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Abstract

Quantum Dots (QDs) are currently being investigated for application into solar cells to
enhance the cell efficiency based on the photovoltaic parameters such as photocurrent,
photovoltage and fill factor. Our aim is to increase the photocurrent using different QDs,
which absorption in the visible and infrared region. The most common QDs with
absorption in the visible range are the Cadmium Sulphide (CdS) and Cadmium Selenide
(CdSe) QDs. The effect of different sensitization techniques in the configuration
Ti0,/CdS/CdSe/ZnS is analyzed; with this configuration a photoconversion efficiency
(PCE) of 4.7% is obtained. A strong absorption band centered at 650 nm reveals the
contribution of colloidal CdSe QDs. The infrared region is studied with lead sulphide (PbS)
QDs in the configuration TiO,/PbS/CdS/ZnS, where we find that the infrared absorption is
for the PbS, several authors use the CdS for protected the oxidation of PbS. The
Ti0,/PbS/CdS/ZnS QDSSCs have been compared with the efficient electron transport of
the TiO2/PbS/PFN/CdS/ZnS configuration, where PFN is  poly[(9,9-bis(3’-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)]. The PbS was used in
Ti0,/PbS/PFN/CdS/ZnS configuration to obtain a 3.6 % photo conversion efficiency (PCE)
by the utilization of a PFN active layer, which increases short circuit current by the light
scattering strategy. Moreover, the less toxicity of Bismuth sulfide (B1,S3) has been applied
to TiO,/CdS/Bi,S3/ZnS configuration instead of PbS, we found a PCE of 2.52%. It is
important to note that the enhancement in the cell efficiency was explained by broadening
the absorption spectra and energy level diagram to reduce the transport losses because of
superficial defects. One of the most efficient colloidal materials, Cadmium Selenide
Telluride (CdSeTe) QDs, was added into the TiO,/CdS/CdSe/CdSeTe/ZnS/SiO,
configuration, resulting in a record PCE of 7.4%. The general increase of absorption as well
as a shift towards longer wavelengths up to 800 nm was observed clearly with the coating
of colloidal CdSeTe QDs. Finally a preliminary result about perovskite solar cells and
perovskite QDs is presented.



Preface

The world energy demand enhances the interest in making an economic and efficient
energy solar cell. The photovoltaic cell can provide sufficient solar energy on the Earth,
around 10* times more powerful than other energy sources as well as being
environmentally friendly. The ratio efficiency/cost is the most important parameter in solar
cells. Currently, the silicon solar cells exhibit a 25% of efficiency; however the cost of
fabrication is high due to specific characteristics of material deposition. The third
generation of solar cells based in nanomaterials present low cost in fabrication; however,
the efficiency is very low. The solar cells studies with nanomaterials need to increase the
efficiency of solar cells, incrementing the efficiency is analyzed with several
configurations. One of the most promising materials are the quantum dots(QDs), however
the use of only one type of QDs present low efficiencies, due to low absorption in the solar
spectrum. In this work, the objective is the usage of different QDs in the visible and
infrared absorption range and analyzes the charge carriers transport in the photovoltaic
devices. The results are very promising to achieve a better efficiency with the wavelength
dependent of QDs sensitized solar cells. The hypothesis is that the increment of the range
absorption from visible to near infrared with the use of the QDs sensitized TiO,, and the
use of passivated surface enhance the charge transport and in consequence increase the

photo conversion efficiency.

The work is divided into 6 chapters as follows.

Chapter 1 presents the general overview of different kinds of solar cells based on
nanomaterials along with a brief description on the QDs semiconductor material, quantum
confinement effect, and optical properties. The architecture and physical mechanism of

different quantum dots sensitized solar cells (QDSSCs) have also been described.

Chapter 2 is devoted to the description of experimental section for the preparation of TiO,
film, colloidal QDs such as CdSe and CdSeTe , the counter electrode manufacturing, and
cell assembling, for the different configuration of (QDSSCs) involved in the present

investigation. Different measuring instruments and their operating conditions to study the



morphology, optical and electrochemical characteristics, and impedance spectroscopy were

also explained in this chapter.

Chapter 3 explores the different configurations of QDSSCs with QDs in the visible range
(CdS, CdSe). The increment of the photoconversion efficiency has been analyzed using
CdS QDs and CdSe quantum rods. Different deposition techniques of the colloidal quantum
rods are analyzed, the photoconversion efficiency increased due to the increment of
electron transport within the material. However these types of QDs have an absorption
range extending only until 650 nm. The extension to the near infrared range is possible with

the use of other types of QDs.

Chapter 4 presents the results of quantum dots in the near infrared absorption range (PbS,
Bi,S; and CdSeTe). The first configuration analyzed is TiO,/PbS/PFN/CdAS/ZnS. Is
presented an increment in the photocurrent, this increment could be attributed by increment
in the sensitizer material or by the increment of the light scattering, the PbS and CdS has
similar amount in the cell and their contribution could be attributed to the effect of light
scattering by the PFN layer. Notice that the light scattering effect can enhance the current
density, thus the cell efficiency was found to be 3.6%. Other interesting material is the
Bi1,S; QDs, which presents lower toxicity than the PbS and its functionality is very close to
the infrared absorption spectrum, however the Bi,S; QDs show superficial defects.
Electrochemical impedance measurements were also analyzed to understand the carrier
recombination and transport processes. These types of defects on the surface depend of the
QDs grown, for this reason we analyzed the results of colloidal QDs, this type of colloidal
QDs reduces the superficial defects on the surface. The CdSeTe QDs extend the absorption
light (800 nm) increasing the band regions in the optical absorption spectrum. The observed
enhancement in the absorption of multiple QDs can increase the photocurrent of the cell.
Finally, the open circuit voltage was increased by using SiO, layer to boost the photo

conversion efficiency.

Chapter 5 explains the techniques learnt and results obtained during a one month visit to
the Group of photovoltaic and optoelectronic devices in the University Jaume I, under

adviser of Dr. Ivan Mora Sero in Castellon de la Plana, Spain. The work was focused to the



fabrication and synthesis of perovskite solar cells and perovskite quantum dots for a well-

defined cell efficiency and Light Emitting Diode applications.

Chapter 6 Summarizes the results and conclusions that are drawn from the present
investigations of the QDs in the devices. From the systematic analysis of both the present
as well as earlier studies reported, it is suggested that there is a scope for further extension
of the work for the better understanding and utilization of these materials to develop solar

cells and light emitting diode devices.
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Chapter 1

Introduction

1.1 A general overview of solar cells

Recently, there has been an enormous surge for finding economic and
efficient energy sources to meet future energy needs. The energy needs are
increasing in the coming years and the progressive environmental pollution is
affecting the global warming. The world energy crisis has been a key factor for the
development of new techniques and devices that can exploit sources of renewable
energy. At present, around 18 TW of energy are required annually, 80% of this
energy is provided by fossil fuels [1]. However, the use of fossil fuels produces
some alarming effects such as, generation of carbon dioxide, methane and ozone
thus leading to global warming and increased environmental pollution. The global
increment in the use of energy is linked with the increment in the world population.
It is estimated that by 2050 our global energy requirements will rise to 26.4-32.9
TW per year [2, 3]. Some of the most sustainable sources of energy are the
renewable resources like: geothermal (12 terawatts (TW) per year), hydroelectric
power (1.5TW per year) and solar energy (120,000 TW per year). Solar energy is an
interesting candidate to be used as friendly energy alternative. The photovoltaic cells
have attracted significant attention due to its enormous potential since incident solar
energy on the earth is 10" times more powerful than other renewable energy

resources as well as being environmentally friendly [2, 4].

The first photovoltaic device was developed in 1954, this solar cell was
based on silicon and showed a photo conversion efficiency (PCE) of 6% [5]. The
most common solar cells are based on silicon, having a PCE of 25.6% [6]. However,

the manufacturing process is expensive.
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In the last years, nanomaterials or nanostructures have emerged as
promising alternatives for harvesting solar energy [7-10]. Three types of solar cells
based on nanostructured materials are studied: 1) Organic solar cells, based on
molecules or semiconducting polymers with some carbon nanostructure [11-14]
having a record efficiency of 11.5% [6]; 2) Inorganic solar cells, based on inorganic
semiconductor nanomaterials sensitized with another semiconductor or metallic
nanoparticles [15-17]; 3) Hybrid solar cells, based on a mixture of organic-inorganic
nanostructures taking advantage of the best properties of each component and
possible synergetic effects [18, 19]. Actually this type of solar cell has a the world
record efficiency of about 21% with the use of lead iodide perovskite in the solar

cells [20-22].

In 1991, a novel type of low cost solar cell fabricated using dye adsorbed on
nanocrystalline titanium dioxide (TiO,) film as photoanode was reported. Due to
this composition it was named, Dye Sensitized Solar cell (DSSC) [7, 23-29]. The
first DSSC have a PCE of 7% under simulated sunlight irradiation [7]. Currently this
type of solar cell presents a PCE of 13% using a molecular porphyrin dye [30] and it
is possible to increase the PCE of DSSCs by using different methods. One

alternative is to enlarge their light absorption into the near infrared (NIR) region.

The design of photovoltaic cells involves different types of technologies like
silicon solar cells, thin films solar cells, polymer solar cells, organic solar cells and
sensitized solar cells. In recent years, the sensitized solar cell has been a point of
attraction for increasing the energy conversion efficiency of solar cells. The
sensitized solar cells are divided in two groups namely: DSSCs based on organic
dyes as photosensitizer and QDSSCs with QDs as photosensitizer. Comparing
QDSSCs to the DSSCs, QDs have a potential to enhance the cell stability, and their
special multi-electron generation character can enable the theoretically maximum

efficiency to be as high as 44% [31], much higher than that of DSSCs.

1.2 Quantum Dots
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The Quantum Dots (QDs) are a semiconductor crystalline material whose diameter
of particle is of the order of several nanometers (2-10 nm), experiencing quantum
confinement in all three spatial dimensions. QDs has come to focus in many areas of
applications like biomarkers [32, 33], light emitting diodes [34, 35], and photovoltaic
devices [36, 37]. These applications are due to the unique electronic and optical properties
of QDs. The QDSSCs are an interesting research topic towards low-cost and photostable
cell development because the QDs have high molar extinction coefficient and size depend
optical properties [38, 39]. Other advantages of QDs are multi-electron generation [40],
with which it is possible to obtain a maximum theoretical efficiency of 44% which is much
higher than DSSCs. Currently the efficiency of QDSSCs (11%) [41-43] is still lower that of
the DSSCs (13%) [29, 44, 45]. This is probably due to the loss of electrons between
electrolyte and photo-electrode and the narrow absorption spectra of QDs. To increase the
PCE in QDSSCs, it is necessary to develop properties of QDs referring to light harvesting
ability, increasing electron transport rate and decreasing charge recombination in the
device. One of these parameters, the increase in light harvesting ability, is associated with

the quantum confinement effect in QDs.
1.2.1 Quantum confinement effect

The quantum dot behavior can be explained using quantum mechanics. The
Schrédinger equation describes the wave function of a particle, in essence the most
complete description possible of the particle [46]:

2

_h—vzl{‘(r) +V(@r)¥W(r) = E¥(r)
2Zm

where A the Planck constant, m is the mass of particle and V? is the Laplacian

operator:
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W(r) describes the wave function of the particle. Suppose, we consider a particle

confined to a three-dimensional box, which is the representation of a quantum dot.
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The length of the edges in the X,y and z dimensions are Ly, L, and L,. The wave

function from the Schrodinger equation is derived to be:

Lpnx,ny,nz (x, V z) =

The exact eigenvalue solution is:

£ _ h*n? (nx)z N ny g N (nz)z
enYnZ T om \\L, L, L,
Assuming that L,=L,= L,=L, this becomes.

3
2/2 n, N, T

n,m

Wrxnynz(X,¥,2) = (—) sin (L x) sin (% y) sin (% Z)

L L

h?m?
Enxnynz =573 (ny? +ny% +n,%)

Because # and m are constant, m is the particle mass, wich is know for an
electron, L is a numerical length of the box and nx, ny and nz, the eigenvalue, En
(energy value of an energy state) demonstrate that for any integer n( i.e. 0,1,2,3)
there are corresponding, discrete energy states. Moreover, the energy value E of the
eigenvalue is inversely proportional to the square of edge length L of the cube,
which mathematically represent the phenomenon of three dimensional quantum
confinement: as the cube become increasingly confined (L is decreased) the energy

increases.

1.2.2 Optical properties of QDs

When a bulk semiconductor material gradually decreases in size to a critical
size (Bohr radius), quantum confinement effect occurs. The movement of the
carriers will be strongly quantum limited. At the same time the density of electron
states is changed from a continuous energy band of bulk material into quasi-discrete
energy levels, similar to molecules. The band gap of the QD is increased with the

increment in the quantum confinement effect. A smaller size of the QDs will lead to
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a stronger quantum confinement effect. When the size of the QDs decreases, the
bandgap and the splitting of the energy bands increase, making the optical spectrum
to blue-shift with a more molecule-like behavior. As a result, the strong size-
dependent optoelectronic properties of QDs make it possible to tune the absorption

and PL of QDs by tuning the size (see Figure 1-1).

Figure 1-1.Schematic image of the energy bands as a function of particle size.

The properties of the semiconductors nanoparticles can be controlled by size,
but also by shape. When the charge carriers experience quantum confinement in one
dimension, the energy is only continuous in the two dimensional space, these
materials are called quantum wells or quantum films. Similarly, when the carriers
are confined in the two dimensional space and the energy is only in one
dimensionally continuous, these materials are named as quantum wires or quantum
rods (QRs). When the carrier is confined in all the three spatial directions, these
materials are termed QDs, whose energy is completely quantized. The QDs and QRs
have quantum effect, which results in unique optical properties like absorption and

luminescence.

As shown in Figure 1-2, the absorption spectra of QDs changes with the size
of the QDs.
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Figure 1-2 Absorption spectra of QDs with different sizes, the sub index shows the size of
the QDs.

Similarly, the photoluminescence spectrum presents a different peak of

emission, depending of the QDs size (see Figure 1-3).

Figure 1-3 Photoluminescence spectra of QDs with different sizes.

When the QDs increase in size, the absorption and luminescence peak
continuously shifts to the red. This behavior is caused by the decrease of QD

bandgap. The decrease of bandgap is due to the increase in the QD size.

The size dependent optical properties and bandgaps of the semiconductor

QDs derive from quantum confinement, and hence the QDs can be considered as
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materials having properties intermediate between molecules and bulk material.
Figure 1-4 shows the reduction in bandgap of the QDs with an increment in size of

QDs, coming from a quantum confinement effect.

Figure 1-4. The Band Gap depends of the QDs size, when the QDs increase the band gap is

reduced.

Due to the size-dependent effect, the size of QDs has become an important
parameter for their development. Another point is the shape, which induces different
optical properties, and for example the QRs, which are rod-like nanocrystals, with
quantum confinement in two dimensions. The optical properties in this type of
materials depend on the dimensions and the electronic levels which are further

decided by the size of the smallest axis.

On the other hand, the quantum confinement of the materials depends on the
Bohr radius in the materials, however in the case of the ternary or quaternary
materials it is possible to change the optical properties with the concentration

composition.

QDs have several applications in light emitting diodes [47, 48] bio labeling,
bio sensing [49], imaging detection [50] and solar cells [51, 52] .
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1.3 Quantum dots solar cells

Solar cells based on QDs are classified depending of its architecture such as
1) Schottky Cell, 2) depleted heterojunction cell and (3) Quantum Dot Sensitized
Solar Cells (QDSSCs).

1.3.1 Schottky Cell

Figure 1-5 depicts the structure of a Schottky cell, which is composed of a
conducting material contact interface, the QDs for absorbing light and Aluminium
(Al) as metal contact. The interaction between the light and the QDs determines the
absorption of light which generates the electron-hole. The electron then moves to
the conduction band and the hole to the valence band. The next process is the
injection of electron in the metal contact (Al) and the hole to photoelectrode. In this
type of solar cell, the layer of QDs is sandwiched between the two conductive
substrates. A low work function metal and a conducting glass are employed to

collect the photogenerated electrons and holes, respectively.

Figure 1-5 Schematic structure of Schottky cell.

1.3.2 Depleted heterojunction cell.
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This type of solar cell is similar to the Schottky cell; however in this case, a
wide bandgap n-type semiconductor is included. This layer is introduced between
the conductive glass and the QDs (See Figure 1-6). In this case, the electrons flow
towards the nanoporous oxide and the corresponding holes toward the metal. This
type of solar cells is very similar to the organic heterojunction cell. The difference is
that in organic cell, the active layer is a blend of two polymers, one acts as an
electron donor and the other as an acceptor. The charge carrier is photogenerated

near the interface between the two polymers.

Figure 1-6. Schematic Structure of Depleted Heterojunction cell
1.3.3 Quantum dot sensitized solar cells.

