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Abstract

Semiconductor colloidal quantum dots have an interesting potential to increase
solar cell efficiency, with strong absorption in the infrared region and a tunable
band gap. In this work an attempt was made to adopt a manufacturing pro-
cess for PbS quantum dot solar cells, proven successful at Uppsala University.
Two optimizations were investigated and the stability of the quantum dot films
was analyzed with regards to three storage conditions, varying oxygen accessi-
bility and light exposure, and measured with UV-Vis spectroscopy and X-ray
photoelectron spectroscopy. Functioning solar cells was obtained but with a
lower performance than the results from Uppsala. Optimizations were partly
successful with regards to improved spreading of the EDT solution on the PbS
quantum dot film using ethanol and methanol as solvents. No improved cell
performance was observed by applying both QD films inside argon atmosphere,
as opposed to only the first one. Clear differences in oxidization of the films
and loss of iodine ligand could be identified for the different storage conditions,
with best stability exhibited by films stored under argon atmosphere.

2



1 Introduction

1.1 Aim of thesis

The aim of this thesis can be divided into three parts. The first part being to
adopt a manufacturing process for PbS colloidal quantum dot solar cells on lab
scale and reproduce the results obtained for this process at Uppsala University.
The second part is optimizing the process with regards to two parameters. Cell
performance is measured using solar simulations and incident photon-to-current
efficiency measurements. The third part is to study the stability of the two
quantum dot films in the cell, comparing different storing conditions. Storing
the films in a foil wrapped petri dish is compared to storage on the lab bench and
in a argon atmosphere glovebox. Films are examined with X-ray photoelectron
spectroscopy and ultraviolet-visible absorption spectroscopy.

1.2 Structure of the thesis

The work will be presented by first motivating the choice of subject in the
Background section. Starting from a broader perspective and ending in the
details of this work. The background is followed by a Theory section, account-
ing for the basic theory this thesis is based on. Here the quantum dot concept
is described together with a basic description of photovoltaics and the mea-
suring techniques used. In the following Experimental procedure section the
experiments conducted in this work is described in detail. This includes the
manufacturing process for the solar cells, optimization of this process, aging
of the films and the analysis methods. All the data obtained is processed and
selectively presented in Results, together with a short interpretation of each
result. All the data can be viewed in the separate Appendix. All results are
more thoroughly discussed in Discussion, followed by Conclusions and Future
outlook.

2 Background

2.1 Why solar cells?

The energy consumption of the world was estimated to 13 576 Mtoe (million
tonnes of oil equivalents) in 2017 and is steadily increasing[1]. Together with
the UN and EU goals for sustainable development [16][21] so is the demand
for renewable energy sources [19][10]. Out of all available renewable sources
today, solar energy stands out in its massive amounts recoverable energy, well
illustrated by Marc and Richard Perez in Figure 1.

Light from the sun reaches the earths atmosphere with about 174 petawatts
(174·1015watts). Almost 30 % is directly reflected back to space and the remain-
ing 122 petawatts continue through the atmosphere. Some of this radiation is in
turn absorbed by the atmosphere, but the light reaching the earths surface con-
tains enough energy to cover all of the worlds energy consumption annually[12].
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Figure 1: ”2015 estimated finite renewable planetary energy reserves (Terawatt-
years). Total recoverable reserves are shown for the finite resources. Yearly
potential is shown for the renewables.”[17]

Yet only a very small part of this energy is actually being utilized[13]. Taking
into account that solar energy is a intermittent source, and strongly depends on
global coordinates, weather conditions and time of day, it is still very accessible
and abundant worldwide.

There are several ways to turn the sunlight into more usable energy. The
most common technique for converting solar energy directly into electrical en-
ergy is photovoltaics (PVs). PVs is the conversion of light to electricity using
semiconducting materials, as is done in solar cells. PVs is a diverse field of dif-
ferent techniques, utilizing molecular structure and cell architecture to facilitate
efficient light to electricity conversion. The record efficiencies for some of these
techniques over time is illustrated in Figure 2.
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Figure 2: The record efficiencies of some photovoltaic techniques over time.
”This plot is courtesy of the National Renewable Energy Laboratory, Golden,
CO.”[15]

Even though 46.0% is the record efficiency displayed above, the majority of
commercially available solar panels do not exceed 20%. The highest efficiency
panel, commercially available, as of January 2019 is 22.2%.[2] Increasing the
efficiency together with lowering manufacturing costs are two big challenges for
large scale PV deployment [13][23]. So far, photovoltaics are only harvesting a
fraction of its capability[13] and the future potential for solar cells is massive[12].

2.2 Why quantum dots?

The solar spectrum is displayed in Figure 3. As mentioned above some of the
light from the sun is absorbed by the atmosphere, but much is still reaching the
sea level. Reaching from wavelengths of 250 to 2500 nm the spectrum is rather
broad, with a peak of irradiance in the visible spectrum.

Semiconductor materials used in photovoltaics posses an intrinsic property
in the electron configuration, called band gap. This is a property that allows the
material to absorb light with corresponding or higher energy than the gap and
convert that into electrical energy. Several band gap sizes would be needed to
efficiently harvest the broad spectrum of the sun. This is were the quantum dots
become interesting. Quantum dots (QDs) are low dimensional semiconductor
crystals, generally consisting of below 10,000 atoms. At this small size, the
band gap of the crystals become size dependent, increasing with decreasing
size. This makes the band gap of a single semiconductor material tuneable,
a very practical property when designing tandem or multijunction solar cells
for harvesting a broader spectrum of wavelengths. [23] QDs have also shown
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Figure 3: The solar spectrum. [6]

high absorption in the infrared region of light, making them well suited for back
layers.

2.3 Why this thesis?

Quantum dot photovoltaics is an interesting technique for improved solar cell
efficiency and reduced production costs. Especially solution-processed colloidal
QD (CQD) PVs have the advantage of low manufacturing temperatures, min-
imizing energy consumption[23]. One promising manufacturing procedure, de-
scribed by Sargent et al. in 2016 [14], has been adopted successfully at Uppsala
University. PV research at KTH has so far been focused mainly on dye sen-
sitized and perovskite solar cells. However, assistant professor Ute Cappel at
the Division of Applied Physical Chemistry and PhD student Tamara Sloboda
have begun laying the foundation for expanding the research of CQD solar cells
at KTH. A first step in this expansion is to adopt a manufacturing process to
produce CQD solar cells at the KTH labs, in close collaboration with Uppsala
University.

Hence comes the first part of this thesis; to adopt the manufacturing process
for PbS CQD solar cells from Uppsala University at KTH. The process was also
to be optimized, regarding two manufacturing parameters. The first parameter
to be optimized was the solvent for a 1,2-ethanedithiol. This solution is applied
on a spincoated PbS QD film, but showed to have very poor spreading using
the original solvent acetonitrile. The second parameter investigated was the
influence of applying and annealing the QD films in inert atmosphere. Other
researchers had done the application and annealing of the main photoabsorbing
QD layer in inert atmosphere to avoid oxidation. The influence of doing the film
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application and annealing under inert and atmospheric conditions was investi-
gated. Results from these experiments were to show if a new EDT solvent could
improve spreading without lowering efficiency and if film application and an-
nealing inside the glovebox was necessary. Influence of the changed parameters
was investigated using solar simulations (IV-curves) and IPCE.

Along side efficiency of the solar cells, stability over time is also a very im-
portant measure of quality. During the manufacturing process the films need
to be stored in a proper manner to avoid unwanted reactions with the atmo-
sphere. Stability is also a crucial parameter for commercial use. One way to
investigate stability is by analyzing each film of the cell separately, to see how
it ages under certain storage conditions. This leads to the second purpose of
this thesis which was to analyze stability of the CQD films. This was done by
exposing the samples to different storage conditions and analyzing how they
aged. Three conditions were investigated, the first one being on a lab bench.
This was to see how the sample aged under atmospheric conditions with high
oxygen concentrations available. The second condition was the condition cur-
rently used in the lab to store the films during the process; inside a aluminum
foil wrapped petri dish, placed in a cupboard. And the third storage condition
was in a argon atmosphere with very limited oxygen concentration. The re-
sults from these investigations were to show how films should be stored during
the process. Techniques used for studying the surfaces were XPS and UV-Vis
spectroscopy.

The procedure described by Sargent et al.[14] uses a 5:1 (I:Br) ligand ratio
for the main photoabsorbing QD layer and this is also the ratio used at Uppsala
University. In this thesis the 5:1 composition is sometimes compared to a 1:1
composition. Since other parameters will be changed for optimization, it is good
to have a comparison to see if 5:1 is still the best composition after the change.
The stability analysis was also performed for both ink ratios to investigate
eventual differences.

