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Abstract

Quantum dots (QDs) are nano-crystal semiconductors (1-100 nm) in which charge carriers (electrons
and holes) are confined in all 3 dimensions by potential barriers that cause them to behave differently
from conventional bulk semiconductors. QD research in the past decade has progressed rapidly, allow-
ing a deeper understanding of the physics behind the functioning and the effective synthesis of such
materials. The wide spread opto-electronic applications of such QD semiconductors in LEDs, lasers,
electrochemistry and solar cells with the potential to outperform traditional bulk semiconductors has
fuelled inspired research in this field.

Quantum dot solar cells (QDSC) are solution-based third generation solar cells that possess the
potential to overcome the Shockley-Queisser limit using multiple exciton generation (MEG). The large
Bohr radius, wide bandgap tunability and large light absorption coefficients of PbS QDs have made them
the most common material used in the absorber layer of such solar cells and shall also be the material
used in this thesis. PbS QDs are used in conjunction with an n-type metal oxide to form a heterojunction
that enhances charge separation at the interface. ZnO and TiO, are common metal oxides used for
this purpose while different synthesis methods of the same metal has been observed to show different
results. While different research groups have used different metal oxide layers, there has been no
systematic study on the interaction of the metal oxide layer synthesized by different methods with the
absorber layer. Such a study could help improve understanding of the heterojunction interface and shall
be briefly looked into in this thesis. Another area of improvement in device performance is the depletion
region across the heterojunction. Varying the doping of the n-type material affects the depletion width
which has been explored in the past by adding impurity atoms to the metal oxide. However, the
emergence of an alternate method to dope ZnO electrochemically has triggered an interesting novel
pathway to integrate doped materials into solar cells. In this thesis, we have successfully fabricated
PbS QD solar cells for the first time in TU Delft at the Synthesis lab of the Applied Sciences faculty with
power conversion efficiencies exceeding 5%. Additionally, a systematic study on the absorber layer
and the metal oxide layer was also carried out to optimize the device performance and set protocols for
any future work. Finally, electrochemical doping of the PbS absorber layer was attempted to develop
a precise doping mechanism for QD films.
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Introduction

1.1. Background

Energy consumption across the world has steadily been on the rise over the last few decades due to the
increasing population and improved quality of life. As seen in Figure 1.1a, the predicted 28 % increase
in worldwide energy requirement by 2040 (as compared to 20151), makes it an uphill task for us to meet
this significant increase in energy demand. Currently, fossil fuels are burnt to meet a substantial part of
this energy demand[1] which has led to large spikes in global pollution and temperatures[2]. However,
increased awareness about the environment has also led to the widespread adoption of renewable
energy resources: the year 2016 saw an addition of 136 GW of renewable energy capacity (excluding
hydro energy); the global installed capacity of solar photovoltaics (PV) grew by 75 GW[3, 4] and the
Paris Climate Treaty was ratified in November 2016 which limits its signed members to curtail global
temperature rise to below 2°C above that of the pre-industrial levels[5]. To achieve the targets set by
this treaty, countries have begun developing robust environmental policies and promoting research and
development in every field of sustainable energy. A few nations in the European Union have henceforth,
decided to reduce their carbon foot print by banning fossil fuel driven cars in the coming decade while
other countries have focussed on driving down the price of sustainable technologies to increase the
chances of their diffusion into the energy market. Since the discovery of PV cells in 1956 by Bell
Labs, USA, the efficiency of silicon PV cells, the most common solar cells, have risen from 6%][6] to a
current record of 26.63%][7] and their cost has fallen from $76 per watt[8] to $0.22 per watt[9]. This
unprecedented drop in prices of solar cells has been attributed to China’s heightened commitment in
the recent years to increase the share of renewables in its energy mix as emphasized by the exponential
growth in China’s PV installed capacity seen in Figure 1.1b. Cheap labour and strict laws have led to
the emergence of China as the world leader in the implementation of renewable energy[3] followed by
a flooding of the PV market with cheap solar cells. This has resulted in a 73% drop in the levelized cost
of electricity (LCOE) of utility-scale PVs from 2010[10] making it one of the most attractive renewable
energy technologies. However, silicon PV's bulky nature and technological limitations make it desirable
to look for alternate PV materials. Second generation solar cells, also known as thin film solar cells
have shown promise to negate the bulkiness of silicon solar cells. However, their inability to beat the
Shockley Queisser limit (SQ limit) has encouraged researchers to investigate third generation solar cell
technologies, one of which is the use of solution-based synthesis of nanocrystal (NC) materials as the
light absorber in solar cells. This thesis explores past efforts at fabricating such solar cells and tries a
novel method at improving their performance.

1.2. Motivation

The SQ limit gives the maximum theoretical efficiency of a single junction solar cell under 1 sun condi-
tion. For a semiconductor with a bandgap of 1.1 eV bandgap, this limit has been calculated to be 33%
under AM1.5 solar spectrum[11]. As seen in Figure 1.2, thermalization losses due to the cooling of
excited, high energy electrons contribute the most towards power loss in solar cells while the remaining
losses are split between losses due to photons with energies below bandgap and losses while extracting
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Figure 1.1: a. Expected increase of 28% in world energy consumption from 580 quadrillion British thermal units (BTU) to 740
BTU, [1]. b. Increase in global installed capacity of PV. 85 % of the 75GW of PV installed in 2016 was contributed by China
which shows it commitment to renewable energy[3]
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Figure 1.2: Spectral analysis of the power loss in a semiconductor with a band gap of 1.1eV. While cooling of high energy
electrons to the bandgap (thermalization) contributes the most to power loss in solar cells, 15 % of the power lost is due to
inevitable thermodynamic losses involved in the extraction of photo excited charge carriers that give rise to losses in the open
circuit voltage. Reprinted from reference[13], copyright Elsevier Ltd. 2012.

photoexcited electrons. However, third generation solar cell concepts look at overcoming these limita-
tions to further push the efficiency limit of solar cells. Tandem PVs which use multiple semiconductor
materials to more effectively utilize the entire solar spectrum, and concentrated solar PVs that focus
the sun’s light are currently the two of the most prominent third-generation technologies[12]. Despite
holding the world record power conversion efficiency (PCE), the proliferation of these technologies in
the market has been impeded by high costs of manufacturing and thus relevance only to a niche mar-
ket. This has led to a collective interest in realizing cheaper technologies that can overcome the SQ limit
and compete with the current economies of scale achieved by silicon PV cells. Quantum dot solar cells
(QDSC) are a relatively new third-generation solar cell concept that has gained popularity in the last
decade due to its potential to meet both these requirements. Quantum Dots (QDs) are semiconductor
nanocrystals (NCs) that exhibit quantum confinement effects in all three dimensions. These quantum
confinement effects allow their optical and electronic properties to be tuned by adjusting their shape
and size which makes their use in optoelectronic materials interesting[13, 14].

Quantum dot semiconductor materials have been shown to exhibit multiple exciton generation
(MEG). Also known as carrier multiplication (CM), MEG is a process that produces more than one
electron hole pair with the absorption of one photon. This provides a pathway to reduce one of the
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thermodynamic losses present in solar cells which in turn opens the possibility for QDSCs to exceed the
SQ limit[15, 16]. The ability to synthesize these QD materials via solution based chemical reactions also
provides a secondary impetus to this technology due to its possible application in roll to roll fabrication
technologies that can be easily scaled up. With a current record PCE of 13.4%[17], this technology’s
potential to reach photo conversion efficiencies greater than 33% provide the primary motivation for
research in QDSCs.

1.3. Research question

This thesis aims at developing a working application for the quantum dot research in the synthesis lab
at the Applied Sciences faculty at TU Delft. Establishing a protocol for the fabrication of PbS QDSCs
that can further be built upon to perform experiments was the primary goal of this thesis. Following
this, two additional objectives were added to the goals of the thesis: a study on the metal oxide layer
was adopted due to the lack of a systematic study on it in literature and an attempt to find a novel
route to dope thin PbS QD films in a device. These goals and objectives led to the following research
question :

" What are the major parameters that affect the development of lead sulphide quantum dot solar
cells? ”
The sub questions to be answered in the thesis are:

1. How does ambient moisture and ambient oxidation affect device performance ?
2. How does the thickness of the individual layers in the device affect device performance.

3. Why do the different synthesis methods of the metal oxide layer affect device performance in
PbS QDSCs ?

4. Can quantum dot films be directly electrochemically doped in devices ? If so, how can we use
electrochemical doping to make the PbS QD films more intrinsic (from their general n-type be-
haviour) ?






Theory

2.1. Semiconductors and quantum dots

Semiconductors are a class of materials that exhibit conductivities between metals and insulators.
Elements like silicon (Si) and germanium (Ge) that occupy group 1V in the periodic table are used as
elemental semiconductors while elements in groups III and V, II and VI or IV and VI combine to form
binary or ternary compound semiconductors. In elemental semiconductors, atoms are held together
by covalent bonds that involve sharing of electrons with the neighbouring atoms. When several such
atoms are covalently bonded to each other extending into an ordered array of atoms, the resulting
structure is termed a crystal lattice. At temperatures above 0K, the bonds in a semiconductor crystal
lattice begin to break giving rise to free electrons and points devoid of electrons also known as holes.
These holes and electrons are called charge carriers in a semiconductor and the movement of these
charge carriers gives rise to currents in a semiconductor[18, 19]. Figure 2.1 shows the formation of
charge carriers in an atomic semiconductor lattice.
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Figure 2.1: Covalent bonds in Si at T = 0 K (left) and T > 0 K (right). The free electron (unit negative charge) breaks out of its
bonded state on gaining thermal energy, leaving behind a hole (unit positive charge). Reprinted from reference [18], copyright
UIT Cambridge Ltd.

In quantum mechanics, an electron in space is described by its energy and its position, which
is given by its wavefunction (¥). Considering an atom to be an infinite potential well and solving
Schrodinger’s equation for an electron in an infinite potential well, we obtain discreet energy levels
where electrons are allowed to exist inside an atom. Any intermediate energy level is forbidden for
the existence of an electron[19]. As per the molecular orbital theory, the bonding of 2 atoms leads to
the interaction of their atomic orbitals (energy levels) that results in the formation of molecular orbitals

)



6 2. Theory

(MO). A constructive interaction of the wave functions of the atomic orbitals gives rise to a lower
energy “bonding” MO while a destructive interaction of their wave functions gives rise to a relatively
less stable, higher energy “anti-bonding” MO[20]. The splitting of these orbitals is also accompanied
by the formation of intermediate forbidden energy levels between the two orbitals. When several such
atoms arrange themselves in an ordered array to form a crystal lattice in an atomic semiconductor, the
interaction of each atom with its neighbouring atoms gives rise to atomic orbital splitting with several
bonding and anti-bonding MO separated by a distinct gap containing forbidden energy levels. When
the density of atoms in the crystal is sufficiently high (in the order of 10?2 cm=3[21]), the spacing
between consecutive MO in the bonding and the anti-bonding regions reduces so much that they can
be considered to be a series of quasi-continuous energy levels also known as energy bands with a
forbidden energy gap (E,) separating the two regions. At OK, all the electrons are at their lowest
energy state and hence fill the lower energy band also known as “valence band” (VB) and at higher
temperatures, more electrons gain thermal energy that excite them to the higher energy band also
known as “conduction band” (CB). Due to this quasi-continuous nature of the “energy bands”, charge
carriers are considered to be delocalized throughout the energy band in such bulk semiconductors.

A

LUMO I Conduction
— band
E‘ Bandgap
=
-~
HOMO — — — == Valence
— band
Molecule  Cluster Quantum dot Bulk

Figure 2.2: An increase in the number of energy states in a system by increasing the number of interacting atoms and a
subsequent decrease in bandgap is seen from left to right. The quasi continuous system of energy states leading to a “band
like” behaviour is observed in the bulk semiconductor. Reprinted with permission from reference [22].

According to this quantum mechanical model of energy band formation in semiconductors, the
number of energy levels in each band reduces with a decrease in the number of atoms in the crystal
lattice. When the number of atoms in the crystal reduces to about only a few thousand, the separa-
tion between each MO in a “band” is high enough that it can no longer be considered to be a series
of quasi-continuous energy levels anymore but a series of discreet energy levels where electrons are
localized. This gives rise to the quantum confinement of charged carriers. In addition, this decrease in
the number of discreet energy levels from a bulk crystal also leads to an increase in the band gap sep-
aration between the highest occupied molecular orbital (HOMO) [also referred to as the valence band
maximum] and the lowest unoccupied molecular orbital (LUMO) [also referred to as the conduction
band minimum]. This increase in the band gap energy due to quantum confinement can increase by
more than 1leV from the value in a bulk crystal[23]. Figure 2.2 shows the spectrum of semiconductors
based on their sizes with QDs occupying the central position. QDs are semiconductors that contain
between a few hundred and a few thousand atoms grouped together as a crystal in which charge car-
riers are confined to a small space by potential barriers on all three directions giving rise to quantum
confinement effects[13, 16, 22].

Quantum confinement effects begin to show significance only when one dimension of an NC is
smaller than the de Brooglie wavelength of electrons and holes[13] and the diameter of the NC is
smaller than twice the Bohr’s radius of excitons in a bulk crystal[16]. The de Brooglie wavelength of
an electron (4,) is given by,
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Figure 2.3: a. Aninorganic QD core with long chain surfactant (ligand) molecules attached to the uncoordinated surface atoms.
b. The passivation of surface states by the ligands (L) push mid band energy levels due to uncoordinated surface bonds into
the conduction and valence “bands” and hence quench non-radiative recombination pathways for charge carriers. However, it
is to be noted that the theory behind the position of trap states inside the band gap is highly debated and this picture may not
depict the true position of trap states. Reprinted from reference [21], copyright AAAS 2016

Ae = h/(mesrkT) (2.1)

Where h is the Planck’s constant, k is the Boltzmann's constant, T is the temperature and m,,
is the effective mass of an electron. Due to dimensions smaller than that of A, of carriers along all
three axes in QDs, the wave function of charge carriers is spatially completely confined inside a QD.
The Bohr’s radius describes the distance of separation between a bound electron and a hole. When
the size of crystal particles become smaller than the Bohr radius, the high electrostatic binding forces
between the carriers prevent them from separating but instead, interact in a confined volume known
as an exciton. This is unlike in a bulk crystal where the binding forces are weaker than kT (product of
Boltzmann’s constant and the temperature), that allows them to split easily. As a result of quantum
confinement of carriers and the formation of excitons, the electronic behaviour of QD semiconductors
is different from bulk semiconductors.

2.2. Charge transport in semiconductors

QDs have been synthesized since the early 1990s[24] with several improvements having been achieved
in the synthesis methods over the years. QDs are synthesized predominantly via solution-based meth-
ods while vapor phase deposition based syntheses has also been reported in the past[16]. In the
solution based synthesis, QD semiconductors are formed by the supersaturation of reaction products
in a solution[25], allowed to grow to the required size, washed and then dispersed in a solvent. Long
chain organic surfactants present in the solution terminate the QD surface and also aid in the dispersion
of the inorganic QDs in a non-polar solvent. Due to their small size, QDs possesses a high surface-
to-volume ratio which gives rise to the possibility of several uncoordinated surface atoms that act as
recombination centres for charge carriers, also known as trap states. The surfactants (also known as
ligands) passivate these surface trap states which gives rise to a series of new energy levels that align
outside the forbidden energy gap as shown in Figures 2.3a and 2.3b[21].

