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ABSTRACT

DEVELOPMENT OF SOLAR CELLS BASED ON SURFACE PASSIVATED
LEAD TELLURIDE QUANTUM DOTS AND LEAD SELENIDE
NANORODS; A COMPREHENSIVE APPROACH TARGETING THE
INSTABILITY AND SURFACE MEDIATED TRAP STATES

Haciefendioglu, Tugba
Master of Science, Chemistry
Supervisor: Assist. Prof. Dr. Demet Asil Alptekin

January 2020, 82 pages

One of the underlying reasons for the 33% theoretical limit of solar cells (Shockley—
Queisser limit) is the losses originating from non-absorbed ultra violet and infrared
regions of the solar spectrum. PbTe Quantum Dots-(QDs) and PbSe Nanorods-(NRs)
are two of the intriguing nanocrystals which can be utilized to overcome the efficiency
limit due to unique properties such as band gap tunability, large exciton Bohr radius
and highly absorbing nature in ultra-violet and infrared regions. However, air
instability and limited knowledge on the surface properties hinder their utilization in
the field of optoelectronics. In this respect, a detailed understanding on the instability
of those nanocrystals was presented and combinatorial passivation protocols based on
engineering of the surface during the growth phase and solid-state ligand exchange
process were developed. Dual passivation approach controls shape, ligand exchange
rate, packing direction and mid gap state formation by dictating the {111}/ {200} facet
ratio and yield solar cells with outstanding stabilities. Optical properties, stability
behavior and band energies depend mainly on the aspect ratio of the NRs which is
tuned by reaction parameters such as injection temperature, concentration of oleic acid
and diphenylphosphine. We also found that the ligand choice was the key factor in

improving the solar cell performance as affecting the thin film morphology by



controlling the NR packing. Optimization of the cell fabrication protocols yields PbSe
NR based solar cells with 80% external quantum efficiency (EQE) and 2.60% power
conversion efficiency (PCE) and enhanced stability up to 54 days under inert

atmosphere for the first time in literature.

Keywords: Quantum Dot, Nanorod, Surface Modification, Stability, Solar Cells
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YUZEY MODIFIKASYONU YAPILMIS KURSUN TELERYUM KUANTUM
NOKTA VE KURSUN SELENYUM NANOCUBUK TEMELLI GUNES
HUCRELERININ GELiSTiRILMESIi; KARARSIZLIGIN VE YUZEY

KAYNAKLI TUZAK BANTLARININ ORTADAN KALDIRILMASI

Haciefendioglu, Tugba
Yiiksek Lisans, Kimya
Tez Damigmani: Dr. Ogr. Uyesi Demet Asil Alptekin

Ocak 2020, 82 sayfa

Giines hiicrelerinin %33 liik teorik limitinin (Shockley-Queisser limiti) altinda yatan
temel sebeplerden biri, moroétesi ve kizilotesi bolgelere karsilik gelen dalga boylarinin
sogrulmamasmdan kaynaklanmaktadir. PbTe kuantum noktalart ve PbSe
nanogubuklar gibi kursun kalkojenitlerin bu bolgelerdeki yiiksek derecede
sogurabilme yetenegi, ayarlanabilir bant aralig1 ve yiiksek eksiton Bohr yaricap: gibi
benzersiz 6zellikleri teorik verim limitlerin 6tesine gegme konusunda miikemmel
adaylar haline getirir. Ancak oksijene kars1 olan duyarliliklar ve yiizey morfolojileri
hakkindaki sinirli bilgi birikimi bu nanokristallerin iistiin = 6zelliklerini  ve
optoelektronik alanlardaki kullanimlarini sinirlamaktadir. Bu baglamda, bu ¢alismada
bahsedilen nanokristallerin oksijen ortamina kars1 duyarliliklar1 hakkinda ayrintili bir
yaklasim sunulmus, sentez sirasinda ve kati halde ylizey modifikasyonlarmin bu
nanokristallere etkisi incelenmistir. Gelistirilen ikili yiizey modifikasyonu {111}/
{200} faset oran1 ve miktarin1 degistirerek PbTe kuantum noktalarin seklini, reaktif
degisim oranini, paketlenme Orgiisiinii ve ara bant olusumunu etkilemektedir. Sonug
olarak, gelistirilen bu teknik ile atmosferik kosullar altinda olaganiistii kararliliga
sahip PbTe kuantum nokta bazli giines hiicrelerinin iiretilmesi miimkiin kilmistir.

PbSe nanogubuklarimin foto-fiziksel 6zellikleri ve kararlilik davranisi en boy oranina
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bagl olarak yiiksek degiskenlik gosterdigi bulunmustur. Nanogubuk en-boy orani,
enjeksiyon sicakligi, oleik asit ve difenilfosfin konsantrasyonu gibi bazi reaksiyon
parametreleri ile ayarlanmistir. Ayrica, ligand yer degistirme esnasinda kullanilan
ylizey reaktifi se¢iminin ince film morfolojisi, foto-fiziksel 6zellikler ve hiicre
performansini etkileyen en énemli parametrelerden biri oldugu bulunmustur. Sonug
olarak, literatiirde ilk kez atmosferik kosullar altinda 54 giine kadar kararliligini
koruyan, %80 harici kuantum verimi ve %2.6 hiicre verimine sahip PbSe nanogubuk

giines hiicreleri gelistirilmistir.

Anahtar Kelimeler: Kuantum Nokta, Nanogubuk, Yiizey Modifikasyonu, Kararlilik,

Giines Hiicresi
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CHAPTER 1

INTRODUCTION

What would the properties of materials be if we could really arrange the atoms the

way we want them?

Richard Feynman, “’There’s Plenty of Room at the Bottom’’ Dec. 29 1959.

Beginning of the nanotechnology and nanoscience was depended on the lecture by
physicist Richard Feynman at the California Institute of Technology on December 29,
1959. Feynman explained how scientist would be able to arrange, control and
manipulate the atoms or molecules and over the years, nanotechnology and

applications of nanoscience have been forefront for research studies.

Developments in optoelectronics also provide successful collaborations for
nanostructured materials within this field. Improved and novel optoelectronics areas
such as the application of energy harvesting, photodetectors and displays have been
extensive and popular topics by solar energy market. For example, nanoparticle (NP)
solar cells containing quantum dots (QDs), nanowires (NWs), or nanorods (NRs) are
being developed as third generation solar cells. As the crystal silicon technology
reaching its theoretical limits, third generation solar cells are being developed with the
aim of harnessing solar energy in a more effective manner'-2. One of the underlying
reasons for the 33% theoretical limit of today’s crystal silicon solar cells (Shockley—
Queisser limit) is the losses originating from non-absorbed ultraviolet and infrared
regions of the solar spectrum?. In this sense, extraordinary properties such as large

exciton Bohr radius, band gap (Ec) tunability, multiple exciton generation and near-



infrared absorption ability make lead chalcogenide NPs favorable and intriguing
candidates for solar cell applications. However, challenges such as high air sensitivity
and undiscovered surface properties of lead chalcogenide NPs limit their utilization in

solar energy field.

In this study, a comprehensive approach targeting the instability and surface mediated
trap states of PbTe QDs and PbSe NRs and also optoelectronic device applications of

these NPs are discussed.

In Chapter 2, background information that helps to understand and examine the
experimental study are given. First of all, brief information about the properties of
QDs and their optoelectronic properties are provided. Synthesis methods for

production of NPs as well as the working principle of solar cells are also discussed.

In Chapter 3, all the experimental methods used in this study are explained.
Characterization, sample preparation, synthesis and purification techniques are also
given in detail.

In Chapter 4, firstly surface chemistry of PbTe QDs are discussed and analysis of
passivation methods for enhancing the air stability are given prior to the solar cell
applications. Secondly, characterization of all synthetic conditions for PbSe NRs is

explained, then the role of PbSe NRs in solar cell application is expressed.

In Chapter 5, conclusions for the characterization, stability and solar cell application
studies for PbTe QDs and PbSe NRs are stated.



CHAPTER 2

BACKGROUND

2.1. Quantum Dots

Quantum dots which are also known as ‘artificial atoms’ are nanoparticles (NPs) of
semiconductor materials, which are so small in size that the excitons are squeezed and
exhibit 3-dimensional quantum confinement effect. Their unique chemical, physical
and optoelectronic properties can be readily tuned via their synthesis (e.g. shape, size,
and size distribution), making them intriguing candidates for use in applications
including bio-imaging, solar cells, light emitting diodes, lasers, and infrared
photodetectors.>*>¢7 Production of QDs matters as it directly controls the band gap
(Ec) of the crystal.®® Over the last few years, QDs have been explored due to their
possibility to tune the bandgap that enables adaptation and optimization of the spectral
absorption profile of these active materials to match the solar spectrum. Especially
near-infrared active lead chalcogenides QDs like PbSe, PbTe, and PbS have been used
for photovoltaic applications due to their efficient charge separation and
transportation, quantum confinement effects, multiple excitons generation (MEG)
ability, large light absorption coefficient and large Bohr radius.®

A natural length scale of electronic excitations in macroscopic (bulk) semiconductors
Is given by the exciton Bohr radius which is determined by the strength of the
Coulomb interaction between electron and hole pair (exciton).l® However, in
ultrasmall (sub-10 nm) semiconductor elements belong to 1V, I11-V and I1I-VI groups
this property shows some differences.!* When their size is equal or smaller than Bohr
radius, the dimensions of the NPs itself but not the strength of the electron and hole
Coulomb coupling define the spatial distance of the electron and hole pair state. In this

case, electronic energies are directly dependent on the degree of spatial confinement



of electronic wave functions and NP dimensions, which is known as the quantum size
effect.® With this effect, it is possible to change the band gap continuously, resulting

in a control of the emission color and the spectral onset of the absorption.

Conduction band HOMO-LUMO

Eg I Eg[ gap

Energy

tl

Bulk Semiconductor Quantum Dot Atom

Figure 2.1. a) Schematic representation of relation between bandgap energy (Ec) and size of QDs. Band
gap energy of b) bulk semiconductor, ¢) QDs and d) atom.

As shown in Figure 2.1-a, since the size of QDs decreases, the bandgap increases,
causing a blue shift of the emission spectrum. This effect can be described using a
simple particle-in-a-box potential model.’® For a spherical QD with radius r, this

model predicts that the size-dependent contribution to the energy gap is simply

proportional to 1/1,2 . This relation can be explained by the Brus equation;

h? (1 1
Ey(QD) = Ego+ o (2 + )

m;,  my

where Eg(QD) is bandgap energy of QDs, Eg, is bandgap energy of bulk
semiconductor, h is Planck’s constant, r is radius of QD, m;, is effective mass of
excited electron and mj, is effective mass of excited hole.!? In addition to quantum-
size effects, when the size of the QD reaches the size of the Bohr radius of material,
just as the particle in a box, quantum confinement effect becomes dominant, leading
to the a collapse of the continuous bands into a series of discrete atomic-like energy

levels (Figure 2.1-c,d) in contrast to the bulk material as represented in Figure 2.1-b.



2.1.1. Hot Injection Nanoparticle Synthesis Method

A typical colloidal NP synthesis starts with the introduction of the molecular
precursors into reaction medium, where the precursors undergo a chemical
transformation forming active species (monomers) for the nucleation stage.®
Following the homogeneous nucleation of NPs, growth takes place depending on the
surface of the NPs as shown in Figure 2.2 where the concentration of the monomers

is schematically plotted as a function of time.
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Figure 2.2. Schematic diagram of the nucleation and growth stages for synthesis of NPs using hot-
injection method.

Depending on the time elapsed after the injection of the precursors, larger NPs can
form by the dissolution of smaller NPs, named Ostwald ripening process. These three
stages occur in the presence of capping ligands which are also known as stabilizers or
surfactants. These capping molecules (ligands) such as long chain carboxylic acids,

phosphonic acids, alkyl thiols, alkyl phosphines, alkyl phosphine oxides, and



alkylamines have crucial roles in adjusting the kinetics of the nucleation and growth
as they adhere to the surface of the NPs and provide colloidal and chemical stability.*3
In addition, the starting concentration of stabilizers affects the high quality and
monodispersity of NPs.!* Concentrated capping ligand causes slow nucleation
resulting in a wide size distribution, while diluted concentration yields fast nucleation
and homogeneously distributed size for forming NPs as illustrated in Figure 2.2. La
Mer and others proposed a “’burst’’ nucleation concept that is related with a rapid
nucleation occurring after the concentration of monomers passes the nucleation
threshold.*>*® Therefore, the technique in which one of the precursors are rapidly
injected into another precursor in a hot solvent to form fast nucleation of monomers
is called as hot injection method. Non-coordinating, chemically inert solvents that
have high boiling point are preferred to widen the reaction temperature range.°
Besides the speed of injection and capping ligand concentration, the temperature
regime for injection and growth, growth time and precursor concentration affect the

size and size distribution of the NPs.’

Typical reactions for the productions of 1I-VI (CdSe, CdTe, CdS), and IV-VI (PbS,
PbSe, PbTe) NPs are listed by reactions 1 and 2.1 For these synthesis, long-chain
alkylphosphines such as trioctylphosphine (TOP), alkylamines such as
hexadecylamine (HDA) and alkylphosphine oxides such as trioctylphosphine oxide
(TOPO) are used as capping ligands at elevated injection temperature.'® Due to the
high sensitivity of lead, contact with oxygen is particularly important during the
synthesis.'® Prevention of oxidation is provided by using Schlenk techniques under
dry inert atmosphere for the synthesis and nitrogen-filled glove box for the
purification. A detailed explanation for NPs synthesis is given in Chapter 3.2 for the
quantum dots and nanorods investigated in this thesis.

Cd(CHs)2 + (CsHa7)sPSe 300 °C ,  CdSeNPs (1)
Pb(CH3COO), + (CgH17)sPSe __20°C | PbSe NPs (2)



NP shape and morphology are controlled by the type and concentration of stabilizing
agents during the synthesis. Capping ligands with selective adhesion lead for
arranging the growth of different crystal facets and change the shape of NP from
nearly round (OD) to highly anisotropic (1D, 2D, 3D) by increasing the surface area
such as cubes, rods, hollow rings or stars.22 Comparison of simple isotropic shaped
inorganic NPs with anisotropic shaped NPs reveals the new physical and chemical
properties of high surface area to volume ratio in the nanometer scale for anisotropic
shaped NPs.?! 0D morphologies contain the cubic, dodecahedral, octahedral, and
tetrahedral shaped NPs while 1D structures cover nanorods, nanoneedles, nanowires,
and hollow shaped NPs. Belts, sheets, and hollow rings are categorized as 2D, and
more complex structures like nanoflowers, nano-stars belong to 3D shape family.?°
Besides the surfactants, temperature for injection and precipitation, additives, pH of
the reaction medium, seeds and templates are other effective mediators for anisotropic
driven morphology transitions.?! As shown in transmission electron microscopy
(TEM) images in Figure 2.3, PbSe QD and PbSe NRs were synthesized using
trioctylphospine (TOP) and tris(diehylamino)phosphine (TDP) as stabilizing agents,

respectively.

