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The concept of the inter-mixing of donor-acceptor materials in a single layer revolutionized
the solar cell technology. The commonly used materials are lack of strong absorption in the near-
infrared region. Pyrite FeS, is a promising material because of its high absorption in the range of
300-1100 nm. In addition, it is abundant, non-toxic and has long term stability as well as the
extraordinary electrical properties. Pyrite FeS, hierarchical microparticles consisting of cubic
crystals with defined {100} faceted textures were synthesized using a hydrothermal method with
the presence of ethylenediamine and polyvinylpyrrolidone. Short, branched, and chromosome-
like pyrite FeS, rods with a diameter of 10 nm and a length of 20-30 nm as well as quasi-cubic
NC agglomerates with a size of 200 nm were obtained by hot injection methods. The growth of

anisotropic iron pyrite nanocrystals (NCs) follows the oriented attachment mechanism at the



early growth stage of the hot injection synthesis followed by Ostwald ripening mechanism as
time progresses.

In the fabrication of inverted organic-inorganic hybrid solar cells with pyrite NCs, we realize
an effective hole transport layer (HTL) improves the performance of the solar cells and provides
additional protection against water and oxygen. The HTL serves as a selective contact by
extracting holes while concurrently blocking electrons, thereby reducing dark (leakage) current
and enhancing the open circuit voltage (Voc), short circuit current (Jsc), and fill factor (FF). The
inverted hybrid CdSe -polymer solar cells with the poly (3, 4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT:PSS)/MoO; dual HTLs showed superior performance over those
with a single HTL of PEDOT:PSS or MoOs. The enhancement in electron transport in the active
layer, the improvement in hole extraction at active layer/anode interface as well as a prevention
of leakage current account for the enhancement in the efficiency of the solar cells with dual
HTLs.

In order to achieve an efficient charge separation and correlates the film morphology and
grain size with the device performance. A two-step solution process with thermal plus solvent
vapor-assisted thermal annealing was developed for the fabrication of binary Pb-Sn triiodine
perovskite films. This was an effective method to make films with large and smooth grains.
Using this new process to control and manipulate film morphology, grain size, and especially the
distribution of metal cations in binary metal perovskite layers, opens an avenue to grow

perovskite materials with desired properties to enhance device performance.
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Chapter 1 INTRODUCTION

1.1  Overview

With industrial development and population growth in recent decades, global energy
demand for conventional energy resources such as coal, petroleum, and natural gas has
been rapidly increased. To date, over 80% of energy consumption is from non-renewable
fossil fuels, which causes the environmental pollution and global-warming issues.! As the
resources of global energy are diminishing, the search for the potential use of renewable
energy such as hydro, wind, tide, solar, and geothermal energy sources becomes crucial.
Among them, solar energy is the most prominent resource to alternate fossil fuels due to
the abundant energy origin from the sun.>”’

Solar energy is divided into two different types as thermal and photovoltaic (PV)
energy. Solar thermal energy systems absorb the sunlight as a heat source and utilize the
heat to generate electricity. While, PV cells harvest the solar energy as a direct conversion
procedure generating electrical charge carriers and thus PV cells have the advantages over
solar thermal energy systems with scalable installation, the ability to work under diffuse
light, and the excellent compatibility for distributed application.’

PV technology has gone through three stages. The first generation solar cell is based
on crystalline silicon and polycrystalline silicon. Since the first practical fabrication of solar
cell from a silicon p-n junction, silicon solar cells are currently leading in PV cells market
with the power conversion efficiency (PCE) in the range of 18-28%° (Figure 1.1).
However, purity as high as 99.9999% of silicon is often required to enhance charge
transport and reduce charge recombination caused by defects.” In order to efficiently absorb
sunlight, typically 300 pum silicon active layer is employed.'® This makes silicon solar cells
expensive. One approach to reduce manufacture costs with the trade-off of reduced
efficiency is to produce thin film solar cells based on copper indium gallium selenide
(CIGS),!""!3 copper zinc tin sulfide selenide (CZTSSe),'* !> CdTe,'®!” and amorphous Si.!®
These are so-called second generation solar cells. During the past decades, great efforts
were made to reduce the cost and improve the PCE of CIGS, CZTSSe, CdTe, and
amorphous Si solar cells. PCE as high as 23.3%, 12.6%, 20.4%, and 13.4% are achieved
for CIGS, CZTSSe, CdTe, and amorphous Si solar cells (Figure 1.1). Technologies based



on CIGS, CZTSSe, and CdTe are operational but not fully successful and is facing
difficulties in large-scale production.!” The target of the development of third generation
solar cells is to adopt cheaper deposition technology, utilize new device concepts such as
hot carrier collection,?® 2! intermediate bands,?* 3 heterojunction cells,?*?° tandem cells,>*
27 and dye-sensitized solar cells (DSSC),?® ?° and the development of solar cells using low

cost materials such as pyrite FeS»,°*3® InxS3,** 3° and perovskites (CH3NH3;PbXs,

X=halogen).3¢3*
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Figure 1.1 The record efficiency of the typical solar cells certified by National Renewable
Energy Laboratory (NREL) (Data were extracted from ref.*).
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1.2 Bulk Heterojunction (BHJ) Solar Cells

The inter-mixing of donor-acceptor materials in a single layer revolutionized the PV
technology. The BHJ structure offers a high density of heterojunction interfaces in the
device, and the structure can be easily prepared by solution or vacuum deposition
techniques. Generally, a BHJ solar cell is composed by two components, donor and
acceptor. Conjugated polymer and fullerene derivatives are used as the electron donors and
acceptors, respectively. Until now, a record PCE as high as 11.1% is achieved by
Mitsubishi Chemical Corporation*® (Figure 1.1). Although fullerene derivatives, including
[6, 6]-phenyl Cesi-butyric acid methyl ester (PCs1BM) and [6, 6]-phenyl C7i-butyric acid
methyl ester (PC71BM), have many advantages such as a deep-lying lowest unoccupied
molecular orbital (LUMO) (-3.8~-4.2 eV),*! reversible reduction with ability to accept up

to six electrons,* ultra-fast three-dimensional charge transfer,

and high electron
mobility,* they are lack of strong absorption in the solar spectrum region and suffer from
poor photochemical stability in air. Thus, the development of new non-fullerene acceptor
materials such as CdSe quantum dots (QDs) and non-toxic and environmental stable FeS»
nanocrystals (NCs) which have a strong absorption in the solar spectrum is an important

goal for the BHIJ solar cell research.

1.3 Inverted BHJ Solar Cells: Device Parameters, Architecture, and Operation

Principles

1.3.1 Device Parameters

Solar cells are characterized under standard simulated illumination (AM 1.5G spectrum,
25°C). The main parameters that are used to characterize the performance of a solar cell
are the open-circuit voltage (Voc), the short-circuit current density (Jsc), the fill factor (FF),
the peak power (Pmax), and the external quantum efficiency (EQE). These parameters are
determined from the illuminated current density-voltage (J-V) characteristic as illustrated

in Figure 1.3.
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Figure 1.2 A typical J-V characteristics of solar cells under illumination.

The Voc is the maximum voltage a solar cell can provide to an external circuit and is
defined as the voltage at zero current (Figure 1.3). The empirically expression is given by

the equation:

-0.3 ¢eV) (1.1)

0 LUMO

_ -1 donor
Vc =e ><(‘I—ZHOMO

_ ‘E acceptor

Where e is the elementary charge, E is the energy level, and 0.3 eV is an empirical
value for efficient charge separation. Thus, a donor polymer with a lower HOMO level and
an acceptor inorganic semiconductor with higher LUMO will give a higher Voc. Jsc is the
current through the solar cell when the voltage across the solar cell is zero (Figure 1.3). Jsc
is affected by bandgap of acceptor polymer, carrier mobility of donor and acceptor,
intermolecular interaction between polymer -chains, interface between inorganic
semiconductor, and polymer and molecular chain packing. Pmax is a product of Vmax, the
voltage at maximum power and Jmax, the current at maximum power. The FF is defined as
the ratio between the maximum obtainable power and the product of Jsc and Voc (Figure
1.3). It is affected by many factors, including charge carrier mobility and balance, interface
recombination, series and shunt resistances, film morphology, and miscibility between the
donor and acceptor.

The PCE of solar cells, which gives the standard value to evaluate the device
performances, is determined from these parameters as:
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PCE — pmax — Vmax ><Jmax — FF VOC ><JSC
P P

i i i

(1.2)

Where P; is the power of incident light.

The EQE as a function of wavelength (L) is the ratio between the collected photon
generated charges and the number of incident photons, ultimately being the product of four
efficiencies (n): absorption (A), exciton diffusion (ED), charge separation (CS), and charge
collection (CC):

EQE(A) =1, (A) %1 (A) X1 (A) X 1o (A) (1.3)

1.3.2 Device Architecture and Operation Principles

Active Layer

I Charge Separation

Conventional solar cells IICharge Recombination Inverted solar cells
I Charge Tranportation

Figure 1.3 Typical device structure of conventional and inverted BHJ solar cells. Inset: An
illustration to show charge separation, recombination, and transportation processes in a
BHIJ layer. Dark brown region is the donor phase and black region is the acceptor phase.

HTL: hole tansport layer; ETL: electron transport layer.

Hybrid BHJ solar cells were fabricated either in a conventional or inverted
configuration as shown in Figure 1.4. In a conventional hybrid solar cell, the incident light
enters through an anode and undergoes several processes: Partial of the light is reflected
from the glass surface and most of the light is absorbed in a photoactive layer. The rest of

the light transmits through the cell. Reflection and transmission of sunlight do not
5



contribute to the generation of electrical power and is considered as losses. The absorbed
photons in both donor and acceptor generate excitons, which are electron-hole pairs. Those
excitons diffuse to organic-inorganic interface during their lifetime. With the help of a
build-in electrical field by p-n junction at the interface, excitons are dissociated into the
holes and electrons (Figure 1.4 inset I). Next, those charge carriers should overcome the
charge recombination (Figure 1.4 inset II) to be transported to their respective electrodes
(Figure 1.4 inset I1I) to generate an external current. Holes are transported toward the anode
at the bottom through the donor materials. A HTL is required between the active layer and
the anode to block the transfer of electrons to the anode and facilitate hole extraction.
Electrons are transported to the cathode at the top via the acceptor materials. An ETL is
deposited between the active layer and cathode to prevent the transfer of holes to the
cathode. However, these devices are unstable because indium may diffuse into the polymer
and thus degrade the performance of polymer solar cells (PSCs). Prolonged exposure of
the device in air can cause oxidation of the top electrode and degradation of the active layer.
In addition, direct deposition of metal onto the active layer may lead to metal diffusion into
the film adversely affecting its semiconducting properties. Thus, inverted hybrid BHJ solar
cells with a typical structure of indium tin oxide (ITO)/ETL/BHJ/HTL/Ag or Au were
developed to alleviate these issues. In these devices, ITO is used as the cathode. An ETL
(e.g. ZnO) is placed on top of ITO to selectively extract electrons to the cathode. Because
of this layer, the leakage current in the devices is greatly reduced and the diffusion of
indium into the active layer is also prevented. HTL (e.g. poly (3, 4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS)) is inserted between the
active layer and anode. Air-stable high-work-function metals, typically, Ag or Au, were
used as the anode. The anode, such as Ag (or Au), which can be formed using coating or
printing technology from Ag (or Au) pastes, to simplify and lower the cost of

manufacturing.*> 46

A HTL serves as a selective contact by extracting holes while concurrently blocking
electrons, thereby reducing dark (leakage) current and enhancing the Voc, Jsc, and FF. The
HTL is inserted between anode and active layer in a hybrid BHJ solar cell. For materials

used as HTL, their work functions need to be large enough so that the Fermi levels of HTL
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match the HOMO levels of PV polymers, which will help to form ohmic contact with the
BHJ layer to improve the Voc and charge-collecting ability of solar cells.*’ Usually,
PEDOT:PSS was used as the hole transport layer due to its broad applicability, ease of use,
and availability.>" ** % A high work function of PEDOT:PSS (-4.8~-5.2 V) helps the
anode to form ohmic contact with the BHJ layer to improve the Voc and charge-collecting
ability of solar cells.*” However, PEDOT:PSS suffers from several drawbacks including
large electrical and microstructural inhomogeneities,*® poor electron blocking property,’!
and the tendency of eroding the electrodes.’” > Various transition metal oxides such as
nickel oxide (NiO),* > molybdenum oxide (M0O3),*”> > vanadium oxide (V205s),°”>® and
tungsten oxide (WO3)> were developed to use as an alternative HTL to PEDOT:PSS.
Among these, MoOs is one of the most promising materials because of its nontoxic nature,
the very deep-lying electronic states, and strongly n-doped by oxygen vacancies.’® ® MoOs
was incorporated into devices either through vacuum deposition®® or solution based
processing such as spin-coating, brush painting, or spray coating. Inverted devices
fabricated using MoOs3 as HTL consistently show higher power conversion efficiency than

conventional devices using PEDOT:PSS as the bottom electrode interlayer. %4

14 Strategies to Improve the Efficiency of BHJ Solar Cells

In order to improve the efficiency of a BHJ solar cell, the first strategy is to enhance
the sunlight absorption. Most of the photovoltaic materials are lack of the absorption in
the near infrared region (Wavelength > 800 nm). This part of energy accounts for 40% of
the total solar energy. The synthesis of photovoltaic materials with a high absorption
coefficient (>10° cm™) especially with the near infrared absorption is one of the solutions
to maximize the solar energy harvest. With the enhanced absorption, more photons will be
trapped in the active layer. This leads to the increased number of excitons and thus results
in higher carrier concentrations. A higher carrier concentration means an increased
photocurrent in the fabricated solar cells if electrons and holes are effectively collected at

the cathode and anode, respectively.

1.5 Earth-Abundant Solar Absorber
Iron is the fourth abundance element among all the elements in the earth crust, and it is

the least expensive metallic element to extract from nature. More than 25 years ago, pyrite
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FeS» was proposed to use in solar cells.%® Pyrite FeS, are among candidates such as CuS,
Zn3P>, and amorphous Si etc. that could achieve production costs lower than crystalline
silicon at 0.039¢/W and produce equal or greater electricity versus crystalline silicon.%¢
Compared to other semiconductors which contain toxic substances such as Cd, Te, Ga, In,
or Se, pyrite FeS, is more attractive for mass production with least pollution to the
environment. In addition to the abundance and nontoxicity features of pyrite FeS, materials,
an absorption coefficient 3.3x10° cm™ in the wavelength between 300 and 750 nm®’
provides a unique opportunity among inorganic materials such as CulnSe;, CulnS,, CdTe,
and GaAs to use least materials to capture most of the incident solar radiation. For example,
only a very thin pyrite FeS; absorber layer (< 0.1 pm) can harvest as much sunlight as >
200 um for single-crystal Si absorber.®® Besides its exceptional optical properties, pyrite
FeS» has an indirect and direct band gap at 0.95 and 1.03 eV, respectively. The LUMO and
highest occupied molecular orbital (HOMO) of pyrite FeS; are determined to be -3.9 eV
and -5.6 eV,’! respectively. Single pyrite crystals are commonly observed to be n-type,
which indicates pyrite FeS; could be an environmentally stable non-fullerene acceptor with

strong absorption in the solar spectrum region.

1.5.1 Synthesis of Pyrite FeS: Materials

Iron sulfide system contains a number of phases, such as mackinawite FeSi.y, troilite
FeS, pyrrhotite FeixS, greigite Fe3S4, marcasite FeS,, and pyrite FeS,. The crystals
structure of these phases are shown in Figure 1.2. Among them, pyrite FeS: has a cubic
structure with the space group of Pa3 and the lattice constant of 5.418 A, in which the Fe
atoms are octahedrally coordinated by six S atoms, while the S atoms are tetrahedrally
coordinated to three Fe atoms and one S atom (Figure 1.2). The Fe atoms are situates at all
corners and face center positions, and <111>-oriented S-S dimers are at the center and
midpoints of the twelve edges of the unit cell. In solar cell applications, even trace amount
of impure phase will cause the low Voc observed in the previous work.%” - 70 Thus, the
synthesis of pure pyrite FeS is very crucial for the application of this material in solar cells.
Pure pyrite FeS: materials are synthesized through high temperature approaches including

71-73

sulfurization of iron films or iron oxide films, reactive sputtering,”* and spray

pyrolysis.”® Because the segregation of iron and sulfur species is unavoidable at elevated
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temperatures, the stoichiometry and phase of the deposited film could be changed,
especially at film surfaces, which significantly affects the device performance.’” Low
temperature solution based methods such as hot injection or hydro/solvothermal process
were developed to synthesize this material. Hot injection method is typically for the

synthesis of pyrite nanoparticles with sizes below 100 nm.”®”° Hydro/solvothermal process

is employed for the synthesis of pyrite particles with the size ranging from 100 nm to
67, 80-83

several micrometers.

©Fe
©S

Greigite (Fe,S,) Marcasite (FeS,) Pyrite (FeS,)

Figure 1.4 The crystalline structure of commonly observed iron sulfide materials including
mackinawite FeSix, troilite FeS, pyrrhotite Fe xS, greigite FesS4, marcasite FeS,, and

pyrite FeSo.

1.5.2 Growth Mechanism of Nanocrystals (NCs)

The classical Ostwald ripening (OR) crystal growth mechanism is widely used to
explain the crystal growth of NCs. It interprets as the larger particles grow at the expense
of the smaller particles, driven by a decrease of surface energy (Scheme 1.1). Growth of
NCs is mainly controlled by the dissolution of small particles into ions, the diffusion of

ions, the property of solvent, and the interface between large particle and solvent. Recently,
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in order to explain the growth of particles with exotic shapes such as nanosheets,®* highly

887 a new crystal growth

branched, zigzag and helical nanowires, and nanorings,
mechanism called “oriented attachment (OA)” is proposed. This mechanism is based on
the spontaneous self-organization of adjacent NCs into a single solid particle that share a
common crystallographic orientation (Scheme 1.1). The growth of particles undergoes
approaching, reorientation, replacing ligand, and attachment. A strong and stable surface
adsorption of surfactants or solvent could direct and mediate these processes. NC growth
via the OA mechanism generally leads to the formation of anisotropic NCs and sometimes
creates defects, such as line and plane defects as well as dislocation along the attachment
planes. The driving force of the OA mechanism can be ascribed to an interaction of
permanent or temporary electric (or magnetic) dipole movements. The intrinsic crystal

lattice, the presence of polar facets, and anisotropic shape of a neutral nanoparticle all can

lead to a dipole in the NC.%8

Ostwald Ripening

Dissolution
M
‘/
Growth
Oriented Attachment
/ \

~

\\\
\\
\\\\\ /
Plane to Plane Point to Point

Scheme 1.1 Illustrations of NC growth controlled by OR mechanism and OA mechanism.
An attachment occurs at a planar interface of two particles sharing the common
crystallographic facets or via a “point contact” along an energy favorite crystallographic

direction followed by the subsequent inter-particle growth.
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1.6 Emerging Organic-Inorganic Halide Perovskite Solar Cells

In a conventional organic-inorganic hybrid solar cells, charge separation happens at the
interface between inorganic nanocrystals and organic polymer. Because of the low
permittivity of the organic thin films, the exciton binding energy is high in the active layer.
Meanwhile, the size of an inorganic nanocrystal is much larger than that of a polymer chain.
All these lead to inefficient charge separation in the conventional organic-inorganic hybrid
solar cells. The application of the recently developed material, organic-inorganic halide
perovskite, is one of choices to address this issue. Organic-inorganic halide perovskite is a
class of materials with the general chemical formula of AMX3, where M is a small divalent
metal ions (e.g., Pb*", Sn**, and Ge?*), X is an anion from the halide series (F-, CI', Br’, and
I), and A is a large organic cation and typically restricted to methylammonium (MA,
CH3NH3"), ethylammonium (EA, CH3;CH,NH;3"),%> 0 tetramethylammonium (TMA,
(CH3)aN"),”! and formamidinium (FA, NH,CH,=NH,").°**® Organic-inorganic halide
perovskite materials are promising for PV applications because they have the extraordinary
electronic properties of the hybrid organic-inorganic halide perovskites including tunable
bandgap,” *° high panchromatic absorption,'® long carrier diffusion length,!° 192 and
excellent ambipolar charge transport properties. '
Since the first report of organolead halide perovskites (CH3NH3Pblz and CH3NH3PbBr3)

as visible-light sensitizers in photoelectrochemical cells,'%*

great progresses have been
made to use organometal halide perovkites for PV applications®¢-3% 9 105109 and the
certified PCE has rocketed to 20.1%.% In a typical cell shown in Figure 1.5A, CH;NH3Pbl;.
xClx was sandwiched between a n-type compact layer composed by TiO> and p-type hole
transporter, 2, 2°, 7, 7’-tetrakis-(N, N-di-p-methoxyphenylamine) 9, 9’-spirobifluorene
(Spiro-OMeTAD) (including lithium bis(trifluoromethylsyfonyl) imide salt and tert-
butylpyridine as additives). CH3NH3Pbl3.«Clx was deposited either through vapor
deposition or via solution processing. The generated electrons travel through the n-type
compact layer and are collected by the cathode. At the same time, the generated holes flow
through the p-type electron blocker to the anode. Planar perovskite solar cells were also

fabricated in an inverted structure!!%!"3

as shown in Figure 1.5B. The p-type hole
transporter PEDOT:PSS layer is spun on top of ITO coated glass and followed by the

fabrication of perovskite layer. PCs1BM is commonly used as the n-type electron
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transporter. The generated electrons and holes exit devices in the opposite direction

compared to those in the conventional structure.

Al Ag

p-type HTL GT_) n-type ETL

Perovskite o Perovskite

pe ETL

Figure 1.5 Device configurations of planar perovskite solar cells: (A) Conventional device
architecture; (B) Inverted device architecture causes electrons and holes to exit the device

in the opposite direction.

1.7 Objectives and Goals

The primary goal of this research is to develop the next generation low cost, efficient
organic-inorganic hybrid solar cells with the consideration of materials, interface, and
device structure. The objectives of this research focus on addressing several issues in this
field:

1. Synthesize, characterize, and control the morphology of a non-toxic
semiconductors from 10 nm to 4-5 um to enhance the sunlight absorption;

2. Understand the growth mechanism of the developed semiconductor;

3. Optimize the HTL for an inverted organic-inorganic hybrid solar cell to achieve
high efficiency;

4. Realize the fabrication of organic-inorganic hybrid solar cells and correlate the
materials composition of the absorber with the solar cell performance.

Pyrite FeS; materials were synthesized via low temperature solution based methods
including hydro/solvothermal synthesis and hot injection method. Techniques such as
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), thermal gravimetric analysis (TGA), dynamic light
scattering (DLS), powder X-ray diffraction (XRD), and Raman spectroscopy were used to
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study the size, morphologies, compositions, and crystal structure of the obtained materials.
A detailed study of NCs using high resolution transmission electron microscopy (HRTEM)
was performed to understand the growth mechanism of pyrite FeS> materials. An
understanding of the synthesized structure correlating with the surface and crystal structure
of pyrite was investigated using the surface structure of {100}, {111}, and {210} facets
constructed in Materials Studio. The obtained knowledge will help us to understand the
growth mechanism and the possible means to better control the phase and morphologies of
synthetic pyrite FeS> materials for PV applications. Inverted hybrid solar cells with three
types of HTLs including PEDOT:PSS, MoOs3, and PEDOT:PSS/MoOQO3 were fabricated to
explore the effects of HTLs on the performance of inverted hybrid solar cells. The results
obtained in this study are applicable to other inverted hybrid solar cells to achieve better
efficiency. Moreover, molecular level organic-inorganic halide perovskite is used in the
active layer to replace conventional organic-inorganic hybrid system. A two-step solution
process with thermal plus solvent vapor-assisted thermal annealing was developed and
demonstrated that it was an effective method to make binary Pb-Sn triiodine perovskite
films with large and smooth grains. Using this new process to control and manipulate film
morphology, grain size, and especially the distribution of metal cations in binary metal
perovskite layers, opens an avenue to grow perovskite materials with desired properties to

enhance device performance.
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Chapter 2 HYDROTHERMAL SYNTHESIS AND
CHARACTERIZATION OF PYRITE FES2
HIERARCHICAL PARTICLES

2.1 Introduction

The search for inorganic semiconductors with large absorption coefficient (>10° cm™")
covering the whole sunlight spectrum is important for the development of the next
generation organic-inorganic solar cells because the charge generation process in a solar
cell is strongly dependent on the light absorption. Metal chalcogenides with defined
morphology is of particular interest because of the strong size and shape dependence of
their physical properties.''*!'® Among the family of metal sulfides, iron sulfides have
attracted much interest not only because the iron sulfide system contains a number of
phases, such as mackinawite Fei+xS, pyrrhotite Fe xS, smythite FeoSii, greigite Fe;Sa,

troilite FeS, cubic FeS FeSc, pyrite FeS», and marcasite FeS,'!” but also because of their

1118 9

broad applications in optica and magnetic devices'!” and high capacity lithium
batteries.'?

Nontoxic and abundant pyrite iron disulfide FeS» has interesting electronic properties:
an indirect and direct band gap at 0.95 and 1.03 eV, respectively,®” and a high capacity
(exceeding 890 mAh/g);'?! and excellent optical properties: high absorption coefficient
(3.3 x 10° cm™) for the energy spectrum of wavelength values (1) between 300 and 750
nm.% It has been explored for applications in PV devices, photoeletrochemical solar cells,
cathode material for lithium batteries, and a depolarizer anode for hydrogen production.!'!®
121-123 pyrite thin films were prepared using several high temperature approaches including

7113 reactive sputtering,’* and spray

sulfurization of iron films or iron oxide films,
pyrolysis.” Because the segregation of iron and sulfur species is unavoidable at elevated
temperatures, the stoichiometry and material phase of the deposited film could be changed,
especially at film surfaces, which could significantly influence the device performance.®’
Thus, low temperature methods like hot injection and hydro/solvothermal processes have
been explored recently to synthesize pyrite particles for the solution processed, low-cost,
flexible large-area devices.”®78-80-81.124 pyrite nanoparticles with sizes below 100 nm were

typically synthesized via a hot injection method by injecting a sulfur source into a heated
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iron source with one or two capping agents and reacting at 220°C for 2-3 h.”*7® It was
reported that larger sized pyrite particles were synthesized via the hydro/solvothermal
process in an autoclave at temperatures around 180°C for about 6-24 h.3%-%2 By thermally
decomposing a single iron-sulfur complex via a hydrothermal process, cubic pyrite
particles with {100} facets were obtained with the size ranging from 150 nm'?* to 500
nm.'?® Both pyrite cubes with the {100} facets and octahedrons with the {111} facets were
synthesized by using surfactants and controlling the pH value of the reaction solutions.'?"
128 Recently, it was also demonstrated that monodispersed pyrite microspherolites can be
obtained via a  microwave-assisted hydrothermal process in the presence of
polyvinylpyrrolidone (PVP).!%*

Despite the recent advancement of hydro/solvothermal routes to the synthesis of pyrite
particles, synthesis of monodispersed hierarchical pyrite particles with specific facets using
a simple yet effective method is still not achieved. Control of pyrite particles with specific
facets is of particular importance because the surface structures and the dangling bonds of
the surface atoms could affect the adsorption of molecules'?® and, thus, could significantly
influence the charge separation at the pyrite and polymer interfaces in a hybrid solar cell
and the intercalation of lithium ions into pyrite particles in a lithium battery. In addition,
the oxidation process of pyrite particles strongly depends on the exposed surface facets of
the particles, which could potentially affect the stability and life time of PV devices.

In this chapter, we report a hydrothermal method for the preparation of pyrite
hierarchical microparticles in an ethylenediamine (en) aqueous solution using ferrous
chloride tetrahydrate and sulfur powder as the precursors and PVP as both a phase regulator
and a surface capping agent. Pyrite FeS; hierarchical microparticles consisting of cubic-
like crystals with {100} facetted textures were obtained. The roles of PVP and en in the
synthesis are discussed based on the atomic structure of pyrite (100) and (111) surfaces
and the molecular interactions with the precursors. The effects of the oxidation state of iron
and the species of the anions on the crystalline structure and morphology of the products

were also studied.
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2.2 Experimental Section
2.2.1 Materials for the Synthesis of Pyrite FeS2 Hierarchical Particles

En (>99.5%) was obtained from Fluka. FeCl>-4H>0 (99.99%), FeSO4-7H>0 (=99 %),
sulfur powder (99.98%), and PVP  (M.W. = 1,300,000 determined by light scattering)
were purchased from Sigma-Aldrich. FeCl;-6H>0 (ACS, 97.0-102.0%) was obtained from

Alfa Aesar. Millipore water was self-made using a Millipore Simplicity Ultrapure Water

System. All chemicals were used as received without further purification.

2.2.2 Hydrothermal Synthesis of Pyrite FeS: Hierarchical Particles

In a typical reaction, 0.0984 g (3.08 mmol) of sulfur powder was dissolved in 2.2 mL
of en under constant stirring to form a homogeneous, greenish solution. Then, 0.6 g (4.62
x 10 mmol) of PVP dissolved in 17.0 mL of water and 0.3057 g (1.54 mmol) of ferrous
chloride tetrahydrate (FeCl,-4H>O) were added in sequence under vigorous stirring. The
mixture was stirred vigorously for 30 min before sealed in a 25 mL teflon-lined stainless
steel autoclave. The autoclave was placed in a muffle oven and maintained at 200°C. After
being reacted for 24 h, the autoclave was taken out of the oven and cooled to the room
temperature. The greenish supernatant was discarded and the precipitates were redispersed
in ethanol and collected by centrifuging at 4400 rpm for 18 min. The supernatant was
discarded. The precipitates were redispersed in Millipore water and collected by
centrifuging. The washing procedures were repeated for three times in order to remove
residues of reactants, polymers, and any side products. The resultant products were dried
in a vacuum oven at 70°C overnight. The molar ratio of iron to sulfur was kept at 1:2 for
all reactions. The amount of PVP was varied from 0 to 2.4 g. While the total volume of the
aqueous solutions was 19.2 mL, the volume of en was changed from 0 to 6.2 mL. Other

iron reagents, FeCl3-6H20 and FeSO4-7H,0, were also used in the synthesis.