To effect charge transport between QDs, ordered QD arrays are made through physical processing
methods that evaporate the solvent and tightly pack the QDs next to each other to enable better elec-
tronic coupling[16, 21, 26]. In such an ordered film of QDs known as QD solids, neighbouring QDs are
separated by ligands which makes charge carrier transport more complicated than in bulk semiconduc-
tors. The quasi continuous nature of energy levels in bulk semiconductors allow the diffusion of charge
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carriers through the energy bands with a “band-like” transport. In QD films though, the transport of
carriers between discreet energy levels from one QD to another has to occur through “carrier hopping”
where carriers hop from one QD to the other which is equivalent to the quantum mechanical process
of carrier tunnelling. The tunnelling rate is described by the equation[21]:

I' < exp (—(2m*AE /h?)'/?Ax) (2.2)

where m* is the effective mass of the charge carrier, # is the reduced Planck’s constant, AE is the
height of the tunnelling barrier and Ax is the width of the tunnelling barrier, which in this case is the
inter dot distance. In films of as prepared QD solutions, the long chain organic ligands that separate
neighbouring QDs lead to large inter dot distances that inhibits efficient carrier transport. To overcome
this limitation, the long chain insulating ligands are exchanged with shorter ligands which increases
the tunnelling rate and enhances the electronic coupling between neighbouring QDs due to the direct
relation between electronic coupling and the tunnelling rate[21].
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Figure 2.4: a. Energy level splitting in “ideal” QDs. On the left side, discreet energy levels of individual uncoupled QDs with
localized, quantum confined electrons. The ride hand side shows their subsequent splitting into energy mini-bands (the darker
energy states) accompanied by band like movement of electrons between the QDs with no mid-band trap states. The relaxation
in quantum confinement of the electrons due to increased electronic coupling between the QDs is also seen. b. Energy level
splitting in “real” QDs. The non-homogeneous QD dispersion in real conditions QDs with varying size (and corresponding
bandgap), shape and surface passivation. This results in different density of states in each QDs which gives rise to mid bandgap
trap states in uncoupled QDs (left) that further split into more energy levels inside the band gap on coupling (right). Electrons
still transport through the hopping mechanism in this case, though there are a few minibands formed at higher CB and VB
energies. Adapted from reference [26]

Another parameter that influences charge transport in QDs is the degree of disorder in the structure
of QDs packed together in QD solids as shown in Figures 2.4a and 2.4b[26]. In a truly monodisperse
collection of QDs where each QD has the same size, shape and surface passivation, these “ideal”
QDs arrange themselves in perfect order in QD films analogous to atoms in an atomic semiconductor
leading to a homogeneous splitting of energy levels. This gives rise to mini bands like in atomic
semiconductors that allow a “band like” carrier transport. However, since even the best experimental
procedures synthesize QDs with a 3-5% standard deviation in size, the interaction of such neighbouring
“real” QDs in QD solids gives rise to inhomogeneous energy level splitting that prevents the formation
of mini-bands and leads to carrier transport by the above mentioned carrier hopping mechanism.

2.3. Charge carrier relaxation dynamics in semiconductors

As mentioned before, carrier relaxation from a high energy state to the band edges contributes the high-
est towards power loss in solar cells. In atomic semiconductors under thermal equilibrium, charge carri-
ers fill their respective energy bands in a Boltzmann distribution due to their thermal energy [18, 19, 27]
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Figure 2.5: a.The thermal relaxation pathway(cooling) of hot carriers in semiconductors. Reprinted from reference [27], copyright
Annual Reviews 2001. b. The multiple exciton generation (MEG) pathway expected to be observed in QD semiconductors.
Reprinted from reference [16], copyright American Chemical Society 2010.

and an equilibrium exists between the carrier and lattice temperatures. On photoexcitation of such a
system, electrons are excited into the CB with varying energies based on the energy possessed by
the photon they absorb (given by hv where h is the Planck’s constant and v is the frequency of the
absorbed photon), leaving behind holes in the VB and causing a perturbation to the Boltzmann distri-
bution and thermal equilibrium. The free charge carriers with excess kinetic energy (A E.ycess=hv -
E,) are termed as "hot carriers” since their higher energy makes them “hotter” than the surrounding
lattice temperature. To re-achieve thermal equilibrium, these hot electrons cool down by first redis-
tributing themselves to form a new Boltzmann distribution at the elevated temperature followed by a
series of quantized lattice interactions known as phonons[18] that raises the lattice temperature until
an equilibrium is achieved[27]. Since this two step cooling of charge carriers takes place in the order
of a few picoseconds, it becomes difficult to utilize the excess kinetic energy of these hot electrons.

However, it has been observed in the past that this fast hot carrier cooling pathway can be slowed
down by 2 orders of magnitude when the photo generated carrier density is greater than 5 x 108
cm~3[16, 27] due to the production of an equally high number of phonons that prevents them from
readily interacting with the crystal lattice.This allows the possible reabsorption of phonons by the hot
carriers that allows them to retain their higher energy for a longer duration. This phenomenon is termed
"phonon bottleneck” and can be achieved only under very high light intensities in bulk semiconductors.
In quantum confined semiconductors though, it has been theorized that the large energy mismatch
between quantized energy steps in the CB (between 150-300 meV) and quantized LO phonon energy
levels (=30meV) could hinder the immediate cooling of hot carriers, thereby, leading to a phonon bot-
tleneck at much lower intensities of light [28].

Interestingly though, experimental data in a few publications have shown only a small increase in
hot-electron relaxation times (only by tens of picoseconds) along with the occurrence of photolumi-
nescence which is against the theory of longer hot carrier lifetimes in QDs[16, 28]. This led to the
development of the possibility of a second relaxation pathway through Auger recombination. Auger
recombination is a non-radiative, three particle process wherein the energy from the recombination of
an electron and a hole is transferred to a neighbouring electron/hole. This energy pushes the carrier
deeper into the CB/VB which then relaxes to the band edges through phonon transfer to the crystal
lattice[16, 18, 19, 26, 27]. In QDs, it was theorized that, cooling of hot carriers would take place by a
transfer of energy to a hole via the Auger mechanism followed by a fast cooling of the hole (due to a
higher effective mass) through phonon emission aided by the closer spaced energy levels for holes in
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QDs[27, 28]. The experiments of Klimov et al.'s[29] proved the presence of a faster Auger relaxation
pathway leading to relaxation of charge carriers in CdSe QDs in the order of 300 fs while Guyot-Sionnest
et al.[30] showed the electron-hole interaction pathway involved in hot carrier relaxation. The latter
also showed the presence of a phonon bottleneck for electrons in the absence of such an electron-hole
based Auger recombination by studying the effects of hole isolation via surface ligands. Another ob-
servation of phonon bottleneck was make by Xu et al. [31] who noticed a slowing down of the hole
relaxation close to the VB edge due to a possibly low density of VB states close to the edge giving
further evidence of a phonon bottleneck in QDS. While the quantization of energy levels in QDs is ex-
pected to reduce the electron-phonon coupling due to significant differences between the energy steps
of electron and phonon energies, recent studies have shown otherwise. Bozyigit et al. quantitatively
show the existence of higher energy phonon states that arise due to the mechanical softness of the
QD surface where atoms vibrate with higher amplitudes than the core atoms[32]. These results show
the existence of a higher electron-phonon couping that provides a quick path for hot electron cooling
as opposed to the initial hypothesis of the existence of a phonon bottleneck.

The possibility of an Auger pathway in QD semiconductors also opens doors to the possibility of
an inverse Auger pathway as shown in Figure 2.5b wherein the photo excitation by a high energy
photon (hv at least > 2E,) can cause the high energy electron-hole pair to split into two or more
electron-hole pairs of lesser energy. This phenomenon is called multiple exciton generation (MEG)
or carrier multiplication (CM) and has been observed in QDs at much lower energies as compared to
bulk semiconductors [16, 27, 28, 33]. Known as impact ionization (II) in bulk semiconductors (like
bulk silicon), II has been observed to be of significance only at photon energies much into the UV
range (> 3eV) which contributes to less than 1% of the solar spectrum. This is because the strong
coupling of electron and phonon states in bulk semiconductors provides a quicker cooling pathway for
hot carriers through phonon emission and the need for crystal momentum conservation in long ordered
atomic lattices raises the threshold energy required for CM in such bulk semiconductors. The quantum
confinement of charge carriers in QDs however has been expected to help overcome these limitations.
Due to the small crystal size and quantum confinement along all three dimensions in QDs, the need
for crystal momentum conservation is minimized while the mismatch in the electron and phonon states
makes the relaxation of hot carriers via phonon emission a rather slow process. Additionally, the high
electrostatic forces that bind an exciton also increases the chances for MEG before their separation into
charge carriers[33] thereby incentivizing MEG as a viable pathway for hot carriers/excitons.The possi-
bility of utilizing the multiple excitons to produce higher photocurrents than in bulk semiconductors has
motivated researchers to use such QD semiconductors in solar cells[15]. However, in addition to the
generation of multiple excitons, the effective separation of the exciton into charge carriers and their
extraction into electron and hole-accepting contacts is equally important in realizing the true potential
of MEG based solar cells[34].

Thus it can be concluded that while a few groups have observed an increase in the cooling times
of hot electrons[30] and holes (close to the VB edge)[31] due to a phonon bottleneck, there are also
reports where researchers have not observed a similar phonon bottleneck process [29, 32, 35]which
gives rise to different theories of hot carrier cooling. The contradicting nature of these theories show the
various possible carrier relaxation pathways which could in theory, allow or quench the MEG pathway in
QD semiconductors. Thus a more detailed understanding of the electronic behaviour of QDs is required
to to successfully incorporate QDs into opto-electronic devices.

2.4. Chemical synthesis and optical properties of PbS QDs

The synthesis of solution processed colloidal quantum dots (CQD) took a big leap forward in 1993
with the first synthesis of nearly monodisperse (<5% rms in diameter) CdE samples (where E = S,
Se, Te) by Murray et al.[24, 36]. This synthesis method utilized the high reactivity of organo-metallic
precursors in a hot coordinating solvent to produce discreet nucleation centres that were then grown
into NCs of the requried size by controlling the process paramenters. Dimethyl cadmium (Me,-Cd)
was the metal precursor used while the chalcogenide precursor was chosen between trioctylphosphine
sulphur (TOP-S) and bis-trimethylsilyl sulphur (TMS,S) with TMS,S’s commercial availability and higher
reactivity generally being preferred over TOP-S’s ease of preparation.
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Figure 2.6: The plot on the left shows the different stages of the CQD synthesis process as described by La Mer. The evolution
of the particle size with time due to Ostwald ripening is shown below the x axis. The setup on the right side is a typical "hot
injection” setup involving the quick injection of the precursor(s) into a hot solvent. Reproduced from reference[36], copyright
Annual reviews 2000

The hot injection method adopted in this synthesis follows the reaction steps in line with La Mer’s
model of nucleation as shown in Figure 2.6. After injection at t=0 seconds, as the precursor concentra-
tion in solution increases and exceeds the nucleation threshold of the solution, a burst of nucleation is
observed visually. On nucleation, the rate of the precursor consumption begins to increase drastically
(to produce more nuclei) and then exceeds the rate of precursor addition at the inflection point in the
nucleation zone. Due to a higher consumption rate, the precursor concentration continues to drop
and falls below the threshold at which point nucleation stops. After this point, the reaction products
are utilized in the uniform growth of all the nuclei in a regime known as the size focussing regime.
During this time, all the nuclei grow at the same rate giving rise to a nearly monodisperse solution of
nano particles provided there is no further addition of reactants. Since all these changes occur within
seconds, it is essential that the injection of the precursor(s) is very quick if not the nucleation step and
the size focussing regime overlap, leading to a polydisperse sample. Once all the reactants are utilized
and the concentration approaches zero, the size focussing regime ends. However, the high surface
energy of small NCs push them to dissolve into the solution and precipitate on the larger NCs leading
to a second temperature and time dependant growth regime also known as Ostwald’s ripening[25, 36].
Figure 2.6 shows the effect of time on the particle size due to the ripening.

In 2003 Hines et al. adopted a similar approach to synthesize lead sulphide (PbS) NCs with high
levels of monodispersity using lead oleate and TMS,S[37]. The lead oleate was prepared by heat-
ing lead oxide (PbO) in a coordinating solvent of oleic acid at 150°C followed by the hot injection of
TMS,S at different temperatures to obtain NCs of the requried size. The samples from this synthesis
showed a narrow size dispersion as evidenced by a full width at half maximum (FWHM) measurement
of ~100meV and a photo luminescence quantum yield (PLQY) of 20% relative to a standard IR125 dye.
The lead oleate ligands passivate the QD surface and help in dispersing the QDs in a nonpolar solvent.
Following this, Cademartiri et al. adopted a new diffusion controlled route to synthesize PbS NCs[38].
In this method, lead chloride (PbCl,) is mixed with oleylamine (OLA) which complexes on heating at
elevated temperatures (> 120°C) to form a viscous solution. The viscosity of the solution controls the
diffusion of the injected precursor (elemental sulphur dissolved in OLA, S:OLA) through the solution
by reducing the mass transfer coefficient of the reaction. This forces the reaction to follow a diffusion
controlled path that enhances the size focusing nature of the reaction. As a result, higher magnitudes
of monodispersity (#52meV at FWHM) and a higher PLQY of 40% (referenced to an IR-125 dye) was
observed. In addition to lead oleate passivation, the presence of chloride ions (CI~) on the surface was
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also observed through XPS and EDAX measurements. One disadvantage of the Cademartiri synthesis
is that it produces larger PbS QDs with diameters in between 4.2 and 6.4 nm (corresponding to first
exciton absorption peaks of 1200 nm and 1600 nm respectively[39]) compared to the Hines synthesis
(diameter range of 2.6nm - 7.2 nm) that has prompted modification by other research groups. Moreels
et al.. used tri-n-octylphosphine sulphur (TOP-S),a low-reactivity sulphur precursor, along with S:OLA
to prolong the QD growth regime without the onset of Ostwald ripening[40] which resulted in a wider
size range (3-10 nm) and higher monodispersity at larger sizes. Weidman et al.[41] discovered that
using excess lead precursor (upto a Pb:S precursor ratio of 24:1) in the Cademartiri synthesis could
delay the onset of Ostwald’s ripening by upto 6 hours leading to highly monodisperse (o, ~ 3-5%) PbS
CQD solutions between diameters 4.3 nm and 8.4 nm. Zhang et al.[42] modified this hot injection syn-
thesis into a "heat up” synthesis by injecting more reactive TMS,S at 30°C instead of the hot injection
of lesser reactive S:OLA. This was observed to increase the nucleation threshold of the reaction which
gave more size focussed QDs with sizes small as 2.2 nm (bang gap of 1.7 eV) and a size distribution
comparable to that of the hot injection method. An important advantage of the Cademartiri synthesis
(and all subsequent modifications) is the in-situ chloride passivation of the QD surface (in addition to
lead oleate passivation) that reduces the trap state density, increases PLQY and the air stability as seen
in all three modifications[38, 40—42].

