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“Science is not a body of knowledge nor a system of belief; it is just a 
term which describes humankind’s incremental acquisition of 

understanding through observation. Science is awesome.” 

— Tim Minchin 
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Abstract 

Spectroscopy on the Dot, Photoelectron Spectroscopy and Time 
Resolved Studies of Lead Sulfide Quantum Dots for Solar Cells 

Tamara Sloboda, Division of Applied Physical Chemistry, Department 
of Chemistry, KTH Royal Institute of Technology, SE-100 44 
Stockholm, Sweden 

 

Renewable energy is an important topic as global energy consumption 
continues to rise. Because the sun emits an enormous amount of 
energy, solar energy is a promising source. However, most of the 
commercial solar cell technology is manufactured in an energy 
demanding process and there is a need for new, easily processed 
materials. This thesis concerns quantum dots, which are nanoparticles 
that can absorb light of different energies depending on their size. 
They can be synthesised by solution-based chemistry and turned into 
solid thin films to harvest sunlight. The fundamental properties of 
quantum dots need to be better understood before production on 
large scales may commence. The aim of this thesis was to investigate 
the fundamental properties of lead sulfide quantum dots.  

The methods used in this thesis are based on photoelectron 
spectroscopy. They allowed investigation of materials as-is, but also 
changes upon excitation by laser or X-rays. Using a laser, dynamics on 
pico- to microsecond timescales were studied by time-resolved 
photoelectron spectroscopy. Using a range of X-rays, the probability of 
charge transfer in the attosecond range was investigated.   

Steady-state investigation showed that different surface treatment of 
the quantum dots caused different resistance towards surface 
oxidation and X-ray damage.  

Different layers in the structure of solar cells can influence the 
photovoltage, an important parameter in achieving high power 
conversion efficiencies. Time-resolved photoelectron spectroscopy 
was developed and used to investigate the contributions of the layers 
to photovoltage generation. We observed photovoltage dynamics on a 
timescale covering six orders of magnitude.  
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The mechanism of charge transfer in quantum dots of different sizes 
was studied by core-hole clock spectroscopy in the attosecond regime. 
Our results show that quantum confinement affects the charge 
transfer only at low excitation energies.   

 

Keywords: quantum dots, lead sulfide, halide ligands, surface 
oxidation, electronic structure, stability under X-rays, photoelectron 
spectroscopy, pump-probe, photovoltage, solar cells, quantum 
confinement, charge transfer, core-hole clock spectroscopy   
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Sammanfattning 

Spektroskopi på pricken – fotoelektronspektroskopi och tidsupplösta 
studier av blysulfidkvantpunkter för solceller  

Tamara Sloboda, Avdelningen för tillämpad fysikalisk kemi, Kemiska 
institutionen, KTH Kungliga Tekniska Högskolan, SE-100 44 
Stockholm, Sverige 

Förnybar energi är viktig då den globala energikonsumtionen 
fortsätter öka. Solenergi är en lovande energikälla eftersom solen 
strålar ut otroligt mycket energi. Då kommersiell solcellsteknologi 
använder mycket energikrävande tillverkningsprocesser finns det 
behov av nya material som är enkla att tillverka. Denna avhandling 
handlar om kvantpunkter som är nanopartiklar vilka kan absorbera 
ljus av olika energi, beroende på partiklarnas storlek.  

Lösningsbaserad syntes är en teknik för att tillverka tunna filmer av 
kvantpunkter. Grundläggande egenskaper hos kvantpunkter behöver 
kartläggas ytterligare innan storskalig produktion av sådana kan 
påbörjas. Målet med denna avhandling var att undersöka 
grundläggande egenskaper hos kvantpunkter bestående av blysulfid.    

Analysmetoderna i denna avhandling baseras på fotoelektron-
spektroskopi. Dessa möjliggör studier av material utan ytterligare 
bearbetning samt hur de förändras när de påverkas av laserljus eller 
röntgenstrålning. Med laserpåverkan har dynamik på pico- till 
mikrosekundsskala kunnat studeras med tidsupplöst fotoelektron-
spektroskopi och genom att använda röntgenstrålning med olika 
energi har sannolikheten för laddningsöverföring studerats på 
attosekundtidsskalan. 

Tidsoberoende studier visade att olika ytbehandlingar på 
kvantpunkterna gav upphov till olika motstånd mot oxidation och 
strålskador.  

Olika lager i solcellers struktur kan påverka fotospänningen, vilken är 
en viktig parameter för att uppnå hög energiomvandlingseffektivitet. 
Tidsupplöst fotoelektronspektroskopi utvecklades och användes för 
att undersöka olika lagers bidrag till fotospänningen. Vi observerade 
tidsberoendet hos fotospänningen på en tidskala som spände över sex 
storleksordningar. 
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Laddningsöverföringsmekanismen hos kvantpunkter med olika 
storlek studerades på attosekundstidsskalan med kärnhålsklocks-
spektroskopi. Våra resultat visar att kvanteffekter orsakade av 
instängning påverkar laddningsöverföringen enbart vid låga 
excitationsenergier.  

 

Nyckelord: kvantpunkter, blysulfid, halidligander, ytoxidering, 
elektronstruktur, motstånd gentemot strålskador, fotoelektron-
spektroskopi, pump-prob, fotospänning, solceller, kvantmekanisk 
inneslutning, laddningsöverföring, kärnhålsklockespektroskopi
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Sažetak 

Spektroskopija na tački, istraživanja bazirana na fotoelektronskoj 
spektroskopiji i vremenski razložena istraživanja olovo-sulfidnih 
kvantnih tačkaka za solarne ćelije 

Tamara Sloboda, Primenjena Fizička Hemija, Departman za hemiju, 
KTH- Kraljevski tehnološki institut, 100 44 Stokholm, Švedska 

Zbog neprestanog porasta globalne potrošnje energije, obnovljiva 
energija je važna tema. Sunce emituje ogromnu količinu energije i  
solarna energija zbog toga predstavlja obećavajući izvor. Međutim, 
većina komercijalne solarne tehnologije se još uvek zasniva na 
energetski zahtevnom procesu proizvodnje i zbog toga postoji potreba 
za novim, lako obradivim materijalima. Ova doktorska teza se bavi 
jednom vrstom takvih materijala: kvantnim tačkama. Kvantne tačke su 
nanočestice koje apsorbuju svetlost različitog opsega energije u 
zavisnosti od svoje veličine. Mogu se sintetizovati iz rastvora, koji se 
dalje mogu transformisati u čvrste tankoslojne materijale koji 
apsorbuju sunčevu svetlost i transformišu je u električnu energiju. 
Ipak, svojstva materijala od kvantnih tačaka treba detaljnije ispitati i 
bolje razumeti pre masovne proizvodnje. Cilj ove doktorske teze jeste 
da pruži deo tog znanja kroz nekoliko istraživanja kvantnih tačaka 
baziranih na olovo-sulfidu. 

Metode korišćene u ovom istraživanju su zasnovane na 
fotoelektronskoj spektroskopiji, koja omogućuje ispitivanje materijala 
u osnovnom obliku, kao i njegove dinamičke promene kada je 
ekscitovan laserom ili rendgenskim zracima. Uz pomoć lasera i 
rendgenskih zraka, koristeći vremenski-razloženu fotoelektronsku 
spektroskopiju (time-resolved photoelectron spectroscopy), praćene 
su promene energije vezivanja elektrona u zavisnosti od vremena. S 
druge strane, korišćenjem opsega rendgenskih zraka ispitana je 
verovatnoća prenosa naelektrisanja u atosekundnom režimu kroz tzv. 
"Core-hole clock" spectroskopiju. Pet radova sažetih u ovoj tezi mogu 
se grupisati u tri studije.  

Prvo istraživanje je ispitalo hemijska i elektronska svojstva različitih 
materijala sačinjenih od olovo-sulfidnih kvantnih tačaka. Pojedini 
materijali pokazali su veću stabilnost u odnosu na druge, što je 
doprinelo identifikaciji materijala koje je potrebno poboljšati ili 
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potpuno zameniti, kako bi se solarne ćelije od kvantnih tačaka 
poboljšale. 

Prisustvo različitih slojeva u strukturi solarnih ćelija utiče na evoluciju 
fotonapona, važnog parametara u postizanju visokoefikasne 
energetske konverzije. Pomoću vremenski-razložene fotoelektronske 
spektroskopije zabeležena je evolucija fotonapona u solarnim ćelijama 
od kvantnih tačaka u  vremenskom rasponu koji pokriva šest redova 
veličine.  

Kombinovanjem nekoliko metoda rendgenske spektroskopije istražili 
smo zavisnost prenosa naelektrisanja od veličine kvantnih tačaka u 
attosekundnom režimu. Rezultati su pokazali da ovaj prenos 
naelektrisanja zavisi od jačine efekta kvantnog ograničenja, prilikom 
stimulacije rendgenskim zracima niže energije.  

Dobijeni rezultati pružaju dalji uvid u svojstva kvantnih tačaka kao i u 
njihovu primenu kao materijala u solarnim ćelijama od kvantnih 
tačaka. 

 

Ključne reči:  kvantne tačke, olovo-sulfid, halogeni ligandi, oksidacija 
na površini, elektronska struktura, rendgenski zraci, fotoelektronska 
spektroskopija, vremenski razložene studije, fotonapon, solarne ćelije, 
kvantno ograničenje, prenos naelektrisanja 
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Сажетак 

Спектроскопија на тачки, истраживања базирана на 
фотоелектронској спектроскопији и временски-разложена 
истраживања олово-сулфидних квантних тачака за соларне 
ћелије 

Тамара Слобода, Катедра за примењену физичку хемију, 
Департман за хемију, КТХ- Краљевски технолошки институт, 100 
44 Стокхолм, Шведска 

Због непрестаног пораста глобалне потрошње енергије, 
обновљива енергија је важна тема. Сунце емитује огромну 
количину енергије и соларна енергија због тога представља 
обећавајући извор. Међутим, већина комерцијалне соларне 
технологије се још увек заснива на енергетски захтевном процесу 
производње и због тога постоји потреба за новим, лако 
обрадивим материјалима. Ова докторска теза се бави једном 
врстом таквих материјала: квантним тачкама. Квантне тачке су 
наночестице које апсорбују светлост различитог опсега енергије 
у зависности од своје величине. Могу се синтетизовати из 
раствора, који се даље могу трансформисати у чврсте 
танкослојне материјале који апсорбују сунчеву светлост и 
трансформишу је у електричну енергију. Ипак, својства 
материјала од квантних тачака треба детаљније испитати и боље 
разумети пре масовне производње. Циљ ове докторске тезе јесте 
да пружи део тог знања кроз неколико истраживања квантних 
тачака базираних на олово-сулфиду. 

Методе коришћене у овом истраживању су засноване на 
фотоелектронској спектроскопији, која омогућује испитивање 
материјала у основном облику, као и његове динамичке промене 
када је ексцитован ласером или рендгенским зрацима. Уз помоћ 
ласера и рендгенских зрака, користећи временски-разложену 
фотоелектронску спектроскопију („Тime-resolved photoelectron 
spectroscopy“), праћене су промене енергије везивања електрона 
у зависности од времена. С друге стране, коришћењем опсега 
рендгенских зрака испитана је вероватноћа преноса 
наелектрисања у атосекундном режиму кроз тзв. „Core-hole clock“ 
спектроскопију. Пет радова сажетих у овој тези могу се груписати 
у три студије.  
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Прво истраживање је испитало хемијска и електронска својства 
различитих материјала сачињених од олово-сулфидних 
квантних тачака. Поједини материјали показали су већу 
стабилност у односу на друге, што је допринело идентификацији 
материјала које је потребно побољшати или потпуно заменити, 
како би се соларне ћелије од квантних тачака побољшале. 

Присуство различитих слојева у структури соларних ћелија утиче 
на еволуцију фотонапона, важног параметара у постизању 
високоефикасне енергетске конверзије. Помоћу временски-
разложене фотоелектронске спектроскопије забележена је 
еволуција фотонапона у соларним ћелијама од квантних тачака у  
временском распону који покрива шест редова величине.  

Комбиновањем неколико метода рендгенске спектроскопије 
истражили смо зависност преноса наелектрисања од величине 
квантних тачака у аттосекундном режиму. Резултати су показали 
да овај пренос наелектрисања зависи од јачине ефекта квантног 
ограничења, приликом стимулације рендгенским зрацима ниже 
енергије.  

Добијени резултати пружају даљи увид у својства квантних 
тачака као и у њихову примену као материјала у соларним 
ћелијама од квантних тачака. 

 

Кључне речи:  квантне тачке, олово-сулфид, халогени лиганди, 
оксидација на површини, електронска структура, рендгенски 
зраци, фотоелектронска спектроскопија, временски разложене 
студије, фотонапон, соларне ћелије, квантно ограничење, пренос 
наелектрисања 
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1 Introduction 
 

Global energy consumption has been increasing for decades and 
reached a record level of nearly 159 000 TWh in 2020, most of which 
are still generated by fossil fuels.1 In order to reach our sustainable 
development goals,2 the need for more affordable and clean renewable 
energy sources is greater than ever. The largest renewable energy 
resources are currently hydroelectric, wind and solar energy, along 
with geothermal and biomass energy. Solar power in particular is 
expected to have an important role in a transition from fossil fuel to 
renewable energy resources, due to its enormous potentiala. To be 
commercially viable, solar energy materials need to be low-cost, 
efficient and easily manufactured.  

The first successful solar cell had an efficiency of only 1% and was 
fabricated by Charles Fritts in 1883.3 It took until 1954 before Bell labs 
announced their new Si solar cells with a record 6% efficiency.4 This 
announcement led to a large expansion of research on photovoltaics. 
As solar cells have improved, different generations of materials have 
developed. Despite being the oldest photovoltaic technology, silicon 
solar cell technology, still has advantages in performance vs. price 
ratio, with high efficiency (ca. 25 %) and long lifetime (about 20 years). 
The largest disadvantage of Si solar cells is the energy required to 
produce high purity crystalline Si. Newer materials have a potential to 
be more cost-effective and they can be used in unusual applications 
such as on windows, cars and building materials or on textile products 
and foldable devices, despite having lower efficiency. Nonetheless, the 
                                                             
a The sun emits about 3.86 x 1026 W (J/s). While most of that power goes into space, 
about 1.74 x 1017 W reaches the surface of our planet. That means that on a clear sky 
sunny day, one square meter of the earth receives about 1 kW of power from the sun. 
During six hours of that sunny day, an area the average size of a roof of a residential 
house (150 m2) will receive about 900 kWh. That’s about 30 times what the average 
household uses in an entire day. 
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new materials are still in the research phase and are not presently 
stable enough to be commercialized, which is why they are often called 
emerging materials. A big and active area of solar cell research 
includes materials made of organic dyes, perovskites, quantum dots 
(QD), etc. Quantum dots, which are the main topic of this thesis, are a 
group of materials that have the properties affected by quantum 
confinement effect (explained in following chapters). This allows them 
to be tuned in a way so that they absorb a specific fraction of the 
electromagnetic spectrum (illustrated in Figure 1.1).  