3 Theory

3.1 Quantum dots

3.1.1 Low dimensional semiconductors

Semiconductors are defined as ”[...] a substance with a conductivity that in-
creases as the temperature is raised” according to Atkins Physical Chemistry,
10th edition[18]. This is in contrast to a metallic conductor where the con-
ductivity decreases with temperature. A more convenient way to talk about
semiconductors in this case is in the sense of their generally lower conductivity
compared to metallic conductors. Semiconductors are, generally, materials with
electrical conductivity somewhere between that of a metallic conductor, like
gold or copper, and that of a insulator, e.g. glass. The reason for this behaviour
is due to a specific electronic structure within the material. [18]
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Starting from a bulk semiconductor material the electronic structure can be
explained using very simplified band theory. A band represents very closely
spaced allowed energy levels for electrons within the material. When the elec-
trons of the material are in their ground state at absolute zero (0 K), electrons
fill up all available energy levels in the valence band, see Figure 4. The elec-
trons can be excited to the empty higher energy band, the conduction band,
if enough energy is provided. Between the two bands there is a band gap, a
gap in energy with no available energy states for the electrons. Electrons can
be excited from valence to conduction band by absorbing incoming light having
the corresponding energy of the band gap, or higher. Once excited to the con-
duction band, the electrons can be conducted through the material by applying
a potential difference, hence the name ”conduction band”. The excitation also
leaves a deficiency of electrons in the valence band, conventionally denoted as a
positively charged holes. [18]

Figure 4: The filled states (valence band), empty states (conduction band) and
band gap of a semiconductor material. EF is the Fermi level, here marked for
T=0K and T>0K. [11]

The reason for having continuous energy levels, or bands, is because of the
large amount of atoms binding together and making up the crystal structure.
This creates many available energy states for the electrons in the crystal and
with a large enough number of atoms, the energy levels can be considered as
continuous. However, when decreasing the number of atoms building up the
crystal structure, the quantum mechanical nature of the electrons become more
apparent and discrete energy levels can be observed. Not only can we see the
bands dividing into discrete energy levels, but the ”band gap” also becomes
larger, as illustrated in Figure 5. [11]

One implication of this is that when a semiconductor crystal reaches a low
enough number of atom constituents, the band gap becomes dependent on the
crystal size. And so the band gap energy is practically tuneable through chang-
ing the size of the crystal.[11]. This size dependent effect is also observable in
other materials such as metals. Metals does not posses the band gap property
in bulk, but rather a continuous transition from filled levels to empty ones. But
if the crystal structure is small enough energy levels become more discrete and a
sort of energy gap can be formed. In order to make this energy gap larger than
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the temperature, the crystals have to be smaller than tens to hundreds of atoms.
For semiconductors, where there is a clear band gap from the bulk, the band
gap is strongly dependent on the number of atoms even at 10,000 constituents
[3].

Figure 5: The discrete electronic structure becoming more apparent and the
”band gap” widening as the number of atoms (N) in the crystal structure
decreases.[11]

3.1.2 Colloidal quantum dots

A quantum dot (QD) is a low dimensional semiconductor crystal. A practical
way to handle and store these crystals is by making a colloidal system through
capping the QDs using a type of ligand and suspending them in a solvent. This
hinders the dots from aggregating into larger particles and is usually referred to
as colloidal quantum dots (CQD). The ligands can prevent coalescence but also
effect the band gap of the crystal [5].

3.1.3 Implementation of CQDs in solar cells

Solar cells are used to convert light energy from the sun into electricity. Most
solar cells utilize the same general processes of excitation and charge separation.
The incoming light is absorbed by the cell through excitation of electrons, usu-
ally of a semiconductor. The absorbing process puts electrons in the conduction
band and leaves holes in the valence band, as explained in the previous section.
In order to create a net current of charges the electrons and the holes needs to
be conducted in opposite directions. This is obtained by putting the absorbing
material in contact with two selective contacts, meaning contacts that conducts
either only negative or only positive charges. One contact is selectively con-
ducting electrons one way and the other contact is selectively conducting holes

9



in the opposite direction, creating a net current of charges. The charge separa-
tion creates a potential difference in the cell and if the two selective contact are
connected, current will flow through. [7]

Choosing a specific material and size for a CQD, it will have a band gap
corresponding to a specific wavelength of light that can be absorbed. This
tuneablility makes it possible to make a series of CQD, each being more effective
at absorbing a different wavelength of the solar spectrum. Therefore the CQD
solar cell is a appropriate candidate for making high efficiency tandem and
multijunction solar cells.

3.2 Analysis

Several analytical instruments were used in this work, the theory of which is
explained in this section.

3.2.1 UV-Vis spectroscopy

Ultra violet and visible light absorption spectroscopy (UV-Vis) is a spectroscopic
technique used to measure the ability of a sample to absorb certain wavelengths
of light. The basic principle is to select a wavelength of light and with known
intensity send it though the sample. The intensity of the outgoing light is
measured to give information about how much light is absorbed by the sample
at the chosen wavelength. Absorbance at a specific wavelength can be traced
to a specific specie in the sample.

In practice, the light source often consists of a lamp emitting white light. The
white light is passed through a monochromator to select a specific wavelength.
Samples are scanned from higher wavelengths to lower to give a spectrum with
absorbance versus wavelength. The absorbance (A) of the sample is related to
the incoming (I0) and outgoing (I) light intensity though Lambert-Beer law
(Equation 1).

A = −log(
I

I0
) = ε · l · c (1)

The law also states that the absorbance can be related to the concentration
(c) of the species absorbing the wavelength using the path length of the light
through the sample (l) and a substance specific molar attenuation coefficient
(ε). This technique can be used on solutions as well as transparent films.

Light harvesting efficiency (LHE) is a practical way to present a absorption
spectrum when comparing with IPCE measurements (see section 3.2.3). The
LHE is defined in Equation 2.

LHE = 1 − 10−A(λ) (2)
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Were A is the absorbance from Equation 1 and λ is the wavelength of light
being absorbed. The LHE is the percentage of incoming light being absorbed,
at the specific wavelength λ.

3.2.2 IV characteristics

Current-voltage (IV) characteristics is a standard measurement for solar cell
characterization. The anode and cathode of the cell is connected to a poten-
tiostat. While illuminating the cell using a solar simulator lamp, the external
voltage is scanned and the current through the cell is measured. This gives a
current versus voltage curve (IV-curve) which can be used to calculate the effi-
ciency of the cell, among other values. A circuit diagram of the setup is shown
in Figure 6.

Figure 6: A equivalent circuit of a solar cell connected to a external voltage
source ∆V .

The figure above is a equivalent circuit representation of a solar cell con-
nected to a potentiostat, which is very helpful for understanding the different
processes within the cell during a IV measurement. A is the photo absorbing
layer of the cell. This is where electron hole pairs are formed under illumination.
B is the diode representation of the cell under dark conditions. R1 is the series
resistance and R2 is the shunt resistance. ∆V is a external voltage source and
I is the current that is being measured.

During a dark measurement the cell is measured under no illumination. If
the external voltage is zero nothing is driving current through the cell and so
the current is zero. When we apply a positive voltage, also called forward bias,
current starts to flow from the voltage source, through point B, and back to
the source in a counter clockwise direction. Increasing the voltage will increase
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the current. Applying a negative voltage, or reverse bias, current will not flow
through the circuit since point B is a diode. More negative voltages will not
generate more current. The IV-curve arising from this type of measurement is
represented by the grey curve in Figure 7.

When measuring the solar cell under illumination light from the solar lamp
hits the photo absorbing layer of the solar cell at point A. Excited electrons and
holes are generated and separated. This will give rise to a contributing current
to the circuit. When no external voltage is applied, current generated by the
cell flows through the circuit by the potential difference created by the cell
itself. This is the equivalent of short circuiting the cell and hence the measured
current at this point is called the short circuit current, Isc. When applying a
small forward bias it will oppose the potential generated by the cell but it will
not be enough to drive the current the opposite direction. As the forward bias
increases the current will decrease until the applied voltage is of equal magnitude
to that of the cell. The applied voltage at this point is the equivalent of having a
open circuit at ∆V and measuring the potential between the two points. Hence
this voltage is called the open circuit voltage, Voc. Applying a reverse bias will
not affect the current, just like for the dark curve, but the current generated
by the cell will still flow through the circuit. The resulting IV-curve for this
measurement is represented by the red curve in Figure 7.

Figure 7: The characteristic IV-curve of a functioning solar cell. Red curve is
for cell under illumination and grey curve is for cell in the dark.[8]

R1 is representing the series resistance which is the internal resistance in the
cell. R2 is the shunt resistance representing a possibility of having a current
”leaking” in the form of recombination of electron and hole, without a net
current. Looking at the expression for electric power in Equation 3, it can be
realized that the cell does have a positive power output (P ) between the Isc and
the Voc in Figure 7.

P = I · V (3)
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The power conversion efficiency (PCE) of the solar cell is measured from the
maximum power point (Vmpp, Impp) and comparing it with the incoming power
Pss from the solar simulator (Equation 4).

PCE =
Vmpp · Impp

Pss
(4)

Another parameter of interest is the fill factor (ff). The fill factor is a measure
of how close to ideal the cell is, with respect to Isc and Voc. Since the highest
output current of the cell is the Isc and the highest voltage of the cell is Voc, the
”ideal” would be to get the power from Voc · Isc. This is of course practically
impossible but a good measurement nonetheless. The ff is defined in Equation
5.

ff =
Impp · Vmpp
Isc · Voc

(5)

A higher fill factor indicates a cell closer to the ideal case. A fill factor of
0.25 is the equivalent of having a straight line between the Voc and Isc, which
is usually not considered as a well working cell.

3.2.3 IPCE

Incident photon to current efficiency (IPCE) is a measurement of how efficiently
the cell is converting specific wavelengths of light into electrical current. In other
words, how much of the incoming photons give rise to electron hole pairs in the
cell. The setup for measuring this is similar to that of the IV curves. The major
difference being that one wavelength at a time is illuminating the sample. Since
only the conversion to current is of interest here, the Isc is measured for every
wavelength. In this work the IPCE will be defined as the number of incoming
photons per second (Nph) divided by the electron current (Nel) (Equation 6).