Cation exchange reactions have been employed in the past to prepare core-shell QD configurations
of PbSe-CdSe[43] that presents an interesting pathway to achieve NCs of different compositions and
configurations otherwise difficult to be achieved by traditional synthesis methods. In such reactions,
the parent NC provides a template wherein the cation in the QD lattice is exchanged for a similar
charged cation in a balance between the solvation energy of the exchanged cation and the lattice
binding energy before and after the exchange. Zhang et al. developed a cation exchange process to
synthesize PbS(Se, Te) QDs from pre-synthesized CdS(Se, Te) QDs that involves the use of lead chloride
and OLA [44]. As expected, the resultant PbS(Se, Te) QD size was controlled by the starting size of
the CdS(Se, Te) QDs used in the synthesis and residual chlorine and cadmium were measured on the
QD surface and deduced to be surface passivators. Hendricks et al. developed a different approach
to PbS QD synthesis by utilizing the variation in the reaction kinetics of different substituted thioureas
with lead oleate to give PbS QDs of different sizes[45]. In this thesis, the cation exchange approach
has been predominantly adopted to fabricate solar cells with a few measurements also performed on
PbS from Hendricks et al.’s approach.

2.5. Quantum dot solar cells

A better understanding of the physics of QDs and the development of efficient methods of QD synthesis
led to their implementation in light harvesting devices (solar cells) and light emitting devices (LASERs,
LEDs). Their solution-based syntheses has opened up cheap avenues of scaling up to the industrial
level, required to compete with current electronic technologies. PbS has emerged as the most promis-
ing candidate for QDSCs amongst different QD materials due to its large light absorption coefficients,
large Bohr radius and wide band gap tunability[46]. PbS QDSCs have predominantly been fabricated
in 3 different configurations and this section shall look into the development of such solar cells.

Sensitized solar cells were first fabricated using a porous n-type cathode material sensitized by QD
particles resulting in a band alignment as shown in Figure 2.7. Titanium dioxide (TiO,) was commonly
used as the cathode material sensitized by PbS QD particles. Hoyer et al. discovered photoconduc-
tion in a heterogenous system consisting of a porous TiO, thin film filled with PbS QD particles [48]
showing a bandgap of ~1.85 eV. It was observed that with only the chosen bandgap (or higher) that
the band alignment enabled effective carrier extraction from the QDs. Adding to this work, Ju et al.
developed PV cells showing a PCE of 3% by adding indium doped tin oxide (ITO) and gold to the above
configuration[49]. A decrease in PCE with larger TiO, NCs was observed as opposed to an expected
increase due to possibly higher carrier extraction from the increased contact area between the PbS
and TiO,. This helped conclude the that the mesoporous structure is unfavourable for QDSCs. Thus,
QDSCs development moved towards planar configurations beginning with the Schottky junction.

A Schottky junction QDSC utilizes the work function difference between the ITO and a back-metal
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Figure 2.7: A compilation of the band diagrams of the three common PbS QDSC configurations.The left most configuration
depicts a Schottky junction solar cell where the charge carrier separation and extraction occurs at the rear junction between the
PbS QD layer and the metal electrode. The middle configuration shows a depleted heterojunction solar cell in which the TiO,
nanoparticles-PbS QD layer interface forms the main junction where charge extraction and separation takes place. The right
most configuration shows a TiO, sensitized QDSC in which the differences in electron affinity between the TiO, and the PbS QD
layer causes charge separation. Reprinted from reference [47], copyright American Chemical Society 2010.

contact to generate a photovoltage that splits the excitons and extracts charges through the p-type
CQD layer as seen in Figure 2.7. Prior work[50, 51] has showed that the Schottky junction is at the
QD/metal contact interface resulting in charge separation at the rear boundary. This poses a challenge
as if increases the possibility of recombination of photogenerated charge carriers formed farther away
from the junction by the absorption of shorter wavelength photons unless the PbS layer is made thinner
than its diffusion length. One advantage of the Schottky junction configuration is its ability to produce
current densities over 20mA/cm? that has been exploited to make devices with P.C.E ~2% [50]. How-
ever, the maximum open circuit voltage (V) of these solar cells is limited to half the bandgap of the
PbS QDs (E4/2q). This is because, the coincidence of the VB, CB and fermi level of the metallic contact
limits the splitting of quasi fermi levels in the absorber side to half the bandgap, failing which the
polarity of the contacts inverts. To overcome the limitations posed by Schottky junction cells, planar
n-p junction solar cells were developed which utilise a transparent n-type electrode to extract the pho-
toelectrons from the PbS absorber layer and form a heterojunction. Over the years, several changes
have been made to the processing steps leading to efficiencies as high as 12%.

One of the most important processing steps involved in QD film formation for devices is the ex-
change of long insulating ligands with shorter ligands to improve carrier transport. However, ligands
have also been observed to dope QDs by inducing a dipole moment on the QD surface. Brown et al.
compared the effects of 12 different ligands on the energy levels of PbS QDs and concluded that the
intrinsic dipole moment of different ligands shifts the energy levels of the QD by different magnitudes
as shown in Figure 2.8a[52]. In addition, the interaction of ligands with the QD surface introduce new
energy levels near the CB or VB that act as donor or acceptor states respectively. Consequently, the
different ligands influence the Fermi level position differently and hence dope the QDs differently. Den-
sity functional theory (DFT) calculations showed that the lack of an intrinsic dipole moment in iodide
ligands lead to deeper energy level shifts while thiols with higher intrinsic dipole moments, induced a
shallower energy level shift. This has formed the basis for band alignment engineering leading to high
efficiency PV cells[54].

QD films have also been doped using remote doping techniques which do not interfere with the
QD surface chemistry (as observed with the ligands), size or affect interdot spacing. In this process,
solid QD films are immersed in a dopant solution of specific concentration for a specific duration to
achieve the required doping. Based on their electron affinity and ionization energies, dopant solutions
act as p- or n-type dopants as shown in Figure 2.8b. Kirmani et al. showed that dopants with a deep
electron affinity could induce a remote flow of electrons from the VBM of the QD into the LUMO of
the dopant due to their close alignment leaving behind a p-doped QD [53]. In addition, higher dopant
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Figure 2.8: a. A change in almost 1eV between butane thiol(BT) and tetrabutylammonium bromide (TBABr) treatments on
PbS QDs is observed. In addition, the position of the Fermi levels relative to the valence band is also seen to change with
different ligand treatments that proves their doping. Reprinted from reference [52], copyright American Chemical Society 2014.
b. The position of the LUMO of the p-dopant induces electron flow into the dopant, leaving behind a hole rich p-doped QD. The
energy level diagram on the right side shows the effect of different dopant concentrations on the energy levels of the QD. While
lower concentrations push the Fermi level alone, higher concentrations move the CB and VB due to the interface dipole moment
induced by the dopant. Reprinted from reference [53], copyright American Chemical Society 2016.

concentrations were also shown to induce a surface dipole moment due to the increased diffusion into
the QDs that push the energy levels of the QD similar to that seen in Brown et al.’s work.

In 2010, Abraham et al.[47] developed a planar depleted heterojunction configuration that incorpo-
rated the high short circuit currents (J;.) of Schottky junction solar cells and the high V. of sensitized
cells. These devices were the first to break the 5% P.C.E mark and hence formed the base for future
research. The heterojunction is formed between a wide bandgap n-doped electrode like zinc oxide
(Zn0) or TiO, which acts as an electron accepting and hole blocking layer and the light absorbing QD
layer. The holes are collected at the back contact using a deep workfunction metal like gold (Au) while
the electrons are collected at the top contact which is typically a transparent conductive oxide (TCO)
like ITO or fluorine doped tin oxide (FTO). As mentioned in Section 2.2, since real QDs have bandgap
states due to incomplete passivation of the QD surface, the diffusion length of minority carriers in the
QD films, defined as the average distance travelled by a minority charge carrier before it recombines
with a majority carrier, is very small. This leads to significant difficulty in extracting minority charge
carriers formed on photo excitation in such planar devices. To tackle this problem, these devices are
made to work as drift driven devices where the minority carrier transport is predominantly dependent
on an electric field formed by the space charge region (depletion width) at the heterojunction. The
QD absorber layer thickness in such a case is limited to the sum of the depletion width and diffusion
length which ensures that the charge carrier formed farthest away from the heterojunction can diffuse
until it reaches the space charge region and then be transported to the other side of the junction by
the electric field. In the following years, this depleted heterojunction has undergone several modifica-
tions leading to solar cell P.C.E exceeding 10% [17, 55-61]. The following paragraphs will detail the
development of high efficiency heterojunction QDSCs.

In the beginning of depleted heterojunction QDSC development, 1,2-ethanedithiol (EDT) and 3-
mercaptopropionic acid (MPA) were commonly used due to their ability to p-dope the absorber layer
and their short lengths that allow better electronic coupling between neighbouring QDs in films . While
EDT was predominantly used to make such devices, Jeong et al. [62] showed that MPA ligand ex-
changed PbS QD films performed much better than EDT ligand exchanged films due to its ability to
better passivate the QD surface and pack QDs closer than with EDT ligands leading to higher carrier
mobilities. However, in 2014, Chuang et al. [54] developed a novel approach that involved engineering
the band alignment of the PbS QDs based on its interaction with 2 different ligands as observed by
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Figure 2.9: A comparison between the normal PbS heterojunction QDSC and "band alignment engineered” PbS heterojunction
QDSC. The addition of EDT capped p doped PbS layers with the iodide capped n doped PbS layers causes additional band bending
in the rear side thereby enhancing carrier extraction and blocking electrons from collecting in the rear electrode. Reprinted from
reference[54], copyright Macmillan Publishers Limited 2014.

Brown et al. [52]. The PbS QDSCs fabricated with this method showed a P.C.E of 8.55% that there-
after became the norm in depleted heterojunction QDSCs. In this approach, each deposited layer of the
oleate-capped PbS QD films was ligand exchanged with tetrabutyl ammonium iodide (TBAL) except the
final two layers that were instead ligand exchanged with EDT. As seen in Figure 2.9, the deep energy
levels of iodide capped PbS QD films from TBAI treatment and the shallow energy levels of the EDT
capped PbS QD films align such that electrons flow from the EDT capped layers to the iodine capped
layers resulting in favourable band bending that forms an electron blocking layer to prevent electron
collection at the metal contact. Using the same configuration, other research groups have obtained
similar results using other ligand combinations with similar functionalities like lead iodide (Pbl,) and
MPA[63]. Following this, researchers have achieved high efficiency QDSCs by attempting to improve
different aspects of the solar cell fabrication procedure.

The primary area of improvement that researchers have focused on has been the improvement of
the diffusion length of minority carriers in PbS QDs. During the synthesis of PbS QDs, the bulky oleate
ligands that bind to the QD surface form a ligand shell around the QD and prevent the subsequent
diffusion of other oleate ligands to passivate trap states. While solid state ligand exchange techniques
have been shown to effectively displace the oleate ligands attached to the as-prepared QD surface,
it does not help in improving the overall passivation of the QD surface. As a result, solution phase
passivation techniques were adopted as a post synthesis treatment to improve the surface passivation
of the as-prepared QD solutions. It was observed that this process replaced a few of the oleate ligands,
while retaining enough to maintain the stability of the QDs in the non-polar solvent (usually octane).
This increased the binding of passivating ligands in solution resulting in more completely passivated
QDs in solution. Halides with their small size have shown very good passivating capabilities and have
been extensively used in solution phase passivation. A few of the solution phase ligands used and
tested with QDSCs were cadmium chloride - CdCl, (provided Cd*? and halide passivation of the S?~
and Pb*? vacancies)[64], TBAI[65, 66], molecular iodine (I,)[55], methyl ammonium iodide (MAI, a
milder I source)[56] and Trimethylsilyl chloride (TMS-CI in n-hexylamine and n-octylamine)[14]. The
TMS-CI passivated QDs have been shown to allow partial fusing of neighbouring QDs that led to supe-
rior passivation qualities (due to a decrease in surface area-to-volume ratio of the quantum dot along
with improved passivation) giving a diffusion length of =~ 230nm. Of these techniques, MAI treatment
produced QDSCs with the highest P.C.E of 10.6% due to its ability to controllably strip oleate ligands
and subsequently passivate them well with I=. The QDSC devices made with I~ ligand passivation
were found to be the most air stable amongst the halides due to the ideal size of iodide ligands that
ensured optimum steric hindrance for maximum passivation and maximum screening of the QD atoms
from the atmospheric O,.
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While all the above devices involved developing the QD absorber layer-by-layer (LbL) deposition
methods followed by solid state ligand exchange, a single step solution phase ligand exchange reac-
tion was explored to reduce the total device fabrication time. One of the major hurdles in a such a
single step solution phase ligand exchange was finding the best solvent that could maintain stability of
the QDs capped with shorter ligands in solution and have a low boiling point for good film formation.
Sargent and co-workers developed a strategy as seen in Figure 2.10a that involved a solution phase
exchange of the oleate ligands from the PbS QDs in octane with iodide ligands present in a polar solvent
like N,N-dimethylformamide (DMF)[67]. Due to the immiscibility of DMF and octane, the solution phase
ligand exchange was triggered by vortexing after which the I~ capped QDs automatically re-dispersed
in the DMF. The immiscibility of the two solvents allowed easy separation of the two phases formed
and the I~ capped QDs were then washed and dispersed in n-butylamine with a very high concentra-
tion (=200mg/mL). This CQD ink was then deposited in a single step (as opposed to LbL deposition)
to obtain QD films of the required thickness and uniformity. While MAI, sodium iodide (NaI)[67] and
PbI,[68] have been used as iodine sources, a mixture of Pbl,/ lead bromide (PbBr,)/ammonium ac-
etate (NH,AC)[60, 61] showed the best results leading to PbS QDSCs with P.C.Es of 11.28% [60]and
11.6% [61].

In addition to new passivation techniques to improve the diffusion length in PbS QD films, re-
searchers have also worked on increasing the width of the depletion region in the absorber layer to
improve drift based carrier transport. The width of the depletion region in the PbS absorber layer (w)
is given by:

W= 2Npeje;(Wp; — V)
qN4(€1Np + €,N,)

where N, and N, represent the density of free electrons and holes in the n region and p region
respectively, €; and e, are the permitivities of the n and p regions respectively, ¥,; represents the
built-in potential of the junction, while V represents any applied bias[69]. The above equation shows
that increasing the N, concentration can increase “w” which has been exploited by researchers. In PbS
QDSCs with a bilayer configuration[54], the existence of 2 junctions, the n+/n heterojunction between
ZnO (or TiO,) and the n/p quantum junction between I~ capped and EDT capped PbS (also called the
hole transport layer, HTL) makes it interesting to optimize the device architecture. Techniques like sub-
stitutional doping of the ZnO layer by incorporating indium into the ZnO lattice in solgel based ZnO[58],
the chloride passivation of oxygen vacancies in ZnO NC films by treating the film with sodium chloride
(NaCh[61] and the soaking of ZnO NC films in ultra violet (UV) light to release gaseous molecules
possibly adsorbed onto the ZnO NC surface [70] have demonstrated that increasing the n doping in
the n+ layer has indeed resulted in an improved performance of PbS QDSCs. Analogously, increased p
doping of the HTL via molecular doping[71] and sodium hydrosulphide (NaHS) treatment[72] has also
shown to increase the depletion width in the absorber layer in addition to improving band bending at
the interface during the maximum power point (MPP) condition leading to high fill factors (FF.) and
high P.C.E solar cells. Introducing extra electron transport layers (ETLs)[73, 74] and HTLs[73, 75-77]
at these interfaces have also been reported to improve device performance.