Increasing the fundamental understanding of quantum dot properties 
is the overall goal of this thesis and may help in improving the solar 
cells, which by itself will contribute to the achievement of several 
sustainability goals defined in the 2030 initiative.1 In particular, this 
work will directly contribute in achieving goal number seven, which 
defines that affordable and sustainable energy should be accessible to 
everyone. By promoting use of clean energy, this work will also 
combat the severe climate changes (goal thirteen). Finally, the 
development of new solar cell materials we may open new 
possibilities in building better, more sustainable cities and 
settlements (goal eleven). 

 
Figure 1.1. Illustration of electromagnetic spectrum of light with assigned 

regions of light with their energies and wavelengths  

During my PhD studies I have focused on investigating the electronic 
properties and electron dynamics of PbS quantum dots on sub-second 
timescales. This was achieved using photoelectron spectroscopy and 
related techniques. Papers I and II focus on understanding how small 
variation in chemical composition and different procedures can affect 
the properties of the material and the performance of the solar cells. 
Later on, in Papers III and IV, the focus shifted to the charge transfers 
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in solar cell devices. The goal here was to investigate how solar cell 
parameters (e.g. layer thickness, light intensity, or substrate) 
influence the photovoltage generation in QD solar cells.  In Paper III 
we developed a time-resolved method with which one can study 
electronic processes that happen on pico- to micro-second (10-12 - 10-

6 s) timescales in a single measurement. Last project (Paper V), is the 
study of the particle size effect on localized ultrafast charge transfer 
(attosecond, 10-18 s). This was investigated for PbS quantum dots and 
PbS reference materials. The study gives a deeper insight into 
fundamental properties of the PbS quantum dot materials and the 
effect that the quantum confinement has on ultrafast charge transfer. 

The following chapters will introduce the underlying theory, results 
and discussion pertaining to this work. Starting with Chapter 2, we 
delve into semiconductors and their properties as well as basics of the 
solar cells. Chapter 3 offers explanation of the quantum dots, quantum 
dot solar cells and the methods used to prepare the materials for 
further investigations. The used methods in the further investigations 
are described in Chapter 4, and the results are discussed in Chapter 5. 
The thesis ends with the Conclusion and Outlook, Acknowledgements, 
Reference list and papers the thesis is based on. 

  



 

22 – Introduction 

  



 

From Atoms to Semiconductors – 23 

2 From Atoms to Semiconductors 
In this Chapter, we start with explanation of atoms and molecules and 
how they bond. We also discuss the semiconductor solids, their basic 
characteristics and end with PbS as a semiconductor example.  

2.1 Atoms and Orbitals 
Humans have always been good at imagining the unimaginable, and 
some have even dedicated their lives to explain the puzzling, unusual 
and/or controversial topics in the pursuit of understanding them. 
When it comes to such topics, many of the earliest ideas were created 
by the philosophers of ancient Greece. It was the same with the first 
ideas about the structure of matter surrounding us. Matter had many 
explanations throughout history, from the tiny, indivisible particles, to 
the “quantum model”, described by Erwin Schrödinger in 1925 which 
we use today. According to Schrödinger, the electrons can be 
described in terms of wavefunctions centered around the atom nuclei. 
This means that instead of “planetary orbitals” (Bohr’s atom model), 
we have the “clouds of probability” or “clouds of electron density” 
describing the probability distribution of the electrons. These regions 
of space around the nucleus are today’s definition of electron orbitals 
and mathematically, they can be derived from the time-independent 
Schrödinger equation:  

 𝐻𝐻�|𝜓𝜓〉 = 𝐸𝐸|𝜓𝜓〉 (1) 

where the 𝜓𝜓  is the wave function describing everything about the 
quantum state of the system we are observing (e.g. the hydrogen atom, 
particle in a box, simple harmonic oscillator, etc.). 𝐸𝐸 is the total energy 
of the quantum system and 𝐻𝐻� is the Hamiltonian operator, describing 
total energy of the system. This equation is typically found in almost 
every book related to quantum mechanics basics (for example 
“Quantum mechanics”, by A. Messiah).5  
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By solving the Schrödinger equation for the simple systems, we are 
able to explain how the energetic states form and interact with each 
other. Let us look at the atom as an example: an atom consists of the 
heavy nucleons in a nucleus and light electrons distributed around the 
nucleus. In fact, the mass of a nucleon (1.7 ×  10−27 kg) is about 1800 
times heavier than the of the electron (9.1 ×  10−31 kg) . This is 
roughly the same weight ratio of a smaller domestic cat in comparison 
with an average elephant. In that sense, nuclei are very big, heavy and 
slow compared to the small lightweight electrons spread out around 
them. To simplify calculations of Schrödinger equation, we consider 
nuclei to be stationary positively charged particles.  The electrons in 
an atom are defined with four quantum numbers, which used to 
describe the energy of the shell (energy level), sub-shell (orbital), the 
shape and angular momentum of the orbital electron is in, and the spin 
of the electron. The energy levels are always denoted with natural 
numbers or with letters K, L, M, N, etc. while the orbitals are typically 
denoted with letters s, p, d and f. The spatial orientation of the orbitals 
(the number and orientation of the orbitals of the same energy level) 
is typically indicated using different combinations of x, y and z (e.g. 
orbitals 𝑝𝑝𝑥𝑥 ,𝑝𝑝𝑧𝑧 , or  𝑑𝑑𝑥𝑥𝑥𝑥, 𝑑𝑑𝑥𝑥2−𝑥𝑥2 ). With spin quantum number, we 
describe the spin of the electron that can have values ± 1

2� . Knowing 
the quantized structure from Schrödinger’s equation together with 
Pauli’s exclusion principle, we are able to describe the complete 
electronic structure of the atoms in the periodic table.b However, if the 
observed quantum system becomes a molecule, its electronic 
structure becomes more complex.  

As atoms approach each other to form a molecule, their orbitals start 
affecting each other, until they are close enough to form a bond. The 
atomic orbitals (AO) of comparable energies and symmetry will 
combine into molecular orbitals (MO). According to Molecular orbital 
theory, the number of molecular orbitals formed is always equal to the 
number of atomic orbitals. The newly formed MO, described as linear 
                                                             
b E.g. sulfur 16S has an electron configuration 1s22s22p63s23p4 
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combinations of the AO, have lower and higher energy than the initial 
AO (bonding and antibonding MO, respectively, Figure 2.1, left). As we 
go from a molecule to a crystal, the number of orbitals affecting each 
other increases further, and the discrete energy states become so close 
to each other that they can be regarded as forming continuous bands 
of energy states (illustrated in Figure 2.1, right). The continuous bands 
usually form only with the electrons which are furthest away from the 
core and participate in bonding. Electrons with high binding energy, 
whose energy levels are only slightly perturbed by the formed bond, 
may be denoted as core electrons, and their energy levels as core-
levels (CLs).  

Highest electron-occupied energy states form the valence band (VB), 
while lowest unoccupied energy states form the conduction band (CB). 
The energy gap between these two is referred to as the band gap of a 
material (Eg) and material’s electronic properties will heavily depend 
on it, which is further discussed in the following chapter. For more 
details see also “From Bonds to Bands and Molecules to Solids”, by J. 
K. Burdett.6   

 
Figure 2.1. (Left) Diagram of linear combination of atomic orbitals into 

molecular orbital (MO). (Right) Simplified structure of electron shells in atoms 
vs. bands in solids. CB - conduction band, VB - valence band, Eg -  bandgap. 
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2.2 Semiconductors 
The band gap determines how a solid conducts electricity.  As a 
starting point, we can divide the solids into conductors, insulators and 
semiconductors (Figure 2.2), depending on the size of the band gap. In 
order to have a current flow, an electron needs to be excited from the 
valence to the conduction band. For this to happen, the energy given 
to the electron needs to be larger than the band gap. In case of 
conductors, where CB and VB are very close or overlapping, electrons 
from the valence band need only a small additional energy to move up 
to the conduction band. The opposite is the case for insulators’ 
electrons, which due to the large band gap, need a lot of energy to 
excite an electron from the VB to the CB. Semiconductors are neither 
conductors nor insulators. Their band gap is typically between 0.4 and 
3 eV, which is in range of thermal energy (0.01-12.40 eV;7 for example,  
room temperature has a thermal energy is about 25 meV). When an 
electron is excited from VB to CB by thermal energy, this process is 
called thermal excitation, and the probability of that energy state 
being excited is defined with the Fermi-Dirac distribution:8,9 

 𝑝𝑝(𝐸𝐸) = 1
𝑒𝑒(𝐸𝐸−𝐸𝐸𝐹𝐹) 𝑘𝑘𝐵𝐵𝑇𝑇⁄ +1

 (2) 

where, 𝑝𝑝(𝐸𝐸)  is the probability that the energy state E is being 
occupied. The kB and T are the Boltzmann’s constant and temperature 
of the system, and the Fermi level (EF, Figure 2.2) is the energy where 
a state has exactly 50% chance of being filled with an electron. Another 
definition of the Fermi level is that it is the highest energy level that an 
electron may occupy at a temperature of absolute zero.  

In an intrinsic semiconductor, the Fermi level is theoretically defined 
to be in the middle of the band gap. However, real materials never have 
a perfect structure, and it is quite common that defects exist in parts 
of the crystal structure. Defects can be a missing atom (vacancy), an 
atom of a different element (substitution), or an extra atom squeezed 
in into the structure (interstitial atom). All of the mentioned affect the 
electronic structure of the material and can move the position of the 
Fermi level away from the middle point (Figure 2.2B). 
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Figure 2.2. (A) Electronic structure of solids – conductors (C), 

semiconductors (semiC) and insulators (I). (B) Structure of n-type and p-type 
semiconductors together with band structure in a semiconductor when 
electric field is applied 

When an electron is excited from VB to CB, electron leaves behind an 
empty energy state in the VB called a hole, which effectively functions 
as a positive charge. Thus, both electrons and holes are charge 
carriers, and they carry an equal amount of charge of the opposite sign 
(𝑞𝑞ℎ𝑜𝑜𝑜𝑜𝑒𝑒 = − 𝑞𝑞𝑒𝑒𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒). The number of electrons and holes in an intrinsic 
semiconductor is equal (thus, the position of the Fermi level is in the 
middle of the bandgap). Consequently, if the number of electrons is 
increased by a defect (e.g. doping with atom with more valence 
electrons), the Fermi level moves closer to the conduction band (n-
type semiconductor, Figure 2.2B). Likewise, if the number of holes is 
increased (e.g. doping with atom with fewer valence electrons), the 
Fermi level moves closer to the valence band (p-type semiconductor, 
Figure 2.2B). As the charge carriers separate, the electron and hole 
would then move in opposite directions if there is an external electric 
field present, which can cause the bands to tilt (Figure 2.2). If not 
separated, electrons and holes would diffuse towards the areas with 
lower concentration of the same charge and recombine with the 
opposite charge.  
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Photovoltaic Devices 

We said previously that when given energy higher than the band gap, 
the electrons will be promoted into the conduction band leaving 
behind a hole. If that energy is in form of light (e.g. visible light, Figure 
1.1), this process is defined as light absorption. However, light 
absorption alone is not enough to produce power which can be used 
by an appliance. As current is by definition a directed flow of charge 
carriers (e.g. electrons) in a circuit, it is necessary to have something 
that will direct the electrons and holes in opposite directions. One way 
to do this is to use p-n junctions, formed by p-type and n-type 
semiconductors. Upon contact of p- and n-type semiconductors, the 
Fermi levels will equilibrate (Figure 2.3, right).  

 
Figure 2.3. Charge distribution of p-n junction with marked directions of 

the electron and hole diffusion and electron and hole drift currents is shown 
on the left. On the right, a band diagram of the p-n junction in the dark is 
illustrated with equilibrated Fermi levels. 

This will cause the electrons and holes in the vicinity of the junction 
from both sides to move across the junction, towards their opposites. 
As a result, a thin region on both sides of the junction is formed, where 
electrons and holes are depleted (i.e. depletion region). This “barrier” 
will hinder, or even block the movement of the charge carriers in one 
direction, but not in the other. Another way to describe this is by 
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having two opposite flows of the charge carriers: the diffusion and the 
drift current. In case of electrons, the diffusion current is carrying 
them from n-side to p-side of the junction (Figure 2.3). By losing 
electrons, this part of depletion region becomes more positive. Since 
electrons tend to move towards the positively charged areas, an 
electric force pulling them in the opposite direction is generated– the 
drift. Similar analogy can be used to explain the hole diffusion and drift 
(Figure 2.3).  When the diffusion current (a consequence of charge 
density difference) is equal to the drift current (caused by internal 
electric field), we say that there is no net charge movement, hence no 
current, and the system is in equilibrium. If an external voltage (e.g. a 
battery) is applied to a p-n junction, the Fermi levels move and the 
system goes out of equilibrium: the electrons start moving from n-type 
to p-type semiconductor, in direction of electric field and holes move 
in the opposite direction.c Since there is now an electron flow, the total 
current in the external circuit is not zero, and it has a direction 
opposite of the electron flow (Figure 2.4, left). This current is typically 
referred to as “dark current”. 

Illumination of the p-n junction will, on the other hand, lead to 
formation of new electron-hole pairs in the semiconductor. As they get 
separated, electrons and holes will be driven towards n-side and p-
side, respectively. This current (photocurrent) has the opposite 
direction of the dark current (Figure 2.4, right). If the two currents 
equilibrate, the total current in external circuit becomes zero. This is 
the same value that the voltage would have in case of opening a circuit, 
thus this voltage is defined as an open circuit voltage (VOC).  

To generate power, according to Watt’s law,d both voltage and current 
need to be generated by the solar cell (Figure 2.4, right). The power 
output is usually tested by measuring a current-voltage (IV) curve, like 
in the examples shown in Figure 2.5. Without illumination, in case of a 

                                                             
c This is the case of forward bias, where the Fermi level on the n-side of the junction is 
raised. 
d Power = current × voltage 
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good solar cell, the IV curve shape looks like that of a typical diode, 
which is why the dark current is sometimes also referred to as the 
“diode current”. Depending on the light intensity, the whole curve 
would shift on current (vertical) axis towards higher current values, 
which, if no voltage is applied, is the short circuit current, ISC. 

 
Figure 2.4. Band diagram of a p-n junction under applied potential (V), 

without illumination (left) and under illumination (right) at a potential 
(V<VOC). 