2.2.3 Characterization of Pyrite FeSz Hierarchical Particles

The morphology and elemental composition of the products were characterized using
SEM and energy-dispersive X-ray spectroscopy (EDS) (FEI Sirion SEM), respectively.
The SEM samples were prepared by dropping the particle solution on a silicon chip and
being dried in air. XRD measurement was carried out on a GADDS D8 Discover

diffractometer (Bruker) using Cu Ko radiation (A = 1.5419 A). Three frames with 100
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seconds/frame were obtained for each sample. Scan angle 26 begins at 30 degrees with a
frame width of 25 degrees. Data were processed using the EVA package provided by
Bruker Axs. Raman spectra of the products were acquired using a Renishaw InVia Raman
spectrometer attached to a Leica DMLM upright microscope. A 100x (0.75 N.A.) objective
was used to focus the 514 nm laser onto the microparticles and to collect the back scattered
light from the microparticles. The illuminated sample areas were about 3 um? with the
power of 1.5 mW. All spectra were collected for 10 accumulations with 10 s exposure time
for each scan. Samples for XRD and Raman spectroscopy measurements were prepared by
dusting the vacuum dried samples on a double-sided tape attached to a glass slide. Surface
and crystal structures were built using Materials Studio 5.0 with the lattice parameters

obtained from the literature.'*°
2.3 Results and Discussion

2.3.1 Pyrite FeS: Hierarchical Particles

Figure 2.1A and B show the SEM images of the hierarchical microparticles synthesized
in an en aqueous solution (2.2 mL of en and 17.0 mL of water) containing 0.6 g of PVP at
200°C for 24 h. The average size of the microparticles is 4.5 = 0.7 um estimated from the
SEM images. The hierarchical morphology of these microparticles composed of smaller
nanoparticles dominated with {100} facets can be seen in the higher magnification SEM
image (Figure 2.1B). Selected area EDS analysis indicates that the microparticles have a
molar ratio of iron to sulfur as 1:2.01, consistent with the stoichiometric composition of
pyrite FeS,. The pyrite crystalline structure was confirmed by the powder XRD analysis.
Figure 2.1C clearly shows that the product has a pure pyrite phase (compared to JSPDS
File No. 42-1340). The strong and sharp diffraction peaks imply the high crystallinity of
the microparticles. Raman vibrational spectroscopy was also employed to verify the phase
purity of the microparticles. Figure 2.1D shows the Raman spectra of the synthesized
microparticles and the sample of natural pyrite under the illumination of a 514 nm laser.
Two strong peaks at 340 and 376 cm™! belong to the Eg and A, modes and a weak peak at
425 cm! belongs to the Ty mode.
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Figure 2.1 The SEM images (A and B) and XRD pattern (C) of the pyrite FeS: hierarchical
particles synthesized in an ethylenediamine aqueous solution (2.2 mL of en : 17.0 mL of
water) containing 0.6 g of PVP at 200°C for 24 h. Raman spectra (D) show naturally

occurring pyrite (I) and synthesized pyrite FeS; hierarchical microparticles (II).

Because the symmetry of the pyrite structure is the non-symmorphic space group Pa3
(point group Ty%), there are five Raman active modes (Ag + Eq + 3T). The A, mode is
mainly due to the stretching of S; dumb-bells which are in-phase throughout the crystal.
The E; mode is attributed to the displacements of S atom perpendicular to the dumb-bells
axes and the phonon is a vibration. The Tg mode is triply degenerated. Its frequency is very
near the A, mode.'*! Here, only one T, mode was observed at 425 cm™ and the other two
modes could be buried in the A, mode at 376 cm™'.

The structure of en and PVP used in this study are shown in Scheme 2.1. En contains
two amine groups that have a strong chelating ability to bind to a variety of metals. PVP is
a water-soluble polymer made from the monomer N-vinylpyrrolidone. Each repeating unit
contains a five-member ring as the side chain. Nitrogen in the five-member ring has one
lone electron pair (LEP). Oxygen has two LEPs. These LEPs on PVP can not only be given
away in a reaction but also be coordinated with metal atoms. Therefore, PVP has been
commonly used as a reduction or a structure-direction agent to control the crystalline phase

and morphology of NCs.!3% 133
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Scheme 2.1 Structures of en and PVP.

2.3.2 Role of PVP in the Synthesis

In order to study the effects of PVP on the synthesis of pyrite hierarchical
microparticles with controlled faceted textures, the amount of PVP added to the reaction
mixture was varied while the reaction temperature and time, the concentrations of iron and
sulfur reagents, and the volume of en remained the same. When the reaction mixture
contained low amount of PVP, e.g., 0.3 g, microparticles with poor-defined facets were
obtained (Figure 2.2A). The XRD pattern shows that the dominated crystalline phase of
the microparticles is pyrite and a trace amount of Fe3O4 and marcarsite phases was also
observed (Figure 2.2D-I). As the amount of PVP was increased to 1.2 and 2.4 g,
hierarchical microparticles with {100} facetted cubic textures were obtained (Figure 2.2B,
C). The XRD patterns indicate that the products have a pyrite phase with trace amount of
marcarsite and no other detectable impurity phases (Figure 2.2D-II, III). It appears that the
products synthesized with the larger amount of PVP contain more defined {100} facets
(Figure 2.2B, C). A new morphology of plates was observed in the products synthesized in
the solution containing 1.2 and 2.4 g of PVP (Figure 2.2B, C). More plates were formed in
the reaction with 2.4 g of PVP than that with 1.2 g of PVP. The elemental composition of
the plates was analyzed using point and area EDS by scanning the electron beam only on
the plates. An average ratio of Fe:S = 1:1.12 was obtained, indicating a sulfur deficient
product. Since there is no other impurity peaks except marcasite appeared in the XRD
patterns of these two products, the plates could be one amorphous phase of sulfur deficient
product. According to the Huggins'** and Wilke-Chang'® equations that describe the
species diffusion in a mixture, the diffusion of iron and sulfur ions could be slowed down
due to the increased viscosity of the reaction solution caused by the larger amount of the
heavy PVP polymer used in this study (PVP M.W. = 1,300,000). In addition, the larger

amount of PVP could bind to more iron ions and inhibit the attachment of sulfur dimers,
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resulting in the sulfur deficient products. Similar phenomenon was also observed in the

previous synthesis of pyrite particles.!?

40 50 60 70
20 (degree)

Figure 2.2 The SEM images of the products synthesized in an ethylenediamine aqueous
solution (2.2 mL of en : 17 mL of water) containing 0.3 g (A), 1.2 g (B), and 2.4 g (C) of
PVP at 200°C for 24 h. Arrows in (B) and (C) indicate the amorphous iron sulfide plates.
The insets show the typical morphology of the microparticles. The XRD patterns are the
products with 0.3 g (I), 1.2 g (II), and 2.4 g (III) of PVP. The XRD peaks of marcasite FeS»

are marked as “+” and magnetite Fe3;O4 as “#”.
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Table 2.1 Summary of the (100) and (111) surfaces of pyrite FeS, terminated in different
layers. X: the outmost surface atoms; Nre. and Ns: the number of dangling bonds of iron

and sulfur atoms, respectively.

Layer X Nre Ns Layer X Nre Ns
(100) (111)

A Fe 3 1 A Fe 3 0
B S 1 1 B S, Fe 2,3 1
C S 0 3,1 C S 1 2

Apparently, PVP plays two roles in the synthesis of pyrite hierarchical microparticles,
reduction agent and structure-direction surfactant. The iron oxide crystals were observed
in the product synthesized with a low PVP concentration but were not present in the
products with higher PVP concentrations. It is generally accepted that the formation of
specific crystalline facets of synthesized crystals is due to the favorable binding of
surfactants to specific crystalline surfaces preventing the growth from this direction while
promoting the crystal growth in other energetically and kinetically favorable directions.
The LEP at the nitrogen atom of PVP can shift to the oxygen atom resulting in the
negatively charged oxygen atom'?® which can bind to a positively charged iron ion. The

136, 137

(100) and (111) surfaces are the most stable facets of crystalline pyrite FeS; and are

the facets commonly observed in natural and synthesized pyrite crystals.®”> 13

For (100) and (111) surfaces of pyrite FeS», there are three and nine ways, respectively,
to form the surface terminated with different surface atoms and structures. Table 2.1
summarizes the atoms and the number of dangling bonds of iron and sulfur atoms at (100)
and (111) surfaces in three and five different termination layers. The other four ways to
terminate the (111) surface have the same surface atoms and number of dangling bonds as

those in the Layers B, C, D, and E but different dangling bond orientations and thus are not
listed in Table 2.1.
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For (100) surface, the side- and top-view of the atomic structures of Layers A, B, and
C are shown in Figure 2.3. The dangling bonds in the top-view are terminated with
hydrogen atoms labelled in red. For the (100) surface terminated with Layer A, the outmost
iron atoms have three dangling bonds with two types of orientations. The iron atoms are
connected by sharing two sulfur atoms. Each sulfur atom has one dangling bond which
orientates in two directions as well. Because each surface iron atom has three dangling
bonds, the oxygen atoms on PVP could bind to those iron atoms. However, the neighboring
sulfur atoms with one dangling bond could weaken or interfere with the binding of oxygen
to iron. For the (100) surface terminated with Layer B, both the outmost sulfur atoms and
the sub-surface iron atoms have one dangling bond as shown with the red balls of the
terminating hydrogen atoms. The dangling bond of iron and that of sulfur are orientated
toward each other, which making the binding of PVP energy unfavorable. The third way
of terminating the (100) surface only has sulfur atoms at the outmost and sub-surface with
one or three dangling bonds. Therefore, this surface is highly negatively charged and does

not bind to PVP.

Figure 2.3 The atomic structures of the pyrite (100) surface terminated in layers A, B, and
C. Side- and top-view are shown in the top and bottom rows, respectively. Blue balls are
iron atoms and yellow balls are sulfur atoms. In the top-view, the dangling bonds are
terminated by hydrogen atoms in red. For easy visualization, the top two and three layers

are displayed in the top-view of layers A, B, and C, respectively.
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The same analysis can also be applied to the (111) surface with different terminating
layers. The side- and top-view of the atomic structures of Layers A and B for (111) surface
are shown in Figure 2.4. For the (111) surface terminated with Layer A, iron atoms are the
outmost surface atoms and each of them has three dangling bonds which are terminated
with hydrogen atoms labelled in red balls. There are four different orientations of surface
iron atoms. All sub-surface sulfur atoms have four coordinates and no dangling bonds.
Obviously, the oxygen atoms on PVP are much easier to interact with iron atoms on this
(111) surface than on Layer A of (100) surface. For the (111) surface terminated with Layer
B, sulfur atoms with one dangling bond are the outmost surface atoms. Each of these sulfur
atoms bonds to three sub-surface iron atoms. All sub-surface iron atoms have two dangling
bonds and three different orientations. This (111) surface should have less tendency to bind
the oxygen atoms on PVP than Layer A (111) surface. For the (111) surface terminated
with Layers C, D, and E, the outmost surface atoms are sulfur and the side-view of these
terminations are sown in Figure 2.5. Similar to the (100) surface terminated in Layer C,

these (111) surfaces are not energy favorable for binding PVP.

LayerB

S S Sn g
A ,\:', =5 \& <

Figure 2.4 The atomic structures of the pyrite (111) surface terminating in layers A and B.
The side- and top-view are shown in the top and bottom rows, respectively. Blue balls are
iron atoms and yellow balls are sulfur atoms. In the top-view, the dangling bonds are
terminated by hydrogen atoms in red color. Only the top two layers are shown in the top-

view.
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Figure 2.5 Side-view of (111) surface terminated in layers C, D, and E. Blue balls are iron
atoms and yellow balls are sulfur atoms.

Based on the analysis of the atomic structures of different terminating layers of (100)
and (111) surfaces, the (111) surface terminated in Layer A could be the most energetically
favorable surface to bind PVP because all the outmost surface atoms are iron which have
three dangling bonds and all sulfur atoms are in the sub-surface and are coordinatively
saturated. Therefore, during the crystal growth, the oxygen atoms on PVP could bind to
the iron atoms at the {111} surfaces and the growth would be along the <100> directions,
resulting in the {100} facets. By taking a closer look at the product synthesized in the
solution containing 0.6 g of PVP, it was found that about 7% of the total products (by
counting 200 particles) were either the single {100} facetted cubes with truncated {111}
corners or the connected two cubes with well-defined {100} facets (Figure 2.6). Small
pitches formed by the {111} facets were observed at the <100> edges and the {111} facets
of single and dual particles in Figure 5. While the dominated facets are {100}, small
amount of {111} facets can also be observed at the hierarchical microspheres (Figure 2.1A,
B). All these experimental results supported the hypothesis that the {100} facetted cubic
textures at the hierarchical microparticles could be due to the structure-direction effect
caused by PVP in the reaction mixtures. Based on the above analysis, a possible mechanism
is proposed as shown in Scheme 2.2. The binding of PVP on {111} facets leads to the
aggregation of cubic-like crystals and subsequently the formation of pyrite FeS:

hierarchical microparticles.
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Figure 2.6 The SEM images of one truncated pyrite cube with the {100} and {111} facets
(A) and two connected pyrite cubes with the defined {100} facets (B). Small pitches
formed by the {111} facets are also observed. Particles with these morphologies were about

7% of the total products determined by counting 200 particles in an SEM image.

N

FeCl,-4H,0
s

12h o N
-

PVP
NH,(CH,),NH,

Scheme 2.2 Illustration of a possible mechanism for the formation
of pyrite FeS: hierarchical microparticles.
2.3.3 Role of En in the Synthesis

In order to understand the role of en in the synthesis of hierarchical microparticles, the
reactions were conducted by using different concentrations of en while PVP was not used
and the other parameters remained the same. Figure 2.7A shows that the microparticles
synthesized using 1.0 mL of en and 18.2 mL of water have no crystalline facets. The XRD
pattern shows the peaks of the pyrite phase are weak and broad, indicating the poor
crystallinity (Figure 2.7E-I). The peaks of the marcasite phase were clearly observed in the
XRD pattern. As the volume of en was increased to 2.2 mL, some facets can be seen on

the microparticles (Figure 2.7B) and the peaks of the pyrite phase were stronger and sharper
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while the peaks of the marcasite phase were weaker as shown in the XRD pattern (Figure
2.7E-II). This reaction was taken at the same condition as that of the product shown in
Figure 2.1 except that the PVP was not used. Clearly, PVP plays a critical role in the
formation of the {100} facets on the hierarchical microparticles. Moreover, PVP also plays
an important role in the formation of pure pyrite phase of the microparticles. Further
increasing the volume of en to 4.2 and 6.2 mL, more facets were formed on the
microparticles (Figure 2.7C, D). The peaks of the pyrite phase were stronger and sharper
for 4.2 mL of en but weaker and broader for 6.2 mL of en. The products still have the phase
of marcasite FeS; as shown in the XRD patterns (Figure 2.7E-III, IV). The area ratio of the
peaks at 20 = 25.9° of marcasite (110) and 28.4° of pyrite (111) versus the volume of en
used in the reaction was plotted and shown in Figure 2.8. It shows that the lowest amount
of marcasite was obtained in the product synthesized using 2.2 mL of en. The reactions

were conducted with even lower volume of en and even without the addition of en.
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Figure 2.7 The SEM images of the products synthesized in an ethylenediamine aqueous
solution with the volume ratio of en to water of 1 mL/18.2 mL (A), 2.2 mL/17 mL (B), 4.2
mL/15 mL (C), and 6.2 mL/13 mL (D) without the presence of PVP at 200°C for 24 h.
Insets are the typical morphology of particles in the products. (E) The XRD patterns of I,
IL, III, and IV correspond to the products of (A), (B), (C), and (D), respectively. The XRD

peaks of marcasite FeS; are marked as “+”.
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Figure 2.8 The area ratio of the XRD peaks of the marcarsite (110) plane (26 at 25.9°) and
the pyrite (111) plane (26 at 28.4°) versus the volume of en added in the reaction.

The product synthesized with the en volume of 0.2 mL has the morphology of
microparticles without facets (Figure 2.9A) and the XRD pattern indicates that both pyrite
and marcasite FeS; and a trace amount of other phase impurity were in the product (Figure
2.9C-I). It was found that the product synthesized without the addition of en formed big
chunks (Figure 2.9B). No microparticles were observed and more impurity phases existed

in the product (Figure 2.9C- II).

o
Figure 2.9 SEM images of the products synthesized in the solutions with the volume ratio
of'en to water of 0.2 mL/19 mL (A) and 0 mL/19.2 mL (B) without the presence of PVP at
200°C for 24 h. The XRD patterns of I and II are for the products shown in (A) and (B),
respectively. The XRD peaks of marcasite FeS, are marked as “+” and pyrite FeS; are
marked as “*”. The arrow indicates the peak due to other impurity.

En is a strong chelating agent and can form complexes with metal ions. En can
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coordinate with Fe’" ions to form complex [Fe (en).]*" ions.®? It was also reported that
sulfur powder can react with en to generate a greenish solution due to the reversible
nucleophilic attack of the Sg rings by en. As a result, octathioamine [NH>-(CH2)>-HN-Sg]
is formed. Octathioamine can further degenerate to polythioamines [NH2-(CH2)2-HN-Sy]
(y < 8).13% 140 Assuming no degeneration of octathioamine [NH2-(CH2)>-HN-Ss] (y = 8), a
total of 0.00346 mol of en (i.e. 0.231 mL) should be consumed to form [Fe (en):]*" and
[NH»-(CH2)2-HN-Ss] by taking into account that 0.0984 g (3.08 mmol) of S and 0.3057 g
(1.54 mmol) of FeCl>-4H>O were used. When the volume of en was less than 0.231 mL,
excess Fe?" ions and sulfur powder cannot form the complexes with en, which might affect
the dispersion, nucleation, and reaction of Fe** ions with sulfur. This may be the reason
why other impurities formed besides the pyrite and marcasite phases when no en or 0.2 mL
of en was added in the reaction solution.

Pyrite and marcasite are two polymorphs of naturally occurring iron disulfide FeS..
The cubic pyrite form (Figure 1.2, space group Pa3) is by far the most abundant of the iron
disulfides.!*® The Fe atoms are octahedrally coordinated to six sulfur atoms and are at the
corners and face centers of the cubic unit cell, while the sulfur atoms are tetrahedrally
coordinated to three iron atoms and one sulfur atom. The axes of the S, dumb-bells are
aligned along the four equivalent <I11> directions. The orthorhombic marcasite form
(Figure 1.2, space group Pnnm) is the less abundant polymorph. The coordination
environments of Fe and S atoms in marcasite are very similar to those in pyrite while the
difference between the two structures is found in the linking of Fe-centered octahedra. The
difference in the free energy of formation between the two polymorphs is very low, with
pyrite being 0.04 eV/FeS, more stable than marcasite at 298.15K.!*! The fact that the co-
existence of the marcasite phase in the products synthesized without the addition of PVP
indicates that the structure-direction agent PVP not only guides the formation of the {100}
faceted textures on the hierarchical microparticles but also directs the crystal growth
toward the pyrite phase.

Other iron sources were also used in the synthesis in order to investigate the effects of
the oxidation state of Fe ions and the anions on the phase and morphology of the products.
When replacing FeCl2-4H20 with FeCls-6H20 while keeping all other conditions the same,

microparticles with poorly defined textures were obtained as shown in Figure 2.10A.
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Although the microparticles have a good pyrite crystalline structure demonstrated by the
strong and sharp pyrite peaks in the XRD pattern, they also contain impurities of Fe3O4
and other phases (Figure 2.10C-I). The higher oxidation state of Fe*" compared to Fe**
could be the reason causing more iron oxides in the microparticles despite the presence of
PVP. When FeSO4-7H>0 was used as the iron reagent, microparticles with a slightly better
facetted morphology were formed (Figure 2.10B). Again, while the good pyrite crystalline
structure was formed in the microparticles, the impurity of marcasite phase without the
impurities of the oxide and other phases was observed in the product (Figure 2.10C-II).
Clearly, the anion of the iron reagent also plays a critical role in the formation of the pure
pyrite phase. The effect of the anions on the crystalline structures and morphologies was

also observed in the synthesis of CdS and CdSe NCs.!*?
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Figure 2.10 Figure 2.11 The SEM images of the hierarchical microspheres synthesized
using FeCl3-6H>0 (a) and FeSO4-7H>0 (b) as iron reagents in an ethylenediamine aqueous
solution (2.2 mL of en:17 mL of water) containing 0.6 g of PVP at 200°C for 24 h. (c) The
XRD patterns show the products synthesized with FeClz-6H>O(I) and FeSO4- 7H,O(II).

The XRD peaks of marcasite FeS; are marked as “+” and magnetite Fe3O4 as “#”.
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24 Conclusions

In summary, we have successfully synthesized pyrite hierarchical microparticles
consisting of cubic-like crystals with well-defined {100} facetted cubic textures using a
simple hydrothermal method with the presence of en and PVP. While en plays a role of
chelating with Fe?* and reacts with Sg of sulfur powder to help with dispersion and
nucleation besides the role of reducing agent, PVP acts as both a phase regulator due to its
reducing ability and a surface capping agent for directing the formation of a specifically
facetted morphology. The atomic structures and dangling bonds at the (100) and (111)
surfaces of pyrite with different termination layers lead to different binding capacities and
energies of PVP on the surfaces, which results in the growing of crystals along the [100]
direction due to the favorable binding of PVP on {111} surfaces. The facts that by using
Fe*" and changing the anions from CI" to SO4* make microparticles containing oxide and
marcasite phases, respectively, indicate that the oxidation state of iron ions and the species
of anions also play critical roles in the crystalline structure and morphology of
microparticles. The mechanisms discussed in this paper may provide new insights to the
synthesis of pyrite materials and help to better understand the formation of pyrite phase
and the control of morphology. The hierarchical microparticles with the dominated {100}
facets could be used as a model system to investigate the ion intercalation and polymer-
pyrite interactions in the lithium battery and hybrid PV devices. The pyrite hierarchical
microparticles could also be used as a new semiconductor ink for solution processing PV

devices and photodetectors as well as cathode materials for lithium battery.
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Chapter 3 HOT INJECTION SYNTHESIS,
CHARACTERIZATION OF PYRITE NCS FOR ORGANIC-
INORGANIC HYBRID SOLAR CELLS

3.1 Introduction

Although phase pure pyrite FeS> micro-size materials are able to be synthesized by
hydrothermal method in an autoclave, the synthesized materials are too big for organic-
inorganic hybrid solar cells because the typical thickness of an active layer is a few hundred
nanometers. Large particles can penetrate the film, connect two electrodes, and short the
fabricated solar cells. In a hydrothermal synthesis, inhomogeneous nucleation happens
accompanied by the fast growth of the crystals. Eventually, large particles formed in the
reactions. With a homogeneous mixture and fast nucleation of the seeds, the synthesized
particles are expected to be smaller. Based on our previous understanding of pyrite FeS;
materials, we further investigated the synthesis of pyrite FeS> materials by using hot
injection method.

The synthesis of 10-20 nm spherical pyrite NCs using the hot injection method was
first demonstrated by Law’s group.’® Pyrite NCs were obtained by injecting the sulfur
diphenyl ether (DPE) solution into the iron chloride (FeCly) octadecylamine (ODA)
complex at 220°C and keeping the reaction at 220°C for 3 h. Ren’s group modified this
procedure by varying the injection temperature and adding a second injection of the FeCl»-
ODA complex but keeping the reaction at 220°C for 90 min.” Pyrite NCs with spherical,
popcorn-like, and cubic shapes were obtained with the size of ~30 to ~220 nm. They also
used different iron agents and found that thin and thick two dimensional sheets were
formed when iron(Il) acetylacetonate (Fe(acac)z) and iron(0) pentacarbonyl (Fe(CO)s)
were used, respectively. Oleyamine (OLA) was reported as the solvent to dissolve both
iron source and sulfur source.”” Pyrite nanodendrites and clusters of nanocubes were
formed with a high (four times the low concentration) and a low concentration of the
reactant, respectively, by the reaction between a sulfur OLA solution and an FeCl,-OLA
solution at 220°C for 20 min. Additional surface capping agents or co-solvents, such as 1,
2-hexadecanediol (Diol),'*® trioctylphosphine oxide (TOPO),!** en,'¥® or 1-

146 \vere added in the reaction solution to achieve better surface
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passivation or to direct the formation of specific morphologies. Well dispersed pyrite NCs
were synthesized by injecting an OLA solution of sulfur into an OLA solution of FeCl,
with Diol as an additional capping agent.!** The solar cell constructed by using these NCs
showed extended red light harvesting. Pyrite cubic-like NCs (~60-200 nm) synthesized by
injecting an OLA solution of sulfur into an OLA solution of FeCl, with TOPO
demonstrated high air stability, which was attributed to the possible formation of O-Fe and
P-S bonds between TOPO and pyrite NC surfaces to prevent oxidation.!** Recently, pyrite
nanocubes with {100} facets and < 50 nm size were successfully synthesized via a
procedure including the high temperature (250°C) nucleation in the solvent of
hexadecylamine and a S:Fe molar ratio of 6:1 followed by two steps of crystal growth at
200°C in the co-solvent of hexadecylamine and OLA and a reduced S:Fe molar ratio of
2.05."%7 A strategy of using an uncommon ligand, 1-hexadecanesulfonate, also
demonstrated the success in growing cubic pyrite NCs.'*® Despite the recent progress in
the synthesis of pyrite NCs, thorough investigations are required in order to understand the
reaction mechanisms and key parameters in determining the phase purity and morphology
of pyrite NCs.

In this chapter, we demonstrated that short, branched, and chromosome-like nanorods
(NRs) versus quasi-cubic NC agglomerations can be synthesized by carefully controlling
the reaction conditions including solvent, reactant concentration, and capping agent. We
further varied the molar ratio of sulfur to iron and the reaction temperature and showed that
the phase of the synthesized products was significantly influenced by these two parameters.
Our experimental results suggest that these parameters affected the generation of H2S gas
produced by sulfur and amine which played a critical role in the phase of final products.
The present study shed light on the growth mechanism and the possible means to control
the morphology of pyrite NCs. Pyrite NCs with different morphology and surface
passivation can be used as model systems for the study of crystalline structures and surface
chemical and structural properties on the electronic and optical properties of pyrite NCs in

order to improve the physical properties of pyrite NCs for efficient PV conversion.

33



3.2 Experimental Section

3.2.1 Materials for the Synthesis of Pyrite FeS2 NCs

All chemicals were used as received. FeCl-4H20 (99.99%), Chloroform (>99.8%),
TOPO (99%), and sulfur powder (99.98%) were purchased from Sigma-Aldrich, while
OLA (80-90%), ODA (90%), and DPE (99%) were obtained from Acros. Ethanol (200
Proof, 100%) was obtained from Decon Labs, Inc and Diol (>98.0% (GC)) was purchased

from TCI America.

3.2.2 Hot injection Synthesis of Pyrite FeS2 NCs

All synthesis conditions are listed in Table 4.1. The typical reaction was carried out as
following. FeCl>-4H20 (0.2010 g, 1.0 mmol) was mixed with ODA (10.0 g, 37.1 mmol)
(or OLA (8.1 g, 10.0 mL, 30.4 mmol)) to form Fe-ODA (or Fe-OLA) complex under the
condition of degassing with N> for 1 h at 120°C in a three-neck flask. In a separate tube,
an injection solution consisting of sulfur (0.1922 g, 6.0 mmol) in DPE (5.4 g, 5 mL) was
degassed with N> at 70°C for 1 h. The molar ratio of sulfur to iron was 6:1. The injection
solution was added to the iron source solution using a syringe and the reaction mixture was
kept at 120°C for 30 min. The temperature of the reaction solution was then raised to 220°C
under nitrogen atmosphere for 2 h. The reaction was terminated by removing the heating
mantle and allowing the reaction solution cool naturally. Once the temperature fell below
100°C, 5 mL of chloroform was injected into the solution to prevent ODA from solidifying.
The product was separated from the reaction mixture by precipitation using ethanol. The
precipitate was further purified by washing with chloroform/ethanol mixtures
(1:9/volume:volume). Subsequent addition of chloroform followed by centrifugation at
4400 rpm for 5 min removed the large NCs and any residuals of side products from the
product suspension. The redispersion and precipitation were repeated for three times.

For the synthesis using OLA to dissolve sulfur, 0.2010 g (1.0 mmol) FeCl2-4H>0 was
dissolved in 10.0 mL OLA and the injection solution consisted of 0.1922 g (6.0 mmol)
sulfur powder in 5.0 mL OLA. Reduced concentration, i.e. 0.1005 g (0.5 mmol)
FeCl>-4H>0 in 10.0 mL OLA and 0.0961 g (3.0 mmol) sulfur powder in 5.0 mL OLA, was
also applied to the synthesis. The other procedures and conditions were kept the same as

aforementioned.
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For the synthesis with an additive, 1.1599 g of TOPO or 0.1290 g of Diol was added to
ODA (10.0 g, 37.1 mmol) (or OLA(8.1 g, 10.0 mL, 30.4 mmol)) to dissolve FeCl,-4H>O

and the mixture was degassed with N2 at 120°C for 1 h in a three-neck flask before the

Table 3.1 Summary of the reaction conditions and the phase and morphology of the

products.
Solvents for ~ Solvents S:Fe* Temperature® Concentration® Phase Morphology of
FeCL:4H:O  for °C) major product
sulfur
ODA DPE 6:1 220 2C Pyrite Short rods
OLA DPE 6:1 220 2C Pyrite Chromosome-
like rods
OLA OLA 6:1 220 2C Pyrite Mixed
spherical, short
and curved
rods
OLA OLA 6:1 220 1C Pyrite Quasi-cubic
NC
agglomerates
ODA + DPE 6:1 220 2C Pyrite Faceted NCs
TOPO
OLA + DPE 6:1 220 2C Greigite + —
TOPO pyrite
OLA + OLA 6:1 220 2C Pyrite Quasi-cubic
TOPO NC
agglomerates
OLA + Diol OLA 6:1 220 2C Pyrite Quasi-cubic
NC
agglomerates
ODA DPE 4:1 220 2C Pyrite + ~100-200 nm
greigite Crystals
ODA DPE 2:1 220 2C Pyrite + NCs +
pyrrhotite hexagonal
plates
ODA DPE 6:1 250 2C Pyrite + —
greigite
ODA DPE 6:1 120 2C Amorphous —
ODA DPE 6:1 220 2C Pyrite Short rods

a Molar ratio. b Reaction temperature. ¢ 2C refers to 0.2010 g (1.0 mmol) FeCl>-4H>O in
10.0 g (37.1 mmol) ODA or 8.1 g (10.0 mL) OLA.



injection of the sulfur solution. The rest of the synthesis and purification steps were the
same as aforementioned.

Reactions were also conducted at the following conditions. The molar ratio of sulfur to
iron was reduced to 4:1 and 2:1 (sulfur (0.1281 g, 4.0 mmol): FeCl»-4H,O (0.2010 g, 1.0
mmol) and sulfur (0.0641 g, 2.0 mmol): FeCl,-4H>O (0.2010 g, 1.0 mmol)). The
concentration of sulfur and iron sources was reduced by half. The reaction was conducted

at 120 and 250°C.

