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development of high efficiency photovoltaic devices. A real commercialization of solar
cells leads to fabricate photovoltaic devices of earth-abundant and low-cost materials.
The FeS: shows strong optical and electrical properties for solar energy application.
Although the highest efficiency for a pyrite-based hybrid solar cell is 3%. The poor
performance of the hybrid solar cells is explained by surface passivation and the
presence of isomorphs. Raised strategies involve the coupling with wide-bandgap
inorganic semiconductor (ZnO) to form p-n heterojunction while the coupling with
conducting polymers (Poly(3-hexylthiophene) can form a donor-acceptor interface
increasing optical and electrical properties. Therefore, it is the aim of this work the
synthesis of photoactive materials of FeS>, ZnO and the polymeric matrix of poly(3-
hexylthiophene) in order to study their optical, structural and morphological behavior
for their potential application in hybrid solar cells.

Contributions and Conclusions: One-dimensional poly(3-hexylthiophene) and ZnO
thin films were obtained by electrochemical method. The electrochemical parameters
influence the morphology and sizes tuning the optical properties, which it enables to
obtain multifunctional nanomaterials. The conversion of nanorods into a tubular
morphology is possible due to the defects and metastability of ZnO. The hollow
structures allow the coupling with FeS> nanoparticles and offer the possibility to
increase the optical absorption due to the high surface area and exciton confinement.
The iron pyrite nanoparticles were obtained using complexing agents for the very first
time. Air-stable FeS, show stability for 21 days without special storage conditions. The
semiconductors obtained exhibit suitable optical, structural and morphological
properties for solar energy conversion.
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Chapter 1

Introduction



1. Hybrid solar cells in the modern world

Green and low-cost energy sources have become an important issue due to the global
warming that causes an increase of carbon dioxide concentration. In order to respond
the increasing energy demand, renewable energy technologies have been studied
extensively. It is the aim of this work the solar photovoltaic technology, which is

centered in the conversion of solar energy into electrical through solar cells.

The most promising devices in solar cells includes nanocrystal sensitized solar cells,
all-inorganic nanocrystal solid solar cells and hybrid solar cells, including different
configurations and semiconductor nanocrystals within them. It is important to remark
the current research in photovoltaics (PV) is focused on offering sustainable and real
technologies, it means that the photovoltaic devices should consist of semiconductors
with high affinity to the environment but at the same time, manufacturing and

commercialize process cannot be so expensive [1-3].

Hybrid photovoltaic devices are based on the combination of organic and inorganic
semiconductors. This hybrid device allows the possibility to develop easily solar panels
due to the easy fabrication process and less production cost [4]. While conducting
polymers contribute to the flexibility, effective hole transportation, conductivity and

versatile of the device, the size and shape of inorganic semiconductors can tune



characteristics as the band gap. Moreover, the use of earth abundant semiconductors

provides a sustainable option as energy source [5].

Recent research focus on the use of earth-abundant photoactive semiconductors. This
group includes materials as amorphous silicon (a-Si), quaternary-structured
semiconductors, CuuMSnSs (M = Fe, Zn, Ni and Mn) [6-7], and FeS; (pyrite) [8],
mainly. Wadia ef al. in 2009, reported a study about 23 semiconductors and their
feasibility to provide enough electricity [9]. FeS, gained interest as a potential non-

toxic absorber material due to its outstanding optical properties.

1.2. FeS», the most suitable semiconductor for solar cells applications

FeS; (pyrite) is an earth-abundant, non-toxic and low cost semiconductor. It is one of
the most promising material for solar applications due to its band gap of 0.95 eV,
charge mobility of 360 cm? V-! 1, high absorption coefficient (o> 10° cm!, two orders

of magnitude greater than the absorption coefficient of silicon), high carrier mobility

and a Shockley-Queisser limit around 31% [10-11]

Iron pyrite is particularly suitable for large scale, roll to roll deposition or ink-jet
printing on flexible substrates. FeS> nanocrystals may offer low-cost devices since the
high absorption coefficient allows to fabricate thin absorber layers (<20 nm). Despite
the theorical optoelectronic properties, FeS> hybrid solar cells have not overcome the

3



energy conversion efficiency of 3% [12]. Challenges are present during the synthesis
as the presence of unwanted isomorphs and surface defects, these two situations are

responsible for the low photovoltage of the devices [13-14]

Some approaches to improve FeS: solar cells performance are the coupling with wide-
band gap semiconductors (e.g. ZnO, ZnS) or conducting polymers, e.g. poly(3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) [15-16].
Recently, the study of iron-based ternary chalcogenides ( FeZnS [17] , FeCdS; [18])
has been implemented as a new pathway to offer absorber materials with similar optical

and electrical properties as iron pyrite.

1.3. Nanowires in Hybrid Solar Cells

Nanowire photovoltaic is a new strategy to build solar cells with high efficiency at low-
cost. In addition, the one-dimensional morphology may decrease the low photovoltage
in the devices, reduce the loss of energy due to the light reflection and enhance the
light-scattering effect. However, low-efficiency devices have been obtained for
homogeneous nanowires compared to their bulk-counterparts. As an alternative to this
challenge, heterogeneous nanowires provide the combination of the optoelectronic
properties of two or more semiconductors in one system, which influences their

performance in solar cells [19].



There are three different types of heterogeneous nanowires although core/shell
nanowires present major advantages as a direct charge transport, more efficient and
controllable charge separation, while the charge collection can be enhanced due to the
coupling of two inorganic semiconductors. Adding a third component such as a
conducting polymer, acting as hole transport material, forms the donor-acceptor
interface and enhances the charge separation [20-21]. Moreover, the high surface area
increases the interface between inorganic and organic molecules that may increase the

electronic mobility around the hybrid solar cell.

1.4. Aim of the Study

The aim of this work is to obtain cheaper and efficient hybrid thin films based on Fe-
based semiconductors and poly(3-hexylthiophene). The study of the photovoltaic
properties will offer an opportunity to extend the knowledge about pyrite and its

composites in order to increase their use commercially in the market.
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2.1. Hybrid solar cells

Hybrid solar cells (HSC) emerged as an alternative solution for energy demand since
Si modules cost and availability represents a disadvantage for their future commercial
process. HSC combine inorganic and organic materials in order to join their unique
optical, structural and electrical properties. HSC involves the use of inorganic
nanoparticles (a semiconductor type “n”’) and a conducting polymer (a semiconductor

type “p”) [22-23].

The basic structure of a HSC consists at least of four layers which are cathode, a metal
of low work function (Al, Ag, Au, etc.) that allows the electrons transports between
conduction band and metal. The hole transport layer, usually PEDOT:PSS due to its
transparency, mechanical flexibility and thermal stability. Active layer, the principal
layer in HSC since here occurs the absorption of light, diffusion and recombination of
excitons and charge carrier diffusion. The anode also consists of a conductive metal
and finally, the suitable substrate for HSC is ITO (Indium Tin Oxide) due to its
conducting properties and transparency that allows light passes through until active

layer [24]. Figure 1(a), illustrates the structure of HSC.

Interfacial charge separation plays an important role at the improvement of efficiency
inside the HSC. Parameters as charge separation that occurs in this interface, some of

them are interface area, the nominal interfacial driving energy, the morphology of the



interfaces/domains, the interfacial layer/molecules/bridges, the crystallinity of the
components, the mixture homogeneity, and the migration of separated charges from
the interfaces govern this characteristic, where their influence increase or decrease the

photovoltaic conversion efficiency [25].

(a)
[ ]
Metal cathode
Anode
4) Ned
5) Ner
[ ] _\4 6) ncc
hv
/\/W CB LP Cathode
1)1,
Anode
6) e 1
N
5) Ner VB
Polymer Inorganic
Donor Acceptor

Figure 1. Schematic illustration of (a) HSC structure and (b) its
working principle.



2.1.2 Basic Working Principle

Once the polymer and inorganic nanocrystal are combined into a heterojunction device,
polymers serve as the electron donor and the hole acceptor, while the inorganic crystal
act as the electron acceptor and the hole donor. The importance of the interface is due

to here occurs the whole process of light absorption.

The fundamental of the processes of the photovoltaic effect in HSC is shown in Figure
1(b). In literature is described theoretically 5 or 6 main steps, which affect the external
quantum efficiency (EQE). EQE is defined as the percentage of the number of charge
carriers collected at the electrode under short-circuit conditions to the number of

photons incident on the device [26]. It can be expressed by the equation 1:

EQE = naxnexxndiffxnedxntrxncc (1)

Where:

1) Photo absorption yield (,) is determined mainly by the optical absorption
coefficient and thickness of the photoactive layer. Excitons are generated in
both polymers and inorganic nanocrystals. Although the excitons formation
depends on the dielectric constant and the binding energy, thus it’s easier for
inorganic nanocrystals to form excitons.

2) Exciton diffusion ( 174;77) occurs to the Donor-Acceptor (DA) interface. This



process is vital since when excitons do not reach the interface, they decay to the
ground state (recombination process). So, this process is governed by the
exciton diffusion length (Lp) and distance between photoexcitation location and
DA interface (L), where L; < L.

3) Efficiency of exciton dissociation (7.4) into free carriers. The energy to
dissociate excitons is provided by the energy offset between Lowest
Unoccupied Molecular Orbital (LUMO) level of the polymer and the
conduction band (CB) of the nanocrystal. Likewise, the Highest Occupied
Molecular Orbital (HOMO) level of the polymer and the valence band (VB) of
the nanocrystal is required to transport holes.

4) Carrier transport efficiency (1) occurs in two pathways. Hole transfer is
made by the polymer and the nanocrystal. While the electron transfer is
provided only by the acceptor phase.

5) Finally, the charge collection efficiency ( 17..) occurs when the free carriers
(electrons and holes) reach the electrodes. Then, electrons and holes are

collected by the electrodes and charge extraction takes place [27-29].

2.1.3 Photoactive layer configuration

Since the donor-acceptor interface is crucial for a better performance of the solar cell,
the photoactive configuration have a significant role and can be fabricated in three

different configurations, their description is right below and illustrated in Figure 2:

10



a) Planar bilayer: coatings of distinctive film of donor polymer over an inorganic
acceptor layer.

b) Bulk heterojunction: in a first-step conductive polymer and inorganic
semiconductor are mixed together, and then deposited on a conductive and
transparent substrate to form the active layer.

¢) Ordered heterojunction layer: ordered heterojunction are fabricated
infiltrating nanomaterials during or after polymerization in ordered arrays as
nanorods and nanowires. Although, the carrier transportation and surface area

show an enhancement [30].

Cathode
G)) Cathode ®)
Acceptor
Acceptor
Donor
Donor
Anode VL‘ Anode
(©) Cathode

Donor

Acceptor

Figure 2. Schematic of various architectures of hybrid solar cells. (a) Planar bilayer, (b) Bulk
heterojunction and (c) Ordered heterojunction layer.

Anode

Thickness is another crucial parameter for thin films different values of thickness have

been reported although most of the papers agree that the thickness between 100-300

11



nm is enough to absorb light. It could be thought a thicker active layer would absorb

more light although the charge transport and collection will be negatively affected [31].

2.2. Materials of HSC

The photovoltaic effect is performed by a material that covered two “simple” criteria.
This material is capable to absorb sunlight, generating free charges, and it must be able
to transport the carriers to the contact, to extract them and convert the light into work.
These criteria are only fulfil by the semiconductors materials and are the only materials

used for solar cells.