 
Figure 2.5. IV diagram examples of a diode and solar cell without 

illumination (A) as well as IV diagrams of a solar cell under a little 
illumination (B), under a lot of illumination (C). ISC – short-circuit current, VOC 
– open-circuit voltage, PMAX – maximum power output region, green arrow – 
illumination.  
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The effect of generating voltage and current by absorbing light is 
known as photovoltaic effect. More detailed explanations of p-n 
junctions and solar cell operation may be found in “Solar Cells and 
Modules” edited by A. Shah,10 “Practical Handbook of Photovoltaics” 
by T. Markvart and L. Castañer,11 “Physics of Solar Energy” by C. Chen12 
and “Semiconductor basics”, G. Domingo.13 

Lead Sulfide 

The emphasis of this thesis is on the semiconductor lead sulfide, PbS. 
PbS is one of the most common forms of lead compounds in nature, 
known as the mineral galena. In ancient Egypt, galena was used as eye 
cosmetic (kohl), and later in decorative paints and ceramic glazes. 
Nevertheless, if the lead atoms or ions enter the human body, the lead 
quickly spreads through the body and may cause severe 
consequences. This is why it is important to work with great caution 
when in contact with lead compounds. The oxidation numbers of Pb 
and S in galena are +2 and -2, respectively, and the bond they form has 
a mixture of covalent and ionic character.14,15 PbS has a rock-salt 
crystal structure,16 presented in Figure 2.6 (right), and a band 
structure (Figure 2.6, left) composed of mostly S 3p and Pb 6s and p 
contributions.17,18 As we may see from its band structure, PbS in its 
natural state has a quite narrow band gap for a semiconductor (value 
of 0.37 eV).19 From the band gap of PbS, the voltage of a PbS solar cell 
would not be expected to be more than the bandgap value, 0.37 V. 
However, in first measurements of the photovoltage in PbS, the 
reported voltage was way above the band gap (2 V).20 This effect is 
explained later by Goldstein and Pensak,21 as a sum of small 
photovoltages originating from the grain boundaries created during 
deposition procedure, and the effect was named “high-voltage 
photovoltaic effect”. In fact, PbS was the first material in which the 
photovoltaic effect was identified emerging from a p-n junction.22,23 
However, in the studies of Sosnowski et al.20,22,23 there were no clearly 
reported magnitudes of the observed photoeffects, and at this point, 
there is not enough solid evidence that natural PbS is a promising 
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material for solar cells. This will be challenged in the following 
chapter, where we will look into PbS nanoparticles, whose properties 
change with the particle size. 

Figure 2.6. Left – band structure of bulk PbS semiconductor, adapted from 
ref. 18 with permission from The Royal Society of Chemistry. The x-axis 
represents the reciprocal space in a crystal, where Γ is the center of that space, 
and L, K, X and W are different directions in PbS crystal lattice towards which 
an electron wave would propagate. Right – The rock salt crystal structure of 
PbS,24 dark grey spheres represent Pb ions, and yellow sulfur ions. 
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3 From Quantum Dots to Solar Cells  
In this chapter, quantum dots are introduced from the aspect of theory 
and practice. While the theoretical aspect is an extension of the 
previous chapter, the practical aspect describes the experimental 
procedures in the lab and compares them to previously reported 
studies in this field.  

3.1 Quantum Dots 
Previous sections explain how the electrons and holes are generated 
in a typical semiconductor solid. Because electrons and holes have 
opposite charges, they may also be bound to each other in a material. 
Bound holes and electrons are defined as a quasi-particle called an 
exciton, and the distance between them is the exciton Bohr radius.25 
The exciton Bohr radius becomes much more important in 
semiconductor physics as the semiconductor particle shrinks. It is 
especially interesting in cases where the exciton becomes larger than 
the particle itself, as is the case of quantum dots (Figure 3.1).  

The first research in this direction was performed in the 1850s by 
Michael Faraday on colloidal gold particles.26 The actual term 
“quantum dot” was first used in 1985, by M. Reed and co-workers.27 
However, the first quantum dots were produced before that, by 
several different groups between 1980 and 1983,28–31 when they were 
referred to as small crystallites.32 This was also the first time it was 
reported that the size of nanocrystals changes over time.32 Today we 
know that the band gap of the quantum dots largely depends on the 
diameter of the dots, due to the property known as the quantum 
confinement effect. The size where quantum confinement occurs is not 
the same for all materials, nor for the different properties of a material. 
In case of semiconductor nanoparticles the relevant scale is defined by 
the exciton Bohr radius, which ranges from 2 to 50 nm in different 
materials,33 and in case of PbS it is about 18 nm.34 When the size of the 
particle approaches these values (Figure 3.1), the exciton wave-
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functions become confined (the excitons are being “squeezed”), which 
limits the available energy states electrons can occupy. As a result, the 
band gap of the material increases.  

 
Figure 3.1. Illustration of nanocrystal size and band gap dependence on 

exciton size. The band gap increases as the particle diameter decreases. 

The size range where these effects are observed is often referred to as 
the quantum confinement regime. In quantum confinement regime 
the energy gap shows the size dependency according to the Brus 
equation:30 

  𝐸𝐸𝑔𝑔(𝑄𝑄𝑄𝑄) = 𝐸𝐸𝑔𝑔(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) + ℏ2

8𝑅𝑅2
� 1
𝑚𝑚𝑒𝑒
∗ + 1

𝑚𝑚ℎ
∗� −  1.8𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀𝑟𝑟𝑅𝑅2
 (3) 

where 𝐸𝐸𝑔𝑔(𝑄𝑄𝑄𝑄) and 𝐸𝐸𝑔𝑔(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)  are the band gaps of the quantum dot 
and bulk, respectively. R is the radius of a QD and 𝑚𝑚𝑒𝑒

∗  and 𝑚𝑚ℎ
∗  are 

effective masses of excited electron and hole. Finally, h is Planck’s 
constant, and 𝜀𝜀𝑒𝑒  and 𝜀𝜀0  are relative and vacuum permittivity. The 
middle term of the equation 3 represents the confinement energy, and 
the right term represents the exciton columbic interaction energy 
(which can be disregarded in case of materials with high dielectric 
constant, such as PbS). We can see that the confinement energy is 
inversely proportional to the R2 of the quantum dot, which means that 
we are able to increase its band gap by decreasing its size and vice 
versa.35 More detailed discussion on semiconductor nanoparticles and 
size dependence can be found in the book Nanoparticles by Celso de 
Mello Donegá.33 
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Exciton Generation and Recombination in Quantum Dots 

When a quantum dot is illuminated with photons with sufficient 
energy, an exciton is generated. Theoretically, the minimum energy is 
the value of the quantum dot band gap, and usually, when absorbing 
one photon of sufficient energy one exciton is generated. However, if 
the energy of the incoming photon is more than twice of the energy of 
band gap, there is a possibility of charge multiplication, i.e. multiple 
exciton generation.36,37 Initially, the electron is excited to higher 
energy states above CB edge and a “hot” electron is created (illustrated 
in Figure 3.2 B and C).  

 
Figure 3.2. (A) Exciton generation, followed by dissociation, i.e. separation 

of electrons and holes and charge transfer to neighboring dots, (B) generation 
of a “hot” electron and hole followed by emission of heat or (C) multiple exciton 
generation, (D) recombination of electron-hole pair with emission of another 
photon. 

The “hot” electron is a highly unstable state and it will eventually relax 
to the conduction band edge by giving away the excess energy as heat 
(Figure 3.2 B) or as energy that will excite another electron from the 
VB into the lower states of the CB (Figure 3.2 C). This way two excitons 
were created with a single photon. Once generated, an exciton relaxes 
via radiative or non-radiative processes.38 Non-radiative processes 
include the exciton dissociation (Figure 3.2A), carrier trapping to 
“trap-states” in the band gap (typically caused by defects), energy 
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transfer in QDs with a disordered landscape (e.g. transfer of electron 
to a trap-state of the adjacent dot) and Auger decay.e  

The photoluminescence is a radiative decay process that consists of an 
electron-hole recombination and excess energy emission in form of a 
photon (Figure 3.2D). It usually occurs on a timescale of a few μs,35,39 
and it will be further explained in later sections of the thesis. 

3.2 PbS Quantum Dots 
Two standard approaches can be used for synthesis of quantum dots: 
bottom up or top-down.40,41 Top-down methods such as electron beam 
lithography or ion implantation aim to take a bulk material and thin it 
down to nm sized pieces. In bottom-up approach methods, such as 
wet-chemical or vapor-phase methods, the quantum dots undergo 
self-assembly.40 Creating quantum dots of uniform size is challenging 
as they tend to clump together (aggregate) generating a more stable, 
bulk material. To prevent aggregation, quantum dots are often stored 
as colloidal solutions. In colloidal form, each QD is surrounded with 
long-chain carbon rich molecules, such as oleic acid or oleylamine, 
which keep the dots at a distance to each other (Figure 3.3).   

The method employed for synthesis of quantum dots in this thesis is a 
wet-chemical method known as hot-injection synthesis.42 In a typical 
hot-injection synthesis,42 the reaction starts by dissolving the 
reagents, which are in this case lead (II) oxide (PbO) and oleic acid 
(OA) in a non-polar solvent, 1-octadecene (ODE) in a heated reaction 
vessel (typically a round-bottom flask, like in apparatus shown in 
Figure 3.4). The reaction conditions require deoxygenated solutions, 
which is why it is common to “degas” the reaction mixture under mild 
vacuum at least until the yellow-to-orange lead oxide is completely 
dissolved. At that point, the reaction mixture becomes a clear, 
colorless solution (solution I). Once the PbO is completely dissolved, 
                                                             
e  A normal Auger decay is the process opposite to multiple exciton generation. 
However, this is different to the Auger decay I have studied in my thesis, and this one 
will be explained later in the thesis. 
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the temperature is set for the injection of solution II, the 
hexamethyldisilathiane (TMS) in ODE. The TMS in ODE is typically 
simultaneously prepared under inert atmosphere and heated during 
the degassing time of solution I, until the injection time. Before the 
injection, the vacuum condition is stopped by introducing an inert 
atmosphere, or a flow of inert gas (e.g. nitrogen). Once the 
temperature is stable, the hot solution II is rapidly injected giving rise 
to an instant reaction, where the solution becomes colloidal and dark 
brown. The temperature in the flask immediately decreases by 5-10 
°C and after a few minutes, the heating source is removed so that the 
growth of newly-formed PbS-OA nanoparticles is terminated and the 
cooling can begin.  

 
Figure 3.3. Structure of (A) oleic acid and (B) oleylamine; (C) a single 

quantum dot surrounded with oleic acid ligands; (D) a group of quantum dots 
in colloidal solution. 

The particles grow quickly, and the long OA molecules are good 
stabilizing agents preventing aggregation and precipitation. During 
the particle growth, ligands will attach to and detach from the surface 
at the rate dependent on the temperature of the local environment 
(the solution temperature). This is known to affect the shape of 
formed dots, together with, of course, the stereochemistry of the 
ligands. If the temperature is maintained for a longer time (instead 
letting the colloidal solution cool down), a part of the newly formed 
particles may dissolve allowing the other part to keep growing.43–45 
This causes a very large size distribution and makes the whole 
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solution unstable, which is why the growth needs to be stopped 
quickly.  

 
Figure 3.4. Illustration of quantum dot synthesis apparatus: a three-neck 

round-bottom flask closed with rubber septa, in a silicone oil bath. The flask is 
connected to a Schlenk line (via tubing) with which we control the air and 
nitrogen flow. The thermometer is measuring the temperature of the solution 
I, while the magnet is stirring it. The solution II is injected at the precise 
temperature (e.g. 90 °C) using a glass syringe and a long wide needle which 
helps reduce the friction when pushing the liquid out of the syringe.  

When the colloidal solution reaches room temperature, the dots need 
to be “washed” from unwanted residues, unreacted reagents and 
possible contamination. This is achieved by selective precipitation. 
Selective precipitation means that a polar anti-solvent (e.g. acetone), 
miscible with the native dispersing solvent (ODE), is added to the QD 
colloidal solution, to push the precipitation of the QDs coordinated 
with OA ligands. This way, most of the by-products of the reaction and 
unreacted residues are left in the solution. By centrifuging the 
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precipitated dots, a QD pellet is collected on the bottom of the vials and 
the supernatant is removed. The pellet can then be re-dispersed in a 
fresh volume of a solvent that they are stable in (e.g. toluene), and this 
process is typically repeated once more. Once precipitated the last 
time, the QD pellet is dried and re-dispersed in fresh octane, a solvent 
in which they are stable for extended periods of time.f  

3.3 The Surface of QDs 
Quantum dots have a high surface area-to-volume ratio and due to this 
the surface chemistry of the QDs plays a significant role in their 
properties. Moreover, the surface chemistry is greatly affected by the 
QD structure, which is known to vary with size of the dot.46 As 
quantum dots have a large number of surface atoms in relation to bulk 
materials, the surface of dots is often irregular and full of dangling 
bonds, which, if not passivated, will lead to surface oxidation and to 
the formation of trap states and defects.47–49 The OA ligands used in 
the synthesis passivate the surface, but inhibit charge transfer 
between adjacent QDs. The large ligands are not optimal for a solar 
cell, as the charges need to move from dot-to-dot to conduct 
electricity. In addition to that, the dots in colloidal solution need to be 
turned into solid state in order to be used in the solar cell devices. For 
this reason, the choice of surface ligands becomes essential in order to 
improve the charge transport while retaining good stability.50  

From Dot-to-Dot 

In order to travel from dot to another dot and conduct electricity, 
electrons need to be able to tunnel, i.e. pass through the potential 
barriers between the dots which are created by the ligands on the 
quantum dot surface (see Figure 3.5). If that barrier is wide and high, 
                                                             
f I personally did not use the colloidal QDs if they are over a month old, have enough 
precipitation to stop the 0.2μm PTFE filter, or if one of the steps in the synthesis went 
wrong. Some batches had precipitation in the synthesis, most batches had little 
precipitation within the next week, while some were stable over a year.  
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the exciton lifetimes increase (e.g. 1 μs),51 but at the cost of low 
tunneling rates (T). Conversely, while smaller potential barriers allow 
for higher rates of tunneling, the excitons tend to decay faster:52 

 𝑇𝑇 ∝ exp�−2�2𝑚𝑚∗∆𝐸𝐸
ℏ2

 ∆𝑥𝑥� (4) 

where ∆𝐸𝐸  is the height and ∆𝑥𝑥  is the width of the tunneling barrier 
(defined by the ligands on the surface of a quantum dot). The 𝑚𝑚∗is the 
effective mass of electron and ℏ is the reduced Planck’s constant. The 
rate of tunneling also depends on electronic coupling of the QDs. 
Electronic coupling can be described as an interaction of wave 
functions (representing electrons) in two dots, i.e. when an electron 
tunnels, the wave function representing it is propagating or is 
delocalized across the dots.52–54 Therefore, if the coupling between the 
two dots is increased, it can be viewed as reducing the height and 
width of the barrier, both which increase the tunneling rate and with 
it the conductivity of the quantum dot material.51,55 Strong coupling of 
the quantum dots is not that common, but it is known to be present in 
lead chalcogenides, where it also greatly depends on the inter-dot 
distance and thus surface chemistry.51,56 Therefore, more disorder in 
the system would cause greater inter-dot distance, which would mean 
weaker coupling of the dots and limited charge transfer.  