(2.3)

Despite the high performance of heterojunction solar cell, there are some inherent disadvantages
associated with such a configuration. The misalignment of bands at the junction could potentially lead
to a loss in open circuit voltage and improper charge injection into the n-type window layer for QD
films with a smaller bandgap[78]. Thus, the ideal QDSC configuration would be to have a specific
bandgap tuned PbS QD film with p and n doping on opposite side of the p-n junction that has the
entire p-n junction absorbing light to produce photo generated carriers. Such quantum junction solar
cells (QJSCs) have also been developed with p doping being achieved though physical deposition of
the oleate capped PbS layer in air followed by tetramethylammonium hydroxide (TMAOH) treatment
and air annealing and n doping through iodide treatment inside a N, filled glovebox[55, 78]. Further
modifications through the addition of an n+ layer in between the iodide treated film and the metal
contact[49] and replacing the iodide ligand exchanged n layer with an n-type CQD ink as discussed
earlier has resulted in performance enhancement leading to P.C.E as high as 8% [66].

While most of the high efficiency QDSC configurations have utilized a deep work function metal like
gold (Au) as the rear metal contact, Gao et al.’s [79] work has shown the formation of a Schotkky barrier
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Figure 2.10: a. The steps involved in a complete solution phase ligand exchange resulting in a CQD ink. The immiscibility of
octane and DMF has been exploited to completely exchange the long oleate ligands of as prepared PbS QDs with shorter PbI,
ligands and then separate the octane from the iodide capped PbS in DMF[68], copyright AIP publishing. b. The J-V curve of the
current world record QDSC [17], copyright American Association for the Advancement of Science 2017.

for holes at the rear PbS/metal leading to current saturation at higher forward applied voltages. This
motivated the use of different combinations of rear metal contacts to induce a favourable band bending
for both electrons and holes. While for this purpose, some research groups use a hole selective layer
like molybdenum oxide(MoO, )[80], others use a combination of step wise decreasing work function
metals (Au/Ag or MoOx/Au/Ag or AZO/Ag where AZO is aluminum doped zinc oxide and Ag is silver) or
simply just Au. While different configurations seemed to have worked for different devices, a systematic
study of any possible performance enhancement of this interface using all possible configurations has
not yet been studied. In recent years, perovskite based QDs have also been fabricated based on cesium
lead iodide (CsPbl;). The performance curve of one such device structure developed at the National
Renewable Energy Laboratories (NREL) currently which holds the world record P.C.E of 13.23%[17] is
shown in Figure 2.10b. Other world record devices include devices developed by Choi et al. with a
P.C.E of 11.6% [61] based on a CQD ink and Lu et al. with a P.C.E of 11.21% based [59] on solid state
ligand exchange.

2.6. Electrochemical doping of porous films

In general, intrinsic semiconductors have their Fermi level located in the middle of the E, due to an
equal density of electrons and holes. In bulk semiconductors, doping is achieved by the addition of
impurity atoms into the crystal lattice of the semiconductor which increases the density of one of the
charge carriers in the system. This shifts the Fermi level of the system towards either the conduction or
the valence band, based on whichever charge carrier density is increased. However, attempts to dope
semiconductor NCs using similar doping methods have failed in the past primarily because any charged
impurity that is incorporated into the QD lattice, instead of being charge compensated by a free charge
carrier, is compensated by ligands that attach to the QD surface[81]. While this challenge has led
to the development of several innovative ways of doping QD films like photo doping, remote doping
and the action of ligands, all these methods involve uncontrolled doping procedures. Electrochemical
gating on the other hand has emerged as an efficient controllable method of doping QD films. This it
does by feeding carriers into the films by applying a voltage across the film in an electrochemical setup
as shown in Figure 2.11.

On application of a negative potential across the working electrode (W.E) and the reference electrode
(R.E), the Fermi level of W.E (and the QD film) is forcibly pushed up (with respect to the vacuum level)
until it moves into the C.B of the QD film at which point, electrons begin to flow into the QD film. While
this creates a net negative charge in the QD film, counter ions permeate into the porous QD film from
the electrolyte solution to help maintain charge balance. This method has been used to introduce upto



18 2. Theory

Electrolyte

Qp film

Figure 2.11: A schematic of the electrochemistry setup. Due to direct contact between the working electrode (W.E) and the QD
film, their Fermi levels align which is then controlled by application of a voltage across the reference electrode (R.E) and the
W.E during electrochemical gating to inject (expunge) electrons into(out of) the C.B. (V.B.). The counter electrode (C.E) acts as
a source/sink of electrons that maintains charge neutrality in the electrolyte solution.

~10 electrons per QD in a reversible way into the QD film[22]. However, the charge stability of such
electrochemically doped films has been a matter of concern in the past. Voltage scans have showed
that the initial potential after doping decays to the V. on removing it from the electrochemistry setup,
denoting a loss of the injected charges in the system. While it has been conjectured that the movement
of counter ions from the QD film back into the electrolyte solution has been the main reason for the lack
of charge stability, recently, Gudjonsdottir et al.[82] developed a way to freeze the ions inside the QD
film which has resulted in good charge stability of the doped QD films. This was achieved by using a
high melting point solvent (PEG 6000) and a small sized cation like Li* or Na*. It was also observed that
similar results were not obtained with larger sized cations showing that these results were possibly due
to the intercalation of the cation into the QDs. Another approach to dope QD films is through charge
transfer doping as seen in the work of Hu et al.[83]. In this work, doping was performed by introducing
an organic salt in the QD film that dissociates into its respective ions in the QD film. On dissociation, the
cation (anion) was reduced (oxidized) by accepting (donating) electrons from (to) the QD films thereby
leaving behind a p (n)-doped QD film. In this method the organic salt was chosen in such a way that
one of its ions forms a stable radical on accepting or donating an electron (depending on which type
of doping it induces) while the other ion helps in charge compensation to maintain a neutral system.
While the effectiveness of these doping approaches in solar cell devices haven't been realized yet, they
have paved the way to interesting pathways to dope QD films electrochemically. A different type of
electrochemical doping was attempted as a part of this thesis which shall be discussed in Section 4.3.



Experimental Setup

3.1. ZnO NC synthesis

ZnO NCs were synthesized using a recipe similar to that used in other works by our colleagues[82]
which was adopted by modifying recipes followed by Wood et al.[84] and Mashford et al.[85]. 750 mg
of Zinc acetate dihydrate (Zn(OAc),.2H,0) was dissolved in 50 mL of anhydrous ethanol in a conical
flask placed in a water bath heated to 60°C under continuous stirring. Simultaneously 351 mg of
potassium hydroxide (KOH) was dissolved in 5 mL of anhydrous methanol by placing the mixture in an
ultra-sonication bath. On complete dissolution of the reagents, the KOH-methanol mixture was added
dropwise into the conical flask. The reaction was then allowed to continue for 2 minutes following
which the conical flask was allowed to cool back to room temperature. The reaction products were
transferred to 40 mL vials and an antisolvent (hexane) was added followed by a solvent (ethanol) until
the mixture turned cloudy, denoting precipitation. The QDs were then collected by centrifuging the
turbid solution at 2000 rpm for 1 minute and the supernatant was decanted. Finally, the QDs were
dispersed in 7.5 mL of ethanol, filtered through a PTFE 45 um filter and stored in a 20 mL vial inside the
freezer at -20°C to maintain the size distribution of the NCs. On prolonged exposure to atmospheric
temperatures, the ZnO QD solution turns turbid due to possible fusion of the closely spaced NCs that
lack any surface ligands . Best results were obtained with anhydrous solvents. Figures 3.1a and 3.1b
show the first exciton absorption of ZnO NC solution in ethanol, the absorption onset in annealed ZnO
films and the trap state luminescence of ZnO NCs under long wavelength UV light.

3.2. Solgel synthesis

3.2.1. ZnO solgel

Zn0 solgel is prepared using the method followed by Ohyama et al.[86]. 1.2 g of Zinc acetate dihydrate
was dissolved in 12 mL of 2-methoxyethanol and 0.31 mL of ethanolamine by heating the mixture at
60°C under constant stirring. For atomic doping, different amounts of indium chloride (InCl;) was
added to dope the solgel solution with indium between 1 and 5 at.%.

3.2.2. TiO, solgel

TiO, solgel was prepared using the method followed by Crisp et al.[63]. 125 uL of DI water and 2
drops of 30% hydrochloric acid were added to 5 mL of anhydrous ethanol in a 20 mL vial. Following
this, 375 uL of titanium ethoxide was added dropwise into the reaction mixture under constant stirring.
Care has to be taken to avoid any precipitate formation during the dropwise addition. The headspace
of the vial is filled with nitrogen and the mixture is allowed to stir for 2 hours. The vial is then stored
in a freezer at -20°C and is taken out when required.

3.3. PbS QD synthesis
3.3.1. Cation exchange
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Figure 3.1: a. Absorbance spectrum of ZnO NC solution in ethanol showing a first exciton absorption peak at 337 nm. b. PL of
Zn0O QDs in ethanol under long wavelength UV light due to trap states.

CdS QD preparation

A slightly modified version of the method followed by Chernomordik et al. was adopted for the cadmium
sulphide (CdS) synthesis[87]. 0.66 g of cadmium oxide (CdO), 4 g of degassed, technical grade oleic
acid (OA) and 18 g of technical grade 1-Octadecene (ODE) were measured and transferred to a 100 mL
round bottom three-neck flask. The mixture was stirred continuously and degassed at 110°C to remove
moisture after which the reaction vessel was purged with nitrogen to provide an inert atmosphere in
the reaction vessel. The temperature was then increased to 260°C and the reaction let to continue
until the burgundy colour of the mixture disappeared leaving behind a colourless solution that denotes
the reaction of the constituents to form cadmium oleate as seen in Figure 3.2a. After complete colour
change, the heating mantle was removed and the reaction mixture was cooled to a temperature of
32°C. In the meantime, the sulphide precursor was prepared by mixing 850 uL of ammonium sulphide
((NH,),S) (48% in H,0) with 15 ml of degassed oleylamine (OLA) in a 20 mL vial with a partially open
lid. This is to allow the outgassing of the vigorous exothermic reaction of the components which form
a yellow gel-like mixture. The gel was continuously stirred until a clear yellow mixture of (NH,),S
and OLA was obtained. The sulphide precursor was injected into the cadmium oleate at 32°C and
the reaction was allowed to continue for an hour under constant stirring. After 1 hour, the flask was
removed from the Schlenk line and its contents transferred into two 40 mL vials. The CdS QDs were
precipitated by adding a solvent (hexane) and an antisolvent (ethanol) until the clear yellow solution
turned turbid following which it was centrifuged at 4000 rpm for 5 minutes to collect the precipitated
QDs. The clear supernatant was decanted, the QDs were mixed in 9 mL of toluene, filtered through
a PTFE 0.45um filter and finally stocked in a 20 ml vial. This washing protocol is essential to remove
the unwanted by-products of the synthesis that are left behind in the solution. The above procedure
repeatably yields CdS QDs with a first exciton absorption peak at ~362 nm as shown in Figure 3.2b as
opposed to 366 nm as reported by Chernomordik et al.[87] and Zhang et al.[88].

PbS QD preparation

Cation exchanged PbS was prepared using Zhang et al.'s[44] method. 400mg of lead chloride (PbCl,)
was added to 10 mL of OLA in a round bottom three-neck flask. The mixture was stirred continu-
ously and degassed at a temperature of 100°C to remove any moisture and undesirable short amines.
Following degassing, the Schlenk line was purged with nitrogen (N,) and the reaction temperature
increased to 140°C. As the temperature nears 140°C, the solution changes in clarity from cloudy to
clear denoting the formation of a complex. The reaction was allowed to carry on for 10 minutes at
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Figure 3.2: a. The conversion of burgundy coloured CdO and oleic acid to colourless Cd(oleate), in ODE on prolonged heating
at 260°C. b. Absorption plot of CdS QDs showing a sharp peak at ~ 362 nm denoting a highly mono disperse QD solution in
toluene. In the inset, a histogram of 7 such CdS syntheses that repeatably yielded QDs with a first exciton absorption peak at
~ 362 nm.

140°C during which time the cloudiness returned. This is possibly due to the polymerization of the
lead-OLA complex. Meanwhile, 2.5 mL of the above prepared CdS QD solution (=100 mg/mL), 10mL
of anhydrous hexane and 5 mL of degassed oleic acid were kept aside in separate syringes with needles
unexposed to air. After 10 minutes at 140 °C, the temperature was brought down to 90°C and CdS was
swiftly injected through one of the necks of the flask. This resulted in an almost immediate change in
colour of the solution from yellow to dark brown. The heating mantle was then removed and replaced
by a water bath to quench the hot reaction vessel. At around 70°C, the hexane was injected into the
reaction flask followed by OA at 35°C. The oleic acid provides oleate ligands that replace the weakly
bound OLA ligands on the surface and aids in the stability of the PbS QDs in a non-polar solution.
Figures 3.3a-3.3d capture important steps of the reaction as described above. On addition of OA, the
reaction temperature increased to around 45°C which was then cooled down to room temperature.
The final product was transferred into a N, flushed 40 mL vial and the washing protocol was then
followed as mentioned in the CdS synthesis using ethanol as the antisolvent. However, due to the air
sensitivity of these QDs, care has to be taken to not expose the QD solution (or washed solution) to
air at any point. The washing step was repeated once with an antisolvent and once more without an
antisolvent to remove the insoluble chlorides in the solution. Finally, the QDs were dispersed in octane
with a concentration of 20 mg/mL.

3.3.2. Substituted thiourea based synthesis

PbS NCs were also prepared by the method adopted by Hendricks et al.[45]. The substituted thiourea
used in this synthesis was N-phenyl-N'-3,5-bis(trifluoromethyl)phenyl thiourea. 1.86g (20 mmol) of
phenylamine (aniline) in toluene was added to 5.42 g (20 mmol) of 3,5-bis(trifluoromethyl)phenyl
isocynate in toluene and allowed to stir for a few minutes following which the volatiles were removed
on the Schlenk line using vacuum. This was done until all the toluene was removed and a solid
white mass of the substituted thiourea was left behind. Lead oleate was prepared using lead oxide,
trifluoroacetic acid and trifluoroacetic anhydride. 230 mg of lead oleate was then mixed with 10mL of
hexadecane in a 25mL three neck round bottom flask inside the glovebox. The substituted thiourea
was heated to 60°C in a hotplate and 2 mL of it was taken in a syringe. The three-neck round bottom
flask was attached to the Schlenk line and degassed at 100°C. Once base pressure was reached, the
temperature was reduced to 90°C and the substituted thiourea was injected. The reaction mixture
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(d)

Figure 3.3: The various stages of the PbS cation exchange reaction in order. a. Cloudy mixture of PbCl, in OLA under constant
stirring. b. Clearing up of the cloudiness in the solution due to a complex formation between PbCl, and OLA. c. Return of the
cloudiness on prolonged heating of the reaction mixture at 140°C due to the polymerization of PbCl,/OLA complexes. d. Final
black coloured PbS solution upon cation exchange and subsequent quenching.

changed colour in a few seconds and the reaction temperature was maintained at 90°C for 2 minutes
following which it was cooled down to room temperature. The final product was transferred to a N,
sparged 40 mL vial and the QDs were washed by adding a solvent (hexane), antisolvents (ethanol
and methanol) and centrifuging at 4000 rpm. The ethanol has to be added first followed by methanol
failing which the hexadecane and methanol form an immiscible mixture. The QDs were washed once
more and then dispersed in octane with a concentration of 20 mg/mL.

