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CHAPTER 1

1. INTRODUCTION

Increasing energy demand worldwide as well as the fossil fuels reserves
reduction (petroleum, particularly) shows the urgent need to have alternative
energy sources that are renewable, clean and economical, such as wind power
[1-3], tidal power [4], hydropower [5-7], biomass [8] and solar energy [9-13]. The
latter being the cleanest and most abundant renewable energy source available.

That is why the solar energy harnessing is one of the most promising approaches

to solve the growing energy problems [14, 15].

World Primary Energy Consumption
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Figure 1. World historical and projected energy consumption, 1950-2050 [16].




Nowadays, the use of oil energy represents the bulk of the global energy
consumption, follow by coal and natural gas, being renewable energies the least
used at worldwide. However, it is expected that these amounts will be invested in
the coming years, in order to reduce the damage to the environment. Figure 1
shows a scheme of the main energy sources and its consumption since the fifties,

as well as the projection until the year 2050.

1.1 Solar energy

In recent years, there has been an increase in research and use of solar
electric technology, being solar photovoltaics the most deployed technology
nowadays. Thanks to the fact that these devices are powered by solar energy and
operate at room temperature, it is possible to think of them as the ideal candidates

to replace the carbon power generation.

The sun continuously delivers an average power density of 1366 W/m?,
which is reduced to 1000 W/m? due to atmospheric absorption and scattering,
however, is highly intermittent due to the changes in the seasons, diurnal
variation, clouds and weather. The main challenge is to turn this intermittent
resource into a steady source of electricity [17]. To achieve this, it is important to

understand the overall concept of photovoltaic energy.

Light is composed of elementary particles called photons, that are the
quantum of electromagnetic field including both electromagnetic radiation and the
force carrier for the electromagnetic force. When matter is irradiated, photons

excite the contained electrons to a higher energy state, nevertheless, these



excited electrons returns quickly to their ground state. On the other hand, in a

photovoltaic device, it is possible to pull the excited electrons toward an external

circuit; this is achieved by designing asymmetries within the devices (normally

with the union of semiconductors of p and n type. These asymmetries generate a

barrier to current flow at one of the semiconductor - metal interfaces, better known

as Schottky barrier). This effect is better explained in Figure 2.
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Figure 2. Comparison of the photoelectric effect (left), where UV light liberates
electrons from the surface of a metal, with the photovoltaic effect in a solar cell (right),
where the excited electrons are driven through the external circuit [18].

The energy contained in the excited electrons generates a potential

difference that drives the electrons towards the external circuit. However, the

efficiency of the photovoltaic device will depend upon the selection of the

semiconductors (p and n), as well as the assembly and the position of these [18].



1.2 Inorganic solar cells

Solar energy is being exploited in different ways, but the most often used
technology is that of inorganic solar cells based on silicon [19-22], in which the

solar energy transformation into electricity is done through the photovoltaic effect.

These inorganic solar cells have been optimized to achieve electrical
power conversion efficiencies greater than 20%, however, they require
specialized manufacturing conditions involving high costs and restrict their

widespread use [23-29].

1.3 Hybrid solar cells

The search for low-cost photovoltaics has led researchers to study organic
materials as possible candidates [30—34]. The discovery of organic materials
having properties of both conductor as semiconductor leads to new possibilities
in the field of optoelectronic devices [35, 36]. Organic semiconductors have very
high absorption coefficients, allowing the use in thin films to absorb a portion of
the solar spectrum that allows an energy conversion efficiency of up to 7% [37—-
40] . Polythiophene is one of the most investigated organic polymers; its electrical
conductivity can be modified between 107°-10% S/cm depending on the
processing technique [41-44]. It also allows the addition of metal nanoparticles to
the polymer matrix, increasing the conductivity and favoring the charge transport

[45-48].



Hybrid solar cells combined organic (typically conjugated polymers) and
inorganic nanoparticles, in order to incorporate the advantages associated with
both material groups [49-53]. The inorganic electron acceptor material may
provide additional benefits to the system (as the decrease of degradation time),
maintaining low production costs. These solar cells still lagged compared with
organic solar cells based on fullerenes and conjugated polymers with respect to
the energy conversion efficiency. However, in recent years there have been
significant advances. Hybrid solar cells have the potential to exceed the
performance of the organic cells while combined additional benefits such as low

cost, flexibility and easy to produce [54, 55].

1.4 Plasmonic solar cells

A plasma oscillation is a collective longitudinal excitation of the conduction
electron in a metal. A plasmon is a quantum of a plasma oscillation and can be
defined as collective oscillation of the electron conduction in a metal surface; a
plasmon can be excited by reflecting an electron/photon from a metal surface or
by passing an electron through a thin metallic film. Figure 3 shows the creation of

a plasmon [56].



Incident electron

_ : {
x&‘l’lasmon - )\\( % :

Scattered electron

Figure 3. Creation of one and two plasmons in a metal film by inelastic
scattering of an electron [56].

When a plasmon is excited, two different phenomena can take place:
surface plasmon resonance (SPR) and localized surface plasmon resonance
(LSPR). SPR are propagating and dispersive electromagnetic waves coupled to
the electron plasma of a conductor. On the other hand, LSPR are non-propagating
excitations of the conduction electrons of metallic nanoparticles coupled to the
electromagnetic field. Nanoparticles are presented as a curve surface that allows
an effective restoring force on the driven electrons, so that a resonance take
place, leading to field amplification both inside and also in the near-field zone
outside the particle. This resonance is known as localized surface plasmon [57—

60].

1.4.1 Nanoparticles physical and optical properties

Gold, silver and copper are some of the most used noble metals in the
nanoparticle synthesis due to its properties and the possibility of obtaining
different nanoforms varying their synthesis conditions [61-65]. Metallic

nanoparticles have very different physical and optical properties compared to bulk



material [66]. The size of a nanoparticle makes it possible to carry out a quantum
effect by the confinement of its electrons. As a particle becomes small, its radius
approach the exciton Bohr radius (and its size matches with the wavelength
electron wave function), therefore the electronical, physical and optical properties

are changed [67].

Optical properties of metallic nanoparticles have been of interested over
the years, especially extinction, absorption and scattering properties. These

optical properties can be described with the macroscopic Maxwell's equations:

VD = pext (1)
V-B=0 (2)
0B
= —— 3
VXE ot (3)
oD
VXH=]ext+a (4)

The equations present above, describe the relationship between the
external charge (pext) and current densities (J ox¢) With the four macroscopic fields

and: dielectric displacement (D), electric field (E), magnetic field (H) and magnetic

flux density (B) [57].

Mie’s theory is one the most important solution for Maxwell’s equations
because presents its solution of extinction = absorption + scattering (for spherical

nanoparticles) in a simple and exact way [68].



1.4.2 Bimetallic nanoparticles: synergistic plasmonic effects
It has been found that the plasmonic effect can be enhanced with the
combination of two different metallic nanoparticles (NP) or coupling two different

nanoforms [69].

When two different metallic NP are incorporated into an active layer, some
advantage can be observed, compared to solar cells containing these
nanoparticles in isolation. Synergistic plasmonic effects are reflected in broader
absorption in the UV/Vis spectra, improvement in external quantum efficiency
(EQE) and the increment of short circuit current (Js¢) [70]. Also, it has been noticed
that the plasmonic field generated by two different NP, facilitates the exciton

dissociation while increase the charge carrier density.

1.4.3 Bimetallic nanoparticles: core-shell structures

Core-shell is a type of nanostructure that has gain special attention in the
last years, due to its multiple benefits [71]. This kind of NP owes its name to the
configuration of an inner material (core) and an outer layer material (shell), that
could be of multiple compositions, organic/organic, inorganic/inorganic,
organic/inorganic and inorganic/organic materials. When noble metal core-shell
NP are incorporated into a device, some special characteristics can be observe,
on one hand, the cavities allow an energy resonance that compensates for losses
due to energy dissipation [72], on the other hand, the plasmonic fields resulting

from the confinement effect, can improve the light scattering.



1.5 Hybrid plasmonic solar cells

Recently, metallic nanoparticles have been used to improve light
absorption in hybrid active layers [49, 73—75]. This absorption improvement, due
to the presence of metallic nanoparticles, is typically induced by two physical
mechanisms. In the first, nanoparticles serve as additional traps of photons in the
active layer [76, 77]. For effective implementation of this mechanism, periodic
nanostructures are placed in front of the electrode-active layer interface, prior to
deposition of the active layer. Under such conditions, the nanoparticles exhibit a
SPR that is scattered strongly and improves the light absorption of the active
layer. In the second mechanism, nanoparticles are embedded within the active
layer so that the LSPR induces a near-field which enhances the absorption in

neighboring particles [78, 79] (Figure 4).

(2) free space emission

active layer

metal film

(b)

Figure 4. Exciton-plasmon interactions. (a) Surface plasmon in volume. (b)
Localized surface plasmon in nanoparticles [80].



One of the biggest challenge in hybrid solar cells (HSC) is to solve the
problem of the ineffective light absorption while still keeping a thin active layer
[81]. Plasmonic nanomaterials offer promising routes to solve the limitations of
conventional hybrid solar cells. Specifically, the plasmonic materials have been
highly exploited for the effective promotion of photons absorption in the active
layers. It has been found that hybrid nanostructures integrating more than two
different compounds are highly necessary for the development of optical

properties in the solar cells [73, 74, 77, 82].

It has been known that the improvement of optical properties in solar cells,
can also be achieved when metallic nanoparticles are place on the front surface
or at the back surface of a solar cell. The first of these, is presented under two
configurations: randomly distributed and periodic nanostructures. When metal
nanoparticles are randomly distributed on the front surface of a solar cell,
plasmonic interactions allow an increase of light scattering and optical path length,
resulting in improved absorption and therefore in an increase of power conversion
efficiency [83—86]. On the other hand, when periodic nanoparticles are place on
the top surface, an increase in scattering and guiding of light is observed, resulting
in enhanced absorption. Also, it has been found that controlling the size,
distribution and distance between the nanoparticles, the efficiency of a solar cell

can be varied [21, 55, 87-89].

Placing metal nanoparticles on the back surface of a solar cell can also
bring benefits to the optical properties, since can reduce scattering loss present

in solar cells with nanoparticles placed on the top surface; the enhanced field
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resulting from metallic nanoparticles, helps to increase light trapping and
propagation across the active layer. Nevertheless, interactions between
semiconductors and back surface nanoparticles can occur, leading to an increase

of the charge transport recombination [90-94].