Figure 2.3. TEM images of a) PbSe QDs for which TOP is used as the stabilizing agent and b) PbSe
NRs for which TDP is used as the stabilizing agent.



2.1.2. Defects and Air Instability

The surfactants (ligands) play critical roles in the production and application of
colloidal lead chalcogenide NPs by proving stabilization in the solution, keeping
charge balance on the surface and eliminating/reducing the trap states. The most
widely used synthetical ligand types for lead chalcogenide NPs relies on the long
hydrophobic saturated hydrocarbon chains with at least one anchoring end group.
Shape and length of the ligands change the morphology and physicochemical
properties of the formed particles. Long hydrocarbon ligands give rise to insulating
and nonfunctional properties which are unsuitable for applications like bioimaging or
optoelectronics. Hindered charge transport between the nanoparticles can be
prevented by suitable and efficient ligand replacement on the surface of the particles.
However, complete replacement of the organic ligands with any other functional or
smaller surfactants has shown to be very challenging, as the surface traps can be
created on surface atoms. Annealing can be a solution for removal of organic groups,
however it can cause the sintering of NPs or remaining of some carbonaceous ligands
on the surface of NPs.!® The majority of successful elimination of these bulky ligands
based on the replacement of them with smaller organic group like hydrazine,
phenylenediamine, ethanethiol, pyridine or mercaptopropionic acid to improve the
charge transfer by decreasing the spacing between the NPs. Besides organic molecules
some inorganic molecules such as metal chalcogenide complexes (eg., NasSnSe),
metal-free chalcogenide complex (eg., HS"), halides ( eg., CI, Bror I)., or metal
halide ligands ( eg., CHsNHszX where X: CI-, Bror ') can be used to passivate the

trap states and improve the charge transport.®

There are some methods for the replacement of synthetic ligands with more useful
ligands to enhance the stability and electron transfer between the particles. Growth
phase ligand exchange, and solid-phase ligand passivation techniques are some of the
commonly used methods for the modification of the surface of the NPs. These surface

modification techniques are explained in detail in Chapter 3.4.



2.2. Solar Cells

Sun is an average star that has been burning for more than four billion years. It is an
enormous source of energy and releases 95% of its output energy as light.?? On the
solar spectrum ( Figure 2.4) visible (VIS) region detectable by the human eye has less
energy than the ultraviolet (UV) region which cannot be seen but felt by the skin, and
infrared (IR) region has less energy than the visible region. Direct sunlight on earth’s
atmosphere does not completely reach the ground. Most of the X-rays and the UV
radiation are absorbed by the ozone, water, vapor and carbon dioxide with certain
wavelengths through the atmosphere before arriving on the earth’s surface. Some of
the coming radiations are reflected back from the ground whereas some of the sunlight

IS scattered by the atmosphere.

Air mass (AM) is a term that is associated with the amount of sunlight at the surface
of the earth and is related to the distance and angle of arriving radiation. Air mass zero
(AMO) is considered where the region above the atmosphere in the absence of the
atmospheric attenuation for solar radiation. There are also other spectra like AM1 and
AML.5 that are denoted for solar radiation under specified conditions like the angle of
the arrival sunlight or tilt of the earth with respect to the sun.?> AM1.5 (where the sun
is about 41° above the horizon) spectra provide a standard calibration for photovoltaic
(PV) cells corresponding to a particular set of conditions and air mass shown in Figure
2.4.24 For AM1.5, total irradiance is 100 mW/cm? and the pressure is at sea level under
standard pressure (1013.25 millibars).?®
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Figure 2.4. Solar energy distribution of sun on the earth’s atmosphere at AM1.5 spectrum.2



The photovoltaic effect was first observed in 1839 by Alexandre Edmund Becquerel.
Around 1880, Charles Fritts created the first photovoltaic of selenium resulting in 1%
efficiency.?’” After 1953, scientists from Bell Laboratories figured out that silicon is
more efficient than selenium to be used in practical photovoltaics.?® In 1994, the
efficiency of the conversion was scaled up to 30% with a cell made from gallium
indium phosphide and gallium arsenide by National Renewable Energy Laboratory
(NREL). Today, with the growing demand for renewable energy, research and
development studies for efficient and inexpensive photovoltaics are conducted all over

the world and best efficiencies are shown in the chart represented in Figure 2.5.
2.2.1. Working Principle of Solar Cells

Solar cells are basic photovoltaics that allow photons to knock electrons free from a
atom and generate electricity. In general, the power of the devices is expressed with
power conversion efficiency (PCE). PCE depends on various parameters like type of
material, design of layers, preparation method or incident radiation. The efficiency of
a device can be deducted from |-V characteristics at a certain temperature and
irradiance. Parameters calculated from the I-V characteristics of the cells are open
circuit voltage (Voc), short circuit current (Isc), fill factor (FF), efficiency (1), shunt

resistance (Rsn) and series resistance (Rs).

Isc, short circuit current is the maximum current that flows through the cell without
damaging its own construction. It is measured when the voltage of the cell equals to
zero where the electrodes are short circuited. Isc is related to the carriers which are
created and collected after illumination. Therefore, it depends on the incident solar
radiation and illumination area. It is generally expressed as short circuit density (Jsc)

by removing the area dependency. Jsc can be formulated as;

IS'C
Jsc = T
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where, the A is illuminated area of the solar cell.X°

Voc, open circuit voltage is the maximum voltage that is measured when there is no
flow of current through the device. For an ideal solar cell, it does not depend on the
incident light or the area of the solar cell, but photo-generated current, the temperature

and construction of the device. Voc can be formulated as;

where, E;; is bandgap of the active material used in the solar cell, g is the elementary
charge, n is the ideality factor, kg is the Boltzmann constant, T is the temperature of
the solar cell, J, is the reverse saturation current and J; is the photocurrent.3® Assuming
the net charge in the solar cell is zero, it is derived that increase in temperatures has a
decreasing impact on VVoc of the cell.

FF, fill factor is the ratio of maximum power point (Pwp) to the product of Jsc and
Voc. The maximum power is calculated from the product of current and voltage at the

maximum power point (Imp, Vimp).2 It can be calculated by following equation.

P, Vupl
FF mMp _ Vmplup

- VOCISC B VOCISC

Efficiency of a solar cell is expressed as a percentage of a ratio between the maximum
electrical power output and incident radiation.'° The incident light is described by the
AM1.5 spectrum and has an irradiance of P;,, is 1000 W/m?. It can be formulated as;

Pyp _ IscVocFF :]chocFF
p; P, A p;

Efficiency(n) =

All parameters are shown on the I-V characteristics as represented in Figure 2.6. 22

The other parameters are shunt and series resistance which are denoted as Rsx and Rs,
respectively. Series resistance is generally caused by contact resistance between the

metal contact and the active material, rear and top metal contact problems or current

12
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Figure 2.6. 1-V characteristics of solar cell. 2

movement problems through the active material.®! It has a decreasing impact on the
FF. It can be simply estimated from the slope of the point of Voc on the I-V curve.
Not poor solar cell design, but defects formed during the fabrication of cell can cause
a significant power loss in solar cell and this brings a shunt resistance with itself. The
presence of shunt resistance leads some paths for current flow and this brings together
adecrease in Jsc and Voc parameters.3? Basically, the estimation of the Rsy is possible

by calculating the slope of the point of Jsc on I-V curve.

Besides the 1-V characteristics, there is also a key parameter for solar cell
characterization which is the external quantum efficiency (EQE). EQE is the ratio of
the number of the extracted charge carriers to the number of the incident photons on
the solar cell. EQE is given as a function of wavelength or energy of the incident light.
If all incident photons are absorbed by the active materials in the solar cell, and all
created charge carriers are collected from the electrodes of the solar cell then the
external quantum efficiency is 100%. However, there are some reflective and
transmissive losses outside of the active layer. Therefore, quantum efficiency can be

categorized as EQE and internal quantum efficiency (IQE). The EQE of a solar cell

13



counts in the effect of these optical losses while IQE refers to the efficiency with which
photons that are not reflected or transmitted out of the cell can generate collectable
carriers. That is why the value of IQE is always higher than EQE.** Quantum

efficiency is formulated as;

OF = 100% * h * ¢ * I.o;; (1)
e % 2% Loy (D) * RQD)

where, h is Planck’s constant, ¢ is speed of light, I...;; (1) is current of measuring cell,
L. (4) is current of calibrated reference cell and R(4) is known responsivity value of

the reference cell.3* EQE and IQE are also formulized as;

EQE = number of the collected charge carriers from solar cell

number of the incident photons to the solar cell

number of the collected charge carriers from solar cell

IQE =

"~ number of the absorbed incident photons from the solar cell

When the light or photons come and knock the electron free in the active material,
electrons absorb the energy and jump into a higher energy level. Excited electrons and
the holes left at the ground state are loosely bound to each other and are called as
excitons. Extractions of the electrons and holes from the opposite electrodes create
electricity. However, duration of the electron staying on the excited state is so small
that a successful collection of the charge carriers may be very challenging. The process
of electrons meeting a hole is called as recombination and it is one of the major reasons

for the decreases in the PCE of the solar cell.

Solar cells are categorized as first, second and third generation.% First-generation solar
cells are the most efficient and durable solar cells that consist of monocrystalline
silicon, polycrystalline silicon, and amorphous silicon solar cells. Second-generation

solar cells which are called as thin film solar cells consist of micrometer thick layered
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semiconductor active material. Cadmium telluride (CdTe) solar cells and copper
indium gallium diselenide (CIGD) solar cells are in this category that have a lower
manufacturing cost with respect to the first-generation solar cells. % Third generation
solar cell category consists of brand-new materials like inks, nanotubes, nano wires,
nanoparticles or conductive polymers. Although the efficiencies of third generation
solar cells are way behind the first generation solar cells, lowering fabrication costs
and enhanced efficiency by widening the absorption spectrum matching the solar

radiation spectrum makes third generation solar cells are favorable and intriguing.

The absorption of the light in semiconductors materials is restricted with the bandgap
of the material. Semiconductors can absorb the incident light if the bandgap of the
material is equal or smaller than the energy of the photon. Besides this limit, there is
also a detailed balance limit which is called as Shockley-Queisser limit. Shockley-
Queisser is a physical theoretical limit that refers to the maximum achievable power
conversion efficiency from a photovoltaic.®® It is calculated as 33% for a single-
junction solar cell, and 47% of solar loss is caused by the conversion of heat, 18% of
loss is a result of photons passing through the active material in solar cell and
recombination of charge carriers is made of the 2% of the total loss.®” Recent studies
show that some of the third generation solar cells offer a potential to break the
theoretical Shockley—Queisser limit with the process of multiple exciton generation
(MEG) or hot carrier collection.?3840

In the theory of conventional solar cells, each photon can only excite one electron
across the bandgap of a semiconductor and excess energy turns into the heat. However,
multiple exciton generation (MEG) is a process that allows creation of more than one
electron-hole pair under one incident photon. MEG is observed in some
semiconductors, like PbTe, PbSe, and PbS QDs and has been investigated intensively
with the aim of breaking the Shockley-Queisser limit.}"341 In quantum dot solar cells
(QDSC), the excited electron on the conduction band interacts with the hole left
behind in the valence band as shown in Figure 2.7-a (process 1). In process 2, the

excited electron falls into conduction bands with lower energy relaxing its excess
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energy. When this excess energy which is equal or higher than the bandgap energy is
absorbed by another electron on the valence band, this electron jumps into the
conduction band as shown in process 3. Therefore, at least two electron and hole pairs

can be obtained under one sun condition.

MEG process occurs when the absorbed photons have energy at least twice of the band
gap (Ec) of NP, however for bulk semiconductors higher activation energy is need for
the excitation of multiple excitons. As shown in Figure 2.7-b, bulk PbSe has activation
energy as almost eight times of Eg, whereas the PbSe QD has less than three times of
Ec. The composition and shape of the material have also a significant effect on MEG
yield.*? According to recent studies done on Pb based semiconductors, PbTe QDs have
the highest MEG yield whereas PbS QDs have the lowest performance for MEG
process.*? In addition to the composition, shape also affects the MEG yield. As shown
in Figure 2.7-b, to reach 120% QE PbSe NRs needs 3 times higher energy then Eg,

a__ b MEG in PbSe
‘?‘*\— 2401 _| .1/ /
<2 § 220 |
2 7200
-1 2 180
) E 160
VI I8 |3 2 140 1
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© @ 2 j60

2 4 6 8 10 12 14
S I Activation energy / Eg
Quantum Dot

Figure 2.7. a) Schematic representation of MEG: 1) absorption of incident photon; excitation of electron
leaves behind a hole. 2) relaxation of the electron 3) excitation of another electron to the conduction
band from valence band. b) Quantum efficiencies versus activation energy to band gap energy (Eg)
ratio graph of thin films of PbSe NRs (green), PbSe QDs (blue) and bulk PbSe.*?
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whereas for PbSe QDs this value increases to four times of Eg. Although,
spectroscopic studies show quantum efficiency can be greater than 100 % which
correspond to MEG process, challenges related to the extraction of the charge carriers
limits its utilization in solar energy field.