These cells typically consist of TiO, NanoCrystals (NCs) acting as a highly
porous wide bandgap semiconductor for electron collection, and dye molecules
adsorbed on the surface of the TiO, NCs acting as sensitizers to harvest solar light.
The operational mechanics is described in the next subsection. This type of cell are
named Dye Sensitized Solar Cells (DSSC). The difference between DSSCs and the
QDSSC:s is that the dye is replaced by QDs. Figure 1-7 shows the typical QDSSCs,
with a TiO, as a wide bandgap semiconductor or electron acceptor and an

electrolyte as hole regenerator.

19



Figure 1-7. Schematic structure of quantum dot sensitized solar cells

The structure of QDSSCs is shown in Figure 1-8 [53], the QDSSCs consists
of three parts namely, the photoelectrode, the electrolyte and the counter electrode.
The photoelectrode is generally fabricated through the deposition of a layer of
mesoporous monocrystalline semiconductor material (TiO,, ZnO, or ZrO,) on a
conductive substrate (FTO or ITO). Next is the adsorption of the QDs onto the
mesoporous semiconductor. The electrolyte is a liquid containing a redox couple
(S¥'S,Y), filling the space between the photoelectrode and the counter electrode to
transport carriers. Finally the counter electrode is a passive electrode, normally a
conductive glass coated with a catalyst layer (Pt, Au, Cu,S), for the charge exchange

between counter electrode and electrolyte.

The research in this field is focused principally on four strategic lines: the
sensitizer materials, the interface between the wide semiconductor (TiO;, ZnO or

Zr0,) with the QDs and electrolyte, the redox electrolyte, and the counter electrode.
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Figure 1-8. Schematic representation of QDSSCs (taken from[53]).

The sensitizer material is the most studied with different types of QDs
(CdSe, CdTe, CdS, PbS, PbSe, Bi,S3, and InP) [15-17, 54-62]. Other configurations
have been employed by mixing two different QDs, for example CdS/CdSe [63-67],
CdS/CdTe [68, 69], PbS/CdS [70-72] configurations, improving the performance of
QDSSCs. Another kind of QDs that has been implemented successfully is the
ternary alloy, such as CdSexSix [73, 74], CdSesTe,« [43, 75-77], or the use of core
shell QDs such as CdSe/CdS [78, 79], CdTe/CdS [80], ZnTe/CdSe [81-83],
CdSeTe/CdS [84-86], resulting in the rapid increase of QDSSCs conversion
efficiency (~10%).

The increment of photovoltaic efficiency in QDSSCs depends on the internal
physical process within the cells. These dynamicsare the charge transfer processes
occurring in the interface between the nanostructured TiO,, the QDs sensitizer, and
the aqueous polysulfide electrolyte [87-89]. Basically these physical processes are
the transport resistance, the recombination resistance and the chemical capacitance

in the cell and they are analyzed by Electrochemical Impedance Spectroscopy (EIS).

The work of the electrolyte solutions is to regenerate the oxidized QDs

sensitizer by donating an electron. A good electrolyte with a redox mediator is
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necessary in QDSSCs. The most common electrolyte is I'/I3” redox couple, since it is
the standard electrolyte for Dye Sensitized Solar Cells [29, 90, 91]; however, in
QDSSCs the most used electrolyte is polysulfide due to corrosion of the
semiconductor QDs caused by the I/I;" redox couple. Polysulfide electrolyte
demonstrates high regeneration rates of oxidized QDs [92]. Other type of
electrolytes used in QDSSCs are cobalt polypyridyl-based redox electrolytes [29].

The Counter electrode is the responsible for the discharge of electrons
quickly. There exists various types of counter electrodes: Au [64], Cu,S [93-96],
CoS [97, 98], Pt [99, 100], NiS [97, 101], PbS [102, 103] and Bi,S3 [104].

Upon illumination, light is absorbed by the QDs promoting an electron from the
Valence Band (VB) to the Conduction Band (CB) leaving a hole in the VB, and producing
an exciton (electron-hole bounded state). Then, the electron has two possibilities, the first is
to recombine with the hole, and the second is the injection to the wide semiconductor
oxide. Depending on the application, the configuration of the device is chosen; for example,
if the application is light emitting diode, the recombination process is important. However
for solar cells, it is necessary that the CB of the wide semiconductor be lower than the CB
of QDs, This condition increases the electron injection in a wide semiconductor. The
working principle and typical energy diagram level structure of QDSSCs are shown in

Figure 1-9.

Figure 1-9. Schematically representation of QDSSCs with representative energy level diagrams.
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The photogenerated holes are injected to the electrolyte and thus the QDs are
restored. The oxidation species of the electrolyte diffuses to the counter electrode and is
reduced by the migrated electrons from the external circuit. The electron-hole transfer

dynamics can be expressed according to the following equations [15, 64]:
QDs + hv - QDs(e + h)
QDs(e + h) + TiO, = QDs(h) + TiO,(e)
QDs(h) +S*~ > QDs + S
S+8i7, - SE
SZ 4+ 2e » S22, + S22

Other important parameters under consideration are the physical process in the
QDSSCs when the hole and electron have been photogenerated in the QDs. The principal
physical process are: 1) the excitation electron may be is recombination with the hole, 2)
charge injection from an excited QD into TiO,, transport of electrons to the collecting
electrode surface, 3) hole transfer to the redox couple, 4) regeneration of the redox couple,
5) recombination of electrons from the QD and the oxidized form of the redox couple, and
6) interfacial recombination of electrons from TiO, and the oxidized form of the redox
couple. (Figure 1-10). The interfacial states formed at grain boundaries again produce
recombination in the system, the interfacial states depend of the quality of crystallinity,

nanostructure with good crystallinity present low interfacial states.

Figure 1-10 Schematic of the different physical process in the solar cells.
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Chapter 2

Experimental Section and Characterization

2.1 TiO; films preparation

Materials: TiO2 Paste (WER2-0 Reflector) and TiO2 Paste (DSL 18NR-T) were
purchased from DYESOL. Titanium (IV) isopropoxide (97%), acetylacetone (>99%), and
fluorine-doped tin oxide (FTO), dimension 100 mm x 100 mm x 1.1 mm, resistivity of 7-10

ohm/sq, thickness of 250 nm and visible transmittance of 80-85% from MTI (TEC-15).

TiO; film Preparation. The FTOs were cleaned with water, acetone and ethanol in
an ultrasonic bath for 15 min, before deposition of the TiO, films. The TiO,
photoelectrodes were prepared by depositing three different layers stacked on one another.
The first was a compact layer which was deposited as follows: a solution of titanium (IV)
isopropoxide (0.2 M) with acetylacetone and ethanol (1:1,V:V) was deposited by spray
pyrolysis over FTO to obtain a 150 nm thick layer, see Figure 2-1.1. The second film was a
Ti0,; transparent layer, and consisted of TiO; paste, (DSL 18-NRT, 20 nm average particle
size) deposited by Doctor Blade method obtaining a 9 um thick layer, see Figure 2-1.2. The
third layer was a scattering layer (opaque) obtained by depositing a 8 um thick layer of
Wer2-O Reflector paste (400 nm particle size) by Doctor Blade. All films were sintered for
30 min at 450 °C to obtain a good electrical contact between nanoparticles, see Figure 2-

1.3.
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Figure 2-1. 1) Deposition by spray pyrolisis of the compact layer over the FTO substrate.
2) TiO, transparent layer, TiO, paste, (DSL 18-NRT, 20 nm average particle size) deposited by
Doctor Blade method. 3) Scattering layer (opaque) obtained by depositing a 8§ um layer of Wer2-O
Reflector paste (400 nm particle size) by doctor blade.

2.1.2 Synthesis of colloidal quantum dots

Materials: Technical-grade trioctylphosphine (TOP 90%), trioctylphosphine oxide
(TOPO 99%), sodium sulfide (Na,S 99%), cadmium oxide (CdO 99%), selenium powder
(Se 99%), tellurium powder (Te 99%), 1-tetradecylphosphonic acid (TDPA 99%), all the

materials were obtained from Sigma-Aldrich.

CdSe QORs: High-quality CdSe QRs and CdSeTe QDs were synthesized based on the
protocol designed by Peng et al [105]. The CdO is used as Cd precursor; TDPA and TOPO
are the ligands and coordinating solvents, respectively. The synthesis was performed in air-
free conditions, wherein 0.05 g (~0.39 mmol) of CdO, 0.3 g (~1.1 mmol) of TDPA, and 4
g of TOPO were heated to 110 °C, degassed under vacuum and then heated to 320 °C under
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nitrogen flow [15]. A Se-TOP solution was prepared by adding 0.026 g of Se powder in
4.25 ml of TOP. After reaching 320 °C, the Cd-TDPA-TOPO solution was cooled to 270 °C
prior to the injection of Se-TOP. Under nitrogen flow, 3 ml of Se-TOP was injected, and the
temperature was then increased to 280 °C to facilitate particle growth. After this, the QRs

were washed using methanol and dispersed in toluene.

CdSeTe ODs: CdO is used as Cd precursor; TDPA and TOPO are the ligands and
coordinating solvents, respectively. A (Se-Te) TOP solution was prepared by adding 0.026 g
of Se and 0.04 g of Te powder in 4.25 ml of TOP and stirring for 1 h to completely dissolve
the Se-Te powders. It is worth to notice that the size of the CdSeTe QDs was tuned by
changing the amount of Se used to prepare the (Se-Te)TOP solution. Four different sizes of
CdSeTe QDs were prepared using the following amounts of Se 0.026 gr, 0.052 gr, 0.114 gr
and 0.132 gr. The samples fabricated with those quantities were named as CdSeTesss,

CdSeTe7;o, CdSeTess4 and CdSeTeso, correspond in size to 3, 4.5, 7 and 9 nm respectively.
2.3 Methods for deposition of sensitizer in solar cells

2.3.1 Successive Ionic Layer Absorption and Reaction (SILAR) method

This method is to directly grow QDs onto the electrode, following the next step: the
TiO, electrode is introduced into a precursor material, for example cadmium acetate
dissolved in ethanol, and subsequently into the reaction material for example a sodium
sulfate solution to synthetize cadmium sulfide QDs (see Figure 2-2a). A single SILAR
cycle consisted of 1 min dip-coating the TiO, electrode into the cadmium acetate and
subsequently into the sodium sulfide solutions, also during 1 min. Between each dipping
step, the electrodes were thoroughly rinsed by immersion in the corresponding solvent, in

order to remove the excess of precursor.

Compare to the colloidal QDs, the QDs prepared by SILAR facilitates the electron
injection into TiO,, increasing the interaction between QDs and electrolyte due to not use
organic ligand and the electrolyte can penetrate into the pores of TiO,. The disadvantage is

that present high surface defects and increase the recombination in the system.

2.3.2 Electrophoretic method
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The photoanode (TiO, layers) cell was placed face to face with an FTO at a distance
of 0.2 cm and immersed in a cuvette with 2.5 ml of colloidal QDs dispersed in toluene. 200
DC volts were applied, with the TiO, films in the positive terminal of the power supply.
After 105 min the colloidal QDs are uniformly distributed on the surface of the TiO, NPs
(see Figure 2-2b).

2.3.3 Pipetting method

The TiO, films were masked with tape with a circular aperture of 6.0 mm in
diameter. Then, one drop (20 pL) of colloidal QDs was pipetted onto the TiO; film surface
and after 15 min one drop of MPA:methanol (3:10 V:V) solution (20 puL) was pipetted on
the decorated film. This process was repeated 10 times (See Figure 2-2c¢).

3 CdS
1
TiO,
i
EtOH:H,0
—_—V
5 _} CdSe QRs
e it
o .
1N~ b
/ | L
CdSe

Figure 2-2. Schematic diagram of the different techniques used for deposition of QDs in TiO, film.
a) Succesive lonic Layer Adsorption and Reaction (SILAR) method, b) electrophoretic method, ¢)
pipetting method.

2.4 Counter electrode manufacture & cell assembling
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Cu,S counter electrodes were obtained by immersing brass foil in a HCI solution
(38% in volume) at 90 °C for 1 hour. Then they were sulfated by adding a drop (20 pl) of
polysulfide electrolyte. The composition of polysulfide electrolyte was 1.0 M Na,S, 1.0 M
S and 0.1 M NaOH dissolved in distilled water. The solar cells were constructed by
assembling the Cu,S counter electrode and sensitized TiO, film electrode with a binder clip

separated by a Scotch spacer. Finally, the cells were filled with polysulfide electrolyte.

2.5 Characterization

2.5.1 Morphological characterization

2.5.1.1 Scanning Electron Microscopy (SEM)

It is possible to obtain detailed information about the morphology and composition
of the different QDSSCs under study by microscopic techniques. Scanning electron
microscopy is used to obtain surface images of the sample. In this technique, the electrons
interact with the atoms on the surface, producing different signals, including backscattered
electrons, secondary electrons and other types of signals.

In SEM is only analyze backscattered and secondary electrons. Secondary electrons
is produced by the interaction between the beam electron and electrons near the surface of
the samples. These electrons not have information about specific atoms and not contain
information about the specific element o material. These present onlu information about the
surface topography. The backscattered electrons, the beam electrons are reflected from the
sample by scattering and are more energetic than secondary electrons. From this electrons,
a compositional analysis of the sample can be obtained, for this reason is name electron

dispersion spectroscopy (EDS) analysis

These images contain information about the morphology, size, shape and
composition. SEM images were obtained from a JEOL JSM-7800F microscope and

electron dispersion spectroscopy analysis was done with Oxford Instruments.

2.5.1.2 Transmission Electron Microscopy (TEM)

28



Transmission electron microscopy is similar to SEM; however, a more energetic
beam of electrons is used to scan the sample, the electrons passing through it are the ones
utilized to create the sample image on a fluorescent screen,. When the incident electron
beam is transmitted through the sample, parts of its intensity are lost due to interactions
with the sample [106]. This intensity loss is greater for thicker regions of the sample or
regions with specimens of higher atomic number. The intensity loss, correspond to the dark
area in the fluorescent screen, the image is complete when is considered the scattering
processes and interaction by the electron flux passing through the sample. The TEM images
of the sample surface consist of a wide range of grays because of the different scattering
processes and interactions experienced by the electron flux and the sample. Transmission
electron microscopy was obtained from a Transmission electron microscope JEOL2010F at
200 kV. The samples were suspended in methanol and chloroform (1:1) at room
temperature and dispersed with ultrasonic agitation in an effort to separate the
nanoparticles. Then, an aliquot of the solution was dropped on a 3 mm diameter lacey

carbon copper grid.

2.5.2 Optical characterization
2.5.2.1 UV-VIS absorption

Ultraviolet-Visible (UV-Vis) absorption spectroscopy is used to characterize the light
harvesting capability of the QDs in colloidal solution and deposited in the films. It is
possible to obtain information about the size and the bandgap of the QDs from the UV-Vis
spectrum [107]. The UV-Vis absorption spectra of colloidal CdSe QRs and CdSeTe QDs
were measured by transmittance. This technique is the fraction of incident light at a
specified wavelength that passes through a sample. The QDs deposited in the films is
measured by diffuse reflectance. This technique is used for scattering samples, in this case
1s necessary to use an integrated sphere with a highly dispersive material that concentrate
the light scattering by the sample in a detector, this measurement is obtained in the range
from 360 nm to 800 nm using an Agilent Technologies Cary Series UV-Vis-NIR
spectrophotometer (Cary 5000).
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2.5.2.2 Photoluminescencespectroscopy

The phenomena of photoluminescence involve the absorption of energy in any
semiconductors materials, in consequent is obtain emission of light, for example the QDs
materials emit light when excited light are radiated [108] . Fluorescence is a form of
luminescence. An electron in the substance absorbs a photon, followed by excitation from
the ground state to the excited state and then relaxation to one of the various vibrational
levels of the ground state, resulting in fluorescence. The measurement is by a fluorimeter,
the fluorimeter is a devise used for measurement the light intensity and wavelength

distribution of emission spectrum after excitation by a certain spectrum of light.

2.5.3 Electrochemical characterization

2.5.3.1 JV curves

The photocurrent in a solar cell involves two processes. The first process is the
absorption of light to create electron-hole. These are generated in the solar cell when the
incident photon has energy greater than that of the band gap. However one possible path for
the electron-hole is recombination, in this case photocurrent is not generated. The second
processes is the collection of charge carrier, this parameter increase if use a layer that
separate electron and holes. In our case the charge carrier is separated; the electron is

injected on the TiO; layer and the hole in the electrolyte.

The photoconversion efficiency (PCE) is the most important indicator to evaluate a
solar cell. The PCE is defined as the ratio between the maximum electrical powers obtained
from the solar cell to the incident light power. The PCE is obtained from the JV curves. The
JV curve of a solar cell consists in applying a voltage sweep to the cell under illumination
while measuring the photocurrent response as shown in Figure 2-3. The power is defined
by the product between the current density and voltage, and then the maximum electrical
power is the maximum value of this product, the rate between this value and the input

intensity light define the photoconversion efficiency.
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Figure 2-3 Typical IV curves for solar cells

In such a plot three parameters can be calculated that describe the internal processes
in the cell. These parameters are the short circuit current, open circuit voltage and fill factor

[109], see figure 2-4.