IPCE =
Nph
Nel

=
Isc · 1

qe

Iinc · λ
h·c ·A

=
Isc · h · c

Iinc · λ ·A · qe
(6)

Where qe is the elementary charge, Iinc is the incomming light intesity, λ is
the wavelength if incomming light, h is Planck’s constant, c is the speed of light
and A is the illuminated area of the cell.

3.2.4 XPS

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that can
be used to analyze the chemical composition of a surface. By directing a soft
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X-ray beam onto the sample, electrons in bound states will be ”knocked out”
of the surface by the photoelectric effect (Figure 8). By measuring the kinetic
energy of these electrons, and the energy of the incoming photons, the binding
energy (BE) can be calculated (Equation 7).

BE = KE − hv + φs (7)

Where KE is the kinetic energy of the knocked out electron, hv is the energy
of the incoming X-ray photon and φs is the spectrometer work function.

Figure 8: The basic principle of XPS. X-ray beam hitting the sample and elec-
trons being emitted.

The calculated binding energy depends on three major parameters. The
first one being the orbital from which the electron originates. Electrons in lower
orbitals, closer to the atomic core, are more tightly bound and have higher BE.
The second parameter is the element from which the electron originates. Ele-
ments have unique BE for each orbital, but it should be noted that overlapping
peaks are not unusual. The third parameter is the chemical environment. The
atoms from which the electrons come from are most often included in a molec-
ular structure. The chemical potential and the polarizability of compound will
affect BE. The implications of this is to expect several peaks from the same
element in a spectrum, originating from different orbitals. Looking at the exact
position of the peaks can also give information about the chemical environment
from which the electron was ejected. [20][4]

Another interesting feature about the XPS spectra is the probing depth.
Higher KE of the emitted electrons have a longer mean free path and so are more
likely to reach the detector. Electrons with low KE will undergo inelastic loss
processes unless ejected from atoms very close to the surface. The implication
of this is that electrons detected at very low BE represents a deeper probing
depth than electrons with high BE. [4]

The intensity of a peak in a XPS spectrum will indicate the probability of
that specific photoemission process. This probability depends on the orbital
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but also the amount of such orbitals. The probability is usually referred to as
cross section and it can be used to calculate the relative amount of compounds
on the surface. [4]

One way to generate X-rays is by accelerating electrons in a large ring and
bending the path using magnets, as is done in synchrotron. This is often used
as a X-ray source in XPS. By using a monochromator, specific photon energies
can be selected to reach the sample.

Since the radiation causes loss of electrons in the sample it is important
to have an electrically conductive contact between the sample surface and the
sample plate. This way the charge deficiency can be equalized instead of building
up in the sample. It should however be noted that a sample exposed to X-rays
are at high risk of being degraded, and this should be taken into account when
using this technique.

4 Experimental procedure

4.1 Cell manufacturing

The cells consists of a glass substrate with thin film coatings deposited on top
of each other. The general idea is to have the layers in the order; substrate,
current collector, electron selective contact, QD layer, hole selective contact,
current collector. A schematic of a finished cell is shown in Figure 9. The first
current collector is indium doped tin oxide (ITO) which is already deposited
on the glass substrate prior to purchase. For the selective electron conducting
layer, magnesium doped zink oxide (MZO) is used. The layer is applied by
spincoating a MZO solution onto the substrate, followed by annealing. The
CQD layer is spincoated next, using a highly concentrated solution of QDs with
halide ligands, followed by a second annealing. For the hole selective contact,
another layer of QD is used, but this time using EDT as a ligand. Lastly a
thin layer of gold is evaporated on top to work as current collector. Prior to
the evaporation process, the spincoated layers are removed from one edge of
the substrate to allow for a contact with the ITO current collector. The gold
evaporation is done using a mask to give the pattern seen in Figure 9. The
synthesis of solutions that were spincoated are described below together with a
more detailed explanation of the assembling process.

4.1.1 PbS QD synthesis

The following synhtesis was carried out by PhD student Tamara Sloboda.
A solution of 356 g hexamethyldisilathiane (TMS) in 20 ml 1-octadecane

(ODE) was prepared inside a glovebox and then degassed with a syringe before
being put in a oven for 2 hours at 80◦C. This solution will be used later. 933 mg
PbO, 4.056 g oleic acid (OA) and 20 g ODE was added to a three necked flask.
The solution atmosphere was inerted with a nitrogen gas flow. The solution was
heated and kept at 100◦C for 2h under stirring. After two hours the temperature
was lowered to 90◦C. The TMS solution was carefully collected with a nitrogen
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Figure 9: Schematic of a complete cell, film thicknesses are not in proportion.

filled syringe and injected fast into the PbO/OA flask. The solution was then
taken off the heat source to cool down to ambient temperature. PbS(OA) CQD
should now have formed in the reaction flask, and the following steps are for
purification.

Acetone was added to the reaction flask until turbidity. The resulting mix-
ture was then transferred to centrifuge tubes 1 and 2. Both tubes were cen-
trifuged at 5000 rpm for 5 min, the supernatant was collected in a third tube
and the precipitate was collected in tube 1. The reaction flask was rinsed with
5 ml of toluene to collect any QD residues and was poured in tube 1. All the
QDs in tube 1 were then dissolved by addition of toluene, followed by addition
of acetone until tubidity. Tube 1 was centrifuged for 5 min at 5000 rpm and the
supernatant was discarded. The remaining sediment was dried under vacuum
for approximately 30 min and then finally dissolved in 10 ml octane. The result-
ing CQD solution is denoted fraction 1 (F1). The saved supernatant from the
first centrifugation still contains a considerable amount of QDs. This solution
can therefore be purified in the same manner as F1 and the resulting solution
is denoted fraction 2 (F2).

4.1.2 MZO synthesis

The MZO sythesis was performed in a three necked flask with septums on the
side openings and a spiral reflux condenser in the middle. A thermometer was
used through one of the septum. 2.195 g zink acetate dihydrate (Zn(OAc)
x 2H2O) and 0.2821 g magnesium nitrate hexahydrate (Mg(NO3)2 x 6H2O)
where dissolved in 20 ml of ethanol (EtOH). The solution was heated to 80◦C
under stirring and kept there for 5 minutes. After the five minutes, 0.66 ml

16



of ethanolamine was injected via a syringe through one of the septums. The
solutions was then left to react for 3 hours, under stirring. After 3 hours the re-
action the flask was taken off the hotplate to cool down before being transferred
into a storage vial.

4.1.3 Ligand exchange

As photo absorbing layer the PbS CQDs with halide ligands was used. To
achieve this, a ligand exchange was performed on the QD(OA) solution prepared
in section 4.1.1. First, a ligand solution was was prepared with 0.1 M PbI2, 0.02
M PbBr2 (for a 5:1 I:Br ratio) and 0.04 M ammonium acetate (AA) in 10 ml
dimethylformamide (DMF). 5 ml of this ligand solution was then mixed with
5 ml of a 10 mg/ml octane solution of the synthesized CQD in a vial and
stirred for 5 minutes in a mixing vortex. The solution separates into a top
fraction containing OA in octane and a bottom fraction containing the PbS
QDs with halide ligands. In order to clean the bottom fraction, the top fraction
was discarded with a pipette and 5 ml of octane was added to the remaining
solution. The vial was stirred for 30 seconds in the vortex and the top fraction
was removed with a pipette. A second time 5 ml of octane was added, stirred
for 30 seconds and the top fraction was removed. Lastly 5 ml of toluene was
added to the remaining solution and the vial was stirred another 30 seconds in
the vortex before it was placed in a tilted position. For 30 minutes the solution
was left still for the QD to precipitate. The solvent was then removed using
a pipette and the remaining precipitate was centrifuged for 5 minutes at 4000
rpm to remove additional solvent. The separated solvent was discarded and the
QDs was dried in vacuum for 1 hour. The dried QDs was finally dissolved in
200 µl of butylamine. The resulting concentrated CQD solution is referred to
as the QD ink.

4.1.4 Etching

In order to avoid a conductive contact between the top layer of the cell and the
bottom ITO layer, essentially short circuiting the cell, the ITO was removed
from the middle of the substrate by etching. The substrate was later cut in half
to create two cells where one of the edges will be free from ITO. Etching the
samples was done by taping the short edge of the samples, leaving a 6 mm path
of exposed substrate in the middle of the sample. A thin layer of zinc powder
was applied in the path using a spatula and 2 M HCl was applied on top of
the powder using a pipette. After 5 minutes the mixture was removed, together
with the tape and the plates were thoroughly rinsed with water.

4.1.5 Layer assembly

Prior to assembling the layers the ITO glass plates were cleaned using the fol-
lowing scheme:
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1. Put in a 5 vol% of RBS water solution bath and ultrasonically cleaned for
30 minutes.

2. Washed thoroughly with water and dried with tissues.

3. Put in acetone bath and ultrasonically cleaned for 30 minutes.

4. Washed thoroughly with deionized water and dried with tissues.

5. Put in ethanol bath and ultrasonically cleaned for 30 minutes.

6. Washed thoroughly with first deionized water and then ethanol. Dried
with compressed air.

7. Put in ozone cleaning for 30 minutes.

After cleaning the plates the first layer to be deposited was the MZO layer.
This was done by first filtering the MZO solution through a 0.25 µm syringe
filter. 150 µl was spincoated onto the conductive side of the ITO glass, at 3000
rpm for 30 seconds. In order to leave a contact with the conductive ITO layer,
4-5 mm of the MZO was removed from the short edges of the plate. This was
done using a Q-tip soaked in ethanol. To sinter the MZO layer the samples was
put on a hotplate at 200◦C for 30 minutes followed by 300◦C for 30 minutes.