3.4. Device fabrication

Devices were made with (25.4 x 25.4 x 0.7) mm ITO/glass (180 nm ITO thickness, R¢pce:=7-10 Qcm?,
MTI) as well as (24 x 24 x 2.2) mm FTO/glass (200 nm FTO thickness, Rg}..: = 30 Qcm?, Hartford
Glass Co.) substrates. The procedure adopted by Crisp et. al.[63] was followed. Figure 3.4a shows
the configuration of the PV devices fabricated and Figure 3.4b shows the finished device.

The ITO substrates were wiped vigorously with ethanol followed by ultra-sonication in hexane,
acetone and ethanol respectively. The clean substrates were UV ozone treated for 30 minutes before
the start of device fabrication. FTO substrates were prepared in a similar fashion except that they were
wiped vigorously with Triton-X solution in DI water followed by ultra-sonication in acetone and ethanol.
FTO substrates were mainly used for devices with TiO, as the n-type window layer since ITO is not
thermally stable at the annealing temperatures of 450°C required for TiO,. The following steps were
followed during device fabrication:

1. The n-type window layer was spin coated followed by an annealing step in a hot plate in ambient
conditions. 130 uL of the solution was pipetted on the ITO/ FTO substrate such that it covered
the entire surface of the substrate followed by spin coating at different process conditions based
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Figure 3.4: a. Structure of the devices fabricated. A superstrate structure was adopted with the TCO (ITO/ FTO) forming the
front contact and the silver forming the reflective back contact. b. Each of the 17 pixels in this fabricated device is a working
solar cell albeit the bottom right most pixel. This pixel is evaporated directly on the TCO to reduce contact resistance.

on the material used:

(a) ZnO NC solution was spin coated at 2000 rpm (best result) for 30 seconds and annealed at
260 °C for 30 minutes.

(b) ZnO solgel solution was spin coated at 3000 rpm for 30 seconds and annealed at 200°C for
10 minutes.

(c) TiO, solgel solution was spin coated at 1400 rpm (best result) for 30 seconds and annealed
at 450 °C for 30 minutes. A drying step was followed for TiO, in between spin coating and
annealing by heating the substrate for 20 minutes at 115 °C.

2. The PbS absorber layer was prepared by layer by layer (LbL) deposition through spin coating or
dip coating followed by a solid-state ligand exchange to replace the long chain insulating ligand
(oleate ligand) with a shorter and conductive ligand. The layer by layer approach ensures that
the volume contraction that occurs during solid state ligand exchange is not high enough for film
delamination and that ligand exchange takes place throughout the entire thickness of the film.
Though both techniques were used, spin coating was found to produce the most uniform films
and was the technique used to make the devices discussed henceforth in the thesis.

(a) The 20 mg/mL PbS solution in octane was used for spin coating. 90 uL of solution was
pipetted on the substrate such that it covered the entire substrate and then spin coated
at 1400rpm for 45 seconds with a ramp rate of 3 seconds (500rps). Spin coating with the
above parameters yielded a layer of ~ 40 nm thickness (Appendix, Figures A.1a-A.1c).

(b) The spin coated film was dipped in the ligand exchange solution for a stipulated duration to
ensure complete ligand exchange:

i. Pbl, ligand exchange: Each spin coated layer was dipped for 2 minutes in a 10 mM
solution of PbI, (99% trace metal basis, Sigma Aldrich) in DMF.

ii. MPA ligand exchange: Each spin coated layer was dipped for 15 seconds in 10% vol
solution of MPA in methanol.

(c) After ligand exchange, the substrate was rinsed in clean acetonitrile (ACN) to remove the
excess DMF/methanol that doesn't dry quickly. It is to be noted that DMF and methanol
are miscible in ACN and Pbl, ia not appreciably soluble in ACN. Failure to perform this step
produced white patches on the substrate due to the precipitation of the displaced oleate
ligands that don't get washed away completely. These white patches form ohmic contacts
that result in shunted devices.

(d) In the event of film delamination, the following corrective approaches were followed:
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i. The thickness of each spin coated layer was reduced either by increasing the rotation
speed during spin coating or by reducing the concentration or both. A reduction in
concentration was preferred due to its linear relation to the film thickness. This reduces
the total volume contraction in the film that helps the film to remain anchored to the
substrate.

ii. If ZnO was used as the n-type window layer, the ZnO coated (and annealed) substrates
were soaked in a 10%yvol solution of MPA in methanol for 30 minutes. The carboxylic acid
group in MPA is expected to attach itself to the dangling bonds in the ZnO layer thereby
allowing the thiol group to anchor the PbS QDs onto the substrate which potentially can
reduce delamination.

(e) The spin coating and subsequent solid-state ligand exchange was performed until the re-
quired thickness was achieved. In general, the final two layers of spin coated PbS were ligand
exchanged with MPA to form a bi-layer as engineered by Chuang et.al.[54]. All spin coating
steps are performed in a controlled N, environment inside the glovebox unless specified.

3. The back contact was deposited by thermal evaporation with a shadow mask as shown in Figure
A.1d to control the shape of the contacts. 57 nm of Molybdenum trioxide (MoO;) (99.97 % trace
metal basis, Sigma Aldrich) was deposited as a selective hole contact prior to 260 nm of silver
(Ag) (99.99% Kurt J. Lesker company) that acts as the reflective back contact. All depositions
were performed in an oxygen deficient environment with a pressure between 3 x 10~7 and 4 x
10~ mbar. Due to this reason, the MoO; deposited is not of exact stoichiometry and hence shall
be referred to as molybdenum oxide (MoO,.). Cheung et. al.[89] has however determined the
MoO,, deposited by a similar method to be MoO,,. Figures A.2a, A.2b show the profilometry
scans of the MoO,, and Ag layers.



Results and discussion

4.1. QD solar cell development

The first part of the thesis involved developing a recipe for PbS QDSC fabrication that yielded repro-
ducible results. While our champion device produced a PCE of 4.7% under standard AM1.5 spectrum
produced by a Xe lamp and 7.5% under an LED producing an intensity of 1000 W/cm?, several trends
were observed during the development stage and are reported as discussed below.

4.1.1. Effect of synthesis type

The primary method used for PbS synthesis is the cation exchange method as discussed in section
3.3.1. However, in order to measure the effectiveness of this method, we also adopted the substituted
thiourea based synthesis (as discussed in section 3.3.2) developed by Hendricks et al. [45] and com-
pared the optical properties and performance of devices made using PbS from both synthesis. Figure
4.1a shows the normalized absorption and photolumicescence (PL) curves of PbS from both synthesis.
2.5 uL and 10 uL of PbS solution in octane was diluted in 125 uL of anhydrous octane and 1mL of anhy-
drous toluene for the absorbance and PL measurements respectively. The cation exchange produces
a first absorption peak between 865 nm and 900 nm and a PL peak at 1010 nm while the thiourea
based synthesis produces a peak at 924 nm with a red shifted PL peak at 1050 nm. The size of the
PbS QDs made by the cation exchange synthesis (=~ 2.7 nm) largely depends on the initial size of the
CdS QDs made prior to exchange leading to a larger bandgap of 1.43 eV compared to the thiourea
based synthesis that produced slightly larger QDs, 3 nm in diameter with exciton peaks at 924 nm
(corresponding bandgap of 1.34 eV).

Despite producing QDs with the ideal bandgap, a comparison of the PLQY of the PbS from the
substituted thiourea based synthesis throws light on an important property of the QDs: surface passi-
vation. A higher surface passivation leads to lesser surface trap state density which quenches the trap
state recombination pathway of excited carriers and produces a higher PLQY. The PbS made by cation
exchange produces a PLQY of 50% as compared to the 35% of the PbS made from the substitured
thiourea denoting better surface passivation of the cation exchange method. This can be attributed to
the use of PbCl, in the cation exchange leading to in situ halide passivation unlike the other synthesis
method that has no halide precursor. As a result of the improved surface passivation, devices fabri-
cated using the PbS synthesized using the cation exchange perform better than the other synthesis
method. Figure 4.1b compares the performance of solar cell devices made using PbS from both syn-
thesis methods through current density vs. voltage curves (J-V curve).

While the dark curves do not differ by much, both the V.. and the Js. of both the curves are very
different. This can be explained by the fact that the higher surface passivation of the cation exchange
synthesis leads to a better collection of photo generated charge carriers that is reflected in a higher
short circuit current. Due to the very similar behaviour of the dark curves of devices made using
PbS from both the synthesis methods (Appendix, Figure A.5), it can be approximated that the ideality
factors and the saturation current for both devices are comparable to each other. The Vs of both
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Figure 4.1: a. A comparison of the absorption and photo luminescence (PL) sepctra of PbS synthesized using different synthesis
methods. The PL spectra are red shifted by ~160 nm and give PL quantum yields (PLQY) of 50% and 35% for the cation
exchange and thiourea based synthesis respectively which denotes better passivated QDs in the cation exchange synthesis
method. b. The J-V curves of the PbS QDSC devices made using cation exchange and substituted thiourea based synthesis
methods are presented here. For this experiment, the J-V curves were measured using an LED lamp that produces light with
an intensity equal to 1 sun and spectrum as shown in Figure A.4. As expected, the higher passivation of the QDs made using
cation exchange give it a higher Vo and Jsc when compared to the thiourea based synthesis.

devices were compared by fitting the above data into equation 4.1 [90] :

Voc =nkT/q(In(sc/]o) (4.1)

where, Jo is the saturation current, kT is the product of the Boltzmann constant and temperature, n
is the ideality factor and q is the elemental charge. Due to comparable 'n” and ], values for both the
devices, the higher J¢C in the cation exchanged devices lead to a higher V, .. However, since the V.
scales with only the natural logarithm of the Jg., it does not completely reflect the 0.1 V decrease in
Vo of the substituted thiourea based devices. While the reason for this is still unclear, it could be that
the trap states are close to the band edges which reduces the effective bandgap of the PbS.

To study the optical properties of the absorber layer, spectrometric measurements were performed
on the PbS films with different capping ligands. Figure 4.2a shows the normalized absorption curves of
PbS QD films with different capping ligands. Compared to the PbS CQD solution, all the PbS QD films
show a red shift of 30 nm and a broadening of the absorption peak irrespective of the nature of the
capping ligand. This can be explained by the increased electronic coupling of the QDs in a film and the
subsequent inhomogenous broadening. While reading the J-V curves, two important observations can
be made. The first one is that in all J-V curves, the dark and light curves intersect at a finite voltage
(as seen in Figures 4.1b, 4.2b) which is uncharacteristic of ideal solar cells. Ideal solar cells follow the
following modified diode equation[18, 19]:

J =Jo(exp((V/(nkT)) = 1)) = Jpn (4.2)
where I is the diode current density at voltage V, ], is the current density due to photo generated
carriers, J, is the saturation current density, n is the diode ideality factor and kT is the product of the
Boltzmann constant and temperature. In the dark, the absence of any photogenerated charge carriers
makes the value of I,, zero which amounts to a simple diode equation. However, under light, the
photogenerated charge carriers give a finite value to I,,, thereby shifting the curve downwards by a
finite quantity without any change in its shape in which case there is no intersection of the dark curve
with the light curve. However, any change in the basic diode equation under light can change the
shape of the light curve leading to an intersection of the two curves. This can be explained by looking
deeper into the diode equation. The saturation current density (J,) is given by the equation[18, 19]:
Dy Dp

Nily  NpLp

Jo = qni( ) (4.3)
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where Dy and D, are the diffusion constants of electrons and holes respectively, Ly and L, are the
electron and hole minority carrier diffusion lengths respectively and N4 and Nj, are the acceptor and
donor doping concentrations. The ZnO film used in the device stack as described in Section 3.4 has
been shown in the past to change its doping profile under UV illumination [70] due to the release of
trapped gas molecules. Since the standard AM 1.5 spectrum used in the solar simulator contains light
in the UV range as well, it is possible that the doping profile in the ZnO changes on illumination leading
to a change in the saturation current density. In addition to this, the low doping concentrations of PbS
QD films (=10'°-10¢ cm~3 from literature [91]) possibly leads to a high injection regime where the
photogenerated density of charge carriers is comparable or higher than the doping densities. Since
the above equation for saturation current density is valid only for low injection regimes, it is possible
that the switch to a high injection regime under illumination leads to a change in the shape of the J-V
curve under light causing it to intersect with the dark curve (also referred to as “crossover effect”). The
second phenomenon prevalent in these QDSCs is current hysteresis. Figure 4.2b shows a difference in
the J-V characteristics of solar cells between a forward and reverse voltage sweep. This is understood
to be a result of possible movement of ions or charges during the voltage sweep. Since doping of
QDs is not atomic in nature but due to variations in net charges present in a film, the voltage scans
may induce movement of charges/ions through the different layers of the QDSC stack. In addition,
the difference in conductivities of the various layers in the QDSC stack may also lead to the stagnation
of these charges in one end (instead of flowing through the external circuit) during a voltage sweep
cycle in one direction which then flow through the external circuit during the reverse sweep leading to
different performances[46].

Summing up, the cation exchange synthesis led to well passivated QDs capable of being used for
fabricating solar cell devices with PCE upto 5% while the substituted thiourea method, though did not
lead to good devices, can be optimized to be used to synthesize PbS over a wide range of bandgaps.
Additionally QDSC devices has been observed to show a "crossover effect” due to the low doping
densities of PbS which leads a high-injection regime during illumination and current-hysteresis due to
movement of ions or accumulation of charges at one end.
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Figure 4.2: a. Comparison of absorption spectra of PbS QD films with different capping ligands. 80 nm thick as-prepared PbS
films were made on quartz slides followed by solid state ligand exchange and annealing (if mentioned) between 90 and 115°C.
b. Devices are observed to perform differently under a forward (from -1V to +1V) and reverse voltage sweep (from +1V to -1V)
with better performance under the reverse voltage sweep (dashed J-V curve).