It is considered a semiconductor material when there is a gap between the HOMO,
which is analogous to the highest energy filled called valence band, and the LUMO, its
analogous is called conduction band. The energy separation between both orbitals or
bands is called energy gap, Eg. The size of Eg influences the electronic and optical
properties. Commonly, semiconductors bandgap ranges from 0.5 eV to 3.5 eV [32].
The main differences between inorganic and organic semiconductors lie in their
electronic structures. The mechanisms and properties of each one are described in detail

in the following sections.
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2.2.2. Inorganic Nanocrystals

In inorganic solid crystals, electrons are promoted from the VB into the CB. This
promotion can occur by two mechanisms: by the absorption of a photon, or by injecting
an electron from a higher energy state into the CB. Since electrons in the CB are free
to move through the crystal, an electron will diffuse between these states, or drift in an
electric field. Similarly, positive charges (holes) are free to move through the VB. It is
this conductance after an external stimuli that gives these materials their name of

semiconductors.

The light absorption process in semiconductors has an energy threshold. The value of
this threshold is the Eg. Only photons with energies greater than or equal to the band
gap energy can induce an electronic transition in the semiconductor. Additionally,
using different materials is to fabricate multiple p-n junctions to cover the maximum
possible of the solar spectrum. According to the Shockley-Queisser limit the maximum
theoretical solar conversion efficiency for a single p-n junction photovoltaic cell is
achieved at a bandgap of 1.34 eV [33]. Silicon with a band gap approximately of 1.1
eV covers the 90 % of the solar spectrum although the payback of this kind of solar
cells is too high. Other popular materials are GaAs, CdTe, etc unfortunately the have
similar problems as the silicon solar cells. As the solar energy production increases,
research groups focus on studying materials with adequate band gap (range of 1.1 eV
to 1.7 eV), high thermal and chemical stability, abundant on the earth’s crust and low-

cost production [34].
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2.2.3 Polymer Donors

Electrically conducting polymers have become an important alternative material to
their inorganic counterparts in the field of renewable energy. The conducting polymers
have been synthesized by a number of methods and exhibit properties as low-cost, light
weight, easy processability, easy-to-control shape and morphology, flexibility and the

most interesting property conductivity as high as 10° to 10* S-cm™! [35].

Addressing the conducting mechanism, it is important to describe the molecular
structure of conducting polymers since on it arises their semiconducting properties.
Conducting polymers are conjugated polymers that possess alternating a single
localized bond (c), which forms a strong chemical bond, and double localized (7) bond,
which is weaker. This means chemical bonds between two atoms involving one or two
pairs of shared electrons. The delocalized electrons in the second pair move along the
carbon chain allowing the electron flow through optical and electronic interactions
[34,36]. The m-orbitals (bonding) of the organic molecules comprises the valence band,
surrounding HOMO, while the n*-orbitals (antibonding) is surrounded by the LUMO.
The energy gap between the HOMO and LUMO is called also bandgap, Eg. It is
important to take into account, doping of the semiconducting polymers affect their
electrical conductivity since introduces electronic states in the bandgap called polarons

or bipolarons [36-37].
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In literature is possible to find a variety of works dedicated to conjugated polymers.
Polythiophenes derivatives are the most investigated and representative conducting
polymers for solar cells. Important characteristics of these polymers are: optical
properties can be tuned by the alkyl side chain that also, determines the solubility [38].
The band gap can vary from 1 to 3 eV, easy to fabricate thin films and high stability.
A popular donor polythiophene derivative is the poly(3-hexylthiophene) (P3HT). Its
advantages are the molecular simplicity, solubility, higher hole mobility, and a band

gap of 1.9 eV [39].

Once the semiconductor materials are selected to fabricate the hybrid solar cells, it is
important to consider the morphology since it can be a parameter that can improve the

performance of these devices.

2.3. Nanowire Solar Cells

One-dimensional (1D) nanomaterials are promising candidates to improve the
performance of solar cells due to their anisotropic properties and characteristics as their
transparency and conductivity that provides enough interspace for the penetration of
incident light; surface area that enables the charge generation, separation and

collection; direct charge transport and low electrical resistance [40].
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The morphologies for 1D nanomaterials include nanorods, nanobelts, nanotubes,
nanofibers, nanopillars, nanowires and so on. The most common nanorods and
nanowires can be distinguished by their aspect ratio (length/diameter). Some authors
mark an aspect ratio more than 1000 for nanowires and for nanorods from 3 to 5, some
other authors considered nanowires aspect ratio higher than 10 and nanorods below this

value [41].

Semiconductor nanowires have been fabricated in a wide variety of materials including
the popular Si, metal oxides such as ZnO, CuO, chalcogenides as CdS, CdSe, PbS,
ZnS, and polymer/carbon nanowires combination. Particularly, polymers in radial p-n
junctions may improve the optical absorption and carrier collection compared to the
conventional planar p-n junction solar cell geometry. Moreover, the hole mobility can

be enhanced several times by the vertical arrangement [42].

1D nanostructures are potential materials for the high efficiency photovoltaic (PV)
devices with low cost since are the smallest dimension structure. They can efficiently
transport electrical carrier due to diffuse light scattering, short collection lengths of
minority carriers that are radially separated and collected normal to the light absorption
direction, flexibility, and the presence of anti-reflection and light trapping effect to
improve optical absorption [43-44]. In this regard, an important concept when 1D solar
cells architectures offer the advantage of the orthogonalization of the light absorption

and carrier collection directions, which it is possible due to the radial geometry of p-n
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junctions [44].

These benefits of the nanowires geometry within solar cells are described in detail

below and shown in Figure 3(a):

a)

b)

d)

Absorption: once the light of the sun is absorbed by the photoactive layer,
different loss mechanisms may occur. The first loss is due to reflection and the
second one is the transmission. To improve absorption, the geometry of
nanowires offer an antireflection coating and light-trapping schemes. The light
trapping is provided by the periodic array of the nanowires through the solar
cell.

Exciton formation: occurs after the absorption of incident sunlight. The loss
mechanism is carrier relaxation when the energy is lost as heat due to the
carrier-phonon coupling. To reduce this heat loss is to choose a material with
optimal bandgap or multiple and complementary materials to form single-
junction or multijunction solar cells.

Carrier separation: new charge separation mechanism can be provided by the
nanowires. The quantum confinement along the length can separate electrons
and holes without dopants while along the radius increases the defect tolerance.
Carrier collection: in this process carriers must diffuse to the contacts. The
geometry improves the carrier collection efficiency due to the faster band

conduction [45-46].
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Figure 3. Schematic illustration of core/shell solar cells. (a) Benefits of the nanowire geometry and
(b) photovoltaic response in radial junction.

Unlike thin films solar cells, where for high efficiency the active materials have to be
thick enough to improve the absorption of the incident photons, 1D materials exhibit
the possibility to achieve thin layers grown or transferred to low cost substrates making

attractive to commercialize.

2.4. Core/Shell Nanostructures

The pursuit of functional materials with outstanding properties that improve the current
electronic, optoelectronic, and electromechanical devices, leads to the interest for such
structures as the 1D nanomaterials, since exhibit unique chemical and physical

properties for solar energy harvest, conversion and storage.
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Heterostructuring has become another important tool in the design of novel
nanomaterials that provides new functionalities and enhanced the mentioned devices.
Heterojunctions in nanowires and nanorods geometry are not limited to the lattice
match. 1D heterostructures include cross-stacked, bilayer, multi-segmented, branched

structures and core/shell structures [47-48].

The combination of inorganic and organic materials in 1D heterostructures present
numerous factors that benefit their use in HSC. The factors include the colloidal
stability by surface passivation, reducing surface tension even affecting the solubility
in solution, which provides an answer for the issue about solubility of conducting
polymers that stop the further applications. In addition, organic nanostructures provide
to the heterostructure system the easy processing and addressing of individual
nanostructures. Thus, they are easy to scale up. On the other hand, for hybrid
nanomaterials, complexity and functionality of 1D framework can be enhanced.
Moreover, the interaction among organic and inorganic phases creates a synergy [48-

49].

Core/shell and core/multishell structures nanowires and nanorods consist in two or
more conformal shell wrapped around a crystalline core of a different material. The

growth of a shell or multishell around the core entails advantages such as [50]:
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The surface passivation of the channel, defects in the surface or interface affect
the lifetime of minority carriers. The epitaxial growth prevents these defects get

active.

Thermoelectricity and waveguiding, shells provide enhanced -carrier
confinement in the core, reducing surface/interface scattering and shielding
them by surface disorder, which increases electrical conductivity. While
phonons are scattered by surface disorder, which decreases the thermal
conductivity. Moreover, low refraction index shells improve the confinement

of phonons promoting waveguiding inside the core in light-emitting devices.

Quantum confinement, controlling optoelectronic properties by controlling

diameter size.

Surrounding-gate architecture, enhancement in the electrical properties due

to interface between both materials.

In addition, core/shell nanowires and nanorods show a photovoltaic response (Figure
3(b)), when the electron-hole pairs are generated under light illumination and carriers
can be separated. In radial structures, as the core/shell, allows a short carrier diffusion

range and a large interface for efficient carrier separation and transport [51].
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2.5. Electrochemical Method and Concepts

Electrochemistry is defined as the branch of chemistry that examines the phenomena
resulting from combined chemical and electrical effects. There are only three principal
sources for the analytical signal - potential, current, and charge. Electrochemistry
involves a several methods as the coulometry, voltammetry, chronolectric methods and
electrogravimetry: weights of substance which was distributed owing to passage of

certain current force through a solution.

The experimental procedure in this thesis are carried out by electrodeposition through
techniques as cyclic voltammetry and chronoamperometry. Electrodeposition is
defined as the growth of a film that consist in the formation of metallic or
semiconducting coatings on conducting substrates. This process begins with metal ions
in a suitable solvent via charge transfer process. Electrodeposition exhibits unique
characteristics as it does not require vacuum environment, minimal capital investment
and easy to scale-up. Experiments can be performed at low temperatures (0-100 °C)

and the film growth can be controlled by the potential or current applied [52-53].

The electrochemical setup consists typically of three-electrodes:

a) Working electrode (WE): is the most important component in the

electrochemical cell since on it occurs the reaction of interest. The most

commonly used working electrode materials are platinum, gold, carbon among
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others. Chemically modified electrodes are employed for the synthesis and
analysis of organic and inorganic materials. These electrodes are ITO or FTO

slide glass, Si wafers, etc

b) Reference electrode (RE): is a stable electrode with a well-known electrode

potential. It provides a stable potential controlled of the working electrode and
it is used to determine the other half’s cell potential. They are classified as

aqueous, calomel, non-aqueous and own-constructing.

c) Counter-electrode (CE): is also called auxiliary electrode. This electrode is used

to complete the electrical circuit without compromising the stability of the
reference electrode by passing current over it. The counter-electrode potential
is not measured in the three-electrode system and is adjusted to balance the
reaction on the working electrode. These electrodes are often made of inert
material such as gold, platinum or carbon being Pt widely used due to its

resistance to oxidation.

d) Supporting electrolyte: inert salts added to the solution to increase solution

conductivity between electrodes and eliminate migration of the analyte to the

working electrode and do not take part in any reaction.

In this work is used as WE anodic aluminum oxide (AAO). The template-assisted
electrodeposition is based on the growth of nanostructures under current or potential
control. Diameter and length of 1D can be tuned by AAO pore size and by the time of

electrodeposition respectively [54-57].
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The electrochemical cell setup and the structure of the AAO membrane is illustrated in
Figure 4. It can be seen the AAO structure is a close-packed hexagonal array of parallel
cylindrical nanopores perpendicular to the surface on top of the underlying Al
substrates. The parameters of the self-ordered AAO vary 10-400 nm for pore diameter,

50-60 nm for interpore distance and a pore density from 10° to 10'! cm [55,57]

Potentiostat
—
CE WE RE

SEM image of the AAO top view

Interpore
distance

——=
9/ Pore

| ] | ./ |diameter

o——> Cell

AAO membrane structure

Figure 4. Electrochemical cell setup and AAO membrane structure.