Next layer to be applied was the QD ink made in section 4.1.3. One layer of
QD ink was spincoated using 48 µl at 1800 rpm for 30 seconds. After spincoating
the samples were put on a hotplate at 70◦C for 10 minutes.

The hole selective contact, consisting of QD with EDT ligands, was ap-
plied using a surface ligand exchange technique. It is based on first applying
a QD(OA) solution to the surface, followed by a solution of EDT, and then a
cleaning step. The idea is to perform the ligand exchange on the surface and
then removing the OA residues. The spincoating procedure is described below:

1. 50 µl of 10 mg/ml QD(OA) in octane at 1800 rpm for 30 seconds.

2. 300 µl of 0.02 vol% EDT in ACN spread over the surface and wait for 30
seconds. Then spin at 1800 rpm for 30 seconds.

3. 200 µl of ACN at 1800 rpm for 30 seconds.

4. 200 µl of ACN at 1800 rpm for 30 seconds (same as step 3).

5. Repeat from 1-4.

Before the last layer is applied 1-2 mm of the QD layers was removed from
the short edges of the plate, the same area that MZO was removed from earlier.
This this will expose a trail of ITO where the gold can form a contact. The
plates were then cut in half, along the middle of the etching trail made earlier.

The last layer to be applied is the gold contact. This was done using a metal
evaporator, evaporating a 80 nm thick layer at a speed of 0.01 – 0.03 nm/s.
The evaporation was done using a special frame to create a pattern for the gold
contacts, see Figure 9. Once the gold contact is applied, the cell is done and
ready for measurements.
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4.2 Manufacturing optimization

After going through the cell assembly and making a couple of batches, opti-
mization possibilities were identified. The QDs and the MZO solution were not
made new for every batch of cells since the synthesized amounts were enough
for several batches. The optimization is therefore focused on the cell assem-
bly procedure. The two optimization parameters investigated in this work are
described below.

1. The solvent for the EDT solution. It was immediately noticed that the
EDT solution applied to the PbS(OA) film was exhibiting high surface
tension leading to a poor coverage of the surface. Since the EDT is suppose
form a covering layer and rest on the PbS(OA) film for 30 seconds before
spinning, to give the ligand exchange time to react, this was a problem.
In order to get a even ligand exchange the surface tension needed to be
reduced. To address this issue methanol and ethanol was investigated as
alternative solvents for the EDT. The reason for choosing these solvents
were mainly due to their accessibility but they also showed promising
results early on.

2. Performing QD film application inside inert atmosphere. The spincoating
and annealing process of the QD ink film had been done in inert atmo-
sphere by other scientists, to avoid oxidation. To investigate the effect of
this a batch of cells was made with three groups. One group where the
QD ink and the QD(EDT) film was applied inside the glovebox. An other
one where only the QD ink was applied and annealed inside the glovebox.
And the last group where all films were applied in a regular fumehood.
The groups will be denoted ”all in glovebox” (AIG), ”ink in glovebox”
(IIG) and ”all in fumehood” (AIF) for the first, second and third group,
respectively.

4.3 Aging of the films and solutions

Aging of the films
One way to investigate the stability of the cell is by looking into how stable the

individual films are when stored under different conditions. For this purpose, the
two QD films of the cell were investigated; the QD ink film and the QD(EDT)
film. The QD ink film was examined in two I:Br ratios, 5:1 and 1:1. Three
storage conditions were used. The first one being on the lab bench. Samples
were placed in a petri dish without lid on the lab bench and so were exposed
to ambient atmosphere and light. The second condition was in darkness, which
is how films are usually stored during manufacturing. Samples were placed in
a petri dish with bottom and lid wrapped in aluminum foil. The dishes were
also placed inside a cupboard over the lab bench. This condition does not only
block light from reaching the sample but also lowers the exposure to oxygen
being in a closed container with little air flow. The third condition was in a
argon atmosphere. Samples were contained in the same way as the samples in
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the previous condition, but also put inside a argon atmosphere glovebox, with
oxygen concentrations around 50 ppm. The samples were hence exposed to
much lower oxygen levels and no light. The conditions will hereon be referred
to as LB for the lab bench, DK for the darkness and GB for the glovebox
condition.

To measure stability, two techniques were used; X-ray photoelectron spec-
troscopy (XPS) and UV-Vis absorption spectroscopy (UV-Vis), explained more
in detail in the next section. For the XPS analysis, three samples of each film
were made and respectively put under each of the conditions for two and a half
weeks before measurements. A second batch of samples were made for the UV-
vis measurements and stored the same way. These samples were measured right
after spincoating and then again after every week spent under the respective
condition.

Aging of the QD(OA) solutions
Stability of the QD(OA) solution is also of great importance, since one synthe-

sis of the solution gives enough for several batches of cells. After the synthesis it
can take weeks before the last volume is used in cell manufacturing. Therefore
two QD(OA) solutions were investigated with UV-Vis some time after synthesis
and then every week. The solutions were diluted with octane to a concentration
of around 3.4 · 10−4g/l in order to get a practical transparency. The diluted
solutions were stored in small vials with screw cork and put in a cabinet.

4.4 Analysis

In this section the analysis carried out is explained in more detail. It includes
the IV measurements on the cells as well as XPS and UV-Vis measurements for
stability.

4.4.1 Solar simulations

Solar simulations were carried out measuring the IV-curves of the completed
cells. The cells were put in a holder equipped with a mask making a 0.126 cm2

irradiation area on the cell and measured with a Newport simulator at intensity
1000 W/m2. The voltage was scanned from -0.8 to 0.2 V.

4.4.2 IPCE

IPCE measurements were carried out for the last batch of cells. A setup at
KTH was used at first, but after questionable results another setup at Uppsala
University was used. The measurements at Uppsala University was carried out
by Ute Cappel. The range used was 300-1100 nm.

4.4.3 UV-Vis

Three films, 1:1, 5:1 and EDT was stored under the three different conditions,
LB, DK and GB, respectively. Samples were measured right after spincoating
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and then every week for 5 weeks. The wavelength range used was 200-1100 nm
and the QD absorption was known to occur at around 950 nm.

Since the measurements of the GB samples meant taking them out of the
glovebox, exposing them to higher oxygen levels, several films were made for this
condition. The samples were all put in the glovebox simultaneously and every
week one of each film was taken out, measured and discarded. By measuring
a new film every time, the condition was not broken, however, the variance of
the measurements are likely to increase. For the other conditions only one film
was made for each condition. For the LB sample the measuring environment is
not so different from storage conditions. For the DK condition the difference is
larger. These samples were only taken out just before measurements and spent
around 6 minutes in the spectrometer before being put back into its petri dish.
The influence of this was regarded as small.

The QD(OA) solutions was also measured every week some time after syn-
thesis. The same solutions were reused for every measurement, leading to a
considerably increased oxygen exposure compared to how the stock QD(OA)
solution is stored. This has to be taken into account.

4.4.4 XPS

The XPS analysis was carried out at the Helmholtz Zentrum Berlin (HZB)
synchrotron, BESSY II at the HIKE endstation. The measurements were done
using a photon energy of 3000 eV, using gold as calibration reference and under
a pressure of around 2.62 E-8 bar.

Bringing the samples to the spectrometer meant breaking the original storage
condition for several hours. GB samples were put in screw lid vials with parafilm
and aluminium foil to conserve the inert atmosphere. Samples for the the LB and
DK condition were brought in their original petri dishes. At the spectrometer
the samples were cut into small pieces using a diamond pen. Carbon tape was
used to assemble the pieces to the sample plate. To ensure contact between the
measured film and the sample plate, a silver paste was applied to the edge of
the film substrate, connecting the film and the sample holder.

For every film, signals from different orbitals were investigated. This is done
by probing a specific energy range of the the outgoing electrons. The result is
one spectrum for each atomic orbital where a signal is expected. From knowing
what elements are used for making the sample films, certain ranges were chosen.
For this analysis the investigated orbitals and corresponding energy range can
be seen in Table 1.
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Table 1: Investigated orbitals and corresponding energy ranges.

Orbital Energy range [eV]
S1s 2470-2495
S2s 223-243

Pb4f and S2p 138-180
O1s 528-548
C1s 282-302
I3d 620-645

Br3d, I4d, Pb4d 0-90

5 Results

5.1 Optimization

Solvent for the EDT solution
The first issue to be addressed was the poor spreading of EDT solution onto

the QD(OA) film. Prior to making EDT solutions the pure solvents, methanol
and ethanol, was applied to a spincoated QD(OA) film on a piece of microscopic
slide glass. Since the concentration of EDT in the solutions is very low, it is
reasonable to believe that the spreading behaviour should be similar to that of
the pure solvent. Both methanol and ethanol showed much better spreading
compared to acetonitrile.

Two 0.02 w% EDT solutions were prepared using methanol and ethanol as
solvents, respectively. The stock solutions was diluted to 0.002 w% EDT before
application. For the methanol solution a white precipitate could be identified.
Shaking the solution gave a seemingly homogeneous mixture and so the solution
was shaken just before application. The ethanol solution did not show any
precipitates at first. Two weeks later it was noticed that the stock solution of
ethanol had similar precipitates. The diluted 0.002 w% EDT in ethanol was still
clear at this point. New solutions were prepared for a second batch of cells and
no precipitate was found, and hence the precipitate is most likely from some
contamination.