Nowadays, many investigations, have aimed at solving the problem of low
efficiency light absorption in the active layer of hybrid solar cells. However,
achieve a high current density and overcome the low efficiency of hybrid solar

cells, it is still an unsolved problem [95].

1.6 Placing metal nanoparticles in the active layer according to its
efficiency

1.6.1 Parameters of a solar cell

There are four parameters that are considered as the key performance
characteristics of a solar cell: Open circuit voltage (Voc), short circuit current
density (Jsc), fill factor (FF) and efficiency (n) (also called power conversion
efficiency, PCE). Theses parameters must be measured in specific illumination
conditions, according to the Standard Test Condition, which are: Air Mass 1.5

spectrum, incident power density of 1000 W/m? and 25°C [18].

When the current is zero, in a solar cell, the potential difference has its
maximum value, that is to say, a maximum voltage, Voc and can be calculated as

follow:

Vocz"q—Tln(1+Iph (5)

Ip
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where k is Boltzmann’s constant, T is the absolute temperature, q is the
magnitude of the electronic charge and l,n and lo are the saturation and

photogenerated currents respectively.

Fill factor is a parameter which determines the maximum power of a solar

cell (besides Voc and Jsc) and describe the “squareness” of the |-V curve.

FF = fmax (6)

ISCVOC

The short circuit current density is the current through a solar cell when the
voltage is fixed to zero, and can be related to the incident spectrum trough the

cell’'s quantum efficiency (QE) as follow:
Jsc = qus(E)QE(E)dE (7)
where bs(E) is the incident spectral photon flux density.

Finally, the efficiency of a solar cell can be defined as the ratio of energy

output to incident energy from the sunlight, and is calculated as follow:

__ JscVocFF
Pg

n

Where Ps is the incident light power density [96—100].
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1.6.2 Maximizing the parameters

Table 1 shows a summary of how the efficiency of a hybrid solar cell is

increased or decreased according to the form and the place of the metallic

nanoparticles in a solar cell.

Table 1. Summarized list of modifications in efficiency according to NP placed in
different sites of an active layer or solar cell.

NP Place NP form Efficiency Increase Ref

(%) (%)

Inorganic solar cells
Ag Surface of active layer  Nanospheres 12.4 - [22]
Ag Surface of transparent Nanowires 5.6 12 [83]
electrode

Ag Electrode Nanowires 16 6.67 [84]
Ag Electrode Nanowires 3.2 -22 [85]
Au, Ag On solar cell surface Nanospheres 9.5 18.8 [86]
Au@Ag Between cathode/HTL Core-shell 2.69 20.09 [89]
Au Photoanode Nanospheres 1.73 4.22 [91]
Ag Photoanode Nanospheres 0.6 114 [92]
Ag P-layer Nanospheres 1.48 56.0 [49]

N-layer 0.68 -28.4

Both (p-n) 1.15 21.1

Interface 0.59 -37.9
Ag Between Al Nanotextured 6.36 10.6 [87]

substrate/active layer layer
Al Between Al back Grating 25 - [88]
reflector/active layer
Au Top surface of p-layer Nanostars - 20 [23]
Pd Surface of active layer  Nanospheres 7.02 85.2 [101]
Ag Inside of the active Hexagonal 6.55 5 [102]
layer nanohemisphere
Organic solar cells
Au Between ITO/active Nanodots 3.65 20.1 [103]
layer
Ag Between ITO Nanospheres 3.69 21 [93]
glass/HTL
Cu-Au Embedded in P3HT Core-shell 8.48 12.6 [70]
Au@Ag Embedded in HTL Core-shell 6.3 18.9 [104]
nanocubes

Au Embedded in P3HT Nanorods 1.94 27 [105]
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Au Inside of the active Nanospheres 1.84 3.95 [106]
layer
Ag Between two HTL Various shapes 1.99 -10.4 [36]
Ag Between HTL/active Nanospheres 1.2 -45.4 [107]
layer
Au Embedded in HTL Nanospheres 3.51 13.2 [108]
Ag Between HTL/active Nanospheres 2.75 64.7 [109]
layer
Au Between ITO/active Nanospheres 2.21 7 [110]
layer
Au Embedded in HTL Various shapes 9.26 19.8 [111]
Ag Embedded in HTL Island thin film 4.01 31.5 [112]
Au@SiO: Into active layer Core-shell 3.80 15.5 [113]
Ag Between ITO/HTL Nanosheets 3.6 28.6 [114]
Hybrid solar cells
Ag Electrode Thin layer 4.83 34 [21]
CdTe Between Quantum dots 7.60 28.8 [54]
HTL/inorganic layer
WOs3 Between Thin layer 11.7 11.5 [55]
electrode/HTL
Ag Top surface of HTL Nanospheres 22.6 23.8 [115]
Au-Ag Photoanode Alloy NP 5.81 52.1 [90]
Ag Embedded in anode Nanospheres 3.4 14 [94]
buffer
Bi:Tes Inside of HTL Hexagonal 12.1 30.1 [116]
nanoplates
Au Inside of HTL NP 6.10 10.9 [117]
Ag@TiO: Inside of the active Core-shell 13.7 20.2 [118]
layer
Au Between HTL/organic Nanospheres 7.25 17.3 [119]
layer
Au Embedded in HTL Nanospheres 12.85 23.2 [120]
Ag Embedded in P3HT Nanospheres 4.23 41.9 [121]
Ag Embedded in active Nanoplates 9.6 12.9 [122]
layer
Au Embedded in Nanospheres 3.25 204 [123]
inorganic layer
Ag@SiO: Embedded in Core-shell 3.68 7.92 [124]
inorganic layer
Ag Embedded in Si Nanospheres 4.8 100 [125]

nanoholes

Note: HTL refers to hole transporting layer, PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)) and P3HT refers to (poly(3-hexylthiophene)).



1.7 Au nanoparticles: synthesis methods

In recent years, gold nanoparticles have become the object of numerous
studies due to their unique optical and physical properties. These nanoparticles
have an endless number of applications in medicine [126, 127], sensors [128,
129], nanoengineering [130], solar cells [111, 123], among others [131-134]. All
these areas exploit the optical property of Localized Surface Plasmon Resonance

(LSPR) which oscillates around 500 nm depending on the size of the nanoparticle.

A great variety of syntheses have been proposed over the years, being the
HAuCls the most used precursor for colloidal gold. These variations include the
use of reducing agents [135], stabilizing agents [136], reaction medium [137], pH
control [138], reaction temperature [139], among others. Gold nanoparticles are
obtained mainly by conventional heating method and microwave synthesis, being
the latter the most studied in recent years, due to short synthesis times and small
amounts of reagent. The synthesis conditions influence the particle size and

therefore the LSPR.

Gold nanoparticles are mainly characterized by UV-Vis absorption
spectrum, with which the extinction coefficient can be calculated if other
parameters are known. Extinction coefficient (¢) is an important parameter that
allows the average diameter and the estimation of nanoparticles concentration,
however it is necessary to know the molar concentration, which is a problem due

to the low monodispersity of the nanoparticles [140]. s
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1.8 Nanorods: synthesis techniques

Some researchers have emphasized the importance of incorporating both

the conductor and the semiconductor material in nanorod shape [141-145]. The

advantage of this shape is that, in contrast to the NP network, the charge carriers

can be transferred to the electrodes through the nanorods without losses due to

recombination at the nanoparticles boundaries. Generally, it can be defined two

distinct trends, the bottom-up (“atom-by-atom”) and top-down (“etch off”) [146].

The first of these methods refers to the buildup of a nanomaterial from the bottom,

atom-by-atom; while the second one refers to slicing a bulk material to get a

nanomaterial [147, 148]. As applied to nanorods, the bottom-up growing

techniques include processes of growth either from vapor phase (D) or from

aqueous solution (W), whereas the top-down technique needs crystalline

substrate to be etched to form a nanorelief (Figure 5) [146].
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Figure 5. Schematic presentation of technological techniques available for
nanorods production [146].
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1.8.1 Template assisted method

One of the most widely used bottom-up methods to obtained nanorods is
the synthesis of nanoporous anodic aluminum oxide (AAO); it has become a
commonly used material with potential applications in a wide range of areas, such
as catalysis, bionanotechnology, electronics, photonics, photoelectronics, and
sensing [149]. An AAO layer is widely used as a template to prepare various
nanostructure arrays. The AAO layer can provide close packed vertical channels
with controlled diameters of 4-200 nm by adjusting both the anodization
conditions and the pore-opening conditions [150]. It has been used mainly as a
template for fabricating a variety of hybrid nanomaterials by electroplating

different materials into its nanopores [151].
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2. BACKGROUND

As a promising alternative to inorganic silicon solar cells, in 1991 Brian
Oregan and Michael Gratzel invented a solar cell dye-sensitized consisting of
liquid electrolyte and TiO2 films, however, these cells need to be sealed to prevent
the leakage of the electrolyte [152]. In 1998 Hagen et al. published a report
combining the advantage of organic and inorganic materials with the name of new
hybrid solar cells. These cells consisted in TiO2 and C4HsO3 mixed with Lil, 1> and
a ruthenium complex as a sensitizer. Although the assembly of the cell was
performed successfully, the cell just achieved 0.02% of external quantum
efficiency [153]. After this, many research groups have focused on replacing an

inorganic material with different types of polymers.

2.1 Hybrid solar cells

In 2014, Ko et al. incorporated two amine derivatives as hole transporting
materials for the fabrication of a hybrid solar cell. Two cell designs utilizing planar
amine and triphenylamine in perovskite cells were investigated; cell design using
planar amine as hole transporting material, showed a conversion efficiency of
13.63% [154]. A year later, they designed two hybrid perovskite cells in which two
or four N,N-Di(4-methoxyphenyl)aminophenyl were used. Solar cell in which the
four N,N-Di(4-methoxyphenyl)aminophenyl was used, reached a conversion

efficiency of 12.77% [155].
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In 2015, Z. Ge et al. [54] fabricated silicon nanowire and cadmium telluride
quantum dots to fabricate organic hybrid solar cells. Transmission electron
microscopy analysis revealed that cadmium telluride quantum dots were uniformly
distributed on the surface of the silicon nanowires, which made poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) easily filled the
space between silicon nanowires. The current density—voltage characteristics of
hybrid solar cells were investigated both in dark and under illumination. The result
shows that the performance of the hybrid solar cells with cadmium telluride
quantum dots layer has an obvious improvement. Power conversion efficiency of
solar cells increases by 28.8%. The enhanced performance of the hybrid solar
cells with quantum dots layers are ascribed to the modification of the silicon

nanowires surface with the cadmium telluride quantum dots.