This section includes some definitions for concepts used in the terminology for

electrochemical measurements:

a) Capacitive current (density): is the current (density) flowing through an
electrochemical cell that is charging/discharging electrical double layer
capacitance and do not involve any chemical reactions (charge transfer). It is

also called non-faradic or double-layer current.
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b)

g)

h)

Current: the movement of electrical charges in a conductor; carried by electrons
in an electronic conductor and by ions in an ionic conductor. Two kinds of

currents must be distinguished: direct current (DC) and alternating current
(AC). The measurement unit of current is the ampere (1 A= g).

Direct current (DC): it is the unidirectional continuous flow of current.

Alternating current (AC): electric current which periodically reverses direction.

Electrical double layer: The structure of charge accumulation and charge

separation that always occurs at the electrode-electrolyte interface. When the
surface is charged is compensated with counter charges in the solution near the
charged surface. The amount of charge is a function of the electrode potential

and this structure behaves essentially as a capacitor.

Electrical potential: The electrical potential difference between two point in a

circuit is the cause of the flow of a current. The measurement unit of the

potential is the Volt (V).

Equivalent circuit: An electrical circuit comprised of series and parallel coupled

resistors and capacitors and other elements that models the fundamental

properties and behavior of electrodes or electrochemical cells.

Faradic current (density): The current (density) that is flowing through an

electrochemical cell and is causing (or is caused by) chemical reactions (charge

transfer) occurring at the electrode surfaces.

Open-circuit potential: The electrical potential of an electrode measured against

a reference electrode when there is no current flowing through the electrode.
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2.6. Background

This section includes a review on the state of art of three topics. First, the development
and performance of FeS: nanoparticles embedded on inorganic or polymeric
materials. Second, it is explained the core/shell nanostructures approach. Finally, the

recent progress of Fe-based ternary chalcogenides for solar energy applications.

2.6.2 FeS:-based solar cells

As noted above, FeS; in its cubic crystal structure owns desired optoelectronic and
structural properties as photoactive material. However, FeS, has exhibited a poor
performance once it is introduced in the photoactive layer in different kinds of solar
cells. Table 1 compiles an overview of some works with FeS: as photoactive material.
In 1986, Ennaoui et al. reported a solar cell with efficiency of 2.8%. Since then, many
efforts have been done in order to develop iron pyrite solar cells with high efficiency.
Although the challenges during the synthesis of pure FeS; made difficult this approach
[58]. Ennaoui ef al. work has become the base for the synthesis of FeS; although some
characteristics and properties are still unclear and made difficult the understanding of

the behavior of iron pyrite once it is incorporated in the photoactive material.
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Table 1. Works reported for photovoltaic devices of FeSo.

Author Year | Efficiency (%) System Reference
Ennaoui et al. 1986 2.8 FeS> [58]
Lin et al. 2009 0.16 FeSo/ P3HT [59]
Kirkeminde et al. | 2012 1.1 FeS,:CdS [60]
Steinhagen er al. | 2012 0 FeS,/P3HT [61]
Richardson et al. | 2013 2.89 FeS,/ P3BHT:PCBM [62]
Middya et al. 2014 0.064 FeS2/MEHPPV [63]
Khan et al. 2014 0.5 FeS,:CdSe [64]
Luo et al. 2015 3.0 FeS,/P3HT:PCBM [65]
Luan et al. 2017 3.0 FeS2/P3HT:PCBM [12]
Matus et al. 2019 0.83% FeSo/P3HT [66]

An adequate strategy to increase the performance of FeS: solar cells is to use a
nanocrystal/polymer solid system well-known as hybrid solar cells. HSC have a
particular feature since both inorganic semiconductor and polymers act as sunlight
absorbers and excitons generators. In the state of art, FeSz/polymer solar systems have
been investigated. These polymers include the popular P3HT and the composite P3HT:
PCBM, where the extended absorption to the red light region is common. Although as
in many other cases, authors refer some problems such as high dark leakage current,
which leads to a small open circuit voltage due to the presence of impurities of FeS»
and surface defects that affect the electron transport. In order to obtain high efficiency

FeS; solar cells (higher than 3%) , author agree on the importance of the optoelectronic
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properties, the concentration effect and the film thickness of photoactive layer
[59,61,62,64,67]. In 2019, Matus reported the fabrication of hybrid solar cells with the
composition of FTO/TiO2/P3HT:FeS,/C:Au in superstrate configuration. In this work
is established an important correlation between FeS; nanoparticles concentration and
the efficiency since highest efficiency of 0.83% is obtained with 1 wt/wt. %. Moreover,
it is indicated the importance of the TiO2 layer to increase the charge extraction since

this metal oxide increase the synergy in the carrier collection and separation [66].

Additionally, some blending materials with CdS and CdSe have been studied. Cd-
chalcogenide and FeS; solid solar cells formed a donor/acceptor phase that improved
the charge separation and transport. However, as it is usual for chalcogenides sulfur
defects played an important role on the poor performance of these solar systems. An
important contribution is observed since the film roughness seems to influence the
reduction of reflection of light. On the other hand, high FeS> concentration increases
the presence of defects that causes a faster recombination affecting the solar cell

performance [60,63,65].

Despite these recent works and a renewed interest on FeS; as photoactive material,
non-high performance device has been made based on this material. Further
investigation into the fundamental properties of FeS> and deployment in alternative
device architectures are required to fully explore the potential of FeS; for its use in PV.

Strategies as core/shell arrays, Fe-based ternary chalcogenides and their incorporation
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into a conducting polymer are reviewed in order to generate hybrid systems that exhibit
an enhancement on its optoelectronic properties and therefore, in its energy conversion

efficiency.

2.6.3 Core/shell and multishell nanocrystals

Combining two or more materials can enhance the optoelectronic properties due to the
surface modification. In this work, it is referred to the overgrowth of the surface of the
core with a shell of a second semiconductor, resulting in a core/shell arrangement. The
core/shell materials exhibit an increase of photochemical stability and quantum

efficiency due to the confinement of the exciton.

There are only a few works describing the FeS; interactions with another inorganic
material. In 2017, McGrath et al. purposed the surface passivation of FeS> nanocrystals
using an inorganic shell layer to eliminate surface trap states using iron selenide due to
its chemical compatibility. The core/shell nanocrystals showed an increase on the
optical and electrical properties, and surface stability. Moreover, the surface
passivation with iron selenide allowed to obtain a multifunctional material since the
nanocrystals exhibited a magnetic response [68]. In the same year, Rhodes’ research
group published the synthesis of FeS>-CoSa core/shell nanocubes. In this work, it is

discussed the importance of having a similar lattice parameter in order to promote the
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growth of the shell over the core of iron pyrite. As well, it is demonstrated that altering

the synthetic conditions can tune the shell thickness [69].

Commonly, core/shell nanostructures correspond to nanoparticles systems but recently,
alternative nanostructures as 1D architectures have become popular. In particular, for
PV 1D core/shell arrays are an interesting choice. One-dimension (1D) core/shell
nanoarray structures are optimal architectures for smooth charge transport. In such
architectures, charge transport is direct and fast due to the 1D nature while charge
separation is efficient and controllable because it takes place in the radial versus the
axial direction, and the charge collection distance is easy to be tailored by tuning the

shell thickness.

In 2014, Ghrib et al., reported the synthesis and characterization of ZnO/ZnS core/shell
nanowires. ZnO nanowires of approximately 3 um length and 200 nm diameter were
prepared and ZnS nanoparticles deposited in a second-step. Improvement on its optical,
electrical conductivity and structural properties are observed after the incorporation of
ZnS nanoparticles. Similar effect can be seen in the work by He ef al. in 2016, where
due to the incorporation of ZnO nanorods and CuO nanoparticles in one system, the
material showed an extended optical absorption to the visible region and enhancement

on its photocatalytic activity [70-71].
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As previous work in the research group in 2017 is reported the synthesis and
characterization of FeS2/ZnO core/shell nanowires that exhibited optical absorption in
the visible range, charge transport between both materials and a suitable band gap, 1.3
eV, for PV applications [72]. In 2018, Fan et al. reported the synthesis of FeSe>@C
core/shell nanorods for sodium ion batteries. Even if the purpose of the material is
different, this work addressed the interaction between iron selenide and carbon
nanostructures. It is demonstrated that the structures exhibited high conductivity and
structural properties that influence the charge transfer into the FeSe:; [73]. In the
development of core/shell nanowires, it is observed the influence of the core on the
optical absorption and at the same time the core influences the separation and carrier

collection while the shell thickness influences carrier collection.

2.6.4 Core/shell solar cells

On the other hand, core/multishell nanowires is an emerging field of study for several
applications. It involves two or more conformal shells are grown around a core of a
different semiconductor material. These radial heterostructures are the evolution of
simple core/shell nanowires, where the core is wrapped by one-single shell [74]. In the
field of PV, Sun et al. in 2011, reported three-component core/shell nanowires of poly
(3-hexylthiophene)/CdS/ZnO. The material was obtained by electrodeposition of CdS
nanoparticles and P3HT onto ZnO nanotubes. The hybrid material showed and
enhancement on the optical absorption in the visible region and presented an interface

between n-type CdS and p-type P3HT improving the charge separation. Energy
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conversion efficiency up to 1.28% was obtained [75]. In 2017, Parize et al reported
solar cells of ZnO/Ti02/Sb,S3 and P3HT as the hole transport material. The solar cells
with this compositions exhibited photo-conversion efficiency of 2.3%, short circuit

current density of 7.5 mA/cm? and a high open circuit-voltage of 656 mV [76].

The polymeric materials within the hybrid solar cells act as the hole transport material.
Moreover, when the conductive polymers are grown in 1D arrays is possible to enhance
charge-transport rate and increase surface area, important parameters for electronic
devices. In 2007 Xiao ef al., reported two model mechanism for the growth of nanotube
structures of conductive polymers as poly(3,4-ethylenedioxythiophene) (PEDOT),
polypyrrole and P3HT through electrochemical method assisted by anodic aluminum
oxide (AAQ) templates. First mechanism is based on electrochemical active sites and
second-one is based on diffusion and reaction kinetics, with both paths is deduced that
experimental parameters as monomer concentration and potential leads to nanowires
or nanotubes and give insight about the formation of 1D nanostructures for different
conductive polymers [77]. Numerous works reported the use of P3HT nanowires
coupled with semiconductors such as CdS, ZnO among others, concluding the hybrid
systems showed broad light absorption, efficient charge transport, enhancement in the
device performance and stability. Moreover, these works remarked the importance of
a perfect interfacial contact between organic and inorganic nanostructures, resulting in

the development of high-performance hybrid solar cells [78-79].
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2.6.5 Summary

The literature review summarizes that FeS (pyrite) exhibits promising optoelectronic
properties, non-toxicity, earth-abundant and processable solution to produce large-area
and low-cost solar cells. FeS>-based solar cells are estimated to cost 0.00019 ¢/kW to
produce electricity compared to 3.9 $/kW for Si. Besides, it is anticipated low cost
devices due to the film thickness (0.1 pm) that it is ten times lower than for other
semiconductors. However, efficiencies up to 3% have not been reported yet due to the

presence of isomorphs, surface defects, etc.