The short circuit current, Jsc

Current

Al
The open

circuit voltage,V o

Power from
the solar cgll

Voltage

Voc

Figure 2-4 Parameters extracted from the JV curve of a solar cell: short circuit current (Jsc), open
circuit voltage (Voc) and Fill Factor (FF).

Short circuit current (Js): It is the current through the solar cell when the voltage
across the solar cell is zero (i.e., when the solar cell is short circuited) and is the maximum

current from a solar cell.
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The J4 is defined by the external quantum efficiency (QE) of the solar cell. QE(E) is
the probability that an incident photon of energy E will produce one electron to the external

circuit. The J is defined by:

Jse = q.fbs(E)QE(E)dE

Where b, (E) is the incident spectral photon flux density, the number of photons of
energy in the range E to E+dE which are incident per unit area in unit time , q is the
electronic charge. QE depends upon the absorption of material, the efficiency of charge
separation and transport, and the charge collection in the devices. Notice that Ji. depends on

the photoabsorption of the cell and the light spectrum shape (by).

Open Circuit Voltage (V,): It is defined as the maximum voltage available from a
solar cell and is obtained at a current equal to zero. The V. is determined by the maximum
energy difference that can exist between electrons and holes when extracted from the solar
cell. In QDSSCs, it is determined by the alignment of energy levels of the different
materials in the cells [109]. If the energy levels alignment and the band gap are modified

then V. changes, which in turn affects the other parameters in the cell.

When voltage is applied to the device, under dark conditions, the JV curve is

obtained. The current depends on the voltage through the following equation [109]:

Jaark(V) = Jo (eKqT:/T — 1)

where J, is a constant, Kg 1s Boltzmann's constant and T is the temperature in degrees
Kelvin. When the device is under illumination, the photocurrent obtained in the cell can be

approximated as the sum of [, and J,. , then:

] =Js¢ — Jaark

1=Jsc—10(ef?TYT—1)
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When the contacts are isolated, the potential difference has its maximum value, the
open circuit voltage V.. This is equivalent to the condition when the dark current and short
circuit current exactly cancel out, as expressedin the next equation:

qv ( s )
Voo=5—=—In|{—+1
* KgT Jo
This equation shows that V. increases logarithmically with light intensity, this is

important due to efficiency depend linearity of V.

Fill Factor (FF): It is the rate between the electrons photogenerated in the
conduction band and the electrons injected into the TiO,. To estimate the fill factor it is
necessary to calculate the maximum electrical power obtained in the cell (Py,), this provides
a specific photocurrent (J,,) and voltage (V). These three parameters define an specific
area A (see Figure 2.4). Ji. and V,. define other area A,. The FF is defined as the ratio
between A; and A,, this is [110]:

FF = -
=7
]SC[/OC

Photoconversion efficiency (PCE or 1): The efficiency of a solar cell is given by the

equation:

Pmax

PCE =

in

]me

PCE =

in

Where Ppax is the maximum obtainable electrical power of the cell, Pj, is the
incident illumination intensity, Jn, is the current density obtained at maximum power, and

Vi 1s the voltage obtained at maximum power.

It is possible to describe the PCE in terms of /., V. and FF using the equation:
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JscVocFF

PCE =
P;
V,.FF
PCE (%) =]“P°—C- 100
i

2.5.3.2 Incident Photon to Current Efficiency (IPCE)

It is defined as the ratio of the number of electrons that are photogenerated for each
incident photon at a given wavelength (A), and can be determined from the Jg. using the
expression [111]:

]SC (A Cm_z)

IPCE (%) = 1240 - -100
(%) A(mm)xlip.(Wem=2)

where [;,.stands for the incident light intensity.

The relation between the IPCE spectrum and the /. can be expressed using the next

equation [25, 112]:

Jsc = qf bs(A)IPCE(A)dA

The IPCE spectrum can help to determine which material contributes to the
photogeneration at each A and how efficient it is. With this characterization it is possible to
select one or another material to complement the photogeneration or use a specific region

of the solar spectrum and increase the photocurrent.

The current density curves were measured with a Gamry potentiostat (reference
600) scanning from 0 to 600 mV at 100 mV s™. The samples were illuminated with an
Oriel Sol 3A solar simulator while measuring current. The light intensity was adjusted by
employing an NREL calibrated Si solar cell having a KG-2 filter for one sun light intensity
(100 mW cm™).The Incident Photon to Current Eefficiency (IPCE) spectra was measured

with a monochromator (Newport model 74125).

2.5.4 Electrochemical Impedance Spectroscopy (EIS)
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Electrochemical impedance spectroscopy is an excellent technique for characterizing
electrochemical systems [113-115]. EIS can help to identify different physical process
within the cell, such as: a) electron transport in the TiO,, influence by the free carrier
density, and electron mobility [114, 116-118]; b) recombination process between electrons
in the TiO, and the redox species in the electrolyte [89, 119]; c) charging of capacitive
elements in the system, including the Helmholtz capacitance in the TiOj/electrolyte
interface and the capacitance related to filling the conduction band and surface states of the
TiO; [113, 120]. Also, the lifetime, the diffusion coefficient and the diffusion length might
be obtained [115].

Electrochemical Impedance is obtained by applying a potential perturbation to an
electrochemical system at equilibrium and measuring the resulting current. The
perturbation signal usually has a sinusoidal waveform, and then the current response is a

sinusoid with the same frequency as the potential perturbation but shifted in phase.

The sinusoidally modulated potential signal can be expressed as a function of time:
AE(t) = Eysin(wt)
where AE(t) is the potential perturbation at a time t, E is the signal amplitude, and w is
the radial frequency, which is related to the frequency by w = 2rf. The current response
to that perturbation has the form:
AI(t) = Ipsin(wt + @)
AI(t) is the current at a time t, I, the current amplitude, and @ the phase shift.

The impedance is defined as the ratio:
2(0) = AE  Epsin(wt) sin(wt)
T AT Ipsin(wt +0) 70 sin(wt + 0)

Z(t) = Zy(cosD + isind)
Z(t)y=Z"+iZ”
where =+—1 , and Z° and Z” are the real and imaginary parts of the impedance,

respectively.
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It is common to use the so called Nyquist plot to display the impedance data. In
Nyquist plots the real part of the impedance is plotted in the X-axis and the corresponding
imaginary part on the Y-axis. Low frequency data are represented on the right side of the

plot and high frequency data on the left see Figure 2-5.

Figure 2-5 Nyquist plot.

From this plot, it is necessary to extract the information about the electrochemical
processes; one strategy involves the fitting of the impedance data to an equivalent circuit
model. These models consist of a network of electrical circuit elements (resistors,
capacitors, etc). These elements are assigned by the electrophysicochemical processes in

the system.

In our work, the EIS data were fit using the transmission line model shown in
Figure 2-6 [121-124]. In this model, Ry s the series resistance that is related to the electron
flux resistance in the FTO and the wires, R; is the transport resistance arising from the
opposition to the electron flux, Z4 is the Warburg element and represents Nernst diffusion
in the electrolyte, R and C. are the charge-transfer resistance and double-layer capacitance
at the counter electrode, finally R, and C, are the recombination resistance and the
chemical capacitance that come from the resistance against recombination of electrons from
the TiO, CB with states in the electrolyte or the sensitizers and from the variation of the

electron chemical potential, respectively.
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Figure 2.6 Transmission line for the diffusion—recombination model used to fit the impedance
measurements. R is the charge-transfer resistance of the charge recombination process between
electrons in the TiO, film and the electrolyte; C, is the chemical capacitance of the TiO, film; R, is
the transport resistance of the electrons in the TiO, film; Z,4 is the Warburg element showing the
Nernst diffusion of the electrolyte; R, and C, are the charge-transfer resistance and double-layer
capacitance at the counter electrode.

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out by
applying a small voltage perturbation (10 mV rms) at frequencies from 100 kHz to 0.1 Hz

for different forward bias voltages in dark conditions. Experimental results were fitted with

the ZView software.
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Chapter 3

Quantum Dots Sensitized Solar Cells with Absorption in the
Visible Region

3.1 Introduction

In order to obtain higher efficiencies CdS and CdSe QDs have been widely
studied[38, 93, 125-130], due to their high quantum efficiency in the visible region (up to
60 % at 450 nm and up to 80% at 600 nm, respectively), obtaining photoconversion
efficiencies up to 2.3% and 5.4 % respectively [125, 131-133].

The mixing of different kinds of QDs as sensitizers has been reported as a
promising procedure to obtain higher efficiencies by expanding the absorption wavelength
region for light harvesting [64, 134-136] , increase electron injection, and also enhance the
charge transport [137]. In particular, CdS and CdSe have been combined by different
methods in various architectures, like ternary compounds as CdSeS (n=4.05%) [138, 139],
CdS/CdSe deposited by chemical bath deposition (M=3.5%) [140] and by SILAR
(n=5.21%) [56]. Another method used for TiO, sensitization is electrophoretic deposition
reaching an n=1.7% for CdSe QDs [141] and 3.2% for CdSeS QDs [139]. One key factor
in many deposition methods is the addition of inorganic ligands to enhance electronic
transport and successfully passivate surface defects in colloidal QD, playing an important

role mediating electron transfer reactions in the surface chemistry of colloidal QDs [142,

143].

Conventional QDSSCs are based on photoanodes composed for semiconductors
QDs sensitized to the visible absorption. In this chapter is analyzing two QDs with
absorption in the visible light: CdS and CdSe, with a different combination of deposition

technique.

3.2 Solar cell photoanode fabrication
TiO2/CdS/ZnS (reference sample): CdS and ZnS were prepared by SILAR method.
CdS QDs were added as was explained above. (Section 2.3.1). The optimization of this
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process reveals that seven SILAR cycles were done to obtain a uniform coverage of the
Ti0O, nanoparticles (NPs) with CdS QDs. To enhance the photovoltaic performance ZnS is
deposited by SILAR in order to passivate CdS surface and reduce the recombination of
electrons in the TiO; to the polysulfide electrolyte [123, 144-147]. ZnS passivation was
obtained by using 0.1 M of Zn(CH3COO)2°2H,0 and 0.1 M of Na,S both dissolved in
water as Zn>" and S* sources respectively. The films were dipped for 1 min/dip in the

solutions during 2 SILAR cycles.

TiO,/CdS/CdSe/ZnS: this sample was fabricated as follows: After the CdS QDs
sensitization, CdSe QRs were deposited by electrophoresis (see section 2.3.2). Next, a
CdSe-MPA film was added by pipetting method (Figure 2-c). This process was repeated 10
times. Then, ZnS QDs were added as was explained above. In this chapter is used different
deposition technique and is used S for SILAR, E for Electrophoretic and P for Pipetting.3.3

Morphological Characterization

Figure 3-1a shows a typical TEM image of CdS QDs sensitized TiO, nanoparticles
prepared by SILAR method. The average size of CdS QDs is 3 nm, presenting a high
coverage of QDs onto TiO, NP surface. Figure 3-1b shows the TEM image of colloidal
CdSe QRs showing average dimensions of 10 nm long and 5 nm wide. Therefore, the CdS

nanoparticles and CdSe nanorods are in the regime of quantum confinement [148].
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Figure 3-1. Transmission electron microscopy images of a) TiO,/CdS(S) where CdS(S) QDs were
deposited by SILAR method showing an average size of 3 nm and b) colloidal CdSe QRs showing
an average size of 10 nm long and 5 nm wide.

SEM images of Ti0O,, Ti0,/CdS(S)/ZnS(S), Ti0,/CdSe/ZnS and TiO,/CdSe/ZnS are
shown in Figure 3-2. The TiO; transparent layer deposited by Doctor Blade method without
sensitizers forms a homogenous highly porous film with nanoparticle average size of 20
nm, (see Figure 3-2a). The TiO; nanocrystals are uniformly covered by QDs and QRs, and
filling partially the pores as is shown in Figure 3-2b and c. Figure 3-2d shows the TiO,
films sensitized with CdSe by pipetting method and the pore filling is more clearly

observed.
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Figure 3-2. Scanning electron microscopy images of different configurations a) TiO, transparent
layer, b) TiO,/CdS(S)/ZnS(S), where CdS(S), c) TiO,/CdSe(E)/ZnS(S) and d) TiO,/CdSe(P)/ZnS
where CdSe(P). In all cases ZnS(S) was.

The cross-section SEM images and EDS analyses of CdSesensitized TiO, device are
displayed in figure 3-3. In Figure 3-3a all layers composing the device are observed. From
right to left, the first film observed is the FTO followed by the TiO, compact layer (190
nm), the transparent layer (9 pm) composed of 20 nm TiO, nanoparticles, and finally the
opaque layer (8um) composed of 200 nm TiO, nanoparticles. The Cd and Se atoms
distributions detected by EDS mappings are shown in Figure 3-3b and 3-3c, respectively.
EDS characterization highlights the uniform distribution of CdSe QRs inside of the
mesoporous TiO, films increasing the concentration in the transparent layer, which is
consistent with the higher superficial area of the nanoparticles in this layer. Distribution
plots of Cd*" atoms along different TiO, films sensitized by pipetting and electrophoresis
methods are presented in Figure 3-3d. Notice that pipetting produces a concentration profile
that decreases along the transparent TiO; layer, obtaining lower concentration close to the

FTO substrate. However, the electrophoretic method produces an inverse profile with high
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QRs concentration close to the substrate. This is expected because pipetting depends on the
natural diffusion of QRs while in the electrophoretic process sensitizers are attracted to the
FTO electrode. Therefore, the highest concentration is obtained when combining both
pipetting and electrophoretic methods producing an adequate gradient of QDs along TiO;
are being higher close to FTO.

The effective coverage of the TiO, with CdSe QDs by different sensitization
techniques is obtained [127]. The amount of the atomic percentage of cadmium is
calculated with the EDS mapping. If we consider CdSe QRs as a capsule geometrically
figure and monodispersed particle with a lenght of 10 nm and width of 5 nm, then the total
surface area covered by the QRs particle would be of 39 cmz, 49 cm? and 53 c¢m? for P, E
and EP, respectively. The TiO, particle electrode was considered as a spherical particle of
20 nm of diameter obtaining a surface area of 180 cm’. Finally, by dividing the surface
areas (CdSe QRs/ TiO,), we find an approximate value coverage TiO, equal to 22% for
electrophoretic, 24% for pipetting due to the major diffusion of the QDs and 30% for the
combination technique due to the increased amount of material. In conclusion, the density
of CdSe QRs depends on the sensitization technique; the combination of techniques
increases the coverage of CdSe on TiO,. This is only one approximately due to is not
consider agglomeration of QDs or differents monolayer, for this considerations is only the

approximation.
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Figure 3-3. a) Cross-section SEM images of TiO,/CdSe QRs films sensitized by electrophoretic
and pipetting methods with TiO, compact layer (190 nm), active layer (9um) and scattering layer (8
um); b) and ¢) EDS mapping of Cd*" atoms and Se atoms, respectively by electrophoretic and
pipetting method, d) Cd** distribution through TiO, films as a function of deposition depth for
different methods.

3.4 Optical characterization

The UV-Vis absorption and photoluminescence (PL) spectra of colloidal CdSe QRs
in solution are shown in Figure 3-4a. It is observed well defined absorption bands located at
590 nm and a weaker band centered at 480 nm. The former band originates from the
ground-state transition when a 1s electron-heavy hole pair is generated. The higher energy
band is probably a combination of two transitions: one is again a 1s transition that involves
the hole from the spin-orbit split-off valence band, and the other is the first excited-state
transition [148]. The PL spectrum shows one peak at 620 nm when excited at 390 nm. This
peak corresponds to the transition from conduction to valence band of QRs. Consequently,

the derivate of the absorption spectrum (Figure 3-4b) has two local maximums one at 2.05
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eV corresponding to the band gap, and another one at 2.4 eV for the transition from the

valence band to the first excited state.

Figure 3-4. a) Absorption and emission spectra of CdSe colloidal QRs, the emission was obtained
after excitation at 396 nm. b) Derivative absorption spectrum of CdSe colloidal QRs showing the
band gap at 2.05 eV.

The absorption spectra of different configurations of sensitized TiO; are shown in
Figure 3-5. The shoulder in the absorption spectra centered at 450 nm is associated to CdS
[88]. The introduction of CdSe QRs produces an additional absorption band in the red
region centered at 625 nm. The red shift of the absorption peak, compared to colloidal QRs
(see figure ??), is probably a result of the agglomeration produced during the film
preparation. Interestingly, such red band is stronger when deposited by pipetting than
deposited by electrophoresis. An increment in the overall absorption band was observed
when QRs were introduced by both, E and P, techniques. This increment in the absorption

coefficient confirms the concentration increase of sensitizer QRs and is expected to
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improve the photovoltaic conversion efficiency of all devices with this configuration. The
ZnS band gap is about 3.6 eV which corresponds to an absorption band at 320 nm[146] and

does not influence significantly the absorption in the visible range.