In 2015, X. Mu et al. [55] incorporated a WO3 thin layer between the Ag
front electrodes and PEDOT:PSS film in a PEDOT:PSS/silicon solar cell to
increase the power conversion efficiency. With this structure it was possible to
suppress the carrier recombination at the interface of silicon and electrodes, and
meanwhile, the contact resistance between the Ag electrodes and PEDOT:PSS
film is largely reduced. The solar cell displays a power conversion efficiency of

11.65%, which is much higher than the one without a WOs3 thin layer (10.45%).
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2.2 Plasmonic solar cells

Despite the many advantages associated with metallic NPs in solar cells,
some studies have shown that NPs can as recombination centers, causing a
global reduction in the parameters of the solar cells, whereby the architecture and

a proper dispersion are key factors for cell performance enhancement.

In 2014, S. Sanchez de la Morena et al. [20] performed electrodeposition
of gold nanoparticles into porous silicon to develop plasmonic solar cells. They
fabricated a cell with a configuration of Al/Si/PS/ITO which it was used as a control
device to be compared with a cell of Al/Si/PS + Au/ITO. The results indicate that
the presence of gold nanoparticles increases the spectral response from 9x10 a
9x10* A/W at 400nm, which increases with increasing concentration of
nanoparticles. This effect may be associated with increased light absorption and

the increase in conductivity caused by the presence of metallic nanoparticles.

As was mentioned before, addition of metallic NPs not always has positive
consequence in the performance of a solar cell. In 2015, U. Dasgupta et. al.,
develop a complete study of the incorporation of metal nanoparticles in different
places of pn-junction solar cell and its consequence in the PCE. For this study,
Ag NPs were placed at p-layer, n-layer, in both layers and at the interface of pn-
layer. Copper, zinc, tin and sulfur (CZTS) and Cu@AgInS: were used as p- and

n-layers, respectively; ITO and Ca/Al were used as electrodes. Results show that
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the incorporation of metal nanoparticles in p-layer evidence an increase of 56%
in efficiency compared with control device, while the incorporation in n-layer
reduce efficiency dramatically in 28% because the nanoparticles act as trap for
the electrons hindering its transport, reducing its efficiency even more if
nanoparticles are placed at interface of the layers (38%). nanoparticles should be

placed only in p-layer so that electron transport remains unaffected [49].

In 2015, M. Eskandari ef al. synthesized a solar cell using ZnO nanorods
decorated with Ag nanoparticles as photoanode. The performance of the
synthesized cell was compared with a cell without Ag NPs, and the results show
that the phenomenon of surface plasmonic resonance, as well as light scattering,
causes an enhanced absorption in the photoanode and therefore a global
improvement in the performance of the solar cell, which leads to an increase in
efficiency of 114%. Also, measurements of electrochemical impedance
spectroscopy revealed the increase of hole transfer kinetics and chemical

capacitance [92].

Silver is one of the most utilized noble metal in optoelectronic applications,
due to its high conductivity and plasmonic properties. Z. Liu et al. in 2015, studied
spectral and opto-electronic conversion properties of a hybrid cell to which Ag
NPs were incorporated, with the aim of improving the light absorption at the short

wavelength based on LSPR effects. For the fabrication of the solar cell, Ag NPs
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were deposited by spin-coating on silicon wafers and then the samples were
subjected to an etching process for the formation of Si nanoholes; at the end of
the process, Ag NPs fell into the holes. Etching time was varied in 10, 20 and 30
min and the manufactured solar cells were compared with solar cells without NPs.
The results demonstrate that the optical absorption spectra shows an
enhancement of total absorption at the short wavelength; current-voltage
measurement shows that the solar cell with Ag NPs exhibit an increase of the
power conversion efficiency of 100% in comparison with those without Ag NPs

[125].

As mentioned earlier, silicon solar cells are the most often used technology
in the photovoltaic industry, therefore, present the problem of inefficient
absorption of light which limits the conversion efficiency. M. Atyaoui et al. in 2016,
studied the effect incorporating palladium nanoparticles into a silicon solar cell.
For the synthesis of the cell, a silicon wafer was used as p-type semiconductor in
which palladium nanoparticles were placed on its base and a phosphorous
diffusion was used as n-type region, to finally add silver paste as front contact and
aluminum/silver paste as rear contact by screen printing. According to results of
internal quantum efficiency and |-V measurements, the incorporation of palladium
nanoparticles leads to a significant improvement of the light absorption and
therefore its photovoltaic properties, which is attributed to LSPR effects. The
silicon solar cells with palladium nanoparticles, has an increased efficiency of

85.2% compared to a silicon solar cells without palladium [101].
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2.3 Hybrid plasmonic solar cells

Recent studies have shown the effectiveness of incorporating a polymer
matrix to an active layer, which is favored by incorporating plasmonic

nanoparticles.

According to R. Kim et al., an easy way to induce the LSPR into a solar cell
is through discontinuous metal film obtained by electron-beam deposition. In
2012, they synthesized an organic solar cell with Ag NPs, in which pure silver was
deposited by electron-beam onto ITO glass, follow by spin-coating of
PEDOT:PSS. For the active layer, P3HT and PCBM ([6,6]-phenyl-C61-butyric
acid methyl ester) were also deposited by spin-coating to finally apply a layer of
LiF/Al as electrode. Based on the optical analysis, an increased optical absorption
is observed in the organic solar that utilizes silver nanoparticles leading in an
increase of PCE of 64.7%. Simulation results indicate that the strong optical
intensity associated with LSPR has consequently, an enhanced exciton
generation, and can be conclude that the use of silver nanoparticles enhanced
the electrical field excited by SPR at the interface between the nanoparticles and

its surroundings [109].

In 2014, Qu et al. designed a hybrid plasmonic solar cell, wherein the active

layer consisted in a P3HT:PCBM polymer with TiO2 nanorods decorated with Ag
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NP. With this arrangement it was possible to increase the photocurrent and PCE

increased from 2.57% to 4.87% compared to a cell without NP [95].

In 2015, T. Segal-Peretz et al. [73] incorporated plasmonic gold
nanostructures in titania-conjugated polymer devices in order to enhance the
absorption of sunlight in hybrid photovoltaic devices. Two plasmonic structures
were designed and studied. In the first, agglomerates of gold nanoparticles of 150
nm in diameter were positioned at the interface of the active layer and ITO
electrode. In the second structure, 5 nm isolated Au nanoparticles were
suspended inside the hybrid active layer to induce localized plasmonic field
enhancement. The optical absorption measurements confirmed that both
plasmonic structures enhance light absorption; therefore, it is possible to
manufacture a device that combines the structures for a twofold increase in

photocurrent generation.

In 2015, L. Hong et al. [82] incorporated periodic silver nanospheres on
SI/PEDOT:PSS hybrid solar cell for absorption enhancement based on the
plasmonic effect. The light absorption is found to improve significantly in the
presence of the silver nanospheres, achieving a maximum efficiency of 22.6%
when the periodicity was 600 nm and the nanosphere diameter 270 nm. The
efficiency was increased by 23.8% compared to the hybrid solar cell without silver

nanospheres.
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As was mentioned before, the use of bimetallic nanoparticles has attracted
researches attention due to the good stability and possibility to absorb light in a
wide wavelength range compared to individual nanoparticles, specially Au-Ag
alloys has been used to enhance the optical properties of optoelectronic devices.
In 2016, M. Al-Azawi et al., synthesized a plasmonic dye-sensitized solar cell in
which sensitizer dye [RuL2(NCS) 2]: 2TBA (L = 2,2’-bipyridyl-4,4’-dicarboxylic
acid: TBA = tetra-n-butyl ammonium) (N719) was used for this purpose; the rest
of the solar cell was composed of fluorine-doped tin oxide (FTO)-coated glasses
and TiO2 paste. Au-Ag alloy nanoparticles where synthesized and FTO - TiO>
coated glasses were used as substrates for photoanodes; the substrates were
dipped into alloy nanoparticles solution to obtain a plasmonic photoanode. Three
different devices were fabricated: a device without NPs, a device with Au NPs and
a device with Ag-Au alloy nanoparticles. The experimental results showed a broad
optical absorption of the dye sensitized solar cell with plasmonic photoanode, due
to the synergistic effects of Au and Ag. The incorporation of Au-Ag alloy
nanoparticles to the anode of the solar cells presented an increase of 52.1% in

PCE [90].

In an attempt to reduce the associated problems of polymer solar cells, i.e.
low photocurrent generation, low PCE, low carrier mobility, etc., some
researchers have focused their attention in the use of graphene derivatives,
including graphene oxide (GO). Graphene properties, such as, tunable bang gap,

high electrical conductivity and carrier mobility, make it a promising material for
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optoelectronic applications. In 2016, T. Mahmoudi et al., synthesized a bulk
heterojunction hybrid solar cell in which Ag and graphene oxide nanocomposites
where incorporated into the active layer. The solar cell was composed of
ITO/ZnO(58 nm)/P3HT:PCs0BM:Ag-GO(190 nm)/PEDOT:PSS/Ag(100 nm) and
two different devices where fabricated: without nanocomposites (control) and with
Ag-GO nanocomposites. According to the results, the solar cell containing Ag-GO
showed a substantial increase in PCE (about 42%), which is attributed to an

increase in Jsc [121].

According to X. Ren et. al., one of the main problems of introducing metallic
NPs to semi-transparent solar cells, is precisely the loss of transparency and
therefore the global affectation of the performance of the solar cell. One way to
avoid this, is the use of dielectric nanomaterials conversely into the electrodes,
which can improve cell performance reducing light reflection. In 2015, they
synthesized a hybrid electrode composed of Ag, Si NPs and tris(8-
hydroxyquinolinato) aluminum (Algs) as dielectric nanomaterial. The electrode
was coupled to a hybrid solar cell and its performance was compared with two
hybrid solar cells with Ag transparent electrodes (10 and 100 nm), the first of these
was illuminated form Ag electrode, while the second was illuminated from ITO.
Parameters measurements revealed that the synergistic light effect of Si NPs and

Alg3 induces an enhancement of 34% of the PCE [21].
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As well know, silver film is one of the most utilized electrodes in solar cells
due to its electrical properties, however speaking in industrial scale implies a high
cost to be produced. Ag nanowires are presented as a lower cost alternative to
reduce the quantity of silver used; these structures also present two plasmonic
signals (longitudinal and transverse) which can improve optical properties in
optoelectronic devices. In 2015, R. Jarrett et. al., synthesized Ag nanowires from
salt mediated polyol process and were deposited into a glass to be utilized as
electrode of the inorganic solar cell. Thanks to its plasmonic properties, the
incorporation of Ag nanowires to crystalline solar cells increase light transmission
in 22%. However, the electrical properties of solar cells containing nanowires
tends to reduce compared to solar cells without nanowires. This behavior is
attributed to low contact between Ag nanowires and silicon substrate having as

consequence a PCE reduction of 22% [85].