In the literature, first working solar cell with a MEG process was shown by Semonin
et al. for PbSe QDs. #° Scanning electron microscopy (SEM) images of solar cell and
external quantum efficiencies are shown in Figure 2.8-a and d. Solar cells were
fabricated by using PbSe QDs with band gaps 0.71 eV (yellow), 0.72 eV (blue), and
0.73 eV (red), ZnO, Au, and MgF, were used as electron transport layer, back
electrode and anti-reflection coating on the glass (black), respectively. In this study,
maximum EQE was measured as 114 % from the PbSe QD with band gap 0.72 eV
with anti-reflection coating glass. Later, another study showed the MEG process for a
solar cell which contains PbSe NR with different band gap energy; 0.80 eV (green),
0.95 eV (blue), 1.05 eV (red) with ZnO as electron transport layer, MoOx as a hole
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Figure 2.8. Comparison of EQEs for PhSe QDs*, PbSe NRs?, PbTe QDs® solar cells in the literature.
SEM images of solar cells containing a) PbSe QDs, b) PbSe NRs, ¢) PbTe QDs and EQE of solar cells
consisting d) PbSe QDs, €) PbSe NRs and f) PbTe QDs.
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transport layer and Pt as a back electrode.? The solar cell architecture is shown in SEM
images in Figure 2.8-b. Maximum EQE as 122 % was reached from the solar cell
contains PbSe NR with band gap of 0.80 eV as shown in EQE in Figure 2.8-e. The
third successful MEG yield was the PbTe QDSC with a maximum EQE of 122 %.%
As represented in SEM images in Figure 2.8-c, they also used ZnO as an electron

transport layer for the solar cell of PbTe QDs with the band gap of 0.95 eV.
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CHAPTER 3

EXPERIMENTAL

3.1. Materials

All chemicals were of the highest purity available unless otherwise noted and used as
received. Lead(ll) oxide, (PbO, 99.999%, Aldrich), lead(ll) acetate trihydrate
(Pb(CH3CO2)2:3H20 , 99.9% Aldrich), oleyamine (90%, Aldrich), 1-octadacene
(ODE, 90%, Aldrich), oleic acid (OA, 90 %, Aldrich), squalene, 90%, Aldrich),
tetradecylphosphonic acid (TDPA, 98%, Alfa Aeasar).

All chemicals listed below were anhydrous and were used as received. Tellurium
powder ( 200 mesh, 99.999 %, Alfa Aesar), selenium powder ( 200 mesh, 99.999 %,
Alfa Aesar), Diphenylphosphine (DPP, 98%, Aldrich), trioctylphosphine (TOP, 90%,
Aldrich), tris(diethylamino)phosphine (TDP, 97%, Aldrich), cadmium chloride
(CdCly, 99.9%, Aldrich), benzenel,3-dithiol (BDT, 99%, Aldrich), 1,2-ethanedithiol
(EDT, >98%, Aldrich), tetrabutylammonium iodide (TBAI, 99% Aldrich), cadmium
iodide (Cdlz, 99.999%, Aldrich), rubidium iodide (Rbl, 99,9%, Aldrich), lead (II)
iodide (Pbl2,99.999%, Alfa Aesar), titanium (IV) isopropoxide (TTIP, 99.999%,
Aldrich), tetrachloroethylene (TCE, 99%, Aldrich), N-methylformamide (DMF, 99%,
Aldrich), acetone (99.8%, Acros Organics™ ), methanol (99.8%, Aldrich), buthanol
(99.8%, Aldrich), hexane (99%, Aldrich), 2-propanol (99.5%, Aldrich), acetonitrile,
(99.8%, Aldrich), octane (>99%, Aldrich).

3.2. Synthesis

PbSe and PbTe NPs formation reactions were performed using nitrogen-filled Schlenk
line techniques and purifications were carried out in nitrogen filled glovebox. PbSe

and PbTe NPs were kept in octane for the device fabrication applications or in TCE
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for the spectroscopic analysis after they purified and dried at least overnight in

nitrogen filled glovebox.
3.2.1. Lead Telluride Quantum Dot Synthesis

All PbTe QDs were synthesized according to the modified methods reported by Urban
et. al** and Murphy et al**. In a typical synthesis, 0.89 g PbO (4 mmol), 2.86 ml oleic
acid (9 mmol) and 24 ml octadecene (75.8 mmol) are combined in a three-necked
flask. The mixture is degassed under vacuum at 90 °C - 100 °C for three hours. The
reaction medium is taken under nitrogen flow and the temperature is raised to the
injection temperature where 8 ml of 0.5 M TOP-Te with 4 ul DPP (DPP: Pb 1ul/ 1
mmol) solution is rapidly injected while vigorous stirring. TOP-Te stock solution is
prepared by dissolving 6.38 g tellurium powder (0.05 mol) in 100 ml TOP and kept in
a nitrogen-filled glovebox for further use. The injection temperature is set as 150 °C
for 2.50 = 0.22 nm PbTe QDs. After the injection, the dots are allowed to grow for 120
s while the temperature of the reaction medium is maintained at about 110 °C with the
temperature controller unit. The growth process is then rapidly terminated by injecting
ice-cold anhydrous hexane (10 ml) and placing the flask in an ice-cold water bath. The
crude solution is transferred to the glovebox for the purification. IPA/ACN solvent
mixture is added until maintaining a turbid solution and the solution is centrifuged for
5 min at 5000 rpm for further precipitation. After discarding the supernatant, the PbTe
QDs are re-dispersed in hexane and precipitated by IPA/ACN or acetone two more
times.

All synthetic parameters were optimized to synthesize high-quality PbTe QD. The
ratio of OA to Pb was optimized as 2.25 for solar cell application, and the ratio of the

volume of DPP to mmol of Pb was optimized as 1 ul/ mmol for small size PbTe QDs.
3.2.2. Lead Selenide Quantum Dot Synthesis

The synthesis of PbSe QDs was carried out following the previous report.  In a typical
synthesis, 1.31 g Pb(OAc)2-3H20 (3.44 mmol) and 2.68 ml OA (9 mmol) in 24 ml
ODE (75.8 mmol) are combined in a three-necked flask and the mixture is degassed
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for about 3 h at 100 °C under vacuum. The reaction medium is taken under nitrogen
flow and the temperature is raised to the desired injection temperature where 10 ml of
1 M TOP-Se solution containing 104 ul DPP (DPP/Pb = 0.17 molar ratio) is then
rapidly injected to the lead oleate solution while vigorous stirring. TOP-Se stock
solution is prepared by dissolving 7.89 g selenium powder (1 mol) in 100 ml TOP and
kept in a nitrogen-filled glovebox for further use. The PbSe QDs are left for growing
for about 100 s. The growth process is then rapidly terminated by injecting 10 ml ice-
cold anhydrous hexane and placing the flask in an ice-cold water bath. The crude
solution is transferred to the glovebox for the purification. Isopropyl alcohol and
acetonitrile are added until maintaining a turbid solution and the solution is
centrifuged for five minutes at 5000 rpm for further precipitation. After discarding the
supernatant, the PbSe QDs are re-dispersed in hexane and precipitated by acetone two

more times.
3.2.3. Lead Selenide Nanorod Synthesis

The synthesis of PbSe NRs was carried out following the modified versions of the
previous reports by Koh et al. *° The bandgap of PbSe NRs was tuned by adjusting the
lead to oleic acid ratio (Pb/OA) while the injection temperature and the growth time
was adjusted according to the desired bandgap of NRs. For OA/Pb ratio of 3.22, 0.22
g PbO (0.98 mmol) was loaded into a three-neck flask, along with 1 ml oleic acid (3.16
mmol) and 5 ml squalene (9.57 mmol). Once connected to the Schlenk line, the
solution was degassed along with heating to 110 °C for 2 hours under vacuum. 3 ml
TDP-Se (1 M) precursor solution was then rapidly injected into the lead precursor
solution. TDP-Se stock solution is prepared by dissolving 1.57 g selenium powder
(0.02 mol) in 20 ml TOP and kept in a nitrogen-filled glovebox for further use. The
reaction was terminated in 2 minutes by placing an ice bath under the reaction flask.
Purification and size-selective precipitation of the NRs were done using anhydrous
hexane/isopropanol solvent system. The precipitated PbSe NRs were isolated by
centrifugation at 5000 rpm for 5 min. and dispersed in hexane. These steps were

repeated three times.
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3.2.4. Titanium Dioxide Nanoparticle Synthesis

Synthesis of TiO2 NPs was adapted from the literature.*® The titanium precursor was
prepared by mixing solutions of 175 uL TTIP (0.60 mmol) in 1.25 ml ethanol and
addition of 17.5 uL hydrochloric acid (2 M, 0.35 mmol) in 1.25 ml ethanol under
vigorous stirring. It was prepared as fresh and coated on the substrates just after

oxygen plasma.
3.3. Material Characterization
3.3.1. Absorption Spectroscopy

Absorption spectra were recorded by a Shimadzu 3600 plus UV-Vis-NIR
spectrometer. NPs were suspended in TCE in the nitrogen filled glovebox using an air

tight quartz cuvettes.
3.3.2. Photoluminescence Spectroscopy (PL)

Photoluminescence (PL) measurements were performed by exciting the samples with
a 980 nm laser diode. The PL emitted at a right angle relative to the excitation source
was directed to a Newport emission monochromator and the PL signal was detected
with a thermoelectrically cooled InGaAs photodiode (Hamamatsu-G6126). The
spectra were corrected by using the responsivity of the G6126 detector provided by
the company NPs were suspended in TCE in the nitrogen filled glovebox using an air
tight quartz cuvettes. Optical densities of all the samples were kept same at the

excitation wavelength of laser (Ax = 980 nm) for comparative studies.
3.3.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) samples were prepared by drop-casting a
small volume of dilute NP in TCE onto 200 Mesh, carbon coated copper TEM grids
and allowing the solvent to evaporate at room temperature. Jem Jeol 2100F 200kV
high-resolution transmission electron microscopy (HRTEM) operating at 80-200 kV
with Schottky type field emission gun as a source of electron was used for TEM
measurements. The CCD camera on which the images were recorded was GATAN,
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Orius SC10002. At least 140 NPs were examined by using ImageJ analysis program

to determine the size distribution and the percentage of branching for PbSe nanorods.*’

3.3.4. Scanning Electron Microscopy (SEM)

Cross-sectional SEM images of our devices were taken using a Zeiss Auriga
CrossBeam workstation and the images were taken at 5 kV voltage and 30 pm aperture
size using an in-lens detector. The incident electron beam is accelerated by a voltage

of 10 kV. The best resolution of images is 1-5 nm.
3.3.5. Fourier-transform Infrared Spectroscopy (FTIR)

FTIR spectra were acquired in transmission mode using an HYPERRION
spectrometer with a resolution of 64. Samples for FTIR measurements were prepared
by spin casting of dilute nanoparticle solution (25 mg/ml) in octane. Clean quartz
substrates were used for background measurements, and OA-capped or ligand

exchanged nanoparticles were spin casted onto the quartz substrates.

3.3.6. X-Ray Photoelectron Spectroscopy (XPS) and Ultra-Violet Photoelectron
Spectroscopy (UPS)

XPS and UPS measurements were performed with PHI 5000 VersaProbe in ultrahigh
vacuum conditions (10°1° mbar). Monochromatic K X-ray source (1486.74 eV) and
monochromatic Hel UV source (21.2 eV) were used in XPS and UPS measurements,
respectively. The XPS spectra were calibrated using the C1s peak at a binding energy
of 284.8 eV. For the UPS studies, samples were biased at -7.00 V for the determination
of the low energy cut-off. Ligand exchanged (or oleic acid capped) nanoparticle thin
film samples were prepared by spin coating onto Si/Cr (10 nm)/Au (150 nm)
substrates. Preparation of the samples were carried out in Nz filled glove-box and
transferred to UPS with an air-tight tube. The samples were exposed to air only during
loading to the instrument. Fermi level (reference to vacuum) was determined by the
difference between the incident photon energy (21.2 eV) and high binding energy

edge. Valance band energy minimum was determined from the low binding energy

23



edge. Conduction band minimum was calculated from the subtraction of valance band

minimum from the bandgap (determined from the absorption peak maximum).248

3.3.7. X-Ray Diffractometry (XRD)

XRD measurements were performed on a high resolution Rigaku Ultima IV X-ray
diffractometer with Cu X-Ray source, high resolution graphite monochromator and
cross beam optics mechanism. For XRD measurements, samples were prepared by
spin casting of 25 mg/ml NP solutions in octane onto a pre-cleaned glass substrate.
Average sizes were estimated by counting the number of lattice planes for 10-20
nanoparticles and/or applying the Scherrer equation:

e KA
~ bcos(9)

where t is the apparent crystallite size, K ( 0.89 < K < 0.94, round up to 0.9 )is the
Scherrer constant , A is the wavelength of the radiation, b is the additional broadening
(in radians), and @ is the Bragg angle.*® The distances between the adjacent lattice
fringes was measured as 3.2 A which are in agreement with the PbTe (200) d spacing
(3.23 A-JCPDS-ICDD card 38-1435). For PbSe NRs, d spacing 3.0 A, that is
consistent with the PbSe (200) d spacing (JCPDS-ICDD card 06-0354).

3.4. Passivation
3.4.1. Solid State Ligand Exchange Method

The ligand exchange process was performed under inert atmosphere in a nitrogen-
filled glovebox. Layers were deposited by a typical layer by layer (LBL) spin coating
method using a spin coater. All inorganic and organic ligand solutions were prepared
as fresh and filtered through a PTFA syringe filter with a 0.2 ul pore size before use.
Each cycle was consisted of three basic steps; introducing of NPs, applying
passivation ligand, and removing of excess NPs and ligand from surface. In a typical
ligand exchange of OA-capped NPs with ligand, the substrate (Spectrosil, ITO etc.)

was covered uniformly with NPs dissolved in octane and spun cast after 5 s at 1500
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rpm for 2 s and 2500 rpm for 10 s prior to the ligand treatment and rinsing steps. Then,
ligand was introduced to the surface and spun after 5-30 s of wait. Residual ligand and
un-exchanged NPs were removed by rinsing two times with the solvent that was used
to dissolve the ligand and octane one time, respectively. Exact same procedures were
applied for the rest and the cycle was repeated up to the desired thickness. For solid
state ligand exchange method, all used ligands and their properties were shown in
Table 3.1. The concentration of the solutions and the waiting period before spin

casting were changed depending on the type of the ligand.

Table 3.1. Ligand parameters used for solid state ligand exchange method.

