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Abstract
Öberg, V. A. 2019. Quantum Dot Solar Cells: Towards Environmentally Friendly Materials.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 108 pp. Uppsala: Acta Universitatis Upsaliensis.

To decrease the world’s energy dependence on fossil fuels, energy production and specifically
electricity production needs to shift to more sustainable alternatives. One such alternative is solar
cells as they directly convert energy emitted from the sun into electricity. Silicon and thin film
solar cells which are commercialized today are either expensive to make and rigid, or utilizes
rare and toxic materials. This has resulted in an increase in the field of solar cell research to find
cheaper alternatives which are also based on abundant materials.

Colloidal quantum dot (CQD) solar cells are third generation solar cells which has received
much focus in the last decade due to the property of the quantum confinement effects. This
makes it possible to increase the band gap by decreasing the size of the crystallites.CQDs made
of PbS were in this thesis developed for high PCE (power conversion efficiency), low weight
and flexible CQD solar cells. By applying the PbS CQDs on flexible and durable substrates,
light weight solar cells with a high power-per-weight of 15.2 W g-1 value were accomplished.
Other PbS CQD solar cells were covered and passivated by a mid-high band gap perovskite
semiconductor with good lattice matching to facilitate improved stability and PCE, with the
latter reaching 10.7 %.

By shifting the focus towards more low-toxic and more environmentally friendly materials,
materials such as PbS could be phased out. In this thesis, Ag2S and AgBiS2 were investigated as
alternatives. By utilizing a heat-up synthesis method for the production of Ag2S CQDs, a proof-
of-concept PCE of 0.34 % was accomplished for solar cells based on these CQDs. To improve
the PCE, a hot-injection method was utilized to produce Ag2S CQDs with a surface better suited
for solar cell applications. This resulted in an improved PCE of 2.2 %. In a final study, AgBiS2

CQDs were investigated by changing the composition of the precursor ratio Ag:Bi:S. The final
composition was linearly dependent on the Ag precursor concentration. The best device with
the highest PCE had a composition close to the stoichiometric ratio of 1:1:2 which was achieved
by a precursor composition of 0.72:0.9:1. This resulted in a PCE of 3.3 %.

The understanding of PbS CQD solar cells and how they can be further improved and ap-
plying the relevant information and research to low-toxic alternatives is necessary for the im-
provements of these more environmentally friendly CQD materials in solar cell applications.
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Introduction 

Energy usage and consumption has been an important aspect for humans ever 
since fire was first discovered and utilized. Since then, humans have used and 
utilized stored chemical energy in the form of wood to build up civilizations 
to survive and thrive.1 Although there was sporadic usage of coal and later oil 
before the 1800’s, it was not until the industrial revolution these fuels were 
used on a truly global scale.2 Parallel advances in sciences such as thermody-
namics and technology made it possible to surge the efficiency of manufac-
turing and energy usage, leading to economic growth. The advances in these 
areas caused a synergistic feedback loop, causing continuous long-lasting ef-
fects on civilization.3 

The impact of the industrial revolution has not been completely beneficial 
towards everyone, however. In many cases, the impact on nature, and indi-
rectly on humans has been devastating. Pollution, poor waste treatment and 
drastic anthropogenic impact has been negative in regards to the biosphere, 1, 

4-9 contributing to the reduction of livable areas and the extinction of a large 
portion of living species.10, 11 Further, the use of coal and oil has been directly 
linked to the phenomenon of global warming, also known as climate change.12 
Climate change is an issue that has been proposed to happen globally for as 
long as a century while the largest observable changes of the global climate 
have been reported in the last two decades. Changes of the global climate in-
clude the global increase of the average temperature, which consequentially 
also has been shown to have a larger than average effect closer towards the 
arctic pole. This, in turn has led to a decade long trend of melting of the polar 
ice sheets at an alarming rate and a start of increasing sea levels. This has 
resulted in researchers proposing limits on using fossil fuels as an energy 
source.12 The connection between climate change and the usage of fossil fuels 
is due to the emission of so-called greenhouse gases as the fuels are oxidized 
through an exothermic reaction, producing carbon dioxide and water. Carbon 
dioxide is a gas which in moderate amounts is important for the survival of 
the biosphere as it is used by plants to store energy via photo-synthesis and 
naturally heating our planet. This heating takes place in the atmosphere, where 
carbon dioxide molecules absorb infrared light, resulting in them vibrating and 
moving faster, effectively increasing their and their surroundings’ tempera-
ture. However, a drastic change in the carbon dioxide concentration in the at-
mosphere due to fossil fuel combustion would contribute an equally drastic 
change in temperature. While the biosphere always has undergone a constant 
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long-term change (over millions of years) in relation to changes in temperature 
and thus climate, a fast, human made change over a mere century would make 
it nigh impossible for the biosphere to react in time, possibly contributing to 
the aforementioned man-made mass extinction of animals and plants.10-12 An-
other side-effect of an increase of the carbon dioxide concentration in the at-
mosphere is an increase the acidity of the water around the world as more 
carbon dioxide can dissolve in water to form carbonic acid. 

Water vapor may also be considered a greenhouse gas. However, consid-
ering that the levels of water molecules in the atmosphere is self-regulated by 
physical processes such as condensation and precipitation and not limited to 
interactions with the biosphere, dissolved in water or sun light degradation,13 
this is a non-issue. 

Methane is also a greenhouse gas worth discussing here as within the con-
text of energy production, it is commonly extracted as a major part of natural 
gas. By burning natural gas (methane) for energy purposes, carbon dioxide is 
released similarly to oil and coal energy sources, but at a lower extent.14 This 
makes natural gas an interesting substitute for the other fossil fuels with less 
potential emissions. However, the extraction processes should be considered 

Figure 1. Relative portions from several sources constituting the world’s total en-
ergy production in 2017.15 
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for the life cycle and consequences of extracting natural gas. Extraction meth-
ods are commonly related to large emission of natural gas itself into aquifers 
and the atmosphere.4 

Even today, the largest part of the energy produced results from burning 
coal or oil, as seen in Figure 115. In 2017, the world total energy production 
was approximately 163 277 TWh of which 81 % are the result from fossil 
fuels.16 While it is not surprising that much of this energy is spent in the 
transport sector where portability is crucial, a considerable portion of fossil 
fuels are also used for electrical energy. The electrical energy production con-
tributes about 25 721 TWh or 15.7 % to the total energy production.17 The 
electrical energy sector is visualized in Figure 218 where oil, coal and natural 
gas cover about 64.5 % of the electricity production in 2016. The aforemen-
tioned negative impact in part due to the fossil fuel industry on both the whole 
energy market should be considered for more environmentally friendly sub-
stitutes. While the market for these substitutes are growing in absolute terms, 
they are still a minor part in most part of the world and increase mostly in 
relation to fossil fuel alternatives. These alternative energy production tech-
nologies include wind energy, biofuel/ bio-waste energy as well as solar en-
ergy. Nuclear energy is unique in that it could be considered a fossil fuel under 
certain definitions and that it has its own issues involving fuel waste storage. 

Figure 2. Relative portions of from several resources constituting the world’s total 
electrical energy production in 2016.18 
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Nonetheless, nuclear energy does supply a source of energy while contributing 
less towards climate change as in the case of fossil fuels. Solar cells, due to 
the inherent correlation and implementation towards electric energy and elec-
tric grids is very much of interest as both an upcoming commercial commodity 
as well as research subject. Although solar cell photovoltaic technologies are 
increasing in their capacity every year, reaching above 0.5 TW in 201819, they 
only contribute less than 2 % of the overall electricity energy production in 
the world. 

To reduce the continuing impact that fossil fuels contribute, alternative en-
ergy sources are necessary. In terms of electrical energy and even as a primary 
source for chemical energy, solar cell technology has a good potential to rem-
edy the issues of fossil fuels. In this thesis, third-generation quantum dot solar 
cell technology was investigated, proposed to further extend the frontiers and 
utilities of solar cells. Below follows a brief explanation of solar cells as well 
as a continued motivation to their use as well as some limitations of different 
solar cell technologies. Colloidal quantum dots are introduced followed by the 
application of these in solar cells. Due to the nature of the materials commonly 
used, a section detailing some criticism and issues with some of the state-of-
the-art materials as well as some motivation for the continuation of research 
involving more environmentally friendly materials is also included. This is 
then followed by a general experimental section detailing methods used within 
this thesis and a comprehensive summary of the five papers which this thesis 
is based on is shown. Note that full details are found within each paper, listed 
above and appended to the thesis. Finally, the thesis ends with a summary of 
the conclusions as well as a brief outlook for the near future for solar cells 
based on quantum dot materials. 
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Background 
Solar cells, as previously mentioned in the section above, have received a lot 
of attention in research in the last half century20, resulting in a vast array of 
applications in space21 as well as a surge in commercial22, residential22 and 
utility22, 23 in the last few decades. 

A major reason for the application and research of solar cell technologies 
is that the sun emits a colossal amount of radiative energy from nuclear fusion. 
Every second 4 x 1020 J is produced and emitted as electromagnetic radiation 
(photons)24. The spectral region (wavelengths) of these photons is in the range 
of 0.2 to 3 µm, similar to a black body of 5800 K. A small fraction of this 
radiation hits Earth resulting in an irradiance of 1353 W m-2 outside Earth’s 
atmosphere. To reach the Earth’s surface, the light traverses through the at-
mosphere resulting in further losses due to atmospheric absorption and reflec-
tance. The loss of irradiance through the atmosphere is defined by the “air 
mass”. The air mass is a measurement of the atmospheric path length relative 
to the minimum path length when the sun is in zenith.24 Figure 3 shows a 
schematic representation of AM0, AM1 and AM1.5 conditions in relation to 
the path length towards the sun. Here, the Earth is inclined at approximately 
11° in relation to the sun, resulting in mid-autumn conditions for the northern 

Figure 3. A schematic representation of the different relative distances sun light has 
to travel to reach the Earth’s surface and their relationship to the definition of “air 
mass” described in the text. 
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hemisphere. AM0 conditions is the irradiance just outside Earth’s atmosphere. 
AM1 conditions is the irradiance on the surface on Earth when the sun is at 
zenith. In Figure 3, this results in a line approximately overlapping the longi-
tude 11° south of the equator (as the declination angle is 11° as previously 
mentioned). AM1.5 conditions, the most common testing conditions for solar 
cell research for Earth applications results in the light traversing an effective 
1.5 atmospheres before reaching Earth’s surface. By definition AM 1.5 con-
ditions occur when the solar zenith angle is about 48.2°.25 With an 11° decli-
nation angle of the Earth as shown in Figure 3, these conditions occur at the 
37° longitude north of the equator. Standard irradiance spectra representing 
these AM 1.5 conditions at the 37° longitude are used when calculating solar 
cell performance all over the world. The spectral irradiance as a function of 
photon wavelength is seen in Figure 4 for AM0 and AM1.5 global conditions, 
amounting to total power density values of 1353 W m-2 and 1000 W m-2 re-
spectively. 25 Figure 3 also indicate how much the relative distance increase 
of the light the further north devices are used. At 60° latitude north, 18° lon-
gitude east (Uppsala municipality, Sweden) in mid-autumn the resulting ef-
fective atmosphere is about three times larger than at conditions at zenith. De-
spite this, the total irradiance in Scandinavia is about 800 kWh m-2 yr-1 26, mak-
ing solar cells highly applicable as an alternative energy source. 

Figure 4. Solar spectral irradiance under AM0 and AM1.5 global conditions in the 
ultra-violet, visible and near infrared spectral range.25 
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Solar Cells 
Solar cells in general have I-V (current-voltage) characteristics which can be 
approximated with models from diodes. As such for an ideal solar cell, the 
total current from a solar cell device can be explained by 

 
	 / 1 					 1  

 
where Is is the saturation current (also known as dark current), q is the ele-
mental charge, V is the voltage, kB is the Boltzmann constant, T is the temper-
ature in K, and IL is the light current resulting from excited charge carriers.24 
The saturation current depends on many factors including material properties 
such as bandgap and defect concentrations of the device. From equation (1), 
it can be seen that an ideal solar cell based on a diode in short circuit conditions 
has a current of 
 

	 	 0.					 2  
As the photocurrent is proportional to the light intensity, the short circuit cur-
rent should vary linearly with the light intensity in a well-performing solar 

Figure 5. A plot of the applied diode equation in equation 1 as seen in the text re-
sulting in a J-V curve of an ideal solar cell. The maximum power can be calculated 
by multiplying the corresponding values IMPP and VMPP. It can thus be symbolized 
by the MPP (maxium power point) as indicated.24 
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cell.24 By setting the current to 0 (I = 0), the open circuit voltage under illumi-
nation can be said to be proportional to the logarithm the current density by 
 

∝ ⁄ ln ⁄ 				 3 . 
 

From equation (3), it can be seen that for an ideal solar cell based on a diode, 
plotting the VOC against the logarithm of the light intensity should yield in a 
linear plot with a slope of kT/q.24 By plotting equation 1 with the voltage as 
dependent variable, a characteristic solar cell current-voltage curve as seen in 
Figure 5 is received.24 The parameters of this characteristic curve where as-
sumed for an ideal Si solar cell. The characteristic plot shows a few important 
illustrative points, including the shape illustrative of the diode equation and 
the limiting special cases explained above for I = 0 and V = 0. The power 
output of a solar cell is given by 
 

					 4 . 
 

Due to this relationship and the relationship between the voltage and current 
characteristics for a solar cell, there is a corresponding voltage and current of 
a solar cell resulting in a maximum power output.24 Applying this observation 
to equation (4) results in 

 
					 5  

 
where MPP stands for maximum power point. However, more commonly 
within solar cell research, the power output of a solar cell is defined using the 
fill factor, abbreviated as FF. Using the current-voltage curve, the fill factor 
is defined as the ratio of the area resulting from the product of ISC and VOC as 
well as the area resulting from the product of IMPP and VMPP as seen in 
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where ISC and VOC are the short circuit current and open circuit voltage as de-
fined by equations (1) and (2). Using equations (5) and (6) yields 

 
					 7 . 

 
The fill factor is thus an experimental parameter detailing the “squareness” of 
the current-voltage curve. For a non-ideal or real solar cell, equations (4-7) are 
still applicable whereas equations (1-3) vary depending on solar cell technol-
ogy, quality of materials and device architecture. Commonly a series re-
sistance RS and/or shunt resistance RSH are introduced.24 By taking into account 
for the series resistance and assuming that the shunt resistance can be ne-
glected, equation (1) becomes 
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These resistances practically affect the fill factor in equations (6) and (7). By 
increasing the series resistance or drastically decreasing shunt resistance a so-
lar cell exhibit much lower fill factor, effectively decreasing IMPP and VMPP and 
as such the maximum power output.  

Equation (3) is commonly written with an ideality factor, nL,24, 27-30 to take 
into account that the solar cell most likely does not behave as an ideal diode 
under illumination. Equation (3) can thus be rewritten as 

 
∝ ⁄ ln ⁄ 			 9 . 