4.1.2. Effect of humidity and oxygen

During the start of the development of PbS QDSCs for this thesis, the CQD solution was synthesized
using normal air exposed solvents and the QDSC stack was fabricated under ambient conditions (as
mentioned in literature[63]) with the only exception that relative humidity (RH) levels were as high
as 60%. This led to a lot of devices that were either shunted (Appendix, Figures A.7a, A.7b, A.7c)
or had delaminated layers due to the interaction of atmospheric moisture with the PbS. Figure 4.3a
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compares the J-V performance of devices made under low atmospheric RH (25%) and high RH (50%).
It is evident that under high RH, the device loses its rectifying behaviour in the dark though there is
a small amount of photo voltaic behaviour under illumination. This could be partially explained by the
observations of Tang et al.[92] who showed that the exposure of small PbS QDs (< 3 nm diameter,
> 1.3eV bandgap) to atmospheric oxygen produces lead sulphite and sulphate molecules on the QD
surface that introduce surface trap states. In addition, Garcia et al.[93] recently showed that when the
ambient RH levels are high, the PbSO,. impurities arising from the hydrolysis of the sulphur in the QD
surface and ligand species of the HTL reshape the quasi-spherical QDs into hexagonal micro crystals
and introduce voids in the stack. These voids were found to not only cause QD films to delaminate,
but also introduce pinholes that act as shunts in devices. Based on the depth of these voids, the
performance of the devices could be affected which is in good agreement with the results observed
during the entire duration of this thesis. Another possible reason for the shunted behaviour is that
the interaction of moisture with the QDs push the energy levels of the PbS QDs such that the Fermi
levels of the metal oxide layer and the PbS align with each other even before equilibrium. In such
a scenario, no space-charge region is formed at the interface between the two materials resulting in
ohmic behavior of the device.

50 — . 30—

40 -
N 20 —

30 —

2

J (mAicm’)

10 -

J(mAlem?)

Voltage (V)

I T T T T T
0.2 0.3 04

-

5 06 07 08 09 1.0

10 =
— dark

— Light - MPA glovebox
—— Light - MPA air (30 RH%)

- - Dark -50% RH
- - Dark - 25% RH
— Light - 50% RH
— Light - 25% RH ——Tf—

1.0

09 —

08 —

0.7 —

06 —

EQE

0.5 —

L L s L
400 600 800 1000 1200

04 - Wavelength (nm)

03 —
02 —

0.1 —

0.0 —

I I I I 1 I I 1 1
300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

(©)

Figure 4.3: a. A comparison of the J-V curves of devices fabricated under ambient conditions with different relative humidity
(RH). Higher RH tends to reduce the rectifying behaviour of the devices in the dark and light due to possible impact on the
doping levels of the PbS QDs. b. Air exposure (30% RH) of the MPA capped layers of the QD films has been observed to improve
device performance. These devices were prepared through LbL deposition by spin coating and ligand exchanging. Pbl, ligand
exchanging was performed inside a N, filled glovebox while MPA exchange was performed inside or outside the glovebox (as
specified). c. EQE spectrum of the champion device (P.C.E - 4.72%, measured using a solar simulator) showed in Figure 4.3b.
A lack of the first exciton peak at ~ 900 nm denotes a possible photo oxidation of the QDs. The insert shows the EQE curve of
a device fabricated with similar processing conditions as found in literature[63].
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However, the concept of p doping the QD films by air exposure has been used to improve the FF.
and produce more efficient PbS QDSCs. The detrimental effects of moisture exposure of QDs were
negated by conducting the synthesis in a moisture free environment using anhydrous solvents, and
spin casting and ligand exchanging the various individual layers inside a N, filled glovebox. Due to
the adoption of a band alignment engineered configuration as described in Section 3.4, these devices
possess 2 different p-n junctions- a heterojunction at the ZnO/PbS(PbI, capped) interface and a homo-
junction at the PbS(PbI, capped)/PbS(MPA capped) interface. While most consider the heterojunction
to be of significance in controlling the device performance, experiments by Rekemeyer et al. [94] show
that the homojunction indeed is of higher significance and that holes are the minority carriers in these
QD films that determine the solar cell performance under illumination. Since the MPA capped layer
(also referred to as a HTL) is comparable in thickness to the diffusion length of minority carrier in PbS
QD layers (=70-100 nm) unlike the PbI, capped layer(160 nm), increasing the p doping in the top-most
HTL could improve band bending at the interface and also increase the depletion width in the bulk of
the PbI, capped PbS absorber layer (as per equation 2.3) while ensuring that the HTL remains depleted
throughout. While this leads to improved photo generated carrier collection and a higher Jg., Vo and
F.F, introduction of trap states while p doping the top layers could suppress the small increase in V.
and instead, cause it to slightly decrease as seen in Figure 4.3b. Table 4.1 compiles the effect of air
exposure of the top QD layers on the FF and P.C.E. Figure 4.3c shows the external quantum efficiency
(EQE) curve of the champion device (P.C.E - 4.72%). Compared to literature [63], the curve is blue
shifted due to possible photo-oxidation while measuring the J-V response under ambient conditions
prior to EQE measurements. Photo oxidation is known to form a thick PbO layer around the PbS QDs
and the higher bandgap of the PbO could have influenced the blue shift of the entire spectrum. The ab-
sence of an exciton peak at ~900 nm denotes a loss of quantum confinement in the QDs and the reason
for such an observation is still quite unclear. Figure A.6 shows the performance of a device made us-
ing the same procedure as above but using an iodide ligand precursors that has been used in literature.

From the above discussion we could conclude that the presence of moisture during the PbS synthesis
and device fabrication possibly led to an unfavourable band alignment that led to shunted behaviour
while air exposure of the top-MPA capped PbS layer of the QDSC stack led to its oxidation which in-
creased its p-doping. This increase in p-doping was used to improve band bending at the homojunction
leading to better fill factors in QDSCs. Hence for the purpose of this thesis, moisture free synthesis of
PbS and device fabrication was henceforth carried out in moisture and oxygen free conditions expect
for the top most-MPA capped PbS layers that were intentionally air oxidized.

] Device | average F.F.(%) | max P.C.E (%) |
MPA capped layers in GB 39+0.8 4.13+0.15
MPA capped layers in air 43+3.0 4.724+0.40

Table 4.1: Effect of air exposure of the MPA capped PbS layers in the absorber layer

4.1.3. Effect of absorber layer thickness

The direct bandgap of PbS QD semiconductors gives it large light absorption coefficients that allows
maximum light utilization within 1um thick films. However, the small diffusion lengths of minority charge
carriers in QDs limit the maximum thickness of the absorber layer to a few hundred nanometers. As
mentioned in Section 2.5, the ideal absorber layer thickness that ensures maximum light absorption
and minimum losses due to photo generated carrier recombination is equal to the sum of the depletion
layer and the diffusion length. In most QDSCs with ZnO n type layers, this upper thickness limit is
around 250 nm. A thickness series was performed to measure the effect of increasing absorber layer
thickness on the solar cell performance, the results of which are seen in Figure 4.4. It was observed
that devices with 240 nm thick absorber layers showed the best performance after which increasing
thickness led to a decrease in performance output. These results are in line with the theory that an
increase in the thickness of the quasi-neutral region beyond the ideal absorber layer thickness leads
to increased charge carrier recombination leading to lower FFs and Jg.. Table 4.2 summarizes the
performance of devices with different absorber layer thicknesses. While the V. of all devices is almost
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the same, the J;. and FF. decrease with increasing absorber layer thickness beyond 240 nm due to
increased recombination of the photogenerated charge carriers.
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Figure 4.4: Effect of increasing absorber layer thickness on the performance of QDSCs made with all their PbS layers spin
coated and ligand exchanged inside a N,, filled glovebox. The dark curves of all three devices did not show much variation. The
device with a 240 nm thick absorber layer showed the best performance following which performance deteriorated with a further
increase in thickness.

| Absorber layer thickness (nm) | V,. (V) | J;c (mA/cm?) | F.F.(%) | P.C.E (%) |

240 0.55+0.01 18.84+0.3 39.94+0.8 | 4.13+0.15
280 0.54+0.01 16.8+0.7 33.242.0 | 2.92+0.29
320 0.5340.01 14.8+0.7 26.8+1.8 | 2.05+0.17

Table 4.2: Effect of PbS absorber layer thickness on the device performance

4.1.4. Charge carrier mobility and lifetime studies
Time resolved microwave conductivity (TRMC) is a technique used to study the mobility and life time
of charge carriers in a thin film. Figure 4.5a shows a schematic of the entire experimental setup.
In this technique, a thin film of the non conducting sample is placed inside a cell in which a standing
microwave in produced as seen in Figure 4.5b. Charge carriers are excited in the sample at the resonant
frequency of the microwave by a high intensity laser with 3-5 ns wide pulses which then accelerate in
the electromagnetic field formed by the standing microwave. The accelerated movement of the charge
carriers extracts work out of the electromagnetic field resulting in a loss of power in the standing
microwave which is then measured as AP against the inital power (P). The conductance of the sample
(G) is related to this loss in power by the following equation [95]:

AP

= KAG (4.49)
where k is the sensitivity of the cavity which depends on the dimensions and the quality of construction
of the cavity. In addition, the change in conductance of the sample is directly related to the the sum
of the mobilities of charge carriers in the sample (i, 1) and for a known value of x, the maximum
change in conductance (AG,, ), conversion efficiency of an absorbed photon into an electron and hole
(¢) and the intensity of the laser (I,) (fluence) are related to each other by the following equation [95]:

ZXG‘Tn(l)(
BelyF,

where g is the ratio of the width and height of the cavity and F, is the fraction of light absorbed at the
excitation wavelength. Using all these data, the TRMC can be used to obtain reliable information on

PIu = (4.5)
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Figure 4.5: a. A schematic of the time resolved microwave conductivity (TRMC) setup used to measure the conductivity of non
conducting thin films. While old setups used transmission modes where the microwave was transmitted through the sample and
measured for a loss in power on the other side of the microwave source, newer setups use a reflection mode with a microwave
circulator to separate the incident microwave from the reflected microwave with marginally lesser power. b. An animation of
the brass microwave cavity with height “a” (along "X’ axis) and width "b” (along ‘y’ axis). A sample of thickness “I"” is placed at
3/4ths the length “L” of the cavity (at a maximum of the standing wave) to obtain best results. Light enters the cavity from the
left side. Reprinted from reference [95], copyright American Chemical Society 2013.

the mobilities and lifetimes of charge carriers in thin non-conducting films. This technique was used to
observe the effects of annealing and air exposure of the QD films on mobility and lifetime of the charge
carriers. Due to my limited capabilities with the TRMC experimentation procedure, experiments were
carried out by Dr. Ryan Crisp and the results were then discussed and deliberated on. Figure 4.6a
shows the effect of different fluences on the combined mobilities of charge carriers in PbS films with
different capped ligands. 80 nm films of as prepared PbS QD were prepared by spin coating followed
by solid state ligand exchange in the glove box and any physical processing as mentioned. At higher
fluences, the high concentration of photo generated charge carriers enhances the Auger recombination
pathway which effectively reduces the carrier yield of photons (¢) and in turn, the observed combined
mobilities of electron and holes (Zu) in the sample as well. Conversely, as the fluence lowers, the
combined mobility increases until a point after which the mobility plateaus even with a reduction in
fluence. This plateaued value represents the actual mobility value of the electrons and holes combined
in the sample. As expected, the smaller size of PbI, as compared to MPA[91], leads to closer packed
QDs in films with increased electronic coupling and higher mobility values. While a distinct plateau is
not seen, the graphs can be seen to slightly plateau at low fluences as shown by the dashed lines. The
combined mobility of charge carriers in unannealed and non-air exposed PbI, and MPA capped PbS QD
films was observed to be ~0.1 cm?/Vs and 0.04cm?/Vs respectively. Annealing the QD films did not
seem to show any difference in mobilities as opposed to the assumption it could increase the mobility
due to partial fusing of QDs (sintering). Figure 4.6b shows the evolution of the combined mobilities in
PbS QD films with different capped ligands with time. After reaching a peak in the first few nanosec-
onds, the conductivity of the films decay due to increased interaction with other surrounding carriers or
trap states where they recombine. While the PbI, capped films decay approximately with single slope,
the MPA capped QD films (unannealed and annealed ones) decay with a slope until ~ 130ns following
which they decay with different slopes. This could be due to different second order recombination
processes of the charge carriers and a consequent variation in the minority carrier lifetimes of both
films. Annealed films approximately produce the same results as un annealed films while the annealed
and air exposed MPA capped PbS QD film showed a slightly higher intital conductivity value than their
unannealed, non air exposed counterparts. This could possibly be due to the oxidation of Pb*? rich
surface of the PbS QDs into PbO/ PbSO; which reduces the number of recombination centres (Pb*?2
sites) and also introduces new band edge states that act as dopants as described in Section 4.1.2.
Fitting the data from the Pbl, capped films with an exponential equation and the data from the MPA
capped films with a double exponential equation, the lifetimes of charge carriers in the different films
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Figure 4.6: a. A time resolved microwave conductivity (TRMC) plot of the sum of electron and hole mobilities (£u) versus fluence
considering ¢ is unity. b. A TRMC plot of the film showcasing conductivity decay over time. The lifetime data for this graph use
the conductivity data at higher fluences (approx 103 /cm?) due to the noisy data available at lower fluences. While the data in
this graph does not give the exact maximum conductivity values of the carriers in the films, they do provide the trends required
to make conclusions about the behaviour of the QD films. All measurements were carried out in a resonant cavity setup.

were obtained as detailed in Appendix Table A.2 and Figure A.8.

Thus, the results from the TRMC experiments on PbS films showed that annealing the films did not
help improve the mobility of charge carriers as hypothesized earlier where as air exposure of the MPA
capped ligands helped slightly increase mobility and lifetime due to possible passivation of the surface
Pb*? states by atmospheric oxygen or oxidation products of sulphur from the thiol group in MPA. These
experiments hence provided additional evidence that air exposure of the top most MPA capped layers
would be beneficial to the device performance as observed in Section 4.1.2 and Figure 4.3b.

4.2. Systematic study of metal oxide layer

One of the main components of the PbS QDSC configuration is the n type metal oxide layer that aids
in electron extraction from the absorber layer and effectively blocks holes. While ZnO NCs, ZnO solgel,
TiO, (undoped or Zirconium doped) have been used extensively to make devices, a systematic study
of the effects of the different materials was not found in literature. This section deals with the effect of
different n-type metal oxide layers on device performance. We first look into the conduction properties
of the different metal oxide materials through TRMC studies followed by their effect on the performance
of QDSCs.