3.2.3 Characterizations of Pyrite FeS2 NCs

TEM and STEM images were acquired using FEI Tecnai G2 F20 TEM operating at an
accelerating voltage of 200 kV. Spot size 9 was applied for STEM measurement and a
HAADF detector was used to collect images. The samples for TEM/STEM analysis were
prepared by drop casting a dilute solution of NCs in chloroform onto ultrathin carbon-
coated copper grids. Fast fourier transform (FFT) images were generated by ImageJ 1.45
S. XRD measurement was carried out on a GADDS D8 Discover diffractometer (Bruker)
using Cu Ka radiation (A = 1.5419 A). Three frames with 100 seconds/frame were obtained
for each sample. Scan angle 20 begins at 30 degrees with a frame width of 25 degrees. Data
were processed using the EVA package provided by Bruker Axs. Raman spectra of the
products were acquired using a Renishaw InVia Raman spectrometer attached to a Leica
DMLM upright microscope. A 100x (0.75 N.A.) objective lens was used to focus the 514
nm laser onto the particles and to collect the back scattered light from the particles. The
illuminated sample area was about 3 pm? with the power of 1.5 mW. All spectra were
collected for 10 accumulations with 10 s exposure time for each scan. Samples for XRD
and Raman spectroscopy measurements were prepared by dusting the vacuum dried
particles on a double-sided tape attached to a glass slide. UV-Vis-NIR optical absorption
measurements of the samples were performed on a Varian Cary 5000 UV-Vis-NIR
spectrophotometer. The hydrodynamic size of the particles was analyzed with a DLS
particle sizer (Nano ZS, Zetasizer Nano, Malvern). Purified pyrite NCs dissolved in

chloroform were used for UV-Vis-NIR and DLS measurements.
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3.3 Results and Discussion

3.3.1 Short Pyrite FeS2 NRs and Chromosome-Like Rods

Following the typical reaction conditions, ODA and OLA were used to dissolve
FeCl2-4H>0 and to form the iron precursor, respectively, and sulfur powder was dissolved
in DPE. The as-synthesized NCs are denoted as NC-ODA and NC-OLA. The phase purity
of NC-ODA and NC-OLA was determined using powder XRD and Raman spectroscopy.
All the XRD peaks (Figure 4.1A) can be assigned to pure cubic pyrite phase of FeS, with
a lattice constant of a = 5.416 A (compared to JSPDS File No. 42-1340). No other iron-
sulfur related phases, such as marcasite FeS», pyrrhotite Fe1xS, troilite FeS, or greigite
Fe3S4 were observed. Raman spectroscopy provides the phonon vibrational modes of
crystalline materials, which is very sensitive to their phase and composition, and therefore,
was also applied to confirm the phase purity of NC-ODA and NC-OLA. Figure 4.1B shows
Raman peaks at 340, 376, and 425 cm’! for both products that match well with the reported

31 respectively, indicating the high phase

values for the Eg, Ag, and Tg modes of pyrite FeSa,
purity of the products. The full width at half maximum (FWHM) of the XRD and Raman
peaks of NC-ODA are narrower than those of NC-OLA, indicating better crystallinity of

NC-ODA.
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Figure 3.1 (A) XRD patterns and (B) Raman spectra of NC-ODA and NC-OLA showing

the pure pyrite phase. (C and D) Size distribution of NC-ODA and NC-OLA pyrite NCs

dispersed in chloroform determined by DLS.

The hydrodynamic radius of NC-ODA and NC-OLA was determined using DLS by
dispersing NCs in chloroform. The radius of a nonspherical particle is determined as the
radius of a sphere that has the same translational diffusion speed as the spherical particle.
Figures 4.1C and 4.1D show the peak positions of the NC radii are 14.4 and 25.2 nm for
NC-ODA and NC-OLA, respectively. NC-OLA has a broader size distribution than NC-
ODA. To utilize these NCs for solution processable device fabrication, it is desired that
they can be well suspended in different organic solvents. The DLS results show that the as-
synthesized NC-ODA pyrite NCs in chlorobenzene (CB), tolunene, and hexane have
similar peak positions and size distributions as those in chloroform but an additional large
aggregation around 100-200 nm in pyridine.

The optical property of NC-ODA and NC-OLA dispersed in chloroform was
investigated by UV-Vis-NIR spectroscopy. The synthesized pyrite NCs have the
absorption extended to near infrared region (> 900 nm) as shown in the UV-Vis-NIR
absorption spectra (Figure 4.2A). The indirect bandgap and the first and secondary direct
transitions were estimated by plotting (ahv)" versus hv with n = % and 2, respectively

(Figures 4.2B and 4.2C). The indirect bandgap was obtained as 1.24 and 1.16 eV for NC-
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ODA and NC-OLA, respectively. The first and secondary direct transitions were 2.24 and
2.94 eV for NC-ODA and 1.97 and 2.90 eV for NC-OLA. We noticed that the indirect
bandgap of pyrite NCs was larger compared to that of bulk pyrite. This phenomenon was
also observed by several other groups.!*> 4714 The size dependence of the bandgap of
semiconductor NCs has been observed in other semiconductor materials and the lowest
electronic transition can be related to the size of the semiconductor NCs using the following

equation:!>°

e 11
ENR)=EM™+2 5 [+ (4.1)
. (R)=E, ZRZ[ p m;]

e h

Where, Eg vuik is the bulk bandgap, R is the radius of the NCs, h is Plank’s constant 6.63
x 107* J-s, and mp* and me* are the effective hole and electron mass, respectively. For
pyrite, Eg buik = 0.95 eV, my* = 2.2m, and me* = 0.25m. are obtained from the literature.'>!

The calculated indirect bandgap as a function of NC radius is plotted in Figure 4.2D.
The bandgap exponentially decays with the increase of the NC radius. The calculated
indirect bandgaps are 1.27 and 1.05 eV for NCs with R = 14.4 and 25.2 nm, which are the
average sizes of NC-ODA and NC-OLA determined by DLS, respectively. The small
errors between the calculated and experimental values of the indirect bandgap may be
caused by the non-spherical feature of the NCs. The first and second direct transitions have
been previously studied experimentally by analyzing band-edge absorption of cubic pyrite
NCs'¥” and theoretically from density functional theory (DFT) calculations.'”> Our
estimated values of the first direct transition of both NC-ODA and NC-OLA pyrite NCs
are close to those determined experimentally (1.9 eV)!*7 and theoretically (2.1 eV).!3? The
values of the secondary direct transition of both pyrite NCs are close to the experimental
value (3.0 eV)'*” but smaller than the theoretical value (3.5 eV).!>? This difference in the
secondary direct transition is ascribed to the ambiguity of the proper level of absorption in

this energy region.'¥’
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Figure 3.2 (A) UV-Vis-NIR spectra of NC-ODA and NC-OLA. (B and C) Plots of (ahv)"
vs. hv with n = 1/2 (blue line) and 2 (red line) for obtaining the indirect bandgap and the
first and second direct transitions. (D) The indirect bandgap of pyrite NCs plotted against
the radius of NCs based on Eqn. 4.1.

The morphology of NC-ODA and NC-OLA pyrite NCs were examined using TEM and
STEM. Figure 4.3A shows the TEM image of NC-ODA pyrite NCs which are dominated
by short rods (~8 nm in diameter and ~20 nm in length) and rods with kinks and branches
(~8 nm in diameter and ~30 nm in length). Compared to the previous synthesis,’”® we
doubled the concentration of both iron and sulfur reagents while keeping the S:Fe molar
ratio the same, i.e. 6:1. More anisotropic NCs were obtained by using a higher
concentration of reactants after reaction for 2 h. The elongation of NCs induced by
increasing concentration of reactants has also been observed in the synthesis of CdSe
NCs.!%* The anisotropic growth of CdSe along a kinetically favorable crystalline direction
is promoted by the high local reactant concentration. The rod-type pyrite NCs were also
observed in the products of NC-OLA as shown in the TEM image of Figure 4.3B. However,
the NC-OLA pyrite NCs are mainly curved and chromosome-like rods with smaller

diameters. By counting 200 NCs, the average branch diameter of NC-OLA 1is about 2-3 nm
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smaller than that of NC-ODA. STEM images (Figures 4.3C and 4.3D) also show the
difference between these two types of pyrite NCs. The NC-ODA pyrite NCs are separated,
individual NRs, while the NC-OLA pyrite NCs are branched, chromosome-like NRs and
form clusters. The morphologic difference of NC-ODA and NC-OLA may be caused by
the different passivation density and orientation of ODA and OLA on the NC surface as
well as the different interaction between aliphatic chains during the course of the growth.
Both OLA and ODA have an 18 carbon chain but OLA has a double bond in the middle of
the chain and has a cis configuration. A single OLA chain occupies a larger steric space
than a single ODA chain. Both OLA and ODA bind iron atoms via the N-Fe interaction.
The rotation of the octahedrons formed by the six bonds of each iron atom at the corners
and the face centers of the cubic unit cell (Figure 1.2) makes it energetically unfavorable
to passivate the same number of iron atoms with OLA compared to ODA. The packing of
OLA on the NC surface was thus not expected to be strong, well ordered, or dense enough.
The high-energy or poorly covered facets then favor an OA,”” 1% Meanwhile, after
injection of the sulfur source and increasing of the temperature to 220°C, a higher
concentration of H,S caused by the vulcanization process'>> 1°¢ between sulfur and the
double bond of OLA could also favor the growth of branched structures.'>” Thus, using
OLA as a solvent leads to the growth of pyrite NCs with more branches, chromosome-like

shapes and poorer crystallinity compared to NCs synthesized using ODA as a solvent.

41



Figure 3.3 (A and B) TEM and (C and D) STEM images of NC-ODA (A and C) and NC-
OLA (B and D) pyrite NCs.

3.3.2 Solvents on the Morphology of Pyrite FeS2 NCs

In the synthesis of pyrite NCs using FeCl,:4H>O and sulfur powder with the hot
injection method, both DPE and OLA have been used to dissolve sulfur powder.”s 777 We
investigated the effect of the solvent used to dissolve sulfur on the morphology of pyrite
NCs. We conducted the experiment by using OLA to dissolve both sulfur and iron agents.
While keeping the molar ratio of sulfur to iron 6:1, the concentrations were 6 mmol sulfur
powder in 5.0 mL OLA and 1.0 mmol FeCl>-4H>O in 10.0 mL OLA. These concentrations
are the same as those for the synthesis of NC-ODA and NC-OLA but doubled compared
to those reported in the previous works.”® 7714314 The product is noted as 2C. Unlike the
curved and chromosome-like NRs of NC-OLA pyrite NCs shown in Figures 4.3B and 4.3D,
the TEM images in Figures 4.4A and 4.4C show that the product has smaller size with
mixed spherical and short and curved-rod-like shapes. The crystal structure of the product
is pure pyrite as shown by the selected area electron diffraction (SAED) patterns in the

inset of Figure 4.4A. We also investigated the concentration effect. We reduced the
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concentrations of the reactants to half, i.e., 3 mmol sulfur in 5.0 mL OLA and 0.5 mmol
FeCl,4H>0O in 10.0 mL OLA. The product is noted as 1C. The TEM images in Figures
4.4B and 4.4D show quasi-cubic NC agglomerations formed by the attachment of single
cube-like NCs. The SAED pattern in the inset of Figure 4.4B shows the product is pure
pyrite. The HRTEM image in Figure 4.4E shows the fringe spacing of a single cubic NC
in the quasi-cubic NC agglomerations is 2.7 A, matching the distance between the (100)
planes of pyrite FeS,. Figure 4.4E also shows that one edge of the NC is parallel to the
(100) plane. The phase purity of the products synthesized using high and low
concentrations of the reactants was further confirmed by Raman spectroscopy shown in
Figure 4.4F. One reason for the production of the quasi-cubic NC agglomerations with
well-defined {100} facets could be ascribed to the generation of local sulfur-lean spots
when the concentration is halved.'*® Using OLA to dissolve iron and sulfur agents was
reported before.”” Although the iron source was stirred at 100°C and the reaction took place
at 220°C for 20 min, which were different from our procedures, similar quasi-cubic NC
agglomerations and nanodendrites with elongated hyperbranches were obtained when the
concentrations of the reactants were close to 1C and 4C, respectively, and the S:Fe molar
ratio was kept as 6:1. This trend is in concord with our observations that higher

concentration leads to elongated NCs with branches.
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Figure 3.4 (A and C) TEM images of the pyrite NCs synthesized by using OLA as the
solvent to dissolve both sulfur and iron agents and the concentrations of the reactants were
noted as 2C. (B and D) TEM and (E) HRTEM images of the pyrite NCs synthesized by
using OLA as the solvent but the concentrations of the reactants were noted as 1C. (F)
Raman spectra of the synthesized pyrite NCs with the reactant concentrations of 1C and

2C, respectively.

3.3.3 Additives on the Morphology of Pyrite FeS2 NCs

While ODA and OLA not only function as a solvent but also a capping agent to iron
atoms via the interaction between Fe and N, we added additional capping agent in the
reaction to investigate their effects on both morphology and phase purity of the products.

The results are summarized in Table 4.1. When TOPO was added to the iron ODA solution
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while all the other conditions were the same as for the synthesis of NC-ODA, the TEM
images show a similar morphology but with more facets (Figures 4.5A and 4.5B) compared
to NC-ODA (Figure 4.3A). The peak position and size distribution of the radius of the NCs
determined by DLS is 14.4 nm with a polydispersity index (PDI) of 0.2 (Figure 4.5C)
which is close to the size of NC-ODA without TOPO (14.4 nm with a PDI of 0.2, Figure
4.1C). The product was pure pyrite phase determined by XRD (Figure 4.5D). We
investigated the chemical states of the iron and sulfur atoms at the surface of these NCs
using XPS and found more oxidized iron compared to those without adding TOPO.'*® This
leads to the rise of the conduction band energy from -4.5 to -3.9 eV. These pyrite NCs were
blended with P3HT and PCs1BM to make the inverted BHJ solar cells which showed
enhanced photocurrent and high air stability.!>® While all the reaction conditions were the
same, simply changing the solvent from ODA to OLA to dissolve the iron agent, the
dominating phase in the product was greigite Fe3S4 with only a trace amount of pyrite phase
as shown in Figure 4.5D. Product with pure pyrite can be restored by replacing DPE with
OLA to dissolve sulfur while keeping OLA plus TOPO or Diol as the solvent to dissolve
the iron source (Figure 4.6A). The products appear to have better crystallinity indicated by
the narrower XRD peaks, which is mainly due to the relatively large (60-200 nm) quasi-
cubic NC agglomerations (Figures 4.6B and 4.6C). The possible mechanisms will be

discussed later.

45



ODA+TOPO G
30 Peak position:14.4 nm G
. —_ G G

725 PDI:0.2 3 G . P b .G
& S,
~ 20 >
215 ]
£ ]
210 E

5 ODA+TOPO

0 20 60 a0 20 30 40 50 60 70

Radius [nm] 2 @ [deg]

Figure 3.5 (A and B) The TEM images and (C) the hydrodynamic size distribution of the
pyrite NCs synthesized by using ODA and TOPO to dissolve the iron source and DPE to
dissolve sulfur. (D) The XRD patterns of the products synthesized by using OLA and
TOPO to dissolve the iron source compared to using ODA and TOPO. Sulfur powder was

dissolved with DPE and the concentrations of the reactants were 2C for both reactions.
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Figure 3.6 (A) The XRD patterns of the products using OLA plus TOPO and OLA plus
Diol to dissolve FeCly-4H>0, respectively. Sulfur powder was dissolved in OLA for both
reactions. (B) The TEM image of the quasi-cubic NC agglomerates synthesized by using
OLA plus TOPO to dissolve FeCl>-4H>0O. (C) The SEM image of the quasi-cubic NC

agglomerates synthesized by using OLA plus Diol to dissolve FeCly-4H>O.
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3.34 S:Fe Ratio and Reaction Temperature on the Phase Purity

We then investigated the reaction conditions that influence the phase purity. We first
varied the molar ratio of sulfur to iron. With the same reaction conditions as the synthesis
of NC-ODA but by reducing the molar ratio of sulfur to iron from 6:1 to 4:1, the XRD
pattern in Figure 4.7A shows that a trace amount of the greigite FesS4 phase exists in the
product besides the pyrite phase. The narrower XRD peaks are due to larger crystals (~300-
500 nm) (Figure 4.7C). Further reducing this ratio to 2:1, the XRD pattern in Figure 4.7A
shows that only the greigite Fe3S4 and pyrrhotite Fei«S phases are in the product and no
pyrite phase.
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Figure 3.7 (A) XRD patterns of the products synthesized under the same conditions as
those for NC-ODA but with lower molar ratio of sulfur to iron from 6: 1 to 4: 1 and 2: 1,
respectively. The XRD peaks belong to pyrite FeS, greigite FesS4, and pyrrhotite Fei«S
and are marked as P, G, and Pht, respectively. (B) XRD patterns of the products synthesized
under the same conditions as those for NC-ODA but at 250 and 120°C, respectively. (C
and D) TEM images of the products synthesized with the molar ratio of sulfur to iron as 4:
1 and 2:1, respectively. The pyrrhotite Fe1xS phase NCs are shown as the hexagonal plates

indicated by the white arrows for example.
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The TEM image in Figure 4.7D shows some ~100 nm hexagonal plates in the product,
which could be the pyrrhotite phase NCs.!%%-163 It appears that excess sulfur in the reactants
with a molar ratio of sulfur to iron of 6:1 is necessary to ensure product with the pure pyrite
phase. Next, we investigated the effect of reaction temperature on phase purity. We
conducted the experiments using the same conditions as those for the synthesis of NC-
ODA but increased and lowered the reaction temperature from 220 to 250°C and 120°C,
respectively. The XRD pattern in Figure 7B shows that the product synthesized at the
higher reaction temperature of 250°C for 2 h has the greigite Fe;S4 crystalline phase with
a trace amount of pyrite. The product synthesized at the lower reaction temperature of
120°C for 2 h shows no strong peaks between the 20 of 25 to 65°. Two peaks at lower angle
of the XRD pattern may be due to the complex formed between FeCl, and ODA.!'!"

3.3.5 Discussions on the Growth Mechanism

All of the synthesis conditions and the phase and morphology of the products are
summarized in Table 4.1. Sulfur powder dispersed in long chain primary alkylamines, such
as OLA, has been widely used as a sulfur precursor in the synthesis of metal sulfide using
the hot injection method.!%*1%¢ A recent study showed that the reaction between sulfur
powder and OLA could undergo four different reaction pathways, each of which produced
H>S and other byproducts.'’ It was found that alkylammonium polysulfides were the main
product in the injection solution, which was typically prepared by mixing sulfur and OLA
at a low temperature (< 80°C). Upon injecting into the hot metal precursor solutions and
heating to NC growth temperatures, H>S was liberated and other byproducts were formed.
Under appropriate conditions, H2S combines with the metal precursor to form metal sulfide
NCs. Here, in our typical reactions, we used the non-amine solvent DPE to dissolve sulfur
powder. It was reported that elemental sulfur can cleave DPE to benzene, thiophenol and
phenol and generate H,S but this takes place at 450°C.'%® Therefore, sulfur powder may be
just dissolved in DPE at 70°C. When the sulfur-DPE solution was injected into the iron-
ODA or OLA solution and the mixture was kept stirring for 30 min at 120°C, the reaction
between sulfur and amine (and sulfur and the double bond of OLA!*) could happen. A
similar reaction mechanism'®’ could be followed when the temperature was raised to 220°C.

Therefore, having an adequate amount of H>S in the reaction solution plays a crucial role
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in the formation of pyrite phase. When the molar ratio of sulfur to iron was 4:1, less H»S
was generated and thus sulfur deficient product, Fe3Ss, was produced in addition to pyrite
phase. By further reducing this ratio to 2:1, the lack of H2S impeded the formation of pyrite
iron disulfide and thus only greigite Fe3S4 and pyrrhotite Fe1xS were produced (Figure
4.7A).

Since the amount of H»>S in the reaction solution can also be affected by the reaction
temperature as observed in the previous studies for CdS!*¢ and CdSe,'*’ it is expected that
the phase purity of the products could be affected by the reaction temperature. A higher
reaction temperature (e.g. 250°C) could cause the escape of Ha>S gas. This might be the
reason for the final product consisting of the greigite phase with a trace amount of the pyrite
phase (Figure 4.7B). On the other hand, if the reaction temperature is too low (e.g., 120°C),
the reaction could remain at the stage of the formation of alkylammonium polysulfides.
The incompletion of the amine and sulfur reaction could result in no or less generation of
H>S gas, and thus no crystalline phase in the product (Figure 4.7B).

Adding TOPO into the reaction of FeCl>*4H20 in ODA and sulfur in DPE has a
different effect on the phase purity of the product as compared to adding TOPO into the
reaction of FeCl>'4H>O in OLA and sulfur in DPE. Pure pyrite phase was obtained for
ODA but greigite with trace pyrite for OLA (Table 4.1). This could be due to several factors
taking place, such as the double bond in OLA causes the slower rate of nucleophilic attack
on Sg rings; the vulcanization process between sulfur and the double bond of OLA which
is similar to the behavior observed in sulfur with 1-octadecence (ODE)'*¢ and selenium
with ODE;"** and steric hindering of TOPO and OLA. As a result, less H>S is generated.
When DPE was replaced by OLA to dissolve sulfur, alkylammonium polysulfides have
been formed in the injection solution. After injecting the sulfur OLA solution to the iron
precursor solution and subsequently raising the temperature to 220°C, enough H>S was
generated!>> 136167 to ensure the formation of pure pyrite phase in the product. Therefore,
the additional capping agent (TOPO or Diol) mainly affects the morphology of the pyrite
NCs but not the phase purity of the product.
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34 Conclusions

In summary, we systematically studied the morphology and phase purity of pyrite NCs
synthesized via the hot injection method by varying the reaction conditions and local
chemical environment. High reactant concentrations or dissolving sulfur in OLA led to the
growth of elongated NCs (short, branched, and chromosome-like rods) resulting from the
fast growth of the kinetically favorable direction and possible OA of high energy facets.
Quasi-cubic NC agglomerations were obtained when the reactant concentration was
reduced or additional capping agent (TOPO or Diol) was added in the reactions where both
iron and sulfur reagents were dissolved in OLA. The molar ratio of iron to sulfur and the
reaction temperature were identified as two key parameters controlling the crystalline
phase of the synthesized products. A mechanism involving the generation and amount of
H>S in the reaction solution can successfully explain the phase of products synthesized
under different conditions. The as-synthesized pyrite NCs have absorption up to the NIR
region and exhibit a slightly larger indirect bandgap than that of bulk pyrite. The present
study demonstrated that the synthesis of pyrite NCs with controlled size, shape, and surface
states is feasible. The phase and morphology-controlled pyrite NCs make it possible to
further study the optical and electronic properties of pyrite NCs and to develop pyrite NC

based PV devices for sustainable energy.
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Chapter 4 ANISOTROPIC GROWTH OF IRON PYRITE
FES2 NCS VIA ORIENTED ATTACHMENT

4.1 Introduction

In the previous chapter, pyrite FeS, nanocrystals were synthesized by using hot
injection with varied reaction conditions. The shape, crystallinity, and phase purity were
systematically studied. The anisotropic growth of pyrite FeS, nanocrystals were identified
as oriented attachment. As we know, during the OA growth process, adjacent NCs
spontaneously self-organize in such a way that they share a common crystallographic
orientation and then form bonds among the opposite facets to reduce the total surface
energy. The coherence generally leads to the formation of anisotropic NCs with abrupt
edges. It sometimes also creates defects, such as misfit dislocations along the attachment
planes. The anisotropic morphology and defects in NCs may create interstates or quantum
wells along certain directions, providing unique electronic properties.!®!”3 Defects could

174

also act as an intrinsic dopant for semiconductor materials’'"* or an alternative pathway of

carrier transportation'”® and thus open a possibility to improve the performance of devices.
Indeed, the OA growth of pyrite NCs have been observed in the previous reports.*’- 7% 176
The doughnut-like pyrite iron disulfide NCs were considered to be formed due to the fusion
of several smaller, irregularly shaped pyrite NCs via the OA growth.”® Dendritic or cubic
pyrite iron disulfide NCs were generated by adjusting the concentration of iron precursor
dissolved in oleylamine that in fact, controls the nucleus concentration and the growth
kinetics.*” The formation of pyrite iron disulfide nanodendrites was speculated to the
attachment of several near-spherical NCs with a common crystalline orientation driven by
the dipole moment of each NC. Thin pyrite iron disulfide nanosheets were also observed
in the hot injection synthesis.!”® The formation was interpreted by the in-plane attachment
of pyrite seeds with {110}-rich surfaces. Although the OA growth phenomena have been
observed in the previous studies, there is still lack of fundamental investigation on how the
attachment occurs, what driving force dominates, along what crystalline planes or
directions the attachment occurs, and what other factors affect the OA process.

In this chapter, we studied the growth of anisotropic pyrite iron disulfide NCs by

characterizing the crystalline structure as well as size and morphology of the products at
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different growth stages using TEM, XRD, and DLS techniques. We analyzed the HRTEM
images of pyrite iron disulfide NCs. Combined with the study of the atomic structure and
the surface energy of different cleaved facets, a possible attachment mechanism is
proposed. The influence of solvent (or surfactant) on the OA growth of anisotropic pyrite

iron disulfide NCs was also investigated.
4.2 Experimental Section

4.2.1 Materials for Anisotropic Growth of Pyrite FeS2 NCs

All chemicals were used as received. FeCly'4H20 (99.99%), chloroform (> 99.8%),
and sulfur powder (99.98%) were purchased from Sigma-Aldrich, while oleylamine (OLA,
80-90%), ODA (90%), and DPE (99%) were obtained from Acros. Ethanol (200 Proof,

100%) was obtained from Decon Labs, Inc.

4.2.2 Synthesis of Pyrite FeS2 NCs

The typical reaction was carried out as following. FeCl>-4H>O (0.2010 g, 1.0 mmol)
was mixed with ODA (10.0 g, 37.1 mmol) to form Fe-ODA complex under the condition
of degassing with N> for 1 h at 120°C in a three-neck flask. In a separate tube, an injection
solution consisting of sulfur (0.1922 g, 6.0 mmol) in DPE (5.4 g, 5 mL) was degassed with
N at 70°C for 1 h. The molar ratio of sulfur to iron was 6:1. The injection solution was
added to the iron source solution using a syringe and the reaction mixture was kept at 120°C
for 30 min and then raised to 220°C under nitrogen atmosphere. A 0.5 ml aliquot of solution
was taken out of the reactor by using a syringe after the injection of 30 min at 120°C and
at the different time periods between 5 min to 12 h after the temperature was increased to
220°C. The aliquot was transferred to a tube and a 0.5 mL of chloroform was injected to
prevent ODA from solidifying. The products were separated from the reaction mixture by
precipitation using 3 ml ethanol and centrifugation at 4400 rpm for 5 min. The precipitates
were further washed by re-dispersing the precipitate through adding 1 ml chloroform,
precipitating by adding 3 ml ethanol, and separating by centrifugation at 4400 rpm for 5
min. The washing steps were repeated for three times.

For the synthesis using OLA to dissolve FeCl>-4H,O, FeCl>-4H>0 (0.2010 g,1.0 mmol)

was dissolved in 10.0 mL OLA (8.1 g, 30.4 mmol) and the injection solution consisted of
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sulfur powder (0.1922 g, 6.0 mmol) in DPE (5.4g, 5.0 mL). Reactants were taken out at 2
and 4 h after the reaction temperature was raised to 220°C. The other procedures and

conditions were kept the same as aforementioned.

4.2.3 Characterization of Anisotropic Pyrite FeS2 NCs

TEM and HRTEM images were acquired on an FEI Tecnai G2 F20 TEM system
operating at an accelerating voltage of 200 kV. The system can perform scanning TEM
(STEM) and is equipped with an EDX detector. Samples for TEM analysis were prepared
by drop casting a dilute solution of NCs in chloroform onto 300 mesh ultrathin Lacey
Formvar/carbon-coated copper grids and allowing the solvent to evaporate at room
temperature. FFT images were generated by ImageJ 1.45 S. The measurement of XRD was
carried out on a Bruker GADDS D8 Discover diffractometer using Cu Ka radiation (A =
1.5419 A). Three frames with 100 s/frame were obtained for each sample. Scan angle 20
begins at 30° with a frame width of 25°. Data were processed using the EVA package
provided by Bruker Axs. Samples for XRD measurements were prepared by dusting the
vacuum dried NCs on a double-sided tape attached to a glass slide. The hydrodynamic size
of NCs was analyzed with a DLS particle sizer (Nano ZS, Zetasizer Nano, Malvern).
Samples for DLS experiments were the purified pyrite iron disulfide NCs dissolved in

chloroform.
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4.3 Results and Discussion

4.3.1 Time-Dependent Crystallinity, Morphology, and Size of the NCs
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Figure 4.1 (A) XRD and (B-I) DLS results and TEM images of the products reacted after

the injection of the sulfur precursor in DPE to the iron precursor in ODA at 120°C for 30
min and at 220°C for 5, 10, 20, and 30 min and 2, 4, and 12 h, respectively.

In order to understand the formation of anisotropic pyrite iron disulfide NCs, we first

investigated the time-dependent crystallinity, morphology, and size of the NCs synthesized

by the injection of a sulfur precursor in DPE solution to an iron precursor in ODA solution.

An aliquot of solution was taken out of the reaction solution after the injection of the sulfur

precursor solution into the iron precursor solution at 120°C for 30 min and at the different

time periods between 5 min to 12 h after the increasing of the temperature to 220°C. The

crystallinity and morphology of the products were studied using XRD and TEM,
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respectively. To obtain better statistics on particle size distribution, the particle size was
also measured using DLS in addition to the estimation from the TEM images. Figure 5.1A
shows the XRD patterns of the products collected at different reaction conditions and the
corresponding TEM images and DLS results are shown in Figures 5.1B-11. For the sample
collected after the injection at 120°C for 30 min, two diffraction peaks at low angles of
19.9 and 22.6° were observed. These two peaks are ascribed to the spacing of the (111) and
(112) planes of mackinawite crystal (FeSix with 0 < x < 0.07), i.e., 4.5 and 3.9 A,
respectively.!”” The TEM image in Figure 5.1B shows the product is mainly cubic
nanosheets with the size ~70-200 nm. The elemental composition of the nanosheets was
analyzed using point energy dispersive X-ray spectrometer (EDX) under the STEM mode.
The average atomic Fe:S ratio was determined to be 1:0.94 through the measurement of
five spots on the nanosheets. A typical EDX spectrum is shown in Figure 5.2. The DLS
result shows the particle size distribution centered around 150 nm, which is concord with
the TEM result. The morphology of mackinawite crystal was also cubic sheets as reported
in the previous study.'”” Therefore, cubic mackinawite FeSoos phase iron sulfide

nanosheets were formed during the reaction at the low temperature.
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Figure 4.2 A representative point EDX spectrum under the STEM mode on a
mackinawite nanosheet obtained at 120°C for 30 min.
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When the reaction temperature was raised to 220°C, pure pyrite phase was formed even
at the reaction for 5 min, indicated by the (200), (210), (211), and (311) of the diffraction
peaks of pyrite iron disulfide in Figure 5.1A. The TEM image in Figure 5.1C shows
elongated and twisted small NCs with the diameter of ~8 nm and the length of ~20 nm
within the cubic matrices and each of these matrices has the side of ~50 nm. The DLS
result also shows the particle size distribution centered around 50 nm. The XRD and TEM
results indicate that when the temperature was raised to 220°C, the nucleation and growth
of pyrite iron disulfide took place immediately within the pre-formed crystalline
mackinawite nanosheets. The elongated and twisted rod-like NCs formed in such a short
time could be the results of OA among adjacent small primary monomer seeds along the
high surface energy facets in order to reduce the total surface energy of primary monomer
seeds. The XRD patterns show better crystallinity of the products obtained after 10 and 20
min reactions. The morphology and size of NCs, however, show almost no change and
NCs are still clustered in the similar size matrices (Figure 5.1D and 5.1E).