 
Non-ideal or real solar cells commonly exhibit an ideality factor in the range 
of 1 to 2 with values closer to 1 being more ideal.24 

Due to the irradiance of incident light commonly being defined in terms of 
power density in units of W m-2, it is common to define the current output in 
terms of current density by dividing the current by the active solar cell area A 
as seen by 

⁄ 					 10 , 
 

resulting in a modification of equation (7). This results in 
 

					 11 , 
 

where POut is the power density output from the solar cell. By assessing the 
incidental energy by irradiation and the maximum power output in accordance 
to the applicable equations above, the power conversion efficiency, PCE can 
be defined from 

⁄ 					 12  
 

where both η and PCE is used to denote the power conversion efficiency and 
PI is the incidental power by irradiation.24 

 
The architecture of different solar cell devices depend on the technology used. 
Names of different architectures and structures of solar cells are commonly 
derived from the nature of the junction or interface of the different layers in a 
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device. Si solar cells, for example, exhibit the p-n junction solar cell architec-
ture24, 31 as seen in at the bottom of Figure 6. In a p-n junction, there is one 
bandgap Eg which effectively limit which photons that are absorbed and can 
be converted to photocurrent. Photons that exhibit an energy lower than the 
bandgap of the semiconductor in question, cannot be absorbed due to the non-
existent energy states within the band gap. The p-n junction is formed by 
bringing differently doped layers of semiconductor together. In the case of Si, 
p-type Si can be produced by the addition of a controlled and low amount of 
acceptor impurities (or p-type dopants), and n-type Si can be produced by the 
addition of donor impurities (n-type dopants). Convenient examples of p-type 
and n-type dopants for Si are boron and phosphorus atoms within the Si sem-
iconductor crystal lattice. The boron have only three valence electrons as com-
pared to the four of Si, producing a deficiency of electrons, while phosphorus 
has five valence electrons, producing an excess of electrons.24, 31 Incorporating 
dopants into the semiconductor results in a shift of the Fermi energy. In the 
case of n-type Si doped with phosphorus, the Fermi energy is shifted towards 
the conduction band and in the case of p-type Si 

doped with boron, the Fermi energy is shifted towards the valence band. 
When these layers are joined together to form a p-n junction, a considerable 
shift in the work function will appear around the interface.24 Figure 6 further 

Figure 6. A combined schematic representing the different regions in a working p-n-
junction solar cell device in terms of doping and corresponding band diagram. 
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indicates this by a schematic band energy diagram of the p-n junction in work-
ing conditions under illumination. Under illumination, the shift of the work 
function results in a built-in potential gradient or depletion region, making it 
possible for excess charge carriers to drift, become separated and to diffuse 
towards the contacts, producing a photocurrent.24, 31 

Quite a few architectures has been opted for different solar cell technolo-
gies. A common architecture is the heterojunction24, 32-34 solar cell as seen in 
Figure 7. The heterojunction is similar to a p-n junction in that it consists of 
layers that are n-type and p-type, but different in that the n-type and p-type 
layers have different bandgaps. Commonly, this results in the n-type and p-
type layers also are of different semiconductors. In more complicated archi-
tectures, solar cell devices may contain several heterojunctions with different 
charge carrier affinities. As for p-n homojunctions, excess carriers within the 
depletion region drifts towards the majority carrier side, leading to a separa-
tion of the charge carriers. By utilizing different materials it is possible to pro-
duce solar cells with materials that are intrinsically doped and difficult to alter 
the Fermi energy for. Heterojunction solar cells are commonly applied in thin 
film solar cells34, perovskite solar cells32, 33, 35 as well as colloidal quantum dot 

Figure 7. A combined schematic representing the different regions in a working het-
ero-junction solar cell device in terms of doping and corresponding band diagram. 
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(CQD) solar cells.36, 37 Within this thesis, CQDs were used as the main photo-
absorber and as such, the concept of CQDs and CQD solar cells are further 
defined and explained in the CQD solar cell section below. 

An adaptation of the heterojunction solar cells is the bulk heterojunction36, 38 
solar cell architecture, which is often applied for solar cells built with flexible 
and/or solution processed materials. The bulk heterojunction has thus been 
mostly utilized in polymer/ organic solar cells38, 39 where polymer materials with 
photovoltaic properties similar to solid state semiconductors are used. However, 
due to the nature of the polymers, the energy states from which the electrons are 
excited to and from are the lowest unoccupied molecular (LUMO) and highest 
occupied molecular orbitals (HOMO). The absorbing polymers used in a bulk 
heterojunction solar cell are blended together, producing domains of n-type and 
p-type material. When excess charge carriers are formed due to illumination, 
these charges are transported into the respective majority carrier domain. From 
there the charges diffuse towards the contacts. As a charge carrier selective win-
dow layer is used, a heterojunction is formed with the blend. It is important to 
note that a bulk heterojunction architecture is possible for CQD solar cell de-
vices36, although this is not in the focus of this thesis. 

Lastly, a unique architecture which is quite different from the solid state 
device architecture mentioned above is the dye sensitized solar cell architec-
ture. In short, the dye sensitized solar cell device consists in part of a porous, 
wide band gap semiconductor on which a dye particle/ molecule is adsorbed. 
The dye absorbs light during illumination resulting in an excited electron. This 
is followed by injection of the electron into the semiconductor, resulting in the 
oxidation of the dye. The oxidized dye can be reduced to its former state by a 
reduced species of a redox pair in an electrolyte solution. This electrolyte is in 
many cases based on a polar liquid, which soaks the semiconductor and dye 
interface. The solar cell is then completed by connecting the electrolyte with 
a counter electrode commonly coupled with a catalyst which improves the 
conductivity.40, 41 

Quantum Dot Solar Cells 
CQD materials are unique in that they can be applied in many different archi-
tectures mentioned above, including heterojunction, bulk-heterojunction and 
dye (or QD) sensitized solar cell architectures.36 In all papers described and 
shown in this thesis, the heterojunction architecture was utilized and is thus 
further explained in accordance. While a brief explanation of what quantum 
dots are and what materials are being used within this thesis is explained more 
in detail below as well as in specific papers, it is important to note that the 
CQD materials investigated in this thesis are intrinsically p-type,36, 42 resulting 
in the Fermi energy of the materials are closer to the valence band energy 
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levels. As such, p-type on n-type heterojunction solar cells were most com-
monly investigated due to the good performance of existing transparent elec-
tron selective window layers that are available such as ZnO30, 37 and TiO2

43. A 
schematic of the layers in a typical CQD solar cell device and a schematic 
band diagram detailing the function of these layers are found in Figure 7, as 
indicated in the previous section. While Figure 7 indicate the general effect of 
doping and charge carrier sensitivity, Figure 8 indicate how the layers may be 
manifested in a physical solar cell device. In the schematic shown, an electron 
selective layer is commonly prepared on a glass substrate with a highly doped 
and highly conductive transparent contact.30, 37, 44 The specific materials cho-
sen are further detailed in the Experimental section below. 

The CQD layer is positioned on top of the electron selective layer and con-
tact where it can absorb light, typically in the wavelength range 400 to 1050 
nm. Here, it is important to note that there could be several internal junctions 
within these type of layers. Special configurations which were mentioned ear-
lier include bulk heterojunctions as well as so-called quantum junctions that 
are possible. In the case of quantum junctions CQDs with different band gaps 
are utilized to extend the depletion region of the device.36 However, the most 
common way to extend or add depletion regions in a CQD solar cell device is 
by doping the CQD surface by the use of different ligands and linkers.37, 45 
This results in the possibility to effectively dope CQD layers with a single 
average band gap to be more intrinsic or become more p-type. This results in 
the possibility to alter the properties and application of the CQDs in a solar 
cell after they have been synthesized. 

Figure 8. A typical solar cell device with the different layers shown and listed. Fur-
ther explanation of each layer is found in text. 
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In some cases a p-type hole transport material is applied between the CQD 
layer and the contact to form another heterojunction.30, 44 The hole transport 
layer is designed so that electrons are effectively blocked by an energy barrier 
to improve selective charge collection as indicated in Figure 7. In the case of 
CQD solar cells, it is common that polymers similar to the ones used for pol-
ymer solar cells are used, although there are other alternatives. A metal contact 
is commonly used on top of the CQD solar cell to create a contact with low 
ohmic resistance. 

Quantum Dots 
Quantum dots (QDs) are small nanocrystals (NCs) of semiconductor materials 
which exhibit unique optoelectronic properties due to quantum confinement 
effects.43, 46-48 The effect of quantum confinement that is the most prevalent is 
the drastic change in the band gap and thus absorption properties of a semi-
conductor. As explained earlier, this makes quantum dots interesting materials 
for solar cell applications due to band gap tuning. To explain the quantum 
effect, it is important to understand the energy band structures of crystalline 
semiconductor solids. To make the effect of quantum confinement clear and 
simple, the following discussion is rather general but simplified. 

The total energy and the wavefunction of a one electron system in an infi-
nite crystal lattice can be described and approximated by solving a hydrogen-
like Schrödinger equation for one electron.47-49 This equation/model used for 
the total energy approximation is called the Hamiltonian and is given by 
 

H ħ 2⁄ 			 13 . 
 
In equation (13), the first term represent the kinetic energy of the electron and 
the second term represents the potential energy due to interactions of the elec-
tron and coulomb interactions in the crystal lattice. In the case of an infinite 
crystal lattice, this potential energy term can be seen as periodic and an ap-
proximate solution for the resulting Schrödinger equation may be found by 
utilizing Bloch functions. One consequence of equation (13) is that the excited 
electron is not free and thus behaves as a quasiparticle with a different mass 
due to the potential energy term. It is therefore helpful to introduce the effec-
tive electron mass me

*.47-49 
By ignoring the potential term in equation (13), the purely kinetic energy 

in one dimension for an electron is given by 
 

	 ħ 2⁄ 					 14  
 

where Ekinetic(k) is the kinetic energy, ħ2 is the reduced planck constant, k is the 
momentum of the electron and me is the rest mass of the electron. Plotting the 
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kinetic energy Ekinetic as a function of the momentum k results in a parabola. 
By including the potential energy term, the plot of total energy vs momentum 
is still parabolic, but not symmetric. This can be fixed by using the effective 
electron mass instead as seen in 
 

	 ħ 2 ∗⁄ 					 15  
 
Here, the effective electron mass can be defined as being related to the inverse 
of the curvature47-49 of equation (15) as given by 
 

∗ ħ ⁄⁄ 					 16 . 
 
In three dimensions, the results are similar and the effective mass results in a 
mass tensor depending on the direction in the crystal lattice and the value de-
pend on the specific wave function as well as position in the lattice. Further, a 
similar derivation for the energy and effective mass for the quasiparticle hole 
can be made. Usually, an average material specific value for me* is used as the 
three-dimensional paraboloid is relatively isotropic when k ≈ 0. 

Whereas the approximations described above works relatively well for 
large enough crystals, certain modifications are needed for very small crystal-
lites/quantum dots.47, 48 Assume that for a sufficiently small crystallite, an elec-
tron is excited from the valence band to the conduction band forming an exci-
ton. Note that the term exciton is further explained in a paragraph below. The 
change in the band gap of a particular semiconductor can be evaluated by in-
vestigating the change in kinetic and potential energies for a simple two par-
ticle system by using the Wannier equation or Wannier Hamiltonian47, 48 as 
given by 

 
ħ 2 ∗⁄ ħ 2 ∗⁄ 4 | |⁄

	 					 17 . 
 
where |Se – Sh| is the distance between the electron and hole as described by 
their positions within the crystallite. This operator is a modified Hamiltonian 
where the first two terms signify the change in kinetic energy of the hole and 
electron quasiparticles due to the confinement to a smaller volume. The third 
term is the change in potential energy due to coulomb attraction between the 
electron and hole as a function of the high-frequency permittivity and distance 
between the charges. Polarization energies does contribute but only to a minor 
extent and can be ignored within the scope of this description. By assuming 
that the crystallite is cubic with an infinite potential outside the cube, the ki-
netic energy can be described similarly to an electron in a cubic box,50 result-
ing in the kinetic energy becoming 
 

3ħ 2⁄ ∗ 					 18 , 
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where L is the size or side length of the crystallite cube. The total energy 
change to the band gap is thus 
 

3ħ 2⁄ 1 ∗⁄ 1 ∗⁄ 2 4 ∗⁄ 					 19 . 
 
It can be noted here that there are similar derivations of the band gap shift for 
a spherical crystallite with similar relations between the shift and size resulting 
in similar interpretations mentioned here.47, 48 Important to note here is that the 
kinetic term is positive and varies with L-2 while the potential term is negative  
and varies with L-1. A schematic representation of the crystallite size and en-
ergy band gap can be seen in Figure 9. From equation (19), it can be observed 
that for materials with very low effective electron masses and high permittiv-
ities, there is a stronger quantum confinement effect. Such a material is InSb, 
resulting in large band gap shifts, even for moderately sized nanoparticles. 
ZnO, however, has relatively large effective masses for the electrons and holes 
resulting in similar kinetic and potential energy terms down towards very 
small crystallite sizes. This in turn result in a very small effect on the band gap 
shift of the material.48 Due to synthesis limitations, such materials are not 
commonly seen as a good tunable material. 

Figure 9. Schematic representation on how the crystallite size affects the band struc-
ture and increases the band gap. The bulk band gap is represented by the distance 
between the dashed lines. 
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The size at which a nanoparticle may be considered a quantum dot is com-
monly to be related to the exciton Bohr radius, given by 

 
	 ∗⁄ 					 20 , 

 
where a0 is the Bohr radius, me* is the effective electron mass, ε∞ is the high-
frequency limit of the permittivity and me is the rest electron mass.47 The ex-
citon Bohr radius relates to the spatial size of an exciton within a semiconduc-
tor material, defined as an excited electron bound to the resulting hole due to 
columbic attraction. A lower effective electron mass of an excited electron is 
directly correlated to a lower energy density of states in the conduction band 
of a material as the curvature in of the bands increases according to equation 
(16). As seen in equation (20), an increase in the permittivity of the material 
also results in an increase the exciton Bohr radius size. 

For quantum dots, when the crystal size decreases towards and below the 
exciton Bohr radius, the resulting electron-hole pair becomes confined within 
a sphere limited by the physical crystal and the resulting decrease of energy 
density of states as compared to the corresponding bulk material.47 As it is a 
calculation of the size of the electron-hole pair at the band gap, it is useful for 
distinguishing the crystallite size range where one would expect strong quan-
tum confinement. 

For solar cells, this change in the band gap of a material can be useful in 
several different ways. First, the band gap increase may facilitate the usage of 
certain materials which otherwise had unusable band gaps for solar cell appli-
cations.51, 52 Secondly, it opens up possibilities of being able to tune the band 
gap for certain architectures or configurations, which increases the possibili-
ties for optimizations not else possible. 

Another benefit of synthesizing the material in the form of NCs or CQDs 
is that high temperature phase structures that are of interest in solar cell appli-
cations may be more thermodynamically stable than the less photoactive low 
temperature phase.30, 53, 54 

Finally, the small nanoparticles are also more flexibly usable due to the 
formation of stable dispersions leading to the possibility for solvent pro-
cessing, assuming an implementation of industrial production of CQD solar 
cells. 

CQD materials are not without their issues, despite the many different 
unique properties that they exhibit. By necessity, limitations arise by assessing 
the nature of how a CQD solid film is formed. In a CQD solid film, the still 
separate NCs are connected only by linkers, resulting in a gap the charge car-
riers need to traverse between the particles. This results in a large total re-
sistance for a CQD solid film which in addition to a large amount of surface 
interfaces, limits the thickness and current output of the CQD solar cell.36 
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Another potential challenge, which might limit the utilization of CQD solar 
cells is that the most efficient CQD solar cell devices made in research labor-
atories use PbS CQDs which utilizes the toxic heavy metal Pb.37 This is further 
explored in the material section below. 

Materials 
The CQD materials used as the photo absorber that were studied and used 
within this thesis are listed below. This section is structured by a general ma-
terial description of each material followed by a slightly applied description 
of the material in its low-dimensional form. In the case of PbS, a sub-section 
is also dedicated to a brief description on the issue of toxicity of Pb. 

Note that papers I and II utilized PbS CQDs, papers III and IV utilized Ag2S 
CQDs and Paper V utilized AgBiS2 CQDs. 

PbS 
PbS is a material which has been studied extensively for the last two decades37, 

55-59, mainly in regard to its applications as a CQD material in solar cells as 
further explained below. In its bulk form, PbS is a small-band gap semi-con-
ductor with a band gap of only 0.37 eV.52 Thus, unlike other materials, the 
bulk material is rarely seen for solar cell applications. However, due to its 
relatively low effective electron mass, PbS has a relatively large band gap at 
nanocrystallite sizes that can readily synthesized with common hot-injection 
methods. 37, 46, 52 

PbS is a material with a cubic rock salt structure and like most metal sul-
fides, exhibits a very low solubility product in water, an indication of being 
much more stable than other photovoltaic materials contain Pb such as 
CH3NH3PbI3 (MAPI) perovskite.60 

PbS CQDs 
While the applicability of bulk PbS in solar cell research is practically very 
limited due to its small band gap, quantum confinement of charge carriers 
makes the material inherently interesting. The relatively large exciton Bohr 
radius changes PbS CQDs photovoltaic properties to such an extent that the 
material becomes a crucial contender within solar cell research. Due to the 
large blue shift of the band gap from 0.37 eV towards values reaching above 
1.3 eV, the distribution of energy states close to the band gap become isolated 
and enhances the confinement of charge carriers. This isolation results in the 
charge carriers becoming more long lived despite the inherent increase of sur-
face defects due to an increase in surface area related to the size of the nano-
particles. 
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The band gap (1.3 eV) of approximately 3 to 4 nm large CQDs have been 
shown to facilitate good photoabsorption for the whole visible region and part 
of the NIR region. This band gap and excellent absorption has resulted in PbS 
being an excellent contender for cheap and highly efficient CQD solar cell 
devices. 

Toxicity of Pb 
As previously mentioned, the usage of Pb could be problematic due to Pb be-
ing toxic. Historically, Pb has been used quite extensively in a wide arrange 
of applications due to availability, abundancy and having many sought after 
properties. However, the extensive mining and usage of Pb within for example 
leaded gasoline, pipes, pesticides and even lead-acid batteries in addition to 
not being part of a natural cycle and thus bio accumulate within many species’ 
food chains, has led to some cases of Pb poisoning and death. 