Ligand Concentration Solvent Waiting Period
Cdl2/ Pbl2 0.05M DMF 30s
BDT 0.2 v% ACN 30s
EDT 0.02 v% ACN 30s
TBAI/RbI 0.05 M MeOH 30s
Hydrazine 1M ACN _
MPA 10v % ACN -

3.4.2. Growth Phase Ligand Exchange Method

The technique was adopted from published procedures with slight modifications.?
Cdl2 or CdCl; solution was prepared from 465.5 mg Cdl. or 232.8 mg CdCl, (1.27
mmol) and 25.9 mg TDPA (0.093 mmol) in 3.87 ml oleyamine (11.76 mmol) and
degassed for 16 hat 100 °C. Desired Cdl> solution (Cd: Pb; Immol/4mmol) is injected
right after the growth of the dots or rods is complete. The temperature of the solution
is gradually decreased from 100 to 65 = 5 °C in a certain passivation period then the
reaction is terminated via ice cold hexane injection and placing a water bath under the

flask. The passivation period was changed as 2min, 1 min and 10 s.
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3.5. Device Fabrication

Schematic representation of solar cell fabrication is shown Figure 3.1. Indium tin
oxide (ITO, Psiotec) patterned substrates were cleaned by sonication in warm acetone,
isopropy! alcohol, detergent and boiling deionized water for 15 min in sequence, and
then dried under a nitrogen stream and left in oven at least for 3 h with a temperature
set as 100 °C. After plasma etching of the cleaned substrates for 15 min to remove any
organic residue, the electron-transporting TiO> layer was coated on ITO substrates.
TiO2 NPs in ethanol was filtered through 0.45 ul pore sized PTFE syringe filter and
spun on to ITO substrates at 2500 rpm for 3 s and 5000 rpm for 30 s. These sol-gel
TiO2-covered substrates were annealed in air at 115 °C for 30 min on a hot plate then
450 °C for 30 min in a muffle furnace and left in air for a night. Then the substrates
were transferred into a nitrogen-filled glovebox for spin-coating of the active layer.
NPs were dissolved in octane (50 mg/ml for QD 25 mg/ml for NR) and were deposited
in a L-B-L approach on top of TiO2 at 1500 rpm for 2 s and 2500 rpm for 10 s. Solid
state ligand exchange method was performed as described in Chapter 3.4.1. The
devices were loaded into a thermal evaporator in order to evaporate 7 nm MoOx and
100 nm Au at pressures 10" mbar through a shadow mask with active area 4.5 mm?2.

Finally, the devices were legged for electrical contact and then encapsulated using

L-B-L
Spin Coating

MoOx / Al
Evaporation

;f‘ Encapsulatlon% Leggmg é

Figure 3.1. Schematic representation of device fabrication process.

transparent epoxy/resin and glass slides.
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Device architecture will be represented in a brief notation as represented in Figure 3.2.
Here, ITO and TiO2 was used as substrate and electron transport layer (ETL) for all
the devices, respectively. Each NP composition and type were indicated in the device
architecture with subscripted numbers showing the bandgap of the NPs. Different
ligands were used for the surface passivation, and abbreviations of each ligand were
stated near of the NPs. Thickness optimizations were applied for some of the devices
changing the number of spin casted layers, which is also shown between parentheses
and each slash shows the separation of the layer type. Also, MoOx and Au were used

as a hole transport layer (HTL) and back metal electrode for all the devices.

ITO / TiO, / PbSe-NR; g.,-TBAI (1L) / PbSe-QD, ,.,-TBAI (3L) / PbSe-QD, ,.,-EDT (2L) / MoOx / Au

T 111 T

ETL Type of Number of Band gap Seperation Type of
NP Layer of NP of Layers Ligand

Figure 3.2. Device architecture notation and explanation of the symbols and abbreviations.

3.6. Device Characterization
3.6.1. Current-Voltage Measurement

I-V measurements were taken with a solar simulator inside the N> filled glove box at
25 + 2 °C and a Keithley 2400 source measuring unit. ABET SunL.ite solar simulator
(ASTM Class A stability) with AM1.5 G sun irradiance over 50x50 mm area utilizing
100 W Xe arc lamp (PN: 13013) was used. Results were averaged with standard
deviation across 5-8 devices. Standard deviation between the devices is caused by the
heating up of the cells under solar simulation during the measurements. The Jsc, Voc,

FF, and PCE of the devices with maximum efficiencies are quoted in the brackets.
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3.6.2. Quantum Efficiency Measurement

External quantum efficiency (EQE), internal quantum efficiency (IQE) and solar cell
parameters were measured outside (at 20-28 °C with 85 mm working distance) with a
Newport QUANTX-300 apparatus. For EQE and IQE measurements, the current
generated by the test solar cell (603415 QUANTX-300) was compared to that
generated by the calibrated photodiodes that have a known EQE. An Oriel
Monochromator (CS130) was used to filter out a narrow bandwidth of the incident
white light source (100 W Xenon lamp) and tune its center wavelength across a desired
range. Silicon-germanium detector (PN: 603621) calibrated at NRC (Newport
Research Center) within the accuracy specified by NIST (National Institute of Science
and Technology) according to the 17025 certification standards was used as calibrated
reference detector for 325-1800 nm range. EQE was measured with an uncertainty of
+25%, + 7% and + 3% for the wavelengths in between 300 nm -330 nm, 330 nm -340
nm and 350 nm -1800 nm, respectively. Newport IQE200B (603414 QUANTX-300
Specular Reflectance Standard) was used as Hi-Low calibrated reflectance standard
for the IQE measurements. Spectral response was measured with an uncertainty of +
0.5% of the measured value and compared to that of the test cell before each
measurement. Quantum efficiency measurement set-up and measurement process is

shown in Figure 3.3.

Figure 3.3. Newport QUANTX-300 quantum efficiency measurement set-up (left), measurement
process of QDSC (right).
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CHAPTER 4

RESULTS & DISSCUSSION

4.1. PbTe Quantum Dots

PbTe QDs with smaller electron and hole masses and larger excitonic Bohr radius (~
46nm) have been considered as better alternative as compared to the other members
of the lead chalcogenides family.>° One of the greatest barriers for the employment of
PbTe QDs in photovoltaics is their high sensitivity towards oxygen and moisture and
in parallel their less explored surface chemistry; therefore, all synthetic treatments
were performed using Schlenk techniques. For the post-synthetic treatment, oleate-
capped PbTe QDs were isolated from starting materials and side products by purifying
with anhydrous IPA and then precipitating the QDs with anhydrous ACN in the
nitrogen-filled glovebox. Precipitated QDs were then re-dissolved in hexane and
isolated using the same solvent system (see Chapter 3.2.1 for the details of the

experimental methods).

The synthesis procedure was modified to achieve the ultra-small PbTe QDs with
enhanced synthesis yield and stability towards oxygen.**#* A series of QDs, having
the lowest energy excitonic transition tuned from 898 to 1504 nm and with sizes from
1.7+ 0.2 nm to 5.0 = 0.5 nm, was synthesized to assess the effect of size on stability.
Absorption spectra and high-resolution TEM images of these QDs were shown in
Figure 4.1.

4.1.1. Surface Stability and Passivation

Development of strategies aiming to control the surface states and improve the
material quality through surface passivation is an ongoing challenge for attaining QD
based photovoltaic cells with outstanding efficiencies. PbTe QDs, when stored in the

solid form, decompose due to the adsorption of moisture and oxygen.>* As shown in

29



1504 nm

>
|

1414 nm

>
|

ma

ma

Absorbance (a.u.)
>

.
.
*

A A= 922 nm

<2.0 nm

L
L4
L]
*

A \= 898 nm

800 1000 1200 1400 1600
Wavelength (nm)

Figure 4.1. Absorption spectra and HRTEM images of the QDs with diameters changing between 1.7
+0.2 nm to 5.0 = 0.5 nm. The peak around 1450 nm is belong to the liquid water.%?
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Figure 4.2, PbTe QDs showed a strong size and shape dependent air stability. Larger
PbTe QDs were more susceptible to oxidation as compared to the smaller QDs as
shown in Figure 4.2 by yellow dots. PbTe QDs having size <2 nm had a well resolved
octahedron shape which transferred to truncated octahedron in between 3.6 nm and
3.9 nm and finally to cuboctahedron at 5.0 nm. The ambient stability abruptly changed
other members of the lead chalcogenide family (PbS and PbSe QDs).>

In order to enhance the endurance of PbTe QDs towards oxidation, growth phase
surface passivation method (SynP) which is previously explored for PbS and PbSe
QDs were adopted with some modifications.1>* CdCl, passivation were performed
with growth phase ligand exchange method were applied to the PbTe QDs as
mentioned in Chapter 3.4. After 60 s of passivation time, SynP-PbTe QDs were

Extent of Blue Shift (nm)

1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 4.2. Size & shape dependent stability of the as synthesized (Unpassivated-UP) and synthesis
passivated (SynP) PbTe QDs. QD solutions were exposed to air while measuring the absorbance
spectrum in two minutes time interval for an hour. Inset: HRTEM image of a highly crystalline PbTe
QD with an octahedral shape.
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isolated with an optimized Pb/Cd mole ratio of 4:1. PbTe QDs passivated with the
SynP method preserved their absorption peak when stored under ambient conditions
in TCE as shown in Figure 4.2 (shown by red dots). Absence of the blue shift under
ambient conditions for a wide variety of sizes shows the effectiveness of the SynP

method applied in this study.

To investigate the effects of SynP passivation approach on the crystallographic
structure of the QD, X-ray diffraction (XRD) measurements on thin films spin coated
on glass substrates were utilized. Thin film XRD patterns of the oleate capped UP and
SynP PbTe QDs showed a well-defined fcc structure with the Fm3m space group (a =
6.459 A; JCPDS-ICDD card 38-1435) as represented in Figure 4.3. The relative
intensities were reported by averaging with a standard deviation across 2-3 samples
from different batches for each treatment. Average sizes were estimated by counting
the number of lattice planes for 10-20 quantum dots from the TEM images of dots and
applying the Scherrer equation to the line broadening of the main XRD (200) peak
(see Chapter 3.3.7). The distances between the adjacent lattice fringes were measured
as 3.2 = 0.1 A which were in agreement with the PbTe (200) d spacing as 3.23 A at
the JCPDS-ICDD card number of 38-1435.
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Figure 4.3. Thin film XRD patterns of UP (black), SynP (orange) PbTe QDs spin coated on glass and
values from JCPDS-ICDD card number of 38-1435 (red).
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To examine the chemical environment of the surface atoms XPS measurement were
utilized for the PbTe thin film samples prepared by spin coating on Si/Cr (10 nm)/Au
(150 nm) substrates. Pb/Te ratio markedly increased from 1.5 to 2.4 with the SynP
procedure as shown in APP-1 and APP-2. From the combination of the XPS and XRD
measurements, it is reasonable to conclude that the SynP QDs have more Pb-
terminated {111} facets compared to the UP QDs.>® Figure 4.4 shows the high
resolution XPS spectra of Pb-4f, Te-3d and CI-2p for the UP and SynP oleate capped
PbTe QDs. The Te-3d peak at 572.0 eV corresponds to the binding energy of Pb-Te
while the peaks at 198.0 eV and 199.6 eV correspond to the binding energy of Pb-
CI®5. A well resolved shoulder in the Pb 4f signal for the SynP QDs (4f7/2 and 4f5/2
core electronic states) is a sign of perturbations from the local chemical bonding. The
4f7/2 peak fitted with two components centered at 137.5 eV and 138.5 eV corresponds
to the binding energy of Pb—Te and Pb—Cl bonds, respectively.>®>’
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Figure 4.4. High resolution XPS spectra of Pb-4f, Te-3d and CI-2p for the as synthesized (UP) (black)
and growth phase passivated (SynP) oleate capped PbTe QDs (orange).

To get more insight the instability of the PbTe QDs, thin films prepared from oleate
capped as synthesized oleate capped QDs (UP) were compared with growth state
passivated SynP-PbTe QDs. Extremely unstable large size PbTe QDs were used for
thin film preparation to assess the effectiveness of the developed method. Also, the

combinatorial passivation method based on engineering the quantum dot surface
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during the growth phase and solid-state ligand exchange process on the thin films were
investigated. As a solid-state ligand exchange ligand, TBAI, known to be an effective
surface stabilizer for the other lead chalcogenides, surprisingly did not improve the
stability of the PbTe QDs. The absorption signal disappeared in less than 20 minutes
after exposing the thin films to the atmospheric conditions as shown in Figure 4.6-a
for UP-TBAI PbTe QDs. Figure 4.5-a shows that BDT ligand exchanged PbTe QD
thin films (UP-BDT) were also unstable under ambient conditions, in agreement with
the previous reports for the BDT exchanged PbS and PbSe QDs.! On the other hand,
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Figure 4.5. Improving the ambient stability and removal of the mid gap states (MGS) via passivation
during growth phase (SynP) and passivation during LBL process for small and large PbTe QDs.
Absorption spectra of a) BDT and b) Rbl-BDT ligand exchanged thin films prepared from as-
synthesized (UP) QDs. Absorption spectra of ¢) BDT and d) RbI-BDT ligand exchanged thin films
prepared from SynP QDs. Absorption spectra of the €) BDT and f) TBAI ligand exchanged thin films
prepared from UP and SynP QDs. g) MGS originate mainly from the LBL process and can only be
controlled by using SynP QDs.
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treatment of the UP-PbTe QD surface with Rbl (UP-RbI-BDT) or Cdl, (UP-Cdl;-
BDT) prior to the BDT treatment improved the stability with a moderate (36 nm) blue
shift upon oxidation as shown in Figure 4.5-b (see Figure 4.6-b for UP-CdI.-BDT).
The presence of the blue shift in the UP-RbI-BDT and UP-CdI.-BDT thin films shows
that all of the sites are prone to oxidation, and they are not accessible during LBL
treatment however additional sites should be introduced during the ligand exchange

process.

Above mentioned sources of the instability were overcome by using the SynP-QDs
instead of the UP-PbTe QDs for the thin film preparation process. In this way, the
SynP-BDT thin films had better air stability when compared to the UP-BDT thin films
as shown in Figure 4.5-a and Figure 4.5-c. Moreover, dually passivated SynP-Rbl-
BDT and SynP-Cdl,-BDT thin films showed remarkable air stability by preserving
their absorbance peak with an indistinguishable blue shift (0-2nm) under ambient
conditions as shown in Figure 4.5-d (see Figure 4.6-c for SynP-Cdl.-BDT). Therefore,
surface defects formed mainly during the LBL process can only be avoided by
passivating the PbTe QDs with the SynP procedure, which stabilizes the QD surface
by increasing their capacity to withstand the harsh conditions of the ligand exchange

process.
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Figure 4.6. Investigation of the ambient stability of PbTe QD thin films. Absorption spectra of the a)
TBAI ligand exchanged and b) Cdl,-BDT ligand exchanged thin films prepared from as-synthesized
(UP) PbTe QDs. c) absorption spectra of Cdl,-BDT ligand exchanged thin films prepared from growth
phase passivated (SynP) PbTe QDs. d) Absorption spectra of the EDT ligand exchanged thin film
prepared from UP PbTe QDs.
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The effects of the combinatorial passivation method based on engineering the quantum
dot surface during the growth phase and solid-state ligand exchange process on the
thin films were investigated by preparing films from small size PbTe QDs. Figure 4.5-
e compares the absorption spectra of the UP-BDT and SynP-BDT thin films. The most
striking observation in Figure 4.5-e is the pronounced feature on the low energy side
for the UP-BDT thin films which may be ascribed to the presence of mid gap states
(MGSs).%8 Notably, the MGS absorption disappeared when the UP QDs were ligand
exchanged with EDT instead of BDT. As shown in Figure 4.6-d, elimination of the
low energy side absorption feature in UP-EDT points out to the fact that the formation
mechanism of the MGSs depends strongly on the type, structure, size etc. of the ligand
used. To reveal the effect of halide passivation on the formation of MGSs during the
LBL process, UP and SynP QDs were ligand exchanged with a halide source, TBALI,
instead of BDT. Disappearance of the low energy absorption feature in the SynP-TBAI
thin films, in contrast to the UP-TBAI thin films with a pronounced MGS absorption,
points out to the fact that the utilization of the solid-state halide passivation alone is
not sufficient for the inhibition of the MGS formation. It is worth noting that the
fabrication of defect free thin films irrespective of the ligand type can only be achieved
by using the SynP QDs for the thin film fabrication process.