Significant research efforts have been made to improve the charge 
mobility, lifetime, and to reduce the amount of defects and rate of 
charge recombination, which lead to improvements in QD devices.57 
Some of the ligands in early quantum dot solar cells were thiols (e.g. 
benzenedithiol, ethanedithiol (EDT)), amines (e.g. ethylenediamine, 
tetrabutylammonium iodide (TBAI)), mercaptopropionic acid (MPA) 
and halide salts.58 Depending on the ligands, the QDs have more p- or 
n-type character.58–60 The best performing solar cells so far have been 
achieved with the iodide and bromide ligands for the main absorbing 
PbS material.61–63 
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Figure 3.5. Illustration of electron tunneling barriers:  wide barrier (long 

carbon-chain ligands), where no tunneling is expected, and material is 
insulating (left), vs. thin barrier (e.g.  halide ligands, represented with an X-), 
where tunneling occurs easily (right). 

The Ligand Exchange 

The long carbon-chain type ligands typically form bridging or chelate 
(bidentate) coordination (Figure 3.6)64 and, as already mentioned, 
have an insulating effect on the QDs. Ligand exchange after the 
synthesis is necessary in order to replace the longer ligands with 
shorter ones, which will bring the dots closer together and allow 
electrical conduction between adjacent QDs, while providing 
protection from oxidation through surface passivation.  

 
Figure 3.6. Bridging (left) and chelate (right) bonding type between Pb in 

PbS and long carbon-chain ligands. 

In the liquid state ligand exchange procedure,61 the PbS-OA QD 
solution we made in Chapter 3.2 is mixed with a ligand solution 
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containing pure halide salt, or a halide salt mixture and a small amount 
of ammonium acetate in dimethylformamide (DMF) as the solvent. g  
During the vigorous stirring the long-chain OA acid ligands on the dots’ 
surface are exchanged for the small halide ligands (Figure 3.7). 

 
Figure 3.7. Ligand exchange scheme, from oleic acid capped PbS QDs (left) 

to halide capped PbS (right). 

As the solvents used here (octane and DMF) are not miscible, the OA 
residues will move to octane (the non-polar solvent), while the dots 
surrounded by small halide ligands will move to polar DMF phase. We 
can see this clearly, due to quantum dot displacement, and the loss of 
color in the octane solution (if the ligand is PbI2), as illustrated in the 
beginning of the scheme in Figure 3.8. These are signs that the ligand 
exchange is now completed, thus the octane-OA phase on the top can 
be discarded. The dots are then “washed” again with fresh octane to 
remove the residues.  Similarly, as in the PbS-OA synthesis described 
in the previous section, the ligand exchanged QDs need to be 
precipitated from the DMF solution, which is achieved by addition of 
toluene. The precipitation again finishes with brief centrifugation and 
QD pellet formation, followed by dispersion in a new, volatile solvent 
or solvent mixture, typically containing butylamine, to the final 
concentration of 200 mg/ml. This final solution is referred to as the 
QD ink and it is only stable for a couple of hours. The ink is then spin-

                                                             
g  As these salts often need time to dissolve completely, the solutions are usually 
prepared a day before the ligand exchange procedure. 
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coated on a glass substrate fixed on a spin-coater (Figure 3.9), where 
a few hundred nm solid QD thin film is formed. 

 
Figure 3.8. Ligand exchange scheme with steps in chronological order. C 

stands for centrifuging. 

 

 
Figure 3.9. Illustration of spin-coating of the QD ink using a spin-coater. 
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3.4 Quantum Dot Solar Cells 
The structure of quantum dot solar cells (QDSCs) has improved over 
the years from a simple structure, consisting an absorbing material 
sandwiched between two electrodes, to complex multilayered 
structures.65–71 The formation of junctions in semiconductor materials 
was briefly discussed in Section 2.2. In typical quantum dot solar cells, 
charge accumulation (i.e. depletion region) is formed at the junction 
between n-type PbS and p-type PbS, which promotes the charge 
separation and thus band bending occurs across the layers. However, 
in QDSCs, the band bending also occurs at junctions with other 
materials (e.g. transport layers, which are now a part of the most 
recent quantum dot solar cell structures).  

The standard QDSC structure with high power conversion efficiency 
nowadays consists of one transparent electrode (a glass substrate 
covered by a conductive oxide layer such as fluorine-doped tin oxide, 
FTO, or indium-doped tin oxide, ITO), the light absorbing layer, a metal 
electrode (typically gold layer) and charge transport layers.60,70,72 The 
structure of QDSCs used in this thesis is shown in Figure 3.10, together 
with a photograph of the solar cells and a band diagram of the solar 
cell. The main absorbing QD layer is surrounded by an electron 
transport layer (ETL) on one side and a hole transport layer (HTL) on 
the other side and they altogether are sandwiched between the two 
electrodes. The ETLs are usually deposited on top of the transparent 
electrode, as many ETLs are themselves transparent. The purpose of 
ETL, besides extracting the electrons from the QD layer, is selective 
blocking of the holes from reaching the electrode (the transparent 
electrode in this case). ETLs are typically n-type, wide band gap 
materials and thus a potential barrier for the holes, which forces them 
to go to the opposite side of the solar cell, towards the metal electrode. 
Consequently, the electron-hole recombination in the solar cell is 
reduced, and higher efficiencies of the solar cells are achieved.60 The 
typical ETLs used nowadays are the mesoporous TiO2 or various forms 
of ZnO (e.g. crystalline, nanowires, surface treated, or doped ZnO).  
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The function of HTL is exactly the opposite of ETL – they create a 
barrier that will stop electrons from reaching the metal electrode, 
while selectively allowing holes to pass through. In QDSCs the PbS-
EDT layer, which is the p-type layer of the p-n junction, is often 
referred to as a HTL in solar cell devices.59,73,74 However, in some 
studies various polymers have also been used as HTL in efficient 
devices.72,75–77 This solar cell design has inspired many research 
groups to successfully improve the devices over the years,38,62,73,78,79 
and further improvements are expected to arise from additional band 
alignment and by extending the depletion regions. 

 
Figure 3.10. Photograph of one batch of solar cells (left) together with the 

cross-section of their architecture (middle) and band alignment of that 
architecture (right). 

3.5 Assembly of the QD Solar Cells 
Making a solar cell is similar to making a (miniature) layered cake, 
except that the cake is unfortunately not edible. Assembly of the solar 
cell (Figure 3.11) always starts with a clean transparent electrode. In 
case of the solar cells I made, this was ITO coated 1 mm thick glass. 
The ITO glass was initially cut to specific dimensions and etched in the 
middle to reduce the possibility of short-circuiting the solar cell. After 
this, the ITO was cleaned in an ultrasonic bath in three steps using 
different solvents and treated with UV-ozone. The first layer deposited 
on top of ITO is the transparent ETL, which in case of my solar cells 
was always magnesium-doped zinc-oxide (MgZnO). The MgZnO is 
prepared from a precursor solution, prepared from zinc-acetate, 
magnesium nitrate and ethanolamine in ethanol, using a standard 
reflux apparatus.80 This solution is then spin-coated onto the ITO 
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substrate, wiped from the edges. The MgZnO is then annealed at 
elevated temperature allowing it to crystalize into a 30-40 nm thick 
layer.  

 
Figure 3.11. Assembly of QD solar cells: (A) spin-coating of MgZnO 

precursor solution on top of clean ITO etched in the middle; (B) removal of 
MgZnO layer along the short edges of the ITO glass using a swab dipped in 
EtOH; (C) annealing of MgZnO in two steps at 200 °C and 300 °C; (D) 
deposition of n-type PbS; (E) short, 5 min annealing at 70 °C; (F) deposition of 
PbS-EDT: first a PbS-OA solution is spin-coated, then EDT solution in 
actetonitrile is deposited, spread over the surface and it is given about 30 s to 
react (1), after which the ITO is spun at 1800 rpm (2). This is followed by two 
rinsing steps with acetonitrile to remove the excess EDT (not shown in the 
figure). This is one complete EDT layer, and we usually make two; (G) removal 
of QD layers from the short edges of ITO, (H) cutting the ITO in half, along the 
etched line (I) samples after gold deposition. 

Next, the main absorbing layer, n-type QD ink (described in Chapter 
3.3), is spin-coated on top of MgZnO layer and briefly annealed until 
the film becomes glossy. The film thickness is typically controlled by 
the concentration of the solution, the spinning speed and spinning 
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time.h After the main absorbing layer has set, the p-type PbS-EDT layer 
is deposited (Figure 3.11, F). This way the p-n junction that will drive 
electrons and holes in opposite directions is formed. In order to reduce 
the risk of short-circuiting the cell and to get the better contact, the QD 
layers deposited directly on the ITO are removed with a scalpel. Lastly, 
an 80 nm thick gold layer is evaporated slowly on top of the PbS-EDT 
layer using a metal evaporator. 

3.6 PbS Reference  
All the QD materials (with an exception to those in Paper I) were 
compared to bulk PbS, which served as reference material (PbS ref). 
The PbS ref was prepared according to previously known reaction of 
lead (II) acetate and thiourea at elevated temperature (~200 °C).81,82 
However, compounds like PbS in contact with air tend to form various 
protective layers on the surface (typically oxides), which for us means 
impurities that would potentially be detrimental to the surface-
sensitive techniques employed here (discussed in the following 
chapters). Therefore, a treatment inhibiting oxidation of the surface 
was designed and optimized for the freshly made PbS ref thin film 
(Paper II). The surface treatment was inspired by the solid state ligand 
exchange method in quantum dot solar cell fabrication. 60 It consisted 
of simply spin-coating a methanol (or ethanol) solution of 
tetrabutylammonium iodide (TBAI) on top of the PbS and then rinsing 
the excess molecules with methanol (or ethanol). The surface of PbS 
ref after the treatment remained clean for several days. 

                                                             
h e.g. 200 mg/ml ink solution spun for 20 s at 1800 rpm would give about 250 nm thick 
film. 
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4 Many Faces of X-ray Spectroscopy 
A big part of the work in this thesis has been done using the X-ray 
based spectroscopic methods at synchrotron facilities, and they are 
described in this section. The methods include X-ray photoelectron 
spectroscopy (PES), time-resolved photoelectron spectroscopy 
(TRPES), X-ray absorption spectroscopy (XAS), resonant Auger 
electron spectroscopy (RAS) and Core-hole clock spectroscopy 
(CHCS). Apart from overview of the methods, this chapter includes an 
introduction to the nature and production of X-rays and basic spectra 
interpretation. 

4.1 X-rays and Synchrotrons  
X-rays have been a valuable tool since Wilhelm Conrad Röntgen 
discovered them as ionizing radiation and he was rewarded the first 
Nobel prize in physics for the discovery.83 The sources for production 
of X-rays relevant to the work presented in this thesis are X-ray anodes 
and synchrotrons. The X-ray anodes typically use electrons 
accelerated from cathode towards an anode using high voltage. When 
the electrons collide into the target anode material, they release a 
fraction of their energy as “Bremsstrahlung” X-rays (or deceleration 
caused X-rays), but also the X-rays that we are more interested in: the 
characteristic X-rays dependent on the anode material. The most 
common materials are Mg, Al and Cu, emitting MgKα at 1253 eV, AlKα 
at 1486.7 eV and CuKα at 8040 eV X-rays, respectively. These sources 
are mostly used in commercial setups, since they are stable, low 
maintenance and easy to use. The disadvantage of using X-ray anodes 
is that they deliver X-rays at a fixed energy. In addition to that, the 
beam intensity is limited by how much power can be delivered to the 
anode materials without melting them.  

Synchrotrons, on the other hand, are neither limited to the 
characteristic X-rays, nor by the heating of an anode.  Instead, it is 
possible to choose a specific X-ray energy from the wide range of X-
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rays. A simplified scheme of a typical synchrotron with the main parts 
is depicted in Figure 4.1.  

 
Figure 4.1. Illustration of a synchrotron model with main parts. 

The process begins in the linear accelerator (LINAC) where the 
electrons are emitted from the source (e.g. electron gun), accelerated 
and led into the booster ring where they are further accelerated in 
form of electron bunches using radio-frequency (RF) cavities. After the 
electrons achieve the near-light speed (99.99999% of light speed at 1 
GeV) they are transferred into the larger storage ring, surrounded 
with bending magnets that keep electrons in their defined trajectory.84 
Whenever charges are accelerated in the ring they will emit 
electromagnetic radiation. For near-light speed electrons this 
electromagnetic radiation will range from microwave radiation to 
high energy X-rays and will mainly be emitted in the tangential 
direction of travel. Some facilities have devices that “amplify” the X-
rays, such as undulators and “wigglers” (which are essentially arrays 
of dipole magnets) making the photon beam very bright and focused. 
This allows the beam to be directed into the beamline to end-stations, 
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where specific instrumentation can be inserted and/or measurements 
are performed. In the beamline, the X-rays are monochromated, using 
crystal monochromators (e.g. Si crystal) for X-ray energies above 2000 
eV (“hard” X-rays) and gratings (i.e. diffraction gratings) for X-ray 
energies below 2000 eV (“soft” X-rays), and further focused and 
filtered with suitable optical elements (e.g. mirrors, slits etc.). To allow 
the synchrotron to function, the system needs to be kept at extremely 
low pressure, i.e. ultra-high vacuum (UHV) conditions (e.g. under 10-

10 mbar). If not, the electrons would continuously collide with matter 
and “disappear” very quickly. 

The synchrotron where most of my (successful) experiments were 
performed is BESSY II, in Berlin. The beamlines we used at BESSY II 
were HIKE/KMC-1 and LowDose/PM4 beamlines, where we were able 
to use the high and low energy X-rays, respectively, with a low X-ray 
flux. The low flux of these beamlines also allows the radiation-
sensitive samples to be studied, without degrading very fast. More 
details on synchrotrons can be found in “Synchrotron radiation” by 
Jan-Erik Rubensson.84 

4.2 Photoelectric and Other Effects 
The big idea that perhaps started the revolution of quantum physics 
was the Max Planck’s idea of light being composed of energy packets: 

 𝐸𝐸 = ℎ𝑣𝑣 (5) 

where E is energy, h is Planck’s constant and ν is the frequency of 
electromagnetic radiation. Even though the idea was outrageous at 
that time, even for Max Planck who came up with it himself (out of 
despair), it did not stop Einstein from explaining it to everyone, 
defining the photoelectric effect, and winning the Nobel prize in 
physics in 1921 for it. In one of his “miracle papers”,85 Einstein states 
that: 

1. each photon (light particle) has quantized energy  
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2. every photon with an energy larger than the energy of an 
electron, can eject that electron out of the atom. 