The toxicity of Pb has been studied in mice and for inadvertently affected 
humans. Pb poisoning leads to an increase or accumulation of the Pb concen-
tration in many parts of the human body, including the blood stream. Taking 
blood tests is therefore the most common way to detect Pb poisoning where 
the standard limit values are 10 µg dm-3 for adults and 5 µg dm-3 for children. 
In short, many parts of the body is negatively affected by Pb poisoning, in-
cluding the blood (as previously mentioned), the nerve system, and most or-
gans in the human body.61 

Severe long-time exposure to Pb is related to decreased performance in 
cognitive tests, anaemia, increased blood pressure, blood disorders and long-
term damage to brain and kidney tissue.61 

To assess possible pathways for humans being exposed to Pb which is most 
likely bound within a solar cell, it is important to assess the process of pro-
ducing such a device. In this thesis, this particular issue is not discussed in 
detail besides here to facilitate an important point necessary to be made. To 
produce a solar cell containing Pb, such as a PbS CQD solar cell or a MAPI 
perovskite solar cell, a sufficient amount of material needs to be mined from 
ore. Mining in at of itself leads to exposure and contamination of Pb towards 
the direct environment and biosphere in near contact.62 The Pb must then be 
purified and turned into the correct compound to be further used by CQD pro-
ducers and solar cell manufacturers. The solar cells are then used by costumers 
until the solar cells have degraded and swapped out/ discarded. In each of 
these steps in the life time of a Pb product, there are many ways that leakage 
of Pb to the environment may occur. Further, what happens after the product 
has been consumed is also an important issue. Are the products put on a land-
fill? Are the products properly recycled? Will the manufacturer recollect and 
recycle it? Is there another recycle system in place or is it up to customers to 
dispose the waste? While there certainly are many questions to be asked and 
issues to be assessed by using Pb in a production line it is clear that it should 
be contained as much as possible to minimize exposure to the environment. 
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By assessing life cycle analyses and potential future problems of Pb perovskite 
solar cells may indicate similar issues in utilizing PbS CQD solar cells in the 
future.60, 63, 64 

There are thus two options available, assuming CQD solar cell technology 
should be further developed and used in possible future applications. First, the 
material Pb streams should be contained by which leaks, by-products, and 
waste (including disused solar cells) should be properly taken care of in a 
closed system under a strict regulatory system. Second option is to opt towards 
more environmentally friendly metals and materials that does not need to be 
restricted in the same regards as materials containing Pb. 

Ag2S 
Ag2S is a semiconductor material which has been looked into quite exten-
sively as a photo-absorber in solar cells in the last decade, both as a low-di-
mensional material65-74 as well as applied as a thin film75. For the common 
man however, Ag2S is mostly seen as a corrosion product on silver ware, jew-
elry and other common items made from Ag metal. 

As a bulk material, Ag2S has been shown to have a band gap of about 1 eV 
with a monoclinic phase structure.76 The nature of the band gap is somewhat 
uncertain as some researchers saying that it is direct67 while others claim that 
it is indirect. 

Ag2S CQDs 
Ag2S CQDs do not exhibit as large of a band gap shift67 a PbS although this is 
not needed due to the inherently decent band gap of the bulk material of 1 eV. 
A mere band gap shift increase of 0.3 eV is needed to reach a band gap of 1.3 
eV, similar to that of PbS CQDs. 

Within the literature, low-dimensional Ag2S quantum dots have been used 
as photo-absorbers, although many methods published are very different com-
pared to CQD solar cell devices using PbS.65-74 Similarly, there are a few meth-
ods used to produce Ag2S CQDs which have not been applied to solar cell 
devices.77, 78 The many different methods result in an array of different prop-
erties reported for Ag2S QDs such as different absorption profiles. Note that 
in the scope of this thesis, two methods are showcased, one for paper III and 
one for paper IV. These two methods are shown below in the Experimental 
section and some effects of the methods on material properties are further 
showcased within the result and discussion summary of papers III and IV. 

AgBiS2 
AgBiS2 is a material which has become of interest in the last few years, mainly 
due to exceptional high absorption and photoelectrical properties.30, 79 The ma-
terial, similarly to Ag2S has a few temperature dependent phase structures.54 
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However, as Ag2S is transformed into its low-temperature monoclinic struc-
ture at lower temperatures as described above, AgBiS2 can be synthesized in 
its kinetically stable high-temperature cubic structure.30, 54, 80 The direct bulk 
band gap of synthesized AgBiS2 has been shown to be around 0.8 eV, meaning 
it is a relatively low-band gap material. 

AgBiS2 CQDs 
AgBiS2 synthesized to be NCs or CQDs have been shown to have the above 
described high-temperature cubic structure. The overall bandgap and absorp-
tion properties of AgBiS2 has a large potential to be tuned as the relatively 
large exciton Bohr radius results in a large range of quantum size effects. Even 
27 nm large NCs have been shown to have a direct band gap of 1 eV.80 Low-
ering the dimensionality of the CQDs further, it is possible to make the parti-
cles exhibit a band gap of about 1.2 to 1.3 eV.30, 80, 81 These values are close to 
the optimal band gap as defined by the Shockley-Quisser limit for a single 
band gap solar cell device.82 

Another thing to quickly note is that the material in question is tertiary in 
nature, meaning that the properties of the material change not only because of 
size effects. Other effects on material properties, especially for solar cell fab-
rication, are composition effects and entropy effects. In short, entropy effects 
entail the overall ordering of the different compounds in the structured lattice. 
If the Ag and Bi atoms in the structure of a AgBiS2 lattice are in random me-
tallic positions, the entropy is higher than if the metals are ordered in a -Ag-
S-Bi-S- configuration (in all three dimensions). Theoretical calculations has 
shown that a higher entropy may decrease the band gap of the material. Com-
paring the band gap of highly ordered natural AgBiS2 mathildite thus may 
result in different properties than synthesized nanostructured AgBiS2.81 Alt-
hough this has not been the focus in any parts of this thesis, this might be an 
important factor to consider when producing similar materials in the future.  
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Experimental 

A general detailed description of the experimental methods used in the papers 
is found below. 

Synthesis 
Hot-injection synthesis 
A set amount of metal ion M+/M2+/M3+ salt was mixed with a metal-coordi-
nating surfactant such as oleic acid and/or oleylamine in a three-necked flask. 
In some cases octadecene was also used. The mixture was then degassed using 
a vacuum pump for 10 to 15 mins until no more bubbles were visible. The 
mixture was then set in an oil bath on a hot-plate coupled with a thermo-ele-
ment. The temperature of the oil bath was then set to 100 °C for the solute to 
dissolve properly and to remove any formed anion side-products if possible 
by flushing with inert N2 gas. During the waiting time hexamethyldisilathiane 
(HMDS) was prepared by diluting a set amount in 5 mL degassed octadecene 
and heated to 80 °C. The HMDS was then swiftly injected into the flask. Fig-
ure 10 shows a schematic representation of the system, taken from Paper IV. 
All reactions were otherwise done in ambient surroundings in a fume-hood. 
After the injection, nanoparticles were formed by simultaneous nucleation fol-
lowed by growth. The product was then removed from the oil bath within 1 
min of injection and slowly cooled to room temperature. The dispersion was 
transferred to centrifugation tubes and were precipitated with anti-solvent 
such as acetone. The sedimenting particles were then centrifuged at relatively 
low speeds (4000 to 6000 rpm) for 5 to 10 mins. Toluene was added to wash 
the particles further from excess surfactants and reaction solvent, followed by 
acetone once again. After centrifugation, the particles were washed once more 
resulting in a black powder product which was weighed and dispersed in a 
non-polar solvent such as octane or toluene. Finally, the particles were filtered 
using a 0.2 µm filter and stored in dark conditions until further used. 
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Heat-up synthesis 
As this method was used for only Paper III, the details are more specific. 4 
mmol of AgNO3 was added to a three-necked flask together with 40 mL do-
decanethiol which acted as surface ligand and S source. The mixture was de-
gassed for 10 to 15 mins until no more bubbles were visible. An oil bath was 
pre-heated to 210 °C and the flask was added to the setup. The temperature of 
the oil bath as well as the temperature inside the flask were measured. As the 
flask was added the temperature of the oil bath decreased about 10 °C to 200 
°C, which was then set as the temperature of the reaction. As the metal pre-
cursor heated up it dissolved. At about 110 °C, all of the precursor had dis-
solved and the solution was red. At about 140 ° the solution turned yellow, 
after which it once again darkened and turned black. The reaction time was 

Figure 10. Synthesis setup for a typical hot-injection reaction. 
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set to 20 mins. The reaction was cooled down to room temperature naturally 
and transferred into centrifugation tubes. An ethanol-methanol mixture was 
used as anti-solvent to precipitate the particles. The mixture was centrifuged 
at 5000 rpm for 5 mins after which the supernatant was poured off and the 
particles were dispersed in toluene. New anti-solvent was added and the par-
ticles were once again centrifuged, separated from the supernatant and dis-
persed once again. This process was repeated once more and the resulting 
black powder was dried under vacuum and weighed. The product was then 
dispersed one final time in octane and filtered using a 0.2 µm filter and stored 
in the dark until further use. 

Solar Cell Fabrication 
In the following sub-sections below, the fabrication process is briefly de-
scribed for the different solar cell device layers introduced in Figure 8 as most 
CQD solar cell devices fabricated in this thesis generally have the structure 
shown. The exception is the CQD solar cell devices made in papers I and II 
which do not have a distinct hole transport layer. 

Substrates and transparent contacts 
In Paper I, a 1.3 µm thick polyethylene naphtalate (PEN) film was used as a 
substrate which was covered with spin-coated Ag-NWs (Ag-nanowire) as a 
transparent contact. Indium-doped tin oxide (ITO) as a transparent contact on 
a glass substrates were used for standard solar cell devices for comparison, see 
paragraph below for details. The PEN substrates were prepared by coating a 
2.5 by 2.5 cm glass slides with a thin layer of polydimethylsiloxane (PDMS). 
The PDMS layer was prepared by spin-coating a mixture of base and curing 
agent with a weight ratio of 10:1. The film was curated at 70 °C for 1 hr to 
produce the substrate support. The PEN film was then stretched on top and 
adhered to the PDMS via van der Waals forces, making it easy to peel off at a 
later time. Commercial Ag-NW ink was diluted in isopropanol to 5 mg mL-1 
and spin-coated on top of the PEN layer followed by sintering at 150 °C for 
20 mins under N2. This produced a thin PEN substrate with a Ag NW network 
on top with a removable support. 

In papers II and V, ITO covered glass was used as a substrate and transpar-
ent contact for all solar cell devices, as well as in comparison devices in paper 
I. In Paper III and IV, fluorine-doped tin oxide (FTO) covered glass was used 
as a substrate and transparent contact. The ITO and FTO covered glass sub-
strates in papers I-V were prepared by first cutting the substrates into 2.8 by 
14.4 cm slides. The substrates were then covered with tape to only expose an 
area 6 mm wide length-wise. The exposed area was then etched using metallic 
Zn powder and a 2 M HCl aqueous solution to remove ITO/FTO. This process 



 39

was carried out for all devices to avoid short-circuit through contact penetra-
tion during characterization. The substrates were thoroughly rinsed and the 
tape removed. The substrates were then cut into 2.8 by 2.4 cm pieces and 
washed. The washing was carried out by covering the substrates with acetone 
and ultra-sonicating them for 20 mins followed by rinsing them off in deion-
ized water. This step was then repeated with ethanol and deionized water. Fi-
nally, the substrates were stored until further used. 

Electron Transport Layer 
ZnO nanoparticle electron transport layers were produced either without or 
with a dopant. Dopants such as aluminum and magnesium were used within 
Papers I and II respectively, further denoted as AZO and MZO. Undoped ZnO 
electron transport layers were used in papers IV and V. 

To produce a ZnO electron transport layer, a ZnO nanoparticle sol was first 
synthesized. In a typical synthesis, 10 mmol Zn(Ac)2 x 2 H2O was added to a 
three-necked flask together with 20 mL ethanol. If the nanoparticles were 
doped, 1 mmol of Mg(NO3)2 or 0.5 mmol Al(NO3)3 were added for MZO and 
AZO respectively. The mixture was then added to an oil bath and then heated 
to 80 °C. The flask was connected to a cooler as to not boil and evaporate the 
ethanol. The system was otherwise open towards ambient to let the Zn react 
with oxygen. After about 30 minutes reflux at 80 °C, 0.61 g of ethanolamine 
was added through injection via syringe. The mixture immediately dissolved 
to become a sol and nanoparticle growth was facilitated over 3 hrs, while still 
keeping the reaction at 80 °C. The resulting sol was then cooled down to room 
temperature and collected in a 20 mL vial, otherwise stored under ambient 
until further use. 

The washed ITO or FTO substrates were first treated with UV-ozone for 
10 minutes. The sol was then applied as an electron transport layer by spin-
coating a layer on top of an ITO or FTO covered glass substrate at 3000 rpm 
for 30 s. A ethanol-soaked cotton swab was used to remove 2 to 3 mm of the 
spin-coated film to make a contact. The film was then sintered on a hot plate 
at 200 °C (ITO) or 350 °C (FTO) for 1 hr.  

In paper III, TiO2 electron transport layers were made by a spray pyrolysis 
method. A solution consisting of 0.2 M Ti(IV)(C3H7O)4 and 2 M acetylacetone 
in isopropanol was sprayed on FTO covered glass at 550 °C. After 1 hour of 
sintering, the substrates were cooled down to room temperature and then sub-
merged in a 0.12 M TiCl4 aqueous solution in a glass container. The container 
with substrates was then heated to 70 °C for 1 hr in an oven, rinsed in deion-
ized water and sintered in a high-temperature step-wise oven at 500 °C for 1 
hr. 
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Quantum Dot Layer 
The quantum dot layer in all papers shown is the layer which absorbs sunlight 
and converts the photon’s energy to electrical energy according to the photo-
voltaic effect. In this study, two distinguishable methods were used to produce 
uniform layers of quantum dots for efficient energy conversion: Layer-by-
layer method and an ink method. The common theme between the methods 
are that both are solvent processable and thus carried out in using liquids at 
ambient conditions. 

Both methods utilizes special molecules called linkers. Linkers are mole-
cules that have the property to bind nanoparticle together, decreasing the dis-
tance between each particle. This makes it possible to pack CQDs close to-
gether into thin films. An interesting property that follows is that when the 
film is formed, it is practically in solid state and difficult to remove using any 
solvent. This results in the possibility to add further layers by repeating this 
step several times. This is an important feature for both the layer-by-layer 
method and the ink method described below. 

Layer-by-layer 
Although the layer-by-layer method is used in papers III to V, it is described 
first, as the ink method can be seen as derived from the layer-by-layer method. 
The layer-by-layer method can be schematically described in Figure 11. The 

Figure 11. Step-by-step procedure following the layer-by-layer method. Further de-
tails in the text. 
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as-synthesized CQDs are usually diluted and filtered using a 0.2 µm filter. The 
dilution varies depending on the CQD material. PbS CQDs commonly use 50 
mg mL-1, while Ag2S and AgBiS2 CQDs use lower concentrations such as 20 
mg mL-1. Substrates sintered with an electron selective material are further 
prepared by UV-ozone treatment for 10 minutes before put on top of the chuck 
of the spin-coater. Step 1 in Figure 11 involves applying 50 to 110 µL of CQD 
dispersion. The amount does depend on the concentration as well as solvent. 
A solvent with a higher evaporation rate or exhaust commonly need a larger 
volume to avoid the solvent drying too fast, leading to bad coverage of the 
substrates and uneven films. Step 2: The dispersion is then spin-coated at 1500 
to 2500 rpm for 20 seconds. This results in the solvent evaporating, leaving a 
thin film of poorly connected CQD particles. Step 3 involves adding the afore-
mentioned linker solution. 200 to 400 µL of linker solution of an appropriate 
concentration in a polar solvent which is added and spread out, soaking the 
CQD film. The concentration varies depending on the linker. For example, 
TMAI has a low solubility in methanol (linker solvent) resulting in concentra-
tions of about 1 mg mL-1 being possible. TBAI has higher solubility, making 
it possible to make linker solutions with concentrations of 10 mg mL-1. 1,2-
ethaneditiol (EDT) is quite toxic, potent and foul smelling, resulting solutions 
with 0.01 vol-% in acetonitrile being most common. Step 4: The CQD film is 
soaked for 30 seconds, resulting in a ligand exchange between the long carbon 
chain ligands and the linker. Step 5: the polar solvent and excess linker is spun 
off. The resulting CQD solid is now formed. Finally, step 6 involves washing 
the CQD solid film with polar solvent two to three times to clean it from any 
residual ligands and linkers. Usually, the washing solvent is the same as the 
linker solvent. Steps 1 through 6 are then repeated until a wanted thickness is 
achieved, as the name layer-by-layer implies. Sometimes, solar cell devices 
are produced with different layers with different linkers. In such architectures, 
it is common to create layers using an iodide linker followed by layers using 
the EDT linker. This is further explained in the above section describing the 
CQD solar cell. 