XRD measurements were utilized to examine the effects of the combinatorial
passivation approach on the crystallographic structure of the QD. Figure 4.7-a,b
displays the change of the main XRD peaks of the BDT, RbI-BDT and CdI>-BDT
ligand exchanged thin films prepared from the UP and SynP PbTe QDs. An increase
of the {111} / {200} plane ratio from 0.19 = 0.13 for the UP QDs to 0.52 = 0.16 for
the SynP QDs were observed. Differences in TEM images and the {111} / {200} plane
ratio for the QDs similar in size showed that the in-situ metal halide passivation
method had a control over the shape. Shape, being an important parameter for the
packing preferences of the QDs%, affected the degree of long range order as
demonstrated in the TEM images as represented in Figure 4.7-c and d. The thin films

prepared from the oleate capped SynP QDs were preferentially oriented with a long-
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range order and had higher crystallinity compared to the thin films prepared from
oleate capped UP-QDs. XRD patterns of the ligand exchanged thin films were
investigated to assess the packing preferences during LBL processing. Thin films
prepared from the SynP QDs preserved the {111} / {200} plane ratio by packing along
<111> direction during the LBL ligand exchange process, irrespective of the ligand
type (BDT, RbI-BDT or Cdl.-BDT), whereas the same size UP QDs lost the {111}
plane by packing along <200> direction during the LBL ligand exchange process as
shown in Figure 4.7-a,b. As a result, the bound halides on the QD surface not only
improve the shelf life of the QDs but also dictate the packing preference during the
LBL ligand exchange process.
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Figure 4.7. Thin film XRD patterns of the BDT, Rbl-BDT and Cdl, -BDT ligand exchanged thin films
prepared from a) UP-QDs and b) SynP PbTe QDs. Introducing metal halides to the UP-QD surface
prior to the BDT treatment promotes the packing along the direction as indicated by the disappearance
of the (111) diffraction for the UP-RbI-BDT and UP-Cdl, -BDT thin films. TEM images of the c) UP
and d) SynP, OA capped PbTe QDs. Inset: SEM images of the BDT ligand exchanged thin films on
ITO.
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Table 4.1 shows the atomic percentages of the elements in the ligand exchanged thin
films. Carbon content of the BDT ligand exchanged thin films increased significantly
from 0.04% to 0.06% when the SynP-QDs were used for the thin film preparation
process. Higher carbon atomic percentage in the SynP-BDT ligand exchanged thin
films was attributed to the higher ligand exchange rate of the SynP-QDs. Improved
ligand exchange rate for the SynP-QDs was also supported by the scanning electron
microscopy (SEM) measurements. Figure 4.7-c and Figure 4.7-d (inset) show the
SEM images of the UP- BDT and SynP-BDT thin films prepared from the PbTe QDs
that were similar in supported by the scanning electron size. A higher ratio of cracks
observed in the SynP-BDT thin films was mainly assigned to the presence of polar
and highly reactive {111} surfaces leading to a more volume contraction during the

ligand exchange process.>

Table 4.1. Atomic percentage of the elements in ligand exchanged thin films that are normalized to Pb
and determined by XPS.2

Thin Film Pb Te | C Pb/(Te+1)
UP-BDT 1 0.76 - 0.04 1.31
UP-RbI-BDT 1 062 | 0.69 0.08 0.76
UP-CdI>-BDT 1 068 | 051 0.06 0.84
SynP-BDT 1 0.68 - 0.06 1.47
SynP-RbI-BDT 1 051 | 049 0.14 1.00

2 Atomic percentages of the metal cations Cd and Rb are well below the resolution of the XPS
spectrometer utilized in this study. Lack of Cl in SynP-BDT and SynP-Rbl thin films shows that Cl is
washed out during the ligand exchange process.

In light of these observations, significant recovery of the blue shift in air exposed SynP
thin films points out to the essential role of the facet specific ligand exchange rate
mechanism.5 In this sense, higher stability of the thin films prepared from the SynP-
QDs can be assigned to the effective passivation the facets of kinds on the QD surface
during the ligand exchange process. Distinct differences in the morphology signify
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that the shape of the QD may also affect the accessibility of the passivating ligands to
the QD surface.> In this respect, QD shape is another parameter to be considered for
a successful ligand exchange process with a high ligand exchange rate.>®% A
remarkable thin film stability for a wide range of sizes and shapes can be achieved by
an optimized surface passivation strategy that controls the {111}/ {200} plane ratio

during the ligand exchange processes.
4.1.2. Solar Cell Application

Solar cells from 8 layers of UP (Ec = 1.08 eV) and SynP (Ec= 0.97 eV) PbTe QDs
treated with BDT, Rbl-BDT and Cdl>-BDT were fabricated to get more insight into
the effects of the passivation techniques on the photovoltaic performance. The device
architecture, valence and conduction band edges and the solar cell characteristics are
represented in Figure 4.8. TiO used as electron transport layer, whereas the Au was
used as the back-contact material for the devices. Figure 4.9 shows the UPS spectra

of corresponding thin films.
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Figure 4.8. Band edge energies of PbTe QDs with respect to vacuum were determined by UPS
spectroscopy.
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Table 4.2 shows the device performance of the corresponding solar cells. Open circuit
voltage (Voc) increased from 0.27 £ 0.01 V to 0.31 = 0.01 V when the SynP PbTe
QDs were used in the preparation of the BDT ligand exchanged active layer. Increase
in the Voc (>14%) despite the lower band gap of the SynP QDs can be attributed to

the effective removal of the defect states in the SynP QDs.

Table 4.2. Device Parameters for PbTe QD Solar Cells (ITO/TiO2/PbTe QDs/MoOx/Au) under AM
1.5 spectral illumination (1000 W/m?). 3

Device

Voc (V)

Jsc (MA/cm?)

FF

PCE (%)

UP-BDT

0.27 + 0.01 (0.28)

2.8+0.1(3.1)

0.35+0.01 (0.33)

0.27 + 0.02 (0.28)

SynP-BDT

0.31+0.01 (0.32)

2.1£02(23)

0.30 + 0.02 (0.33)

0.20 + 0.04 (0.24)

UP-RDbI-BDT

0.12 £ 0.01 (0.12)

8.7+1.1(9.7)

0.27 +0.01 (0.27)

0.29 + 0.02 (0.31)

SynP-RbI-BDT

0.14 £ 0.01 (0.15)

12.1+0.5 (12.5)

0.27 +0.01 (0.27)

0.45 + 0.04 (0.50)

UP-CdI,-BDT

0.12 £ 0.01 (0.12)

14.7 +3.4 (17.2)

0.28 + 0.01 (0.26)

0.48 + 0.11 (0.69)

2 Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.
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It is worth to mention that the metal halide passivation with Rbl (or CdlI>) prior to the
BDT treatment dramatically affects the cell parameters. In this sense, Rbl treatment
led to a decrease in the Voc from 0.27 = 0.01 to 0.12 = 0.01 V for the UP QDs. Lower
Voc with the RbI-BDT treatment was attributed to the shift of the valence and
conduction band edges to the lower energy side as represented in Figure 4.8, in
contrast to the study reported by Ko et al.?:%2 Short circuit current (Jsc) increased
markedly from 2.8 + 0.1 mA/cm? to 8.7 + 1.1 mA/cm? when the Rbl is introduced
prior to the BDT which was mainly ascribed to the lower band offset of the Rbl-BDT
treated active layer with the electron accepting TiO> layer. As a whole, PCE was not
affected much when the UP QDs were ligand exchanged with RbI-BDT as the loss in
Voc was compensated with the gain in Jsc. Noticeably higher PCE for the UP-Cdl»-
BDT solar cells was mainly due to a significant rise in Jsc (14.7 + 3.4 mA/cm?).
Notably, Rbl-BDT treatment led to a dramatic rise in the PCE of the SynP-PbTe QDs
in contrast to the UP PbTe QDs where the PCE was not affected. Jsc values were
measured as 2.1 + 0.2 mA/cm? and 12.1 = 0.5 mA/cm? for the SynP- BDT and SynP-
RbI-BDT solar cells, respectively. As a whole, Rbl treatment, when utilized with the
SynP PbTe QDs, improved the PCE from 0.20 + 0.04% to 0.45 £ 0.04%.

Noticeably higher increase in the Jsc for the solar cells where the SynP-PbTe QDs
were used as an active layer was assigned to the increase in the charge collection
efficiency due to the smaller number of trap states acting as electron—hole
recombination centers. Furthermore, the solar cells prepared from the SynP-QDs and
treated with RbI-BDT showed a robust stability. Figure 4.10-b compares the EQE
responses of the six months old devices prepared from the UP and SynP-PbTe QDs
treated with RbI-BDT. The Jsc value of the SynP-RbI-BDT solar cell, calculated by
integrating the EQE spectra with the AM 1.5 G solar spectrum, was 14.5 mA/cm?
which showed a good agreement with the initial Jsc (12.1 = 0.5 mA/cm?). In this
respect, avoiding trap state formation during solid state ligand exchange process by
using SynP PbTe QDs is a key strategy to maximize the PCE and stability. The trends
in the PCE with various metal halide treatments might also be attributed to the charge
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balances (sum of the positive formal charges/sum of the negative formal charges =
(Pb + Cd + Rb)/(Te + Cl +1) calculated from the XPS compositional analysis
(see Table 4.1). Previous studies showed the effect of stoichiometry on the mid gap
states and concluded that the off stoichiometry introduces mid gap states in the gap
and leads to poor performing solar cells. 3% Charge balance for the UP-BDT thin
film was calculated as 1.31, which decreased to 0.76 for the UP-RbI-BDT thin film.
The drop in the charge balance might be ascribed to the insertion of halides with the
Rbl treatment. The PCE, on the other hand, was not affected much as the extent of
deviation from unity were similar for the UP-BDT (1.31) and UP-RbI-BDT (0.76) thin
films. The charge balance for the UP-CdI>-BDT was calculated as 0.84. Improved
stoichiometry for the UP-CdI.-BDT thin film compared to the UP-RbI-BDT (0.76)
was ascribed to the introduction of a smaller number of halides with the Cdl, reagent.
As a result, the best PCE for the UP QDs was obtained with the Cdl» treatment. On
the other hand, SynP-BDT thin film yielded slightly more off stoichiometric QDs
(1.47) as compared to UP-BDT (1.31) which was attributed to the alteration of the
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Figure 4.10. a) Current density-voltage behavior of the solar cells prepared from the UP and SynP PbTe
QDs that were ligand exchanged with BDT, RbI-BDT and Cdl,-BDT. The solar cells exhibit
ITO/TiO2/PhTe-QDs/MoOx/Au device architecture (refer to the Table 4.2 for the results averaged with
standard deviation across 5-8 devices). b) External quantum efficiency spectrum of the six months old
solar cells prepared from the SynP and UP PbTe QDs treated with RbI-BDT.
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Pb/Te ratio with the SynP procedure. As represented in Table 4.1, RbI-BDT treatment
shifted the charge balance of the SynP-BDT thin films from 1.47 to unity and yielded
stoichiometric PbTe QDs with the highest PCE.

As aresult of all optimization studies, the champion device was fabricated using SynP-
PbTe QDs with the treatment of BDT resulting 11.74 + 0.63 mA/cm? of Jsc and 0.44
+ 0.01 V of Voc which is the highest Voc in the literature as shown in J-V
characteristics in Figure 4.11-a. Also, EQE spectrum (shown in Figure 4.11-b) with

the AM 1.5 G solar spectrum showed maximum peak intensity around 65%.
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Figure 4.11. a) Current density-voltage behavior and b) External quantum efficiency spectrum of the
solar cells prepared from SynP PbTe QDs that were ligand exchanged with BDT. The solar cells exhibit
ITO/TiO2/PbTe-QDs/MoOx/Au device architecture.

4.2. PbSe Nanorods

Colloidal quantum dots have been of particular interest for inexpensive solar cells due
to their high MEG yields.®® According to the recent reports, 2-D nanostructures are
better alternative for MEG compared to dots.%® Strategies aiming to increase the NR
yield and improve the material quality is an ongoing challenge for the high-
performance NC photovoltaic cells. Through the systematical manipulation of
synthesis parameters, the effects of each reaction parameter on the optical and
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morphological properties of PbSe NRs were managed during this study. Sensitivity of
PbSe NRs towards oxygen was studied on resulting more stable rods for the solar cell
application. Successful fabrication of PbSe NRs solar cells were performed
collaborating with PbSe QDs to create better films and enhance photo current

efficiency.
4.2.1. Optimization of Synthetic Parameters

The effect of different temperature profile, OA/Pb ratio and catalyst on the optical and

morphological properties of PbSe NRs were investigated.