——2) TiO2/CdS(S)/ZnS(S)

——b) TiO2/CdS(S)/CdSe(E)/ZnS(S)
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Figure 3-5. Absorption spectra of CdS QDs and CdSe QRs sensitized TiO, layers by different
techniques, TiO,/CdS(S)/ZnS(S), TiO,/CdS(S)/CdSe(E)/ZnS(S), TiO,/CdS(S)/CdSe(P)/ZnS(S) and
Ti0,/CdS(S)/CdSe(EP)/ZnS(S), where S stand for SILAR, E for Electrophoretic, and P for
pipetting.

3.5 Electrochemical characterization
3.5.1 CdS and CdSe quantum dots sensitized solar cells

The current density-voltage (J-V) profiles for TiO, films sensitized with CdS QDs
and CdSe QRs in the different configurations, TiO,/CdS(S)/ZnS(S), TiO,/CdSe(E)/ZnS(S)
and TiO,/CdSe(P)/ZnS(S) are displayed in Figure 3-6a. The measured short-circuit current
density and open-circuit voltage are summarized in Table 3-1. The fill factor and

photoconversion efficiency were calculated using equations 3-1 and 3-2 [24].
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Figure 3-6. J-V (a) and IPCE (b) curves for TiO,/CdS(S)/ZnS(S), TiO,/CdSe(E)/ZnS(S),
Ti0,/CdSe(P)/ZnS(S) devices.

The TiO,/CdSe(E)/ZnS configuration presents a J= 7.4 mA/cm” and a Vo= 504
mV resulting on a photoconversion efficiency of n =2.1%. Meanwhile, when CdSe QRs are
deposited by pipetting (TiO,/CdSe(P)/ZnS) a J;c=8.4 mA and V=564 mV were obtained,
this results on a higher efficiency of 1=2.9%. This difference is consistent with the higher
concentration of CdSe QRs by pipetting than that obtained by electrophoretic deposition as
was observed from EDS in figure 3-3 and corroborated in the absorption spectra from
figure 3-5. Interestingly, notice the strong increment of the FF from 55% for sample
sensitized by electrophoresis to 63% for those sensitized by pipetting. This fact indicates
that when the QRs are deposited by pipetting the charge carrier transport is improved
and/or the recombination processes are reduced [149, 150]. This is probably the result of
QRs gradient where larger concentration on the top of compact TiO, film provides a better
interaction with electrolyte, thus reducing the recombination. Furthermore, the FF is higher

than the 53% presented for sample sensitized with CdS(S) which presents a
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photoconversion efficiency of 2.5%. This result suggests that QDs directly grown on the
surface of TiO, by SILAR method introduce more defects [130], and then more

recombination, than colloidal nanoparticles.

SAMPLE J(mA/cm?) Voe(mV) FF(%) n (%)
TiO,/CdS(S)/ZnS(S) 8.7 542 53.5 2.5
TiO,/CdSe(E)/ZnS(S) 74 204 22 =
TiO,/CdSe(P)/ZnS(S) 8.4 564 63.1 2.9

Table 3-1. Photovoltaic parameters Jy., V,., FF, and n extracted from J-V curves of the QDs sensitized TiO, solar
cells prepared with different technique depositions, SILAR (S), Electrophoresis (E) and Pipetting (P).

The incident photon to current conversion efficiency curve of the TiO,/CdS/ZnS,
Ti0,/CdSe(E)/ZnS and TiO,/CdSe(P)/ZnS are presented in Figure 3-6b. There, it is
observed that the origin of the photocurrent is different according to the composition of the
sensitizer. TiO,/CdS(S) photoelectrodes have higher quantum efficiency (QE=80% at 450
nm) but in a narrow spectral range that decays rapidly for A > 550 nm due to the larger
bandgap (E,) of CdS in comparison to CdSe. Devices sensitized with CdSe QRs, either by
electrophoresis or pipetting methods, have lower QE (60% at 450 nm) but relatively
constant up to 630 nm (IPCE=40%) which correspond to the absorption of CdSe QRs, see
figure 3-6b. This extra 80 nm of photogeneration region provides enough electrons to
obtain almost the same photocurrent than that provided by CdS QDs despite the lower
quantum efficiency. Therefore, CdS QDs present high photogeneration in a limited region
of the solar spectrum; while, CdSe QRs photogenerate in a wider region of the solar
spectrum but with a lower QE due to the limited QR loading. Then, CdS QD and CdSe QR
can be successively deposited to expand the region of the photogeneration maintaining high
QE that would result on an increase in the Ji maintaining relatively high V.., FF and

photoconversion efficiency.
3.5.2 Combination of CdS/CdSe quantum dots sensitized solar cells

The combination of CdS QD prepared by SILAR with colloidal CdSe QR to sensitize TiO,

improves the photoconversion efficiency of solar cell devices. Figure 3-7a shows the J-V
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curve for devices sensitized in  four configurations, TiO,/CdS(S)/ZnS,
Ti0,/CdS(S)/CdSe(E)/ZnS, TiO,/CdS(S)/CdSe(P)/ZnS and TiO,/CdS(S)/CdSe(EP)/ZnS,
and Table 3-2 shows the Js., Vo, FF and 1 of such samples calculated from the J-V curves.
The addition of CdSe QRs increases the Js. from 38%, for pipetting, to 54% for
electrophoresis co-sensitized compared to CdS QDs single sensitized TiO, device. These
results show an increment of 50% for the combination of both techniques suggesting that
an excess of QRs could produce a shielding effect where not all the sensitizer harvests the
impinging light. Such increase in the photocurrent is the result of the absorption bandwidth
enlargement (~100 nm compared to CdS) as is confirmed from the IPCE displayed in figure
6b. CdSe QRs also increases the V,. with an overall increment of 6% when sensitizer is
introduced by both techniques (EP), although pipetting method produces a strong increase
larger than 15.6% (from 542 mV to 626 mV). This variation suggests an upward shifting of
the Fermi level as a result of the interaction between CdS QDs and CdSe QRs and it
depends on the deposition method. Interestingly, the FF decays strongly from 53.5% for
Ti0,/CdS(S) to 49% for TiO,/CdS(S)/CdSe(E) that represent a loss of 9%. However, it
presents a dramatic increase of ~14% when CdSe QRs are introduced by combining both
electrophoresis (E) and pipetting (P) method. A reduction or enhancement on the FF is
associated to an increase or a decrease of the recombination charge, respectively.
Therefore, these experimental results suggest that a homogenous distribution of CdSe QRs
along the TiO,/CdS, as the one obtained when combined electrophoresis and pipetting
method (see figure 5-3d), promotes a major mobility and then reduces the recombination
charge. This confirms that neither electrophoresis nor pipetting methods alone, but both
methods combined, produces the major enhancement on the performance of the solar cell
device. In fact, the photoconversion efficiency for CdS/CdSe is higher than CdS alone in all
cases. But, when combining electrophoresis and pipetting the photoconversion efficiency

was 4.6% that represents an increment of 84% compared to CdS QD single sensitized.

SAMPLE Jo(mA/cm?) Voe(mV) FE(%) n(%)
Ti0,/CdS(S)/ZnS(S) 8.7 542 53.5 2.5
Ti0,/CdS(S)/CdSe(E)/ZnS(S) 13.4 589 49 3.9
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Ti0,/CdS(S)/CdSe(P)/ZnS(S) 12.0 627 53.4 4.0

Ti0,/CdS(S)/CdSe(EP)/ZnS(S) 13.1 575 60.9 4.7

Table 3-2. Photovoltaic parameters J ., V.., FF, and n extracted from J-V curves of the QDs and QRs sensitized
TiO, solar cells with different configuration and combined techniques (SILAR, Electrophoresis and Pipetting).

Figure 3-7. J-V (a) and IPCE curves (b) of TiO,/CdS(S)/ZnS(S), TiO,/CdS(S)/CdSe(E)/ZnS(S),
Ti0,/CdS(S)/CdSe(P)/ZnS(S) and TiO,/CdS(S)/CdSe(EP)/ZnS(S) devices. The working electrode
areas were 0.125 cm’. A Cu,S counter electrode was used, and aqueous 1 M Na,S, IM S and 0.1M

NaOH served as the electrolyte. The performance of the solar cells was measured under AM 1.5

radiation with an incident power of 100 mW/cm?,

A detailed analysis of the IPCE spectra displayed in Figure 3-7b shows that the
addition of CdSe QRs effectively increases the light harvesting region with no reduction of
the external quantum efficiency (EQE) corresponding to the CdS light absorption band.
Both CdS and CdS/CdSe-sensitized TiO, solar cells exhibit strong photoconversion
response over the visible range with EQE grater than 75%. However, the CdS sensitized

electrode decays faster below 70% after 510 nm to be completely extinguished at 700 nm.
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This behavior was observed by other groups [151, 152]; they showed that employing a
Cu,S counter electrode leads to a red shift from 600 nm to 700 nm for the CdS sensitized
TiO,. They hypothesized that the Cu,S counter electrode also absorbs some light and
contributes to the cell current; however, further study is required to understand this
phenomenon. For CdS/CdSe co-sensitized electrodes such decay start after 550 nm for QRs
deposited by pipetting and after 575 nm for those deposited by electrophoresis. Indeed, for
CdSe introduced by both electrophoresis and pipetting decay start after 610 nm. This means
that the combination of CdS with CdSe introduced by electrophoresis and pipetting extend
the light harvest region more than 230 nm, from 380 to 610 nm with an EQE of 70% being
completely extinguished at 700 nm. Such synergistic effect is clearly observed by
comparing the IPCE between single CdSe QRs (see figure 3-7b) with CdS/CdSe
cosensitized TiO,. This is the reason for the Ji and FF enhancements and explains the
strong increment of photoconversion efficiency. The near infrared absorbance of CdSe QRs
nanocrystals is due to the particle size, increasing the photoabsorption range obtaining a

maximum photoconversion efficiency of 4.7 %.

. To understand the dynamics of electrons, the band-edge levels of TiO,, CdS, CdSe
and CdS/CdSe electrodes were determined from Mott-Schottky plots [153] and the band
gap was obtained from the absorption spectra; the final energy diagram is shown in Figure
3-8. The calculated TiO, conduction band (CB) is -4.03 eV, and when the sensitization is
done with CdS QDs and CdSe QRs, the CB increases to -3.83 eV and -3.22 eV,
respectively. This results on an increment of the electron injection efficiency through the
cascade mechanism as described in figure 3-8. Finally, it is observed that the CdS/CdSe CB
is -3.49 eV due to the Fermi-level alignment [137] showing the CB above the TiO, CB

obtaining a favorable electron injection and an increase in Vo from 542 mV to 575 mV.
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Figure 3-8. Energy diagrams level for TiO,, CdS, CdSe and CdS/CdSe QDs and QRs. The
CB position was determined from Mott-Schottky plots.

A multilayered semiconductor sensitizer structure composed of three differently
sized CdSe quantum rods was studied. Based on detailed structural, optical, and
photoelectrical studies, the increased photocurrent is attributed to broadened light

absorption while the increased voltage is due to a shift in the relevant energy levels [37].
3.5.3 Effect of ZnS in quantum dots sensitized solar cells

The current density-voltage (JV) curves for CdS/ZnS and CdS/CdSe/ZnS with
different cycles of ZnS are displayed in the Figure 3-9. From these results, Js., Vo, FF and
PCE were calculated (Table 3-3). For the case of CdS/ZnS, the J is not affected by the
number of the ZnS cycles obtaining similar results of 8.8 and 8.9 mA/cm” for 2 and 4
cycles, respectively. The IPCE showed similar curves (inset Figure 3-9). The V. and FF
increase with more cycles of ZnS QDs form 0.542V to 0.579V and 52.4% to 62.1% for 2
and 4 SILAR cycles, respectively. The PCE increases from 2.5% to 3.2% for 2 and 4 ZnS
SILAR cycles in the configuration. The behavior is similar when the sensitized is CdS and
CdSe, the V. and FF increases from 0.587 V to 0.636 V and 49.2% to 54.2%, respectively.
The PCE increases from 3.9% to 4.9% for 2 and 4 ZnS SILAR cycles respectively. The
total enhancement due to the effect of ZnS SILAR cycles is 25%. The results suggest that
the ZnS acts as a surface passivator, incrementing the charge transport and the photocurrent
in the QDSSCs.
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Figure 3-9. (a)JV curve for CdS/ZnS and CdS/CdSe/ZnS configurations comparing the
number of ZnS SILAR cycles. (b) The IPCE curve for these configurations.

Sample Jsc(mA/cm?) Voc(V) | FF(%) | n(%)
CdS(7)/ZnS(2) 8.8 0.542 52.4 2.5
CdS(7)/ZnS(4) 8.9 0.579 62.1 32

CdS(7)/CdSe(105m)/ZnS(2) 13.5 0.587 49.2 3.9
CdS(7)/CdSe(105m)/ZnS(4) 14.2 0.636 54.3 4.9

Table 3-3. Principal parameters in the solar cells, short current density, open circuit voltage, Fill Factor
and photoconversion efficiency.

3.6 Electrochemical Impedance

Electrochemical impedance spectroscopy (EIS) measurements were carried out to
explain the trends observed in the solar cell parameters when CdS QDs and CdSe QRs are
combined in terms of the internal physical processes. The transmission line model shown in
Figure 2.6 was used to fit the impedance measurements [88, 121]. Figure 3-10 shows the
Cu, Ry and R; extracted from the EIS measurements under dark conditions for the
T10,/CdS(S)/ZnS and TiO,/CdS(S)/CdSe/ZnS sensitized solar cells. Cp is plotted as a
function of V=V,p-Vieries Which is the voltage drop at the active electrode obtained as the
applied voltage, Vg, corrected by the voltage drop due to the series resistance (Veries) [88,
121]. The chemical capacitance is proportional to the density of states (DOS) in the band
gap, which in turn increases exponentially with the proximity to the conduction band (CB).

Therefore, an increase in C,, reflects the upward displacement of the Fermi level (and then
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the CB). As Ri. and R; are exponentially dependent on the electron level density (i.e. the
distance of Fermi level to the CB), a new potential is defined in order to remove the effect

of the CB shift such that the measurements are at the same equivalent CB position:
Veer =V — AV,

where ecb means equivalent conduction band and AV is the voltage shift of the capacitance
with respect to the reference sample, TiO,/CdS/ZnS films, see Figure 3-10a. After the
voltage correction C, overlaps as is shown in Figure 3-10b. Comparing R and C, for the
cells, it is possible to understand the origin in the V. variation [88, 121]. Higher V.
observed in the multi-sensitized cells (EP) could be due to three processes: (1) An increase
in the light absorption. (2) A shift in the TiO, CB, and/or (3) a change in the recombination
rate. An increase in the photo absorption will result in an increment in Js and would
consequently produce an increase of V.. The second effect, a shift in the TiO, CB,
produces a displacement of the TiO; electron quasi-Fermi level which determines the V.,
then an upward shift of the TiO, CB would mean an increase in the V.. This upward
displacement of the conduction band is identified by a shift to higher potentials of C,, as
the 25 mV shift observed for TiO,/CdS(S)/CdSe(E)/ZnS(S) sample in comparison with
Ti0,/CdS(S)/ZnS(S) sample in Figure 3-10a. But this is not the case of the EP samples that
presents no shift respect the reference sample. The third effect, the recombination rate, can
be also determined with EIS by analyzing the R,... An increase of this parameter indicates a
reduction in the electron recombination processes from the TiO, CB to acceptor states

either in the electrolyte or the sensitizers [87, 149].

Comparing TiO,/CdS(S)/CdSe(E)/ZnS(S) and TiO,/CdS(S)/ZnS(S) samples in
Figure 3-10c, it is observed that the multi-sensitized cell has lower R, indicating an
increment in the electron recombination and then a reduction of the V.. Therefore, the V.
is increased by an increment in the photogeneration and a shift in the TiO, CB when CdSe
QRs were added by electrophoresis (T10,/CdS(S)/CdSe(E)/ZnS(S)). And at the same time,
it is reduced by an increase in the recombination processes that result in the increase of 47
mV observed in the J-V curve. In contrast, a negative shift of 50 mV was observed in C,

and at the same time an increase in R, were obtained when the CdSe QRs was added by

pipetting (Ti10,/CdS(S)/CdSe(P)/ZnS(S)). This, combined with the increase of IPCE,
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indicates that for such samples V. also increases by an increase in photogeneration. But
contrary to the sample sensitized by electrophoresis, it is reduced by downshift of the CB
and increased by a reduction in the recombination processes resulting in a higher increase

of Ve (85 mV).

