophir Optics).

PL measurements. PbS QD films were deposited on quartz substrates us-
ing the layer-by-layer technique mentioned above. The samples were excited
at 400 nm by the second harmonic of a mode-locked Ti:Sapphire (Mira 900)
laser delivering pulses of 150 fs. An optical pulse selector was used to vary
the repetition rate of the exciting pulse. All measurements were performed
in an optical cryostat, loaded inside a glovebox to maintain an oxygen-free
environment at all times.
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Mater. 2014, 13, 796.

[11] P. Maraghechi, A. J. Labelle, A. R. Kirmani, X. Lan, M. M. Adachi,
S. M. Thon, S. Hoogland, A. Lee, Z. Ning, A. Fischer, A. Amassian,
E. H. Sargent, ACS Nano 2013, 7, 6111.

[12] J. Tang, H. Liu, D. Zhitomirsky, S. Hoogland, X. Wang, M. Furukawa,
L. Levina, E. H. Sargent, Nano Lett. 2012, 12, 4889–4894.

[13] D.-K. Ko, P. R. Brown, M. G. Bawendi, V. Bulović, Adv. Mater. 2014,
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5P-type doping of thiol-capped PbS
films

Abstract

Lead sulfide quantum dot (PbS QD) solar cell efficiencies have im-
proved rapidly over the past years due in large part to intelligent band
alignment considerations. A pn-junction can be formed by connect-
ing PbS layers with contrasting ligands. However, the resulting doping
concentrations are typically low and can not be effectively controlled.
Here, we present a method of chemically p-doping films of thiol capped
PbS QDs. P-n junction solar cells with increased doping in the p-type
layer show improved short circuit current and fill factor, leading to an
improvement in the power conversion efficiency from 7.1% to 7.6%. By
examining Schottky diodes and the absorption spectra of treated and
untreated PbS QDs, we show that the improved efficiency is due to the
increased doping concentration in the thiol capped QD layer and to
denser packing of the PbS QD film.

Submitted as:
M. J. Speirs, D. M. Balazs, D. Dirin, M. Kovalenko, M. A. Loi, Increased efficiency in pn-
junction PbS QD solar cells via NaHS treatment of the p-type layer, Appl. Phys. Lett.,
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Chapter 5. P-type doping of thiol-capped PbS

5.1 Introduction

For the past decade, lead sulfide quantum dots (PbS QDs) have been a topic
of great interest in the field of solution-processable photovoltaics.[1] Their

success stems in part from the large (18 nm) Bohr radius of PbS,[2] which
leads to a broadly tunable bandgap for QDs in the size range 3-5 nm, and in
part from the electronic adaptability offered by the large library of ligands
able to modify the QD surface. This not only allows control over charge
carrier mobility, but also allows control of the conduction and valence levels
with respect to the vacuum level, as well as the position of the Fermi energy
level within the bandgap.[3] Clever implementation of these versatile charac-
teristics has driven the steady increase in power conversion efficiency (PCE)
to more than 11% to date.[4] The most efficient device structures currently
feature a junction between an n-type layer of PbS, treated with tetrabutylam-
monium iodide (TBAI), and a layer of EDT-capped PbS.[5–7] The alignment
of the Fermi levels across the junction gives rise to a built in electric field
which induces beneficial band-bending and facilitates drift driven charge ex-
traction.[7]

Nevertheless, PbS QD solar cells still fall well short of their potential, in
particular due to a low fill factor (FF), and an open circuit voltage (VOC) that
falls well below the theoretical limit.[8,9] In the previous chapter, we demon-
strated that these solar cells can benefit from an increased doping concentra-
tion in the EDT layer.[7] Due to charge conservation across the p-n junction,
the distribution of the depletion region across the junction is governed by

NDwn = NAwp (5.1)

with ND(A) the doping concentration of of the n(p)-type layer and wD(A) the
fraction of the depletion region located on the n(p)-type side. Thus, increased
doping in the EDT layer would shift the distribution of the depletion region to-
wards the TBAI layer, which has higher charge carrier mobility,[7] and would
thus facilitate more efficient charge extraction.

Many doping strategies have been demonstrated for lead chalcogenide
QDs.[10] These include doping via oxidation,[11–16] ligand control,[3,13,17,18]

stoichiometry and defects,[19–21] dipoles,[22] and heterovalent impurities.[23–25]

While n-type films have been fabricated through ligands such as hydrazine
and halide salts,[18,26] p-type doping of thiol-capped films has so far mostly
been achieved via oxidation in ambient conditions. That doping strategy has
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been used explicitly by Choi et al. in Schottky solar cells,[15] and implicitly
in p-n junction devices which have been exposed to air during or after depo-
sition of the thiol-capped layer.[6,27] Chuang et al. reported that p-n junction
devices stored in air can display an initial increase in efficiency, which can
be attributed to the increased doping of the EDT-capped layer.[6] Neverthe-
less, oxidative doping is not well controlled, and while oxygen is effective
in shifting the Fermi level, the unavoidable adsorption of other atmospheric
contaminants, in particular water, onto the PbS surface is likely to have a
detrimental effect on trap densities and charge carrier mobilities. Therefore,
a more controlled and systematic method of p-doping is desirable. Instead,
control of the stoichiometry of lead chalcogenide QDs has been proposed as
a controllable method of tuning the Fermi level in lead chalcogenide QDs.[21]