Spincoating inside glovebox
Performning spincoating inside a glovebox did cost in precision. It was dif-

ficult to ensure a fully centered substrate on the mounting ring as well as a
centered application of solution onto the substrate. The resulting films did
however look successful on visual inspection.

5.2 Characterization of cells

IV-curves were measured for each solar cell during illumination with a solar
simulator. A batch consists of 14-17 cells and each cell is measured at 4 contacts
(or pixels), giving four IV-curves per cell. Several short-circuited pixels were
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found in each batch and many cells are not working properly. To compare IV-
curves for two preparation conditions, the malfunctioning cells are discarded
and the working ones make up an average curve, with average efficiency, Voc,
Jsc and fill factor.

In order to get a consistent ink film thickness the concentration of the spin-
coated solution needs to be the same. This is usually controlled in the last
addition of butylamine to dissolve the ink precipitate. In this work, however,
volumes described in the process was used and scaled depending on the number
of samples being made. So 5 ml of 10 mg/ml QD(OA) solution and 5 ml of the
lead halide solution was used to obtain ink for 4 samples, and 200 µl butylamine
was added to the resulting ink precipitate. These volumes were scaled linearly
for larger batches of samples. The mass of ink precipitate was measured for each
batch and with these values a varying QD yield from the ligand exchange can
be observed. This variation was not payed attention to until the data analysis
when the cells were finished. The result of this error was a varying QD film
thickness, mostly between batches, and so the thickness within each batch is
usually comparable. The deviance will be addressed in each section.

5.2.1 Comparing MeOH, EtOH and ACN as EDT solvents

As mentioned above the first batch of EDT in MeOH and EtOH showed pre-
cipitates that is believed to have come from contamination. In the following
section batch 1 is made with these precipitate solutions and the second, batch
2, is made from new EDT solutions without precipitates.

Batch 1
The first batch consisted of 16 cells, half with 1:1 ink composition and the

other half with 5:1 composition. Obtained ink concentrations was 178.9 mg/ml
and 176.0 mg/ml for the 1:1 and 5:1 ink, respectively. Half of the cells for
each ink ratio were made using MeOH as EDT solvent and the other half using
EtOH. This gave four groups of cells and their performance is shown in Figure
10.
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Figure 10: Performance of 5:1 ink cells with MeOH, EtOH and ACN as EDT
solvent, respectively.

Looking at the IV curves for all pixels it is clear that many were not well
functioning. For the 1:1 ink ratio the success rates were 25% for MeOH, and
19% for EtOH, and for 5:1 ink ratio 44% for MeOH and 31% for EtOH. None
of the four groups above reached a success rate exceeding 50% and in the 1:1
EtOH group, only 3 out of 16 were regarded as functioning pixels. Even though
the success rate is low the results are great improvement to some of the earlier
attempts with ACN (not presented in this work), where maximum efficiency
was 3.6%. The highest efficiency for the batch was given by the 5:1 ink and
MeOH solvent combination, reaching a maximum of 6.12%. The results can be
compared with those of Sargent et al. [14] and Xiaoliang Zhang et al.[24], where
11.28% and 10.7% efficiency was reached, respectively, with similar methods.
Using a independent t-tests it was concluded that only the 5:1 MeOH and 1:1
MeOH varied significantly in efficiency (P=0.05).

The IV curve for the best performing cell is shown in Figure 11a and the
photocurrent for a similar cell is shown in Figure 11b.

None of the performance parameters above reach that of Sargent et al. or
Xiaoliang Zhang et al., which indicates that the potential of these cells were not
fully unlocked. But the results are nonetheless fully functioning solar cells. The
photocurrent is relatively stable above -0.4 V. Below that it increases which is
unexpected. Not enough dark curves were measured to conclude anything about
difference in photocurrent between sample groups.

Batch 2
A second batch of cells was made to compare the EtOH and MeOH perfor-

mance with the use of ACN as EDT solvent. As mentioned above, new EDT
solutions were made and no precipitate was observed this time. All the cells are
of ink composition 5:1 for better comparison. Obtained ink concentration was
325 mg/ml.
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(a) (b)

Figure 11: (a) Best performing pixel from the 5:1 MeOH group from batch 1
and performance parameters. (b) Light, dark and photocurrent curves for a
pixel from the same group.

Figure 12: Performance of 5:1 ink cells with MeOH, EtOH and ACN as EDT
solvent, respectively.

This time the overall success rates were better; 50%, 56% and 29% for ACN,
EtOH and MeOH respectively. Using a independent t-test there is no signif-
icant difference (P=0.05) between the average efficiencies of the groups. But
the average efficiency is lower compared to batch 1, and the much higher ink
concentration for this batch might be the cause of that decrease. Another differ-
ence is the precipitates in the EDT solutions. The precipitates were regarded as
contamination and it is not very likely that this increased the efficiency, but can
of course not be excluded. Still, the EtOH and MeOH solutions spread much
more evenly over the substrate surface.

IV curve for the best performing EtOH cell is shown in Figure 13a and the
photocurrent of the same pixel is shown i Figure 13b.
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(a) (b)

Figure 13: (a) IV curve of the best performing EtOH pixel from batch 2. (b)
Photocurrent of the same pixel.

The IV curve is not as flat passing Isc as the best cell from batch 1. The
dark curve in Figure 13b shows a perfect diode and the photocurrent increases
after Voc, indicating that the the cells full potential is not successfully exploited.
The dark and light curve also intersects at lower voltages. This could indicate
that some irreversible reactions take place during the first measurement of the
light curve, affecting the shape of the dark curve measured directly after.

Voc and Jsc are slightly lower compared to the best pixel from batch 1, but
the major decrease in efficiency can be attributed to the lower ff. Lower overall
performance makes this batch even less comparable to the earlier stated sources.

5.2.2 Comparing assembly inside and outside of glovebox

The third batch was made to investigate the influence of performing the QD
film application inside a argon glovebox. Three groups of cells were made; one
where the QD ink and QD(EDT) film was applied inside the glovebox (AIG),
one where only the ink was applied and annealed inside the glovebox (IIG) and
one where all steps were done in a fume hood (AIF). All EDT solution were
made with ACN as solvent and 5:1 ink was used on all cells. The obtained QD
ink concentration for AIG and IIG was 234 mg/ml, and for the AIF 219 mg/ml.

Batch 3
The average efficiencies of batch 3 are presented in Figure 14.
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Figure 14: Performance of all three groups from batch 3; AIG, IIG and AIF.

The cells made completely outside of the glovebox showed a significantly
higher average efficiency (P=0.02) compared to the other two groups. Success
rates were 54% for AIG, 30% for IIG and 58% for AIF. With a rather large
difference in ink concentration it is difficult to say if the superior performance
of the AIF group is not solely due to a more optimal ink film thickness.

The dark curves taken for this batch all belonged to malfunctioning cells
and so a proper analysis of the photocurrent could not be made. The best
performing cell from batch 3 is shown in Figure 15.

Figure 15: IV curve for the best pixel from the AIF group from batch 3.

Voc and Isc are both considerably lower for these cells, compared to batch
1 and 2. The ff is lower as well, all resulting in a much lower efficiency.

IPCE
IPCE was measured for the last batch of cells. The first measurements were

done with a setup at KTH. After seeing the results is was questionable that
the setup was properly calibrated for the wavelength range used. What raised

27



the attention was the low absorption at wavelengths below 700 nm, not being
coherent with QD absorption. And so one cell was brought to another setup at
Uppsala University for comparison. The results are shown in Figure 16 below.

Figure 16: IPCE measurements done for two cells, AIG and IIG, at KTH and
for AIG in Uppsala two times.

The Uppsala measurements showed much higher IPCE for almost all wave-
lengths, especially lower ones. A QD absorption peak is expected around 950-
970 nm. Only a very small and wide peak can be seen 900 and 1100 nm.
However, looking at the UV-Vis absorption spectra 20a in the next section, the
absorption peak for the QDs is weak compared to the rest of the spectra and
so a relatively low IPCE can be expected. The peak at 720 nm for the Uppsala
measurements seems to match the absorption spectra well. This peak is not
seen in the KTH measurements and so the Uppsala measurements can probably
be regarded as more reliable. The IPCE spectra can be compared with the the
results of Xiaoliang Zhang et al.[24]. A much more defined peak for the QD
absorption is observed at 970 nm with a IPCE of above 40%, as well as a peak
at 670–820 nm above 60%. This shows that the QD cells have a far lower IPCE
than what is possible for this manufacturing method.

5.3 Stability analysis

5.3.1 UV-Vis on QD films and solutions

Both QD films and solutions were measured with UV-Vis spectrometry weekly.
The films were measured directly after spincoating while the QD solution were
first measured 7 and 23 days after synthesis, respectively. The solutions will be
referred to as the old and the new solution according to their time of synthesis,
and fraction one and two will be referred to as F1 and F2, respectively.

QD solutions
The UV-vis spectra showed similar results for all solutions, but with the
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positions of the QD absorption peak varying. The peak also shifted towards
higher energies with time, within each sample. The full spectra for the new F2
QD solution is shown in Figure 17a, and the QD absorption peak versus energy
is shown in Figure 17b.

(a) (b)

Figure 17: (a) Full measured spectrum for the F2 new QD solution. (b) Absorp-
tion versus energy for the QD absorption peak from the F2 new QD solution.