One key difference between NCs grown via the OR and the OA mechanisms is the
dependence of particle size and the number of particles on growth time. Via the OR
mechanism, large particles grow larger at the expense of smaller particles, resulting in
particle size increase but particle number decrease as time progresses. Via the OA
mechanism, the particles attach to create a more stable particle, and then usually cease the
size and number of particles for a certain period of time. This is the behavior exhibited in
the growth of 5-20 min as shown in Figure 5.1C-5.1E, and thus the growth of pyrite iron
disulfide NCs in this period of time is mainly via the OA mechanism. The pre-formed
mackinawite crystalline nanosheets at the low temperature provides the templates for
nucleation. When the temperature was suddenly raised to 220°C, nucleation bust occurred
within the nanosheets. The template effect could make adjacent nuclei orientate along some
common crystallographic directions, and thus easily attached to each other with minimum
re-orientation or diffusion as illustrated in Scheme 5.1A. At the initial stage of OA, some
nuclei or monomers may have large area facets so they can join at the planar interface and

form bonds (Scheme 5.2A). For those without large area facets, they
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Scheme 4.1 (A) Illustration of the nucleation of pyrite iron disulfide within the pre-formed
mackinawite crystalline nanosheets and the growth of NCs through OA in the early stage
(0-20 min) at 220°C and (B) Illustration of the isolation of individual larger NCs from NC
clusters and the growth of the faceted anisotropic NCs through OR with the proceeding of
reaction (30-120 min).

(A)

Scheme 4.2 (A) Illustration of an orientated attachment via sharing the common
crystallographic facets at a planar interface and (B) Illustration of an orientated attachment
via a “point contact” along an energy favorite crystallographic direction followed by the
subsequent interparticle growth.

may orientate along an energy favorite crystallographic direction, approached to each other
to form a “point contact”, and then molecules diffused and attached to the lattice positions

to fill the gap (Scheme 5.2B). Therefore, crystallinity became better as time progressed
from 5 to 20 min as shown in the XRD patterns in Figure 5.1A.
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The change of morphology is shown in the TEM image taken from the product after
the reaction of 30 min at 220°C (Figure 5.1E). While most NCs are still in clusters, they
grow into more round-like or fat rod-like NCs than thin rod-like NCs observed in the
shorter time reactions, indicating OR growth becomes more important than OA growth.
Some smaller particles are consumed in the growth of large particles, resulting in the
decrease of the number of NCs in clusters as well as the shrink of cluster size from ~50 to
~44 nm as shown in the DLS results (Figures 5.1B-5.1E). After the reaction for 2 h, the
crystallinity of the product is even better (Figure 5.1A) and more dispersed individual
anisotropic NCs are observed in the TEM image (Figure 5.1F). The DLS result confirms
more dispersed particles with a peak around 29 nm. The growth of NCs in this period of
time is illustrated in Scheme 5.1B. No dramatic morphology change is shown in the TEM
image (Figure 5.1H) after the reaction for 4 h except that the NCs are slightly more
isotropic. This trend was also observed in the previous studies.’® Further increasing the
reaction time to 12 h, NCs grow into faceted particles and the particle size is more uniform

indicated by the narrow size distribution of the DLS result (Figure 5.11).
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4.3.2 Plane to Plane Attachment
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Figure 4.3 HRTEM images of iron pyrite NCs as spherical-like monomers (A, B) and
formed via OA of two (C, D) and multiple (E, F) monomers along with their FFT images.

Facets and planes are indicated by the dotted lines. The scale bar is 5 nm.

HRTEM images were taken in order to identify the crystallographic planes and
orientations where the attachment occurs. Since attachment takes place rapidly at the initial
stage, it is difficult to take high quality HRTEM images. We took HRTEM images of pyrite
iron disulfide NCs synthesized at 220°C for 2 h. Under this condition, the NCs grown via
OA can still be identified and the crystallographic planes and facets can also be well
resolved. As shown in Figure 5.1G, the NCs exist in a variety of morphologies such as
spherical-like monomers, rod-like dimers, kinked trimmers, and even branched structures.

Figures 5.2A and 5.2B show the HRTEM images of two monomers with the size of ~9.4
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nm. All the fringes are indexed according to the generated FFT patterns. Two sets of the
parallel fringes with the distance of 2.2 A are shown in Figure 5.2A, which corresponds to
the lattice spacing of the {211} planes of pyrite iron disulfide crystals. One set of the
parallel fringes with the distance of 2.7 A is shown in Figure 5.2B, which matches the
lattice distance of the {200} planes of pyrite iron disulfide crystals. Figure 5.2B also shows
that the monomer has the {111}, {100}, and {210} facets.

The HRTEM image in Figure 5.2C shows a rod-like single crystalline NC with the
parallel fringe distance 2.4 A, corresponding to the lattice spacing of the {210} planes of
pyrite iron disulfide crystals. The long axis of the rod is along the <100> direction. The rod
is bounded with the {100} and {210} facets and the partial curvature at one end could be
due to the several step defects at one {100} facet, which are commonly observed in {100}
facet of pyrite NCs.!”818 Another rod-like single crystalline NC, shown in Figure 5.2D,
has a different morphology with different sizes at the two ends and a slightly narrowed
middle part. The long axis direction is identified as <210> direction. The step defects at
{100} facets makes the two ends more round-like. Figure 5.2E shows a single crystalline
NR with a 137° kink formed between the {210} and {211} planes. Parallel fringes with the
distance 2.4 A, which corresponds to the lattice spacing of the {210} planes, cross the
kinked interplane smoothly without any defect. The abrupt edge is a typical morphology
resulted from the OA growth. Similarly, Figure 5.2F shows a triangular-like NC also with
the abrupt edges. This NC could be formed by the attachment of two monomers from the
top and the bottom right corner to the NR. Again, parallel fringes corresponding to the
{200} planes extend smoothly across the interplanes.

For OA growth, the adjacent NCs undergo a self-organization process to orientate each
other with a common crystalline direction and then form bonds between the opposite facets.
The driving force of the self-organization process can be ascribed to the interaction of the
permanent or temporary electric dipole moments carried by NCs. The presence of polar
facets due to nonstoichiometric surfaces as well as the anisotropic shape of a neutral NC
all can lead to a dipole in the NC.®® As shown in Figures 5.2A-5.2F, {100}, {210}, and
{111} facets are mostly observed in the HRTEM images of pyrite iron disulfide NCs. There
are three, six and five different terminations for the (001), (210), and (111)
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Table 4.1 Summary of the (001), (210), and (111) surfaces of pyrite FeS; terminated in
different layers. X: the outmost surface atoms; Nre and Ns: the number of dangling bonds
of iron and sulfur atoms, respectively. The surface free energies of each terminated layer
are estimated at the two fixed changes in sulfur chemical potential (Aps=-0.3 and -0.8) in

Figure 7 of ref. %8 to represent the S-rich and S-lean conditions, respectively.

Layer X Nre Ns Energy (J/m?) Energy (J/m?)
Aps=-0.3 Aps=-0.8
(001)
(001)-Fe Fe 3 1 2.72 2.16
(001)-S S 1 1 1.22 1.22
(001)-2S S 0 3,1 1.41 2.01
(210)
(210)-Fe Fe 2,3 1,2 232 2.02
(210)-28 S 2 2,3 1.81 2.05
(210)-S S 1,2 1,2 1.60 1.60
(210}-Fe’  Fe 1,3 1 1.97 1.65
(210)-28° S, Fe 1 1,2 1.01 1.23
(210)-S° S, Fe 2 1 1.52 1.52
(111)
(111)-Fe Fe 3 0 - -
(111)-S S, Fe 2,3 1 2.56 2.16
(111)-2S S 1 2 1.44 1.44
(111)3S S 0 1,2 0.88 139
(111)-4S S 0 1,2,3 1.23 1.92

surfaces, respectively, which are summarized in Table 5.1. The atomic structures of
different terminations are provided in Figures 5.4-5.6. The surface unit cell of the (001)
plane is a square as shown in Figure 5.4. The termination of the (001)-Fe contains Fe atoms
only in the topmost layer while the other two terminations of the (001)-S and (001)-2S each

contain S atoms in the topmost layer. The surface unit
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Figure 4.4 The atomic structures of the pyrite FeS> (001) surface with three different
terminations. Side- and top-view are shown in the top and bottom rows, respectively. Blue
balls are iron atoms and yellow balls are sulfur atoms. The unit cell is indicated by the
green dotted line. In the top-view, the dangling bonds are terminated by hydrogen atoms

in red. Only the top two layers are shown in the top-view.
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Figure 4.5 The atomic structures of the pyrite FeS> (210) surface with six different
terminations. Side- and top-view are shown in the top and bottom rows, respectively. Blue
balls are iron atoms and yellow balls are sulfur atoms. The unit cell is indicated by the
green dotted line. In the top-view, the dangling bonds are terminated by hydrogen atoms

in red. Only the top two layers are shown in the top-view.
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Figure 4.6 The atomic structures of the pyrite FeS, (111) surface with five different
terminations. The side- and top-view are shown in the top and bottom rows, respectively.
Blue balls are iron atoms and yellow balls are sulfur atoms. The unit cell is indicated by
the green dotted line. In the top-view, the dangling bonds are terminated by hydrogen atoms
in red color. Only the top two layers are shown in the top-view. Only the top two layers are

shown in the top-view.

cell of the (210) plane is rectangular as shown in Figure 5.5. The (210)-Fe and (210)-Fe’
planes are terminated by Fe, the (210)-2S and (210)-S planes are terminated by S, and the
(210)-2S’ and (210)-S’ planes each contains both Fe and S atoms at the topmost layer. The
surface unit cell of the (111) plane is hexagonal as shown in Figure 5.6. The (111)-28S,
(111)-3S, and (111)-4S planes all are terminated with S atoms, while the (111)-Fe plane is
terminated with Fe atoms and the (111)-S contains both Fe and S atoms in the topmost
layer. The number of dangling bonds of each termination is summarized in Table 5.1. The
dangling bonds are terminated with H atom shown in red balls in Figures 5.4-5.6. Among
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these cutting facets, the (001)-S, (111)-2S, (210)-S, and (210)-S’ planes are stoichiometric
and thus are nonpolar. These facets may not be involved in the process of directly forming
bonds between the opposite facets. The (001)-2S, (210)-2S, (111)-3S, (111)-4S, and (210)-
28’ planes contain excess sulfur atoms while the (001)-Fe, (111)-S, (210)-Fe, and (210)-
Fe’ have excess iron atoms. When the NCs are terminated with these facets, the dipole
moment created by the polar facets could be the driving force to move and rotate adjacent
NCs to facing each other with shared common crystallographic directions. Surface energy
also plays an important role in the OA process. The facets with high surface energy have
high probability to form bonds between the opposite facets shared the common
crystallographic directions. Surface energy of the stoichiometric terminations with the
surface expose to vacuum has been calculated using DFT and the trend of (001)-S <(111)-
28 <(210)-S was obtained.'*® 8! Recently, surface free energy of all terminations of (001),
(210), (111), and (011) surfaces in equilibrium of arbitrary sulfur environment was
calculated using DFT in combination of a thermodynamic description of the surfaces.'*® It
was found that with the increase of the sulfur chemical potential the surface free energy
remains constant for all stoichiometric planes, decreases for all planes with extra S atoms,
and increases for all planes with extra Fe atoms. In the calculations, the S-lean condition is
defined as the low-limit of S chemical potential (Aus = -0.9) at which sulfide decomposes
into Fe and S atoms while the S-rich condition is defined as Apus = 0 at which S gas
condenses completely on the surface. The similar trend for surface free energy of (001)-S,
(111)-2S, and (210)-S surfaces was obtained using this method although the values are
slight higher than those reported previously. Since the nucleation and initial growth of
pyrite iron disulfide NCs occur in the pre-formed mackinawite FeSoo4 crystalline
nanosheets as shown in Figure 1B, we consider the local S environment is more like S-lean.
We summarized the surface free energy at Aus = -0.3 and -0.8 to represent the S-rich and
S-lean conditions, respectively, for all types of terminations of (001), (210), and (111) in
Table 1. Among all the 14 cleaved facets, the (001)-Fe, (210)-2S, (210)-Fe, and (001)-2S
are four facets with high surface free energy under the S-lean condition (Table 5.1). As
shown in Scheme 5.3, seamless, direct bonding could be formed by the attachment of
(001)-Fe and (001)-2S as well as (210)-Fe and (210)-2S. Therefore, abrupt structure

changes at {100} (Figure 5.2F) and {210} (Figures 5.2D and 5.2E) facets
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Scheme 4.3 Illustrations of the attachment through (A) (001)-2S and (001)-Fe and (B)

(210)-2S and (210)-Fe planes. Dotted red lines indicate the positions where the bonds are
formed through the OA.

are observed, resulting from the attachment between the {100} opposite facets and the
{210} opposite facets. No attachment through the {111} facets is observed because the
high energy {111} facets are all terminated by sulfur and no Fe-S bond can be formed by
the collision. The locally S-lean condition at the early growth stage can also inferred from

the morphology. The theoretical Wulff shapes for FeS; at the S-lean and S-rich limits were
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constructed based on the facets that have low surface free energy at each limit.!>® At the S-
lean conditions (Aps between -0.9 and -0.75), pyrite FeS: tends to appear as a cubic-like
crystal dominated by the {100} facets at the faces with truncated {111} and {210} planes.
In contrast, at the S-rich conditions (Aus between -0.5 and 0), pyrite FeS» tends to appear
as an octahedron-like crystal mainly enclosed by the {111} facets with the minority of the
{210} facets at the apexes of the octahedron. Since all the monomers observed under TEM
(Figures 5.2A and 5.2B) are symmetrical, spherical and no octahedron-like crystals are
observed, local S-lean condition in nanosheets accounts for the generation of symmetrical,

spherical NCs at the early stage of NC growth.

4.3.3 Point to Point Attachment

In addition to the attachment of two planes at a planar interface, OA growth could take
place by filling the gap between two monomers orientated along the common
crystallographic direction, forming a dumbbell-like NC (Scheme 5.2B). Figure 5.7A shows
a dumbbell-like NC with a narrow region between two monomers, where the same
crystallographic fringes are observed as those of the two end monomers and no defects
exist between the interfaces of the narrow part and the monomers. This type of OA growth
was also observed in the previous studies of TiO2,'® ZnS,!** PbSe,® and FeS, NCs.!7
More complex-shaped pyrite FeS, NCs were formed by joining adjacent particles in a
sideway through the inter-particle growth when the opposite planes of high surface energy
facets were close. Figure 5.7B shows the coalescence of two dimers probably via filling
the gap between two dimers merged through a “point contact” at (210) plane, forming a
curve-shaped NC without any defects at the interfaces. Figure 5.7C shows a branch-shaped
NC that could be formed by joining a kinked NC, similar to that in Figure 5.2E, and a rod-
like NC, similar to that in Figure 5.2D. The kinked and the rod-like particles could self-

organize to make them orientated along the common crystallographic direction. Then,
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Figure 4.7 (A-D) HRTEM images and the corresponding FFT patterns of pyrite iron
disulfide NCs formed by possible point-contact and interparticle growth of orientated
attachment. The direction of the long axis is indicated by the white arrows. Zone axis for

each HRTEM image is indicated. Scale bars are 5 nm.

precursors diffuse into the gap area and form chemical bonds from the surfaces of each
particle. Full coordination is eventually reached, resulting in a defect-less branch-shaped
NC. Figure 5.7D shows the side-attachment of two rod-like NCs. While part of the interface
has been fully grown into defect-less lattice, about two thirds of the interfaces are still not
healed. As time progresses, this part could be completely filled without defects or could

form dislocation or twin defects.

After the reaction for 12 h, clear facetted NCs are observed in Figure 5.11. HRTEM images
of three typical facetted NCs are shown in Figure 5.8. Figure 5.8 A shows a NC bounded
by the {100} and {210} facets. Figure 5.8B shows an elongated NC with the tip
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Figure 4.8 (A-C) HRTEM images and FFT patterns of faceted pyrite iron disulfide NCs
formed by the reaction of iron precursor in ODA and sulfur precursor in DPE at 220°C for

12 h. Facets are highlighted by dotted lines. Scale bars are 5 nm.

bounded by the {100} and {210} facets and the side enclosed by {111} facets. Figure 5.8C
clearly shows a NC formed via OA growth with well-defined {100}, {111}, and {210}
facets. However, an un-fused part is shown along the {210} facets between two particles.

Compared to the NCs formed at the reactions of 2 and 4 h, the edges are more flat and
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sharp and the {100}, {111}, and {210} facets are the major facets observed in the products

of the reaction for 12 h.

434 Solvents on the Morphology of Pyrite FeS2 NCs
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Figure 4.9 (A) and (B) The TEM images and (C) the corresponding XRD results of iron
pyrite NCs synthesized by the reaction of iron precursor in OLA and sulfur precursor in

DPE at 220°C for 2 and 4 h, respectively.

Similar to ODA, OLA is another long-chain primary alkylamine but it has a double
bond in the middle of the molecule. OLA can play multiple roles, not only a solvent but
also a surfactant that can form a bond via the amine group with surface atoms as well as a
reducing agent because of the unsaturated double bond and amine group. Therefore, OLA
has been widely used in the synthesis of a variety of semiconductor NCs in order to control
morphology and size.!3* In this work, we investigated how OLA affects the OA growth
and thus the morphology of pyrite FeS, NCs. Figure 5.9A shows that pyrite FeS> NCs tend
to have more thin-branched shapes synthesized using OLA instead of ODA to dissolve the
iron precursor at the same reaction conditions, i.e., 220°C for 2 h. “Zigzag” pyrite
nanowires are also observed as indicated by white arrows. A longer reaction time to 4 h
leads to NCs with mixed morphologies, including dots and shorter, fatter branched rods as
shown in Figure 5.9B.

The HRTEM image in Figure 5.10A shows two particles that each could have been
formed via OA growth attach via a point-contact or two small {210} facets. NCs with a II-
shape are also commonly observed in the products. Figure 5.10B shows that the two

branches with the <210> direction as the long axis are attached to the side of a rod through
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the (210) plane. For some complicated structures shown in Figure 5.11, branches are

always stretched out along the <210> direction and are attached to other NC through the

{210} facet.
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Figure 4.10 (A and B) HRTEM images and FFT patterns of the typ
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Figure 4.11 HRTEM images and FFT patterns of the complicated iron pyrite NCs formed
by the injection of the sulfur precursor in DPE to the iron precursor in OLA and the reaction

at 220°C for 4 h. Scale bars are 5 nm.

As discussed above, using OLA as a solvent leads to the growth of pyrite NCs with
more branches, chromosome-like shapes compared to NCs synthesized using ODA as a
solvent. The different passivation density and orientation of ODA and OLA on the NC
surface as well as the different interaction between aliphatic chains during the course of
the growth may account for this morphologic difference. After injection of the sulfur source
and increasing of the temperature to 220°C, a higher concentration of H>S caused by the
vulcanization process'>> 136 between sulfur and the double bond of OLA could favor the
growth of branched structures. OLA has a double bond in the middle of the chain and has
a cis configuration compared to ODA that also has an 18-carbon chain. A single OLA chain
occupies a larger steric space than a single ODA chain. Both OLA and ODA bind iron
atoms via the N-Fe interaction. The rotation of the octahedrons formed by the six bonds of
each iron atom at the corners and the face centers of the cubic unit cell makes it
energetically unfavorable to passivate the same number of iron atoms with OLA compared
to ODA. The packing of OLA on the NC surface was thus not expected to be strong, well
ordered, or dense enough. The high-energy or poorly covered facets then favor an OA.*"
176 Meanwhile, a preferential attachment along <210> is observed for the NC synthesized
in OLA and DPE (Figures 5.10A, 5.10B and 5.6). Although there is a little difference
between the total energy of the (001)-Fe and (001)-2S pair and (210)-Fe and (210)-2S pair
in vacuum under sulfur rich condition (Table 5.1), the weak, disordered, sparse packing of

OLA on the surface of NCs may raise the total energy of (210)-Fe and (210)-2S pair and
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thus a preferential attachment along <210> is observed for the NC synthesized in OLA and
DPE.

44 Conclusions

In summary, we have investigated the morphology and crystalline structure of pyrite
FeS> NCs synthesized using hot injection. The formation of anisotropic pyrite FeS> NCs
involves a nucleation burst and an orientated attachment process at the early growth stage
as supported by the results of time-dependent XRD, TEM, and DLS. The pre-formed
mackinawite nanosheets at low temperature provide templates for nucleation burst in a
sulfur-lean local condition. The attachment appears to be either through the formation of
bonds between the opposite facets sharing the common crystallographic direction or
through a “point contact” followed by inter-particle growth. The analysis of HRTEM
images combined with surface free energy of different terminations of the (001), (210), and
(111) planes suggests that the orientated attachment most likely occurs between the (001)-
Fe and (001)-2S as well as the (210)-Fe and (210)-S facets, which have high surface free
energy under the sulfur-lean conditions. OR crystal growth becomes more important than
orientated attachment growth after the reaction for 30 min, resulting in facetted, more
isotropic NCs. Solvent or surfactant has a pronounced effect on NC morphology. Using
oleylamine to replace ODA as the solvent for the iron precursor, complex, branch-shaped
NCs are formed via orientated attachment of multiple NCs along the <210> direction. This
study sheds the light to the understanding of the growth of anisotropic pyrite FeS> NCs and
the evolution of their morphologies. The knowledge provides a mean to control the
morphology of pyrite FeSz NCs in order to achieve desired optical and electrical properties

for the development of efficient, low-cost, and environmental benign solar cells.
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Chapter S DUAL HOLE TRANSPORT LAYER FOR
INVERTED POLYMER-CDSE QDS HYBRID SOLAR
CELLS

5.1 Introduction

In the previous chapters, an earth abundant, non-toxic semiconductor pyrite FeS, were
successfully developed. The size and morphologies were able to be controlled from 10 nm
to 4-5 um. The synthesized pyrite FeS> nanocrystals show the absorption up to 1100 nm
and a high absorption coefficient covering the visible light region. However, once the
synthesized pyrite FeSz nanocrystals were incorporated to polymer solar cells composed
by P3HT and PCe1BM. The fabricated devices always show very low efficiency (< 3%)'%.
One of the issues leads to low efficiency is that the surface morphology of the spin-coated
organic-inorganic hybrid film is very rough when the weight ratio of pyrite FeS:
nanocrystals exceeds 3.9%'>. This will cause the incomplete coverage of interfacial layers
between the electrodes and the active layer. Thus, to explore an effective interfacial layer
is very important for an efficient organic-inorganic hybrid solar cells (OIHSCs). In order
to simplify the study of the hole transport layers and reduce the effects of material quality
on the device performance, CdSe QDs or NRs were used. In the following section, we
summarized the current research on OIHSCs.

OIHSC:s are attractive for the PV research community as an alternative to all-organic
solar cells. OIHSCs combine the advantages of the tunable band gap'®’ and facilitated
charge transport® enabled by inorganic semiconductor QDs or NRs and the flexibility, light
weight, and low-cost fabrication offered by conjugated semiconductor polymers.'®¢ They
typically adopt a BHJ structure with the inter-mixing of polymers as an acceptor and
inorganic semiconductors as a donor in a single active layer. Polymers such as P3HT,* 3!
187 poly [2, 6-(4, 4-bis(2-ethylhexyl)-4H-cyclopenta[2, 1-b:3, 4-b0]-dithiophene)-alt-4, 7-
(2, 1, 3-benzothiadiazole)] (PCPDTBT),'*¥1%° poly [2-methoxy-5-(2-ethylhexyloxy)-1, 4-
phenylenevinylene] (MEH-PPV),"!: 192 and poly ({4, 8-bis[(2-ethylhexyl)oxy]benzo[1, 2-
b:4,  5-b'ldithiophene-2,  6-diyl} {3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,  4-
b]thiophenediyl}) (PTB7)!*® and their derivatives are commonly used as the donor. The

acceptors are the inorganic semiconductors such as CdSe,* 1** CdS,'> 1% and PbS'7 QDs
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or NRs. These inorganic semiconductors offer enhanced absorption in the solar spectrum
region and generate extra excitons in addition to the polymer part. The nanoscale phase
separation creates a high density of donor/acceptor interfaces to enable exciton dissociation
and the subsequent charge transportation in the donor and acceptor domains. '

OIHSC:s are typically fabricated with a conventional device configuration of ITO/hole
transport layer (HTL)/BHJ/Al, where ITO acts as the bottom hole-collecting anode and a
low work function metal (e.g., Al) as the top electron-collecting cathode. PEDOT:PSS is
used as HTL due to its broad applicability, ease of use, and availability.3!:*®4° The active
layer is a mixture of inorganic semiconductor QDs or NRs and polymers. Until now, the
highest PCE of 3.64 % was achieved by using a blend of CdSe QDs and NRs as the donor
and P3HT as the acceptor with a conventional configuration.'”* However, OIHSCs with a
conventional configuration are unstable because indium is able to diffuse into the polymer
layer and thus degrade the performance of OIHSCs.'* In addition, prolonged exposure of
conventional configuration devices to air and moisture can cause the oxidation of the top
electrode as well as the degradation of the active layer.?”° Finally, direct deposition of metal
onto the active layer may lead to either metal diffusion into the film or metal reaction with
the polymer, and thus adversely affecting the semiconducting properties of the polymer.2°!:
202

Regarding these issues raised by adopting a conventional structure, an inverted device
configuration was developed with a typical structure of ITO/ETL/BHJ/HTL/Ag. In these
devices, an air-stable high work function metal (e.g., Ag or Au) is placed on top as the
anode while the bottom ITO is used as the cathode. An ETL (e.g., ZnO) is inserted between
the ITO and the active layer to selectively extract electrons to the cathode. The presence of
an ETL greatly reduces the leakage current in the devices and prevents the diffusion of
indium into the active layer. An HTL is inserted between the active layer and the anode to
selectively extract holes while concurrently block electrons, thereby further reducing the
dark (leakage) current and increasing the Voc. The high work function of PEDOT:PSS
(4.8-5.2 V) is typically used as the HTL. PEDOT:PSS helps the anode to form ohmic
contact with the BHJ active layer to improve the Voc and charge-collecting ability of solar
cells.*” However, PEDOT:PSS suffers from several drawbacks including large electrical

and microstructural inhomogeneities,*° poor electron blocking property,’! and the tendency
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of eroding the electrodes.’>>* Various transition metal oxides such as nickel oxide (NiO),>*
55 molybdenum oxide (Mo0Q3),*”> *¢ vanadium oxide (V20s),°" °® and tungsten oxide
(WO3)* were developed to use as an alternative HTL to PEDOT:PSS. Among these, MoOs
is one of the most promising materials because of its nontoxic nature, the very deep-lying
electronic states, and strongly n-doped by oxygen vacancies.®” ¢! Inverted devices
fabricated using MoOs as the HTL consistently show higher PCE than conventional devices
using PEDOT:PSS as the bottom electrode interlayer.> % Despite the inverted
configuration has been extensively used in fabricating all-organic solar cells, only a few
works have been reported regarding the OIHSCs with an inverted structure. An inverted
binary OIHSC was fabricated by using CdSe NRs as the acceptor and P3HT as the donor.
CdSe NRs arrays were deposited on TiO» coated ITO glass.?”® The interstitial spaces
between the NRs were infiltrated with P3HT, and the devices were completed with an Au
top electrode. The best power conversion efficiency was achieved at 1.38% under 100 mW
cm™? of AM 1.5G illumination. Inverted ternary OIHSCs were developed to improve the
binary polymer solar cells. Inverted hybrid solar cells based on pyrite FeS> NCs in
P3HT:PCs1BM were fabricated*** with a structure of
ITO/ZnO/P3HT:PCs1BM:FeS/PEDOT:PSS/Ag.  The devices showed enhanced
photocurrent and great air-stability after aging 28 days exposed in air. Solar cells with a
structure of ITO/Ti02/PCDTBT:PCs1BM:CdSe QDs/MoOs/Ag were constructed. By the
incorporation CdSe QDs into binary PCDTBT:PC¢ BM polymer solar cells, the inverted
devices showed the enhancement of Voc, Jsc, and FF, and thus improved PCE of 6.94%.%2%
Very recently, a MoO3:PEDOT:PSS hybrid ink was developed by mixing MoOs
nanoparticles with PEDOT:PSS and deployed as the HTL in the inverted organic solar cells
with P3BHT:PCBM and PTB7:PCBM active layers. The inverted organic solar cells with
the hybrid HTL achieved comparable PCEs as those using the thermally evaporated MoO3
HTL when the thickness of MoOj3 is greater than 20 nm. The solution processability along
with the less thickness dependence of device performance makes this HTL hybrid ink more
compatible with roll-to-roll printing process>°.

In this chapter, we fabricated inverted hybrid CdSe-polymer solar cells with a structure
of ITO/ZnO/CdSe:polymer/HTL/Ag. Two widely used conjugated semiconducting

polymers P3HT and PTB7 were blended with CdSe QDs, or NRs or QDs + NRs to form
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the hybrid BHJ layers. First, three types of HTLs including two single HTLs, PEDOT:PSS
and MoOs, and a dual HTLs, PEDOT:PSS/MoQO3, were inserted between the active layer
of CdSe QDs:P3HT and the top anode. Different from the previous work using the mixture
of MoO3:PEDOT:PSS as a hybrid ink for HTL?%, we spin-coated a layer of PEDOT:PSS
first and then thermally evaporated a layer of MoOs, which serves as a dual HTL. The
performance of the fabricated inverted hybrid solar cells was evaluated. Hole mobility and
electron mobility were obtained by applying the space-charge-limited-current (SCLC)
method to the hole-only and electron-only devices with the same hybrid active layer,
respectively. EQE measurements were performed in order to understand photon absorption
and charge carriers generation process. An improved Shockley model using space-charge
approach was applied to fit the dark J-V curves to obtain the shunt resistance (Rsn) and
series resistance (Rs), which were added to understand the different performance observed
in the devices using three types of HTLs. The enhancement in the efficiency of the
fabricated solar cell was ascribed to an improved electron blocking at active layer/anode
interface as well as a prevention of leakage current. By adopting the inverted structure and
using the dual HTLs, the resistive losses of CdSe:P3HT hybrid system at high illumination
power are effectively prevented. The further study showed the dual HTLs was applicable
to CdSe:PTB7-F20 solar cells. An efficiency as high as 2.35% was reached by inverted
hybrid CdSe-PTB7-F20 solar cells with a structure of ITO/ZnO/CdSe QDs + NRs:PTB7-
F20/HTL/Ag.