In order to develop high performance devices, authors agree the surface passivation
with inorganic and polymeric materials can reduce or eliminate the typical surface
defects and even can cause multifunctionality of FeS> nanocrystals. The coupling with
another material in core/shell arrays has the requirement to use high-band gap
semiconductor as shell and compatibility of the lattice parameters. For this reason, ZnO
is a good choice to use in the strategy to increase the performance of the hybrid solar
cells. Moreover, the insertion of metal oxide layers effectively suppresses the leakage

current and reduces the serial resistance of the device.

On the other hand, nanotubular conducting polymer extends the optical range of
absorption, enhances charge-transport rate, increases the surface area and provides

chemical stability. Particularly, P3HT contributes to the optical absorption in the
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visible and near-infrared range, in the hole mobility (0.1 cm?V-!s!) and facilitates the
processability in solution. Moreover, P3HT exhibits suitable mechanical properties to

be used in flexible devices.

Additionally, the use of multishells in a 1D array provide quantum confinement that
can tune the optical absorption range and enhance the charge separation. Addressing
some parameters of the FeS>-based solar cells, it is important to consider the film

thickness and concentration of iron pyrite nanoparticles.

Bearing in mind the state of the art, FeS;-based/poly(3-hexylthiophene) hybrid solar

cells offer an entry to develop high performance solar devices.

Scientific contribution

Hybrid solar cells of pyrite-based/poly(3-hexylthiophene) core/shell nanowires.

Hypothesis
Hybrid solar cells of pyrite-based/poly(3-hexylthiophene) core/shell nanowires exhibit

an energy conversion efficiency up to 3%.
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General objective

To obtain and characterize hybrid solar cells of core/shell nanowires of pyrite-based/

poly(3-hexilthiophene).

Specific objectives

1. To synthesize poly(3-hexylthiophene) by electrochemical method.

2. To characterize P3HT by UV-vis, PL, FT-IR, FE-SEM and DTA-TGA.

3. To synthesize ZnO nanorods and nanotubes by electrochemical method.

4. To characterize ZnO nanostructures by UV-vis, PL, FT-IR, FE-SEM and TEM.

5. To synthesize FeS: nanoparticles using complexing agents by microwave
heating method.

6. To characterize FeS> nanoparticles by XRD, UV-vis, PL, FT-IR, FE-SEM and
TEM.

7. To obtain hybrid films of FeS2/ZnO/P3HT on ITO glass slide.

8. To characterize hybrid material by UV-vis, PL, FT-IR, and FE-SEM.
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Chapter II1

Materials and method



3.1. Electrodeposition of P3HT nanotubes

Before the electrochemical experiments for poly(3-hexilthiophene) are performed,
alumina membrane will be coated with a thin layer of gold (ca. 250-300 nm thick) by
evaporation using a Denton Vacuum Desk V. Au is introduced inside the pores and

forms annular electrodes at the bottom of the pores, which act as a working electrode.

The growth of poly(3-hexylthiophene) nanotubes was performed with an Autolab
PGSTAT302N potentiostat/galvanostat connected to a conventional three-electrode
cell. The electrochemical cell consisted in an AAO membrane (Whatman Anodisc 25,
pore size= 200 nm) as working electrode, a Ag/AgCl electrode as reference electrode
and a platinum rod as counter electrode. P3HT nanotubes were synthesized in a solution
with a mixture of inert electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate
(TBaPFg) in acetonitrile and 5 mM 3-hexylthiophene (3HT) by a chronoamperometric

method for 100 s under constant potential of 2.0 V [80].

After the electrodeposition, the electrochemical bath with acetonitrile and TBaPF is
disposed in the container E organic according to the current storage system for

hazardous waste in FCQ, UANL.
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3.2. Electrodeposition of a wide band-gap semiconductor

ZnO nanostructures are grown on ITO glass slide in order to form a p-n heterojunction
with FeS», and a donor-acceptor interface between the wide band-gap nanocrystal and

the conducting polymer.

3.2.2 Synthesis of ZnO nanotubes

Electrodeposition of ZnO nanotubes was based on She et al report [81].
Electrochemical synthesis was performed with an Autolab PGSTAT302N
potentiostat/galvanostat. A standard three electrodes system comprised Pt rod and a
Ag/AgCl electrode as the counter and reference electrodes, respectively. ITO-coated
glas (2.5 x 1 cm and active area of 2 cm?) was used as working electrode. Electrolyte
consisted in an aqueous solution of 5 mM Zn(NO3)2:6H>O and 0.1 M KCI and
temperature was kept at 80 °C, while pH was adjusted to 6. To initiate
electrodeposition, stationary potential varied from -0.8 V to -1.0 V vs. Ag/AgCL

Growing process was studied for 600 s and 2000 s.

ZnO nanotubes were obtained using the synthesized ZnO nanorods in the first step.
ZnO nanorods were immersed in 0.125 M KOH solution at 85 °C for 20 minutes [82].

ZnO nanotubes are washed with deionized water and dry at room temperature.
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The aqueous solution of the electrochemical bath with the rest of the mixture of
Zn(NOs3)2-6H20/KCl and the KOH solution are disposed in the container A according

to the current storage system for hazardous waste in FCQ, UANL.

3.3. Synthesis of FeS; by microwave heating method

The reaction was carried out as follows. In a vessel, 1 mmol of anhydrous iron chloride
(IT) and 4.5 mmol of sodium thiosulfate were mixed with 50 mL of ethylene glycol and
kept under magnetic stirring for 15 minutes. Then, 4 mmol mercaptopropionic acid
(MPA) were added to the solution under continuous stirring. Finally, 7 mL of deionized
water was added. Microwave heating was performed on the reaction mixture in cycles
of 10 s ON and 30 s OFF at 100% microwave power (1000 W, 2.45 GHz). Solutions
reacted with a total heating time of 150 s or 210 s. Reaction finalized when grayish-
black powder appears. The end product was centrifuged and washed several times with
deionized water, ethanol and acetone. In order to purify the black powder was washed
with hydrochloric acid 2 N. Finally, the product was dried under N> flux at room

temperature for 15 minutes.

3.3.2 Stability study of pyrite nanoparticles and infiltration process

Pyrite was prepared in the same conditions as described before but adding a complex

agent of sodium citrate or sodium tartrate in 1:4 molar ratio with Fe** source. Mixed
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solution was heated for 300 s and 360 s. The black powder was centrifuged and washed
with deionized water, ethanol and acetone. After the synthesis of FeS; nanoparticles, it
is infiltrated within the P3HT/ZnO nanostructures through electrophoretic deposition.
The deposition potential and time was 3 V for 2 h. The core/shell arrays inside the AAO

membranes will be dried at 50 °C for 1 h [72].

The disposal of the solvents used for the reaction mixture of FeS; and its purification
are disposed in the container C. While the HCl is disposed in the A container according

to the current storage system for hazardous waste in FCQ, UANL.

3.4. Fabrication of hybrid solar cells

3.4.2 Cleaning substrates

The main substrate for the fabrication of hybrid solar cells is ITO covered slide
(20 €/sq). The glass slide is cut into 25 mm squares prior to cleaning process. The
cleaning protocol is carried out as follows: firstly, samples are washed with deionized
water and detergent. Then samples are sonicated sequentially in isopropyl alcohol and

acetone for 15 minutes each. The slides are dried at room temperature with No.
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3.4.2 Active layer deposition

The structure of the three combinations of the hybrid core/shell nanostructures is shown
in Figure 5. It consists in a sandwich-type cell using ITO glass as photoanode, the
photoactive layer of the hybrid core/shell nanowires and Au coat as cathode. The active
layer, consisting of the one-dimensional hybrid core/shell nanostructures
(FeS2/ZnO/P3HT) is deposited onto ITO glass slide ( 200 nm to 300 nm) using
electrochemical method. The temperature of the active layer during characterization is

room temperature.

Au
film

ITO FeS,/ZnO/P3HT
glass slide

Figure 5. Architecture of the hybrid solar cells purposed in this work.

3.5. Characterization techniques

UV-visible spectroscopy (UV-vis): involves the spectroscopy of photons in UV-visible
region. This region includes wavelength from 10 to 780 nm and the limit between both
of them is around 390 nm. UV-visible radiation originates due to the rearrangement of

outer and inner electrons. The process involved in the interaction of matter and
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radiation are transmission, absorption and reflection.

The inorganic, polymeric semiconductors and hybrid material absorption spectrum and
band gap estimation are characterized using a spectrophotometer Shimadzu UV-1800
(Laboratorio de Materiales I, FCQ, UANL). Band gap estimation is estimated by the

following equations:

Eg=" @)

where, 4 is Planck’s constant (6.626x103* J-s), ¢ is the speed of light (3.0x10® m/s) and

A is the cut off wavelength.
It is considered a second method for band gap estimation by the Tauc’s plot:
(ahv)? = k(hv — Eg) (3)

where, « is the absorption coefficient, & is a proportionality constant, /4 is the Planck’s

constant, v is the frequency of the incident beam and Eg is the optical band gap.

The absorption coefficient () is determined by:
a ==In (4) 3)

where, d is the thickness of the film and 4 is the absorption.

Photoluminescence spectroscopy (PL): involves two process, (1) the absorption of
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energy from a light source and the subsequent (2) emission of light. It includes the
radioluminescence, electroluminescence, chemiluminescence, photoluminescence and
bioluminescence depending of the energy source. Information as the presence of
impurities and its dependence on the level of photo-excitation is related to the
recombination process and can be revealed by the emission spectrum. Moreover, PL is
very sensitive to surface effects or adsorbed species of semiconductor particles

allowing the study of electron-hole surface process.

Typical transitions and quenching fluorescence are studied by collecting the emission
spectra at room temperature of inorganic semiconductors, conducting polymer and
hybrid materials using a fluorescence spectrometer Perkin Elmer LS55 (Laboratorio de

Materiales I, FCQ, UANL)

Fourier-transform infrared spectroscopy (FT-IR): is a technique based on the vibrations

of the atoms of a molecule. The infrared spectrum can be divided into three main
regions: the far-infrared (<400 cm™!), the mid-infrared (4000-400 cm™!) and the near-
infrared (13000—4000 c¢cm™!). FT-IR spectrum covers the interpretation of the
vibrations as bands that appear which, are assigned to a particular bonding of a
molecule, known as group frequencies. This information allows a partial recognition
of the target molecule supporting information is needed in order to elucidate a

molecule.
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It elucidates the presence of organic and/or other compounds in the inorganic films, to
characterize the vibration modes of poly(3-hexylthiophene) and composites. FT-IR

spectrum is recorded using a Perkin Elmer Spectrum Two in the range of 500-4000

cm'1 at room temperature in reflectance mode (Laboratorio de Materiales I, FCQ,

UANL).

X-Ray Diffraction (XRD): refers to the electromagnetic radiations with wavelength of

103 nm to 10 nm. X-ray diffraction is essentially a scattering phenomenon in which a
large number of atoms are involved. Since the atoms in a crystal are periodically
arranged, the X-rays scattered by these atoms can be in phase and constructively

interfere in a few directions

Crystalline phase and crystallite size estimation using Debye-Scherrer equation are
determined on a Brucker D2 Phaser with a CuKa. radiation (Ko= 1.54056 A). Data are

collected by scanning from 5° to 90°. (Laboratorio de Materiales I, FCQ, UANL).

094
- BcosO

4

where, D is the diameter of crystallites, 4 is the wavelength of the X-ray source, S is

the full width at half of its intensity in radians and &is the Bragg’s angle.

Potentiostat/Galvanostat: electrochemical measurements are performed using an

Autolab PGSTAT302N.
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a)

b)

Cyclic Voltammetry: to determine growth mechanism of inorganic

semiconductors and conducting polymer. Moreover, HOMO and LUMO
positions will be determined by the onset potentials of oxidation and reduction

in order to evaluate the Eg value for inorganic materials, polymer and

composites.