4.2.1. Effect of different n-doped metal oxide layer

The TRMC studies on the different metal oxide layers can be summarized by Figures 4.7a and 4.7b.
The combined mobility of charge carriers as seen in Figure 4.7a is the highest in TiO, followed by ZnO
prepared by the nanocrystal (NC) and solgel route respectively. The similar results obtained for ZnO
NC over two different measurement cycles proves reproducibility of the results obtained. The reason
for observed order of mobilities in the different materials is unclear but could be due to the difference
in trap state density since a low trap state density leads to high mobility of charge carriers and a corre-
spondingly high photo-conductivity. Combining these results with the carrier lifetime data from Figure
4.7b, a conclusion can be made that TiO, films have a low trap state density due to their observed high
combined charge carrier mobility and longer carrier lifetime. The ZnO films fabricated via the solgel
route undergo complex pyrolysis reactions during annealing to give the final ZnO product which could
possibly lead to the presence of other impurities (possible hydroxides of Zinc) in the ZnO lattice. While
these impurities may lead to low mobilities due to higher coulombic interactions between the impurities
and charge carriers, they also increase the trap state density in the ZnO film. However, despite this,
their low mobility of carriers could lead to larger lifetimes before they get trapped in trap sites or collide
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Figure 4.7: TRMC plots of the different n type metal oxide layers used in QD heterojunction solar cells. a. Combined charge
carrier mobility vs. fluence. The dashed lines approximate the region where the plots plateau giving a value of the combined
charge carrier mobility. b. Normalized decay plots of combined charge carrier mobility over time from which the trends of charge
carrier lifetime can be observed. While ZnO NCs have higher mobilities relative to ZnO solgel, this leads to lower lifetimes. TiO,
shows the best results of the 3 different materials

with an impurity atom. On the other hand, ZnO films made from ZnO NCs get their n-doping from
oxygen vacancies present in the ZnO NC surface and while the absence of impurities may lead to a
higher mobility of carriers in these films compared to the films prepared via the solgel route, the higher
mobility also could lead to quicker trapping of charge carriers in the trap sites leading to shorter carrier
lifetimes. Combining the mobility and lifetime values for charge carriers in the different layers we can
roughly estimate that the diffusion lengths of charge carriers (L) in each film (Appendix, Figure A.9
and Table A.3) which follows the trend TiO, > ZnO NC > ZnO solgel. Thus from these results, it can
be inferred that TiO, could be a good metal oxide material for PbS QDSCs.

Figure 4.8a and Table 4.3 compare the J-V plots of devices fabricated under similar process condi-
tions (240 nm thick PbS QD layer, prepared inside the glovebox) with different metal oxide layers. Best
results were obtained with 20 nm thick ZnO NC films while TiO, films offered the worst results. A
distinct “S” shape was seen in the J-V curve of the device with TiO, in the power producing quadrant
while a slight change in curvature of the plot was seen in the device with ZnO prepared via the solgel
route. To further understand device behaviour, an absorber layer thickness series was performed on
QDSC devices with TiO, as the n type metal oxide layer, the results of which are seen in Figure 4.8b.

| Metal oxide layer [ V. (V) | Jsc (mA/cm?) | F.F.(%) | P.C.E (%) |

TiO, 0.49+0.03 8.2+1.7 16.0+1.4 0.6+0.2
ZnO NC 0.54+0.03 18.2+1.0 36.7+3.5 3.840.5
ZnO0 solgel 0.54+0.01 16.7+0.8 32.8+2.9 2.9+0.3

Table 4.3: Compilation of external parameters of the devices with different n type metal oxide layers

The absorber layer thickness series with a constant TiO, thickness shows that an increase in the
absorber layer thickness leads to poorer performance of the solar cell with an increase in the “S” shape
of the curve. This shows that increasing the absorber layer thickness possibly led to an increase in the
thickness of the quasi-neutral region which points towards a thinner ideal absorber layer. Additionally,
this also opens the possibility of a lower charge carrier density in the TiO, since this would lead to a
thinner space-charge region (depletion width) in the absorber layer and a thicker quasi-neutral region.
In such a case, the “S” shape in the J-V curve would be a result of the increased F.F. that accompanies
increased recombination of photo generated charge carriers. While this issue can be tackled with a
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Figure 4.8: a. A plot comparing the effect of 3 different n type metal oxide layers on solar cell performance. Contrary to the
TRMC results, devices with ZnO NC showed best results while devices with TiO, (and ZnO solgel) showed a “S” type curve with
low FF. and high series resistances. b. A PbS absorber layer thickness series showed that the thickness of the absorber layer
was the not reason behind the poor performance of devices with TiO,. The inset shows a comparison of the same plots in a
reverse voltage sweep. The “S” shape is evident in both forward and reverse voltage sweeps.

thinner absorber layer, it would come at the cost of absorbed photons with longer wavelengths which
would also affect the device performance thus making TiO, not an ideal metal oxide layer.

Another reason for this "S” shape could be the doping profile and position of electronic bands with
respect to the vacuum level of TiO,. Figures 4.9a and 4.9b shows the different types of band bending
that can occur at the metal oxide layer/PbS layer interface. Lesser n type doping density of the TiO,
would lead to a shallower CBM that is farther away from the Fermi level as seen in Figure 4.9a. In
such a case, during the junction formation, when electrons move from the TiO, into the deep work
function Pbl, capped PbS layer, an unfavourable band bending occurs as seen in situation (a). On
illumination and subsequent J-V characterization, when the applied voltage is in the reverse bias zone,
the negative voltage pushes the conduction band minimum (CBM) energy levels of the PbS layer above
that of the TiO, layer which promotes electron injection into the TiO, layer leading to normal diode
behaviour. As the voltage becomes less negative, the CBM energy levels of the PbS layer moves below
that of the TiO, layer leading to accumulation of the photo generated charges at the interface. Since
the accumulated charge carriers at the interface do not get collected in the external circuit, there is
a flattening of J-V curve giving it the characteristic “S” shape. Once the applied voltage enters the
positive bias zone and becomes more positive, the depletion region cancels out and the diode begins
to conduct leading to a sharp increase in current density. Figure 4.9b shows a scenario wherein a
higher n type doping density and deeper CBM levels lead to favourable band bending that gives rise to
a good J-V response to illumination.

While a steep “S” shape is observed in devices with TiO,, a mild change in the curvature of the J-
V curve is observed close to the V,. in devices with ZnO films made by the solgel method. Based
on all the above discussions, this would mean that the doping concentration in such films is higher
than in the TiO, films but still not ideal enough to extract maximum results out of the QDSC. Another
test was performed to reaffirm the above hypothesis and to improve the performance of devices with
the ZnO films prepared via the solgel route. Similar to the experiments performed by Willis et al.[70],
fully fabricated devices were light soaked (UV soaking) for a duration of 60, 120 and 180 seconds, the
results of which are tabulated in Table 4.4 and J-V curves can be seen in Figure 4.10. A clear decrease
in the "S” shape of the J-V curve is seen for the first 120 seconds after which the performance seems
to stagnate. This could be due to the possible increase in “n” doping of the metal oxide layer under UV
light which would improve band bending at the ZnO/PbS interface, increase the depletion layer in the
PbS layer and ensure better carrier collection (as proven by the increase in F.F. as seen in the inset of
Figure 4.10)
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Figure 4.9: A schematic showing the band bending that occurs at the metal oxide/PbS layer interface in the case of a metal
oxide layer with a) a low doping density and b) a higher doping density. The right most diagrams in both the scenarios show
how the interface reacts to the application of a reverse bias voltage when the device is under illumination.

Summarizing the results in this section, it was observed that despite showing promising results with
the TRMC measurements, TiO, proved to be the worst of the 3 metal oxide layers used in this thesis
when used in conjunction with PbS QD layers in QDSCs. This was attributed to the low doping density
and unfavourable energy level alignment of TiO, with respect to the deep energy levels of Pbl, capped
PbS QDs as this lead to unfavourable band bending as seen in Figure 4.9a. To prove this hypothesis,
the devices using a ZnO solgel metal oxide layer that showed a mild "S” shape in the curvature (in
comparison to the steep "S” shape in the J-V curves of devices with TiO,) were soaked in UV light for
different duration since this is a known method to improve the doping density of ZnO. As expected,
the S shape reduced with UV soaking of the devices allownig us to conclude that improving the doping
density or pushing down the energy levels of TiO, (and ZnO solgel) films could lead to better PbS
QDSCs.

4.2.2. Effect of n-doped metal oxide layer thickness

As seen in the previous section, best device performance was observed in devices with ZnO films pre-
pared from ZnO NC. A thickness series of this metal oxide layer was performed to further optimize the
performance of the devices. Figure 4.11 shows the results obtained by varying the thickness of the
ZnO layer and the devices with a 20 nm ZnO film showed best results. Profilometry scans performed
on the films with different thicknesses show a thickness of ~30 nm and 20 nm as seen in Figures A.33,
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Figure 4.10: Effect of lightsoaking the ZnO layer, prepared via solgel route, on the performance of QDSCs. Prolonged lightsoaking
was seen to remove the “S” shape in the plots and also improve the external parameters like the F.F and series resistance as
seen in the inset.

| Light soaking duration (sec) | V¢ (V) [ J5c (mA/cm?) | F.F.(%) | P.C.E (%) |

0 0.479 15.06 21.43 1.55
60 0.508 16.88 26.02 2.23
120 0.524 17.50 29.19 2.68
180 0.527 17.60 30.12 2.79

Table 4.4: Compilation of evolution of external parameters under light soaking of a QDSC with a ZnO layer made via the solgel
route.

A.3b. The thickness of the other device with a thinner films was extrapolated to be 18 nm.

As mentioned before, the oxygen vacancies present in the lattice of the ZnO layer lead to an excess
of positive charge in the ZnO film. To preserve charge neutrality in the film, it is possible that electrons
flow into the film to balance this excess positive charge, leaving behind a film with excess electrons
that gives it an n-doping. However, these oxygen vacancies also act as trap sites that assist in the
recombination of charge carriers which is detrimental to device performance. This limits the total
thickness of the n-type layer. Conversely, a too thin film could limit the total charges present in the
film that in turn reduces the thickness of the depletion layer formed in the absorber layer. Observing
the results, we can concur that the 30 nm ZnO film was too thick that the loses due to recombination
at the high number of trap sites dominated, causing poor performance of the devices while the 18 nhm
film was too thin that it did not have enough charge carriers to produce a wide enough space-charge
region in the absorber layer leading to a thicker quasi-neutral region. Thus, in this thesis, 20 nm was
found to be the ideal thickness for the ZnO NC film that had a high enough charge carrier density to
produce a wide space charge region and minimized the carrier recombination losses to not cause any
significant impact to deteriorate device performance.
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Figure 4.11: Effect of metal oxide layer thickness (ZnO NC) on the performance of QDSCs made with all their PbS layers spin
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thicker and thinner layers seemed to be detrimental to device performance. A comparison of the absorption sepctra of the CQD
solution used to make devices with 30 nm thick ZnO layer and the remaining devices is shown in Figure A.10

4.3. Electrochemical Doping

As mentioned in Section 2.5, increasing the diffusion length by improving surface passivation of the
QDs and increasing the depletion width by increasing the doping density of the n-type metal oxide
layer are two of the main approaches that have been used in improving QDSC performance. How-
ever, electrochemical doping of thin films has gained popularity in recent times with Houtepen and
colleagues demonstrating the same in reference [82]. Using this concept to dope QD layers could lead
to a controllable doping method as opposed to other methods like atomic doping wherein the actual
doping amount cannot be precisely controlled. The following section shall detail efforts at implement-
ing electrochemical doping techniques into solar cell devices.
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Figure 4.12: a. Effect of dipping the entire QDSC stack in an electrolyte (LiClO, - referred to as LP) on the performance of
QDSCs (made similar to the champion device). The dark curves were seen to change due to a possible change in the doping
concentration in the device stack contrary to our theory that the ions would screen the ions in the depletion layer. b. Normalized
diode curves of the device under dark before and after electrolyte dipping. Color coding is the same as in the adjacent figure.
While the cut in voltage for the diodes under all three conditions is almost the same, the curvature of the graphs change after
the diode start conducting denoting a possible change in the ideality factor of the device.
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To begin with, the effect of exposure of an entire QDSC stack to an electrolyte solution was probed
to determine the behaviour of the device under exposure to ions in an electrolyte. An electrolyte with
mobile ions and a volatile solvent was chosen for the quick diffusion of ions through the stack and
the easy evaporation of the solvent without leaving behind any residue. A 0.1M solution of lithium
perchlorate (LiCIO,) [LP] in anhydrous acetonitrile was prepared in a N, environment for this purpose.
In this experiment, fully prepared QDSC stacks were dipped in the electrolyte solution for different time
periods following which they were dried and then tested, the results of which are shown in Figure 4.12a.

Our initial hypothesis as seen in Figure 4.13 expected the ions to diffuse through the layers in the
stack towards the charges present in the depletion region and screen the built-in electric field. In drift
driven devices like QDSCs, the charges in the depletion layer produce an electric field that induces the
drift transport of photogenerated carriers. In such a system, screening of the charges in the depletion
region would nullify the effect of the built in electric field thereby resulting in a loss of rectifying and
photovoltaic behaviour across the device under dark and light conditions respectively. However, the
results in Figure 4.12a show somewhat different results than what was expected. It was observed that
the threshold voltage of the dark curves of the device as well as the I of the device under illumination
reduced with increased exposure to the electrolyte. While this shows that the screening of charges
probably did not occur in full, the change in device performance with time of exposure to the elec-
trolyte prompted us to believe that the diffusion of the ions through films was not complete. Since ions
move under the influence of an external electric field, it was decided to apply a bias across the devices
while exposing it to the electrolyte. It is also predicted that a longer duration of electrolyte exposure
could allow the complete diffusion of ions inside the device leading to an end result as hypothesized
in 4.13. Analyzing the results in Figure 4.12a and 4.12b, the observed change in the curvature of the
normalized dark J-V plot shows that the exposure of the QDSC stack to the electrolyte possibly leads
to a change in the ideality factor the saturation in the diode equation (Equation 4.2). However, due
to the difficulty in pinpointing the exact reason behind this behaviour, it was decided to use a more
systematic approach in approaching the task at hand.
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Figure 4.13: Our initial hypothesis of the electrolyte exposure suggested that the ions in the electrolyte would screen the ions
in the space-charge region but the opposite was observed due to probable lack of ion diffusion.