5.2 Device Theory

The theory used in this chapter to model the device is summarized below:

5.2.1 Equivalent Circuit

Device physics of solar cells can be illustrated by using a simple equivalent electric
circuit as a diode in series with a resistor (the series resistor), and in parallel with a constant
photocurrent source, a capacitor, and another resistor (the shunt resistor) (Figure 6.1). In a
steady state measurement, the capacitance is neglectable. Both the series resistance and the
shunt resistance determine the shape of J-V curve. A low series resistance means that high
currents will flow through the cell at low applied voltages. This is reflected as a high slope
of J-V curve at Voc. A low shunt resistance means there are pinholes presented in the active
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207 or the imperfect coverage of HTL.

layer or connected pathways between two electrodes
A reduced shunt resistance results in a steeper slope in the J-V curve under reversed bias
and a reduced FF. Contributions to the series resistance include contact resistances between
the electrodes and the semiconductors as well as the bulk resistance of the blend in the PV
device. To obtain a high FF for efficient power conversion, a series resistance approaching

zero and a shunt resistance approaching infinity is desirable.

2

Figure 5.1 Diagram of an equivalent circuit of a solar cell.

5.2.2 Simple Shockley Model
Mathematical model for a solar cell with one ohmic and one Schottky contact is

represented by the relationship:

—JR —JR
e(V—1J “))—1]+V R,
nk,T R

J =J,[exp( (6.1)
Where J is the current density, V is the applied voltage, Jo is the reverse bias saturation
current density, Jpn 1s the photocurrent, e is the elementary charge, R; is the series resistance,
n is the diode ideality factor, kg is Boltzmann’s constant (1.38 x 102} J/K), T is temperature,
and Rgn is the shunt resistance. From this equation, we can derive the equation for Jsc, Voc,
and FF.
For an ideal solar cell with R approaching 0, Rgsw approaching oo , equation is

approximated by:
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J=J [ex -1]-J 6.2
olexp( . KBT) =7, (6.2)

At V=0, Jsc is the cell current density,
Jo==J,(V=0) (6.3)

At J =0, by solving equation Eqn. 6.1, Voc is determined as:

y =T 1n(% +1)(J =0) (6.4)
e

oc

s

5.2.3 Improved Shockley Model Using Space-Charge Approach

If the charge carrier mobilities are low, space-charge effects become important at
higher electric fields because there is a high current level resulting from injection of charges.
A modified Shockley model which incorporates the decrease in electric field due to space

charge is used to model the OIHSCs:

e(V-V,)

R K 14

J=—t  (Jfe " 1+ —— 6.5
1/AS+Rsh( ot } SRsh) (6:3)

Where S is the area of the device. The term Vy, accounts for both series resistance and

space charge as follows,

_ 2
J=AV,+BV2,V, = A“zABJr“B with A=SLR,B:%W® (6.6)

s

B accounts for the trap density O, and the carrier mobility p in a thin film with contact
area S, thickness d, and permittivity €. This model can also be used to describe NC-polymer

devices for NCs of various diameters and aspect ratios.

5.24 Space Charge Limited Current
Energy-conversion devices such as solar cells and light emitting diodes rely on carrier

injection, whose uncompensated charge and the concomitant push-back electrostatic fields
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give rise to SCLC. In the absence of any trapping effects the current density is given by the
Mott-Gurney Law:

2

9 Vv
J =§,Ll€80F (67)
Where L is the active layer thickness, i is the mobility, € is the relative permittivity, €o
is the permittivity of free space.
In the presence of a strong electric field, the effective depth of a trap is reduced.
Subsequetly, the proportion of carriers which are free is increased. Frenkel effect?*®

becomes prominent, which gives a modified Mott-Gurney Law:

9 v? 0.895
J =— g, —ex Vv 6.8
3 55 oxp( V) (6.8)

Where f is the field-activation factor; J is the current density; V is the applied voltage;
L is the active layer thickness; p is the mobility; € is the relative permittivity; go is the

permittivity of free space and B is the field-activation factor
5.3 Experimental Section

5.3.1 Materials for CdSe QDs and NRs Synthesis and Device Fabrication

Cadmium oxide (CdO, >99.99%), selenium powder (Se, 99.99%), TOPO (99%), oleic
acid (>99.0%), and zinc oxide nanoparticle (ZnO NP) dispersion (50 wt% in H>O and the
particle size < 100 nm determined using DLS) were purchased from Sigma-Aldrich.
Trioctylphosphine (TOP, 97%) and n-tetradecylphosphonic acid (TDPA, 97%) were
obtained from Strem Chemicals Inc. P3HT (4002-E) was purchased from Rieke Metals,
Inc. Poly(thienothiophene-co-benzodithiophenes)7-F20 (PTB7-F20) was obtained from 1-
Material, Inc. PEDOT:PSS (Clevios P VP AI4083) was obtained from H.C. Starck and
filtered through a 0.22 pm nylon filter before use. MoOs; powder (99.9995%) was
purchased from Alfa Aesar. Ag pallets (99.99%) and ITO coated glass were obtained from
R.D. Mathis and Colorado Concept Coatings LLC, respectively.
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5.3.2 CdSe QD and NRs Synthesis and Ligand Exchange

CdSe QDs were synthesized by the hot injection method.'* Briefly, CdO (0.5 mmol),
oleic acid (10.0 mmol), and TOPO (2.5 mmol) were mixed and heated to 280°C under the
N> protection. In a separate airtight tube, 0.5 mmol of Se was dissolved in 1.5 ml of TOP
to form a TOP-Se solution at 150°C. Subsequently, 1.5 ml of TOP-Se solution was swiftly
injected into the three-neck flask using a glass syringe. After the injection, the temperature
was maintained at 280°C for 2 to 30 min in order to obtain CdSe QDs with the size from
4.0 to 7.4 nm. The reaction was quenched by adding 5 ml toluene. CdSe QDs were purified
by washing with toluene and being precipitated in methanol for three cycles. QDs were
ligand exchanged with pyridine overnight at 60°C. The ligand exchanged QDs were then
precipitated by adding hexane, separated by centrifugation at 6000 rpm for 2 min, and re-
dispersed in 1.0 ml pyridine:CB (1:20 vol/vol).

1'¥ with a few

CdSe NRs were synthesized according to the reported protoco
modifications. Typically, CdO (0.4 mmol), TDPA (1.1 mmol), and TOPO (10.6 mmol)
were mixed and heated to 300°C under the N> protection to dissolve CdO in the
TDPA/TOPO solution. After an optically clear solution was obtained, it was heated up
to 320°C. In a separate airtight tube, 0.5 mmol of Se was dissolved in 4.0 ml of TOP to
form the injection solution at 150°C. This solution was injected into the reaction flask
at 320°C by using a 5-ml glass syringe. After the injection, the temperature of the
reaction mixture dropped down and was kept at 250°C for the growth. The reaction was

stopped at 30 min by removing the heating mantle. The purification and ligand

exchange procedures of CdSe NRs were the same as those of CdSe QDs.

5.3.3 Device Fabrication

Inverted OIHSCs were fabricated on ITO coated glass substrates with a sheet resistance
=10 Q sq’'. The substrates used for all devices were first cleaned by several ultrasonication
steps in soapy deionized (DI) water, DI water, acetone, and isopropanol, each for 15 min.
The cleaned substrates were treated with oxygen plasma for 30 s prior to depositing any
films. The substrates were first spin-coated with a 5.22 wt% ZnO NP dispersion at 3000
rpm for 30 s. After being baked in air at 120°C for 10 min, the substrates were transferred

to a nitrogen glovebox for the spin coating of CdSe-polymer layers. The CdSe-polymer
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solutions were prepared by dissolving CdSe QDs or NRs and P3HT or PTB7-F20 in
pyridine:CB (1:20 vol/vol) to a total concentration of 30 mg ml™'. The weight ratio of CdSe
QDs in the mixture was 80 or 85 wt%. The weight ratio of QDs to NRs was 2:1 for the
devices containing the mixture of CdSe QDs + NRs:PTB7. The CdSe-polymer layers were
fabricated by spin-coating of CdSe-polymer solutions at 1000 rpm for 30 s, followed by
being baked at 150°C for 10 min. Three types of HTLs were inserted between the active
layer and the top Ag anode. The 40 nm PEDOT:PSS layer was fabricated by spin-coating
of a dilute PEDOT:PSS solution at 5000 rpm and being baked at 120°C for 10 min. The 10
nm MoO; layer was fabricated by thermal evaporation. The dual HTLs of 40 nm
PEDOT:PSS/10 nm MoOs was fabricated by spin-coating of a dilute PEDOT:PSS solution
and thermal deposition of the MoOs layer. Finally, a 100 nm Ag layer was thermally
evaporated through a shadow mask to make four electrodes each with an area of 10 mm?.
The background pressure was kept below 10" Torr during the deposition.

The electron-only devices were fabricated with a structure of 100 nm Al/85 wt% CdSe
QDs:P3HT/100 nm Al. A 100 nm thick Al was thermally evaporated onto a glass substrate
and then the CdSe QDs:P3HT solution was spin-coated on the Al-covered substrate
followed by the deposition of a 100 nm thick Al layer. The area for those electron-only
devices was 10 mm?. Similarly, the hole-only devices were fabricated for the measurement
of hole mobility in the hybrid thin film with a structure of ITO/40 nm PEDOT:PSS/85 wt%
CdSe QDs:P3HT/100 nm Au. A layer of 40 nm PEDOT:PSS was spin-coated on an ITO
coated glass substrate and baked at 105°C for 20 min, followed by spin-coating of the

active layer. Finally, a 100 nm Au was deposited onto the active layer.

5.3.4 Characterization of CdSe QDs and Device Testing

UV-Vis spectra of CdSe QDs and NRs in toluene were acquired using a Varian Cary
5000 UV-Vis-NIR spectrophotometer from the wavelength of 450 to 750 nm.
Photoluminescence (PL) spectra of the same solutions were recorded by Perkin Elmer LS-
50B Fluorimeter with an excitation wavelength of 450 nm. TEM images were acquired
using a FEI Tecnai G2 F20 TEM operating at an accelerating voltage of 200 kV. The
samples for TEM analysis were prepared by drop casting a dilute solution of NCs in

chloroform onto ultrathin carbon-coated copper grids. The film thickness was measured
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using an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA). The illuminated J-V
curves were recorded in a glove box under nitrogen atmosphere using a Keithley 2400
source meter unit. The measurements were performed under AM1.5 illumination condition
at an intensity of 100 mW/cm?. The light intensity was calibrated to 100 mW/cm? using a
calibrated silicon solar cell that had been previously standardized at the National
Renewable Energy Laboratory. The J-V curves of the hole-only and the electron-only
devices were measured using the same set-up under dark. EQE spectra were gathered in
air using an Oriel Xenon lamp (450 W) with an AM 1.5 filter, a monochromator (Oriel
Cornerstone 130 1/8 m), a chopper with a frequency of 100 Hz, a lock-in amplifier (SR830,
Stanford Research Corp), and a Si-based diode (J115711-1-Si detector) for calibration.

5.4 Results and discussion

5.4.1 Synthesis and Characterization of CdSe QDs and NRs

Inorganic semiconductor QDs or NRs in OIHSCs absorb sunlight to generate electron-
hole pairs. The connected inorganic semiconductor phase serves as a pathway to transport
electrons. The size of CdSe QDs not only affects the light absorption but also the efficiency
of electron transfer and the mixing uniformity with polymers. It was reported that CdSe
QDs with the size of 6.5+0.5 nm blended with P3HT generated a PCE of 1.7+0.1% for the
devices with a conventional configuration.!®® Larger size CdSe QDs of 8-10 nm induced
the aggregation of QDs in the mixtures, which causes a poor electrical contact between the
active layer and the electrodes and poor reproducibility of device performance.?’® CdSe
QDs with the size below 6 nm resulted in large hopping distances among QDs in the active
layer, leading to insufficient percolation pathway for the electron transport. As a result, a
small Jsc was commonly observed in those devices.?!”
Therefore, CdSe QDs with the size around 6-7 nm were synthesized. The reaction time was
controlled from 2 to 30 min at 280°C and the UV-Vis and PL spectra of the synthesized
CdSe QDs were measured. The first excitonic absorption peak shifts from 604 to 654 nm
as shown in the UV-Vis spectra in Figure 6.2A. The corresponding PL emission changes
from 619 to 660 nm with the excitation wavelength of 450 nm (Figure 6.2B). The diameter
of the synthesized CdSe QDs was estimated by using the empirical fitting function that

correlates the diameter of CdSe QDs to the wavelength of the first excitonic absorption
&3



(A) (B)

S S
8 s
8
S £
0 - Wﬁf’s/
< o
450 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 5.2 (A) UV-Vis absorption spectra and (B) PL spectra of CdSe QDs synthesized by
reacting at 280°C for 2-30 min. The size of CdSe QDs was calculated from the wavelength
of the first excitonic absorption peak of the UV-Vis spectra.

peak?!! and the values 0f 4.0, 4.3 5.0, 6.1, and 7.4 nm were obtained. The morphology and
the size of synthesized CdSe QDs were also studied using TEM. Figure 6.5A shows a TEM
image of CdSe QDs synthesized by reacting at 280°C for 5 min. The QDs are spherical
particles and the average diameter is 6.3+0.2 nm calculated by counting 200 particles,
which is in a good agreement with the value of 6.1 nm determined from the empirical fitting
equation.”!! These CdSe QDs were used to fabricate all the devices reported in this work.
After the injection of selenium solution into the three-necked flask, the color of the
mixture changed from colorless to yellowish in about 1 min. The UV-Vis absorption and

PL spectra of CdSe NRs varying with growth time are shown in Figure 6.11. The
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Figure 5.3 (A) UV-Vis absorption spectra and (B) PL spectra of CdSe NRs synthesized by
reacting at 250°C for 1-30 min.
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wavelengths of the first exciton absorption peak in UV-Vis spectra and PL emission peak
are at 524 nm and 531 nm for CdSe NRs synthesized at 1 min’s reaction (Figure 6.11A).
These peaks in UV-Vis spectra and PL spectra red shift to longer wavelength when the
reaction time is increased. The wavelength of the first exciton absorption peak in UV-Vis
spectra was at 613 nm and that of PL emission peak was at 623 nm after 30 min’s reaction.
Samples with 2 min and 30 min’s reaction were studied by TEM. The results are shown in

Figure 6.12.

The product after 2 min’s reaction has a pure wurtzite phase (compared to JSPDS File
No. 42-1340) as demonstrated by XRD characterization (Figure 6.12A). CdSe short rods
along with CdSe QDs were the major products when the reaction was kept at 250°C for 2
min (Figure 6.12B). A parallel fringe with the distance of 3.3 A is shown in Figure 6.12C,
which matches the lattice distance of the {110} planes of wurtzite CdSe crystals. The
average aspect ratio of these CdSe NRs is calculated to be 1:3 by counting 200 NRs. The
NRs grow along long axis and reach the aspect ratio of 1:8 after 30 min’s reaction at 250°C
(Figure 6.12D). These NRs with the aspect ratio of 1:8 were blended with 6.1 nm CdSe
QDs and PTB7-F20 to fabricate inverted hybrid solar cells.
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Figure 5.4 The XRD result of the product after 2 min’s reaction at 250°C. (B) and (C) The
TEM and HRTEM image of the same sample. (D) The TEM image of CdSe NRs
synthesized by reacting at 250°C for 30 min.

5.4.2 UV-Vis and PL of the CdSe QDs:P3HT films
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Figure 5.5 (A) UV-Vis absorption spectra and (B) PL spectra of pure P3HT film and the
hybrid CdSe QDs:P3HT films with 60 wt%, 80 wt%, and 85 wt% of CdSe QDs. Blend
films of almost similar thickness (ca. 100 nm) for all CdSe QDs:P3HT ratios were spin-
coated on ITO coated glass with a 36 nm ZnO NPs layer to eliminate the influence of the

film thickness.
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Pure P3HT film and the hybrid CdSe QDs:P3HT films with 60 wt%, 80 wt%, and 85
wt% of CdSe ODs were studied by UV-Vis and PL spectroscopy at the room temperature
outside glove box. Figure 6.3A shows the UV-Vis absorption spectra of the hybrid films.
In order to eliminate the influence of the film thickness, blend films of almost similar
thickness (ca. 100 nm) for all CdSe QDs:P3HT ratios were spin-coated on ITO coated glass
with a 36 nm ZnO NPs layer. The pure P3HT film exhibits an absorption maximum at
520nm and pronounced shoulders at 550 and 600 nm, in good agreement with P3HT
spectra reported elsewhere.?'22!4 The shoulders are indicative of the structural order in the
P3HT film, i.e., the formation of lamellae of n-stacked polymer chains. The blend film
show a tail extending out to 700 nm as well as significant absorption at wavelengths shorter
than 350 nm. These features that lie outside the primary absorption band of P3HT indicate
the presence of CdSe QDs. The shoulder at 600nm is still present in the UV-Vis spectrum
of CdSe QDs:P3HT films, meaning that the P3HT phase still has ordered domains in the
blend.

To investigate the effect of CdSe QDs on the photophysical properties of the
CdSe:P3HT blend, the PL of P3HT has been investigated for films with different amounts
of CdSe QDs. The PL intensity of the films has decreased with the addition of CdSe QDs
(Figure 6.3B). As expected, the PL quenching becomes more efficient by increasing the
amount of CdSe QDs. Up to 90% of the emission of the P3HT is quenched by the addition
of 80 wt% of CdSe QDs. Further increasing the weight ratio of CdSe QDs to 85 wt% shows
little impact on the PL quenching.

54.3 Electron and Hole Mobilities

The transport properties of electrons and holes in the active layer significantly affect
the performance of the fabricated solar cells. In an efficient solar cell, high electron and
hole mobility is preferred because this means charge carriers can be transported to the
respective electrodes quickly, which suppresses current losses via recombination. The
hole-only and electron-only devices were constructed in order to obtain the electron and
hole mobility in the active layer. The structures of ITO/PEDOT:PSS/85 wt% CdSe
QDs:P3HT/Au (Figure 6.4A) and Al/85 wt% CdSe QDs:P3HT/Al (Figure 6.4B) were

adopted for the hole-only and electron-only devices, respectively. The work functions of
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Au and Al are -5.2 and -4.3 eV, respectively. The mobility can be obtained by fitting the
part of the dark J-V curve under the high forward bias, the so-called SCLC regime, where
the build-in voltage created by space-charge becomes significant at high electric fields. The
J=V curves of the hole-only and electron-only devices were measured in dark (Figs. 6.4C
and 6.4D). The SCLC regimes were fitted to Mott-Gurney’s Law including Frenkel
effect.2%® (Eqn. 6.8)

Hole mobility was determined to be 1.8 x 10°® cm?(V-s)™! which concords very well
with the reported value of 2.6 x 10 cm?(V-s)'.2!> Electron mobility was determined to be
1.1 x 107 cm?(V-s)™!, which is faster than the literature values that are in the range of 10
to 10 cm?(V-s)1.2% 216 A higher electron mobility indicates shorter interparticle
separation®!” and thus more percolation pathways are created in the film for the electron

transport. This could be resulted from the high CdSe QD loading (85 wt%) in the active

layer.
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Figure 5.6 (A) and (B) Schematics of a hole-only and an electron-only device, respectively.
(C) and (D) The dark J-V characteristics of a hole-only and an electron-only device,
respectively. The solid lines are fit to the SCLC regions using Eq. 6.8. The active layers in
hole-only and electron-only devices are composed of 85 wt% of CdSe QDs and P3HT.
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Hole mobility was determined to be 1.81 x 10 cm?(V-s)™! which concords very well
with the reported value of 2.6 x 10 cm?(V-s)!.2!> Electron mobility was determined to be
1.05 x 103 cm?(V-s)’!, which is faster than the literature values that are in the range of 10°
4 emi(V-s)! to 100 em?(V-s)1.2% 216 A higher electron mobility indicates shorter
interparticle separation®!” and thus more percolation pathways are created in the film for
the electron transport. Devices with high electron mobility require an effective HTL to
block the transfer of electrons to the anode and thus prevent the recombination of charge

carriers at the interface of the active layer and anode.
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Figure 5.7 (A) A TEM image of CdSe QDs synthesized with the average size of 6.3 = 0.2
nm. (B) Schematic of an inverted OIHSC with CdSe QDs:P3HT as the active layer. (C)
Typical J-V characteristics of the inverted devices under 1 sun AM 1.5G solar illumination.
(D) EQE as a function of the wavelength of those inverted solar cells. Devices were
fabricated with a structure of ITO/Zn0O/85 wt% CdSe QDs:P3HT/HTL/Ag. A MoOs only,
a PEDOT:PSS only, or a PEDOT:PSS/Mo0O3 were used as the HTL. The thickness of

PEDOT:PSS and MoOs are 40 and 10 nm, respectively.
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5.44 Influence of HTLs on the Solar Cell Performance

Table 5.1 Summary of the performance parameters of inverted hybrid CdSe QDs:P3HT
solar cells under AM 1.5G 1 sun illumination. Devices were fabricated with a structure of
ITO/ZnO/85 wt% CdSe QDs:P3HT/HTL/Ag. A MoOs only, a PEDOT:PSS only, or a
PEDOT:PSS/Mo0Os were used as the HTL. The thickness of PEDOT:PSS and MoOs3 are

40 and 10 nm, respectively.

HTLs Voc Jsc FF PCE PCEmax Rs Rsh

V) (mA/em?) (%) (%) (%) Q) (Q)
PEDOT:PSS/ 0.55+0.02 4.96+0.13 47.6+2.4 1.37+£0.23 1.53 3.45 29705.6
MoOs
PEDOT:PSS 0.50+0.01 4.2240.23 432425 0.85+0.06 0.88 2.05 27005.4
MoO3 0.28+0.05 2.45+0.32 31.943.3 0.22+0.23 0.41 3.07 2396.9

The inverted hybrid CdSe-polymer solar cells were first made with the active layer of
CdSe QDs:P3HT and the architecture is shown in Figure 6.5B. The ZnO NP layer with a
thickness of 36+3 nm was used as the ETL. An HTL was inserted between the Ag anode
and the active layer. Three types of HTL: 40 nm PEDOT:PSS, 10 nm MoQOs3, and 40 nm
PEDOT:PSS/10 nm MoOj3, were investigated. The device performance is summarized in
Table 6.1. Figure 6.5C shows the typical J-V characteristics of the fabricated devices under
1 sun (= 100 mW/cm?) AM1.5 G simulated solar illumination. For the devices containing
85 wt% CdSe QDs with the single HTL of MoOs3, a Jsc of 2.45+0.32 mA/cm?, a Voc of
0.2840.05 V, and a FF of 31.9+3.3% were obtained, which leads to an overall PCE of
0.22+0.23%. Using PEDOT:PSS as the single HTL greatly improved the Jsc, Voc, and FF
of the devices to the values of 4.22+0.23 mA/cm?, 0.50+0.01 V, and 43.2+2.5%,
respectively, leading to an overall PCE of 0.85+0.06%. The device performance was
further improved by the deposition of 10 nm MoOs3 on top of the spin-coated PEDOT:PSS.
A PCE as high as 1.37+0.23% was achieved because of the further increase in Jsc, Voc,
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and FF. This PCE of the inverted hybrid BHJ solar cells with the dual HTLs is comparable
to the PCE of the conventional hybrid solar cells containing the active layer of P3HT and
CdSe QDs, where the QDs were also ligand exchanged with pyridine.>!% 2!® The devices
with the active layers containing 80 wt% of CdSe QDs exhibited a worse performance than
those with 85 wt% of CdSe QDs and the same HTL as shown in Table 6.2 and Figure 6.6.
The inferior performance of the devices with a lower weight ratio of CdSe QDs in the
active layer is ascribed to the increased hopping distances between the QDs in the active
layer, thereby forming insufficient percolation pathways for the electron transportation.*!*:
220 The effect of different HTLs on the performance of the devices with 80 wt% CdSe QDs
follows the same trend as those with 85 wt% CdSe QDs. The PCEs of the devices are
0.18+0.19%, 0.74+0.01%, and 0.94+0.18% for the devices with MoO3, PEDOT:PSS, and

<PEDOT:PSS/Mo03 as the HTL, respectively.
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-002 000 002 004 006 008
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Figure 5.8 Typical J-V characteristics of the inverted devices under 1 sun AM 1.5G solar

illumination. Devices were fabricated with a structure of ITO/ZnO/80 wt% CdSe

QDs:P3HT/HTLs/Ag. A MoOs3 only, a PEDOT:PSS only, or a PEDOT:PSS/MoOs were
used as the HTL. The thickness of PEDOT:PSS and MoOj3 are 40 and 10 nm, respectively.
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Table 5.2 Summary of the performance parameters of inverted hybrid CdSe QDs:P3HT
solar cells under AM 1.5G 1 sun illumination. Devices were fabricated with a structure of
ITO/ZnO/80 wt% CdSe QDs:P3HT/HTLs/Ag. A MoOs3 only, a PEDOT:PSS only, or a
PEDOT:PSS/MoO3 were used as the HTLs. The thickness of PEDOT:PSS and MoO3 are

40 and 10 nm, respectively.

HTL A% oc J sc FF PCE PCEmaX Rs Rsh

V) (mA/cmz) (%) (%) (%) ) )
PEDOT:PSS/  0.53+0.01 3.66+0.11 45.4+1.2 0.94+0.18 1.07 4.67 26764.3
MoOs
PEDOT:PSS 0.52+0.00 3.16£0.18 46.8+1.6 0.74+0.01 0.75 2.18 25512.7
MoOs 0.21+0.04 2.62+0.29 31.9+2.8 0.18+0.19 0.34 0.40 1522.5

EQE measurements of devices with 85 wt% CdSe QDs in the BHJ layer and
PEDOT:PSS, MoOs, or PEDOT:PSS/Mo0O; as the HTL were performed in order to
understand photon absorption and charge carrier generation process. As can be seen from
Figure 6.5D, the EQE curves correlate well with the absorption of P3HT since most of the
photo-generated charge carriers are created in P3HT. By comparing the absorption
spectrum of 6.1 nm CdSe QDs (Figure 6.2A) with the EQE spectrum (Figure 6.5D), one
can clearly see that the shoulder around 650 nm is due to the photon-generated charge
carriers from CdSe QDs. By integrating the area underneath the EQE curves from the
wavelength of 330 to 800 nm, the Jsc were determined to be 2.41, 4.15, and 4.83 mA/cm?
for the devices with MoQOs;, PEDOT:PSS, or PEDOT:PSS/MoQO3 as the HTL. The
calculated Jsc’s concord very well with those determined from the J-V measurements

(Table 6.1).
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Figure 5.9 The energy band diagrams of the materials used in the inverted hybrid CdSe

QDs:P3HT solar cells. The energies (in eV) are all referenced from the vacuum level.

In order to understand the effect of different HTLs on the device performance, we first
compared the energy levels of the materials used to fabricate the devices. The energy band
diagram of the materials involved in the inverted hybrid devices is displayed in Figure 6.7.
The band gap of the 6.1 nm CdSe QDs is estimated to be 1.8 eV from the first absorption
onset of the UV-Vis spectrum.??! The conduction and valence band edges (Ecg and Evg)
are derived to be -4.4 and -6.2 eV, respectively, by considering the quantum confinement
effect.??? The Ecg of MoO3 (-2.3 eV) is higher than that of the 6.1 nm CdSe QDs (-4.4 V).
Thus, the introduction of a MoOs layer prevents the transfer of electrons from the active
layer to the anode. Meanwhile, the lower Evg of MoO3 (-5.3 eV) compared to the HOMO
of P3HT (-5.1 eV) creates a small barrier for hole extraction. For PEDOT:PSS, a slightly
higher work function of -5.2 eV could be beneficial for the hole extraction but it does not
have the ability to block electrons. Surface roughness of the active layer and the coverage
of the HTL could also play roles. We noticed that the surfaces of the hybrid active layers
are quite rough from the atomic force microscopy (AFM) topographic images (Figure 6.8).

It 1s likely that the surface of the active layer cannot be fully covered by the deposition of
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100 nm

a
Figure 5.10 AFM images of 85 wt% (A) and 80 wt% (B) CdSe QDs:P3HT films on ZnO
coated ITO glass.

10 nm MoO;3 layer, which could create direct contact points between the active layer and
the anode. In contrast, the spin-coated 40 nm PEDOT:PSS layer alleviates these defects
and reduces the shorts between the active layer and the anode. Therefore, devices with the

dual HTLs containing PEDOT:PSS and MoOs3 show the best device performance.

We also calculated the series resistance (Rs) and shunt resistance (Rsh) to quantitatively
understand the effect of different HTLs on the device performance. The J-V curves of the
fabricated devices were measured in the dark and fitted to calculate Rs and Rgn. Because
the difference in electron mobility (1.1 x 10~ ¢cm?(V-s)') and hole mobility (1.8 x 10
cm?(V-s)!) exceeds two orders of magnitude, photocurrent reaches the fundamental space-
charge limit.??> An improved Shockley model using space-charge approach?** was used to
fit the dark J-V curves (Eqn. 6.5 and 6.6). Typical semilog scale dark J-V plots of these
solar cells are displayed in Figure 6.9. The dark current at forward bias can be divided into
three regions based on the voltage at the inflection points of the dark J-V curves (Figure
6.9). The J-V characteristics at regions [ and III are primarily determined by Rsy and R,

respectively, and that at region II is governed by diode parameters Jo and n that are in the

improved Shockley model using space-charge approach.??
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Figure 5.11 Typical semilog scale J-V plots of inverted CdSe QDs:P3HT solar cells in the
dark. Devices were fabricated with a structure of ITO/ZnO/85 wt% CdSe
QDs:P3HT/HTL/Ag. A MoOs3 only, a PEDOT:PSS only, or a PEDOT:PSS/MoO3; were
used as the HTLs. The thickness of PEDOT:PSS and MoOj are 40 and 10 nm, respectively.