Finally, when the CdSe QRs were deposited by both methods
(Ti0,/CdS(S)/CdSe(EP)/ZnS(S)), Cu is almost the same than for TiO,/CdS/ZnS cells
indicating that the TiO, CB is keep in the same level. Downward and upward shifts
produced in P and E samples, respectively, are compensated producing no final shift in the
CB of EP sample. R, is reduced which means a downshift of the electron quasi-Fermi
level by an increase in recombination processes that would result in a V,. decrease.
However, the photogeneration in this sample is as high as in TiO,/CdS(S)/CdSe(E)/ZnS(S)

samples compensating the effect of R, an resulting in a similar increase of Vo, (33mV).
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Figure 3-10. Impedance spectroscopy characterization of the TiO,/CdS(S)ZnS(S),
Ti0,/CdS(S)/CdSe(E)/ZnS(S), TiO,/CdS(S)/CdSe(P)/ZnS(S) and TiO,/CdS(S)/CdSe(EP)/ZnS(S) .
a) and b) Chemical capacitance, C,. c) Recombination resistance Ry, d) Transport resistance R, as

function of Final voltage V¢and inset R, as a function of voltage equivalent conduction band V.

One important parameter to obtain the high efficiency of the
Ti10,/CdS(S)/CdSe(EP)/ZnS(S) samples is the FF. Variations in this parameter can be due
to a change in the Transport resistance (Ry) [121, 132]. It has been previously reported that

R; can vary depending on the sensitization process. Analyzing the R; behavior in the Vg
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convention, it could be observed that the addition of CdSe QRs by electrophoresis
(TiO,/CdS(S)/CdSe(E)/ZnS) results on an increase of R, indicating a reduction in the
electron transport which results in the reduction of the FF observed in Table 3-2. When the
CdSe QRs are added by pipetting the R; decreases being a little lower and resulting in
almost the same FF. Finally, when both methods are used together (EP), a reduction in R; is
observed, resulting in the meaningful increase of FF obtained for this sample. When R; is
analyzed in the ecb convention (inset of Figure 3-10 d), the behavior is preserved by all the
samples except TiO,/CdS(S)/CdSe(P)/ZnS, probably, is due to the use of inorganic ligand
which in enhance electron transport and successfully passivate surface defects in colloidal
QD, playing an important role mediating electron transfer reactions in the surface chemistry
of colloidal QDs [142, 143]. This indicates that in this particular case the improvement in
R; is due to the CB upward shift instead to a real electron transport resistance reduction.
While for the TiO,/CdS(S)/CdSe(EP)/ZnS there is a real improvement of the electron

transport.

55



Chapter 4

Near infrared absorption of quantum dots sensitized solar cells
4.1 Introduction

Semiconductor QDs have been a point of attraction to increase the energy
conversion efficiency of solar cells. The features that make QDs a perfect choice for
incorporation into solar cells are the tunability of their band gap from the infrared to the
ultraviolet region through control of size and composition, and their high molar extinction
coefficients. [38, 88, 154-158]. In fact, successive deposition of CdSe QDs with various
sizes has been reported as a promising procedure to obtain high efficiencies,due to the
improvement of light absorption, [159, 160] which in turn, increases the photocurrent in
different regions from the visible to near infrared, leading to the increase in electron
injection and charge transport [75, 137, 161]. Furthermore, the photo electrochemical
properties can be enhanced using different morphologies of sensitizer like quantum
rods(QRs), due to the enhancement of electron injection efficiency compared with QDSSCs
[162]. The use of heterostructures such as CdSe/CdTe, ZnTe/CdSe core-shell or ternary
alloy QDs such as CdSeTe [81, 161, 163-165] have also increased device efficiency by
extending the absorption range, providing fast charge separation and lower charge

recombination.

As explained above, light absorption in the visible range has been enhanced, but
there are currently efforts to increase the photocurrent produced in QDSSCs by absorption
of the infrared component of the solar spectrum. To reach this goal, it is necessary to
synthetize different compositions of QDs [166]. These QDs with absorbance in the range of
600-850 nm enlarge the absorption range in the QDSSCs, increasing the photocurrent.

4.2 Solar cells photoanode fabrication

TiO,/PbS/PFN/CdS/ZnS: PbS, CdS and ZnS were prepared by the SILAR method
(Figure 1a). For the deposition of PbS QDs by the SILAR method,
Pb(CH3COO),-2H,0(0.02M) in methanol and Na,S (0.02 M) in methanol:water (v:iv=1:1)

were used as sources of Pb”" and S*, respectively. A single SILAR cycle was performed to
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form the PbS layer. The PFN was dissolved in toluene (2mg/ml) and was deposited by spin
coating at 2000 rpm. This layer was dried at 60°C during 5 minutes. Finally, ZnS QDs
were deposited in all samples using two SILAR cycles. All samples were coated with ZnS

to protect the PbS layer from the corrosive effect of the polysulfide electrolyte [123, 147].

TiO,/CdS/Bi,S3/ZnS: Sensitization was performed by the SILAR method, where a
single cycle consisted of dip-coating into the corresponding solutions for 1 min each,
between dipping steps the electrodes were thoroughly rinsed by immersion in the
corresponding solvent in order to remove any precursor excess. For the Bi,S; deposition,
the sample was introduced in 0.05M BiN3;O9-5H,0 dissolved in methanol and in 0.05M

Na,S in methanol:water (V:V=1:1) as Bi*" and S sources, respectively.

TiO,/CdS/CdSe/CdSeTe/ZnS: The TiO2/CdS/CdSe cell was placed face to face with an
FTO at a distance of 0.2 cm and immersed in a cuvette with 2.5 ml of colloidal CdSeTe
QDs dispersed in toluene. CdSeTe QDs were deposited by electrophoresis with 200 DC
volts applied with the TiO2 films in the positive terminal of the power supply. After 105
min the CdSeTe QDs were uniformly distributed on the surface of the TiO, NPs. Finally,
ZnS QDs were deposited by two SILAR cycles as explained above.

TiO,/CdS/CdSe/CdSeTe/ZnS/SiO;: The TiO,/CdS/CdSe/CdSeTe/ZnS photoanodes were
immersed for 15 min in a cuvette with 0.01M solution of tetraethyl ortosilicate in ethanol

containing 0.1 M of NaOH, this is rinsed with water and dried with air.

4.3 Lead Sulfide quantum dots sensitized solar cells

4.3.1 Morphological characterization

The adsorption of QDs on the surface of the TiO, after deposition is important in
order to favor electron extraction. Figure 4-la shows a TEM image of the TiO,
nanoparticles (second transparent layer) deposited onto FTO. The average size of the TiO;
nanoparticles (NPs) was 20 nm (Figure 4-1b). After deposition of PbS/CdS onto the TiO;
substrate by the SILAR technique, QDs are formed on the TiO,, (see the tiny brilliant
points on TiO; grains in Figure 4-1c). The measured average size of the QDs is ~ 4 nm (see

Figure 4-1d). We measured the size of hundreds of nanoparticles from 50 different TEM
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images to determine the size distribution for the TiO, and the PbS/CdS NPs. Since it is not
possible to distinguish the PbS from the CdS QDs in the TEM images (figure 4-1c), and we
obtained only one value for the size distribution, we concluded that both nanoparticles have
similar sizes. According to the experimental procedure CdS is partially deposited on top of
the TiO; and partially on the PbS, we expect the last option to be dominant considering the
affinity between Cd and S on the surface of the PbS nanoparticles.

16 18 20 22 24 26
TiO2 NPs size (nm)

50 /
40-

1.2 3 4 85 6
QDs NPs size (nm)

counts
[
1

Figure 4-1. (a) TEM image of TiO, nanoparticles without sensitization, (b) TiO, nanoparticles size
distribution, (¢) TEM image of PbS/CdS sensitized TiO, nanoparticles, (d) PbS/CdS nanoparticles
size distribution.

Figure 4-2a shows SEM images of the TiO, nanoparticles, while Figures 4-2b and
4-2¢ show the TiO; sensitized substrates at the same magnification, without and with PFN,
respectively. Figure 4-2c¢ shows an image of the substrate for the configuration
Ti10,/PbS/PFN/CdS. It is clear that the presence of PFN changed the surface morphology of
the films because a granular layer with a much smaller feature size was observed (Figure 4-
2¢). We believe that when PFN is deposited directly over the TiO; film, part of it diffuses
into the film and another part is deposited on top of it. Therefore, PFN alters the TiO, film
surface morphology as is observed by comparison of figure 4-2a (TiO, with no PFN) with
figure 4-2¢ (TiO, with PFN). PFN can diffuse into the film because the structure displayed
in figure 4-2c shows some relatively large voids; this means that PFN is able to penetrate

into the pre-existing opaque TiO, film. A schematic representation of the
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Ti0,/PbS/PFN/CdS system is presented in Figure 4-2d. Both, the PbS and the CdS QDs,
cover the TiO, with the polymeric network trapping the nanoparticles.

s

Figure 4-2. SEM images of: (a) TiO, nanoparticles (T0), (b) TiO,/PbS/CdS (TPC") and (c)
TiO,/PbS/PFN/CdS (TPPC") (d) Schematic representation of QDs and PFN deposited on TiO,.

4.3.2 Optical Characterization

The absorption spectra of all samples under study were obtained in order to observe
the changes upon the addition of the different components in the final device. All the
spectra were taken without the counter electrode, electrolyte, and ZnS protection layer. The
samples have been referred as TC*, TPC*, and TPPC* to distinguish them from their
counterparts in the solar cells. The spectra are shown in Figure 4-3a, the figure includes an
extra sample labeled TO consisting of only the TiO, layers, and the absorption spectrum of
PFN. The TiO; film absorbs primarily in the UV region of the spectrum (sample T0). Upon
addition of the CdS QDs (sample TC*) the absorption spectrum broadens towards the
visible (VIS) region where a broad-band peak centered at 450 nm, characteristic of CdS
[88] is observed. The contribution of PbS (sample TPC*) is characterized by a well-defined
absorption band in the VIS region and a weak absorption tail into the near infrared region
(NIR, up to 1000 nm) [72]. A significant absorption increase in the VIS-NIR region was
observed after the incorporation of PFN (sample TPPC*). The polymer PFN absorbs only
in the 300 to 420 nm range and it does not contribute, or contributes weakly, to the photo-

generation of electrons [167]. Therefore, it is reasonable to interpret that the increment of
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absorption in the sample containing PFN is associated to a light trapping effect produced by
increased incident photon scattering within the polymeric network [168, 169]. These results
were verified by diffuse reflectance measurements of the TiO,/PbS/CdS films with and
without PFN, shown in Figure 4-3b. The increment in the diffuse reflectance after the
incorporation of PFN, shows the effect of light scattering; similar results were obtained by
submicrometer-sized mesoporous TiO, beads employed as scattering layer in dye sensitized
solar cells [170]. A comparison of the surface morphologies of samples TPC  and
TPPC*(see Figures 4-2b and 4-2c¢) supports our interpretation, since a higher light

scattering is expected from the surface with smaller-scale structure.

Figure 4-3. (a) Absorption spectra of samples T0, TC", TPC", TPPC and PFN, (b) Diffuse
reflectance spectra of sample TPC and TPPC”.

4.3.3 Electrochemical Characterization
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Figure 4-4 displays the J-V curves for the Hybrid Quantum Dots Sensitized Solar
Cells (HyQDSSCs); the corresponding short-circuit current density, open-circuit voltage,
fill factor, and photoconversion efficiency are summarized in Table 4-1. The results show

an increment of photocurrent of up to ~53% with the introduction of PbS but the voltage
and fill factor were reduced up to ~20% and ~15%, respectively; as a result the
photoconversion efficiency remains unchanged. With the addition of both PbS and PFN the
photocurrent increased up to ~100% and the voltage was reduced only ~5%: although the
FF was reduced by ~25%, the photoconversion efficiency increased up to ~45%. Such
results confirm the contribution of PFN to diminishing the PbS deterioration reported
previously [72], resulting in an improvement of the photoconversion efficiency.
Understanding the physical mechanism behind such processes can provide information to

help design more efficient photovoltaic devices.

A comparison of the J-V curves corresponding to the samples with and without PbS
QDs (TPCZ and TCZ) shows an increment in the short circuit current and a decrement in
the open circuit voltage after incorporation of the PbS nanoparticles. This increment in J is
attributed to the increased light absorption induced by the presence of PbS, while the
reduction in V. is due to the movement in the fermi level and to an increment of the
recombination rate [123, 144]. After the addition of PFN between PbS and CdS (sample
TPPCZ), the current increased from 13.3 mA/cm? to 17.6 mA/cmZ, as a result, the
efficiency increased by 38.5%, from 2.6% to 3.6% (compare samples TPCZ and TPPCZ).
We propose that this current increment is due to PFN acting as a charge transport layer, as a
protecting layer to avoid direct contact between the TiO,/PbS layer and the electrolyte, and
to an increased intralayer light scattering [171]. As proof of the roles of PFN as charge
transport and scattering layers, we deposited it in different positions inside the solar cell:
when PFN was deposited between the TiO, and the PbS (sample TPPCZI), the current
decreased, from 17.6 to 15.2 mA/cm?, in comparison with the sample TPPCZ where PFN
was located between PbS and CdS, see Figure 4-4 and Table 4-1. The deposition of PFN
after CdS (sample TPCPZ) is detrimental for the current because the PFN is not helping the
charge transport, the scattered light is not efficiently absorbed, and both PbS and CdS are
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isolated from the polysulfide electrolyte; therefore, the current decreases dramatically from

17.6 mA/cm?to 5 mA/cm”.
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Figure 4-4. J-V curves of the different solar cells.

Samples Configuration Jsc(mAcm™) Voe(V) FF (%) n(%)
TCZ Ti0,/CdS/ZnS 8.7 0.542 535 2.5
TPCZ TiO,/PbS/CdS/ZnS 133 0.432 45.9 2.6
TPPCZ TiO,/PbS/PFN/CdAS/ZnS 17.6 0.513 40.3 3.6
TPPCZ1 TiO,/PFN/PbS/CdS/ZnS 15.0 0.560 38.1 3.2
TPCPZ TiO,/PbS/CdS/PFN/ZnS 5.0 0.475 44.0 1.1

Table 4-1. Performance parameters for the QDSSCs studied in this work.

It is well known that the CdS layer helps to reduce the deterioration of the PbS QDs
when it is deposited on top of them, since it avoids their interaction with the electrolyte
resulting in a reduction of the recombination rate [123]. Thus, the additional layer of PFN
also contributes with the protection of the TiO,/PbS layer, decreasing even more the
recombination rate between interfaces. According to the literature, the PbS conduction band
(CB) is aligned with, or higher than, the TiO, CB when the nanoparticle size is between 3
and 5 nm. Consequently, the electrons can be easily transferred from PbS to TiO, [172].
The QDs synthesis and deposition were performed according to the procedure described in
the literature [123]; therefore, we expect that the PbS CB would be aligned with that of the

Ti0,; as observed in Figure 4-5 where a schematic energy diagram shows the effect of PFN
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in different positions. Notice how the CdS certainly protects the PbS from the polysulfide
electrolyte avoiding its deterioration, but this layer makes a barrier trapping the charge in
PbS leading to recombination, see Figure 4-5a. This explains the reduction of the fill factor
as has been reported in the literature [72] and will be explained later. When PFN is located
between PbS and CdS (figure 4-5¢), it should block electrons from CdS, but not from PbS,
from being injected toward the TiO,. In addition, PFN is also trapping holes from PbS
which in turn, avoids recombination of electrons generated in PbS and this improves the
charge transport. Blocking electrons from CdS results on a reduction of the FF (see table 4-
1); such effect is worse when PFN is between the TiO, and the PbS (figure 4-5b) because
the polymer is also blocking electrons from the PbS. From these results we conclude that
the role of PFN is to improve hole transport (not electrons) and light scattering. There is
CdS directly attached to the TiO,, on top of PbS without PFN in the middle, and on top of
PbS with PFN in the middle. In the last case, the CdS does not contribute to electron
injection, thus explaining the reduction of the FF. When PFN is located between the TiO,
and the PbS (TPPCZ1), see Figure 4-5b and Table 1, it acts like a barrier to avoid electron
injection into the TiO,; this explains the strong reduction of FF to 38.1%. The small
increment of Ji is the result of the contribution of PFN and perhaps some scattering
produced by the interface PFN/PbS. As mentioned before, when PFN is located between
PbS and CdS (see Figure 4-5c¢), the transport of holes is promoted and the recombination
rate in the TiO,/PbS interface is reduced. Such layer increases the light scattering and the
absorption of the PbS QDs, which in turn, produces a strong increment of J.. However, the
presence of CdS produces an effect similar to that described in Figure 4-5a, which explains
the reduction of FF to 40.3%. The energy diagram presented in figure 4-5c also suggests
that PFN is not favoring electron transfer from the CdS towards the TiO, because the
LUMO of PFN is slightly higher than that of CdS. Nonetheless, CdS should be contributing
to the current as observed in sample TCZ in Figure 4-4, meaning that electrons are
transported from CdS through PFN. This is confirmed from the external quantum efficiency
(QE) observed from the IPCE plot as will be discussed later. Finally, PFN is acting as a
barrier when it is placed after CdS (see Figure 4-5d) avoiding the interaction with the
electrolyte. This explains the strong diminution in Jg., V., and FF values; this produced a

decrease in photoconversion efficiency.
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Figure 4-5. Energy level diagrams of devices: (a) TCZ, (b) TPCZ, (¢c) TPPCZ and (d) TPCPZ.