While in most literature, the heterojunction is assumed to be the dominant junction in QDSCs fab-
ricated by our method, Rekemeyer et al. [94] showed that the junction at the absorber layer/HTL
interface was indeed the dominant junction. Due to the ambiguity involved in deciding the dominant
junction, it was decided that both junctions be done away with and we try to electrochemically dope a
thin film of PbS QDs (160 nm) in a simple FTO/PbS/Ag configuration (which is also a QD Schottky junc-
tion solar cell configuration). The band structure of this configuration is shown in the “Equilibrium” part
of Figure 4.14. In the following experiments with this configuration, the J-V characteristics was first
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measured in the dark followed by “electrochemical doping” and a second round of J-V characterization
under dark and illumination. The steps involved in electrochemical doping (ED) are the application a
drop of electrolyte on the film and the immediate application of a forward/ reverse bias for a dura-
tion exceeding the time taken for the solvent to evaporate. The preliminary results of electrochemical

e —
vac “\ EVaC ﬂ

bag

FTO

_U
T

>
[

Equilibrium I —

Electrochemical Doping

Figure 4.14: On the left hand side diagram, a basic Schottky junction device is shown with its depletion region at the rear contact
between the Ag and PbS. As per our initial hypothesis of the electrolyte exposure, it is possible that the ions in the electrolyte
screened the ions in the space-charge region which however led to a band bending as seen in the right hand side diagram .

doping are shown in Figure 4.15a. Under dark conditions, without any electrolyte exposure, a clear rec-
tifying behaviour is observed with a high threshold voltage. Under illumination though, these devices
hardly show any photovoltaic behaviour which is possibly due to the very small depletion region formed
at the PbS/Ag interface leading to a thick quasi-neutral region. However, post electrochemical doping
(exposure of the film to the electrolyte and a simultaneous application of a forward bias), more inter-
esting observations can be made. While prior to ED, the device conducts only after a positive threshold
voltage, after ED, a different behaviour is observed with the diode conducting in both directions with
different threshold voltages. The measurements were repeated to check that diode breakdown had
not occurred and it was confirmed that there was no diode breakdown. To ensure that this change
in behaviour of the device was not due to the application of a bias voltage alone, a separate experi-
ment was devised to compare the effect of applying a forward and reverse bias with and without any
electrolyte on the device behaviour under dark, the results of which are seen in Figure 4.15b. Here,
we observe that without any electrolyte exposure, the application of a forward bias (+0.5V) reduced
the threshold voltage of the dark curve while a reverse bias (-0.5V) increased the threshold voltage
of the dark curve of the device. Another important observation in these curves is that the "rectifying”
behaviour of the diode which allows it to conduct only under positive voltage stays. However, on intro-
ducing the electrolyte and electrochemically doping it with a reverse bias, the rectifying behaviour was
lost and the diode began conducting in both directions with a very low threshold voltage. Comparing
these results with the electrochemical doping under a forward bias (+0.5V) in Figure 4.15a we can
observe that the forward biasing leads to a sharper spike in current at the threshold voltage. These
reason behind these interesting observations can be explained by the schematic shown in Figure 4.14.
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Figure 4.15: a. Effect of electrochemical doping (ED) by applying a forward bias (+0.5V) on the Schottky junction PbS QDSC
during exposure to the electrolyte (LiClO,). Post electrolyte treatment, the Schottky junction behaviour is lost and a sort of a
metal-semiconductor-metal junction behaviour is observed in the dark. Under light, photovoltaic behaviour was observed post
electrolyte treatment. b. A comparison of the effect of applying a bias voltage across the QDSC with and without the electrolyte
on the dark J-V curves. The application of forward (+0.5V) or reverse biases (-0.5V) without any electrolyte ( blue and green
curves) changes the threshold voltage while maintaining diode behaviour whereas the rectification of the device is lost when
electrochemical doping (ED) (golden brown curve) is done.

During electrochemical doping, the application of an external electric field on the device is expected
to attract the ions in the electrolyte towards electrodes with a charge opposite to that of the ions. This
"gating” is performed until the solvent dries to prevent propagation of ions, away from the respective
electrodes and ensure their subsequent sticking near the intended electrodes. Once these ions are
locked at their respective electrodes, they screen the external electric field by forming an equal and
opposite electric field inside the PbS layer and retain this electric field even when the external bias is
removed. However, due to the accumulation of charges at each end of the PbS layer, it is possible
that opposite charges are induced electrostatically in the electrodes at both the interfaces leading to
dipole moments on either side of the PbS layer which subsequently gives rise to band bending as seen
in Figure 4.14. It is expected that, the accumulation of ions leads to an increase in the depletion width
at the rear interface which marginally improves the photovoltaic behaviour of the electrochemically
doped films. In addition, it is also possible that the introduction of band bending at the front inter-
face (FTO/PbS) could lead to a rectifying behaviour in reverse bias due to a small depletion region
formation which could explain the double diode like behaviour under dark conditions. While this effec-
tively destroys the “rectifying” behaviour of a diode, it was hypothesized that the reverse case where a
"non-rectifying” device could be made rectifying with electrochemical doping could be possible. A few
symmetric metal-semiconductor-metal devices were fabricated towards achieving this but due to the
time constraint involved in this thesis, none of them could be made to work. Figures A.11a and A.11b
show the configuration of the device and the results obtained.

Thus, the observations from the experiments on electrochemical doping can be summarized as
follows. The preliminary tests showed that the PbS QD films show a definite change in behaviour on
exposure to an electrolyte solution which confirms the diffusion of ions through the porous QD films
which is the first step electrochemical doping. Since the duration of electrolyte exposure of the QD films
was limited to a within 1 minute during the course of this thesis, it is possible that the permeation of
ions through the QD film is slow which is why we weren't able to obtain conclusive evidence. However,
this can lead to possible future work that can focus on conducting a systematic study to determine the
optimal duration of exposure to ensure complete permeation of the ions into the bulk of the QD films.
The second round of experiments showed that electrochemical doping of the films, wherein the films
were exposed to an electrolyte and simultaneously "gated” by a bias across them, was able to partially
improve the photovoltaic behaviour of the QD films. Additionally, a change in the behaviour of the
device on changing the polarity of the biasing during electrochemical doping showed that ion diffusion
through the film could possibly be controlled by the magnitude and polarity of the gating voltage which



4.3. Electrochemical Doping 41

provides secondary evidence of the possibility of electrochemical doping of QD films. Finally, due to
time constraints associated with the completion of this thesis, no change in the rectifying behaviour of
the symmetric metal-semiconductor-metal devices could be established that would present conclusive
evidence of electrochemical doping. However, the above results provide a good amount of evidence
towards the possibility of this doping method that can encourage further research in this field. As
an additional idea, it could be beneficial to work on means to fix the ions at their locations by either
freezing the solvent at room temperature or using solvents that can be made to polymerize under
controlled conditions..






Conclusions and Recommendations

In conclusion, PbS QDSCs were successfully fabricated for the first time at TU Delft. The ideal config-
uration involved using a 20 nm thick ZnO layer made using ZnO NCs, 240 nm thick PbS layer with QDs
in the top 80nms capped with MPA ligands and the remaining capped with PbI,, a 50 nm layer of MoO,
and a 250 nm layer of silver to finish the back contact. Despite promising conductivity and lifetime
measurements of TiO, in the TRMC, it was found to not provide good results in combination with PbS
QDs in solar cell devices possibly due to a low doping density. While controlled air oxidation of the top
HTL layers was observed to improve the F.F. and P.C.E of the solar cell devices, exposure to excessive
moisture (RH > 50%) was found to impact the devices negatively. Hence, an air-free synthesis method
combined with a fabrication protocol involving partial QD film stack development inside the glovebox
was used in achieving our champion device. Electrochemical doping of the PbS layers was attempted
and some evidence of the influence of the ions in the electrolyte on device performance was observed.
While one of the goals of the thesis was to convert a non rectifying PbS film into a rectifying diode,
due to time constraints, this was not achieved.

While this thesis systematically studied the effects of processing conditions and materials on QDSC
development, there are some recommendations that can be suggested for future research. TiCl, treat-
ment on TiO, (followed by annealing) has been shown to lower the CB of TiO, by inducing a dipole
moment on the surface[96]. Since this could potentially improve the performance of our QDSC devices
with TiO,, this treatment can be studied to see if the champion solar cell efficiency achieved in this
thesis can be exceeded. In addition, Fermi level and CB positions of the different metal oxide layers
could be studied with the help of an electrochemical setup or an x-ray photoelectron spectroscopy
(XPS) to verify the many hypotheses in this thesis. The metal-semiconductor-metal devices fabricated
in the last 2 weeks of this thesis duration showed ohmic behaviour either due to the fabrication in
ambient conditions that led to pinhole formation or due to an unfavourable band bending. Optimizing
the device configuration by fabricating devices with different PbS layer thicknesses inside the GB could
help narrow down the actual reason for the said behaviour of these devices. Additionally, the electro-
chemical doping procedure could also be improved by using different electrolyte solutions with salts
that have ions that are mobile enough to diffuse through the QD solids under an electric field but large
enough to be locked in their positions when the solvent evaporates. Another approach in this regard is
to use solvents like polyethylene glycol (PEG) that freeze (or polymerize) under room temperature and
lock the ions in their intended place. Finally, it has to be noted that lead is a carcinogenic material and
using it in a "clean technology” like solar energy is an opposing ideal. It is important that we utilize the
knowledge obtained from PbS solar cells in the development of solar cells of other QD materials like
indium phosphide (InP). Thus, this thesis has successfully laid the foundation for QDSC research at TU
Delft and also introduced a novel pathway towards achieving a simple and accurate doping mechanism
for QD films.
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Appendix

A.l. Thickness measurements

] Material | average thickness + error(nm) |
PbS - 1 layer 43.34 + 1.65
PbS - 2 layers 78.43 + 2.71
PbS - 3 layers 116.00 + 1.00
MoOx 57.02 + 1.15
Ag 260.60 + 3.96
ZnO NC (900rpm) 32.16 + 2.79
ZnO NC(2000rpm) 21.65 + 1.84
ZnO solgel (3000rpm) 35.55 + 0.38
TiO, (14000rpm) 42.89 + 3.00

Table A.1: Thickness measurements of the different layers in the QDSC stack. To measure the actual thickness of each individual
spin coated PbS layer and ensure repeatibility, measurements were taken upto 3 layers for PbS alone.
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Figure A.1: Thickness measurements of PbS layers, spin coated with 20 mg/mL CQD solution in octane at 1400 rpm and solid
state ligand exchanged inside a glovebox. a. 1 layer, b. 2 layers, c. 3 layers. Measurements were performed on a Dektak
profiler. The measurements of 3 different layers shows the repeatability of the spin coating precedure in depositing ~40 nm
layers. d.The evaporation mask used to control the shape of the back contacts deposited. While the 4 segments corresponding
to substrates of (2.45 x 2.45) cm was frequently used, other segments were also occasionally used for smaller substrates.
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Figure A.2: a, b. Profilometry measurements on the MoOx (b) and Ag (c) layers showed that 50 nm was deposited using the
mentioned process conditions.
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Figure A.3: Thickness measurements of different metal oxide layers used in the thesis. ZnO NCs in ethanol as described in
Section 3.1 spin coated on ITO substrates at a. 900 rpm and b. 2000rpm. Both films were annealed at 260°C. c. TiO, prepared
via the solgel method, spin coated at 1400 rpm as prepared in Section 3.2.2 on quartz substrates and annealed at 450°C. d.
ZnO prepared via the solgel method, spin coated at 3000 rpm as prepared in Section 3.2.1 on quartz substrates and annealed
at 200°C. Measurements were performed on a Dektak profiler.
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A.2. Results

8000 -

6000 —
(2]
k]
12
15
2
o 4000 <

2000 -

0 I I I I T T T T T T T T T T T T T T I
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 100010501100
Wavelength

Figure A.4: The shape of the spectrum of the LED lamp used as a stand by for the solar simulator. While this does not show the
actual spectral intensity, it is solely used to depict the shape of the spectrum.
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Figure A.5: The data of the dark curves of the two different synthesis methods were normalized to oberve the diode behaviour
of both curves. Due to their close matching, it can be approximated that the ideality factor (n) and the saturation current (I,)

of both the devices were comparable to each other.
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Figure A.6: The J-V curves of a device with ZnO NC, a I~ capped PbS absorber layer and a HTL made from EDT capped PbS QDs
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These devices showed almost similar behaviour to the devices made with absorber layers made of PbI, capped PbS layers.

—— pixel size 1 (0.05cm2)
—— pixel size 2 (0.075cm2)
—— pixel size 3 (0.1cm2)

-200 —]

@
[a0ss | 707 . A067 | 640x480

(©)

Figure A.7: a. The J-V curves of the various devices under illumination fabricated during the beginning of the thesis that formed
shunts due to the high moisture content in the surroundings and also in the reagents used. b,c. Pictures of the actual devices
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fabricated under dark (b) and under illumination (c).



S0 A. Appendix

PbS QDs capped with
MPA

MPA (annealed)

—— MPA (Air-exposed Annealed)
—— Pbl,
—— Pbl, (annealed)

---- fit_Pbl,

---- fit_MPA

---- fit_MPA (Air-exposed Annealed)

2

AG/{Bel,F,)(cm [Vs))

1
Time (ns)

Figure A.8: The conductivity decay curves were fitted with exponential equations to obtain the lifetime values of charge carriers
in PbS films with different capping ligands. While data for the PbI, capped PbS films was fitted well with a single exponential
curve, the data for MPA capped PbS films were fitted with double exponential curves and the lifeteime calculated by a weighted
average of the two lifetimes obtained.

] | PbI, capped, unannealed | MPA capped, unannealed | MPA capped, annealed+air exposed

A, 0.025844+0.0001 0.0043569+56.7 0.0055127+0.896
A, - 0.0070287+56.7 0.01123%0.895
7, (ns) 41.94+0.67 40.03+0.12 46.26+2.74
7, (ns) - 38.0310.18 37.7814.67

Table A.2: Coefficients for lifetime calculation from TRMC plots obtained by the fitting the data in single and double exponential
equation.

The formula for the weighted average used to measure the total lifetime was :

AT + ApT,

Al
A+ A, (A1)

This gave weighted lifetime values of 38.796 and 40.572 nanoseconds (ns) for the MPA capped “unan-
nealed” and "annealed with air exposure” PbS films respectively.
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Figure A.9: Actual TRMC conductivity vs time decay plots showing maximum mobility achieved by the charge carriers in the
different metal oxide films. The lifetime of charge carriers was obtained like earlier by fitting the plots to an exponential (TiO,
or a double exponential fit (ZnO NC and solgel).

| TiO, solgel | ZnO NC | ZnO solgel |

A, 0.62769 0.0090218 | 0.0028678

A, - 0.13521 0.0097514
7, (nS) 187.02 625.47 505.20
T, (NS) - 37.12 61.80

Table A.3: Coefficients for lifetime calculation from TRMC plots obtained by the fitting the data in single and double exponential

equation.

Using equation A.2, the weighted lifetime values for charge carriers in ZnO NC and solgel films was
calculated to be 73.92 ns and 162.57 ns respectively. Combining these values with the mobility of
charge carriers (1) obtained for each metal oxide layer, the diffusion length (L) of charge carriers was
calculated using the following formula :

krT
Lp= (6%@1/2

(A.2)

The resultant diffusion length values were 1.86 um, 414.3 nm and 158.6 nm for TiO,, ZnO NC and

ZnO0 solgel films.
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Figure A.10: Data for the J-V curves of the QDSC devices with 30 nm ZnO NC film was obtained from a different batch of PbS
CQD solution as the 20 nm and 18 nm ZnO NC film QDSC devices. A comparison of the normalized absorption spectra of the
two batches of PbS shows that the first exciton peak is nearly the same (905 nm for 30 nm film and 895 nm for the 20 nm and
18 nm films which translates to a band gap of 1.37 eV and 1.39 eV respectively [39])
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Figure A.11: a. Possible bandbending in the metal-semiconductor-metal configuration under dark conditions. The junctions on
both sides are ohmic in nature for electrons that probably allows their free movement during voltage scans b. A comparison of
the effect of voltage soaking, and electrochemical doping of the PbS films in the metal-semiconductor-metal configuration. ED
- refers to electrochemical doping.

Calculation of total mass of Lead used in the Thesis project
Total Number of devices = =150 (average of 3 devices a day, 3 times a week, 4 months)
Area of devices = 2.45 x 2.45 cm?
Average thickness = 240 nm
Total volume of material used = 2.45 x 2.45 x 240 x 1077 = 1440.6 x 10 =7 c.c
Density of PbS = 7.6 g/c.c
Mass of PbS used in thesis = 7.6 x 1440.6 x 107 = 0.0010948 g

207

Mass of Pb used in thesis = 239 X 0.0010948 = 0.000948 g = 0.948 mg
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