Mathematically, this is expressed as:  

 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒  = ℎ𝑣𝑣 − 𝜑𝜑 (6) 

where 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒 is the maximum kinetic energy an electron can have, and 
φ is the work needed to remove that electron from the atom (to ionize 
the atom). This work has two contributions: the work function of the 
material 𝜑𝜑𝑀𝑀, or the energy difference between the Fermi level and the 
vacuum energy level (see Figure 4.2), and the binding energy of an 
ejected electron, 𝐸𝐸𝐵𝐵 . The binding energy (BE) depends on the energy 
level the electron was removed from (i.e. energy required for that 
electron to be bound at particular energy state), which is illustrated in 
Figure 4.2. Thus, the previous equation can be rewritten as: 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒 = ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵 − 𝜑𝜑𝑀𝑀 (7) 

where 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒 is the kinetic energy of the photoelectron ejected from the 
atom, 𝐸𝐸𝐵𝐵 is the binding energy, 𝜑𝜑𝑀𝑀 is the work function of the material 
and ℎ𝜈𝜈  is the incident photon energy introduced to the system. By 
removing a photoelectron from a core-level, we have left a vacancy in 
the place of the ejected electron, and the atom is ionized. This core-
ionized state is a high energy state and will relax to a less energetic 
state (ideally the ground state). Two well-known mechanisms make 
this possible. In both of them another electron from the higher energy 
levels fills the core-hole, reducing the energy of the atom. The excess 
energy is immediately released, either by ejecting a neighboring 
electron from the atom in an Auger decay, or it is simply emitted as a 
photon, in photon emission (photoluminescence, illustrated in Figure 
4.3). A phenomenon similar to photoelectric effect, where instead of 
electron being kicked out of the atom, it is excited into the unoccupied 
states is known as resonant excitation or X-ray absorption (discussed 
in Section 4.5). X-ray absorption can happen only for a narrow range 
of X-rays which depends on the electrons energy state before it is 
excited, and is called a resonance region. Studying X-ray absorption 
can thus be used to study the unoccupied states in a material. 
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Figure 4.2. Photoelectric effect and simplified energy diagram of an atom 

of a semiconductor. CL – core levels, EB – binding energy, EK – kinetic energy, 
EV – vacuum level, 𝜑𝜑𝑀𝑀 – material work function, hv – incident photon energy, 
VB – valence band, CB – conduction band, EF – Fermi level  

 
Figure 4.3. Comparison of electron behavior when introduced to X-rays: 

photoelectric effect, left; Auger effect, middle and photoluminescence, right. 
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The Auger electrons (secondary electrons) are localized in a single 
atom, where the core-hole is created. Unlike the photoelectrons 
emitted via photoelectric effect (Figure 4.2, left), which have binding 
energy independent of the photon energy, Auger electrons instead 
have kinetic energy independent of photon energy. That kinetic energy 
only depends on the energy of the core-ionized state and the energy of 
the final +2 state. 

4.3 Photoelectron Spectroscopy  
Photoelectron spectroscopy (PES) is a method that uses the 
photoelectric effect to determine electronic properties and thus the 
chemical properties of a material. More specifically, the investigated 
material is irradiated with high energy photons (ℎ𝜈𝜈), and electrons are 
ejected from the material and accelerated towards an electron 
analyzer. This acceleration comes from the potential difference in the 
work functions of the material, 𝜑𝜑𝑀𝑀 , and that of the analyzer, 𝜑𝜑𝐴𝐴. This 
changes the kinetic energy of the electrons, and the difference must be 
subtracted in order to define the measured 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒  (and 𝐸𝐸𝐵𝐵 ) of the 
electron, so equation (7) becomes: 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒 + (𝜑𝜑𝐴𝐴 − 𝜑𝜑𝑀𝑀) = ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵 − 𝜑𝜑𝑀𝑀 (8) 

As the terms for work-function of the material cancel themselves, 
equation (8) becomes: 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑒𝑒 = ℎ𝜈𝜈 − 𝐸𝐸𝐵𝐵 − 𝜑𝜑𝐴𝐴 (9) 

When the number of electrons that reach the analyzer is defined as a 
function of kinetic (or binding) energy, we get a PES spectrum with the 
peaks corresponding to electrons from different electronic states.  
Depending on the energy of the incident X-ray, the electrons can be 
ejected from deeper electronic states, i.e. core-levels (which do not 
participate in bonding) and maintain most of the atomic character of 
the investigated material. The PES technique is usually divided into 
hard X-ray photoelectron spectroscopy (HAXPES), and soft X-ray 
photoelectron spectroscopy (SOXPES, XPS), and ultra-violet 
photoelectron spectroscopy (UPS) depending on the energy of 
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incident photons used. The soft and hard PES have been extensively 
used in all of my projects.  

Principally, elements in the periodic table have unique core-level 
binding energy positions in PES,86 which (one would think) makes 
elemental analysis very straightforward. But there are other factors to 
consider. For example, the chemical surrounding and oxidation state 
will affect the position and/or the shape of a core-level in PES 
spectra.87–90 This makes the PES both element and chemistry specific, 
but it also makes the analysis process more complex. An example of 
these effects, called chemical shifts, is shown in S 1s spectrum of a PbS 
sample in Figure 4.4. The main contribution (S-Pb) is found at the 
lowest binding energy, while the other sulfur species bound to other 
atoms are shifted up to 10 eV towards higher binding energies.  

 
Figure 4.4. Example of a chemical shift of sulfur species in a slightly 

degraded PbS film surface. 

While most of the elements have core-levels that produce narrow 
signals that are easy to detect and analyze, some core-levels (and the 
valence band levels) tend to overlap with each other. In addition to 
this, not all core-levels give a single peak signal like the S 1s described 
above. In fact, core-levels with non-zero angular momentum value will 
exhibit spin orbit splitting. This is a consequence of coupling of the 
spin magnetic field and the orbital magnetic field, which results in two 
possible final states with different binding energy. Thus, all non-
spherical orbitals (p d and f) will appear as peak doublets in a PES 
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spectrum. The two single peaks in a doublet are found at a specific 
energy separation and intensity ratio to each other (reflecting the 
occupancy of the two sublevels, as indicated in Figure 4.5), and these 
values depend on the element and the orbital of the measured 
electron. 

 
Figure 4.5. Overview of most important core-levels in a PbS quantum dot 

sample with 1:1 PbI2:PbBr2 ligand mixture. The yellow spheres represent 
electrons, and EF is the Fermi level. The binding energy scale is calibrated so 
that the Fermi edge is set to 0 eV. 

Binding Energy Calibration 

Another quite important point is the binding (and kinetic) energy 
calibration. By now, the extensive research of materials in PES has 
provided us with databases of BE positions of core-levels for majority 
of elements in the periodic table.86,91 However, the absolute value one 
might measure using different instruments is often not the same, due 
to different work-functions of analyzers and overall instrument 
setups. Hence, a reliable core-level reference is often needed for 
energy scale calibration. A calibration reference can be either external 



 

Many Faces of  X-ray Spectroscopy – 57 

or internal, where the external reference is often a gold foil sample, 
mounted on a manipulator in the analysis chamber of an experimental 
station.i By measuring a strong signal we determine the work function 
of the analyzer from equation (9), and correct the binding energy 
values, by setting the Fermi edge to BE = 0 eV. j If an external reference 
is missing, or the material is changing fast or is unstable under X-rays, 
one might also use an internal reference for calibration, meaning that 
one of the core-levels from the sample is calibrated to a specific BE 
from literature, while the BE of other spectra are shifted accordingly. 
While the absolute values of BE or KE are not always the same, the 
energy difference between the core-levels in the same sample should 
be, and that can be used for comparison of materials that are measured 
by different research groups or different instruments. 

Peak Intensity 

In Figure 4.5 the intensities of the different core-levels of the same 
element (e.g. Pb 5d and Pb 4f) are not identical. Similarly, the intensity 
of core-levels from two different elements, for example S 2p and Pb 4f 
in PbS, are far from 1:1. This is a consequence of different probability 
of light-matter interaction, σ, defined as (photo)ionization cross 
section given by: 

 𝜎𝜎 = 𝑃𝑃(ℎ𝜈𝜈)
𝐼𝐼(ℎ𝜈𝜈)

 (10) 

where the 𝑃𝑃(ℎ𝜈𝜈) is the probability of an X-ray being absorbed by the 
material per time unit, and 𝐼𝐼(ℎ𝜈𝜈) is the incident photon flux of the 
beam. The cross-section is different for different core-levels of 
different atoms (Figure 4.6), which is why the photoionization cross 
section is a necessary correction in quantitative comparison of the 
                                                             
i External reference can also be any pure metal or compound with a clear, strong and 
stable signal. 
j For example, the Au 4f7/2 has a position of 84 eV BE.86 If a measured peak position on 
a PES instrument is 90 eV, the BE scale in all the other spectra should be shifted by -6 
eV. 
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core-levels relative to each other. Apart from that, intensity of the 
measured core-level must also depend on the intensity of incoming X-
rays, concentration of the measured element in the sample, the 
emission angle in relation to the analyzer, as well as the inelastic mean 
free path (IMFP) of the electron. 

The IMFP depends on properties of the material and it is the average 
distance a photoelectron travels through the sample before it loses 
energy.92 In general, IMFP increases with the kinetic energy of the 
electron emitted from the material, which is often described with the 
“universal curve”.93 This means that higher photon energies are more 
likely to probe deeper in the sample, as electrons are more likely to 
escape if given more energy (Figure 4.6C). The probability of electron 
escape plotted in Figure 4.6C, 𝑃𝑃𝐸𝐸𝐸𝐸 , is defined as a decaying exponential 
function: 

 𝑃𝑃𝐸𝐸𝐸𝐸 = 𝑒𝑒
−𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑ℎ
𝐼𝐼𝐼𝐼𝐹𝐹𝐼𝐼  (11) 

where depth is the distance of the electron from the top surface of the 
sample, and IMFP is calculated using the TPP-2M equation.92 By 
integrating the probability of escape, we get the fraction of the signal 
coming from top surface down to that depth, 𝑃𝑃𝐹𝐹𝐹𝐹, as shown in Figure 
4.6C to be:   

 𝑃𝑃𝐹𝐹𝐹𝐹 = 1 − 𝑒𝑒
−𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑ℎ
𝐼𝐼𝐼𝐼𝐹𝐹𝐼𝐼  (12) 

Thus, with carefully chosen photon energy, core-levels of the same 
element can reflect chemical states of the sample at different distances 
from the surface. For instance, the S 1s measured with at 3000 eV 
photon energy would give a profile of the top surface of a sample, as in 
the example shown in in Figure 4.4 with several contributions of 
sulfur, while in the S 2p spectrum (Figure 4.5) there is only one sulfur 
contribution. k  Therefore, the additional sulfur species are present 
only on the surface of the sample.  

                                                             
k Electrons emitted from S 1s have a lower kinetic energy than electrons emitted S 2p 
at 3000 eV, and are therefore less likely to come from deeper parts of the sample. 
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More details on classical PES methods can be found in Hüfner’s 
“Photoelectron Spectroscopy” and A Colón Santana’s “Quantitative 
Core-level Photoelectron Spectroscopy”.93,94 

 
Figure 4.6. Ionization cross-sections (σ) of sulfur (A) and lead (B) core-

levels most often used in this thesis. (C) Probability of photoelectron escape 
(blue traces) and fraction of the signal intensity coming from top surface down 
to that distance (black traces) for 1, 3 and 6 keV as a function of the distance 
from the surface into the bulk of the material. 

4.4 Time-Resolved PES  
Time-resolved methods are typically used to determine lifetimes of 
electronic processes in a material.  For instance, in solar cell materials, 
one would be interested in timescales of generation and decay of 
photovoltage, as the performance of the cell is significantly affected by 
it. In simplest terms, the time-resolved PES records the PES spectra 
after a stimulus by light, as a function of time using the “pump-probe” 
method. In the “pump-probe” method, there are two pulsed photon 
sources, which reach the sample at a defined time delay. The first pulse 
has a purpose of the pump (usually a laser pulse) which excites the 
electron from the valence band to the conduction band, while the 
second pulse (the X-rays) probes the sample and “captures” the 
excited state of the sample by measuring its core-levels. This would be 
visible as an energy shift from the original position to lower or higher 
binding energies. The shifting of the core-levels at the film surface 
indicates that the valence and conduction bands are shifting as well. 
This peak position shift can come from photovoltage building up on 
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the surface, due to the accumulation of charge carriers on the top 
surface of the samples upon illumination.95–97 In this case, the direction 
of the shift is dependent on how the bands of the material bend 
towards the surface, and the phenomenon is called surface 
photovoltage (Figure 4.7, A and B). The amplitude of the surface 
photovoltage shift for PbS materials is in range of meV.95–97  

 
Figure 4.7. Band diagrams under dark and illumination, in case of surface 

photovoltage (A - downwards band bending, B - upwards band bending) and 
photovoltage across device interface (C - with n-type substrate, D - with p-type 
substrate). Blue CL is the core-level measured under illumination, while the 
red CL is the core-level in the dark. Green arrow symbolizes green laser 
illumination source. 

However, the peak shift can also come from photovoltage generated 
between the measured surface of the sample and bottom of the 
sample, which is grounded to the spectrometer. As the sample is 
illuminated, the newly formed charge carriers will separate. While one 
type of the carriers will travel across the interface to the bottom 
contact, the other type will accumulate on the top surface and cause 
the valence band and core-levels to shift in energy (see also Section 
2.2). The direction of this shift depends on the bottom substrate 
(Figure 4.7, C and D). In case of the photovoltage generation between 
the surface and bottom layer of the solar cell, one may study the 
influence of different layers (such as ETL or HTL) or layer thicknesses 
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in different parts or a full solar cell (depending on the sample design).  
Thereby, changing time delay between the pump and the probe pulses, 
will allow observation of charge generation dynamics and charge 
carrier separation and recombination through changes in core-level 
peak positions. This is the main topic of Papers III and IV.  

The TRPES setup used in this thesis is the one available at LowDose 
end-station at BESSY II synchrotron in Berlin, and the structure of it is 
illustrated in Figure 4.8. The photon arrival times are monitored by a 
master clock, which is connected to the laser setup, X-ray source and 
a chopper device, which can cut out the X-ray pulses, if necessary. 

 
Figure 4.8. Simplified setup illustration of the LowDose PM4 beamline at 

BESSY II synchrotron in Berlin. 

All parameters can be controlled from the computer system at the 
beamline. For our experiments, the synchrotron operating mode was 
a single bunch mode, meaning that there is always only one electron 
bunch travelling around the storage ring (Figure 4.9), thus the 
chopper was not necessary then.  The time it takes for the electron 
bunch to complete one lap is 800 ns. As a result, this is the time 
between X-ray pulses generated at the beamline. Meanwhile, the laser 
frequency is set to 10.4 kHz, which means that the laser pulse is 
arriving at the sample every 96 μs. Therefore, the number of X-ray 
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pulses between two consecutive laser pulses is exactly 120, and by 
shifting the arrival time between the two pulses (the green and purple 
peaks in Figure 4.9.), we can achieve a high time resolution, while 
having a six orders of magnitude timescale.   

 
Figure 4.9. Illustration of the time structure of a TRPES experiment. 

Material adapted from Paper III.98 

If presented as a function of time, the 120 PES spectra build up a 2D 
image, which is a collection of spectra we call a Delay Point (as they are 
measured at one specific delay time between the laser and the X-ray). 
A collection of several Delay Points with different delay times between 
the laser and X-ray pulse we define as a Delay Scan (see Figure 4.10). 
In order to extract the position of the peak as a function of delay time 
from different Delay Points in a Delay Scan, it is necessary to fit a large 
number of spectra.l Therefore, the peaks were fitted using a Gaussian 
function, which is simplified compared to the usual fitting of the PES 
spectra (discussed later in Section 4.8).  