The calculated Rsh and Rs of the corresponding devices are listed in Table 6.1. Devices
with MoOs as the HTL present the smallest Rsn among three types of HTLs. A small Rgn is
often the result of pinholes presented in the active layer or connected pathways between

two electrodes®?’

or the imperfect coverage of a HTL. Because all the devices were
fabricated using the same active layer under the same conditions, the difference in Rsn
should be predominately caused by the different HTLs. Imperfect coverage of MoO3 could
cause the small Rsn, which induces the current leaking through the circuit, and thus resulting
in high dark current as shown in Figure 6.9. In addition, devices with small Rg, exhibit the
characteristics of a small rectification and a steep slope under the reverse bias in the
illuminated J-V curves (Figure 6.5C). Thus, a poor performance was observed in the

devices with MoOs as the HTL. Using PEDOT:PSS as the HTL, the Rqh of the devices was

increased about one order of magnitude. Comparing to the devices with MoOs as the HTL,
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the devices using PEDOT:PSS as the HTL show lower dark currents (Figure 6.9). The
lower dark current leads to the devices with higher Voc by using MoOs3 as the HTL (Table
1) according to the relationship that Voc is proportional to logarithmic ratio of photocurrent
to dark current (Eq. 6.4)*%°. Moreover, the illuminated J-V becomes more flat under reverse
bias and the rectification is increased (Figure 6.5C). All these indicate the PEDOT:PSS
layer could provide a better coverage to the active layer and improve the leakage and
recombination. Further improvement of Ry, was realized by evaporating a 10 nm layer of
MoO:s3 on the devices pre-coated with a 40 nm layer of PEDOT:PSS. Devices with the dual
HTL show a higher Rs (3.45 Q) than those with PEDOT:PSS (2.05 Q) as the HTL. The Ry
includes the bulk and the contact resistance.??’ The slight increase in the R of devices with
a dual HTL is due to an increase in the contact resistance by the insertion of a MoOs3 layer
between PEDOT:PSS and Ag because all the other parts of the devices are the same. As
mentioned before, the introduction of a MoOj layer prevents the transfer of electrons from
the active layer to the anode and reduces the chance of charge recombination. Devices with
the dual HTL show a lower dark current (Fig. 4) and larger Voc (Table 1) than those with
PEDOT:PSS as the HTL. Thus, a large rectification and flat illuminated J-V curve under
reverse bias are observed (Figure 6.5C). By adopting a dual HTL, both of the R and Rg,
are increased. An improvement in the Rsy contributes the enhancement in the performance
of the fabricated devices with a dual HTL since a dual HTL can best prevent the leakage
current in the devices. As a result, the devices with a dual HTL exhibit the best performance

among the devices using the same weight ratio of CdSe QDs.
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Figure 5.12 (A) Voc and FF as a function of logarithmic scaled light intensity. A fit of Voc
and logarithmic light intensity to the simple Shockley equation is shown. Ideality factor (n)
is determined to be 2.2. (B) Jsc and PCE as a function of light intensity in a double
logarithmic scale. A fit of Jsc and light intensity (I) to the relationship of JscxI* with a =
1.43 is shown. Devices were fabricated with a structure of ITO/ZnO/85 wt% CdSe
QDs:P3HT/ PEDOT:PSS/Mo0O3/Ag. The thickness of PEDOT:PSS and MoOj are 40 and

10 nm, respectively.

5.4.5 Dependence of Device Parameters on the Performance of Solar Cells

Photon induced charge carrier generation process strongly dependents on the intensity
of the incidence light. Device parameters such as Jsc, Voc, FF, and PCE were measured
with a light intensity from 42 to 100 mW/cm? using the device with 85 wt% CdSe QDs in
the BHJ layer and PEDOT:PSS/ MoOs3 as the HTL. The dependence of Voc and FF on
light intensity is shown in Figure 6.10A and the relationship of Jsc and PCE with light
intensity is displayed in Figure 6.10B. Voc increases linearly with the increase of the
logarithmic light intensity while FF decreases slightly. When the Voc equals to an applied
voltage, the internal electrical field within the devices is reduce to zero. The field
dependence of the photocurrent becomes insignificant. Simple Shockley model was used
to fit the linear relationship between Voc and logarithmic power. A slope of nkT/q was
fitted and the ideality factor (n) was determined to be 2.2, which is greater than 2.0. An
ideality factor equals to 2.0 means the recombination of charge carriers is full trap-
assisted.??® 22 A higher ideality factor observed, which is normal in CdSe:P3HT hybrid
solar cells,?’” could be explained by the surface states of CdSe QDs at the p-n junction

between P3HT and CdSe.?*° In a conventional CdSe:P3HT hybrid solar cells, a dramatic
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decrease in FF at high intensity was observed,?** which is a detrimental for solar cells
working under high intensity such as solar conditions. Only a slight decrease in FF with
the increase of the light intensity was observed in the inverted solar cells with a dual HTL.
This indicates the resistive losses of CdSe QDs:P3HT hybrid system at high illumination
power are effectively prevented by adopting the structure of the inverted configuration and
the dual HTL. As can be seen in Figure 6.10B, Jsc and PCE increase linearly with the
increase of the light intensity. Jsc is linear with illuminated light intensity, indicating there
is no substantial space charge buildup by increasing the light intensity. Furthermore, a
linear fit of the Jsc plot yields a scaling exponent o = 1.43, according to the power-law

relationship of Jsc o Pyjgpe, Where Piign is the light power (or intensity). The larger than

unit value could be due to the small range of light intensity. Nonetheless, this means the
charge carrier losses are dominated by monomolecular recombination via defects in the
active layer?*! 232, Bimolecular recombination of electrons and holes, which reflected by
a = 0.5 in the light intensity dependence of photocurrent, was not observed even at high
light intensities in the inverted hybrid CdSe-polymer solar cells adopting
PEDOT:PSS/Mo00Os as dual HTLs. An increase of Voc, Jsc and slight decrease of FF result

in the increase of PCE under increased light intensity.

5.4.6 Study of the CdSe QDs: PTB7-F20 Hybrid Films
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Scheme 5.1 An illustration of the morphology dependence of (A) CdSe QDs + CdSe
NRs:PTB7-F20 film and (B) CdSe QDs + CdSe NRs:P3HT film on the substrate coated
with ZnO layer. The percolation pathways were marked as white lines in the illustrations.
Electrons were collected by the cathode through a ZnO layer.
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PTB7 is one of the promising polymers with regularly alternating thienothiophene and
benzodithiophene blocks in each repeating unit. BHJ solar cells fabricated with this
polymer as the donor achieve > 8% PCEs.”® Compared to P3HT, the intramolecular charge
separation is more efficient along the polymer backbone of PTB7. PTB7 forms small
domains in a BHJ solar cell (Scheme 6.1A), which facilitate the separation of electron and
hole pair in a greater average distance. In contrast, P3HT crystalizes in large highly
crystalline polymer domains (Scheme 6.1 B). Carriers are more likely to be trapped and
recombine if no adjacent crystalline is available for them to hop to. Thus, BHJ devices
fabricated using PTB7 as the electron donors consistently show better performance than

those fabricated using P3HT as the donor. PTB7-F20 is a fluorinated thieno[3, 4-b]

thiophene copolymer.?* The thienothiophene unit
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Figure 5.13 (A) UV-Vis absorption spectra and (B) PL spectra of pure PTB7-F20 film and
the hybrid CdSe QDs:PTB7-F20 films with 60 wt% and 85 wt% of CdSe QDs. Blend films
of almost similar thickness (ca. 100 nm) for all CdSe QDs:PTB7-F20 ratios were spin-

coated on ITO coated glass with a 36 nm ZnO NPs layer to eliminate the influence of the
film thickness.

with and without F was mixed with a ratio of 2:8 in PTB7-F20. PTB7-F20 thin film
possesses a hole mobility of 9.0 x 10* cm?(V-s)!,* which is much larger than that of
P3HT (1.8 x 10 cm?(V-s)™!). A combination of CdSe QDs and CdSe NRs as the acceptor
provides an efficient network for the electron transport.'® 2* By adopting PTB7-F20 as
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the donor and CdSe QDs and CdSe NRs as the acceptor, the charge recombination is
expected to be suppressed due to the efficient transportation of both the electrons and holes.

The neat PTB7-F20 film exhibits two dominant absorption peaks at around 667 nm and
around 615 nm (Figure 6.13A), respectively. Similar to P3HT and many other
semiconducting polymers,?*> the presence of this resolvable vibronic progression in the
UV-Vis absorption spectrum indicates the presence of J-like (head to tail) polymer
aggregation?3® in PTB7-F20. The blend film with 80 wt% of CdSe QDs shows a maximum
absorption at 681 nm with a shoulder around 619 nm. The change in the relative intensity
of these two peaks indicates the polymer aggregation is reduced by the introduction of
CdSe QDs. The peak at 681 nm is further suppressed and a platform is observed at from
614 to 675 nm by increasing the weight ratio of CdSe to 85 wt%. Similar to PL of hybrid
CdSe QDs:P3HT films (Figure 6.3B), the PL of the films mainly come from the polymer
part. The PL quenching becomes more efficient by increasing the amount of CdSe QDs.
Up to 65% of the emission of the PTB7-F20 is quenched by the addition of 60 wt% of
CdSe QDs. Further increase the weight ratio of CdSe QDs to 85 wt% in the hybrid film
leads to an 85% PL quenching.

5.4.7 Inverted CdSe QDs + NRs: PTB7-F20 Hybrid Solar Cells

The architecture of a fabricated inverted hybrid CdSe:PTB7-F20 solar cell is similar to
the one shown in Figure 6.5A. The ZnO layer with a thickness of 31.1+4.3 nm was used as
the ETL and was deposited by a sol-gel reaction.?*’ This layer was spin coated from a ZnO
precursor at 4000 rpm followed by a static annealing at 200°C for 1 h. PTB7-F20 was used
as the electron donor and 6.1 nm CdSe QDs or a blend of 6.1 nm CdSe QDs and CdSe NRs
(aspect ratio: 1:10.5, weight ratio of QD:NR = 67:33) was used as the electron acceptor in
the BHJ layer. The weight ratio of CdSe in the active layer was kept as 85% for all the
devices fabricated. The active layer was spin coated at 1000 rpm and dried at room
temperature. Dual HTLs composed by 40 nm, spin coated PEDOT:PSS and 10 nm, thermal
evaporated MoO;3 were deposited sequentially on top of the active layer. Finally, the anode
100 nm Ag layer was thermally evaporated through a shadow mask to make sixteen
electrodes each with an area of 3.14 mm?. The background pressure was <10~° Torr during

the deposition.
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Typical J-V characteristics of devices were recorded and displayed in Figure 6.14. For
the device containing 85 wt% CdSe QDs with the dual HTL, a Jsc of 3.9+0.2 mA/cm?, a
Voc of 0.68+0.01 V and a FF of 51.5+2.2% were observed, which led to a PCE of
1.3840.21%. Devices fabricated using PTB7-F20 as the donor consistently show higher
Voc and FF (Table 6.3) than those fabricated using P3HT (Table 6.1). This may be ascribed
to the enhanced intramolecular charge separation and reduced charge recombination
enabled by PTB7-F20. The device performance is improved by using a combination of
CdSe QDs and CdSe NRs. The Voc and FF were increased to 0.70+0.02 V and 52.9+1.1%,
respectively. A dramatic increase in the Jsc from 3.9+0.2 to 5.5+0.3 mA/cm? led to an
overall PCE of 2.03+0.33%. Higher Jsc’s and better PCEs in devices based on a
combination of QDs + NRs were also observed by several other groups.'®® 234 The increase
in the observed Jsc could be explained by the facile electron transport enabled by the

percolation pathways network formed by interconnecting the parallel aligned NRs with

QDs.
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Figure 5.14 Typical J-V characteristics of the inverted CdSe:PTB7-F20 solar cells under
AM 1.5G 1 sun illumination. Devices were fabricated with a structure of ITO/Zn0O/85 wt%
CdSe:PTB7-F20/PEDOT:PSS/Mo003/Ag. CdSe QDs or a CdSe QDs + CdSe NRs (weight
ratio = 2:1) were used as the acceptors. The thickness of PEDOT:PSS and MoOj3 are 40

and 10 nm, respectively.
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Table 5.3 Summary of the performance parameters of inverted CdSe:PTB7-F20 solar cells
under AM 1.5G 1 sun illumination. Devices were fabricated with a structure of
ITO/ZnO/85 wt% CdSe:PTB7-F20/PEDOT:PSS/Mo0O3/Ag. CdSe QDs or a CdSe QDs +
CdSe NRs (weight ratio = 2:1) were used as the acceptors. The thickness of PEDOT:PSS
and MoOs3 are 40 and 10 nm, respectively.

Acceptor Voc (V) Jse (mA/cm?) FF (%) PCE (%) PCEmax (%)
CdSe QDs 0.68+0.01 39%0.2 51.5+22 1.384+0.21 1.59
CdSe QDs+NRs 0.70£0.02 5.5+0.3 529%1.1 2.03+0.33 2.35

5.5 Conclusions

In summary, inverted hybrid CdSe-polymer solar cells with a dual HTL of
PEDOT:PSS/Mo0Os showed a better performance than those with a single HTL of
PEDOT:PSS or MoO;s. The better surface coverage provided by the PEDOT:PSS layer plus
the improved hole extraction and enhanced electron blocking provided by the MoOs layer
account for the improved device performance enabled by such a dual HTL. Study on the
relationship of Voc, Jsc, FF and PCE as a function of light intensity indicated that the
resistive losses of CdSe QDs:P3HT hybrid system at high illumination power were
effectively prevented by adopting the inverted structure and using the dual HTL. The
further study showed that the dual HTL is applicable to hybrid CdSe:PTB7-F20 solar cells.
An efficiency as high as 2.35% was reached by inverted hybrid CdSe-PTB7-F20 solar cells
with a structure of ITO/ZnO/CdSe QDs + NRs:PTB7-F20/ PEDOT:PSS/Mo0Os3/Ag. The
concept of a dual HTL could be applied to other organic and hybrid solar cell systems in

order to achieve high device performance.
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Chapter 6 SOLVENT VAPOR-ASSISTED THERMAL
ANNEALING FOR THE HIGH-PERFORMANCE PLANAR
CH3NH3SNXPB1-XI3 PEROVSKITE SOLAR CELLS

6.1 Introduction

In the previous chapters, we explored the charge generation and extraction processes
in a conventional organic-inorganic hybrid solar cell. As we know, the size of an inorganic
nanocrystals is from 10 to 100 nm and the size of a polymer chain is about several
armstrongs. The charge separation happens between the interface of a polymer chain and
the inorganic nanocrystal. The incomparable size will cause the insufficient charge
separation at the interface. The fabricated organic-inorganic hybrid solar cells always show
the efficiency below 10%. The exploration of an active layer using a molecular level
organic-inorganic hybrid material is crucial to achieve a device with the efficiency above
10%. We explored the utilization of organic-inorganic hybrid perovskites for solar cell
applications.

Since the first report of organolead halide perovskites (CH3NH3;Pbl; and
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CH3NH3PbBr3) as visible-light sensitizers in photoelectrochemical cells, great

progresses have been made to use organometal halide perovkites for PV applications®¢-3%

95, 105-108, 238 and the certified PCE has rocketed to 20.1%.?° This is mainly due to the
extraordinary electronic properties of the hybrid organic-inorganic halide perovskites
including tunable bandgap,” *° high panchromatic absorption,'® long carrier diffusion
length,'°! 192 and excellent ambipolar charge transport properties.'®® Organometal halide
perovskite is a class of materials with the general chemical formula of AMX3, where M is
a small divalent metal ions (e.g., Pb**, Sn**, and Ge*"), X is an anion from the halide series
(F, CI, Br, and I'), and A is a large organic cation and typically restricted to MA
(CH3NH;"), EA (CH3CH2NH3%),¥-°° TMA (CH3)NY),°! and FA (NH,CH,=NH,").**%
Among various organometal halide perovskites, Pb-based perovskites are the most widely
studied and used for PV applications. Typically, MAPbI; perovskite materials adopt a
tetragonal I4cm perovskite structure at room temperature and undergo a reversible
structural phase transition to the cubic P4mm space group at elevated temperatures.”® Lead

is a toxic element and has potential harmful effects on human health.?*° The reduction of
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lead usage without sacrificing the device performance is of crucial importance to push the
feasibility of this technology in practical applications.

One promising strategy is to replace Pb with Sn. Both Sn and Pb are group 14 elements.
Although Sn has a smaller ionic radius of 1.35 A compared to that of Pb (1.49 A),%*? partial
substitution of Pb with Sn content up to 43% is within the structural tolerance.?*! The
resultant crystals still maintain a tetragonal [4cm perovskite structure at room temperature.
A transition from tetragonal [4cm to cubic P4Amm perovskite structure occurs when the Sn
content in the perovskite exceeds 50%.%° In the meantime, partial or complete replacement
of Pb with Sn alters the valence band maximum and conduction band minimum of
perovskite materials, resulting in the band gaps of CH3NH3Sn«Pbi«I3 from 1.55 to 1.17
eV by varying x from 0 to 0.75, i.e., from CH3;NH;3Pbl; to CH3NH3Sng 75Pbg2s513.”° The
absorption onset is able to reach as high as 1050 nm by using CH3NH3Sn¢ 75Pbg 2513.%

The early reported Sn-based perovskite solar cells adopted the device structure built
upon mesoporous TiO scaffold, which requires a high temperature (500°C) sintering
process.”® 24244 The active layers were prepared by spin coating the anhydrous N, N-
dimethylformamide (DMF) solutions of either the mixtures of a certain molar ratio of Sn
halide to Pb halide compounds and methylammonium iodide (MAI)**? or pre-synthesized
perovskites (e.g., CH;NH3SnyPb;415°> 2*° and CH3NH;3Snlz«Bry***) followed by thermal
annealing. The best performance with a PCE of 7.37% was achieved from a device with
the active layer made from pre-synthesized binary Pb-Sn perovskite with 25% Sn
(CH3NH3Sno25Pbo.7513 ).”> A record high PCE of 6.4% was demonstrated by a pure Sn
perovskite (CHsNH3Snl3) solar cell.>*® Very recently, Sn-based perovskite solar cells with
a planar heterojunction configuration of ITO/PEDOT:PSS/CH3NH3SnxPbxls-
«Clx/PCs1BM/Cgo-bis/Ag were fabricated by a low temperature solution procedure.’*’ Sn
was introduced to the lead perovskite with mixed halide. The CH3NH3SnxPb1xI3.xClx layer
was prepared by spin coating a DMF solution with a mixture of SnCl,, PbCl,, and
CH3NH;sI followed by thermal annealing. An average PCE of 9.77% and a maximum PCE
of 10.10% were achieved for the solar cells with 15% Sn in the perovskite layer
(CH3NH3Sng.15Pbo 8513xClx).

Until now, all the Sn-based perovskite layers were fabricated by one-step solution spin

coating process. The perovskite layers tend to form clusters with many pinholes, which
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significantly affect device performance.?’** The process conditions have to be strictly
controlled in order to obtain uniform and pinhole-free planar films.?* 2% It has been
reported that perovskite layers can also be fabricated via the interdiffusion of sequentially
spin coated metal halide and MAI layers.?*”?** Nucleation and growth of perovskite
crystalline grains becomes kinetically more controllable because nucleation and reaction
rate between metal halide and MAI can be independently manipulated.?*’* This
eventually enables a better control over the pinhole-free perovskite film formation process.
By carefully control the nucleation density on substrates, smooth, pinhole-free organolead
triiodide perovskite films with large-aspect-ratio grains were successfully made and a high
PCE of 18.3% was achieved.?® There are two main issues associated with sequential
deposition technique, one is the incomplete conversion of thick metal iodide or MAI film
to perovskite film and the other one is the inconsistent degree of conversion resulting in
polydispersed crystal size. Solvent annealing was also applied to promote grain growth
and improve crystallinity of perovskite films.?*® 25252 Solar cells with solvent annealed
CH3NH;3Pbls perovskite layers showed improved photocurrent and thus enhanced
performance compared to those with only thermal annealing.*!

In this chapter, we fabricated planar heterojunction binary Pb-Sn iodide perovskite
solar cells and prepared the CH3NH3SnxPbixI3 active layers using a two-step solution-
process method followed by only-thermal annealing and thermal annealing plus solvent
vapor-assisted thermal annealing, respectively, as illustrated in Figure 1. Unlike one-step

solution process that makes the binary Pb-Sn perovskite polycrystalline directly,?** w

e
grew the binary Pb-Sn iodide polycrystals first and showed that the crystalline structure of
Pbl> was retained for 10 and 25% Sn substitutions but the morphology, grain size, and
grain orientation were significantly influenced by the amount of Sn substitutions. After
spin casting the MAI layer, we annealed the films in three ways. The only-thermal
annealing promoted the diffusion of MAI to the binary Pb-Sn iodide polycrystals and the
binary Pb-Sn iodide perovskites with the tetragonal I4cm perovskite structure were formed.
The devices containing the active layer of CH3NH3Sno25Pbo.7515 demonstrated the best
performance with an average PCE of 8.45% and the maximum PCE of 8.83%, higher than

the PCE of 7.37% with the same composition perovskite but different device structure and

different perovskite film preparation method.” The other two annealing processes
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involved the thermal annealing for 1 h followed by DMF or dimethyl sulfoxide (DMSO)
vapor-assisted thermal annealing for another 1 h, respectively. Previous study showed that
the perovskite phase was completely formed after 1 h thermal annealing.?*' Therefore, the
DMF or DMSO vapor-assisted thermal annealing used here is different from that reported
before,”>! in which DMF (and DMSO) solvent annealing was performed right after the
spin coating of MAI without the formation of perovskite phase. Previous studies showed
that DMF and DMSO have different affinity to Pbl>.2%% 2>* One DMF coordinates to one
Pb and needlelike Pblo,- DMF crystals can be formed with a layer of DMF on each side of
the Pb-I-Pb sheet.>>> Two DMSO attach to one Pb and Pbl,-DMSO complex can be

d,* which even retards the crystallization of Pbl,.2* There are no reports on the

forme
interactions of DMF and DMSO to perovskites. Our results clearly showed that both DMF
and DMSO interact with perovskites, no matter pure Pb or Pb-Sn perovskites. DMSO has
much pronounced effect than DMF to pure Pb perovskite, especially Pb-Sn provskites.
EQE measurements showed that the absorption onset redshifts from 825 nm for pure Pb
perovskite to 950 nm for 10% Sn and 1010 nm for 25% Sn binary Pb-Sn perovskites.
Different annealing processes have no impact on the absorption onsets of each perovskites
but significant redistribution of EQE over the wavelength range, indicating the possible
rearrange and segregation of Pb and Sn in the films as well as the change of grain size
resulting in different efficiency in photon absorption and carrier generation and transport
in different wavelength regime. The solar cells containing 10% Sn (CH3NH3Sno.1Pbo9l3)
made via the thermal annealing plus DMSO vapor-assisted thermal annealing
demonstrated an average PCE of 9.95% and the maximum PCE of 10.25%. To the best of
our knowledge, this is the highest PCE reported for CH3NH3Sn«PbixI35 solar cells. To be
noticed, the thickness of the perovskite layers is ~210 nm for all the devices, thinner than
the typical high PCE pervoskite solar cells reported.” 24 * With such a thin perovskite
layer, the materials consumption and the potential hazardous caused by Pb is greatly
reduced. Using solvent vapor-assisted thermal annealing process to control and manipulate
film morphology, grain size, and especially the distribution of metal cations in binary metal
perovskite layers open an avenue to grow desired property perovskite materials to enhance

device performance.
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6.2 Experimental Section

6.2.1 Materials and Synthesis of MAI

Pbl> (99%), Bathocuproine (BCP, 99.99%), methylamine (CH3NH2>) solution (33 wt. %
in absolute ethanol), hydroiodic acid (HI, contains No stabilizer, distilled, 57 wt. % in H>O,
99.99% trace metals basis), DMF (anhydrous, 99.8%), DMSO (anhydrous, >99.9%), 2-
propanol (anhydrous, 99.5%), 1, 2-dichlorobenzene (DCB, anhydrous, 99%), CB
(anhydrous, 99.8%), ethanol (200 proof, anhydrous, >99.5%), and Poly (methyl
methacrylate) (PMMA, average Mw ~120,000 by GPC) were purchased from Sigma-
Aldrich and used as received. PCs1BM (99.5%) was purchased from Nano-C. PEDOT:PSS
(Clevios™ P VP AI 4083) was obtained from H.C. Starck and filtered through a 0.45
um nylon filter before use. Al pallets and ITO coated glass were obtained from R.D.
Mathis and Colorado Concept Coatings LLC, respectively.

Methylammonium iodide (CH3NHzI) was synthesized as described previously.’” In a
typical procedure, 24 ml of a 33 wt% methylamine (CH3NH;) solution in anhydrous
ethanol was charged with 100 mL ethanol in a 250 mL round bottom flask. The solution
was stirred in an ice-water bath with the nitrogen protection. After that, 10 ml of 57 wt%
hydroiodic acid (HI) in water was added dropwise to the methylamine solution in a time
period of 30 min. The resultant mixture was stirred at 0°C for 1.5 h. The white precipitate
was recovered by rotary evaporation at 40°C. The yellowish dried precipitate was dissolved
in ethanol followed by sedimentation in diethyl ether by stirring the solution for 30 min.
Then the mixture was washed three times with diethyl ether. The washed solid was then

collected and dried at 50°C in a vacuum oven for 24 h.

6.2.2 Perovskite Film Fabrication and Characterization

The fabrication of perovskite film is displayed in Figure 7.1. The ITO coated glass
substrates (sheet resistance = 10 Q sq™!) were first cut into 15 mm x 15 mm pieces. The
substrates were cleaned by several ultrasonication steps in soapy DI water, millipore water,
acetone, and isopropanol, each for 15 min. The cleaned substrates were treated with oxygen
plasma for 30 s and spin-coated with filtered PEDOT:PSS solution at 3000 rpm for 60 s.
After being baked in air at 105°C for 30 min to eliminate the solvent, the substrates were
transferred to a nitrogen glovebox for the spin coating of metal iodide layer. To prepare the
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solutions for making SnxPbiI> films with x =0, 0.1, 0.25, 0.5, 0.9, and 1, Snl, and Pbl>
powders were mixed with a molar ratio of 0:1, 0.1:0.9, 0.25:0.75, 0.5:0.5, 0.9:0.1, and 1:0,
respectively. Each mixed powder was then dissolved in DMF to a concentration of 0.868
M. The solution was spin-coated onto the PEDOT:PSS substrate at 6000 rpm for 45 s
followed by baking at 70°C for 20 min. A 70 uL of 0.314 M MALI 2-propanol solution was
dropped onto the substrate, set for 5 s, and then spin-coated at 4000 rpm for 35 s. The
substrates were dried at room temperature for 1 h followed by thermal annealing at 100°C
for 2 h. For the perovskite films annealed with DMF or DMSO vapor-assisted thermal
annealing, the perovskite films were first thermally annealed at 100°C for 1 h and then
covered by a glass petri dish. A drop of 10 pL of DMF or DMSO was added onto the
hotplate inside the petri dish to allow solvent vapor-assisted thermal annealing at 100°C
for 1 h. For the perovskite films used for UV-Vis and 2-dimention X-ray diffraction (2D-
XRD) characterizations, a PMMA layer was coated to protect the films by spin coating a
30 mg/ml PMMA CB solution at 2000 rpm  for 60 .

Spin-Coating

Thermal Annealing Spin-Coating
i m—) __ Sn,Pb.J — _SniPb
ITO glass ITO glass ITO.glass
I Thermal Annealing (1 h) l
Solvent Vapor-Assisted Thermal Annealing Only Thermal Annealing (2 h)

ITO glass

V \\, ~ —

Figure 6.1 Schematics of a two-step solution-process method to prepare the
CH3NH;3Sn«Pbi«I3 layers. The CH3NH3Sn«Pbi.«I3 polycrystalline films were obtained by
only-thermal annealing or thermal annealing plus DMF or DMSO solvent vapor-assisted

thermal annealing. The chemical structures of DMF and DMSO solvents are also shown.
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The measurement of 2D-XRD was carried out on a Bruker GADDS D8 Discover
diffractometer using Cu Ka radiation (A = 1.5419 A). Three frames with 160 s/frame were
obtained for each sample. Scan angle 20 begins at 25° with a frame width of 30°. During
the scan, the samples oscillate along x and y axis with an amplitude of 1.0 mm. Data were
processed using the EVA package provided by Bruker Axs. The morphology of the
perovskite films were characterized using SEM (FEI Sirion SEM). UV-Vis-NIR optical
absorption measurements of the samples were performed on a Varian Cary 5000 UV-Vis-

NIR spectrophotometer (wavelength range 350-1200 nm).

6.2.3 Device Fabrication and PV Performance Measurement

Solar cells were fabricated with a structure of ITO/PEDOT:PSS/ CH3NH3Sn;xPbyI3 (x
=0, 0.1, 0.5, 0.75, 0.9, and 1)/PCs1BM/Cs0/BCP/Al. The ITO/PEDOT:PSS/CH3NH3Sn;-
Pbxlz (x =0, 0.1, 0.5, 0.75, 0.9, and 1) films were fabricated as described above. To
fabricate the PCsoBM layer, PCso0BM powder was dissolved in DCB to a concentration of
27.1 mg/ml. The as-prepared solution was stirred at 90°C for 2 h and filtered through a
0.45 um PTFE filter. The filtered PCs0BM solution was spin coated on the perovskite film
at 3000 rpm for 60 s followed by annealing at 90°C for 1 h. A 20 nm Ceo layer and an 8
nm BCP layer were thermally deposited in sequence. Finally, the cathode Al layer of 100
nm was thermally evaporated through a shadow mask to make 16 electrodes each with an
area of 3.14 mm? The background pressure was <1x107° Torr during the thermal
deposition.

The illuminated J-V curves were recorded in a glove box under nitrogen atmosphere
using a Keithley 2400 Source Meter unit. The measurements were performed under AM1.5
illumination condition at an intensity of 100 mW/cm?. The light intensity was calibrated to
100 mW/cm? using a calibrated silicon solar cell that had been previously standardized at
the National Renewable Energy Laboratory. EQE spectra were gathered in air using an
Oriel Xenon lamp (450 W) with an AM1.5 filter, a monochromator (Oriel Cornerstone 130
1/8 m), a chopper with a frequency of 100 Hz, a lock-in amplifier (SR830, Stanford
Research Corp), and a Si-based diode (J115711-1-Si detector) for calibration.
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6.3 Results and Discussions

6.3.1 Fabrication and Characterization of Metal Iodide (SnxPb1xI2) Films

—_—
Intensity (arb. units) 3

Figure 6.2 (A) XRD patterns of the Pblz, Sno.1Pbosl, and Sno.2sPbo.7sIz films. The peaks
belong to ITO are labeled by asterisk. (B-D) SEM images of Pbl,, Sno.iPbool>, and

Snp.2s5Pbo 7512 films, respectively.