E(HOMO) = —[ES¢t + 4.4] eV (5)
E(LUMO) = —[E%Set + 4.4] eV (6)
AE = E(LUMO) — E(HOMO) (7)

Chronoamperometry: is used to study the kinetics of chemical reactions,
diffusion process, and adsorption. It consists to held a constant potential of the
working electrode at which the redox reaction occurs monitoring the resulting
current as a function of time. Reactions under diffusion control follows the
Cottrell equation:

0 -
[ = nFAc]m (8)

Vrt

where, i is the current (A), n is the number of electrons (to reduce/oxidize one
molecule of analyte), F' is the Faraday constant (96,485 C/mol), 4 is the area of
the electrode (cm?), ¢/’ is the initial concentration of the reducible analyte

(mol/cm?), D; is the diffusion coefficient for species (cm?/s) and ¢ is time (s).
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To determine parameters as time and applied potential to grow the nanorods

and nanotubes of inorganic semiconductors and polymeric matrix.

Electrochemical Impedance spectroscopy (EIS): is a useful tool to study the

charge transfer and transport. It is based on the application a sinusoidal
perturbation AC voltage (or current) to the studied material response as a

function of frequency.

To estimate conductivity of polymer and composites thin films through the

Bode and Nyquist plots.

o= )

where, L is the thickness of the film, R is the impedance resistance of the model

circuit and 4 is the area.

Field Emission Scanning Electron Microscopy (FE-SEM): uses an electron beam of

high-energy electrons to generate a variety of signals at the surface of solid samples.
Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a
scanning mode using conventional SEM techniques (magnification ranging from 20 X
to approximately 30,000 X, spatial resolution of 50 to 100 nm). The SEM is used to
generate high-resolution images of shapes of objects (SEI) and to show spatial
variations in chemical compositions (1) acquiring elemental maps or spot chemical

analyses using EDS, (2) discrimination of phases based on mean atomic number
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(commonly related to relative density) using Backscattered electron images (BSE), and
(3) compositional maps based on differences in trace element using

cathodoluminescence (CL).

The morphology and size distribution of inorganic semiconductors and conducting
polymer is given by a field emission scanning electron microscope, JEOL JSM6701F.

(Laboratorio de Microscopia, FCQ, UANL).
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Chapter IV

Results and discussion



4.1. Electrodeposition of poly(3-hexylthiophene) nanotubes

4.1.2 Synthesis conditions and reaction mechanism of P3HT.

The cyclic voltammogram for 3-hexylthiophene (3HT) and TBaPFs in acetonitrile
solution obtained at 0.1 V/s is shown in Figure 6. Voltammogram shows typical
electrochemical behavior of P3HT. Two distinct oxidation potentials were found. The
first oxidation peak was measured at +0.78 V (partially p-doped state) and the second
oxidation peak was found at +1.3 V (highly p-doped state), where the maximum current
is observed. This current is indicative that most of the monomer units are oxidized [83,
84]. On the other hand, reduction peak was measured at a more positive potential of
+0.4 V. A third state where the polymer is predominantly in its undoped or neutral state
is found at low potentials (<0.3V) [85]. Therefore, the window potential for the

polymerization of 3HT is established from +1.3 V to +2.5 V.
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Figure 6. Cyclic voltammetry of P3HT electrodeposited on ITO in 0.1 M TBaPFs recorded at
room temperature. Scan rate 0.1 V/s.
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Figure 7 shows the current-time transients for the deposition of P3HT at different times
with a constant potential of +1.9 V. Initial high current density is associated to the
charging of double layer of the electrode (capacitive current) and is followed by faradic
current with the oxidation of 3HT, where is formed a plateau that keeps constant with
the increasing time. Thus, it can be inferred the only process that takes place is the
growing of the monomer chains. Mechanism of P3HT electropolymerization
(Figure 8) describes that in a first step are formed oligomer chains in the solution near
to the ITO surface due to the oxidation process. Second step corresponds to the
nucleation of the oligomer chains that reach a molecular weight to precipitate on the
electrode surface [86,87]. Therefore, it is expected that this current-time dependence

influence the current density generated by the applied potential [88].
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Figure 7. Chronoamperometric curve of P3HT electrodeposited on ITO at room temperature.
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Figure 8. The reaction mechanism of the 3-hexylthiophene electropolymerization

4.1.3 Characterization of P3HT

Figure 9 shows the main characteristic bands of P3HT by FTIR analysis. The spectrum
showed the vibrational bands of P3HT located at 3054 cm™! corresponding to aromatic
C-H stretching vibration of the thiophene ring. Stretching C-H aliphatic (CH, out of

the phase, symmetric -CH> moieties vibrations and -CH; asymmetric vibrations on the
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thiophene ring) are located to 2955 c¢cm!, 2925 cm! and 2855 cm! [89, 90]. More
vibrational bands are located at 1450 cm™! (bending vibration bond of C-H), 1290 cm™!
(C-C symmetric stretching mode) and 725 cm™! (band associated with CH3 rocking
vibration). The bands at 1118 cm™ and 821 cm! are associated to the C-S stretching
mode and the aromatic C-H out of plane vibration of the ring [91]. These functional
groups are consistent with the chemical structure of P3HT and the applied potential
does not modify them. Additionally, the intense vibration of the C-H out of plane
deformation mode is associated with the stacking structure of conjugated rings since
this vibration mode is attached to the conjugated ring and its vibration influence the m-

n stacking [92].
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Figure 9. FT-IR spectrum of the poly(3-hexylthiophene) thin film.
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The optical absorption spectra of P3HT film deposited on ITO in the wavelength
between 350 nm to 1100 nm, is shown in Figure 10. The UV-vis spectrum of the P3HT
film showed two broad absorption peaks at 520 nm (Egop= 2.38 eV) and 820 nm
(Egop= 1.51 eV). These bands are associated to the 1 — n* transition attributed to the
crystalline n-m stacking structure of polymer P3HT chains. (charge transfer mechanism
inregioregular P3HT) [93]. As higher the n-7 stacking is, more pronounced and intense
are these vibrionic peaks [94], which infers a better quality of the P3HT obtained
resulting in a material with absorption properties associated to the dope state of the

P3HT.
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Figure 10. Optical absorption of poly(3-hexylthiophene) thin film.
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4.1.4 Overview: Poly(3-hexylthiophene)

The P3HT obtained shows feasible optical and structural properties for flexible and
light-weighted hybrid solar cells. In summary, P3HT exhibits a broad absorption in the
optical spectrum indicative of the p-doping of the donor material while the cathodic
deposition allows to obtain a consistent chemical structure with vibrations that
influence the m-m interactions along the polymer backbone. These interactions are
highly related to a high hole mobility of the P3HT. All these properties mean an
important advantage for the hybrid solar cells. Moreover, the coupling between this
polymer and the inorganic nanocrystals allows to enlarge the optical absorption and the
stable structure of the P3HT keeps the conducting properties all along the backbone

and therefore, efficient transport between the donor-acceptor interface.

4.2. Electrodeposition of ZnO nanostructures

ZnO (type n) is the semiconductor of interest to obtain a pn junction with FeS; (type
p), the following experiments correspond to the synthesis of ZnO by electrochemical
method. It was reproduced the experimental conditions for She et al. report [80].
Electrochemical deposition of zinc oxide initiates by the reduction of nitrate to form
nitrite ions that produces hydroxide ions and causes the precipitation of Zn(OH): onto
the cathode. Finally, Zn(OH), dehydrated to form ZnO due to temperature effect. ZnO

deposition can be summarized by the following chemical equations [95,96]:
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NO;~ + H,0 + 2e~ > NO,™ + 20H~ (10)

Zn?* + 20H~ - Zn(OH), (11)

Zn(OH), - Zn0O + H,0 (12)

Global reaction:

NO;~ + Zn?* + 2e~ - NO,™ + Zn0O (13)

Cyclic voltammetry was performed in solutions with 5 mM Zn(NO3), and 0.1 M KCL.
A typical voltammogram for Zn deposition/dissolution process is given in Figure 11.
It can be distinguished three zones. First zone corresponds to Zn** reduction into Zn
metallic (below -1.0 V). Second zone (at -1.0 V to -0.8 V) is where the reduction of
nitrate ions takes place. Finally, third zone corresponds to the disappearance of anodic
peak due to zinc dissolution [97]. Since the ZnO deposition is governed by the nitrate

ions reduction is established a window potential from -1.0 V to -0.8V.
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Figure 11. Figure 11. Cyclic voltammetry of ZnO electrodeposited on ITO glass at 70 °C. Scan rate 0.05
Vis.

The kinetics of the ZnO deposited onto ITO was studied by chronoamperometric
curves. Chronoamperometric curves in Figure 12 (a) and (b) for ZnO deposited on ITO
at -1.0 V and -0.8 V at 70 °C. Both curves show typical behavior for nucleation and
growth. In the first step at short times corresponds to nucleation process on the active
sites of ITO glass. As the pH increase Zn(OH); is formed and transformed fully or
partially, into ZnO film due to temperature effect (second step) [95,98,99]. The

growing process of ZnO 1is described in the following chemical equations:

Zn?* 420, > 2e” +Zn0 (14)
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Zn?* + Hy0 + =0, - 2e™ + Zn(0H), (15)

The ZnO thin film morphology and orientation showed a correlation with current
density-time curves. Thus, ZnO deposition could be increased and morphology could
be influence by (1) cathodic current density and (2) the number of nucleation
sites [100]. Cathodic current corresponds to the reduction of O, and NO; ions;
therefore, as increase the cathodic current density, increases the local pH at the
electrode surface, which leads to increase ZnO deposition due to higher nucleation
sites. Comparing curves of E=-1.0 V and E=-0.8 V experiments, the effect of current
density can be seen clearly since as higher the stationary potential is (-0.8 V) higher is
the current density generated causing faster reactions and more mass deposited on the

electrode surface.
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Figure 12. Chronoamperometric curve of ZnO electrodeposited on ITO glass at 70 °C.

potential of (a) -1.0 V and (b) -0.8 V.

The UV-vis spectra of electrodeposited ZnO at 70 °C for E=-1.0 V and E= -0.8 V
samples are shown in Figure 13 (a) and (b). Typical excitonic absorption at about 370
nm, it corresponds to the direct band gap of ZnO, 3.35 eV, and a second absorption
peak around 440 nm, which is characteristic for ZnO nanorods and its attributed to the
strong exciton effect due to the quantum confinement that present 1D nanostructures
[101-103]. Quantum confinement theory describes the electrons and holes in the
conduction and valence band, respectively are confined spatially by the potential
barrier of surface and due to their confinement the optical transition energy from

valence top to conduction bottom increases and the absorption maximum shifts to the
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shorter wavelength region [105]. In the case of nanorods, the optical absorbance of
ZnO nanorods increased rapidly after the energy of the incident photons became higher
than the band gap. This is an indicator that the ZnO semiconductor absorbs the light at
the edge of the visible region. Working at the edge of the visible region gives high

stability and less noise to devices based on the ZnO nanostructure [101].