Inks 
The application of the CQD solid via an ink is utilized in papers I and II. CQD 
inks have become more common for the fabrication of PbS CQD solar cell 
devices as compared to the conventional layer-by-layer method. The benefit 
of inks instead of the layer-by-layer method is that the ligand exchange occurs 
completely in liquid phase, leading to a more complete exchange. Another 
benefit is that inks may also contain fewer aggregates, resulting in flatter, 
smoother films with fewer pin-holes, in turn resulting in overall better devices. 
A third benefit is that a majority of the CQD material is applied in one spin-
coating step, reducing the waste compared to the layer-by-layer method. 
While the CQDs in the octane suspension is stabilized by steric ligands, the 
ink CQDs are stabilized by the repulsion of the surface charges. Spin-coating 
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the ink can then facilitate a one-time deposit of CQD material to form a dense 
CQD solid film. 

Figure 12. Step-by-step procedure to produce a CQD ink for the fabrication of PbS 
CQD solar cells. Further details in the text. 
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Figure 12 shows a schematic for producing a CQD ink for solar cell appli-
cations with as-synthesized PbS CQDs in octane as a starting material. Paper 
specific conditions are detailed in the papers below. Here, a basic recipe is 
applied for production of 200 µL ink. 

In step 1, the new surface ligands are prepared by diluting them in a polar 
solvent such as 5 mL dimethylformamide (DMF) in a 20 mL tube or glass 
vial. It is important that this polar solvent should be able to dissolve the new 
ligands as well as be completely immiscible with the solvent of the as-synthe-
sized CQDs, commonly octane. Typically for PbS CQDs, 0.1 M PbI2 and 0.04 
M ammonium acetate is used. In second tube/vial a 7 to 10 mg mL-1 dispersion 
of as-synthesized PbS CQDs in 5 mL octane are prepared. The diluted disper-
sion is then filtered using a 0.2 µm filter. In step 2, the CQD dispersion is 
added to the tube containing the PbI2 and ammonium acetate solution forming 
two immiscible liquid phases. Step 3 involves simply mixing the mixture us-
ing a vortex for approximately 10 mins to facilitate ligand exchange. In this 
step, the long carbon chain ligands are exchanged for polar PbI2 and ammo-
nium acetate ligands. This causes the PbS CQDs to become dispersed in the 
DMF liquid phase instead, leading to the carbon chain ligands to be left behind 
in the octane phase. In step 4, the tube is put down to settle so that the liquids 
may separate into different phases again. Step 5 is to simply remove the upper 
octane phase from the system, removing the previous ligands from the system. 
This is followed by steps 6 to 9, which may be seen as a series of washing 
steps as 5 mL octane is added to the tube, the mixture is once again vigorously 
mixed using a vortex for a few minutes and followed by the removal of the 
upper phase once again. Steps 6 to 9 are then repeated twice more to thor-
oughly wash the CQDs. Step 10 is to add toluene to the DMF dispersion. Tol-
uene is miscible with DMF but the now polar CQDs are not soluble in the new 
anti-solvent solution resulting in the CQDs precipitating. The precipitation 
process is set to occur over a time period of about one hour as seen in step 11. 
Step 12 is then to remove the majority of the upper phase, leaving about 1 mL 
with the precipitated CQDs at the bottom of the vial/tube. Step 13 involves 
transfer of the newly formed aliquot to a smaller previously weighed tube be-
ing able to hold about 1.5 mL. Step 14 involves centrifuging this tube at about 
4000 rpm for 5 minutes to produce a pellet with the polar CQDs. Step 15 is to 
dry the pellet in vacuum for 30 minutes followed by weighing. Finally, in step 
16, the CQDs are dispersed in butyl amine to make a 200 mg mL-1 ink. 

The as-produced ink described above can then be used to make a CQD solid 
film for solar cell applications as described in papers I and II. The CQD ink is 
applied by spin-coating it at 1000 to 1500 rpm for 30 seconds on a previously 
prepared substrate with a selective electron transport material and undergone 
UV-ozone treatment. The formed CQD solid film is then heated in an oxygen-
free environment between 50 to 70 °C for 10 mins.  

Commonly, two more layers of CQDs are deposited using CQDs dispersed 
in non-polar solvents following the steps for the layer-by-layer method. Here, 
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EDT is used as a linker to improve the depletion region of the solar cell device. 
Similarly as said in the section for the layer-by-layer method, this usage of 
different linkers is described further in the section on CQD solar cells above. 

Hole transport layers and contacts 
Hole transport layers are sometimes necessary to facilitate efficient charge 
collection to produce a sufficiently high current. Much like many other layers 
in CQD devices, the hole transport layers are thin and can be made from flex-
ible materials. Below follows a short description of the different hole transport 
materials (HTM) used and how they were applied. 

In papers I and II, no additional hole transport material was used other than 
is described in the sections above. The reason for this, is that for PbS CQD 
solar cells, a more p-doped CQD region is sufficient for sufficient charge ex-
traction. In the quantum dot layer section above, this p-doped region is pro-
duced using the EDT linker as described. Further details are found under the 
CQD solar cell description above. 

In paper III, several hole transport materials were used, such as poly(3-
hexylthiophene-2,5-diyl) (P3HT), N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-
methoxyphenyl)-9,9′-spirobi 9H-fluorene-2,2′,7,7′-tetramine (spiro-
OMeTAD) and poly((2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl)-2,5-
thiophenediyl) (TQ1). All materials were applied through spin-coating a film 
on top of the CQD layer. P3HT was prepared by dissolving 10 mg in 1 mL of 
chlorobenzene by heating the mixture at 70 °C. The dissolved polymer was 
then applied by spin-coating 70 µL on the CQD solid film at 3000 rpm for 30 
s. The TQ1 film was prepared similarly but was more dilute at 1 mg mL-1. A 
70 mM spiro-OMeTAD solution was prepared by dissolving 25.74 mg spiro-
OMeTAD in a 0.2 M tert-butylpyridine solution in chlorobenzene. 21 µL of a 
0.6 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) solution in ace-
tonitrile was added followed by 6.6 µL of a 33 mg mL-1 tris(2-((1H-pyrazol-
1-yl)-4-tert-butylpyridine)cobalt(III) TFSI) solution also dissolved in acetoni-
trile. 

In paper IV, mainly P3HT was used, although TQ1 was also tested as ac-
cording to paper IV’s SI. The hole transport layers were prepared similarly to 
the respective layers in paper III.  

In paper V, mainly P3HT was used again, applied similarly to the descrip-
tion above for paper I. 

The last layer applied on solar cell devices were contacts. The contacts were 
applied in a pattern to produce four spots to be measured per device, matching 
a custom solar cell device measurement holder. The contacts for all papers 
were made by thermally evaporating 50 to 80 nm Au on top of the solar cell 
device. 
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Characterization 
CQD dispersions, CQD solid films and CQD solar cell devices were all char-
acterized by different techniques listed and briefly described below. Other 
characterization methods used within some papers were used and analyzed by 
other researchers and are thus excluded from this list. 

Light Transmission/ Light Absorption Spectroscopy 
Light absorption in the wavelength range 200 to 1100 nm was performed to 
assess the overall absorption properties of CQDs and CQD solid films and any 
particular absorption features that the CQDs exhibit. While it does give the 
observer a good indication of the quality, band gap estimations from light ab-
sorption spectra aren’t always as straight forward as for bulk materials. This 
is due to the apparent shift of the absorption edge when the concentration is 
changed and that the band gap of the materials studied had band gaps just 
below the detection limit of the detector used. Details entailing sample con-
centrations and other instrumental information can be seen in each specific 
paper. In short, dispersion samples and CQD solid film samples were put in a 
sample holder. Light from a halogen lamp and a deuterium lamp was trans-
ferred via an optical fiber through the sample. The light that was transmitted 
through the sample was transferred through a second optical fiber to a photo-
detector. The resulting signal from the detector was then sent to a computer 
terminal in which sample data was collected and saved. 

Photoluminescence Spectroscopy 
Due to the band gap of the materials studied being in the near infrared region 
of the light spectrum, photoluminescence was utilized to assess a limit to how 
low the band gap is and for very luminescent materials, assess the overall 
quality. For a typical measurement the sample was diluted to 0.25 mg mL-1 in 
its solvent in a 4-way quartz cuvette. The CQDs that were measured were 
usually dispersed in octane, a non-polar solvent suitable for photolumines-
cence measurements as it commonly doesn’t quench the signal. The cuvette 
was set in a sample holder. The light source used was a Xe lamp and the light 
beam was transferred through an excitation monochromator to achieve a cer-
tain excitation wavelength, commonly set to 585 nm. The resulting green light 
was then split using a beam splitter, from which part of the light was sent to a 
reference detector. The second beam is transmitted through the sample facili-
tating excitation and consequential emission. The emission was then trans-
ferred through an emission monochromator. The emission monochromator 
was used to facilitate a wavelength dependent spectrum by changing the out-
put wavelength of the monochromator over time. The emission output from 
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the emission monochromator was then transferred to an infrared photodetec-
tor. The spectral range of the emission which was analyzed was commonly 
850 to 1100 nm. 

Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) was used to visualize the cross-section 
thickness or surface sub-microstructures in solar cell devices. Samples were 
prepared slightly differently depending on the kind of measurement. For 
cross-section samples, the samples were full solar cell devices that were care-
fully cut through all layers of the device. The sample was then glued on a 
sample holder with the fresh cut pointing upwards from the holder. The holder 
was added to the instrument’s sample chamber and put under vacuum. 

An electron gun emitting a 5 kV electron beam was focused on to the sam-
ple. By detecting secondary electrons hitting the electron detector an image of 
the sample was produced. Different materials are affected differently by the 
electrons resulting in a fluctuation in the color seen in the resulting image. By 
assessing the different colors in the image, different layers in a cross-section 
image may be determined in accordance to the order of each layer applied. 

Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) was used to visualize the as-syn-
thesized CQDs that were used. By using TEM, it was possible to visualize 
separate CQDs and assess their average size and overall polydispersity. Sam-
ples were prepared by diluting the CQD dispersion to very low concentrations, 
such as 0.1 mg mL-1. The diluted dispersion was then drop-casted on top of a 
copper grid commonly used as a conductive substrate in TEM. The images 
taken by using by an electron beam emitted at 200 kV using an electron gun. 
The electrons interacting with the sample transmit through the sample grid and 
depending on the mode, refocused on to a detector/ image screen. 

Fourier Transform Infrared (FTIR) Spectroscopy 
Solid state Fourier transform infrared (FTIR) transmission spectroscopy was 
used in some papers to assess the efficiency of ligand exchange for the pro-
duction of CQD solid films. CQD solid film samples were prepared by ligand 
exchange from a long steric organic ligand containing carbon using to an in-
organic linker. The measurements from these samples were compared to a 
sample that only had the as-synthesized CQDs with the long steric organic 
ligands. The CQDs were spin-coated on CaF2 substrates were used as a win-
dow due to its non-absorptive properties in the infrared. Due to the nature of 
the samples, the measurements were conducted under vacuum conditions. 
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Currrent-Voltage (J-V) Measurements under Simulated Solar 
Light 
A solar simulator was used when measuring the solar cell PCE. The sample 
was always a complete solar cell device as explained above and was measured 
using a sample holder to facilitate proper contact between the solar cell and 
probing electrode to avoid scratching and damage to the thin films. The light 
source used was a Xe lamp and the intensity of the irradiation was calibrated 
using a reference Si diode with a known current output in AM 1.5 global con-
ditions. By screening the applied voltage over a solar cell specific range at 5 
to 10 mV steps, a J-V curve was achieved. The scan speed depended on the 
solar cell and thus further specified in the papers below. From the performance 
of a solar cell device, the solar cell parameters were determined and a PCE 
was calculated. 

MPP tracking and long-term solar cell stability was also determined using 
the solar simulator system. In the case of MPP tracking, a different software 
was used, capable of keeping the device at the maximum power point and 
outputting the resulting solar cell parameters at the maximum power point 
over time. Long-term storage stability was measured by simply repeating the 
solar cell PCE measurements as detailed in the previous paragraph at different 
set occasions and plotting the data over time. 

Solar cell devices were also measured at different light intensities in differ-
ent papers to assess whether the devices could make use of all photons at 
higher intensities. This was done by plotting the short circuit current density 
against the light intensity. According to equation (2), this should result in a 
linear relationship. By plotting the open circuit voltage against the light inten-
sity the light could also be calculated according to equation (9). 

Incident Photon-to-Current Efficiency (IPCE) 
Incident photon-to-current efficiency was measured to assess the solar cells’ 
spectral response by measuring the relative efficiency of the current output as 
a function of irradiance wavelength. The range measured was similar to the 
spectral absorption as indicated by light absorption spectroscopy, typically 
300 to 1100 nm. 

In a typical experiment, a solar cell device was inserted in a sample holder 
behind a mask to control the amount of light absorbed by the sample. The light 
source used was a Xe lamp connected to a monochromator to control the 
wavelength. The monochromator was connected to a filterwheel, in turn con-
nected to a computer terminal. The light emitted from the monochromator and 
filterwheel was then split using a beam splitter with part of the light hitting a 
reference Si diode. The rest of the light was transferred to the sample behind 
the mask. The sample and reference diode were connected via contacts and 
wires to an acquisition device, transferring the signal back to the computer. A 
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second reference Si diode was used for calibration in the place of the sample 
before each experiment. 

Electron Lifetime/ Transient Photo-Voltage Decay 
Electron lifetime was assessed at different light intensities by transient open 

circuit voltage decay measurements. The measurements were conducted by 
radiating a solar cell device with an LED lamp diode connected to a controller. 
By using a Si reference solar cell with a known current density output, the 
intensity of the lamp was calibrated at 5 different intensities at 1, 0.75, 0.5, 
0.25 and 0.1 suns. The intensity of the lamp was controlled by changing the 
bias voltage across the LED lamp resulting in a calibration curve relating the 
bias voltage applied with the light intensity and the current density output of 
the Si reference solar cell.  

Transient photo-voltage decay measurements were then conducted by fluc-
tuating the voltage bias by 0.1 V around each calibration point at a frequency 
of 25 to 100 Hz resulting in a square wave with an amplitude of 0.2 V (LED 
bias) with the midpoint being the light intensity resulting in the VOC expected 
at the calibration points. By illuminating, the solar cell device sample and 
fluctuating the illumination intensity and measuring the voltage response sig-
nal, the voltage decay could be assessed and an electron lifetime could be ap-
proximated by using the bi-exponential function 

exp ⁄ exp ⁄ 					 13  
where VOC is the open circuit voltage, A1, B1 and C1 are constants, t is decay 
time and τ1 and τ2 are electron lifetimes. Commonly, the faster electron life-
time is plotted as it controls the recombination rate of the solar cell. 

Electron Transport/ Transient Photo-Current Decay 
Using a similar setup as for the electron lifetime above, the electron transport 
was measured for solar cell devices at different light intensities. For electron 
transport, the short transient circuit current decay time was measured instead, 
resulting in an indication how long charge carriers last in a device and how 
long they take to reach the contacts. The electron transport can be extracted 
by fitting the exponential function 

exp ⁄ 					 14 , 
where JSC is the short circuit current and A2 and B2 are constants, t is the cur-
rent decay time and τT is the electron transport, to the current decay curve. 

X-Ray Diffraction (XRD) 
X-ray diffraction measurements were performed and compared to previously 
reported data to confirm that the CQD materials produced were those materi-
als with similar crystal structures. A typical sample was commonly prepared 
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by drop-casting a relatively concentrated droplet of CQDs in its own solvent 
on a glass substrate. The concentration was typically above 60 mg mL-1 and 
the volume 100 µL. The solvent was then slowly let to evaporate off leaving 
a thick film of CQDs. The sample’s diffraction pattern as a result from the 
material’s inter-lattice distances was then measured by irradiating it with a Cu 
Kα radiation source with a wavelength of 0.154059 nm. The angular range 
varied a bit depending on the paper but was typically 10°-80° measured in 2θ. 

X-Ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy was used to assess the relative amounts of 
different elements in the CQDs and CQD solid films. Samples were prepared 
by spin-coating a few layers according to the layer-by-layer or ink method 
explained previously. The samples were then put inside the sample chamber 
and put under vacuum. An Al Kα source was used to excite the electrons 
which after emitted from the sample and transferred into a detector. The re-
sulting element specific signals in the spectra were then used to calculate the 
atomic ratios of each element for a particular CQD solid film. This was done 
by integrating the area underneath background corrected and fitted peaks and 
using relevant relative sensitivity factors of each element to calculate the cor-
rect relative areas. 
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Paper I and Paper II: Development of Highly 
Efficient PbS Quantum Dot Solar Cells 

Introduction 
In this section, results, discussion and conclusions from papers I and II are 
summarized. In both papers, the PbS CQD solid film was applied using the 
ink method generally described in the experimental section above. 