The correct distribution of metallic nanoparticles is a key factor to achieve
an increase in optical properties by excited localized surface plasmon; avoid its
agglomeration is one of the biggest problems in synthesis of NPs. W. Yoon et. al.,
synthesized a colloidal silver nanoparticles solution using suitable organic
capping groups as stabilizers. The synthesized solar cells were
ITO/PEDOT:PSS/P3HT:PCBM/Cal/Al (which was used as control device) and
ITO/PEDOT:PSS/AgNP/P3HT:PCBM/Cal/Al.  Solar cell containing silver
nanoparticles has a current rectification ratio of 26 V, which is much lower than

the control device (1x10° V). Results suggest that silver nanoparticles increased
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surface recombination at the interface between PEDOT:PSS and P3HT:PCBM,
also act as energy barrier for charge extraction and injection, leading in a

efficiency reduction of 45.4% [107].

2.4 Nanorod shape in active layers

ZnO is a wide band gap semiconductor with an energy gap of 3.37 eV at
room temperature. ZnO has large exciton binding energy (60 meV) which allows
UV lasing action to occur even at room temperature. Recently, one-dimensional
(1D) nanoscale materials, i.e. nanorods and nanowires, have received
considerable attention due to the remarkable properties applied in optoelectronic
and electronic fields. ZnO nanorods have been intensively investigated for their

notable properties [156—161].

In 2010, H. He et al. [162] decorated ZnO nanorods with Au nanoparticles.
Zn0O nanorods arrangement was made by chemical vapor deposition on Si wafer
and gold nanoparticles were prepared by laser ablation of a gold metal target in
deionized water to form a colloidal solution. ZnO nanorods were decorated by
electrophoresis deposition in the Au colloidal solution. Experiments revealed that
suitable electrophoretic potential, gold NP size control and enough spacing
between each nanorods are crucial parameters to obtained homogeneous and
strong surface decoration. They also founded that Au NP have good interfacial

connection and strong binding with ZnO nanorods.
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In the present year, N. Sabri et al. [163] investigated different polymer
deposition parameters in order to improve the performance of the hybrid organic
solar cells based on ZnO/P3HT. ZnO nanorods were grown on FTO by an
aqueous hydrothermal method, follow by spin coating of P3HT. The three
parameters studied were: the best polymer concentration, spin coating speed and
diluted polymer concentration, and the results were 35 mg/mL, 1000 rpm and 1
mg/mL respectively. They conclude that the surface roughness, P3HT top layer
thickness and P3HT infiltration contributed to the photovoltaic performance

improvement.

2.5 Synthesis by template AAO assisted method

In 2014, S. Liu et al. [164] fabricated thin film of porous anodic aluminum
oxide (AAO) on tin-doped indium oxide (ITO) substrates through via radio
frequency sputtering process, in which a layer of 1,000 to 2,000 nm of Al was
applied. A fast anodization process in phosphoric acid was performed. The
electrolyte was the mixture of ethanol and water with a ratio of 1:4 and 2.5 wt% of
phosphoric acid at 195 V and -4 °C. After this, to enlarge the holes, a phosphoric
solution of 5 wt% was added at 45 °C for 30 min. They followed the current-time
transitions of the anodization and founded that the barrier layer can be removed
by extending the anodizing time, and with this, the physical and electrical contact

between the pore and the substrate is allowed.
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In 2014, P. Houng et al. [149] fabricated two structures of AAO on glass. In
the first (structure a), a 200 nm thick Al layer was deposited on glass substrates
and in the second structure (structure b), Al layer was deposited on ITO/glass
substrate; both depositions were performed via sputtering. The structure a was
anodized in 0.1-0.6 M H3POg4, 5-35 °C and 20-60 V, while the structure b in 0.3 M
H3PO4 at 3°C and 20-120 V. Following anodic oxidation, the etching was done in
6 wt% H3PO4 at 30°C and 20-60 V for the structure a, and at 45°C and 80-120 V
for structure b. This etching step enlarged the pores and removed the barrier
layer. Finally, both structures were annealed in ambient atmosphere at 520 °C for
9 min to convert the Al in alumina. These last two steps enhanced the optical
transmittance of the structures. They conclude that the second structure is more
suitable for use in optoelectronic devices owing to its improved light transmittance

in the near infrared region.

2.6 Critical analysis

In 2014, D. Pourjafari [165] developed an active layer consisting in
nanorods of P3HT and ZnO. P3HT nanorods where made by template AAO
assisted method, however this template was made starting from a high purity
aluminum foil and for the application in a solar cell it's not enough. Now the
problem to solve is how this active layer can be transported to ITO glass (anode)

without losing its configuration of vertically aligned nanorods, to finally apply the
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cathode layer. One way to solve this, is to deposit an aluminum layer direct on the

glass and proceed with the synthesis of the template.

Based on the background can be concluded that the poly(3-
hexylthiophene) as organic material, ZnO as inorganic material and Au NP as
plasmonic elements are promising materials for the fabrication of hybrid
plasmonic solar cells. The challenge will be to achieve the optimal arrangement

which will produce the greatest efficiency of energy conversion.

This project proposes the design of a hybrid plasmonic solar cell with an
active layer composed of Au nanoparticles in a conductive polymeric matrix
(poly(3-hexylthiophene) (P3HT) nanorods) with ZnO nanorods to get an
arrangement that, according to their characteristics, would increase the efficiency
of converting solar energy into electrical energy in a photovoltaic system.
Nanoparticles of different sizes and thicknesses will be placed on ZnO nanorods
surface. It will be used an aluminum cathode and an indium tin oxide (ITO) glass

anode as is shown in Figure 6.
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Figure 6. Proposed design for solar cell.
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2.7 HYPOTHESIS
Electrophoretic deposition of Au nanoparticles on a polymeric template of
poly(3-hexylthiophene) and ZnO nanorods increases the energy conversion

efficiency in a hybrid solar cell by exciton-plasmon interactions.

2.8 OBJECTIVES AND GOALS

2.8.1 General objective

Synthesis of a hybrid plasmonic active layer of ZnO nanorods and Au

nanoparticles in P3HT to fabricate a hybrid plasmonic solar cell.

2.8.2 Specific objectives

e Fabrication of anodic aluminum oxide (AAO) template.

e Synthesis of P3HT by electrochemical method, using the AAO template as
substrate to deposit the polymer into its pores.

e Synthesis of ZnO nanorods in the polymeric template.

e Synthesis of Au nanoparticles.

e Characterization of the hybrid plasmonic active layers consisting of metallic
nanoparticles, ZnO nanorods and a polymeric phase.

e Fabrication of a solar cell using the hybrid plasmonic active layer

synthesized, a phase of aluminum as cathode and ITO glass as anode.
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2.8.3 Scientific goals

Obtain a plasmonic hybrid active layer for fabricating solar cells.
Optimize the arrangement of ZnO and Au nanoparticles which allows

higher energy conversion percentages.

2.8.4 Academic goals

Presentation of the results in at least one specialized international

congress.

Publication of at least one article in journal indexed in JCR.
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3. METHODOLOGY

3.1 Aluminum deposition via sputtering

Anodic Aluminum Oxide (AAO), was fabricated for two methods: deposition
of aluminum by sputtering onto ITO glass and by anodization of high purity

aluminum. Both methods are explained below.

High purity aluminum (99.9995%) was deposited on ITO glass by
sputtering technique followed by with the anodization processes to form an AAO
template on glass and solve the problem of maintaining the vertically aligned
nanorods configuration. This deposition was done in a Magnetron Sputtering

Chamber assisted by Radiofrequency.

3.2 Fabrication of an anodic aluminum oxide (AAO) template on ITO

A template was fabricated with a thickness of 2 uym and a pore size of 50

nm on ITO glass. Fabrication consist of 4 steps:

1. First anodization. The aluminum thin film was immersed into a cell
containing 0.3M oxalic acid solution, applying a voltage of 40 V and
keeping a temperature of 10°C by Peltier effect for 40 min.

2. Etching. The oxide layer formed on aluminum surface in the first
anodization was etched in a solution of 1.8 wt% chromic acid and 5 wt%

phosphoric acid keeping a temperature of 65°C for 40 min.
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3. Second anodization. The sample from etching step was placed at the
bottom of a cell containing 0.3 M oxalic acid, at a temperature of 10°C and
40 V for 10 min.

4. Dissolving the barrier layer. The remaining aluminum was dissolved in
0.1M CuCl: solution, 50 ml of distilled water and 25 ml of HCI. Finally, the

barrier layer was dissolved in 5 wt% H3PO4 at 30°C for 30 min.

Figure 7 represents a scheme of the template synthesis on ITO glass

in five steps:

a) Deposition of Al film on ITO glass via sputtering
b) First anodization

c) Second anodization

d) Dissolving the barrier layer

e) Template ready for electrodepositions

Al Film

Glass

)

Barrier layer

ITO film (d)
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Figure 7. Representation of a template synthesis on ITO glass.

For the anodizing cell, two configurations were tested. In the first
configuration, configuration “a”, the substrate containing aluminum film, was
placed at the bottom of the cell (Figure 8a), however, this configuration was
designed for a substrate that is conductive in all its volume, and the glass with
aluminum needs to be painted with silver paint. To avoid this problem, a second

configuration, configuration “b”, was designed, in which cathode and anode are

placed at the top of the cell (Figure 8b).

(a) (b)

]
2

LT . -

Figure 8. Internal view of the two configurations of anodizing cell.
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3.3 Fabrication of an anodic aluminum oxide (AAO) template on high
purity aluminum

A template was fabricated with a thickness of 2 ym and a pore size of 50

nm. Fabrication consist of 5 steps:

1. Electropolish. High purity aluminum was immersed in a conductive cell
containing HCIO4 y C2HsOH (1:4) at 7 °C and 20 V during 40 min.

2. First anodization. High purity aluminum was immersed into a cell
containing 0.3 M H2C204, applying a voltage of 40 V and keeping a
temperature of 10 °C by Peltier effect for 12 h.