                                                             
l In our case: Delay Point = 120 spectra; Delay Scan = 15 Delay Points, which gives a 
total of 1800 spectra per Delay Scan. In a 4-bunch mode of operation, as there is a new 
X-ray coming every 200 ns, there would be 480 spectra per Delay Point. So a Delay 
Scan with 15 Delay points, would have a total of 7200 spectra. 
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Figure 4.10. PES spectra recorded with the first two X-ray pulses (A) from 

a Delay Point (B) from a Delay Scan (C). 

Once the spectra are fitted, the change in position of the peaks can be 
plotted against the delay time. Figure 4.11 shows an example of such 
data, where the first 15 points come from first spectra from the 15 
Delay Points in a Delay scan (red area), while the remaining spectra 
from Delay points fall on top of each other and are averaged to obtain 
a clearer trace (blue area). 

 
Figure 4.11. Photovoltage rise and decay as BE difference as a function of 

time. The dashed line divides the data coming from the first X-rays of 15 Delay 
Points (red area), and the averaged data coming from 2nd-120th X-ray (blue 
area) in a Delay Scan. 
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4.5 X-ray Absorption Spectroscopy 
The X-ray absorption phenomenon mentioned earlier in Section 4.2 
can be measured with X-ray absorption spectroscopy (XAS). The XAS 
spectrum can be collected in a few different ways.  One way is by 
recording the intensity of photons emitted from the sample as a 
function of incoming photon energy (total photoluminescence yield). 
Another way is by measuring the sample current, which is 
proportional to emitted electrons (total electron yield). The third way 
this can be measured is by counting the number of Auger electrons 
emitted in a resonant Auger decay (partial electron yield). Regardless 
of approach, the result is a measure of the absorption properties of the 
sample (Figure 4.12). We refer to the photon energy at which 
absorption is maximized as the absorption maximum.  

 
Figure 4.12. Example of an XAS spectra of sulfur K-edge of PbS thin film, 

measured with photoluminescence yield. On the right the XAS spectrum is 
compared to the resonant absorption (excitation) process illustration. 

In an XAS spectrum, the sharp rise in intensity before the absorption 
maximum is often referred to as the edge of absorption. The edge is 
usually indicated with the main quantum number of the transitions, 
e.g. K-edge for the S 1s-3p* transition. In the vicinity of the absorption 
edge, we are able to look at local information regarding the 
unoccupied states in the material, e.g. conduction band (Figure 4.12). 
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In this case the method is often referred to in literature as near-edge 
X-ray absorption fine structure (NEXAFS).99 Above that region the XAS 
method is often referred to as extended X-ray absorption fine 
structure (EXAFS)100 and in this case the information obtained is more 
of structural nature. 

4.6 Resonant Auger Spectroscopy 
By defining the resonance using XAS, we unlock the possibility of 
following the special case of Auger decay that occurs in resonant 
excitation of a particular core-level (illustrated in Figure 4.13). The 
moment that electron reached the CB, two decay processes (channels) 
compete:101–104 

1. A localized decay (Figure 4.13, top) where the electron 
promoted to the CB “spectates” the Auger decay from the CB 
(thus the name “spectator”). The final state in this case is an 
atom with two core-holes plus one electron in the CB. The 
kinetic energy of this Auger electron is dependent on the 
excitation photon energy, which makes the localized decay a 
coherent process.102  

2. A delocalized decay (decay after delocalization Figure 4.13, 
bottom) is a “normal” Auger decay, where the electron in the 
conduction band delocalizes from the atom before Auger 
decay occurs. The initial core-hole is filled and another two are 
created, resulting in a charge of +2. The KE of this process is 
independent of the photon energy, and this process is an 
incoherent process, like the normal Auger process (mentioned 
in Section 4.2) 

By comparing the ratio between these two processes as a function of 
increasing excitation energy it is possible to describe how charge 
transfer happens, how long it takes etc. This method is known as Core-
hole clock spectroscopy (CHCS),103 and it is discussed later in the 
chapter. 
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Figure 4.13. The competing localized (top, right) and delocalized (bottom, 

right) decay processes after the resonance excitation (left). 

The resonant Auger spectroscopy measures the spectra of the specific 
Auger decay using a range of incident photon energies around 
absorption maximum (defined by XAS). The result is typically a 
resonant map, as shown in an example of the S KL2,3L2,3 transition map 
of the PbS quantum dot sample (Figure 4.14). The normal Auger 
(charge transfer channel) is marked with solid black lines. As we see, 
three distinct Auger channels: 1S0, 1D2 and 3P2,0, are present in the 
map,m out of which the 1D2 is the most intense, thus the focus in data 

                                                             
m The 1S0, 1D2 and 3P2,0 symbols are also known as Russel-Saunders term symbols, and 
they are used to describe detailed electronic state of the electrons in the atom 
structure. Thus, all three term symbols represent the same Auger line (S KL2,3L2,3), but 
they represent the different final states. 
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analysis is mainly on this transition.  In the map we also observe an 
energy dispersion, whose KE position follows the change in photon 
energy step. This means that this feature is constant in binding energy, 
which means it is originating from the localized Raman decay 
described earlier. This shift is also known as spectator shift. These 
Raman features are marked in Figure 4.14 with dotted black lines. 
While the main Auger line is narrow and intense,105 the dispersing 
Raman feature is often not, which can make the data analysis a long 
and iterative process, as the “correct” analysis model is often not very 
straightforward to build. The details of the fitting model I developed 
for fitting the resonance maps of PbS samples is found in Paper V. 

 
Figure 4.14. Example of a resonant S KLL Auger map of PbS quantum dot 

sample (right) and the individual spectra from region of the map marked with 
dashed pink rectangle. 

4.7 Core-Hole Clock Spectroscopy 
Core-hole clock spectroscopy (CHCS)103 is an application of the 
Resonant Auger spectroscopy used to investigate the charge transfer 
dynamics within a material or between different materials by using 
the core-hole lifetime as an internal reference. By finding the ratio of 
the Raman channels intensity, ∑ 𝐼𝐼𝑅𝑅 , and incoherent charge transfer 
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channel intensity, ∑ 𝐼𝐼𝐶𝐶𝐶𝐶 , we can calculate the charge transfer time, 𝜏𝜏𝐶𝐶𝐶𝐶 , 
according to:103  
 𝜏𝜏𝐶𝐶𝐶𝐶 = ∑𝐼𝐼𝑅𝑅

∑ 𝐼𝐼𝐶𝐶𝑇𝑇
𝜏𝜏𝐿𝐿 (13) 

where 𝜏𝜏𝐿𝐿 is the core-hole lifetime, and the ∑ 𝐼𝐼𝑅𝑅∑ 𝐼𝐼𝐶𝐶𝑇𝑇
 is the Raman ratio. The 

core-hole lifetime can be calculated by:106 

 Γ𝜏𝜏𝐿𝐿 = ℏ (14) 

where the Γ  is the full width at half maximum (FWHM) of the 
Lorentzian component from the core-level spectra (details on fitting 
spectra are given later in Section 4.8), and ℏ  is reduced Planck’s 
constant. The FWHM of the core-level can be determined 
experimentally, which has already been done for many core-levels, 
and is at this point available in literature for many elements.107 For 
example, the core-hole lifetime of S 1s is calculated to be 1.27 fs,107 and 
this value is used in comparing the different samples in Paper IV. 
However, it is possible that the lifetime of the core-level changes in 
some cases, which is why this should always be checked before using 
the calculated value. 

4.8 Line Shapes and Peak Fitting 
The peak shapes in photoelectron spectroscopy are often defined by a 
combination of Gaussian and Lorentzian function108 (Figure 4.15, left). 
By convoluting the two, we get a Voigt function, used to describe the 
spectral line function in PES, dependent on the peak height, i.e. 
maximum intensity. Solving this convolution is computationally slow 
and it is common to use an approximation of it, resulting in what is 
known as a pseudo-Voigt profile. We have used the approximation 
proposed by Thompson et al.,108 which uses the sum of Gaussian and 
Lorentzian function (Figure 4.15). The Gaussian contribution 
originates from the instrumental factors which affect the width of the 
peak, such as energy resolution of X-ray source or the electron 
analyser.109 On the other hand, Lorentzian contribution is caused by 
the lifetime of the core-hole state, which is why it is sometimes called 
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the lifetime broadening. As the states are short lived there is a large 
uncertainty in energy due to Heisenberg uncertainty principle 
(equation 14), which results in a fundamental energy resolution limit. 
In other more specific cases, e.g. when electrons interact with 
electron-hole pairs in a conductive material, the line shape can deviate 
from a Voigt shape and exhibit e.g. asymmetry. The spectral line 
function that describes this particular kind of shape is known by the 
name Doniach-Šunjić line shape110 and it is shown in Figure 4.15 
(right). This shape was used in fitting of Auger spectra in resonant 
Auger maps. 

Another important part of peak fitting worth mentioning is the 
background, which can look somewhat different due to various 
processes that happen when X-rays interact with the sample (e.g. 
scattering). The background is typically subtracted from the core-level 
line-shapes in order to obtain the area of the peaks. The peaks are then 
further corrected for cross-sections (described earlier in Chapter 4.3) 
and only then can they be quantitatively compared relative to each 
other. The background shapes which are used in this thesis include a 
simple linear or polynomial background, as well as the more complex 
Herrera-Gomez111 and Shirley112 background shapes, which are all 
illustrated in Figure 4.16. 

 
Figure 4.15. Examples of Gaussian, Lorentzian, Voigt and Doniach-Šunjić 

spectral line shape examples. 
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Figure 4.16. Examples of background shapes used in analysis of PES 

spectra. 

4.9 Supplementary Techniques 
The following techniques were used for routine checks of the freshly 
synthesized quantum dots to determine the success of the synthesis 
or sample assembly.  

UV-Vis-NIR Absorption  

The ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption 
spectroscopy is in general used for determination of concentrations of 
solutions, or the absorbing species in the solution. In QD research it is 
particularly useful for determination of the optical band gap of a 
colloidal QD solution, or a QD thin film deposited on a transparent 
substrate. The technique measures the intensity of light over a range 
of wavelengths passing through the sample. Some of the light will be 
absorbed by the sample and therefore the transmitted light measured 
by the detector will have lower intensity. The UV-Vis-NIR absorption 
technique uses Lambert-Beer law: 

 𝐴𝐴(𝜆𝜆) = 𝑏𝑏𝑜𝑜𝑜𝑜10 �
𝐼𝐼0
𝐼𝐼
� = 𝜀𝜀𝜀𝜀𝑏𝑏  (15) 

where 𝐴𝐴(𝜆𝜆)  is the measured absorbance, I0 is the intensity of the 
incoming light at a particular wavelength, 𝜆𝜆. I is the light intensity of 
the transmitted light, c is the concentration of the solution, and 𝜀𝜀 is 
molar absorption coefficient, while 𝑏𝑏  is the optical path length. The 
absorption measurement of QD solution is the easiest method for 
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determining the band gap of the QDs, this can be calculated from the 
position of the exciton peak in the absorption spectrum. The simplest 
way used in my thesis was fitting the exciton peak to a Gaussian 
function, where the maximum of the peak is the value of the band gap. 
From the FWHM of the exciton peak it is also possible to determine the 
size distribution of the QDs, using the standard deviation from the 
fit.113 

Photoluminescence Spectroscopy 

In steady-state photoluminescence spectroscopy, the absorption of a 
photon creates an electron hole pair, which emits a photon as a result 
of the electron-hole recombination process. Photoluminescence 
spectroscopy has a steady-state and time-resolved approach, and in 
this work, I have used the steady-state one. The principle consists of 
illumination of the sample with a continuous light of specific 
wavelength (e.g. blue or green monochromatic light) and then 
measuring its emission spectrum.114 Photoluminescence spectroscopy 
is often a part of characterization of the quantum dots, but size 
determination using this method can be misleading, due to the Stokes 
shift which depends on the dot size,115–117 so the peak position does 
not directly correspond to the band gap value. However, as the 
emission peak of quantum dots is quite narrow and symmetrical 
compared to other fluorophores,114  it is still useful in detecting flaws 
in a QD solution, as it is a very sensitive method in terms of detection 
limit and chemical specificity.114 Further details can be found in “The 
Principles of Photoluminescence Spectroscopy” by J. R. Lakowicz.114 

X-ray Diffraction 

X-ray diffraction (XRD), like PES, uses X-rays as the excitation source, 
but instead of electrons emitted, it measures the X-rays diffracted by 
the sample. This makes it a significantly more bulk sensitive method 
than PES. XRD is based on changing the angle between incident X-rays 
and the sample, while measuring the angle of the X-rays diffracted off 
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the sample.  The diffracted X-rays will constructively interfere 
according to Bragg’s law and create a set of diffraction peaks at specific 
2𝜃𝜃 angles, forming a diffraction pattern. The Bragg’s law is given by 
equation: 
 2𝑑𝑑 sin𝜃𝜃 = 𝑛𝑛𝜆𝜆 (16) 

where the d is the distance between crystal planes of the material, 𝜃𝜃 is 
the angle between incident and diffracted X-rays, and 𝜆𝜆  is the 
wavelength of the incoming X-rays. In many XRD instruments the X-
rays are produced using the Cu anode, thus the incoming X-rays have 
the wavelength of the Cu Kα radiation (1.54 Å). In case of small 
crystalline particles such as QDs, this technique can be used to 
determine the size of the crystalline particle using the Scherrer 
formula: 

 𝑑𝑑 = 𝐾𝐾𝐾𝐾
𝛽𝛽 cos𝜃𝜃

 (17) 

where d is the average particle size in nm, K is Scherrer constant which 
depends on the crystal symmetry, 𝜆𝜆 is the incident X-ray wavelength, 
𝛽𝛽 is the FWHM of the XRD peak, and 𝜃𝜃 is the XRD peak position. 

More information on X-ray diffraction can be found in “X-ray 
Diffraction Crystallography” by Y. Waseda, E. Matsubada, and K. 
Shinoda.118
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5 Results and Discussion  
The studies I have done throughout my thesis can be divided into three 
projects. First, the focus is on the QDs and their characteristics, after 
which the focus shifts to the QDSCs, and photovoltage generation in 
different parts of the cells. The final project concerns the charge 
transfer in QDs of different sizes and the effect that quantum 
confinement has on it.  

5.1 Project I: The Dots 
The work presented in Project I comes mostly from Papers I and II, 
and partly from previously unpublished data.  

The QD Size 

Quantum dots are defined by their size, which is why after every 
synthesis, an estimation of the size of the quantum dots needs to be 
done, and (ideally) monitored over time. The majority of quantum 
dots I had made showed an exciton peak in the absorption spectrum 
around 1.3 eV (Figure 5.1A), which corresponds to the size of the band 
gap. According to band gap-sizing equation,35 the diameter of the 
quantum dots that have 1.3 eV band gap is roughly 3 nm. As a colloidal 
PbS-OA solution, the QDs were usually stable over months, even 
though their diameter has shown a slow and small decrease over time 
(Figure 5.1B).119 Hence, it is useful to know the size distribution in a 
colloidal solution of QDs. In papers II-V the size distribution was 
estimated using the standard deviation from the fitting the exciton 
peak from absorption spectra with a Gaussian function. The details of 
these calculations are found in Paper II.  