The IPCE values for all samples under study were calculated and are displayed in
Figure 4-6. There, it is clearly observed that absorption of light in the infrared region is
helping to photogenerate electrons and this absorption occurred as a result of PbS addition,
compare sample TCZ with TPCZ, TPPCZ and TPPCZI. This figure also shows the
increment of IPCE upon incorporation of PFN, compare sample TPCZ with TPPCZ and
TPPCZ1. Notice that the shape of the IPCE curve for those samples is maintained. This
suggests that the enhancement comes from an increment of light absorption produced by
intralayer light scattering. In fact, the strong decrease of the IPCE values for TPCPZ sample
confirms that PFN after CdS isolates both active materials (PbS and CdS) from the
electrolyte and interrupts the charge flux through the device. This barrier behavior was
confirmed from sample TPPCZ1 where a strong reduction of IPCE was also observed. This
suggests that PFN between PbS and CdS (sample TPPCZ) is promoting the hole transport

from the former active material (PbS), see Figure 4-5c.
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Figure 4-6. IPCE curves of devices fabricated in this work.

In order to understand the behavior of the physical processes that influence the
overall efficiency of the cell, electrochemical impedance spectroscopy was performed. The
analysis of the EIS curves was based on the model reported by Bisquert et. al. (see figure
2-6) [123, 124].

The variation in V, is typically associated to three factors: 1) an increment in short
circuit current density, 2) an upward or downward displacement of the TiO, CB, and 3) the
recombination resistance [173]. An increment in the photoabsorption will result in an
increase in Ji and, consequently, a shift in the J-V curve that will increase the V. As
previously discussed, the photoabsorption in the samples is increased, therefore we would
expect a shift in the J-V curves so that V., would increase; however, this is not observed.

Figure 4-7a shows the C, extracted from the EIS measurements under dark
conditions as a function of Vg which is the voltage drop at the QDs sensitized electrode, it
is obtained with the formula V=V 5p1-Vieries [173], where Vo, s the total applied voltage
and Veies 1S the voltage drop at the series resistance introduced by the electrical contacts.
Here, it is clear that C, increases in comparison with TCZ, this means that the TiO, CB in
the sample has a downward displacement with respect to the reference sample TCZ after
addition of PbS. If PFN is introduced in the solar cell (sample TPPCZ) a downward
movement of the TiO, CB is observed, but the displacement is less than for TPCZ. To
compare the recombination resistance for the different samples, it is necessary to remove

the effect of the band alignment when the TiO, is sensitized with QDs, so that the effect of
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the TiO, CB shift is excluded. This procedure implies an equal electron density #, and is
carried out by translating Vg until all the chemical capacitance curves overlap among them
as shown in figure 4-7b. After this, a common equivalent conduction band V., is obtained,

defined as: V.

o =V —AV.[123], where AV, is the voltage shift needed to overlap the
chemical capacitance curves. The behavior of R, (figure 4-8a) indicates that the
introduction of the PbS QDs (TPCZ samples) considerably reduces R;.., which means an
increase in the recombination processes; this will downshift the electron quasi Fermi level
and reduce the V,.. When PFN is added (TPPCZ sample) an increase in Ry is observed in
comparison to the TPCZ sample, but still being lower than the obtained for the TCZ
sample. This implies that the introduction of PFN will reduce the recombination processes
produced by the PbS QDs, but the system will still have higher recombination that the TCZ
sample. Finally, considering the combination of the TiO, band shift and the changes in the
recombination processes, the V. in TPCZ and TPPCZ should be lower than that in TCZ (

VIZ > I > It this is corroborated in the J-V curves of Figure 4-4 and in table 4-

1.
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Figure 4-7. Chemical capacitance (Cp) curves (a) as a function of voltage drop in the sensitized
electrode, and (b) as a function of common equivalent conduction bands.

The FF is affected by the B value, a parameter related with the recombination rate
(U,) by the expression U, - n® where # is the electron density. Therefore, low B values
produce higher recombination rates that decrease the fill factor [124]. The B values were
calculated from the slope of the Ry vs V curve [123]. A decrement in transport resistance
or an increment of the B value, increase the FF. In order to find the effect of PFN on the FF,
we compare the behavior of samples TPCZ and TPPCZ. R, and B values are lower in
sample TPPCZ with respect to TPCZ, therefore a higher FF is expected from the R
behavior; however, the  value is lower leading to a lower FF (see figure 4-8b). This means
that the  value is a dominating parameter in our system since the FF decreased from 45.9
to 40.3 for sample TPPCZ with respect to sample TPCZ. Therefore, the presence of PFN

was useful to reduce the recombination rate, to increase the charge transport rate as well as
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light absorption, and to facilitate the electron extraction from the devices. The main result is
an increment in V., Js, and in the photoconversion efficiency from 2.6% to 3.6% for

samples with only QDs versus QDs and PFN (samples TPCZ and TPPCZ).

Figure 4-8. (a) Recombination resistance curves and (b) transport resistance as functions of
common equivalent conduction band. Inset in Figure (b) shows the values of the p parameter.

4.4 Bismuth Sulfide (Bi,S;) Quantum Dots Sensitized Solar Cells

4.4.1 Optical characterization

The UV-VIS spectra of all samples under study, as well as the spectrum for a TiO;
film similar to the one used in the cells, are shown in Figure 4-9. All the spectra have their
maximum absorbance below 350 nm, this is attributed to the TiO, film. The band gap of
ZnS 1is approximately 3.6 eV (345 nm); thus, we do not expect major absorption
contributions from this component in our spectra [146]. The absorbance of the TCZ sample
reaches up to 550 nm with a broad shoulder centered at 450 nm, corresponding to the

absorption of CdS QDs [88]. The introduction of the Bi,S; QDs (samples TCBZ and
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TBCZ) extends the absorption band into the near infrared region, up to 800 nm,
highlighting the importance of such sensitizer [174, 175]. Sample TCBZ shows higher
absorbance than TBCZ due to the higher amount of QDs deposited by the difference in the
number of SILAR cycles, six and three cycles for CdS and Bi,S3, respectively for TCBZ,

and two cycles for both components in the TBCZ sample.

Figure 4-9. Absorption spectra of Bi,S; and CdS QDs sensitized TiO, layer: TiO, (TO0),
Ti0,/CdS/ZnS (TCZ), TiOy/ Bi,S;/CdS/ZnS (TBCZ), TiO,/CdS/ Bi,S;/ZnS (TCBZ).

4.4.2 Electrochemical characterization

The current density-voltage (JV curves) for the different configurations of sensitized
TiO; films are displayed in Figure 4-10. The resulting short circuit current densities, open-
circuit voltages, and the calculated fill factors and efficiencies are summarized in Table 4-2.
AJeof 7.9 mA/cmz, Voo of 512 mV, FF of 41.9%, and efficiency of 1.69% were obtained
with the reference sample TCZ. The addition of Bi,S; after CdS QDs (sample TCBZ)
results in an increment of the photocurrent to 9.3 mA/cm® and of the FF to 2.52%
representing an increment of 53%. However when Bi,S; is deposited before the CdS QDs,
there is a decrement of the photocurrent to 2.7 mA/cm” and of the V. to 378 mV, resulting
in an efficiency of only 0.56%. The relative increment of 50% in the photoconversion
efficiency in TCBZ is explained by the extended photo-absorption spectral range of the
Bi,S3; QDs, and by the relative energy positions of the valence and conduction bands (VB

and CB, respectively) of both sensitizers.
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Figure 4-10. J-V curves of the different configurations under study

Sample Configuration Jo(mA/ecm?) | Voo(mV) | FF(%) n(%)

TCZ TiO2/CdS/ZnS 7.9 512 41.9 1.69
TCBZ Ti02/CdS/Bi,S3/ZnS 9.3 502 53.7 2.52
TBCZ Ti02/Bi,S3/CdS/ZnS 2.7 378 54.8 0.56

Table 4-2. Performance parameters of solar cells studied in this work.

The energy diagrams for all samples under study were determined from Mott-
Schottky plots [153] and are displayed in figure 4-11; the energy gap (E.) was obtained
from the absorption spectra. In that figure, panel (a) corresponds to the sample TCZ, where
it is clear that the electron transport towards the electrode is favored in this configuration by
the down-cascading arrangement of the CBs. The introduction of Bi,S; QDs (configuration
TCBZ) provides an energetically favorable arrangement of the TiO,, CdS, and Bi,S;
conduction and valence bands (see Figure 4-10b) resulting on an increment of Ji, and FF of

the system.

A detailed analysis of the device with the configuration TBCZ corroborates that
such conduction band arrangement is responsible for the decreased characteristics of the
photovoltaic device. From the diagram shown in panel 4-10c, it is clear that both, electrons
and holes, face potential barriers at the Bi,S3;/CdS interface. Although Bi,S; and CdS QDs
absorb light and electrons can move to the TiO, electrode from the Bi,S; the generated

holes are mostly blocked from reaching and interacting with the electrolyte. This is because
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the CB and VB of CdS are below the corresponding energy bands of Bi,S;. As expected, a
significantly lower value (2.7 mA/cm?® and a 1 of 0.56%) than those from the reference
sample (TCZ) were obtained, despite the absorption spectrum of TBCZ extending into the

near infrared.

Figure 4-10. Energy level diagrams with different configurations of QDs sensitized TiO, films; (a)
TCZ, (b) TBCZ, and (c) TCBZ configurations.

The IPCE curves for the three devices under consideration are shown in Figure 4-
11a. All samples have a maximum IPCE between 410 and 480 nm, dominated by the
photo-absorption of CdS [88]. The reference sample TCZ shows a maximum conversion
efficiency of ~45% compared to the ~60% obtained for the TCBZ architecture that
represents the highest IPCE value among all the samples under study. Notice the tail in the
curve extending up to 900 nm associated to the incorporation of the Bi,S; QDs,

demonstrating that such sensitizer contributes to the improvement of the solar cell.
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In contrast, there is a strong decrement in the IPCE for the sample TBCZ that
reaches a maximum of only 20%; the curve does not show a contribution in the region
corresponding to the Bi,S; absorption. This indicates that the Bi,S; in the TBCZ
configuration does not inject electrons and at the same time interferes with the
photogeneration or transport process of the CdS, resulting in a very low Jg. as discussed
above (see Figure 4-10 and Table 4-2). The current for TBCZ is clearly reduced with
respect to the reference TCZ. This is due to misalignment in the energy levels and by the

low amount of material in the sample.

In addition to the JV curves, the integrated J,. as a function of wavelength was
estimated by integrating the product of the spectral curve of solar emission and the IPCE
measured under low illumination; the result is shown in Figure 4-11b. The resulting Jg
average is lower, for all samples, in comparison to the measured JV curves. This
disagreement can be attributed to the light reflecting in the surface due to the low
illumination, since the intensity illumination for JV curves was considerably higher [176].
We see that the Ji. curve is enhanced, in comparison to sample TCZ, for wavelengths
greater than approximately 600nm by the addition of Bi,S; after the CdS QDs (sample
TCBZ), showing the contribution of the Bi,S; for this configuration. In contrast, for the
TBCZ configuration the Jsc curve is almost flat after 600 nm, meaning that the Bi,S;3

contributes little in this configuration.
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Figure 4-11. (a) IPCE curves for the three configurations under study. (b) Integrated Jsc obtained
from the IPCE curve.
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4.4.2 Electrochemical impedance

To better understand the physical processes behind the behavior of the relevant
parameters for the cells, we performed electrochemical impedance spectroscopy
measurements. The EIS data were fit using the transmission line model shown in Figure 2-6

[121-124].

The results from the EIS experiments are displayed in Figure 4-12. In particular,
panel (a) shows C, extracted from the EIS measurements under dark conditions for the
different configurations. In this plot, C, is presented as a function of V=V 5p-Vieries [173],
where V,,, is the applied voltage during the measurement and Vries 1 the voltage drop due
to the series resistance [88, 121]. As mentioned before, an increase in C,, for a fixed voltage
suggests a displacement of the TiO, CB towards lower energies. As R, and R; are
exponentially dependent on the energy level density [173] (i.e. the distance to CB), in order
to correctly evaluate these parameters we need to define a new potential in such a way that
the measurements be at the same equivalent position with respect to the CB for each device.

This is accomplished by defining an equivalent conduction band potential (V,.) [123] as:
Veeh =V — AV

in this expression AV; is the voltage shift necessary so that the Cp curves overlap, the result
of this procedure is shown in Figure 4-12b. It is clear that for the sample TBCZ the value
of C, has a plateau for V.,>300 mV; this behavior is similar to the one observed in TiO,
nanostructured electrodes in aqueous electrolyte without light absorber, and in DSSCs with
ionic liquid as hole conductor [177]. According to the literature, the existence of this
plateau in the graph is strong evidence that band unpinning occurs by the charging of deep
surface states [144]. These surface state defects might induce recombination through mono-
energetic levels in the band gap reducing the photocurrent [178]. This result is consistent
with the poor Ji. and IPCE observed for this sample. On the other hand, the TCBZ
configuration displays similar general characteristic of the chemical capacitance as the TiO,
film with no plateau feature, leading to a good mobility of electrons/holes [178]. Using the
transmission line model presented in Figure 2-6, the values for R, the resistance against

recombination of electrons from the TiO, conduction band to acceptors levels in the

74



electrolyte and TiO,/QDs interface, were obtained and are displayed in Figure 4-12c.

Higher values of R, mean less recombination.

Results indicate that the introduction of the Bi,S; QDs in the configuration TCBZ
slightly decreases the recombination resistance, implying an increased electron-hole
recombination. This increment in the recombination processes results in a small downshift
of the electron Fermi level and the V., as observed in figure 4-12a [87, 149]. In the case of
TBCZ the reduction in Ry is a little stronger than for TCBZ; however, the reduction in V,
is much larger than the expected for the increment in the recombination process. This is
because the strong reduction in the photocurrent due to a lower number of electrons in the
TiO, conduction band and a lower position of the Fermi level. This, together with the
barrier for hole injection and the surface state defects mentioned earlier, explains the low

performance of this sample. The configuration TCBZ does not suffer from these problems.

The behavior of V. is controlled by three competing processes: 1) light absorption
intensity, 2) shifts in the TiO, CB, and/or 3) recombination rate. An increase in the
photoabsorption will result in an increment in Ji. and V,.; however, as stated before, an
increment in R indicates a reduction in the electron recombination leading to a reduction
of Vo [87, 149]. When we compare the configuration TCBZ to TCZ, there is an increment
in the absorption due to the incorporation of Bi,S; but the EIS measurements show a partial

decrement of the Ry indicating a higher recombination rate.

Variations in the fill factor can be due to changes in the transport resistance, R;
[132, 173]. A detailed analysis of Ry, the resistance to the electron movement, shows that all
samples have almost the same resistance; however, the sample TCBZ has a slightly lower
value (see Figure 4-12 d). A lower value of R; means a more efficient electron transport
having an impact on the FF [121, 132], corresponding to a higher observed FF for this
sample of 53%.
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Figure 4-12. Electrochemical impedance spectroscopy characterization of TiO,/CdS/ZnS (TCZ),
Ti0,/Bi1,S3/CdS/ZnS (TBCZ), Ti0O,/CdS/ Bi,S;/ZnS(TCBZ) films: (a) Chemical capacitance Cp as
a function of voltage drop in the electrode. (b) Chemical capacitance Cp as a function of common
equivalent conduction band. (c) Recombination resistance, R.... (d) Transport resistance R, as a
functions of voltage equivalent conduction band V.

4.5 Colloidal CdSeTe QDs
4.5.1 Morphological characterization

The QDs synthetized by different techniques were characterized by TEM. The measured
average size of CdS, and ZnS QDs synthetized on TiO, nanoparticles by SILAR method is
3 nm, measured directly from HRTEM images. The colloidal CdSe QRs have an average
size of 10 nm length and 5 nm width, in correspondence with our previous work [63]. The
Figure 4-13 shows a typical HRTEM image of CdSeTegyy QDs showing the crystalline
structure, and its size distribution showing an average size of ~ 9.5 nm. It was observed that
the particle size depended of the Se concentration. In this work, concentration was changed
from 0.026 to 0.132 g; resulting in nanocrystals of size ranging from 3 nm to 9.5 nm, see

Figure 4-13. The relation between size and peak absorption is: 3nm correspond to 684nm,
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4.5nm to 710nm, 7nm to 784nm and 9nm to 800 nm, in the image is labeled the type of

quantum dot with the absorption peak.