The metal iodide (SnxPbi.xI2) films were formed by spin casting the DMF solutions of
pure Pbl or the mixtures of Snl> and Pbl, followed by thermal annealing at 70°C for 20
min. The XRD patterns in Figure 7.2 are the results by merging the two frames of the 2D-
XRD patterns via integrating . By excluding the peaks belonging to the ITO/PEDOT:PSS
substrates and PMMA protection layer (labeled by asterisk), all peaks in Figure 7.2A for

the pure Pbl, film are ascribed to hematite Pbl, with a space group of P-3ml (164).25
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There are no new peaks or peak shift for the Sno.1Pbool> and Sno.25Pbg 751> films compared

to the pure Pbl film, indicating that Sn?>* substitutes Pb®" in the Pbl crystal and the binary

Figure 6.3 The first frame (26 from 10° to 40°) and the second frame (26 from 40° to 70°)
of 2D X-ray diffraction patterns of the Pbl, (A and B), Sng.iPbool> (C and D), and
Sno.25Pbo.7s12 (E and F) films. The scale of 20 increases from right to left.
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Pb-Sn iodide crystals retain the Pbl, crystalline structure. A dramatic intensity increase in
the peaks at 25.7° (002) and 52.6° (004) was observed in the XRD pattern of the
Sng2s5Pbo 751> film, which might be due to the change of grain orientation or increase in
crystallinity. Figure 7.3 displays 2D-XRD patterns of Pblz, Sno.1Pboolz, and Sno25Pbo.7512
films. The diffraction rings corresponding to (001), (002), (003), and (004) plane show
very obvious intensity distribution, indicating Sni«PbxI> crystalline domains are highly
oriented in the in-plane direction. The pattern corresponding to (001) plane of Sno25Pbo.7512
film shrinks to an elongated dot and the intensity of (002) and (004) plane dramatically
increases (Figure 7.3E and 7.3F). This indicates the orientation is more pronounced in the
Snp2sPbo.7sla film compared to the other two films. The SEM images of these three
composition films were taken right after the films were made. Figure 7.2B shows that the
Pbl film is composed by the 100-300 nm crystal grains with a smooth surface and few pin
holes. The Sno.1Pbool> film has a porous, interconnected structure with the crystal grain
size of 100- 500 nm and pore size of 100-200 nm (Figure 7.2C). The Sno.25Pbo.75I> film is
packed with dense flake-like crystals with the size 100-500 nm (Figure 7.2D). About half
of the flakes are tilted or even perpendicular to the substrate surface. The SEM image
confirms the XRD result that the reorientation of crystalline grains occurred in the
Sno2sPbo.7sz film. Pure Pblz crystals were synthesized using a solvothermal method and
hexagonal Pbl crystalline plates grown horizontally on lead foils in I> powder and ethanol
systems were obtained.?>> The highly asymmetric hexagonal plates with an aspect ratio
~1/10 and the [001] direction of the plate thin direction indicates that growth rate along the
[001] direction is much slower than that along the hexagonal plane perpendicular to the
[001] direction. Here, Pbl; and Snl> were dissolved in DMF and the pure Pbl; or binary
SnxPbixlz recrystallized during the thermal annealing process, in which the coordinated
DMEF in Pblo- DMF was released according to the previous thermogravimetric analysis of
Pbl,' DMF.?>* Our XRD results showed no Pblo: DMF phase after thermal annealing. The
SEM images and XRD results showed in-plane orientation of Pbl> and Sng.iPbool> films

while grain reorientation of Sng25Pbo.75I> film.
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6.3.2 Fabrication and Characterization of CHzNH3SnxPb1-xI3 Films
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Figure 6.4 XRD patterns of the CH3;NH3Pbl;, CH3NH3Sno.iPbools, and
CH3NH3Sno.25Pbo 7513 films. The perovskite layers were prepared with the only-thermal
annealing (A), or the thermal plus DMF (B) or DMSO (C) vapor-assisted thermal annealing.

The crystalline metal iodide films serve as templates to grow perovskite crystals. The
Pbls* octahedrons change from the edge connection in metal iodide crystals to the corner
connection in perovskite crystals accompanied by the insertion of MA cations. We spin
coated MAI 2-propanol solution over the metal iodide polycrystalline films and thermally
annealed the films to enhance the growth of perovskite crystals. One set of films was
thermally annealed at 100°C for 2 h and another two sets of films were thermally annealed
at 100°C for 1 h and then a drop of DMF or DMSO was added to the hot plate and covered
with a glass petri dish to continue annealing at the same temperature for another 1 h under
the present of solvent vapor. Figure 7.3 shows the XRD patterns of the films containing
pure Pb and 10 and 25% Sn of Pb-Sn prepared via three different annealing processes. The
peaks for films containing pure Pb are ascribed to tetragonal perovskite crystal with a space
group of [4cm, no matter they are prepared via only-thermal annealing or thermal annealing
plus solvent vapor-assisted thermal annealing. The XRD patterns of films containing 10
and 25% Sn of Pb-Sn prepared by three annealing processes are almost identical to those
containing pure Pb, indicating that the CH3NH3Sno.1Pbools and CH3NH3Sng25Pbo 7513
perovskite crystals are in [4cm phase. The results are in agreement with the previous study
that a transition from tetragonal [4cm to cubic P4Amm perovskite structure occurs for greater
than 50% Sn content in perovskites.” It is noticed that the MAPbossSno1513xClx film

prepared via one-step solution method showed partial [4cm/P4mm phases that might be
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due to the mixed halide (I and CI).?*® The 2D-XRD patterns of CH3;NH;Pbls,
CH3NH3Sno.1Pbools, and CH3NH3Sno 25Pbo 7513 perovskite films are shown in Figure 7.5.
The diffraction rings corresponding to (110) and (220) plane show noticeable intensity
distribution for the CH3;NH3Sno2sPbo7sls film prepared by only-thermal annealing,
indicating the highly oriented texture of the film. This texture may originate from the

tilt/perpendicular orientated plates in the Sno.25Pbog 751> film.
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Figure 6.5 The first frame (26 from 10° to 40°) and the second frame (26 from 40° to 70°)
of 2D X-ray diffraction patterns of the CH3;NH3Pblsz (A and B), CH3NH3Sno.1Pbo.ols (C and
D), and CH3NH3Sno25Pbo 7513 (E and F) films prepared via only-thermal annealing. The

scale of 20 increases from right to left.
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Figure 6.6 SEM images and grain size distributions of the CH3NH3Pbl; (A, B, C, and D),
CH3NH3Sno.1Pbools (E, F, G, and H), and CH3NH3Sno.25Pbo 7515 (I, J, K, and L) films. The
perovskite layers were prepared with the only-thermal annealing, or thermal annealing plus

DMF or DMSO vapor-assisted thermal annealing.

The morphology of all prepared CH3NH3SnxPbi«I3 films were investigated using SEM on
both top-view and cross-sectional view. Different annealing processes have significant
impact to the morphology in terms of grain size and surface smoothness. Figure 7.6A, E,
and I show the SEM images of the CH3;NH3Pbl;, CH3NH3Sno1Pbools, and
CH3NH3Sno.25Pbo 7515 perovskite films prepared via only-thermal annealing. All three films
are densely packed with small grains without pinholes. The histogram of grain size
distribution is summarized in Figure 7.6D, H, and L for pure Pb and 10 and 25% Sn content
Pb-Sn provskites, respectively. Grain size is increased with the increasing of Sn content in
perovskites from the average grain size of 93.9436.2 nm for pure Pb to 123.8+52.5 nm for
10% Sn and 157.7+78.9 nm for 25% Sn. Among three only-thermal annealed perovskites,
the CH3NH3Pbl; film has relatively uniform grain size with a smaller standard deviation.
After the thermal plus DMF solvent vapor-assisted thermal annealing, however, the grains
of CH3NH3Pbl; film grew larger with more irregular shapes and a very large standard

deviation (Figure 7.6B and D). This annealing process also produced larger grains in the
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CH3NH3Sno.1Pbools and CH3NH3Sno2sPbo.7sls films but relative smaller standard
deviations and more isotropically grown grains compared to the CH3NH3Pbl; film (Figure
7.6F, J, H and L). The thermal plus DMSO solvent vapor-assisted thermal annealing
changed the morphology of films dramatically. For the CH3NH3Pbl; film, even though the
average grain size and standard deviation do not change too much compared to the film
with the thermal plus DMF vapor-assisted thermal annealing, the grains are in more regular
shapes with straight sides and the surface are much smoother (Figure 7.6C and D). For the
films containing Sn, the surfaces are even smoother and the grains as large as ~ 1 um
present. For the CH3NH3Sno.1Pbo oI5 film, the top surface of each grain is completely flat,
indicating a single crystalline plane termination (Figure 7.6G). The grain size is ranged
from ~300 nm to slightly over ~ 1 um with the average size about 660 nm (Fig 7.6H). For
the CH3NH3Sno.25Pbo.7513 film, the top surfaces of grains are smooth but in-lane defects are
clearly shown (Figure 7.6K). The grain size has an even broader distribution from ~200

nm to slightly over ~ 1 um with the average size about 590 nm (Fig 7.6L).

Figure 6.7 Cross-sectional SEM images of the CH3NH;3Pbl;, CH3NH3Sng.1Pbools, and
CH3NH3Sn0.25Pbo 7513 films. The perovskite layers were prepared with the only-thermal
annealing (A, D, and G), or the DMF (B, E, and H) or DMSO (C, F, and I) vapor-assisted

thermal annealing.

The cross-sectional view SEM images of the devices with the pure Pb and 10 and 25%
Sn content perovskite films prepared under three different annealing processes are shown

in Figure 7.7. All the films have a thickness about 200 nm and the annealing processes
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have no impact to the film thickness. However, the number of grain boundaries across the
vertical direction of the films is different due to the difference in grain size. For the films
prepared under the only-thermal annealing process, the pure Pb (Figure 7.7A) and 10% Sn
content (Figure 7.7D) films have many grain boundaries across the vertical direction of the
films because of small grains as observed from the top-view SEM images in Figure 7.6A
and E. The 25% Sn content film has more single grains throughout the entire film thickness
presumably due to the larger grains. Figure 7.7B and E show that there are still many grains
stacked across the vertical direction of films even after the thermal annealing plus DMF
solvent vapor-assisted thermal annealing. Figure 7.7H shows even more grain boundaries
across the film after the thermal plus DMF vapor-assisted thermal annealing for the film
containing 25% Sn compared to the only-thermal annealed film. The films prepared under
the thermal plus DMSO vapor-assisted thermal annealing show consistently more single
grains across the entire film vertically (Figure 7.7C, F, and I). The different number of
grain boundaries across the film thickness counts partially for the device performance
discussed later.

The pure Pb perovskite (CH3NH3Pbls) films were prepared using thermal annealing
and DMF solvent annealing, respectively, and the resulted grain size as a function of film
thickness were investigated.”>! All the films have a similar grain size (~200 nm) under the
thermal annealing process regardless of the film thickness 250, 430, or 1015 nm. After
DMF solvent annealing, the grain size was almost doubled for the 250 and 430 nm thick
CH3NH3PbI; films. The grain size comparable to the film thickness was obtained for the
1015 nm thick CH3NH;3PbI; film. It was mentioned that similar behaviors were observed
for the CH3NH;3Pbl; films under DMSO solvent annealing. It has to be pointed out that the
solvent annealing process reported®! is different from the one we used here. A drop of
DMF or DMSO was added to the hot plate right after the MAI was spin coated over the
Pbl> polycrystalline films. Both Pbl, and MAI can be dissolved in DMF and DMSO,
resulting in a large diffusion length of two precursors during the solvent annealing process.
Here, a drop of DMF or DMSO was added after 1 h thermal annealing of the stacked MAI
and polycrystalline metal iodide layers. Perovskite crystals are completely formed under
this condition.®! Therefore, the DMF or DMSO vapor-assisted thermal annealing here

causes the morphology changes of perovskite crystals not the formation of large perovskite
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grains from Pbl> polycrystals and MAI. In other words, DMF or DMSO interacts with
perovskite crystals not Pbl, crystals.

The unique results associated with the thermal annealing plus DMF and DMSO solvent
vapor-assisted thermal annealing processes of pure Pb and binary Pb-Sn perovksites and
the possible explanations are discussed. (1) All the films show the crystalline structure of
a tetragonal I4cm phase regardless annealing process. The dramatically different in film
morphologies under DMF or DMSO vapor-assisted thermal annealing suggests that DMF
and DMSO interact with perovskites by attaching to Pb and Sn. The almost identical XRD
patterns indicate that no DMF or DMSO complex residuals in the polycrystalline
perovskite films. (2) Unlike DMF or DMSO solvent annealing process causing no
difference to the morphology of CH3;NH3Pbl; films,?*! the thermal annealing plus DMF or
DMSO solvent vapor-assisted thermal annealing processes result in very different film
morphologies of the CH3NH3Pbl; films, indicating DMF and DMSO have different
interaction with the perovskite CH3NH3Pbl;. Both DMF and DMSO are strong polar
solvents that contain electronegative oxygen atom with the coordination ability. The
coordination ratio between Pb in Pbl, and the solvent is 1:1%°* and 1:2%** for DMF and
DMSO, respectively, indicating that DMSO has a stronger coordination ability with Pbl,
than that of DMF. DMSO vapor can easily attack Pb at the film surface and grain
boundaries. The binding of DMSO to Pb at the grain boundaries lowers the surface energy
of these boundaries. The merge of smaller crystalline grains to larger ones is more easily
happen for the perovskite films under DMSO vapor annealing. In addition, DMSO has a
low volatility due to its relatively high boiling point (189°C vs. 153°C for DMF) and low
saturated vapor pressure (0.76 kPa at 60°C vs. 9.31 kPa for DMF), which can maintain a
prolonged presence of DMSO to complete the merge of more small grains to larger ones.
(3) For the perovskite films containing Sn, DMF and DMSO do not just simply help to
merge small grains, they could also cause the rearrangement of Sn and Pb inside grains due
to the different bond energies of Sn and Pb with iodide and oxygen. The bond energy
increases in the order of Pb-I < Sn-I < Pb-O < Sn-O with the values of 194, 235, 374, and
528 kJ/mol, respectively.?**- 2% Although there is no report on the coordination ratio of Sn
to DMF and DMSO, we assume a similar trend as that for Pb. DMSO (or DMF) could bind

to Sn via forming a strong Sn-O bond, which even breaks the existing Sn-I bond. This
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could also happen to Pb site but preferential to Sn. As illustrated in Figure 7.8, the DMSO
attaching to Sn by breaking Sn-I bond creates different number of iodide dangling bond on
each Pb centered iodide octahedrons, which allows those “unsaturated” octahedrons
moving around to reform the “saturated” octahedrons. During this process, the
rearrangement is driven by the reduction of surface energy of crystalline grains. The lower
bond energy of Pb-I and Pb-O than Sn-I and Sn-O could lead to the segregation of Pb to
grain surface to reduce the surface energy. The rich-Pb at the top layer of binary Pb-Sn
perovskites were also observed. The flat grain surface could be the (110) plane of
perovskites as shown the strong (110) and (220) plane peaks in the XRD patterns. It is
noticed that there are more in-plane defects observed on the perovskite film containing 25%
Sn. This could be the strain caused by more Pb?** on surface due to the larger ionic radius
of Pb*" than that of Sn**. This effect is more pronounced when Sn content is high. The in-
lane defects might also be caused by the merge of different orientated perovskite grains
originated from the different orientated Sno.25Pbo 7512 plates as observed in Figure 7.6D. For
the 10% Sn content perovskite film, the Sno.10Pboool> polycrystalline grains are already
orientated in the same direction, which facilitates the merge of small perovskite grains with

the help of DMSO.

Snlg*  Pblg*

? © | @ CH;NH,*

After Thermal Annealing After DMSO Vapor-Assisted
Thermal Annealing

Figure 6.8 Schematics of the possible bond breaking of Sn-I (or Pb-I) in CH3NH3Sn«Pb;-
xI3 perovskite grains via DMSO attacking during the thermal plus DMSO vapor-assisted
thermal annealing process, leading to large, flat grains and the redistribution of Pb and Sn

in grains.
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6.3.3 Device Performance of CH3NH:3SnxPbi-xI3 Solar Cells
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Figure 6.9 (A) Device configuration of a planar CH3NH3SnxPb;xI3 perovskite solar cell.
(B) Energy diagram for materials involved in the solar cells. (C) Typical J-V characteristics
and (D) EQE spectra of CH3NH3Sn«PbixI3 (X =0, 0.1, and 0.25) perovskite solar cells
under 1 sun AM 1.5G solar illumination with the perovskite layers prepared via only-
thermal and thermal plus DMSO vapor-assisted annealing.

The perovskite layers prepared in different annealing processes were deployed in the
solar cells with a planar heterojunction structure of ITO/PEDOT:PSS/CH3NH3SnxPbixI3/
PCs1BM/Cso/BCP/Al (Figure 7.9A), where PEDOT:PSS acted as the hole transport layer,
PCs1BM/Ceo as the ETLs, and BCP as the exciton blocking layer. The energy diagram of
the perovskites CH3NH3SnxPbi«I3 (x = 0, 0.25) and materials involved in the devices are
displayed in Figure 7.9B. While the valence band maxima are almost the same, the
conduction band minimum is lower for CH3NH3Sno 25Pbo.7513, resulting in a reduced band
gap from 1.55 eV of CH3NH;3PbIs to 1.24 eV of CH3NH3Sng 25Pbo 7515.”° Figure 7.9C shows
the J-V characteristics of the solar cells with the perovskite layers prepared by the only-
thermal annealing and the thermal plus DMSO vapor-assisted thermal annealing under 1

sun AM 1.5G solar illumination. Table 7.1 summarizes the Jsc, Voc, fill-factor (FF), and
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PCE derived from the J-V curves. For the solar cells with the only-thermal annealing

prepared

Table 6.1 PV performance parameters of the CH3NH3Sn«PbixI3 (x = 0, 0.1, and 0.25)
perovskite solar cells under 1 sun AM 1.5G solar illumination. The CH3NH3SnxPb«I3
perovskite films were prepared via the only-thermal annealing or the thermal plus DMSO

vapor-assisted thermal annealing.

Voc Jsc FF PCE PCEmax
(v) mAJem) (%) (%) (%)
Only-thermal annealing
CHs3NHsPbls 0.81+0.05 11.1+0.9 62.610.8 5.61+0.43 6.10
CH3NH3Sno.1Pbo.sl3 0.82+0.07 13.940.6 53.4+3.9 6.10+0.41 6.57
CH3NH3Sno.25Pbo.7513 0.7710.08 20.3+0.9 56.7+4.8  8.4510.59 8.83

Thermal + DMSO vapor-assisted thermal annealing

CH3NHsPbls 0.81+0.01 12.1+1.1 63.9+5.7 6.20+0.03 6.23
CH3NH3Sno.1Pbo.sls 0.78+0.02 19.0+0.8 67.1+0.3 9.95+0.51 10.25
CH3NH3Sno.25Pbo.7513 0.70+0.02 17.7+0.5 56.3+2.0 6.98+0.68 7.76

perovskite layers, the partial substitution of Pb with Sn leads to a significant increase in Jsc
from 11.1£0.9 to 13.9+0.6 to 20.3+£0.9 mA/cm? for the CH3NH3Pbl3, CH3NH3Sno.1Pbo.ools,
and CH3NH3Sno25Pbo 7513 solar cells, respectively. The trend is in concord with a recent
report even though the devices were fabricated with a configuration of
FTO/TiO2/CH3NH3Sn«PbxI3/Spiro-OMeTAD/Au.?” The combination of unchanged Voc,
increased Jsc, and decreased FF led to a slightly increased average PCE of the
CH3NH3Sno.1Pbogols solar cells compared to that of the CH3NH3Pbls solar cells. The

significantly increased Jsc of the CH3NH3Sno25Pbo 7513 perovskite solar cells resulted in an
122



average PCE of 8.45+0.59% with a maximum PCE of 8.83% even though the Voc and FF
were decreased. The performance is higher than the PCE of 7.37% with the same
composition perovskite but different device structure and different perovskite film
preparation method.”” While the improvement upon electronic properties resulting from
the addition of Sn to CH;NH3Pbl; perovskite,” 2*° plays a role in the increase of Jsc, the
larger grains of 10 and 25% Sn perovskite films also make contributions, especially for the
25% Sn perovskite film in which many single grains cross the entire film shown by the
cross-sectional view SEM image (Figure 7.71). The fewer grain boundaries across the film
thickness reduce the charge carrier recombination at the grain boundary and therefore,
results in higher Jsc’s.

The significant morphology changes of the CH3NH3SnPbi«I3 (x = 0, 0.1, and 0.25)
perovskite films after the thermal plus DMSO vapor-assisted thermal annealing impact
device performance. The CH3NH3Sno.1Pbo.gols solar cells exhibit an average Jsc of 19.0+0.8
mA/cm?, Voc of 0.78+0.2 V, and FF of 0.78+0.2%, yielding an average PCE of 9.95+0.51%
and a maximum PCE of 10.25%. To the best of our knowledge, this is the best performance
for the solar cells with binary Pb-Sn triiodide perovskites. Compared to the significantly
enhanced device performance of the CH3NH3Sno.1Pbo.gols solar cells, the CH3NH3Pbl;
solar cells only have a 10.5% increase of the average PCE because of the slightly increased
average Jsc and FF and unchanged Voc. However, the CH3NH3Sno.25Pbo 7515 solar cells
display drops in the average Voc, Jsc and FF by 9.1%, 12.8%, and 0.7%, respectively,
leading to a 12.1% decrease of the average PCE. This might be due to the oxidation of Sn**
to Sn*" during the DMSO vapor-assisted thermal annealing, even though the anhydrous
DMSO was used and the process was carried out in a N»-filled glove box. The presence of
Sn** could trap electrons and result in a degraded performance.’® 2% The in-plane defects
observed in the SEM image (Figure 7.71) could also cause the recombination of carriers.

The EQE spectra of these solar cells are shown in Figure 7.9D. The solar cells
containing the only-thermally annealed perovskites show a clear redshift of the absorption
onset from 825 to 950 to 1010 nm for the CH3NH3Sn«Pbi«I3 perovskites with x =0, 0.1,
and 0.25, respectively. The absorption onsets of CH3NH3Pbl; and CH3NH3Sng25Pbo.7513
match the corresponding band gaps reported.”>*® No absorption onset or band gap has been

reported for the CH3NH3Sno.1Pbools perovskite. The absorption onset of 950 nm,
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equivalent to the band gap of 1.31 eV, follows the trend of the absorption onset shift and
band gap narrowing of CH3NH3Sn«Pbi«I3 from x = 0 to 0.75.%° The higher EQE in the
range of 400-700 nm and the extra absorption between 850-950 nm for the only-thermal
annealed CH3NH3Sng.iPbools solar cell compared to the only-thermal annealed
CH3NH3PbIs solar cell lead to an increased Jsc. The very high Jsc for the only-thermal
annealed CH3NH3Sno.25Pbo 7515 solar cells is truly because of the higher EQE over the entire
wavelength range of 400-1010 nm. It is very interesting to observe that the different
annealing processes do not vary the absorption onsets of each perovskite solar cell, but the
spectral shapes change dramatically for the binary Pb-Sn perovskite solar cells while they
are very similar for the pure Pb perovskite solar cells. The slightly increased EQE over the
entire range of 400-825 nm for the thermal plus DMSO vapor-assisted thermally annealed
pure Pb perovskite solar cell is consistent with the slight increase of Jsc observed. The
similar shape indicates that the entire process from photon absorption to carrier extraction
is similar for the pure Pb perovskite solar cells prepared under two annealing processes,
although the film morphology is different. In contrast, the thermal plus DMSO vapor-
assisted thermal annealed CH3NH3Sno.1Pbo.ools solar cells exhibit a significant increase of
EQE in the range of 500-700 nm with a peak EQE close to 90%. Because peak sun light
flux occurs in this range, a great increase of Jsc from 13.9 to 19.0 mA/cm? was obtained,
leading to the best PCE of 10.25%. The thermal plus DMSO vapor-assisted thermal
annealed CH3NH3Sno.25Pbo 7515 solar cells exhibits a moderate increase of EQE in the long
wavelength range of 650-950 nm but a great drop of EQE in the range of 400-650 nm,
which eventually results in a decrease of Jsc from 20.3 to 17.7 mA/cm?. The change of
EQE in different wavelength ranges caused by different annealing processes suggests the
possible rearrangement of Sn and Pb in the CH3NH3SnxPbi.xI3 perovskites films due to the
movement of octahedrons during the DMSO vapor-assisted thermal annealing process,
which induces the change of the efficiency from photon absorption to charge generation,
transport, and collection. Clearly, DMSO vapor-assisted thermal annealing provides a new

way to manipulate binary Pb-Sn perovskite films to yield desired properties.
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Figure 6.10 Typical J-V characteristics of CH3NH3SnxPbixI3 (x = 0, 0.10, and 0.25)
perovskite solar cells under 1 sun AM 1.5G solar illumination. The perovskite layers were

prepared with the thermal plus DMF vapor-assisted thermal annealing.

Table 6.2 PV performance parameters of the CH3NH3SnxPbi«I3 (x = 0, 0.1, and 0.25)
perovskite solar cells under 1 sun AM 1.5G solar illumination. The CH3NH3SnxPb«I3

perovskite films were prepared via the thermal plus DMF vapor-assisted thermal annealing.

Voc Jsc FF PCE PCEmax

(V) (mA/cm?) (%) (%) (%)
CHsNHsPbls 0.800.01 12,513 60.7t1.9  6.070.90 6.58
CH3sNHsSno.1Pbo.sls 0.79:0.01 15.8£1.4 61.9t3.1  6.74%0.53 7.12
CH3sNH3Sno.2sPbo.rsls 0.70£0.00 18.0£0.9 58.7t2.8  7.40£0.53 7.75

The device performance and the J-V curves of the thermal plus DMF vapor-assisted

thermal annealed CH3NH3SnxPbiI3 (x =0, 0.1, and 0.25) perovskite solar cells are shown

in Table 7.2 and Figure 7.10. Compared to the only-thermal annealed perovskite solar cells,
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the PCEs of the CH3NH3SnxPb1xI3 (x =0, 0.1) perovskite solar cells are increased by 8.2%
and 10.5%, respectively, while the PCE of the CH3NH3Sno.25Pbo. 7513 solar cells is decreased
by 12.4%. Although the grain size is increased slightly after the thermal plus DMF vapor-
assisted thermal annealing, which increases Jsc, the still relatively rough surfaces may
cause the reduction of FF. With the increase of Sn, more Sn*" could be produced which
degrades the device performance as observed for the devices made via the thermal plus

DMSO vapor-assisted thermal annealing.
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Figure 6.11 (A) Energy diagram for materials involved in the planar perovskite solar cells.
(B) Typical J-V characteristics of CH3NH3SnxPbi«I3 (x =0.5, 0.9, and 1.0) perovskite solar
cells under 1 sun AM 1.5G solar illumination. The perovskite layers were prepared via the
only-thermal annealing.
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Table 6.3 PV performance parameters of the CH3NH3SnPbi«I3 (x = 0.5, 0.9, and 1.0)
perovskite solar cells under 1 sun AM 1.5G solar illumination. The CH3NH3SnxPb«I3
perovskite films were prepared via the only-thermal annealing process.

VOC JSC FF PCE PCEmax

(V) (mA/cm?) (%) (%) (%)
CH3NH3Sno.sPbosls 0.41+0.04 3.1+0.7 57.5£8.5 0.72+0.36 0.76
CH3NH3Sno.sPbo.1l3 0.1710.03 1.2+04 39.3+1.7 0.08+0.22 0.09
CH3NHsSnl3 0.04+0.01 1.81£0.5 25.7+¢0.9 0.02+0.00 0.02

We also fabricated planar heterojunction CH3NH3SnxPbi.«I3 perovskite solar cells with
x = 0.5, 0.9, and 1.0. The binary Pb-Sn perovskite films were prepared via only-thermal
annealing. The energy diagram of these Pb-Sn perovskites along with other materials in
the devices and the J-V curves are shown in Figure 7.7A and B, respectively. The device
performance parameters are summarized in Table 7.3. The CH3NH3Sno sPbo.sI3 perovskite
solar cells show a Jsc of 3.1 mA/cm?, Voc of 0.41 V and FF of 57.5%, leading to a PCE of
0.76%. The CH3NH3Sno.9Pbo.113 and CH3NH3Snl; perovskite solar cells show almost no
rectification behavior. The XRD patterns of these films are shown in Figure 7.12. The only-
thermal annealed CH3NH3SnosPbosls film remains in the pure perovskite phase.
Additional peaks at 26.4°, and 32.2°, ascribed to the oxidized Sn*" in the form of
(CH3NH3)2Snls,2* appear in the XRD patterns of CH3NH3SnooPbo 113 and CH3NH3Snl3
perovskite films. Our XRD results are in concord with the previous report that the presence
of more than 50% Pb in the perovskite is essential to retard the oxidation of Sn and to
maintain the perovskite structure.>*? The significant drop of Jsc and Voc, as well as the
eventual absence of rectification, were also observed in the binary Pb-Sn perovskite solar
cells with the Sn content greater than 50%.%** Apparently, it is crucial to rigorously reduce
the water content in reagents and solvents and to control the environmental humidity and

oxygen in order to make working perovskite solar cells with high Sn content.
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64 Conclusion

In summary, we have demonstrated that the two-step solution process with the thermal
plus solvent vapor-assisted thermal annealing is an effective method to make binary Pb-Sn
triiodine perovskite polycrystalline films, to increase the grain size, and to manipulate the
grain orientation, the surface termination, and the Pb and Sn distribution in grains. The Sn
substitution in the CH3NH3Pbl; perovskite resulted in the extension of absorption onset
from 825 to 950 to 1010 nm for the CH3NH3Sn,Pbi«I3 perovskites with x = 0, 0.1, and
0.25, respectively. Unlike organolead triiodine perovskite solar cells, the EQE of binary
Pb-Sn triiodine perovskite solar cells was sensitive to the annealing processes. The highest
PCE 0f 10.25% was achieved from the planar CH3NH3Sno.1Pbo o3 perovskite solar cell with
the thermal plus DMSO vapor-assisted thermal annealing. Further enhanced performance
of devices with a higher Sn content might be realized by rigorously reducing the exposure
of water and oxygen during the device fabrication process. Because of the nature of an
ionic crystal and the unique chemical structure of hybrid inorganic-organic perovskites, the
solvent-assisted thermal annealing process could offer an easy yet effective way to

manipulate material properties and to further increase perovskite solar cell performance.
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Chapter 7 CONCLUSIONS AND OUTLOOK

7.1 Conclusions

This dissertation focuses on the development of next generation of organic-inorganic
hybrid solar cells for the efficient sunlight harvest. The study starts from the basic inorganic
material synthesis and property measurements to address the light absorption problem in
solar cell research. During the fabrication of organic-inorganic hybrid solar cells, we
realize the interfacial layer strongly affects the device performance. This problem was
solved by adopting a dual HTL. In order to further improve the charge separation process
of an organic-inorganic hybrid solar cells, a molecular level organic-inorganic hybrid
system is developed.