3. Etching. The oxide layer formed on aluminum surface, in the first
anodization, was etched in a solution of 1.8 wt% H2CrO4 and 6 wt% H3sPO4
keeping a temperature of 65 °C for 5 h.

4. Second anodization. The sample from etching step was placed at the
bottom of a cell containing 0.3 M H2C204, a temperature of 15 °C and 40
V for 6 min.

5. Pore widening. The pores of the template were open in a solution of 0.1 M

H3PO4 at 30 °C for 5 to10 min.

3.4 Chemical oxidative polymerization of 3HT

P3HT is synthesized by chemical oxidative polymerization of 3-

hexylthiophene monomer (3HT) and using anhydrous FeCls as oxidant agent.
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First, a solution of 4 mmol of FeClz in 50 mL of CHCIz is placed in a three-
necked ball flask (as shown in figure 7) and left under stirring for 1 h. After, 1 mmol
of 3HT in 10 mL of CHCI3 is added to the main solution drop wise. The mixture is
left under stirring for 24 h at room temperature and nitrogen atmosphere. See

Figure 9.

Once conclude the time, the nitrogen atmosphere is removed and the
product is transferred to an equal amount of methanol and stirred for 5 min, to
insolubilize the polymer. After, the solution is filtered, and the filter paper is placed

in an oven at 80 °C for 30 min to recover the polymer.

Finally, the polymer is ground in an agate mortar until getting fine powder

for further characterization.

Figure 9. Polymerization reaction of 3HT.
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3.5 Synthesis of poly(3-hexylthiophene) at AAO template

P3HT was synthesized by oxidative polymerization of 3-hexylthiophene
(3HT) monomer and anhydrous FeClz as an oxidant. A solution of 4 mmol FeCls
in 50 mL chloroform was placed in a 3-necked flask. Solution was stirring for 1
hour, followed by the addition of the monomer (1mmol) in 10 mL of chloroform
drop wise. The mixture was kept under continuous magnetic stirring for 24 h at
room temperature and nitrogen atmosphere. After these, the solution was
transferred into methanol and it was stirred for a couple of minutes. Finally, P3HT

was filtered under vacuum.

Once synthesized, a suspension of P3HT in chlorobenzene (3 wt%) was
prepared to apply this solution using spin coating at 3500 rpm on the AAO
template. Afterward, the alumina and Al substrate were removed by immersing
the sample in 3 M NaOH solution for 45 min. The next step was to deposit the
P3HT to the ITO glass; for this purpose, the ITO substrate was activated by

soaking it in chloroform for 40 min. Figure 10 shows this process.
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Figure 10. Schematic process of self-standing P3HT nanorods on ITO glass.

3.6 Synthesis of ZnO nanorods

3.6.1 Synthesis of ZnO nanorods at the polymeric template

The composite containing template and polymeric nanorods were
immersed in 0.5 M NaOH solution to dissolve the template and release the
polymer. Now the pattern polymer was used as a “template” to contain the ZnO
nanorods. After this process, ZnO was electrodeposited from a solution containing
0.005 M Zn(NO3)2+6H20, at 80°C for 10 min. Electrodeposition has been done in
a three-electrode cell in which the counter, reference and working electrodes were
Pt wire, Ag/AgCl and AAO template respectively; the applied voltage was -1V

as shown in Figure 11.
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Figure 11. Three electrode cell used for electrodeposition.

3.6.2 Synthesis of ZnO nanorods by hydrothermal route

The hydrothermal synthesis was carried out by the seeds and growth
method. For the ZnO seed, a solution of Zn(CH3COO)2H20 50 mM was kept
under stirring (300 rpm) and heating (85 °C) for 20 min. Then 349 pL of

triethylamine were added and the solution was maintained at 85 °C for 15 min.

For the growth solution, 20.8 g of Zn(NO3)26H20 were added to a solution
of hexamethylenetetramine 100 mM and it was kept under stirring for 24 h

followed by filtering.
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The seed solution was spin coated on a substrate and submerged on the
growth solution contained inside the hydrothermal reactor. Finally, the reactor was

set inside an oven at 80 °C for 2 h.

3.7 Synthesis of Au nanoparticles

The gold nanoparticles reported in this research were obtained from
HAuCl4, using sodium citrate, that act as a reducing and stabilizing agent. These
nanoparticles were synthesized by thermal and microwave heating methods to
compare the difference of the size and plasmon signal obtained by both methods.

The details of the syntheses are presented below.

3.7.1 Thermal heating method

1 mL of 25 mM HAuCIs solution was taken and diluted up to 100 mL. This
solution was kept under string and heating until boiling. Afterward, 5 mL of 1 wt%
sodium citrate were added; the solution, originally yellow, turned colorless and
finally changed to a red wine color. Solution was heated up to boiling for 30 min
and finally was diluted up to 100 mL to compensate the evaporation losses. See

Figure 12.
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Figure 12. Gold nanoparticles synthesis by conventional heating method.

3.7.2 Microwave method

For the microwave synthesis, 1 mL of 5 mM HAuCls and 1 mL of 25 mM
sodium citrate were dissolved in 18 mL of H20. This solution was placed into a

conventional microwave oven Whirlpool® model WM1207D, for 10 min at a power

of 1275W to 20%. See Figure 13.

Figure 13. Gold nanoparticles synthesis by microwave method.

To study the effect on the size and plasmonic signal, two variables were

studied in this method: cycles and sonication time. Cycles were varied in 0 min, 5
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min and 10 min, while the sonication time was varied in 10 min,15 min and 20

min.

3.7.3 Synthesis of gold nanorods

Gold nanorods were synthesized using a seedless growth method to
incorporate them at the active layer to observe its contribution compared to Au

nanoparticles.

The growth solution was prepared at 25-30 °C, by mixing HAuCl4 solution
(5.0 mL, 1.0 mM) and 5.0 mL of 0.2 M CTAB solution. Following this, a solution of
AgNO3 (250 uL, 4.0 mM) was added, and was also gently shaken. In order to
adjust pH around 1, an HCI solution (8.0 yL, 37%) was introduced. Then, 70 pL
of ascorbic acid (78.8 mM) were added to the solution with gentle shaking until
the solution was clear. Immediately afterward, ice-cold NaBH4 solution (15 pL,

0.01 M) was injected to the unstirred growth solution and allowed to react for 6 h.

Five different synthesis were done in by modifying the amount of reagents
to obtain nanorods of different aspect ratio. Table 2 shows these different

syntheses.
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Table 2. Different synthesis for gold nanorods.

Reagent | S1 S2 S3 S4 S5

HAuCl4 5mL 5mL 5mL |[25mL| 5mL

CTAB 5mL 5mL 5mL 5mL 10 mL

AgNOs | 250 uL | 270 uL | 290 uL | 250 L | 250 pL

HCl 8uL | 8uL | 8uL | 8pL | 8L

NaBHs | 15puL | 15uL | 15l | Z5uL | 15 L

CeHgOs | 70 L | 70 uL | 70 pL | 35uL | 70 uL

According to literature, the different aspect ratios are as follow: S1—-18 nm
X4.5mMm,S2-25nmx5nmm, S3-27nm x5.5nm, S4-10.5nm x 2.8 nm, S5 —

14 nm x 4.2 nm [166].

3.8 Incorporation of gold nanoparticles to the polymeric template with

Zn0O nanorods

Gold nanoparticles were deposited on the surface of ZnO/P3HT nanorods

by electrophoretic deposition to synthesize the active layer.

Electrophoretic deposition was held at 4 V for 1 min with a working
electrode of the hybrid active layer synthesized (ZnO/P3HT/ITO) and a counter

electrode of ITO, with a separation distance of 1 cm.
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3.9 Active layer assembly

Two types of configurations can be found in a hybrid solar cell: conventional
and inverted. In a conventional cell, the transparent conductive oxide glass
(positive electrode) is in direct contact with organic semiconductor, whereupon
holes travel through this, and electrons in opposite direction. In an inverted solar
cell, the transparent conductive oxide glass (negative electrode) is cover with a
thin film of inorganic semiconductor, causing electrons to travel through it and

holes in opposite direction [47, 73, 163].

In this studio, two configurations were tested to establish the best
performance and influence of the arrangement and nanoform of semiconductor
type p (P3HT). First device (D1): ITO/ZnO/P3HT/Au and the second device (D2):

ITO/P3HT/ZnO/Au.

For the first device (D1), ITO glass was previously activated in aqua regia
to increase its affinity for ZnO. After, ZnO was electrodeposited from a solution
containing Zn(NOs3)2:6H20 0.005M, at 80°C for 10 min. Electrodeposition was
done in a three-electrode cell in which the counter, reference and working
electrodes were Pt wire, Ag/AgCl and ITO glass respectively; the applied voltage
was -1 V. Once the ZnO NR were obtained, P3HT was suspended in
chlorobenzene (5 mg/mL) and deposited on the substrate by spin-coating method;
by capillary forces, the polymer fills the cavities of the ZnO NR film. Finally, the

gold nanoparticles were added by electrophoretic deposition.
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For the second device (D2), ITO glass was previously activated
submerging it in CHCI3 to increase its affinity for P3HT. To obtained P3HT NR,
template assisted method was carried out. Anodic aluminum oxide (AAO)
template, was obtained for the well-known two steps method [167]. After, P3HT
(5 mg/mL in chlorobenzene) was spin-coated on it and by capillary forces, the
polymer filled the channels of the AAO template. Later, AAO template was
dissolved in a solution of NaOH 3M, leaving a “floating” polymer thin film which is
adhered to ITO glass putting it in contact from the back side of the film to let the
NR facing up. After this, ZnO NR are formed in the ITO/P3HT substrate by the
electrochemical method already described. Finally, the gold nanoparticles were

added by electrophoretic deposition.

3.10 Characterization

For measuring the thickness of the aluminum film, a profilometer KLA
Tencor D-100 was used. This equipment is located at Materials Laboratory I, FCQ

UANL.

To observe the structure formed in the first anodization, micrographs of
aluminum films were taken in a field emission scanning electron microscope

model Nova NanoSEM 200 FEI at CIMAV Monterrey.

To ensure the formation of metal nanoparticles, the localized surface

plasmon resonance (LSPR) of the synthesized particles was analyzed in a
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spectrophotometer UV-Vis. Analysis was done in a UV Spectrophotometer

Shimadzu UV-1800 located at Laboratory of Materials |, FCQ UANL.

The metal nanoparticles morphology and size were observed by SEM

JEOL JSM6701F located in LACMIMAV, FCQ UANL.