Oh et al. showed that thermally evaporating excess Pb onto PbSe QD films
enhances the n-type behaviour and, similarly, more p-type behaviour was
achieved by evaporating excess Se.[19] However, this method is difficult to
control, and might lead to unstable film properties due to the diffusion of
the evaporated atoms. Furthermore, it is desirable to achieve the doping via
solution-processable techniques, compatible with cheap and large scale pro-
duction methods. Oh et al. also reported an increase in solar cell efficiency
using a combination of SCN and BDT ligands.[28] In that work, the solar cells
treated with both BDT and SCN exhibited a modest efficiency of 3.5%, com-
pared to 2.1% for solar cells’s treated with only BDT. It was also noted that
this method was limited to active layers less than 150 nm thick, as the poor
resulting mobility hinders charge extraction in thicker films. Chalcogenide
salts such as Na2S, Na2Se and K2S are soluble in polar solvent and have been
demonstrated to effectively alter the PbS, PbSe or CdSe stoichiometry and
increase p-type doping in transistors, leading to higher p-type currents and
charge carrier mobility in field effect transistors.[28–32] However, the success
of these salts in solar cell structures has been limited, likely due to the ex-
tremely high reactivity of these salt which can introduce trap states into the
film and cause pronounced fusion of the QDs, leading to a lower VOC.

In this chapter, we fabricate efficient p-n junction solar cells using TBAI
treated PbS as n-type layer and EDT-capped PbS as p-type layer. We re-
port a simple and reproducible method of p-doping thiol-capped PbS films
by post deposition treatment with a solution of sodium hydrosulfide (NaHS),
and show an increase of the short circuit current (JSC) and FF for p-n junction
QD solar cells without detriment to the VOC, leading to an improvement of the
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PCE from 7.1% to 7.6%.
We fabricate Schottky diodes with various concentrations of doping. The

doping concentration is measured via Mott-Schottky analysis and found to
increase by more than a factor of three. Under illumination, decreasing JSC of
the Schottky devices is observed with increasing doping concentration, which
can be explained by a narrowing of the depletion region near the Schottky
junction due to increased doping. We see no change in the VOC or FF, indi-
cating that the doping procedure has little effect on charge transport proper-
ties or recombination rates. Finally, the absorption spectra reveal only a very
small loss in quantum confinement upon NaHS treatment.

Results and Discussion

5.1.1 Doped p-n junction solar cells
PbS QDs capped with oleic acid are synthesized using an adaptation of a
previously reported method.[33] A compact film of anatase TiO2 is prepared
by spincoating a 20 : 2 : 1 solution of ethanol : titanium(IV) butoxide : HCl
onto pre-patterned fluorine doped tin-oxide substrates (13 Ω/sq) and annealed
at 450 °C for 30 minutes. The n-type PbS film is deposited by the layer-
by-layer spincoating of a 10 mg/ml solution of PbS in hexane, followed by
exposure of the film to 15 mg/ml TBAI in methanol, subsequent spin-drying
and finally, two washing steps with pure methanol to remove the tetrabuty-
lammonium cation. The p-type layer is formed by spincoating of the oleic
acid-capped PbS QDs, followed by exposure of the film to a 0.01% v/v EDT
in acetonitrile and one washing step with pure acetonitrile. For the doped
samples, each EDT-treated layer was exposed to a 0.1 mM solution of NaHS
in MeOH for 15 s after the EDT treatment and prior to the washing step. We
observe that higher concentrations of NaHS often led to delamination of the
active layer. The active layer comprises 12 layers (∼200 nm) of TBAI and 4
layers (∼60 nm) of EDT-capped PbS. Since some degree of oxidative doping
is unavoidable, we choose to expose all devices to air prior to deposition of
the electrodes to ensure that any effect we see is in addition to the oxidative
doping.

The devices are finished by thermal evaporation of 5 nm MoO3 and 80
nm of Au. Here we would like to comment on the use of MoO3 as a hole ex-
tracting layer, since there are conflicting reports concerning the use of MoO3
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Figure 5.1. a) Representative J-V curves of p-n junction solar cell doped with 0.1
mM NaHS in MeOH (red) and undoped (black) PbS_ EDT layers. The device struc-
ture is shown in the inset. b) External quantum efficiency of p-n juntion PbS QD
solar cells, with undoped and doped PbS_ EDT layer.

in the literature. Some authors have reported high efficiencies using only Au
as a top electrode,[5,6] and report a decreased stability when MoO3 is used.[6]

Other studies choose to include MoO3 as part of the anode,[34–36] and Hu et
al. have reported that a detrimental Schottky barrier is formed at the PbS/Au
interface,[37] which can be removed by using MoO3 as an interlayer.[38] In our
case, devices without MoO3 have an impractically low yield of non-shorted
devices, possibly due to the penetration of Au clusters into the active layer
during thermal deposition, which the MoO3 is able to prevent. Therefore we
have chosen to include MoO3 both as a hole transporting layer and as protec-
tion for the active layer from the electrode deposition.

The current-voltage (J-V ) curves of representative doped and undoped
devices are shown in Figure 5.1a and the main figures of merit are shown in
Table 5.1.

In total, 13 devices on 4 independent substrates were made for the un-
doped case and 11 devices over 4 substrates for the doped case. To avoid the

Table 5.1. J-V figures of merit with doped and undoped PbS_EDT layers. The values
in brackets give the standard deviation over the data set.