Enhancing the light absorption is the first issue needs to be addressed in organic-
inorganic hybrid solar cell research. We synthesized pyrite FeS, materials with high
absorption coefficient and NIR absorption. In the pyrite FeS, synthesis, we are the first to
synthesize pyrite hierarchical microparticles with well-defined {100} facetted cubic
textures using a simple hydrothermal method with the presence of en and PVP. The roles
of en and PVP on the phase and morphologies of the synthesized materials are clearly
illustrated. The mechanisms discussed here may provide new insights to the synthesis of
pyrite materials and help to better understand the formation of pyrite phase and the control
of morphology.

By using a hot injection method, the size and morphology of the pyrite material are
controlled down to the nanoscale. The morphology and phase purity of pyrite NCs were
systematically studied. Two critical parameters were identified in the synthesis of phase
pure pyrite materials, i.e. the molar ratio of iron to sulfur and the reaction temperature. The
synthesized pyrite NCs have the absorption up to the NIR region and exhibit a larger
indirect bandgap than that of bulk pyrite. Further study indicates the pyrite seeds generate
from a mackinawite FeSo.94 nanosheets template. The initial anisotropic growth of NCs
follows OA mechanism. OR growth become obvious as time progress, resulting in faceted
NCs. In accordance with the analysis of HRTEM images and surface free energies, we find
that the attachment occurs between the opposite facets with high surface free energies

including (210)-Fe and (210)-2S as well as (001)-Fe and (001)-2S. The phase and
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morphology-controlled pyrite NCs make it possible to further study the optical and
electronic properties of pyrite NCs and to develop pyrite NC based PV devices for
sustainable energy. I collaborated with my labmate Beau J. Richardson and developed an
inverted hybrid polymer solar cell with TOPO passivated pyrite NCs.’! The inverted
ternary hybrid solar cells show enhanced photocurrent and great stability with air exposure
up to 28 days. The study presents pyrite NC as a low-cost, earth abundant, and non-toxic
material for solar energy conversion.

During the fabrication of inverted organic-inorganic hybrid solar cells based on pyrite
FeS> materials, we find the effective hole extraction at the active layer/anode interface as
well as the prevention of leakage current are crucial for the solar cells with enhanced
performance. By adopting the inverted structure and using the dual HTLs, the resistive
losses of CdSe QDs:P3HT hybrid system at high illumination power are effectively
prevented. Inverted CdSe QDs:P3HT OIHSCs with the PEDOT:PSS/MoO3 dual HTLs
show superior performance over those with a single HTL of PEDOT:PSS or MoOs3. The
dual HTLs is applicable to the solar cells with CdSe QDs and NRs blended with PTB7-
F20. An efficiency as high as 2.35% was achieved in OIHSCs with a structure of
ITO/ZnO/CdSe QDs + NRs:PTB7-F20/ PEDOT:PSS/MoOs/Ag.

The incomparable size of polymer and inorganic semiconductor leads to the insufficient
interfacial area. This affects the charge separation and impedes the further performance
improvement of hybrid organic-inorganic solar cells. Molecular level organic-inorganic
hybrid CH3NH3SnxPbixl3 perovskites were used to fabricate solar cells. The Sn
substitution in the CH3NH3Pbl; perovskite resulted in the extension of absorption onset
from 825 up to 1060 nm for the CH3NH3Sno.25Pbo 7515 perovskite. The highest PCE of 10.25%
was achieved from a planar CH3NH;3Sno.1Pbo.ol3 perovskite solar cell with the thermal plus

DMSO vapor-assisted thermal annealing.

7.2 Outlook
Organic-inorganic hybrid solar cells would still be the main topic for the researchers in
PVs. The current studies present many interesting and exciting findings. There are still a

lot of areas to explore.
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Pyrite FeS» is an attractive materials for PV application. The future direction would be
the control of shape and size uniformity of the synthesized materials. The current study
indicates the growth of pyrite FeS; NCs follows OA mechanism at the early stage of growth.
The exploration of new growth mechanisms would be crucial for the synthesis of uniform
NCs. Studies based on DFT will be helpful to understand the growth of materials from
theoretical aspects. In order to screen the best conditions for the synthesis, the new
theoretical study should focus on the solvents, ligands, and temperature on the growth of
pyrite FeS> NCs. The current study provides a way to passivate the pyrite FeS> NCs’ surface
using TOPO. There is little information of the crystalline information within the NCs. The
removal of the defects within NCs by choosing advanced synthetic methods would further
improve the performance of solar cells with pyrite FeS> NCs.

The dual HTLs is effective to improve the performance of the inverted organic-
inorganic hybrid solar cells with the rough active layer. There are many parameters not
optimized, such as the thickness of each HTL layer and choices of other combinations of
HTLs. Besides the two systems discussed in this study, the application of dual HTLs to
other inverted organic-inorganic hybrid solar cells would also be interesting.

Although organic-inorganic hybrid CH3NH3SnxPbixl3 perovskite solar cells were
developed, the controlled CH3NH;3Pbl; perovskite solar cells with thermal annealing only
show the efficiency as high as 5.61+£0.43%. The improvement in the processing procedures
or the choice of the materials with higher purity would further increase the efficiency of
the fabricated control device. The oxidation of Sn in organic-inorganic hybrid
CH3NH3SnxPbi«I3 perovskite solar cells is still not fully prevented. Using reductive
additives would be an effective way to address this problem.

A vertically aligned bilayer perovskite solar cell architecture with the objective to
efficiently harvest sunlight up to the NIR region will be the future direction of research.
The cell is composed by a first layer of pristine CH3NH3Pbl; and a second layer of
CH3NH3Sn 1 xPbxIz (x#1). In such a bilayer perovskite solar cell, high energy photons
(>1.55 eV) are absorbed in CH3NH3Pbls. Low energy photons (<1.55 eV) are allowed to
pass through and absorbed in the CH3NH3Sn1xPbxIs layer with bandgaps < 1.55 eV. The
generated electrons both in CH3NH3Pbl; and CH3NH3Sn1—«xPbxIz flow through ETL and

are collected by Al electrode. The holes transport through PEDOT:PSS layer and are
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collected by ITO. By adopting a bilayer structure, the perovskite bilayer, with the ability
to harvest the sunlight in the NIR region, maintains a high EQE from 400 nm to 650 nm.

Thereby, a higher photocurrent is expected and less energy lost as heat.
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Appendix A SOLVOTHERMAL SYNTHESIS AND
CHARACTERIZATION OF IRON SULFIDE MATERIALS

A.1 Introduction

The best structure for an organic-inorganic solar cell is with vertically aligned one-
dimensional inorganic nanostructures connected to the cathode. The long axis of the NRs
provide continuous pathways for the electron transport, which is superior to QDs, where
electron hopping between QDs is required.? In that case, generated electrons are effectively
transported to the cathode with minimal recombination. Thus the synthesis of one-
dimensional semiconductor is of great interest. Different from the hydrothermal method
mentioned in Chapter 2, the usage of solvent other than water is more compatible for high
temperature synthesis. The solvent also provides additional functions such as binding and
coordination. Our synthesis of one-dimensional pyrite FeS; is based on the theoretical
study conducted by Russo S.P. et al.!3% 137; the preferential binding of en on {111} facet
will promote the growth along <100> direction.

In the past decade, anisotropic semiconductor nanomaterials such as CdTe NRs,?%"-2%8
CdSe NRs,* 2 and CdSe tetrapods'®® 2* were synthesized and frequently used as an
electron acceptor to form donor-acceptor type hybrid organic-inorganic solar cells. Power
conversion efficiency as high as 3.64% is achieved by using a blend of CdSe QDs and NRs
as the acceptor and poly (3-hexylthiophene) (P3HT) as the donor in a hybrid solar cell.!**
However, the use of toxic elements such as cadmium, selenium raises serious
environmental concerns and is considered as a limitation for the mass production of these
materials.®®!!"” Recently, a low cost, non-toxic, and abundant semiconductor pyrite was
proposed to use as the electron acceptor in organic-inorganic hybrid solar cells*. Pyrite is
a material with an indirect energy transition at 0.95 eV, a direct transition at 1.03 eV, and
an integrated absorption coefficient of 3.3x10° cm™! for the energy spectrum of wavelength
values () between 300 and 750 nm.'?> Because of the high absorption coefficient from
visible to near-infrared region, material consumption of pyrite is significantly reduced for
solar cell applications.?¢!

Originally, pyrite was prepared using several high temperature approaches including

sulfurization of iron films,”? sulfurization of iron oxide films,” reactive sputtering,’* and
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spray pyrolysis,?6? yet at elevated temperatures, the segregation of iron and sulfur species
is unavoidable, which changes the stoichiometry and material phase of the deposited film.

Thus, solution based hot injection methods’®7®

and hydro/solvothermal process were
developed to synthesize pyrite materials with morphologies such as nanocubes,”” % NRs, 2
and nanowires.'?® Hydro/solvothermal process is preferred over hot injection methods due
to the ease of scale up production. Generally, pyrite particles with the size ranging from
100 nm to several micrometers were synthesized by hydro/solvothermal process.®’> 8-83
Cubic pyrite particles with the size ranging from 150 to 500 nm were obtained by thermally
decomposing a single iron-sulfur complex via a hydrothermal process.!?> 12 Pyrite cubes
with the {100} facets and octahedrons with the {111} facets were synthesized by using
surfactants and controlling the pH value of the reaction solutions.!?” 12® Recently, it was
also demonstrated that monodispersed pyrite microspherolites can be obtained via a
microwave-assisted hydrothermal process in the presence of PVP.!?* Despite the recent
advancement of hydro/solvothermal routes to the synthesis of pyrite FeS> materials, the
synthesis of phase pure pyrite nanowires still remains as a challenge. Although the
successful synthesis of one-dimensional nanostructures of pyrite FeS» in large quantities
by solvothermal process was claimed by Chaudhuri S. et al.,> 2% 2% the results were not
reliable since they didn’t show the composition and crystallinity of the individual
nanowires. The characterization of the phase purity only limited to techniques such as XRD
and large area EDS, which cannot detect the amorphous impurities in the products.
Contradictory to their results, magnetic iron sulfide nanowires with the form of FeixS
(x=0.08-0.1) were obtained and no pyrite phase was detected by using a similar
solvothermal procedures, in which thioacetamide (CH3CSNH:2) was used as the sulfur
source and FeCl, was used as the iron source.?®® The experiments were carried out at 180°C
with a Fe:S ratio of 1:2.

In this chapter, the synthesis of iron sulfide materials was performed under the same
conditions as literature.'?> Only amorphous iron sulfide nanowires was obtained by using
Fe(NO3)3:9H20, FeCl3-6H20 and FeCly-4H>0 as the iron source. Thiourea and en were
used as the sulfur source and solvent, respectively. The morphology of the synthesized

materials was characterized by SEM and TEM. Concentration of the reactants, S:Fe ratio,

types of iron source as well as reaction temperature control the morphology of the
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synthesized products. The composition of nanowires, NRs, and plates was analyzed by
EDS. XPS was used to determine the composition and chemical state of sulfur in the
synthesized nanowires. The major products obtained were determined to be FeixS
(X=0.11-0.35). These nanowires were further annealed at 700°C for 30 min in order to
obtain crystalline products. A possible route to obtain phase pure pyrite nanowires is

proposed.
A.2 Experimental Section

A.2.1 Materials for the Synthesis of Iron Sulfide Materials

En (299.5%) was obtained from Fluka. Fe(NO3)3;-9H20 (=99.999%), FeCl»-4H,0O
(99.99%), FeSO47H20 (=299 %), and thiourea (>99.0%) were purchased from Sigma-
Aldrich. FeClz-6H20 (ACS, 97.0-102.0%) was obtained from Alfa Aesar. Millipore water
was self-made using a Millipore Simplicity Ultrapure Water System. All chemicals were

used as received without further purification.
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A.2.2 Solvothermal Synthesis of Iron Sulfide Materials

Table 7.1 Summary of the reaction conditions and morphology of the major products.

Product Fe source Fe:S Temperature Concentration Morphology of
No. (mol:mol) (°C) (mol/l of Fe major product
source)

1 Fe(NO3);:9OH.O 1:4 180 0.005 nanowires,
macrowires

2 Fe(NO3);-9OH.O 14 180 0.03 nanorods

3 Fe(NO3);'9OH.O 14 180 0.04 nanorods

4 Fe(NO3);'9OH.O 1:4 180 0.08 thin nanorods

5 Fe(NO3);'9OH.O 1:4 195 0.005 nanowires,
macrowires,
microplates

6 Fe(NOs3);:9OHO0 14 210 0.005 microplates

7 Fe(NO3);9H. 0  1:6 180 0.005 nanowires

8 FeCl3-6H,0O 1:4 180 0.08 plates

9 FeCl>-4H>0 1:4 180 0.08 plates, wires

All synthesis conditions are listed in Table 3.1. Typically, the synthesis of sample-1
was performed as follows: 0.0297 g of Fe(NO3);-9H2O was mixed with 0.0056 g of

thiourea in a mortar (molar ratio: Fe:S=1:4), to which 14.7 ml of en was added. The mixture

was stirred vigorously with pestle. After the color of the mixture turned to brown, the

mixture was transferred to a teflon-lined stainless steel autoclave with 85% filled. The

autoclave was placed in a muffle oven and maintained at 180°C for 12 h. After that, the

autoclave was taken out of the oven and cooled to room temperature naturally. The black

precipitates were collected and washed with ethanol, followed by centrifugation at 4400

rpm for 18 min. Then, precipitates were re-dispersed in ethanol followed by centrifugation.

Re-dispersion and centrifugation were repeated for three times in order to remove any

residues and side products.
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A.2.3 Characterizations of Iron Sulfide Materials

The morphology and elemental composition of the products were characterized using
SEM and EDS (FEI Sirion SEM), respectively. SEM samples were prepared by dropping
the particle solution on a silicon chip and being dried in air. TEM and scanning
transmission electron microscopy (STEM) images were acquired using FEI Tecnai G2 F20
TEM operating at an accelerating voltage of 200 kV. Spot size 9 was applied for STEM
measurement and a high angle annular dark field (HAADF) detector was used to collect
images. The samples for TEM/STEM analysis were prepared by drop casting a dilute
solution of materials in ethanol onto ultrathin carbon-coated copper grids. XRD
measurement was carried out on a GADDS D8 Discover diffractometer (Bruker) using Cu
Ka radiation (A = 1.5419 A). Three frames with 100 seconds/frame were obtained for each
sample. Scan angle 20 begins at 30 degrees with a frame width of 25 degrees. Data were
processed using the EVA package provided by Bruker Axs. Samples for XRD
measurements were prepared by dusting the vacuum dried samples on a double-sided tape
attached to a glass slide. XPS composition data and high-resolution spectra were acquired
on a Kratos AXIS Ultra DLD instrument equipped with a monochromatic Al Ka X-ray
source. Binding energies (BEs) were referenced to the hydrocarbon Cis peak at 285 eV.
XPS samples were prepared by placing the vacuum dried samples on carbon conductive
tape on the sample holder. Data analyses were performed with CasaXPS. TGA of samples
was performed with a SDT 2960 Simultaneous DSC-TGA analyzer of TA instruments
from 30 to 700°C with a temperature ramp of 40°C/min.

A.3 Results and Discussion

AJ3.1 Concentration, S:Fe Ratio, and Iron Source on the Morphology of Iron
Sulfide Materials

Wires with the length from 500 nm to 100 um and diameter in the range of 100-200
nm (Figure 3.1) were synthesized by reacting Fe(NO3)3-9H>0O with thiourea at 180°C for
12 h in en. When the concentration of Fe(NO3)3-9H,0 was increased from 0.005 mol/l to
0.03 mol/l, the length of wires decreased to 3-6 pm and the diameter of wires increased to
200-500 nm. There is no obvious change in the morphology of the synthesized products
using 0.04 mol/l Fe(NO3)3-9H>O compared to those using 0.03 mol/l of Fe(NO3)3-9H>O0.
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Further increase of Fe(NO3)3-9H>0 concentration to 0.08 mol/I results in 50-100 nm thick
NRs with the length of 3-6 um and width of 200-500 nm. Based on these observations,
high concentration of reactants leads to shorter and fatter structure. This could be explained

267 of the materials. When the concentration of the reactants is

by nucleation and growth?®%
increased, the number of nucleus generated in the reaction is also increased. Initially, there
will be more NRs generated in the solution than that using lower concentration of reactants.
The growth of NRs in the long axis is more like to be interrupted by the adjacent NRs due
to an increase in the NRs concentration. Thus, short rods were the main product instead of

nanowires by using a high concentration of reactants.

Figure 7.1 The SEM images of iron sulfide materials synthesized by reacting
Fe(NO3)3'9H>O with  thiourea at 180°C for 12 h in en. The concentration of
Fe(NO3)3-9H20 in the reactor is (A) 0.005 mol/l, (B) 0.03 mol/l, (C) 0.04 mol/l, and (D)
0.08 mol/l. Fe:S ratio was kept as 1:4.

Fe:S ratio of the reactants determines the ratio of plates to wires in the final products.
As can be seen from Figure 3.2, plates exist in the product synthesized with a Fe:S ratio of
1:4. Almost all the products synthesized using 1:6 molar ratio of Fe:S are wires. No obvious
change in the morphology of products was observed when Fe:S ratio was further raised to
1:8. Thus, with a higher S:Fe ratio in reactants, more nanowires will be generated in the

final products. The synthesized wires tend to assemble to form bundles after drying at room
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temperature (Figure 3.2C). This indicates the synthesized wires could be used as a template

to fabricate nanostructured devices.

Figure 7.2 The SEM images of iron sulfide materials synthesized by reacting
Fe(NO3)3-9H,O with  thiourea at 180°C for 12 h in en. The concentration of
Fe(NO3)3:9H20 in the reactor was kept as 0.005 mol/l. Fe:S ratio was (A) 1:4 and (B) 1:6,

respectively. (C) Bundles were formed after drying sample-7 at room temperature.

The valence state of the iron and counter-ion play an important role in determining the
morphology and phase of the final products. Generally, the products synthesized by using
Fe source with chlorine contain more plates than those synthesized using Fe(NO3)3-9H>0.
As can be seen from Figure 3.3A, only plates along with a few nanowires were observed
under SEM when FeCl3-6H,0 was used as the iron source. Compared to those using
FeCl3-6H>0, the products synthesized using FeCl,4H>O contain more wires than those
using FeCl3-6H>O as the iron source (Figure 3.3B). The generation of plates by using
FeCl3-:6H>0 as the iron source instead of wires may be explained by the weak binding of
CI to the sidewalls of generated NR seeds compared to NO3". Materials prone to grow into
2D structure with FeCl3-6H>0 or FeCl»'4H>O as the iron source. Thus, 2D plates instead
of 1D wires were obtained. From the SEM images with higher magnification, these wires
and plates were observed to be in a layered structure (Figure 3.3C, D). EDS is employed
to determine the composition of the synthesized materials. The Fe:S atomic ratio of the
spots shown in Figure 3.4 is found to be 1:1.36, 1:1.53, and 1:1.12 for nanowires, NRs, and
plates. Thus, the synthesized iron sulfide materials are Fe1xS (X=0.11-0.35), regardless of
the different morphologies observed.
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Figure 7.3 The SEM images of iron sulfide materials synthesized by reacting (A)
FeCl3-6H20 or (B) FeCl2-4H>O with thiourea at 180°C for 12 h in en. The concentration of
FeCl3-6H20 or FeCl>'4H>0 in the reactor was kept as 0.005 mol/l. Fe:S ratio was 1:4. (C)
and (D) are the typical SEM images for wire and plates. A layered structure was observed

for both morphologies.

Figure 7.4 The SEM images of synthesized (A) wires, (B) rods and (C) plates. The red
crosses indicate the spots where the EDS were performed. The Fe:S atomic ratio of the spot

shown in figures is found to be 1:1.36, 1:1.53, and 1:1.12 for nanowires, NRs and plates.

A3.2 Reaction Temperature on the Morphology of Iron Sulfide Materials
Temperature is an important factor in controlling the morphology of synthesized iron

sulfur materials in the solvothermal synthesis. The products were mainly wires when the
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reaction was performed at 180°C (Figure 3.5A). When the reaction was raised to 195°C, a
mixture of microplates and wires was observed (Figure 3.5B). Microplates were the major
product by reacting at 210°C (Figure 3.5C) for 12 h. At higher temperature, materials tend
to grow into 2D structure instead of 1D wires. This may be due to 2D plates is a more
thermodynamically stable form at higher temperature than 1D wires obtained at lower

temperature.

I

Figure 7.5 The SEM images of iron sulfide materials synthesized by reacting
Fe(NO3)3:9H20 with thiourea at (A) 180°C, (B) 195°C, and (C) 210°C for 12 h in en. The
concentration of Fe(NO3)3-9H>0 in the reactor was kept as 0.005 mol/l. Fe:S ratio was 1:4.

A3.3 Composition of Iron Sulfide Materials

XPS was also used to analyze the composition of synthesized materials. The
synthesized materials mainly contain Fe, O, N, C, and S (Figure 3.6A). The Fe:S atomic
ratio of sample-3 is determined to be 1:0.88 by using the area ratio of Fess and Sz, peaks.
There are four species of sulfur in sample-3 (Figure 3.6B). The composition of those four
different sulfurs is: 53.9% (S> at 161.4 eV), 17.3% (Sa* at 164.3 eV), 24.9% (S.05> at
167.0 eV), and 3.9% (SO4* at 168.4 eV). The oxidized sulfur S,03> and SO4* may be
introduced during the sample preparation for the XPS measurements. The major sulfur in
the synthesized materials is in the form of S*. That means the chemical formular of the
synthesized samples may be Fei.xS or FeSix. Combined with the EDS results, it is safe to
conclude that the synthesized sample-3 is Fei«S (X=0.11-0.35). In contrast, the naturally
occurring pyrite contains Fe, O, C, and S. C and O may come from the absorbed CO» and
O; on the surface. The S, peak is fitted with four peaks which are at 161.4 eV (S%), 162.4
eV (S2%), 164.3 eV (Sp?), and 168.4 eV (SO4%), respectively. The composition is calculated

to be 3.0% (S%), 43.6% (S2%), 13.6% (Sx*), and 6.5% (SO4>). Most of the sulfur is in the
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form of S,*. It also contains oxidized sulfur in the form of SO4*. S* may come from
cleaved surface which is commonly observed in naturally occurring pyrite. Fe:S atomic
ratio of the naturally occurring pyrite is 1:0.64. The Fe:S (1:0.64) atomic ratio determined
from XPS is smaller than the actual ratio in pyrite if we consider pyrite is in a form of FeS..
This may be explained by the different ability for the electrons in Fez, and Szp to escape
from the surface. Electrons at 2p orbital of iron escape from the surface of the sample more
easily than electrons at 2p orbital of iron due to the weak electrostatic force between
electrons at 2p orbital and the nucleus of Fe. Thus, more electrons at 2p orbital of iron were

collected by the detector than those at 2p orbital of sulfur, which results in larger area of

Fezp than that of Sa.
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Figure 7.6 (A) Survey scan and (B) XPS S, spectrum of sample-3 synthesized by reacting
Fe(NO3)3-9H>O with  thiourea at 180°C for 12 h in en. The concentration of
Fe(NO3)3-9H20 in the reactor is 0.04 mol/l and Fe:S ratio was kept as 1:4. (C) Survey scan

and (D) XPS Szp spectrum of a naturally occurring pyrite sample.
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All these synthesized samples do not show any XRD peaks from 15 to 80 degree. To
understand the structure of these materials, TEM experiments were performed and
representative TEM images of nanowires, NRs and plates were displayed in Figure 3.7.
There are a lot of defects such as dent and holes in the synthesized nanowires and NRs
(Figure 3.7A, B). Plates were composed of four 3-4 um plates and assembled in a certain
angle (Figure 3.7C). Higher magnification TEM images were also taken. However, bubbles
as indicated by the white arrows generated when we tried to focus the electron beam on the
samples (Figure 3.7D, E). There was no crystalline phase observed when the magnification
of TEM was further increased (Figure 3.7F). STEM was used to study the geometry of the
nanowires. Sharp edges were observed in these wires (Figure 3.8A). Some of the wires
have core-shell structure as revealed by the different contrast in the STEM image (Figure
3.8B). Since no XRD peaks were identified and no crystalline phase was observed under

TEM. We infer the synthesized materials are mainly amorphous.

Figure 7.7 The TEM images of synthesized iron sulfide (A) wires, (B) rods and (C)
plates.(D) Bubbles indicated by white arrows were generated when the electron beam is
focused on the sample. (E) Voids were clearly observed in the samples heated with electron

beams. (F) A HRTEM image shows the synthesized wires were amorphous.
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Figure 7.8 The STEM images of synthesized iron sulfide (A) wires with square cross

section and (B) core-shell wires.

Because the substances in the nanowires and plates were easily evaporated by the heat
generated from electron beam, we annealed the sample-3 and sample-8 at 700°C for 30
min under the protection of nitrogen. The annealed samples were studied by using SEM
and XRD. As can be seen in Figure 3.9A, the surface of wires becomes very rough. Facets
of crystals could be clearly observed. There are many holes present in the wire which is
generated by losing volatile materials during annealing. Plate decomposes to connected
microparticles with voids in it (Figure 3.9B). XRD results show the phase of both annealed
samples is pyrrhotite Feo.06S (Figure 3.9C). To understand the decomposition process of
sample-3 and sample-8, TGA from 30-700°C with a ramp temperature of 40.00°C/min was
performed. The results were shown in Figure 3.9D. The weight loss before 120°C is
ascribed to the loss of water during sample preparation. Both of the samples start to
dramatically lose weight at around 190°C until reach the temperature of 380°C. Only 5.5%
and 4.97 % weight loss were observed from 380°C to 700°C for sample-3 and sample-8,
respectively. Sample-3 and sample-8 lost 43.6 % and 36.52 % of their weight before 380°C.
Unlike sample-3 and sample-8, the naturally occurring pyrite began to lose weight at 380°C.
Only 24.2% weight was lost when the temperature was raised to 700°C. Although the
synthesized materials are not pyrite, further transition from the pyrrhotite Feo.o6S to pyrite
FeS; can be realized by the sulfurization of the existing samples according to the phase

diagram of iron sulfide materials.?®®
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Figure 7.9 The SEM images of iron sulfide (A) wires and (B) plates annealed at 700°C for
30 min under the protection of nitrogen. (C) The XRD and (D) TGA results of sample-3(I)

and sample-8 (II). TGA result of a naturally occurring pyrite sample was used as a contrast.

A4 Conclusions

We synthesized iron sulfide nanowires through solvothermal method in an autoclave.
Concentration of the reactants, S:Fe ratio, types of iron source as well as reaction
temperature play an important role in controlling the morphology of the synthesized
products. The synthesized materials were determined by XRD, TEM, and EDS to be
amorphous Fei«S (X=0.11-0.35). The Fe:S atomic ratios are 1:1.36, 1:1.53, and 1:1.12 for
nanowires, NRs, and plates, respectively. XPS results indicate the major form of sulfur in
the synthesized product is S*. Our results are contradictory to a report® that one-
dimensional nanostructures synthesized by solvothermal process are pyrite FeS,. These

amouphous iron sulfide materials were crystalized into pyrrhotite Feo.06S by annealing at
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700°C for 30 min. A transition of the annealed samples from the pyrrhotite Feo.96S to pyrite

FeS, through sulfurization could be a way to obtain pyrite FeS, nanowires.
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Appendix B ABBREVIATION

2D-XRD 2-dimention X-ray diffraction
BCP bathocuproine

BHJ bulk heterojunction

CB chlorobenzene

CIGS copper indium gallium selenide
CZTSSe copper zinc tin sulfide selenide
DCB 1, 2-dichlorobenzene

DFT density functional theory

DI deionized

Diol 1, 2-hexadecanediol

DLS dynamic light scattering

DMF dimethylforamide

DMSO dimethyl sulfoxide

DPE diphenyl ether

DSSC dye-sensitized solar cells

EA ethylammonium

EDS energy-dispersive X-ray spectroscopy
EDX energy dispersive X-ray spectrometer
En/en ethylenediamine

EQE external quantum efficiency

ETL electron transport layer

FA formamidinium

FF fill factor

FFT fast fourier transform

FWHM full width at half maximum
HAADF high angle annular dark field
HOMO highest occupied molecular orbital
HRTEM high resolution transmission electron microscopy

HTL hole tansport layer



ITO indium tin oxide
Jsc short-circuit current density
J-V current density-voltage
LEP lone electron pair
LUMO lowest unoccupied molecular orbital
MA methylammonium
MAI methylammonium iodide
MEH-PPYV poly [2-methoxy-5-(2-ethylhexyloxy)-1, 4-phenylenevinylene]
NC nanocrystal
NR nanorod
NREL National Renewable Energy Laboratory
OA oriented attachment
ODA octadecylamine
ODE 1-octadecence
OIHSCs Organic-inorganic hybrid solar cells
OLA oleyamine
OR Ostwald ripening
P3HT poly (3-hexylthiophene)
PCea1BM [6, 6]-phenyl Ce1-butyric acid methyl ester
PC71BM [6, 6]-phenyl C71-butyric acid methyl ester
PCE power conversion efficiency
PCPDTBT poly [2, 6-(4, 4-bis (2-ethylhexyl)-4H-cyclopenta[2, 1-b:3, 4-b0]-
dithiophene)-alt-4, 7-(2, 1, 3-benzothiadiazole)]
PDI polydispersity index
PEDOT:PSS poly (3, 4-ethylenedioxythiophene)-poly(styrenesulfonate)
PL Photoluminescence
Pmax peak power
PMMA poly (methyl methacrylate)
PSC polymer solar cell
PTB7 poly({4, 8-bis[(2-ethylhexyl)oxy]benzo[l, 2-b:4, 5-b']dithiophene-2, 6-diyl} {3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3, 4-b]thiophenediyl})
I



PTB7-F20 poly (thienothiophene-co-benzodithiophenes)7-F20
PV photovoltaic

PVP polyvinylpyrrolidone

TEM transmission electron microscopy

TDPA n-tetradecylphosphonic acid

TGA thermal gravimetric analysis

TMA tetramethylammonium

TOP trioctylphosphine

TOPO trioctylphosphine oxide

QD quantum dot

SAED selected area electron diffraction

SCLC space charge limited current

SEM scanning electron microscopy

Spiro-OMeTAD 2, 2’, 7, 7’-tetrakis-(N, N-di-p-methoxyphenylamine) 9, 9’-
spirobifluorene

Voc open-circuit voltage

XPS X-ray photoelectron spectroscopy

XRD powder X-ray diffraction
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