XRD diffraction was used to confirm the quantum dot size, but also to 
determine their crystal structure. The diffraction pattern of PbS-OA 
(blue line, Figure 5.2) shows the peaks at similar angles as in PbS thin 
film reference (PbS ref, red line) and in PbS single crystal data taken 
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from Materials Project (PbS XRD card, black line),24 which confirms the 
rock salt structure of PbS. The wider diffraction peaks of the PbS-OA 
suggest that the PbS particles have nano- dimensions. By using the 
width of the peak (fitted with a Gaussian function) in Scherrer 
equation,120 the size of the quantum dots is calculated to be 2.8 nm, 
which is in good agreement with the result from absorption 
measurement presented before. Further information on fitting 
parameters and calculations is given in Paper II. 

 
Figure 5.1. Absorption spectra of quantum dots synthesized on several 

occasions during my PhD work (left) and absorption spectra of the same QD 
solution when it was fresh vs. after a year of storage (right). 

 
Figure 5.2. (A) XRD pattern of PbS-OA QD thin film, and PbS reference thin 

film compared with single crystal PbS diffraction pattern, taken from 
Materials Project (PbSXRD card). (B) Gaussian fit of the strongest diffraction 
signals in PbS-OA diffraction pattern. Reproduced from Paper II with 
permission from the Royal Society of Chemistry. 
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Impact of Ligands on Surface Passivation 

Once the size of the QDs is known, the long carbon-chain ligands are 
exchanged to shorter ones, as described earlier in Chapter 3. Paper I 
compares how the different methods of the ligand exchange process 
affect the performance of the QDSCs. The specific part of Paper I which 
is of interest for this thesis is the investigation of the surface 
passivation of QDs capped with halide ligands (PbS-PbX2, where X=I 
and Br, n-type) and QDs capped with EDT ligand (PbS-EDT, p-type). 
The QD films were measured with 203 eV and 350 eV incident photon 
energies which would have a maximum probing depth of 2.2 nm and 
3.0 nm,92 respectively, making this measurement surface sensitive.  

The films were also measured with 3000 eV photon energy that would 
have up to 15.1 nm probing depth,92 which would make that 
measurement more bulk sensitive. The surface sensitive spectra were 
collected at LowDose PES endstatation121 at BESSY II synchrotron 
facility in Berlin (described in Section 4.4), while the bulk sensitive 
spectra were collected at the Galaxies beamline122,123 at SOLEIL 
synchrotron in Paris. From the shapes of Pb 4f and S 2p core-level 
spectra of n-type PbS-PbX2 and of p-type PbS-EDT thin films (Figure 
5.3), it is clear that these samples look very different, both at the 
surface and in the bulk. While the bulk of PbS-PbX2 showed only one 
type of sulfur, the bulk of PbS-EDT thin film showed three distinct 
sulfur contributions. The three contributions were fitted with three 
spin-orbit doublets. The most intense doublet at lowest BE (~161 eV) 
is assigned to the Pb-S environment.124 This signal is also present in 
PbS-PbX2 thin film. The two contributions at higher BE are assigned to 
Pb-S-C environment,125 and a combination of S-C and S-H 
environment,91 which are both expected in the EDT molecule. The 
surface of the PbS-EDT showed significantly more of the latter two 
contributions, with additional oxidized sulfur contributions,91,126 
implying that the surface had oxidized. However, the oxidized sulfur 
environment is not found deeper in the film. Similar trend is observed 
in S 2p core-level, regarding Pb-S-C, S-C and S-H contributions 
observed in the PbS-PbX2 film.  
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Figure 5.3. Pb 4f (right) and S 2p (left) core-levels of PbS - PbX2 (top) and 

of PbS - EDT (bottom) measured at 203 eV, 350 eV and 3000 eV. Adapted with 
permission from Paper I.80 Copyright 2019 American Chemical Society.  

Moreover, the Pb 4f core-level showed two types of Pb in both PbS-
PbX2 and PbS-EDT at all three photon energies. The doublet at lower 
BE is assigned to the Pb-S environment, while the doublet at higher BE 
is assigned to Pb-O environment. The Pb-O signal is also found in 
significantly smaller amounts in the PbS-PbX2 film. In PbS-EDT, the 
amount of the Pb-O contribution decreases with increasing probing 
depth (increasing photon energy), which suggests that Pb-O bonds are 
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mainly observed at the surface. All of the above is further supported 
with C 1s and O 1s spectra (Paper I). More details on the samples and 
PES measurements can be found in Paper I.   

To summarize, the halide ligands have proven to be a promising choice 
when it comes to passivating the surface of quantum dots. The EDT 
ligand showed that it can effectively protect the PbS QDs from 
oxidation in the bulk, but not at the surface of the thin film. Therefore, 
an alternative layer may be needed it order to improve the stability 
and overall performance of the PbS QDSCs. 

The Choice of Halides 

As a continuation of the surface study presented in Paper I, the impact 
of halide ligand ratio (varying from pure iodide to pure bromide) on 
the electronic structure and stability of the PbS QDs was studied in 
Paper II. The PbS QDs were also compared to a non-quantized PbS, 
PbI2 and PbBr2 reference thin films, where a clear difference in the Pb 
4f peak position was observed (Figure 5.4). Moreover, the Pb 4f signal 
from the PbS QDs appeared wider than the one measured in the 
references. The quantum dot Pb 4f signal was also positioned between 
those of lead halide and PbS references. This was an indication that the 
Pb 4f signal coming from QDs is a combination of two contributions 
coming from Pb-S and from Pb-X environments.  

Furthermore, in Figure 5.5, the Pb 4f showed a broadening of the peak 
with an increasing bromide content. This implies the increase in 
contribution of Pb-O environment (see Paper II), but also indicates 
that this second doublet must also contain the Pb-Br environment. 
Because the shifts between the different lead peaks are not large 
enough for a fitting model consisting of four different contributions 
(that gives reasonable results), the two-contributions fitting model is 
kept. However, this time the two contributions were assigned to a 
mixture of Pb-S and Pb-I environments (at lower BE), and a mixture of 
Pb-Br and Pb-O environments (at higher BE). More detailed discussion 
on this is found in Paper II. 
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The halide ligand ratio in PbS QD samples was reflected in the bromide 
and iodide core-level PES spectra (Figure 5.5), while the total halide 
content remained constant in all QD samples (Paper II). The S 2p core-
level spectra showed a similar signal in all PbS QD samples showing 
only the expected Pb-S environment. 

 
Figure 5.4. Pb 4f core-level of PbS (1:1), where 1:1= PbI2:PbBr2, and 

reference samples. Measured at 3000 eV photon energy, normalized to 
intensity maximum and calibrated internally. Reproduced from Paper II with 
permission from the Royal Society of Chemistry. 

 
Figure 5.5. Core-levels of PbS QD samples, normalized to S 2p intensity and 

calibrated internally to S 2p3/2 from PbS (1:1) sample (where 1:1= PbI2:PbBr2). 
Reproduced from Paper II with permission from the Royal Society of 
Chemistry. 
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In comparison of valence band contributions (Figure 5.6), we found 
that the valence band maximum position did not change significantly 
with the ligand content. This indicates that the Fermi edge is expected 
to be in similar position in all QD samples and that all measured QD 
samples show an equal amount of n-type character. However, some 
reports in the literature show bromide capped PbS QDs to have a more 
p-type character.127 Like the Pb 4f position showed earlier, the 
position of the VB maximum of the QDs was found between the VB 
maximum position of PbS reference (on lower BE side) and halide 
references (on higher BE side). This can be explained by the valence 
band composition, where the highest occupied states in QDs are 
expected to come from S 3p states, as it is the case in the PbS 
reference.17,128 The shape of the VB feature is however influenced by I 
5p and Br 4p states. 129–131 

 
Figure 5.6. Valence band PES spectra of PbS QDs and PbS, PbI2 and PbBr2 

reference samples with highlighted S 3p, Pb 6s, Br 4p and I 5p state 
contributions. The spectra are calibrated internally to Pb 5d 5/2 position and 
normalized to intensity maximum. Reproduced from Paper II with permission 
from the Royal Society of Chemistry. 

The surface of the samples can be investigated through S 1s core-level 
electrons, which have low KE at 3000 eV photon energy, and thus 
mainly come from the surface of the sample (over 90% of the signal).92 



 

80 – Results and Discussion 

No clear trends of surface oxidation dependent on the ligand 
composition were observed. In contrast, the stability over X-ray 
exposure was significantly better in PbS coated with ligands having a 
high PbI2 content, compared with PbS coated with ligands having a 
high PbBr2 content (Figure 5.7). This was best observed in formation 
of metallic Pb contribution (Pb 4f7/2 at 137.1 eV) and decrease of Br 3d 
contribution, that indicates degradation according to:  

 𝑃𝑃𝑏𝑏𝑃𝑃𝑃𝑃2  →  𝑃𝑃𝑏𝑏0  +  𝑃𝑃𝑃𝑃2(𝑜𝑜) (18) 

reaction, which has been observed in other investigations.132 More 
details regarding the halide degradation can be found in Paper II. 

 
Figure 5.7. Evolution of metallic Pb (Pb0) and Br 3d contribution relative 

to total Pb 4f contribution. Reproduced from Paper II with permission from 
the Royal Society of Chemistry. 

To sum up, in Paper II we varied the halide ligand composition in a set 
of PbS QD samples and compared them to PbS, PbI2 and PbBr2 
reference samples. We found that the VB position is mainly defined by 
S 3p states and does not change significantly, which implies that the 
Fermi edge position does not change with different halide content. 
While the surface oxidation is not dependent on it, the halide content 
influenced the stability of QDs under X-ray exposure, where PbI2 
caped PbS showed the greatest stability. 
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5.2 Project II: The Photovoltage  
The work presented in Project II comes from Papers III and IV, and 
some unpublished data. 

The Samples 

The second project investigated PbS quantum dot thin films in various 
architectures, representing different parts of the QDSCs. Herein, we 
studied the films in the dark and under illumination with a green laser, 
with focus on the influence of the ETL and HTL layers on the evolution 
of photovoltage in the quantum dot solar cells described in earlier 
chapters. This was achieved by carefully designing the samples that 
would mimic different parts of the QDSC and the complete PbS QDSC 
(Figure 5.8), and investigating them using the TRPES method 
developed in Paper III (described in Section 4.4). The samples 
included the two halves of the solar cell (n-half and p-half, referred to 
as n-side and p-side), the solar cell without the gold contact (cell-no Au) 
and the solar cell with a 5 nm gold contact on top (cell-Au). The sample 
architectures are illustrated in Figure 5.8 together with the 
corresponding band diagrams according to previous reports.60,80  

The investigation began with measurements of the sample surfaces 
using 350 eV or 363 eV X-rays, which revealed that the surface of n-
side and p-side samples (which both have PbS-PbX2 layer on top) was 
clean and relatively similar to the corresponding samples in Papers I 
and II. The Pb 4f and S 2p core-levels of the cell-no Au sample (PbS-
EDT layer) showed similar spectral shapes to the previously measured 
PbS-EDT layer in Paper I. The S 2p spectrum of the complete cell on 
the other hand showed new sulfur contributions, which imply the 
formation of new bonds at the interface of Au and PbS-EDT. 

Upon illumination with the pump laser, the BE positions of the 
measured Pb core-levels move towards higher or lower BE (Figure 
5.9) and after the illumination stops, the core-levels shift back to their 
original position. This happens due to the charge carrier formation, 
caused by the light absorption, which are then injected into the 
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substrate (described in detail in Paper III). This can be related to the 
photovoltage build up described in Section 2.2. TRPES is then used to 
acquire the kinetic traces to follow the rate and magnitude of this peak 
shift and relate it back to the architecture of the QDSCs and 
contributions of different layers to the photovoltage generation. 

 
Figure 5.8. Sample architectures of n-side, p-side, cell without Au and cell 

with 5 nm Au layer on top, respectively, which were used in TRPES 
experiments. The corresponding band diagrams drawn according to literature 
are shown in the bottom row. 60,80  

 

 
Figure 5.9. Pb 4f core-level under illumination with the laser (green traces) 

and in the dark (black traces), where the left panel shows the n-side and the 
right panel shows the p-side sample of a PbS QD solar cell.  
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Drawing the Bands 

In Paper III, we investigated the n-side samples of two different 
thicknesses of the main absorbing PbS-PbX2 layer, as the layer 
thickness is known to affect the QDSC performance.133,134 We also 
extended this study to the p-side samples in Paper IV in order to gain 
an entire perspective regarding the influence of the layer thickness on 
the photovoltage generation. By doing so, this led us to tracing the 
band bending and drawing it using experimentally obtained values 
(Figure 5.10). 

 
Figure 5.10. Illustration of VB positions relative to the Fermi level in n-side 

and p-side samples of different thicknesses. The bandgap in blue represents 
the thin (50 nm), and the one in black represents the thick (250 nm) sample. 
The red dashed line represents the Fermi edge. The drawings are not to scale. 

For the n-side samples, the measured core-level was the Pb 5d, while 
for the p-side samples, it was the Pb 4f. When the binding energies of 
Pb core-levels of the thin and thick samples (approx. 50 nm and 250 
nm thick PbS-PbX2 layer) are compared, they are found at different 
positions (Figure S3 in Paper IV). The thin n-side sample showed Pb 5d 

doublet at higher BE position compared to the thick n-side sample 
(𝛥𝛥𝑃𝑃𝐸𝐸 = +0.1 𝑒𝑒𝑒𝑒), while the Pb 4f doublet of the thin p-side sample was 
found at lower BE than that of the thick p-side sample (𝛥𝛥𝑃𝑃𝐸𝐸 =
−0.3 𝑒𝑒𝑒𝑒). Since the BE difference is expected in all the other core-
levels, as well as in the valence band, we use the core-level differences, 
observed here, to reflect the differences in the valence band positions 
relative to the Fermi level, and determine the band bending.135 The 
thin n-side sample exhibited a slightly more n-type character than the 
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thick one, as the VB position was found further from the Fermi edge, 
while the opposite was observed for the p-side samples (Figure 5.10, 
not to scale). This is in agreement with previously drawn band 
bending in literature. 60,80 

The Kinetics of the Photovoltage 

The TRPES kinetic traces can be used to follow the BE peak position, 
peak intensity or peak width, as a function of time, after the excitation 
with the laser. In our experiments, it was only the peak position that 
showed changes over time (Paper III). The absolute BE position of Pb 
core-levels (Pb 5d for n-side and Pb 4f for p-side samples) as a function 
of pump-probe delay time is shown in Figure 5.11. While the n-side 
samples showed the core-level shift towards the higher BE, the p-side 
samples showed the core-level shifts towards lower BE (as in Figure 
5.9). Since in both cases the measured film is the n-type PbS-PbX2, this 
means that the direction must depend on the substrate. The shift 
direction is then determined by the charge that is injected into the 
substrate (the holes in case of p-side, and electrons in case of n-side 
samples, see also Section 4.4). The injection of electrons into ZnO or 
MgZnO substrate has already been reported.95,136–138 In a few other 
studies the observed shifts were interpreted as a decrease in band 
bending towards the surface of the film.139,140 The shifts that come 
from the surface photovoltage are typically in range of meV for PbS 
materials, which is rather small compared to the hundreds of meV 
shown here. The timescales of the surface photovoltage generation are 
also significantly shorter to the ones reported here. Hence, the 
photovoltage observed here is formed across the whole device while 
the shift direction depends on the substrate (see also Section 4.4).  