Device JSC [mA/cm2] VOC [V] FF PCE [%]
Best undoped 26.4 0.56 0.53 8.1
Best doped 27.4 0.55 0.56 8.6

Undoped average26.0(±0.8) 0.56(±0.01) 0.49(±0.02) 7.1(±0.6)
Doped average 27.0(± 0.4) 0.55(± 0.01) 0.51(± 0.03) 7.6(± 0.6)
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inclusion of shorted or almost shorted devices, only solar cells with a high
rectification ratio in the dark (J|V=1/J|V=−1 > 100) were included in the dataset.
The doped solar cells show small but consistent increases in JSC, from 26.0 to
27.0 mA/cm2, and FF, from 0.49 to 0.51, with a practically unchanged VOC,
leading to an average increase in PCE from 7.1% to 7.6%, and an increase
of the highest values from 8.1% to 8.6%. The external quantum efficiency
(EQE) spectra are shown in Figure S1; the current calculated by integrating
the product of the EQE spectrum with the AM1.5G solar spectrum corre-
sponds well to the current obtained in the J-V curves.

5.1.2 Schottky diode analysis
To determine the reason for this improvement, the PbS_ EDT layer is exam-
ined independently. To this end Schottky diodes are fabricated by depositing
150-180 nm PbS_ EDT on pre-patterned indium tin oxide (ITO) and finished
with 1 nm of LiF and 100 nm aluminium. The parallel plate capacitance C is
measured as a function of bias in the dark; a 25 mV ac signal with frequency
250 Hz was superimposed on a forward bias ranging from -0.5 V to 0.5 V.
The resulting C−V plots are shown in Figure 5.2. The doping concentration
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Figure 5.2. Voltage dependent capacitance extracted from impedance spectra in the
dark for doped (red) and undoped (black) PBS_ EDT.

N can be obtained using the the Mott-Schottky equation,

A2

C2 =
2

qεrε0N

(
V −Vbi−

kT
q

)
(5.2)
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where A is the device area, εr and ε0 are the relative and vacuum permittiv-
ity, respectively, Vbi is the built in voltage, k is Boltzmann’s constant, T is
the temperature, and e is the elementary charge. In the voltage range where
the depletion region depends on the applied bias, the Mott-Schottky curve is
linear, and a doping concentration of 1.9·1016 cm−3 is found for the undoped
film, while the film doped with NaHS shows a more than threefold higher
doping concentration of 6.5·1016 cm−3. In light of this, the VOC of these solar
cells is expected to increase by approximately 28 mV due to increased built
in bias over the pn-junction according to

Vbi =
kT
q

ln
(

NAND

n2
i

)
. (5.3)

Since this increase is not observed, it must be negated by either increased
charge carrier recombination or a lower bandgap.

The charge carrier lifetime plays a crucial role in the device performance.
Increasing the density of states within the bandgap can potentially assist detri-
mental recombination processes leading to a reduced charge carrier lifetime.
To elucidate the role this doping method has on the recombination rates of
minority charge carriers, in this case electrons, impedance spectra were ob-
tained while holding the diodes at open circuit bias under 1 Sun illumination.
Since no current flows through the device at open circuit bias, all photogen-
erated charge carriers must necessarily recombine. The typical rate at which
the recombination takes place can be found from τ = RrCr,[39] where Rr is
the recombination resistance and Cr is the capacitance found by fitting the
Nyquist plots with the equivalent circuit consisting of a constant phase ele-
ment (Q) in parallel with the recombination resistance and a series resistance,
see the inset in Figure 5.3. The constant phase element takes into account
the slightly depressed impedance spectra, which can be explained by small
inhomogeneities such as roughness or pinholes at the electrode interface.[40]

The fitting parameter a indicating the deviation from an ideal capacitor is 0.96
for these devices, indicating almost ideal capacitance behaviour. The capac-
itance is calculated from the constant phase element using the relationship
Ceq = Q

(
2π fpeak

)a−1,[41] where fpeak is the frequency at the peak maximum
imaginary component of the Nyquist spectrum. With this method, carrier life-
times of 5.4 ± 1.1 µs for the undoped film and an almost equal 4.2 ± 0.9 µs
for the film doped with NaHS. These values are comparable to the values ob-
tained by the alternative method which uses the equation τ = 1/

(
2π fpeak

)
,[39]
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Figure 5.3. Nyquist impedance spectra of doped and undoped films under 1 Sun
illumination, held at open circuit voltage.

which gives values of 5.0 ± 0.6 µs for the undoped film and 4.4 ± 0.5 µs
for the doped film. The close similarity in lifetimes indicates that the dop-
ing process does not affect the recombination rates under normal operating
conditions.

J-V curves of three Schottky diodes fabricated with NaHS concentrations
of 0, 0.02, and 0.1 mM were measured under 1 Sun illumination to further
investigate the effect of NaHS doping on the properties of PbS_ EDT films.
The curves are shown in Figure 5.4, and the solar cell parameters are shown
in Table 5.2. In contrast to the p-n junction solar cells, the JSC of these devices
decreases with increasing doping, while the VOC and FF are both unchanged.
Charge extraction in Schottky solar cells is limited by diffusion of the charge
carriers towards the Schottky barrier,[42] in this case the aluminium contact,
where energy level bending drives the separation of electrons and holes to
their respective electrodes. For a Schottky junction, the width of the depletion
region is given by[43]

w =

[
2ε0εr

qN

(
Vbi−V − kT

q

)]1/2

, (5.4)

Table 5.2. J-V figures of merit of Schottky devices with doped and undoped
PbS_EDT layers.