For all inks the QD absorption peak could be seen blueshifting with time like
in the figure above. The peak position is similar to that observed by Xiaoliang
Zhang et al.[24] (900-1000 nm). Plotting the absorption spectra against energy
allows for fitting of a Gaussian distribution to the QD peak. Full width at half
max (FWHM) of these fittings can be correlated to the size dispersity of the
QD solutions. Peak height will reflect the amount of active QDs and the energy
position correlated to band gap width. An example of two such fitting are shown
for the 5:1 LB ink film in Figure 23a. The development of FWHM and peak
position for all solutions can be seen in Figure 18a and 18b, respectively.

(a) (b)

Figure 18: (a) FWHM for the QD absorption peak changing over time for the
QD solutions. (b) Absorption peak position changing over time for the QD
solutions.
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FWHM clearly increases with time for all solutions, indicating an increasing
dispersity of QD size. Peak position seems to shift towards higher energies
over time. For the new solutions the shift seems to subside. However, the old
solutions show that shifting can occur even after longer storage times but at
reduced rates. The change of peak intensity over time can be seen in Figure 19.

Figure 19: Peak intensity changing over time for the QD solutions.

A initial decrease can be seen for the new solutions and a initial increase for
the old ones. The changes are small and no clear trend can be suggested. Every
peak intensity increasing for the last measurement seems unlikely and could be
due to some experimental error.

1:1 and 5:1 ink films
Starting with the ink films stored on the lab bench the full absorption spectra

for the 5:1 LB film, shown in Figure 20a, is similar for both ink ratios and rises
well above 1 below 500 nm. The shape of the spectra is similar to the results of
Xiaoliang Zhang et al.[24], with a peak at 970 nm but with lower intensity. In
Figure 20b the QD absorption peak is plotted against energy.

Looking at the absorption peak at around 970 nm (1.28 eV), corresponding
to QD absorption, it seems to be relatively stable over time, but with a slight
blueshift and intensity decrease. For the ink films stored under dark conditions,
this trend is not observed. The shape of the full spectra shown for the 5:1 DK
film in Figure 21a is very similar to the LB samples, but with a higher intensity
QD peak. Figure 21b shows absorption versus energy.

Ink films stored under GB conditions shows a larger variation in peak inten-
sity. Full spectrum for the 5:1 GB films are shown in Figure 22a and the 1:1
films showed a similar spectra. This variation was expected since the method
used was to store several films in the glovebox and take out a new one for every
measurement. The variation in peak intensity does not follow any particular
trend and the peak position is stable over time, shown in Figure 22b.

The film measured on day 22 gives a spectrum that differs from the other
spectra significantly. This can be attributed to the different absorption back-
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(a) (b)

Figure 20: (a) Full measured spectrum for the 5:1 LB ink film. (b) Absorption
versus energy for the QD absorption peak from the 5:1 LB ink sample.

(a) (b)

Figure 21: (a) Full spectrum measured for the 5:1 DK ink film. (b) Absorption
versus energy for the DK absorption peak from the 5:1 LB ink sample.

grounds obtained from measuring different films every time. The background
could also vary across the film.

Gaussian curves was fitted to the absorption peaks, as done for the QD
solutions above. In Figure 23a an example of two such fittings are shown for
the 5:1 LB ink film. The FWHM now correlates to size dispersity as well as
packing homogenity of the films. The evolution of FWHM for all films is shown
in Figure 23b

Data for the 1:1 GB film from day 0 was removed due to a measurement
error. On day 0, however, all 1:1 films should show rather similar spectra since
they have all been treated equally up to that point. The trend is weak but
FWHM seems to increase by a small amount over time for most films. The
exception being for 1:1 DK sample. The FWHM spike for the 5:1 GB sample
on day 22 most probably comes from measuring a spot on the film with bad
packing homogenity or a unique background. FWHM at day 0 shows that the
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(a) (b)

Figure 22: (a) Full spectrum measured for the 5:1 GB ink film. (b) Absorption
versus energy for the QD absorption peak from the 5:1 GB ink sample.

(a) (b)

Figure 23: (a) Gaussian distribution for 5:1 LB ink sample. (b) Development
of FWHM for the fitted Gaussian curves for the 1:1 and 5:1 ink films.

spincoating gives varying results regarding packing homogenity. Looking further
into peak position and peak height, the results are shown in Figure 24a and 24b.

On day 0 all the films with same ink composition have similar peak positions,
just above 1.270 eV for the 1:1 films and around 1.273 eV for the 5:1 films. For
the LB samples the peak position clearly shifts towards higher energies after
day 0. In contrast, the DK samples have a initial decrease and only the 5:1 DK
sample has a higher energy position for the last measurement compared to day
0. The peak position is clearly more stable for the DK samples. It is difficult
to say anything about the GB samples. The 1:1 films look stable for the first
three datapoints but with a strong increase for the last one. The 5:1 GB film
would also look stable if it was not for the spike at day 22. Since different films
were measured everytime variations like theese are not unexpected, and they
are also apparent in the peak intensity plot in Figure 24b. Peak intensities for
the LB and DK samples are stable over time, with a slight decrease for the LB
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(a) (b)

Figure 24: (a) Peak positions changing over time for the ink films. (b) Peak
intensity changing over time for the ink films.

samples and a slight increase for the DK sampels. The difference is small and
can be caused by uneven QD films. It can also be noted that there is no clear
connection between ink ratio and peak intensity at day 0.

For the comparison with the IPCE results presented earlier it is more prac-
tical to present the absorption spectra in terms om LHE, as is done for the 5:1
DK film in Figure 25.

Figure 25: LHE of the 5:1 DK film on day 0 compared to the IPCE spectra
from Uppsala.

Comparing the LHE with the IPCE curve shows the relationship between
absorbed light and light actually giving rise to a current. There are clear simi-
larities in the curves. Absorption peaks in the LHE spectra at 970 and 700 nm
have their corresponding peak in the IPCE spectra below. The main absorption
seems to take place at lower wavelengths, where the highest IPCE is also found.
From this comparison it is clear that the QDs absorb light, but the cell only
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manages to convert some of this light to current.

EDT film
The EDT film absorption spectra varied significantly dependeing on storage

condition. The full spectra for the EDT GB film is shown in Figure 26 below.

Figure 26: Full spectrum measured for the EDT film stored in GB.

Since the QD concentration is lower, the absorption peak between 900 and
1000 nm is not clear enough to fit a Gaussian distribution. The main peak in
these spectra is the shoulder at 377 nm. This peak seems to increase somewhat
for between the first and the second measurement but after that it stabilizes.
The GB samples are again expected to have a larger variance but all the spectra
overlap quite well and no absorption decay can be observed. A more clear peak
can be seen for the LB and DK samples shown in Figure 27a and 27b.

(a) (b)

Figure 27: Absorption spectra changing over time for EDT sample stored on
(a) LB and (b) DK.
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A PbS QD peak between 300 and 400 nm has been observed before by S.
Chowdhury et al. [9]. There is a clear trend of absorption dropping over time
for the LB and DK films. For the lab bench sample the absorption has decreased
substantially after only 7 days. After that the rate of absorption decrease sub-
sides. In contrast, the DK film has a slower and more even absorption decay
over time. And so this shows that the GB samples does not decay in the same
way as films stored in under oxygen atmosphere.

5.3.2 XPS on 1:1, 5:1 and EDT films

XPS spectra were collected for all three films stored under each storage con-
dition, respectively. All spectra are normalized to the total intensity of thier
respective Pb4f peaks and results are presented below. A similar XPS study of
QD films is presented in the article of Xiaoliang Zhang et al.[24] and this will
be the main comparison for the results presented here.

1:1 and 5:1 films
The results for the 1:1 and the 5:1 ink compositions are very similar with a few

differences. Therefore not all the spectra will be shown here, and the differences
will be addressed in the text. All spectra can be found in the appendix.

A quantitative analysis of the relative concentration of iodine and bromine
was compared with the ratios used in the synthesis. This was done by normaliz-
ing the halide peaks (Figure 28a and (b)) to the Pb4f peak of the same sample.
It was found that the GB samples have more or less corresponding ratios (I:Br)
to what was used, with a slight bromine excess (0.88:1 for 1:1 and 4.76:1 for
the 5:1 samples). The DK samples are somewhat more shifted towards bromine
(0.76:1 for 1:1 and 3.85:1 for 5:1 samples) while the LB samples have a heavy
bromine excess (0.5:1 for 1:1 and 2.94:1 for the 5:1 samples). This is all in
contrast to the results obtained by Xiaoliang Zhang et al.[24], showing a slight
iodine excess compared to synthesis ratios.

There seems to be a slightly higher concentration of bromine on the LB
sample, in Figure 28a, which is unexpected but could be due to measurement
errors. For the 5:1 film the Br peaks are of equal size for all conditions. In
contrast, the iodine peak clearly varies with condition. Assuming that initial
ratios were 1:1 and 5:1, this shows that iodine is lost from the sample to a larger
extent compared to bromine. And since the peaks are normalized to the total
amount of lead, the amount of bromine with respect to lead is stable. The loss
of iodine is also confirmed by the I3d spectra (appendix), at least for the 1:1
ratio. For the 5:1 ratio the I3d spectra suggest similar amount of iodine for the
LB and DK sample. Since the differences are small experimental uncertainty
could be the cause. If, however, the differences would be contributed to the
probing depth the results suggests that the iodine loss goes deeper into the 1:1
film than the 5:1 film.
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(a) (b)

Figure 28: (a) Br3d and (b) I4d peaks for the 1:1 sample films stored under
different conditions

The S1s and S2s spectra (Figure 29a and b) show oxidation trends similar
to that of the iodine loss. Looking at the S1s spectra, the peak at 2469 eV
corresponds to PbS and the peak at 2478 eV comes from a oxidized version
of sulfur, tentatively PbSO4. For the S2s the main peak at just above 225 eV
comes from PbS and the small peak at 237 eV is assumed to come from PbSO4.
As explained in the theory section, probing depth will be more shallow for S1s
spectra compared to S2s, due to the difference in binding energy range. The
S1s spectra shows further oxidation than the S2s spectra, which indicates that
the oxidation is most prominent at the surface of the film. The small peak at
2472 eV in the S1s spectra is almost negligible for the 5:1 LB sample. This
peak is much more prominent in the other 5:1 conditions and for all the 1:1
sample conditions as well. The peak could not be identified but is believed to
come form an other oxidation product, presumably sulfur bonded to hydrogen
and/or carbon. This could be a intermediate oxidation product.
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(a) (b)

Figure 29: S1s and S2s peaks for the 5:1 samples stored under different condi-
tions.