In paper I, PbS CQD solar cells were produced using ultra-thin flexible 
substrates to facilitate high power-per-weight solar cell devices. Such devices 
are thought to extend the usage of CQD solar cells with applications were low 
weight and/or flexibility is a crucial factor. 

In paper II, PbS CQD solid films incorporating a shell of CsPbI3 perovskite 
around the PbS CQDs to facilitate improved PCE and stability of CQD solar 
cells. 

Paper I: Lightweight Solar Cells 
Background 
Using PbS CQDs as a photovoltaic material in solar cell devices has good 
industrial potential, toxicity notwithstanding. By producing the CQDs under 
relatively low-temperature conditions (less than 100 °C), and the particles be-
ing suspended in a liquid, it is possible to create sub-micron thin films with a 
maximum PCE above 11 %.37 Other layers within CQD solar cell devices are 
also generally thin, which increases the potential for such devices to be used 
in light weight application such as spacecrafts, aircrafts and applications 
where portability is crucial. Si solar cells, in comparison, uses thick brittle 
wafers that are installed using huge and heavy frames with glass. However, 
many CQD solar cells are also produced using glass substrates that are several 
millimeters thick, making the solar cells more brittle and heavy than they need 
to be. Due to the PbS CQDs being produced are suspended in a liquid, and 
that the particles are nanocrystalline in nature, producing the solar cells on a 
light-weight and flexible substrate is possible. 
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Flexible substrate 
Looking at the architecture of a more standard PbS CQD device as seen in 
Figure 8, it is important to note that the glass substrate commonly has a built 
in electrode. This means that exchanging the glass substrate, two layers are 
effectively swapped out, the rigid glass substrate and the electrode. By ex-
changing the glass for a 1.3 µm thick polyethylene naphtalate (PEN), the total 
thickness of such a PbS CQD device would be less than 2 µm thick, which 
would result in a high PCE, high power-per-weight solar cell. Due to the thin-
ness of the PEN substrate, the solar cell was built on top of a support consisting 
of a PDMS film on glass support. The PDMS layer works as an adhesive for 
the PEN substrate via van der Waals force, giving the solar cell fabrication 
process the necessary rigidity it needs. At the same time, the weak van der 
Waals forces makes it easy to remove the substrate from the support by peel-
ing it off. A more detailed description is found in the experimental section 
above.  

Ag-NW 
As described in the previous section, the glass can relatively easily be swapped 
out for a flexible plastic substrate to minimize the brittleness and weight. 
Looking at other layers within a typical CQD device, other layers are already 
durable and flexible due to their nanocrystalline nature or being made out of 
polymers. Thus, to keep the solar cell flexible, a highly conductive material 
that is flexible and durable is needed, excluding materials such as ITO. At the 
same time, the electrode is also needs to act as a window as it is between the 
substrate and the light absorbing PbS CQDs as well as be light-weight and 
thin to keep the power-per-weight high. One such material that fulfills these 
criteria suitably is Ag-NWs. Ag-NWs can be used to make a solvent processa-
ble, thin, transparent, conductive, flexible film. 

Power-per-Weight 
Using the criteria mentioned above it is possible to make a durable and stable 
CQD solar cell with a large power-per-weight output. Power-per-weight is a 
parameter used to assess how much energy can be produced per kilogram of 
weight of the solar cell devices. For solar cell devices, it is important to cal-
culate the weight for all layers in the device, including the substrate as it is 
commonly used for the solar cell’s applications.  



 52 

Results and Discussion 
PEN and Ag-NW Substrate 

The as-produced PEN foil substrates with Ag-NWs were investigated by com-
paring their transparency with conventional ITO substrates as seen in Figure 
13a. The PEN/Ag-NW substrates show a high light transmittance of 80 %, 
indicating a good fit with the visible light and NIR absorbing PbS CQDs. Fur-
ther, resistivity measurements were carried out on substrates with Ag-NWs to 
evaluate the conductivity of the substrates at different levels of deformation. 
As seen in Figure 13b, the conductivity of Ag-NW films compressed by up to 
60 % were still comparable with non-compressed films, indicating the NWs 
are still intact and thus showcase high flexibility and durability. 

CQD Solar Cells 
The solar cell performance of the ultra-flexible and lightweight solar cells pro-
duced as indicated in Figure 14a with solar cell parameters shown in Table 1 
was 9.9 %. This performance is similar to the performance on solar cell  

Figure 14. (a) J-V curves of the different devices depending on substrate and contact 
combination. Table 1 shows the solar cell parameters of these cells. (b) IPCE spectra 
of the same devices shown in (a). 

Figure 13. (a) Transmittance of different transparent layers and combinations. (b) 
Relative conductivity of a deposited Ag-NW film on a PEN substrate at different 
compression states. 
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Table 1. Photovoltaic performance of the best CQD solar cells fabricated using dif-
ferent substrates. 

Substrate VOC (V) JSC (mA cm-2) FF PCE (%) 

Glass/ITO 0.65 25.7 0.65 10.8 
Glass/ Ag-NWs 0.64 24.4 0.62 9.7 
PEN/ Ag-NWs 0.64 24.6 0.63 9.9 

 
devices constructed using the glass/Ag-NW with 9.7 %. Finally the perfor-
mance of the glass/ITO solar cell was 10.8 %, which indicates that the devices 
containing Ag-NWs performed impressively well. Figure 14b shows the solar 
cells’ IPCE, further indicating a decent PCE over the spectral range. 

Figure 15. (a) Illumination stability over a time period 290 mins. The light was then 
switched off for 10 mins and then turned on again. (b-e) Long-term storage stability 
of PCE, voltage, current density and FF, respectively. 
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The illumination stability of the solar cell devices were done by measuring the 
solar cell parameters under AM 1.5 100 mWcm-2 illumination. The resulting 
evolution of the parameters is shown in Figure 15a during 290 minutes, where 
the flexible solar cells showed little to no deterioration. The solar cell was 
relaxed under dark conditions for about 10 minutes after which it showed sim-
ilar performance once the light was turned on again. Long term storage stabil-
ity was also assessed as seen in Figure 15(b-e) where unencapsulated CQD 
solar cells were measured on selected dates over a longer period of time of 35 
days. The flexible device showed a slow deterioration resulting in a 85 % per-
formance as compared to the device measured on day one. 

Flexibitity and Durability of Solar Cells 

The durability and flexibility of the ultra-thin devices were tested by measur-
ing the performance in different compressed states of the devices. The devices 
were compressed to states using an elastomer support by which their total ar-
eas were decreased in 5 to 10 % steps of the stretched out state as shown in 
Figure 16a. The devices’ performances were then measured and are shown in 
Figure 16b. An assessment of the solar cell parameters as seen in Figure 16c 
the measurements showed low or no decrease in the open circuit voltage or 
fill factor of the devices up to compressions of 40 % of the device. In this 
region, the short circuit current decreased linearly indication a decrease of the 
power output mainly due to the decrease in the area of the device.  

Figure 16. (a) J-V curves of the different stages in one cycle of 30 % compression. 
(b) Normalized PCE for different amount of compression cycles of 30 % compres-
sion. 
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At higher compressions, the device performance started to decrease, which 
may be due to cracks in the least flexible layer of the device, the 80 nm Au 
layer. Devices which were compressed by 30 % were further tested to analyze 
the durability. The flexible solar cell device was measured in a non-com-
pressed state followed by measurement in a compressed state. The device was 
then measured in a once again stretched out state. The J-V curve for such a 
cycle is seen in Figure 17a. This cyclic process was repeated 40 times and the 
solar cell device performance is shown in Figure 17b. The decrease in perfor-
mance of the flexible device was less than 20 %, and attributed to the afore-
mentioned cracks in the Au electrode. 

Table 2. Photovoltaic parameters and power-per-weight values of different light-
weight solar cells in literature. 

Solar Cells* VOC (V) JSC (mA cm-2) FF PCE (%) 
Power-per- 
Weight (W g-1) 

Perovskite Solar Cell83 0.926 17.6 0.73 11.9 22.88 
α-Si/nc-Si84, 85 1.26 10.04 0.64 8.12 0.135 
CdTe86 0.765 20.9 0.71 11.4 2 
CIGS on PI87 0.712 34.8 0.757 18.7 3.04-3.12** 

α-Si88, 89 0.888 14.3 0.7 8.8 0.125-0.957** 

InP90 0.62 29.6 0.55 10.2 2 
Poly-c Si91 0.654 38.1 0.795 19.8 0.322 
Mono-c Si91, 92 0.696 42.0 0.836 24.4 0.3965 
3-mil Si93*** - - - 14.1 0.676 
InGaP/GaAs93*** - - - 20.9 0.319 
InGaP/GaAs/Ge93*** - - - 23.9 0.360 
CIGS (on glass)34 0.712 36.1 0.779 20.04 0.0264 
Organic Solar Cell94 0.58 11.9 0.61 4 10 

CQD (this work) 0.64 24.6 0.63 9.9 15.2 
*Here, c denotes crystalline, nc denotes nanocrystalline, mil denotes 0.001 inches and PI denotes poly imide 

** The uncertainty results from uncertainty in the thickness of the substrates used. 

*** No solar cell parameters published except the PCE and power-per-weight value. 

 

Figure 17. (a) Solar cells devices at chosen compressed states. (b) J-V curve of dif-
ferent compressed states as shown in the legend. (c) Normalized solar cell parame-
ters at different compression states. 
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As previously mentioned, the attribute of the solar cell devices being ex-
tremely lightweight and flexible results in new potential applications. The as-
produced devices showcase a weight of 6.5 g m-2 resulting in a power-per-
weight output of about 15.2 W g-1. By comparison, other lightweight and/or 
flexible solar cells in the literature are showcased in Table 2. This shows that, 
at the time this paper was published, most traditional solar cell technologies 
resulted in lower power-per-weight outputs, indicating that thin film third gen-
eration technologies has the potential to be applicable in fields were flexibility 
and being lightweight is crucial. Further, solution processing and potential low 
temperature roll-to-roll processing means that CQD materials may be appli-
cable in other areas too. The reason for this high power-per-weight value most 
likely the combination of the ultra-thin PEN with Ag-NWs with high aspect 
ratio and the application of CQD ink dispersion resulting in a CQD solid film 
with a flattened energy landscape and fewer defects due to the passivation 
with PbI2 and PbBr2. 
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Conclusions 
Extremely light weight and highly efficient PbS CQD solar cells were pro-
duced resulting in a power-per-weight of 15.2 W g-1. This was accomplished 
by using an ink method to produce a dense PbS CQD solid film on a thin PEN 
plastic foil substrate applied with a Ag NW network as a light weight, flexible, 
durable and highly transparent window contact. The light weight solar cells 
worked similarly well compared to rigid solar cells made on ITO/glass sub-
strates, indicating that these kinds of solar cells may have future potential in 
novel applications were portability and low weight is important. 
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Paper II: PbS CQDs with a CsPbI3 Perovskite Shell 
Background 
One set-back of using CQD materials in solar cells is that they exhibit large 
surface areas due to their very small crystal sizes. Surfaces and interfaces 
within solar cells is a common potential issue as they contain irregularities and 
defects related to increased recombination and lower performance. By cover-
ing PbS CQDs with a thin shell material with a higher band gap and good 
lattice matching, should result in a decrease of these defects and possibly im-
prove the performance of the PbS CQD solar cells. 

Cubic α-phase CsPbI3 is a completely inorganic semiconductor material 
with a bulk band gap of 1.73 eV, which alone makes it a very interesting ma-
terial for solar cell applications. However, the material commonly undergoes 
a thermodynamic phase transition towards the orthorhombic phase with a band 
gap of 2.82 eV, which limits its potential. This issue can be resolved in part 
by increasing the stability of the cubic phase by lowering the dimensionality 
of the crystals towards 0 dimensions. Solar cells produced using this approach 
has resulted in a solar cell PCE of 10.7 %.53 

Low lattice mismatch (<5%) with cubic PbS is a good indication that 
CsPbI3 can be epitaxially grown on the surface of PbS CQDs to improve sur-
face passivation by removal of defects. Thus, this paper investigates the ef-
fects of PbS CQDs with a shell of CsPbI3 perovskite as a passivation technique 
and comparing the results with standard PbS CQD solar cells in which the 
CQD solid film was passivated with only PbI2 as a linker. 

Results and Discussion 
PbS CQDs 
 

Figure 18. (a) Absorption of as-synthesized PbS-OA CQDs, PbS-PbI2 ink, and PbS-
CsPbI3 ink. (b) Photoluminescence of similar samples as in (a). 
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By comparing the absorption of the inks of PbS CQDs with both CsI and PbI2 
(used to make PbS-CsPbI3-P) and only PbI2 (used to make PbS-PbI2) with as-
synthesized PbS CQDs capped with oleic acid (PbS-OA), there is a clear red-
shift of the characteristic exciton peak as seen in Figure 18(a). However, the 
shift of the PbS-CsPbI3 ink’s peak is only 10 nm which is smaller than the 23 
nm peak shift for the PbS CQDs passivated with only PbI2. A similar red shift 
is seen in the photoluminescence spectra in Figure 18(b), where the red shifts 
are 9 and 20 nm for PbS-PbI2 and PbS-CsPbI3 respectively. The half-width of 
the peaks in the photoluminescence spectra are 60, 51 and 47 nm for PbS-OA, 
PbS-PbI2, and PbS-CsPbI3 CQDs respectively, indicating a decrease of aggre-
gation and possibly a better passivation of the surface. 

PbS CQD Solid Films 
The absorption spectra of the as-produced PbS CQD solid films with and with-
out CsPbI3 capping can be seen in Figure 19a. Similarly to the CQD disper-
sions in the section above, there is a blue shift of the peak position of the 
exciton peak between the PbS-CsPbI3-P and PbS-PbI2 CQD solid films.  

Figure 19. (a) Absorption spectra and (b) XRD diffractograms of PbS-PbI2 and PbS-
CsPbI3-P CQD solid films. (c) High-resolution TEM image of a PbS-CsPbI3 CQD 
film sample. (d) A schematic depiction of how the CsPbI3 perovskite can epitaxially 
grow on the PbS CQD surface. 
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Comparing XRD patterns in Figure 19b of PbS CQDs solid films passivated 
with different ligands, it is generally difficult to distinguish the CsPbI3 as most 
of the signals come from PbS. To distinguish that there actually is a shell 
which passivates the PbS in the case of the PbS-CsPbI3-P solid films, HR-
TEM images were taken. An image showing the different lattice fringes of 
CsPbI3 capping PbS CQDs is shown using high-resolution TEM in Figure 
19c. Figure 19d shows how perovskite can grow epitaxially on the surface of 
the PbS CQD. 

XPS measurements further indicates that a perovskite shell has been 
formed on top of the PbS CQDs. Figure 20(a-c) shows the core level spectra 
of Pb, Cs and I for the the different PbS CQDs capped with different ligands. 
The spectra have been normalized in respect to the S 2p core levels. 

From these spectra, the Pb 4f core levels indicated that PbS-CsPbI3-P contain 
1.5 times more Pb than PbS-OA, meaning that 32 % of the Pb signal comes 
from the perovskite layer. The I/Pb and I/Cs ratios were then approximated 
using theoretical photoionization cross-sections to be 3.1 and 2.7 respectively. 
For PbS-PbI2 solid films, the I peaks were much weaker, indicating that only 
a thin surface layer of iodide was formed.  

CQD Solar Cells 

Figure 21. (a) Scematic solar cell device structure and (b) corresponding SEM cross-
section image of a real device. 

Figure 20. Core level XPS spectra of (a) Pb 4f, (b) Cs 4d and (c) I 4d orbitals for the 
samples indicated in the legends, normalized to S 2p core levels. 



 61

To compare the applicability of the PbS-CsPbI3-P solid film as an absorbing 
material, solar cell devices were made as described above. Figure 21a and b 
show the schematic structure and actual SEM cross-section of such a device. 
The solar cell PCE and performance of PbS-PbI2 and PbS-CsPbI3-P CQD so-
lar cell devices were measured under AM 1.5 global 100 mWcm-2 illumina-
tion. This resulted in the forward and backward sweep J-V curves seen in Fig-
ure 22a and b. 

The solar cell parameters of these devices are showcased in Table 3. The per-
formance of the best PbS-CsPbI3 device with 10.5 % was higher in regards to 
both forward and backwards sweeping compared to the best PbS-PbI2 device 
with 9.1 % as well as a much lower hysteresis.  

Table 3. Solar cell parameters of the best PbS CQD solar cells, with and without 
perovskite, in reverse and forward scanning directions. 