Controlling the temperature during NR growth affects the optical and morphological
properties of the NRs in parallel to the literature reports.? In the light of this, the effect
of temperature profile during growth under three different conditions were
investigated as shown in Figure 4.12. Reactions during which the heating source was
kept intact but switched off, were allowed to cool down gradually (from 170 °C to 140
°C) during growth. On the other hand, temperature dropped suddenly when the heating
source was removed right after the injection and a sharp decrease (from 170 °C to 110
°C) in temperature during growth affected the optical properties of NRs. Figure 4.12-
b represents the change in absorbance peak points of NRs synthesized under different
temperature profiles and with different OA/Pb ratios. NRs synthesized with a sudden
drop in growth temperature had an absorption peak at 1370 nm whereas the NRs
synthesized with a gradual drop in growth temperature had an absorption peak at 1569
nm. Larger size of NRs with gradual drop temperature profile can be attributed to the
increasing rate of formation of monomers at higher temperature according to the
established nucleation theory. Different trends were observed when the effect of
OA/Pb ratio on the absorption peak under sudden and gradual temperature drop
profiles are compared. As the OA/Pb ratio increases, the bandgap (Ec (eV) = 1240/A
(nm)) of the NRs decreases for the gradual temperature drop and increases for the
sudden of the NRs decreases for the gradual temperature drop and increases for the

sudden temperature drop. According to the represented data, it is observed that
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temperature profile plays a significant role in optical properties of the NRs. Due to
lower repeatability of the experiments done with gradual drop and sudden drop
temperature profiles, the heating source was switched to an oil bath with a preset
temperature right after the injection. NRs synthesized with a steady temperature
profile (from 170 °C to 150 °C) throughout growth shows a similar trend with gradual

drop profile as expected.
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Figure 4.12. Effect of different growth temperature profiles on the optical properties of PbSe NRs. a)
Gradual temperature drop (black solid line) provided by keeping the heating source under reaction
balloon, sudden temperature drop (red solid line) by removing the heating source after the injection,
and controlled temperature (blue solid line) by switching the heating source to an oil bath with preset
growth temperature. b) Change of absorbance peak points of PbSe NRs synthesized with temperature
profiles shown in Figure 4.13-a.

To get more insight in to the effects of reaction conditions on PbSe NR, the effect of
OA/Pb ratio on NR properties was investigated. In parallel to the previous studies,
relationship between the aspect ratio of PbSe NRs and OA/Pb stoichiometric ratio
were investigated.? As shown in Figure 4.14, aspect ratio and the bandgap of NRs
increases with an increase in OA/PD ratio. Figure 4.14-b and ¢ show the change in the
length and the diameter of the NRs with OA/Pb ratio. Increase in OA/Pb ratio leads to
longer thinner NRs with a 50 meV increase in the bandgap. Figure 4.14-d, e and f
represent the TEM images of the NRs synthesized with OA/Pb ratio of 3.5, 2.5, and
1.5 respectively. Decrease in OA /Pb ratio from 3.5 to 1.5 shortens the NRs from 28.54

+ 5.85 nm to 10.66 + 1.77 nm whereas the diameter spans a range from 3.20 + 0.48
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nm to 4.30 + 0.59 nm. Additionally, OA/Pb stoichiometric ratio affects the branching
ratio of NRs as reported by Boercher et al.®” as represented Figure 4.14-d, higher
OA/Pb ratio leads to NRs with a significantly high branching percentage,
approximately 91%, according to the statistical calculations performed on 140
nanoparticles. On the other hand, very uniform NRs with zero branching percentage
were obtained with an optimized OA/Pb ratio (Figure 4.14-e and f).
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Figure 4.14. The effect of OA/Pb ratio on a) bandgap, b) length and c) diameter of the PbSe NRs. TEM
images of PbSe NRs with OA/Pb ratio of d) 3.5, €) 2.5, and f) 1.5. The injection temperature and growth
time was 170° C and 2 minutes, respectively.

Previous studies show that the existence of diphenyl phosphine (DPP), a strong
reducing agent, plays a profound role in the yield of the quantum dots due to the
enhancement of nucleation and faster reaction kinetics.5%? Han et al. investigated the
effect of DPP on yield of NR synthesis and showed that almost 50% increase in yield
can be reached when trans-2-octenoic acid used as an additional ligand source along
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with oleic acid.®” The effect of same catalyst, DPP, in the PbSe NR synthesis and on
the optical and morphological properties of NRs were investigated. It is observed that
a very fast color change right after the injection in the presence of DPP which can be
directly attributed to the faster reaction kinetics. Figure 4.15 shows the TEM images
of the samples taken at 30, 60 and 90 s after the TDP-Se injection in the absence of
DPP catalyst. Dots observed at early stages of the synthesis rapidly fuses to form rods
in 90 s in the absence of DPP.

Figure 4.15. TEM images of PbSe NCs with the growth time a) 30 s, b) 60 s, and ¢) 90 s. The synthesis
was done in the absence of DPP. OA/Pb ratio and the injection temperature was 3.5 and 170 °C,
respectively.

To assess the effect of DPP on the optical and morphological properties of NRs, a
series of synthesis in the presence of various amount of DPP at different injection
temperatures were conducted. Table 4.3 summarizes the details of the reaction
parameters for the TEM images given in Figure 4.16. HRTEM images of the PbSe
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Figure 4.16 Effect of reaction parameters on the morphological properties of PbSe NRs. Details of the
reaction parameters of the TEM images are given in Table 4.3.
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Table 4.3. Details of the reaction parameters for the HRTEM images given in Figure 4.16.

TEM Label OA/Pb Ty (°C) Vppp(ul) | Time (s)
a 2.50 170 5 30
b 2.50 170 5 120
c 2.25 120 5 30
d 2.25 120 5 120
e 2.25 120 245 120
f 2.25 150 245 120
g 2.50 170 1 120
h 2.50 170 0 120

NRs synthesized in the presence of 5 ul DPP, with an injection temperature of 170 °C
are shown in Figure 4.16-a and b. Uniform NR formation was not observed in the
samples taken from the reaction medium at 30 and 120 s after the injection. Addition
of catalyst at a significantly high injection temperature (170 °C) prevents the NR
formation due to very fast reaction kinetics. Therefore, the injection temperature was
decreased to 120 °C and the catalyst volume was kept constant as 5 pl. Figure 4.16-c
and d represent the HRTEM images of the samples taken at 30 and 120 s after the
injection. According to the represented data, the NRs formed at early stages breaks up
to the dots in time during the growth period. It was noted that the NRs synthesized at
lower temperature (120 °C) in the presence of 5 ul DPP were not uniform with a high
branching ratio as shown in Figure 4.16-c. In order to reveal the role of concentration
of DPP in the NR growth, injection was performed in the presence of 24.5 pl DPP at
120 °C. Figure 4.16-e shows that the percentage of dots increases when catalyst
concentration increases. In analogy, increasing the injection temperature to 150 °C in
the presence of 24.5 ul DPP leads to the formation of PbSe quantum dots as indicated
in Figure 4.16-f.

Results show that DPP is a key parameter in controlling the yield, however has
detrimental effect on the NR formation mechanism. NRs with lower uniformity,
higher branching percentage and lower yield could be synthesized observed at lower

injection temperatures with relatively higher DPP concentration. NRs formed in less
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than 30 s after the injection breaks up to dots in time as represented in Figure 4.16-a.
Splitting of NRs to dots at the beginning of the growth can be controlled with careful
optimization of the DPP concentration. As represented in HRTEM image of Figure
4.16-g, more than 50% of the nanostructure were NRs with a diameter and length of
4.3 +0.48 nm and 10.6 = 0.48 nm, respectively when the DPP volume is lowered to 1

ul at an injection temperature of 170 °C.

It can be concluded that PbSe NRs growth mechanism depends on the injection
temperature and catalyst (DPP) concentration. In addition, DPP concentration affects
both the optical and morphological properties of the PbSe NRs. It was already
observed that the excess DPP promotes the formation of QDs by splitting up already
formed NRs to QDs at early stages of the growth process. Figure 4.17 displays the
change of the bandgap of PbSe NCs synthesized with varying DPP concentration. The
optimal injection temperature and growth time were set as 170 °C and 2 minutes,
respectively. NR to quantum dot transition was observed at DPP concentration above
1 ul. HRTEM images of the NRs synthesized with 1 ul DPP and without DPP were
shown in Figure 4.16-g and h, respectively. Addition of DPP increases the diameter
from 3.8 + 0.45 nm to 4.3 = 0.48 nm and decreases the length from 16.41 + 3.47 nm
to 10.66 + 1.82 nm.
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Figure 4.17. The effect of DPP concentration on the optical properties of PbSe NRs. All of the data
points belong to separate experiments with injection temperature and growth time set to 170 °C and 2
min, respectively.

50



4.2.2. Surface Stability and Passivation

It is well known that PbSe QDs undergo surface oxidation and up to 50% of their
volume is transformed into PbO, SeO>, or PbSeOs within 24 h in ambient conditions.®®
Stability tests done by spectroscopic measurements indicated in Figure 4.18 shows
that PbSe NRs also have high sensitivity toward air and moisture. 30 nm blue shift in
the absorbance peak was observed for the PbSe NRs stored in air for 90 days as
indicated in Figure 4.18-a. Blue shift in absorbance peaks of the PbSe quantum dots
has been attributed to the oxidation of surface atoms.®® 78% loss in intensity is
attributed to the non-radiative decay channels formed due to surface oxidation of NRs
in air, as represented in PL spectrum in Figure 4.18-b.”° HRTEM images of the fresh
and aged PbSe NRs indicated as insets in Figure 4.18 show that the oxidation starts
from the surface and proceeds towards core.

Absorbance (a.u.)
Photbn Count

1000 1200 1400 16001000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

800

Figure 4.18. Effects of air exposure on the optical and surface properties of PbSe NRs. a) Absorption
of fresh (black) and aged (orange) PbSe NRs. Inset: HRTEM images of the fresh PbSe NRs. b)
Photoluminescence spectra of fresh (black) and aged (orange) PbSe NRs. Inset: HRTEM images of the
aged PbSe NRs ( Aex=980 nm).

A series of PbSe NRs (as shown in Figure 4.19) with aspect ratios is changing from
10.44 + 2.69 nm to 2.98 + 0.63 nm were synthesized to examine the impact of length

and diameter on the air exposure. Aspect ratio of NRs were controlled by varying the
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Figure 4.19. TEM images of a) shortest NRs with >1% branching percentage, b) medium NRs with
12% branching percentage, c) longest NRs with 37% branching percentage. Injection temperature is
170 °C for all of the experiment, OA/Pb ratio was 3.22, 2.75 and 1.75, respectively.

stabilizing agent concentration. The general trend is the formation of elongated and

thinner PbSe NRs with higher concentrations of capping ligand. Figure 4.19 shows

HRTEM images of NRs which in an increasing branching ratio from less than 1% to

37% as OA/Pb ratio increases. Figure 4.20 shows the diameter and length distribution

which synthesized in three different OA/Pb ratio at 170 °C. Size statistics were

measured from HRTEM images using ImageJ analysis program.*’ It is noteworthy
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Figure 4.20. The diameter and length distribution of NRs with the aspect ratio as longest (red), medium
(blue), and shortest (black). Injection temperature is 170 °C for all experiment. OA/Pb ratio was 3.22
(red), 2.75 (blue) and 1.75 (black). TEM images of corresponding PbSe NR are shown in Figure 4.19.
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that lower aspect ratio and lower ratio of branching were obtained for lower OA/Pb

ratio.

Absorbance and photoluminescence of dilute solution of as synthesized OA-capped
NRs were measured in atmospheric conditions. Figure 4.21-a and b show absorption
and photoluminescence spectra and same samples measured again after air exposure
for a defined time interval. The first transition peak of the un-passivated PbSe NR
solution samples blue shifted by 4.8 meV, 8.9 meV and 38.7 meV for NRs with lengths
31.95 + 7.14 nm, 26.43 + 4.69 nm and 12.12 + 2.28 nm, respectively. Thin films of
PbSe NRs ligand exchanged with BDT were prepared with LBL spin casting method
for the Fourier-transform infrared (FTIR) as shown in Figure 4.21-d. FTIR spectra
demonstrate that NRs with lower aspect ratio have a larger intensity absorption at the
C—H stretching frequency around 2900 cm™ (2855, 2924 and 2956 cm™). Thin films

were exposed to air to investigate the stability behavior of NRs in solid state as shown
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Figure 4.21. a) Absorbance spectra and, b) photoluminescence spectra of the of PbSe NRs in solution
( 2ex=980 nm). ¢) Absorbance spectra, and d) FTIR spectra of BDT exchanged PbSe NRs with bandgap
energies 0.95 eV (red), 0.90 eV (blue) and 0.81 eV (black) within a decreasing aspect ratio. FTIR
spectrum was normalized with respect to the absorption spectra of the samples.
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in Figure 4.21-c. Within two weeks, NRs with largest aspect ratio showed 6 nm blue
shift whereas the NRs with smallest aspect ratio showed lower air resistance and
exhibited a 48 nm shift.

Additionally, X-ray scattering diffraction (XRD) pattern shown in Figure 4.22-a,
showed (111), (200), (220), (331), (400, (420) and (422) lattice planes at 24.04, 29.17,
41.67, 48.83, 51.71, 68.62, 76.08 degree, respectively (JCPDS-ICDD card 06-0354).
According to previous studies, the attachment of PbSe NCs can be along of {100},
{110}, or {111} facets, depending on the surfactant molecules present in the reaction
solution.”% In the presence of shorter chain capping agents, preferred alignment of
NRs were reported along the (100) direction as shown in Figure 4.24 by the enhanced
(200) peak in XRD pattern. Also, HRTEM images of individual rods show well-
resolved lattice planes corresponding to the interplanar distance of 0.30 nm, consistent

with the (200) d-spacing of PbSe rock-salt structure as shown in Figure 4.22-b.
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Figure 4.22. a) XRD diffractions of thin film of EDT exchanged PbSe NRs spin coated on glass b)
HRTEM image of PbSe NRs with lattice fringes of 0.30 nm.

Faster oxidation rate of the shorter PbSe NRs may also be in relation to the ratio of
{100}/{111} facets which have known to have a significant effect on the surface
stability.”® Presence of excess Pb atoms on the {111} facets and higher affinity for

ligand binding to the Pb atoms leads to a higher degree of protection on the surface Se
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atoms, which in turn suggest that {100} facets are more susceptible to oxidation due
to higher degree of ligand loss.” NRs align preferentially along the (100) direction
with (111) facets placed on the outer shell which is proved from the enhanced (200)
diffraction signal in XRD pattern. This suggests that the shorter NRs with higher
{100} facets (NR ends) relative to {111} facets will lead to higher sensitivity towards

oxidation due to less protected Se atoms on the surface.

Ultraviolet photoelectron spectroscopy (UPS) method was adopted to determine the
band edge energies with respect to vacuum in PbSe NR films with three different NRs
samples, whereas the conduction band are getting closer to the vacuum within an

increasing aspect ratio as shown in Table 4.4 and Figure 4.23.