Particle size distribution of Au nanoparticles was measured in a Microtrac

Zetatrac equipment located at the Laboratory of Materials | FCQ, UANL.

For quantitative information on the nanostructure of the active layer and to
observe the morphology and grain size, an atomic force microscopy (AFM)
analysis was carried out. Analysis was performed in a Scanning Probe

Microscope AA3000 placed at the Laboratory of Materials | FCQ, UANL.

Energy bandgap of the active layer was calculated by the transmittance

spectrum, for this purpose a spectrophotometer UV-Vis was used.

Finally, a solar simulator was used to measure the current-voltage curves

of the solar cells.
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4. RESULTS AND DISCUSSIONS

4.1 Fabrication of the template

4.1.1 Sputter Deposition

Different conditions have been proved to achieve the 2 um of pure
aluminum film that was required for the two-anodization process. Table 3 shows

a summary of the tested conditions in 22 samples.

Table 3. Sputtering conditions vs profilometry measurements.

Sample Power Afrlg())(n Distance D_epositi_on Vacuum | Thickness
(W) (SCCM) (cm) time (min) (Torr) (nm)
1 100 60 10 15 1.5x10* No
2 100 60 10 3 1.5x 10* 40
3 100 60 10 15 1.5x10* 240
4 110/120 60 10 15 1.5x 10* Low
5 100 60 10 45 1.5 x 104 680
6 100 60 10 90 1.5 x 104 600
7 100 20 4 30 1.5 x10* 500
8 100 30 4 30 1.5 x 104 653
9 120 20 4 30 1.5 x10* 600
10 140 20 4 30 2.5x10° 677
11 140 20 4 30 1.5x10° 517
12 120 40 6 30 1.5x10° 340
13 120 40 6 60 1.5x10° 543
14 120 40 6 90 1.5x10° 840
15 120 30 4 60 1.5x10° 490
16 120 30 4 90 1.5x10° 790
17 150 30 4 60 1.5x10° 660
18 150 30 4 90 1.5x10° 920
19 150 40 4 60 1.5x10° 680
20 150 40 4 60 1.5x10° 1100
21 150 40 4 90 1.5x10° 1150
22 200 40 4 120 2.0x 103 2000
*Note: 'The parameter “distance” indicates the separation between the

magnetron and the sample. 2SCCM: standard cubic centimeters per minute.
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In the first conditions tested, sample 1, no deposit was obtained, this could
be due since the sputtering must be assisted by radiofrequency to achieve the
erosion of the aluminum target, for this reason radiofrequency was used in the

rest of the samples.

In samples 2 and 3, a power of 100 W was applied in relatively short times
(3 and 15 min) and, therefore, poor deposits were obtained. Increasing the power
and maintaining a high Ar flux (60 SCCM) resulted in Al film of low adherence,
because a higher power increased the excitation of argon ions, being necessary

to control its flux to achieve a uniform deposit, as can be observe in sample 4.

Samples 5 and 6 were tested under the same conditions at 45 and 90 min
respectively, with the difference that in sample 6, two cycles of 45 min were
performed. As a result, the film thickness of sample 5 increased, nevertheless,
sample 6 was subjected for a longer time, a lower and non-conducting deposit
was obtained. An XRD analysis revealed that aluminum oxide was formed on the
surface of the film because the vacuum was removed from the chamber in the

middle of the two cycles, forming a non-homogeneous surface for later deposits.

In the experiments 7 to 11, the samples were approached to the
magnetron, the argon flux was reduced, and the power was varied. However, the
deposits tend to be “sandy”, of low adherence and non-uniform because of the

proximity to the target.

In samples 12 to 14 the magnetron was moved away from the sample, the

argon flux and power were set to 40 SCCM and 120 W respectively, and it can be
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seen how the thickness increased over time, however, the maximum result is far

from expected.

The erosive gas flow was reduced to 30 SCCM in samples 15 to 18
because, sometimes, a high flow of erosive gas tends to reduce the rate of
deposit. Samples 17 and 18 were compared to samples 19 and 20, both pairs
were treated under the same conditions but increasing the argon flux in the last
two; the results showed that under 150 W, a high argon flux increased the

thickness of the film.

Sample 21 was placed inside the chamber after 30 min of eroding the
target, this with the aim of eliminating any residual oxide and increase deposit

rate, therefore, the results showed only a slight increase.

Finally, the power was adjusted to 200 W, the vacuum was increased to 2
mTorr, the argon flux and distance of the magnetron were maintained at 40 SCCM
and 4 cm, respectively; a thin film of 2000 nm was obtained within 2 h (sample

22).

Figure 14 shows a SEM image of the Al film deposited by sputtering on ITO
glass. It can be observed that, despite of being a homogenous deposit, presents
lots of structural defects that prevents the formation of an AAO template of high

order.
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Figure 14. Al film on ITO glass by sputtering deposition.

4.1.2 Atomic Force Microscopy

Aluminum thin film of sample 7 was analyzed by AFM, micrographs
showed a homogenous deposit with a grain size of approximately 500 nm as can

be observed in Figure 15.

Sample 8 was deposited under the same conditions as the sample 7, but
with a different argon flux of 30 SCCM and 20 SCCM, respectively. AFM

micrographs show a more homogeneous deposit with a grain size of
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approximately 100 nm (Figure 16). With an increase of 10 SCCM of argon flux,

the thickness of the film is increased in 150 nm and the grain size is reduced in,

approximately, 400 nm. Having a greater erosive gas flow, a greater quantity of

aluminum ions can be detached from the target and in consequence the thickness

of the deposit is increased. A low argon flux will allow the possibility to form larger

grain size due to less interference of kick-off ions.

Table 4 shows the conditions utilized for the deposits of aluminum in

samples 7 and 8.

Table 4. Comparing the sputtering conditions of sample 7 and 8.

Sample 7 8
Power 100 W 100 W
Argon flux 20 SCCM 30 SCCM
Distance of magnetron 4 cm 4 cm
Deposition time 30 min 30 min
Vacuum 1.5 x 10° Torr 1.5 x 10° Torr
Thickness 500 nm 653 nm
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Figure 15. AFM images ot aluminum film obtained at 20 SCCM of argon flux.
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Figure 16. AFM images of aluminum film obtained at 30 SCCM of argon flux.
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4.2 First anodization

4.2.1 Scanning Electron Microscopy

Different conditions were tested to find the adequate for the first

anodization. SEM microscopies were obtained from each sample.

Figure 17 shows the first anodization under configuration “b” and it can be
observed how defined grains begin to form a pattern. The same conditions were
test but under configuration “a”, and it can be observed how the pattern is lost and
the grain limits are not defined any more as can be observed in Figure 18.
Configuration “a” does not maintain a constant distance between the electrodes,

therefore the reaction is incomplete.

Anodizing conditions:

- Voltage: 40 V
- Time: 30 min
- Thickness: 680 nm

- Configuration: b

s
o

< 2 £ L T 2l "
HV Lens Mode | WD mag | det |spot|—————— 1 pym
15.0 kV | Immersion | 5.6 mm 100 000 x | Helix | 4.0

Figure 17. SEM image of first anodization under configuration b.
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Anodizing conditions:

- Voltage: 40 V
-  Time: 30 min
- Thickness: 680 nm

- Configuration: a

HV | Lens Mode| WD "mag | det  spot
15.0 kV | Immersion | 5.3 mm | 100 000 x | Helix | 4.0

Figure 18. SEM images of first anodization under configuration “a”.

When the time of the first anodization was increased to 40 min, the

template channels begin to form as shown in Figure 19.

- Voltage: 40 V
- Time: 40 min
- Thickness: 680 nm

- Configuration: b
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Figure 19. SEM images of first anodization for 40 min. Amplification of 100,000 x
(left) and 200,000 x (right).

Increasing the anodization time to 45 min an aluminum film, with some
fractures, was obtained. Leading the 40 min, as the ideal anodization time (Figure

20).

- Voltage: 40 V
- Time: 45 min
- Thickness: 680 nm

- Configuration: b

det |spot

Figure 20. SEM image of first anodization for 45 min.
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The objective of first anodization was to form the pattern of channels that

will help as guide for the aligned channels to be formed in the second anodization.

4.3 Electron beam

Aluminum film was also deposited by electron beam technique with the
objective to observe if it was possible to obtain AAO templates of better quality.
In Figure 21 it can be observed a pattern with higher order that the obtained in

aluminum thin film by sputtering, however the deposit is not homogeneous.

’ AccV SpotMagn Det WD ——— Tym
100kV 3.0 50000x SE 4.4

. -

Figure 21. AAO template of aluminum on ITO deposited by electron beam.

4.4 High purity aluminum

Due to the low quality of the AAO templates obtained by sputtering and

electron beam, it was decided to work with high purity aluminum. Figure 22 shows
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SEM images of the template obtained by the method of two anodizations,
described in the previous section (page 37). High quality AAO template was

obtained with a porous diameter of 100 nm approximately.

SEI 50kV  X20,000 WD78mm 1pm

Figure 22. AAO template on high purity aluminum.

4.5 Low purity aluminum (1100) anodization for 2 h

An AAO template was also fabricated in low purity aluminum. In Figure 23
it is shown the template obtained, in which it can be observed that a pattern is
formed, not as ordered as the high purity, but it is presented as an alternative of

low-cost template.
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Figure 23. AAO in low purity aluminum.

4.6 Poly(3-hexylthiophene)

4.6.1 UV-Vis spectrophotometry

Polymer was characterized, in different concentrations, by
spectrophotometry UV-Vis. As can be observed in Figure 24, the two
characteristic band are shown in the spectra. First band, around 450 nm, is
associated to the m — * transitions of the conjugated segments between the
adjacent rings caused by moving an electron from a bonding m orbital to an
antibonding * orbital. Second band, around 260 nm, is associated with the

movement of an electron from a nonbonding electron pair to an orbital 7*.
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Figure 24. UV-vis spectrum of P3HT at different concentrations.

4.6.2 Bandgap calculation

An approximation of the energy bandgap was made using Tauc’s plot using
n=1/2, corresponding to allow direct transition. As can be observed in Figure 25,
a bandgap value of, approximately, 1.8 eV was obtained for the synthesized

polymer. This result is in good agreement with literature [168, 169].
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Figure 25. Tauc’s plot of P3HT.

4.6.3 Fourier transformed infrared spectroscopy

Polymer was also characterized by FTIR. In Figure 26, it can be detected
the four characteristic signals of the P3HT, according to literature [169, 170].
Band “A” is associated to vibrations in the aliphatic chain of hexyl groups. In band
“B” the presence of thiophene ring is confirmed. Band “C” is associated to the
presence of C-H of the aromatic ring. Finally, band “D” is related to bending of link

C-S. These signals are summarized in Table 5.