Ligand/Shell 
Scanning 
Direction 

VOC (V) JSC (mA cm-2) FF PCE (%) 

PbI2 Reverse 0.63 23.9 0.6 9.1 
 Forward 0.63 23.9 0.56 8.5 
CsPbI3-P Reverse 0.64 24.5 0.67 10.5 
 Forward 0.64 24.6 0.66 10.4 

Figure 22. (a) Forwards and backwards J-V curves for the best PbS-PbI2 CQD de-
vice. (b) Forwards and backwards J-V curves for the best PbS-CsPbI3-P CQD de-
vice. (c) IPCE of the same devices in (a) and (b). 
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The major reason for the hysteresis of the PbS-PbI2 devices were due to a 
lower fill factor for the forward sweep. Incident photon-to-current efficiency 
(IPCE) spectra in Figure 22c agrees well with the solar simulator measure-
ments with a similar current output and shows that the PbS-CsPbI3-P CQD 
solar cells work better than the perovskite-free devices. 

Stability of the produced devices were assessed by maximum power point 
tracking (MPP tracking) for 46 h under one sun illumination. The resulting 
measurement curve may be seen in Figure 23 where the PCE dropped to 88 
% of the device maximum PCE due to a decreased open circuit voltage and 
fill factor. This PCE loss was recovered by keeping the solar cell in dark and 
otherwise ambient conditions for 16 h. This suggests that the PbS-CsPbI3 de-
vice show good stability and thus promising for more practical applications. 

Passivation 
Capacitance-voltage measurements were used to create Mott-Schottky plots 
of the solar cells produced. From the Mott-Schottky plots and analysis in Fig-
ure 24a and b, the built in voltage and the depletion width were calculated of 
the PbS-CsPbI3-P and PbS-PbI2 CQD solar cells. The determined built in volt-
age for PbS-CsPbI3 devices were 0.66 V which is higher than the built in volt-
age of the PbS-PbI2 devices. This higher built in voltage results in a greater 
electric field and as such can facilitate a better charge carrier extraction. The 
depletion width was calculated to be 270 nm for PbS-CsPbI3-P devices under 
short-circuit conditions while it was only 230 nm for PbS-PbI2 devices. A sim-
ilar effect is seen at the maximum power point were the widths are 130 nm 

Figure 23. Normalized PCE as a PbS-CsPbI3 CQD solar cell is illuminated under 1 
sun conditions. After ca 46 hrs, the light source was turned off for 16 hrs. At that 
point the light source was turned on again, resulting in the last data point shown. 
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and 90 nm with and without perovskite respectively. The wider region were 
the minority carriers are depleted facilitates an improvement in the charge ex-
traction for PbS-CsPbI3. 

Recombination and charge carrier dynamics were further assessed using 
photo-voltage decay and photo-current decay measurements. Figure 25a and 
b shows how the charge lifetime and charge transport time is longer for PbS-
CsPbI3 CQD devices than for PbS-PbI2 devices, suggesting that the recombi-
nation rate of the charges are slower for PbS-CsPbI3-P solar cells. 

This is further assessed by how VOC and JSC are affected by different light 
intensities. By using the slope in Figure 26a an ideality factor of the devices 
could be approximated. In short, the ideality factor of PbS-PbI2 devices was 
approximated using equation 9 to be 1.55 whereas the ideality factor for PbS-
CsPbI3 devices were much lower at 1.23, indicating a much lower recombina-
tion rate. Further, plotting the current against the light intensity in Figure 26b 
resulted in a slope of 0.91 and 0.96 respectively for PbS-PbI2 and PbS-CsPbI3-
P devices, suggesting that there is a minor loss of current at higher intensities 
for the non-perovskite device whereas there is almost no loss for the perov-
skite one. 

Figure 24. (a) Mott-Schottky curves and (b) depletion widths of PbS-PbI2 and PbS-
CsPbI3-P CQD solar cell devices. 

Figure 25. (a) Transient photovoltage decay and (b) transient photocurrent decay of 
PbS-PbI2 and PbS-CsPbI3-P CQD devices. 
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The trap density was finally assessed from the transients according to a previ-
ous study95 with mid-gap trap state density of PbS-PbI2 devices approximated 
to 1.05x1017 cm-3. The trap state density of the PbS-CsPbI3-P devices were 
approximately four times lower at 2.61x1016 cm-3. 
  

Figure 26. (a) Photovoltage of PbS-PbI2 and PbS-CsPbI3-P CQD solar cell devices’ 
dependence on the light intensity. Note that the x-axis’ scale is logarithmic. (b) Cur-
rent density of PbS-PbI2 and PbS-CsPbI3-P CQD solar cell devices’ dependence on 
the light intensity. 
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Conclusions 
By applying a shell of CsPbI3 perovskite on top of PbS CQDs within a PbS 
CQD solid film in a solar cell device, highly efficient solar cell devices were 
produced with a PCE of 10.5 %. Comparing the PCE of these solar cells con-
taining PbS-CsPbI3 CQD solid films to solar cells produced with a previously 
established method with no Cs resulting in PbS-PbI2 CQD solid film showed 
that the perovskite shell enhanced the passivation of the CQD solid films. This 
improved passivation resulted in fewer defects and trap states in turn enhanc-
ing the depletion region of the solar cell and the performance. 
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Paper III and IV: Ag2S CQD Solar Cells 

Introduction 
In this section, results, discussion and conclusions from papers III and IV are 
summarized. In these papers, the Ag2S CQD solid film was applied using the 
layer-by-layer method generally described in the experimental section above. 

In paper III, existing well-established heat-up synthesis methods were used 
to produce dispersions of Ag2S CQDs and utilize these within CQD solar cell 
devices. 

In paper IV, an applied hot-injection method was used to produce Ag2S 
CQDs to facilitate efficient ligand exchange for solar cell production. 

Paper III: Heat-up Synthesis of Ag2S CQDs 
Background 
Prior to the research behind paper III, most procedures in the research litera-
ture for Ag2S solar cell production where the Ag2S photo-absorber could be 
considered low-dimensional involved methods such as successive ionic layer 
adsorption and reaction (SILAR). To facilitate a method more applicable for 
solvent processing, an Ag2S colloidal dispersion was to be synthesized. The 
method chosen for this synthesis was a facile heat-up synthesis method.96 
Combining this synthesis method with a layer-by-layer method to produce a 
thin CQD solid, low-toxic and low-temperature solvent processed Ag2S CQD 
solar cells were made. Information on the details of the synthesis can be found 
in the experimental section above or within Paper III. Further, a small study 
was also carried out to distinguish which of a few selected well-known HTMs 
best suited these kinds of solar cells. The HTMs tested were P3HT, spiro-
OMeTAD and TQ1. Devices without any HTM were also tested. 
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Results and Discussion 
Ag2S CQDs 

The Ag2S CQDs produced by using the heat-up method were relatively small 
with an average diameter size of 3.59 nm as indicated by the TEM image in 
Figure 27a. An approximation of the inter-atomic distance is shown in Figure 
27b. The absorbance spectrum in Figure 28 indicates that these CQDs are 
within the quantum confinement regime, especially due to the shoulder as seen 

Figure 28. Absorbance and photoluminescence spectra of as-synthesized Ag2S CQDs.

Figure 27. (a) TEM image of as-synthesized Ag2S CQDs. (b) High-resolution TEM 
image showing inter-atomic planes inside the crystalline CQDs. 
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around 820 nm. Further, the CQDs in question show considerable photolumi-
nescence with a peak at 975 nm. 

Ag2S CQD Solar Cells 

The best devices of each hole transport material described below are shown in 
Figure 29a. Solar cell parameters are found in Table 4. 

For devices with no hole transport layer, six and nine layers were tested, 
where nine layers showed best results. The best device showed an open circuit 
voltage of 0.45 V. However, the low current (about 1.1 mA cm-2) resulted in 
an overall low PCE of 0.27 % due to poor charge separation as well as poor 
charge conductance through the CQD layer. 

Devices that were fabricated with spiro-OMeTAD were made with 3, 4, 6, 9 
and 12 layers with the optimal thickness being 6 layers. The open circuit  
voltage was higher than that without a hole transport layer at 0.47 V and a 
higher current at 1.9 mA cm-2. However, a low fill factor decreased the PCE 
to below that without a hole transport layer to 0.25 %. 

Table 4. The effect of different HTMs on the solar cell parameters of devices shown 
in Figure 29a. 

HTM VOC (V) JSC (mA cm-2) FF PCE (%) 

Spiro-OMeTAD 0.47 1.9 0.28 0.25 
P3HT 0.37 2.5 0.38 0.34 
No HTM 0.45 1.1 0.52 0.27 

 
6, 9 and 12 layers were used to make devices with P3HT as the hole transport 
material whereof six layers was found to be the most optimal. The best device 
showed an open circuit voltage of 0.37 V, which was considerably lower than 

Figure 29. (a) J-V curves of the best Ag2S CQD solar cell devices with different 
hole transport materials. (b) IPCE spectrum of the best Ag2S CQD solar cell device 
with P3HT as a hole transport material. 
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the other two. However, due to a current density of 2.5 mA cm-2, the PCE was 
much higher at 0.34 %. This device’s IPCE is shown in Figure 29b. 

TQ1 was also tested in this study, although no device with a distinguishable 
PCE could be produced. The reason is that the highest occupied molecular 
orbitals of the polymer could be considered much lower in energy than the 
valence band edge of the Ag2S CQDs, effectively blocking the holes instead 
of conducting them. 

Stability 
The Ag2S CQD dispersions were quite stable in octane for several months. 
However, the Ag2S CQD solid films in a working device were not stable for 
more than one to two measurements, resulting in some limitations. In short, 
when the solar cell device was put under direct strong sunlight (one sun), it 
was observed that the Ag2S was reacting and forming a film silver-white in 
color. This indicated that the Ag+ in the Ag2S CQD solid film in the devices 
reduced to metallic Ag. 

Possible reasons for this could be that capping the Ag2S CQDs with a thiol 
during synthesis is not optimal for solar cell applications in the long run. The 
major issue with capping the Ag2S CQDs with a thiol is the resulting strong 
covalent bond between Ag and S. This also put a great limitation on the linker 
used for the film formation via the layer-by-layer method, where only the 
linker EDT could be used. 
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Conclusions 
Ag2S CQDs were synthesized using a facile heat up synthesis method and used 
in a CQD solid film in a solar cell device. This novel idea was used to produce 
solar cell devices with a maximum PCE of 0.34 % by applying P3HT as a hole 
transport material within a p-on-n heterojunction architecture. While the syn-
thesis method used manifested in CQDs with high photoluminescence and in-
teresting absorption properties, the passivation ligand used were shown to not 
be completely compatible for solar cell applications. By binding too hard to 
the surface of the CQDs, the thiol ligands were difficult to exchange for 
shorter linkers, which limited the diversity of linkers that could be applied and 
as such resulted in a limiting performance and a lacking stability. 
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Paper IV: Ag2S CQD Solar Cells Using a Hot-Injection 
Synthesis Method. 
Background 
In paper III, Ag2S CQDs were produced using a heat-up synthesis. While the 
method resulted in small Ag2S with high photoluminescence and interesting 
absorption properties, the thiol capping ligands were not the most applicable 
towards CQD solar cell devices. This was mainly due to the induced limitation 
of linkers that were possible. Thus, in paper IV, a more versatile hot-injection 
method was used instead, mimicking the method used to produce PbS CQDs 
for highly efficient solar cells as seen in papers I and II.46 

The Ag2S CQDs in paper IV were capped using oleylamine. The reasons 
for using oleylamine are that amine binding groups are easier to facilitate lig-
and exchange with, making it possible to use a wider range of linkers. I- (io-
dide) linkers has been used with state of the art PbS CQD solar cells97 and are 
thus of interest. The main reason to use I- linkers results from that halogens 
has been shown to passivate the surface well and that the dot-to-dot distance 
between the CQDs can be decreased compared to longer linkers. 

A second reason for using oleylamine for the synthesis of Ag2S CQDs is 
the high affinity that amines has to the relatively soft Ag. This results in much 
higher solubility of the Ag precursor as compared when using just oleic acid. 
The carboxylic acid’s conjugate base’s binding oxygen group has a very low 
affinity towards the Ag+ ion, resulting in a very low solubility and limits the 
amount of Ag precursor that can be used. This is further explored a bit in paper 
V. 
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Results and Discussion 
Ag2S CQDs 

The produced Ag2S CQDs in this paper were significantly larger and polydis-
perse than the ones produced for paper III, as seen in Figure 30a. The size 
varied between 3 to 10 nm and the CQD dispersion showed an absorption 
spectrum (see Figure 30b) with few features, except for the change in absorp-
tion around 500 nm. The particles does have a photoluminescence, albeit it is 
very weak with a peak maximum at 977 nm.  XRD measurements together 

Figure 30. (a) TEM image of the as-synthesized Ag2S CQDs. (b) Absorbance and 
photoluminescence of a 0.25 mg mL-1 dispersion of as-synthesized Ag2S CQDs. 

Figure 31. XRD diffractogram of an Ag2S CQD solid film. Peaks are labeled ac-
cording to standard diffractogram miller incdicies data.  
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with a standard Ag2S diffractogram confirmed the structure of the CQDs was 
monoclinic Ag2S as seen in Figure 31. 

Ag2S CQD Solar Cells 

Solar cell devices with a structure as seen in Figure 8 are shown in a SEM 
cross-section image in Figure 32. Fabricated solar cells were distinctly differ-
ent depending on the thickness of the CQD layer. The current density voltage 
curves in Figure 33a indicate that there are CQD layer needs to be quite thin 
for the charges to get collected at the respective contacts. While 8 layers gave 

the highest current density of all devices, there is also a significant voltage 
decrease as the thickness increases. Due to the inherently low cell voltage of 
CQD and Ag2S, this decrease makes a substantial difference on the cell per-
formance. 

Thus, 4 layers of Ag2S CQDs made the best solar cell device due to the 
good current density as well as the best voltage out of all different layers. 
Above 8 layers, the thickness increase result in a drastic decrease of the current 

Figure 32. (a) SEM cross-section of a 4-layered Ag2S CQD device. (b) A zoom-in 
of the same image in (a) to show the thin Ag2S CQD film and ZnO layers. 

Figure 33. (a) J-V curves of Ag2S of different thicknesses (layers). (b) IPCE spec-
trum and integrated current curve for the 4-layered device in (a). 
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density. As one would expect the opposite due to an increase in the absorption 
of photons, this is an implication of poor charge transport or mobility through 
the CQD solid film. Only for very thin films, the majority of the charges can 
make it to the contacts and contribute to the cell performance and PCE. The 
solar cell parameters may be found in Table 5. 

Table 5. Solar cell parameters of the Ag2S CQD devices shown in Figure 33a. 

Layers VOC (V) JSC (mA cm-2) FF PCE (%) 

12 0.07 10.3 0.26 0.19 
10 0.15 13.8 0.36 0.73 
8 0.23 14.9 0.45 1.53 
6 0.28 14.3 0.51 2.03 
4 0.30 14.0 0.53 2.21 

 
The IPCE spectrum in Figure 33b does indicate that the band gap has not been 
changed much as compared to values reported for the bulk band gap. This does 
mean that a large contribution of the device’s current results from red photons. 

Figure 34. (a) J-V curves of a 4-layered Ag2S CQD solar cell device at different 
light intensities as compared to 1 sun illumination. (b) A linear fit of the short circuit 
current density as a function of light intensity as derived from (a). (c) A linear fit of 
the open circuit voltage as a function of the logarithm of the light intensity as de-
rived from (a). 
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This, however does limit the voltage of the produced devices and keeps it quite 
low, which overall limit the PCE of these devices quite a lot. 

In the case of the champion 4 layered device, an investigation whether the 
solar cell has a problem of transferring charges was carried out. The solar cell 
device’s current density voltage characteristics were measured under different 
intensities and the results can be found in Figure 34a. As seen in Figure 34b, 
the current density vs the sun intensity is linear and there doesn’t seem to be 
any large losses due to too high light intensity. Further, the light ideality factor 
was approximated to 1.52 using the slope in Figure 34c and equation 9, which 
is on par with other CQD solar cells using other materials and an indication of 
trap-assisted recombination mechanics limiting the device. 

Maximum power point tracking was used to see how the 4-layered device’s 
solar cell parameters changed over time under direct illumination under work-
ing solar cell conditions. The curves for the parameters for this is shown in 
Figure 35a. Over a time of 90 mins, the solar cell had a 35 % loss in its PCE. 
Most of this drop was due to a 28 % decrease in its voltage and a minor 8 % 
decrease of the current density. This was somewhat unsurprising, as a voltage 
drop was expected as the temperature increased. However, the decrease was 
not completely reversible and despite the device recovering most of power 
after a 10 min cool down, the device parameters decreased faster than earlier. 
This is an indication that the solar cell had degraded to an extent.  