Device JSC [mA/cm2] VOC [V] FF PCE [%]
Undoped 9.1 0.42 0.56 2.3
0.02 mM NaHS 6.4 0.41 0.54 1.4
0.1 mM NaHS 4.8 0.41 0.54 1.1
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Figure 5.4. J-V curves for Schottky solar cells exposed to 0.1 mM NaHs (red), 0.02
mM NaHS (blue) and without additional doping (black).

thus the decreasing JSC can be attributed to the narrowing of the depletion
region, caused by the increased doping concentration N. The constant VOC
is another indication that the doping mechanism does not significantly alter
the trap density or charge carrier lifetimes, while the unchanged FF indicates
that the doping mechanism does not significantly improve or impair charge
extraction.

The ideality factor n was then calculated from the dependence of the VOC
on the light intensity (I) (Figure 5.5)

VOC =
nkT

q
ln
(

JPH

J0

)
(5.5a)

=
nkT α

q
ln(I)+ c (5.5b)

where k is Boltzmann’s constant, T is the temperature, e is the elementary
charge, α is an empirical parameter indicating the linearity of the photocur-
rent with intensity (JPH ∝ Iα ), and c is a fitting parameter collecting all the
terms independent of light intensity.

For the undoped films an ideality factor of 1.50 is found, while for the
doped film a similar value of 1.57 is found. An ideality factor of 1 corresponds
to fully bimolecular recombination, while an ideality factor of 2 means that
trap assisted recombination is the dominating mechanism. The similar values
of n measured for the doped and undoped films confirms that NaHS does
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not introduce a significant amount of traps or alter the main recombination
processes.

Finally, from the absorption spectrum in Figure 5.6, we see a small red-
shift of the treated QDs from 915 nm to 940 nm, corresponding to a difference
in bandgap of 36 meV, which could indicate slightly denser packing, leading
to partial loss of quantum confinement coupled with higher film conductivity.
The decrease of the bandgap is close to the 28 meV increase in VOC expected
from a threefold increase in the p-type doping concentration. Additionally,
we observe a beneficial increase of the absorption coefficient. Though this
effect is present to some degree in our films, its influence is small since we
do not see a decrease in the VOC of the solar cells. Similarly, if this was the
dominant effect we would expect to see increased JSC in the Schottky devices.
Instead, the Schottky devices are dominated by the decreased depletion width
caused by higher doping.

In conclusion, we have demonstrated a method to increase the p-type dop-
ing concentration of EDT capped PbS QD films, without degrading any other
properties. In efficient pn-junction solar cells we have shown an improvement
in both JSC and FF, without degradation of the VOC, leading to an average per-
formance improvement of 0.5 percentage points. We have shown that this
doping mechanism does not significantly change the charge carrier lifetime,
and that the change in JSC and FF is due to both the increase in doping concen-
tration by a factor of three, which shifts the depletion region towards the TBAI
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capped PbS layer, and due to the higher absorption coefficient and possibly
higher film conductivity. The expected increase in VOC from the increased
doping is compensated by the slight loss of quantum confinement after NaHS
treatment. We would like to note that an even higher doping concentration
would be desirable to further decrease the necessary thickness of the p-type
layer, similar to the strategy used in many silicon solar cells, where a thick
low doping concentration (usually p-type) layer is used in combination with a
thin highly doped (n-type) layer. In this case we were limited by the mechan-
ical stability of our active layer, which exhibited frequent delamination when
exposed to higher concentrations of NaHS in methanol. Further increasing
the doping concentration of the p-type layer is expected to yield even better
results.

Conclusion

In conclusion, we have demonstrated a method to increase the p-type dop-
ing concentration of EDT-capped PbS QD films, without degrading any other
properties. In efficient p-n junction solar cells we have shown an improve-
ment in both JSC and FF, without degradation of the VOC, leading to an aver-
age performance improvement of 0.5 percentage points from 7.1% to 7.6%.
We have shown that this doping mechanism does not significantly change
charge carrier mobility, trap density, or recombination rates, so the change in
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device performance is solely due to the increase in doping concentration by
a factor of three, which shifts the depletion region towards the TBAI treated
layer, improving current extraction and fill factor. We would like to note that
an even higher doping concentration would be desirable to further decrease
the necessary thickness of the p-type layer, similar to the strategy used in
many silicon solar cells, where a low doping concentration (usually n-type)
layer is used in combination with a highly doped (p-type) layer. In this case
we were limited by the mechanical stability of our active layer, which exhib-
ited frequent delamination when exposed to higher concentrations of NaHS
in methanol. Further increasing the doping concentration of the p-type layer
is expected to yield even better results.