Figure 4-13. HRTEM image and their particle size distribution of (a-b) CdSeTe;g4 QDs and (c,d)
CdseTegoo QDS

4.5.2 Optical characterization

The UV-VIS absorption spectra of CdSe QRs and different CdSeTe QDs are shown
in Figure 4-14. It is observed a well-defined absorption bands at 650 nm, 684 nm, 710 nm,
780 nm and 800 nm for labeled CdSe, CdSeTeggzs, CdSeTeq19, CdSeTer50 and CdSeTegqo,
respectively. Hereafter we refer to CdSeTespo QDs (just CdSeTe QDs) if nothing else is
indicated. The red-shift in the spectrum is produced by the increase in particle size and it

also depends the concentration of selenium [164]. Note that, in addition to the band gap
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shift to longer wavelengths there is a reduction of absorbance in the visible region for larger

QDs.
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Figure 4-14. Absorption spectra of different CdSeTe QDs synthesized in the lab.

The cross-section SEM images and EDS analysis of substrates with multi-stacked
QDs with configuration of CdS/CdSe/CdSeTe are displayed in Figure 4-15. All layers
composing the device are observed in figure 4-15. From right to left, the first film observed
i1s FTO followed by TiO, compact layer (190 nm), the transparent layer (9 um) composed
of 20 nm TiO, nanoparticles, and finally the TiO; scattering layer (8um) composed of 200

nm TiO; nanoparticles.
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Figure 4-15. (a) Cross-section SEM images of TiO,/CdS/CdSe/CdSeTe QDs films sensitized by
electrophoretic and pipetting method with TiO, compact layer (190 nm), transparent layer (9um)
and scattering layer (8 um); b)-h) EDS mapping of Ti, O, S, Cd, Zn, Te and Se atoms respectively 1)
The distribution through TiO, films as a function of multi-stacked QDs.

The Ti, O, S, Cd, Se, Te and Zn atoms distributions detected by EDS mappings are
shown in Figure 4-15b through 4-15h, respectively. EDS characterization highlights the
uniform distribution of multi-stacked QDs inside the mesoporous TiO, films increasing the
concentration in transparent layer, which is consistent with the higher effective surface
area of the TiO; nanoparticles in this layer, see figure 4-151. The homogenous high porous
Ti0, transparent and opaque layer uniformly covered by QDs and QRs are observed from

SEM images in figure 4-16.
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Figure 4-16.Scanning Electronic Microscopy (SEM) images of different configuration. a) TiO,
transparent layer, b) TiO,/CdS/CdSe/CdSeTe/ZnS, where CdS were deposited by SILAR method,
¢) TiO, opaque layer d) TiO,/CdS/CdSe/CdSeTe/ZnS where CdSe and CdSeTe were deposited by

electrophoretic method. In all cases ZnS(S) were deposited by SILAR method.

The absorption spectra of the samples where the TiO, was sensitized with different
types of QDs are depicted in Figure 4-17 (those samples are not complete solar cells). The
shoulder in the absorption spectra centered at 450 nm is associated to CdS deposited by
SILAR process [88]. The CdSeTe QDs increases the absorption band to the infrared up to
800 nm. Interestingly, in the configurations TiO,/CdS/CdSeTe/ZnS and
Ti02/CdSeTe/CdS/ZnS the absorption band extends into the infrared up to 800 nm. In fact,
the absorption is extended to the infrared region with the introduction of CdSeTe QDs
adsorbed on TiO,. The ZnS band gap is about 3.6 eV, which corresponds to an absorption

band at 320 nm and does not influence significantly the absorption in the visible range.
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Figure 4-17. Absorption spectra of CdS and CdSeTe gradient QDs sensitized TiO, solar
cells, TiO,/CdS/ZnS, TiO,/CdSeTe/ZnS, Ti0,/CdS/CdSeTe/ZnS and Ti0,/CdSeTe/CdS/ZnS.

4.5.3 Electrochemical characterization
4.5.3.1 CdS and CdSeTe quantum dots sensitized solar cells

To have a better understanding of the working mechanisms in multi sensitized cells, the
current density-voltage (J-V) curves of several configurations were measured, the results
were consistent with our previous studies in this kind of solar cells [63]. Even though the
PCE of CdSeTe sensitized cell is considerably low, absorption measurements suggest that
this is not due to degradation of the CdSeTe QDs by the electrolyte [75]. When CdS and
CdSeTe QDs are used in the configuration TiO,/CdS/CdSeTe/ZnS, a considerable
improvement of the PCE is observed (128 % with respect to the reference sample,
T10,/CdS/ZnS, see Figure 4-18 and Table 4-3. This efficiency is principally due to an
increament in the current Ji in the cells (from 10 to 20 mA/cm?®), suggesting the
contribution of photogenerated electrons in both, CdS and CdSeTe QDs. However when
CdSeTe was situated between TiO, and CdS (TiO,/CdSeTe/CdS/ZnS) the obtained PCE
was as low as the one obtained for TiO,/CdSeTe/ZnS cells (1.3%), with a Ji, of 4 mA/cm?

indicating a reduction in the photegeneration process or in the charge carrier recollection.
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Figure 4-18. J-V curves of the different configurations under study.

Sample Je. (mA/cm?) Voe(V) FF(%) 1 (%)
Ti0,/CdS/ZnS 10.5 0.459 58.6 2.8
Ti0,/CdSeTe/ZnS 2.9 0.522 83.3 1.2
Ti0,/CdS/CdSeTe/ZnS 20.3 0.608 51.0 6.4
Ti0,/CdSeTe/CdS/ZnS 4.0 0.582 55.0 1.3

Table 4-3. Photovoltaic parameters J, V,., FF, and n extracted from J-V curves of the QDs sensitized TiO, solar
cells with different configurations under study.

Detailed IPCE curves of the samples under study are displayed in Figure 4-19. Here
it can be observed that the TiO,/CdS/ZnS cell has a high light harvest region from ~ 400
nm to ~550 nm (IPCE> 75 %) corresponding to the CdS QDs absorption and a small tail
around the range from 550 to 650 nm, probably due to trap states at the band gap. The IPCE
curves for TiO,/CdSeTe/ZnS indicate that the QE of these cells is very low in the visible
and infrared region (<10%); however, the absorption study indicates that these samples
effectively absorb light with A<900 nm, this result suggest that there is a problem in the
electron transport from the CdSeTe gradient QDs to the TiO,. The IPCE curve for
T10,/CdS/CdSeTe/ZnS presents a wide range of photo generation with well-defined peaks
at 450 nm and 800 nm with QE ~80% and ~40%, respectively. This behavior corresponds
to the QE of the CdS QDs extended to the absorption range of the CdSeTe QDs, confirming
that the increase of photocurrent observed for this sample in the J-V curve is due to the
contribution of the photogenerated electrons of both kinds of QDs. However, for the
T10,/CdSeTe/CdS/ZnS configuration, this behavior is not observed, even though this
sample has a similar absorption spectra than TiO, /CdS/CdSeTe /ZnS, it has a very low QE
in the visible region. Then, when CdSeTe QDs is placed between CdS and TiO; not only
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the electrons photogenerated in the CdSeTe QDs do not reach the TiO, but also the
electrons coming from the CdS QDs are reduced, indicating that something in this
configuration inhibits the electron injection process from the QDs to the TiO, film, in
comparison to the TiO2/CdS/CdSeTe/ZnS configuration, where the electron injection

process is fomented.

In addition to the JV curves, the integrated Ji. as a function of wavelength was
estimated; the result is shown in Figure 4-19b. The resulting J,. average is lower, for all
samples, in comparison to the measured JV curves. This disagreement can be attributed to
the light reflecting in the surface due to the low illumination, since the intensity
illumination for JV curves was considerably higher [176]. In this spectrum, the dependence
of the injected electrons on the TiO, with respect to the absorbed light wavelength is
observed, for the configuration TiO,/CdS/ZnS the curve grows until 650 nm, indicating that
the injection of electrons finishes in this wavelength. The configuration TiO,/CdSeTe/ZnS
does not present electron injection in the NIR region, and only presents injection in the ultra
violet region (450 nm). In consequence, this sample has a low photocurrent. The
configuration TiO,/CdS/CdSeTe/ZnS presents electron injection in the visible and NIR
region (300-800 nm), this electron injection improves the photocurrent in the cell. However

the configuration TiO,/CdSeTe/CdS/ZnS does not present electron injection in the cells.
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Figure 4-19 (a) IPCE curves of TiO,/CdS/ZnS, TiO,/CdSeTe/ZnS, TiO,/CdS/CdSeTe/ZnS, and
Ti0,/CdSeTe/CdS/ZnS devices.. (b) Integrated J;. obtained of IPCE curve.

4.5.3.2 CdS/CdSe/CdSeTe quantum dots sensitized solar cells

The absorption spectra of sensitized TiO; electrodes using different types of QDs
are depicted in Figure 4-20. The shoulder in the absorption spectra centered at 450 nm is
associated with CdS QDs deposited by SILAR process [88]. The addition of CdSe QRs
increases the absorption band in the visible range and extends it from 550 nm to 650 nm
being the characteristic band centered at 600 nm, but it is extended to the near infrared
(NIR) up to 800 nm if CdSeTe QDs is added instead. Notice the reduction of absorption in
the visible region in comparison with CdS/CdSe sensitized electrodes. Interestingly, the
multi-stacked CdS/CdSe/CdSeTe configuration presents an extended absorption range in

the NIR without loss of absorption in the visible region.
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Figure 4-20. Absorption spectra of CdS QDs, CdSe QRs and CdSeTe QDs sensitized TiO, where
CdS is deposited by SILAR method, CdSe QRs and CdSeTe QDs deposited by electrophoretic
method.

Figure 4-21 shows the absorption spectra of sensitized electrodes using different

sizes of CdSeTe QDs.
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Figure 4-21. Absorption spectrum’s of TiO,/CdS/CdSe/CdSeTe QDs, with different sizes of
CdSeTe QDs.

The current density-voltage of multiple QDs in QDSSCs was measured and are
displayed in Figure 4-22a. It is clearly observed that the PCE of 2.7% from CdS was
improved with the addition of a second photoactive material, either CdSe QRs or CdSeTe

QDs. Indeed, the use of multiple QDs sensitized electrodes CdS/CdSe/CdSeTe provide the
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highest improvement of the solar cell device, see Figure 4-22a and Table 4.4. The PCE with
the addition of CdSe QRs (CdS/CdSe) increased a 63 % with respect to CdS reference
sample. In the Case of CdS/CdSeTe the efficiency is boost up to 4.9%, with a relative
increase respect CdS reference of 81%. An outstanding PCE of 6.5% was obtained for
multiple QDs, CdS/CdSe/CdSeTe, exhibiting a performance increase of 141% with respect
to the reference device. The use of a SiO; layer increases the open circuit voltage from
0.588 V to 0.643 V for CdS/CdSe/CdSeTe/ZnS and CdS/CdSe/CdSeTe/ZnS/S10,
respectively, and enhances the PCE from 6.5 to 7.4%, respectively. Such increases in the
PCEs are mainly attributed to the increase of the photocurrent Ji. as a result of the
absorption bandwidth enlargement (~200 nm compared to CdS) as is confirmed from the
IPCE measurements, see Figure 4-22b. However the increment of voltage is due to the

introduction of the Si0O, layer, this results from the control of the recombination rate.

Figure 4-22. (a)J-V and (b) IPCE curves of CdS/ZnS, CdS/CdSe/ZnS, CdS/CdSeTe/ZnS,
CdS/CdSe/CdSeTe/ZnS and CdS/CdSe/CdSeTe/ZnS/Si0, devices.

Sample Jo(mA cm™) | Voo(V) | FF (%) | PCE(%)
CdS 8.8 0.546 55.6 2.7
CdS/CdSe 14.2 0.603 50.8 4.4
CdS/CdSeTe 16.9 0.604 47.5 4.9
CdS/CdSe/CdSeTe 21.5 0.588 51.5 6.5
CdS/CdSe/CdSeTe /Si0, 20.5 0.643 55.9 7.4

Table 4-4. Photovoltaic parameters J,., V,., FF, and PCE extracted from J-V curves of the best performing QDs
and QRs sensitized TiO, solar cells with different configuration of multiples QDs

4.5.3.3 Tunable absorption with different sizes of CdSeTe QDs

Significant efficiencies have been also observed using other CdSeTe sizes, see

Figure 4-23 and Table 4-5.
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CdSeTe QDs.
Sample Joo(mA/ecm?) | Voo(V) | FF(%) | 1(%)
cds/cdse 14.2 0.603 | 50.8 | 4.3
CdS/CdSe/CdSeTegs, 14.3 0.609 | 52.8 | 4.6
CdS/CdSe/CdSeTe;1 15.9 0.607 | 50.1 | 4.7
CdS/CdSe/CdSeTesss 16.4 0.608 | 54,5 | 5.4
Cds/cdSe/CdSeTegqo 17.3 0.618 | 55.0 | 5.9

Table 4-5. Photovoltaic parameters Jsc, Voc, FF, and PCE extracted from J-V curves of the various sized

of QDs sensitized TiO2 solar cells with different configuration of multi-stacked QDs.

Efficiency is decreased if just colloidal CdSe QRs or CdSeTe QDs are used as

sensitizers without the previous deposition of CdS [63], obtaining 2 % and 0.07%

efficiency respectively, see Figure 4-24.
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Figure 4-24. J-V curves of CdS/ZnS, CdSe/ZnS and CdSeTe/ZnS devices

4.5.4 Electrochemical impedance

Electrochemical impedance spectroscopy helped to determine the chemical
capacitance, see Figure 4-25a. C, is plotted as a function of V=V ,,-Vieries Which is the
voltage drop at the active electrode obtained from applied voltage, Vpp, corrected by the
voltage drop due to series resistance (Veries) [88, 173]. It can be observed in Figure 4-25a
that the incorporation of CdSe QRs or CdSeTe QDs produces a slight upward shift of the
chemical capacitance. This shift is most pronounced for multi-QDs CdS/CdSe/CdSeTe and
indicates a downward shift of the TiO, conduction band. This observation is consistent with
previous reports where an increase of the number of SILAR cycles [88] or the number of
coating layers [122] produce the same effect. The progressive separation of the TiO,
surface from the basic polysulfide electrolyte as different QDs are added originates the

observed downward shifts in Figure 4-25a.
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Figure 4-25. EIS characterization curves of devices fabricated in this work: a) and b) are Chemical
capacitance (C,), ¢) Recombination resistance (R.), and d) Transport resistance R, as a function of
voltage equivalent conduction band (V).

For further investigation of the properties of the different electrodes the effect of the
conduction band shift has been removed by the use of the equivalent conduction band
(Veeb), which is defined as: by, where Vr is a final voltage and is the voltage shift to the
capacitance respect the sample used as reference, CdS sample, see Figure 4-25b were
consequently the C, of the different samples overlaps when it is plotted against V.. Other
parameters such as recombination resistance, R,., and transport resistance, R;, can be
analyzed without the influence of the conduction band shift, see Figure 4-25c¢ and 4-25d
respectively. The introduction of additional sensitizers in the CdS reference sample

produces an increase of recombination rate (lower recombination resistance) [87, 149], see
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Figure 4-25c. An increase of recombination rate causes the reduction of V... However, we
can see that the V. of multi-QDs devices slightly increases, see Table 4-5, instead of being
reduced as expected from the higher recombination rate and the slight downward shift of
conduction band. This is due to a significantly higher photocurrent observed for multi-
stacked cells that push V. up. In this sense, the deleterious effect of multi-QDs electrodes
are compensated by a large increment of the photocurrent. Finally the use of the SiO, layer
increased the recombination resistance (see Figure 4-25¢), this indicates that the

recombination rate is reduced and the voltage increased [163], see Table 4-5.
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Chapter 5

Perovskite devices

5.1 Introduction

Organic halide Perovskites solar cells have attracted great attention due to their
excellent performance in solar energy conversion. The typical structure of a perovskite
solar cell is ABX3, where A corresponds to an organic cation i.e methylammonium
(CH3NH;)", B is a large inorganic cation usually lead (II) (Pb,+) and X3 is a slightly
smaller halogen anion usually chloride (Cl-), bromide (Br-) or Iodide (I-).

The first report of perovskite solar cells was done by using dye sensitized solar
cells, where the dye was replaced by perovskite material [179]. This type of cell provided a
PCE of 3.8%. However, the electrolyte based iodides affected the perovskite material [179].
The next work was about perovskite sensitized QDs solar cells providing an PCE of 6.5%
[180]. It was obtained using the mixture of CH3NH3I and Pbl, in butyrloctane, which
reduces the effect of contact between the perovskite and electrolyte. In 2012, a solid
perovskite solar cell was reported where the electrolyte was replaced by an organic hole
transport material (Spiro-Ometad), with the help of which the solar cell showed increased

stability and a PCE 0f 9.7% [181].