Lastly, the 4-layered device’s long-term storage stability was assessed by 
measuring J-V curves out once in a while as according to Figure 35b-e for a 
total time period of about 2 months. The solar cell parameter values for current 

Figure 35. (a) MPP tracking under 1 sun illumination of a 4 layered Ag2S CQD so-
lar cell device over a period of 5600 s or ca 93 mins. The light source was then 
turned off for about 10 mins before turned on again. (b-d) Long-term stability of 
VOC, JSC, FF and PCE over a time period of ca 2 months. 
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density, voltage, fill factor and PCE are all relatively stable and no long-term 
storage degradation occurred. 
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Conclusions 
Ag2S CQDs were synthesized using a hot-injection method similar to that used 
for conventional more toxic PbS and other materials to produce low-toxic so-
lar cell devices. By using oleylamine as a capping ligand in the synthesis, ef-
ficient ligand exchange was possible and an inorganic iodide linker in combi-
nation with EDT was used to produce a thin solar cell device with a PCE of 
2.2 %. By comparison, this PCE is one of the higher PCE values for Ag2S as 
an absorber material within a solar cell device. 
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Paper V: Tuning Size and Composition in 
Cubic AgBiS2 CQDs for Solar Cells 

Introduction 
In this section, results, discussion and conclusions from paper V is summa-
rized. In this paper, the composition of AgBiS2 CQDs were varied by changing 
the ratios of reaction precursors. Solar cells were made using the layer-by-
layer method described in the experimental section. 

Background 
The composition, size and even shape of AgBiS2 CQDs may be affected by 
controllable parameters. Such parameters are solvents, temperature, overall 
concentration, relative concentrations, experimental method and precursor 
materials. In the scope of paper V and this thesis, the concentrations and rela-
tive concentrations between Ag and Bi were investigated using a facile hot-
injection synthesis. The as-synthesized CQDs were then applied in solar cell 
devices to assess the optimal final composition of the CQDs in relation to the 
precursor composition. The AgBiS2 CQDs made for solar cells were produce 
using a similar setup as in Figure 10 and generally described in the experi-
mental section above. Five different compositions were synthesized for com-
parison in this paper and grouped based on different precursor characteristics. 
The first group of three samples were the precursor ratios of Ag:Bi:S were 
1:1:1, 0.8:1:1 and 0.6:1:1. The different compositions in this group were made 
to distinguish the optimal ratio of Ag towards Bi and S. The second group also 
involved 0.8:1:1 (see Results below), but also included the compositions with 
precursor ratios Ag:Bi:S of 0.72:0.9:1 and 0.64:0.8:1. Here the ratio between 
Ag and Bi precursor concentrations were constant but changing in relation to 
S. 
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Results and Discussion 
AgBiS2 CQDs Group 1 

Three precursor ratios were chosen to see how the different precursor ratios 
affected solar cell and CQD properties. The three different Ag:Bi:S precursor 
ratios 1:1:1, 0.8:1:1 and 0.6:1:1 resulted in CQDs with different absorbance, 
as indicated by the absorbance spectra in Figure 36. By decreasing the con-
centration of Ag or the Ag:Bi ratio, the absorbance increases significantly. 
Histograms based on crystal size calculations from TEM images of CQDs 
from samples synthesized with these ratios can be observed in Figures 37(a-
c) may indicate that one reason of the difference in absorbance may be a quan-
tum size effect. 
  

Figure 36. Absorbance spectra of AgBiS2 CQDs synthesized with the precursor ra-
tios listed in the legend. 
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Figure 37. (a-c) Histograms showing the average size of the synthesized AgBiS2 
CQDs with different precursors as labeled in the legends. 
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AgBiS2 CQD Solar Cells Group 1 
To assess the solar cell applicability of different CQDs made from the differ-
ent ratios of precursors, solar cell devices with 4 CQD layers were produced. 
J-V curves in Figure 38 indicates that the CQDs with the highest absorption 
does not result in the best solar cell devices. Instead, An Ag:Bi:S precursor 
ratio of 0.8:1:1 showed best results. The solar cell parameters are shown in 
Table 6. The poor solar cell parameters for an Ag:Bi:S precursor  

 
ratio of 0.6:1:1 indicated poor electron injection to the ZnO layer. A precursor 
ratio of 1:1:1 showed a high voltage, but a significantly lower current despite  
the CQDs being only slightly smaller compared to the best device. This indi-
cates, that while the size might have a role, the overall composition of the 
CQDs may play a larger role than expected.  

Table 6. Solar cell parameters for AgBiS2 CQD solar cells shown in Figure 38. 

Ag:Bi:S 
Precursor Ratio 

VOC (V) JSC (mA cm-2) FF PCE % 

1:1:1 0.47 6.48 0.50 1.52 
0.8:1:1 0.42 8.32 0.50 1.76 
0.6:1:1 0.3 7.90 0.48 1.15 

Figure 38. J-V curves of 4-layered AgBiS2 CQD solar cells synthesized with precur-
sor ratios listed in the legend. 
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As the current was underwhelming even for the best device, more layers were 
added for the precursor ratio with best results and these results can be observed 
in the J-V curves in Figure 39 and the resulting parameters in Table 7. Solar 
cells with 4, 6, 8, 10, 12 and 15 layers of an Ag:Bi:S precursor ratio of 0.8:1:1 
were fabricated. As can be seen, the current density decreases slightly for de-
vices with 6 layers, but then increases as the films become thicker up towards 
a maximum  

at 12 layers. At 15 layers, the current density decreases drastically again re-
sulting in an overall worse device. 

Table 7. Solar cell parameters for AgBiS2 CQD solar cells shown in Figure 39. 

Layers VOC (V) JSC (mA cm-2) FF PCE (%) 

4 0.42 8.32 0.50 1.76 
6 0.41 9.44 0.51 1.97 
8 0.43 9.71 0.52 2.18 
10 0.42 9.77 0.51 2.09 
12 0.42 10.5 0.53 2.33 
15 0.43 7.04 0.54 1.65 

 

Figure 39. J-V curves for differently thick AgBiS2 CQD solar cells based on a pre-
cursor ratio of 0.8:1:1. 
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AgBiS2 CQDs Group 2 
Next, two more Ag:Bi:S precursor ratios were used to produce two new com-
positions to assess what happens when the Ag:Bi ratio is constant and whether 
this has an important role in the synthesis. The precursor ratios 0.72:0.9:1 and 
0.64:0.8:1 were chosen to compare with the ratio 0.8:1:1. The absorbance 
spectra for these CQDs are shown in Figure 40. As seen in Figure 41, the 
difference in the actual size for these compositions are much smaller, despite 
there being a large difference in the absorption properties. 
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These two new precursor ratios were chosen to keep the Ag:Bi ratio constant 
but change the composition in comparison to the amount of S precursor. 
AgBiS2 CQD Solar Cells Group 2 

For the second group of compositions, 10, 12 and 15 layers were chosen as 
the thicknesses of solar cell devices due to 12 layers being the best thickness 
for the precursor ratio of 0.8:1:1. The best device resulted from this optimiza-
tion was a 12-layered device with AgBiS2 CQDs synthesized with a precursor  
ratio of 0.72:0.9:1. The J-V curve of this device is seen in Figure 42 together 
with its scan under dark conditions. The device showed an open circuit voltage 
of 0.41 V, a short circuit current density of 15.06 mA cm-2 and a fill factor of 
0.54, resulting in a PCE of 3.31 % 
  

Figure 40. Absorbance spectra of AgBiS2 CQDs synthesized with the precursor ra-
tios listed in the legend. The same absorbance spectrum for AgBiS2 CQDs synthe-
sized with a precursor ratio of 0.8:1:1 is shown for comparison. 
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Figure 41. (a-c) Histograms showing the average size of the synthesized AgBiS2 
CQDs with different precursors as labeled in the legends. The same histogram for 
AgBiS2 CQDs synthesized with a precursor ratio of 0.8:1:1 is shown for compari-
son. 
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Size and Composition 
A brief investigation on the overall composition of the synthesized CQDs was 
made to give some insight on the effects of different precursor concentrations. 
XPS was used to assess the relative quantity of each compound Ag, Bi, S and 
I was seen in a 4 layered CQD solid film. I (iodine) was measured due to the 
linker between the CQDs and thus assumed to be on the surface of each crys-
tal. The spectra from this measurement is seen in Figure 43(a-c), indicating 
that the amount of Ag varies similarly to the Ag precursor concentration. By 
further assessment by calculating the relative areas of the peaks, and plotting 
the atom concentration of each compound, results in Figure 44a. Here, it is 
clear that the amount of each element within the CQDs vary linearly with the 
amount of Ag precursor that was added. This implies that that the solar cell 
performances are an effect of the overall composition which in turn is highly 
dependent on the amount of Ag in the CQDs. This, in turn, depends on the Ag 
precursor concentration. This does not exclude size effects as there is a con-
siderable difference between solar cell devices made from the Ag:Bi:S pre-
cursor ratios of 0.6:1:1 and 0.64:0.8:1, which seem to differ mostly due to the 
amount of Bi. 

Figure 42. J-V curve of the best solar cell device. The AgBiS2 CQDs were synthe-
sized with a precursor ratio of 0.72:0.9:1 and the device was fabricated with 12 lay-
ers by using the layer-by-layer method. 
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The most plausible reason for the sensitivity of Ag precursor concentration 
may be due to the softness of Ag+ ions and the poor interaction with and sol-
ubility in the much harder corresponding base to oleic acid. The diffracto-
grams in Figure 44b also indicate a trending shift in the intensities of the peaks 
as the amount of Ag increases. Note that all samples consisted of the high-
temperature cubic structure, indicative of the relative few peaks and the refer-
ence diffractogram. Figure 44c summarizes this discussion by showing a 
schematic of how in this study, not only does the amount of Ag added affect 
the stoichiometry but also results in a slight decrease in crystallite size. How-
ever, this can also be contributed by an overall increase in amount of metal 
added in respect to S. 
 

Figure 43. Core level XPS spectra of selected elements in films of fabricated with 
AgBiS2 CQDs synthesized using different precursor ratios of Ag:Bi:S. From top to 
bottom with increasing amounts of Ag added: 0.6:1:1, 0.64:0.8:1, 0.72:0.9:1, 0.8:1:1 
and 1:1:1. Elements’ core levels measured: (a) I 3d, (b) Ag 3d and (c) Bi 4f and S 
2p. 
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Figure 44. (a) Atomic fraction calculated from XPS data plotted as a function of the 
absolute Ag amount added. (b) XRD diffractograms of the synthesized AgBiS2 
CQDs compared to reference data98 (c) Schematic showing how the size and metal 
content changes for the different precursor ratios tested in this study. 
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Conclusions 
The composition of the final AgBiS2 product is directly and linearly related to 
the Ag concentration in the precursor before injection of HMDS. The compo-
sition of the final AgBiS2 product that fits solar cell applications is where the 
Ag:Bi:S is close to 1.1:1:1.9. This is accomplished with a ratio of 0.72:0.9:1 
of the precursor amounts and resulted in a solar cell PCE of 3.3 %. An excess 
of Ag results in a higher voltage but poor current density. The solubility of 
Ag+ ions in oleic acid has a large effect on the CQD product and may limit 
tunability of the system. 
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Final Conclusions and Outlook 

Alternative environmentally friendly energy sources has come a long way as 
traditional and new solar cell technologies are investigated further. Due to po-
tential environmental crisis such as fast climate change induced by global 
warming, these new technologies are needed to offset the extraction and utili-
zation of fossil fuels for energy production purposes. In this thesis, PbS CQD 
solar cells were investigated to explore new applications and to improve the 
PCE of these solar cell technologies. However, due to inherent limitations set 
by material properties such as toxicity of Pb, new environmentally friendly 
materials such as Ag2S and AgBiS2 CQDs were synthesized and applied in 
similar ways as the PbS CQDs previously mentioned. By investigating these 
new more environmentally friendly materials applied in solar cell devices, a 
relatively new field of applied science is explored and opened up. 

CQD materials in solar cell applications are interesting in regards to how 
they are applied and how the CQD solid film is structured. As CQD solid film 
materials in solar cells commonly consist of a matrix of separate CQDs linked 
together by molecular or atomic linkers, there is a possibility to produce flex-
ible CQD solar cells using a low-temperature solvent process. The only layers 
in the standard solar cell device that are rigid and non-flexible are the glass 
window substrate and the on-substrate deposited ITO contact. By exchanging 
these layers to a flexible substrate-contact combination, a fully flexible solar 
cell should be achieved. By making the substrate-contact layers very thin 
would also result in the solar cell device becoming ultra-lightweight as well. 
By applying a 1.3 µm thick PEN foil as a substrate with a thin highly conduc-
tive network of commercial Ag-NWs on top such devices were produced. In 
this way solar cell devices with a PCE of 9.9 % and a power-per-weight of 
15.2 W g-1 were produced. Comparing this to previously existing power-per-
weight values indicated that it was the second highest only topped by thin film 
perovskite cells. This shows that CQD solar cells can be used in many inter-
esting applications and part of electrical systems where low weight and flexi-
bility plays a major role. 

One issue regarding CQD materials is the inherently large amount of sur-
faces and interfaces within the CQD solid films. These surfaces and interfaces 
are common problems in solar cell technologies in general as they are a source 
for irregularities and defects with crystalline materials. Such defects produce 
new energy states which is extra detrimental to semiconductors. The reason 
being that the property of semiconductors having a band gap with a controlled 
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amount of energy states is a vital part to the PCE of solar cells. By having 
unwanted defects within this band gap is therefore detrimental to solar cell 
devices. Passivation of these kinds of defects is therefore an important part 
optimizing solar cells and increasing their PCE. For CQDs, a way forward to 
passivate surface states would be to cover the surface with a thin shell of an-
other semiconductor material. The restrictions of such a material would be that 
no new should defects would be formed within the band gap resulting in a 
fitting material having good lattice matching with the CQD material and being 
larger semiconductor, slightly insulating in regards to the CQDs. By applying 
CsPbI3 as a shell around PbS CQDs fulfills these requirements and solar cell 
devices produced showed improved stability, solar cell parameters with a 
maximum PCE at 10.5 % compared to standard PbS CQD solar cells with a 
PCE at 9.1 %. Further investigations showed that the improved performance 
and stability was a result of better passivation leading to lower defect densities 
and better transport by drift. This indicates the importance of passivation to 
increase the performance of solar cells. 

A second issue with existing CQD technologies is the inherent toxicity of 
PbS CQDs. This issue, compared to the defect issue detailed above, has to be 
resolved in a more systematic way by using a life cycle analysis. A more direct 
solution to this problem is to explore different semiconductor materials that 
have a lower toxicological environmental impact. One such material which 
was investigated was Ag2S. A heat-up synthesis was thus to produce Ag2S 
CQDs which were then utilized in Ag2S CQD solar cells with different HTMs. 
Solar cells with P3HT as an HTM resulted in a solar cell more efficient com-
pared to solar cells with spiro-OMeTAD, TQ1 and devices with no HTM. 
Thiol capping on the surface of the Ag2S CQDs resulted in stable dispersions 
but facilitated poor ligand exchange. These could also be the underlying rea-
sons to solar cell instability under strong light conditions which limited re-
peated measurements. 

To amend the issue with capping ligands which were difficult to exchange 
efficiently to a linker, new Ag2S CQDs were synthesized using a hot-injection 
method similar to the one applied for the synthesis of PbS CQDs. By using 
oleylamine as a stabilizing steric ligand, the Ag precursor could be effectively 
dissolved before reacting it with a S source. The amine ligand also made it 
possible to facilitate efficient ligand-to-linker exchange with an inorganic io-
dide linker. This made it possible to produce stable solar cell devices made 
with a thin Ag2S CQD solid layer and current densities above 14 mA cm-2. 
The PCE of the best device was 2.2 %, being one of the highest PCE values 
for solar cells using Ag2S as a photo-absorber. 

A second material of interest with a lower toxicological environmental im-
pact than PbS is AgBiS2. Specifically the composition of the final product in 
relation to the precursor ratios of Ag, Bi and S was investigated. The different 
AgBiS2 CQDs with different compositions were then utilized in solar cell de-
vices to further assess which composition best fit solar cell applications. XPS 
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studies showed that the composition of the AgBiS2 CQDs were linearly de-
pendent on the absolute concentration of Ag precursor which also was the least 
soluble precursor in the reaction solvent (oleic acid). The best solar cell de-
vices were produced when the AgBiS2 CQDs had a relative composition most 
similar to the stoichiometric ratio of 1:1:2. This was accomplished when the 
precursor ratios used was 0.72:0.9:1 and resulted in a maximum PCE of 3.3 
%. 