It is clear that the halide loss is greater for iodine than for bromine. The
loss also follows the same trend as surface oxidation. The 1:1 ink having more
bromine ligands should therefore have more ligands in total protecting the sur-
face from oxidation. By comparing the S1s spectra (Figure 30a and b) for the
two inks, slightly less oxidation can be observed for the 1:1 ink.

(a) (b)

Figure 30: Comparing the S1s spectra for (a) 5:1 and (b) 1:1 ink ratios. The
ratio between the PbS and PbSO4 peak show that the 1:1 sample is less oxidized
at the surface for all conditions.

The O1s spectra in Figure 31a clearly confirms the above information about
oxidation, with the highest oxygen content for the LB sample and the lowest for
the GB sample, for both 1:1 and 5:1 films. The C1s spectra in Figure 31b shows
similar sized main peaks at 285 eV for all conditions, and a small additional
peak at 291 eV. This peak is likely to come form OA residues. The main peak
could be from aliphatic carbons on the OA chain, and the small additional peak
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could come from the alpha carbon of the carboxylic group. But the C1 peaks
could also be the result of organic contaminants from the atmosphere.

(a) (b)

Figure 31: (a) O1s spectra and (b) C1s spectra for the 5:1 ink films.

Spectra for the Pb4f orbital showed consistent results with all spectra and
an example is shown in Figure 32 below. A main peak from PbS (green) and a
smaller peak from PbSO4 (blue) can be identified, in agreement with the results
from Xiaoliang Zhang et al.[24]. The ratio between the two peaks varies and the
PbSO4 peak is largest for the LB sample and decreases from DK to GB, but
the PbS is always dominating. A small peak from metallic Pb (yellow) was also
fitted to these spectra, seen at around 136.8 eV [22]. It has low contribution in
all the spectra but becomes more prominent for the EDT samples.

Figure 32: Pb4f peak fitting for 5:1 ink DK sample.
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EDT films
The XPS spectra shows a stronger reactivity with the atmosphere for the

EDT films compared to the ink films, which was expected. The S1s and S2s
spectra (Figure 33a and b) reveal a strong oxidation at the surface as well as
deeper into the sample. For the LB sample the oxidation of PbS to PbSO4 is
nearly complete, which is coherent with the fittings made for the Pb4f peaks
where PbSO4 was found to be the main species (see Figure 35a. The sulfur from
the EDT molecules should also show a signal in these spectra. Considering the
earlier assumption that the peak at 2472 eV in the S1s spectra comes from sulfur
bonded to hydrogen and/or carbon, this peak is expected to be considerably
larger for the EDT films compared to the ink. However, it could be suggested
that the peak around 2470 eV is the signal from the EDT sulfur, overlapping
with the PbS peak.

(a) (b)

Figure 33: S1s and S2s spectra for the EDT samples stored under different
conditions.

A more unique spectrum for the EDT ligands would be the C1s spectra. In
Figure 34a and b the O1s and C1s spectra are shown. The O1s spectra confirms
the degree of oxidation from the sulphur spectra. From the C1s spectra it is
clear that the carbon content is largest for the GB sample and lowest for the
LB sample. The main peak could be coming from the EDT ligands. The small
peak at 289 eV could be from the carbon bonded to sulphur. If the carbon peak
is mainly from EDT, this shows a similar ligand loss behaviour as seen for the
ink films. However, one also has to be aware of organic contaminants from the
atmosphere.
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(a) (b)

Figure 34: (a) O1s spectra for the EDT films (b) C1s spectra for the EDT films.

The Pb4f spectra showed a similar oxidation trend to the O1s spectra. For
the LB sample, PbSO4 was the main peak (see Figure 35a). In the work of
Xiaoliang Zhang et al.[24], a dominating oxidized Pb peak is observed when
using lower photon energy (203 eV), corresponding to a shorter probing depth.
However, using the 3000 eV photon energy, same as in this work, the PbS peak
was dominating. So heavy oxidization is expected on the EDT film surface, and
storing the samples on the lab bench seems to allow for even deeper oxidization.

The fitting for the DK sample was more similar to those of the ink films
with a dominating PbS peak and a smaller PbSO4 peak (Figure 35b). These
results are more comparable to those of Xiaoliang Zhang et al.[24], which is
reasonable since the DK conditions is how the films are usually stored. For
the GB sample the ratio between the PbS and PbSO4 peak is similar to the
DK samples, indicating similar degree of oxidization. Since the oxygen access
is lower for the GB samples, a lower degree of oxidization would be expected
here. Five scans were made for the GB sample, the first four are shown here.
The metallic Pb peak, which is not visible in the first scan, clearly grows for
every scan while the PbSO4 peak shrinks (Figures 35c-f). This indicates that
the X-rays are generating metallic Pb at the expense of PbSO4.
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(a) (b)

(c) (d)

(e) (f)

Figure 35: Pb4f fittings for the EDT films. Green peak is PbS, blue peak is
PbSO4 and yellow peak is metallic Pb. (a) EDT LB sample, (b) EDT DK
sample and (c)-(f) EDT GB sample scan 1-4.

6 Discussion

Adopting the manufacturing process
It is very noticeable how the overall efficiency of the cells goes down dra-

matically for every batch. Lab scale solar cell manufacturing is somewhat of
a craft and so the quality of the results depend, at least partly, on the skill of
the manufacturer. The skill can be expected to increase for every batch of cells
made, and so was the case for the initial batches made prior to batch 1, not
presented in this work. One major factor differing between batches is the QD
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ink concentration. Higher concentration did not simply give higher efficiencies,
but one could be closer to the ideal thickness than the other.

Another factor to consider is the QDs used. The same synthesis methods
was used for all the QDs, but different batches were used for each batch of cells.
For batch 1 a solution of QDs from an older synthesis was used. When the
IV curves of batch 1 was collected the QDs were 109 days old, more than 15
weeks. For batch 2 and 3 the QDs were only 38 and 11 days old, respectively, at
the time of IV measurements. The QDs used in batch 2 is the same as for the
the ”old” solution, and batch 3 uses the ”new” QDs. The absorption spectra
of the QD solutions could give information about the ageing in each batch.
The old QD solution was diluted to a semitransparent solution, to allow for
UV-Vis measurement. However, the exact concentration was not written down.
And so the new solution was diluted to give a matching semi transparency,
with a concentration of 0.34 mg/liter. So the intensity absorbed by the new
and old solution can not be directly compared. The UV-Vis did not reveal
any large variation in QD quality over time. Setting QD quality aside there are
several steps in the process that can result in varying quality. Making the ligand
exchange solutions involve measuring PbI2, PbBr2 and AA solids on weighing
ships, introducing uncertainty in the final mass. The time given for the QDs
to settle in toluene after the ligand exchange was not always exactly the same
and spincoatings can sometimes be difficult to reproduce. However the major
difference is still believed to be the varying film thickness.

In conclusion, this thesis managed to take a first step towards adopting the
studied manufacturing process of PbS QD solar cells at KTH. Fully functioning
solar cells were made, however further work needs to be done to reproduce the
results from Uppsala.

Optimization
The optimization of the EDT solvent for better spreading on the QD film

was successful. Greatly improved spreading was obtained by using EtOH or
MeOH instead of ACN. However, the influence on solar cell performance is not
significant. A more even spreading of the EDT solution is expected to give a
more even ligand exchange over the whole surface. This does not necessarily
influence the average efficiency, but a poor spreading, resulting in a uneven
ligand exchange, is expected to give a lower success rate. In contrast, MeOH
is the only solvent showing particularly poor success rates in batch 2. But in
batch 1 MeOH samples had higher sucessrates than EtOH. So there seems to
be no consistency in the results regarding sucessrates and spreading of the EDT
solution. The conclusion to be drawn from this is that using MeOH or EtOH,
instead of ACN, improves spreading on the sample surface, does not affect the
cell PCE significantly, and has no clear influence on the success rates of the
cells.

The second optimization was regarding the atmosphere in which the QD
film application was carried out. Since the ink concentration was not properly
controlled only the AIG and IIG groups can be compared in a reliable way. This
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comparison shows that after applying the QD ink film inside argon atmosphere,
the application of the QD(EDT) film in argon atmosphere does influence the
final performance of the cell significantly. The success rates for AIG and IIG
was 54% and 30%, respectively. This could suggest better sucessrates for doing
both applications inside the glovebox. But similar variations in successrates
can be seen for batch 2, where all film applications were performed inside a
fumehood, so its difficult to draw any conclusions regarding sucess rates. The
conclusion that can be drawn from this is that after performing the QD ink
application and annealing inside an inert atmosphere, applying the QD(EDT)
in inert atmosphere will do no difference for the final cell performance.