As described in the discussion of chronoamperometric curves, ZnO nanorods growth
are strongly influenced by the current density generated; however, comparing (a) and
(b) spectrum for the experiments E=-1.0 V the nanorods tend to grow faster than for
E= -0.8 V samples, which can be attributed to the potential applied since -0.8 V
corresponds to Zn(OH), generation potential, where partially ZnO formation could be

affecting the optical properties.
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Figure 13. UV-vis spectra of ZnO electrodeposited at 70 °C with applied potential of
(a)-1.0 Vand (b) -0.8 V.
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Figure 14 shows the ZnO emission spectra at room temperature at different synthetic
conditions using an excitation wavelength of 380 nm at room temperature. It is found
two weak emissions at 420 nm and 480 nm while at 540 nm is observed a strong
emission. The emission peak at 420 nm corresponds to UV emission attributed to
excitonic recombination of the near-band edge emission. It has been reported the
band- edge emission shifting in ZnO nanostructures with different concentrations of
native defects. The weak emission at 480 nm is attributed to exciton transitions and
various point defects. A strong green emission is observed at 540 nm [104-106]. The
origin is attributed to the singly ionized oxygen vacancy (Vo) in ZnO and its
recombination with a photogenerated hole. These deep-level emissions are related to a
radiative transition from donors {Zinc interstitial (Zni), Oxygen vacancy (Vo)} to
acceptors {Zinc vacancy (Vzn), oxygen interstitial (Oi)} [106-108]. The literature
reports that nanorods exhibit more surfaces for oxygen vacancies due to their large
aspect ratio [109, 110], therefore the difference of the emission intensity can be related

to the different diameter and length obtained in the two different conditions.

(b)
40
~ 304 —~
2 2
& =
2 204 Z
= =
10
c T I T L] I T T I L] L] I T T I L] L] I T c T I T L) I T T I T L) I T T I T T I T
400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 14. Emission spectra of ZnO electrodeposited at 70 °C with applied potential of (a) -1.0
V and (b) -0.8 V.
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4.2.2 Effect of temperature in ZnO electrodeposition

The cyclic voltammograms at 80°C on a ITO-coated glass electrode in 0.1M KCl were
recorded between -1.5 V and 0 V is shown in Figure 15 and compared with Figure 11,
same electrochemical growing process described the deposition of ZnO on ITO glass
although Zn(OH); reaction and ZnO formation potential shifted to -0.7 V and -1.1 V,
respectively. Shifting can be attributed as effect of temperature and for better

explanation about its influence is described with chronoamperometric curves.
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Figure 15. Cyclic voltammetry of ZnO electrodeposited on ITO glass at 80 °C. Scan rate 0.05 V/s.
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Chronoamperometric curves for ZnO at stationary potential -1.0 V and -0.8 V and
temperature of 80 °C are shown in Figure 16 described as expected the nucleation and
growing process for ZnO nanorods and in a good agreement with the effect of
temperature (80 °C). According literature crystallization of ZnO started at 34 °C, where
nucleation is a delayed process and appears after induction period. As the temperature
increases, two important phenomena are observed: (1) nucleation-growth peak
becomes more intense and narrower and (2) induction period decreases and becomes
very short at 60 °C [111]. Thus, the temperature influences the electrochemical reaction

kinetics, which explain the difference between the experiments at 70 °C and 80 °C.
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Figure 16. Chronoamperometric curve of ZnO electrodeposited on ITO glass at 80 °C.
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UV-vis spectra for ZnO electrodeposited in conditions of -1.0 V and -0.8 V at 80 °C
from 200 nm to 1100 nm are shown in Figure 17 (a) and (b). Samples 300 s and 600 s
showed typical absorptions for nanorods at 350 nm, and from 500 to 550 nm in
Figure 17 (a). However, sample t= 2000 s showed typical behavior for thin films or
another ZnO nanostructures with excitonic absorption at about 350 nm. In addition,
t= 300 s sample compared with t= 600 s showed a lower absorption intensity attributed
to the amount and quality of nanorods obtained since its quantum confinement
influences the absorption shifting to visible wavelength region. While in Figure 17 (b)
absorption intensity is lower for samples obtained at E=-0.8 V due to the correlation
between the stationary potential and the current generated that influences the growth

all along the substrate.
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Figure 17. UV-vis spectra of ZnO electrodeposited at 80 °C with applied potential of
(a)-1.0 Vand (b) -0.8 V.

Emission spectra of ZnO electrodeposited in conditions of E=-1.0 V and E=-0.8 V at

80 °C from 380 nm to 680 nm are shown in Figure 18 (a) and (b). Same optical behavior

62



is observed for all the samples in both conditions (-1.0 V and -0.8 V), UV emission and
green emission at about 480 nm and 525 nm, respectively. In addition, it is observed a
significant difference in intensity between samples 600 s at -1.0 V and 2000 s at -0.8 V

attributed to the quality of the nanorods (crystallinity) obtained and the low level of O

vacancies.
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Figure 18. Emission spectra of ZnO electrodeposited at 80 °C with applied potential of (a) -1.0 V
and (b) -0.8 V.

Bearing in mind the factors that influence the growth and formation of ZnO nanorods
discussed in previous sections, Figure 19 (a) and (b) summarizes the results that
correspond for the optical properties of ZnO nanorods. Therefore, it is concluded the
condition of -1.0 V during 600 s at 80 °C generates the nanorods with the higher
absorption intensity, presence of typical absorption and emission bands, and band gap

of 3.35eV.
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Figure 19. Summary of ZnO experiments.

Figure 20 shows the FE-SEM micrographs of ZnO nanorods electrodeposited on ITO

glass slide. Figure 20 shows uniform ZnO nanorods with typical and well-defined

hexagonal shape. The nanorods in Figure 20 (a) are about 88 nm to 110 nm in diameter,

and are perpendicular to the substrate. The nanorods in Figure 20 (b) exhibit an average

diameter of around 285 nm to 315 nm. The diameter and length can be tuned by the

electrochemical parameters as the applied potential and deposition time.
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Figure 20. SEM images of ZnO nanorods. (a) -1.0 V, 600 s, 80 °C and (b) -0.8 V, 2000 s, 70 °C.

4.2.3 ZnO nanotubes formation

ZnO nanotubes were obtained by the dissolution of ZnO nanorods (Figure 20) in
0.125 M KOH solution at 85 °C for 20 minutes. The ZnO samples used for the
conversion into nanotubes were those obtained at -1.0 V for 600 s at 80 °C. Figure 21(a)
shows ZnO nanotube arrays are randomly oriented since most of them are vertically
aligned but the other part lie horizontally with respect to the substrate. By the high-
magnification image (Figure 21(b)) reveals the etching process is visible to the bottom
of the nanotubes. The conversion of ZnO nanorods into ZnO nanotubes by the etching
process conserve the hexagonal shape with a diameter size around 300 nm and a wall
thickness approximately of 80 nm. The formation of tubular ZnO is explained by the
following etching mechanism proposed by some authors. ZnO exhibits amphoteric
characteristic and can be dissolved by acid or alkali solutions, the chemical equations

described the process:

65



Zn0 + 20H - Zn0,*~ + H,0 (16)

It is also well-known the {0 0 0 1} plane in ZnO nanostructure has higher surface
energy and is metastable that leads to the preferential etch in that plane. Moreover, in

the center of nanorods exists more defects that leads to the preferential etch [81, 112].

Bl 50KV X50,000 WD 78mm  100nm

Figure 21. SEM images of ZnO nanotubes. (a) Magnification 5,000X and (b) 50, 000X

4.2.4 Overview: ZnO

The ZnO was obtained in the two different morphologies: nanorods and nanotubes. The
hole structure offers the possibility of increasing the interface between ZnO and FeS,,
forming a pn junction and improving properties as the Vo of the hybrid solar cells. The
high surface area results in the enhancement of the interfacial area between the ZnO

and the P3HT facing the limitations of low electron mobility of the P3HT.
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4.3. FeS; formation mechanism and characterization

4.3.2 Reaction mechanism of pyrite nanoparticles

Different mechanisms are discussed to drive pyrite formation. In this work, the
microwave-assisted synthesis was performed under the reaction mechanism suggested
by Wang et al. [113]. Briefly, the ethylene glycol in the reaction mixture promotes the
formation of S? anions and producing precipitated FeS to an aqueous FeS intermediate.
The change in the electron density between the central S atom and Fe atoms, leads to
the nucleophilic attack of the FeS.q by the S atom, forming a new polysulfide, FeSo.
Alternatively, the formation of H»S is favorable due to the pH less than 7. The FeSaq
reacts with HoS and forms precipitated FeS, [114,115]. Moreover, Ethylene glycol is
an excellent solvent with low-toxicity. During the pyrite formation, ethylene glycol

avoids the iron oxides formation during the synthesis without the need of an inert

atmosphere.

2HOCH,CH,0H — 2CH;CHO + H,0 (17)
2CH;CHO +S - CH3CO — COCH3+ H,S (18)
H,S s HS™ + H* (19)
HS™ =582 + H* (20)
FeS+ S}~ — FeS, + S} H* (21)
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FeS + H,S — FeS, + H, (22)

It is well known FeS» (pyrite) tends to react with Oz to form different iron oxides on
the surface of the nanomaterial, which causes the diminishing of the photovoltaic
properties once the pyrite is incorporated to a solar cell. Taking into consideration the
presence of impurities after a period of time, it was established the evaluation of the
optical properties (absorption and emission spectra) in order to study its stability with

the presence of sodium citrate and sodium tartrate as stabilizers.
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Figure 22. Schematic illustration of iron complexes.
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Mechanism of the synthesis of FeS, via complex agents is based on the previous
reactions and the formation of iron-stabilizer complex. In the first-stage a complex of
iron-citrate or iron-tartrate is formed. In the case of ferrous iron formed a tridentate
complex with citrate ion, [Fe(Il)cit]” involving two carboxylic acid groups and the
hydroxyl group [116,117]. In contrast, ferrous iron formed a monodentate complex
with tartrate ion, [Fe(Il)tar] (Figure 22). The complex stability increases in the order
tartrate < citrate [118]. The formation mechanism now depends on the competition
between metal-complex formation and the sulfur precipitation, where the last one

predominates.

4.3.3 Characterization of FeS:

Initially, it was studied the structural properties followed by the optical and
morphological characterization of the powders. X-ray Diffraction revealed the crystal
lattice of the dried FeS> powders. Figure 23 shows diffraction pattern for the as-
prepared FeS: for 150 s of total heating and without the presence of complexing agents.
Main characteristic reflection peaks of pyrite are observed at 28.5°, 32.9°, 37.1°, 40.8°,
47.3%and 56.3° for (111), (200), (210), (211), (220) and (311) planes, respectively. All
the peaks correspond to a pure cubic system of FeS2 (PDF card 01-071-3840) with a
lattice parameter of a= 5.416 A. Additional peaks for impurities as FeS (troilite) or

FeS, (marcasite) were not detected. The average crystallite size was estimated using
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Debye-Scherrer formula, calculated with the strongest (200) diffraction peak, is 17.5 £

2.92 nm.
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Figure 23. XRD pattern of FeS; nanoparticles.

Figure 24 shows the FT-IR spectra of FeS,, citrate and tartrate capped FeS> powders.

The broad peak centered around 3495 cm! is attributed to the strong stretching
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vibration of the -OH bond of adsorbed moisture and hydroxyl groups present on the
citrate and tartrate anions. Citrate and tartrate ions are present on the surface of the
nanoparticles by the peaks at 1650-1700 cm™! are assigned to C=0 stretching vibrations
of the complexing agents. The peaks around 684-700 cm™! are related to disulfide bond
(S-S) [119,120]. The coordination between citrate and tartrate moieties to the surface

of the pyrite corresponds with the size distribution of the semiconductors.
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Figure 24. FT-IR spectra of FeS, and citrate and tartrate-capped FeS, nanoparticles.
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FeS» nanoparticles were dispersed in ethanol previous analysis. Figure 25 displays the
room-temperature absorption spectra of FeS; prepared without complexing agents,
with tri-sodium citrate, and sodium tartrate. A broad absorbance is observed from 450
to 1100 nm consistent with previous reports in FeS, samples. Samples in presence of
complexing agents showed the rise of the absorption band around at 900 nm (1.3 eV),

which corresponds to the direct bandgap of FeS, [121].
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Figure 25. Optical absorption of FeS; and citrate and tartrate-capped FeS, nanoparticles.