5.2 Experimental Details

Nanocrystal synthesis. Lead sulfide quantum dots (PbS QDs) were syn-
thesized using the ubiquitous hot injection method.[33] In short, a 2 mmol so-
lution of Pb(CH3COO)2·3H2O, octadecane (ODE) and oleic acid (ratio 1:1)
in a three-neck flaskwere held under vacuum at 100 °C for 2 hours to dissolve
the lead salt and dry the solution, after which the temperature is raised to 145
°C. The sulfur precursor solution consisting of 1 mmol bis(trimethylsilyl) sul-
fide in ODE was prepared in inert atmosphere and quickly injected into the
flask, after which the flask is cooled to room temperature with a water bath.
The QDs are then washed in a mixture of hexane (20 ml) and ethanol (40 ml)
and centrifuged to separate out the QDs. This process is repeated 3 times, and
finally the QDs are redispersed into hexane.

Device preparation. Solar cells were fabricated on top of pre-patterned
fluorine doped tin oxide substrates (Visiontek Products, 13 Ω/sq). The sub-
strates were scrubbed using a textured glove and soapy water, rinsed with
deionized water, sonicated in acetone and isopropyl alcohol for 10 minutes
and dried in an oven. Shortly before deposition of the TiO2, the substrate was
subjected to an O2-rich plasma treatment for 30 s. To form the TiO2 layer a
solution of titanium butoxide, 37% HCl in ethanol, and pure ethanol in ratio
2:1:20 was spincoated at a rate of 4000 rpm and annealed at 450 C for 30
mins, followed by a slow cool-down to room temperature. The PbS film was
depositied in a N2 filled glovebox using a layer-by-layer method whereby a 10
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mg/ml solution of PbS in hexane is spincasted at a rate of 1000 rpm. The film
is then exposed to the ligand solution for 30 s, follwed by one or more wash-
ing steps and spin drying. This process is repeated untill the desired thickness
is achieved. For the n-type layer, a ligand solution of 15 mg/ml tetrabuty-
lammonium iodide in methanol is used, follwed by two washing steps with
pure methanol, while for the p-type layer a solution of ethanedithiol (EDT) in
acetonitril (0.01% v/v) with one washing step using pure acetonitrile. For the
doped layers, the EDT-capped film is exposed to a 0.1 mM solution of sodium
hydrosulfide for 15 s prior to the washing step. Twelve layers of TBAI and
four layers of EDT were used to form a total thickness of approximately 280
nm. The samples were then brought into ambient atmosphere for 10 minutes
before thermal evaporation of 5 nm of molybdenum trioxide at a rate of 0.2
Å/s, and 80 nm of gold at a rate of 0.5 -2 Å/s.

For the fabrication of Schottky diodes, poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was deposited onto pre patterned in-
dium tin oxide subtrates (13 Ω/s) at 500 rpm. The active was formed by 10
layers of PbS deposited with the same method as the solar cells, and exposed
to ambient air befor deposition of 1 nm LiF and 100 nm aluminium.

Device measurements. J-V sweeps were carried out in inert environment
using a Keithley 2400 source-meter. Simulated AM1.5G illumination was
provided by a Steuernagel Solarconstant 1200 metal halide lamp set to 100
mW/cm2 intensity, measured by a silicon reference cell (SRC-1000-RTD-QZ,
VLSI Standards Inc.) and corrected for the spectral mismatch. The illumi-
nated area was limited to 0.10 cm2 by a well defined shadow mask for effi-
ciency calculations. The temperature was controled by an adjustable N2 gas
flow through a liquid N2 bath.

Mott-Schottky curves were measured using a SP-200 Bio-Logic potentio-
stat. A forward bias ranging from -0.5 V to 0.5 V is superimposed with a 20
mV AC pertubation with a frequency of 250 Hz. For carrier lifetime measure-
ments, the device is held at open circuit bias under 1 Sun illumination while
impedance spectra are measured over the frequency range 1 MHz to 100 Hz.
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Summary

The need for clean, sustainable sources of energy, and the abundance of solar
power incident on the Earth’s surface, has driven the research in photovoltaics
both in industry and academia. Currently, highly crystalline materials such as
silicon dominate the photovoltaic market. Module efficiencies of commer-
cial silicon solar cells reach 16-18%, while efficiencies in the lab are as high
as 25%, which approaches the Schockley-Queisser limit of 33% for single
junction solar cells. However, the production of highly pure silicon involves
high manufacturing costs, resulting in both a long monetary and energetic
payback time. Therefore, a cheaper method of producing solar cells is desir-
able. Solution processable semiconductors are a viable alternative approach,
and much progress has been made using organic, and more recently, hybrid
perovskite semiconductors. However amongst other challenges, the absorp-
tion of these materials is limited to wavelengths below 1 µm, and long term
stability against oxygen and water still remains an issue.

Instead, colloidal lead sulfide quantum dots (PbS QDs) can potentially
combine low cost production methods with high efficiency and good air sta-
bility. Due to their quantum confined nature, the bandgap can be controlled by
varying the QD diameter, allowing the absorption onset to be tuned through-
out the near infrared. In addition, the possibility of efficient multiple exci-
ton generation could potentially allow PbS QDs to overcome the Shockley-
Queisser limit. Finally, the large surface to volume ratio inherent to this
material means that the electronic properties can be controlled via chemical
control of the nanocrystal surface. Initially, the nanocrystals are covered by
long aliphatic molecules which allow solubility in non-polar solvents. These
ligands are electrically insulating however, and must be replaced by shorter
molecules to bring the QDs in electronic contact with each other. A wide
library of molecules is available with which not only the charge carrier mo-
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bility can be altered, but also the energy levels with respect to the vacuum
level, and even the Fermi level. At the same time, the ligand exchange pro-
cess often introduces detrimental trap states and effective passivation of these
traps is still a matter of much interest.