IPCE and LHE
Clear similarities were found between the IPCE and LHE spectra of the 5:1

film (Figure 25). The peak at 970 nm was rather well defined for the LHE,
proving that the QDs have a decent absorption here, although much lower com-
pared to Xiaoliang et al. The IPCE spectra has a much less defined peak here,
showing that not all excited electrons go out into the external circuit at this
wavelength. This could either be due to the electron hole pairs recombining
process being much faster than the charge separation process or the light being
absorbed by something else than the QDs. Because of the peak positions in
the LHE matching the IPCE, at energies comparable to literature, the former
reason seems most likely. This could arise from the QD film being too thick or
the contact between ink film and selective contacts being poor. Poor contacts
could arise from surfacs oxidizing in between layer application, and as observed
in the XPS results, the very surface does oxidize even for the air stable QD ink
layer.

Uneven films are also a problem. The spincoating technique used in this
work can give varying results. One mote of dust from a pipette tip or solution
vial ending up on the substrate before spincoating will create inconsistencies of
the film visible to the naked eye. If the film is not fully covering the surface,
contacts can be made between layers that were not intended, short circuiting
the cell. And indeed, the measurements show several short circuited pixels. In
each batch, many pixels were also found to not be completely short circuited.
These cells operated as very poor solar cells, with significantly lower efficiencies
and fill factors compared to the best ones in the batch. This phenomenon can
arise from a high leaking current, corresponding low shunt resistance in Figure
6.

QD ink film stability
The stability of the films showed similar results for both ink ratios. The XPS

spectra of S1s shows a oxidized QD ink film surface. Oxidization occured for
all storage conditions but to a higher degree for the LB and DK samples. For
S2s spectra, sampling electrons from deeper into the surface, shows little to
none oxidized sulfur for the GB samples, and a lighter oxidation for DK and LB
compared to the S1s spectra. The level of oxidation between storage conditions
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is confirmed by the Pb4f and the O1s spectra as well. The I3d and Br4d spectra
also shows a clear loss of iodine, which means that ligands are lost from the
surface. For UV-Vis spectra, the peak is blueshifting, which is expected for
QDs losing thier ligand. The peak intensiy and FWHM are relativley stable in
the measured timescale of 35 days. This is coherent with a shallow oxidization,
where most of the QDs that give rise to the spectrum are intact. The main
difference between the ink ratios can also be seen in the S1s spectra. For the
1:1 ink ratio a slightly lower level of oxidization compared to the 5:1 ratio can
be noted for all storage conditions. This could be explained by the large loss
of iodine compared to bromine, leaving the more iodine rich ink film more
vulnerable to the atmosphere.

The UV-vis analysis shows the FWHM not clearly increasing until the last
measurement. This could either show that the FWHM increase is slow and will
only show a measurable difference at the end of the studied timescale, or it
shows some measurement error for day 35. The 1:1 DK sample not showing this
final increase speaks against a simple measurement error. A increasing FWHM
is explained by a decending packing homogenity or a increasing size dispersity
of the dots. At this short timescale however, the differences caused by aging are
smaller than the initial differences between films. A similar final increase can
be observed for the peak position, but now with a very consistent starting value
for each ink ratio. For QDs loosing their haldie ligands, as observed in the XPS
results, the increasing band gap of the QDs would shift the peak position to
higher energies. This loss of ligands can also lead to coalescing dots and lower
packing homogenity films, expressed by a increasing FWHM. So the differences
are small, and more experiments are needed to confirm this, but they seem to
point in the right direction for a ligand loss. Regarding peak intensity it shows
stable values for all but the most oxidized surfaces. Since UV-vis measures the
whole film, the QDs oxidized on the very surface will not show a clear indication
on the spectra. For oxidation going deeper into the film, as for the LB samples,
a small decrease is intensity is becoming noticeable. A laste note is the peak
position seemingly being so consistent for each ink ratio. If the variation between
films are so small the GB samples can be expected to give more reliable results
for this value. This could show that the GB films have a less consistent aging
compared to the other storage conditions.

QD(EDT) film stability The XPS results clearly show a deeper oxidiza-
tion compared to the ink films, shown by both the S1s and S2s spectra for all
conditions. Highest oxidation is again seen for the samples with highest oxy-
gen exposure. This is also coherent with the UV-Vis spectra showing a heavy
decrease in absorption for the LB and DK conditions, indicating that PbS is re-
acting to form other products, deep into the sample. The much clearer decrease
on the UV-Vis spectra is explained by the EDT films being comparably thinner
to the ink films, and hence the oxidized surface makes out a larger fraction of the
whole film. The Pb4f spectra is showing that PbSO4 is dominating the surface
for the LB sample. But the DK and GB show similar ratios between PbSO4
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and PbS, with a dominating PbS peak. So the surfaces of DK and GB samples
seem similar, but the DK samples have a much deeper oxidation, according to
the UV-Vis spectra. It can be suggested that loss of EDT ligand can be seen
in the C1s spectra, since it follows the same pattern as the loss of iodine. It
would also make sense that the oxidization is connected to the loss of ligand.
But since there could be many sources for carbon contaminants, especially in
the glovebox, this should be investigated further.

Ligand loss
For the XPS results the loss of iodine for the ink films seems to follow the

same pattern as the oxidization of the surface. This could either be due to the
ligands themselves oxidizing or the surface of the PbS QD oxidizing, either way
leaving the ligand less attracted to the surface. Since the halide ligand form a
more air stable QD film, compared to using EDT ligands, they clearly protect
the surface from oxidization. And so it is reasonable to believe that the ligands
themselves are oxidized and leave the PbS surface exposed to further oxidation.

7 Conclusions

Optimization
This work failed to reproduce the results obtained in Uppsala and further

work needs to be done in order to reach this goal. However, fully functioning
PbS CQD solar cells were obtained using the same manufacturing method and
a partly successful comparison between the two optimization parameters was
made leading to the following two conclusions:

1. Using MeOH or EtOH, instead of ACN, as EDT solvent improves spread-
ing on the sample without affecting the cell PCE significantly and has no
clear influence on the successrates of the final cells.

2. After performing the QD ink application and annealing inside argon at-
mosphere, applying the QD(EDT) in argon atmosphere will not affect the
final cell performance significantly.

Film stability
The analysis of the QD ink and QD(EDT) film was successful and clear trends

regarding oxidation can be seen for the three conditions investigated. Four
conclusions to be drawn from the results are:

1. Storing QD ink and EDT films in aluminium foil wrapped petri dishes
inside a cupboard slows down oxidization compared to storage in open
ambient conditions, and storage in argon atmosphere slows down oxidation
even further.

2. QD ink films are oxidized on the surface for all conditions, but the level
of oxidation products quickly subsides deeper into the film.
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3. QD(EDT) films are oxidized to a greater extent and deeper within the
film compared to the QD ink films.

4. Iodine loss follows the same pattern as oxidization under the investigated
storage conditions.

The main oxidation product for both films is believed to be PbSO4, but
further analysis is needed to confirm this. There is also indication that the 1:1
ink films are more stable than the 5:1 film, due to the higher bromine content,
but this needs further investigation as well.

8 Future outlook

As mentioned above, further work is needed to establish a PbS CQD solar cell
manufacturing method with stable results at KTH labs. The QD ink concentra-
tion needs to be made according to the QD yield from the ligand exchange in
order to obtain a consistent film thickness. UV-Vis analysis for known concen-
trations of QD solutinos from every new batch would also be useful to monitor
the QD quality. Using MeOH or EtOH gives better spreading and leads to a
more reproducible result, however alcohol residues on the films could enhance
oxidation of the surface, so this replacement should be used with care.

For the film stability, similar experiments should be done to control the re-
produceability of the obtained results. Studying a more detailed palette of ink
ratios could give more reliable information about the influence on film oxidation.
Differences in film oxidation could be observed for the different storage condi-
tion, and the GB condition seemed to keep the film most stable over time. It
would be interesting to see if this stable atmosphere could be utilised to improve
the final cell performance. Stability of the PCE over time is of great importance
and both oxidization processes and performance stability needs to be studied
for longer timescales to ensure long term stability of the cells. The storage con-
ditions studied in this work are very lab based and in the future a more realistic
condition for a commercial solar cell should be looked into. The QD(EDT) film
is still very reactive to the atmosphere and strategies for stabilizing this layer is
of interest.

Looking further into the future, scaling up the process is key for large scale
production and commercial use. A technique like spincoating is not scalable
and so alternatives like spray coating is worth looking into, as has already been
done by other scientists.
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of PbS quantum dot solar cells
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1 UV-Vis spectra

(a) (b)

(c) (d)

Figure 1: UV-Vis absorption spectra for the different QD solutions measured.
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Figure 2: UV-Vis absorption spectra for the different QD ink films measured.
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Figure 3: UV-Vis absorption spectra for the different QD(EDT) films measured.
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2 XPS spectra

2.1 1:1 ink films
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Figure 4: XPS spectra for the 1:1 ink films stored under different conditions
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2.2 5:1 ink films
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Figure 5: XPS spectra for the 5:1 ink films stored under different conditions
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2.3 QD(EDT) films
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Figure 6: XPS spectra for the EDT films stored under different conditions
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2.4 Pb4f fittings
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Figure 7: Pb4f peak fittings for the 1:1 and 5:1 ink films stored under different
conditions
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Figure 8: Pb4f peak fittings for the QD(EDT) films stored under different con-
ditions
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