The rate and magnitude of the BE shift have also showed dependence 
on the laser power (Figure 5.11). The BE shift became greater at 
higher laser powers, and that the magnitude of the shift increased with 
the laser power (both n-side and p-side samples, Figure 5.11). This 
suggests that more charge carriers are generated and extracted with 
higher laser powers. 
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Figure 5.11. TRPES kinetic traces of absolute BE positions of Pb 5d5/2 and 

Pb 4f7/2 core-levels in the n-side and p-side samples of 250 nm and 50 nm. The 
solid lines represent the peak positions determined without laser illumination 
(in the dark). The differences in low and high laser powers come from 
measuring the n-side and p-side samples on two different occasions. 

An offset is visible between the BE values at the longest delay times 
and the BE position in the dark (horizontal lines, Figure 5.11), which 
implies that the shift back to the original position after the laser 
illumination is incomplete in the 96 μs time window of the experiment. 
The measurement therefore captures partial evolution of the 
photovoltage. We may also observe different positions of the kinetic 
traces on the absolute BE scale for the 250 nm and 50 nm sample (both 
p- and n-side). This is the consequence of the band bending, as 
discussed earlier (see Figure 5.10). Therefore, to compare the 
photovoltage rates and magnitudes it may be better to present the 
kinetic traces as the BE shift vs. time. Here the BE shift is the difference 
of the absolute positions of a core-level at time point t and the position 
at the longest delay time (Figure 5.12, left). This way, all the traces 
have the same baseline and the comparison of the partial photovoltage 
generation between the samples becomes more straight forward. For 
instance, the offset between BE position at shortest and longest delay 
times in case of p-side sample becomes clear, and it implies that the 
fastest component of the photovoltage generation is not captured by 
this experiment. The photovoltage generated in p-side sample has a 
greater magnitude in 250 nm sample than in 50 nm sample, while in 
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the n-side sample (Figure 9 in Paper III), the magnitude difference 
between 250 nm and 50 nm is much smaller. However, the rate of the 
photovoltage rise and decay is clearly dependent on the film thickness 
for the n-side samples, which contrasts with the p-side samples, where 
such dependence was not observed (to the same extent). This suggests 
that injection of the holes into the substrate might happen faster than 
the injection of electrons. 

To compare the total photovoltage generation between different 
samples, BE position in the dark needs to be subtracted from the 
absolute BE at time t (Figure 5.13). The cell with and without Au 
contact both showed the shift in positive BE direction, as the n-side 
sample. Therefore, it is the electrons that move into the substrate in 
these samples, while the holes move towards the surface, as would be 
expected from the sample design. In terms of band diagrams shown in 
Figure 5.8, this would mean that the bands are flattening (Figure 5.13), 
due to the photovoltage generation between the top surface of the 
sample and the bottom contact (see also Section 2.2). The magnitude 
of the shift in the cell-Au (0.64 eV, Table 1 in Paper IV) shown in Figure 
5.12 is comparable to open-circuit voltages measured in complete 
devices.80 The photovoltage generated in this sample was significantly 
higher than in the other samples, indicating a great significance of the 
contact layer for achieving a long-lived photovoltage. Similarly, the 
higher photovoltage generated in the cell-no Au compared to the n-side 
sample indicates the importance of the PbS-EDT layer in achieving a 
higher photovoltage. The general conclusion from Figure 5.12 is that 
by removing any of the layers from the structure, either the 
photovoltage magnitude of the device will be reduced or the rate of 
photovoltage generation will be affected. 

In conclusion, time-resolved photoelectron spectroscopy was 
developed and used to investigate the significance of various layers in 
PbS QDSC to photovoltage generation in a solar cell. TRPES enabled us 
to measure (and visualize) a complete photovoltage evolution over a 
very long time span of six orders of magnitude. The results obtained 
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in this project describe the photovoltage as a function of time and 
indicate the high importance of all the layers in the solar cell. 

 
Figure 5.12. (Left) TRPES Kinetic traces of the binding energy shift in p-

side samples (50 nm and 250 nm) measured with two laser powers. The multi-
exponential fits are plotted as a guide to an eye (more details on the fitting is 
found in Paper III). (Right) Photovoltage in four different sample architectures 
shown in Figure 5.8. The photovoltage is calculated as a BE position difference 
of the peaks with and without laser. The laser intensity was 14.9 nJ per pulse 
for all samples except the n-side sample, where it was 15.4 nJ per pulse. 

 
Figure 5.13. Band diagrams of the samples presented in Figure 5.8, under 

illumination with the laser and generated photovoltage. 

5.3 Project III: The Tunneling 
Three sizes of QDs were studied in Paper V and they are illustrated in 
Figure 5.14. The 5, 3 and 2 nm PbS showed clear differences in peak 
widths in diffraction patterns, and peak positions in absorption, and 
photoluminescence spectra (provided in Paper V, together with size 
calculation details), which are all indications that the QDs have 
different diameters. The relative Pb 4f and I 4d core-level intensities 
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in PES spectra reflected the different surface to volume ratio of the 
differently sized samples (calculation details are found in Paper V).  

 
Figure 5.14. Illustration of the PbS QD particles together with bandgap 

values according to absorption spectroscopy measurements (left) and sample 
architecture of PbS samples used in the experiment (right). The PbS-PbI2 are 
the quantum dots of different size, while the PbS ref is the bulk PbS reference 
thin film with tetrabutylammonium iodide (TBAI) surface treatment that 
inhibits oxidation of the film. Galena is the natural PbS single crystal sample.  

 
Figure 5.15. Occupied and unoccupied states in PbS samples, measured 

with PES (VB states, yellow area) and XAS (CB states, blue area). The VB 
spectra were calibrated to the Au 4f reference, while the XAS binding energy 
axis is constructed using the binding energy position of the S 1s core-level.  

The valence band offsets in the PES spectra of the QDs are found in 
similar positions, but at a higher BE relative to PbS reference (Figure 
5.15). However, when corrected,126 the valence band maximum 
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positions show a shift towards higher BE position with diameter 
decrease. Since we know from absorption, photoluminescence and 
diffraction measurements that the bandgap changes with size, the 
valence band shifts therefore indicate that the bandgap increases with 
a decrease in QD size. The unoccupied states were measured by 
selectively probing S 3p orbitals and exciting S 1s core electrons, and 
then recording the sulfur K-edge using X-ray absorption spectroscopy. 
The XAS spectra showed minimal differences in all PbS samples 
(Figure 5.15). While the lack of the shift in XAS spectrum has been 
observed previously,141 the small difference in the feature width may 
reflect the narrowing of the CB band features coming from S 3p and Pb 
6s orbitals141,142 in samples that are more effected by quantum 
confinement effect. 

Using the RAS and CHCS, described earlier in Sections 4.6 and 4.7 
(exact details are found in Paper V), we investigated the charge 
transfer (CT) in PbS QDs and compared it to the charge transfer in PbS 
reference thin film and natural galena crystal. Herein, we found that 
there are two regimes of charge transfer in most of PbS samples 
(Figure 5.16), which suggest the presence of a potential barrier. The 
potential barrier can be observed through the occurring flat region in 
Figure 5.16 and CT time decays of different samples. Similar CT decays 
have been previously reported for metal sulfides and sulfides in 
polymer chains.143,144 While in the PbS QDs the barrier comes from 
iodide ligands surrounding the dots (Section 3.3), in PbS thin film 
reference (PbS ref), the barrier could come from grain boundaries due 
to the multi-crystallinity of the film, or from the band bending towards 
the surface of the film. The band bending may be caused by the iodide 
surface treatment which inhibits the oxidation of the film and acts as 
n-dopant for the surface (more details on this may be found in Paper 
V). In natural galena crystal the barrier is not observed which is 
reflected in a relatively constant CT time in part A (around 200 as).  

The CT in QDs looks very different at lower excitation energies. The 
smallest QDs have shown about 400 as CT at 1.2 eV ΔE, while the 3 and 
5 nm QDs have shown about 280 as CT at 1.2 eV ΔE (Figure 5.16). This 
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behavior can be described using a quantum mechanical model of a 
quantum well with a finite potential barrier,5 which is illustrated in 
Figure 5.17. According to the model, the allowed energy states for an 
electron wavefunction in a well with finite barrier dimensions are 
determined by the width of the potential well (which is analogous to 
quantum dots representing the well and ligands representing the 
barrier). When electron is given enough energy to leave the QD, it can 
either tunnel from one QD to another through the barrier 
(interparticle CT), or it can reflect of the barrier, back inside the dot to 
an available empty electronic state (intraparticle CT). While both 
processes may occur with both high and low excitation energy, the 
probability of interparticle CT is higher in case of higher excitation 
energy (B part in Figure 5.16), while the probability of intraparticle CT 
is higher in case of lower excitation energy (A part in Figure 5.16). 

 
Figure 5.16. Raman ratio (left axis) and charge transfer time (right axis, 

calculated using a core-hole lifetime of S 1s of 1.27 fs 107), as a function of the 
energy difference between the 1D2 Auger peak and the Raman feature at lower 
KE (ΔE). The CT behavior is divided into part A, the intraparticle CT (or more 
precisely, delocalization of charge in the same particle), and into part B which 
is the interparticle CT (the tunneling). 

Since the quantum confinement effect is stronger in case of PbS 2 nm 
sample, one can expect that the number of available states inside the 
2 nm particle is fewer than in case of larger PbS QDs. Thus, in case of 
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lower excitation energy region (part A in Figure 5.16) we observe 
longest CT times in PbS 2 nm QDs. Similarly, the shortest CT times are 
observed in bulk PbS samples (galena and PbS ref) in the same region. 
In case of high excitation energies, the electrons are given enough 
energy to tunnel through the barriers freely, which is reflected in even 
shorter CT times, which are similar for all measured PbS samples. 

 
Figure 5.17. Illustration of resonant CT in and out of PbS quantum dots. 

The black spheres depict PbS quantum dots, and the purple - iodide ligands on 
QD surface. The QD in the middle is illuminated with an X-ray of higher (1) or 
lower energy (2), which correspond to regions B and A in previous figure, 
respectively. The electron is thus excited to a higher (fading yellow 
wavefunction (1)) or lower state (fading yellow wavefunction (2)). The excited 
electrons in both states tend to tunnel away from the middle dot (yellow 
wavefunctions B) across the barriers (V≠0 region), but with higher probability 
in case of higher photon energy. They also tend to reflect back inside the 
particle (orange wavefunctions C), but with higher probability in case of lower 
photon energies. In smaller QDs, as the quantum confinement is stronger, 
there will be less states to come back to, which is the reason for slower CT times 
in region A in Figure 5.16. 

In short, the ultrafast CT in PbS materials measured with RAS and 
CHCS can be described by two contributions, where the probability of 
each is dependent on particle size. With stronger quantum 
confinement it may be more difficult to transfer charges with lower 
excitation energies, while in case of higher excitation energies, the 
quantum confinement does not affect the CT to a great extent. 
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6 Conclusions and Outlook  
 

The results presented here were obtained using X-ray spectroscopies 
from steady-state and time-resolved aspect. In the steady-state 
approach, we were able to investigate surface chemistry and stability 
of the PbS quantum dot materials, while in the time-resolved 
approach, we investigated charge movement in two different time 
domains using pump-probe PES and core-hole clock spectroscopy.   

In the steady-state studies, it was shown that the halide ligands were 
superior to EDT ligands in terms of surface passivation, while the 
iodide ligands showed superior X-ray stability compared to the 
bromide ligands. The electronic structure of the quantum dots was 
largely unaffected by the ligands’ halide composition, as the valence 
band maxima are dominated by the S 3p states coming from the PbS. 
This makes the valence band and the Fermi level position consistent, 
regardless of the halide content. In contrast, there was a clear energy 
difference relative to the VB of PbS and Pb-halide references, 
indicating that the quantum confinement had taken place. One 
conclusion is that the PbS-EDT layer is not the most stable choice of a 
p-type layer in a PbS QDSC, since the films showed surface oxidation. 
Potential improvements include its replacement with another p-type 
layer or trying to find similar ligands which will passivate the surface 
better and ensure longer QDSC lifetimes. As halide capped PbS QDs 
showed different stability towards hard X-rays, it might be worth 
investigating their stability under visible, UV or X-ray illumination of 
different energy, in order to confirm whether these trends hold or 
different mechanisms apply using other illumination types. This 
would help us better understand the electronic structure of QDs and 
may lead to improved design and performance of QD solar cells. 

Learning that the halide rich surface makes the PbS quantum dot 
materials stable under X-rays allowed us to further investigate their 
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function in solar cells. In particular, our development of time-resolved 
pump-probe PES method coupled with careful design PbS QDSC 
samples allowed us to study the generation of the photovoltage in 
different parts of the PbS QDSC. The photovoltage rise and decay are 
processes which happen on an exceptionally wide timescale and with 
TRPES, this can be captured by a single experiment. Our results 
showed that each of the studied layers has a distinctive influence on 
the magnitude and rate of the photovoltage changes. The success of 
this pioneering experiment shows the viability of TRPES for studying 
charge separation processes in complex systems. This makes TRPES a 
highly relevant method for everyone who wishes to study similar 
systems in the future. The results from other systems may also reveal 
previously unidentified issues in the solar cell design and thereby 
contribute to faster device improvements. For QDSCs I would suggest 
that further TRPES experiments should focus on investigating QDSCs 
with different ETL and HTL layers, or alternatively, the same PbS QDSC 
structures but with additional layers. My hope is that the TRPES 
method we developed over the years will become a powerful tool in 
solar cell research. 

Finally, we delved into the effects of the quantum confinement on the 
ultrafast charge transport in PbS quantum dots and showed that 
charge transfer can be modelled by a potential well with finite 
barriers. In particular, this meant that the charge transfer in quantum 
dots consists of two contributions, whose probability depends on the 
excitation energy and the size of the quantum dot. These results 
constitute a useful pedagogical example of how, sometimes, relatively 
simple quantum mechanics theory can be applied to explain the 
outcome of the experiments. That gives me hope that someday this 
qualitative result will be compared to more complex models, which 
could be used to quantitatively explain the experimental results given 
here. Ideas for the continuation of this project are to investigate how 
the inter-dot distance affects charge transfer (e.g. the width of the 
barrier instead the width of the well), or to try to find out whether the 
same model can be applied for particles in a different confinement 
regime.  
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