In this thesis we investigate several strategies for improving solar cell per-
formance, both by altering the device structure and by changing the chemical
nature of the QD surface.

In Chapter 2, we focus on efficient absorption of the solar spectrum us-
ing tandem solar cells featuring both inorganic and organic semiconductors
as subcells. First, we fabricate a device using PbS QDs as the front subcell
and a bulk-hetrojunction of the polymer poly(3-hexylthiophene) (P3HT) and
the fullerene [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the rear
subcell. We connect the subcells with a new interlayer comprising 1 nm alu-
minium and 5 nm tungsten oxide, with which we get an open circuit voltage
(VOC) equal to 92% of the sum of the subcells, indicating that the interlayer
is able to effectively act as a recombination centre for electrons from the PbS
QD layer and holes from the organic layer. We then perform simulations of
the light distribution in tandem devices where the relatively wide-bandgap
P3HT is replaced by a small bandgap polymer as rear subcell, and do the
same for devices where the order of subcells is reversed. Device structures
with a small bandgap polymer as the front subcell and PbS QDs as the rear
subcell are the most promising, able to reach a short circuit current (JSC) of
12 mA/cm2.

In Chapter 3 we investigate a new strategy for passivating traps on the
PbS nanocrystal surface. Instead of focusing on a post deposition treatment
of the film, we incorporate a thin (~0.1 nm) passivating shell of CdS on the
nanocrystal surface during the synthesis, which forms a type-I heterojunction
with PbS. Simple Schottky junction solar cells are used to compare properties
of the PbS and PbS-CdS films. Devices with the core-shell quantum dots dis-
play a significantly higher VOC than solar cells with the core only QDs. We
show that this effect is not due to an increased bandgap, nor due to a shifted
Fermi level, but that it is due to lower trap density, reducing the pinning of
the quasi Fermi levels under illumination. We then fabricate field effect tran-
sistors (FETs) with both core-shell and core only QDs. In the n-type channel,
the passivation effect is evidenced by an increased gating effect in the output
curves, and as a decrease in the sub-threshold swing in the transfer character-
istics. Both phenomena can be explained by a reduced Fermi level pinning
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to the trap states. This effect is not seen in the p-type channel, indicating
that mostly electron traps near the conduction band are passivated by the CdS
shell.

In Chapter 4 some of the limiting factors of state of the art inverted so-
lar cells are probed using temperature dependent measurements. The active
layer consists of a layer of n-type PbS capped with tetrabutylammonium io-
dide (TBAI) and a layer of PbS capped with ethanedithiol, which is either
n-type or p-type depending on its level of oxydation. The active layer is sand-
wiched between TiO2 and MoO3 which function as hole and electron block-
ing layers, respectively. The solar cells display an impressive power conver-
sion efficiency (PCE) of up to 9.4% at room temperature. When the device is
cooled down, a significant increase in PCE is observed up to 240 K, due to an
increasing VOC and fill factor (FF), while the JSC remains approximately con-
stant. The VOC increases due to a decrease of the reverse saturation current,
which is found to follow the p-n junction model. The charge carrier mobility,
measured using single carrier devices, is found to decrease with lower tem-
peratures, leading to a smaller diffusion length. In light of the constant JSC,
this means that these devices are not limited by charge carrier diffusion, and
the transport must be dominated instead by drift. This is confirmed by calcu-
lations of the depletion region, which extends almost throughout the device
at room temperature. At lower temperatures, the depletion region increases,
which improves the band-bending and facilitates charge extraction. In addi-
tion, the distribution of the depletion region across the p-n junction is found
to undergo a beneficial shift towards the n-type PbS layer which, due to the
higher charge carrier mobility, causes an increase in FF. Based on these find-
ings at low temperature, we predict that increasing the doping concentration
of the p-type layer to at least one order of magnitude higher than the n-type
layer will increase the overall device efficiency at room temperature.

This prediction is put to the test in Chapter 5. We explore a new method of
doping via post-deposition exposure of EDT-capped PbS to sodium hydrosul-
fide (NaHS). Increasing the ratio of sulfur on the PbS surface shifts the Fermi
level towards the valence band and leads to more p-type QDs. Solar cells with
the same structure as in Chapter 4 are made with undoped EDT-capped lay-
ers and with layers of EDT which have been treated with a solution of NaHS
in methanol. The doped solar cells exhibit a higher JSC and FF than the
undoped references, leading to an absolute efficiency enhancement of 0.5%.
Schottky diodes are then used to explore the reason for this. Equal charge
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carrier lifetimes and ideality factors are found, indicating that the recombina-
tion mechanisms are not affected by the doping process. Instead, a decreasing
JSC in the Schottky solar cells indicates a decreasing depletion region, which
can be caused by an increased doping concentration. This is confirmed by
Mott-Schottky analysis, with which a threefold increase of the doping con-
centration is found in the films treated with NaHS. An even higher doping
concentration is expected to further improve the solar cell efficiency.
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Samenvatting