Table 5. FTIR band assignment.

Band Position (cm™) Assignment
A ~2918 y 2849 Stretching C-H chain
B ~ 1458 Stretching C=C
C ~ 1121 Stretching C-H ring
D ~ 820 Bending C-S
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Figure 26. FTIR spectrum of P3HT.

4.6.4 P3HT nanorods in AAO template

AAO was spin coated at 3500 rpm with P3HT suspended in chlorobenzene
(1 wt%). By capillary forces, the polymer achieved to enter the pores of the
template. In Figure 27, can be seen how effectively some of the pores were filled

with the polymer.
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Figure 27. Surface electron microscopy of P3HT inside the pores of AAO
template.

To adhere the thin film of polymer nanorods to ITO glass, the methodology
described in section 3 was carried out. Figure 28 shows this process. In (a), the
polymer thin film was on AAO template, which is being dissolved in NaOH 0.05
M. Image (b) shows the thin film suspended in the solution, after the template was
completely dissolved. Finally, in image (c) can be observed the thin film already

adhered to the substrate.

Figure 28. Methodology for obtaining the thin film of polymer nanorods on ITO
glass. (a) AAO in NaOH 0.05, (b) P3HT in NaOH 0.05 M and (c) P3HT on ITO glass.
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4.7 Zn0 nanords by hydrothermal route

ZnO nanorods were obtained by seed and growth method. Figure 29
shows an AFM micrograph of these nanorods; however, they have a size of

approximately 200 nm that represented a problem for their incorporation into the

template.
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Figure 29. AFM micrography of ZnO nanorods obtained by hydrothermal route.
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4.8 Zn0 nanorods by electrochemical route

4.8.1 SEM

Two conditions were tested for the electrochemical synthesis of ZnO
nanorods. Synthesis was made in a three-electrode cell. In the first reaction,
Zn(NOs3)2-:6H20 0.005 M was used as precursor, a voltage of 1 V vs Ag/AgCl was
applied for 10 min at a temperature of 70 °C. Figure 30 shows the SEM
micrographs of the ZnO nanorods obtained. These nanorods have a hexagonal
shape of approximately 100 nm of diameter. However, the hexagonal shape, is

not completely defined and some “needles” are still observed.
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Figure 30. SEM images of ZnO nanorods obtained at 70 °C.
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According to previous results, it was decided to increase the reaction
temperature up to 80 °C with the aim to obtain defined faces of these hexagonal
nanorods. Figure 31 shows the micrographs of the nanorods obtained. It can be
observed how the faces of the hexagonal nanorods are now defined and even the

body of this shape can be noticed.
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Figure 31. SEM images of ZnO nanorods obtained at 80 °C.
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4.9 Synthesis of gold nanoparticles

The synthesized gold nanoparticles were characterized by UV-Vis
spectrophotometry and dynamic light scattering to observe its characteristic

plasmon signal and size distribution, respectively.

4.9.1 Dynamic light scattering

4.9.1.1 Thermal heating method

Gold nanoparticles obtained under conventional heating method, have a
size between 5 and 10 nm showing narrow size distribution as can be observed

in Figure 32.

20 4 100
] L 80
15 =
| =
— 60 &
R | 5
2 10+ E
E ] 3
] £
] | L 20
0 — ||.|I.|.|.|.l.-.,-- ———rt- 0
1 10 100 1000
Size (nm)

Figure 32. DLS analysis of gold NP obtained by conventional heating method.
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4.9.1.2 Microwave method

4.9.1.2.1 Without cycles

In microwave synthesis for 10 min without cycles, sonication times were

varied in 10 (WC-10), 15 (WC-15) and 20 min (WC-20). According to the results,

increasing the sonication time, resulted in the reduction of the size and size

distribution of the nanoparticles. See Figure 33.
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Figure 33. DLS analysis of gold nanoparticles synthesized by microwave without

cycles.
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4.9.1.2.2 5 cycles

In the synthesis for 10 min with 5 cycles (2 min on, 30 secs off), sonication
times were also varied in 10 min (5C-10), 15 min (5C-15) and 20 min (5C-20),
respectively. Once again, it can be observed how the increase in sonication time,
reduced the size and size distribution of the nanoparticle. However, the size
distribution is larger than the other synthesis without cycles, this could be due
because, keeping a uniform heating temperature, was a critical parameter to

achieve a narrow size distribution [171]. See Figure 34.

20 - 100 201 - 100

5C-10 5C-15 /
L 80 80
15 16

60 60

Intensity (%)
=
1
Intensity (%)

140 40

5— | ‘
20
0 HI‘I. Jdr Lo 0 |I|l|||| 0

1 10 100 1000 1 10 100 1000
Size (nm) Size (nm)

Cummulative intensity (%)
Cummulative intensity (%)

20+ -100
5C-20 —

80
60

L 40

Intensity (%)
Cummulative intensity (%)

-20

0 . i ‘llllllll. 0

1 10 100 1000
Size (nm)

Figure 34. DLS analysis of gold nanoparticles synthesized by microwave in 5
cycles.
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49.1.2.3

10 cycles

In the synthesis for 10 min with 10 cycles (1 min on, 30 secs off), sonication

times were also varied in 10 (10C-10), 15 (10C-15) and 20 min (10C-20).

However, under these conditions, the synthesis showed the smaller NP size for

10C-10 followed by 10C-20 and finally 10C-15. This probably because NP

synthesized under 10 cycles showed less stability than the synthesized under 5

cycles and no-cycles due to heating was interrupted by cycles resulting in a wider

distribution of size, as mentioned before. See Figure 35.
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Figure 35. DLS analysis of gold nanoparticles synthesized by microwave in 10
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Comparing the results obtained by conventional thermal heating method
and microwave heating, it can be observed that the first one presents a narrow
size distribution, even though the heating by microwave radiation is more uniform,
therefore, the synthesis of thermal heating is about 30-40 min which allows to
reduce the volume of the solution, reducing in turn the temperature gradient,
making heating more uniform. Also, it has been known that increasing the sodium

citrate concentration, resulted in narrow size distribution [171].

4.9.2 UV-Vis spectrophotometry
4.9.2.1 Thermal heating method

Gold nanoparticles synthesized under conventional heating method
present the characteristic LSPR (around 526 nm), however, this synthesis

presents low absorbance as can be observed in Figure 36.
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Figure 36. Absorption spectrum of gold NP synthesized by conventional heating
method.
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4.9.2.2 Microwave

The Lambert-Beer law indicates that the absorbance is directly proportional
to the extinction coefficient multiplied by the path length and the concentration of
the solution. Therefore, greater absorption it’s related to a higher concentration of

gold nanoparticles.

Microwave radiation can penetrate the reaction solution with different
wavelength (than thermal heating) to heat the solution uniformly, so the

concentration of gold nanoparticles is expected to be higher than thermal heating.

4.9.2.3 Without cycles

All the nanoparticles obtained by microwave synthesis for 10 min without
cycles, present the characteristic LSPR. It is observed in Figure 37 that these
nanoparticles show larger absorption than the obtained by thermal heating

method.
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Figure 37. Absorption spectra of gold nanoparticles synthesized by microwave
without cycles at different sonication times.
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4.9.2.4 5 cycles

Gold nanoparticles obtained by microwave synthesis in 5 cycles show also
the LSPR. 5C-20 synthesis showed the larger absorbance indicating, a higher

concentration of gold (Figure 38).
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Figure 38. Absorption spectra of gold nanoparticles synthesized by microwave in
5 cycles at different sonication times.

4.9.2.5 10 cycles

Gold nanoparticles obtained by microwave synthesis in 10 cycles show the
LSPR. However, it can be observed in Figure 39 that, for the 10C-15 synthesis,
the absorbance is as low as the nanoparticles obtained by thermal heating

method, possibly due to low stability that is observed under this synthesis, as

mentioned earlier.
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Figure 39. Absorption spectra of gold nanoparticles synthesized by microwave in
10 cycles at different sonication times.

A higher concentration of gold nanoparticles was obtained under
microwave radiation; remembering that thermal heating method has higher

concentration of sodium citrate, absorbance was expected to be lower.

In a combined analysis of the two techniques DLS and UV-Vis
Spectrometry, it was conclude that the best gold nanoparticles were those
obtained by synthesis using microwave for 10 min without cycles and sonication
of 20 min, because they presented the higher absorption and smaller size
distribution, compared with the rest of the synthesis, being both important

parameters to consider in optoelectronic applications.
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4.9.2.6 Stability

4.9.2.6.1 Stability of plasmon resonance

An additional analysis was made, to observe the stability of the plasmon
resonance signal of the nanoparticle solution. The synthesis using microwave
without cycles and 20 min of sonication was kept in a dry and dark ambient and
its UV-Vis spectrum was measured exactly one year after its synthesis. As can be
observed in Figure 40, the plasmon signal presents a decrease almost
insignificant, which is an indicative that the nanoparticles remained without
agglomerating with each other. Avoiding agglomeration over time is an important
factor for the synthesis of nanoparticles because, as the size of the nanoparticle
increases, the plasmon resonance signal decrease and therefore the optical
properties are lost. It is important to mention that the nanoparticles obtained were

kept in its reaction medium, which could had helped to maintain its stability.
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Figure 40. Absorption spectra of gold nanoparticles synthesized by microwave
without cycles. Black line represents the newly synthesized nanoparticles and red line
represents the same nanoparticle solution one year after its synthesis.
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4.9.2.6.2 Stability of nanoparticle size

One of the main problems in nanoparticles solutions is the tendency to
agglomerate over time, having as a consequence an increase in size and the loss
of properties. Despite of the stability of plasmon resonance, the nanoparticle size

tends to increase with time.

Gold nanoparticles (and in general all sort of nanoparticles) tends to form
agglomerates, that can be reduced by sonication. Figure 41 shows a comparison
of the newly synthesized and one-year aged nanoparticles. Images labeled as (a)
and (b) belong to the “fresh synthesis” in which it can be observed the
nanospheres in an isolated way; (c) and (d) shows the agglomerated formed by

these nanoparticles aged for one year.
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Figure 41. Surface electron microscopy images of gold nanoparticles
synthesized by microwave. (a) and (b) are the newly synthesized nanoparticles; (c) and
(d) one-year aged nanoparticles.