Table 4.4. Band edge energies of the PbSe NRs within a changing aspect ratio based on UPS
measurement.

d (nm) I(hm) | Ec(eV) | Vs(€V) | Cs(eV) |Er/E,| Shiff
(nm)
407039 | 12.12+228| 081 |4.79+0.05|3.98%0.05| 3.84 48
319034 | 2643 £4.69 | 0.89 |4.84+0.05|3.95+0.05| 3.84 11
3.06+£045 |31.95+7.14 | 095 |4.79+0.05|3.84+0.05| 3.84 6

2 blue shift on the peak point of absorbance signal of the sample during the two weeks in atmospheric

conditions.
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Figure 4.23. Band edge energies based on the UPS measurements of the PbSe NRs thin films with a
length as longest (red), medium (blue), and shortest (black).
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To contribute to the endurance of the PbSe NRs towards oxidation and remove the
MGSs, a modified passivation procedure with CdCl, was adopted for NRs.? The
reaction temperature was decreased to 100 °C after TDP-Se injection and prepared
CdCl> solution was injected to reaction medium. The reaction was terminated in 10 s
and the growth phase passivated SynP-PbSe NRs were isolated (for details see Chapter
3.4.2). According to Figure 4.24, the PL count of the SynP-PbSe NRs is 5 times higher
than that of UP-PbSe NRs. Higher PL count can be assigned to the removal of MGSs.

P-NR

PL Intensity (Photon Count x107)

NR

0 T T T T T
1200 1300 1400 1500 1600
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Figure 4.24.Effect of growth phase passivation on PbSe NRs. Photoluminescence spectra of thin films
of EDT treated PbSe NRs (black) and SynP-NR (blue) ( Aex=980 nm).

4.2.3. Solar Cell Fabrication

Utilization of PbSe NRs in solar cells have been studied in few studies (see Chapter
2.2.1 for details). 27* High ability to generate multiple excitons is one of the most
intriguing properties of the PbSe NRs. However, only-NR (Ec = 1.0 eV) cells treated
with TBAI and EDT showed poor device performance as well as the photocurrent
extractions as shown in Figure 4.25 due to structural obstacles like forming poor

quality thin films resulting aggregations and pinholes was also shown by Han et al.”
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Figure 4.25. Role of NRs in solar cell application. a) Device architecture b) external quantum
efficiencies and c) current density-voltage behavior of the cells with a device architecture of NR1.0 eV-
TBAI -3L /NR1.0 eV- EDT-2L.

4.2.3.1. What is the role of NR in photovoltaics?

To get more insight about the photovoltaic performance of NRs, devices consists of
PbSe NRs and also QDs with hydrazine and EDT functionalized ligand were
fabricated. NR cells consisted of five layers of PbSe NRs (Eg = 0.8 eV) and two layers
of PbSe QDs (Ec = 1.4 eV) as electron blocking layer shown in Figure 4.26. The band
alignment demonstrates the role of the PbSe-EDT (Ec = 1.4 eV) layer as an electron
blocking/hole extraction layer between the PbSe NR layer and the anode (Au), which
leads to an improved photocurrent as illustrated in Figure 4.26-c and Table 4.5. In NR
device (see Figure 4.26-a), electron flow from PbSe NR layer to the anode, which is
in the opposite direction to the photocurrent, and interfacial recombination at the
interface between PbSe NR and anode are possible loss mechanisms. When two layers
of EDT exchanged PbSe QD (Ec = 1.4 eV) were used, the conduction band offset
between the NR and EDT-QD layers provides an energy barrier that prevents
photogenerated electrons (filled circles) from flowing to the EDT-QD layer as shown
in Figure 4.26-b. The addition of the EDT-QD (Ec = 1.4 €V) layer not only prevents
electron flow from PbSe NR layer to the anode but may also minimize surface
recombination of photogenerated electrons and holes at the interface between PbSe

NR and the anode due to filling the empty spaces.”
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Figure 4.26. The role of the electron blocking layer. Band edge energies with respect to vacuum were
determined by UPS spectroscopy a) with and b) without electron blocking layer (QD1.4ev- EDT -2L).
a) External quantum efficiencies of the cells with a device architecture of NRogev- EDT -4L / NRo g ev-
Hyrazine-1L (black) and NRo.goev - EDT-4L / NRogev- Hyrazine-1L / QD14ev- EDT -2L (red).

Table 4.5. Device parameters for PbSe QD and NR Solar Cells (ITO/TiO2/PbSe QDs-PbSe NRs/
MoOx/Au) ( shown in Figure 4.26) under AM 1.5 spectral illumination (1000 W/m?). 2

Device Voc (V) Psc (MA/cm?)  FF (%) PCE (%)
Architecture
NRosgev- EDT -4L/ 0.03+0.01|5.60+0.56 | 25.3+3.4 | 0.04+0.01
NRogev -Hyd. -1L (0.03) (6.5) (29.31) (0.05)
NRosgev- EDT -4L/ 0.27 +0.01|13.3+ 056 | 23.9+0.6 | 0.87 £0.02
Bﬁiiivvf'éﬁj{.lzf (0.27) (14.1) (24.51) (0.90)

2 Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

b Theoretical Jsc calculated by integrating the EQE spectrum with the AM 1.5 G solar spectrum.

In order to investigate the photovoltaic performance of NRs, devices consist of post-
preparative surface passivated NRs and also QDs with thiol-functionalized ligand
(EDT) were fabricated. NR devices (device B) consisted of two layers of PbSe NRs
(Ec = 0.95 eV) and two layers of PbSe QDs (Ec = 1.4 eV) as electron blocking layer.
For the reference device (device A), first two layers of NR were replaced with the
PbSe QDs with similar band gap energy (Ec = 1.0 eV). Band energies with respect to
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vacuum level were determined by UPS measurement and illustrated in Figure 4.27-
a,b. Current-voltage behavior showed a sharp increase in Voc for device B (0.33 +
0.01 V) while the Voc of reference device A yielded 0.17 = 0.01 V as shown in Figure
4.27-c. The reason of this rise can be explained by higher band banding between the
TiOz layer and the active layer of device B (PbSe NR). The collected photocurrent
from device A and device B were measured as 17.50 = 0.74 mA/cm? and 16.37 +
0.07 mA/cm?, respectively. Theoretical Jsc value of the solar cells calculated by
integrating the EQE spectrum with the AM 1.5 G solar spectrum was calculated as
17.68 mA/cm? and 16.07 mA/cm? for device A and device B, respectively as
represented in Figure 4.27-d. Good agreement of the Jsc measured from J-V test

station and calculated from EQE measurements allows one to crosscheck the
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Figure 4.27. Band edge energies with respect to vacuum were determined by UPS spectroscopy for a)
PbSe NR b) PbSe QD solar cells. ¢) Current density-voltage behavior and d) external quantum
efficiencies of the cells with a device architecture of QD1gev- EDT -2L / QD1.4ev- EDT-2L (device A,
black) and SynP-NRggsev - EDT-2L / QD14ev- EDT -2L (device B, orange).
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consistency of the measurements. The slight decrease can be a as result of the pinholes
in the NR layer or due to trap states which are known to affect the charge collection

efficiencies.’®

As shown in Table 4.6, the sharp rise in the Voc and FF lead to an enhancement in
PCE from 1.01 = 0.08 % to 2.11 + 0.20 % when QDs are replaced with NRs, which
can be attributed to the improved charge carrier mobility of NRs compared with
QDs.*? Also, as shown in Table 4.7, the shunt resistance (Rsn) of the device B was
about five times higher than that of the device A, which is in a good agreement with
the improved Voc and FF. The high Rsy indicates that the NR layers can significantly
reduce the number of current leakage pathways and charge carrier recombination in

the devices.

Table 4.6. Device parameters for PbSe QD and NR Solar Cells (ITO/TiO2/PbSe QDs-PbSe NRs/
MoOx/Au) ( shown in Figure 4.27) under AM 1.5 spectral illumination (1000 W/m?). 2

Device Voc Jsc FF PCE .Jsc from
Architecture (V) (mA/cm?) (%) (%) EQEP®
(mA/cm?)
Device A 0.17 £ 0.01)17.50 £ 0.74|34.06 £ 0.90(|1.01 £ 0.08| 16.68
QDigev- EDT -2L / (0.18) | (18.76) (34.9) (1.10)
QD1.4ev- EDT-2L
Device B 0.33 £0.01)16.37 £ 0.07(40.32 £ 1.79(2.11 £ 0.20| 16.07
SynP-NRogsev-EDT-2L/ | (0.35) | (16.43) | (41.49) | (2.40)
QD14ev- EDT -2L

2 Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

b Theoretical Jsc calculated by integrating the EQE spectrum with the AM 1.5 G solar spectrum.

Table 4.7. Additional device parameters for PbSe QD and NR Solar Cells (ITO/TiO2/PbSe QDs-PbSe
NRs/ MoOx/Au) (shown in Figure 4.27). 2

Device Architecture Rs (ohm cm?) Rsx (ohm cm?)
QD1oev- EDT -2L / QD14ev- EDT-2L 575 18.38
SYyNP-NRogsev-EDT-2L / QD14ev- EDT -2L 9.50 97.46

2 Rsy and Rs were determined from the slope of the 1V curve near Jsc and Voc points, respectively.
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Nathaniel et al. reported the first solar cell composed of PbSe NRs and generate
multiple excitons.? PbSe NRs with 0.80 eV, 0.95 eV, and 1.05 eV reached 109 =+ 3 %,
113 + 4%, and 122 + 3 % EQE, respectively. Although impressive EQE values
have been reported, the TEM images shows non-uniform samples composed of
highly branched nanoparticles with different shape and size. Another study
reported by Han. et al. showed that the solar cells fabricated by using NRs yield
extremely low PCE which was attributed to the poor film formation or NRs.”
Formation of pinholes and low packing density of NRs during spin coating have been

reported to be the main reasons of low current densities and PCE. ™

In the light of this observations, a bulk nano-heterojunctions (BNH) platform in which
NRs were blended with QDs was suggested. Cells were designed in a way an energy
cascaded structure allows carriers to be extracted effectively by the respective
electrodes. The first layer of the cells was composed of a thin layer of the QDs (Ec =
1.0 eV) to improve the contact between the electron transporting TiO- layer and NR
layer. Then a BNH layer composed of PbSe QDs (Ec = 1.0 eV) and PbSe NRs (Ec =
1.0 eV) mixture, was spin coated to improve the film morphology. On the top of the
pinhole free BNH layer, a thin layer of PbSe QDs with Eg = 1.4 eV was coated as hole
transporting layer. BNH mixture was prepared by blending PbSe QDs (50 mg/ml) with
PbSe NRs (50 mg/ml) in an equal volume. In order to investigate the effect of bulk
nano-heterojunction concept, two cells composed of NRs only and BNH layer are
compared and results are represented in Figure 4.28. Comparison of these two devices
showed that the BNH platform provides an enhancement in Jsc from 16.54 + 0.63
mA/cm? to 20.29 + 0.90 mA/cm? and Voc from 0.24 + 0.01 V to 0.27 = 0.01 V as
shown in J-V characteristics in Table 4.8. Increase in the EQE of the cells in UV region
of the spectrum that corresponds to MEG suggest a higher generation rate of excitons
(see Figure 4.28-a). Besides better morphology of thin films ensured higher FF (37.28
+ 2.7 %) and PCE (1.92 + 0.12 %) as shown in Table 4.8.
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Figure 4.28. Effect of BNH platform on solar cell characteristics. a) External quantum efficiencies and
b) current density-voltage behavior of the devices with a device architecture of QD1ev- EDT-1L /
(SynP-NRo,gs ev T QDl_o ev)-EDT-lL / QD1,4 ov- EDT-2L (black) and QDl_o ev- EDT-1L / SynP-NRo,gs
ev-EDT-1L / QD14ev- EDT-2L (purple).

Table 4.8. Device parameters for BNH of PbSe NR and PbSe QD Solar Cells (ITO/TiO2/NR or
BNH/QD/MoOx/Au) ( shown in Figure 4.28) under AM 1.5 spectral illumination (1000 W/m?). @

Cells Voc (V) | Jsc (MA/cm?) FF (%) PCE (%) | Jsc from EQE
(mA/cm?) P
NRogsev+ | 0.27+£0.01 | 20.29+0.90 | 3728 £2.7 |1.92+0.12 20.33
QD1oev (0.28) (21.62) (41.34) (2.05)
NR1oev 0.24+0.01|16.54+0.63 | 35.17+0.90 | 1.36 £0.13 17.27
(0.25) (17.21) (36.23) ( 1.55)

2Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

b Theoretical Jsc calculated by integrating the EQE spectrum with the AM 1.5 G solar spectrum.

To get more insight about the role of each layer in the BNH platform in cell
performance, thicknesses of the layers were optimized. Device architectures and EQE
spectrums are illustrated in Figure 4.29-a, and the results are summarized in Table 4.9.
Comparison between cell B and C reveals the effect of thickness of the front NR layer
when total thickness of the cell is kept constant. Optimum thickness of the front NR
layer was found as 2 layers due to the slight decrease in Jsc for thicker NR front layer
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and sharp increase in EQE in the UV region for the thinner front layer as shown in
Figure 4.29-a. When device A, C and D are compared, the role of the thickness of the
BNH platform can be understood. A sharp decrease in device parameters was observed
when the number of BNH layer was increased. In addition to this, maximum EQE was
reached in UV region was measured from device C which reveals that thinner BNH

layer decreases the recombination for the electron and hole pairs.
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Figure 4.29. Optimization of the thickness of the layers in the bulk nano-heterojunction platform. a)
External quantum efficiencies and b) J-V characteristics of the cells. Devices with different thickness
are denoted by letters (A, B, C and D) and the generalized device architecture is provided as inset. Front
NR10ev layer, middle BNH layer (NRigev + QD14 ¢v) and back QD14 ¢v layer thicknesses are denoted
by X, Y and Z. Device A: X=2, Y=2, Z=2, B: X=3, Y=1, Z=2, C: X=2, Y=1, Z=2 and D: X=2, Y=3,
Z=2.