Future work involving these and other new materials is quite expansive and 
comprehensive, with inspiration derived from the much related PbS CQD sys-
tem. Other materials which can be or has been researched and applied in CQD 
solar cells include AgInS2, AgSbS2 as well as some copper derivatives such 
as Cu2S and CuInS2. While In is a relatively scarce material, it does induce 
interesting properties onto CQD materials, mainly related to high shifts to the 
band gap by quantum confinement effects. 

One issue which was only briefly touched upon is that the hot-injection 
synthesis procedure is commonly performed in small-scale vessels to ensure 
uniform reaction conditions before injecting the usually highly reactive S 
source. A solution is to use the aforementioned heat-up synthesis method 
which has been used for NC synthesis for solar cells and in other related sci-
entific fields. Of course, choosing the correct precursors and capping ligand is 
crucial, but if done correctly, could somewhat mediate the upscaling issue for 
NC synthesis for more industrial applications. 

In the case of solar cell production, this thesis has already shown many new 
techniques that are used for PbS CQD solar cells which has been shown to 
improve many areas, expand applicability and resolve potential issues for 
CQD solar cells in general. The most integral next step for environmentally 
friendly CQDs in solar cells involves the application of the CQD solid on the 
substrate. By using an applied ink production method, better performing solar 
cells could be accomplished by a one-step deposition leading to better ligand-
to-linker exchange and less waste. However, potential issues for this transi-
tions may involve finding an appropriate linker as it also needs to be able to 
stabilize the CQDs in a suspension via charge-induced separation on the CQD 
surface throughout the ink production procedure. If this issue can be resolved 
and high quality, flat CQD solid films achieved, this change can prove to be 
crucial in improving PCE of environmentally friendly CQDs. 

A second issue is the stability (or instability) of the HTM usually utilized 
in these devices. As many HTMs are organic and are prone to oxidation over 
time, solar cells using these sorts of HTMs commonly have a limited lifetime. 
Of course, this is a research field in its own right with improvements continu-
ously occurring. The point to be made within the context of this thesis is to 
further investigate potentially applicable HTMs to aim for higher stabilities. 

Related to the general issue of stability is the aforementioned brief discus-
sion on defects. By utilizing a protective coating or shell between the CQDs 
and the linker was previously shown to improve the solar cell performance 
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drastically by providing better passivation of defects. Of course, one should 
follow the limitations outlaid above to not induce further trap states or energy 
levels within the band gap of your photo-absorber. However, if done correctly, 
could be another thing which could improve the performance of environmen-
tally friendly CQDs much in the same way done for the PbS CQD system. 

Even though environmentally friendly CQD alternatives for solar cells are 
behind PbS CQDs performance-wise, improvements have been made over the 
last half decade. To improve these systems further however, more research 
and investigations are necessary to produce solar cells with comparable per-
formance to PbS. This can be done by finding inspiration from forefront re-
search in the field of PbS CQD solar cells where much more research has been 
performed. In the end, providing a low-toxic cheap alternative with many in-
teresting and unique applications would be a way to provide a very useful 
alternative to the technologies used today. 
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Svensk Sammanfattning 

Introduktion och Bakgrund 
Världens energiproduktion är idag till 80 % baserad på förbränning av fossila 
bränslen såsom kol, olja och naturgas. Ca 16 % av denna energiproduktion är 
produktion av el eller elenergi, vilket även denna till stor del baseras på för-
bränning av fossila bränslen, främst kol och naturgas. Under de senaste år-
hundradet har fossila bränslen använts flitigt som energikälla vilket har fort-
satt öka även nu de senaste decennierna. Detta ses särskilt i länder där indust-
rialisering av produktion fortfarande sker i stor utsträckning. Denna ökning av 
användandet av fossila bränslen som energikälla har lett till en ökning av pro-
ducerad koldioxid och andra biprodukter som oftast släpps ut i atmosfären. 
Notera att ökad produktion och förbränning av naturgas kan ses som en positiv 
utveckling då utsläppen av koldioxid är lägre än för kol och olja. Dock bör 
man tänka på att naturgas består i stora delar av växthusgasen metan vilket har 
en kraftigare effekt för växthuseffekten än koldioxid. Då extraktionen av na-
turgas ökar i form av processer som ”fracking” ökar även utsläppen av metan 
direkt ut i atmosfären. Detta innebär att kol, olja och naturgas är alla en bidra-
gande orsak till en ökning av växthuseffekten och negativa klimatförändringar 
i form av ökad global temperatur. Koldioxid bidrar även till en försurning av 
haven då koldioxiden löser upp i vattnet och bildar kolsyra. 

Andra delar av elproduktionen baseras på kärnenergi vilket i sin tur har 
problem med extraktion av och berikning av uran samt slutförvaring av använt 
kärnbränsle. Vattenkraft ses som ett hållbart alternativ av många men kräver 
tillgång till stora vattenströmmar samt villigheten att dränka stora delar av 
mark under vatten för dammbyggen. Kapaciteten av solenergi från solceller 
har ökat drastiskt de senaste åren men bidrar ännu enbart med ca 2 % av el-
produktionen. Solen bidrar med stora mängder energi vilket bör utnyttjas och 
användas för elproduktion. 

Solceller består i många fall av halvledare. För att förstå hur en solcell fun-
gerar bör man veta något om hur elektroner beter sig i olika material under 
ljusstrålning. Man kan enkelt kategorisera olika kristallina material utifrån de-
ras så kallade bandstruktur. När man pratar om bandstruktur handlar det om 
ett materials elektroner, deras energimängder samt tillåtna energinivåer (vilka 
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bildar banden). Ett materials bandstruktur beror bland annat på ett materials 
olika atomer, deras relativa mängd och hur de är strukturerade relativt 
varandra. I ett kristallint material vid normal temperatur ockuperar elektro-
nerna de lägre energinivåerna först då systemet vill minimera sin totala energi. 
De tre kategorier olika material faller inom är isolatorer, halvledare och me-
taller (ledare), se Figur 45. Isolatorer kännetecknas av att de har ett stort 
bandgap i sin bandstruktur som separerar fulla energinivåer och tomma ener-
ginivåer. Då det finns begränsningar på hur många elektroner som kan ocku-
pera en energinivå så kan elektronerna inte flytta på sig. För att flytta på sig 
behöver de komma upp till de tomma energinivåerna (ledningsbandet). För 
isolatorer är detta svårt då de behöver en stor mängd energi för excitera en 
elektron dit. Elektriskt ledande material har inget bandgap vilket leder till att 
elektronerna har tillgängliga energinivåer de kan ockupera vilket i sin tur leder 
att de enkelt kan förflytta sig i materialet/kristallen. Halvledare har ett bandgap 
precis som isolatorer, fast det är mycket mindre. Gränsen för en halvledare 
och en isolator beror ofta på om elektronerna kan exciteras till ledningsbandet 
i synligt ljus eller ej. 

I dag finns det ett fåtal olika typer av solceller på den kommersiella mark-
naden. De flesta solceller som finns att köpa är så kallade kiselsolceller då de 

Figur 45. Schematisk representation för hur olika bandstrukturer kan se ut för isola-
torer, halvledare och metaller. 
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består till stora delar av halvledarmaterialet kisel. Ett annat alternativ är tunn-
filmsolceller som innehåller ett halvledarmaterial som kallas CIGS. CIGS står 
för ”copper indium gallium selenide” för att det består av koppar, indium, gal-
lium och selen. Kiselceller är den mest vanliga typen och är oftast det som 
man tänker på först när man pratar om solceller. Kiselceller fungerar då en 
elektron absorberar energin från en foton (solstrålning). Nu när elektronen har 
en högre energi kan den röra sig mer fritt och transporteras den ut till en kon-
takt och användas till arbete. Se Figur 46 för en schematisk representation. 
För att de flesta elektroner ska ta sig ut ur kiselcellen vid rätt kontakt så är 
olika delar av cellen olika dopade. I Figur 46 betyder n-dopad och p-dopad att 
kislet är negativt respektive positivt dopat. För att kontrollera dopningsnivå-
erna i solcellen bör materialet vara väldigt rent, vilket leder till att en stor kost-
nad i att producera kiselsolceller är att producera tillräckligt rent kisel. Detta 
är en av de största nackdelarna med kiselsolceller, vilket har resulterat i en 
ökning av forskning av andra solcellsteknologier. CIGS-solceller (tunnfilms-
solceller) har också ett antal nackdelar. Även om teknologin använder en 
mindre mängd material så är processen ganska komplicerad. Indium och gal-
lium är relativt sällsynta och dyra material som misstänks vara en bristvara i 
framtiden. Dessutom används kadmium i delar av solcellen vilket i sig är ne-
gativt. 

Figur 46. En shematisk bild på en kiselcell samt ett korresponderande schematiskt 
diagram för hur laddningar i cellen bildas och transporteras. 
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Kvantpunkter och kvantpunktssolceller 
Utöver kiselsolceller och tunnfilmsolceller finns det andra typer av solceller 
som är under utveckling. Exempel på olika typer av solceller är färgämne-
sensiterade solceller, organiska solceller och perovskitsolceller. Var och en av 
dessa listade exempel har ofta olika positiva och negativa egenskaper. Det po-
sitiva med dessa tredje generationens solceller är att de skulle kunna vara bil-
liga att producera. I denna avhandling har ännu en typ av solcell forskats på: 
solceller baserade på kvantpunkter eller kvantprickar. Material som är base-
rade på kvantpunkter sägs vara så kallade noll-dimensionerade material då de 
består av ytterst små nanokristaller, typiskt sett mindre än 10 nanometer stora. 
När vissa metaller och halvledarmaterial blir så små i storlek blir rörliga par-
tiklar/laddningar i materialen ”inträngda” när de absorberat ljus. Detta leder 
till att de behöver större kvanta av ljus för att kunna exciteras till de tomma 
energinivåerna i ledningsbandet. Detta fenomen kallas på engelska för ”quan-
tum confinement effect”. Effekten av fenomenet blir större ju mindre kristal-
len blir, d.v.s. ju mindre storlek på halvledaren, ju större bandgap, se Figur 7. 
Då ett absorberande materials bandgap har en stor effekt på en solcells effek-
tivitet, leder detta till att man justera bandgapet för vissa material för att an-
passa dessa bättre för solceller. 
 

Figur 47. Schematisk representation om hur bandgapet ökar med minskande storlek 
på kristalliten. 
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Halvledare som använts i denna avhandling som kvantpunktsmaterial är PbS, 
Ag2S och AgBiS2. Anledningen till varför dessa material valts beskrivs i nästa 
sektion. Kvantpunkter produceras genom att man låter metalljoner reagera 
kvickt med en svavelförening i en glasreaktor som är uppvärmd till önskad 
temperatur. Lösningsmedlet är en viktig komponent i reaktionen då den agerar 
lösningsmedel samt skyddande steriskt lager så att kristallerna inte växer för 
fort och för mycket. Därför består lösningsmedlet av en surfaktant med denna 
funktionalitet. På så sätt bildar man en kolloidal suspension med kvantpunk-
terna. 

Strukturen för en kvantpunktssolcell skiljer sig något från en kiselsolcell. 
För att kunna extrahera laddningarna på ett effektivt sätt använder man sig 
ofta av olika halvledare mellan kvantpunkterna och kontakterna. En schema-
tisk representation kan ses i Figur 48. På ett glassubstrat behandlat med ett 
ledande material, appliceras ett så kallat elektrontransportmaterial. Detta 
material är ofta en halvledare med ett relativt stort bandgap vilket gör det 
transparent i synligt ljus. På detta lager appliceras kvantpunkterna genom att 
man binder ihop kvantpunkterna i en film med hjälp av en så kallad ”linker”. 
På detta appliceras ett så kallat håltransportmaterial. Det heter så då det effek-
tivt kan transportera ”elektronlösa” områden eller ”hål” ut ur solcellen. Till 

Figur 48. En schematisk representation av en kvantpunktssolcell. Från botten och 
upp representerar de olika färgade lagrena följande lager i cellen: Ljusblått: Glas-
substrat, turkos: transparent kontakt, blått: elektronselektivt transportlager, mörk-
röda sfärer: kvantpunkter, lila/orange: hålselektivt lager samt gult: guldkontakt. 
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sist appliceras en metallkontakt för att kunna koppla solcellen till en ström-
krets. 

Från giftiga material mot miljövänliga material 
I denna avhandling har som sagt tre olika material använts i solceller: PbS, 
Ag2S samt AgBiS2. Solceller med kvantpunkter av PbS (blysulfid) har stude-
rats bland annat i syfte att expandera användningsområdet för kvantpunktssol-
celler. Detta har utförts genom att observera att en kvantpunktssolcell kan gö-
ras väldigt lättviktig samt flexibel genom att effektivt byta ut det rigida glas-
substratet med den tillhörande kontakten. Detta genomfördes genom att bygga 
solcellen på en tunn plastfilm som var 1,3 µm tjock. Kontakten byttes ut mot 
ett transparent tunt lager av nanotrådar i Ag. Solcellerna jämfördes med sol-
celler gjorda med ett glassubstrat med tillhörande transparent kontakt. Solcel-
lerna visade en effektivitet på 9,9 % vilket tillsammans med deras låga vikt 
resulterade i ett effekt-per-vikt-värde på 15,2 W g-1. Vidare påvisades att sol-
cellerna var stabila även efter ha tryckts ihop och sträckts ut 40 gånger. Dessa 
typer av solceller kan vara potentiellt intressant i solcellsapplikationer där den 
totala vikten måste hållas nere eller om cellerna måste vara väldigt flexibla för 
att kunna appliceras på böjda ytor. 

Solceller gjorda av kvantpunkter kan vara begränsade då de små kristal-
lerna har stora totala ytor. Stora ytor är ofta kopplade till en större mängd de-
fekter i solcellsmaterial vilket kan leda till sämre effektivitet då laddningar 
kan fastna i defekterna. Effektiviteten kan förbättras genom att effektivt pas-
sivera defekter på ytan av nanokristallerna. Detta gjordes genom att täcka 
kvantpunkterna gjorda av PbS med en annan halvledare, CsPbI3. Då passive-
ringen var effektiv ledde detta till att mängden defekter sjönk jämfört med 
solceller utan att man täckte kvantprickarna gjorda av PbS. Detta ledde is sin 
tur till att effektiviteten av solcellerna ökade från 9,1 % till 10,5 %. 

Eftersom PbS är ett giftigt material som bör undvikas i en industriell pro-
cess, undersöktes Ag2S (silversulfid) som material för produktion av kvant-
punkter och dess applikation i solceller. I ett första projekt producerades Ag2S 
med en ny metod där alla ingredienser tillsattes i reaktorn som sedan snabbt 
värmdes upp. I denna studie testades även ett antal håltransportmaterial för att 
avse vilket som passade bäst. Den solcell som var mest effektiv visade en ef-
fektivitet på 0,34 %. Dessa solceller fungerade men var inte stabila vilket an-
sågs vara relaterat till ytan på kristallerna och att den steriskt skyddande sur-
faktanten var svår att byta ut effektivt till en ”linker”. 

I ett andra projekt involverande kvantpunkter av Ag2S användes en annan 
syntesmetod som efterliknade den för syntes av kvantpunkter av PbS, vilket 
också är den metod som kort beskrevs i den tidigare sektionen. I detta fall 
användes en steriskt skyddande surfaktant med en högre affinitet mot Ag, det 
vill säga en amin. Detta resulterade i kvantpunkter av Ag2S som enkelt kunde 
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appliceras i solceller vilka gav en maximal effektivitet på 2,2 %. Dessa sol-
celler var också mycket mer stabila över en längre period. 

Till sist gjordes en studie på materialet AgBiS2. Olika kompositioner av 
kvantpunkter av AgBiS2 producerades genom att variera den relativa mängden 
eller kvot av reaktant. I denna studie användes syntesmetoden som beskrevs i 
den förra sektionen. I detta fall användes oljesyra som skyddande sterisk sur-
faktant vilket resulterade i att kompositionen av de producerade kvantpunk-
terna berodde linjärt på koncentrationen tillsatt Ag. De bästa solcellerna som 
producerades hade en komposition liknande den stökiometriska kvoten 1:1:2 
för Ag, Bi respektive S. Detta skedde med en reaktantkvot Ag:Bi:S på 
0,72:0,9:1 och resulterade i solceller med en effektivitet på 3,3%. 

I framtida forskning bör således förståelse för samt effektiviteten för kvant-
punktssolceller baserade på mer miljövänliga material fortsätta öka och med 
inspiration från kvantpunktssolceller baserade på de mer effektiva men giftiga 
materialen innehållande bly, bör man kunna uppnå effektiviteter som är jäm-
förbara med effektiviteten för solcellerna gjorda med blybaserade kvant-
prickar. 
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