The wide range of optical absorption is characteristic of an electronic structure with
broad energy bands. The energy levels in bulk pyrite are a S po* band and a d-band
manifold. The d-band splits into the occupied t,;and the unoccupied e, sub-bands,

with the indirect band gap falling in between. The indistinct boundary between the
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S po* band and eg subband causes the conduction band to span from 0.95 to 3.65 eV

in the bulk [122].

Room temperature photoluminescence of FeS dispersed in ethanol using a 340 nm
excitation in the wavelength from 550 nm to 800 nm is shown in Figure 26. PL spectra
illustrated two broad emission peaks at 630 and 720 nm, which are assigned to the
excited electron-hole recombination from Fe and S atoms while the second band is
relative to S-deficient formation, respectively. The S-deficient can be attributed to FeS»
since it is not a perfect stoichiometric compound, where point defects, surface states,
and bulk defects are common in the crystal structure, which can induce unusual PL

emissions [123].
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Figure 26. PL spectra of Optical absorption of FeS; and citrate and tartrate-capped FeS.
nanoparticles.
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As a photovoltaic material, it is important to notice that a high PL intensity indicates a
higher recombination rate of the electro-hole pairs and short lifetime of the
photoluminescence state. Figure 26 shows the PL spectra collected from the two
complexing agents. It is observed a significant change in position and narrowness of
the emission bands in PL spectra attributed to the nanostructure sizes are affected by
the citrate and tartrate ions. In addition, it is observed that for tartrate samples the
emission intensity is lower than citrate samples, which is attributed to the better

crystalline quality of FeS-tartrate samples.

Figure 27 (a-c) shows FE-SEM images to reveal morphology and size distribution of
FeS., Figure 27 (a) shows flower sheet-like FeS, morphology with a diameter of 35 nm
to 65 nm. While in the presence of sodium citrate and tartrate, it is observed the change
of morphology from irregular shape into spherical particles. In Figure 27 (b) particles
shows good uniformity with a size distribution of 15 nm to 22 nm. On the other hand,
Figure 27 (c) reveals a size distribution of 25 nm to 30 nm. The different morphology
and size between samples can be attributed to the influence of tri-sodium citrate and

sodium tartrate on the shape and size of particles [63].

4.3.4 FeS: stability in presence of citrate and tartrate ions

Additionally, it was studied the influence of citrate and tartrate ions on the optical

properties stability against time without special storage conditions. The presence of
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citrate and tartrate ions in the synthesis of FeS, nanostructures required longer reaction
time of 300 and 360 s. The samples were kept without a special atmosphere and at
room temperature during the 21 days. XRD was used to verify the crystal structure and
the presence of iron oxides of the powders through 21 days. Typical XRD patterns of
cubic FeS; are shown in Figure 28. In samples with 300 s of total heating is observed
the formation of a second phase of Fe;Os. through the time while samples with 360 s
of reaction time did not exhibit impurities for 21 days. Therefore, longer reaction time
increases the crystallinity of the samples, which could contribute to better stability on

the surface of FeS; and to avoid the iron oxides formation.

SEI 3.0kv X100,000 WD78mm 100am JEOI S 5.0k¥  X200,000 WD 7.9mm 100nm
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Figure 27. SEM images of (a) FeS, nanoparticles and FeS; in presence of (b) sodium citrate and (c)
sodium tartrate.
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Figure 29 (a-d) shows the variation of absorption and emission properties through 21
days. Figure 29 (a-b) corresponds to the absorption decreased of the samples prepared
using green stabilizers. Absorption peak positions are consistent through time without
evident change in 21 days for FeS,-citrate samples. In contrast, FeS,-tartrate showed
higher intensity, but the absorption intensity diminished was more significant through
the time, which is attributed to the presence of iron oxides. Figure 29 (c-d) shows the
PL spectra collected from the two different complex agents. 21 days spectra showed
evident changes in the intensity. Emission bands at 420 nm and 500 nm may be
attributed or caused by oxygen contamination such as a-Fe>O3 (around 440 nm to 500
nm) [124.125]. In addition, it is observed that for tartrate samples the emission intensity
is lower than citrate samples, which is attributed to a higher crystalline quality.

Additionally, tartrate samples showed higher stability on the emission intensity.
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Figure 28. XRD patterns of FeS; at (a) 300 s and (b) 360 s of total heating.

Most of the works agree the oxidation on the pyrite surface is due to the incorporation
of oxygen on sulfur sites [124], those defects can affect negatively the optoelectronic
properties of FeS> devices. Previous studies indicate that citrate and tartrate ions are
popular complex agents used in the synthesis of semiconductor nanoparticles due to
their low toxicity. It is well known, the free electron pairs in the carbonyl groups of the

molecules stabilize the nanoparticles by electrostatic forces.
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On the basis of the mentioned results it can be inferred that FeS> nanoparticles are

stabilized by MPA between the interaction of thiol groups [126] while citrate or tartrate

ions surround the molecules due to the interaction with carboxyl groups. Although

during the days the protection of citrate or tartrate ions is lost due to the presence of

oxygen in the atmosphere that leads to a strong interaction between Fe-O atoms that

produces Fe;O3 [127].
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Figure 29. UV-vis spectra of FeS; in presence of (a) sodium citrate and (b) sodium tartrate for 21
days. PL spectra of FeS; in presence of (c) sodium citrate and (d) sodium tartrate for 21 days.

4.3.5 Overview: Pyrite

The FeS; (pyrite) is the most promising absorber material on the basis of optical

properties and low-cost. The FeS, obtained show absorption in the visible region
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modulated by its size and shape, low photoluminescence and no presence of isomorphs.
It is been discussed that the enhancement of pyrite properties, especially the optical
absorption, can improve the pyrite based solar cells. Moreover, the stability analysis
offers additional information about its behavior after the synthesis process without
special storage conditions. Therefore, the FeS, obtained may overcome the limits in

the low open-circuit voltage (Vo< 187 mV) and solar conversion efficiency < 3%.

4.4. Hybrid solar cells of FeS2/ZnO/P3HT

The performance of the hybrid solar cells depends mainly on the photoactive layer
configuration due to the exciton formation is promoted by the interface between the
donor and acceptor. The inorganic materials worked provide the electron transport
improved by pn junction and the high surface area. While the polymeric matrix
participates in the hole transport and improves the optical absorption in the visible
range. Since the composition of the photoactive layer is already obtained, this layer

will be coated with Au in order to study the photovoltaic performance.
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Chapter V

Conclusions



Conclusions

Efficient donor P3HT is an important requirement in the enhancement of the
performance of the HSC. P3HT thin films were obtained by the electropolymerization
of 3-hexylthiophene. The electrochemical oxidative doping of the P3HT makes
possible to obtain a semiconductor with suitable structural and optical properties for
these devices. It is demonstrated the P3HT thin films exhibited a wide light absorption
improved due to strong intrachain interactions along the backbone, called - stacking.
The applied potential did not cause a change in the P3HT structure. On the other hand,
the electrical parameters such as deposition time and cathodic potential can influence

the formation of different nanostructures.

ZnO nanorods were grown on ITO-coated glass by electrochemical deposition. This
controllable method allowed to obtain vertical aligned arrays of ZnO nanorods under
the influence of parameters such as bath temperature, applied potential and deposition
time. These parameters can also modify diameter and length aspect ratio. On the other
hand, the ZnO nanorods conversion into nanotubes depends on the etching time and
the metastability of the { 0 0 0 1} crystal plane along the c-axis. ZnO nanorods show a
typical strong absorption in the UV region and weaker absorption in the visible range.
The low PL intensity diminishes the exciton recombination. It is expected the one-
dimensional ZnO nanoarrays enhance the HSC performance due to the special

morphology and intrinsic properties.
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A rapid strategy has been used to obtain cubic FeS; (pyrite) using complexing agents
through microwave-assisted method. The air-stable FeS, nanoparticles exhibited a
band gap around 1.3 eV showing a broad absorption peak in visible range. Emission
spectra indicate the presence of two broad peaks related to a non-stoichiometric
compound. The stability study suggests the longer reaction time prevents the oxidation
through time, while the presence of sodium citrate allows the formation of smaller
particles of FeS>. Moreover, FeS»-tartrate samples exhibit better stability behavior
compared with FeS,-citrate samples due to the size influencing the absorption and
emission properties. This method offers an opportunity to synthesis other air-stable
metal chalcogenides of pyrite chemical family without the need of special storage

conditions.

The structural, optical and morphological properties of the semiconductors obtained
allow to face the current limitations and enhance the photovoltaic properties of the

pyrite-based solar cells.
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Future outlook

Determination of the stoichiometries of Fe-based semiconductors through total-
composition techniques as I[CP-OES and AAS.

Electrochemical study of hybrid thin films of FeS2/ZnO/P3HT through CV, EIS
and Mott-Schottky analysis.

Design and study of the photovoltaic properties of the hybrid solar cells.
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EFFECT OF COMPLEXING AGENTS ON PROPERTIES AND
STABILITY OF FeS; NANOPARTICLES

F. RETANA, B. KHARISSOV, Y. PENA, L. GO'MEZ7 T. SERRANO’
Universidad Autonoma de Nuevo Leon, Facultad de Ciencias Quimicas,
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C.P. 66455, San Nicolas de los Garza, Nuevo Leon, México

FeS, nanoparticles were prepared by microwave method using tri-sodium citrate and
sodium tartrate as complexing agents to study their effect on the optical properties and
stability for 21 days without special storage conditions. FeS, nanoparticles showed
absorption in the visible range with a single-phase of cubic pyrite and crystallite size
around 17.5 + 2.92 nm. Moreover, nanoparticles showed a low photoluminescence
intensity. The FT-IR spectra indicate the presence of chemical bonds around the
nanoparticles. FE-SEM images showed spherical shape and size distribution in the range
of 15-30 nm depending on the complexing agent. The use of complexing agents modifies
the size and shape of FeS, nanoparticles influencing the tuning of absorption and emission
spectra through a period of time.
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1. Introduction

The use of surface ligands such as complexing agents in the chalcogenides synthesis are
useful to modify shape and size for specific applications. Besides, complexing agents may have an
effect on agglomeration, degradation and oxidation of chalcogenides [1], which may affect the
optical, morphological and electrical properties. Numerous complexing agents have been reported
in the synthesis of semiconductors although are being replaced by non-toxic and low-cost
complexing agents such as tri-sodium citrate and sodium citrate.

Tri-sodium citrate and sodium tartrate have been extensively used to produce chalcogenide
nanoparticles such as CdS [2], PbS [3], CuS [4] and ZnS [5]. Besides, ternary chalcogenides (e.g.
AgInS, and Zn-Ag-In-S) have been prepared in aqueous medium using complex agents [6]. Tri-
sodium citrate and sodium tartrate are complex agents that have pairs of free electrons in the
carbonyl group, which stabilizes the semiconductor nanoparticles by electrostatic forces, and also
act as a ligand with metallic atoms with free pair of electrons [7-8]. Strong complexing agents play
an important role in the synthesis of earth-abundant and stable chalcogenide semiconductors.

FeS, has attracted attention as photoactive material due to its abundance, non-toxicity and
also, a high annual electricity production potential [9-11]. Moreover, its optical properties such as
high absorption coefficient (o > 10° cm™), a Shockley-Queisser limit around 31%, , a band gap of
0.95 eV and charge mobility of 360 cm”> V"' s [12-14] make pyrite a promising candidate for
high-efficient and low-cost solar cells that can be expanded in the current market.