Table 4.9. Device parameters for BNH of PbSe NR and PbSe QD Solar Cells (ITO/TiO2/NR/
BNH/QD/MoOx/Au) (shown in Figure 4.29) under AM 1.5 spectral illumination (1000 W/m?). 2

Cells Voc (V) Jsc (MA/cm?) FF (%) PCE (%)
A | 036+0.01(0.37) | 12.57 +0.93 (13.80) | 28.58 + 0.87 (29.70) | 1.33 £ 0.11 (1.45)
B | 0.35+0.01(0.36) | 13.56+ 0.83 (14.54) | 29.97 + 0.28 (30.31) | 1.46 +0.10 (1.61)
C | 0.35+0.01(0.36) | 14.27 £0.78 (15.31) | 29.76 + 0.81 (30.36) | 1.51 £ 0.10 (1.62)
D |031+0.02(0.33) | 9.51+2.70(9.83) | 28.87+0.29(29.19) | 0.88 =0.03 (0.91)

8Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

63




In addition to thickness, NR to QD ratio is another parameter that controls the
generation and extraction of excitons through the cells. To investigate the effect of
NR/QD ratio in BNH layer, several cells were prepared in which NR/QD ratio set as
0:1, 1:3,1:2, 1:1, 2:1 and 1:0. The device architecture is shown in Figure 4.30-a. The
NR/QD ratio of the middle BNH layer was changed while the front and back layers
1:2. The maximum EQE in the MEG region was also measured from the cells with

NR:QD ratio of 1:2 as represented in Figure 4.30-c.
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Figure 4.30. Effect of NR:QD ratio in cells with BNH architecture. a) The cell architecture used for the
optimization study. NR:QD ratio was changed as 0:1 (pink), 1:3 (green), 1:2 (brown), 1:1 (blue), 2:1
(red), 1:0 (black).b) change of theoretical current densities (calculated by integrating the EQE spectrum
with the AM 1.5 G solar spectrum) with NR/QD ratio and c) External quantum efficiencies of the cells.

Strong dependence of EQE/Jsc on the NR/QD ratio in BNH layer suggest the presence
of energy transfer from NRs to QDs. The photoluminescence of thin films were
measured to investigate the energy transfer from NRs to QDs which act as donor and
acceptor, respectively. Thin films with alternating NR/QD ratios were prepared and
PL spectra are shown in Figure 4.31. A sharp decrease in PL intensity was observed
when the QD/ NR ratio increased to 2:1. Quenching of PL can be attributed to the

presence of non-radiative energy transfer from NRs to QDs.
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Table 4.10. Device parameters for cells shown in Figure 4.32 under AM 1.5 spectral illumination (1000

W/m?).2
NR: QD | Jsc (MA/cm?) | Voc (V) FF (%) PCE (%) | Jscfrom EQE

ratio (mA/cm?) °

0:1 17.50+0.74 | 0.17 £ 0.01 | 34.06 £ 0.9 | 1.01 £ 0.08 1768
(18.76) (0.18) (34.9) (1.10) :

1:3 19.70 +0.83 | 0.29+0.02 | 34.10+0.9 | 1.93+0.25 20.62
(20.70) (0.32) (35.31) (2.26)

1:2 17.37+1.01 | 0.25+£0.01 | 30.66+0.3 | 1.34+0.07 20.86
(18.81) (0.26) (31.21) (1.46)

1:1 20.29+£0.90 | 0.27+0.01 |37.28 £2.7 [ 1.92+£0.12 20.33
(21.62) (0.28) (41.34) (2.05)

2:1 18.79+1.09 | 0.25+0.03 | 36.71 £2.1 | 1.77 £ 0.47 18.28
(19.71) (0.28) (39.67) (2.20)

1:0 16.37+£0.07 | 0.33+0.01 | 40.32+1.8|2.11 £0.20 16.07
(16.43) (0.35) (41.49) (2.40)

2 Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

b Theoretical Jsc calculated by integrating the EQE spectrum with the AM 1.5 G solar spectrum.
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Figure 4.31. a) Absorbance and b) Photoluminescence spectra of thin films of PbSe NRs prepared as
changing QD to NR ratio as 1:1 (black), 2:1 (red), and 3:1 (blue) ( Aex=980 nm).

4.2.3.2. How does ligand type effects the photovoltaic performance?

The electrical properties are strongly dependent on the choice of exchanging ligand.
Previous studies showed that containing ligands such as TBAI, Pbl, and Cdl> exhibit
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suppressed recombination, faster charge transfer rate, and longer carrier lifetimes than
EDT capped PbSe QDs.”’ In the light of these observations, cells consisting of one
layer of PbSe QD (Ec = 1.0 eV) as front layer and one layer of BNH mixture were
fabricated using different types of ligands as represented in Figure 4.32-a. According
to the cell parameters summarized in Table 4.11, maximum current and PCE were
obtained from EDT exchanged NRs in contrast to the QDs where cell performance

has been reported to be higher for ligands that contain iodine.
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Figure 4.32.Role of ligand type on the solar cell characteristics. a) Cell architecture, b) Current density-
voltage behavior of the devices with a device architecture shown in a and c) structures of ligand which
were used.
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Table 4.11. Device Parameters for PbSe QD and NR Solar Cells (ITO/TiO2/PhSe QDs /BNH /PbSe
QDs / MoOx/Au) ( shown in Figure 4.32) under AM 1.5 spectral illumination (1000 W/m?).2

Voc Jsc FF PCE Jsc from
V) (mA/cm?) (%0) (%0) EQE
Ligand (mA/cm?) °
Pbl, 0.02+0.01| 491+0.22 27.56 0.051+ 0.07 -
(0.02) (5.07) (0.074)
TBAI 0.13+0.01 | 1055+ 0.71 | 28.07+£1.82 | 0.39 +0.07 9.14
(0.15) (11.62) (30.92) (0.50)
Hydrazine | 0.18+0.00 | 11.14+0.63 | 34.80+1.07 | 0.68 +0.08 12.35
(0.18) (11.63) (36.51) (0.77)
EDT 0.27+0.01|20.29+0.90 | 37.28+£2.7 1.92 +£0.12 20.33
(0.28) (21.62) (41.34) (2.05)

2Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.

b Theoretical Jsc calculated by integrating the EQE spectrum with the AM 1.5 G solar spectrum.

To investigate the effect of ligand structure on cell parameters further, another small
organic passivating ligand, BDT was tested and the results are summarized in Figure
4.33-b and Table 4.12. Comparison of device A with device C shows that maximum
current is obtained from EDT whereas maximum Voc is obtained from BDT
exchanged QDs. All the device parameters dropped dramatically when one layer of
NRs ligand exchanged with BDT (device B) was inserted to the device A. Different
behavior was observed when device C is composed to device D where the front QD
layer was replaced by NRs in device D. In addition to dramatic drop in the cell
parameters, maximum EQE in the UV region also show a significant drop when BDT
is used as the ligand exchange reagent. Additionally, lack of excitonic peak of NRs at
1300 nm in the EQE spectrum (Figure 4.33-a) when BDT is used as ligand exchange
reagent points out to the limitations on the excitation operation. Enhanced EQE at all

wavelength when EDT is used suggest the significance of ligand structure.
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Figure 4.33. Effect of ligand type on the PbSe NR (E¢ = 1.0 eV) with PbSe QD (E¢ = 1.4 eV) solar cell
characteristics. a) External quantum efficiencies and b) current density-voltage behavior of the devices
with a device architectures of QD1 4ev-BDT-5L (black), NR1.ev-BDT-1L / QD14v-BDT-4L (gray),
QD1.4ev-EDT-5L (dark orange) and NR1gev- EDT-1L/ QD1.4ev- EDT-4L (light orange).

To investigate the effects of ligand structure on the morphology of thin films, TEM
images of BDT and EDT exchanged PbSe NRs were investigated as represented in
Figure 4.34-a and b, respectively. EDT exchanged NRs are aligned in a more ordered
way due to the reduced interparticle spacings. However, BDT exchanged NRs-yield
poorly interconnected NRs which might have detrimental effects on exciton
generation transport. On the other hand, higher degree of order due to preferential
orientation of NRs enhance the device parameters and exciton generation at all

wavelengths.

In addition to the reduced cell parameters due to the disordered thin films of BDT
exchanged NRs, photophysical properties were also found to be strongly dependent
on the ligand structure and thin film morphology. Figure 4.34-c shows the
photoluminescence spectra of thin films prepared from EDT and BDT ligand
exchanged PbSe NRs. Almost six times higher PL intensity of EDT exchanged NRs
can be assigned to the high sensitivity of excited state dynamics and recombination

pathways on thin film morphology
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Figure 4.34. TEM images of a) BDT and b) EDT capped PbSe NRs. Samples were prepared with dip
coating method onto 200 Mesh, carbon coated copper TEM grids. ¢) Photoluminescence spectra of
thin films of PbSe NRs treated with EDT (black) and BDT (purple).

Table 4.12. Device Parameters for PbSe QD and NR Solar Cells (ITO/TiO./PbSe QDs-PbSe NRs/
MoOx/Au) (shown in Figure 4.33) under AM 1.5 spectral illumination(1000 W/m?). @

Voc Jsc FF PCE
. v 2 0 0

Devices ) (mA/em’) (%) (%0)
QDy.4v-BDT-5L 0.40+0.05(12.54 £2.93| 34.54 +£1.02 |1.43 +£0.22

Device (A) (0.46) (11.05) (36.42) (1.67)
NRigev -BDT-1L / QD14ev -BDT-4L [0.22 £0.03 | 4.58+1.5 | 29.66 £3.0 | 0.30+0.12

Device (B) (0.26) (5.62) (31.51) (0.43)
QD1.4v -EDT-5L 0.30 15.16 £0.61| 37.83 £ 1.20 |1.64 + 0.97

Device (C) (15.93) (38.96) 1.77)
NR1ev -EDT-1L / QD14ev - EDT-4L | 0.29 £ 0.03 |14.75 £ 0.43| 36.86 = 0.75 | 1.48 £0.17

Device (D) (0.33) (15.22) (37.38) (1.66)

2Results were averaged with standard deviation across 5-8 devices. The Jsc, Voc, FF, and PCE of the
devices with maximum efficiencies are quoted in the brackets.
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To investigate the stability behavior of PbSe NR solar cells, several ligands known to
enhance the endurance of NRs towards ambient conditions were applied during the
study. Preliminary studies showed that Pbl, and Cdl> reagents with optimized
concentrations minimizes the air sensitivity of the cells. Stability behavior of an
unoptimized cell architecture is shown in Figure 4.35-a. Current density of the devices
remained almost same up to 54 days under inert atmosphere after a sharp rise in the
first 100 h. The reason of this sharp rise in Jsc and PCE is under investigation and the
role of mixed ligand strategy will be investigated further on the cells to enhance the

air stability of PbSe NR based solar cells.
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Figure 4.35. Stability behavior of solar cells. a) Current density (blue) and power conversion efficiency
(red) of cells and b) device architecture of the cells. A mixture of Pbl, and Cdl, with 1:2 molar ratio in
DMF were used as ligand exchange medium.
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CHAPTER 5

CONCLUSIONS

In summary, extremely air stable thin films and solar cells utilizing dually passivated
PbTe QDs are reported in the first part of the study. Discovery of the strong
dependence of the stability on the size and shape enables us to reveal the origins of
the air instability which diminishes beyond a critical size (3.6-3.9 nm) where the shape
changes from octahedron to truncated octahedron. Growth phase ligand exchange
method determines the shape of the QDs by controlling the {111}/ {200} facet ratio
and bound halides have command of the LBL process by improving the resistance of
the surface atoms to oxidation, eliminating the MGS formation, increasing the ligand
exchange rate and dictating the crystal packing direction. Utilization of the
combinatorial surface passivation protocol with passivating reagents like Rbl and
Cdly, targets the traps states formed during the solid-state ligand exchange process.
Moreover, the solar cells prepared from the dually passivated PbTe QDs exhibit higher
PCEs and un-encapsulated cells retain their photovoltaic performance for more than
six months. The challenge in controlling the surface properties of the QDs during the
growth phase and ligand exchange processes (such as LBL) has been one of the major
obstacles hindering the utilization of the PbTe QDs in solid state electronic devices.
In this sense, results of study will provide useful information to the community for the
development of PbTe QD based solid state electronics as well as for the other lead
chalcogenides in the near future. In the second part of the study, the optical and
morphological properties of PbSe NRs were tuned by several reaction parameters such
as injection temperature, growth temperature profile, OA/Pb ratio and DPP
concentration. The aspect ratio of PbSe NRs strongly depends on OA/Pb ratio.
Increasing OA/Pb ratio increases the length and branching percentage of NRs while
the diameter remains almost same. Transformation of dots to rods starts when the

OA/PD ratio increases from 1.5 to 3.5. The optimum ratio for the minimum branching
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and maximum length was found as 2.5. The existence of DPP plays a profound role
in the rate of the reaction and yield. Increase in the yield comes at the cost of inhibiting
the NR formation mechanism. Excess DPP promotes the formation of QDs by splitting
up already formed NRs to QDs at early stages of the growth process. Optimized DPP
concentration and injection temperature lead to uniform and unbranched PbSe NRs.
PbSe NRs shows degradation signs after exposure to ambient conditions. Solar cells
containing Cdl2 and Pbl> ligand exchanged PbSe NRs show a performance with a
slight decrease in device performance for more than 50 days storage in nitrogen filled
glovebox. Solar cells contain only PbSe NRs showed a poor performence due to the
poor thin film formation. On the other hand, fabrication of devices using a mixture of
PbSe NRs and PbSe QDs (bulk nano heterojunction) enhances photo current in the
UV region which correspond to the MEG process. In addition, ligand type and
structure affects the device performance changing the photocurrent of the devices.
Utilization of the EDT exchanged PbSe NRs leads to a small interparticle spacings
and ordered alignment with respect to the BDT exchanged PbSe NRs. Moreover, non
radiative energy transfer between the PbSe QDs and PbSe NRs was observed with the
PL measurement. Further studies will be devoted to reach the MEG from the devices
containing PbSe NRs and PbTe QDs by the optimizations on the electron transport

layer.
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CHAPTER 6

APPENDIX

6.1. APP-1

XPS spectrum of UP-PbTe QD
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Figure 6.1. XPS spectrum of UP-PbTe QD.
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6.2. APP-2

XPS spectrum of SynP-PbTe QD

T T T T T T T g'pqu—- T
Prat- -
2
gdgad- <
Ugpag=—— —
SLO-~
oo
I
ENL AR
4]
- 3]
E WO
L Qm=sm
ERY opraa- -
EPrad- —
L
o '
) 2
- ol 3
- e
= F
@
r~ edyad- -
gdga) - -
1dgag-
¥
B NN 2 LENNIN 21—
.
A=) .)."?
=
> 1 | 1 1 1 1 | 1 1
=T o (o'} - o

Figure 6.2. XPS spectrum of SynP-PbTe QD.
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