Het vinden van een schone en duurzame bron van energie als vervanger voor
fossiele brandstoffen is noodzakelijk als men aan de toenemende energievraag
wil blijven voorzien zonder de broekasgas-gedreven klimaatverandering te
verergeren. Vanwege de grote hoeveelheid energie die de zon aan de aarde
levert, is er veel interesse naar de ontwikkeling van zonne-energie in zowel
de industrie als in de academische wereld. Op dit moment domineren kristal-
lijne materialen zoals silicium de zonnecellen markt. Commerciële silicium
zonnecellen bereiken momenteel module-efficiënties van 16 tot 18%. In het
labratorium is dat zelfs 25%, wat dichtbij de theoretische Shockley-Queisser
limiet van 33% komt voor zonnecellen met een enkele halfgeleider in de ac-
tieve laag. Echter, de productie van extreem zuivere siliciumkristallen gaat
gepaard met hoge energetische en financiële kosten, die de aanschaf van zon-
necellen tot een grote investering maken en daarmee de verspreiding van
zonne-energie belemmeren. Het is daarom wenselijk om een goedkopere pro-
ductiemethode te vinden. Oplosbare halfgeleiders bieden een veelbelovend
alternatief. Er is bijvoorbeeld al veel onderzoek gedaan naar halfgeleidende
polymeren, en sinds kort is er veel interesse naar zogenaamde hybride per-
ovskieten. Deze materialen kunnen echter alleen het zonlicht gebruiken dat
een golflengte heeft kleiner dan 1 µm, waardoor een groot deel van het zon-
nespectrum onbenut blijft. Ook zijn deze materialen heel gevoelig tegenover
zuurstof en water, waardoor ze vooralsnog een korte levensduur hebben.

Colloïdale nanokristallen, ook wel quantum dots genaamd, gemaakt van
loodsulfide (PbS QDs) hebben deze beperkingen niet en kunnen potentieel
goedkope productiemethodes combineren met hoge efficiëntie en goede sta-
biliteit. Omdat ladingsdragers in de QDs zich opgesloten voelen, zijn hun en-
ergieniveaus afhankelijk van de grootte van de QD, en de niveaus kunnen wor-
den aangepast door simpelweg de grootte van de QDs te veranderen. Hiermee
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kan de absorptie worden afgestemd van het ultraviolet tot aan het nabije infra-
rood. Daarnaast kunnen QDs meerdere elektronen per foton genereren, waar-
door potentieel de Shockley-Queisser limiet verbroken kan worden. Tenslotte
kunnen de elektrische eigenschappen van QDs vanwege hun enorme opper-
vlakte/volume verhouding worden gemanipuleerd door de chemie van het QD
oppervlak te controleren. De QDs worden in eerste instantie bedekt door
lange vetachtige moleculen, die de QD stabiliseren en die oplossbaardheid in
niet-polaire oplosmiddelen garanderen. Deze moleculen zijn echter elektrisch
isolerend, en moeten vervangen worden door kortere moleculen voordat ze in
elektronische apparaten gebruikt kunnen worden. Er bestaat een enorme ver-
scheidenheid aan moleculen waarmee niet alleen de geleidbaarheid van de
QDs bepaald kan worden, maar ook de positie van de de geleidingsbanden
ten opzichte van het vacuüm, en zelfs het zogenaamde Fermi energieniveau.
Tegelijkertijd brengt het process van het vervangen van de moleculen imper-
fecties aan het QD oppervlak met zich mee, die nadelige elektronische toes-
tanden introduceren. Het verwijderen van deze imperfecties is nog steeds een
vraagstuk waar veel onderzoek naar wordt gedaan.

In deze scriptie onderzoeken we een aantal manieren waarmee PbS QD
zonnecellen verbeterd kunnen worden, zowel door de structuur van de zon-
necel te veranderen, als door de oppervlaktechemie van de QD aan te passen.

In Hoofdstuk 2 ligt de focus op het efficiënt benutten van het zonnespec-
trum door middel van tandemzonnecellen met een nieuwe combinatie van
organische en inorganische halfgeleiders als absorberende materialen. PbS
QDs worden gebruikt als de eerste ‘subcel’ en een mengsel van het poly-
meer poly(3-hexylthiofeen) (P3HT) en de fullereenverbinding [6,6]- fenyl-
C61-boterzure methyl ester (PCBM) als achterste subcel. De twee subcellen
worden elektrisch verbonden door een nieuwe tussenlaag bestaand uit 1 nm
aluminium en 5 nm wolfraamoxide, waarmee een open klemspanning (VOC)
van 0.92 V gehaald wordt. Dit geeft aan dat de tussenlaag effectief de elek-
tronen van de PbS QDs en de gaten van de P3HT-PCBM lagen kan opvangen
en laten recombineren. Vervolgens voeren we simulaties uit van de licht-
distributie in tandemzonnecellen waar de P3HT wordt vervangen door een
polymeer dat een kleinere bandkloof heeft en dus meer licht absorbeert, en
in zonnecellen waarbij de volgorde van de twee subcellen is omgedraaid.
Tandemzonnecellen met een kleine bandkloof polymeer als voorste subcel
en PbS QDs als achterste subcel zijn het meest veelbelovend, en kunnen een
maximale stroom (JSC) leveren van 12 mA/cm2.
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In Hoofdstuk 3 onderzoeken we een nieuwe methode om imperfecties
op de oppervlak van de PbS nanokristallen te verhelpen, die ‘energiekuilen’
veroorzaken waarin ladingsdragers recombineren. Deze energiekuilen ver-
hinderen het splitsen van de quasi-Fermi niveaus, en leiden tot een lagere
VOC. In plaats van de gangbare aanpak van een chemische behandeling van
een laag QDs, richten we ons op het passiveren van het oppervlak al tijdens de
synthese van de QDs met een dun schil (0.1 nm) van cadmiumsulfide (CdS),
dat een grotere bandkloof heeft dan PbS. Simpele Schottky diodes worden
gebruikt om te eigenschappen van de PbS en PbS-CdS QDs te vergelijken.
Zonnecellen met de CdS schil QDs laten een hogere VOC zien dan zonnecellen
met alleen PbS kernen. We laten zien dat dit effect niet wordt veroorzaakt
door een grotere bandkloof, of door veranderende energieniveaus, maar door
een lagere concentratie van energiekuilen. Vervolgens worden veldeffecttran-
sistoren gemaakt van QDs mét en zonder CdS schil. In het n-type (elektron-
rijke) transportkanaal, wordt het passiverende effect van de CdS schil geken-
merkt door een verhoogde invloed van de gate spanning op de source-drain
stroom. Dit geeft aan dat er minder energiekuilen zijn die het verschuiven
van het Fermi niveau verhinderen. Dit effect is niet zichtbaar in het p-type
(gat-rijke) transport kanaal, wat aangeeft dat met name de energiekuilen voor
elektronen worden voorkomen door de CdS schil.