Despite the advantages, pyrite has showed some limitations within solar cells since the
highest conversion efficiency reported is about 3% [15]. A number of reasons keep pyrite out of
high efficiency solar cells from sulfur deficiencies to second phases during the synthesis process
such as hexagonal troilite (FeS) and orthorrhombic marcasite (FeS,) with band gaps of 0.04 eV
and 0.34 eV, respectively [16-17], and also the iron oxides formation after synthesis. Iron oxides
may affect the optical and electrical properties of FeS, causing a low performance efficiency.

" Corresponding author: tserranoq@uanl.edu.mx
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In this work, it is investigated the effect of tri-sodium citrate and sodium tartrate on the
morphological, optical properties, and influence on the stability of FeS, (pyrite) nanoparticles
during 21 days. The formation of long-term stable FeS, nanoparticles may provide a path in the
generation of high efficient, low-cost and stable solar cells based on earth-abundant
semiconductors.

2. Experimental

2.1. Material and reagents

All the chemicals used for the synthesis were analytical grade reagents and used as
received. Anhydrous iron (II) chloride (98%) and mercaptopropionic acid (>99 %) were purchased
from Sigma Aldrich. Ethylene glycol, acetone (99.7%), ethanol (>99.8%) and hydrochloric acid
(37.4 %)were purchased from DEQ and sodium thiosulfate (99.8%) was obtained from J.T. Baker.
Tri-sodium citrate dihydrate (99.3%) and sodium tartrate dihydrate (99.7%) were purchased from
Fermont.

2.2. Synthesis of pyrite FeS, using green stabilizers

The reaction was carried out as follows. In a vessel, 1 mmol of anhydrous iron chloride
(II), 4 mmol of complexing agent (tri-sodium citrate or sodium tartrate) and 4.5 mmol of sodium
thiosulfate were mixed with 50 mL of ethylene glycol and kept under magnetic stirring for 15
minutes. Then, 4 mmol mercaptopropionic acid (MPA) were added to the solution under
continuous stirring. Finally, 7 mL of deionized water was added. Microwave heating was
performed on the reaction mixture in cycles of 10 s ON and 30 s OFF at 100% microwave power
(1000 W, 2.45 GHz). Solutions reacted with a total heating time of 360 s. Reaction finalized when
grayish-black powder appears. The end product was centrifuged and washed several times with
deionized water, ethanol and acetone. In order to purify the black powder was washed with
hydrochloric acid 2 N. Finally, the product was dried under N, flux at room temperature for 15
minutes. Samples were storage for 21 days without special conditions. Samples were kept at room
temperature with 8% humidity.

2.3. Characterization techniques

Crystalline phase and crystallite size of FeS, (pyrite) were recorded by X-ray diffraction
(XRD) on a Brucker D2 Phaser with a CuKa radiation (Ka= 1.54056 A). Data were collected by
scanning from 5° to 90°. Fourier-Transform Infrared (FT-IR) spectra were acquired using a Perkin
Elmer Spectrum Two at room temperature in reflectance mode with a resolution of 4 cm™. The
absorption spectrum and band gap calculation was characterized by ultraviolet-visible
spectrophotometer on a Shimadzu UV-1800. The photoluminescence spectra were collected at
room temperature on a Perkin Elmer LS55 with an excitation wavelength of 340 nm. The
morphology and distribution size of FeS, nanoparticles were given by a field emission scanning
electron microscope (FE-SEM), JEOL JSM6701F at an accelerating voltage of 3 kV.

3. Results and discussions

3.1. Structural properties

X-ray Diffraction revealed the crystal lattice of the dried FeS, powders. Figure 1 shows
diffraction pattern for the as-prepared FeS, for 150 s of total heating and without the presence of
complexing agents. Main characteristic reflection peaks of pyrite are observed at 28.5°, 32.9°
37.1°, 40.8°, 47.3° and 56.3° for (111), (200), (210), (211), (220) and (311) planes, respectively.
All the peaks correspond to a pure cubic system of FeS, (PDF card 01-071-3840) with a lattice
parameter of a= 5.416 A. Additional peaks for impurities as FeS (troilite) or FeS, (marcasite) were
not detected. The average crystallite size was estimated using Debye-Scherrer formula, calculated
with the strongest (200) diffraction peak, is 17.5 +2.92 nm.
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Fig. 1. XRD pattern of FeS,nanoparticles.

3.2. FT-IR analysis

355

Fig. 2 shows the FT-IR spectra of FeS,, citrate and tartrate capped FeS, powders. The
broad peak centered around 3495 cm™ is attributed to the -OH stretching mode of water. The peaks
at around 1650-1700 cm™ are assigned to C=O stretching vibrations of the complexing agents. The

peaks around 684-700 cm™ are related to disulfide bond (S-S) [18-19].

% Transmittance

Fig. 2. FT-IR spectra of FeS, and citrate and tartrate-capped FeS, nanoparticles.

60 |-

45

FeS -tartrate

e

FeS ¢

9

el d

60 |-

45|

itrate;

90 -

s

60 |-

4t

! L L L L

!
4000 3500 3

000 2500 2000 1500 1000 501

Wavenumber (cm™)

106



356

3.3. Optical properties

FeS, nanoparticles were dispersed in ethanol previous analysis. Fig. 3 displays the room-
temperature absorption spectra of FeS, prepared without complexing agents, with tri-sodium
citrate, and sodium tartrate. A broad absorbance is observed from 450 to 1100 nm consistent with
previous reports in FeS, samples. Samples in presence of complexing agents showed the rise of the
absorption band around at 900 nm, which corresponds to the direct bandgap of FeS, [20]. FeS,
nanoparticles shows a higher absorption, which affects directly the energy band gap of the
nanoparticles. Optical band-gap was estimated with Planck’s constant and wavelength (900 nm),
for all of samples Eg value is 1.3 eV.

Room temperature photoluminescence of FeS, dispersed in ethanol using a 340 nm
excitation in the wavelength from 550 nm to 800 nm is shown in Figure 4. PL spectra illustrated
two broad emission peaks at 630 and 720 nm, which are assigned to the excited electron-hole
recombination from Fe and S atoms while the second band is relative to S-deficient formation,
respectively. The S-deficient can be attributed to FeS, since it is not a perfect stoichiometric
compound, where point defects, surface states, and bulk defects are common in the crystal
structure, which can induce unusual PL emissions [21]. As a photovoltaic material, it is important
to notice that a high PL intensity indicates a higher recombination rate of the electro-hole pairs and
short lifetime of the photoluminescence state. Fig. 4 shows the PL spectra collected from the two
complexing agents. It is observed a significant change in position and narrowness of the emission
bands in PL spectra attributed to the nanostructure sizes are affected by the citrate and tartrate ions.
In addition, it is observed that for tartrate samples the emission intensity is lower than citrate
samples, which is attributed to the better crystalline quality.
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Fig. 3. Optical absorption of FeS,and citrate and tartrate-capped FeS, nanoparticles.
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Fig. 4. PL spectra of Optical absorption of FeS, and citrate and tartrate-capped
FeS; nanoparticles.
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3.4. FeS, morphology

Fig. 5 (a-c) shows FE-SEM images to reveal morphology and size distribution of FeS,,
Fig. 5 (a) shows flower sheet-like FeS, morphology with a diameter of 35 nm to 65 nm. While in
the presence of sodium citrate and tartrate, it is observed the change of morphology from irregular
shape into spherical particles. In Fig. 5 (b) particles shows good uniformity with a size distribution
of 15 nm to 22 nm. On the other hand, Fig. 5 (c) reveals a size distribution of 25 nm to 30 nm. The
different morphology and size between samples can be attributed to the influence of tri-sodium
citrate and sodium tartrate on the shape and size of particles [22].

Fig. 5. SEM of (a) FeS, nanoparticles and FeS, in presence of (b) sodium citrate and (c) sodium tartrate.

3.5. FeS, stability in presence of citrate and tartrate ions

Additionally, it was studied the influence of citrate and tartrate ions on the optical
properties stability against time without special storage conditions. The presence of citrate and
tartrate ions in the synthesis of FeS; nanostructures required longer reaction time of 300 and 360 s.
The samples were kept without a special atmosphere and at room temperature during the 21 days.
XRD was used to verify the crystal structure and the presence of iron oxides of the powders
through 21 days. Typical XRD patterns of cubic FeS, are shown in Fig. 6. In samples with 300 s of
total heating is observed the formation of a second phase of Fe,Os. through the time while samples
with 360 s of reaction time did not exhibit impurities during 21 days. Therefore, longer reaction
time increases the crystallinity of the samples, which could contribute to better stability on the
surface of FeS, and to avoid the iron oxides formation.
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Fig. 6. XRD patterns of FeS>at (a) 300 s and (b) 360 s of total heating.
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Fig. 7. UV-vis spectra of FeS, in presence of (a) sodium citrate and (b) sodium tartrate for 21 days. PL
spectra of FeS, in presence of (c) sodium citrate and (d) sodium tartrate for 21 days.

Fig. 7 (a-d) shows the variation of absorption and emission properties through 21 days.
Fig. 7 (a-b) corresponds to the absorption decreased of the samples prepared using green
stabilizers. Absorption peak positions are consistent through time without evident change in 21
days for FeS,-citrate samples. In contrast, FeS,-tartrate showed higher intensity but the absorption
intensity diminished was more significant through the time, which is attributed to the presence of
iron oxides. Fig. 7 (c-d) shows the PL spectra collected from the two different complex agents. 21
days spectra showed evident changes in the intensity, which can be attributed to the presence of
iron oxides in the samples. Emission bands at 420 nm and 500 nm corresponds with the typical
emission of Fe,O; (around 400 nm to 500 nm) [23]. In addition, it is observed that for tartrate
samples the emission intensity is lower than citrate samples, which is attributed to the better
crystalline quality. Moreover, tartrate samples showed higher stability on the emission intensity.

Different mechanisms in the reaction of pyrite and oxygen have been investigated. Most of
the works agree the oxidation on the pyrite surface is due to the incorporation of oxygen on sulfur
sites [24], those defects can affect negatively the optoelectronic properties of FeS, devices.
Previous studies indicate that citrate and tartrate ions are popular complex agents used in the
synthesis of semiconductor nanoparticles due to their low toxicity. It is well known, the free
electron pairs in the carbonyl groups of the molecules stabilize the nanoparticles by electrostatic
forces.

On the basis of the mentioned results it can be inferred that FeS, nanoparticles are
stabilized by MPA between the interaction of thiol groups [25] while citrate or tartrate ions
surround the molecules due to the interaction with carboxyl groups. Although during the days the
protection of citrate or tartrate ions is lost due to the presence of oxygen in the atmosphere that
leads to a strong interaction between Fe-O atoms that produces Fe,0;[26].
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4. Conclusions

A rapid strategy has been used to obtain cubic FeS, (pyrite) using complexing agents
through microwave-assisted method. The air-stable FeS, nanoparticles exhibited a band gap
around 1.3 eV showing a broad absorption peak in visible range. Emission spectra indicate the
presence of two broad peaks related to a non-stoichiometric compound.

The stability study suggests the longer reaction time prevents the oxidation through time,
while the presence of sodium citrate allows the formation of smaller particles of FeS,. Moreover,
FeS,-tartrate samples exhibit better stability behavior compared with FeS,-citrate samples due to
the size influencing the absorption and emission properties. This method offers an opportunity to
synthesis other air-stable metal chalcogenides of pyrite chemical family without the need of
special storage conditions.
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