The solid state perovskite solar cells were studied with different configurations, for
example, replacing the TiO, layer by Al,Os resulting in PCE of 10.7% [182]. Other
configurations which reported a high voltage showed the replacement of Pbl, by PbBr,
resulting in CH3;NH;PbBr; [183], or by mixing the halogens CH;NH;Pbl; (Bry,
CH;3NH;Pbl;«Cly with PCE of 12.7 and 11.7%, respectively [183]. Further the hole
transport materials were studied where the spiro ometad was replaced by different materials
like P3HT, PTAA and others obtaining a PCE of about 8.5% [184, 185]. The fabrication
process of perovskite solar cells turns out to be very important. The implementation of
sequential two step deposition method increase the crystal formation of perovskite films
and pushes the PCE up to 15% [186]. Actually, the record PCE for perovskite solar cells is

22%, which was obtained with the mixture of two organic cations: methylammonium
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iodide and formamidinium iodide, and further mixing the halogen anion bromide (Br-) and

Todide (I-) [21, 22, 187].

Organic halide perovskite has also been of great interest as emissive components in
light emitting diodes (LEDs) [35]. It is possible to obtain highly luminescent nanoparticles
with perovskite nanocrystals. Also this perovskite nanocrystals present quantum
confinement effect and are named perovskite quantum dots (PQDs). The PQDs present
high photoluminescence quantum yield (PLQY) of up to ~80% [76, 188]. The PQDs with
this high PLQY can be introduced in solar cells and LEDs. [76, 189, 190].

Different types of PQDs are analyzed, of which the most important results are of
CH;NH3PbBr;, the mixing of halogen CH3NH;Pbl;«Bry and CH3NH;PbCl;«Bry [191].
With these different compositions, it is possible to tune the emission in PQDs. The major
problem with this type of nanocrystals is the degradation of the materials. Other types of
PQDs can replace the CH;NH3;X by Cesium (CsX) where X is a smaller halogen anion
usually chloride (Cl-), bromide (Br-) or Iodide (I-), obtaining all inorganic CsPbX3; PQDs
[192, 193].

5.3 Perovskite quantum dots

5.3.1 Synthesis of perovskite quantum dots
A series of CsPbX; QDs were synthesized using hot injection method with dry oleylamine
(OLA) as the coligand and stabilizer. This synthesis process takes advantage of the ionic
nature of chemical bond between the compounds, Cs2+, Pb*" and X . The CsPbX;
nanocrystals were obtained by reacting cesium oleate with lead (II) halide (PbX;) in
octadecene at a temperature of 170°C. The Cs-oleate solution was prepared my mixing
CsCOs3 (0.2 g, Sigma Aldrich, 99.9 %) with octadecene (10 ml, ODE, Sigma Aldrich, 99
%) and oleic acid (1 ml, OA, Sigma Aldrich, 99 %) in a 50 ml three-neck flask. The

mixture is heated in the presence of nitrogen at 150 °C for complete solubilization of

CsCO; and is kept at 100°C throughout the process. Further, a 1: 1 molar ratio of OA and
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OLA with octadecene is added to the PbX; (0.376 mmol) for complete solubility and
stabilization of synthesized nanocrystals. After complete solubilization, the PbX, mixture is
heated to a temperature of 170°C, to which the Cs-oleate solution (1 ml in ODE) is added
instantly. The reaction takes place so rapidly that the entire growth of nanocrystals occurs
within 1-3 secs. It is observed that, the size of nanocrystals can be tuned just by controlling
the reaction temperature instead of the growth time. The obtained crude solution is cooled
in ice bath and the nanocrysals were separated by centrifugation. Finally the nanocrystals

were dispersed in anhydrous chlorobenzene for their incorporation into the PSCs.

5.3.2 Optical characterization

CsPbX; (X=Cl, Br and I ) QDs were synthesized using the hot injection method and
characterized. Fig. 5.1(a) shows the picture image of one of the colloidal perovskite
quantum dots (CPQDs) with different halogen compounds. The QDs are observed to have
an average size of 9 nm with good homogeneity. Fig. 5.2(b) shows CIE color correspondent
to the different CPQDs. Fig. 5.1(c) shows the photoluminescence spectra of the prepared
QDs solution. The emission peak is tuned from 685 nm to 420 nm by replacing the lead (II)
halide (PbX2, X=I, Br and CI) in CsPbX3. Fig. 5.2(d) represents the UV-visible absorption

spectra of the QDs solution.
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Figure 5.1 a) picture of the colloidal perovskite quantum dots. b) CIE color correspondent
to the emission of the colloidal perovskite quantum dots. ¢) and d) Luminescence and absorption
spectra of the perovskite quantum dots respectively.

5.2 PerovsKkite solar cells

5.2.1 Fabrication of perovskite solar cells

The fabrication procedure of the perovskite crystal in perovskite solar cells is very
important, since the PCE enhancement depends on good crystal growth. A MAPbI3 layer
for perovskite solar cell can be prepared using different process like one step coating,
sequential two step coating and vapor assisted method. One of the problems in the
perovskite films is to resolve the solvent engineering methods. The Dimetylformamide
(DMF) is a good solvent for MAPDbI; dissolution and DimetylSyloxano (DMSO) is used as
a cosolvent in final solutions. Figure 5-2 shows a schematic representation of the
fabrication processes involving one step spin coating. When the MAI+Pbl, in DMF solvent
is used, the MAPDbI; crystal is not uniformly covering the total surface of the substrate,
because the solubility of Pbl, and MALI is different and the DMF rapidly evaporates.
However, the use of DMSO helps the solubility and an adequate washing of DMF with
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nonpolar solvent (diethyl ether in our case) turns out to be important to increase the crystal

growth and making it possible to obtain highly regular films (Figure 5-1).

Figure 5-2 Schematically process to fabricate perovskite films, taken from reference [194]
5.2.2 Morphological characterization

One of the most important parameters to obtain good crystal growth is the time of
diethyl ether deposition. Figure 5-3 shows that with only MAI+Pbl,-DMF, the crystal
growth doesn’t seem to be good and peeling effects are observed. However, the time of
deposition of the nonpolar solvent, i.e diethyl ether, turns out to be very important. In our
case, a good crystal growth and better morphology were obtained with a diethyl ether
deposition of 3 secs. Increasing the time of deposition results in rapid evaporation of DMF

and hence results in poor morphology of the perovskite films.
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Figure 5-3 SEM images of perovskite films with different times of diethyl ether deposition.

Another parameter for consideration in the fabrication of perovskite solar cells is the
annealing process. The controlled annealing process is very important for the formation of a
better perovskite phase. Figure 5-4 shows the XRD spectrum for different compositions of
perovskite solar cells. It shows TiO, with typical XRD peaks, peak for metylamonium lead
iodide (MAPbI;). However, the next configuration represents TiO,/MAPbI; without
annealing process. This XRD shows different peaks in the respective material, which is due

to different phases of perovskite films. When the films are treated with an appropriate
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annealing process the corresponding to orthorhombic crystal structure of perovskite film is
obtained. Also the absorption of light, shown in Figure 5-5, depends on the annealing

process of the perovskite films.

Figure 5-4 XRD spectra for the different materials in the perovskite solar cells.

5.2.3 Optical characterization

Figure 5-5 shows the absorption spectra of different configurations, depicting the
importance of annealing time at 100°C. If the annealing time happens to be greater than 3

minutes, the absorption spectrum almost matches with the one with 3 minutes.

Figure 5-5. Absorption spectra of perovskite for different annealing times.
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5.2.4 Electrochemical characterization

Figure 5.6 shows the JV curve for a perovskite solar cells obtained in our group.
The configuration of the corresponding cell is FTO/TiO,/MAPbIs/Spiro-Ometad/Ag, which
provides a PCE of 8% with 13 mA/cm? short circuit current, open circuit voltage of 0.95V
and a fill factor of 64.2%.

15.0
e Ti0Q,/MAPbL /Spiro-Ometad/Ag

12.54  —
10.0
7.54

5.0

Current Density (mA/cmz)

2.5
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Voltage(V)

Figure 5-6 JV curve for perovskite solar cell

The high photocurrent shown in the IPCE spectrum (Figure 5-7), indicates electron
photo-generation capacity from 800 to 400 nm.

Figure 5-7 IPCE curve for perovskite solar cell
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5.2.5 Perovskite quantum dots solar cells

The current-voltage (J-V) curves for the best PSC device with CsPbBr; and CsPbl; is
shown in Fig. 5.8(a) and the corresponding photovoltaic parameters are indicated in Table.
5.1. The photovoltaic performance of the device has shown a significant change with the
introduction of a layer of all-inorganic perovskite QD on top of bulk perovskite. The best
control cell (FTO/Ti0O,/CH3NH;3Pbls/HTM) provides a short current density (Js.) of 13.17
mA/cm?, open-circuit voltage (Vo) of 0.95 V, fill factor (FF) of 62.34, yielding a PCE of
7.79 %. However, the introduction of CsPbBr; QDs at the interface of bulk perovskite and
HTM increased the photo conversion efficiency to 9.24 % because of the increase in Jg to
14.86 mA/cm” and FF to 67.21. Interestingly, the inclusion of CsPbl; QDs at the interface
has shown much pronounced effect with an increment of PCE by 47 % when compared to
the control cell. This device provides a Js. of 17.73 mA/cmz, Voe 0£0.92 V and FF of 70.21

corresponding to an efficiency of 11.51 %.
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Figure 5.8 IV curves for MAPBI; perovskite solar cells in bulk, and add the CsPbBr; and

CsPbl; perovskite quantum dots.

Table 5.1. Parameters of the perovskite solar cells in bulk, and add the CsPbBr; and
CsPbl; perovskite quantum dots.

Device Je mA/cm?) | Ve (V) FF(%) PCE(%)
MAPbI;(Bulk) 13.17 0.95 62.3 7.7
MAPbI;(Bulk)/CsPbBr; | 14.6 0.93 70.2 9.5
MAPbI;(Bulk)/CsPbl; | 17.7 0.92 70.6 11.5

Fig. 5.9 shows the incident photon conversion efficiency (IPCE) of each cell. The IPCE

increases in the order of CH3;NH;Pbl; (Bulk) < CH3NH;3Pbl; (Bulk)/CsPbBr;/ CH3NH;3PbI;

(Bulk)/CsPbl;. The integrated current density values calculated from IPCE is in good

agreement with the measured current density. The IPCE characteristics of QD based
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tandem PSC is higher than the control cell (Fig. 4(b), due to a). extra carriers generated by
the flourescence phenomenon of corresponding QDs and b). matching VB edge properties
of utilized QDs with the bulk perovskite. This happens to be the reason for the improved
current density and FF for cells with an active layer of CsPbX; QDs. However, a slight
decrement in V. with the addition of QD layer can be attributed to the recombination due
to the generated extra charge carriers. The generation of fluorescence by QDs within the
device can be verified from the raised shoulder in the IPCE curve along 420 — 600 nm, 700-
780 nm for CsPbBr; and CsPbl; based tandem PSCs . As shown in Fig. 2(b), the VB edge
of CsPbBr; (-5.56 eV), (without considering the quantum size effect) appears to be much
lower than the VB edge of bulk perovskite (-5.43 eV). However, according to the measured
absorption characteristics, J-V and IPCE curves, there is a clear indication that the VB edge
of the CsPbBr; QD (with quantum size effect) is closer to band edge of the bulk perovskite
for better charge extraction and hence improved PCE when compared to the control cell.

(Note: VB edge properties are not measured due to limited lab facilities).
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Figure 5.9. IPCE curves for MAPBI; perovskite solar cells in bulk, and add the CsPbBr;

and CsPbl; perovskite quantum dots.

5.3.3 Light emitting diodes

The high color purity obtained by PQDs make this material very promising for light
emitting diodes. These PQDs have high photoluminescence quantum yield (80%) and are
an attractive material in electroluminescent (EL) devices. One problem with these devices

is the fabrication of the films

The structure of the PQDs based LEDs device is: Indium Tin Oxide (ITO)/Poly
(ethylenedioxythiophene) (PEDOT-PSS)/(Poly(9-vinylcarbazole (PVK)/PQDs/Al see
Figure 7-10, where ITO is the contact, PEDOT-PSS is a hole conductor material with a
thickness of 20 nm, PVK is an electron blocking layer, thickness of 20 nm, PQDs is a
emission material and Al is contact. The energy band diagram of the PQDs-LEDs is show

in figure 5-10.
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Figure 5-10. Structure of the PQDs-LEDs device and energy levels diagram.

The fabrication of the device has several problems which include the films
fabrication, the diluted suspension used in a common spin coating, and problems with
solvents. The first problem in our case is that the PQDs are dissolved in toluene and the
PVK again is dissolved in toluene and modify the PVK layer when the perovskite is
deposited; however, this problem is resolved using other solvent in the synthesis. It is
necessary to optimize the film thickness in each layer. Figure 5-11 depicts the current
density-voltage curve of the MAPBBr; QDs-LEDs, revealing a turn on voltage of 9V,

increasing the voltage increases the luminance.
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Figure 5-11 Current density-voltage curve of the MAPBBr; PQDs-LEDs.

A narrow electroluminescense (EL) spectrum was observed for QDs-LEDs
as shown in Figure 5-12. The emission of the QDs-LEDs corresponds to the

emission peak of the colloidal QDs (515 nm). The emission peak is increased when
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the voltage is increased. However for 15 V, the signal is less due to degradation of

the layers in the device.

— 10V
0.6 - — 1V
— 12V

Intensity (counts)

Wavelength {nm)
Figure 5-12. Electroluminescence spectrum for PQDs-LEDs

Figure 5-13 presents a picture of the QDs-LEDs showing that it is possible to obtain
a QDs LEDs with this type of material.

Figure 5.14 Picture of the PQDs-LEDs.
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Chapter 6

Conclusions

Recently, there has been substantial interest in the visible and infrared absorption to
determine the functionality of QDs due to their potential applications in solar cells and light
emitting diode technology. In the present investigation, the author characterized various

QDs in solar cells and LEDs.

The configuration TiO,/CdS/CdSe/ZnS with absorption of the QDs in the visible
was used to study the effect of different sensitization methods of deposition such as SILAR,
electrophoresis or pipetting and their impact on the PCE. The PCE of TiO,/CdS sensitized
with CdSe deposited by electrophoresis or pipetting presented a significant change of up to
4.0% and the combination of both methods enhanced the PCE upto 4.6%. J-V curves and
impedance analysis indicated that the photocurrent (13.1 mA/cm?) and FF were responsible

of the efficiency improvement due to the reduction of the transport resistance.

The near infrared absorption light was analyzed using different configurations. The
first configuration was with PFN incorporated into the active layer of
T10,/PbS/PFN/CdAS/ZnS. Three main effects were observed: 1) A modification of the
surface morphology by using PFN that enhanced the light absorption by light scattering. 2)
The enhancement of the charge transport, resulting in an increment of J.. 3) PFN provides
a protecting layer which reduces the recombination between QDs and polysulfide
electrolyte. From the results of these investigations, it is concluded that the introduction of
organic electron transport layers after TiO, could be useful to improve cell efficiency up to

3.6% in QDSSC.

With the TiO,/CdS/Bi,S3/ZnS configuration, the PCE, FF and photocurrent were
found to be 2.52%, 53% and 9.3 mA/cm?, respectively. These parameters were explained
by the increment of absorption and shift towards the near infrared region along with
favorable energy level arrangement. The low toxicity of Bi,S; can enhance the photovoltaic

properties of QDSSCs, which plays a similar role as PbS for other architectures.
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The incorporation of CdSeTe QDs in the configuration TiO,/CdS/CdSe can increase
the absorption upto 800 nm, it was shown that the CdS QDs interfaces between TiO, and
CdSeTe QDs improved the PCE. The effect of multiple QDs on QDSSCs, using colloidal
CdSe QRs and CdSeTe QDs with SILAR CdS QDs, to improve the PCE has been studied
successfully. For the multiple QDs, the maximum PCE was found to be 6.5% in
Ti0,/CdS/CdSe/CdSeTe QDSSC. The maximum increment in the PCE of up t07.4% due to
an increment of the resistance recombination has been observed by utilization of a SiO,
layer. J-V curves indicated that the higher efficiency was mainly due to the increase of
photocurrent originated by the broadening of the absorption spectra as shown by IPCE
measurements. The use of CdSeTe QDs allows the harvesting of NIR photons while the use
of CdSe QRs avoids the reduction of absorbance in the visible region. The above results
open a new window in QDSSCs by using different colloidal QDs to boost the cell

efficiency.

In perovskite solar cells is make a device with 8% in photonconversion efficiency,
showing that is necessary have a good grown grain in the perovskite films. The grown of
the perovskite is increased with the use of anti-solvent material; this material increase the

grown of the films and increase the photoconversion efficiency in the cell.

The use of perovskite quantum dots in the perovskite solar cells increase the
efficiency until 11.5%, due to the engineering interfaces between perovskite bulk and hole
transport material (spiro-ometad). This new type of quantum dots present high
photoluminescence quantum yield of 80% and have interesting properties in light emitting

diodes applications.
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