According to measurements made in an image analyzer, the newly
synthesized nanoparticles have an average size between 20 nm and 30 nm
(Figure 42a), which can be increased up to 70 nm after one year of being

synthesized (Figure 42b).
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Figure 42. Surface electron microscopy of gold nanoparticles comparing size:
(a) newly synthesized and (b) aged for one year.
In addition to the increase in size, these nanoparticles tend to modify its
original form by sticking each other to form more complex forms. Figure 43
presents a micrography where, nanospheres, nanorods and nanotriangles of gold

are clearly observed.
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Figure 43. Micrograph of gold nanoparticles after one year of its synthesis,
showing different nanoforms.
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4.9.2.7 Extinction coefficient.

4.9.2.7.1 Gold atoms per nanoparticle

For the calculation of the average number of gold atoms contained in a
nanoparticle, a spherical shape was assumed. Equation 1 was used for this
estimation, where p is the density of gold (1.93x102° g/nm?3), Na is the Avogadro
number (6.02214179x102%) , M is the atomic mass of gold (197 g/mol) and D is
the average diameter of nanoparticles in nm.

_ T[pNAD3

N
6M

4.9.2.7.2 Molar concentration
Equation 2 was used for the determination of the molar concentration of
the solutions, where Nrotal is the quantity of gold atoms in the initial solution, V is

the reaction volume and N was obtained from equation (1).

_ NTotal
€= NVN, 2)
4.9.2.7.3 Estimation of the coefficients
Extinction coefficients () of gold nanoparticles were calculated according
to Lambert-Beer law (Equation 3), where A represents the absorbance in a
specific wavelength, / is the path length in cm and C is the molar concentration of

the solution.

A=dC (3)
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Table 6 summarizes the molecular concentration and extinction
coefficients calculated for each synthesis. It is evident how the extinction
coefficient increased, in order of magnitude, with the average size of nanoparticle.
Thermal synthesis has the smallest coefficient according to its nanoparticle size,

as well as its maximum wavelength that showed a shift to the blue.

Table 6. Extinction coefficients (g) of the different synthesized nanoparticles.

. Average D Concentration Maximum . i
Synthesis (nm) (mol/L) wavelength € (Miem)
Thermal 7.5 1.91802E-08 528 2.75E+10
WC-10 65 2.94644E-11 533 1.81E+13
WC-15 55 4.86351E-11 534 1.10E+13
WC-20 27 4.11099E-10 534 1.30E+12
5C-10 38 1.47464E-10 534 3.62E+12
5C-15 35 1.88727E-10 534 2.83E+12
5C-20 22 7.59923E-10 535 7.04E+11
10C-10 28 3.68607E-10 534 1.45E+12
10C-15 40 1.26432E-10 535 4.23E+12
10C-20 30 2.99691E-10 534 1.78E+12

The extinction coefficients were calculated at the maximum absorbance
wavelength, i.e. plasmon signal. The variation of the extinction coefficients
according to the molar concentration of the gold nanoparticles synthesized by

microwave, are presented in Figure 44 showing an exponential behavior.
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Figure 44. Extinction coefficients of gold nanoparticle synthesized by microwave.
Squares represent the gold nanoparticles obtained in continuous heating (without
cycles), circles represent the synthesis in 5 cycles and triangles represent the synthesis
in 10 cycles.

The curve behavior was adjusted with a power trendline, getting the

Equation 4 with a coefficient of determination (R?) of 0.99999.

£ =542.61 % 999 4)

The natural logarithm of extinction coefficient was also plotted against the
natural logarithm of the diameter of the nanoparticles (Figure 45). A linear
adjustment was made, obtaining a coefficient of determination (R?) of 0.999997
in accordance with Mie theory [68, 172]. Equation (5) represents the behavior of

plot in Figure 45.
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Figure 45. Linear fitting curve of natural logarithm of the extinction coefficients
obtained for the different syntheses vs natural logarithm of the diameter of gold
nanoparticles synthesized.

In(e) = 3.00464 * In(D) + 17.9877 (5)

Equation 4 and 5 can be used to estimate important parameters of a gold
nanoparticle solution such as average diameter, molar concentration and even
the extinction coefficient, as long as one of the parameters has been obtained by
a characterization analysis technique. Finding the maximum absorption
wavelength, the solution molar concentration can be obtained. On the other hand,
if the average diameter is known, the extinction coefficient can be estimated. This
can be useful for the experiment planning without the need of extensive

characterization.
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4.9.2.7.4 Au nanorods synthesized by seedless method

Five different Au nanorods were obtained. Figure 45 shows the UV-Vis
spectra and can be observed how the two characteristic plasmon signals are
affected by the different aspect ratios (S1 - 18 nm x 4.5 nm, S2 — 25 nm x 5 nm,
S3-27nm x 5.5 nm, S4 -10.5nm x 2.8 nm, S5 - 14 nm x 4.2 nm). S2 presents
the highest absorption and a shift to the red region; according to literature,
nanorod size have approximately 25 nm x 5 nm, considered appropriate to be

incorporated into solar cells.
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Figure 46. UV-Vis spectra of five different Au nanorods.
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4.10 Hybrid active layer

4.10.1 ZnO nanorods on P3HT nanorods

Figure 47 shows the current-time curve of ZnO nanorods formation on ITO
glass compared with the curve obtained for ZnO nanorods formation over P3HT
nanorods film on ITO glass. As can be notice, the characteristic behavior is

maintained, confirming the formation of ZnO nanorods on the P3HT film.
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Figure 47. Current-time curve of ZnO nanords deposited on ITO glass (black)
and ZnO nanorods deposited on P3HT/ITO (red).
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4.10.2 Adding the gold nanoparticles to the ZnO/P3HT active layer

Gold nanoparticles were added to the hybrid active layer by electrophoretic
deposition, under the conditions described in section 3. It can be observed, in
Figure 48, the configuration used for this process, in which the gold nanoparticle
solution synthesized by microwave was used, obtaining an homogeneous gold

thin film.

Figure 48. Electrophoretic deposition configuration (left) and gold nanoparticles

deposit obtained (right).

4.10.3 Transmittance

Transmittance spectra of ZnO nanorods film and P3HT nanorods film was
measured to observe the influence on ITO glass. Figure 49 shows the spectra
comparison in which it can be observed the reduction of the transmittance
spectrum of ITO glass with the ZnO and P3HT, which is favorable for the active

layer, since the absorbance is increased.
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Figure 49. Transmittance spectra of ITO glass (black line), ZnO nanorods on
ITO (red line) and P3HT on ITO (blue line).

4.11 ] vs V curves

4.11.1 Device D1: configuration (ITO/ZnO/P3HT/Au)

J-V curve is shown in Figure 50 in dark and light for the inverted
configuration 1TO/ZnO/P3HT/Au; from the data of current density and voltage,
power is calculated (P=J*V) to determine the maximum power. Once obtained

these data, the basic performance parameters of a solar cell can be estimated.

Table 7. Parameters of the inverted solar cell.

Vo (MV) Jse (MA/cm?) FF (%) N (%)
400 6.95x10°® 28 7.66x107

Due to the little contact of the components of the active layer, low values

of short circuit current density and power efficiency were obtained.
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Figure 50. J-V curve of the solar cell with structure ITO/ZnO/P3HT/Au

4.11.2 Device D2: configuration (ITO/P3HT/Zn0/Au)

Figure 51 shows the J-V curve in dark and light for the conventional

configuration ITO/P3HT/ZnO/Au. The obtained parameters are listed below.

Table 8. Parameters of the conventional solar cell.
Voc (MV) Jsc (mA/cmZ) FF (%) N (%)
200 1.09x107 30 6.53x107

An improvement in the short circuit current density and fill factor values
were obtained under this configuration, however, they remain low due to the little

contact in its components. This increment was expected due to due to the ITO
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glass (positive electrode) is in direct contact with the P3HT, whereupon holes
travel through this, and electrons in opposite direction.
On the other hand, the open circuit voltage of the inverted solar cell was
higher than the conventional. This is possibly due to the higher contact between
the ZnO and the P3HT achieved in the synthesis.

By increasing the contact between the layers of the solar cells, by means

of technical treatment or vacuum deposit, it will be possible to improve the

parameters.
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Figure 51. J-V curve of the solar cell with structure ITO/P3HT/ZnO/Au
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5. CONCLUSIONS

Al thin films, approximately of 1 ym, were deposited on ITO substrates by
two techniques: sputtering and electron gun. However, they present low
adherence to the ITO glass and defects in their structure, which prevents the

formation of a high-order AAO template.

AAO templates were obtained from aluminum of high purity, pore size of
approximately 100 nm by means of a synthesis with 2 anodizations (12 h and 6

min).

P3HT was synthesized by chemical oxidative polymerization of the

monomer 3HT using FeCls as an oxidizing agent under N2 atmosphere.

Zn0O nanorods vertically aligned on ITO glass substrates were synthesized

by the electrochemical reaction of Zn (NO3)2:6H20 in a three-electrode cell.

It was possible to adhere P3HT on ITO glass. Which was previously
activated with CHCIs. This indicates that the methodology is feasible to perform

with the P3HT nanobars.

Gold nanoparticles were synthesized by two methods: conventional
heating and microwave. The nanoparticles obtained by conventional heating have
a smaller size and narrower size distribution than nanoparticles obtained by

microwave, due to the uniformity of the heating.
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Gold nanoparticles obtained by microwaves present higher absorbance
than those obtained by conventional heating indicating that there is a higher

concentration of gold nanoparticles.

Gold nanoparticles obtained by synthesis in microwaves for 10 min without
cycles and sonication time of 20 min, present the greater absorption and smaller
size distribution, compared with the rest of the synthesis, for which it is established
that are the indicated for the incorporation to the active layer. These nanoparticles
increase it size after one year, nevertheless plasmon resonance remains almost

unaffected.

Gold nanorods were synthesized by seedless method with different values
of aspect ratio (S1 — 18 nm x 4.5 nm, S2 — 25 nm x 5 nm, S3 — 27 nm x 5.5 nm,
S4 -10.5nm x 2.8 nm, S5 - 14 nm x 4.2 nm), according to the signals obtained
in the absorption spectra (longitudinal and transversal). S2 was established as
the ideal to work in a solar cell since it is the one that presents higher absorption

in its longitudinal signal.

Two solar cells were fabricated: conventional ITO/P3HT/ZnO/Au and
inverted configuration ITO/ZnO/P3HT/Au. The power efficiency for both cells were
low (6.53x107 for the conventional and 7.66x107 for the inverted) due to the little

contact of the layers of the solar cell.
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