In Hoofdstuk 4 worden een aantal limiterende factoren van efficiënte PbS
QD zonnecellen door middel van temperatuursafhankelijke metingen. De ac-
tieve laag in deze zonnecellen bestaat uit een laag n-type PbS omhuld door
tetrabutylammonium iodide (TBAI), en een laag PbS omhuld met ethaan-
dithiol (EDT), die minder n-type is, of zelfs p-type afhankelijk van de ho-
eveelheid oxidatie die de QDs zijn ondergaan. Titaniumoxide wordt aan de n-
type kant gebruikt als elektronentransportlaag en molybdenumoxide fungeert
aan de p-type kant als transportlaag voor gaten. De zonnecellen laten een in-
drukwekkende efficiëntie van 9.4% zien bij kamer temperatuur. Bij afkoeling
van de zonnecellen tot 240 K stijgt de efficiëntie significant vanwege een ver-
hoogde VOC en ‘vulfactor’, en een ongeveer constante JSC. De stijging van de
VOC kan teruggeleid worden naar een kleinere verzadigingsstroom bij nega-
tive spanning, die de pn-overgang model volgt. De mobiliteit van de ladings-
dragers, gemeten aan de hand van diodes die slechts één soort ladingsdrager
doorlaten, laat zien dat er sprake is van een dalende mobiliteit bij lagere tem-
peratuur. Dit leidt tot een kleinere diffussie-afstand van de ladingsdragers, en
toont aan dat zonnecellen met deze structuur nauwelijks afhankelijk zijn van
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het difussieprocess. Dit kan alleen als er in het actieve laag overal sprake is
van een elektrisch veld dat het transport aandrijft. Berekeningen van het de-
pletiegebied (het gebied waar zich geen meerderheidsladingsdragers bevin-
den) laat zien dat dit inderdaad het geval is, en dat dit gebied groter wordt na-
mate de temperatuur daalt, wat het elektrisch veld in de actieve laag versterkt
de extractie van ladingsdragers helpt. Daarnaast is er bij lagere temperatuur
een gunstige verschuiving van het depletiegebied naar de n-type kant, dat een
grotere geleidbaarheid heeft, wat leidt tot een hogere vulfaktor. Op basis van
deze bevindingen voorspellen we dat het verhogen van de doteringsgehalte
van het p-type PbS kan bijdragen aan een hogere efficiëntie bij kamertemper-
atuur.

Deze voorspelling wordt op de proef gesteld in Hoofdstuk 5. We tonen
een nieuwe methode aan om lagen van EDT-bedekte QDs te doteren door
ze bloot te stellen aan het zout natrium waterstofsulfide (NaHS). Door de
verhouding van sulfide op het oppervlak van de nanokristallen te verhogen,
verschuift het Fermi energieniveau richting de valentieband en wordt het ma-
teriaal meer p-type. Zonnecellen met dezelfde structuur als in Hoofdtuk 4
worden zowel gemaakt met ongedoteerde PbS QDs bedent met EDT, als met
lagen die blootgesteld zijn aan een oplossing van NaHS in methanol. De
gedoteerde zonnecellen hebben een hogere JSC en een hogere vulfactor, wat
leidt tot een absolute verhoging van de efficiëntie van 0.5%. Schottky diodes
gemaakt met gedoteerde en ongedoteerde QDs worden vervolgens gebruikt
om de dit verschijnsel te verklaren. Vergelijkbare ‘ideality factors’ en lev-
ensduren van ladingsdragers wijzen erop dat de recombinatieprocessen niet
worden beïnvloed door het doteringsprocess. Daarentegen laten gedoteerde
Schottky zonnecellen een lagere JSC zien. Dit kan veroorzaakt worden door
een hogere doteringsconcentratie, wat bevestigd wordt door Mott-Schottky
analyse. In de lagen behandeld met NaHS ligt de doteringsconcentratie meer
dan drie keer hoger dan in de niet behandelde lagen. Een nog hogere concen-
tratie leidt naar verwachting tot een verdere verbetering van de zonnecellen.
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